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LIST OF FIGURES 

CHAPTER 1 

Figure 1.1.  Diversity of biofilm-associated infections.  (1) Computed tomography scan 

showing chronic sinusitis. (2) Central nervous system shunt infection. (black arrow 

indicates a gram-positive cocci in the cerebrospinal fluid). (3) Contact lens-associated 

keratitis. (4) Chronic otitis media. (5) Cochlear implant infection. (6) Burn-related 

infection. (7) Intravascular catheter infection (a Hickman type catheter is shown). (8) 

Prosthetic valve endocarditis. (9) Pacemaker infection. (10) Electrophysiological wire 

endocarditis (vegetation shown in circle). (11) Biliary stent infection. (12) Peritoneal 

dialysis catheter infection. (13) Prosthetic joint infection. (14) Urinary stent infection. 

(15) Intravascular stent infection (superior vena cava stent marked with white arrow). 

(16) Pulmonary infection in cystic fibrosis patient. Gram stain showing Gram-negative 

bacilli encased in an alginate matrix. (17) Ventilator associated pneumonia. (18) Breast 

implant infection.  

Figure 1.2.  Scanning electron microscopy analysis of a Staphylococcus biofilm on the 

inner surface of a needleless connector. Exopolysaccharide (EPS) matrix of the biofilm 

appears either as thin strands connecting the cells to the surface and one another or as 

sheets of amorphous material on a surface. 

Figure 1.3. Pathogenesis of biofilm-associated infections. A) Initial step in biofilm 

formation is bacterial adhesion and attachment to the device surface. After adhesion, 

production of a biofilm begins with bacterial secretion of polysaccharides and proteins. 

Biofilm development in the colony is then controlled through the release of detergent-like 

peptides and proteolytic activity in exposed layers which can also mediate the spreading 
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of infection to new locations. B) Confocal microscopy analysis of the each stage of 

biofilm formation. I-III represents P. aeruginosa stained with DAPI, IV represents S. 

aureus stained with chromosomal green fluorescent protein (GFP), and V represents S. 

aureus stained with Live/Dead assay. 

Figure 1.4.  Summary of the factors contributing to the biofilm formation on biomaterial 

surfaces. Rapid initial adhesion and attachment of bacteria is controlled by Van der 

Waals forces, hydrophobic and electrostatic interactions as well as protein adsorption on 

the biomaterial surface. Moreover, biomaterial surface roughness, texture, chemistry and 

hydrophobicity are among the contributing factors. Initial attachment and adhesion is 

followed by a more prolonged accumulation phase that involves cell proliferation and 

intercellular adhesion. Finally, micro-organisms may disaggregate from the 

macrocolonies and drift into the bloodstream resulting in metastatic and embolic 

complications. 

Figure 1.5.  Distinct metabolic states within a biofilm structure. Metabolic activity is a 

function of depth within the biofilm and is influenced by nutrient transport. Cells at the 

edges at the bulk liquid interface are the most metabolically active. On the other hand, 

cells deep within the biofilm can potentially remain dormant, limit nutrient uptake and 

slow their growth. Thus, they are able to survive an antibiotic treatment.  

Figure 1.6.  A model for biofilm drug resistance based on persister cell formation and 

survival. Initial treatment with antibiotic kills normal cells in both planktonic and biofilm 

populations. The host immune system kills planktonic persisters while persisters within 

the biofilm are protected by the EPS matrix. After the antibiotic therapy is discontinued, 

persisters resuscitate and repopulate the biofilm and the infection relapses. 
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Figure 1.7. Three main hypotheses for mechanisms of antibiotic resistance in biofilms. 

Biofilms restrict the antibiotic intake or penetration through the matrix. In addition, they 

develop resistant phenotypes with their antibacterial agent destroying enzymes. 

Horizontal gene transfer between the resistant bacteria also contributes.  Moreover, they 

alter their growth rate, metabolism and cellular microenvironment, which also contribute 

to the inhibition of antibiotic penetration through the biofilm.  

Figure 1.8.  The use of nanomaterials is a growing new approach to the design of 

medical devices that have improved resistance to biofilm-mediated, drug-resistant, and 

device centered infections. For these anti-infection applications, various nanomaterials 

are being developed, such as nanoparticles and nanotubes, for direct use as biomedical 

devices; such nanomaterials can be used alone, incorporated onto surfaces, into 

composites, or as components in sensors such as zinc oxide (ZnO) nanoparticles, carbon 

nanotubes, titanium dioxide nanotube arrays, and silver nanoparticle-polymer 

composites, respectively in A-D. (Figures A, B, C, D. are from citations listed). These 

examples and others will be further reviewed here briefly to understand their antibacterial 

activity and potential applications. 

Figure 1.9.  Characterization of silver (Ag)/montmorillonite (MMT)/chitosan (Ct) bio-

nanocomposites. TEM characterization indicated that in particle size and their size 

distribution decreased as UV irradiation time increased from three hours to 96 hours (A-

C, respectively). Nanocomposites exhibited strong antibacterial properties against both 

gram-negative (E. coli) and gram-positive (S. aureus and MRSA) bacteria (D). 

Figure 1.10. Biomedical applications of SPION. Representative TEM images of 

SPION with different sizes and chemical compositions: 8 nm/2.5 nm Fe/Fe3O4 



xxi 

 

nanoparticles (a) and 5 nm/5 nm Fe/Fe3O4 nanoparticles (b). SPION can be engineered 

for control of the magnetic core size, along with a polymer coating, targeting agents, 

peptide fragments, drugs, and fluorescent markers for various biomedical applications 

(c). For example, SPION are commonly used as image contrast agents in MRI due to 

their high biocompatibility (d-f). 

Figure 1.11. Various toxicity mechanisms of nanoparticles against bacterial cells. 

Nanoparticles can disrupt and damage the bacterial cell membrane/wall, release heavy 

metal ions (i.e., Ag
+ 

or Zn
+2

), interrupt electron transport, cause production of ROS 

species which then damages the proteins, lipids and DNA.  

Figure 1.12. Nanoroughness decreases bacterial attachment and biofilm formation on 

medical devices. In addition, biovolume of biofilms decreases on nanorough surfaces.  

Figure 1.13. Metabolite-enabled eradication of bacterial persisters by antibiotics. a) 

Antibiotics do not eradicate E. coli persisters in vitro. On the other hand, percentage 

survival of persisters decreases when mannitol is used in combination with antibiotics. b) 

Metabolites also enhance the in vivo efficacy of antibiotics.  E. coli biofilms on urinary-

tract- inserted catheters are eradicated after treatment with mannitol (1.5 g/kg) plus 

gentamicin (1mg/kg). c) Metabolic network shows the efficiency of metabolite-enabled 

elimination of persister E. coli. Metabolites are color-coded according their ability to 

stimulate antibiotic action.  

Figure 1.14. Using nanomaterial science to reduce infections. Metabolic 

microenvironment of the biofilms was manipulated to improve the antibacterial 

properties of magnetic nanoparticles (SPION) as well as nanorough device surfaces. 
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CHAPTER 2 

Figure 2.1. Pathogenesis of Ventilator-Associated Pneumonia (VAP). 

Figure 2.2.  Schematic of bacteria assays. Commercially available polyvinyl chloride 

(PVC) endotracheal tubes (ETTs) were enzymatically degraded to create nanoscale 

surface roughness. Then, control PVC and nanorough (NanoR) ETTs were soaked 

into different concentrations of a fructose solution. Bacterial survival in the medium 

(Assay 1) and biofilm formation on the ETT surfaces (Assay 2) were quantified. 

Figure 2.3. SEM images of untreated PVC  and NanoR PVC.  Untreated PVC 

samples revealed a smooth surface (a, c, and e) (10, 30 and 65 KX, respectively).  On 

the other hand,  NanoR PVC samples revealed a rough surface at the micron, 

submicron and nanometer level (b, d, and f) (10, 30 and 65 KX, respectively). 

Figure  2.4.  AFM micrographs showing the topography of (a, b) control PVC and 

NanoR PVC, (c, e) Control PVC soaked in 10 and 100 mM fructose, and (d, f) NanoR 

PVC soaked in 10 and 100 mM fructose, respectively. Micrographs revealed distinct 

differences in nanotopographies between the control PVC and NanoR PVC surface 

soaked in different metabolite concentrations. 

Figure 2.5. Fructose deposition on NanoR PVC surfaces soaked in a 100 mM fructose 

solution.  

Figure  2.6.  Representative contact angle pictures of control PVC ETTs.  a) PVC ETT, 

b) PVC ETT soaked in a 10 mM fructose solution, c) PVC ETT soaked into a 100 mM 

fructose solution. 

Figure 2. 7. Representative contact angle pictures of NanoR PVC ETTs.  a) NanoR  

PVC ETT, b) NanoR PVC ETT soaked in a 10 mM fructose solution, c) NanoR PVC 
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ETT soaked into a 100 mM fructose solution. 

Figure 2. 8.  S. aureus optical density measurements after 24 hours. Planktonic bacteria 

growth decreased on NanoR surfaces soaked in a fructose (10 mM and 100 mM) 

solution. Data represents mean ± SEM, N=3. * p < 0.05 NanoR compared to NanoR 

soaked in 10 mM fructose, and NanoR soaked in 10 mM fructose compared to NanoR 

soaked in 100 mM.  

Figure 2.8. S. aureus colony counts on PVC and NanoR surfaces soaked in a 10 mM 

fructose solution. Biofilm formation decreased on NanoR and PVC surfaces soaked in a 

10 mM fructose solution.  Data represents mean ± SEM, N = 4. *p < 0.05 NanoR soaked 

in 10 mM fructose compared to PVC control, # p < 0.1 NanoR compared to PVC control. 

 

CHAPTER 3 

Figure 3.1. Method used for the synthesis and isolation of superparamagnetic iron oxide 

nanoparticles (SPION). SPION were prepared by high temperature reflux of iron (III) 

acetylacetonate in triethylene glycol (A) in a round bottom boiling flask under magnetic 

stir while outfitted with a reflux condenser. SPION were isolated in a strong magnetic 

field produced by two DZX08-N52 neodymium magnets (4" diameter x 1/2" thick 

magnet) (B-C). 

Figure 3.2.  Schematic of in vitro screening assays used in the study. A single colony of 

Mu50 strain of MRSA was grown in 3 mL of TSB for 18 hours at 37⁰C, 200 rpm. Then, 

200 µL of a 10
8
 cells/mL solution was inoculated into each well of a 96-well microtiter 

plate. Thus, biofilms were established as some portion of inoculated bacteria attached to 

the surface of the plate during 24 hours incubation. After 24 hours, the culture medium 
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was replaced with unconjugated and metal conjugated SPION in TSB. In addition, 

different concentrations of a fructose solution (1 and 10 mM) were added to the 

SPION+TSB solution to investigate the effect of fructose on magnetic nanoparticle 

action. After 24 hours of treatment, three different assays were used to assess SPION 

activity on the MRSA biofilms. Optical density was measured at 562 nm (OD562 nm) to 

assess planktonic (free floating) bacteria growth within the solution (Assay 1). In 

addition, crystal violet (CV) staining was performed to quantify biofilm mass (Assay 2) 

and viable cell counts were performed to quantify colony forming units (CFU/mL) 

(Assay 3). To compare SPION action with conventional antibiotics, 1 mg/mL of 

vancomycin and gentamicin were tested using the same experimental design. 

Figure 3.3.  a) TEM image of unconjugated SPION (UC) prepared by refluxing Fe 

(acac)3 in a TREG solution. TEM analysis demonstrated that dispersed nanoparticles 

were successfully synthesized and had an average size of 9.92 ± 3.14 nm (scale bar = 100 

nm). b) Elemental composition of unconjugated and metal (Fe, Zn) conjugated SPION 

determined by ICP-AES. 10 mg/mL of a SPION solution (UC) was conjugated with 1 

mM or 4 mM salts of FeCl3 (Fe1, Fe4) and ZnCl2 (Zn1, Zn4), respectively. The 

concentration of iron (Fe
3+

) and zinc (Zn
2+

) ions increased as the metal salt conjugations 

increased from 1 mmol (Fe1 and Zn1) to 4 mmol (Fe4 and Zn4).  Data represents mean ± 

standard error of the mean (SEM), N = 3.  

Figure 3.4. DLS analysis of unconjugated SPION. The average size was 19.93 ± 1.31 

nm. 

Figure 3.5. DLS analysis of iron-conjugated SPION. The average size was 23.3 ± 1.17 

nm. 
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Figure 3.6.  DLS analysis of zinc-conjugated SPION. The average size was 19.67 ± 0.72 

nm. 

Figure 3.7. The effect of fructose concentration on the planktonic growth of Mu50 

strain (MRSA). Bacterial growth was quantified by continuous optical density 

measurements for 24 hours. The presence of fructose in the culture medium did not 

significantly affect the planktonic growth of MRSA over 24 hours.  

Figure 3.8. The effect of fructose concentration on the planktonic growth of Mu50 

strain (MRSA). Bacterial growth was quantified by colony forming units. Presence of 

fructose in the culture medium did not increase the biofilm formation over 24 hours. 

Figure 3.9. SPION activity against planktonic MRSA growth after 24 hours. 

Unconjugated (UC) and metal-conjugated (Fe1, Fe4, Zn1 and Zn4) SPION significantly 

decreased the growth of planktonic bacteria (* p < 0.001). Metal-conjugated SPION had 

improved antibacterial activities compared to vancomycin (
ϕ
 p < 0.01). Data represents 

mean ± standard error of the mean (SEM), N = 3.  

Figure 3.10. Enhanced anti-biofilm activity of SPION treatment in the presence of 

fructose metabolites. The anti-biofilm activity of 1mg/mL SPION against MRSA 

biofilms after 24 hours with and without 1 mM and 10 mM fructose solutions. The anti-

biofilm efficacy of unconjugated SPION (UC) as well as 1 mM iron-conjugated SPION 

(Fe1) and 1 mM zinc-conjugated SPION (Zn1) against MRSA biofilms was significantly 

enhanced when fructose metabolites were added to the treatment. Data represents mean ± 

SEM. N = 3. *p < 0.001 compared to untreated biofilms; # p < 0.05 and ** p < 0.01 

compared to the same treatment without fructose. 

Figure 3.11. Representative colony forming units observed for the same dilution during 

the viable cell count experiments. a) Representative picture for an uncountable colony of 
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untreated MRSA biofilm at a 10
-5

 dilution. b) On the other hand, countable colonies were 

observed at the same dilution (10
-5

 dilution) when biofilms were treated with 1 mg/mL of 

unconjugated (UC) and 1 mmol and 4 mmol Fe
+3 

conjugated
 
SPION (Fe1 and Fe4) 

treated MRSA biofilms in the presence and absence of a fructose solution. SPION 

significantly eradicated the MRSA biofilms. Moreover, 1 mM and 10 mM of a fructose 

solution clearly increased the eradication efficacy of UC and Fe1 on MRSA biofilms.  

Figure 3.12. Fructose metabolites improved the eradication efficacy of unconjugated 

SPION (UC) against MRSA biofilms (b and c, respectively) after 48 hours, as compared 

to control biofilms (a). Live (green) and dead (red) cells were stained with BacLight 

Live/Dead utilizing Syto9 and propidium iodide stains. Scale bars represent 20 µm.  

Figure 3.13. 1 mM of fructose metabolites improved the eradication efficacy of iron-

conjugated SPION (Fe1) against MRSA biofilms (b and c, respectively) after 48 hours, as 

compared to control biofilms (a). Live (green) and dead (red) cells were stained with 

BacLight Live/Dead utilizing Syto9 and propidium iodide stains. Scale bars represent 20 

µm.  

Figure 3.14. 10 mM of fructose metabolites improved the eradication efficacy of zinc-

conjugated SPION (Zn1) against MRSA biofilms (b anc c, respectively) after 48 hours, 

as compared to control biofilms (a). Live (green) and dead (red) cells were stained with 

BacLight Live/Dead utilizing Syto9 and propidium iodide stains. Scale bars represent 20 

µm.  

Figure 3.15. Comparison of the percentage survival of MRSA biofilms treated with 1 

mg/mL of vancomycin and unconjugated and metal conjugated (Fe1, Fe4, Zn1 and Zn4) 

SPION in the presence of fructose metabolites. SPION treatments exhibited stronger 
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antibacterial properties than vancomycin, the antibiotic of last resort. The eradication by 

unconjugated SPION (UC) was about two orders of magnitude better than vancomycin (p 

< 0.1). Metal conjugations further increased the eradication efficacy of SPION (Fe1, Fe4, 

Zn1 and Zn4) (p < 0.05). Most importantly, fructose metabolites further enhanced the 

eradication efficacy of unconjugated (UC) and 1mmol iron (Fe1) and zinc (Zn1) 

conjugated SPION. Fructose metabolites also increased the efficacy of vancomycin on 

MRSA biofilms.  

Figure 3.16.  MRSA biofilm mass after 24 hours of SPION treatment. Fructose 

metabolites significantly improved the biofilm mass reduction efficiency of SPION 

conjugated with 1 mM (Fe1) and 4 mM iron (Fe4). In addition, vancomycin significantly 

reduced MRSA biofilm mass in the presence or absence of a fructose solution. On the 

other hand, gentamicin increased biofilm formation. Data represents mean ± standard 

error of the mean (SEM), N = 3. *p < 0.05 and # p < 0.01 compared to untreated control 

biofilms. 

Figure 3.17. Activity of metal salts used in SPION synthesis (ZnCl2 and FeCl3) against 

the planktonic growth of MRSA after 24 hours of treatment. 1mg/mL ZnCl2 showed 

significant activity against planktonic bacteria. However, the metal salts were not as 

effective as the nanophase unconjugated (UC) or metal conjugated SPION (Fe1, Fe4, 

Zn1, Zn4). Data represents mean ± SEM, N = 3. *p < 0.05 compared to untreated control 

biofilms.  

Figure 3.18. The effect of metal salts used in SPION synthesis (ZnCl2 and FeCl3) on 

MRSA biofilm mass after 24 hours of treatment. 1mg/mL ZnCl2 and FeCl3 did not show 
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any significant effect in the presence or absence of a fructose solution. Data represents 

mean ± SEM, N = 3. 

Figure 3.19. Qualitative analysis of the iron deposition by Prussian blue staining. 

Intensity of blue color increased in the presence of fructose metabolites, implying an 

increase in the iron deposition levels within the biofilm when fructose metabolites were 

present as carbon sources. 

Figure 3.20. Intensity of blue color increased in the presence of fructose metabolites, 

implying an increase in the iron deposition levels within the biofilm when fructose 

metabolites were present as carbon sources.  

Figure 3.21.  Analysis of the uptake of SPION within the MRSA biofilms by quantifying 

the presence of iron (Fe
3+

), sulphur (S
2-

) and zinc (Zn
2+

) ions by inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) (a, b and c, respectively). The uptake 

of SPION by the biofilms included the nanoparticles within the cell, attached to the 

bacterial cell surface as well as in the biofilm matrix. The enhanced anti-biofilm efficacy 

of SPION treatments are mostly due to the significant increases in intracellular or 

membrane bound iron (Fe
3+

) and sulphur (S
2-

) within the MRSA biofilms.  

Figure 3.22. TEM imaging of bacteria after SPION treatment. Growth inhibition and 

biofilm reduction by SPION is mediated by interactions with the MRSA membrane 

surface. A) Unconjugated (UC) SPION adsorb to the bacterial cell surface and damage 

the bacterial cell membrane. B) The uptake of SPION within the biofilm-forming cell 

increases in the presence of metabolites. SPION damage the cell membrane and better 

penetrate through the membrane surface (as indicated with the arrows) (scale bars = 100 

nm). 
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Figure 3.23. The formation of reactive oxygen species (ROS) was increased when 

SPION was used in combination with fructose metabolites: A) untreated biofilms; B) 

biofilms treated with 1 mg/mL SPION; C) biofilms treated with 1 mg/mL SPION in 

combination with 1 mM fructose; D) biofilms treated with 1 mg/mL SPION in 

combination with 10 mM fructose. ROS formation increased when MRSA biofilms were 

treated with unconjugated SPION for 24 hours (Figure 23B), compared to untreated 

control biofilms (Figure 23A). Moreover, ROS generation further increased when 1 mM 

and 10 mM fructose metabolites were added to the SPION treatment (Figure 23Cand 

23D respectively). Thus, enhanced anti-biofilm activity was due to the increased SPION 

penetration into the MRSA biofilms and generation of reactive oxygen species (ROS) in 

the presence of metabolites. 

Figure 3.24. Quantification of color intensity after staining with CellRox Dep Red 

Sensor. Increased intensity implies an increase in the reactive oxygen species (ROS) 

formation when SPION were used in combination with fructose metabolites. Thus, 

enhanced anti-biofilm activity was due to the increased SPION penetration into the 

MRSA biofilms and the generation of ROS in the presence of metabolites. 

Figure 3.25. Enhanced anti-biofilm activity of SPION treatment in the presence of 

fructose metabolites. The anti-biofilm activity of 1mg/mL SPION against E. coli biofilms 

after 24 hours with and without 1 mM and 10 mM fructose solutions. Anti-biofilm 

efficacy of unconjugated SPION (UC) as well as 1 mM iron-conjugated SPION (Fe1) 

and 1 mM zinc-conjugated SPION (Zn1) against MRSA biofilms was significantly 

enhanced when fructose metabolites were added to the treatment. Data represents mean ± 
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SEM. N = 3. * p < 0.01 compared to untreated biofilms; # p < 0.001 and  φ p < 0.1 

compared to the same treatment without fructose. 

Figure 3.26. Representative images of anti-biofilm activity of unconjugated SPION 

treatment against P. aeruginosa in the presence of fructose metabolites. Biofilms were 

grown on glass slides for a week (Figure 3.26a, c, and e).  Biofilm formation was 

decreased after 24 hours of SPION treatment (Figure 3.26d). The anti-biofilm activity of 

SPION was significantly enhanced when used in combination with fructose metabolites 

(Figure 3.26f).   

Figure 3.27.  The effect of increasing metabolite concentration while decreasing the 

SPION metal conjugation concentrations. MRSA biofilms were treated with 1 mg/mL of 

SPION conjugated with 0.5 mmol iron and zinc (denoted as Fe0.5 and Zn0.5, 

respectively), which also corresponded to a decrease in antibacterial Fe
+3

 and Zn
+2

 

concentrations. The anti-biofilm activities of SPION were still significantly enhanced by 

increasing the fructose concentration to 100 mM (p < 0.001).  

Figure 3.28. Fructose metabolites potentiate the antibacterial activities of SPION against 

S. aureus planktonic growth. Although 0.1 mg/mL SPION is not an antibacterial 

concentration, it significantly reduced the planktonic S. aureus growth in the presence of 

10 mM or 100 mM fructose metabolites (* p < 0.05).  

Figure 3.29. Potentiating the anti-biofilm properties of SPION through the use of 

metabolites. Presence of 1 mM, 10 mM and 100 mM fructose metabolites significantly 

increased the eradication efficacy of 0.1 mg/mL SPION, which is not an antibacterial 

dose (p < 0.0001). Most importantly, the efficacy of 0.1 mg/mL SPION was comparable 

to the activity of 1 mg/mL SPION, when used in combination with 100 mM fructose 



xxxi 

 

metabolites. This might highlight the possibility of using metabolites as a novel method 

to decrease the toxicity of SPION treatments.  

Figure 3.30. The effect of glucose metabolites on the anti-biofilm efficacy of 1mg/mL 

unconjugated SPION. 10 mM glucose metabolites significantly enhanced the SPION 

activity against S. aureus biofilms (* p < 0.001).  

Figure 3.31. The effect of mannitol metabolites on the anti-biofilm efficacy of 1mg/mL 

unconjugated SPION. 1 mM and 10 mM mannitol metabolites significantly enhanced the 

SPION activity against S. aureus biofilms (* p < 0.01).  

Figure 3.32. Possible mechanism for the observed enhanced anti-biofilm activity when 

fructose metabolites were added to the SPION treatment. Enhanced activity is due to the 

increased penetration of nanoparticles within the biofilm which leads to increases in ROS 

formation. The uptake of fructose metabolites might induce the catabolism of carbon 

sources and the generation of NADH. The bacterial electron transport chain oxidizes 

NADH and contributes to PMF. Then, bacterial cell death might occur due to the 

oxidative stress from ROS formation. First, superoxide (O2
-
) formation could be 

stimulated by the electron chain transport and O2
-
 might damage Fe-S clusters, making 

more ferrous iron available for oxidation by the Fenton reaction. The Fenton reaction 

might lead to the formation of hydroxyl radicals (•OH), which can damage DNA, lipids 

and proteins. All of these events eventually cause bacterial cell death and the eradication 

of biofilms. 
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CHAPTER 4 

Figure 4.1.  Schematic of the novel strategy for infection treatment. Methicillin-resistant 

Staphylococcus aureus (MRSA) biofilms were established on microtiter plate surfaces. 

Biofilms then were treated with superparamagnetic iron oxide nanoparticles (SPION) 

conjugated with antibacterial silver salts. After 24 hours, antibiotic-resistant biofilms 

were significantly eradicated. Anti-biofilm efficacy of the silver-conjugated SPION 

treatment was also improved by an external magnetic field. Thus, this novel treatment 

can be targeted to the infection site, disrupt and eradicate the biofilm, in the presence of a 

magnetic field.   

Figure 4.2. TEM analysis of the magnetic nanoparticles used in the study. a) 

Unconjugated SPION (UC) prepared by refluxing iron (III) acetylacetone in triethylene 

glycol (TREG) (scale bar = 50 nm). b) Silver-conjugated SPION (scale bar = 100 nm).   

Figure 4.3.  Characterization of unconjugated (UC) and silver-conjugated SPION. a) 

Size distribution histogram of unconjugated SPION. Average particle size is 18.17 ± 1.34 

nm. b) Size distribution histogram of silver-conjugated SPION. Average particle size is 

176.5 ± 27 nm. 

Figure 4.4. Characterization of unconjugated (UC) and silver-conjugated SPION. 

Elemental composition of unconjugated (UC) and silver-conjugated SPION determined 

by ICP-AES. 10 mg/mL of a SPION solution was conjugated with 1 mM or 4 mM salt of 

AgNO3. ICP-AES indicated that silver was successfully conjugated to SPION. The 

concentration of silver (Ag
+
) ions increased as the silver metal salt conjugations increased 

from 1 mmol to 4 mmol. Data represents mean ± standard error of the mean (SEM), N=3.  
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Figure 4.5. Optimization of the antibacterial dose of silver-conjugated SPION. 

Antibacterial activity of silver-conjugated SPION was assessed at three different 

concentrations (0.01 mg/mL, 0.1 mg/mL and 1 mg/mL). When the concentration of 

silver-conjugated SPION increased from 0.1 to 1 mg/mL, planktonic MRSA growth rate 

significantly decreased from 88.14 ± 2.28% to 57.91 ± 1.57% (* p < 0.001). On the other 

hand, 0.01 mg/mL silver-conjugated SPION did not have any significant antibacterial 

effect. In addition, the concentration of SPION had a significant effect on planktonic 

MRSA growth rate. 1 mg/mL was significantly more effective than 0.01 mg/mL and 0.1 

mg/mL silver-conjugated SPION (*p < 0.001).  Data represents mean ± standard error of 

the mean (SEM), N= 3.   

Figure 4.6.  Antibacterial properties of silver-conjugated SPION against MRSA biofilms.   

Biofilm mass significantly decreased when MRSA biofilms were treated with 1 mg/mL 

silver-conjugated SPION. Biofilm mass further decreased when an external field was 

present (*p < 0.01). 

Figure 4.7. Representative colony forming units. An uncountable colony was observed 

for the untreated MRSA biofilm at a 10
-5

 dilution whereas countable colonies were 

observed at the same dilution when biofilms were treated with 1 mg/mL silver-

conjugated SPION. Thus, silver-conjugated SPION treatment significantly eradicated the 

MRSA biofilms.  

Figure 4.8. The eradication efficacy of silver-conjugated SPION against MRSA biofilms 

as compared to control biofilms. Live (green) and dead (red) cells were stained with 

Baclight Live/Dead utilizing Syto®9 and propidium iodide stains. Scale bars represent 20 

µm. 
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Figure 4.9.  Planktonic MRSA growth further decreased when an external magnetic field 

was present (*p < 0.001). All of these results show that the anti-biofilm efficacy of silver-

conjugated SPION treatment is improved in the presence of an external magnetic field.  

Figure 4.10. Analysis of the uptake of silver-conjugated SPION within the MRSA 

biofilms by quantifying the presence of iron (Fe
3+

), sulfur (S
2-

) and silver (Ag
+
) ions by 

inductively coupled plasma atomic emission spectroscopy (ICP-AES). The enhanced 

anti-biofilm efficacy of SPION treatments are due to the significant increases in 

intracellular or membrane bound iron (Fe
3+

) (**p < 0.001), sulfur (S
2-

) (*p < 0.05) and 

silver (Ag
+
) (**p < 0.001), which indicates an increased uptake of silver-conjugated 

SPION within the MRSA biofilms. An external magnetic field further increased the 

intracellular or membrane-bound Fe
3+

 (
#
p < 0.1), S

2- 
(
##

p < 0.01) and Ag
+
 within the 

biofilm and improved the antimicrobial activity of silver-conjugated SPION. Data 

represents mean ± standard error of the mean (SEM), N= 3.   

