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(7) ABSTRACT

A luminescent coating is disclosed that is used to dimension-
ally control the curing of a photocurable agent placed in close
contact with the coating. The coating is applied at the inter-
face of structures, such as brackets and prosthetics, or may be
applied directly on a curable material for use in 3D printing,
at the location where bonding material is needed to be cured.
The luminescent coating irradiates from its structure the cur-
ing radiations necessary to photopolymerize the resin in
response to a first radiation irradiated on its structure of a
different wavelength.
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DENTAL COMPOSITIONS CONTAINING
UPCONVERSION PHOSPHORS AND
METHODS OF USE

RELATED APPLICATIONS

[0001] This application claims the benefit of and priority to
U.S. Application No. 61/922,162 filed Dec. 31, 2013, which
is hereby incorporated by reference in its entirety.

FIELD

[0002] The present invention relates to dental materials that
employ upconversion phosphors and applications for using
those materials. These dental materials include coatings for
use with curable resins for selective curing of materials as
well as in films and other diagnostic materials.

BACKGROUND

[0003] Dental cements play a vital role in dentistry and
resin-based dental cements are becoming widely used.
Cements in dentistry are typically used to attach a dental
fabrication/prosthetic (e.g. brackets, crowns, bridges, etc.) to
dental structures (e.g. teeth) by placing a thin layer of cement
at the tooth-fabrication interface. In most cases, excess
cement is present and flows from the interface and needs to be
removed. Removing excess cement is typically done before
any curing or before complete curing of the cement. This step
of excess cement removal is often repetitive and/or difficult to
perform because the excess cement is usually present in a
confined area. As a result, cement removal is often not done in
a very accurate fashion and/or takes a lot of time for a dental
professional to remove. For example, during the placement of
a dental crown or bridge, excess cement should be removed
from the margins of the restoration before the cement is
completely cured; accordingly this step must be done quickly
and can induce some stress (and thus increase the likelihood
of error) for the clinician that must acquit this task precisely
and quickly.

[0004] These and other drawbacks are present in the art.
[0005] Exemplary embodiments are directed to dental
materials and applications that employ upconversion phos-
phors useful in overcoming various existing drawbacks as
more fully described herein.

SUMMARY

[0006] A luminescent coating is disclosed that is used to
dimensionally control the curing of a photo curable agent
placed in close contact with the coating. This coating is
applied at the interface of structures (or directly on a curable
material in case of 3D printing) at the location where the
bonding material is required to be cured. This luminescent
coating irradiates from its structure the curing radiations nec-
essary to photopolymerize the resin, typically in the blue or
UV spectrum. This radiation is emitted only when one form of
first radiation is irradiated on its structure; typically a red or
infrared radiation source is used as the first radiation.

[0007] The coating is calibrated by using the desired con-
centration of active luminescent material in order to emit
sufficient radiation to cure a pre-determined thickness of
bonding material during a predetermined irradiation time
with the first exciting radiation. This type of coating is par-
ticularly useful in dentistry for cemented structures (orth-
odontic brackets, fixed prosthesis like bridges, crowns, inlays
or onlays or interproximal film application) and is useful for
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fast 3D printing techniques of highly particles filled resins
and for other industrial uses requiting spatial control of the
curing of the resin.

[0008] Additionally, this type of coating may be used in
diagnostic for visualizing in visible spectrum the infrared
invisible radiations. For example this is useful for the transil-
lumination with penetrating infrared to examine the inside
structures (like caries) in a confined space like the dental
interproximal surface of teeth—in this case additional long
lasting luminescence substrate for prolongation of the visible
illumination may be used.

[0009] In one embodiment, a luminescent coating com-
prises a binder and upconversion phosphors wherein the
upconversion phosphors emit radiation at a predetermined
wavelength matching an initiator activation wavelength of a
photoinitiator in a corresponding dental cement when the
upconversion phosphors are irradiated with radiation having
a wavelength of at least 780 nm. In some embodiments, the
coating consists of just the upconversion phosphors or just the
upconversion phosphors and a resin binder. In some embodi-
ments, the upconversion phosphors comprise an inorganic
host lattice doped with a rare earth ion.

