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QUARTERNIZED TITANIUM-NITRIDE ANTI-BACTERIAL COATING FOR DENTAL
IMPLANTS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This Application claims the benefit of U.S. Provisional Application No. 62/712,553,

filed on July 31, 2018, which is incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[0002] This invention was made with government support under DE025001 awarded by the

National Institutes of Health. The government has certain rights in the invention.

BACKGROUND

[0003] Approximately 5% of all dental implants anchored by osseointegration will fail within
10 years (Mombelli A., et al., Clin Oral Implants Res. 2012 23:67-76; Lindhe J., et al., J Clin
Periodontol. 2008 35:282-285; Mombelli A., et al. Clin Oral Implants Res. 2006 17(2):97-103).
Implant survival is not well characterized as a function of lifestyle; explorations into patients’
past dental history and other medical conditions have provided little in predicating variables.
Patients with previous history of periodontal disease have lower implant survival rates, but
diseases such as osteoporosis or diabetes gave no clear impact consistently (Mombelli A., et
al. Clin Oral Implants Res. 2006 17(2):97-103; Safii S., et al. Clin Implant Dent Relat Res.
2010 12(3):165-74).

[0004] A primary culprit for implant failure is peri-implantitis, which is site specific bacterial
infection, which leads to bone loss around the implant and soft tissue inflammation. This
definition assumes that there was successful osseointegraiton of the implant initially, thus the
disease is degenerative, which excludes implant failure due to infection during the implantation
procedure or mechanical failure of the implant. Peri-implantitis has no conclusive treatment to
stop infection and progression of the disease, thus prevention of the disease at the earliest of
stages is of upmost importance to extend implant lifetime (Prathapachandran J., et al. Dent
Res J (Isfahan). 2012 9(5):516-21; Teles R., et al. Evidence-Based Dentistry 2003 4(4):88-88;
Renvert S., et al. J Clin Periodontol. 2008 35(8 Suppl):305-15; Claffey, N., et al. J Clin
Periodontol. 2008 35(8 Suppl):316-32; Quirynen M., et al. J Clin Periodontol. 2007 34(9):805-
15; Mombelli A., et al. Clin Oral Implants Res. 1992 3(4):162-8; Claffey N., et al. J Clin
Periodontol. 1995 22(9):690-6). The infection site’s bacterial flora has been explored to find if
a prevalence of certain bacteria may lend to formation of peri-implantitis. The sub-gingival flora
of sites with peri-implantitis have similar flora to that of periodontitis with the majority of bacteria
being Gram negative (Mombelli A., et al. J Clin Periodontol. 2011 38 Suppl 11:203-13; Persson
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GR., et al. Clin Implant Dent Relat Res. 2014 16(6):783-93; Mombelli A., et al. Oral Microbiol
Immunol. 1987 2(4):145-51). Persson et al. identified 19 bacterial species with higher counts
at the site of peri-implantitis infection than at implant sites without infection, with 7 bacteria
strains accounting for 30% of bacterial flora at the infection site as compared to 14 % at non-
infected implants (Persson GR., et al. Clin Implant Dent Relat Res. 2014 16(6):783-93).

[0005] Despite advances in dental research, there is still a scarcity of materials, and methods
for preparation of same, for dental implants that provide for sustained and effective inhibition

of peri-implantitis. These needs and other needs are satisfied by the present disclosure.

SUMMARY

[0006] In accordance with the purpose(s) of the disclosure, as embodied and broadly
described herein, the disclosure, in one aspect, relates to methods of preparing antibacterial
coatings comprising a quanternized titanium nitride layer. The disclosed antibacterial

quaternized TiN surfaces provide a method for improving implant lifetime.

[0007] Disclosed herein are methods for forming an antibacterial quaternized TiN surface. In
various aspects, the disclosed method comprises reaction of the titanium-nitride (TiN) layer
with an alkylating agent, e.g., an allyl halide, to quaternize the titanium-nitride (TiN). For
example, in some aspects the allyl halide, e.g. comprises allyl chloride, allyl bromide or ally
iodine. The disclosed method can further comprise forming a titanium (Ti) layer, e.g., using rf-
magnetron sputtering; formation of a titanium-nitride (TiN) vapor that coats the titanium (Ti)
layer with a titanium-nitride (TiN), e.g., using chemical vapor deposition, plasma spray or rf-

magnetron sputtering; and then quaternization of the TiN surface using an allyl halide.

[0008] Also disclosed is a method for improving the anti-bacterial properties of a dental
implant device, e.g., a dental implant device comprising a titanium layer that is coated with
titanium-nitride (TiN), comprising reacting the nitride (TiN) layer with an alkylating agent, e.g.,

an allyl halide such as allyl bromide.

[0009] Also disclosed is a medical apparatus comprising an anti-microbial layer prepared by

the disclosed methods.

