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Abstract: Perioperative and latent infections are leading
causes of revision surgery for orthopaedic devices resulting in
significant increased patient care, comorbidities, and attendant
costs. Identifying biomaterial surfaces that inherently resist
biofilm adhesion and bacterial expression is an important
emerging strategy in addressing implant-related infections.
This in vitro study was designed to compare biofilm formation
on three biomaterials commonly employed in spinal fusion
surgery—silicon nitride (Si3N4), polyetheretherketone (PEEK),
and a titanium alloy (Ti6Al4V-ELI) —using one gram-positive
and one gram-negative bacterial species. Disc samples from
various surface treated Si3N4, PEEK, and Ti6Al4V were inoculated with 105 CFU/mm2 Staphylococcus epidermidis
TM
R 14990
(ATCCV
) or Escherichia coli (ATCCV25922TM) and cultured in PBS, 7% glucose, and 10% human plasma for 24 and
48 h, followed by retrieval and rinsing. Vortexed solutions

were diluted, plated, and incubated at 37 8C for 24 to 48 h. Colony forming units (CFU/mm2) were determined using applicable dilution factors and surface areas. A two-tailed,
heteroscedastic Student’s t-test (95% confidence) was used to
determine statistical significance. The various Si3N4 samples
showed the most favorable bacterial resistance for both bacilli
tested. The mechanisms for the bacteriostatic behavior of
Si3N4 are likely due to multivariate surface effects including
submicron-topography, negative charging, and chemical interactions which form peroxynitrite (an oxidative agent). Si3N4 is
a new biomaterial with the apparent potential to inhibit bioC 2017 Wiley Periodicals, Inc. J Biomed Mater Res
film formation. V
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INTRODUCTION

Perioperative and latent infections are leading causes of
revision surgery for orthopaedic devices, with reported
rates of between 2.7 and 18%.1,2 Their occurrence is distressing to both the recipient of the prosthesis and surgeon
alike, resulting in increased patient hospitalization and
comorbidities, with attendant health-care expenditures that
can range up to 4.8 times the cost of the index surgery.3
Furthermore, nosocomial infections are a growing problem
due to both patient demographics and the rising antibiotic
resistance of bacteria to germicidal therapies.4–7 To maintain or improve their quality of life, an increasing number
and percentage of older patients are undergoing arthroplastic procedures for the spine and other total joints, leading
to a higher incidence of prosthetic joint infections (PJI).7
Furthermore, according to a recent summarized report from
the World Health Organization, over-prescription or excessive self-medication of antibiotics in humans, their overuse
in animals and agriculture, and a lack of new antibacterial

compounds are increasing the number and variety of highlyvirulent microbial strains.8 Governmental health-care organizations are grappling with both the technical and logistical
enormity of this impending worldwide threat, as well as the
ﬁnancial burdens that may likely be incurred.9 Indeed, we
are entering a new era in germicidal warfare due to both
the declining availability and effectiveness of antibiotic remedies. By necessity, this new era will have to rely on innovative alternative therapies.8
One potential therapy which has garnered considerable
interest is the use of biomaterials that possess inherent bacteriostatic properties.10,11 These materials provide physical
or chemical barriers to surface adhesion by an individual
bacterium. As indicated in Figure 1, attachment is the initial
step in acquisition of a prosthetic joint infection.12 Attachment may be followed by reversion to a planktonic condition, or these pathogens can remain dormant on the surface
for hours, days, weeks, or even years, until the biological
milieu is ripe for bioﬁlm creation.13 In subsequent steps,
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FIGURE 1. Sequential life events for a bacterial biofilm: (I) Initial attachment of planktonic bacteria to a surface; (II-III) Quorum sensing and establishment of a community; (IV) Formation of an extracellular polysaccharide membrane, internal proliferation, and maintenance; and (V) Release
and dispersion of planktonic bacteria back into the environment. Steps 1–5 are areas where strategies for interrupting the processes involved
with bacterial biofilm formation can be implemented. (Illustration courtesy of Ref. 12, Reprinted with permission.).

the bioﬁlm begins to form with quorum sensing (that is,
attraction and adhesion of other individual bacterium to
form a community), which is followed by the establishment
of a tough extracellular polysaccharide (EPS) matrix or
slime in which bacterial cell proliferation occurs. The
entrained bacteria comprise only about 15 volume % of the
bioﬁlm while the slime accounts for the balance.14 The EPS
is unique in that it is highly resistant to both common and
advanced antimicrobial treatments.15 In fact, entrenched
bioﬁlms require up to 1000-times the antibiotic dosage necessary to combat planktonic bacteria.10,16 Consequently, the
ensuing inﬂammation typically leads to a chronic infection
which can only be eliminated by revision surgery involving
removal of the contaminated implant, debridement of
affected hard and soft tissues, prolonged administration of
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local and systemic antibiotics, and replacement of the prosthesis only when the pathogen has been eradicated.17
Unfortunately, while this aggressive treatment is effective in
curing the infection, it carries the risk of poorer functional
results.18 With this in mind, employing biomaterials that are
resistant to initial bioﬁlm formation are of increasing importance. Recent reviews have elucidated strategies for development of these types of antimicrobial devices.10,11,19,20
They range from active implants that elute bactericidal compounds (for example, silver, zinc, copper, iodine, vancomycin,
and so forth) and those that possess non-leachable contact
surface biocides (for example, chitosan, peptides, quaternary
amines, and N-halamines) to more passive implants that
rely on the material’s inherent surface chemistry or topography.10,21 In fact, many of these passive strategies are