[0010] The coating may be applied as a thin coating in
various dental applications.

[0011] In one embodiment, a method of attaching a dental
article to the surface of a tooth comprises providing the dental
article to be attached to the surface of the tooth, applying a
coating comprising upconversion phosphors to a surface of
the dental article configured to face toward the surface of the
tooth, applying to the surface of the tooth a dental cement
composition comprising a polymerizable resin and a photo-
initiator, the dental cement composition substantially free of
upconversion phosphors, placing the dental article on the
surface of the tooth such that the coating comprising upcon-
version phosphors is adjacent the dental cement composition,
irradiating the coating comprising upconversion phosphors
with a radiation source that emits radiation at a pre-deter-
mined fixed wavelength in a range of the electromagnetic
spectrum that causes the upconversion phosphors to emit
radiation at an activation wavelength of the dental cement
composition photoinitiator such that the dental cement com-
position cures in a region adjacent the coating and removing
remaining uncured dental cement composition outside the
dental article from the tooth. In some embodiments, the den-
tal article is an orthodontic bracket, which may be ceramic,
metal, or of another material. In other embodiments, the
dental article is a dental prosthetic, such as a crown, and may
be all ceramic or built on a metal base.

[0012] In yet another embodiment, a method of three
dimensionally printing a dental article comprises providing a
first layer comprising an uncured resin material, a photoini-
tiator, and in the range of about 50% to 90% by weight inert
filler particles, depositing, via a print head, a first discrete
layer of a composition comprising upconversion phosphors to
a predetermined surface region of the first layer of uncured
resin material, providing a second layer of the uncured resin
material overlying the first layer of uncured resin material and
the deposited layer that comprises the upconversion phos-
phors, depositing, via a print head, a second discrete layer of
the composition comprising upconversion phosphors to a
predetermined surface region of the second layer of uncured
resin material, providing a third layer of the uncured resin
material overlying the second layer of uncured resin material
and the second deposited layer that comprises the upconver-
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sion phosphors, irradiating the layers of uncured resin mate-
rial and deposited layers comprising upconversion phosphors
with a wavelength that causes to the particles to luminesce at
a wavelength corresponding to an activation wavelength of
the photoinitiator in the uncured resin material and thereby
curing the resin material in a region adjacent the particles to
form a cured resin mass and separating remaining uncured
resin material from the cured resin mass. The layers of the
composition comprising upconversion phosphors are depos-
ited to the predetermined surface regions of the uncured resin
material in a pattern corresponding to a predetermined form
of the dental article.

[0013] In still another embodiment, a three-dimensional
printing system comprises feed source of uncured filled resin
material comprising a polymerizable resin, photoinitiator,
and inert filler, a print head configured to apply discrete layers
of a composition comprising upconversion phosphors to pre-
determined surface regions of incrementally stacked layers of
the uncured filler resin material in a pattern corresponding to
apredetermined form of a dental article and a radiation source
configured to irradiate layers of uncured filled resin material
and deposited layers of the composition comprising upcon-
version phosphors with a wavelength that causes to the par-
ticles to luminesce at a wavelength corresponding to an acti-
vation wavelength of the photoinitiator in the uncured filled
resin material thereby curing the resin material in a region
adjacent the particles to form a cured resin mass.

[0014] Exemplary embodiments also related to the use of
upconversion coatings in diagnostic applications. In one
embodiment, a method of diagnosing an optical inhomoge-
neity of a volume scattering object such as a tooth comprises
providing a substrate coated with upconversion phosphors,
adapting the substrate to a surface of a volume scattering
object to be diagnosed, trans-illluminating the volume scat-
tering object with radiation such that the upconversion phos-
phors emit radiation in a different portion of the electronic
magnetic spectrum having a shorter wavelength than the inci-
dent radiation to thereby expose the film and determining the
presence of or lack of optical inhomogeneity based on a
spatially varying level of exposure of the film.