[0010] Also disclosed is a medical apparatus, comprising a titanium layer coated with
titanium nitride treated with an alkyl halide, such as allyl bromide. For example, in some
aspects, the apparatus is a dental prosthesis, or medical prosthesis or any implantable device

that utilizes titanium. Therefore, in some aspects, the apparatus further comprises a porcelain
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layer or Ti bonded to the TiN layer. For example, the porcelain layer can be part of a veneer

for a tooth or Ti implants.

[0011] Also disclosed is a medical apparatus comprising a titanium layer coated with a
titanium nitride layer, wherein the titanium nitride layer further comprises an alkyl halide or
alkenyl halide derivative. In some aspects, the alkyl halide derivative is a derivative of a C1-
C6 alkyl halide. In some aspects, the alkyl halide derivative is a derivative of a C1-C6 alkenyl
halide. In some aspects, the C1-C6 alkenyl halide is allyl bromide. In some aspects, the alkyl

halide or alkenyl halide derivative is a quaternary ammonium moiety.

[0012] Other systems, methods, features, and advantages of the present disclosure will be
or become apparent to one with skill in the art upon examination of the following drawings and
detailed description. It is intended that all such additional systems, methods, features, and
advantages be included within this description, be within the scope of the present disclosure,
and be protected by the accompanying claims. In addition, all optional and preferred features
and modifications of the described aspects are usable in all aspects of the disclosure taught
herein. Furthermore, the individual features of the dependent claims, as well as all optional
and preferred features and modifications of the described aspects are combinable and

interchangeable with one another.

BRIEF DESCRIPTION OF THE FIGURES

[0013] Many aspects of the present disclosure can be better understood with reference to
the following drawings. The components in the drawings are not necessarily to scale,
emphasis instead being placed upon clearly illustrating the principles of the present disclosure.
Moreover, in the drawings, like reference numerals designate corresponding parts throughout

the several views.

[0014] FIG. 1 shows a top and side view of bacterial incubation on sample surfaces for

defined film thickness.

[0016] FIG. 2 shows stacked wide range XPS survey scan of TiN and quatenrized TiN

sample.

[0016] FIGs. 3A and 3B shows high resolution nitrogen 1s XPS spectra acquired with 0° and

50° tilted with respect of normal direction of TiN and quaternized TiN surface.

[0017] FIG. 4 shows colony forming unit (CFU) of bacteria growth on Ti, TiN or quaternized
TiN substrate with different thicknesses of bacterial solution kept between the cover glass slip

and Ti, TiN or quaternized TiN substrate.
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[0018] Additional advantages of the disclosure will be set forth in part in the description which
follows, and in part will be obvious from the description, or can be learned by practice of the
disclosure. The advantages of the disclosure will be realized and attained by means of the
elements and combinations particularly pointed out in the appended claims. It is to be
understood that both the foregoing general description and the following detailed description

are exemplary and explanatory only and are not restrictive of the disclosure, as claimed.

DETAILED DESCRIPTION

[0019] Before the present disclosure is described in greater detail, it is to be understood that
this disclosure is not limited to particular aspects described, and as such may, of course, vary.
It is also to be understood that the terminology used herein is for the purpose of describing
particular aspects only, and is not intended to be limiting, since the scope of the present

disclosure will be limited only by the appended claims.

[0020] Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this disclosure
belongs. Although any methods and materials similar or equivalent to those described herein
can also be used in the practice or testing of the present disclosure, the preferred methods

and materials are now described.

[0021] All publications and patents cited in this specification are herein incorporated by
reference as if each individual publication or patent were specifically and individually indicated
to be incorporated by reference and are incorporated herein by reference to disclose and
describe the methods and/or materials in connection with which the publications are cited.
The citation of any publication is for its disclosure prior to the filing date and should not be
construed as an admission that the present disclosure is not entitled to antedate such
publication by virtue of prior disclosure. Further, the dates of publication provided could be

different from the actual publication dates that may need to be independently confirmed.

[0022] As will be apparent to those of skill in the art upon reading this disclosure, each of the
individual aspects described and illustrated herein has discrete components and features
which may be readily separated from or combined with the features of any of the other several
aspects without departing from the scope or spirit of the present disclosure. Any recited
method can be carried out in the order of events recited or in any other order that is logically

possible.

[0023] Aspects of the present disclosure will employ, unless otherwise indicated, techniques

of chemistry, biology, and the like, which are within the skill of the art.
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[0024] Before the aspects of the present disclosure are described in detall, it is to be
understood that, unless otherwise indicated, the present disclosure is not limited to particular
materials, reagents, reaction materials, manufacturing processes, or the like, as such can
vary. ltis also to be understood that the terminology used herein is for purposes of describing
particular aspects only, and is not intended to be limiting. It is also possible in the present

disclosure that steps can be executed in different sequence where this is logically possible.

[0025] A number of aspects of the invention have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit and

scope of the invention. Accordingly, other aspects are within the scope of the following claims.