BACTERIOSTATIC BEHAVIOR OF SURFACE MODULATED SILICON NITRIDE

ORIGINAL ARTICLE

bioinspired; they seek to mimic the antibacterial capabilities
of mineral or organic substances found in nature.22–24 Bacteriostasis is the term often used to describe these passive
approaches to bioﬁlm prevention. It is deﬁned as the capability of a material to metabolically interfere with bacteria
to prevent its attachment, growth, or reproduction. Note
that this deﬁnition differs markedly from bactericides,
which are designed to kill the microorganisms upon contact.
Surface chemical composition, dissolution characteristics
(i.e., corrosion), hydrophilicity, and roughness or porosity
are believed to play important roles in bacteriostasis.25
Although there are many exceptions, general guidelines suggest that bacteriostatic materials are typically corrosion
resistant, hydrophilic, and have a negative surface charge
and/or chemical moieties which electrostatically or chemically repel adhesion by the bacterium’s pili or ﬁmbriae.13,26
To a lesser extent, irregular surface texture is thought to
promote bacterial attachment due to greater surface area
(that is, aspirates and depressions) for colonization. Machining grooves or scratches of the material surface on the
order of the bacteria’s size are believed to encourage adhesion, although nanostructured topography has been found
to have the opposite effect.27,28
Ceramics are considered to be more effective than metals or plastics in resisting bioﬁlm formation. Ceramics are
generally hydrophilic, less susceptible to corrosion (that is,
bioinert), with many having negatively charged surfaces;
and they can be polished to extremely smooth ﬁnishes, all
of which purportedly provide bacteriostatic beneﬁts.13
While metals can also be produced to high surface ﬁnishes,
they are typically less hydrophilic, are more susceptible to
corrosion, and, depending upon composition, generally have
positively-charged surfaces.29 In fact, some metallic implants
(for example, screws and plates) are often modiﬁed via
application of a hard PVD ceramic coating (for example, TiN,
TiCN, and so forth) in order to eliminate bacterial attachment or microbial inﬂuenced corrosion.25 Synthetic nonresorbable polymers (for example, polyether ether ketone,
polyethylene, polyurethane, polymethylmethacrylate, and so
forth) can be moderately- to highly-hydrophobic, possess a
broad range of surface roughness values, and are neutrallycharged or have functional chemical groups which provide
either positive or negative surface charge; all of which have
been shown to either support or hinder attachment of
negatively-charged bacteria.
In this study, an in vitro test was developed to compare
bioﬁlm formation on three biomaterials commonly used in
spinal fusion surgery – polyetheretherketone (PEEK), a titanium alloy (Ti6Al4V-ELI), and silicon nitride (Si3N4) – using
gram-positive (Staphylococcus epidermidis) and gramnegative (Escherichia coli) bacterial species. These two
microbes were selected because they are easily studied
within the laboratory (that is, biosafety level 1) and are
among the common causes of PJI for their respective
genus.30,31 This is a follow-up to earlier studies which also
examined the anti-infective behavior of these three biomaterials.32,33 However, the present investigation was expanded
to include a broad range of surface modulated Si3N4

samples.34 Being a non-oxide ceramic, Si3N4’s surface composition can be readily altered from one that is rich in
silicon-amines (Si-NH2) which protonate to form Si-NH1
3 at
physiologic pH, to one consisting primarily of silanols (SiOH) which deprotonate to form Si-O-. Its surface topography
can also be modiﬁed from an “as-fabricated” material which
has a ﬁbrous texture to one that is ultra-smooth, achieved
through ﬁne grinding and polishing. Prior to conducting the
in vitro bacterial tests, these materials were characterized
for their morphological, chemical, wetting, and charging
properties using scanning electron microscopy (SEM),
white-light interferometry, X-ray photoelectron spectroscopy
(XPS), sessile drop techniques, and streaming potential
measurements, respectively, in an attempt to assess how
these properties might inﬂuence bacterial interaction and
adhesion.
MATERIALS AND METHODS

Silicon nitride material and sample preparation
The silicon nitride used in these studies was produced by
Amedica Corporation (Salt Lake City, UT, USA). Details of its
processing and basic properties are provided elsewhere.34,35
This biomaterial has a nominal composition of 90 weight %
(wt %) Si3N4, 6 wt % yttrium oxide (yttria, Y2O3), and 4 wt
% aluminum oxide (alumina, Al2O3). The Y2O3 and Al2O3
are necessary densiﬁcation additives. During sintering, these
two oxides combine with a minor amount of Si3N4 and with
native silicon dioxide (silica, SiO2) present as a protective
oxide layer on the Si3N4 particles to form an intergranular
glassy or partially crystalline oxynitride phase commonly
referred to as SiYAlON. Therefore, the dense bioceramic is
actually a composite consisting of about 90 volume % (vol
%) polycrystalline Si3N4 grains and 10 vol % SiYAlON intergranular glass. Although these two constituents are intricately intermixed at the micrometer scale, each exhibits
unique surface chemistry, which in turn may affect bacterial
adhesion. From this base silicon nitride composition, a large
quantity of identical disc samples (Ø12.7 3 1 mm) were
prepared from one powder lot and separated into four
groups for characterization and biological testing. These
four groups were subjected to different post-densiﬁcation
surface treatments in order to modify their surface chemistry or morphology, as follows:34
As-fabricated Si3N4 (Af-Si3N4 or Af-SN). The as-fabricated
group consisted of samples which had no post-densiﬁcation
surface treatments. This untreated group served as a comparative baseline or control for the remaining three Si3N4
groups.
N2-Annealed Si3N4 (N2-Si3N4 or N2-SN). The N2-SN group of
samples was subjected to a post-densiﬁcation heat-treatment in ﬂowing N2 gas (1.1 bar) at 1400 8C for 30 min.
This treatment had the effect of increasing the fraction of
SiYAlON glass at the surface of the ceramic samples.
Glazed Si3N4 (Gl-Si3N4 or Gl-SN). To further characterize
the impact that the SiYAlON phase might have on
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bacteriostatic behavior, a compositionally identical powder
frit of SiYAlON was separately prepared and dip coated onto
this group of Si3N4 discs. The frit was subsequently ﬁred
onto the samples in ﬂowing N2 gas (1.1 bar) at 1400 8C
for 30 min.
Oxidized Si3N4 (Ox-Si3N4 or Ox-SN). This group of samples
was subjected to ﬁring in air at 1070 8C for 7 h. This treatment resulted in an increased concentration of silanol (SiOH) groups on the surface of the samples.
In addition to these Si3N4 samples, two dimensionally
identical groups of discs were prepared from PEEK (ASTM
D6262, KetronVPEEK 1000, Quadrant EPP USA, Inc., Reading
PA, USA distributed by McMaster-Carr, Santa Fe Springs, CA,
USA) and a titanium alloy (ASTM F136, Ti6Al4V-ELI, distributed by Vincent Metals, Minneapolis, MN, USA). Although
there have been a number of recent compositional modiﬁcations or surface enhancements to both PEEK and titanium,36–38 these two groups were chosen as being
representative of the two biomaterials traditionally utilized
in spinal fusion surgery. They served as additional controls
along with the Af-Si3N4 group. Future studies may examine
selected surface-modiﬁed PEEK and titanium for their bacteriostatic characteristics.
R