[0015]  According to still another embodiment, a method of
diagnosing an optical inhomogeneity of a volume scattering
object comprises providing a substrate coated with afterglow
phosphorous particles, adapting the substrate to a surface of a
volume scattering object to be diagnosed, and trans-illumi-
nating the volume scattering object with green or blue radia-
tion such that the afterglow phosphorous particles emit radia-
tion for a longer time duration sufficient to remove the
substrate from the diagnosed object and place it in a reader to
be digitized.

[0016] In yet another embodiment, a dental tool includes a
substrate comprising a transparent flexible film or metallic
foil, the substrate having applied thereon a coating compris-
ing upconversion phosphors.

[0017] Numerous features and advantages will be apparent
from the following more detailed description of exemplary
embodiments, which taken in conjunction with the accompa-
nying drawings, illustrate principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIGS. 1a through 1d illustrate use of an upconver-
sion phosphor coating in the cementation of orthodontic
brackets according to an exemplary embodiment.
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[0019] FIG. 2 schematically illustrates the use of an upcon-
version phosphor coating in a dental crown fabrication
according to an exemplary embodiment.

[0020] FIG. 3 schematically illustrates the use of an upcon-
version phosphor coating in 3D printing fabrication of a den-
tal structure in accordance with an exemplary embodiment.
[0021] FIGS. 4a through 4c illustrate options for applica-
tion of the upconversion phosphor coating in 3D printing
fabrication accordance with exemplary embodiments.
[0022] FIGS. 5a through 5S¢ illustrate diagnostic devices
containing an upconversion phosphor coating in accordance
with exemplary embodiments.

[0023] FIG. 6 illustrates the use of an upconversion phos-
phor coating for interproximal detection of dental caries
using a fabrication in accordance with yet another exemplary
embodiment.

[0024] Where like parts appear in more than one drawing, it
has been attempted to use like reference numerals for clarity.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0025] Exemplary embodiments are directed to composi-
tions containing upconversion phosphors, also referred to
herein as upconverting luminescent particles or crystals, and
the use of such particles in conjunction with curable resins for
applications in which a spatially controlled curing of the resin
is desired such as in confined areas as well as the use of such
particles in diagnostic applications. As used herein, the term
resin encompasses any material that can be light cured.
[0026] In one embodiment, the invention relates to a com-
position, generally applied as a thin coating, comprising
upconversion (e.g. second-harmonic generation (SHG),
third-harmonic generation (THG), anti-stokes) phosphor par-
ticles. These particles (often in a crystalline form) emit lower
wavelength (higher energy) luminescence radiation upon
excitation using higher wavelength (lower energy) radiation.
This nonlinear process is achieved by using upconversion
phosphors to absorb multiple higher wavelength photons per
single emitted lower wavelength photons. Thus, as used
herein, upconversion refers to materials that, when exposed to
a radiation source having a particular primary wavelength or
range of wavelengths (e.g., red, infrared or near-infrared), in
turn emit radiation having a wavelength shorter than that of
the incident radiation (e.g., blue visible or ultra-violet).
[0027] Of particular interest in compositions in accordance
with exemplary embodiments are upconversion phosphors
that emit radiation at a wavelength in the UV-A or visible
violet or blue range (320 nm to 495 nm) when irradiated with
radiation having a longer wavelength, and more particularly
when irradiated with near-infrared radiation having a wave-
length in the range of about 780 nm to 1064 nm.

[0028] Rare earth (RE) doped upconversion phosphors are
generally composed of an inorganic host lattice (commonly
containing trivalent rare earth ions such as Y>*, S¢®*, Lu’*, for
example), doped with trivalent lanthanide (Ln) series ions
(suchasYb**, Tm**, Er’*, Ho**, Pr**, for example), although
any other suitable upconversion phosphors in the form of
oxides, halides, oxysulfides, and oxyfluorides may be used
that exhibit photon emission with a wavelength complemen-
tary to the light-curing or dual-curing (light curing and dark-
curing) properties of the cement (or more specifically of the
photoinitiator) to be employed therewith. The invention is not
limited to RE doped, inorganic upconversion phosphors and
any other materials having the upconversion luminescent
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properties may also be employed, such as metal—organic
complex and lanthanide-transition metal hybrid complexes
having upconversion luminescent properties, for example.