A. DEFINITIONS

[0026] As used herein, “comprising” is to be interpreted as specifying the presence of the
stated features, integers, steps, or components as referred to, but does not preclude the
presence or addition of one or more features, integers, steps, or components, or groups

»oou

thereof. Moreover, each of the terms “by”, “comprising,” “comprises”, “comprised of,’

“‘including,” “includes,” “included,” “involving,” “involves,” “involved,” and “such as” are used in
their open, non-limiting sense and may be used interchangeably. Further, the term
“‘comprising” is intended to include examples and aspects encompassed by the terms
“consisting essentially of” and “consisting of.” Similarly, the term “consisting essentially of” is

intended to include examples encompassed by the term “consisting of.

o

[0027] As used in the specification and the appended claims, the singular forms “a,” “an” and
“the” include plural referents unless the context clearly dictates otherwise. Thus, for example,
reference to “an implant,” “a layer,” or “a biofilm,” includes, but is not limited to, two or more

such implants, layers, or biofilms, and the like.

[0028] It should be noted that ratios, concentrations, amounts, and other numerical data can
be expressed herein in a range format. It will be further understood that the endpoints of each
of the ranges are significant both in relation to the other endpoint, and independently of the
other endpoint. It is also understood that there are a number of values disclosed herein, and
that each value is also herein disclosed as “about” that particular value in addition to the value
itself. For example, if the value “10” is disclosed, then “about 10” is also disclosed. Ranges
can be expressed herein as from “about” one particular value, and/or to “about’” another
particular value. Similarly, when values are expressed as approximations, by use of the
antecedent “about,” it will be understood that the particular value forms a further aspect. For

example, if the value “about 10” is disclosed, then “10” is also disclosed.
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[0029] When a range is expressed, a further aspect includes from the one particular value
and/or to the other particular value. For example, where the stated range includes one or both
of the limits, ranges excluding either or both of those included limits are also included in the
disclosure, e.g. the phrase “x to y” includes the range from ‘X’ to ‘y’ as well as the range greater
than ‘X’ and less than ‘y’. The range can also be expressed as an upper limit, e.g. ‘about x, v,
z, or less’ and should be interpreted to include the specific ranges of ‘about x’, ‘about y’, and
‘about z’ as well as the ranges of ‘less than X, less than y’, and ‘less than z'. Likewise, the
phrase ‘about x, y, z, or greater’ should be interpreted to include the specific ranges of ‘about
X, ‘about y’, and ‘about z’ as well as the ranges of ‘greater than x’, greater than y’, and ‘greater

(AL

than z’. In addition, the phrase “about ‘X’ to ‘y””, where X’ and ‘y’ are numerical values, includes

(AL

“about X’ to about ‘y”.

[0030] It is to be understood that such a range format is used for convenience and brevity,
and thus, should be interpreted in a flexible manner to include not only the numerical values
explicitly recited as the limits of the range, but also to include all the individual numerical values
or sub-ranges encompassed within that range as if each numerical value and sub-range is
explicitly recited. To illustrate, a numerical range of “about 0.1% to 5%” should be interpreted
to include not only the explicitly recited values of about 0.1% to about 5%, but also include
individual values (e.g., about 1%, about 2%, about 3%, and about 4%) and the sub-ranges
(e.g., about 0.5% to about 1.1%; about 5% to about 2.4%; about 0.5% to about 3.2%, and

about 0.5% to about 4.4%, and other possible sub-ranges) within the indicated range.

» ou

[0031] As used herein, the terms “about,” “approximate,” “at or about,” and “substantially”
mean that the amount or value in question can be the exact value or a value that provides
equivalent results or effects as recited in the claims or taught herein. That is, it is understood
that amounts, sizes, formulations, parameters, and other quantities and characteristics are not
and need not be exact, but may be approximate and/or larger or smaller, as desired, reflecting
tolerances, conversion factors, rounding off, measurement error and the like, and other factors
known to those of skill in the art such that equivalent results or effects are obtained. In some
circumstances, the value that provides equivalent results or effects cannot be reasonably
determined. In such cases, it is generally understood, as used herein, that “about” and “at or
about” mean the nominal value indicated +10% variation unless otherwise indicated or
inferred. In general, an amount, size, formulation, parameter or other quantity or characteristic
is “about,” “approximate,” or “at or about” whether or not expressly stated to be such. It is
understood that where “about,” “approximate,” or “at or about” is used before a quantitative
value, the parameter also includes the specific quantitative value itself, unless specifically

stated otherwise.
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[0032] As used herein, the term “effective amount” refers to an amount that is sufficient to
achieve the desired modification of a physical property of the composition or material. For
example, an “effective amount’ of a quaternized TiN substrate refers to an amount that is
sufficient to achieve the desired improvement in the property modulated by the formulation
component, e.g. achieving the desired level of biofilm inhibition. The specific level in terms of
quanternization of TiN in a composition required as an effective amount will depend upon a
variety of factors including the amount and type of modifying agent used, thickness of a TiN

layer, implant type, and end use of the article made using the composition.

[0033] As used herein, the terms “allylic halide” or “allyl halide” refers to an alkyl halide in
wherein a carbon atom next to a double bonded carbon atom comprises one or more halogen

atoms.

