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ABSTRACT 

Otitis Media (OM) is the most common reason for U.S. children to get 

prescribed antibiotics. Current oral multidose antibiotics have the potential for causing 

a range of side effects and development of antimicrobial resistance (AMR) due to 

systemic antibiotic exposure. Developing innovative antimicrobials with single-dose 

delivery and sustained efficacy is an effective strategy to circumvent these negative 

impacts of oral antibiotics. To achieve this goal, we synthesized vanadium pentoxide 

nanowires (V2O5) which could turn metabolic products from pathogens into a potent 

antimicrobial, hypohalous acid. This system was applied to the OM treatment in a 

chinchilla model. Single-dose V2O5 formulation was given through chinchilla’s bullae 

and could completely eradicate OM from Streptococcus pneumoniae in the middle ear 

in 7 days. In addition, no tissue toxicity was observed at the given dose of V2O5 

formulation. Nevertheless, due to the micrometer length of the V2O5 nanowires, the 

formulation had to be delivered via intratympanic or intrabullae injections. To further 

achieve non-invasive transtympanic delivery, we developed sub-10-nm silver 

nanoparticles, stabilized with polyvinylpyrrolidone (AgNPs-PVP), with the potential 

of penetrating intact tympanic membranes. AgNPs-PVP showed high antimicrobial 

efficacy against the two main OM pathogens, namely non-typeable Haemophilus 

influenzae and Streptococcus pneumoniae. To ensure sustained presence of AgNPs-

PVP in the middle ear, a formulation based on poloxamer 407 (P407) was designed 

such that an AgNPs-containing solution can be administered through the tympanic 

membrane, which then gels quickly into a firm hydrogel, delivering prolonged 

antimicrobial effect. Future research will focus on surface functionalization of the 
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AgNPs with chemical permeation enhancer to enable trans-tympanic delivery of 

nanoparticles. 
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Chapter 1: Introduction and Background 

1.1. Otitis Media 

1.1.1. Introduction of Otitis Media 

Otitis media (OM) is an inflammation of the middle ear, which can be 

classified as acute OM (AOM), OM with effusion (OME), and chronic suppurative 

OM (CSOM)1. According to a recent global study of OM incidents, the estimated 

annual occurrence rate of AOM is 10.8 new episodes per 100 people2. OM can be 

diagnosed at any age, but children in the age range of 3 to 24 months have a higher 

chance getting the OM3. There are about 95% of children gets at least one episode 

before 5 years old in the U.S., thus, the OM is the most common reason to get 

prescribed antibiotics during childhood4,5. Typical signs and symptoms of OM might 

be ear pain, ear rubbing, clumsiness, disturbed sleep, action delay6. The OM burdens 

children a lot due to their immature structure of the eustachian tube. Researchers spent 

many years comparing the structures of the eustachian tubes in infants/children and 

adults. According to their findings, there are two main differences. First, the average 

length of the eustachian tube in children (18 mm) is about half as long as in adults7. 

The tube usually needs about 7 years to lengthen and grow as long as the adult’s tube. 

In addition, the infant has a short lumen which is about 21 mm compared with the 

lumen in the adult which is 37mm8,9. The shorter tube presented in infants/children 

indicates an immature protective function, thus, the secretions in the nasopharyngeal 

can reflux or insufflate into the middle ear inducing inflammation. Second, comparing 

to the horizontal plane, the angle of the tube is about 10° in children and 45° in 
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adults10. The smaller angle in children implies the immature clearance of the 

eustachian tube and middle ear.  

Bacterial infection is the main reason to induce inflammation in the middle ear. 

Most published data about OM pathogens is from the Pittsburgh Otitis Media Study 

Group11,12. According to literature data, the most common bacteria associating with 

OM are Streptococcus pneumoniae (S. pneumoniae) and non-typeable Haemophilus 

influenzae (NTHi), which contribute to 35% and 23% of cases in AOM respectively. 

S. pneumoniae is a gram-positive pathogen that usually colonizes at the human upper 

respiratory tracts mucosal. NTHi is a gram-negative pathogen that has been considered 

as a respiratory tract pathogen common in local infection. NTHi also can cause other 

invasive infections like meningitis, bacteremia, and lower respiratory tract infection13. 

When these bacteria invade the bloodstream and the middle ear, they start causing 

problems14. 

1.1.2. Current Treatments of Otitis Media 

Oral antibiotic is a common treatment for OM. Current treatments consist of 

ten-day broad-spectrum oral antibiotics. Amoxicillin and clavulanate are widely used 

due to their low cost, safety, and efficacy. In the absence of any known allergies, high-

dose amoxicillin is needed in the initial treatment15–17. A therapy with a high-dose 

combination of amoxicillin and clavulanate is an option for children who have already 

taken the amoxicillin in previous 30 days15. Children who are allergic to penicillin 

would be given oral cephalosporins, such as cefuroxime. In addition, a high-dose 

azithromycin is also a viable alternative to amoxicillin. For children who cannot 
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tolerate oral antibiotics, intramuscular or intravenous ceftriaxone is considered15,18. 

However, since both oral and intramuscular treatments require multiday therapy, 

overuse or multiple use of these antibiotics can significantly increase drug resistance 

in the community15,19.  

Antimicrobial resistance (AMR) has been interested recently because it causes 

lots of serious global healthy concerns20. There are over thirty thousand deaths 

associating with AMR in the U.S. every year, and millions of illnesses and 

hospitalizations across the world20,21. One of the reasons that AMR develops so 

quickly is due to incomplete multidose therapies22. Patients who stop taking the 

required multiday antibiotics early induce the development of AMR23. Therefore, a 

single dose antibiotic with excellent efficacy and sustained drug delivery is desired in 

this situation.  

1.2. Introduction of Nanomedicines 

1.2.1. Vanadium Pentoxide Nanowires (V2O5-NWs) 

The halogenation products have been interested due to their potential of 

becoming antibiotics24. Although the antibacterial, antifungal, and antivirals properties 

of hypohalous acid, such as hypochlorous acid with zero resistance and negligible 

toxicity at up to 100 µg/mL, indicate it as a perfect candidate in drug delivery field25, 

its short half-time live in vivo resists the further applications. Comparing to stabilize 

the hypohalous acid, generating the hypohalous acid around infectious areas is more 

viable.  
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With the company of H2O2, the oxidation of halide, such as chloride and bromide, can 

be catalyzed by vanadium haloperoxidase (V-HPO) which is an enzyme from 

seaweeds used to inhibit the colonization of bacteria on their surface26. Inspired by this 

interesting enzyme, vanadium pentoxide nanowires (V2O5-NWs) were designed to 

mimic the haloperoxidase-like activity of V-HPOs, and catalyzed bromide ions to 

hypobromous acid (HOBr) with H2O2
27, which showed strong antimicrobial effects28. 

The glutathione peroxidase (GPx) like activity of the nanosized V2O5 showed 

nontoxicity to mammalian cells29, thus, it is safe to apply in vivo. 

The content of H2O2 in human reaches to zero30. However, S. pneumonia, the 

common pathogen in OM cases, produces H2O2 (14-25 µg/mL) during its growth31. 

The V2O5-NWs could use this feature to generate hypohalous acid at the infectious 

areas and inhibit the growth of S. pneumoniae locally. 