[0029] Coatings in accordance with exemplary embodi-
ments comprising upconversion phosphors are highly desir-
able in a variety of applications, particularly those in which
spatial control of the curing of the resin is important. For
example, in some embodiments, the excitation radiation is in
the vicinity of the near infrared spectrum with an emitting
luminescence in the vicinity of the blue or violet spectrum.
Such a luminescent coating allows the cementation of artifi-
cial or natural (e.g. tooth) structures to bond the structures
together without having to worry about excess cement curing
in anundesired area, as the curing can beaccomplished neatly
at the desired location.

[0030]

[0031] The coatings in accordance with exemplary
embodiments may be as simple as the upconverting phosphor
particles themselves, but typically include a binder and more
typically include a curable binder of some type. In currently
preferred embodiments, upconversion coatings for use in
most dental applications comprise a mixture of upconverting
crystal particles and resin base, in which the ratio of particles
to resin ranges from 1 to 95% by mass. The specific concen-
tration of particles in any particular application may vary, but
is selected such that the concentration is sufficient to cure at
least a portion of the full thickness of an adjacent layer of
cement (typically having a thickness of 25-500 microns)
using a predetermined level and exposure time of initial excit-
ing radiation, which in some embodiments may be at least
25% by weight or at least about 50% by weight, for example.
It is preferred to have an upconverting crystal concentration
higher than those used in composite applications using
upconversion crystals such as described in U.S. Pub. 2013/
0323685, which is hereby incorporated by reference in its
entirety.

[0032] Suitable upconversion phosphors for use with
exemplary embodiments of the present invention include
those that employ lanthanide fluorides (such as Nal.nF,
(Ln=Yb, Y, Lu, Gd, Tm, Er, Ho, Dy, Eu, Tb, Nd), LiYF,,
LilLuF,,YF,, GdF;, LaF,, NasLngF,, (Ln=Tm,Yb, Lu), etc),
oxysulfides (such as Y,0,S, Eu,0,S, La,0,S, Gd,0,8, etc)
or oxides (such as Lu,0;,Y,0;, Er,O5, Gd, 05, CeO,, Z10,,
etc) hosts, that are doped or co-doped with one or more
trivalent rare earth ions (lanthanide series ions plus scandium
(Sc**) & yttrium (Y>*)), such as ytterbium (Yb**), lutetium
(Lu**), thulium (Tm>*), terbium (Tb**), erbium (Er**), and
praseodymium (Pr**). The lanthanide dopants are optically
active centers and frequently include a combination of sensi-
tizers and activators. By facile control ofthe host lattice (type,
phase, size, etc), and dopant ion type, concentration, and
sensitizer to activator ratio, the luminescent crystals’ absorp-
tion and upconversion emission properties can be fine-tuned
and optimized.

[0033] In co-doped luminescent rare earth crystals with
strong upconversion emission in blue light wavelength, such
as NaYF,:Yb**/Tm**, NaYbF,:Yb**/Tm?*, NaLuF,:Yb**/
Tm**, Lu,0,Yb*>*/Tm**, Y,0,8:Yb*>*/Tm>*, the molar ratio
of sensitizer (e.g., Yb™*) to activator (e.g. Tm**) may be from
1:1 to 50:1, respectively. The inverse ratios of 50:1 to 1:1,
respectively, are also useful. It will be appreciated that a
variety of factors, such as host/dopant composition, synthesis
method, solvent/chelating agent used, pH, heat treatment,

Coating Composition.
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thermodynamic stability, etc., can be used to optimize the
size, shape, and phase of the upconversion phosphors for a
particular desired application.

[0034] HavingYb as part of the matrix that hosts either Er**
or Tm** may have superior performance to other forms in
which other rare earth metals are associated in the matrix,
such as the co-doped salt f-NaYF,: Yb*>*, Tm>* in which the
molar percentages are from 0.01 to 30% respectively and,
again the inverse 30 to 0.01% respectively is also useful. For
the oxide based host, co-doped crystals such as Lu,0,:Yb>*,
Tm?** with similar molar concentrations may also be used to
generate intense blue photons.