[0034] As used herein, the terms “optional” or “optionally” means that the subsequently
described event or circumstance can or cannot occur, and that the description includes

instances where said event or circumstance occurs and instances where it does not.

[0035] The following examples are put forth so as to provide those of ordinary skill in the art
with a complete disclosure and description of how to perform the methods and use the probes
disclosed and claimed herein. Efforts have been made to ensure accuracy with respect to
numbers (e.g., amounts, temperature, etc.), but some errors and deviations should be
accounted for. Unless indicated otherwise, parts are parts by weight, temperature is in °C,
and pressure is at or near atmospheric. Standard temperature and pressure are defined as

20 °C and 1 atmosphere.

B. DiscLOSED QUATERNIZED ANTIBACTERIAL COATINGS

[0036] Disclosed herein are antibacterial coatings prepared using the disclosed methods. In
various aspects, the disclosed antibacterial coatings comprise a titanium nitride (TiN) layer
comprising quaternization of surface moieties, i.e., an antibacterial quaternized TiN surface.
In various aspects, the quanternized antibacterial coatings having an increased positive

charge compared to TiN coated implants not treated using the disclosed methods.

[0037] Use of antibacterial coatings may provide a method for improving implant lifetime.
Even use of different metals in an implant has significant effect on bacterial growth. Titanium-
nitride (TiN) is the most promising metal as it promotes osseointegration while also having
lower bacterial growth rate than traditional titanium implants (Berry CW., et al. Implant Dent.
1992 1(1):59-65; van Hove RP., et al. Biomed Res Int. 2015 2015:485975). Current implants

make use of TiN plasma spray coatings on titanium, coatings are on the order of several
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microns thick; however, peri-implantitis is still a problem with these implants. Many groups
have explored addition of charged metallic particles to the implant (copper, silver, magnesium,
etc.) however a concern with all these implants is out diffusion of these ions to the surrounding
tissue (Li X., et al. Sci Rep. 2017 7:40755; Khosravi F., et al. J Biomol Struct Dyn. 2018
36(2):512-531; Li G., et al. Materials Res. 2016 19(3):735-740; Mei S., et al. Biomaterials.
2014 35(14):4255-65).

[0038] To avoid concerns of charged metallic species undergoing unfavorable interactions
with the surrounding tissues, a method of producing a quaternary nitrogen on the TiN surface
was identified. Nitrogen atom disrupts the cell wall, leading to leakage of the cell contents and
eventual apoptosis of the bacteria (Xue Y., et al. Int J Mol Sci. 2015 16(2):3626-55; Timofeeva
L., et al. Appl Microbiol Biotechnol. 2011 89(3):475-92; Khosravi F., et al. J Biomol Struct Dyn.
2018 36(2):512-531; Hassan M., et al. Polym Adv Technol. 2015 27(4):532-541; Oosterhof J.,
et al. Appl Environ Microbiol. 2006 72(5):3673-7).

[0039] In various aspects, the disclosed quaternized antibacterial coatings comprise a
titanium layer having a thickness of about 100 A to about 3000 A and a titanium nitride layer
thereon having a thickness of about 50 A to about 1000 A, wherein the titanium nitride
comprises a quaternized modification via the disclosed methods herein, i.e., quaternization of
nitrogen moieties in the titanium nitride layer via an alkylation reaction, such as Menschutkin

reaction using an alkylating agent such as an alkyl halide, e.g., an allyl halide.

[0040] In a further aspect, the titanium layer has a thickness of about 100 A, about 150 A,
about 200 A, about 250 A, about 300 A, about 350 A, about 400 A, about 450 A, about 500 A,
about 550 A, about 600 A, about 650 A, about 700 A, about 750 A, about 800 A, about 850 A,
about 900 A, about 950 A, about 1000 A, about 1050 A, about 1100 A, about 1150 A, about
1200 A, about 1250 A, about 1300 A, about 1350 A, about 1400 A, about 1450 A, about 1500
A, about 1550 A, about 1600 A, about 1650 A, about 1700 A, about 1750 A, about 1800 A,
about 1850 A, about 1900 A, about 1950 A, about 2000 A, about 2050 A, about 2100 A, about
2150 A, about 2200 A, about 2250 A, about 2300 A, about 2350 A, about 2400 A, about 2450
A, about 2500 A, about 2550 A, about 2600 A, about 2650 A, about 2700 A, about 2750 A,
about 2800 A, about 2850 A, about 2900 A, about 2950 A, about 3000 A; or any range

encompassed by the foregoing values; or any combination of the foregoing values.

[0041] In a further aspect, the titanium nitride layer has a thickness of about 50 A, about 100
A, about 150 A, about 200 A, about 250 A, about 300 A, about 350 A, about 400 A, about 450
A, about 500 A, about 550 A, about 600 A, about 650 A, about 700 A, about 750 A, about 800
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A, about 850 A, about 900 A, about 950 A, about 1000 A; or any range encompassed by the

foregoing values; or any combination of the foregoing values.