1.2.2. Silver Nanoparticles (AgNPs) 

Silver nanoparticles (AgNPs) have shown an ability to reduce/solve the AMR, 

and thus they become perfect candidates to replace the multidose/multiday oral 

antibiotics32. Based on AgNPs characteristic of large surface-to-volume ratio, they 

could inhibit both gram-positive and gram-negative bacteria at very low doses33. 

AgNPs' antimicrobial activity is accomplished by releasing free radicals (Ag+) which 

would then cause cellular death34. In short, the general membrane function of 

pathogens including respiration and permeability can be damaged when the AgNPs 

attach to the cell membrane35. Because the permeability can be changed by AgNPs, 

they can easily go through the cell membrane and break the functions of DNA and 
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proteins36,37. The inactivated DNA and proteins further cause cellular death38. AgNPs 

become potential candidates to replace oral antibiotics and have been applied in many 

fields due to their low cytotoxicity in mammalian cells39.  

The chemical reduction reaction method is commonly used to synthesize the 

AgNPs because it is well-established and cost-effective40. Sodium borohydride41, 

glucose42, and aniline43 are common reducing agents in synthesizing AgNPs. Polymers 

like polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA)44, and cellulose are 

common coating agents that act as stabilizers to prevent the aggregation of the AgNPs. 

Although the AgNPs have shown high antimicrobial activity of many pathogens, their 

antimicrobial activity of pathogens in OM is still unknown. 

1.3. Introduction of Hydrogel 

To achieve a sustained delivery, poloxamer 407 (P407), is considered as a 

potential nanocarrier system. P407 is a polymer made up of a hydrophobic unit of 

poly(propylene oxide) (PPO) and two hydrophilic units of poly(ethylene oxide) (PEO) 

that can dissolve in aqueous solution. It becomes widely used because it has reversible 

thermal properties, which allow it to act as liquid-like gel at cool temperature and 

solid-like gel attaching to higher temperature surfaces like skin45,46. It also has shown 

perfect biocompatibility in mucoadhesive formulation without irritation47. Therefore, a 

single-dose and sustained delivered formulation in situ with desired antimicrobial 

concentration can be achieved. 
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2. Chapter 2: Experimental Method and Theory 

2.1. Vanadium Pentoxide Nanowires Project 

2.1.1. Synthesis of Vanadium Pentoxide Nanowires  

A hydrothermal method was used to synthesize vanadium pentoxide nanowires 

(V2O5-NWs). To get V2O5-NWs, VOSO4•nH2O ( >99.9%, Alfa Aesar ), KBrO3 

(>98%, Sigma Aldrich), and Nitric acid (≥65% TraceSELECT® Ultra) were needed. 8 

mmol of VOSO4•nH2O and 5 mmol of KBrO3 were mixed in 30 mL of distilled 

water by stirring 30 mins at room temperature. Nitric acid was then added dropwise to 

the mixture and the pH was adjusted to reach 1-2. The mixture was then transferred to 

a Teflon-lined stainless-steel autoclave and maintained 24 h at 180 °C. Distilled water 

accompanied by ethanol was used to wash the filtered final solution several times after 

the autoclave had naturally cooled down to room temperature. The resulting dark-

yellow powder was vacuum-dried overnight at 80 °C and then analyzed by high-

resolution transmission electron microscopy (HRTEM). 

2.1.2. Antibacterial Test of Vanadium Pentoxide Nanowires  

The antibacterial activities of V2O5-NWs were performed on Streptococcus 

pneumoniae (S. pneumoniae, gram-positive). Brian Heart Infusion (BHI) broth from 

BD Bioscience, was used as the main cultural medium with the supplements of 

defibrinated horse blood and nicotinamide adenine dinucleotide (NADH). S. 

pneumoniae was cultured in a humidified incubator at 37°C with 5% CO2 until it 

reached the mid-log growth phase. Different groups of treatments (nontreated, Br-
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+H2O2, V2O5 NWs, V2O5 NWs+Br-
 and V2O5 NWs+Br-+H2O2) were tested on S. 

pneumoniae for about 15 hours. A UV–Vis Spectrophotometer (Infinite® M1000 

PRO) was used to detect bacterial growth status in optical density of 600 nm (OD600). 

The turbidity background was subtracted from the final reading. All assays were 

estimated in triplicate. Subsequently, the broth of each group was swabbed on Blood 

Agar Plates (TSA with Sheep Blood) and incubated for 15 h at 37 °C with 5% CO2. 

2.1.3. Viability Evaluation of Vanadium Pentoxide Nanowires 

The cytotoxicity tests of V2O5-NWs were performed on the PC-12 cell line 

(CRL-1721.1) and the primary dermal fibroblast cell line (PCS-201-012) which were 

both received from ATCC. PC-12 cells required the cell cultural medium contained F-

12K from Corning with supplements (2.5% fetal bovine serum, 15% horse serum, and 

1% penicillin and streptomycin) from Gibco. The primary dermal fibroblast cells were 

used the Fibroblast Growth Kit-Low Serum (PCS-201-041) from ATCC. They were 

both cultured at 37°C incubator with 5% CO2.  

5x103 cells were seeded in each well in the 96-well plates and cultured 

overnight. Different groups of V2O5-NWs were then introduced for 24h after 

discarding old medium in each well. A mitochondrial metabolic activity assay kit 

(CellTiter 96® A Queous One Solution Cell Proliferation Assay) from Promega Corp. 

was used to evaluate the relative viability of cells. The kit induced background was 

subtracted from the final reading. By comparing with control groups (cells only), the 

relative viability of cells was determined. All assays were estimated in quadruplicate.  
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2.1.4. Animal Maintenance 

Healthy adult male chinchillas weighting between 400 and 650 g from Ryerson 

Chinchilla Ranch were used. The chinchillas were kept in pairs in cages with free 

access to water and food and cared for according to the institutional and national 

protocols. Experiments were conducted and approved by the Institutional Animal Care 

and Use Committee (IACUC) in conjunction with the Cornell University Center of 

Animal Resources and Education (CARE) Animal Use Guidelines. 

2.1.5. S. pneumoniae OM chinchilla model 

All procedures of animal experiments were approved by Cornell University 

Center of Animal Resources and Education (CARE) and the Institutional Animal Care 

and Use Committee (IACUC). In short, 100 µL of S. pneumoniae in Hanks’ balanced 

salt solution (HBSS) with 25 to 75 CFU was applied into the middle ear space via the 

intrabullae injection. The pathogen-induced ears were observed by otoscopy every day 

until the infections were established. The treatment with 100 µL of V2O5-NWs, KBr, 

and H2O2 was then given via intrabullae injection under aseptic condition. During the 

surgery, calcium alginate swabs were used to extract samples from the middle ear at 0, 

24, 48, 72, and 168h, which were then streaked onto blood agar plates; and 22-gauge 

angiocatheters connected to tuberculin syringes were used to obtain the middle ear 

fluid samples at 0h, 24h, 48h, 72h, and 168h as well. The surgery was under 

anesthesia with painkillers (Nalbuphine). After taking serially dilution of the collected 

middle ear fluids in HBSS and cultured on blood agar plates, the infectious severity of 
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each ear could be estimated by counting the number of colonies on plates. A 

successful cure can be defined as a reduction in the number of colonies on plates of 

greater than 99.9% within 7 days of treatment. 

