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Abstract: There has been a significant and growing concern over nosocomial medical device 

infections. Previous studies have demonstrated that embedding nanoparticles alone (specifically, 

zinc oxide [ZnO]) in conventional polymers (eg, polyvinyl chloride [PVC]) can decrease bacteria 

growth and may have the potential to prevent or disrupt bacterial processes that lead to infection. 

However, little to no studies have been conducted to determine mammalian cell functions on such 

a nanocomposite material. Clearly, for certain medical device applications, maintaining healthy 

mammalian cell functions while decreasing bacteria growth is imperative (yet uncommon). For 

this reason, in the presented study, ZnO nanoparticles of varying sizes (from 10 nm to .200 nm 

in diameter) and functionalization (including no functionalization to doping with aluminum 

oxide and functionalizing with a silane coupling agent KH550) were incorporated into PVC 

either with or without ultrasonication. Results of this study provided the first evidence of greater 

fibroblast density after 18 hours of culture on the smallest ZnO nanoparticle incorporated PVC 

samples with dispersion aided by ultrasonication. Specifically, the greatest amount of fibroblast 

proliferation was measured on ZnO nanoparticles functionalized with a silane coupling agent 

KH550; this sample exhibited the greatest dispersion of ZnO nanoparticles. Water droplet tests 

showed a general trend of decreased hydrophilicity when adding any of the ZnO nanoparticles 

to PVC, but an increase in hydrophilicity (albeit still below controls or pure PVC) when using 

ultrasonication to increase ZnO nanoparticle dispersion. Future studies will have to correlate this 

change in wettability to initial protein adsorption events that may explain fibroblast behavior. 

Mechanical tests also provided evidence of the ability to tailor mechanical properties of the 

ZnO/PVC nanocomposites through the use of the different ZnO nanoparticles. Coupled with 

previous antibacterial studies, the present study demonstrated that highly dispersed ZnO/PVC 

nanocomposite materials should be further studied for numerous medical device applications.
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Introduction
In US hospitals, contaminated medical devices account for half of the estimated 

1.7 million annual cases of nosocomial infection.1,2 Therefore, it is imperative to begin 

constructing these devices out of materials that are resistant to bacterial adhesion and 

propagation. Previous studies have shown that nanocomposite samples of zinc oxide 

(ZnO) and polyvinyl chloride (PVC) have antibacterial properties without the use of 

pharmaceutical agents; this makes such a material desirable for use in a wide array 

of medical devices.3 However, for numerous medical device applications (eg, wound 

healing devices, orthopedic soft tissue devices) it is necessary to not only inhibit 

bacterial growth but to also maintain or promote healthy mammalian cell growth 

(eg, fibroblasts) due to the critical role fibroblasts play in the wound healing process. 
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For the above reasons, for the first time, this study aimed to 

assess the compatibility of fibroblasts on nanocomposites of 

ZnO and PVC that were previously shown to reduce bacte-

rial growth.3

Some studies have indeed investigated fibroblast functions 

on surfaces with nanotopographical features; however, these 

surfaces were not shown to decrease bacterial functions. For 

example, previous studies have demonstrated that initial fibro-

blast adhesion moderately increased on silica surfaces with a 

colloidal nanotopography.4 However, some studies have also 

demonstrated adverse effects of nanostructures on cell adhe-

sion,5 and there has a been lack of understanding as to why some 

nanofeatures increase cellular functions while others may not. 

The authors’ group has observed that increased cellular (eg, 

osteoblasts, fibroblasts, endothelial cells) functions can result 

on nanotopographies which possess altered wettability due 

to the presence of such nanofeatures.6–10 This is because such 

changes in surface energy promote the adsorption of proteins 

(eg, fibronectin, vitronectin) known to promote cell adhesion 

and subsequent cellular functions (eg, extracellular matrix 

deposition).10–14 In fact, the authors have even generated an 

equation which correlates changes in surface wettability (due 

to nanoscale features) to the enhanced adsorption of proteins 

known to promote cellular functions, allowing one to calculate 

the exact nanometer feature necessary for a given material to 

promote cell functions.10 The authors believe these same surface 

energy mediated protein adsorption events are occurring on 

ZnO/PVC nanocomposites to decrease  Staphylococcus aureus 

growth by as much as 87% after 24 hours.3

Of course, even with such a mechanistic understanding 

of the promoted mammalian cell responses on materials 

with nanofeatures, specific testing is needed for the present 

ZnO/PVC nanocomposites. This is especially important 

since studies have reported mammalian toxicity of Zn at 

concentrations .225 mg, which is well below the amount 

included in the present composites.11 Results of this study 

demonstrate for the first time significantly greater fibroblast 

proliferation on ZnO/PVC nanocomposites with a greater 

dispersion of ZnO nanoparticles through the use of ultrasoni-

cation and functionalized ZnO nanoparticles, which when 

combined with the aforementioned antibacterial properties 

of such composites, indicates they should be further studied 

for numerous medical applications.