C. DiscLosSED METHODS OF PREPARING QUATERNIZED ANTIBACTERIAL COATINGS

[0042] Disclosed herein is a method for forming an anti-microbial layer that involves first
forming a titanium (Ti) vapor that solidifies to form a titanium (Ti) layer. The method then
involves forming a titanium-nitride (TiN) vapor that coats the titanium (Ti) layer with a titanium-
nitride (TiN) layer with evaporation, chemical vapor deposition, plasma spray or sputtering.
Finally, the method involves reacting the titanium-nitride (TiN) layer with an alkylating agent,
e.g., an alkyl halide to quaternize the titanium-nitride (TiN). For example, in some aspects the
alkylating agent can be an allyl halide, e.g., comprising, but not limited to, an allyl chloride,
allyl bromide or ally iodine. In various aspects, the quaternization of nitrogen moieties in the
titanium nitride layer comprises a Menschutkin reaction utilizing an aforementioned alkylating

agent.

[0043] The antibacterial efficiency of the disclosed quaternized antibacterial coatings can be
tested through standard methodology, e.g., ISO 22196 for the measurement of antibacterial
activity on a surface. Confirmation of surface chemistry change conferred using the disclosed
methods can be assessed via Sessile drop contact angle and X-Ray Photoelectron

Spectroscopy.

D. DIScLOSED DENTAL IMPLANTS

[0044] In various aspects, the disclosed quaternized antibacterial coatings provide
resistance to bacterial or microbial growth on an implant, e.g., a dental implant. For example,
the disclosed quaternized antibacterial coatings reduce biofilm formation by at least 10%
compared to a compositionally similar titanium nitride coating that is not modified by the
disclosed methods to comprise a disclosed quaternized antibacterial coating, in particular the
reduction in biofilm is observable within four hours using the methods disclosed herein. In a
still further aspect, the reduction in biofilm formation on a disclosed quaternized antibacterial
coating compared to a compositionally similar titanium nitride coating that is not modified using
the disclosed is a reduction within about four hours of about 10%, about 15%, about 20%,
about 25%, about 30%, about 35%, about 40%, about 45%, about 50%, about 55%, about
60%, about 65%, about 70%, about 75%; or any range encompassed by the foregoing values;

or any combination of the foregoing values.

[0045] In various aspects, a disclosed dental component can be a dental implant, dental

component is selected from the group consisting of a dental implant, crown, bridge, filling,
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veneer, inlay, onlay, endodontic device, or orthodontic bracket. In a particular aspect, the
dental component is a dental implant. The dental component can be porcelain, ceramic, resin,
or a combination thereof comprising a titanium layer uponwhich is a titanium nitride layer

comprising a disclosed quaternized antibacterial coating.

[0046] From the foregoing, it will be seen that aspects herein are well adapted to attain all
the ends and objects hereinabove set forth together with other advantages which are obvious

and which are inherent to the structure.

[0047] While specific elements and steps are discussed in connection to one another, it is
understood that any element and/or steps provided herein is contemplated as being
combinable with any other elements and/or steps regardless of explicit provision of the same

while still being within the scope provided herein.

[0048] It will be understood that certain features and subcombinations are of utility and may
be employed without reference to other features and subcombinations. This is contemplated

by and is within the scope of the claims.

[0049] Since many possible aspects may be made without departing from the scope thereof,
it is to be understood that all matter herein set forth or shown in the accompanying drawings

and detailed description is to be interpreted as illustrative and not in a limiting sense.

[0050] It is also to be understood that the terminology used herein is for the purpose of
describing particular aspects only, and is not intended to be limiting. The skilled artisan will
recognize many variants and adaptations of the aspects described herein. These variants and
adaptations are intended to be included in the teachings of this disclosure and to be

encompassed by the claims herein.

[0051] Now having described the aspects of the present disclosure, in general, the following
Examples describe some additional aspects of the present disclosure. While aspects of the
present disclosure are described in connection with the following examples and the
corresponding text and figures, there is no intent to limit aspects of the present disclosure to
this description. On the contrary, the intent is to cover all alternatives, modifications, and

equivalents included within the spirit and scope of the present disclosure.

E. EXAMPLES

[0052] The following examples are put forth so as to provide those of ordinary skill in the art
with a complete disclosure and description of how the compounds, compositions, articles,

devices and/or methods claimed herein are made and evaluated, and are intended to be
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purely exemplary of the disclosure and are not intended to limit the scope of what the inventors
regard as their disclosure. Efforts have been made to ensure accuracy with respect to
numbers (e.g., amounts, temperature, etc.), but some errors and deviations should be
accounted for. Unless indicated otherwise, parts are parts by weight, temperature is in °C or

is at ambient temperature, and pressure is at or near atmospheric.

[0063] Example 1: Antibacterial Properties of Charged TiN Implant Surfaces for Dental

Implants.