 

CHAPTER 5 

Figure 5.1. S. aureus optical density measurements after 24 hours. Planktonic bacteria 

growth significantly decreased on PVC+ 2% SPION nanocomposites, compared to 

conventional PVC surfaces (* p < 0.001). Data represents mean ± SEM, N=3.  

Figure 5.2. S. aureus biofilm formation on nanocomposite surfaces after 24 hours 

Biofilm formation decreases on PVC+ 2% nanocomposites by ~73%, compared to 

conventional PVC surfaces. Data represents mean ± SEM, N=3.  

Figure 5.3. Representative colony forming unit observed for the dilutions over the 4-log 

range during the viable cell count experiments. Uncountable colony units were observed 
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at 10
-1 

and 10
-2 

dilutions on conventional PVC surfaces. On the other hand, countable 

colonies were observed at the same dilution (10
-2

 dilution) when S. aureus was cultured 

on PVC+2% SPION nanocomposites.  

Figure 5.4. Schematic overview of the proposed infection prevention technology: 

PVC+SPION nanocomposites. This broadly applicable multifunctional platform 

technology will: a) decrease the initial bacterial attachment on the medical device surface 

(i.e. catheter surface); b) further reduce bacterial biofilm formation on the surface by 

using magnetic nanoparticles that can be targeted to the infected site on demand. 

Moreover, the nanoroughness of the nanocomposites surfaces can be increased to further 

improve the anti-biofilm properties (as shown in Chapter 2).  

Figure 5.5. Schematic diagram of peritoneal dialysis (PD). PD is a simple home-based 

solution to big growing problem of end stage renal disease. However, infections can 

occur on the catheter surface or at the catheter-exit sites while patients perform PD at 

their home setting.  
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Chapter 1.  Introduction 
 

1.1. Burden and Impact of Healthcare-associated Infections (HAIs) 

When antibiotics were first introduced, they were believed to be the end of bacterial 

infections.
1
 However, due to their extensive use (which has been estimated to be over 1 

million tons since the 1940’s), the emergence of multi-drug resistant bacteria has become 

one of the greatest global problems in public health today.
2
 The number and frequency of 

multi-drug resistant microorganisms have been mounting worldwide rendering antibiotic 

therapies costly and, most of the time, unsuccessful.
3
 On the other hand, there has been a 

descending trend in the development of new antibiotics, creating a critical void on global 

health.  

 

Invasive medical devices (such as central venous catheters, urinary tract catheters, 

renal dialysis shunts, peritoneal dialysis catheters as well as prosthetic heart valves, 

cardiac pacemakers, total artificial hearts, joint replacements or other orthopedic devices) 

have become an integral part of modern healthcare.
4
 While these devices are used in 

many areas of medicine for diagnostic and therapeutic purposes, device-associated 

infections as well as device-associated hospital infections have been a critical concern for 

many years (Figure 1.1).
5-8

 Contamination of a medical device usually occurs by 

inoculation with only a few microorganisms from the skin or mucous membranes of the 

patient during implantation. In addition, the presence of pathogens could be due to in-

hospital contamination since they are usually acquired from the hands of the surgical or 

clinical staff. The World Healthcare Organization (WHO) defines HAI as: “An infection 
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occurring in a patient during the process of care in a health-care facility which was not 

present or incubating at the time of admission. This includes infections acquired in the 

hospital but appearing after discharge, and also occupational infections among clinical 

staff.”
9-11

 Between 5 and 10% of patients admitted to acute-care hospitals usually acquire 

one or more infections.
7
  

 

HAIs are worldwide acknowledged as the most frequent adverse event in health 

care. The impact of HAIs includes prolonged hospital stays and associated health care 

costs, massive financial burden on the health care systems, long-term disability and 

increased resistance to antimicrobial agents.
9,12

 For instance, HAIs affect approximately 2 

million patients each year in the United States (US), result in up to 100,000 excess 

deaths, and lead to an estimated cost to the U.S. health care system of more than $35 

billion per year.
7,8

  Thus, infection control is critical for patient safety and there exists an 

urgent need for innovative studies to develop infection prevention strategies in the 

clinical setting.    

 

1.1.1. Infections Associated with Medical Devices: Clinical Impact and 

Implications for Patient Safety  

At the global level, clinical reports estimate that at least 50% of HAIs are device-

related.
6
 There are four types of infections which account for more than 80% of the HAIs: 

urinary catheter infections (mostly catheter-associated), surgical site infections, 

bloodstream infections (mostly associated with the use of an intravascular device), and 
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Figure 1.1.  Diversity of biofilm-associated infections.  (1) Computed tomography scan 

showing chronic sinusitis. (2) Central nervous system shunt infection. (black arrow 

indicates a gram-positive cocci in the cerebrospinal fluid). (3) Contact lens-associated 

keratitis. (4) Chronic otitis media. (5) Cochlear implant infection. (6) Burn-related 

infection. (7) Intravascular catheter infection (a Hickman type catheter is shown). (8) 

Prosthetic valve endocarditis. (9) Pacemaker infection. (10) Electrophysiological wire 

endocarditis (vegetation shown in circle). (11) Biliary stent infection. (12) Peritoneal 

dialysis catheter infection. (13) Prosthetic joint infection. (14) Urinary stent infection. 

(15) Intravascular stent infection (superior vena cava stent marked with white arrow). 

(16) Pulmonary infection in cystic fibrosis patient. Gram stain showing Gram-negative 

bacilli encased in an alginate matrix. (17) Ventilator associated pneumonia. (18) Breast 

implant infection.
13,14
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80%, 37% and 21% for urinary tract infections, bloodstream infections and pneumonia, 

respectively.
15

 In addition, 25% of all medical device-related infections involve patients 

with pneumonia (mostly ventilator-associated pneumonia). Also, 70% of device-related 

infections in  intensive care units (ICUs) are due to microorganisms that are resistant to 

one or more antibiotics.
4
    

 

        Catheters are widely used in hospitals for a number of applications, such as liquid 

drainage-injection and instrument access. 
15

 Patients have one or more vascular catheters 

in place during their hospital stay. In addition, 15 million central venous catheter (CVC) 

days occur in ICUs each year.
4,16

 Despite their frequent use, bacterial infection is a major 

problem for catheters. Bacteria infect approximately 54% of all catheters which could 

lead to serious complications for the patient. Mortality rate of catheter-associated 

infections varies from 12% to 25%.
15

 In addition, catheter-associated urinary-tract 

infections (CAUTI) are the most common type of HAI, which affect 1 million patients in 

acute- and extended-care settings. Moreover, 3 million CVCs are used annually in the 

U.S. and 3% to 7% of the time, an infection occurs. This also might result in bloodstream 

infections (BSI). For instance, CVCs resulting in bloodstream infections occur in about 4-

5 out of every 1000 CVCs inserted
17,18

 with an attributed cost per infection estimated at 

$34,508–$56,000.
19,20

 In addition, CVC-associated BSIs are associated with a mortality 

rate of up to 11.5% and additional hospital stay length of 9-12 days.
21

 Thus, the total 

annual cost of caring for patients with CVC-associated BSIs ranges from $296 million to 

$2.3 billion.
16  
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Ventilator-associated pneumonia (VAP), an infection in the lung of the patients 

who undergo mechanical ventilation, is associated with much higher mortality and costs.
7
 

The mortality rates are reported to be in the range of 24-50% and reach as high as 73% 

when lung infection is caused by high-risk pathogens such as Pseudomonas and 

Acinetobacter species.
22

 Moreover, it has been indicated that a positive diagnosis of VAP 

can increase hospital costs by $40,000 in mean charges per patient ($104,983 ± $91,080 

costs when VAP occurs vs. $63,689 ± $75,030 costs when VAP does not occur during 

mechanical ventilation).
23,24

 Prolonged endotracheal intubation is one of the greatest risk 

factors for VAP. During the ventilation process, patients incapable of breathing are 

intubated with polyvinyl chloride (PVC) endotracheal tubes (ETTs). PVC ETTs provide 

surfaces where bacteria can attach and proliferate from the contaminated oropharyngeal 

space to the sterile bronchoalveolar area.
22,23,25,26

 Many studies have shown that the 

pathogenesis of VAP is associated with the colonization of the aerodigestive tract with 

pathogenic bacteria and aspiration of contaminated secretions.
24,27

 These complications 

result in significant patient morbidity and mortality. For example, colonization of ETTs 

and the upper respiratory tract by P. aeruginosa precedes over 90% of VAP cases, 40% 

of which are fatal, despite antibiotic therapy. Moreover, the risk of VAP increases by 3% 

per day during the first five days of mechanical ventilation and by 2% between days five 

and ten.
25,28-31

 Hence, there exists an unmet clinical need to create antibacterial surfaces 

that resist biofilm formation to reduce the risk of infection.
26
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1.1.2. Current Strategies to Limit Medical Device Infections 

       There are three main strategies to limit biomedical device-related infections in the 

clinical settings. These can be listed as:  to prevent the infection (or the formation of the 

biofilms), to treat the infection through surgery, and/or to use drugs to limit the spread of 

the infection. A summary of these strategies are listed in Table 1.1.   

 

 

Table 1.1. Conventional Strategies to Limit Medical Device Infections 

in Healthcare Settings 

 

Strategy 

 

Method 

 

Disadvantages 
 

Prevention 

 

 

Sterilization of medical 

device surfaces 

 

Inefficient to remove all sources of 

contamination from health 

personnel’s hands, the patient’s 

skin, and other surfaces 

 

Prevention 

 

 

Antibacterial coatings 

 

Limited lifetime, might decrease 

device performance, toxic  

 

Surgery 

 

 

Removal of the medical 

device and washing of the 

infected area 

 

Extra healthcare cost,  impaired 

mobility, device might fail  

 

Surgery 

 

Retention 

  

Only useful for early stages of 

bloodstream infections  

 

Drugs 

 

 

I.V. or oral antibiotics 

 

Poor targeting to the infection site, 

antibacterial resistance  

 

The first step for prevention of infection is the sterilization of the medical device 

surfaces. Common sterilization methods include ethylene gas (EtO) sterilization, 

autoclaving, hydrogen peroxide gas plasma as well as using chemical disinfectants.
32

 

However, hospital environment is a constant source of bacteria: microorganisms can 
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originate from patient’s own skin microflora, exogenous microflora from the healthcare 

personnel, or from the contaminated infusates. 
5
 There is no conventional technology to 

detect and remove all sources of contamination from areas such as hospital beds, health 

workers hands, the patient’s skin, and other surfaces before and during a clinical 

operation (or intubation).  

 

Medical device surfaces can be coated to release antibacterial agents to further 

prevent infections. For example, nitric oxide releasing coatings have been developed to 

reduce the surface adhesion of gram-negative and gram-positive pathogens.
33

 Moreover, 

metallic silver has been coated on catheters and orthopedic fixation pins. Although the 

adhesion and biofilm formation on catheters were significantly reduced in vitro, there 

was no significant decrease in bacterial adhesion in in vivo studies.
33,34

 The major 

problems with medical device coatings include the decreased mechanical stability and 

delamination of coatings. In addition, coatings have a limited lifetime due to their 

delamination in vivo. The performance of implanted medical devices is also decreased 

due to reduced mammalian cell adhesion and tissue integration near the device.
35

 Thus, 

medical device coatings are only temporary solutions to limit infections, especially for 

devices that are exposed to bacteria continuously (such as with catheters or endotracheal 

tubes, where the coating may only delay the onset of infection).
 
 

 

Once the device is infected, the standard treatment is the removal of the infected 

device when possible and its replacement with combined antibiotic therapy.
4
 If the 

patient shows signs of severe sepsis and septic shock, removal of the device is 
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recommended.
4
 The standard clinical procedure usually involves the washout of the 

infected area which contains the sticky biofilm and then removal of the device which is 

followed by immediate antibiotic treatment.
36

 However, these procedures are expensive 

and create an extra cost to the patient and might result in decreased life quality. 
37

 

 

Retention of devices (or the removal of infected tissue) and antibacterial therapy is 

more recently considered as a favorable procedure in terms of ease of surgery, time, and 

cost-effectiveness.
36

 However, adverse events have been observed with the use of local 

antibiotics. For example, events of acute renal failure and ototoxicity after combined 

local and systemic antibiotic treatments have been reported.
37

  Moreover, another serious 

consideration is to consequently select and favor the emergence of antibiotic-resistant 

strains during the antibiotic therapy. For instance, gentamicin-loaded bone cements 

caused the emergence and recovery of a gentamicin-resistant staphylococcal strain after 5 

years in situ.
37,38

 Other problems with antibiotic treatments, especially through oral or 

intravenous routes, include the formation of an immune-incompetent zone (fibrous 

capsule formation), poor availability of drugs at the site of infection, and the increased 

biofilm formation. 
39,40
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1.2. Clinical Problem: Biofilm Formation  

In 1933, Arthur T. Henrici first described a biofilm with these words: ‘‘… it is quite 

evident that for the most part water bacteria are not free floating organisms, but grow 

upon submerged surfaces’’.
13,41,42

 Today, biofilms can simply be defined as communities 

of microorganisms that are adherent to a biotic or abiotic surface.
41,43

 These are complex 

heterogeneous communities embedded in an extracellular polymeric substance (EPS) 

matrix, which is composed of polysaccharides, nucleic acids, proteins and lipids.
44,45

 

Biofilm formation appears early in fossil records (~3.25 billion years ago), particularly in 

hydrothermal environments.
43

 For instance, biofilm microcolonies have been identified in 

the ~3.4-billion-year-old South African Kornberg formation
43,46

 as well as in the 3.2-

billion-year-old deep-sea hydrothermal rocks of Pilbara Craton, Australia.
43,47

 In modern 

hydrothermal environments, similar biofilm structures can be found in hot springs and 

deep-sea vents. Thus, biofilm formation is an ancient and a key component of bacterial 

survival mechanisms from diverse environmental conditions. 

 

Device-related infections were the first clinical infections to be identified as having a 

biofilm etiology.
43

 The surfaces of invasive medical devices serve as substrates for 

bacterial attachment, growth, colonization and biofilm formation (Figure 1.2).
48

 Host 

inflammatory responses also can facilitate the formation of biofilms as the inflammatory 

proteins (i.e. fibronectin, fibrinogen) facilitate bacteria adhesion to the device surface.
43

 

In today’s healthcare environment, clinical data estimates that more than 65% of all 

bacterial infections are due to biofilm-forming bacteria (Figure 1.1). For instance, 

infection rates are approximately 2% for joint prostheses, 2% for breast implants, 4% for 
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mechanical heart valves, 4% for pacemakers and defibrillators, 10% for ventricular 

shunts, and 40% for ventricular-assisted devices.
13

 Table 1.2 lists some of the common 

biofilm-associated infections and mostly isolated microorganisms from these infection 

sites. Bacterial species that are commensal with the human body such as Staphylococcus 

epidermidis as well as bacteria commonly found in aquatic environments such as 

Pseudomonas aeruginosa comprises more than 50% of the biofilm-associated infections. 

Bacteria commonly isolated from these devices include gram-positive Enterococcus 

faecalis, Staphylococcus aureus, and Streptococcus viridians as well as gram-negative 

Escherichia coli, Klebsiella pneumonia and Proteus mirabilis.
5
 Moreover, biofilm 

infections may be caused by a mixture of species of bacteria or fungi (i.e., Candida 

albicans).  

 

 

Figure 1.2.  Scanning electron microscopy analysis of a Staphylococcus biofilm on the 

inner surface of a needleless connector. Exopolysaccharide (EPS) matrix of the biofilm 

appears either as thin strands connecting the cells to the surface and one another or as 

sheets of amorphous material on a surface. 
5
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1.2.1. Pathogenesis of Biofilm Formation  

The steps of biofilm formation on a medical device are summarized in Figure 1.3. 

Biofilms are a stable point in a biological cycle that includes initiation, maturation, 

maintenance, and dissolution. Biofilm formation is thought to begin when bacteria sense 

environmental conditions, such as nutrient availability and pH, which trigger the 

transition to life on a surface.
49

 Bacteria undergo a transition from planktonic (free-

floating cells to sessile (surface-attached) cells in response to environmental conditions. 

49
  

Table 1.2. Some common biofilm-associated infections and commonly 

isolated microorganisms 
49

  
 

Infection/Disease 

 

Commonly Isolated Microorganisms 

HAI-related (nosocomial) infections   

Sutures S. epidermidis and S. aureus 

Catheter-exit sites S. epidermidis and S. aureus 

Urinary catheter cystitis S. epidermidis, E. coli, Enterococcus faecalis, 

Proteus mirabilis, P. aeruginosa and 

K. pneumoniae 

Central venous catheters S. epidermidis, S. aureus, 

Candida albicans, P. aeruginosa, K. 

pneumoniae and Enterococcus faecalis 

Peritoneal-dialysis (CAPD) peritonitis Various bacteria and fungi 

Endotracheal tubes P. aeruginosa, S. epidermidis, S. aureus,  H. 

influenzae, S. pneumoniae, Acinetobacter 

species and Klebsiella spp 

Mechanical heart valves S. epidermidis, S. aureus and C. albicans 

Orthopedic devices S. epidermidis and S. aureus 

Vascular grafts Gram-positive cocci 

Hickman catheters S. epidermidis and C. albicans 

 

Cystic fibrosis pneumonia 

 

P. aeruginosa and Burkolderia cepacia 

 

Musculoskeletal infections 

 

Gram-positive cocci 

 

Periodontitis 

 

Gram-negative anaerobic oral bacteria 

 

Dental caries 

 

Acidogenic gram-positive cocci 
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Figure 1.3. Pathogenesis of biofilm-associated infections. A) Initial step in biofilm 

formation is bacterial adhesion and attachment to the device surface. After adhesion, 

production of a biofilm begins with bacterial secretion of polysaccharides and proteins. 

Biofilm development in the colony is then controlled through the release of detergent-like 

peptides and proteolytic activity in exposed layers which can also mediate the spreading 

of infection to new locations.
50

 B) Confocal microscopy analysis of the each stage of 

biofilm formation. I-III represents P. aeruginosa stained with DAPI, IV represents S. 

aureus stained with chromosomal green fluorescent protein (GFP), and V represents S. 

aureus stained with Live/Dead assay. 
11,12 
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Recent proteomic studies have indicated that biofilm formation (i.e., the formation of 

P. aeruginosa biofilms) proceeds as a regulated sequence of five developmental 

stages.
43,51,52

 Stages one and two are generally identified by a loose or transient 

association with the surface, followed by robust adhesion. Stages three and four include 

the aggregation of bacterial cells into microcolonies and subsequent growth and 

maturation. Stage five is characterized by a return to transient motility where P. 

aeruginosa biofilm cells are sloughed or shed. These developmental stages have been 

also identified in E. coli biofilms.
53 Moreover, same dynamic processes, such as moving 

over surfaces, growth cycles and detachment and reattachment, have been observed in 

non-motile species, such as S. epidermidis
14

 and S. aureus 
43

.  

 

The crucial step for biofim formation relies on the ability of the microorganism to 

attach to the material surface. Attachment depends on bacterial cell surface characteristics 

as well as the material characteristics. The mechanism of bacterial adhesion is a complex 

process which includes the initial instantaneous and reversible physical phase which is 

followed by a time-dependent and irreversible molecular and cellular phase, all driven by 

physiochemical forces as well as cellular and molecular interactions. Bacterial adhesion 

takes place due to the initial attraction of cells to the polymer surface followed by 

adsorption and attachment. Bacteria move to the material surface due to physical forces 

and chemical factors, such as polarity, surface electrostatic forces, gravitational forces, 

surface tension, London-van der Waal’s forces, Brownian motion and hydrophobic 

forces.
4,54-56

 Physical interactions can be further defined as long-range (>50 nm) and 

short-range (< 5 nm) interactions. Long-range interactions are non-specific forces that are 
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dominant when the bacteria are first interact with the material surface. They act as a 

function of the distance (between the cell and the material) and surface energy. Then, the 

short-range interactions become more dominant at closer proximity due to hydrogen 

bonds, ionic and dipole-dipole interactions.
55,56

 Molecular and cellular factors also play a 

crucial role in the bacterial attachment and proliferation of the biofilm. Different species 

use different cell-cell signaling molecules to proliferate and colonize on the device 

surface. For example, S. epidermidis has specific polysaccharide adhesion molecules, 

including the surface-associated autolysin, atlE, and the capsular polysaccharide 

intercellular adhesin (PSA).
57

 Biofilm-associated protein Bap is involved in the adhesion 

and cell proliferation of S. aureus biofilms.
4
 Moreover, polysaccharide/adhesin (PS/A) is 

involved in initial adhesion and slime production.
58

 In later stages of adhesion, implanted 

medical devices becomes rapidly coated with host plasma and connective tissue proteins, 

including fibronectin, fibrinogen, vitronectin, laminin, and collagen.
4,59

 Adhesion of S. 

aureus is dependent on the presence of host-tissue ligands, i.e., fibronectin, fibrinogen, 

and collagen. S. aureus adheres to these ligands via microbial surface proteins, 

commonly referred to as “microbial surface components recognizing adhesive matrix 

molecules” (MSCRAMM). The most common and well-characterized MSCRAMM 

include fibronectin-binding proteins FnbpA and FnbpB.
4,60
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Figure 1.4.  Summary of the factors contributing to the biofilm formation on biomaterial 

surfaces.
4
 Rapid initial adhesion and attachment of bacteria is controlled by Van der 

Waals forces, hydrophobic and electrostatic interactions as well as protein adsorption on 

the biomaterial surface. Moreover, biomaterial surface roughness, texture, chemistry and 

hydrophobicity are among the contributing factors. Initial attachment and adhesion is 

followed by a more prolonged accumulation phase that involves cell proliferation and 

intercellular adhesion. Finally, micro-organisms may disaggregate from the 

macrocolonies and drift into the bloodstream resulting in metastatic and embolic 

complications. 
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1.2.2. Why Is It So Difficult to Eradicate Biofilms?   

Biofilms growing in natural and industrial environments are resistant to bacteriophages 

and chemically diverse anti-biofouling agents used in the industrial processes.
45,49

 

Structure and gene expression significantly contributes to the survival of biofilm forming 

cells. Biofilms are both heterogeneous in both time and space. The basic structural unit of 

the biofilm is called a “microcolony”. Bacteria themselves account for a variable fraction 

of the total biofilm volume (typically, 5-35%). Confocal microscopy analysis revealed 

that the rest of the biofilm consists of highly hydrated structures of 73-98% extracellular 

matrix material, open channels and void spaces.
56

 For instance, the solid component of 

the S. aureus glycocalyx or slime layer is composed of teichoic acids (80%), bacterial and 

host proteins.
61

 The nutrients can circulate through the open channels to the all layers 

within the biofilm.
49,62

 This preserves the viability of the bacteria and their proliferation 

capacity. In addition, there are gradients of oxygen, nutrients and electron acceptors 

throughout the biofilm due to its heterogeneous structure. This also leads to different 

gene expression in different regions of a biofilm. Varying expression patterns were 

demonstrated on a cell-cell basis for multiple cell wall-associated proteins throughout the 

cell clusters within the biofilm.
61,63

 Hence, sessile biofilm-forming bacteria can withstand 

host immune responses and become much less susceptible to antibiotics than their 

individual planktonic counterparts.
43,49,63

 It is hypothesized that biofilms evade 

antimicrobial challenges by multiple mechanisms as discussed below. 
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1) Restricted or Slow Penetration   

One of the main hypotheses for biofilm resistance is the restricted penetration or failure 

of an antimicrobial agent to penetrate within the full depth of the biofilm. Polymeric 

materials within the EPS matrix are known to retard the diffusion of antibiotics. In 

addition, it has been shown that solutes diffuse at slower rates within biofilms than they 

do in water.
64

 Mathematical models also predicted that a formidable penetration barrier 

would be established if the antimicrobial agent is deactivated in the outer layers of the 

biofilm faster than it diffuses.
49

 On the other hand, there are several studies which 

showed that antibiotics can penetrate through the biofilms.
45,49

 For example, 

fluoroquinolones (i.e., ciprofloxacin) rapidly diffuse deep into biofilms of P. 

aeruginosa
65

 and K. pneumoniae.
13,66

 In addition, Stone et al. developed a method to 

visualize biofilm cells in contact with tetracycline, which relied on the fact that 

tetracycline fluoresces when activated by a UV light source. It has been demonstrated that 

uropathogenic E. coli and K-12 strains of E. coli were permeable to tetracycline.
67

  

Vancomycin can also reach the inner layers of S. epidermidis biofilms.
68

 The biofilm 

matrix is mostly water, therefore, antibiotics can diffuse through the matrix. However, 

restricted antibiotic penetration can occur if the antibiotic gets deactivated within the 

biofilm. For example, ampicillin can penetrate through the biofilm of a β-lactamase-

negative strain but not the biofilm formed by the β-lactamase-positive wild type strain of 

K. pneumonia. In the wild type biofilm, ampicillin is deactivated in the surface layers 

more rapidly than it diffuses.
66,69

 Moreover, restricted penetration occurs if antibiotics are 

adsorbed into the biofilm EPS matrix. Aminoglycosides (i.e., tobramycin) are positively 

charged antimicrobial agents. They bind to negatively charged exopolysaccharides within 
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the matrix. This functions as ion-exchange resins capable of binding to antibiotics and 

restricts aminoglycoside penetration.
13,69,70

 All of these studies suggests that penetration 

is not directly correlated with susceptibility to the antibiotic
65

 but it depends on the 

bacteria strain and the antibiotic used.
71

 

 

2) Resistant Phenotype: Antimicrobial Destroying Enzymes and Gene Transfer 

Biofilm research has established unique differences in the gene expression between 

planktonic and sessile bacteria which imply physiological alterations occur during 

biofilm formation. For example, Brözel et al. identified 11 proteins that had different 

expression levels during various stages of P. aeruginosa biofilm formation.
71,72

 In 

another study, Whitely et al. identified 20 differentially expressed genes in P. aeruginosa 

biofilms compared with planktonic cells when cultures were exposed to high levels (5 

µg/mL) of tobramycin.
73

 In addition, biofilm-forming bacteria cells can upregulate their 

stress-response genes and switch to resistant phenotypes upon exposure to antibiotics.
13

 

Expression of chromosomally encoded β-lactamase in P. aeruginosa biofilms is 

upregulated after prolonged exposure to β-lactam antibiotics.
74

 Ampicillin is also rapidly 

chelated and inactivated by β-lactamase enzymes within the K. pneumoniae biofilms.
66

 

Moreover, Mah et. al. identified a gene, ndvB, that is only expressed in P. 

aeruginosa biofilms for the synthesis of periplasmic glucans.
75

 Glucans are hypothesized 

to physically interact with antibiotics (i.e., tobramycin) and slow or stop their diffusion 

from the periplasmic space to their site of action in the cytoplasm. An alternative 

hypothesis suggested that glucans may not entirely account for all of the antibiotic 

resistance of biofilm cells but may contribute to the resistance by slowing the diffusion of 
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antibiotics into the biofilm. This may allow bacteria additional time to adapt and become 

resistant to the antibiotic.
73,75

  

 

Moreover, antibiotic resistance might be facilitated through the horizontal gene 

transfer (HGT) between neighboring cells within the biofilm.
13

 The resistance is acquired 

by mutational change or by the acquisition of resistance-encoding genes that are 

transferred from another bacterial species. For example, antibiotic resistance of 

Bacteroides species, a predominant species in the human colon, has increased from about 

30% to more than 80% of strains through the conjugal transfer of the tetracycline 

resistance gene, tetQ.
76

 Quorum-sensing signaling systems synchronize target gene 

expression and coordinate biological activity within biofilms.
3
 For example; N-

acylhomoserine lactones are secreted by P. aeruginosa in deep regions of the biofilm. 

These quorum sensors interact with transcriptional activators to direct expression of 

several factors that facilitate bacterial persistence enabling P. aeruginosa to evade the 

effects of antimicrobial agents.
14 

 

3) Altered Cellular Microenvironment and Metabolism  

According to the third main hypothesis, at least some of the cells in a biofilm 

experience nutrient limitation and therefore exist in a slow-growing or starved state.
49

 

Figure 1.5 summarizes the four distinct metabolic states determined in an in vitro biofilm 

model: 1) aerobically growing cells (high metabolic activity), 2) fermentative cells 

(intermediate activity), 3) low metabolic activity and 4) dormant cells (including very 

slow growing or dead cells).
61,71

 Metabolic activity in a biofilm cell cluster is a function 
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of depth within the biofilm and is influenced by nutrient transport. The cells exposed to 

the upper air oxygen-rich interface and lower liquid-nutrient rich interface are 

metabolically active. 