2.1.6. MEF Collection for ICP-MS  

The ICP-MS analysis was performed by Trace Element Research Group at 

UW-Madison & Wisconsin State Laboratory of Hygiene. The collected middle ear 

fluid (MEF) samples were analyzed by a magnetic sector inductively coupled plasma 

mass spectrometry (Thermo-Finnigan Element XR). Vanadium concentrations in MEF 

were determined using a quantitative analysis method that measured vanadium 51 

isotope and used gallium 70 isotope as the internal standard. The obtained vanadium 

concentrations were normalized to major elements in the MEF (Na, Ca, Mg, P). All 

results were estimated in triplicate.  

2.1.7. Auditory Brainstem Response Test 

The Auditory Brainstem Response (ABR) was collected via subdermally 

placed platinum needle electrodes (Astro-Med Grass Instruments, West Warwick, 

Rhode Island, USA). The active electrode, the reference electrode, and the ground 

electrode were placed at the cranial vertex, ventrolateral side of each ear, and the 

dorsum of the animal respectively. The auditory stimulus was delivered via a sealed 

headphone placed inside the external ear canal of the chinchillas. Measurements were 

taken by applying frequent clicks at frequency of 21 Hz and 1000 acquisitions cycles. 
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Chinchillas were anesthetized during the ABR test and monitored until recovery from 

anesthesia.  

Baseline measurements were obtained before injecting treatment via bullae. 

After the treatment injection, the ABR measurements were tested at 1 day, 3 days, and 

6 days. ABR threshold was then analyzed and compared to the baseline measurement 

of each ear.  

2.2. Silver Nanoparticles (AgNPs) Project 

2.2.1. Synthesis of Silver Nanoparticles  

A Chemical reduction reaction was used to synthesize both non-coated silver 

nanoparticles (AgNPs) and polyvinylpyrrolidone coated silver nanoparticles (AgNPs-

PVP) as mentioned before48. silver nitrate (AgNO3, ≥99.9%), polyvinylpyrrolidone 

(PVP, MW 40000), and sodium borohydride (NaBH4, ≥98.0%) were received from 

Sigma, USA. To synthesize AgNPs (0.25 mM), 10 mL of AgNO3 (1.0 mM) was 

added dropwise into a 30 mL of ice-cooled NaBH4 (2.0 mM). The whole process 

happened on a magnetic stir plate and stirred until the mixture became homogenous 

and clear yellow appeared. To synthesize AgNPs-PVP, the final molarity 

concentration ratios of AgNO3:NaBH4:PVP=1:0.7:0.5 should be maintained. AgNO3 

and PVP were prepared in separate beakers at room temperature, then they were 

mixed together at 0°C for 30 mins. A fresh and ice-cooled solution of NaBH4 was 

made in a separate beaker simultaneously. The final step of making AgNPs-PVP was 

adding NaBH4 solution dropwise into the AgNO3-PVP solution and transparent bright 

yellow appeared then.  
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2.2.2. Characterizations of Silver Nanoparticles  

Characterizations of both AgNPs and AgNPs-PVP were analyzed by several 

techniques. A UV–Vis Spectrophotometer (Infinite® M1000 PRO) was used as a 

function of wavelength in the range from 300 to 500 nm to detect optical absorbance 

of nanoparticles. A Bruker Vertex V80V Vacuum Fourier Transform Infrared 

Spectroscopy system (FTIR) in the range of 600-2100 cm-1 was used to detect the 

presence of PVP at the nanoparticle surfaces. A 200 kV field emission Transmission 

Electron Microscopy (FEI F20 TEM/STEM) and Zetasizer (Nano 90) Dynamic Light 

Scattering (DLS) were used to detect particle size and shape.  

2.2.3. Antibacterial Test of Silver Nanoparticles 

The antibacterial activities of both AgNPs and AgNPs-PVP were performed on 

Streptococcus pneumoniae (S. pneumoniae, gram-positive) and non-typeable 

Haemophilus influenzae (NTHi, Gram-negative). Brian Heart Infusion (BHI) broth 

from BD Bioscience with supplements of defibrinated horse blood and nicotinamide 

adenine dinucleotide (NADH) was used to culture S. pneumoniae and NTHi. The 

growth condition was in a humidified incubator at 37°C with 5% CO2.  

The minimum inhibitory concentration (MIC) value for each pathogen was 

estimated by using a suspension assay on 96 well plates. A two-fold serial dilution of 

the AgNPs and AgNPs-PVP from 3.125 µM to 100 µM were cultured with pathogens. 

The test stopped once the pathogens in control groups (no nanoparticles) grew to the 

stationary phase. A UV–Vis Spectrophotometer (Infinite® M1000 PRO) was used to 
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detect bacterial growth status in optical density of 600 nm (OD600). The nanoparticle-

induced turbidity was subtracted from the final reading. All assays were estimated in 

triplicate.  

2.2.4. Viability Evaluation of Silver Nanoparticles 

The cytotoxicity tests of AgNPs and AgNPs-PVP were performed on the PC-

12 cell line (CRL-1721.1) which was received from ATCC. The cell cultural medium 

contained F-12K from Corning with supplements (2.5% fetal bovine serum, 15% 

horse serum, and 1% penicillin and streptomycin) from Gibco. The cultural condition 

was in a humidified incubator at 37°C with 5% CO2.  

1x104 PC-12 cells were seeded in each well in the 96-well plates and cultured 

overnight. Different concentrations of AgNPs and AgNPs-PVP were then tested on 

PC-12 cells for 24h and 48h after discarding old medium in each well. CCK-8 kit from 

Dojindo Molecular Technologies was used to estimate the cellular viability by 

measuring the absorbance at 450 nm after exposing cells to CCK-8 kit for 1-2 hours. 

The CCK-8 kit induced background was subtracted from the final reading. By 

comparing with control groups (cells only), the relative viability of cells was 

determined. All assays were estimated in quadruplicate.   
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3. Chapter 3: Results and Discussion 

3.1. Vanadium Pentoxide Nanowires Project 

3.1.1. Synthesis and Characterization of V2O5 NWs 

V2O5 NWs were synthesized via the hydrothermal reaction by my lab partner 

Dr. Jiayan Lang. The synthesized V2O5 NWs were highly water-dispersible. The size 

and shape of nanomaterial were analyzed by transmission electron microscopy (TEM) 

showed the wire-like shape of synthesized V2O5 NWs with average length of 350 nm 

and width of 25 nm (Figure 1).  

 

Figure 1:TEM Image of Vanadium Pentoxide NWs 

3.1.2. Antibacterial Activity of V2O5 NWs 

The metabolic product (hydrogen peroxide) from S. pneumoniae was able to be 

converted into the antibiotic (HOBr) with the presence of V2O5 NWs and Br- due to 

the haloperoxidase activity of V2O5 NWs.(Figure 2). The V2O5 NWs could achieve 
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using the product from pathogen to kill the pathogen itself and get the “automatically” 

antibacterial system. Therefore, when there is pathogenic OM presenting in the middle 

ear, the V2O5 NWs starts working; when there is no OM presenting, the V2O5 NWs 

will not work and cause any problems.  

