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Abstract: Titanium is one of the most widely used materials for orthopedic implants, yet it 

has exhibited significant complications in the short and long term, largely resulting from poor 

cell–material interactions. Among these many modes of failure, bacterial infection at the site 

of implantation has become a greater concern with the rise of antibiotic-resistant bacteria. 

Nanostructured surfaces have been found to prevent bacterial colonization on many surfaces, 

including nanotextured titanium. In many cases, specific nanoscale roughness values and result-

ing surface energies have been considered to be “bactericidal”; here, we explore the use of 

ion beam evaporation as a novel technique to create nanoscale topographical features that can 

reduce bacterial density. Specifically, we investigated the relationship between the roughness 

and titanium nanofeature shapes and sizes, in which smaller, more regularly spaced nanofeatures 

(specifically 40–50 nm tall peaks spaced ∼0.25 µm apart) were found to have more effect than 

surfaces with high roughness values alone.
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Introduction
Titanium has been widely used in bone implants, owing to its near-ideal mechanical 

strength and relative biocompatibility. However, these devices have limited capability 

in that they frequently necessitate revision surgery due to infection and poor osseointe-

gration. It is estimated that up to 5% of all total knee and hip arthroplasties develop 

infection-related complications, which are one of the main reasons for revisions, 

second only to implant instability.1 Additionally, infection can exacerbate loosen-

ing at the bone–implant interface by causing an inflammatory response, preventing 

bone ingrowth and thus hastening implant failure. Implants can, however, be treated 

to encourage cell integration, and numerous coating processes have been tested as a 

way to improve bone integration and biological adaptivity of titanium.2–5 However, 

other than using systemic antibiotic delivery, there are few options clinically avail-

able to decrease the growing rate of infected orthopedic implants. Many groups have 

incorporated antibiotics directly into layered coatings on top of titanium surfaces,4,5 

but the coating adhesion may not survive the wear that titanium implants can experi-

ence during handling, implantation and use. In the research community, the advent of 

nanoscale titanium texturing has resulted in improved osseointegration and decreased 

bacterial presence.6,7

Nanoscale features are commonly used in nature to achieve a number of novel 

effects without changing material composition. Insect wings, for example, employ 
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arrays of nanoscale pillars on their wings to prevent 

biofouling and bacterial adhesion.8 The cicada wing, as an 

example, has highly uniform pillars with diameters ranging 

from 150 to 200 nm and spaced 9–48 nm apart, depending 

on the species of cicada. Generally, smaller and sharper 

pillars are more effective at preventing bacterial growth than 

larger ones.9 Pogodin et al10 have modeled the mechanism 

by which bacteria interact with these nanopillars previously, 

suggesting that bacteria will rupture upon attempts to adhere 

to these nanorough surfaces.11 Additionally, it is known that 

many biological tissues have nanoscale structures to provide 

the necessary scaffolds for healthy function, such as the 

strength and flexibility of bones due to the incorporation of 

nanocrystal bone minerals (single nm scale) in a matrix of 

500 nm collagen fibers.12 For these reasons, nanofeatures 

have been incorporated into several engineered biomaterials 

to prevent bacterial colonization as well as to improve mam-

malian cell integration and reduce inflammatory responses 

to these materials.

It is now well established that nanoscale surface features 

incorporated into orthopedic implants improve bone growth 

and reduce bacterial adherence, but it is unknown exactly how 

the shape or structure of the texture affects bone growth and 

bacterial inhibition.13 While many treatments can create simi-

lar roughness measurements, such as adding coatings onto 

the surface via electrophoretic deposition,2 electrochemical 

anodizing14–16 and silver nanoparticle-embedded hydrogel-

based coatings,17 the morphology of the resulting surfaces 

can vary drastically. Lorenzetti et al11 used hydrothermal 

treatments to generate nanorough surfaces on titanium and 

found that macro- and microscale grooves (results of the ini-

tial material machining process) provided niches for bacteria 

to adhere and proliferate on, despite high roughness values. 

Silver is one of the most prominent non-small-molecule drugs 

used for antibacterial applications,3,17–19 but can be expen-

sive and mildly toxic to surrounding mammalian cells.20,21 

Additionally, adding different materials to the surface may 

lead to imperfectly fused layers that may eventually wear or 

delaminate from the bulk implant.

We hypothesize that in addition to being nanorough, 

it is important for implant surfaces, titanium in this case, 

to have specific geometries designed to efficiently prevent 

bacterial adhesion and growth while still promoting healthy 

osteoblast (bone-forming cell) growth and activity. Here, we 

employed ion beam evaporation to achieve highly adherent, 

fine-grained, pinhole-free coatings of exceptionally high 

quality without changing the bulk properties of the substrate 

material. Using this technique, we can control the roughness 

and topographical features of the titanium substrates to a 

very fine degree.