[0054] Materials and Method

[0065] Titanium. The starting substrate were 1 inch by 1 inch cover glasses. Cover glasses
were cleaned with acetone, isopropanol (IPA) and dilute HCI (10% in deionized (DI) water).
To simulate the Ti implant, 100 nm of high purity Ti (0.9999) was deposited on the cover glass
surface by electron beam evaporation at a pressure of 8 x 10-7 Torr. Prior to biofilm growth
the Ti samples were rinsed with the following solvent sequence: acetone, IPA, and DI water.
Upon exposure to ambient, low quality native oxides are present on all Ti surface. The native
oxides were removed by sonicating the samples in 1:10 HCI : DI water, then treating with
hydrogen peroxide at 60°C to grow a high quality oxide layer. Contact angle was used to verify

consistent samples surfaces from batch to batch.

[0056] Titanium Nitride. 1 inch by 1 inch cover glasses were also used for preparing for TiN

substrates, and cover glasses were cleaned with acetone, IPA and dilute HCI. 1000 A titanium
was first deposited by rf-magnetron sputtering at a deposition pressure of 5 mTorr in Ar
ambient on cover glasses. The Ti base layer was employed to simulate a Ti implant being
plasma spray coated with titanium nitride. Without removing the sample from the chamber,
500 A of TiN was subsequently deposited by rf-magnetron sputtering with a TiN target at room
temperature in a pure Ar ambient. The platen for holding the samples was biased at 30-40 V
to improve uniformity and stoichiometry of deposited TiN layer. Prior to biofilm growth the TiN
samples were rinsed with the following solvent sequence: acetone, IPA, and DI water. Then,
the sample was sonicated in 1:10 of HCI: DI water. Contact angle was used to verify consistent

samples surfaces from batch to batch.

[0057] Quatemized Titanium Nitride. Quaternized TiN substrates were prepared by

converting nitrogen atoms on TiN surface into quaternary nitrogen by submerging the TiN
substrates in an acetonitrile and allyl bromide solution for 1 hour to quaternize the surface.

After quaternization, an IPA and DI water rinse were used to remove any excess solvent and
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reagent. Contact angle measurements were used to verify consistent samples surfaces from
batch to batch.

[0058] Biofilm Incubation and Testing. All bacteria work used sterilized materials and was

performed under flame to prevent any cross contamination from outside sources. Samples
were autoclaved at 125°C for 20 minutes immediately prior to growth and were kept in sealed

containers until removed.

[0059] On the day of testing, a paper point was used to extract subgingival bacteria between
the lower last premolar and first molar from the patient. The paper point was placed in Ringer
solution to suspend and preserve the bacteria. To remove the bacteria from the paper point,
the sample was vortexed and sonicated, then vortexed again prior to any removal of bacteria

containing solution from the container.

[0060] Each sample to be tested for bacteria growth was placed in an individual sterile
container. Bacteria solution was micropipetted on to the surface to form film thicknesses (z-
height) of 75, 100 and 125 um, see Figure 1 for diagram. The samples were incubated in a
Bactron 300 anaerobic chamber in a dark box for 4 hours. 4 hours was chosen to be tested
as it provided significant quantifiable differences in bacteria growth between the samples. Post
incubation the bacteria solution was removed from the sample surface by sonicating and
vortexing in fresh Ringer solution. The resulting Ringer solution was further diluted and plated
on Tryptic Soy Agar and allowed to grow under anaerobic conditions for 48 hours.
Subsequently, the plates were removed and colony forming units counted to evaluate
antibacterial efficiency of the quaternized sample as compared to reference Titanium and

Titanium Nitride samples.

[0061] Confirmation of Surface Reaction. The successful integration and longevity of a dental

implant requires the interface between bone and implant remain bacteria free. TiN has been
shown to greatly improve development of bone around an implant and decrease the bacteria
count over Ti implants. With this next step in antibacterial TiN, the longevity and survival

percent of implants will improve.

[0062] To confirm a successful Menschutkin surface reaction of the TiN implant with the
reagent, Sessile contact angle measurement was used, see Table 1. The TiN sample was
measured to be very hydrophilic after deposition and cleaning, due to the high ability for
hydrogen bonding of the water droplet to the nitrogen rich surface. The Titanium sample after
treatment with hydrogen peroxide is expected to be very hydrophilic due to the high quantity

of Ti-OH and Ti = O bonds present. The cleaning treatments that were developed for each
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surface was in part to ensure that a highly reproducible surface could be created and give the

low variance in contact angle that is reported.