 

Figure 2: Schematic representation of the bactericidal properties of Vanadium 

Pentoxide NWs in the middle ear 

The antibacterial abilities of combinations of the V2O5 NWs, Br-, and H2O2 to 

inhibit H2O2 produced bacteria, S. pneumoniae, were evaluated. The OD600 of each 

treated/untreated group was tested until the untreated group (no V2O5 NWs, Br-, and 

H2O2) grew to its stationary phase. With the treatment of Br- and H2O2, the bacterial 

growth curve did not change much compared to the nontreated group. This could 

indicate that the Br- and H2O2 themselves had no antimicrobial activity of S. 
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pneumoniae. With the treatment of V2O5 NWs, the NWs showed moderate 

antimicrobial effects of S. pneumoniae. With the treatments of the V2O5 NWs (0.04 

mg/mL) and Br-, or the treatment of the V2O5 NWs, Br-, and H2O2, bacterial growth 

was significantly inhibited (74.5 to 77.9%) compared to untreated group (Figure 3A). 

The results were same with or without H2O2, indicating S. pneumoniae produced H2O2 

and this metabolic product contributed to the antibacterial effect of inhibiting the 

growth of S. pneumoniae. To verify the results, an aliquot of S. pneumoniae was 

seeded onto blood agar and incubated for 14 h after inoculating it with different 

treatments groups. The clear difference in the number of bacterial colonies on blood 

agars could be observed (Figure 3B), which was consistent with the growth curve.  

 

Figure 3: Antibacterial effect of vanadium pentoxide NWs. A) Bacterial growth 

curve of S. pneumoniae. The OD 600 was measured at different time point until 15 h. 



  
16

V2O5 NWs 0.04 mg/mL Br-,1 mM; H2O2, 20 mM. B) Image of blood agar plate. S. 

pneumoniae from bacteria growth assay were inoculated to ager and incubated for 15 

h at 37 °C. 

The V2O5 NWs were further tested on NTHi. NTHi was tested due to it was 

possible to co-infect with S. pneumoniae. When S. pneumoniae existed, the V2O5 NWs 

started its antibacterial mechanism by converting H2O2 to HOBr. In our design, the 

new generated HOBr could be used not only to inhibit the growth of S. pneumoniae, 

but also the growth of NTHi. As shown in figure 4, with the treatment of Br- and 

H2O2, the bacterial growth curve did not change much compared to the nontreated 

group. This result was same as the result shown in S. pneumoniae. With the treatment 

of the V2O5 NWs group and the V2O5 NWs and Br- group, both of them showed 

moderate antimicrobial effects of NTHi. The same results of two groups indicated 

there were no H2O2 generated from NTHi, and the NWs could not assist to convert to 

a higher antimicrobial system (HOBr). With the treatments of the V2O5 NWs, Br-, and 

H2O2, bacterial growth of NTHi was significantly inhibited compared to untreated 

group. This result indicated that the antimicrobial mechanism of the V2O5 NWs with 

the presence of H2O2 could be applied on NTHi as well. Thus, when S. pneumoniae 

produced H2O2, a higher antimicrobial system (HOBr) could be achieved and inhibit 

NTHi growth. Therefore, we hypothesized that the formulation (the V2O5 NWs and 

Br-) was able to inhibit both bacteria during co-infection situation. However, the co-

infection in vivo set up is too complicated, we have not done any in vivo experiments 

of this part.  
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Figure 4: Antibacterial effect of Vanadium Pentoxide NWs. Bacterial growth curve 

of S. pneumoniae. The OD 600 was measured at different time point until 15 h. V2O5 

NWs 0.04 mg/mL Br-,1 mM; H2O2, 20 mM. 

3.1.3. Anti-bacteria in vivo in an otitis media model 

The V2O5 NWs were tested in chinchilla model showing an antibacterial effect 

on S. Pneumonias, which accounts for 30% of OM infection in clinic. The in vivo 

experiment took about 7 days (Figure 5). At day -3, the isolates (25-75 CFU) of S. 

Pneumonias were inoculated into healthy chinchilla’s bullae, and then each infected 

chinchilla’s tympanic membrane was evaluated by otoscopy every day until the 

infection was confirmed (Figure 6). At day 0, 200 µL of formulation (V2O5 NWs and 

Br-) was injected through chinchilla’s bullae after the infection was established. Then 

the middle ear fluid (MEF) was extracted at day 1, day 3 and day 7 after the single-

dose treatment was given. 
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Figure 5: Timeline of in vivo experiments. 

 

Figure 6: Otoscope exam image of tympanic membrane (TM). Left: TM from 

healthy chinchilla; right: TM from infected chinchilla, slight erythema was observed. 

At the beginning of the treatment (day 1), both V2O5 NWs + Br- and V2O5 

NWs formulations had minor inhibition on bacterial growth, however, only V2O5 

NWs + Br- formulation effectively inhibited bacterial growth in 7 days (Figure 7). 

During the previous in vitro antibacterial test, the V2O5 NWs group showed weaker 

inhibition than that of the V2O5 NWs + Br- formulation, thus, it was reasonable that 
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the V2O5 NWs did not show good inhibition in vivo. The higher antibacterial effect of 

the V2O5 NWs + Br- formulation was due to the induced HOBr with the presence of 

H2O2, which was the advanced antimicrobial mechanism to inhibit bacteria.  

 

Figure 7:Time course of bacterial CFU from middle ear fluid from animals with 

OM. V2O5 NWs (0.08 mg/mL), KBr (1 mM). Data were presented as Mean ± SD. n 

= 4. Log10CFU is set to zero instead of minus infinity for the purpose of this 

illustration. 

In order to verify the eradication of S. Pneumonias, the tympanic membranes 

(TM) with different treatment formulations were further analyzed by histological 

staining and compared with healthy and untreated TM. The thickness of infected TM 

with treatment (V2O5 NWs + Br-) returned to normal compared with the healthy TM, 

while the V2O5 NWs treated,  and untreated TM was about 5 and 10 times thicker than 

that of the healthy TM respectively (Figure 8). Therefore, the formulation (V2O5 NWs 

+ Br-) successfully cured the OM without any tissue damage as shown in Figure 8.  
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Figure 8:Representative H&E-stained sections of tympanic membranes (TM). 

Scale bar, 10 mm. 

To verify the presence of the V2O5 NWs and its antimicrobial effect of S. 

Pneumonias in 7 days, the vanadium contents of different formulations in the MEF 

that collected during the surgery were detected by ICP-MS. From Figure 9, the 

vanadium contents of both formulations (the V2O5 NWs and V2O5 NWs + Br-) in the 

MEF were still detectable at day 7, implying the V2O5 NWs + Br- could keep in the 

middle ear for at least 7 days to convert the metabolic product (H2O2) into the 

antimicrobial product (HOBr) after single dose injection. Since the V2O5 NWs 

formulation only had minor effects on inhibiting bacterial growth, larger volume of 

the MEF was existed in the middle ear, and thus diluted the vanadium contents during 

ICP-MS (Figure 9). 
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Figure 9:Vanadium in MEF were detected by ICP-MS. Vanadium concentrations 

in middle ear fluid 24 h, 72 h and 168 h following a single bulla injection of nanowire 

formulation. Vanadium concentrations are normalized to Sulfur (S) content, a 

surrogate for total tissue quantity. Data were presented as Mean ± SD. n = 3-4 ears per 

time point. 

3.1.4. Biocompatible evaluation  

Cytotoxicity of V2O5 NWs was first evaluated in two cell lines: human dermal 

fibroblast (hFBs) and PC12 Adh (a pheochromocytoma cell line used to test 

neurotoxicity) by using a cell LIVE/DEAD staining assay. The formulations (V2O5 

NWs + Br-+ H2O2) with different concentrations of the V2O5 NWs (0.01 mg/mL and 

0.04 mg/mL) were tested. In figure 10, there was a minor or negligible cytotoxicity 

shown in both cell lines at lower concentration (0.01 mg/mL of the V2O5 NWs) of the 

formulation. However, a half of the cells were dead in two cell lines at the higher 
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concentration (0.04 mg/mL of the V2O5 NWs) of the formulation, which indicate 

cytotoxicity of the V2O5 NWs in vitro. 