[0035] Thecoating of upconversion phosphors canbe made
of aresin and particles that are of comparable thickness to the
cement to be employed (e.g., 25 to 250 microns), while in
some embodiments the coating can be as thin as a few
microns, such as less than 20 microns, less than 15 microns,
or in the range of about 5 to 10 microns, particularly when
high weight percentages of crystals are employed in the coat-
ing. The resin base used in the coating is typically selected to
be the same or at least compatible with the resin used in the
type of cement to be employed.

[0036] Insome embodiments, the concentration of crystals
may be around 50% by weight, for example, of the resin,
which may be useful to provide enough viscosity, but as
discussed previously a wide range of concentrations may be
used depending upon the type of application.

[0037] Insomeembodiments, the chemical adhesion ofthe
cement used in conjunction with the coating may be enhanced
by providing the coating containing an inhibited layer of resin
at the coating surface, which may be done, for example, by
exposing the coating containing the upconversion phosphors
to ambient oxygen during curing. Such inhibited surfaces
chemically bond to the resin cement if made with the chemi-
cally compatible resin systems. Using such a coating with a
same/compatible resin base (as opposed to a non-compatible
resin base) may enhance the application of this resin to any
conventional dental restoration without any special modifi-
cation to the surface or the structure.

[0038] The resin base of the coating can be any polymeriz-
able monomer and/or oligomer, but is typically one or more
(meth)acrylates or other free radically polymerizable com-
pounds. Exemplary polymerizable monomers include, with-
out limitation, mono-, di- or multi-methacrylates and acry-
lates such as 2,2-bis[4-(2-hydroxy-3-
methacryloyloxypropoxy)phenyl|propane (Bis-GMA); 1,6-
bis(2-methacryloxyethoxycarbonylamino)-2,4,4-
trimethylhexane (UDMA);  2,2-bis[4-(methacryloyloxy-
ethoxy)phenyl]propane  (or  ethoxylated  bisphenol
A-dimethacrylate) (EBPADMA); isopropyl methacrylate;
triethyleneglycol dimethacrylate (TEGDMA); diethyleneg-
lycol dimethacrylate; tetracthyleneglycol dimethacrylate;
3-(acryloyloxy)-2-hydroxypropyl methacrylate; 1,3-pro-
panediol dimethacrylate; 1,6-hexanediol dimethacrylate
(HDDMA); pentaerythritol triacrylate; pentaerythritol tet-
raacrylate; pentaerythritol tetramethacrylate; and combina-
tions thereof, all by way of example.

[0039] In addition to the upconversion phosphors and any
resin matrix, coating compositions in accordance with exem-
plary embodiments may optionally also include inert filler
particles. Any inert filler particles that are suitable for use in
dental compositions may be employed. Inert fillers can be
used to provide the composition with additional desired
physical, rheological and optical properties. Exemplary inert
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filler particles include, but are not limited to, strontium boro-
silicate, strontium fluoroalumino borosilicate glass, stron-
tium alumino sodium fluoro phosphor-silicate glass, barium
borosilicate, barium fluoroalumino borosilicate glass, barium
aluminum-borosilicate glass, barium alumino borosilicate,
calcium alumino sodium fluoro silicate, lanthanum silicate,
lanthanum aluminosilicate, calcium alumino sodium fluoro
phosphor silicate, and combinations thereof. Other filler par-
ticles include silicon nitrides, titanium dioxide, fumed silica,
colloidal silica, quartz, kaolin ceramics, calcium hydroxy
apatite, zirconia, and mixtures thereof. If employed, the inert
filler is generally provided having a particle size in the range
about 0.001 microns to about 50 microns.

[0040] Some or all of any inert filler particles, as well as the
upconversion crystal particles, can optionally be surface
treated prior to incorporation into the composition. Surface
treatments, particularly those using silane coupling agents or
other compounds may be desirable for the inert filler particles
to be more uniformly dispersed in the organic resin matrix
and can further improve physical and mechanical properties.
Suitable silane coupling agents include 3-methacryloxypro-
pyltrimethoxysilane,  3-acryloxypropyltrimethoxysilane,
3-glycidoxypropyltrimethoxysilane, —3-mercaptopropyltri-
methoxysilane, and mixtures thereof.