Sample characterization methods
Scanning electron microscopy (SEM). SEM evaluations
were performed using a ﬁeld emission gun scanning electron microscope (FEG-SEM) (Quanta, FEI, Hillsboro, OR,
USA). All samples were sputter-coated (108auto, Cressington, Watford, UK) with a thin (20–30 Å) layer of gold. The
discs were imaged using an accelerating voltage of 10 kV at
working distances of 7–10 mm and spot sizes of 4–4.5 mm.
White-light interferometry (WLI). Surface morphology
data were obtained using a white light interferometer (NewView 5000, Zygo, Middleﬁeld, CT, USA). Data from a
0.285 mm by 0.214 mm ﬁeld of view was captured using a
203 Mirau objective lens and a 2.0 multiplier. The MetroPro
software package (ver. 8.1.5, Zygo, Middleﬁeld, CT, USA) was
used to calculate roughness parameters (that is, average, Ra,
and root mean square, Rq) and generate surface roughness
plots from the captured data.
Wetting angle measurements. An optical comparator
(2600 Series, S-T Industries, St. James, MN, USA) with builtin goniometer functionality was used to measure static contact angles of deionized water droplets having ﬁxed volumes
(VWR Signature Variable Volume Pipette, VWR, Radnor, PA,
USA) of 25 lL. Both sides of each droplet’s projected image
were measured, and at least eight measurements per condition were taken.
Zeta potential measurements. Streaming potential analyses
were performed using an electrokinetic analyzer (SurPASS,
Anton-Paar USA, Ashland, VA, USA). A background electrolyte of 1 mM KCl which exhibited a natural pH of 5.5 was
used in all experiments, which were divided into two runs.
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The ﬁrst run took measurements across a pH range of
3–5.5 using auto-titration of 0.1M HCl solution to control
pH. The second run used a new solution of background
electrolyte for measurements across a pH range of 5.5–10
and auto-titration of 0.1M NaOH solution to control pH.
Each run contained two material samples. Observed streaming potentials were converted to zeta (f) potentials using
the Helmholz-Smoluchowski equation.39
X-ray photoelectron spectroscopy (XPS). A spectrometer
(Axis Ultra, Kratos, Manchester, UK) was employed with an
Al-ka monochromatic X-ray source to determine the elemental surface chemistry of each group of discs. Low resolution
spectrum scans were conducted using a pass energy of 160
eV, with a compositional resolution of approximately 0.1
atomic percent (at %). High resolution scans bracketing
peaks of interest (which were expected to improve the compositional resolution to approximately 0.01 at %.) were conducted using a pass energy of 40 eV. The analysis area was
set to the spectrometer’s maximum (700 lm 3 300 lm) in
order to average differences between the composition
within grains and the intergranular phase. Data obtained
were processed using commercially-available software
(CasaXPS, Casa Software Ltd., UK). Usage of a low energy
electron source and application of ultra-high vacuum-rated
colloidal silver (Ted Pella, Inc., Redding, CA, USA) to the contact points between the samples and the ﬁxture were
employed to mitigate charging effects. Following argon sputtering to remove adsorbed surface contaminants, all
reported data were obtained at a beam energy of 4.2 keV, a
gun angle with respect to each sample of 458, a raster area
of 3 mm2, and a sample current of approximately 2 lA.
Bacterial adhesion and proliferation testing
Sample cleaning and sterilization. After preparation,
treatment, and characterization of the various Si3N4, PEEK,
and Ti6Al4V discs, all samples were sequentially ultrasonically cleaned in ethanol and deionized water for 5 min
each (Branson Ultrasonics, Danbury, CT, USA). They were
then UV-C sterilized (254 nm, Phillips, Denver, CO, USA) for
30 min. A one hour waiting period was observed after
sterilization to allow the surfaces to equilibrate, especially
on titanium, as UV exposure has been shown to increase
surface free radicals within the protective oxide layer on
titanium.40
Bacterial media preparation and inoculation. The
medium employed in the bacterial experiments was
designed to simulate physiologic ﬂuids, without the presence of cells. Phosphate buffered saline (PBS) was used to
mimic blood ion concentrations; 7% glucose was added as
an energy source and 10% human plasma was included as
a source of proteins. Inclusion of proteins was essential
because they reportedly immediately coat the implant’s surface and therefore can inﬂuence bacterial attachment.41 Separate media were inoculated with one colony of either
Escherichia coli (E. coli, ATCCV25922TM) or Staphylococcus
epidermidis (S. epidermidis, ATCCV14990TM) and cultured on
R

R
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FIGURE 2. SEM photographs of: (a) Af-Si3N4, (b) N2-Si3N4, (c) Gl-Si3N4, (d) Ox-Si3N4, (e) PEEK, and (f) Ti6Al4V.

a shaking incubator (Southwest Science, Hamilton, NJ, USA)
at 37 8C and 175 rpm for 24 h until a concentration of 105
cells/mL of growth had been achieved. Then, each disc was
inoculated with the bacterial solution within individual well
plates. The well plates were subsequently placed on the
shaking incubator for 24 h or 48 h at 37 8C and 120 rpm.
All 48 h coupons underwent a media refresh at 24 h (7 mL)
to eliminate the possibility of nutrient insufﬁciency affecting
the results.
Bacterial extraction, plating, and counting. Samples were
removed at either 24 h or 48 h and rinsed with 5 mL of
PBS in a fresh well plate on the shaking incubator for 2
mins at 120 rpm. Samples were subsequently gently diprinsed in PBS to remove planktonic bacteria and placed in a
50 mL centrifuge tube along with 10 mL of fresh PBS,
which was followed by vigorous vortexing for 2 mins. The
bacterial solution was serially diluted as necessary (that is,
1/103, 1/1003, 1/1,0003, and 1/10,0003) and plated
onto PetriﬁlmTM (6400/6406/6442 Aerobic Count Plates,
3M, Minneapolis, MN, USA). The PetriﬁlmTM was incubated
at 37 8C (10–180 E, QuincyLab, Inc., Chicago, IL, USA) for 24
and 48 h in stacks of <20 ﬁlms. At the end of each period,
the number of colonies on each PetriﬁlmTM was counted
and recorded. The results were multiplied by applicable
dilution factors and divided by surface area to determine
the average colony forming units per square millimeter
(CFU/mm2). A two-tailed, heteroscedastic Student’s t test
(95% conﬁdence) was used to determine statistical
signiﬁcance.

RESULTS

Surface topography
Provided in Figure 2 are SEM images of the various treated
Si3N4 samples along with PEEK and Ti6Al4V. The asfabricated Si3N4 of Figure 2(a) exhibited a typical acicular
grain structure consisting of protruding anisotropic hexagonal ß-Si3N4 grains within an oxide intergranular matrix, having prismatic dimensions of 0.2 to 2.0 mm in cross-section
by  10 mm in length. Note that many of these grains extend
well above the nominal material surface. The N2-annealed
Si3N4 [Figure 2(b)] had a similar acicular structure; but it
was interspersed with islands of SiYAlON (that is, the lighter
contrasting phase). These islands have higher concentrations
of the Al2O3 and Y2O3 sintering aids intermixed within an
oxynitride glass. Figure 2(c) shows the morphology of the
SiYAlON coating onto the as-fabricated base Si3N4. In this
instance, the SiYAlON is highly porous, and appears to be a
combination of both vitreous and crystalline phases. The
oxidized Si3N4 surface shown in Figure 2(d) has similar
morphology to the as-fabricated base material. However,
closer inspection reveals the presence of an amorphous second phase (assumed to be the oxide layer) covering each
individual grain and spanning between grains. Finally,
shown in Figure 2(e,f) are photographs of machined PEEK
and Ti6Al4V, respectively. In contrast to the Si3N4 samples,
which had roughness at the micron- and submicron-scales,
the topographies of the PEEK and Ti-alloy specimens were
much larger and characteristic of typically machined surfaces. In both instances, their macro-surface roughness was
generated by an identical tool path during machining. The
surface roughness values of the various samples, as