Materials and methods
ZnO/PVc nanocomposite preparation
In order to produce ZnO/PVC nanocomposites, medical 

grade PVC (taken from a commercial Sheridan® 6.0 mm ID 

uncuffed endotracheal tube; Hudson RCI, Temecula, CA, 

USA) was dissolved in cyclohexanone (Sigma-Aldrich, 

St Louis, MO, USA) at a ratio of 1g PVC:6 mL cyclohexanone 

with the aid of mechanical stirring and heating to 80°C on 

a hotplate. Once the PVC was completely dissolved, ZnO 

nanoparticles with diameters of 10–30 nm (labeled 10 nm), 

35–45 nm (labeled 35 nm), 80–200 nm (labeled 80 nm), 

and ,200 nm (labeled 200 nm); 15 nm ZnO nanoparticles 

doped with 2 wt% aluminum oxide (labeled AZO); and 

20 nm ZnO nanoparticles coated with 1 wt% KH550 (a silane 

coupling agent; US Research Nanomaterials, Houston, TX, 

USA) (labeled KH550) were added to the mixture at 15 wt%. 

ZnO nanoparticles functionalized with silane were chosen 

since such a functionalization should improve the dispersion 

of the nanoparticles in PVC. Control samples were prepared 

in the same manner, minus the addition of any  nanoparticles. 

The mixtures were stirred for 15 minutes until visibly 

homogenous. Then, some of the samples were placed in an 

ultrasonicator (BioLogics Ultrasonic Homogenizer Model 

150VT; BioLogics Inc, Manassas, VA, USA) at 45–60 W at 

20 kHz for about 3 minutes to ensure an even distribution of 

the nanoparticles. Samples either ultrasonicated or not were 

then pipetted onto glass slides (Thermo Fisher Scientific, 

Waltham, MA, USA) and were allowed to dry overnight 

in a chemical hood. Samples were then sterilized before all 

subsequent testing by soaking in 70% ethanol for 1 hour.

Material characterization
scanning electron microscopy (seM)
The nanocomposite surface topographies were imaged 

using an SEM (Hitachi S4800, 3.0 kV accelerating voltage; 

Hitachi Ltd, Tokyo, Japan) according to standard operating 

procedures. The samples were coated with a 4 nm layer of pal-

ladium (Pd) using a sputter coater (Cressington 208; Cress-

ington Scientific Instruments Ltd, Watford, UK).  Backscatter 

images were taken of the samples to confirm that the surface 

features were caused by the ZnO nanoparticles.

Water droplet diameter measurements
As a means to assess the wettability of the composites, the 

diameter of water droplets was measured. For this, a 5 µL 

droplet of distilled water was carefully placed with a micropi-

pette onto the surface of each composite. After 20 seconds, the 

diameter of the droplet was measured with calipers. Previous 

studies have correlated increased water droplet diameters to 

decreased water contact angles, and thus greater wettability.3

Mechanical testing
To determine the mechanical properties of composites, 

35 mm × 9 mm ZnO/PVC samples were fabricated, held 
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with 10 mm gaps between clamps, and were pulled apart 

at 0.33 mm/second by a mechanical tester (Instron 5943; 

Instron, Norwood, MA, USA) until they failed. The machine 

recorded the extension and load, which was used to calculate 

the strain and stress and find the ultimate tensile strain and 

Young’s modulus for each composite.

cellular proliferation assay
To determine fibroblast proliferation on the samples of inter-

est, 12 mm diameter PVC/ZnO nanocomposites were placed 

into 24-well plates, sterilized with 70% ethanol (Sigma-

Aldrich) and washed twice for 3 minutes each with phosphate-

buffered saline (Sigma-Aldrich). Human skin fibroblasts (line: 

Detroit 551; American Type  Culture  Collection, Manassas, 

VA, USA) were washed with  phosphate-buffered saline, 

trypsinized from a T-25 flask with 5 mL of weak trypsin 

(0.001%), and then incubated for 3 minutes at 37°C. After 

that, 1 mL of fetal bovine serum was added to supplement 

the 0.25 mL fetal bovine serum that existed in the 5 mL 

fibroblast growth media (consisting of 94% Eagle’s Minimum 

Essential Medium, 5% fetal bovine serum, and 1% penicillin/ 

streptomycin) (Life Technologies, Carlsbad, CA, USA).

The cells were then mixed 20 times with a micropipette, 

transferred to a 15 mL Falcon tube, and centrifuged for 

3 minutes at 1,200 rpm. The previous media was aspirated 

and the cells were re-suspended in 5 mL of fibroblast growth 

media. The cell density was established through the use of a 

hemocytometer and each well plate was seeded with 1 mL 

at a density of 10,000 cells/mL (or 10,000 cells per sample). 