When creating nanorough surfaces, the typical goal has 

been to aim for specific roughness parameters to prevent 

bacterial adhesion, proliferation and biofilm formation. 

However, this approach may not be adequate. Rather than 

attempting to pinpoint only a precise roughness, we sought to 

find a connection between the roughness in combination with 

the topographical geometries and the degree of osteoblast 

growth observed on the corresponding surface. Addition-

ally, we intended to create a more well-defined approach 

concerning how to quantify roughness, whether in terms of 

the quantity of finer nanoscale structures or in terms of the 

relative shape and size of the nanofeatures on the surfaces 

of the samples.

Materials and methods
Materials
Unless otherwise noted, all chemicals and materials were 

purchased from Fisher Scientific.

Titanium coupon preparation
Test samples were treated with textured titanium films by our 

industry collaborator N2 Biomedical using ion beam-assisted 

deposition (IBAD). During the IBAD process, an electron 

beam evaporator is used to generate a vapor flux of atoms, 

which condenses on the substrate, while ions (typically Ar, 

N or O) are simultaneously accelerated into the growing 

film at energies from hundreds to several thousand electron 

volts. This concurrent ion bombardment affects several film 

properties, including morphology, density, film stress, crys-

tallinity and chemical composition. The porous, columnar 

microstructure that is observed in conventional physical 

vapor deposition film growth can be eliminated because 

energy from the ion beam causes increased nucleation density 

and increased surface mobility of the coating atoms. Through 

physical sputtering and redeposition, loosely bonded coating 

atoms are forced into voids, densifying the film as it grows. 

Additionally, high ion beam exposure breaks up crystal grains 

before they can grow to their natural size as described by the 

Thornton model.22 This can yield nanocrystalline or amor-

phous microstructure, with crystal size being a predictable 

function of the ion beam parameters.

All surfaces have some natural topography, and most 

have inclusions or grain defects resulting in small regions of 

differing density or crystal structure. These features will have 

different sputtering properties (sputter yield) than regions 

immediately adjacent to them. As a material is sputtered, 
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either during evaporation or as an independent process, 

regions of high sputter yield will be preferentially removed, 

in effect causing lower sputter yield regions to be built up. 

In addition, faces of features normal to the ion beam are sput-

tered more, while the other, self-shielded faces are sputtered 

less. Over time, the imperceptible surface features become 

exaggerated, and a characteristic texture evolves. Control 

over these features can be achieved by selecting specific ion 

beam conditions and manipulating the exposure geometry. In 

this study, five different ion beam exposure conditions were 

used to produce titanium thin films of varying nanotexture.

The texturing of the samples described here was per-

formed by applying IBAD films having a wide range of ion 

energy densities. The titanium coupons (Ti-6,4, McMaster 

Carr, grade 5) were polished to a mirror finish and coated 

with 0.5–1 µm of textured titanium. To generate varied lev-

els of nanotexture, the argon ion beam energy and current 

density were modified relative to the deposition rate. Five 

ion energy densities were examined, ranging from zero to 

as high as 90.3 mJ/cm3 (Table 1).

sample sterilization
For all cell studies, it was necessary to ensure that the 

tested materials were disinfected and sterilized to prevent 

any contamination and skewing of results. To sterilize the 

coupons in this study, they were first submerged in acetone 

and sonicated for 20 minutes. Acetone was removed inside a 

sterile laminar flow hood, and the samples were resubmerged 

in 70% ethanol, followed by another round of sonication. 

The ethanol was then removed in the sterile hood, and the 

samples were rinsed with phosphate buffered saline (PBS), 

dried and sterilized under ultraviolet overnight.

X-ray photoelectron spectroscopy (XPs)
To confirm that the treatment method used to achieve nano-

featured surfaces did not alter surface chemistry, XPS was 

performed on the two treated surfaces and compared to an 

untreated control, using a magnesium anode nonmonochro-

mated X-ray source (Phi model 04-548) and a hemispherical 

analyzer (Phi model 10-360). Results were analyzed using a 

peak curve-fitting program (Multipack 9.3.0.3; Ulvac-Phi, 

Inc) while the background subtraction was performed using 

the integrated Shirley method.

atomic force microscopy (aFM)
AFM was performed with a Parks Systems NX-10 micro-

scope in noncontact mode to scan the sample surfaces, and 

XEI software was used to analyze the scans. A scan rate of 

0.5 Hz at a set point between 12 and 15 nm was used with a 

Park Systems non-contact cantilever tip (PPP-NCHR). Scans 

were completed at 1×1, 2×2 and 5×5 µm sizes.