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | MONTH 2017 VOL 00A, ISSUE 00

5

TABLE I. Summary of the white light interferometry average
(Ra) and root-mean-square (Rq) surface roughness for the
Si3N4, PEEK, and Ti6Al4V samples
Material
PEEK
Gl-Si3N4
Af-Si3N4
Ox-Si3N4
N2-Si3N4
Ti6Al4V
Polished-Si3N4

Ra (nm)

Rq (nm)

819
785
641
568
509
377
2

1,034
1,094
830
745
654
494
5

measured by white light interferometry, are provided in
Table I. The data are arranged in descending order of average roughness. For reference purposes, a polished-Si3N4
sample was also characterized and included in Table I, demonstrating that an ultra-smooth surface can be achieved for
this dense bioceramic.
Shown in Figure 3(af) are oblique topographical
plots for each material from the white-light interferometer. These quantitative results conﬁrm the qualitative
observations provided in Figure 2(af). At the micronand submicron-levels, the Si3N4 samples generally had the
highest surface roughness values whereas the Ti-alloy

was the smoothest. The PEEK material is an obvious
exception. Its high apparent roughness is due to fewer
features (of larger size), which were likely due to brittle
fracture and shear occurring during the machining process [10 to 20 mm, compare Figure 2(e) and Figure
3(a)] when compared with either the Si3N4 or Ti-alloy
samples. In contrast, the Ti-alloy had a uniform repetitive
pattern to its surface, consistent with a strain-hardening
chip removal process.
Zeta-potential
Provided in Figure 4 are the results of streaming potential
measurements converted to zeta-potentials (f) for the various Si3N4 samples as a function of pH. Isoelectric points
(IEP) determined from these curves provided values of 4.6,
4.5, and 3.1 for the N2-SN, Af-SN, and Ox-SN samples,
respectively. f-potential curves for PEEK and the Ti-alloy are
also shown in the graph, but these data were adapted from
previous publications utilizing the same streaming potential
measurement technique and background electrolyte.42,43
Their IEP values were 3.9 and 4.4, respectively. Perhaps
more interesting are the f-potentials exhibited by these various materials at homeostatic pH (that is, 7.4). These
results indicate that the Ox-SN sample had the largest

FIGURE 3. White light interferometer oblique topographical plots of: (a) PEEK, (b) Gl-Si3N4, (c) Af-Si3N4, (d) Ox-Si3N4, (e) N2-Si3N4, and (f)
Ti6Al4V.
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TABLE II. Surface elemental composition via XPS for the asfabricated and treated Si3N4 surfaces. The Si3N4 material’s
theoretical bulk composition is included for reference
Surface elemental composition (Atomic %)
Element
Si
Y
Al
O
N

FIGURE 4. Zeta potential as a function of pH, as measured by streaming potential for Af-Si3N4, N2-Si3N4, Ox-Si3N4, and Ti6Al4V. (PEEK and
Ti6Al4V-ELI data are from References 42 and 43, respectively.).

negative charge (270 mV), followed by N2-SN (265 mV),
PEEK (extrapolated to 250 mV using non-linear regression
analysis), Af-SN (245 mV), and the Ti-alloy (215 mV).
Wettability and water contact angle
Representative photos of deionized water contact angles
for the various Si3N4, PEEK, and Ti-alloy samples are
shown in Figure 5(af). As expected, PEEK was the least
hydrophilic material and had the poorest wettability, with
a contact angle of 86 6 48. This was followed by the Tialloy, and Af-SN samples at 71 6 58 and 66 6 128, respectively. However, it should be noted that prior work demonstrated that the apparent high contact angle for the Af-SN
sample actually decreases to 30 6 98 after 30 mins of exposure due to heterogeneous wetting (that is, air entrapment) of the micro-rough surface.34,44 The three Si3N4
treatment conditions resulted in remarkable improvements
in hydrophilicity, with contact angles of 28 6 148, 9 6 28,
and 8 6 18, for the Gl-SN, N2-SN, and Ox-SN samples,
respectively.

FIGURE 5. Water droplet wetting angle photographs and measurements: (a) PEEK, (b) Ti6Al4V-ELI, (c) Af-Si3N4, (d) Gl-Si3N4, (e) N2Si3N4, and (f) Ox-Si3N4. Measured values are mean 6 one standard
deviation.

Theoretical
bulk

Af-SN

N2-SN

Gl-SN

Ox-SN

39.7%
1.1%
1.6%
4.5%
52.9%

38.87%
0.12%
2.34%
19.39%
39.28%

36.41%
2.30%
5.66%
18.52%
37.11%

28.06%
10.86%
3.38%
33.10%
24.60%

34.53%
1.37%
3.06%
60.93%
0.11%

X-ray photoelectron spectroscopy
Results of the surface chemical analyses using XPS are provided in Table II for the various Si3N4 samples. The theoretical bulk composition is also listed. Of particular note is the
signiﬁcant amount of oxygen present on all of the treated
samples (that is, from 19 at % to 61 at %). A protective
oxide surface layer was a natural consequence of the material’s exposure to ambient air (cf., Table II, Af-SN and N2SN); but this oxide coating was greatly enhanced using the
glazing and oxidizing treatment conditions. Trends can also
be noted for nitrogen, yttrium, and aluminum, with the AfSN and N2-SN samples containing the highest amounts of N,
and the Gl-SN sample possessing the largest quantities of
yttrium and aluminum. Speciﬁc moieties, including Si-NH1
3,
2
1
Y-OH1
,
and
Al-OH
intermixed
with
the
predominant
Si-O
2
2
groups, form from the reaction of the surface with biological
ﬂuids at physiologic pH and engender the surface with a
zwitterionic-like character. As will be discussed later, these
speciﬁc surface chemistry changes may have an impact on
the material’s bacteriostatic capabilities. The elemental XPS
results from the PEEK and Ti-alloy (not shown) were as
expected. Their surface compositions consisted principally
of C and O, and oxides of Ti, Al, and V, respectively.
Bioﬁlm formation
Bacterial attachment and proliferation results at 24 h and
48 h for gram-positive S. epidermidis and gram-negative E.