 

 

 

Figure 1.5.  Distinct metabolic states within a biofilm structure. Metabolic activity is a 

function of depth within the biofilm and is influenced by nutrient transport. Cells at the 

edges at the bulk liquid interface are the most metabolically active. On the other hand, 

cells deep within the biofilm can potentially remain dormant, limit nutrient uptake and 

slow their growth. Thus, they are able to survive an antibiotic treatment.
71

  

 

 

However, the majority of cells in a biofilm are dormant and located in an anoxic 

environment.
77

 These slow growing or non-growing cells have a protected phenotype and 

they are not very susceptible to antimicrobial agents. These cells have been referred to as 

“persisters” and may be present in relatively high numbers in the deep biofilm.
61,77

 

Figure 1.6 summarizes the model for biofilm drug resistance based on persister cell 

formation and survival.  
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Figure 1.6.  A model for biofilm drug resistance based on persister cell formation and 

survival. Initial treatment with antibiotic kills normal cells in both planktonic and biofilm 

populations. The host immune system kills planktonic persisters while persisters within 

the biofilm are protected by the EPS matrix. After the antibiotic therapy is discontinued, 

persisters resuscitate and repopulate the biofilm and the infection relapses.
78

  

 

 

In 1944, for the first time, Lee et. al. showed the important role of growth rate on 

antibiotic activity.
79

 They found that penicillin activity was impaired when bacteria grew 

slowly. The same phenomenon was observed for other antibiotics as well. For example, 

resting cells were fully resistant to ampicillin and tetracycline. In addition, although 

streptomycin and ciprofloxacin were still active against the cells in the stationary phase, 

their antibacterial activity was lower than that observed for exponentially growing 

bacteria. 
80,81
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Altered biochemical microenvironments within the biofilm also contribute to increased 

resistance. Nutrient gradients and increased bacterial density through biofilm 

microcolonies result in waste accumulation and an altered microenvironment: low pH, 

low O2  levels, high CO2 levels, low divalent cation and pyrimidine concentration,  and 

low hydration levels.
13

 For example, low oxygen levels reduce the antimicrobial activity 

of aminoglycosides.
13,82

 Also, although ciprofloxacin penetrated through the P. 

aeruginosa biofilm, it was only active against the cells in the regions with high O2 levels 

and high metabolic activity.
66

 These results indicated that oxygen limitation and low 

metabolic activity in the interior of the biofilm, not poor antibiotic penetration, are 

correlated with P. aeruginosa biofilm antibiotic resistance. Further, nutrient limitation 

within the biofilm layers plays a critical role. Anderl et. al. suggested that the antibiotic 

resistance could be explained by nutrient limitation within the biofilm leading at least 

some of the cells to a stationary phase. This mechanism was supported by experimental 

characterization of nutrient availability and growth status in K. pneumoniae biofilms. For 

example, the average growth rate of bacteria in biofilms was only 0.032/hour compared 

to the growth rate of planktonic bacteria of 0.59/hour measured in the same medium. 

Glucose did not reach to the deeper layers and oxygen penetrated only into the upper 100 

μm. In addition, the catalase activity was elevated in biofilm bacteria to a level similar to 

that of stationary-phase planktonic cells. Transmission electron microscopy revealed that 

bacteria were affected by ampicillin near the periphery of the biofilm but were not 

affected in the interior. Taken together, all of these results indicated that nutrient 

limitation occurs locally within the biofilm, leading to zones in which the bacteria enter 
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the stationary phase and are growing slowly or not at all. In these inactive regions, 

bacteria are less susceptible to killing by antibiotics. 
83

 

 

     In conclusion, formation of sessile biofilm communities provides a resistance 

mechanism against host immune responses and antibacterial agents.
49

 Figure 1.7 

summarizes the three main hypotheses for antibiotic resistance of biofilms. The inherent 

resistance of biofilms on material surfaces and the lack of new antibacterial agents cause 

a real-world problem as many persistent and chronic bacterial infections occur in the 

medical and industrial settings. Therefore, there is an urgent clinical need for novel 

alternative treatment strategies to eradicate these persister infections.  
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Figure 1.7. Three main hypotheses for mechanisms of antibiotic resistance in biofilms.
69

 

Biofilms restrict the antibiotic intake or penetration through the matrix. In addition, they 

develop resistant phenotypes with their antibacterial agent destroying enzymes. 

Horizontal gene transfer between the resistant bacteria also contributes.  Moreover, they 

alter their growth rate, metabolism and cellular microenvironment, which also contribute 

to the inhibition of antibiotic penetration through the biofilm.  
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1.3. The Emerging Nanomedicine Landscape  

1.3.1. The Promise of Nanotechnology and Nanoscale Materials 

Nanotechnology is defined as the “the design, characterization, production and 

application of structures, devices and systems by controlling the shape and size at the 

nanoscale (<100 nm)”. The seminal concepts of nanotechnology were first mentioned in 

"There's Plenty of Room at the Bottom," a talk given by Nobel laureate Richard Feynman 

at an American Physical Society meeting at Caltech on December 29, 1959. Although he 

did not mention the term “nano”, Feynman described a process that builds molecular 

machines with “atomic precision”, using one set of precise tools to build and operate 

another proportionally smaller set, so on down to the needed scale. In 1974, the term 

‘‘nanotechnology’’ was first used in Norio Taniguchi’s paper. Ever since, the role of 

nanotechnology and the various applications of controlling material properties at the 

nanoscale (1 nm = 10
-9

 m) were investigated.  

 

There has been a growing interest in using nanomaterials, materials with basic 

structural units, grains, particles, fibers or other constituent components smaller than 100 

nm in at least one dimension, for various applications in medicine, such as tissue 

regeneration, disease and infection prevention, diagnosis, and treatment.
84

 Due to their 

dramatically increased surface area, surface roughness and surface area to volume ratio, 

nanomaterials possess unique properties such as enhanced magnetic, catalytic, optical, 

electrical, and mechanical properties which do not exist at other length scales.
15,84-86

    

Moreover, most of the cellular events within biological systems occur at the nanometer 

scale. The size of proteins and inorganic materials within the extracellular matrix of a 
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eukaryotic cell are in a range from several nanometers to a few hundred nanometers.  For 

example, the osteoblast (bone-forming) extracellular matrix consists of inorganic 

hydroxyapatite crystals which are 50 nm in length and 2-5 nm in width. In addition, type 

I collagen fibers, which have fibrils of 300 nm in length, 0.5 nm in width and a 

periodicity of 67 nm, are the main organic component.
15

 Since the nanostructured 

materials are the same length scale as native tissues, they can be used to develop 

biomimetic materials. Thus, nanomaterials have been extensively investigated for various 

biomedical applications such as tissue engineering scaffolds, novel tissue substitutes, in 

vitro diagnostics sensors, controlled drug delivery systems and contrast agents for in vivo 

imaging with a significantly improved performance (Figure 1.8).
87

  

 

        For instance, carbon nanotubes (CNTs) exhibit exceptional mechanical strength (i.e., 

Young’s modulus strength of more than 1 TPa tensile strengths of up to 63 GPa) resulting 

from covalent sp2 bonds and tunable electrical properties.
15

 Thus, the use of CNTs as 

conductive neural biomaterials, in situ sensors, drug delivery vehicles, or tissue 

engineering scaffolds has been investigated.
86,87

 In addition, quantum dots (QDs) exhibit 

unique optical properties due to the quantum confinement effect which makes their 

energy levels quantized with values directly related to their size.
88

 Compared with 

traditional organic fluorophores used for diagnostic and imaging applications, QDs 

exhibit superior properties, such as higher levels of fluorescence brightness (~10 to 20 

times brighter)
89

, large absorption coefficients across a wide spectral range of 

excitation
88,90

 as well as high resistance to photo bleaching.
15,91

 Indeed, QDs are several 

thousand times more photostable than the conventional organic dyes such as Texas Red.
91
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      Hence, QDs are highly desirable for long-term 3D imaging or cell tracking studies. In 

addition, titanium (Ti) and its alloys have been widely used as implant materials for 

orthopedic applications due to their excellent wear, corrosion resistance, light weight but 

strong mechanical and acceptable biocompatibility properties.
35

 Various methods have 

been applied to create nanostructured titanium surfaces. For example, nanotubular 

morphologies (with diameters less than 100 nm) can be synthesized on conventional Ti 

surfaces through anodization and the diameter of TiO2 nanotubes can be controlled by 

adjusting reaction parameters such as electrolyte type and concentration, voltage, 

duration, and temperature.
35,92,93

 Nanostructured Ti has been mostly explored for implant 

orthopedic applications
35

, offering increased bone-forming cell attachment, growth and 

proliferation
94,95

, control over stem cell differentiation
96

, better osseointegration and  

decreased inflammation
97-99

 as well as decreased bacterial attachment
100-103

. Moreover, 

magnetic particles, i.e. superparamagnetic iron oxide particles (SPION), have been used 

in magnetic resonance imaging (MRI) as contrast agents
104

, drug delivery
105

, stem cell 

tracking
106

, assembly of 3D tissue constructs
107,108

, magnetic separation (e.g., protein 

separation) and ultrasensitive diagnostic assays
109

. 
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Figure 1.8.  The use of nanomaterials is a growing new approach to the design of 

medical devices that have improved resistance to biofilm-mediated, drug-resistant, and 

device centered infections. For these anti-infection applications, various nanomaterials 

are being developed, such as nanoparticles and nanotubes, for direct use as biomedical 

devices; such nanomaterials can be used alone, incorporated onto surfaces, into 

composites, or as components in sensors such as zinc oxide (ZnO) nanoparticles, carbon 

nanotubes, titanium dioxide nanotube arrays, and silver nanoparticle-polymer 

composites, respectively in A-D. (Figures A
110

, B.
89,91

,C.
103

 D. 
111

 are from citations 

listed). These examples and others will be further reviewed here briefly to understand 

their antibacterial activity and potential applications. 
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1.3.2. Nanomaterials for Infection Control  

As discussed earlier, antibiotic resistance and the emergence of multi-drug resistant 

strains has prompted the development of alternative strategies to treat bacterial diseases.  

Among them, nanomaterials have emerged as novel antimicrobial agents. Especially, 

antibacterial nanoparticles (NPs) which consist of metals and metal oxides (i.e., silver 

nanoparticles, zinc oxide nanoparticles, titanium nanoparticles), naturally occurring 

antibacterial substances (i.e., antibacterial peptides, chitosan), carbon-based 

nanomaterials and nitric-oxide (NO) releasing nanoparticles have been explored in detail 

and their potential use for in vitro and in vivo infection control has been demonstrated.
112

 

Moreover, many recent studies have shown that changes in the surface features at the 

nanometer scale can interfere with bacterial functions.
23,26,113-119

 Here, we will first 

review the antibacterial toxicity mechanisms and applications of nanoparticles. Then, 

some recent antibacterial material designs utilizing nanotechnology to inhibit medical 

device-related infections will be reviewed.  

 

1.3.2.1. Antibacterial Nanoparticles 

Antibacterial nanoparticles consist of nanophase materials with intrinsic bactericidal 

properties such as metal and metallic oxide nanoparticles, carbon nanotubes and 

fullerenes, naturally occurring antimicrobial peptides and chitosan.
15,112,120-122

 There are 

also nanomaterials that act as drug carrier for antibacterial agents such as nitric oxide 

(NO) and antibiotics. High surface area to volume ratios and unique chemico-physical 

properties of these NPs are believed to contribute to their antimicrobial activities. Among 

various types of NPs, superparamagnetic iron oxide NPs (SPION) with different surface 
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coatings (i.e., gold and silver) show highest antibacterial activity against biofilms. These 

magnetic NPs also have the capability to better penetrate into biofilm in the presence of 

an external magnetic field.
120,123-125

  In addition, nanoparticle chemistry, size, shape as 

well as zeta potential are among the most relevant properties affecting antibacterial 

activity. These distinctive nanoparticles can directly interact with the bacteria cells, 

disrupt and penetrate through the cell wall/membrane, interrupt transmembrane electron 

transfer. Moreover, they can produce secondary products, i.e. reactive oxygen species 

(ROS), or release ions that cause damage to the cellular components such as proteins and 

DNA.  

 

1.3.2.1.1. Antimicrobial Peptides and Chitosan  

Naturally occurring chitin and certain peptides have been long recognized for their wide-

spectrum antimicrobial properties. Chitosan is a partially deacetylated chitin and is a 

high-molecular-weight linear polycationic heteropolysaccharide; comprising of β-1,4-

linked D-glucosamine and N-acetyl-D-glucosamine.
15,112,126,127

 It is commercially 

extracted from shrimp and crab shells.
127

 Due to its unique polycationic nature, chitosan 

has a wide-range antibacterial activity against fungi, bacteria and viruses. In addition, 

chitosan exhibits higher antibacterial activity against Gram-positive bacteria than Gram-

negative bacteria.
15

 Interactions between the polycationic particle surface and the 

negatively-charged bacterial cell wall and cytoplasmic membranes might cause osmotic 

instability, membrane disruption, and leakage of intracellular elements.
127-129

 

Antibacterial activity depends on the type of chitosan, degree of polymerization, 

molecular weight and solvent.
126

 For example, low molecular weight chitosan is more 
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effective against gram-negative bacteria; i.e. E. coli, K. pneumoniae and P. aeruginosa, 

while the high molecular weight chitosan is more effective against the gram-positive 

bacteria; i.e. S. aureus and S. epidermidis. This could be due to the intrinsic differences in 

the cell wall structure of gram-negative and gram-positive bacteria.
130

 Chitosan has been 

recently synthesized in the nanoparticle form. Qi et. al. synthesized chitosan 

nanoparticles based on the ionic gelation of chitosan with tripolyphosphate anions.  

 

 

 

Figure 1.9.  Characterization of silver (Ag)/montmorillonite (MMT)/chitosan (Ct) bio-

nanocomposites. TEM characterization indicated that in particle size and their size 

distribution decreased as UV irradiation time increased from three hours to 96 hours (A-

C, respectively). Nanocomposites exhibited strong antibacterial properties against both 

gram-negative (E. coli) and gram-positive (S. aureus and MRSA) bacteria (D).
131
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In addition, they synthesized copper-loaded chitosan nanoparticles by adsorbing copper 

ions onto the chitosan nanoparticles via ion-exchange resins and surface chelation to form 

copper-loaded nanoparticles.
132

 Their antibacterial activities were tested against E. coli, S. 

choleraesuis, S. typhimurium, and S. aureus. Compared to conventional chitosan, both 

chitosan nanoparticles and copper-loaded chitosan nanoparticles exhibited stronger 

antibacterial properties. Their minimum inhibitory concentration (MIC) against E. coli 

and S. aureus was less than 0.25 μg/ml; whereas conventional chitosan had a MIC of 20 

μg/ml against both bacteria.
133

  Antibacterial properties of chitosan derivatives have been 

also characterized. For example, Shameli et.al. synthesized silver (Ag)/montmorillonite 

(MMT)/ chitosan (Ct) bionanocomposite films through UV-radiation.
131

 Chitosan, 

montmorillonite (MMT), and AgNO3 were used as the natural polymeric stabilizer, solid 

support, and silver precursor, respectively. Nanocomposites were synthesized under 

different UV irradiation times: one hour, three hours, 18 hours, 48 hours, and 96 hours, 

respectively. The increase in UV irradiation time caused a decrease in particle size and 

size distribution. According to the inhibition zone experiments, Ag/MMT/Ct 

nanocomposites showed strong antibacterial properties against both gram-negative (E. 

coli) and gram-positive (S. aureus and MRSA) bacteria (Figure 1.9).
131

 

 

1.3.2.1.2. Silver (Ag) Nanoparticles  

The antibacterial properties of silver have been known since the ancient times. It has been 

used in wound dressings, catheters, water disinfecting filters for bacterial infection 

control in the forms of metallic silver, silver nitrate, silver sulfadiazine and silver 

zeolite.
112,134,135

 By manipulating their size at the nanoscale, antibacterial activities of 
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silver can be significantly increased. This is due to their high-surface area-to-volume 

ratio which results in increased reactivity. Ag nanoparticles exhibit wide-spectrum 

antibacterial activities against S. aureus, S. epidermidis, E.coli, K. pneumoniae, B. 

subtilis, P. aeruginosa, Salmonella typhi as well as MRSA, multidrug-resistant P. 

aeruginosa, ampicillin-resistant E. coli and erythromycin-resistant S. pyogenes.
136-142

 It is 

also known that gram-positive bacteria are less susceptible to Ag nanoparticles than 

gram-negative bacteria, which is due to the differences in cell wall composition.
143

 The 

gram-negative bacteria have a thin (∼7–8 nm) layer of peptidoglycan, which is not rigid. 

Negatively charged Ag nanoparticles might attack the gram-negative bacteria cell wall by 

metal depletion, as shown in the literature.
144

 On the other hand, gram-positive bacteria 

have a thick (∼20–80 nm) peptidoglycan layer, which forms a 3D rigid structure by cross linking 

of linear polysaccharide chains cross-linked by short peptides. Thus, the penetration of Ag 

nanoparticles through the rigid cell wall is low. Moreover, nanoparticle size and shape 

are among the other factors that influence their activity. Morones et. al. characterized the 

antibacterial effects of Ag nanoparticles of size 1-100 nm against E. coli. Nanoparticles 

smaller than 10 nm had the highest percentage of interactions with bacteria and showed 

the best antibacterial activity.
145

 In another study, Panacek et al. synthesized size-

controlled Ag nanoparticles ranging from 25-100 nm. The 25 nm particles showed the 

highest activity.
146

 Thus, the antimicrobial activity of Ag NPs is inversely dependent on 

size. 
112,134

 In addition, Pal et. al. reported the effect of spherical, rod and triangular Ag 

nanoparticles against E. coli. Truncated triangular particles with a 
134

 lattice plane as the 

basal plane displayed the strongest bactericidal action, compared with spherical and rod-

shaped nanoparticles or Ag
+
 ions. 

147
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Ag particles can be coated on many different medical device surfaces or different 

materials to prevent biofilm formation. Roe et. al. formed a thin layer (~100 nm) of silver 

nanoparticles on catheter surfaces.
148

 Sustained release of silver from the catheter 

surfaces significantly inhibited the in vitro and in vivo biofilm formation of E. coli, 

Enterococcus, S. aureus, coagulase-negative staphylococci, P. aeruginosa and C. 

albicans over a period of 10 days.
148

 In addition, silicon nanowires (SiNWs) decorated 

with Ag nanoparticles (SiNW@Ag) showed strong antibacterial properties against B. 

subtilis and E. coli. The minimum inhibitory concentration (MIC) of SiNW@Ag was 1.1 

µg/mL, while the MIC of Ag nanoparticles was 2.7 µg/mL.
149

 

 

1.3.2.1.3 Zinc Oxide (ZnO) Nanoparticles  

ZnO nanoparticles are highly attractive antibacterial agents due to their low cytotoxicity 

toward mammalian cells, low production cost, white appearance, and UV-blocking 

properties.
15,112

 Similar to Ag nanoparticles, antibacterial properties also depend on the 

concentration and the size of particles. For example, Jones et. al. showed that smaller 

ZnO nanoparticles (8 nm) reduced 99% of S. aureus planktonic growth, whereas ultrafine 

ZnO powder (41 mm) and ZnO nanopowder (50-70 nm) reduced 50% of planktonic 

growth.
150

 Antibacterial properties of ZnO nanoparticles can be improved by 

photoactivation. When nanoparticles were exposed to UV light at 254 nm for 30 minutes, 

a 40% increase in bacterial growth inhibition was observed, compared with the non-

photoacvitated particles.
150

 In addition, ultrasound stimulation can increase the activity of 

ZnO nanoparticle treatments against S. aureus. Seil et. al. showed that the addition of 
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ultrasound stimulation further reduced a 76% increase in antibacterial activity, compared 

to nanoparticles alone.
151

 

 

1.3.2.1.4 Titanium Dioxide (TiO2) Nanoparticles   

TiO2 nanoparticles unique particles and mostly studied for their photo-catalytic 

antimicrobial properties. TiO2 nanoparticles exhibit very strong and wide-spectrum 

antimicrobial properties upon receiving irradiation with near-UV light and UVA against 

E. coli, P. aeruginosa, S. aureus, Enterococcus faecium and C. albicans.
112,152

 In 

addition, photo activated TiO2 nanoparticles can inactivate bacterial endospores (Bacillus 

cereus).
153

 The MIC concentrations are in the range of 0.1–1 mg/mL.
154

  

 

The bactericidal mechanism of TiO2 is mainly related to the production of reactive 

oxygen species (ROS) in the presence of near-UV and UV-A irradiation. When in the 

presence of both oxygen and light, the primary ROS with antimicrobial activity generated 

by TiO2 nanoparticles are hydroxyl radicals, superoxide, and hydrogen peroxide.  Upon 

irradiation, an electron is transferred from the valence band to the conduction band, 

forming an electron (ecb
-
)

 
– hole (hvb

+
) pair (Equation 1).  The reactions of electrons (ecb

-
) 

and hole (hvb
+
) with water molecules on TiO2 surfaces form hydroxyl radicals (

.
OH) and 

superoxide (O2
-
) (Equation 2 and 3). 

15,155
 

 

                              TiO2 +
  
hν    (hvb

+ 
+ ecb

-
)        (Equation 1)  

                              

                              hvb
+ 

+ H20   
.
OH + H

+                
(Equation 2)  

 
                                            

ecb
- 
+ O2  O2

-  
                         (Equation 3)     
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These free radicals can then further react to product hydrogen peroxide (H2O2) (Equation 

5 and 6) or through combination of the hydroxyl radicals produced from Equation 2 (as 

shown in Equation 7).  

 

                             O2
- 
+ H

+ 
 HO2

.                          
(Equation 5) 

                             HO2
. 
+ e

-
H

+
  H2O2            (Equation 6)  

                             OH
. 
+ OH

.  
 H2O2                     (Equation 7)  

 

Generation of ROS initially damages the bacterial cell membrane via oxidation and then 

impairs many crucial biological functions, such as respiration and oxidative 

phosphorylation reactions.
112

 Antibacterial properties of TiO2 nanoparticles can be 

improved by visible light or metal doping. Metal doping improves the visible light 

absorbance and increases its photocatalytic activity under UV irradiation.
156

 Ag-doped 

TiO2 nanoparticles reduced the reaction time required for complete removal time of E. 

coli (10
7 

CFU/mL) from 65 minutes to 16 minutes in UVA light, by the silver surface 

plasmons which facilitate the electron–hole separation and provides more surface area for 

light adsorption.
157-159 

 

1.3.2.1.5. Nitric oxide (NO)-Releasing Nanoparticles  

Nitric oxide has important functions in immune system reactions to microbes and has 

shown promising antibacterial properties in many studies.  For example, macrophages 

and other inflammatory cells produce NO to battle foreign microbes.
160

  In addition, 

gaseous NO has broad-spectrum antimicrobial properties against gram-positive and 
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gram-negative bacteria, nitrosating DNA, proteins as well as membrane-bound lipids due 

to the formation of peroxynitrite (ONOO
-
) and dinitrogen trioxide (N2O3). MIC of 

gaseous nitrogen is 200 µg/mL. 
161,162

 On the other hand, it is extremely hard to deliver 

and target gaseous NO as an antibacterial agent. Recent studies have shown promising 

developments that nanoparticle-based scaffolds can store and deliver gaseous NO. For 

example, Hetrick et. al. synthesized NO-releasing silica nanoparticles via co-

condensation of tetraalkoxysilane with aminoalkoxysilane modified with 

diazeniumdiolate NO donors. 400 µg/mL of NO-releasing silica nanoparticles killed 90% 

of viable P. aeruginosa after 2 hours of treatment, while 800 µg/mL nanoparticle 

treatment resulted in 100% bacterial cell death.
163

 Antibacterial concentrations of NO-

releasing silica nanoparticles were not toxic to the mammalian cells. NO-releasing 

particles were also found to be effective against Gram-negative (E. coli) and Gram-

positive (S. aureus, S. epidermidis and MRSA) bacteria as well as fungi (C. albicans).
112

  

 

1.3.2.1.6. Superparamagnetic Iron Oxide Nanoparticles (SPION)  

The applications of small iron oxide particles in in vitro diagnostics have been practiced 

for nearly 50 years.
164

 Especially, SPIONs are used in various biomedical applications 

such as magnetic resonance imaging (MRI) for contrast enhancement, drug delivery, 

stem cell tracking, heat source in magnetic fluid hyperthermia or magnetic separation 

technologies (e.g., rapid DNA sequencing) and ultrasensitive diagnostic assays.
165

 

Several types of iron oxide nanoparticles have been characterized. Magnetite (Fe3O4) or 

maghemite (γ-Fe2O3) are 5-20 nm in diameter and they are promising candidates for 

biomedical applications due to their high biocompatibility and ease of synthesis. For 
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example, some SPION, such as Ferumoxytol and Feridex, are FDA-approved and used in 

clinical studies as MRI contrast agents.
107

 In addition, surfaces of SPION can be further 

functionalized with different bioactive molecules and tailor-made surface coatings, which 

give them further ability to deliver specific molecules.
164

 Moreover, SPION are in a 

superparamagnetic state at room temperature. Their magnetization can be saturated under 

an external magnetic field, but in the absence of this field their net magnetic moments are 

often randomized to zero by thermal agitation. SPION are desirable for targeted and 

controlled delivery of drugs and therapeutic agents.
111

 Thus, due to their unique 

properties, SPION hold great promise for many biomedical applications (Figure 1.10).  
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Figure 1.10. Biomedical applications of SPION. Representative TEM images of 

SPION with different sizes and chemical compositions: 8 nm/2.5 nm Fe/Fe3O4 

nanoparticles (a) and 5 nm/5 nm Fe/Fe3O4 nanoparticles (b).
166

 SPION can be engineered 

for control of the magnetic core size, along with a polymer coating, targeting agents, 

peptide fragments, drugs, and fluorescent markers for various biomedical applications 

(c).
167

 For example, SPION are commonly used as image contrast agents in MRI due to 

their high biocompatibility (d-f).
168
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Although metal oxides have been extensively characterized for their antibacterial 

properties, little is known about the antibacterial activity of SPION. Tran et. al. 

synthesized SPION with an average size of 9 ± 4 nm.
169

 These particles found to be 

antibacterial against S. aureus, shown by a decrease in the ratio of live to dead cells. 3 

mg/mL SPION significantly inhibited S. aureus planktonic growth after 4, 12 and 24 

hours. In another study, Taylor et. al. showed that 2 mg/mL SPION (average size = 8 nm) 

reduced S. epidermidis growth by 65% compared to untreated bacterial cells.
170

 Azam et. 

al. investigated the activity of Fe2O3 nanoparticles against gram-negative (E. coli and P. 

aeruginosa) and gram-positive (S. aureus and B. subtilis) bacteria.
171

 Minimum 

bactericidal concentrations were 65 ± 1.5 µg/mL, 120 ± 2.3 µg/mL, 80 ± 1.5 µg/mL, and 

78 ± 1.4 µg/mL for E. coli, P. aeruginosa, S. aureus and B. subtilis, respectively. 

Fe2O3 nanoparticles were less antibacterial than ZnO nanoparticles. In addition, 

nanocomposites of iron and silver particles have been synthesized and characterized for 

their antibacterial and antifungal activities. For example, Prucek et. al. synthesized two 

types of magnetic composites: Ag@Fe3O4 and γ-Fe2O3@Ag.
172

 Ag nanoparticles (~5 nm) 

were caught at the surfaces of Fe3O4 magnetic cores (~70 nm) to form Ag@Fe3O4. On the 

other hand, γ-Fe2O3@Ag nanocomposites were composed of larger silver nanocores 

(~20-40 nm), which are surrounded by ultra small γ-Fe2O3 nanoparticles (~5 nm). Both 

nanocomposites exhibited very strong antibacterial and antifungal activities against 

clinical bacterial strains, such as P. aeruginosa, S. epidermidis, methicillin-resistant S. 

epidermidis, methicillin-resistant S. aureus (MRSA), vancomycin-resistant Enterococcus 

faecium (VRE) and ESBL-positive K. pneumoniae as well as clinical fungal strains such 

as C. albicans, C. tropicalis and C. parapsilosis.  MIC values for bacterial strains ranged 
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from 15.6 mg/L to 125 mg/L, while MIC for fungal strains ranged from 1.9 mg/L to 31.3 

mg/L. In addition, Mahmoudi et. al. developed new classes of engineered multimodal 

nanoparticles comprising a magnetic core and either a silver or a gold ring with a ligand 

gap.
124

 Both silver- and gold-coated SPION significantly increased the number of dead S. 

aureus and S. epidermidis cells after 24 hours of treatment, compared to bare SPION. 

Moreover, antibacterial properties were enhanced in the presence of an external field.  

 

1.3.2.1.7. Toxicity Mechanisms of Nanoparticles against Bacteria  

The exact mechanisms of antibacterial activities of nanoparticles against various bacteria 

are not fully understood. The mechanisms of nanoparticle toxicity depend on 

composition, surface modification, intrinsic properties, and the bacterial species. 