scanning electron microscopy (seM)
Samples were imaged using a Hitachi s-4800 SEM at 3 keV, 

magnified at 30k. Images acquired were processed using 

ImageJ to measure feature sizes.

goniometry and surface energy
A Phoenix 150 Contact Angle Measurement System (Kostas 

Center) was used to image and analyze static contact angle 

measurements of known solvents (water, glycerol, poly-

ethylene glycol [200 mW] and ethylene glycol) to calcu-

late surface energy of the titanium coupons, with surface 

energy calculated using Young’s equation. Small droplets 

of solvent (∼20 µL) were applied to the titanium samples, 

and contact angle measurements were taken immediately, 

all at room temperature. Known surface tensions of liquids 

in Table 2 as described by Khang et al23 using the Owens–

Wendt model (Equation 1) were used in the calculations for 

surface energy.
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Table 1 Key manufacturing process differences to obtain the materials of interest to the present study

Sample 
type

Treatment 
value (mJ/cm3)

RMS roughness (nm) Water 
contact angle

Surface  
energy (mJ/m2)2×2 µm 5×5 µm

Plain Ti N/a 45.73±9.05 66.33±0.23 40.12±3.99 60.09
sample 1 90.3 29.60±0.14 31.64±1.63 42.03±4.09 58.24
sample 2 2.8 34.16±0.03 38.50±0.02 42.25±3.39 55.24
sample 3 15.3 30.02±0.03 35.33±0.03 44±5.50 55.91
sample 4 36.4 77.33±0.43 105.50±0.71 60.39±4.22 43.02
sample 5 No ion beam 36.36±0.02 38.81±0.06 41.68±9.13 56.37

Notes: Data presented as mean ± standard deviation. rMs roughness as measured by aFM at scans at 2×2 and 5×5 µm. Unpolished (plain Ti) titanium had greater roughness 
values than all but the fourth sample. Water contact angle and measured surface energy show that sample 4 had the most hydrophobic and lowest surface energy of all 
samples (in bold, P,0.05).
Abbreviations: aFM, atomic force microscopy; N/a, not applicable; rMs, root mean squared.
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Bacteria adhesion and proliferation
A colony-forming unit (CFU) assay was performed to quan-

tify the antibacterial properties of the nanotextured titanium 

samples. Staphylococcus aureus (ATCC, Strain 12600) was 

grown in 3% tryptic soy broth (Sigma-Aldrich) and plated at 

a concentration of 106 cells/mL onto each titanium sample. 

Samples were incubated for 24 hours at 37°C in 5% CO
2
, 

undisturbed. After incubation, samples were lightly rinsed to 

remove any nonadherent bacteria, transferred to conical tubes 

containing 5 mL of sterile PBS and vortexed for 1 minute 

to remove all bacteria from the surface. This bacterial solu-

tion was then diluted serially and plated on tryptic soy agar 

(Sigma-Aldrich) plates. These plates were incubated over-

night, and colonies were counted to calculate the CFUs of 

bacteria that had grown onto the titanium samples.

Mammalian cell culture
Human osteoblasts (ATCC CRL-11372) in PromoCell 

Osteoblast Basal Medium were grown in osteoblast media 

(PromoCell) with 10% Osteoblast Growth Medium 

Supplement Mix (PromoCell) and 1% penicillin/streptomycin 

(Gibco) to evaluate mammalian cell responses to the nano-

rough surface treatments. Cells were seeded at 10,000 cells/mL 

and grown for 7 days, with media replaced every other day. 

An MTS viability assay was performed to evaluate relative 

cell density and viability between samples as compared to 

control cells grown on tissue culture plates.

statistical analysis
All experiments were conducted in triplicate and repeated 

three times each. Statistics were calculated using a Student’s 

t-test, and significance was determined at P,0.05.

Results
Topographical analysis
3D image reconstructions in Figure 1 showed a drastic change 

in topographical landscapes according to sample treatment 

conditions. Nanotextured samples were found to have a 

range of nanoroughness as analyzed by AFM. Scans at 2×2 

and 5×5 µm (Figure 1) showed a variety of topographies on 

each sample, with differences in peak height, diameter and 

spacing, as well as dual populations of large and small peaks 

(some in samples 1 and 3). Their associated roughness values 

(Table 1) demonstrate that a variety of topographies can have 

similar surface roughness (samples 2, 3 and 5). This suggests 

that achieving one roughness value for “optimal” biological 

response may not be the “end-all quality” desired for many 

kinds of biomaterials.