FIGURE 6. Bacteriostasis results on tested biomaterials using S epi
after 24 and 48 h incubation. (Error bars are 6 one standard deviation.
Asterisks (*) in the figure indicate a statistically significant difference,
p < 0.05. The position of each asterisk indicates the reference material
used in the statistical analysis.).
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FIGURE 7. Bacteriostasis results on tested biomaterials using E. coli
after 24 and 48 h incubation. (Error bars are 6 one standard deviation.
Asterisks (*) in the figure indicate a statistically significant difference,
p < 0.05. The position of each asterisk indicates the reference material
used in the statistical analysis.).

coli are given in Figures 6 and 7, respectively. Both microbial species showed similar bioﬁlm forming trends. In general, the highest density of CFUs was always found on the
PEEK biomaterial, followed by the Ti-alloy, and then the various Si3N4 substrates.
For S. epidermidis at 24 h, bioﬁlm growth on PEEK was
about three orders of magnitude greater than on the Tialloy or any Si3N4 material (all p < 0.005). Ti6Al4V also had
more bacteria than the Si3N4 samples, but was only signiﬁcant for as-ﬁred and nitrogen annealed treatments (that is,
p-values 0.048 and 0.035, respectively). There were no signiﬁcant differences between any of the Si3N4 conditions at
24 h. Similar trends and statistical signiﬁcance for S. epidermidis were also observed at 48 h. However, it was noted
that the average S. epidermidis CFU/mm2 values were lower
at 48 h than at 24 h (cf., Figure 6). While this observation
may seem contradictory, it was primarily the result of the
chosen experimental protocol. The 24 h and 48 h data were
derived from independent experiments and not the result of
an extraction of samples from the same continuous experiment. Consequently, the observed CFU counts were subject
to minor variations in the initial bacterium concentration
and in the biogenic growth medium. In fact, comparing 24 h
and 48 h results for individual materials presented no statistical differences.
For E. coli, bioﬁlm formation on PEEK was signiﬁcantly
greater (p < 0.05) than all other materials at both 24 and
48 h. Bacterial growth on Ti6Al4V was also statistically
greater (p < 0.05) than all Si3N4 conditions, with the possible exception of nitrogen annealed Si3N4 (p 5 0.06). By
48 h, PEEK remained two orders of magnitude above the
Ti-alloy, and 2.5–3 orders of magnitude greater than all of
the Si3N4 conditions (p < 0.05); and Ti6Al4V was also significantly greater than all of the Si3N4 treatments at 48 h
(p < 0.05).
DISCUSSION

In this study, a series of surface-modulated Si3N4 samples
was prepared and extensively characterized prior to in vitro
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exposure to two common nosocomial bacterial strains in an
attempt to gain an improved understanding of the surface
parameters that may affect bioﬁlm formation. Attachment of
bacteria to biomaterial surfaces is complex, and correlations
to single parameters are often difﬁcult to assess.13 Indeed,
the literature is resplendent with in vitro studies that are
inconsistent, inconclusive, and even contradictory.11,21 Furthermore, while standard tests exist for assessing the bactericidal effectiveness of compounds,45–47 none currently exist
for generally determining a biomaterial’s natural resistance
to a range of bioﬁlm forming microbes. Consequently, a multivariate approach is often necessary because microbial
adhesion is not only related to the bacterial strain itself, but
can also be affected by the biomaterial’s surface topography,
charging, wetting behavior, chemistry, and the in vivo environment (for example, serum proteins, nutrients, and ﬂuidﬂow conditions).
Surface topography
A biomaterial’s surface topography is generally considered
to be an important parameter in bioﬁlm formation. Features
such as crevices, asperities, voids, or porosity on the order
of the size of the bacteria are believed to provide shelter
against biological ﬂuid ﬂow (that is, shear) and phagocytes.13,48 In contrast to the size of eukaryotic cells which
have typical diameters of between 10 mm and 100 mm, bacteria are miniscule, with cell dimensions of about 0.2 mm in
diameter 3 2–8 mm length. These prokaryotic cells are
more rigid than their mammalian counterparts, so it stands
to reason that their initial adhesion to a biomaterial’s surface may be different, and likely affected by topographical
features. A generally-held axiom is that smoother, porosity
free surfaces have fewer topographical defects where bacterial adhesins can take hold and cells can colonize.21 This
apparent truism has been validated by a number of
researchers. For instance, Scheuerman et al. demonstrated
enhanced adhesion of P. aeruginosa and P. ﬂuorescens on
micro-roughened silicon coupons.49 Separate extensive
reviews by Teughels et al. and Quirynen et al. showed that
adherence of most strains of oral bacteria are strongly correlated to the surface roughness of implanted dental appliances.50,51 In a more recent orthopaedic study, Yoda et al.
tested ﬁve different metallic and ceramic biomaterials with
a range of surface roughness values that varied between
2.13 and 4.03. The rougher materials resulted in signiﬁcantly greater adhesion and proliferation of S. epidermidis.52
In contrast, the results of the present study, which included
a similarly broad range of roughness values, appear to contradict the ﬁndings of these earlier researchers. Indeed, the
Si3N4 samples had Ra values ranging from 509 to 785 nm,
whereas the PEEK and Ti-alloy materials were conspicuously different at 819 and 377 nm, respectively. If high average surface roughness was the sole determinant of bacterial
adhesion, then the Ti-alloy should have had the lowest
amount of bioﬁlm; the highest amount should have been
observed on PEEK and all of the Si3N4 samples (cf., Table I,
Figures (3 and 6), and 7). Clearly, this was not the case; the
PEEK and Ti-alloy showed the largest amount of bioﬁlm
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formation for both bacterial species. However, average
roughness may not be the appropriate measure. A close
comparison of Figures 2 and 3 demonstrates that there are
inherent differences in feature sizes between the Si3N4
materials and either the Ti-alloy or PEEK. The latter two
materials have regular (that is, machined) features that are
at least an order of magnitude larger than are the submicron- and nano-sized structures found on the Si3N4 surfaces.
Studies have demonstrated that slight differences between
nano-rough and nano-smooth surfaces may be important in
limiting initial adhesion, with the former surface preventing
attachment.21 It has also been suggested that there may be
an optimal feature size that either promotes or inhibits bacterial adhesion. Surfaces with roughness values in the plusmicrometer or in the low-nanometer ranges showed
increased bacteria attachment in contrast to sub-micrometer
roughness.53 In a recent report, Xu et al. found that S. epidermidis bioﬁlm formation was minimized by creating a regular array of submicron-sized pillars on hydrophobic
polyurethane.28 Then, in a subsequent article, they fashioned a larger micron-sized array of the same pillars, and
plasma treated the polyurethane surface to improve its
hydrophilicity. In this later case, S. epidermidis adhesion was
found to be dependent upon the size of the textured pattern; submicron patterns reduced adhesion, whereas
micron-sized arrays resulted in the opposite effect.54 Other
researchers have demonstrated similar results on different
materials. Puckett et al. found that nano-rough titanium
surfaces are more effective in repelling microbial adhesion
than nano-smooth materials of the same composition.55 In
fact, these recent efforts have mimicked surfaces found in
the natural world, such as the wings of the common cicada
(insect) or the leaves of the lotus plant, both of which have
intrinsic antibacterial properties due to nano-rough pillarlike patterns on their respective surfaces.11,24,56,57 Due to
multivariate effects, it is impossible to suggest that surface
roughness is the sole determinant of the observed differences in microbial attachment between PEEK, Ti6Al4V, and the
Si3N4 surfaces of the present study. However, it undoubtedly
has a role, although its precise contributions cannot be
quantitatively assessed.
Surface charge and wetting behavior
As indicated in Figure 1, bacterial adhesion to biomaterials
consists of the initial attraction of the microbial species to
the surface (Step 1) followed by adsorption and attachment
(Step 2). In their planktonic state, their motility is affected
by various physical and electrokinetic forces, including
Brownian motion, van der Waals attraction, Columbic attraction or repulsion, and even gravity.13,58 Several analytical
models have been developed to explain their movement and
attachment mechanisms, the most advanced of which is the
Extended DLVO theory.48,59,60 Within the biological medium,
it accounts for electrokinetic interactions of individually dispersed bacterium and the prosthetic surface including surface roughness, hydrophilic, and hydrophobic effects. As a
bacterium approaches the surface, it is either electrostatically attracted or repulsed based on the net effect of its