 

Figure 10: Cytotoxicity evaluation of Vanadium Pentoxide NWs formulation. 

Confocal microscopy image of LIVE/DEAD staining of hFB and PC12 .Green, live 

cells; red, dead cells. Cells were incubated with V2O5 NWs + Br- + H2O2 for 24 hours. 

V2O5 NWs (0.01 mg/mL or 0.04 mg/mL), KBr (1 mM), H2O2 (10 µM). The scale bar 

is 100 µm. 

The auditory brainstem response (ABRs) was then performed for in vivo 

biocompatibility. After giving treatments at day 0, the ABR tests were performed at 

day 1, day 3 and day 6. The influence of the V2O5 NWs on hearing sensitivity was 

assessed by ABR threshold. Chinchilla’s hearing ability was influenced a little bit at 

the beginning of the test (day 1) and then it returned normally at day 3 and day 6 

(Figure 11). This phenomenon was maybe due to the vibration of the injected liquid-
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phase treatment in the middle ear at the beginning, thus, once the injected treatment 

went through the whole middle ear and not collected in a certain place, the vibration 

had less influence.  

 

Figure 11: Auditory brainstem response test. ABR thresholds in response to 

acoustic click before and after treatment. The black dash line indicated normal 

threshold before formulation treatment. Data are shown as the mean ± SD. (n = 5). 

The untreated and treated TMs were then excised at day 7. The treated TMs 

(V2O5 NWs + Br-) were histologically compared to the healthy TMs that were not 

exposed to any treatments. The histology results showed that the thickness of the 

treated TMs was similar to that of the healthy TMs (Figure 12). This result indicated 

that the formulation was biocompatible in vivo. 
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Overall, although the in vitro experiments on cell lines showed the formulation 

was cytotoxic, the in vivo data was more representative. Therefore, we could conclude 

that the formulation was biocompatible based on the ABR and histology results. 

 

Figure 12: Biocompatibility of Vanadium Pentoxide NWs formulation. H&E 

staining of tympanic membrane cross-sections after 7 days treatment. The scale bar, 5 

µm.  

3.2. Silver Nanoparticles Project 

3.2.1. Synthesis and Characterization of Silver Nanoparticles 

AgNPs were synthesized based on chemical reduction reaction process of 

reducing silver ions (Ag+) with the reducing agent (BH4
-). Sodium borohydride 

(NaBH4) was chosen to reduce Ag+ due to its rapid reaction with Ag+ and ambient 

reaction conditions. The reaction was performed as shown in following eqaution48: 

Ag+ + BH4
- +3H2O → Ag + H3BO3 +7/2H2  
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AgNPs were prone to aggregate and grow to larger sizes at the end of the synthesis. 

This phenomena happened due to the hydrolysis of BH4
- and the production of the 

sodium hydroxide and orthoborate49. To prevent the aggregation of AgNPs, PVP was 

considered as a surface stabilizer due to its strong affinity to the surface of AgNPs, 

therefore, PVP could help to keep the distance between the resulting AgNPs and 

reducing the chance of aggregation. The synthesis was followed a published 

protocol48. In short, an aqueous solution of PVP was added into an aqueous solution of 

AgNO3 under stirring, and then an aqueous solution of NaBH4 was added dropwise 

into the mixture to obtain AgNPs with final molarity ratio of Ag:PVP:NaBH4 = 

2:1:1.4 (Figure 13).  

 

Figure 13: Synthesis method of AgNPs-PVP. AgNO3 and PVP were combined and 

kept stirring 30mins at 0ºC. The NaBH4 was then added to get AgNPs-PVP.  

In order to verify the successful combination of PVP and AgNPs, FTIR spectra 

of PVP, unprotected AgNPs, and AgNPs-PVP were performed (Figure 14). As shown 

in figure 14, both PVP and AgNPs-PVP showed a peak at 1640 cm-1, indicating C=O 

stretching and thus the presence of PVP. In addition, both unprotected AgNPs and 

AgNPs-PVP showed a peak at 1060 cm-1, indicating O-H vibration and thus the 

presence of AgNPs. As a result, the spectrum of AgNPs-PVP showed that the AgNPs-

PVP had both AgNPs and PVP characterizations confirming the successful 
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combination of PVP and AgNPs without reduce/eliminate the properties of AgNPs 

and PVP.  

 

Figure 14: FT-IR spectrum of PVP, unprotected AgNPs, and AgNPs-PVP. The 

spectrum recorded at room temperature in the region (2100–600 cm-1). The spectrum 

of AgNPs-PVP showed that the AgNPs-PVP had both AgNPs and PVP 

characterizations confirming the successful combination of PVP and AgNPs without 

reduce/eliminate the properties of AgNPs and PVP.  

The synthesized unprotected AgNPs and AgNPs-PVP were characterized by 

DLS. For unprotected AgNPs, DLS indicated a boarder size distribution, with an 

average diameter of 31.55 ± 7.9 nm and polydispersity index (PDI) of 0.336 (Figure 

15). Compared to the characterization of unprotected AgNPs, AgNPs-PVP showed a 

narrow size distribution, with average diameter of 9.23 ± 2.03 nm and PDI of 0.149 

(Figure 15). 
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Figure 15: DLS of AgNPs and AgNPs-PVP. DLS results of AgNPs-PVP and AgNPs 

size distribution by number. AgNPs-PVP in aqueous solution showed a narrow size 

distribution with the diameter of 9.23 ± 2.03 nm (mean ± SD) and polydispersity index 

(PDI) of 0.149. AgNPs has the diameter of 31.55 ± 7.9nm with PDI of 0.336. 

The TEM images further provided more characterizations of unprotected 

AgNPs and AgNPs-PVP. The unprotected AgNPs showed spherical shapes (Figure 

16) with average diameter of 25.82 ± 11.98 nm (Figure 17), which were smaller 

compared with the results from the DLS. The size difference in DLS and TEM 

measurements are common as mentioned in other literatures50,51. The DLS usually 

gives the hydrodynamic diameter of the particle, which measures the particle along 

with any coating material and the solvent layer attached to the particle as it moves 

under the influence of Brownian motion, whereas the TEM gives an estimation of the 

projected area diameter with the particle only. Hence, it is possible that the 

hydrodynamic diameter is greater than the size estimated by TEM. The AgNPs-PVP 
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were measured by TEM demonstrating sphere shape (Figure 16) as well with average 

diameter of 10.54±3.11 nm (Figure 17). Therefore, TEM images provided direct 

evidence of the effect of PVP on preventing the aggregation of AgNPs.   

 

Figure 16: TEM of AgNPs and AgNPs-PVP.TEM images of AgNPs and AgNPs-

PVP with scale bar of 5 nm. 