Peak density was calculated by the quantification of peaks 

via the line profiles of the 3D reconstructions (Figure 1, 

rightmost column). Peaks were defined as a point between 

two “troughs”. While sample 4 had the greatest roughness, 

samples 1 and 2 had the greatest number of peaks per area 

(Figure 2) and were significantly higher (P,0.05) than that 

of sample 4, while samples 1, 2 and 3 all had significantly 

more peaks/area than sample 5.

Further visualization of the sample surfaces was achieved 

through scanning electron microscopy (Figure 3). As seen 

in the AFM scans, samples 1 and 2 were both fairly regular 

in their smaller, more rounded peaks, while samples 4 and 5 

had larger, more jagged flake-like features. Sample 1 had 

small, oval, pebble-like peaks, and while sample 2 also had 

regularly spaced features, they were more faceted, often 

appearing as di- or trihedrals. In contrast, samples 3, 4 and 

5 had varying sizes of flake-like features that, while very 

nanorough, were also very irregular. While sample 4 was the 

roughest of all samples, it also had larger valleys (0.5–1 µm 

as measured via ImageJ).

hydrophobicity and surface energy
Similar to roughness, sample 4 had the largest water contact 

angle (Table 1) of all the samples, yet plain titanium did not 

follow suit. This suggests that the high degree of nanoscale 

roughness created on sample 4 added a degree of superhy-

drophobicity that can be obtained with nanorough surfaces. 

Surface energy calculations using the Owens–Wendt model 

reflected these changes in hydrophobicity, with more hydro-

philic samples (such as plain titanium and sample 1) hav-

ing higher surface energy values (60.09 and 58.24 mJ/m2, 

respectively) as shown in Table 1.

elemental analysis
Samples 1 and 4, having the greatest differences in surface 

roughness and topography, were compared to the untreated 

titanium surface using XPS analysis to ensure that no 

chemical changes occurred. Survey scans of untreated and 

IBAD-treated samples confirmed the presence of Ti and O as 

shown in Figure 4A. Trace amounts of silver and silicon were 

detected on the untreated side, which can be accounted for 

Table 2 surface tension values used for each of the solvents

Substance γγ
l
d (mJ/m2) γγ

l
p (mJ/m2) Total (mJ/m2)

Water 22.1 50.7 72.8
glycerol 37 26.4 63.4
Polyethylene glycol 200 30.8 12.1 42.8
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Figure 1 (A) atomic force microscopy scans of plain titanium and samples 1–5 (top to bottom) at 2×2 and 5×5 µm scans. Line profiles obtained for peak analysis (B–G) 
demonstrates the changes in peak density among the varied sample treatments.

by the use of those elements in other applications sharing the 

IBAD chamber. In addition, there were no significant changes 

in the bonding states of the Ti2p in either sample 1 or sample 4, 

and the atomic composition (Figure 4B) was consistent. This 

confirmed that the treatment method did not alter the surface 

chemistry despite drastic changes in surface topography.

Bacterial growth
Bacterial adhesion and proliferation, quantified by a CFU 

assay, demonstrated each sample’s efficacy in reducing 

bacterial adhesion without the use of antibiotics as compared 

to untreated, unpolished titanium (Figure 5). Although 

sample 4 had the greatest roughness value of all samples, 
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it was samples 1 and 2 that showed the greatest reduction 

in bacterial growth, with sample 1 showing greater than a 

1 log decrease in bacterial density. Despite similar roughness 

values, sample 3 had the greatest amount of bacteria on the 

surface, further suggesting that both the roughness and topo-

graphical qualities must be considered in the development 

of antibacterial surface treatments. It is perhaps due to the 

intermittent large peaks that the bacteria could fit between 

and thus adhere to the surface. Several of these peaks were 

roughly 0.5–2 µm apart in distance, which is enough for 

S. aureus to fit between. Samples 4 and 5 similarly had the 

least number of peaks per area, but generally had more con-

sistently sized peaks that may have prevented some of the 

excessive growth seen on sample 3.

Osteoblast proliferation
Yet, even with this large difference in bacteria–material 

interactions, osteoblasts grown on these samples for 7 days 

(Figure 6) were generally found to be consistently more 

viable compared to control cells grown on polystyrene tissue 

culture plates. No significant difference (P.0.05) was found 

between any of the treated titanium samples, though sample 2 

seemed to have the greatest increase in osteoblast density of 

all the treated titanium coupons, showing a ∼150% increase 

in cell density compared to polystyrene controls.