surface charge and that of the biomaterial. While surface
chemistry of individual bacterial species varies, all are heterogeneous combinations of positively-, neutrally-, or
negatively-charged moieties. Their predominant surface
22
groups include amines (R-NH1
3 ), phosphates (R-PO4 ),
- 61
hydroxyls (R-O ), and carboxylates (R-COO ). Most bacterial genera have an overall negative surface charge which
provides them with their electrophoretic mobility. Yet, given
that many biomaterial surfaces are also negatively charged
at homeostatic pH, a double-layer electrostatic repulsion is
thought to prevent immediate attachment.62 The extendedDLVO theory has been extensively used to model bacilli
movement and attachment.21 It is generally observed that
highly hydrophilic biomaterial surfaces possessing large
negative zeta-potentials are less prone to bacterial attachment and bioﬁlm formation.13 As an example, in their study
of metal oxide and glass surfaces, Li et al. found that the
measurement of only two parameters, wetting behavior and
zeta-potential, were needed to predict differences in adhesion among eight different microbial strains.29 Separately,
Harkes, et al. studied the adhesion of three strains of E. coli
on polymethacrylates of differing surface charges and
hydrophobicities under laminar ﬂow conditions.63 They uniformly observed fewer bacteria on substrates with larger
negative zeta-potentials, suggesting that the magnitude of
the charge difference prevented the microbes from contacting the biomaterial’s surface. They also found that substrates with large negative zeta-potentials also had
improved wetting behavior. Such a result is not uncommon
because charging and wettability are both directly related to
the chemical moieties present at the surface. On the one
hand, the biomaterial’s crystal structure, lattice defects, broken surface bonds, and the ionization of attached functional
groups determines its charge. On the other hand, it is dissociation or protonation of carboxyl, phosphate, and amino
groups on cell membranes that govern the surface charge of
most bacteria.60 A number of studies have established that
pathogen adhesion correlates with surface hydrophobicity,
and in turn, poor wetting behavior is the primary etiology
for bioﬁlm formation.64 While there are exceptions, microbial cell attachment is predominately impeded when the
bacterial membrane and biomaterial surface both possess
negative charges.13 Furthermore, it is commonly observed
that bacteria with hydrophobic properties prefer hydrophobic biomaterials, while hydrophilic bacilli prefer hydrophilic
surfaces.13,38 In any event, upon implantation of an abiotic
biomaterial, a competition between bacteria, serum proteins,
and eukaryotic cells ensues, known as a “race to the
surface.”65 If the surface is hydrophilic and highly hydrated
(that is, adsorbed water) or hydroxylated (that is, chemically bound water), then it may be energetically unfavorable
for bacteria to gain a foothold. Conversely, no such adhesion
barriers exist for hydrophobic surfaces. The results of the
present study tend to support these general observations.
In considering the combined effects of zeta-potential and
wetting, the Si3N4 samples had both the charging and
hydrophilicity characteristics to hinder bacterial attachment.
For instance, the Ox-Si3N4 samples had the overall lowest
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bacterial adhesion after 48 h incubation for both S. epidermidis and E. coli, the largest negative f-potential (270
mV) at homeostatic pH, and the lowest measured wetting
angle (8 6 18). The other Si3N4 samples also had relatively
large negative f-potentials (-50 mV) and advantageous
hydrophilicity (< 608). Conversely, the PEEK and Ti-alloy
had f-potentials and wetting angles of 50 mV and 86 6 48,
and 215 mV and 71 6 58, respectively. Although the
f-potential for PEEK appears to be comparable to the Si3N4
samples, the mechanism for PEEK charging is completely
different from that of the inorganic ceramic and metal samples. While inorganic materials become charged in aqueous
environments due primarily to acid-base interactions
between ﬁxed (non-adsorbed) surface sites and the medium,
PEEK’s charge is solely due to adsorption of ions from
solution. Consequently, unlike inorganic substances, its
f-potential is determined primarily by its surface area and
the relative concentrations of adsorbed species, with a
rougher surface unduly increasing its apparent value.66
Additionally, the biologic medium contains a much different
and more concentrated ionic composition than the 1 mM
KCl solution used in conducting the streaming potential
experiments. While the inorganic materials are expected to
exhibit lower magnitude zeta potentials in higher ionic
strength media, their general behavior as a function of pH
(relative to one another) is expected to remain comparatively constant. Since PEEK’s charging behavior is dictated
by the medium’s ionic composition and ion adsorption, the
reported data from a 1 mM KCl in vitro test is neither representative of the actual in vivo medium, nor is it comparable to the behavior of inorganic materials within the same
medium. Consequently, even though the in vitro f-potential
for PEEK is included in Figure 4 for reference, its in vivo
value is expected to be neutral to <10 mV, similar to other
untreated polymeric materials.66,67 In summary, the results
of this study for surface charging, hydrophilic behavior, and
associated bioﬁlm formation are consistent with previous
research involving these and similar biomaterials.29,32,33,68
They support the concept that highly hydrophilic surfaces
with large negative f-potentials preclude microorganism
attachment. It is therefore believed that these two surface
properties strongly contributed to the bacteriostatic effectiveness of the Si3N4 materials in comparison to the PEEK
and Ti-alloy. Nevertheless, their relative contributions have
to be considered as part of a multivariate solution, because
bacteria are more capable than simple colloidal particles in
overcoming electrostatic and surface energy effects. Their
living nature, motility, and functional extremities (capsule,
ﬁmbriae, and pili) which serve as adhesins, can defeat