 

Figure 17: TEM analysis of AgNPs-PVP and AgNPs. TEM size distribution of 

AgNPs and AgNPs-PVP obtained by ImageJ. The insert is a size distribution chart for 

AgNPs larger than 20 nm. The diameters of AgNPs-PVP were 10.54±3.11 nm (mean 

± SD); and the sizes of AgNPs were 25.82 ± 11.98 nm (mean ± SD). 
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The successful synthesis of AgNPs and AgNPs-PVP could also be observed 

easily by visual detection. AgNO3 or AgNO3-PVP had a clear color, so the change of 

color (yellow color) could be detected when AgNPs or AgNPs-PVP formed. A freshly 

made aqueous solution of unprotected AgNPs showed a yellow color at the beginning 

with the absorption peaks at 375 nm and 425 nm indicated the polydispersed particle 

size caused by aggregation (Figure 18). After 7 days, the color of the aqueous solution 

of unprotected AgNPs changed to grey, and there was no significant peak showing in 

the absorbance measurements, further indicating its instability and aggregation (Figure 

18). Compared to the unprotected AgNPs, AgNPs-PVP kept the yellow color after 7 

days with the same absorption at 404 nm (Figure 19). The excellent stability of 

AgNPs-PVP solution indicated their greater antibacterial effects against the OM 

pathogens later.  
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Figure 18:Stability tests of AgNPs by using a UV-Vis absorption spectrum. 

Absorbance results of AgNPs in Day 0 and Day 7 with visual detection. AgNPs did 

not show a single wavelength peak at the beginning of test and no significant peak 

appeared after 7 days. The color of AgNPs changed from yellow to grey after 7 days, 

and there were some visible nanoparticles in suspension.  
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Figure 19: Stability tests of AgNPs-PVP by using a UV-Vis absorption spectrum. 

Absorbance results of AgNPs-PVP in Day 0 and Day 7 with visual detection. AgNPs-

PVP had an absorption maximum at 404 nm in Day 0 and at 405 nm in Day 7 showing 

very stable status. The color of AgNPs-PVP kept in bright yellow in 7 days as well.  

The above analysis shows that PVP is a good stabilizer for preventing the aggregation 

of AgNPs and it can be used in further antimicrobial applications.  

3.2.2. Antibacterial Activity of Silver Nanoparticles 

S. pneumoniae and NTHi are common pathogens inducing OM, thus the 

antimicrobial effect of unprotected AgNPs and AgNPs-PVP were tested using these 
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two pathogens. The minimum inhibitory concentration (MIC) and half maximal 

inhibitory concentration (IC50) were tested for both pathogens to quantify the 

antimicrobial effects. MIC measured the lowest concentration of nanoparticles to 

prevent the bacterial growth, and IC50 calculated the concentration of nanoparticles 

where the stationary OD600 of bacteria was reduced by half.  

The antimicrobial effects of unprotected AgNPs against S. pneumoniae 

indicated an average IC50 of 17.88 µM (~2.99 µg/mL) and an average MIC of 25 µM 

(~4.18 µg/mL) (Figure 20). The antimicrobial effects of AgNPs-PVP against S. 

pneumoniae showed an IC50 of 4.14 µM (~0.70 µg/mL)  and an average MIC of 6.25 

µM (~1.04 µg/mL) (Figure 20). 

The antimicrobial effects of unprotected AgNPs against NTHi showed an 

average IC50 of 28.72 µM (~4.88 µg/mL) and an average MIC of 50 µM (~8.5 µg/mL) 

(Figure 21). The antimicrobial effects of AgNPs-PVP against NTHi showed an IC50 of 

9.45 µM (~1.61 µg/mL) and an average MIC of 12.5 µM (~2.13 µg/mL) (Figure 21). 

The greater antimicrobial effects of AgNPs-PVP were due to their smaller sizes with 

their larger surface-to-volume ratio compared to unprotected AgNPs, and thus they 

had more surface area to interact with pathogens.  

The antimicrobial effects of both unprotected AgNPs and AgNPs-PVP against 

S. pneumoniae showed stronger effects than that of the NTHi. This phenomena 

happened could be due to their different gram types or the known production of H2O2 

by S. pneumoniae (0.1 – 0.71 mM) which was used to compete with co-infected 

bacteria52. 
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Figure 20:Antibacterial effect of non-coated AgNPs and AgNPs-PVP on S. 

pneumoniae. The first dash line represents the IC50 of each pathogen with mean ± SD, 

and the second dash line represents the minimum inhibitory concentration (MIC) of 

each pathogen. The evaluation of the antibacterial activity of AgNPs-PVP against S, 

pneumoniae showed higher effects than AgNPs’ results, with higher IC50 averages of 

4.14 µM with higher MIC of 6.25 µM. 
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Figure 21:Antibacterial effect of non-coated AgNPs and AgNPs-PVP on NTHi. 

The first dash line represents the IC50 of each pathogen with mean ± SD, and the 

second dash line represents the minimum inhibitory concentration (MIC) of each 

pathogen. The evaluation of the antibacterial activity of AgNPs-PVP against NTHi 

showed higher effects than AgNPs’ results, with higher IC50 averages of 9.45 µM with 

higher MIC of 12.5 µM. 

3.2.3. Cytotoxicity Evaluation of Silver Nanoparticles 

Cytotoxicity of AgNPs-PVP was evaluated in PC12 Adh (a 

pheochromocytoma cell line used to test neurotoxicity) by CCK-8 assay. The 

percentage of cell viability was evaluated at different concentrations of AgNPs, PVP, 

and AgNPs-PVP. 

AgNPs in the range of 0-100 µM showed negligible cytotoxicity in PC 12 cells 

for both 24h and 48h (Figure 22), which were much higher than the MIC tested on the 

OM pathogens before. PVP was tested in the range of 0-50 µM corresponding to the 

concentrations in AgNPs-PVP. PVP demonstrated minor cytotoxicity in the high 

concentration (50 µM) (Figure 23), which was consistent with the previous 

literature53. AgNPs-PVP in the range of 0-100 µM were non-toxic in 24h, however, 

cell viability decreased by 20% and 80% at the concentration of 50 µM and 100 µM in 

48h (Figure 24). According to the concentrations we used in testing OM pathogens, 

the MICs of AgNPs-PVP to completely inhibit the growth of S. pneumoniae and NTHi 

were 6.25 µM and 12.5 µM respectively. AgNPs-PVP did not show any cytotoxicity 
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at or below the MICs at both 24h and 48h, thus the AgNPs-PVP were safe at effective 

concentrations.  

 

Figure 22: Toxicity Evaluation of AgNPs in vitro. Cell viabilities of PC-12 after 

incubating with different concentrations of AgNPs in 24 and 48 hours. Media without 

NPs was considered as 100% cell viability. The error bar is the standard deviation. 

n=4. 

 

Figure 23: Toxicity Evaluation of PVP in vitro. Cell viabilities of PC-12 after 

incubating with different concentrations of PVP in 24 and 48 hours. Media without 
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NPs was considered as 100% cell viability. The error bar is the standard deviation. 

n=4. 

 

Figure 24: Toxicity Evaluation of AgNPs-PVP in vitro. Cell viabilities of PC-12 

after incubating with different concentrations of AgNPs-PVP in 24 and 48 hours. 

Media without NPs was considered as 100% cell viability. The error bar is the 

standard deviation. n=4. 

3.2.4. Synthesis and Characterization of Hydrogel Delivery System 

AgNPs-PVP were chosen to formulate the hydrogel delivery system with P407 

due to their higher antimicrobial effects compared with the unprotected AgNPs. 

AgNPs-PVP in the range of 0-100 µM were added into 18% (w/v) [P407]. The 

formulation was referred to as XµM[AgNPs-PVP]-18%[P407], where X indicated 

AgNPs-PVP concentration (Figure 25).  