Nanoparticles can attach to the membrane of bacteria by electrostatic interaction and 

disrupt the integrity of the bacterial membrane. Nano- toxicity is generally triggered by 

the induction of oxidative stress by free radical formation, that is, the ROS, following the 

administration of nanoparticles. Formation of ROS damages the cellular and viral 

components, interrupts energy transduction, and inhibits enzyme activity and DNA 

synthesis.  
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Figure 1.11. Various toxicity mechanisms of nanoparticles against bacterial cells.
124

 

Nanoparticles can disrupt and damage the bacterial cell membrane/wall, release heavy 

metal ions (i.e., Ag
+ 

or Zn
+2

), interrupt electron transport, cause production of ROS 

species which then damages the proteins, lipids and DNA.  
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1.3.2.2. Nanostructured Antibacterial Surfaces 

Conventional biomaterials do not have nanoscale roughness. Nanoscale materials provide 

roughness and feature dimensions at the nano level which can influence bacteria 

behavior.
23,119

 An in vitro study recently reported decreased S. epidermidis attachment on 

nanostructured ZnO and titania (TiO2) compared to microstructured surface features.
118

 

Puckett et al. compared the adhesion of S. aureus, S. epidermis, and P. aeruginosa on 

conventional Ti, anodized Ti and nanorough Ti. It was shown that nanorough Ti 

fabricated by e-beam evaporation decreased the bacterial adherence the most, compared 

to conventional Ti.
103

 Ercan et al. coupled nanotubular Ti with a 15-30V electrical 

stimulation and observed a significant decrease in S. aureus biofilm formation after 2 

days of culture.
100

 Moreover, nanostructured Ti can be loaded with antibiotics or 

nanoparticles as coatings for implant materials to reduce the infection risk. For example, 

Popat et al. fabricated 80 nm and 400 nm nanotubes on Ti through anodization and filled 

them with different concentrations of gentamicin.
102

 It was shown that drug-eluting 

nanotubes significantly decreased initial S. epidermis adhesion on the surface. Increased 

osteoblast cell differentiation was also observed on gentamicin-filled nanotubular Ti.
102

 

Moreover, Zhao et al. incorporated Ag nanoparticles into nanotubes.
173

 The nanotubes 

loaded with Ag nanoparticles killed all the planktonic bacteria in the culture medium 

during the first four days. Most importantly, nanostructured Ag incorporated Ti prevented 

bacterial adhesion for 30 days, which could be long enough to prevent an infection after 

surgery in the early and intermediate stages of implantation.
173

 Many studies have shown 

that the anti-bacterial effects of nanotopographies are due to the changes in surface 

energy leading to changes in the initial adsorbed protein layer which modulates 
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intercellular interactions.
174

 Nanorough features may increase the surface area and 

surface energy of medical devices which leads to altered select protein adsorption.
117

 For 

example, increased protein adsorption (specifically vitronectin) and interactions on 

nanostructured titanium surfaces has resulted in improved functions of osteoblasts (bone 

forming cells).
117,175-177

  Moreover, a ~40% reduction in bacteria colony forming units 

was observed on nanorough polyvinyl chloride (PVC) endotracheal tube (ETT) surfaces 

compared to conventional ETTs.
23,26

 These studies indicated that there is a great potential 

to create antibacterial surfaces via engineering medical device surface roughness at the 

nanoscale.  

 

 

 

Figure 1.12. Nanoroughness decreases bacterial attachment and biofilm formation on 

medical devices. In addition, biovolume of biofilms decreases on nanorough surfaces.
178
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1.4. Metabolic Regulation of Antibiotic Resistance  

The eradication of biofilms can be controlled by changing the surrounding 

microenvironment and biological conditions.
81

 As mentioned earlier, persister bacteria 

are a subpopulation of dormant cells that form biofilms in chronic infections.
45,179

 They 

enter a metabolic hibernation state and shut down their metabolism completely. This 

enables them to survive antibiotic treatment and become resistant. Recent studies by 

Allison et. al. provided evidence that the addition of certain metabolites, such as fructose, 

could increase the efficiency of antibiotics used to treat of both gram-negative and gram-

positive persisters (Figure 1.13).
179

 Bacteria are stimulated into an active state using 

sugars combined with an antibiotic, which renders them vulnerable to antibiotic 

treatments and eradication from the medical device surfaces. 
179

  The potentiation of 

antibacterial properties does not rely on growth resumption and it is effective in both 

aerobic and anaerobic conditions. It proceeded by the generation of a proton-motive force 

which facilitates the uptake of antibiotics. They demonstrated that persisters, although 

dormant, are primed for metabolite uptake, central metabolism and respiration. 

Furthermore, it has been shown that this approach can improve the in vivo treatment of 

chronic infections in a mouse urinary tract infection model. Thus, metabolic stimulation 

establishes a new strategy for eradicating bacterial persisters that is based on metabolism, 

and highlights the importance of the metabolic environment to antibiotic treatment.  
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Figure 1.13. Metabolite-enabled eradication of bacterial persisters by antibiotics. a) 

Antibiotics do not eradicate E. coli persisters in vitro. On the other hand, percentage 

survival of persisters decreases when mannitol is used in combination with antibiotics. b) 

Metabolites also enhance the in vivo efficacy of antibiotics.  E. coli biofilms on urinary-

tract- inserted catheters are eradicated after treatment with mannitol (1.5 g/kg) plus 

gentamicin (1mg/kg). c) Metabolic network shows the efficiency of metabolite-enabled 

elimination of persister E. coli. Metabolites are color-coded according their ability to 

stimulate antibiotic action. 
179
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The goal of this thesis is, for the first time, to integrate two novel approaches, i.e. 

nanotechnology and metabolic stimulation, to eradicate antibiotic-resistant biofilms 

(Figure 1.14). We hypothesized that combining the antibacterial properties of i) 

nanostructured surfaces or ii) magnetic nanoparticles (SPION) with metabolic 

stimulation (i.e. fructose) can further decrease bacterial growth and biofilm formation 

without the use of antibiotics. We manipulated the metabolic microenvironment of the 

biofilms to improve the antibacterial properties of magnetic nanoparticles (SPION) as 

well as nanorough device surfaces. In chapter 2, we demonstrate that engineered 

nanoscale topographies provide surfaces that are more resistant to bacterial growth than 

conventional polyvinyl chloride (PVC). We also show, for the first time, that the presence 

of fructose on the nanorough PVC decreases the number of planktonic S. aureus in the 

solution and biofilm formation, without use of any antibiotics. In chapter 3, for the first 

time, we showed that metabolic stimuli (i.e. fructose) can further enhance the uptake and 

eradication efficacy of SPION treatment to eradicate MRSA, E. coli and P. aeruginosa 

biofilms. In addition, biofilm eradication by the engineered SPION was significantly 

better than vancomycin, the antibiotic of last resort. This chapter establishes a simple and 

low-cost strategy for the eradication of persistent biofilms which could lead to alternative 

clinical treatments to vancomycin, which MRSA has already developed a resistance 

towards. In chapter 4, the effect of an external field to eradicate antibiotic-resistant 

biofilms with SPION has been investigated. We demonstrate that SPION conjugated with 

antibacterial silver salts exhibit strong eradication properties against the antibiotic-

resistant (MRSA) biofilms. In addition, antibacterial properties of silver-conjugated 

SPION were improved when an external magnetic field was applied due as their 
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magnetic core enabled them to penetrate into the biofilms. Chapter 5 shows the 

antibacterial properties of a platform technology, where SPION are embedded within the 

PVC surfaces. Potential applications of the platform technology in various healthcare 

settings also have been reviewed.  

 

 

 

 

Figure 1.14. Using nanomaterial science to reduce infections. Metabolic 

microenvironment of the biofilms was manipulated to improve the antibacterial 

properties of magnetic nanoparticles (SPION) as well as nanorough device 

surfaces.
50,123,179
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1.5. Contributions to the Field 

Although many studies have investigated different implant chemistries, new drugs and 

antibacterial agents, nanotechnology, or the science that deals with technologies on the 

scale of one billionth of a meter (10
-9

 m = 1 nm), is only recently being investigated as a 

means for infection control on medical devices. Many of these studies are usually 

targeted towards planktonic (free-floating) bacterial growth. On the other hand, persistent 

infections are often attributed to the formation of biofilms 
180,181

,which is the focus of this 

thesis. Moreover, the uptake of antibacterial treatments by the biofilm is also low as 

many agents cannot penetrate to the full depth of the biofilm.
182

 The metabolic 

microenvironment of the biofilm is crucial and metabolites that can trigger and enable 

eradication have great potential to improve the treatment of antibiotic-resistant infections 

in the clinical settings.
125,170

 In this thesis, we described a simple and low-cost dual-sided 

approach which uses superparamagnetic iron oxide particles (SPION) in combination 

with fructose metabolites as a new therapeutic option to existing antimicrobial strategies. 

This strategy offers further improved efficacy of magnetic nanoparticles against 

persistent MRSA infections by manipulating the biofilm extracellular metabolic 

microenvironment, creating a new nanotechnology-driven approach. . In addition, SPION 

treatments better eradicated the resistant biofilms than vancomycin, the antibiotic of last 

resort. Thus, this work establishes a simple, broad-spectrum and low-cost strategy for the 

better eradication of persistent biofilms, as a new therapeutic option to existing 

antibacterial strategies. Moreover, metabolic stimulation further decreased the growth 

and biofilm formation on nanostructured biomaterials (especially PVC-based device 
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surfaces). Thus, this thesis, for the first time, highlighted the importance of biofilm 

metabolic microenvironment for the nanotechnology-driven approaches.  

 

It is envisioned that simple and inexpensive approaches developed in this thesis could 

lead to novel alternative treatments to the only current clinical option, vancomycin, which 

MRSA has started to develop a resistance towards. Once their in vitro and in vivo toxicity 

are well-characterized, these novel SPION treatments could lead to successful clinical 

outcomes for infection control. Moreover, combining metabolic stimulation with nano-

material science has the potential to impact the future surface engineering of medical 

devices and invasive biomaterials and biomedical devices. These approaches can lead to 

successful clinical outcomes in terms of minimizing infections, longer medical device 

lifetimes, and decreasing antibiotic usage. All of these events might support decreased 

antibiotic resistance in the clinical settings. 
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Chapter 2. Fructose Enhanced Reduction of 

Bacterial Growth on Nanorough Surfaces  

2.1. Introduction 

Ventilator-associated pneumonia (VAP) is the most common hospital-acquired 

infection among patients requiring mechanical ventilation.
183-185

 Patients are intubated 

with endotracheal tubes (ETTs) which interact with the surrounding airway epithelium 

during the ventilation process. However, ETTs provide surfaces where bacteria can 

attach, colonize and proliferate from the contaminated oropharyngeal space to the sterile 

bronchoalveolar area.
23,25

 The pathogenesis of VAP is shown in Figure 2.1. Prolonged 

intubation leads to the colonization of upper respiratory tract by pathogens such as 

Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus aureus (S. aureus) and 

increases the risk of lung infection by six to twenty folds.
28-30,184,185

  In addition, the risk 

of VAP increases by 3% per day during the first five days of mechanical ventilation and 

by 2% between days five and ten.
25,28-31

  

 

Previous attempts to reduce the incidence of infection due to PVC ETTs have 

explored a variety of methods to change tube surface properties, including the use of 

antimicrobial and anti-bacteria adherent coatings, and the incorporation of antimicrobial 

agents directly onto the device.
25,186,187

 However, these strategies have had limited 

success, principally due to issues relating to poor mechanical performance of either the 

coating or the impregnated device, or inappropriate drug elution profiles.
23

  Therefore, 
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there exists an unmet clinical need to create surfaces that resist bacterial attachment and 

growth to reduce the risk of infection.    

 

There is a great variation in the species responsible for VAP infection, in addition to 

the possibility of multiple organisms being involved in a single infection.
183

 This great 

variation in organisms makes it difficult to specify which organism, or combination of 

organisms, are involved in every specific case. The etiology of VAP depends on the time 

of onset, duration of hospitalization and hospital settings.
24,183

 Staphylococcus aureus, 

Streptococcus pneumoniae, and Haemophilus influenzae usually predominate in the early 

onset of VAP.
22,183

 In addition, aerobic gram-negative bacteria, including members of the 

family Enterobacteriaceae, have been isolated in both the early and late onset of 

pneumonia.
22

 Pseudomonas aeruginosa, Acinetobacter and Enterobacter species are 

often isolated from late-onset pneumonia.
22

 Trauma intensive care unit (TICU) patients 

are at high risk of infection with S. aureus. P. aeruginosa is isolated most frequently in 

patients with VAP occurring greater than 4 days after the start of mechanical ventilation 

(19.7%) while S. aureus is isolated most frequently in patients whose VAP is diagnosed 

during the first 4 days (23.7%).
183

 Not surprisingly, intubation increases the risk of lung 

infections by six to twenty fold.
28-30,184,185
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Figure 2.1. Pathogenesis of Ventilator-Associated Pneumonia (VAP). 
188 

 

Surfaces of invasive medical devices (such as ETTs) serve as substrates for 

bacterial attachment, growth, colonization and biofilm formation.
48

 Bacterial biofilms are 

complex heterogeneous communities embedded in an extracellular polymeric substance 

(EPS) matrix which is composed of polysaccharides, nucleic acids, proteins and 

lipids.
44,45

 Formation of these sessile (adherent, immobile bacteria) communities provides 

a resistance mechanism against host immune responses and antibacterial agents. 
49

 

Inherent resistance of biofilms on material surfaces causes a real-world problem as many 

persistent and chronic bacterial infections occur in medical and industrial settings.  

 

Recently, many studies have shown that changes in the surface topography at the 

nanometer level can interfere with bacterial functions.
23,26,113-119

 Conventional 

biomaterials (such as PVC ETTs) do not have nanoscale roughness. Nanoscale materials 
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provide roughness and dimensions at the nano level which might influence bacteria 

behavior.
23,119

 For example, an in vitro study recently reported decreased Staphylococcus 

epidermidis (S. epidermidis) attachment on nanostructured ZnO and titania (TiO2) 

compared to microstructured surface features.
118

 It was also demonstrated that the 

attachment of different pathogenic strains (S. aureus, S. epidermidis and P. aeruginosa) 

could be controlled by changing titanium surface roughness and ultrafine crystallinity at 

the nano level.
117

 Many studies have shown that these effects of surface 

nanotopographies are due to changes in surface energy leading to changes in the adsorbed 

protein layer which modulates intercellular interactions.
174

 For example, increased 

protein adsorption and bioactivity on nanostructured Ti surfaces has resulted in improved 

functions of osteoblasts (bone forming cells).
117,175-177

 Moreover, a ~40% reduction in 

colony forming units was observed on nanorough PVC ETT surfaces compared to 

conventional ETTs.
23,26

 These studies indicated that there is a great potential to create 

antibacterial surfaces via engineering surface roughness at the nanoscale.  

 

In addition to the antibacterial effects of surface nanoroughness, eradication of 

biofilms can be also controlled by changing the surrounding micro- and nano-

environment and biological conditions. Persister bacteria represent a population of 

dormant cells which can form biofilms in chronic infections.
45,179

 Persisters enter a 

metabolic hibernation state and shut down their metabolism. This enables them to survive 

during the antibiotic treatment and become resistant. A recent study provided evidence 

that the addition of certain metabolites, such as fructose, could increase the efficiency of 

antibiotics which are used to treat of both gram-negative and gram-positive persisters.
179
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In this approach, persister bacteria are stimulated into an active state using fructose 

metabolites. Fructose molecules enter the bacterial metabolism through glycolysis and 

stimulate the shut-down metabolism of persister cells. As a result, changes in the 

bacterial metabolism stimulate the uptake of antibiotics. Therefore, fructose metabolites 

combined with an aminoglycoside antibiotic (i.e., gentamicin) render biofilm forming 

bacteria vulnerable to antibiotic treatments and eradicate them from the medical device 

surfaces.
179

 Metabolites which can trigger and enable the dispersal of biofilms have a 

great potential to treat infections in the clinical settings.  

 

In this chapter, the antibacterial effect of nanorough topographies with sugar 

metabolites were combined in an effort to further decrease bacterial growth and biofilm 

formation on ETTs without using antibiotics. S. aureus was chosen as the target bacteria 

as it is one of the major causes of fatal nosocomial infections as well as community-

associated infections. In addition, it is the most frequently isolated bacteria in patients 

whose episode of VAP was diagnosed during the first days of mechanical 

ventilation.
183,189

 First, commercially available polyvinyl chloride (PVC) ETTs were 

enzymatically degraded to create nanoscale surface roughness. Then, nanorough (NanoR) 

ETTs were soaked into different concentrations of a fructose solution. Planktonic 

bacterial growth in the surrounding culture medium and biofilm formation of S. aureus 

on ETT surfaces were observed and quantified after 24 hours. For the first time, results 

are presented that show the presence of a specific metabolite, i.e. fructose, on the 

nanorough surfaces decreases the number of planktonic bacteria in the solution and 

biofilm formation after 24 hours.  
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 2.2. Materials and Methods 

 

2.2.1. PVC ETT Material Preparation and Nanoroughening 

 Commercially available Sheridan® 6.0 mm ID, uncuffed ETTs (Hudson RIC, Temecula, 

CA) were cut vertically into 0.6 cm x 0.3 cm segments using a rectangular hole punch. 

Nanorough (NanoR) topographies on the PVC ETT surface were created using a lipase 

from Rhizopus arrhizus (Sigma-Aldrich, St. Louis, MO) at a 0.1% concentration in 1M 

potassium phosphate buffer (PBS) at a pH of 7.2 (Fisher Scientific). PVC samples were 

soaked in the lipase solution at 37⁰C at 200 revolutions per minute (rpm) for 24 hours. 

After 24 hours, the lipase solution was replaced with a fresh solution and the samples 

were soaked for additional 24 hours. Then, the NanoR samples were removed and rinsed 

three times with double distilled water. The NanoR and untreated PVC samples were air 

dried overnight (~12 hours) at room temperature, and then they were sterilized at Rhode 

Island Hospital using ethylene oxide gas.  

2.2.2. PVC Surface Modification with Metabolites 

 D-Fructose (Fisher Scientific, Pittsburg, PA) was dissolved in double distilled water. 10 

mM and 100 mM fructose solutions were sterilized via a polytetrafluoroethylene (PTFE) 

syringe filter with a 0.2 µm pore size (Fisher Scientific, Pittsburg, PA). To coat surfaces 

with the fructose, sterilized PVC samples prepared above were soaked in either 10 mM or 

100mM fructose solutions and incubated overnight (~12 hours) in a sterile hood. Then, 

the samples were air dried in the sterile hood.  
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2.2.3. Surface Characterization 

 

2.2.3.1. Scanning Electron Microscopy (SEM)  

Surface topography of the materials was visualized using a SEM (LEO 1530VP FE-4800 

Field-Emission SEM, Carl Zeiss SMT, Peabody, MA) according to standard operating 

procedure. Samples were imaged with an accelerating voltage of 20 kV using variable 

pressure.  

2.2.3.2. Atomic Force Microscopy (AFM) 

Samples were characterized by using atomic force microscopy (AFM) at scan areas of 

5µm x 5 µm. Specifically, the topography of the PVC substrates were evaluated with 

AFM (Asylum-1 MFP-3D AFM System, Santa Barbara, CA) under tapping mode using a 

9 ± 2 nm AFM tip at a scan rate of 0.5 Hz. The root-mean-squared (RMS) roughness, 

which is the standard deviation of the height value in the selected line, was determined in 

five random fields per sample. In Equation 2.1, RMS is calculated as the standard 

deviation of the Z values (in vertical direction) within the given area and stands for height 

direction roughness where Zn is the current Z value; Zave is the average Z value within 

the given area. N is the number of points within the given area.  

 

       
          

 
  

                      (Equation 2.1) 
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2.2.3.3 Contact Angle Measurements  

Water contact angles were investigated using a drop shape analysis system 

(EasyDrop, Kruss, Hamburg, Germany). The contact angle from 1 µL of double 

distilled water sessile droplets (60 seconds after being dropped on the surface) was 

measured for each sample.  

 

2.2.4 Bacteria Assays 

 

2.2.4.1. Bacteria Culture  

The experimental strategy employed in our work is shown in Figure 2.2. Staphylococcus 

aureus (ATCC #25923, American Type Culture Collection, Mannassas, VA) was 

hydrated and streaked for isolation on a tryptic soy agar plate. Following growth, a single 

isolated colony was selected and inoculated in 3 mL tryptic soy broth (TSB) media (MP 

Biomedicals, Solon, OH). The bacteria culture was grown on an incubator shaker for 18 

hours at 37⁰C at 200 rpm until it reached the stationary phase.  

2.2.4.2. Bacterial Growth and Biofilm Formation Analyses 

First, the optical density of the overnight culture at 562 nm (OD562) was adjusted to 0.52, 

which corresponds to cell number of 10
9
. Then, the cultures were serially diluted to 

obtain 10
3 

cells/mL bacteria in solution.  100 µL of a 10
3
 bacteria solution was seeded 

onto a single well of a flat bottom 96-well plate (BD, Franklin Janes, New Jersey) 

containing either NanoR or an untreated PVC sample soaked in a 10 mM and 100 mM 

fructose solution (Fisher Scientific, Pittsburg, PA). Unsoaked NanoR and PVC samples  
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Figure 2.2.  Schematic of bacteria assays. Commercially available polyvinyl chloride 

(PVC) endotracheal tubes (ETTs) were enzymatically degraded to create nanoscale 

surface roughness. Then, control PVC and nanorough (NanoR) ETTs were soaked 

into different concentrations of a fructose solution. Bacterial survival in the medium 

(Assay 1) and biofilm formation on the ETT surfaces (Assay 2) were quantified.  
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were used as controls.  The plate was then placed in a stationary incubator at 37⁰C with 

5% CO2. After 24 hours, samples were removed with a pair of sterile forceps.  The 

optical density of the plate was then measured at 562 nm using a SpectraMax M5 plate 

reader (Molecular Devices, Sunnyvale, CA) to analyze planktonic bacteria growth. To 

remove sessile bacteria from the PVC surface, a vortexing method was used and a cell 

viability assay was performed to measure colony forming units/mL (CFU/mL). 

Specifically, each PVC sample was placed in 1 mL of PBS (Fisher Scientific, Pittsburg, 

PA) and vortexed at 3000 rpm for 10 minutes. The cells were then serially diluted in PBS 

(Fisher Scientific, Pittsburg, PA) over a 3-log range. 10 µL of each dilution were plated 

on tryptic soy agar plates and incubated at 37°C overnight. After overnight incubation, 

colony forming units were counted for each sample to quantify biofilm formation on the 

ETT surfaces. CFU/mL values were calculated using the following formula:    

 

CFU/mL = ([(Number of Colonies) × (Dilution Factor)] / 0.01 mL) (Equation 2.2) 

 

2.2.5. Statistical Analysis 

All experiments were performed in triplicates and repeated at least three times to validate 

repeatability and reproducibility. Data were represented as the mean ± standard error of 

the mean (SEM). Results were analyzed for statistical significance using Student’s t-test. 

Three different significance levels (p < 0.01, p <0.05, and p <0.1) were noted.  
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2.3. Results and Discussion  

2.3.1. Material Characterization  

 

 

 

Figure 2.3. SEM images of untreated PVC  and NanoR PVC.  Untreated PVC 

samples revealed a smooth surface (a, c, and e) (10, 30 and 65 KX, respectively).  On 

the other hand,  NanoR PVC samples revealed a rough surface at the micron, 

submicron and nanometer level (b, d, and f) (10, 30 and 65 KX, respectively). 
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SEM analysis indicated that the lipase treatment degraded conventional PVC surfaces 

and created nanoscale features (Figure 2.3). In addition, AFM micrographs revealed 

distinct topographies in control surfaces compared to NanoR PVC surfaces (Figure 

2.4 a-b).  As expected, control PVC surfaces were smooth compared to NanoR PVC.  

Roughness of untreated PVC was 0.704 ± 0.192 nm while it was 8.440 ± 1.282 nm for 

NanoR PVC as measured by AFM at 5 µm X 5µm scans (Table 1). SEM images also 

confirmed that PVC was smooth compared to NanoR PVC surfaces. In addition, 

coating the surface with fructose decreased the nanoscale topography and 

nanoroughness for both the control PVC and NanoR PVC surfaces soaked in different 

fructose concentrations (Figure 2.4 c- f). The decrease in the surface roughness was 

more apparent in the NanoR samples. Coating the NanoR surface with 10 mM 

fructose decreased the roughness from 8.440 ± 1.282 nm to 1.214 ± 0.144 nm. 

Surface roughness was significantly higher for NanoR ETT soaked in 10 mM fructose 

solution than control PVC ETTs (p < 0.01). As the fructose concentration increased to 

100 mM, RMS values decreased from 8.440 ± 1.282 nm to 1.034 ± 0.175 nm. Surface 

roughness of NanoR ETT soaked in the 100 mM fructose solution was also 

significantly higher than control PVC ETTs (p < 0.1). 
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Figure  2.4.  AFM micrographs showing the topography of (a, b) control PVC and 

NanoR PVC, (c, e) Control PVC soaked in 10 and 100 mM fructose, and (d, f) NanoR 
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PVC soaked in 10 and 100 mM fructose, respectively. Micrographs revealed distinct 

differences in nanotopographies between the control PVC and NanoR PVC surface 

soaked in different metabolite concentrations.  

 

 

 

Table 2.1. RMS values of PVC and NanoR PVC surfaces before and after soaking in two 

different concentrations (10 and 100 mM) of a fructose solution. RMS values were 

calculated from the AFM scan areas of 5 µm x 5 µm. Data represents mean ± SEM, n = 

5. * p < 0.05 compared to control PVC ETT surface.  # p < 0.01 NanoR PVC soaked in a 

10 mM fructose solution compared to control PVC ETT.   
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The rougher surfaces have more surface energy and fructose coated the rougher regions 

on the NanoR surfaces, which decreased the roughness and made surfaces smoother. 

Deposition of fructose crystals was also clearly visibly apparent on the surfaces, and 

more deposition was observed when NanoR surfaces coated with 100 mM fructose 

(Figure 2.5). The effect of fructose coating on surface roughness was also observed for 

untreated PVC surfaces. The RMS decreased on PVC soaked in 10 mM fructose from 

0.704 ± 0.192 nm to 0.592 ± 0.037 nm. On the other hand, RMS value of PVC soaked in 

100 mM fructose was 0.702 ± 0.037 nm. This increase in roughness compared to PVC 

soaked in 100 mM could be due to the excess deposition of fructose crystals on the 

surface (Figure 2.5).   

 

 

Figure 2.5. Fructose deposition on NanoR PVC surfaces soaked in a 100 mM fructose 

solution.  
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Since surface nanoroughness can provide more surface area and make the surface more 

hydrophobic due to greater water surface tension interactions,
176,190-193

 the hydrophobicity 

of the PVC and NanoR surfaces were characterized (Table 2.2). The NanoR surface had 

a contact angle of 70.36⁰ ± 1.18 and it was significantly more hydrophilic than the 

control PVC surface, which had a contact angle of 88.62⁰ ± 1.12 (p < 0.01).  In this case, 

surface nanoroughness provided more wetting for the PVC ETTs. Moreover, coating 

surfaces with fructose decreased the hydrophobicity of both the NanoR and control PVC 

samples.  

 

The decrease in the contact angle was more apparent for the control PVC. Specifically, 

conventional PVC surface soaked in a 10 mM fructose solution had a contact angle of 

72.98⁰ ± 0.45, while the PVC soaked in a 100 mM fructose solution had contact angle of 

69.02⁰ ± 1.43. In addition, contact angles of the NanoR PVC soaked in 10 mM and 100 

mM solution were significantly different than the contact angles of control PVC with 

water (p < 0.01). The NanoR PVC surfaces soaked in 10 mM fructose solution had a 

contact angle of 68.10⁰ ± 3.19 while the contact angle of the NanoR soaked in 100 mM 

fructose solution was 64.18⁰ ± 3.46. Representative contact angle measurement pictures 

of conventional and NanoR PVC are shown in Figure 2.6 and 2.7.  

 

 

 

 



67 

 

Table 2.2. Water contact angles on PVC and NanoR PVC surfaces before and after 

soaking into two different concentrations (10 mM and 100 mM) of a fructose solution. 

Values are mean ± SEM, n = 5. * p < 0.01 compared to control PVC ETT surface. 

 

 

 

 

 

 

Figure  2.6.  Representative contact angle pictures of control PVC ETTs.  a) PVC ETT, 

b) PVC ETT soaked in a 10 mM fructose solution, c) PVC ETT soaked into a 100 mM 

fructose solution. 
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Figure 2. 7. Representative contact angle pictures of NanoR PVC ETTs.  a) NanoR  

PVC ETT, b) NanoR PVC ETT soaked in a 10 mM fructose solution, c) NanoR PVC 

ETT soaked into a 100 mM fructose solution. 

 

2.3.2. Bacteria Studies:  

Figure 2.8 shows the effect of the fructose treatment on planktonic S. aureus bacteria that 

were suspended in the surrounding culture medium. The growth of planktonic bacteria 

decreased on NanoR surfaces soaked into a 100 mM fructose solution compared to 

conventional PVC surfaces as well as PVC soaked in respective amounts of fructose. In 

addition, less planktonic bacteria was observed on NanoR PVC surfaces soaked in a 100 

mM fructose solution compared to NanoR PVC surfaces soaked in a 10 mM fructose 

solution. Therefore, it was clear that fructose reduced planktonic S. aureus bacteria 

growth and bacterial reduction was dependent on the fructose concentration on the 

nanorough surfaces.  

 



69 

 

 

Figure 2. 8.  S. aureus optical density measurements after 24 hours. Planktonic bacteria 

growth decreased on NanoR surfaces soaked in a fructose (10 mM and 100 mM) 

solution. Data represents mean ± SEM, N=3. * p < 0.05 NanoR compared to NanoR 

soaked in 10 mM fructose, and NanoR soaked in 10 mM fructose compared to NanoR 

soaked in 100 mM.  