Table 1. Contact angle measurement of quaternized surface demonstrates distinct shift and reaction
saturation within an hour

Sample Contact Angle (°)

Titanium after H,O, clean 12+£2

TiN after clean <6

TiN in solvent 120 min (no reagent) 16+2

TiN Quaternization 30 minutes 67+1

TiN Quaternization 60 minutes 72 £3

TiN Quaternization 120 minutes 71+£2

[0063] With the quaternized TiN surface, prior to measurement the contact angle is difficult
to predict as the surface does become charged with the quaternized nitrogen lending to
potential hydrophilicity; however, the carbon chain from the allyl group extends from the
surface lending to the potential hydrophobicity. A reference TiN sample was soaked in the
solvent to ensure any changes related to the acetonitrile could be accounted for and not be
mistaken for a surface reaction. From Table 1, the reaction produced a contact angle of ~72°,
distinct from all other disk types and the control in solvent (22°). Menschutkin reactions are
known to progress very rapidly, evident by the reaction saturating within an hour. Of note, the
allylic halide will react quicker with higher substituted amines, due to the lower enthalpy of
formation, hence the Menschutkin reaction is well suited for formation of quaternary
ammonium salts and is difficult to stop at secondary or tertiary products (Harfenist M., et al. J
Am Chem Soc 1957 79(16):4356-4358; Stanger K., et al. J Org Chem. 2007 72(25):9663-8;
Menschutkin N. Zeitschrift fir Physikalische Chemie. 1890 6(1)).

[0064] To further confirm and identify change in surface chemistry XPS was performed. XPS
surface analysis was employ to further confirm and identify changes in surface chemistry of
quaternized TiN surface. As shown in Figure 2, the wide range analyzes were acquired from
the surface of the TiN and quaternized TiN substrates and Ti, O, N and C were the only
elements identified on these two samples; indicating the general surface chemistry of TiN and
quaternized TiN samples were identical. Therefore, a detailed peak analysis is necessary for
confirmation of the surface reaction. High resolution XPS spectra of the N 1s regions acquired
at 0 and 50° angle with respect to the normal for the TiN and quaternized TiN surface, as
shown in Figure 3a and 3b, respectively. The main N peak corresponding to Ti-N bonds
located at 396.75 eV and there was an N satellite peak at 398.48 eV. The shoulder peak of
N for Ti-N at 394.5 eV was resultant of N on N-Ti-O. The XPS peak for quaternized nitrogen
bound to ethyl group (-CH>CH3), N*, was 399.75 eV. As compared to the 0° spectra, surface
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effects were more pronounced for the spectra taken 50° tilted, and the penetration depth of
the x-ray source was greatly reduced. For the N spectra of TiN substrate, the peak
corresponding to the N of N-Ti-O was more pronounced due to the oxide presence on the TiN
surface. For the N 1s spectra of the quaternized nitrogen, this effect was evident in the
increased relative intensity of the quaternized nitrogen peak at 399.75 eV to the TiN peak at
396.5 eV, at 50° indicating the N* atoms situated on the surface of quaternized TiN. In
addition, after a gentle sputtering with 500 eV Ar ions for 30 seconds to remove the top atomic

layers of the quaternized TiN substrate.

[0065] /mpact of Quaternized TiN Surface on Biofilm Growth. As previously discussed, the

oral microbiome is incredibly diverse, and no singular bacteria has been pinpointed as the root
cause of peri-implantitis. Thus, preventing all types of microbial growth near the implant site
may provide the best avenue for implant survival. Variance between every run is also expected
as each patient's flora will vary day-to-day and may respond differently depending on

environmental factors such as diet and hygiene.

[0066] Figure 4 shows bacteria growth result of colony forming unit (CFU) with different
thicknesses of bacterial solution kept between the cover glass slip and Ti, TiN or quaternized
TiN. The antibacterial mechanism of quaternized nitrogen has been proposed to interact with
the cell wall, destroy the cytoplasmic membrane leading the leakage of intracellular
components and consequent cell death. The quaternized surface outperformed the both the
traditional TiN and titanium implants significantly within the short four hour testing period for
bacteria film thickness of 75 um. Even with thick bacteria films that are 125 um thick, the
quaternized surfaces still significantly outperforms the other two substrates indicating that the
surface has the ability to neutralize bacteria many microns away. The surface must have this
ability to effect bacteria at a distance, as the implant will be surrounded initially by saliva/soft
tissue until full osseointegration is complete. Additionally, failure of an implant will be induced
by an infection beginning near the soft tissue which will propagate downward towards the base
of the implant. However, with the quaternized surface that propagation can be hindered or

completely prevented.

[0067] The disclosed methods provide a method to convert the surface nitrogen of a TiN
coated implant from neutral to positively charged. As discussed herein above, the surface
change was monitored and confirmed by Sessile contact angle and XPS measurements.
Biofilm growth noted a 40-50% reduction in bacteria over traditional implant surfaces within 4
hours and noticeable effects many microns away. Considering current technology and other

works pursuing high biocidal activity for implant structures, this methodology provides a simple
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method that would require little manufacturing line changes to accommodate and bring to

market.

[0068] Example 2: Antibacterial Properties of A Disclosed TiN Implant Surfaces for Dental

Implants.

[0069] As discussed herein above, the disclosed methods improve the antiseptic properties
of a dental implant without using charged metallic ions via conversion of the nitrogen moieties
in titanium nitride surface to a positively charged quaternary ammonium via a Menschutkin

reaction.