[0041] The coating composition also optionally includes
one or more types of a photoinitiator. Any suitable photoini-
tiator that dissociates to form an initiating species may be
employed, although the photoinitiator is preferably effective
in the visible light spectrum range, such as those currently
employed in other dental restorative applications. The activa-
tion wavelength of the photoinitiators may range from about
360 nm to about 520 nm, particularly from about 400 nm to
500 nm, although it will be appreciated that the specific range
and peak activation (i.e. absorption) wavelength will depend
upon the particular photoinitiator selected. For example,
camphorquinone (CQ) absorbs energy preferentially in the
visible blue spectrum (in the range of about 420 nm to 500
nm), having a peak absorption at 468 nm.

[0042] Exemplary suitable photoinitiators include diketone
type initiators such as CQ, derivatives of diketone initiator,
and acylphosphine oxide type photoinitiator such as diphenyl
(2,4,6-trimethylbenzoyl) phosphine oxide (L-TPO), and
combinations thereof. Other diketone type photoinitiator
such as 1-phenyl-1,2 propanedione (PPD), and acylphos-
phine oxide type photoinitiator such as bis(2,4,6-trimethyl-
benzoyl)-phenylphospohine oxide (Irgacure 819), ethyl 2.4,
6-trimethylbenzylphenyl phosphinate (Lucirin LR8893X),
may also be used. Any of the foregoing may be used individu-
ally or in combination with one another.

[0043] Matching Cement with Luminescent Coating.

[0044] As already discussed, coatings in accordance with
those described can advantageously be used in combination
with a dental cement to initiate curing in locations that are
difficult to reach or for which spatial curing is otherwise
desired. The cement to be used with the luminescent coatings
described herein can be any cement, including such as are
known to those of ordinary skill in the art and which generally
may, without limitation, employ one or more of the resins
and/or photoinitators already discussed with respect to the
luminescent coating. It will be appreciated, however, that the
bonding of the cement to the luminescent coating is enhanced
by using a cement comprising the same base resin (if any) of
the coating or one that is compatible therewith. It will further
be appreciated that the translucency of the cement (e.g., trans-
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lucency to initial infrared radiation and/or to secondary emit-
ted blue or UV radiation) used may impact the results.
Increasing translucency enhances the depth of cure (e.g.
thicker cement), while decreasing translucency is beneficial
for reducing the amount of cured cement that exudes out of
the interface (radius of illumination at the interface), and thus
the specific translucency preferred may vary depending upon
application. It will be appreciated that generally, a variation of
translucency to the initial radiation has an effect on the depth
of cure and a variation of translucency to the secondary,
emitted radiation has an effect on the radius of curing around
the crystal particle.

[0045] Itwill further be appreciated that the cement should
be substantially free of upconversion phosphors, as incorpo-
rating such particles may defeat the ability to easily clear
away uncured cement after exposure to IR radiation that
causes the phosphors to emit the blue light that initiates cur-
ing. That is, upconversion phosphors are not usually inten-
tionally introduced into the cement and, if so, are typically in
such a small amount as to not initiate curing generally
throughout the cement.

[0046] In some embodiments, it may not be necessary to
cure the whole thickness of the cement. For example, the
upconversion coating may be used to generate radiation that
initiates curing in the margins of the cement, while final
curing may result from another curing mechanism. For
example, in the case of stainless steel brackets (as discussed
subsequently in more detail), because light cannot transmit
through the stainless steel, the initial infrared (or other wave-
length depending upon the particular crystals employed) illu-
mination may be used to cure only the peripheral/marginal
portions because the light density may not be enough for full
cure completely underneath the bracket. After the curing of
the cement around the margins, the clinician may remove any
excess cement and subsequent to this easy excess removal,
use conventional blue curing light or self-curing to finish the
curing of the unreached areas (i.e., a blue or UV light that
emits a strong band of radiation at the activation wavelength
of the photoinitiators, typically from about 360 nm to about
520 nm, particularly from about 400 nm to 500 nm).