 

 

Figure 2.9 shows the S. aureus colony counts on PVC and NanoR surfaces soaked in a 

10 mM fructose solution. According to these results, fructose treatment decreased the 

biofilm formation on both PVC and NanoR surfaces after 24 hours. A 38% decrease was 

observed in the growth of S. aureus on PVC surfaces soaked in 10 mM fructose solution 

compared to unsoaked PVC surfaces. In addition, biofilm formation significantly 

decreased (45%) on NanoR surfaces compared to the control PVC surfaces (p < 0.1). In 

addition, a 60% decrease (~ 0.4 log reduction) in biofilm formation was observed on 
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NanoR surfaces soaked in a 10 mM fructose solution compared to conventional PVC 

surfaces (p < 0.05).  More importantly, all of these results were accomplished without 

using any antibiotics. 

 

 

 

  

Figure 2.8. S. aureus colony counts on PVC and NanoR surfaces soaked in a 10 mM 

fructose solution. Biofilm formation decreased on NanoR and PVC surfaces soaked in a 

10 mM fructose solution.  Data represents mean ± SEM, N = 4. *p < 0.05 NanoR soaked 

in 10 mM fructose compared to PVC control, # p < 0.1 NanoR compared to PVC control. 
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2.4. Discussion 

Biofilms develop a protected growth which allows survival in a hostile environment. As a 

result, bacterial persisters are a dormant population and they are tolerant to antibiotic 

treatment.
45,49,179

 These persister structures within the biofilms form channels in which 

nutrient circulation occurs. However, the uptake of some antibiotics, such as 

aminoglysocides, requires a promotion motive force (PMF). As the biofilm forming 

bacteria are in a dormant state, they do not uptake and metabolize antibiotics. Thus, 

bacterial resistance to antibiotics develops. If the metabolites which enter to the upper 

glycolysis metabolism (i.e., glucose, fructose and mannitol) are added into the 

microenvironment as carbon sources, the efficiency of gentamicin increases. As the 

metabolism and PMF of the persisters are induced, metabolite stimulation increases the 

uptake of antibiotics and their killing efficiency.
179

 In addition, these sessile biofilm 

communities can give rise to non-sessile bacterium and these planktonic bacteria can 

rapidly multiply and disperse within the solution. Planktonic bacteria must expose 

themselves to deleterious agents in their environment while the biofilm forming persisters 

protect themselves from harsh environmental conditions, such as antibiotics.
49  

 

As the planktonic bacteria are dispersed within the surrounding medium due to the 

presence of fructose on the ETT surface, surface roughness at the nanoscale could 

minimize the contact between the bacteria cell wall and the NanoR ETT surface. This 

might inhibit the electrostatic interactions responsible for initial bacterial attachment on 

the surface.
23

 Accumulation of proteins on nanorough surfaces might also affect initial 

bacterial adhesion though a thick anti-bacterial protein layer. This layer could decrease 
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interactions at the bacteria-nanorough surface interface. Thus, this passivation effect 

could reduce the bacterial attachment and biofilm formation.
32

 Moreover, metabolites on 

both PVC and NanoR ETT surfaces might induce metabolism of biofilm forming S. 

aureus. All of these events might lead to the reduction of both planktonic bacteria growth 

and biofilm formation on NanoR surfaces that are soaked in fructose solutions, without 

the use of any antibiotics. The effect of combining nanostructured surfaces with other 

metabolites which enter bacterial metabolism through glycolysis (such as glucose, 

mannitol, and pyruvate) should be studied in the future studies.  

 

2.5. Conclusions  

In summary, as presented here for the first time, the presence of fructose on nanorough 

(NanoR) PVC surfaces decreases the number of planktonic S. aureus in solution and 

biofilm formation, without the use of any antibiotics. In addition, it was shown that 

engineered nanoscale topographies provide surfaces that are more resistant to bacterial 

growth than conventional PVC without the use of any antibiotics. Such results have 

important implications. First, the design of nanorough engineered surfaces decreases 

bacterial adhesion on surfaces. In addition, the reduction of biofilm forming bacteria can 

be improved through the use of specific metabolites on nanorough surfaces. It is 

envisioned that this method has the potential to impact the future surface engineering of 

ETTs as well as catheters, invasive biomaterials and biomedical devices leading to more 

successful clinical outcomes in terms of longer lifetimes, minimized infections and 

decreased antibiotic usage; all of these events can support decreased antibiotic resistance, 

necessary for the future of world-wide healthcare. 
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Chapter 3. Enhanced Efficacy of Superparamagnetic 

Iron Oxide Nanoparticles Against Antibiotic-Resistant 

Biofilms in the Presence of Metabolites 

3.1. Introduction  

When the antibiotics were first introduced, they were believed to be the end of bacterial 

infections.
1
 However, due to their extensive use (which has been estimated to be over 1 

million tons since 1940’s), the emergence of multi-drug resistant bacteria is one of the 

greatest global problems in public health today.
2
 The number and frequency of antibiotic 

resistant microorganisms are mounting worldwide which renders antibiotic therapies 

costly and most of the time, unsuccessful.
3
 On the other hand, there is a descending trend 

in the development of new antibiotics creating important implications on global health 

and economy. Especially, antibiotic resistance and the lack of new antibacterial agents 

create significant complications and treatment challenges in the clinical setting leading to 

healthcare-associated infections (HAI). HAI are among the top leading causes of death in 

the United States and affect approximately 1.7 million patients each year, resulting in up 

to 100,000 excess deaths, and leading to an estimated cost of more than $35 billion per 

year.
194,195

   

 

The emergence of methicillin-resistant Staphylococcus aureus (MRSA) has been the 

steadily growing cause of healthcare- and community-associated infections.
1,196,197

 S. 

aureus is a gram-positive bacteria which commonly colonize on the human skin and has 
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developed many epidemic waves of antibiotic resistance since the mid 1940’s.
197

 S. 

aureus can cause a wide range of diseases, such as skin and soft-tissue infections, 

bloodstream infections, pneumonia, infective endocarditis and osteomyelitis.
1
 Moreover, 

MRSA is responsible for half of the 14 million skin and soft-tissue infections as well as 

100,000 serious blood infections and more than 15,000 deaths a year in the United 

States.
198,199

 This often necessitates the use of vancomycin to treat these infections since 

it has the most reliable antimicrobial activity against MRSA
200,201

 and is the last 

remaining antibiotic which MRSA strains are susceptible to.
197

 On the other hand, a small 

portion of MRSA has started to develop resistance to vancomycin leading to treatment 

failures in the clinic. For example, a clinical strain of MRSA with reduced susceptibility 

to vancomycin, Mu50, first emerged in Japan in 1996.
200,202

 In addition, a similar strain 

was isolated in United States in 1997.
201,203

 The effectiveness of vancomycin as a 

treatment option is therefore diminishing due to the emergence of these vancomycin-

intermediate S. aureus (VISA) and vancomycin-resistant S. aureus (VRSA) strains. 
197

  

 

These antibiotic resistance and persister infections are attributed to formation of sessile 

bacterial communities, called biofilms. Bacterial biofilms are complex heterogeneous 

communities embedded in an extracellular polymeric substance (EPS) matrix which is 

composed of polysaccharides, nucleic acids, proteins and lipids.
180,181

 Bacteria undergo a 

transition from free-living, planktonic cells to sessile, surface-attached biofilms in 

response to environmental conditions.
181

 Sessile bacteria can withstand host immune 

responses, and they are much less susceptible to antibiotics than their non-attached 

individual planktonic counterparts. One mechanism of biofilm antibiotic resistance is the 
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failure of an antibiotic to penetrate the full depth of the biofilm. The biofilm matrix is 

known to retard the diffusion of antibiotics, and solutes in general diffuse at slower rates 

within biofilms than they do in water. Another mechanism posits that at least some of the 

cells in a biofilm experience nutrient limitation and therefore exist in a slow-growing or 

starved state. Slow growing or non-growing cells are not very susceptible to many 

antimicrobial agents.
180,181

 Formation of these sessile communities provides a resistance 

mechanism against host immune responses and antibiotics. Therefore, there is an urgent 

clinical need to develop novel treatments targeting bacterial biofilms to reduce the risk of 

infection, without resorting to antibiotics for which bacteria are developing a resistance 

towards.    

 

There is a growing interest in the use of nanotechnology and the use of novel materials 

with at least one dimension below 100 nm for the treatment of bacterial infections, 

without resorting to the antibiotics. For instance, many carbon-based nanomaterials such 

as fullerenes (C60) 
203

, carbon nanotubes (CNTs) 
204,205

 and graphene 
206

 as well as metal-

based nanoparticles including silver (Ag) 
205,207

, gold (Au) 
208

, magnesium oxide (MgO) 

209
 and zinc oxide (ZnO) 

210
 have shown antibacterial properties. Nanoparticles which 

possess magnetic properties, superparamagnetic iron oxide particles (SPION), have also 

shown promising bactericidal effects. 
169,211

 On the other hand, these studies usually 

targeted planktonic bacterial growth and there are a limited number of studies which 

actually targeted the bacterial biofilms. 
125,170

 In addition, as the yield of antibacterial 

nanoparticle uptake by the biofilm is low, nanoparticles cannot penetrate to the full depth 

of the biofilm, which creates another problem. 
182
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The metabolic microenvironment of the biofilm is crucial and metabolites that can trigger 

and enable eradication have great potential to improve the treatment of antibiotic-

resistant infections in the clinical settings. Changes in the metabolism might alter 

bacterial susceptibility to antibiotics.
204

 As persister bacteria cells enter a metabolic 

hibernation state and shut down their metabolism, they are able to survive and become 

resistant to the antibiotic treatment. Recently, it has been shown that specific carbon 

sources (such as fructose) could be useful to increase the efficiency of antibiotics (i.e., 

gentamicin) and eradicate the persisters.
179

 Persister bacteria are stimulated into an active 

metabolic state which is enough to uptake the metabolites by recovering the proton-

motive force (PMF). As a result, antibiotic uptake by the biofilms increase and then 

antibiotics enter the bacterial metabolism and cause the death of persister cells. 

Moreover, it has been recently shown that fructose metabolites enhance the reduction of 

bacterial growth and biofilm formation on nanorough polyvinyl chloride (PVC) 

surfaces.
212

 Thus, metabolites that can trigger and enable the eradication of biofilms have 

great potential to treat antibiotic resistant infections in the clinical settings.   

 

In this chapter, without using antibiotics, two novel approaches, i.e. nanotechnology and 

metabolic stimulation nanomaterial science are integrated to design novel treatments to 

remove the antibiotic resistant biofilms while improving their efficacy by increasing their 

uptake by the biofilms, without using antibiotics. A simple, broad-spectrum and low-cost 

dual-sided approach which uses superparamagnetic iron oxide particles (SPION) in 

combination with fructose metabolites was developed. First, it was demonstrated that 

superparamagnetic iron oxide nanoparticles (SPION) can be conjugated with different 
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metal ions (such as iron, zinc) to eradicate both gram-positive MRSA and gram-negative 

(i.e., E. coli and P. aeruginosa) biofilms. These novel nanoparticles also exhibited 

significantly stronger antibacterial characteristics compared to conventional antibiotics, 

such as gentamicin, and especially vancomycin, the antibiotic of last resort. Most 

importantly, for the first time, it is shown that SPION biofilm eradication efficacy was 

significantly improved in the presence of fructose metabolites due to the increased 

nanoparticle uptake by the MRSA biofilms, creating a new nanotechnology-driven 

approach. Thus, this work establishes a simple, broad-spectrum and low-cost strategy for 

the better eradication of persistent biofilms, as a new therapeutic option to existing 

antibacterial strategies. 
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Materials and Methods  

3.2.1. Synthesis of Superparamagnetic Iron-Oxide Nanoparticles 

(SPION)  

SPION were synthesized using a variation of the high temperature synthesis method in 

triethylene glycol (TREG). 2 mmol of iron (III) acetylacetone (Fe(acac)3) was dissolved 

in 25 mL of TREG in a round bottom boiling flask with magnetic stirring. This solution 

was heated gradually to 278°C and incubated at this temperature for 30 minutes. After 

this gentle reflux, the solution was cooled slowly to room temperature (Figure 3.1).   

 

3.2.2. Conjugating SPION with Metals  

After synthesis, SPION were conjugated with 4 mmol dimercaptosuccinic acid (DMSA). 

DMSA was used as a capping agent, and the solution was incubated overnight for 

reaction. Then, the synthesized SPIONs were precipitated in 200 mL of 100% ethanol 

saturated with ammonium sulfate ((NH4)2SO4) and isolated with a strong magnetic field 

(4" x 1" x 1" thick magnet, 4871 Gauss, and Neodymium; K&J magnetics, Jamison, PA). 

Particles were then purified several times in ethanol and dried at room temperature. 

Afterwards, the DMSA capping agent was further conjugated with metals such as silver 

(Ag), zinc (Zn), and iron (Fe). 10 mg/mL SPION solution was placed in a centrifuge tube 

and diluted to 1:10 in ethanol with 1 mM or 4 mM salts of AgNO3, ZnCl2, and FeCl3, 

respectively. Solutions were then incubated on a shaker overnight at 90 rpm. After 

overnight incubation, nanoparticles were purified by placing the mixture in a magnetic 

field by a thick magnet parallel to the beaker. The purification step was repeated three 

http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Sulfur
http://en.wikipedia.org/wiki/Sulfur
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times, and the magnetic field allowed purification of magnetic components, while non-

magnetic components were washed away.  

 

 

 

Figure 3.1. Method used for the synthesis and isolation of superparamagnetic iron oxide 

nanoparticles (SPION). SPION were prepared by high temperature reflux of iron (III) 

acetylacetonate in triethylene glycol (A) in a round bottom boiling flask under magnetic 

stir while outfitted with a reflux condenser. SPION were isolated in a strong magnetic 

field produced by two DZX08-N52 neodymium magnets (4" diameter x 1/2" thick 

magnet) (B-C). 
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3.2.3. Characterization of SPION 

SPION morphology was visualized using a transmission electron microscope (TEM). For 

this, dispersions of SPION were dried on carbon coated copper grids. Samples were 

imaged by a Philips JOEL 140 kV TEM (Philips, New York, NY). Particle size was 

calculated by the Image J program, Version 1.41 (National Institutes of Health, Bethesda, 

MD). In addition, inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

was used to quantitatively confirm the presence of metals in the purified metal 

conjugated SPION and concentrations of each metal was compared with the 

unconjugated SPION. First, standard solutions of iron (Fe
3+

), zinc (Zn
2+

), and sulfur ions 

(S
2-

) were prepared in a 2% solution of HNO3 at 100 parts per million (ppm) to obtain a 

standard curve. 50 µL of unconjugated and metal conjugated SPION solutions were then 

dissolved by aqua regia (nitric acid and hydrochloric acid at a volumetric ratio of 1:3). 

The SPION + aqua regia solution was evaporated to dissolve nanoparticles and all metal 

salts. Then, 5 ml of 2% nitric acid (HNO3) were added to each SPION+ aqua regia 

solution and the samples were analyzed. For dynamic light scattering analysis (DLS), 

unconjugated (UC), iron and zinc conjugated SPION were diluted 1:1000 in double 

deionized water after they were sterile filtered by a 0.2 µm filter (Corning; low protein 

binding #431219). A Zetasizer Nano ZS (Malvern Instruments) was used and five 

readings were taken for each sample. In addition, magnetization measurements were 

performed using vibrating sample magnetometry (VSM, LakeShore 7400; Chicago, IL, 

USA) at T= 300 K. To prepare samples for VSM, SPION were centrifuged and the 

supernatant was discarded. Then, nanoparticles were dispersed in ethanol, centrifuged 

again and the supernatant was discarded. Isolated nanoparticles were dried at room 
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temperature for several days. Nanoparticle powders were weighed and then placed in a 

capsule for hysteresis experiments at T= 300 K.  

3.3.4. Bacteria Culture  

A Mu50 strain of MRSA (ATCC #700699, American Type Culture Collection, 

Mannassas, VA) was hydrated and streaked for isolation on a tryptic soy agar plate. 

Following growth, a single isolated colony was selected and inoculated in 3 mL of tryptic 

soy broth (TSB) media (MP Biomedicals, Solon, OH). The bacteria culture was grown on 

an incubator shaker for 18 hours at 37⁰C at 200 revolutions per minute (rpm) until it 

reached the stationary phase.   

3.3.5. Biofilm Growth and Treatment  

 Overnight cultures which had an optical density of 0.52 at 562 nm were diluted at a ratio 

of 1:90 in fresh TSB, corresponding to a 10
8
 cells/mL solution. 200 µL of this solution 

was inoculated onto each well of a 96-well microtiter plate (Fisher Scientific, Pittsburgh, 

PA) and incubated for 24 hours at 37
0
C to allow for biofilm formation. After 24 hours, 

the culture medium was replaced with 1 mg/mL of unconjugated (UC) and metal 

conjugated SPION in fresh TSB solution. In addition, different concentrations of a 

fructose solution (1 and 10 mM) were added to the SPION+TSB solution to investigate 

the effect of fructose on magnetic nanoparticle action. To compare the inhibitory 

properties of the synthesis components or a panel of antibiotics including vancomycin, 

gentamicin and to SPION, such components were tested under the same experimental 

design. 1 mg/mL vancomycin and gentamicin were sterilized with a sterile, 0.2 µm PTFE 

filter (Fisher Scientific, Pittsburgh, PA). After 24 hours of treatment, planktonic bacteria 
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growth was assessed by measuring optical density at 562 nm. In addition, the amount of 

biofilm remaining was assayed by crystal violet (CV) staining or viable cell counting, as 

described below (Figure 3.2).  

 

3.2.6. Crystal Violet (CV) Staining Assay 

CV staining was used to quantify biofilm density after 24 hours of treatment. First, the 

TSB culture medium was removed and each well was rinsed with 1X PBS. Then, 200 µL 

of a 0.1% CV solution in water was added to each well and incubated for 15 minutes. 

Then, wells were rinsed three times with 175 µL of PBS. The plate was air dried at room 

temperature for two days. Then, CV was dissolved in 200 µL of 100% ethanol, and 

optical density was measured at 562 nm. Optical readings of control solutions with 

SPION or antibiotics, but without bacteria, were subtracted from the corresponding 

readings. 

3.2.7. Viable Cell Count Assay  

Viable bacteria cell counts were obtained by disrupting biofilms formed at the bottom of 

the microtiter plate in a sonicating water bath. First, a 96-well microtiter plate was rinsed 

three times with 200 µL of 1X PBS.  150 µL of 1X PBS was added into each well and the 

microtiter plate was covered with a sterile tape. The plate was placed in an Ultrasonics 

5510 sonic water bath (Branson, Danbury, CT) and sonicated for 30 min at 40 kHz to 

dislodge biofilms into the PBS solution. Then, serial dilutions were performed and 10 µL 

of each dilution was spot-plated on tryptic soy agar (TSA) plates. Colony forming units 

(CFU) were counted after overnight incubation at 37°C.  
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Figure 3.2.  Schematic of in vitro screening assays used in the study. A single colony of 

Mu50 strain of MRSA was grown in 3 mL of TSB for 18 hours at 37⁰C, 200 rpm. Then, 

200 µL of a 10
8
 cells/mL solution was inoculated into each well of a 96-well microtiter 

plate. Thus, biofilms were established as some portion of inoculated bacteria attached to 

the surface of the plate during 24 hours incubation. After 24 hours, the culture medium 

was replaced with unconjugated and metal conjugated SPION in TSB. In addition, 

different concentrations of a fructose solution (1 and 10 mM) were added to the 

SPION+TSB solution to investigate the effect of fructose on magnetic nanoparticle 

action. After 24 hours of treatment, three different assays were used to assess SPION 

activity on the MRSA biofilms. Optical density was measured at 562 nm (OD562 nm) to 

assess planktonic (free floating) bacteria growth within the solution (Assay 1). In 

addition, crystal violet (CV) staining was performed to quantify biofilm mass (Assay 2) 

and viable cell counts were performed to quantify colony forming units (CFU/mL) 

(Assay 3). To compare SPION action with conventional antibiotics, 1 mg/mL of 

vancomycin and gentamicin were tested using the same experimental design. 
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3.2.8. Iron Uptake and Deposition into the Biofilm  

The amount of iron deposited into the biofilms was qualitatively determined by a 

Prussian blue assay, a histology stain creating a blue by-product in the presence of iron. 

MRSA biofilms were grown for 48 hours using overnight by inoculating 0.5 mL of a 10
8
 

cells/mL solution in a 12 well plate on glass slides. Then, the biofilms were treated with 1 

mg/mL of unconjugated SPION (UC) and 1 mM metal conjugated SPION (Fe1 and Zn1) 

in fresh TSB solution for 24 hours. In addition, different concentrations of a fructose 

solution (1 and 10 mM) were added to the SPION+TSB solution to investigate the effect 

of fructose on SPION deposition in the biofilm. Untreated biofilms were used as controls. 

Prussian blue staining was carried out using a 10% solution of potassium ferrocyanide 

mixed just prior to staining with an equal proportion of 10% hydrochloric acid (HCl) (this 

combination reacts and produces a blue colored precipitate in the presence of iron). 1 mL 

of this mixture was added to the biofilm and allowed to react with the MRSA biofilms for 

15 minutes. After 15 minutes of incubation, samples were washed three times with PBS 

to get rid of the excess potassium ferrocyanide (C6N6FeK4) and HCl solution. Iron 

deposition within the MRSA biofilms was qualitatively analyzed based on the amount of 

blue staining. In addition, the intensity of blue color was quantified by Image J, Version 

1.45s.  

3.2.9. Analysis of SPION uptake by the Biofilm  

The amount of SPION taken up by the biofilm was measured by inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) via quantifying the presence of iron 

(Fe
3+

), sulfur (S
2-

) and zinc (Zn
2+

) ions. As previously described, MRSA biofilms were 

grown in 96-well plates and they were treated with unconjugated (UC), iron (Fe1) and 
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zinc (Zn1) conjugated SPION for additional 24 hours. After 24 hours, each well was 

washed three times with PBS to remove SPION that were not taken up by the biofilms or 

SPION which were membrane-unbound. Then, the biofilms were digested in a 50% nitric 

acid (HNO3) solution
182

 and the microtiter plate was shaken for 30 minutes at 150 rpm.  

Then, 200 µL of acid digested bacteria solution were then diluted in 2% nitric acid 

solution and samples were analyzed by ICP-AES. The amount of iron (Fe
3+

), sulfur (S
2-

) 

and zinc (Zn
2+

) ions in SPION treated biofilms were compared with untreated control 

samples.  

 

3.2.10. TEM imaging of Bacteria after SPION Treatment  

Bacterial cells were grown in vitro for 24 hours using overnight inoculums. Then, 

bacteria were treated with 1 mg/ml of unconjugated SPION for two hours, and the 

supernatant was collected. The cells were then rinsed with 1 ml of phosphate buffered 

saline, and the supernatant was collected. Then, the supernatant was centrifuged at 5000 

rpm for 5 minutes, and fixed with 2.5% glutaraldehyde in 0.1M sodium cacoadylate 

buffer at pH 7.4 with 0.1M sucrose, then gently agitated, and resuspended for 1 hour. 

After 1 hour, the pellet was rinsed three times with the buffer solution (Electron 

Microscopy Sciences, Hatfield, PA), followed by resuspension in 1% osmium tetraoxide 

(Electron Microscopy Sciences, Hatfield, PA) as a contrast agent in buffer. A firm pellet 

was formed after centrifugation at 10,000 rpm for 5 minutes. The pellet was then rinsed 

in deionized water three times, suspended in 2% agar. The water within the samples was 

removed by successive ethanol rinses of 25%, 50%, 75%, 95%, 100%, 100%, and 100%, 

allowing between 20-40 minutes for each stage. Finally, the pellet was fixed with resin 
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(Electron Microscopy Sciences, Hatfield, PA) using successive curing stages in ethanol 

of 1:2, 1:1, 3:1, and finally 100% resin which was cured for 18 hours at 60°C.  

 

3.2.11. Statistical Analysis  

All experiments were performed in triplicate and repeated at least three times to validate 

repeatability and reproducibility. Data are represented as the mean ± standard error of the 

mean (SEM). Results were analyzed for statistical significance using analysis of variance 

(ANOVA) followed by a Student’s t-test. Three different significance levels (p < 0.01, p 

< 0.05, and p < 0.1) were noted. 
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3.3. Results and Discussion 

3.3.1 Characterization of Magnetic Nanoparticles 

3.3.1.1. Characterization of SPION Morphology 

Figure 3.3a shows the unconjugated SPION (UC) morphology as characterized by 

transmission electron microscopy (TEM). Unconjugated SPION were synthesized using a 

variation of the high temperature synthesis method in triethylene glycol (TREG). To 

increase the solubility and dispersion of the nanoparticles, SPION were chelated with 

dimercaptosuccinic acid (DMSA) as it has been previously shown that SPION coated 

with DMSA possess increased solubility and dispersion in water, cell medium and 

physiological fluids.
213

  

 

SPION as produced could not be separated from solution with a magnet because of their 

small size and because they did not form agglomerates, so 175 mL of 100% ethanol 

saturated with ammonium sulfate was added, producing larger agglomerates which could 

then be isolated. DMSA is also known to form disulfide bonds, so SPION were 

refrigerated and stored in 100% ethanol to prevent oxidation. These SPION prior to 

coating were well dispersed in bacterial cell media. TEM analysis demonstrated that the 

dispersed nanoparticles were successfully synthesized with an average size of 9.92 ± 3.14 

nm without large scale aggregation (Figure 3.3a). This analysis showed that SPION 

could be synthesized with DMSA as a capping and coating agent.  
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Figure 3.3.  a) TEM image of unconjugated SPION (UC) prepared by refluxing Fe 

(acac)3 in a TREG solution. TEM analysis demonstrated that dispersed nanoparticles 

were successfully synthesized and had an average size of 9.92 ± 3.14 nm (scale bar = 100 

nm). b) Elemental composition of unconjugated and metal (Fe, Zn) conjugated SPION 

determined by ICP-AES. 10 mg/mL of a SPION solution (UC) was conjugated with 1 

mM or 4 mM salts of FeCl3 (Fe1, Fe4) and ZnCl2 (Zn1, Zn4), respectively. The 

concentration of iron (Fe
3+

) and zinc (Zn
2+

) ions increased as the metal salt conjugations 

increased from 1 mmol (Fe1 and Zn1) to 4 mmol (Fe4 and Zn4).  Data represents mean ± 

standard error of the mean (SEM), N = 3.  
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3.3.1.2. Chemical Composition of SPION  

The analysis of SPION chemical composition by inductively coupled plasma atomic 

emission spectroscopy (ICP-AES) showed that the metal salt conjugations were 

successful (Figure 3.3b). Increased sulfur concentration (S
2-

) indicated that DMSA 

attached to the unconjugated SPION (UC) surface, and increases in iron (Fe
3+

) and zinc 

(Zn
2+

) concentrations indicated that these metals were successfully conjugated. 

Moreover, the concentration of iron (Fe
3+

) and zinc (Zn
2+

) ions increased as the metal salt 

conjugations increased from 1 mmol (denoted as Fe1 and Zn1) to 4 mmol (denoted as 

Fe4 and Zn4, respectively).  

3.3.1.3. Zeta Potential for Surface Charge of SPION 

The zeta potential of the zinc conjugated SPION decreased to -43.2 mV compared to -

35.5 mV for unconjugated SPION, while the zeta potential of iron conjugated SPION 

increased to -34.0 mV (Table 1). Changes in the zeta potential might indicate that zinc 

metals were incorporated into the polydisulfide layer within DMSA while iron metals 

were associated with DMSA the surface, resulting in an increase in the zeta potential 

compared to unconjugated SPION (UC).  

3.3.1.4. Dynamic Light Scattering (DLS) Analysis of SPION Size  

Dynamic light scattering analysis indicated zinc conjugated SPION had a similar size 

(19.67 ± 0.72 nm) while iron conjugated SPION were larger (23.3 ± 1.17 nm) compared 

to unconjugated SPION (UC) (19.93 ± 1.31 nm) (Table 1).  
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Figure 3.4. DLS analysis of unconjugated SPION. The average size was 19.93 ± 1.31 nm. 

 

 

Figure 3.5. DLS analysis of iron-conjugated SPION. The average size was 23.3 ± 1.17 nm. 
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Figure 3.6.  DLS analysis of zinc-conjugated SPION. The average size was 19.67 ± 0.72 

nm. 

 

3.3.1.5. Magnetic Properties of SPION  

In addition, the magnetic properties of the dried unconjugated and conjugated SPION 

were assessed using vibrating sample magnetometry. The superparamagnetic properties 

of the nanoparticles were preserved after the metal conjugations, which is a desired 

property to specifically target the nanoparticles to the infection sites (Table 1). 

Unconjugated SPION (UC) showed saturation magnetization of 58.625 emu/g, which 

corresponds to 63.7% of the magnetic moment of bulk magnetite (Fe3O4) (92 emu/g).
214

  

On the other hand, the saturation magnetization of zinc and iron conjugated SPION were 

lower than that in the unconjugated SPION (UC) to ~25% of Fe3O4, 23.875 emu/g and 
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22.635 emu/g, respectively. This could be due to a number of reasons. First, it could be 

due to the incorporation of non-magnetic ions during synthesis. Another reason could be 

the changes in the crystal structure of some iron from magnetic maghemite (γ-Fe2O3) or 

non-magnetic hematite (FeO). For example it is known that DMSA will oxidize the 

surface of Fe3O4 during the coating process. DMSA is also a chelator, so addition of 

other metals could modify this oxidation process and might change the crystal structure. 