[0070] To prepare the antibacterial quaternized TiN surface, an implant which has been
coated with TiN was used. The implant was cleaned to improve yield. The implant was washed
with two solvents in sequence, acetone and isopropanol, to remove any dust particulate and
other residue. The native oxide layer was removed by sonicating in 1:10 HCl:deionized water
for 1 minute. This treatment additionally removes any residue that may not have been removed
by the solvents. Acetonitrile was used as the solvent, however, any solvent may be used with
preference for polar solvents giving improved reaction times (Stanger K., et al. J Org Chem.
2007 72(25):9663-8; Harfenist M., et al. J Am Chem Soc 1957 79(16):4356-4358). An excess
of allyl bromide was added to the solvent and continuously stirred. The sample was then
submerged in the solution, and full reaction of the surface occurred within about 60 minutes,
as confirmed by contact angle measurement. A reference was also measured by submerging
in solvent for the duration with no reactant to ensure any changes in surface properties was

due to the quaternization.

Table 2.

Sample Contact Angle (°)
As-deposited TiN <6

In solvent 2hrs (no reaction) 16 £2
Allyl bromide 30 minutes 67+1
Allyl bromide 60 minutes 72 £3
Allyl bromide 120 minutes 71+£2

[0071] Without wishing to be bound by a particular theory, the increased hydrophobicity of
the treated surfaces can be due to the presence of the allyl groups on the surface which will
impart some hydrophobicity. The contact angle measurements provide information on whether

or not a reaction has occurred and whether it has saturated.

[0072] The biocidal activity was tested using live bacteria cultures from a patient's mouth,

which provides the full flora to act against rather than targeting an individual strain of bacteria.
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The bacteria was incubated on the sample surface using several bacteria film thicknesses.
The thickness is defined by keeping the same interaction surface area while varying the
volume of bacteria solution added. Across two separate patients and several separate
growths, within 4 hours 40-50% reduction in bacteria unit counts were observed for
quaternized TiN as compared to traditional Titanium implants, outperforming traditional TiN
coatings. Figure 4 shows for two separate patients a set of typical bacteria growth result of the
quaternized samples. The exact efficiency varies, as each patient has different flora which

varies depending on environmental factors such as hygiene, diet, and familial history.

[0073] Unless defined otherwise, all technical and scientific terms used herein have the same
meanings as commonly understood by one of skill in the art to which the disclosed invention
belongs. Publications cited herein and the materials for which they are cited are specifically

incorporated by reference.

[0074] It will be apparent to those skilled in the art that various modifications and variations
can be made in the present disclosure without departing from the scope or spirit of the
disclosure. Other aspects of the disclosure will be apparent to those skilled in the art from
consideration of the specification and practice of the disclosure disclosed herein. Itis intended
that the specification and examples be considered as exemplary only, with a true scope and

spirit of the disclosure being indicated by the following claims.
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CLAIMS
What is claimed is:
1. A medical apparatus, comprising a titanium layer coated with titanium nitride
treated with an allyl halide.
2. The apparatus of claim 1, wherein the apparatus is a dental prosthesis.
3. The apparatus of claim 1 or 2, wherein the allyl halide comprises allyl bromide.
4 The apparatus of any one of claims 1 to 3, wherein the titanium nitride (TiN) layer
is quaternize.
5. The apparatus of any one of claims 1 to 3, wherein the apparatus further

comprises a porcelain layer bonded to the TiN layer.

6. The apparatus of claim 5, wherein the porcelain layer is part of a veneer for a
tooth.
7. A method for forming an anti-microbial layer on an apparatus, comprising:

(a) forming a titanium (Ti) vapor that solidifies to form a titanium (Ti) layer;
(b) forming a titanium-nitride (TiN) vapor that coats the titanium (Ti) layer with
a titanium-nitride (TiN) layer; and
(© reacting the titanium-nitride (TiN) layer with an allyl halide to quaternize
the titanium-nitride (TiN).
8. The method of claim 7, wherein the allyl halide comprises allyl bromide.
9. A method for improving the anti-bacterial properties of a titanium dental implant
coated with titanium-nitride (TiN), comprising reacting the nitride (TiN) layer with an allyl
halide.
10. The method of claim 9, wherein the allyl halide comprises allyl bromide.
11. A medical apparatus comprising the anti-microbial layer prepared by the method
of any one of claims 7 to 10.
12. A medical apparatus, comprising a titanium layer coated with a titanium nitride
layer, wherein the titanium nitride layer further comprises an alkyl halide or alkenyl halide
derivative.
13. The apparatus of claim 12, wherein the alkyl halide derivative is a derivative of a
C1-C6 alkyl halide.
14. The apparatus of claim 12, wherein the alkyl halide derivative is a derivative of a
C1-C6 alkenyl halide.
15. The apparatus of claim 14, wherein the C1-C6 alkenyl halide is allyl bromide.
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16. The apparatus of any one of claims 12 to 15, wherein the alkyl halide or alkenyl

halide derivative is a quaternary ammonium moiety.
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