The cells were cultured for 18 hours.

The samples with adherent cells were transferred to a 

fresh well plate and washed with phosphate-buffered saline. 

New growth media (1 mL) was added to each well as well as 

150 µL of the methylthiazol tetrazolium dye. Per the manufac-

turer’s instructions, the samples were incubated for 5 minutes 

at 37°C and were stopped with the addition of 1 mL of a stop 

solution N,N-dimethylformamide and sodium dodecyl sulphate 

provided by the manufacturer (Life Technologies). From each 

well, 200 µL was transferred to four wells of a 96-well plate and 

the plates were read by a spectrophotometer (SpectraMax® M3; 

Molecular Devices LLC, Sunnyvale, CA, USA), from which 

the final cell density was calculated using a standard curve.

statistical analysis
For the mechanical tests, numerical data were ana-

lyzed for significance using Student’s two-sample t-test, 

comparing each nanoparticle group against the control 

group (no  nanoparticles). Five samples of each nanocom-

posite type were tested (N=5). Values are reported as the 

mean ± standard deviation. For the fibroblast proliferation 

assays, numerical data were analyzed for significance using 

Student’s two-sample t-test, comparing each nanoparticle 

group against the control group (no added nanoparticles). 

Three samples of each nanocomposite type were utilized 

during each run of the experiment, which was repeated in 

triplicate (N=3, n=3). Values are reported as the mean ± 

standard deviation.

Control
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ZnO_80 nm
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KH550_20 nm

AZO_15 nm

1 kX 10 kX

50.0 µm 5.00 µm 1.00 µm

50.0 µm 5.00 µm 1.00 µm
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Figure 1 Scanning electron microscope images of the ultrasonicated zinc oxide/
polyvinyl chloride nanocomposite samples. While all nanocomposites exhibited some 
agglomeration, the 10–30 nm, 35–45 nm, and KH550-functionalized nanocomposites 
displayed visibly finer nanofeatures than the other samples. Moreover, the KH550-
functionalized nanoparticles provided the best nanocomposite dispersions in 
polyvinyl chloride.
Abbreviations: aZO, zinc oxide nanoparticles doped with 2 wt% aluminum oxide; 
KH550, zinc oxide nanoparticles coated with 1 wt% KH550; ZnO, zinc oxide.
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Results and discussion
Material characterization
For the ultrasonicated samples, SEM images showed the 

expected surface features at the nanoscale for each nano-

composite (Figure 1). Backscatter images confirmed that the 

surface features were caused by the ZnO nanoparticles. All 

nanoparticle sizes exhibited some agglomeration, but the 

200 nm nanoparticles were significantly more agglomerated 

than the others. The 10 nm and 35 nm nanocomposites had 

the finest nanofeatures, while the 80 nm nanocomposites had 

less fine features and the 200 nm samples had features at 

the microscale. The surface roughness of the 20 nm KH550-

functionalized samples demonstrated the best nanoparticle 

dispersion and finest features for these samples out of any 

other composites formulated in the present study.3  Moreover, 

previous studies presented the surface roughness of the non-

 ultrasonicated samples demonstrating the expected much 

greater agglomeration and less dispersion of ZnO in PVC 

without ultrasonication, and consequent less nanoscale 

features.3

Mechanical test results demonstrated the ability to begin 

to control mechanical properties, matching those needed for 

a wide range of medical device applications, by using ultra-

sonication or not, by using functionalized or unfunctionalized 

ZnO particles, or by using different ZnO nanoparticle sizes 

(Figure 2).
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Figure 2 Mechanical properties of the zinc oxide/polyvinyl chloride nanocomposite samples. (A) Ultimate tensile strain and (B) Young’s modulus of the nanocomposites.
Notes: Data represents the mean ± standard deviation; N=5; *P,0.05 compared to respective controls.
Abbreviations: aZO, zinc oxide nanoparticles doped with 2 wt% aluminum oxide; KH550, zinc oxide nanoparticles coated with 1 wt% KH550; ZnO, zinc oxide.
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Lastly, water droplet results further confirmed the SEM 

results of the different degrees of ZnO nanoparticle disper-

sions in PVC (Figure 3). Generally, samples which possessed 

greater dispersion of ZnO nanoparticles (through the use of 

ultrasonication, different chemistries of ZnO nanoparticles, 

or smaller sizes of ZnO nanoparticles) had greater wettability 

than those that were not ultrasonicated. In addition, all of the 

ZnO nanoparticle samples were generally less hydrophilic 

than controls (pure PVC).

cellular proliferation assay
Results of this study provided the first evidence of greater 

fibroblast proliferation on PVC composites with ZnO 

 functionalized with silane chemistry, ZnO with alumi-

num oxide, and samples of decreasing ZnO nanoparticle 

sizes (Figure 4). In general, samples which were ultra-

sonicated to possess a greater dispersion and enhanced 

wettability than those that were not sonicated, promoted 

fibroblast proliferation more than those which were not 

 ultrasonicated. Lastly, when compared to controls (no 

ZnO), fibroblast density was generally greater on any 

sample with ZnO.