As mentioned before, the P407 was chosen to act as a hydrogel delivery 

system due to its reverse thermal gelation property, thus. it could flow readily into 
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place with loaded AgNPs-PVP, and then promptly became a gel and gave sustained 

release when it contacted to higher temperature surface. The 18% (w/v) [P407] was 

chosen based on our previous experiments54. The storage (G′) and loss (G′′) moduli 

were tested in the range of 20-40 ºC by linear oscillatory shear rheology. The gelation 

temperature which defined as hydrogel transited from liquid to solid gel was the point 

where G′ was at least 2 kPa larger than G′′. 

The hydrogel formulation containing 18%[P407] only had a gelation 

temperature of 25ºC, and G′ and G′′ of 12.27 ± 0.42 kPa and 4.22 ± 0.21 kPa at 37ºC 

(Figure 26). With 50 µM AgNPs-PVP, the gelation temperature did not change much, 

and it kept at 24ºC with G′ and G′′ of 12.29 ± 0.19 kPa and 4.63 ± 0.14 kPa 

respectively at 37ºC (Figure 27). With 100 µM AgNPs-PVP, the gelation temperature 

kept at 24 ºC, with G′ and G′′ values of 14.41 ± 1.91 kPa and 6.07 ± 0.50 kPa 

respectively at 37ºC (Figure 28). However, with 200 µM AgNPs-PVP, gelation did not 

obtain with reduced G′ (5.29 ± 0.66 kPa). This phenomenon happened could be due to 

the interaction between P407 and PVP which disabled the P407 chains to form 

micelles and pack into a solid-like gel.  

 

Figure 25: Synthesis of hydrogel delivery system. In brief, powdered poloxamer 

407 (P407) was added into DI water and stirred until all powder dissolved and clear 
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solution appeared. AgNPs-PVP was then added into the synthetized P407 and stirred 

until it became homogeneous. The hydrogel formulation was referred as 

XµM[AgNPs-PVP]-18%[P407], where X indicated AgNPs-PVP concentration at 50 

µM, 100 µM, and 200 µM; and 18% is weight per volume of P407.  

 

Figure 26: Mechanical Properties of 18%[P407].Gelation of aqueous solutions of 

18%[P407] 
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Figure 27: Mechanical Properties of 50µM[AgNPs-PVP]-18%[P407]. Gelation of 

aqueous solutions of 50µM[AgNPs-PVP]-18%[P407]. 

 

Figure 28: Mechanical Properties of 100µM[AgNPs-PVP]-18%[P407]. Gelation of 

aqueous solutions of 100µM[AgNPs-PVP]-18%[P407]. 
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Figure 29: Mechanical Properties of 200µM[AgNPs-PVP]-18%[P407]. Gelation of 

aqueous solutions of 200µM[AgNPs-PVP]-18%[P407]. 

3.2.5. In vitro Release of AgNPs-PVP from the Hydrogel Formulation 

The cumulative release of AgNPs-PVP from the hydrogel formulation was 

tested based on a Transwell® set up. Two formulations, 50µM [AgNPs-PVP]-

18%[P407] and 100µM[AgNPs-PVP]-18%[P407], were evaluated (Figure 30). At the 

first 3 hours, there was no difference in releasing rates between two hydrogel 

formulations (Figure 30). However, the hydrogel formulation with lower initial 

loading amount showed higher releasing rate started at 6 hours. At 6 hours, 49.49 ± 

1.24 % was released from 50µM[AgNPs-PVP]-18%[P407] and 44.64 ± 2.94 % was 

released from 100µM[AgNPs-PVP]-18%[P407] (Figure 30). At 24 hours, 77.41 ± 

1.60 % was released from 50µM[AgNPs-PVP]-18%[P407] and 74.37 ± 1.56 % was 
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released from 100µM[AgNPs-PVP]-18%[P407] (Figure 30). At 48 hours, 87.03 ± 

1.25 % was released from 50µM[AgNPs-PVP]-18%[P407] and 80.61 ± 1.65 % was 

released from 100µM[AgNPs-PVP]-18%[P407] (Figure 30). The cumulative release 

fraction of 100µM[AgNPs-PVP]-18%[P407] was less than that of the 50µM[AgNPs-

PVP]-18%[P407] due to the entanglement between PVP and P407 chains that reduced 

the rate of passive diffusion. 

 
Figure 30: Cumulative in vitro release of 50 µM and 100 µM AgNPs-PVP from 

hydrogel delivery system. n=3. Data were mean±SD. 

3.2.6. Antibacterial Activity of Hydrogel Delivery System 

 The hydrogel formulation with the highest concentration of AgNPs-PVP, i.e., 

100µM[AgNPs-PVP]-18%[P407], while keeping the reverse thermal gelation was 
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tested to inhibit the growth of S. pneumoniae and NTHi. The antibacterial activity of 

the hydrogel delivery system was performed by the spread plate technology. 

During the OM, an auditory bullae usually has the volume of the middle ear 

fluid in the range of 1.52 ± 0.26 mL (mean ± SD)55. To mimic this environment, we 

assumed at least a half of the auditory bullae was occupied with the middle ear fluid. 

Thus, 500 µL hydrogel formulation was applied to 500 µL bacteria broth and 

incubated for 24 hours. The antimicrobial effects of the hydrogel formulation were 

evaluated by counting the colony-forming unites (CFU) on the agar plates after 24-

hour incubation.  

In this study, 100µM[AgNPs-PVP]-18%[P407] were tested, while pure 

bacterial broth and 18%[P407] acted as a control. The countless colonies of both S. 

pneumoniae and NTHi showed on both untreated and 18%[P407] groups, while 

100µM[AgNPs-PVP]-18%[P407] completely eradicated both pathogens (Figure 31). 

These results showed that AgNPs-PVP could be released from hydrogel system and 

exerted antimicrobial effects on bacteria nearby, indicating the potential of this local 

treatment to cure the OM. 
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Figure 31: Antibacterial effects of hydrogel delivery system testing on 

Streptococcus pneumoniae and NTHi. A 500 µL of 100µM[AgNPs-PVP]-

18%[P407] was pipetted into a 5 mL round bottom tube and stored at 37°C until the 

formulations became solid-like gel. Next, the 500 µL of prewarmed bacterial broth 

was added into the tube. This process mimics the real situation when hydrogel 

formulations attached to bacterial broth via perforated TM directly. Then, the tube was 

incubated at 37°C in a humidified 5% CO2-containing atmosphere for 24 hours 

making sure the majority of AgNPs-PVP was released from hydrogel formulation. A 

drop (100 µL) of suspension was then spread onto nutrient agar plates following the 

spread plates technology and incubated for 24 hours. The colony forming units were 

compared with control groups. The suspension from 100µM[AgNPs-PVP]-18%[P407] 

could inhibit both Streptococcus pneumoniae and NTHi. 
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3.2.7. Cytotoxicity Evaluation of Hydrogel Delivery System 

The cytotoxicity of XµM[AgNPs-PVP]-18%[P407] in the concentration range 

of 0 µM to 100 µM was evaluated in human dermal fibroblast (hFBs) after 24 hours 

following the cell LIVE/DEAD staining assay. The hFBs cell was chosen due to its 

common use and important role in tissue repair in animals. The XµM[AgNPs-PVP]-

18%[P407] in the AgNPs-PVP concentrations range of 0 µM to 100 µM showed 

negligible cytotoxicity (Figure 32). The percentages of cell viabilities were then 

further obtained by ImageJ to verify the results from the LIVE/DEAD staining, 

indicating > 90 % viability of all concentrations of hydrogel formulations tested 

(Figure 33).  