In addition, other studies in the literature observed a decrease in magnetic properties 

when SPION were coated with different metals.
124

 For example, gold- and silver-coated 

SPION had a lower magnetic moment compared to bare SPIONs due to their higher shell 

thickness.
124

 Moreover, it has been shown that the magnetic properties of SPION depend 

on particle size.
215,216

 Smaller nanoparticles tend to have a larger magnetic moment.
216

 As 

the iron- and zinc-conjugated SPION are larger compared to unconjugated SPION, their 

magnetic properties might decrease. Decreases in magnetic saturation could be due to the 

incorporation of non-magnetic metal ions or to the increased size of the zinc or iron 

conjugated SPION. Thus, the present analysis indicated that the magnetic properties of 

the multifunctional SPION used in this study were in the range for various biomedical 

applications, 20-30 emu/g
217

 and are adequate for particle penetration within the bacterial 

biofilms. 

 

 

 

 

 



93 

 

 

 

 

Table 3.1. Characterization of size, zeta potential and magnetic moment of the 

different magnetic nanoparticles used in this study.  (emu/g = electromagnetic 

units per gram). 

 

 

 

 

Mean Size  

 

Zeta Potential 

 

Magnetic 

Moment 

 

Unconjugated SPION  

 

18.17 ± 1.34 nm 

 

-35.5 ± 3.55 mV 

 

58.625 emu/g 

 

 

Iron-conjugated SPION 

 

 

27.69 ± 1.20 nm 

 

-34.0 ± 3.40 mV 

 

23.875 emu/g 

 

Zinc-conjugated SPION 

 

 

19.67 ± 0.72 nm 

 

-40.1 ± 0.40 mV 

 

22.625 emu/g 
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3.3.2. Antibacterial Studies 

The antibacterial and anti-biofilm activity of SPION were then evaluated against the 

Mu50 strain of S. aureus (MRSA) biofilms. The effect of conjugated metal 

concentrations on SPION by conjugating with different concentrations (1 mM and 4 mM) 

of iron and zinc were investigated. Moreover, the inhibitory effects of SPION were 

compared to different conventional antibiotics including gentamicin, and vancomycin. A 

novel and high throughput in vitro screening assay was developed to assess the activities 

of different nanoparticles and antibiotics against both planktonic (free-floating) MRSA 

and MRSA biofilms (Figure 2). First, biofilms were established as the inoculated bacteria 

attached to the surface of a microtiter plate during 24 hours of incubation. The initial 

bacteria concentration used to establish biofilms was 10
8
 CFU/mL, which is similar to the 

lethal dose (LD50) of MRSA infections (3-5 * 10
7 

CFU/mL).
218

 After 24 hours, the 

biofilms were treated with 1 mg/mL of unconjugated (UC), 1mM and 4 mM iron 

conjugated SPION (Fe1 and Fe4) as well as 1mM and 4 mM zinc conjugated SPION 

(Zn1 and Zn4). In addition, different concentrations of the fructose solution (1 mM and 

10 mM) are added to the SPION treatments to investigate the effect of carbon sources on 

the antibacterial activity of magnetic nanoparticles. After 24 hours of treatment, SPION 

antibacterial and anti-biofilm activity was accessed by analyzing the planktonic MRSA 

growth, MRSA biofilm mass and viable bacteria within the biofilms. 
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3.3.2.1. The Effect of Fructose on MRSA Growth 

The effect of fructose concentration (1 mM, 10 mM, 50 mM and 100 mM) on the 

planktonic MRSA growth was investigated after 24 hours. Optical density was measured 

every four minutes to get the bacterial growth curves. Presence of fructose in the culture 

medium did not increase the planktonic growth over 24 hours (Fig. 3.7). Moreover, 

bacterial growth was quantified by colony forming units. According to this analysis, 

biofilm formation did not increase in the presence of fructose metabolites after 24 hours 

(Fig. 3.8).  Thus, the presence of metabolites in the culture medium has no significant 

effect on MRSA growth or biofilm formation.  

 

Figure 3.7. The effect of fructose concentration on the planktonic growth of Mu50 

strain (MRSA). Bacterial growth was quantified by continuous optical density 

measurements for 24 hours. The presence of fructose in the culture medium did not 

significantly affect the planktonic growth of MRSA over 24 hours.  
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Figure 3.8. The effect of fructose concentration on the planktonic growth of Mu50 

strain (MRSA). Bacterial growth was quantified by colony forming units. Presence of 

fructose in the culture medium did not increase the biofilm formation over 24 hours. 

 

3.3.2.2. SPION Activity Against Planktonic MRSA Growth  

Activity of 1 mg/mL unconjugated (UC) and metal conjugated (Fe1, Fe4, Zn1, Zn4) 

SPION was compared with the same concentration of antibiotics, gentamicin and 

vancomycin in the absence or presence of a fructose solution (Figure 3.9). 1 mg/mL of 

dry weight unconjugated SPION (UC) corresponded to an iron concentration of 233.55 ± 

51.18 µg/mL whereas 1 mg/mL dry weight of iron-conjugated SPION (Fe1) had an iron 

concentration of 270.72 ± 42.14 µg/mL. In addition, 1 mg/mL of dry weight zinc-

conjugated SPION (Zn1) had a zinc concentration of 61.03 ± 6.13 µg/mL. Vancomycin 
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and unconjugated SPION (UC) significantly decreased the planktonic bacteria growth 

with and without a fructose solution (p < 0.001). Metal conjugated (Fe1, Fe4, Zn1, Zn4) 

SPION better eradicated the planktonic bacteria (p <0.001), compared to unconjugated 

SPION. Moreover, metal-conjugated SPION better inhibited planktonic bacteria growth 

compared to vancomycin (ϕ p < 0.01). 

 

 

Figure 3.9. SPION activity against planktonic MRSA growth after 24 hours. 

Unconjugated (UC) and metal-conjugated (Fe1, Fe4, Zn1 and Zn4) SPION significantly 

decreased the growth of planktonic bacteria (* p < 0.001). Metal-conjugated SPION had 

improved antibacterial activities compared to vancomycin (
ϕ
 p < 0.01). Data represents 

mean ± standard error of the mean (SEM), N = 3.  

 

 

 



98 

 

3.3.2.3 Anti-Biofilm Properties of SPION in the Presence of Fructose 

Metabolites  

The anti-biofilm activity of 1mg/mL SPION against the MRSA biofilms after 24 hours 

with and without 1 mM and 10 mM fructose solution were then evaluated (Figure 3.10). 

A 6.34 ± 0.77 order of magnitude decrease in viable bacteria counts was observed when 

MRSA biofilms were treated with unconjugated SPION (UC) (p < 0.001). In addition, 

conjugating with 1 mM and 4 mM Fe
3+ 

(Fe1 and Fe4) as well as Zn
+2 

(Zn1 and Zn4) 

further decreased viable MRSA within the biofilm (p < 0.001). In addition, conjugating 

SPION with 1 mM and 4 mM Fe
3+ 

(Fe1 and Fe4) as well as Zn
+2 

(Zn1 and Zn4) further 

decreased viable MRSA within the biofilm (p < 0.001). For example, a 6.62 ± 0.76 log 

reduction was observed when MRSA biofilms were treated with Fe1, while treatment 

with Fe4 increased the anti-biofilm activity to a 6.57 ± 0.63 log reduction. In addition, the 

anti-biofilm activity of zinc-conjugated SPION was significantly improved when the 

metal conjugation concentrations increased from 1 mM to 4 mM (p < 0.05). A 6.87 ± 

0.99 log reduction was observed when MRSA biofilms were treated with Zn1, while Zn4 

treatment increased the anti-biofilm activity to a 7.15 ± 0. 91 log reduction (which 

corresponds to a ~ 0.3 log or 46.8±7.8% increase in activity).   

 

Next, the effect of fructose metabolites on SPION anti-biofilm activity was investigated 

against MRSA biofilms (Figure 3.10). It has been recently shown that the addition of 

specific metabolites (i.e., fructose) to the biofilm extracellular microenvironment could 

sensitize the persister cells and potentiate the activity of antibiotics.
179

 The persister 
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bacteria are primed to uptake the metabolites which enables bacteria killing by the 

antibiotics. Moreover, fructose metabolites enhanced the reduction of bacterial growth 

and biofilm formation on nanostructured polyvinyl chloride (PVC) surfaces.
219

 Most 

significantly, for the first time, it was observed that the anti-biofilm efficacy of 

unconjugated SPION (UC) (p < 0.05) as well as 1 mM Fe
3+ 

conjugated SPION (Fe1) (p < 

0.05)
 
and 1 mM Zn

+2 
conjugated

 
SPION (Zn1) conjugated SPION (p < 0.01) against 

MRSA biofilms was significantly increased when fructose metabolites were present as 

carbon sources (The representative colony forming units observed for the same dilution 

for the untreated biofilm vs. SPION treated biofilms during the viable cell count 

experiments are shown in Figure 3.11).  For example, there was a 81% increase in anti-

biofilm efficacy when 1 mM fructose was added to the 1 mg/mL unconjugated SPION 

(UC) treatment. The efficacy was further improved when 1 mM fructose was added to the 

1 mM iron-conjugated SPION (Fe1) treatment, which resulted in a 65.5% increase in 

antibacterial activity, compared to Fe1 treatment alone. Moreover, 10 mM fructose 

improved the efficacy of 1 mM zinc conjugated SPION (Zn1) by 22.7 %. On the other 

hand, the presence of fructose metabolites did not potentiate the efficacy of 4 mM iron 

(Fe4) or zinc (Zn4) conjugated SPION, which might indicate that there is a maximum 

iron/metabolite and zinc/metabolite concentration threshold in the bacterial metabolism 

to cause cell death.   
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Figure 3.10. Enhanced anti-biofilm activity of SPION treatment in the presence of fructose 

metabolites. The anti-biofilm activity of 1mg/mL SPION against MRSA biofilms after 24 hours 

with and without 1 mM and 10 mM fructose solutions. The anti-biofilm efficacy of unconjugated 

SPION (UC) as well as 1 mM iron-conjugated SPION (Fe1) and 1 mM zinc-conjugated SPION 

(Zn1) against MRSA biofilms was significantly enhanced when fructose metabolites were added 

to the treatment. Data represents mean ± SEM. N = 3. *p < 0.001 compared to untreated biofilms; 

# p < 0.05 and ** p < 0.01 compared to the same treatment without fructose. 
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Figure 3.11. Representative colony forming units observed for the same dilution during 

the viable cell count experiments. a) Representative picture for an uncountable colony of 

untreated MRSA biofilm at a 10
-5

 dilution. b) On the other hand, countable colonies were 

observed at the same dilution (10
-5

 dilution) when biofilms were treated with 1 mg/mL of 

unconjugated (UC) and 1 mmol and 4 mmol Fe
+3 

conjugated
 
SPION (Fe1 and Fe4) 

treated MRSA biofilms in the presence and absence of a fructose solution. SPION 

significantly eradicated the MRSA biofilms. Moreover, 1 mM and 10 mM of a fructose 

solution clearly increased the eradication efficacy of UC and Fe1 on MRSA biofilms.  
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3.3.2.4. Fluorescent Microscope Analysis of Biofilms  

The MRSA biofilms were grown on glass slides for 24 hours. Then, biofilms were treated 

with unconjugated (UC) as well as iron and zinc-conjugated SPION for an additional 24 

hours. Representative fluorescence microscope images clearly demonstrated that 

unconjugated SPIONM disrupted the biofilms and the eradication efficacy was improved 

in the presence of fructose (Figure 3.12). Moreover, iron and zinc-conjugated SPION 

disrupted the biofilms better than the unconjugated SPION and eradication was further 

improved when fructose metabolites were added to the SPION treatment after 24 hours 

(Figure 3.13 and 3.14, respectively).   

 

 

Figure 3.12. Fructose metabolites improved the eradication efficacy of unconjugated 

SPION (UC) against MRSA biofilms (b and c, respectively) after 48 hours, as compared 

to control biofilms (a). Live (green) and dead (red) cells were stained with BacLight 

Live/Dead utilizing Syto9 and propidium iodide stains. Scale bars represent 20 µm.  
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Figure 3.13. 1 mM of fructose metabolites improved the eradication efficacy of iron-

conjugated SPION (Fe1) against MRSA biofilms (b and c, respectively) after 48 hours, as 

compared to control biofilms (a). Live (green) and dead (red) cells were stained with 

BacLight Live/Dead utilizing Syto9 and propidium iodide stains. Scale bars represent 20 

µm.  

 

 

 

Figure 3.14. 10 mM of fructose metabolites improved the eradication efficacy of zinc-

conjugated SPION (Zn1) against MRSA biofilms (b anc c, respectively) after 48 hours, 

as compared to control biofilms (a). Live (green) and dead (red) cells were stained with 

BacLight Live/Dead utilizing Syto9 and propidium iodide stains. Scale bars represent 20 

µm.  
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3.3.2.5. Comparison of SPION Activity with Conventional Antibiotics 

Next, the anti-biofilm activity was compared with conventional antibiotics. Gentamicin 

was not as effective as different SPION treatments used in the study. 1 mg/mL 

gentamicin treatment resulted in a 2.29 ± 0.95 log reduction (Figure 3.10). Although this 

in vitro anti-biofilm activity might seem significant, there is strong clinical evidence that 

gentamicin cannot eradicate MRSA biofilms and therefore cannot be a treatment option 

for MRSA. 
196,220-223

 Vancomycin remains as the last clinical option which MRSA strains 

are susceptible to.
197

 In the present in vitro analysis, 1 mg/mL of vancomycin treatment 

resulted in a 4.55 ± 0.2 log reduction in colony forming units, compared to untreated 

biofilm controls (p < 0.001). Moreover, it has been shown for the first time that the anti-

biofilm efficacy of vancomycin could be significantly improved in the presence of both 1 

mM and 10 mM fructose metabolites (p < 0.05) (Figure 3.10). Moreover, all of the 

conjugated SPION were significantly more effective than vancomycin against MRSA 

biofilms (p < 0.05). Moreover, we compared the anti-biofilm activity of all of 

unconjugated and metal conjugated (Fe1, Fe4, Zn1, Zn4) SPION to vancomycin, by 

quantifying the percentage survival of MRSA biofilms (Figure 3.15). Unconjugated 

SPION (UC) eradicated MRSA biofilms by ~two-orders of magnitude better than 

vancomycin (p < 0.1). In addition, metal conjugation further increased the bacteria 

eradication ability of SPION (Fe1, Fe4, Zn1 and Zn4) and they were significantly more 

effective than the only clinically available option to treat MRSA infections (p < 0.05), 

vancomycin. Most significantly, fructose metabolites further enhanced the eradication 

efficacy of unconjugated (UC) and 1mmol iron (Fe1) and zinc (Zn1) conjugated SPION 

(p < 0.05).  
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Figure 3.15. Comparison of the percentage survival of MRSA biofilms treated with 1 

mg/mL of vancomycin and unconjugated and metal conjugated (Fe1, Fe4, Zn1 and Zn4) 

SPION in the presence of fructose metabolites. SPION treatments exhibited stronger 

antibacterial properties than vancomycin, the antibiotic of last resort. The eradication by 

unconjugated SPION (UC) was about two orders of magnitude better than vancomycin (p 

< 0.1). Metal conjugations further increased the eradication efficacy of SPION (Fe1, Fe4, 

Zn1 and Zn4) (p < 0.05). Most importantly, fructose metabolites further enhanced the 

eradication efficacy of unconjugated (UC) and 1mmol iron (Fe1) and zinc (Zn1) 

conjugated SPION. Fructose metabolites also increased the efficacy of vancomycin on 

MRSA biofilms.  
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3.3.2.6. Analysis of Biofilm Mass after SPION Treatment 

The MRSA biofilm mass after the SPION treatment in the presence of fructose 

metabolites was also compared to biofilm mass after conventional antibiotic treatments. 

Figure 3.16 shows the biofilm mass after 24 hours with and without 1 mM fructose 

solution. For the first time, it was observed that 1 mM and 4 mM Fe
3+ 

(Fe1 and Fe4, 

respectively) conjugated SPION better decreased the biofilm mass in the
 
presence of 

fructose compared to the Fe1 and Fe4 treatment alone (p < 0.05). In addition, 

vancomycin significantly decreased the biofilm mass, both with and without fructose. 

Thus, iron-conjugated SPION treatments showed similar biofilm mass eradicating 

activity to vancomycin when they were used in combination with fructose metabolites. 

Crystal violet stains the bacterial cells as well as any material adhering (i.e., biofilm 

matrix components) to the surface of the microtiter plate.
224,225

 Unexpected higher crystal 

violet optical density readings for some SPION species (especially unconjugated SPION)  

might indicate that more matrix proteins were released after treatment compared with 

vancomycin. On the other hand, gentamicin significantly increased biofilm mass and 

biofilm formation compared to control group, which did not receive any treatment. In 

earlier studies, gentamicin and other aminoglycoside antibiotics has also been found to 

induce biofilm formation.
40

 Biofilm mass analysis showed that SPION were more 

effective than gentamicin to eradicate biofilm mass.  
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Figure 3.16.  MRSA biofilm mass after 24 hours of SPION treatment. Fructose 

metabolites significantly improved the biofilm mass reduction efficiency of SPION 

conjugated with 1 mM (Fe1) and 4 mM iron (Fe4). In addition, vancomycin significantly 

reduced MRSA biofilm mass in the presence or absence of a fructose solution. On the 

other hand, gentamicin increased biofilm formation. Data represents mean ± standard 

error of the mean (SEM), N = 3. *p < 0.05 and # p < 0.01 compared to untreated control 

biofilms. 
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3.3.3.7. Antibacterial Activities of Metals Salts used in SPION Synthesis  

Metal salts FeCl3 and ZnCl2 used for SPION conjugation did not have any significant 

activity to eradicate the biofilm mass, which indicated that iron and zinc are more 

effective towards bacteria at the nanoscale (Fig. 3.17 and 18).   

 

 

Figure 3.17. Activity of metal salts used in SPION synthesis (ZnCl2 and FeCl3) against 

the planktonic growth of MRSA after 24 hours of treatment. 1mg/mL ZnCl2 showed 

significant activity against planktonic bacteria. However, the metal salts were not as 

effective as the nanophase unconjugated (UC) or metal conjugated SPION (Fe1, Fe4, 

Zn1, Zn4). Data represents mean ± SEM, N = 3. *p < 0.05 compared to untreated control 

biofilms.  
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Figure 3.18. The effect of metal salts used in SPION synthesis (ZnCl2 and FeCl3) on 

MRSA biofilm mass after 24 hours of treatment. 1mg/mL ZnCl2 and FeCl3 did not show 

any significant effect in the presence or absence of a fructose solution. Data represents 

mean ± SEM, N = 3.  

 

Taken together, all of these bacterial studies clearly indicate that metal conjugated 

and unconjugated SPION outperform the only clinically available antibiotic 

(vancomycin) to treat resistant biofilm infections and hold a great promise to be the next 

generation of antibacterial treatments.   
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3.3.2.8. Mechanism for Enhanced SPION Anti-Biofilm Activity in the 

Presence of Metabolites 

From these results, it was hypothesized that the increase in the SPION anti-biofilm 

efficacy in the presence of a metabolic stimuli is due to the increased uptake of SPION by 

the biofilms.   

 

3.3.2.8.1. Increased Uptake of Nanoparticles within the Biofilms  

First, this hypothesis was tested by qualitatively analyzing the iron deposition within the 

biofilm by Prussian blue staining, a histology stain creating a blue by-product in the 

presence of ferric iron (Fe
+3

)  ions. Specifically, iron deposition was analyzed for the 

combinations which showed an increase in anti-biofilm efficacy: unconjugated SPION 

(UC) in the presence of 1 and 10 mM, 1 mM iron conjugated SPION (Fe1) in the 

presence of 1 mM fructose and 1 mM zinc conjugated SPION (Zn1) in the presence of 10 

mM fructose. No blue color formation was observed in the untreated control biofilms 

(Figure 3.19). The blue color intensity increased in the presence of fructose metabolites, 

implying an increase in the iron deposition levels within the biofilm when fructose 

metabolites were present as carbon sources (Figure 3.19 and 3.20).  
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Figure 3.19. Qualitative analysis of the iron deposition by Prussian blue staining. 

Intensity of blue color increased in the presence of fructose metabolites, implying an 

increase in the iron deposition levels within the biofilm when fructose metabolites were 

present as carbon sources. 
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Figure 3.20. Intensity of blue color increased in the presence of fructose metabolites, 

implying an increase in the iron deposition levels within the biofilm when fructose 

metabolites were present as carbon sources.  

 

Then, the uptake of SPION within the MRSA biofilms was analyzed by quantifying the 

presence of iron (Fe
3+

), sulfur (S
2-

) and zinc (Zn
2+

) ions by inductively coupled plasma 

atomic emission spectroscopy (ICP-AES) (Figure 3.19a-c). The uptake of SPION by the 

biofilms includes the nanoparticles within the cell, attached to the bacterial cell surface as 

well as in the EPS matrix of the biofilm. First, significant increases in intracellular or 

membrane-bound iron (Fe
3+

) concentrations for all the SPION treatments (UC, Fe1 and 

Zn1) in the presence or absence of 1 mM or 10 mM fructose, compared to untreated 

biofilms (p < 0.01) was observed. In addition, the intracellular or membrane-bound iron 
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(Fe
3+

) concentration increased from  2.972 ± 0.548 µg/mL to 7.989 ± 1.901 µg/mL when 

biofilms were treated with Fe1 in the presence of 10 mM fructose (p < 0.05). The 

fructose concentration also had a significant effect on Fe
3+

 uptake. The Fe
3+

 concentration 

increased from 3.550 ± 0.745 µg/mL to 7.989 ± 1.901 µg/mL when the fructose 

concentration in Fe1 treatment increased from 1 mM to 10 mM (p < 0.05). The Fe
3+

 

concentration also increased from 2.775 ± 0.770 µg/mL to 3.533 ± 0.571092 µg/mL 

when biofilms were treated with Zn1 in the presence of 10 mM fructose. Moreover, 

significant increases in intracellular or membrane-bound sulfur (S
2-

) concentrations in the 

presence of fructose metabolites were observed. For example, the S
2- 

concentration 

increased from  2.714 ± 0.375 µg/mL to 4.420 ± 0.908 µg/mL when biofilms were treated 

with unconjugated SPION (UC) in the presence of 10 mM fructose (p < 0.1). The 

fructose concentration also had a significant effect on the S
2- 

concentration. The S
2- 

concentration increased from 2.744 ± 0.428 µg/mL to 4.910 ± 0.980 µg/mL when the 

fructose concentration in Fe1 treatment increased from 1 mM to 10 mM (p < 0.05). 

Although we observed significant increase in intracellular or membrane-bound zinc 

(Zn
2+

) levels Zn1 treatment in the presence or absence of 1 mM or 10 mM fructose (p < 

0.001) in the biofilm viability analysis, the effect of fructose on Zn
2+ 

uptake was not 

significant. Therefore, the enhanced anti-biofilm efficacy of Zn1 treatment is mostly due 

to the significant increases in intracellular or membrane bound iron (Fe
3+

) within the 

MRSA biofilms.  
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a)  

 

b)  
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c)  

 

 

Figure 3.21.  Analysis of the uptake of SPION within the MRSA biofilms by quantifying 

the presence of iron (Fe
3+

), sulphur (S
2-

) and zinc (Zn
2+

) ions by inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) (a, b and c, respectively). The uptake 

of SPION by the biofilms included the nanoparticles within the cell, attached to the 

bacterial cell surface as well as in the biofilm matrix. The enhanced anti-biofilm efficacy 

of SPION treatments are mostly due to the significant increases in intracellular or 

membrane bound iron (Fe
3+

) and sulphur (S
2-

) within the MRSA biofilms.  
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3.3.2.8.2. TEM Analysis of SPION Uptake within the MRSA Biofilms   

 

To strengthen the hypothesis, TEM analysis was also performed to image the bacterial 

cells after SPION as well SPION+ fructose treatment. Figure 22 shows the representative 

TEM images of bacterial cells after 24 hours of SPION and SPION + fructose treatment, 

respectively.   

 

TEM analysis showed that the growth inhibition and biofilm reduction by SPION is 

mediated by interactions with the MRSA membrane surface. Unconjugated SPION 

mostly adsorb to the bacterial surface and damage the bacterial cell membrane (Figure 

3.22a). In the presence of fructose metabolites, the number of intracellular and 

membrane-bound SPION particles is increased (Figure 3.22b). White arrows indicate 

particles taken up and particle clusters inside the bacteria. The bacterial cell membrane is 

more damaged as the SPION better penetrates the membrane surface in the presence of 

fructose metabolites. This data is consistent and further supported with the ICP analysis, 

which quantifies the particle uptake (Figure 3.21).  
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Figure 3.22. TEM imaging of bacteria after SPION treatment. Growth inhibition and 

biofilm reduction by SPION is mediated by interactions with the MRSA membrane 

surface. A) Unconjugated (UC) SPION adsorb to the bacterial cell surface and damage 

the bacterial cell membrane. B) The uptake of SPION within the biofilm-forming cell 

increases in the presence of metabolites. SPION damage the cell membrane and better 

penetrate through the membrane surface (as indicated with the arrows) (scale bars = 100 

nm). 
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3.3.3.8.3. Increased Reactive Oxygen Species Formation 

Furthermore, the effect of enhanced nanoparticle uptake on reactive oxygen species 

(ROS) formation was investigated. It has been shown that SPION could induce bacterial 

cell death through the formation of ROS.
226-229

 After 24 hours of SPION treatment, 

biofilms were stained with DAPI and a CellRox Deep ROS sensor which measures the 

oxidative stress levels in cells (Fig. 3.23). ROS formation increased when MRSA 

biofilms were treated with unconjugated SPION for 24 hours (Fig. 3.23b), compared to 

untreated control biofilms (Fig. 3.23a). Moreover, ROS generation increased when 1 mM 

and 10 mM fructose metabolites were added to the SPION treatment (Fig. 3.23 c and d, 

respectively). In addition, the red color intensity was quantified after staining with a 

CellRox Deep ROS sensor (Figure 3.24). Increased intensity also proved that there was 

an increase in ROS formation when SPION are used in combination with fructose 

metabolites. Thus, the enhanced anti-biofilm activity due to the increased SPION 

penetration into the MRSA biofilms and generation of reactive oxygen species (ROS) in 

the presence of metabolites was validated here.  
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Figure 3.23. The formation of reactive oxygen species (ROS) was increased when 

SPION was used in combination with fructose metabolites: A) untreated biofilms; B) 

biofilms treated with 1 mg/mL SPION; C) biofilms treated with 1 mg/mL SPION in 

combination with 1 mM fructose; D) biofilms treated with 1 mg/mL SPION in 

combination with 10 mM fructose. ROS formation increased when MRSA biofilms were 

treated with unconjugated SPION for 24 hours (Figure 23B), compared to untreated 

control biofilms (Figure 23A). Moreover, ROS generation further increased when 1 mM 

and 10 mM fructose metabolites were added to the SPION treatment (Figure 23Cand 

23D respectively). Thus, enhanced anti-biofilm activity was due to the increased SPION 

penetration into the MRSA biofilms and generation of reactive oxygen species (ROS) in 

the presence of metabolites. 
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Figure 3.24. Quantification of color intensity after staining with CellRox Dep Red 

Sensor. Increased intensity implies an increase in the reactive oxygen species (ROS) 

formation when SPION were used in combination with fructose metabolites. Thus, 

enhanced anti-biofilm activity was due to the increased SPION penetration into the 

MRSA biofilms and the generation of ROS in the presence of metabolites. 
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3.3.4. Antibacterial and Anti-biofilm Assessment of SPION against 

E.coli Biofilms and the Effect of Fructose Metabolites 

The anti-biofilm activity of SPION against the gram-negative E. coli biofilms and the 

effect of fructose on the antibacterial efficacy were also validated (Figure 3.25). For 

example, a 4.15 ± 0.40 order of magnitude decrease in viable bacteria counts was 

observed when E. coli biofilms were treated with unconjugated SPION (UC) (p < 0.01). 

In addition, conjugating SPION with 1 mM and 4 mM Fe
3+

 (Fe1 and Fe4) as well as Zn
+2

 

(Zn1 and Zn4) further decreased viable E. coli within the biofilm (p < 0.01). The anti-

biofilm activity of both iron and zinc conjugated SPION was y improved when the metal 

conjugation concentrations increased from 1 mM to 4 mM. For example, a 4.42 ± 0.29 

log reduction was observed when MRSA biofilms were treated with Fe1, while treatment 

with Fe4 increased the anti-biofilm activity to a 4.61 ± 0.23 log reduction. In addition, a 

4.58 ± 0.21 log reduction was observed when biofilms were treated with Zn1, while Zn4 

treatment increased the anti-biofilm activity to a 5.31 ± 0. 41 log reduction (which 

corresponds to a ~ 0.7 log increase in activity) (p < 0.05).  