repulsive abiotic material barriers.69,70
Surface chemistry
Beyond electrostatic and hydrophilic effects, a biomaterial’s
functional surface chemistry can also be effective in preventing bioﬁlm formation. For instance, polymer coatings
containing primary through quaternary amines (for example,
chitosan, peptides, N-halamines) have been shown to be
contact biocides.71 Although their exact mechanisms are still
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subject to debate, the rapid electrostatically-driven binding
of bacteria to these polycationic compounds appears to
impair the bacterium’s outer cell membrane and increase its
permeability, which leads to leakage of cytoplasmic constituents, the downregulation of cell metabolism, and eventual
lysis.72–74 The mechanism in N-halamines is slightly different but with the same end result; their antimicrobial action
is due to the slow release of cationic oxidative halogen species (for example, Cl1, Br1) which, upon direct contact with
bacteria, inactivates their cellular functions leading to eventual death.71 Although the effectiveness of these types of
materials increases with their functional group concentration, they are still only considered to be bacteriostatic, not
bactericidal, because extended contact times are generally
required to kill the adsorbed microbes.72,73 Conversely, biomaterials coated or impregnated with elutable biocides (for
example, silver, zinc, copper, iodine, nitric oxide, or synthetic
antibiotics) are strongly bactericidal,10 with similar lytic
mechanisms involving disruption of cell membranes, leakage
of constituents, and reduced metabolic activity. On the one
hand, the use of silver compounds has been shown to be
highly effective in preventing bioﬁlm formation; but concerns remain about argyria and potential hepatoxicity, with
long-term effects on mammalian cells remaining
unknown.2,10 On the other hand, nitric oxide releasing surfaces were equally bactericidal, and were actually shown to
improve the biocompatibility of implanted medical
devices.75 Nevertheless, the lasting effectiveness of elutionbased bactericidal surfaces is questioned. The gradual loss
of their functional elements obviously diminishes their antimicrobial usefulness over time. However, the placement of
speciﬁc chemical moieties at the surface of a biomaterial
(either as a coating, or inherently as part of the monolithic
implant) represents an important strategy in regulating the
attachment of bacteria on substrates and their growth into
bioﬁlms.
In this regard, the Si3N4 samples utilized in the present
study cannot be considered wholly bioinert. Indeed, unlike
the PEEK and Ti6Al4V materials, the chemistry of Si3N4’s
surface is bioactive. Not only can its surface be broadly
modulated (from one that is principally silicon dioxide
(SiO2) to one that has high concentrations of silicon-amines
(Si-NH2), and/or a silicon-yttrium-aluminum-oxynitride
glass (SiYAlON)) but it also exhibits a certain degree of surface solubility.76–80 As demonstrated in Figures 4 and 5 and
as documented in Table II, chemical modulation of its surface results in signiﬁcant alterations to its electrokinetic and
wetting behavior, respectively. Note in particular that higher
surface concentrations of oxygen led to a large negative surface charge and improved wettability consistent with the
formation of a thicker silica-like layer (cf., Ox-SN in Table II
and Figures 4 and 5). In a recent study, Katsikogianni and
Missirlis found that hydroxyl-based (that is, OH-terminated)
glass was highly effective in preventing adhesion of S. epidermidis; they attributed their ﬁndings to the mutually
repulsive electrochemistry of the bacteria and the glass surface.59 The present study appears to corroborate their
results because the oxidized silicon nitride surface (that is,
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Ox-SN) had among the lowest CFU counts at both 24 and
48 h for the two studied pathogens (cf., Figures 6 and 7).
Similarly, improved wetting, large negative charging, and
reduced bioﬁlm formation was also achieved through
increased amounts of SiYAlON glass at the surface (cf., N2SN and Gl-SN in Table II, and Figures 4–7). Hydrophilicity
and charging undoubtedly had a role in the reduction of
these bacilli, but inclusion of speciﬁc positively charged sur1
face functional groups (for example, Si-NH1
3 , Y-OH2 , and Al1
OH2 ) intermixed with the predominately negative Si-Ocharges provided the surface with zwitterionic-like characteristics. It is believed that this unique chemistry aided in
inhibiting bacterial attachment as well. In fact, other
researchers have demonstrated similar anti-infective behavior with zwitterionic surfaces. For instance, Izquierdo-Barba
et al. examined the resistance of mesoporous silica surfaces
to Escherichia coli adhesion after the surfaces had been
functionalized with –NH36COO- or NH36SiO- moieties.
Their in vitro results demonstrated that the presence of
both positive and negative charges led to reduced E. coli
attachment.81 In a separate study, Kyomoto et al. grafted a
polyzwitterionic coating composed of poly(2-methacryloyloxyethyl phosphoryl-choline) onto vitamin E-blended highly
cross-linked polyethylene and tested this surface for adhesion by two virulent gram-positive Staphylococcus aureus
strains. They found a 100-fold reduction in adhesion due to
the mixed-charge character of the grafted polymer.67 Finally,
in a separate comprehensive review, Schlenoff remarked
that these synthetic zwitterionic surfaces are in fact bioinspired; they seek to replicate the anti-fouling behavior
observed for many marine organisms.82 Consequently, the
engineered modulation of Si3N4’s surface is believed to have
had a role in hindering attachment of S. epidermidis and
E. coli in the present study.
In addition to surface charge and wetting considerations,
it has also been recently demonstrated that surface dissolution of Si3N4 also impacts bacterial adhesion and bioﬁlm
formation.83 In the presence of moisture, there is a
diffusion-limited thermodynamic driving force to convert silicon nitride to silicic acid (Si(OH)4) and ammonia (NH3) as
indicated in Equation (1) below:
Si3 N4 112H2 O ! 3SiðOHÞ4 14NH3
DG 298 K 5 2565 kJ=mol