Discussion
Samples 1 and 2 had similarly high peak density with simi-

lar dimensions (80 nm peak-to-base heights), but sample 2 

possessed slightly more rounded peaks. As seen via SEM, 

both of these samples had smaller, more regularly shaped 

features than all other samples, despite having the highest 

and second-lowest ion beam density treatments as well as 

resulting film thickness. With a moderate increase in treat-

ment intensity, sample 3′s surface had a combination of 

smaller peaks (50–80 nm) and intermittent, large, jagged 

(200 nm) peaks, and with greater ion beam intensity used to 

generate sample 4, the sizes of these peaks intensified to as 

Figure 2 Peak density on each sample was calculated from AFM scans. 
Notes: Samples 1 and 2 had significantly greater (P,0.05 and P,0.01) peak density 
than samples 4 and 5, while sample 3 only had greater peak density than sample 5 
(P,0.05). *P,0.05, **P,0.01. Data = mean ± seM, N=3.
Abbreviations: aFM, atomic force microscopy; seM, scanning electron microscopy.

Figure 3 scanning electron micrographs of the titanium samples show the drastic changes in topography despite mostly similar roughness measurements. 
Note: scale bar =500 nm.
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high as 400 nm. Sample 5 has similar peak heights (80 nm) 

but fewer in number per area, with wider, more rounded 

peaks than those of samples 1 and 2. It appears that with the 

midrange ion beam intensity, enough ions have been sput-

tered away that larger, jagged features are exposed, but as 

ion beam intensity increases, these features are eroded away 

until there is a regular pattern of smaller peaks.

Interestingly, despite these topographical changes, samples 

1, 2, 3 and 5 all had fairly similar surface roughness measure-

ments but greatly differing bacterial response. As evidenced 

by the plain, untreated titanium’s high roughness values 

and corresponding higher CFU count, “roughness” may not 

always equate to “antibacterial”. Generally, the roughness 

values did not predict bacteria colony counts – if greater 

nanoroughness directly correlated to reduced bacterial adhe-

sion, sample 4 would not have had the second highest CFU 

of the five treated samples. Perhaps unsurprisingly, it was 

samples 1 and 2, with the smaller, more closely packed peaks 

on the surface (similar to the nanopillars found on cicada 

wings) that had the fewest CFU of all the titanium samples. 

Regardless of nanoroughness, all titanium samples had greater 

osteoblast density than control polystyrene dishes.

These results demonstrate the need for further analysis of 

how implant surface morphology impacts both bacterial and 

human osteoblast interactions. With many of the commonly 

used instrumentation and characterization techniques used 

Figure 4 (A) XPs survey scan of samples 1 (red) and 4 (blue) compared to the untreated control, the underside of sample 1 (green). (B) XPs Ti2p tight scan, TiO2 peaks 
show no changes in composition of the treated samples.
Abbreviation: XPs, X-ray photoelectron spectroscopy.
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Figure 5 cFUs of Staphylococcus aureus on titanium samples after 24 hours of 
incubation. 
Notes: Data = mean ± seM, N=3.
Abbreviations: cFUs, colony forming units; seM, scanning electron microscopy.

here and within literature, very similar values for roughness 

and surface energy can be achieved with very different sur-

face features. By employing ion beam evaporation, we were 

able to generate five different titanium surface treatments 

that subtly changed the nanoscale topography and resulting 

cellular interactions without adding small molecule antibiotic 

drugs or growth factors.

Conclusion
Some nanorough surfaces have been established to be anti-

bacterial, yet at the same time, beneficial to mammalian cell 

functions for improving medical implants. Additionally, 

it was believed that specific surface roughness values, in com-

bination with surface energy measurements, were optimal for 

specific cellular interactions. Here, we established that several 

materials with similar roughness measurements, yet very 

different topographical qualities, can have significantly 

different cellular interactions without changing surface 

chemistry. Of the treated titanium coupons tested, samples 1 

and 2 – despite having negligible differences in roughness 

compared to samples 3 and 5 – had the greatest decrease in 

bacterial adhesion, while sample 4 with the largest roughness 

value was no better. The main differences in samples 1 and 2 

were that their topography included evenly spaced small 

peaks, compared to the larger, more randomly positioned 

peaks in samples 3 and 5. It is evident that another, somewhat 

qualitative parameter – surface topography – is a key player 

in the prevention of bacterial adhesion and proliferation, not 

just the roughness and surface energy measurements. Thus, 

it is recommended to have a high density of consistently 

sized nanofeatures to best prevent bacterial adhesion while 

generating surfaces with nanoscale roughness, rather than 

simply aiming for high nanoroughness values.
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