An inexpensive material that is simultaneously beneficial 

to human cells and detrimental to bacteria would be a wonder-

ful material for medical devices (eg, wound healing devices, 

orthopedic soft tissue devices). It is intriguing to ponder why 

fibroblast proliferation increased on ZnO/PVC nanocom-

posites with smaller nanoparticles yet bacterial adhesion 

and propagation decreased on such samples. Certainly for 
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Figure 3 Wettability of the zinc oxide/polyvinyl chloride nanocomposite samples. The diameter of a 5 µL water droplet was measured on the surface of the nanocomposites.
Notes: Data represents the mean ± standard deviation; N=5; *P,0.1 compared to respective controls.
Abbreviations: aZO, zinc oxide nanoparticles doped with 2 wt% aluminum oxide; KH550, zinc oxide nanoparticles coated with 1 wt% KH550; ZnO, zinc oxide.

explaining the fibroblast trend, the smaller nanoparticles cre-

ated visibly finer features on the surface and thus increased 

surface area; because there are more of smaller nanoparticles 

per weight ZnO, there are certainly more places for cells to 

attach. However, this increase in surface area cannot be used 

to explain the decrease in bacterial adhesion and growth;12 

thus, a different mechanism must be used to explain these 

trends. Other studies have examined the optimal spacing 

of such nanofeatures for cellular behavior,13 which would 

need to be explored in the future for the present materials; 

however, such trends highlight the importance of controlling 

ZnO nanoparticle dispersions towards controlling cellular 

functions. Nonetheless, the authors believe another mecha-

nism is at work here.

Although requiring additional experiments for the pres-

ent materials, it was observed that changes in wettability 

for nanomaterials leads to altered adsorption and bioactivity 

of proteins (eg, fibronectin, vitronectin) known to promote 

fibroblast and decrease bacterial adhesion.10 In the present 

study, a diverse relationship between the presence of ZnO 

and the extent of dispersion of ZnO to wettability was found. 

Specifically, wettability decreased when adding ZnO to 

PVC. However, wettability increased when dispersing such 

ZnO nanoparticles. This needs to be further understood in 

future studies. Of course, another possibility for the current 

cellular trends could be the favorable interaction of Zn with 

fibroblasts versus the detrimental effect of Zn with bacteria.11 

Thus, future studies will need to correlate the ZnO amount 

present in the composites to the release of Zn into the cell 
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Figure 4 Fibroblast proliferation on the zinc oxide/polyvinyl chloride nanocomposite samples.
Notes: Data represents the mean ± standard deviation; N=3, n=3; greater fibroblast proliferation was observed when compared to respective controls (*P,0.05; **P,0.01) 
and respective non-ultrasonicated samples (^P,0.05; ^^P,0.01).
Abbreviations: aZO, zinc oxide nanoparticles doped with 2 wt% aluminum oxide; KH550, zinc oxide nanoparticles coated with 1 wt% KH550; ZnO, zinc oxide.

culture media to the promotion of fibroblast functions and 

inhibition of bacterial functions. Whatever the mechanism, 

the results from the present study certainly provide much 

promise for the use of ZnO/PVC nanocomposites with well 

dispersed ZnO to increase fibroblast density while decreasing 

bacterial growth without the use of antibiotics.

Conclusion
In this study, ZnO nanoparticles of varying sizes (from 

10 nm to .200 nm in diameter) and functionalization 

(including no functionalization to doping with alumi-

num oxide and functionalizing with a silane coupling 

agent) were incorporated into PVC either with or without 

ultrasonication. Results provided the first evidence of 

greater fibroblast density after 18 hours of culture on the 

smallest ZnO nanoparticle-incorporated PVC samples 

with ultrasonication dispersion. Specifically, the greatest 

amount of fibroblast proliferation was measured on ZnO 

nanoparticles with silane coupling which had the great-

est dispersion of ZnO nanoparticles. Mechanical tests 

also provided evidence of the ability to tailor mechanical 

properties of the ZnO/PVC nanocomposites through the 

use of the different ZnO nanoparticles and dispersion. In 

summary, coupled with previous antibacterial studies, the 

present study  demonstrated that highly dispersed ZnO/PVC 

nanocomposites should be further studied for numerous 

medical device applications.
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