(1)

The release of NH3 from the Si3N4 surface not only
increases the local pH to 8.5, which deleteriously affects
bacteria adhesion,69 but it also affects their metabolism in a
manner similar to the elution of nitric oxide (NO) from
xerogel polymers.83 Charville et al. demonstrated this in a
study which examined the effect of NO release from
ﬁbrinogen-mediated xerogel coated glass slides on the adhesion of S. aureus, S. epidermidis, and E. coli.84 At a NO ﬂux
of 30 pmol cm22 s21, they found bacterial surface coverage
reductions of 96%, 48% and 88%, respectively. The inhibitory mechanism was reportedly due to formation of peroxynitrite (ONOO-), a highly reactive species, which penetrated
the cells’ lipid membranes resulting in leakage and causing

irreparable damage to their metabolic respiration reactions
and DNA.85 Similarly, in a recent Raman spectroscopy study,
Pezzotti, et al. monitored in situ the metabolic activity of
Porphyromonas gingivalis inoculated onto various Si3N4
surfaces over a period of six days. Their results and the
mechanism were consistent with the early study by Charville et al. for NO emitting xerogels. Pezzotti et al. concluded
that the lytic activity was principally due to the formation
of peroxynitrite. Its presence resulted in degradation of the
cell membrane, alteration of internal protein structures, and
interference with DNA and RNA metabolism.83
To summarize this section, it is believed that the surface
chemistry of Si3N4 had a profound impact on the adhesion
of the two nosocomial bacteria of this study. In keeping
with the multivariate concept, modulation of the surface
was shown to effect charging and wettability, both of which
correlated with reduced pathogen adherence. In addition, it
is further hypothesized that surface dissolution of Si3N4
generated ammonia and the concomitant formation of peroxynitrite. These reaction products resulted in a local
increase in pH which inhibited bacterial adhesion and disrupted their cellular metabolic activity, respectively.
Proteins
At the onset, it was elected to include human plasma in this
in vitro study because protein adsorption onto biomaterial
surfaces can mediate the approach and adhesion of both
prokaryotic and eukaryotic cells by preconditioning the surface. Although these experiments did not speciﬁcally examine the effect of proteins on bacterial attachment, the
following discussion is provided as a reasonable interpretation of their potential effect on the results. Future studies
will seek to quantify the impact of proteins on bioﬁlm
formation.
Human plasma may contain upwards of 40,000 unique
proteins of which only about 1,000 have been cataloged.41,86
Six abundant molecules account for 85% of its mass with
an additional fourteen proteins comprising another 13%.87
Those of pathological importance include albumin (55 to 70
wt %), ﬁbrinogen (7 wt %), ﬁbrin, ﬁbronectin, laminin,
and collagen.86,88 Following hydration in a biological ﬂuid,
proteins are the ﬁrst molecules to attach to an abiotic surface. This typically occurs within microseconds of implantation.41 In accordance with the Vroman Effect, the ﬁrst
proteins are typically those that are plentiful and small (for
example, albumin, immunoglobulins, and ﬁbrin). Then, over
time, these smaller proteins are replaced by larger molecules that have a higher afﬁnity to the particular surface.68
Although protein attraction and adhesion are largely concentration dependent, all are also subject to the same electrokinetic forces that affect bacteria, including ionic or
electrostatic and hydrophobic-hydrophilic interactions. The
Extended DLVO theory is equally applicable to both proteins
and bacteria. Extensive studies have shown that hydrophilic,
highly hydrated (for example, those with hydroxyl functional
groups), and negatively charged surfaces are not only resistant to bacterial attachment, but also resistant to protein
adsorption.41 Although proteins have amphiphilic functional
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groups capable of adsorbing onto either hydrophilic or
hydrophobic surfaces, the energetics of surface dehydration
may hinder actual adsorption from occurring on hydrogen
bonded or hydroxylated materials. Therefore, water plays a
key role in protein attachment. A number of wetting behavior studies have shown that there is an apparent pivot point
in adsorption with a paucity of proteins found on surfaces
having water contact angles of less than about 658.41 With
regards to speciﬁc proteins, albumin (that is, the most abundant plasma molecule) reportedly improves the hydrophilicity of material surfaces, and also shows inhibitory
tendencies toward bacterial attachment on most polymer,
ceramic, and metal surfaces.13,69 Conversely, ﬁbrinogen or
ﬁbronectin are thought to facilitate adhesion of bacteria
through speciﬁc ligand-receptor interactions,64,69 although
their ability to mediate bacterial attachment remains controversial, particularly for bacteria of the staphylococci genus.14
In the previously cited study on the use of elutable nitric
oxide, ﬁbrinogen’s ligand-receptor function was downregulated by NO, which led to its inability to facilitate binding of
S. aureus and S. epidermidis.84 Given these speciﬁc research
ﬁndings, it is likely that there was minimal adsorption of
plasma proteins onto the Si3N4 samples of the present
study. This is thought to be primarily due to the large negative charge present at the Si3N4 surfaces along with their
enhanced hydrophilicity. The localized increase in pH and
formation of peroxynitrite via elution of silicic acid and
ammonia may also have affected protein adsorption. In
addition, albumin, because of its high plasma concentration,
would likely have been the dominant adsorbate, leading to a
further improvement in hydrophilicity of the Si3N4 surfaces.
Therefore, it is altogether plausible that these combined
effects would have further inhibited the adhesion of the two
pathogens utilized in the present study. Future work will
seek to better understand and quantify the roles of speciﬁc
proteins on bacterial adhesion and bioﬁlm formation for the
various Si3N4 materials.
CONCLUSIONS

The present study investigated phenomenological differences for adhesion and bioﬁlm formation of two nosocomial
bacteria – S. epidermidis and E. coli – on three biomaterials
routinely employed as intervertebral spacers in spinal
fusion surgery – Si3N4, Ti6Al4V, and PEEK. Several surface
modulated variants of Si3N4 were concurrently tested. The
results demonstrated substantial differences in bacterial
attachment and proliferation for both gram-positive S epidermidis and gram-negative E coli. Similar statistically significant trends were observed using both bacilli for incubation
periods of 24 and 48 h. Bioﬁlm formation was found to be
the greatest on PEEK, followed by the Ti-alloy, and then the
various Si3N4 treated surfaces. In particular, the amount of
bioﬁlm on the PEEK biomaterial remained approximately
two orders of magnitude greater than Ti6Al4V, and 2.5 to 3
orders of magnitude above all of the Si3N4 variants at 48 h.
Although detailed mechanistic studies were not a part of
the present experiments (they are planned for the future), it
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is believed that multivariate effects resulted in the improved
bacteriostasis behavior for the Si3N4 biomaterials. These
effects included: (1) A submicron- nano-scale surface topography present on all of the Si3N4 samples in contrast to the
micron-rough surfaces on the PEEK and Ti-alloy biomaterials; (2) Signiﬁcantly larger negative surface charging for the
Si3N4 samples in comparison to either PEEK or Ti6Al4V; (3)
Improved wetting behavior for all of the Si3N4 materials
when compared to PEEK and the Ti-alloy; and (4) Bioactive
surfaces for the various Si3N4 samples, some of which
exhibited zwitterionic-like character, eluted minute amounts
of silicic acid and ammonia. With respect to the release of
ammonia, a parallel dental bacteria study demonstrated that
its elution from Si3N4 generated peroxynitrite, which in turn
penetrated the pathogen and downregulated its cellular
metabolism. In contrast, the PEEK and Ti6Al4V biomaterials
were found to be essentially bioinert. Future studies will
seek to: (1) Clarify the roles of these various mechanisms in
suppressing bacterial adhesion and bioﬁlm production; (2)
Speciﬁcally examine the effects of protein adsorption on
bacterial attachment; and (3) Test the bacteriostatic effectiveness of the various Si3N4 modulated surfaces over longer time intervals.
In summary, given the international threat associated
with the impending ineffectiveness and critical shortages of
new antibiotic therapies, identifying biomaterials that inherently or naturally resist bioﬁlm formation and bacterial
expression is an important strategy in addressing implantrelated infections. Biomaterials, such as Si3N4, which possess multivariate bacteriostatic properties may provide clinicians and patients alike with a new effective remedy against
an ever-increasing number of virulent microbial strains.
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