 

Next, the effect of fructose metabolites on SPION anti-biofilm activity against E. coli 

biofilms was investigated. It was observed that the anti-biofilm efficacy of unconjugated 

SPION (UC) as well as 1 mM iron-conjugated SPION (Fe1) and 1 mM zinc-conjugated 

SPION (Zn1) against MRSA biofilms was significantly enhanced when fructose 

metabolites were added to the treatment. For example, there was a 1.02 ± 0.02 log 

increase (~ 90.6%) in anti-biofilm efficacy when 10 mM fructose was added to the   
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Figure 3.25. Enhanced anti-biofilm activity of SPION treatment in the presence of 

fructose metabolites. The anti-biofilm activity of 1mg/mL SPION against E. coli biofilms 

after 24 hours with and without 1 mM and 10 mM fructose solutions. Anti-biofilm 

efficacy of unconjugated SPION (UC) as well as 1 mM iron-conjugated SPION (Fe1) 

and 1 mM zinc-conjugated SPION (Zn1) against MRSA biofilms was significantly 

enhanced when fructose metabolites were added to the treatment. Data represents mean ± 

SEM. N = 3. * p < 0.01 compared to untreated biofilms; # p < 0.001 and  φ p < 0.1 

compared to the same treatment without fructose. 
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1 mg/mL unconjugated SPION (UC) treatment (p < 0.001).  The efficacy was further 

improved when 1 mM fructose was added to the 1 mM iron-conjugated SPION (Fe1) 

treatment, which resulted in a 52.7 % increase in antibacterial activity, compared to Fe1 

treatment. Moreover, there was a 0.75 ± 0.20 log increase (~ 82.2%) in efficacy when 1 

mM fructose were used in combination with 1 mM zinc conjugated SPION (Zn1) (p < 

0.1). In addition, 10 mM fructose enhanced the efficacy of 1 mM zinc conjugated SPION 

(Zn1) by 0.69 ± 0.20 log, which corresponds to a ~79.4 % increase in activity (p < 0.1).  

On the other hand, the presence of fructose metabolites did not potentiate the efficacy of 

4 mM iron (Fe4) or zinc (Zn4) conjugated SPION, which is consistent with the previous 

analysis with MRSA biofilms.  This might indicate that there is a maximum 

iron/metabolite and zinc/metabolite concentration threshold in the bacterial metabolism 

to cause cell death. 

 

3.3.5. Antibacterial and Anti-biofilm Assessment of SPION against  

P. aeruginosa Biofilms and the Effect of Fructose Metabolites   

The developed method was also validated on P. aeruginosa (Figure 3.26), another gram-

negative bacterium which plays a critical role in hospital-acquired infections. Figure 26a, 

24c and 24e shows the biofilms grown on glass slides for a week. Then, biofilms were 

treated with 1 mg/mL unconjugated (UC) SPION as well as UC SPION in combination 

with 10 mM fructose metabolites. After 24 hours of treatment, the samples were washed 

with phosphate buffered saline (PBS) and imaged. Images clearly showed that biofilm 

formation was decreased after 24 hours of SPION treatment (Figure 3.26d). Moreover, 

the anti-biofilm activity of SPION was significantly enhanced when used in combination 
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with fructose metabolites (Figure 3.26f). Better eradication of the biofilm was observed 

compared with the samples just treated SPION.  

 

 

Figure 3.26. Representative images of anti-biofilm activity of unconjugated SPION 

treatment against P. aeruginosa in the presence of fructose metabolites. Biofilms were 

grown on glass slides for a week (Figure 3.26a, c, and e).  Biofilm formation was 

decreased after 24 hours of SPION treatment (Figure 3.26d). The anti-biofilm activity of 

SPION was significantly enhanced when used in combination with fructose metabolites 

(Figure 3.26f).   
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3.3.6. The Effect of Increasing Metabolite Concentration while 

Decreasing SPION Metal Conjugation Concentrations 

The effect of increasing metabolite concentration while decreasing SPION metal 

conjugation concentrations was also investigated. MRSA biofilms were treated with 1 

mg/mL of SPION conjugated with 0.5 mM iron and zinc (denoted as Fe0.5 and Zn0.5, 

respectively). This also corresponded to a decrease in antibacterial Fe
+3 

(116 ± 11.56 

µg/mL) and Zn
+2 

(23.57 ± 1.67 µg/mL) concentration. On the other hand, the anti-biofilm 

activities of SPION were enhanced by increasing the fructose concentration to 100 mM 

(p < 0.001) (Figure 3.27). As SPION with lower conjugation concentrations could still 

target and eradicate the biofilm, this could also result in less toxic effects to healthy 

mammalian cells surrounding the infection site.   
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Figure 3.27.  The effect of increasing metabolite concentration while decreasing the 

SPION metal conjugation concentrations. MRSA biofilms were treated with 1 mg/mL of 

SPION conjugated with 0.5 mmol iron and zinc (denoted as Fe0.5 and Zn0.5, 

respectively), which also corresponded to a decrease in antibacterial Fe
+3

 and Zn
+2

 

concentrations. The anti-biofilm activities of SPION were still significantly enhanced by 

increasing the fructose concentration to 100 mM (p < 0.001).  
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3.3.7. Potentiating SPION Through the Use of Metabolites 

The potential of using metabolites to potentiate the antibacterial and anti-biofilm efficacy 

of SPION was investigated. As shown earlier, the antibacterial dose of SPION to 

eradicate MRSA biofilms was 1 mg/mL. On the other hand, 0.1 mg/mL SPION did not 

have any significant antibacterial activity on planktonic S. aureus (Figure 3.28). On the 

other hand, 0.1 mg/mL SPION significantly reduced the planktonic S. aureus growth in 

the presence of 10 mM or 100 mM fructose metabolites (p < 0.05).   

 

 

Figure 3.28. Fructose metabolites potentiate the antibacterial activities of SPION against 

S. aureus planktonic growth. Although 0.1 mg/mL SPION is not an antibacterial 

concentration, it significantly reduced the planktonic S. aureus growth in the presence of 

10 mM or 100 mM fructose metabolites (* p < 0.05).  
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Moreover, we have investigated the potential of using metabolites to potentiate the 

SPION anti-biofilm efficacy. We have compared the anti-biofilm activities of 1 mg/mL 

SPION and 1 mg/mL SPION (Figure 3.29). The mean cell density after 0.1 mg/mL 

SPION treatment was 10.01 ± 0.43 CFU/mL, whereas it was 7.38 ± 0.26 CFU/mL after 1 

mg/mL SPION treatment. Presence of 1 mM, 10 mM and 100 mM fructose metabolites 

significantly increased the eradication efficacy of 0.1 mg/mL SPION, which is not an 

antibacterial dose (p < 0.0001). For example, the mean cell density significantly 

decreased to 8.49 ± 0.45 CFU/mL in the presence of 1 mM fructose (p < 0.0001). Most 

importantly, the mean cell density further decreased to 7.70 ± 0.08 CFU/mL when used 

in combination with 100 mM fructose metabolites (p < 0.0001). This shows that the 

efficacy of 0.1 mg/mL SPION becomes comparable to the activity of SPION which is 10 

times concentrated. These data has important implications. First, it shows that the 

metabolic stimulation can potentiate SPION. As lower SPION concentrations (i.e., a 

concentration 10 times lower than the actual antibacterial dose) could still target and 

eradicate the persistent biofilm, this could also result in less toxic effects to healthy 

mammalian cells surrounding the infection site. This highlights the possibility of using 

metabolites as a novel method to decrease the toxicity of SPION treatments.  
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Figure 3.29. Potentiating the anti-biofilm properties of SPION through the use of 

metabolites. Presence of 1 mM, 10 mM and 100 mM fructose metabolites significantly 

increased the eradication efficacy of 0.1 mg/mL SPION, which is not an antibacterial 

dose (p < 0.0001). Most importantly, the efficacy of 0.1 mg/mL SPION was comparable 

to the activity of 1 mg/mL SPION, when used in combination with 100 mM fructose 

metabolites. This might highlight the possibility of using metabolites as a novel method 

to decrease the toxicity of SPION treatments.  
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3.3.8. Screening of Other Metabolites 

Other metabolites, such as glucose and mannitol were also screened. Both metabolites 

enhanced the efficacy of 1 mg/mL unconjugated SPION (UC) against S. aureus biofilms.  

For example, the mean cell density decreased from 8.56 ± 0.9 CFU/mL to 6.62 ± 0.09 

CFU/mL, when unconjugated SPION (UC) was used in combination with 10 mM 

glucose (p < 0.001) (Figure 3.30).  In addition, both 1 mM and 10 mM mannitol 

metabolites significantly enhanced the SPION activity against S. aureus biofilms (* p < 

0.01) (Figure 3.31). For example, the mean cell density decreased from 8.56 ± 0.9 

CFU/mL to 7.24 ± 0.43 CFU/mL and 7.43 ± 0.46, when unconjugated SPION (UC) was 

used in combination with 1 mM and 10 mM mannitol, respectively.  
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Figure 3.30. The effect of glucose metabolites on the anti-biofilm efficacy of 1mg/mL 

unconjugated SPION. 10 mM glucose metabolites significantly enhanced the SPION 

activity against S. aureus biofilms (* p < 0.001).  
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Figure 3.31. The effect of mannitol metabolites on the anti-biofilm efficacy of 1mg/mL 

unconjugated SPION. 1 mM and 10 mM mannitol metabolites significantly enhanced the 

SPION activity against S. aureus biofilms (* p < 0.01).  
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Here, a low-cost, simple and broad-spectrum approach to eradicate antibiotic resistant 

biofilms through the use of SPION as well as enhancing SPION efficacy through 

metabolic stimuli (i.e., fructose) was established. This approach is effective against both 

gram-negative and gram-positive bacteria. A possible mechanism for the enhanced anti-

biofilm activity of SPION in the presence of fructose is summarized in Fig. 3.32. It is 

reasoned that the enhanced SPION activity is due to the increased uptake of nanoparticles 

by the biofilm which increases the concentrations of iron and sulfur and the generation of 

ROS. Recently, it has been shown that metabolite enabled eradication of biofilms occurs 

through the catabolism of metabolites and generation of NADH. Bacterial electron 

transport chain oxidizes NADH and contributes to the proton motive force (PMF). As a 

result, antibiotic uptake and the killing of persisters are facilitated.
179

 The same 

mechanism could take place during the fructose-enhanced eradication of biofilms, as the 

SPION uptake also increased in the presence of fructose. Bacterial death might occur due 

to oxidative stress since ROS formation was increased. Superoxide (O
2-

) formation could 

be stimulated by the electron chain transport and O
2-

 might then damage iron-sulfur (Fe-

S) clusters, making more ferrous iron available for oxidation by the Fenton reaction. The 

Fenton reaction leads to the formation of hydroxyl radicals (•OH), which damages DNA, 

lipids and proteins.
230,231

 All of these events eventually cause bacterial cell death and the 

eradication of biofilms.  

 

 

 

 



134 

 

 

Figure 3.32. Possible mechanism for the observed enhanced anti-biofilm activity when 

fructose metabolites were added to the SPION treatment. Enhanced activity is due to the 

increased penetration of nanoparticles within the biofilm which leads to increases in ROS 

formation. The uptake of fructose metabolites might induce the catabolism of carbon 

sources and the generation of NADH. The bacterial electron transport chain oxidizes 

NADH and contributes to PMF. Then, bacterial cell death might occur due to the 

oxidative stress from ROS formation. First, superoxide (O2
-
) formation could be 

stimulated by the electron chain transport and O2
-
 might damage Fe-S clusters, making 

more ferrous iron available for oxidation by the Fenton reaction. The Fenton reaction 

might lead to the formation of hydroxyl radicals (•OH), which can damage DNA, lipids 

and proteins. All of these events eventually cause bacterial cell death and the eradication 

of biofilms. 
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3.4. Conclusions 

Overall, this chapter highlighted the promising possibility of using superparamagnetic 

iron oxide particles as a new therapeutic option to the current antimicrobial strategies 

against MRSA infections. In addition, the efficacy of superparamagnetic iron oxide 

particles against persistent infections was further improved by manipulating the biofilm 

metabolic microenvironment, creating a new the nanotechnology-driven approach. The 

promising capability of using superparamagnetic iron oxide particles in combination with 

fructose metabolites as a new therapeutic option to existing antimicrobial strategies was 

highlighted. These results have important implications. First, we have shown that SPION 

are more effective than the currently used antibiotics for treating MRSA biofilms 

(especially, vancomycin). In addition, SPION can be conjugated with different 

antibacterial metals to increase their anti-biofilm properties. Moreover, for the first time, 

the presence of fructose metabolites was shown to enhance the efficacy of the SPION 

against MRSA, E. coli and P. aeruginosa biofilms. Thus, this approach has a broad 

spectrum against both gram-positive and gram-negative bacteria. Biofilms develop a 

protected mode of growth and shut down their metabolism. Fructose metabolites might 

induce the metabolism and increase the uptake of SPION by the biofilms. It is envisioned 

that this simple and inexpensive approach could lead to novel alternative treatments to 

the only clinical option, vancomycin, which MRSA has started to develop a resistance 

towards. Once their in vitro and in vivo toxicity are well-characterized, these novel 

SPION treatments could lead to successful clinical outcomes in terms of minimized 

infections, longer medical device lifetimes, and decreased antibiotic usage. All of these 

events can support decreased antibiotic resistance in the clinical settings. 
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Chapter 4. Eradicating Antibiotic-Resistant Biofilms 

with Silver-conjugated Superparamagnetic Iron Oxide 

Nanoparticles  

 

4.1. Introduction  

Invasive medical devices (such catheters, implants, artificial joints and endotracheal 

tubes) have become an integral part of healthcare 
4
.
 
While these devices are used in many 

areas of medicine for diagnostic and therapeutic purposes, device-associated infections as 

well as device-associated nosocomial infections have been a critical concern for many 

years
5,6,194,195

. At the global level, at least 50% of nosocomial infections are device-

related
6
. In addition, between 5 and 10% of patients admitted to acute care hospitals, 

acquire one or more infections 
195

. These events affect approximately two million patients 

each year in the United States, result in up to 100,000 excess deaths, and lead to an 

estimated cost to the U.S. health care system of more than 35 billion U.S. dollars per year 

194,195
. 

 

Staphylococcus aureus (S. aureus) has been one of the growing causes of healthcare and 

community-associated infections.
1,196,197

 S. aureus can cause skin and soft-tissue 

infections, bloodstream infections, pneumonia, infective endocarditis and osteomyelitis 
1
. 

Moreover, the emergence of methicillin-resistant S. aureus (MRSA) is a serious clinical 

problem since MRSA is responsible for 50% of the 14 million skin and soft-tissue 

infections, 100,000 blood infections which all together leads to more than 15,000 deaths 
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per  year in the United States 
198,199

. Currently, the only clinically available antibiotic to 

treat MRSA infection is vancomycin. On the other hand, vancomycin-intermediate S. 

aureus (VISA) and vancomycin-resistant S. aureus (VRSA) strains have emerged due the 

prevalent use of vancomycin.
201-203,232

 The formation of sessile and heterogeneous 

bacterial communities, called biofilms, is the main contributing factor to the bacterial 

antibiotic resistance. S. aureus becomes resistant by producing an extracellular polymeric 

substance (EPS) matrix which is composed of polysaccharides, nucleic acids, proteins 

and lipids.
180,181

 Sessile bacteria embedded in this EPS matrix can withstand host immune 

responses and become less susceptible to antibiotics as they fail to penetrate through the 

biofilm. Therefore, there is an urgent clinical need to develop novel antibacterial 

therapies to eradicate biofilms and thus reduce infections in the healthcare and 

community settings.  

 

Recent advances in nanotechnology hold a great potential to develop novel strategies to 

eradicate biofilms, instead of antibiotics. Fullerenes (C60)
203

, carbon nanotubes (CNTs) 

204
 

205
  and graphene 

206
 as well as silver (Ag) 

205,207
 , gold (Au) 

208
, magnesium oxide 

(MgO) 
209

 and zinc oxide (ZnO) 
210

 nanoparticles have shown promising antibacterial 

properties. However, these nanoparticles cannot penetrate to the full depth of the biofilm 

and uptake within the biofilm is usually low
182

.  Nanoparticles which possess magnetic 

properties, superparamagnetic iron oxide particles (SPION), have been extensively used 

in various biomedical applications for magnetic imaging, bioseperation, biodetection as 

well as targeted drug and gene delivery 
111

. Although there are limited number of studies 

which actually target the biofilms, SPION have shown promising bactericidal effects 
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125,169,170,211
. A novel infection treatment could be developed through the design of 

multifunctional SPION, which can be targeted to the infection site, disrupt and eradicate 

the biofilm, in the presence of a magnetic field.  

 

In this study, it was demonstrated that SPION conjugated with antibacterial silver salts 

exhibit strong eradication properties against the antibiotic-resistant (MRSA) biofilms 

(Figure 4.1). Silver-conjugated SPION significantly decreased the number of planktonic 

MRSA in the surrounding medium as well as the MRSA biofilm mass. In addition, 

antibacterial properties of silver-conjugated SPION were improved when an external 

magnetic field was applied as their magnetic core enabled them to penetrate into the 

biofilms.  Moreover, the enhanced anti-biofilm efficacy of SPION treatments were due to 

the significant increases in intracellular or membrane bound iron, sulfur and silver, and 

thus increases in SPION uptake within the MRSA biofilms.   
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Figure 4.1.  Schematic of the novel strategy for infection treatment. Methicillin-resistant 

Staphylococcus aureus (MRSA) biofilms were established on microtiter plate surfaces. 

Biofilms then were treated with superparamagnetic iron oxide nanoparticles (SPION) 

conjugated with antibacterial silver salts. After 24 hours, antibiotic-resistant biofilms 

were significantly eradicated. Anti-biofilm efficacy of the silver-conjugated SPION 

treatment was also improved by an external magnetic field. Thus, this novel treatment 

can be targeted to the infection site, disrupt and eradicate the biofilm, in the presence of a 

magnetic field.   
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4.2. Materials and Methods  

4.2.1. Synthesis of Superparamagnetic Iron-Oxide Nanoparticles  

SPION were synthesized using a variation of the high temperature reflux method in 

triethylene glycol (TREG).
233

 2 mmol of iron (III) acetylacetone (Fe (acac)3) was 

dissolved in 25 mL of TREG in a round bottom boiling flask. Then, the solution was 

heated gradually to 278°C with constant magnetic stirring and incubated for 30 minutes. 

After this gentle reflux, the solution was cooled slowly to room temperature. SPION were 

then conjugated with 4 mmol dimercaptosuccinic acid (DMSA), which was used as a 

capping agent. The SPION + DMSA solution was incubated overnight to react. Then, the 

synthesized SPION were precipitated in 200 mL of 100% ethanol saturated with 

ammonium sulfate (NH4)2SO4). SPION were isolated in a strong magnetic field (4" x 1" 

x 1" thick magnet, 4871 Gauss, and Neodymium; K&J magnetics, Jamison, PA). 

Particles were then purified several times in ethanol and air dried at room temperature. 

4.2.2. Conjugating SPION with Silver Salts 

The DMSA capping agent was further conjugated with antibacterial silver (Ag) metals. 

10 mg/mL SPION solution was diluted in ethanol (1:10) with 1 mM salts of AgNO3. 

Then, the solution was incubated overnight and shaken at 90 rpm.  After overnight 

incubation, silver conjugated SPION were isolated in a strong magnetic field (4" x 1" x 

1" thick magnet, 4871 Gauss, and Neodymium; K&J magnetics, Jamison, PA) where 

non-magnetic components are washed away. The purification step was repeated three 

times.  
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4.2.3. Characterization of Unconjugated and Silver-conjugated SPION 

Unconjugated SPION morphology was evaluated by transmission electron microscopy 

(TEM). A drop of SPION sample dispersed in ethanol was placed on a copper grid and 

dried. Samples were imaged by a Philips C20 TEM (Philips, New York, NY). In 

addition, the particle size was analyzed by dynamic light scattering (DLS). Unconjugated 

SPION and silver-conjugated SPION were prepared in sterile TSB. TSB alone 

maintained as a control, and treated the same as the other SPION solutions. Samples were 

prepared by diluting 100 µl of each solution into 0.9 ml double deionized water. Then, 

diluted samples were filtered using a 0.2 µm filter (Fisher Scientific, Pittsburg, PA).  For 

DLS readings, a Zetasizer Nano ZS (Malvern Instruments) was used and the particle size 

was analyzed by the Dispersion Technology software. Samples were repeated in 5 

replicates for each reading. Moreover, inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) was used to confirm the presence of silver in the metal 

conjugated SPION. First, standard solutions of iron (Fe
3+

), sulfur ions (S
2-

) and silver 

(Ag
1+

) were prepared in a 2% solution of HNO3 at 100 parts per million (ppm) to obtain a 

standard curve. 50 µL of unconjugated (UC) and silver conjugated (Ag) SPION solutions 

were then dissolved in aqua regia solution (nitric acid and hydrochloric acid at a 

volumetric ratio of 1:3). The SPION + aqua regia solution was evaporated to dissolve 

nanoparticles and all silver salts. Then, 5 ml of 2% nitric acid was added to each SPION 

+ aqua regia solution and the samples were analyzed with ICP-AES. Iron, sulfur and 

silver concentrations of the silver conjugated SPION were compared with the 

unconjugated SPION (UC). 
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4.2.4. Bacteria Culture 

The Mu50 strain of MRSA (ATCC #700699, American Type Culture Collection, 

Mannassas, VA) was hydrated and streaked for isolation on a tryptic soy agar plate. 

Following growth and isolation, a single isolated colony was selected and inoculated in 3 

mL of a tryptic soy broth (TSB) media (MP Biomedicals, Solon, OH). The bacteria 

culture was grown on an incubator shaker for 18 hours at 37
0
C, 200 revolutions per 

minute (rpm) until it reached the stationary phase.  

 

4.2.5. Biofilm Growth and Treatment   

Overnight cultures which had an optical density of 0.52 at 562 nm were diluted at a ratio 

of 1:90 in fresh TSB, corresponding to a 10
8 

cells/mL solution. 200 µL of this solution 

was inoculated onto each well of a 96-well microtiter plate (Fisher Scientific, Pittsburgh, 

PA) and incubated for 24 hours at 37
0
C to allow for biofilm formation. After 24 hours, 

the culture medium was replaced with 1 mg/mL of silver conjugated (Ag) SPION in fresh 

TSB solution. After 24 hours of treatment, planktonic bacteria growth was assessed by 

the optical density at 562 nm. In addition, the amount of biofilm remaining was assayed 

by crystal violet (CV) staining, as described below. 

 

4.2.6. Crystal Violet (CV) Staining Assay   

CV staining was used to quantify biofilm density after 24 hours of treatment. First, the 

TSB culture medium was removed and each well was rinsed with 1X PBS. Then, 200 µL 

of a 0.1% CV solution in water was added to each well and incubated for 15 minutes. 
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Then, wells were rinsed three times with 175 µL of PBS. The plate was air dried at room 

temperature for two days. Then, CV was dissolved in 200 µL of 100% ethanol, and the 

optical density was measured at 562 nm. Optical readings of control solutions with silver-

conjugated SPION without bacteria were subtracted from the corresponding readings.   

 

4.2.7. Viable Cell Count Assay 

Viable bacteria cell counts were obtained by disrupting biofilms formed at the bottom of 

the microtiter plate in a sonicating water bath. First, a 96-well microtiter plate was rinsed 

three times with 200 µL of 1X PBS. 150 µL of 1X PBS was added into each well and the 

microtiter plate was covered with a sterile tape. The plate was placed in a water bath 

(Branson Ultrasonics 5510, Danbury, CT) and sonicated for 30 min at 40 kHz to dislodge 

biofilms into the PBS solution. Then, serial dilutions were performed and 10 µL of each 

dilution was spot-plated on tryptic soy agar (TSA) plates. Colony forming units (CFU) 

were counted after an overnight incubation at 37°C.  

 

4.2.8. Analysis of SPION Uptake within the Biofilm  

The amount of silver-conjugated SPION taken up by the biofilm was measured by 

inductively coupled plasma atomic emission spectroscopy (ICP-AES) via quantifying the 

presence of iron (Fe
3+

), sulfur (S
2-

) and silver (Ag
+
) ions. As previously described, 

MRSA biofilms were grown in 96-well plates and they were treated with silver-

conjugated SPION. After 24 hours of treatment, wells were washed three times with PBS 

to remove SPION that were not taken up by the biofilms or SPION which were 
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membrane-unbound. Then, the biofilms were digested in a 50% nitric acid (HNO3) 

solution and the microtiter plate was shaken for 30 minutes at 150 rpm. Then, 200 µL of 

the acid digested bacteria solution was then diluted in 2% nitric acid solution and samples 

were analyzed by ICP-AES. The amount of iron (Fe
3+

), sulfur (S
2-

) and silver (Ag
+
) ions 

in SPION treated biofilms were compared to untreated control samples.  
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4.3. Results and Discussion 

 

4.3.1. Characterization of Silver-conjugated SPION 

Figure 4.2 shows the unconjugated SPION (UC) and silver-conjugated morphology 

characterized by transmission electron microscopy (TEM). Unconjugated SPION were 

synthesized using a variation of the high temperature reflux method in triethylene glycol 

(TREG).
233

 SPION were chelated with dimercaptosuccinic acid (DMSA) to increase the 

solubility and dispersion of particles in water, cell medium and physiological fluids.
213

 

TEM analysis demonstrated that SPION were successfully synthesized with an average 

size of 10.07 ± 1.54 nm.  

 

 

Figure 4.2. TEM analysis of the magnetic nanoparticles used in the study. a) 

Unconjugated SPION (UC) prepared by refluxing iron (III) acetylacetone in triethylene 

glycol (TREG) (scale bar = 50 nm). b) Silver-conjugated SPION (scale bar = 100 nm).   
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On the other hand, dynamic light scattering (DLS) analysis showed larger particle sizes. 

Unconjugated SPION had a mean hydrodynamic diameter of 18.17 ± 1.34 nm (Figure 

4.3a). DLS measures the hydrodynamic diameter and the measurements could be 

influenced by nanoparticle aggregation or coating agents.
234,235

 The acquired particle size 

measurements were fundamentally different from the particle sizes measured by TEM, 

where the discrete particle size is measured.
235

 Therefore, larger particle size analysis 

from DLS measurements were expected since dimercaptosuccinic acid (DMSA) was used 

as a capping agent during unconjugated SPION (UC) synthesis. In addition, silver-

conjugated SPION had a mean hydrodynamic diameter of 176.5 ± 27 nm, which was 

approximately ten times larger than the unconjugated SPION (Figure 4.3b). Silver can 

interact and bind to proteins in the bacteria culture medium, particularly to their thiol (S-

H) groups.
236,237

 This could lead to silver-conjugated SPION aggregation and increases in 

the DLS particle size measurements. In addition, chemical composition of SPION was 

analyzed by composition by inductively coupled plasma atomic emission spectroscopy 

(ICP-AES). ICP-AES analysis showed that that silver salt conjugations were successful 

(Figure 4.4). Increased sulfur concentration (S
2-

) indicated that DMSA capped to the 

unconjugated SPION (UC) surface, and increases in silver (Ag
+
) concentration showed 

that silver metals were also successfully conjugated. Moreover, concentration of silver 

(Ag
+
) increased as the metal salt conjugations increased from 1 mmol to 4 mmol.  
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Figure 4.3.  Characterization of unconjugated (UC) and silver-conjugated SPION. a) 

Size distribution histogram of unconjugated SPION. Average particle size is 18.17 ± 1.34 

nm. b) Size distribution histogram of silver-conjugated SPION. Average particle size is 

176.5 ± 27 nm. 
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Figure 4.4. Characterization of unconjugated (UC) and silver-conjugated SPION. 

Elemental composition of unconjugated (UC) and silver-conjugated SPION determined 

by ICP-AES. 10 mg/mL of a SPION solution was conjugated with 1 mM or 4 mM salt of 

AgNO3. ICP-AES indicated that silver was successfully conjugated to SPION. The 

concentration of silver (Ag
+
) ions increased as the silver metal salt conjugations increased 

from 1 mmol to 4 mmol. Data represents mean ± standard error of the mean (SEM), N=3.  
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4.3.2. Characterization of Antibacterial Properties 

Then, the antibacterial and anti-biofilm activity of silver-conjugated SPION against an 

antibiotic-resistant biofilm were investigated. The Mu50 strain which is a clinical isolate 

of MRSA with reduced susceptibility to vancomycin was used as the target organism. 

201,202,232
 The antibacterial properties against both planktonic (free-floating) MRSA and 

sessile MRSA biofilms were investigated by a high-throughput in vitro screening assay. 

Biofilms were established as the inoculated bacteria attached to the surface of a microtiter 

plate during 24 hours of incubation. Then, biofilms were treated with silver-conjugated 

SPION. After 24 hours of treatment, planktonic MRSA growth and sessile MRSA 

biofilm mass was analyzed.  

4.3.2.1. Optimization of the Antibacterial Dose of Ag-conjugated SPION 

First, the antibacterial activity of silver-conjugated SPION at three different 

concentrations (0.01 mg/mL, 0.1 mg/mL and 1 mg/mL) was assessed. As shown in 

Figure 4.5, when the concentration of silver-conjugated SPION in bacterial culture 

medium (tyrptic soy broth) increased from 0.1 to 1 mg/mL, planktonic MRSA growth 

significantly decreased from 88.14 ± 2.28% to 57.91 ± 1.57% (p < 0.001) whereas 0.01 

mg/mL silver-conjugated SPION did not have any significant antibacterial effect. In 

addition, the concentration of SPION had a significant effect on planktonic MRSA 

growth. 1 mg/mL of silver-conjugated SPION was significantly more effective than 0.01 

mg/mL and 0.1 mg/mL silver-conjugated SPION (p < 0.001). Therefore, 1 mg/mL was 

chosen as the optimal dose for further experiments to assess the anti-biofilm properties of 

the nanoparticles.  
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Figure 4.5. Optimization of the antibacterial dose of silver-conjugated SPION. 