Even though 50 µM and 100 µM AgNPs-PVP (without hydrogel) reduced cell 

viability in the previous cytotoxicity study. We did not find any cytotoxicity at 

50µM[AgNPs-PVP]-18%[P407] and 100µM[AgNPs-PVP]-18%[P407] formulations. 

This phenomenon could be contributed to the slow release of AgNPs-PVP from 

hydrogel formulations, thus reducing the contact concentration to hFBs cell. Overall, 

the results indicated that XµM[AgNPs-PVP]-18%[P407] formulation was 

biocompatible to mammalian cell.  
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Figure 32: Toxicity evaluation formulation XµM[AgNPs-PVP]-18%[P407] in 

vitro. Cell viabilities of human dermal fibroblast cells (HFBs) measured by using 

LIVE/DEAD staining after incubating with XµM[AgNPs-PVP]-18%[P407], with 

scale bar of 100 µm.  

 

Figure 33:Toxicity evaluation formulation XµM[AgNPs-PVP]-18%[P407] in 

chart. Organized the percentage of cell viabilities with XµM[AgNPs-PVP]-

18%[P407] formulation confirming the data as shown in A. Data were presented as 

mean ± SD. n=4.  
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4. Chapter 4: Conclusions 

4.1. Vanadium Pentoxide Nanowires Project 

4.1.1. Conclusion 

In conclusion, an “automatic” antibacterial system. combining 

haloperoxidases-mimic V2O5 NWs and low-dose Br-, successfully eradicated S. 

pneumoniae in the OM. V2O5 NWs can effectively covert metabolic products of 

pathogens (H2O2) into potent antimicrobials hypobromous acid  in the presence of Br-, 

resulting in a strong and sustained antibacterial activity. Therefore, when S. 

pneumoniae presented in the middle ear and caused OM, the automatic antibacterial 

system started working; when S. pneumoniae was not in the middle ear, the automatic 

antibacterial system would keep silence.  

The single-dose V2O5 NWs with Br- were able to eradicate S. pneumoniae in 

the chinchilla OM model, without any side effects or tissue damage. More 

importantly, different from the conventional antibiotic (targeting specific bacterial 

signaling and regulatory systems), this in situ hypohalites generation system was less 

prone to breed drug resistance due to their antimicrobial mechanism. The 

nanomaterial-based hypohalites generated strategy provide an alternative approach for 

local infectious disease.  

4.2. Silver Nanoparticles Project 

4.2.1. Conclusion 
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In summary, the hydrogel formulation, i.e., 100µM[AgNPs-PVP]-18%[P407], 

successfully eradicated S. pneumoniae and NTHi in the OM without any cytotoxicity. 

AgNPs-PVP was successfully synthesized by a chemical reduction reaction using 

NaBH4 as a strong reducing agent and PVP as a protection layer. The unaggregated 

AgNPs-PVP with narrow size distribution (~9 nm) effectively inhibited S. pneumoniae 

and NTHi at effective MIC of 6.25 µM (~1.04 µg/mL) and 12.5 µM (~2.13 µg/mL) in 

vitro respectively.  

To achieve a sustained release of AgNPs, a hydrogel delivery system, i.e., 

100µM[AgNPs-PVP]-18%[P407], was formulated. The gelation temperature (24.06 ± 

1.28 ºC) and storage (14.41 ± 1.91 kPa) and loss (6.07 ± 0.50 kPa) modulus of 

100µM[AgNPs-PVP]-18%[P407] at 37 ºC were tested using linear oscillatory shear 

rheology. The AgNPs-PVP released from the hydrogel formulation exerted 

antimicrobial effects toward OM induced pathogens and did not show any cytotoxicity 

to mammalian cells. We believe 100µM[AgNPs-PVP]-18%[P407] is a promising 

hydrogel formulation to achieve non-invasive delivery through external ear canal. 
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5. Chapter 5: Future Plan 

5.1. in vivo Experiment 

Because the antimicrobial tests of protected AgNPs (AgNPs-PVP) and 

hydrogel formulation (100µM[AgNPs-PVP]-18%[P407]) both eradicated the 

pathogens in the OM, the hydrogel formulation would be considered to apply in vivo 

in the future.  

TM is an impermeable tri-layer membrane whose outer layer is a stratified 

squamous keratinizing epithelium continuous with the skin of the external auditory 

canal. Thus, it is hard to penetrate the TM. PVP is a large polymer with MW about 

40,000, which maybe impedes its penetration through the TM. During previous 

research54, only 4% of ciprofloxacin could be delivered through the TM, thus, larger 

concentrations of AgNPs-PVP carried by P407 hydrogel gives more opportunity to 

deliver higher concentration of AgNPs-PVP. However, only 100 µM of AgNPs-PVP 

could be carried by P407 hydrogel. If we assume the AgNPs-PVP have the same 

release fraction through the TM as that of the ciprofloxacin, only 4 µM of AgNPs-

PVP could be delivered. When the middle ear occupied with the middle ear fluid 

during the active OM, the delivered 4 µM AgNPs-PVP would be diluted and cannot 

reach the MIC of inhibiting the growth of pathogens.  

Therefore, a new designed hydrogel delivery system or new modified silver 

nanoparticle would be considered in the future in order to achieve the in vivo 

experiments.  

5.2. Surface functionalization of AgNPs  
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A new modified silver nanoparticle is considered in the further research. Some 

small molecules with small molecular weight and property of chemical permeation 

enhance are considered as new coating agents to prevent the aggregation. 

Because the silver nanoparticle is metal nanoparticles, the small molecules 

with thiol groups are first considered, due to their affinity of metal. The 3-

Mercaptopropyl trimethoxy silane (3MPS) with MW of 196.34 is a good example, 

which has shown a great potential for broadening the selectivity of the matrix in 

surface enhanced Raman spectroscopy experiments56. The 3MPS coated silver 

nanoparticles will be synthesized in the future and their antimicrobial effects will 

tested then. If the 3MPS coated silver nanoparticles show good antimicrobial effects, 

the application of them in P407 hydrogel will be performed and analyzed. 

5.3. Enhance Drug Diffusion in Hydrogel Formulation 

New strategy to help the penetration of the TM will be considered in the future. 

The first strategy that comes into the mind is to incorporate the chemical permeation 

enhancers (CPEs) in P407 hydrogel system. CPEs are molecules that interact with the 

constituents of skin's outermost and increase its permeability57. 

During previous research, the CPEs did show positive influence on enhancing 

the drug penetration through the TM/skin54,57. CPEs like Sulphoxides (DMSO), 

Azones (laurocapram), and Pyrrolidones (2-pyrrolidone)58 might be considered based 

on their interaction with P407 hydrogel and their further help on drug diffusion. Up to 

date, the DMSO reduced the solid-like gelation property of P407. Other CPEs like 
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methyl laurate, limonene, and Octoxynol-9 will be considered based on their tests on 

helping transferring antibiotics like ciprofloxacin across the TM before.  

The hydrogel formulation with new protected AgNPs and CPEs would be 

tested in vitro (get cumulative release of protected AgNPs over time) and ex vivo (test 

the diffusion rate of new formulation across the TM) as well.  
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