Antibacterial activity of silver-conjugated SPION was assessed at three different 

concentrations (0.01 mg/mL, 0.1 mg/mL and 1 mg/mL). When the concentration of 

silver-conjugated SPION increased from 0.1 to 1 mg/mL, planktonic MRSA growth rate 

significantly decreased from 88.14 ± 2.28% to 57.91 ± 1.57% (* p < 0.001). On the other 

hand, 0.01 mg/mL silver-conjugated SPION did not have any significant antibacterial 

effect. In addition, the concentration of SPION had a significant effect on planktonic 

MRSA growth rate. 1 mg/mL was significantly more effective than 0.01 mg/mL and 0.1 

mg/mL silver-conjugated SPION (*p < 0.001).  Data represents mean ± standard error of 

the mean (SEM), N= 3.   
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4.3.2.2. Anti-biofilm Properties 

The MRSA biofilm mass after silver-conjugated SPION treatment was quantified by 

crystal violet staining, Crystal violet stains the bacterial cells as well as the biofilm 

exopolysaccharide matrix (EPS) components, and thus quantifies the biofilm mass. A 

~30% decrease in biofilm mass was observed when MRSA biofilms were treated with 1 

mg/mL silver-conjugated SPION (p < 0.01) (Figure 4.6). Most importantly, this decrease 

in biofilm mass corresponded to a seven orders of magnitude (7 logs) decrease in viable 

bacteria numbers within the biofilm.  

 

Figure 4.6.  Antibacterial properties of silver-conjugated SPION against MRSA biofilms.   

Biofilm mass significantly decreased when MRSA biofilms were treated with 1 mg/mL 

silver-conjugated SPION. Biofilm mass further decreased when an external field was 

present (*p < 0.01). 
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Figure 4.7 shows bacterial colonies to represent the eradication of MRSA biofilms with 

the silver-conjugated SPION treatment. During viable cell count experiments, 

uncountable colonies were observed for the untreated MRSA biofilm at the 10-5 dilution. 

On the other hand, countable colonies were observed at the same dilution when 

antibiotic-resistant biofilms were treated with 1 mg/mL silver-conjugated SPION. These 

representative colony images clearly showed that silver-conjugated SPION significantly 

eradicated the antibiotic-resistant biofilms. In addition, fluorescent microscopy analysis 

also showed that silver-conjugated SPION better eradicated the MRSA biofilms (Figure 

4.8).  

 

 

Figure 4.7. Representative colony forming units. An uncountable colony was observed 

for the untreated MRSA biofilm at a 10
-5

 dilution whereas countable colonies were 

observed at the same dilution when biofilms were treated with 1 mg/mL silver-

conjugated SPION. Thus, silver-conjugated SPION treatment significantly eradicated the 

MRSA biofilms.  
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Figure 4.8. The eradication efficacy of silver-conjugated SPION against MRSA biofilms 

as compared to control biofilms. Live (green) and dead (red) cells were stained with 

Baclight Live/Dead utilizing Syto®9 and propidium iodide stains. Scale bars represent 20 

µm. 

 

 

The magnetic manipulation of silver-conjugated SPION has been also investigated, 

towards improving antibacterial properties in vitro. The anti-biofilm efficacy of silver-

conjugated SPION was significantly improved when they were coupled with an external 

magnetic field (2.6 mm diameter x 5 mm thick magnet). Planktonic bacteria growth and 

biofilm mass significantly decreased in the presence of silver-conjugated SPION + 

magnetic field. For example, biofilm mass decreased to ~47 % when MRSA biofilms 

were treated with 1 mg/mL silver-conjugated SPION in the presence of an external field 

(p < 0.01) (Figure 5). Moreover, planktonic MRSA growth further decreased to 21.73 % 
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when an external magnetic field was present (p < 0.001) (Figure 4.9). Increases in the 

antibacterial activity of silver-conjugated SPION in the presence of an external magnetic 

field can be due to the improved penetration of the nanoparticles within the biofilm. 

Thus, this novel treatment has the potential to be targeted to the infection site, disrupt and 

eradicate the biofilm, in the presence of a magnetic field.   

 

 

Figure 4.9.  Planktonic MRSA growth further decreased when an external magnetic field 

was present (*p < 0.001). All of these results show that the anti-biofilm efficacy of silver-

conjugated SPION treatment is improved in the presence of an external magnetic field.  
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Many studies have shown that the yield of nanoparticle uptake by the biofilms is low and 

nanoparticles cannot penetrate to the full depth of the biofilm. Therefore, the uptake of 

silver-conjugated SPION within the MRSA biofilms was analyzed by quantifying the 

presence of iron (Fe
3+

), sulfur (S
2-

) and silver (Ag
+
) ions by ICP-AES (Figure 4.10). The 

uptake of SPION included the nanoparticles within the cell, attached to the bacterial cell 

surface as well as in the EPS matrix of the biofilm. The intracellular or membrane-bound 

iron (Fe
3+

) concentration was 22.122 ± 4.590 µg/mL, which was significantly higher 

compared to untreated control biofilms (p < 0.01). Significant increases in intracellular or 

membrane-bound sulfur (S
2-

) concentration were also observed, which increased from 

2.601 ± 0.426 µg/mL to 5.939 ± 1.15 µg/mL (p < 0.05). Moreover, silver (Ag
+
) 

concentration was 3.928 ± 0.718 µg/mL which was significantly higher compared to 

untreated control biofilms (p < 0.001). These results indicated that the anti-biofilm 

efficacy of silver-conjugated SPION treatment is mostly due to the significant increases 

in intracellular or membrane bound iron, sulfur and silver ion concentrations, and thus 

increased uptake of SPION within the MRSA biofilms.  
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Figure 4.10. Analysis of the uptake of silver-conjugated SPION within the MRSA 

biofilms by quantifying the presence of iron (Fe
3+

), sulfur (S
2-

) and silver (Ag
+
) ions by 

inductively coupled plasma atomic emission spectroscopy (ICP-AES). The enhanced 

anti-biofilm efficacy of SPION treatments are due to the significant increases in 

intracellular or membrane bound iron (Fe
3+

) (**p < 0.001), sulfur (S
2-

) (*p < 0.05) and 

silver (Ag
+
) (**p < 0.001), which indicates an increased uptake of silver-conjugated 

SPION within the MRSA biofilms. An external magnetic field further increased the 

intracellular or membrane-bound Fe
3+

 (
#
p < 0.1), S

2- 
(
##

p < 0.01) and Ag
+
 within the 

biofilm and improved the antimicrobial activity of silver-conjugated SPION. Data 

represents mean ± standard error of the mean (SEM), N= 3.   
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Iron oxide nanoparticles have been widely used for biomedical and clinical applications 

due to their desirable magnetic properties (i.e. superparamagnetism) and low cost. 

107,169,172
  In addition, SPION have been approved by the US Food and Drug 

Administration (FDA) for several applications as imaging agents 
238

 and their 

biocompatibility with mammalian cells has been demonstrated in many studies. 
239,240

  

Silver nanoparticles also possess unique optical 
241

, catalytic 
242

 and antibacterial 

properties
146,207,243

. Silver has shown bactericidal activity even at very low 

concentrations, such as 35 parts per billion (ppb), without toxic effects to mammalian 

cells
244-246

.  Silver antibacterial activity is generally attributed to the oxidative stress 

generated by reactive oxygen species (ROS) 
247

.  In addition, the electrostatic interactions 

between silver nanoparticles and bacterial cell membranes as well as membrane proteins 

could result in damages in cell membrane and lead to bacterial cell death.
124,248
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4.4. Conclusions 

In this chapter, the unique magnetic and antibacterial properties of SPION and silver 

particles were combined through the design of silver-conjugated SPION. For the first 

time, it was demonstrated that MRSA biofilms can be eradicated by silver-conjugated 

SPION. In addition, SPION anti-biofilm efficacy was further improved in the presence of 

an external magnetic field. This novel SPION could be used as a targeted antibacterial 

therapy to the infection site and could be removed with an external magnetic field. Once 

their toxicity is completely understood, silver-conjugated SPION has a great potential to 

be an alternative infection therapy to vancomycin, the antibiotic of last resort. It is 

envisioned that this novel infection eradication strategy will result in a decrease in 

antibiotics usage, thus a decrease in antibiotic resistance in the clinical settings.   
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Chapter 5. Potential Applications of the Multifunctional 

Platform Nanotechnologies in the Healthcare Settings  

5.1. Introduction  

Medical devices (such as catheters, enteral feeding tubes, stethoscopes) have become an 

integral part of primary healthcare. While these devices are used in many areas of 

primary care, medical complications due to infections have been a critical concern. Due 

to increasing costs of accessing medical care and shortage of primary care physicians in 

community and rural areas
249

, a transformation in the infection management and 

maintenance of medical devices to increase compliance with primary care protocols 

while reducing medical error needs to be addressed. Thus, infection control in primary 

care is critical for patient safety and there is an urgent need for innovative technologies to 

prevent infections in primary care settings. 

 

The Centers for Disease Control and Prevention (CDC) determined that among the nearly 

2 million annual infections, the majority (78%) were acquired in acute care facilities. 

Long-term care accounted for 100,000 infections. Most importantly, more than 250,000 

patients acquired infections while receiving home healthcare.
250

 For example, in primary 

and community healthcare settings, urinary catheterization commonly used in managing 

older people and those with neurological conditions, where alternative treatments for 

bladder dysfunction are unsuccessful.
251

 In the US, approximately 4 million patients 

undergo urinary catheterization annually, which are commonly used by patients in home 

healthcare settings.
252

 However, these patients face the high risk of developing catheter-



160 

 

associated urinary tract infections (CAUTI). CAUTI are also associated with recurrent 

catheter blockage, urinary tract stones, and increased risk of bladder cancer.
252

 Moreover, 

medical device infections put an economic burden on the healthcare system, which 

includes the cost of antibiotic therapy that is a major source of bacterial resistance, 

leading to an estimated total cost of more than $35 billion per year.
7,8

   

 

The surfaces of medical devices serve as substrates for bacterial attachment, growth, 

colonization and biofilm formation. Contamination occurs by inoculation with only a few 

microorganisms during implantation. Pathogens could be acquired from the primary care 

setting as well as the hands of the healthcare workers, including the physicians, nurses 

and nurse practitioners. There are standard principles to provide guidance on infection 

control in primary care settings. These distinct interventions include hand hygiene, use of 

personal protective equipment, education of patients and healthcare personnel.
253

 

However, these principles have been hard to implement. In addition, little has been 

explored to control infections by manipulating surface properties of medical devices at 

the nanoscale. Recently, many studies have shown that changes in material properties at 

the nanometer level can provide antibacterial properties.
23,26,113,115,118

 In addition, some 

specific metabolites, such as fructose, have been found to increase the efficiency of 

antibiotics
179

 and have been used to treat E. coli and S. aureus infections Thus, infection 

control is critical for patient safety and there exists an urgent need for innovative studies 

to develop infection prevention strategies in the primary care settings as well as clinical 

settings.  
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In this chapter, first, the antibacterial properties of superparamagnetic iron oxide 

nanoparticles (SPION) were investigated when incorporated into a traditional polymeric 

biomaterial (polyvinyl chloride). Then, the potential applications of multifunctional 

SPION polymer nanocomposites in the healthcare settings have been covered.  

 

5.2. Methods and Materials 

 

5.2.1. Nanocomposite Preparation 

Unconjugated SPION (~10 nm in size) synthesized in Chapter 3 were added to 

tetrahydrofuran (THF) dissolved PVC endotracheal tubes (Hudson RCI, Research 

Triangle Park, NC). Final SPION concentration in the nanocomposite solution was 1 

mg/mL, which corresponds to the antibacterial dose of SPION, as shown in earlier 

chapters. Solution was sonicated to promote nanoparticle distribution, pipetted onto 12 

mm diameter glass coverslips (Fisher Scientific, Pittsburgh, PA), and dried in a vacuum 

oven. For bacteria experiments, PVC+SPION nanocomposites were sterilized by 

immersing the samples in 95% ethanol and sonicating for 30 minutes.  

 

5.2.2. Bacteria Cell Counts Determined by Optical Density   

S. aureus (ATCC #25923, American Type Culture Collection, Mannassas, VA) was 

hydrated and streaked for isolation on a tryptic soy agar plate. Following growth, a single 

isolated colony was selected and inoculated in 3 mL tryptic soy broth (TSB) media (MP 

Biomedicals, Solon, OH). The bacteria culture was grown on an incubator shaker for 18 
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hours at 37⁰C, 200 rpm until it reached the stationary phase. First, the optical density of 

the overnight culture at 562 nm (OD562) was adjusted to 0.52, which corresponds to cell 

number of 10
9
. Then, the cultures were serially diluted to get a 10

3 
cells/mL bacteria 

solution. 1 mL of a 10
3
 cells/mL bacteria solution was seeded onto a single well of a 24-

well plate (BD, Franklin Janes, New Jersey) containing either PVC+SPION 

nanocomposite or an conventional PVC sample. The plate was then placed in a stationary 

incubator at 37⁰C with 5% CO2. After 24 hours, samples were removed with a pair of 

sterile forceps. Optical density of the plate was then measured at 562 nm using a 

SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA) to analyze the 

planktonic bacteria growth.   

 

5.2.3. Biofilm Formation Analysis by Viable Cell Counts 

Biofilm formation on the nanocomposite surfaces was assessed by quantifying the colony 

forming units/mL (CFU/mL). Specifically, each sample was placed in 1 mL of PBS 

(Fisher Scientific, Pittsburg, PA) and vortexed at 3000 rpm for 10 minutes. The cells 

were then serially diluted in PBS (Fisher Scientific, Pittsburg, PA) over a 4-log range. 20 

µL of each dilution were plated on tryptic soy agar plates and incubated at 37°C 

overnight. After overnight incubation, colony forming units were counted.  
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5.3. Results 

We have synthesized PVC+SPION composites to decrease bacterial growth and biofilm 

formation. Final SPION concentration in the nanocomposite solution was 1 mg/mL, 

which corresponded to the antibacterial dose of SPION, which also corresponded to 2% 

w/w of the nanocomposite. Figure 5.1 shows the S. aureus planktonic growth on PVC + 

2% SPION nanocomposites after 24 hours. Planktonic bacteria growth on nanocomposite 

surfaces significantly decreased by 36 ± 13.6 %, compared to conventional PVC surfaces 

(p < 0.001).  

 

 

Figure 5.1. S. aureus optical density measurements after 24 hours. Planktonic bacteria 

growth significantly decreased on PVC+ 2% SPION nanocomposites, compared to 

conventional PVC surfaces (* p < 0.001). Data represents mean ± SEM, N=3.  
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In addition, S. aureus biofilm formation decreased on PVC+2% nanocomposites by 

~73% compared to conventional PVC surfaces (Figure 5.2). Representative colony 

forming unit observed for the dilutions over the 4-log range during the viable cell count 

experiments are shown in Figure 5.3. For example, uncountable colony units were 

observed at 10
-2 

dilutions on conventional PVC surfaces. On the other hand, countable 

colonies were observed at the same dilution (10
-2

 dilution) when S. aureus was cultured 

on PVC+2% SPION nanocomposites. 

 

Figure 5.2. S. aureus biofilm formation on nanocomposite surfaces after 24 hours 

Biofilm formation decreases on PVC+ 2% nanocomposites by ~73%, compared to 

conventional PVC surfaces. Data represents mean ± SEM, N=3.  



165 

 

 

Figure 5.3. Representative colony forming unit observed for the dilutions over the 4-log 

range during the viable cell count experiments. Uncountable colony units were observed 

at 10
-1 

and 10
-2 

dilutions on conventional PVC surfaces. On the other hand, countable 

colonies were observed at the same dilution (10
-2

 dilution) when S. aureus was cultured 

on PVC+2% SPION nanocomposites.  

 

 

In this chapter, magnetic iron oxide nanoparticles reduced the activity of S. aureus when 

incorporated into PVC, a polymer commonly used in endotracheal tube and catheter 

applications which frequently become contaminated. This suggests that the polymer and 

SPION nanocomposites could be used for biomaterial applications prone to excessive 

bacterial growth due to their ability to reduce biofilm formation without using antibiotics.  
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5.4. Potential Applications in Primary and Acute Healthcare Settings  

Here, the possible applications of this broadly applicable infection prevention technology 

platform in healthcare settings will be covered. This multifunctional platform has a 

potential to a) decrease the initial bacterial attachment on the medical device surface (i.e. 

catheter surface); b) further reduce bacterial biofilm formation on the surface by using 

magnetic nanoparticles that can be targeted to the infected site on demand (Figure 5.4). 

When combined with metabolic approaches developed in Chapter 2 and 3, this platform 

might have a potential to monitor bacterial colonization by detecting bacterial metabolic 

activity after utilization of metabolites on the device surfaces, as shown in the literature. 

Moreover, this technology platform is broadly applicable to many other devices 

commonly used in clinical settings. Thus, proposed platform has the potential to impact 

the future of surface engineering and infection control of numerous biomedical devices 

leading to more successful clinical outcomes in terms of longer device lifetimes, 

minimized infections and decreased antibiotic usage; all of which can support decreased 

antibiotic resistance in the primary care setting as well as clinical settings.  

  

In this chapter, the primary focus will be PVC-catheters, since catheter-associated 

infection is a significant problem in the primary care settings where patients perform self-

catheterization or peritoneal dialysis at their home settings. There are also many catheter-

related infections occur in nursing home patients. There is a much broader significance as 

well. There are thousands of ambulatory patients with catheters. These include the 

paraplegics, patients with multiple sclerosis (MS) and other neurological disorders and 

those post prostate surgery.   
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Figure 5.4. Schematic overview of the proposed infection prevention technology: 

PVC+SPION nanocomposites. This broadly applicable multifunctional platform 

technology will: a) decrease the initial bacterial attachment on the medical device surface 

(i.e. catheter surface); b) further reduce bacterial biofilm formation on the surface by 

using magnetic nanoparticles that can be targeted to the infected site on demand. 

Moreover, the nanoroughness of the nanocomposites surfaces can be increased to further 

improve the anti-biofilm properties (as shown in Chapter 2).  
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5.4.1. Infections Associated with Catheters in Primary Care Settings 

CAUTI is currently one of the most common infections and comprises 40% of all 

institutionally acquired infections. In home healthcare settings, CAUTIs occur in 8% of 

patients.
251

 The daily risk of developing CAUTI ranges from 3% to 7% and it 

cumulatively increases as the duration of the catheter use increases.
218

 Moreover, 

according to research held in 11 European countries, the prevalence of indwelling 

catheter use was 5.4% and this went up to 40% in some countries, especially in nursing 

homes in the United Kingdom.
251,254,255

 The risk of developing a urinary tract infection 

was 6.5 times greater than that for non-catheterized individuals.
255

 Another study focused 

on frail elderly women living in the community and reported that the catheter prevalence 

rate was 38.1%. Prevalence of a urinary tract infection was 21% and catheterized patients 

were more likely to die within a year. 
251,256

  

 

For primary care applications, this proposed infection prevention technology could be 

applied to patients who perform self-catheterization at their home settings as well as for 

the patients in nursing homes. In addition, patients who perform peritoneal dialysis (PD) 

at home settings are at the risk of developing infections on the exit-sites of the dialysis 

catheters.  

 

5.4.1.1. Intermittent Catheters (IC) (Self-catheterization)  

As the care of long-term conditions has shifted from the hospital to the community 

settings, there is an associated increase in the use of urinary catheters within patients’ 

homes. Intermittent catheterization (IC) is the insertion and removal of a catheter to 
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empty the bladder several times a day.
257,258

 This self-catheterization method is the 

preferred method for adult and children patients with neurogenic bladder and is an 

integral part of urologic nursing care. A common cause of a neurogenic bladder is spinal 

cord injury, which occurs in more than 200,000 patients (10,000 cases per year) in the 

United States.
257-259

 Other causes might include: a) upper motor neuron disease (i.e. 

stroke, Parkinson’s disease, multiple sclerosis) and b) lower motor neuron disease (i.e. 

pelvic nerve injury, peripheral neuropathy, diabetes mellitus).
257  

 

Urologic nurses are at the forefront of educating and teaching patients how to self-

catheterize. Catheterizations performed in institutions, such as acute and rehabilitation 

hospitals are usually done aseptically.
257

 However, IC has been more frequently 

performed by the patient in the home settings using a clean technique involving the re-use 

of catheters. On the other hand, the introduction of a catheter several times a day can give 

rise to complications. Urinary tract infection (UTI) is the most frequent complication and 

patients who perform IC for long term face a higher risk of infection.
257,258

 Moreover, 

patients who perform IC are at higher risk than the general population for developing a 

UTI and renal deterioration.
257

 UTIs can be the result of poor catheterization technique or 

the passing of the catheter through a very contaminated area of the urethra before it 

reaches the bladder. Cross infection is another problem when the catheterization is done 

by the patients at home-based settings. 
257 
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5.4.1.2. Current Primary Care Practices for the Infection Prevention 

Control and Maintenance of IC 

Several procedures that have been used to decrease the risk of infection are of no benefit. 

The most important prevention methods include the patient education and compliance, 

the use of appropriate catheter type and material, and consistent catheterization 

technique.
258

 However, there are no clear guidelines about length of time for catheter use. 

Most patients re-use the catheters for up to 7 days.
257

 In addition, cleaning techniques for 

catheter maintenance suggested by nurses are soap-and-water washing, boiling, 

microwave sterilization and soaking in an antiseptic solution (i.e. peroxide and povidone-

iodine or Betadine
®

).
257

 On the other hand, the comparative effectiveness of these 

methods is currently unknown. In addition, 8% of the nursing staff reported that daily 

meatal cleaning with an antiseptic actually might increase the risk of infection through 

irritation.
260,261

 Thus, the result of current prevention strategies is the same: the 

colonization or infection of intermittent catheters with more resistant organisms.   

 

Currently, the only available technology to reduce catheter-associated UTI is the use of 

silver-alloy urinary catheters. There are some studies which showed silver-alloy catheters 

reduce infections; at least in the short term.
212,251

 However, silver-alloy catheters are not 

commonly used due to the significant difference in cost between silver-coated and 

uncoated catheters (~$6).
262

 In addition, further research is needed to decide which 

patients are most likely to benefit from silver-coated catheters. Therefore, cost-

effectiveness of using silver-coated catheters rather than the standard ones should be 

further studied.   
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As none of the currently available catheter materials is fully resistant to bacterial 

adherence and biofilm formation, there is a clinical need to create intermittent catheter 

surfaces that can resist bacteria attachment and biofilm formation to decrease the risk of 

UTI. Novel, simple and inexpensive prevention technologies that reduce the incidence of 

catheter-associated infections in primary care settings have a great potential to influence 

the safety of patients whom self-catheterize in their home settings or nursing homes.  

 

5.4.1.3. Peritoneal Dialysis (PD) Catheters  

Peritoneal dialysis (PD) is a simple home-based solution to big growing problem of end 

stage renal disease (ESRD) (Figure 5.5). In 2007, Medicare spent $8.6 billion on the the 

treatment and medications of dialysis patients. Despite the costs, a significant portion of 

the US dialysis patients die every year (20.1% in 2006). The prevalence of chronic 

kidney disease (CKD) in the US adult population was 16.8% of the US population aged 

>20 years according to 1999-2004 National Health and Nutrition Examination Survey 

(NHANES). For CKD patients with ESRD, kidney replacement or dialysis to preserve 

any residual renal function is required. According to the US Renal Data 

System (USRDS), 350,000 ESRD patients were on dialysis in 2006 and an estimated 

530,000 people will need dialysis in 2020 in the US alone. As compared to the traditional 

hemodialysis (HD), peritoneal dialysis (PD) provides higher patient satisfaction in terms 

of cost, mobility, and convenience for medical treatment. HD costs $45,000 per month, 

where as PD costs $2500 per month. 
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Figure 5.5. Schematic diagram of peritoneal dialysis (PD).
263

  PD is a simple home-based 

solution to big growing problem of end stage renal disease. However, infections can 

occur on the catheter surface or at the catheter-exit sites while patients perform PD at 

their home setting. 

 

 

On the other hand, infection is the most common complication of PD (Figure 5.5).
227,228

 

Infections on the PD catheter surfaces or on the catheter exit-sites lead to the occurrence 

of peritonitis, i.e. inflammation of the peritoneum
227

. Catheter infections contribute to PD 

failure, hospitalization of patients who perform PD at their homes and removal of the 

catheter, which significantly increases the overall cost of PD. In addition, there is a 6% 

mortality rate among those suffering from peritonitis. Mortality rate might increase to 

25% if peritonitis develops due to fungal infections.
264 

Thus, complications due to 
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infections at the patients’ home settings create a clinical barrier in the widespread use of 

PD.   

 

5.4.1.4. Current Primary Care Practices for the Infection Prevention 

Control and Maintenance of PD Catheters 

Currently, patients are expected to look at the cloudiness of the fluid and initiate a call to 

their caregivers followed by an office visit. However, turbidity and visual cloudiness 

measurements are not enough and most of the time patients do not warn the caregiver 

until they feel pain, which is already too late. The routine care to prevent catheter exit-

site infections is the proper hand hygiene.
264,265

 Patients are advised to wash their hands 

thoroughly with antibacterial soap or alcohol-based cleaning agent prior to touching the 

exit site. The CDC recommends that when soap and water are not available, alcohol-

based agents are acceptable if they contain at least 60% isopropanol or ethanol.
265

 

However, hand hygiene has been hard to implement. In addition, treatment of exit-sites 

with antibiotics is another approach to prevent infections.
228,264,265

 However, the use of 

exit-site antibiotics has been criticized as fostering the development of resistant 

organisms. For example, resistance to mupirocin has been reported.
266

 Moreover, patients 

with prolonged or repeated courses of antibiotics are at increased risk of fungal 

peritonitis, which significantly increase the mortality risk of the patient. 
264
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5.5. Advantages of the Proposed Infection Prevention Technology over 

Current Primary Care Practice and Guidelines 

In the past decades, control of environmental and personnel contamination has been the 

principal target to decrease both IC and PD catheter-associated infections in the primary 

care. In a population, i.e. nursing homes, where incontinence is common and many 

residents are confused and unable to maintain basic personal hygiene, hand hygiene has 

been hard to implement. On the other hand, this novel technology focuses on providing 

antibacterial medical device surfaces. This broadly applicable multifunctional platform 

technology will: a) decrease the initial bacterial attachment on the medical device surface 

(i.e. catheter surface); b) further reduce bacterial biofilm formation on the surface by 

using magnetic nanoparticles that can be targeted to the infected site on demand. 

Moreover, the nanoroughness of the nanocomposites surfaces can be increased to further 

improve the anti-biofilm properties (as shown in Chapter 2). Our chemical etching 

method to create nanomodified surfaces is simple, low cost and rapid. The surface 

chemistry of the material does not change after the chemical etching. In addition, 

Nanomodified surfaces could resist bacteria attachment and growth without relying on 

the proper hand hygiene of the patient or primary healthcare personnel. It will also offer 

better care and infection control when combined with a proper hygiene. Most 

significantly, this technology does not rely on antibiotic therapy. Common primary care 

practice recommends using antibacterial solutions in the urine drainage bags or using 

antibiotic-based creams (i.e. gentamicin cream) on the exit-sites of PD dialysis catheters. 

However, excessive antibiotic usage causes bacterial resistance. Gentamicin is even 

known to induce biofilm formation.
40

 As nanomodified surfaces decrease bacterial 
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growth, our technology offers the unique advantage to decrease antibiotic usage, 

minimized infections and longer device lifetimes. All of these events can support 

decreased antibiotic resistance in the primary care settings. The advantages of the 

proposed infection prevention technology are summarized in Table 5.1. 
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Table 5.1.  Summary of the Advantages of Proposed Invention Prevention 

Technology over the Current Primary Care Practice and Guidelines 

 

Current Primary Care Practice 

 

 

Proposed Infection Prevention Technology 

 

 

Guideline 

 

 

Disadvantage 

 

 

Innovation 

 

 

Advantage 

 

Hand 

Hygiene 

 

 

Hard to implement 

 

Creates 

nanostructures to 

resist bacterial 

growth 

 

 

Does not rely on hygiene.  

More effective when 

combined with proper 

hygiene 

 

Antibacterial 

agents 

 

None is proven to 

be effective to 

prevent UTI 

 

 

 

 

 

No antibiotics,  

antibacterial 

agents or 

antiseptics used 

 

 

 

 

 

Significantly less risk of 

developing bacterial 

resistance 

 

Less antibiotic usage 

 

Minimized infections 

 

Longer device lifetime 

 

Decreased antibiotic 

resistance in primary care 

 

Meatal 

cleaning with 

soap and 

water 

 

 

Increases the risk 

of infection due to 

irrigation 

 

 

Antibacterial 

solutions in 

urine 

drainage 

bags 

 

 

Not effective, 

increases bacterial 

resistance 

 

Exit-site care 

with 

antibiotic-

cream 

 

Not effective, 

increases bacterial 

resistance and 

fungal infection 

risk, as well as 

mortality risk 
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