[0047] Application of Coating.

[0048] The precise application of the coating is typically
important to prevent curing at undesired locations. The radius
of the action of curing around the upconverting particles can
also be taken into account when applying the coating on the
dental structure; the coating is preferably applied in order to
have the curing occurring closest to the margins but not too far
inside or outside of the contour of the tooth in order to obtain
the maximum smooth biological contouring typically desired
in dental restorations. For example, if the radius of curing
around the particles is about 100 microns, then the coating is
applied at the interface short of 100 microns from the mar-
gins, which results in the curing stopping at the margins.
[0049] For dental fixtures such as brackets and prosthetics,
as well as other articles, application of the coating can be
made in the dental laboratory or manufacturing environment
during the creation of the dental fabrication. Alternatively, the
application can also be made chairside, with the clinician
applying the coating on the finished structure prior to instal-
lation. The clinician can verify its efficiency by shining the
first radiation on the applied coating and examining the sec-
ondary radiation. The application is readily accomplished by
applying like a conventional dental adhesive, such as using a
sprayable coating or any other suitable method of application.
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As discussed previously, the coating may be made exclu-
sively with luminescent particles without any resin, in which
case the cement wets the luminescent particles and incorpo-
rates them into its structure on application. Bare upconversion
particles are also particularly useful in 3-D printing embodi-
ments, which involves printing the coating as discussed fur-
ther with respect to those embodiments.

[0050] It will be appreciated that in order to increase the
ease of application or adhesion of the coating to the structure,
or to control the application of the cement, it is possible to
include some special texture inside the structure on the inner
surface of the dental structures to be cemented, such as micro
cavities.

[0051] Orthodontic Brackets.

[0052] According to one embodiment, coating composi-
tions disclosed herein are used in conjunction with cement to
attach orthodontic brackets to the teeth as schematically illus-
trated in FIGS. 1a-14.

[0053] FIG. 1a shows a bracket 10 ready to be affixed to the
labial surface 7 of a tooth 5. To the surface of the bracket 10
that faces the tooth has been applied a thin layer of the upcon-
version coating 20 as described herein. It will be appreciated
that the coating 20 is typically applied to a very thin thickness
as already described (e.g. less than 250 microns) and that the
relative thicknesses of this and other items shown in the
figures are for ease of illustration and not meant to be to scale.
The coated face of the bracket 10 is placed onto the labial
surface 7 of the tooth 5 and comes into contact with an
uncured dental cement 30 for securing the bracket 10 to the
tooth 5, the cement 30 having been applied prior to placement
of the bracket 10. As illustrated, the uncured dental cement 30
is typically in a liquid state, with excess cement 30 shown
surrounding the bracket 10 as generally occurs during bracket
installation, particularly as the bracket 10 displaces some of
the cement 30 during placement.

[0054] Turning to FIG. 1b, a curing light 40 that emits
radiation 45 in the IR band is shined on the tooth 5. The IR
radiation 45 does not cause the cement 30 to cure generally
because its radiation does not activate photoinitiators within
the cement 30, the cement being free of the phosphors. How-
ever, the luminescent phosphors in the upconversion coating
20, when stimulated by the IR radiation 45, emit blue light 25
that causes the photoinitiator in the cement 30 to dissociate
and thus the cement in the immediate area near the applied
coating cures to form a region of cured cement 32. In FIG. 1
¢, the cement 30 that was not in the vicinity of the applied
coating 20 remains in its uncured state and can be easily
cleaned away, for example using an air or water blast from an
air-water sprayer 50 of a dental hand piece, leaving behind the
bracket 10 secured to the tooth 5 by a thin layer of cured
cement 32 at the desired locations as shown in FIG. 1d.
[0055] In the case of ceramic orthodontic brackets, the
upconversion coating can simply be applied on the bracket’s
tooth-facing surface and irradiating illumination may be
made directly through the ceramic bracket because infrared
light transmits through the ceramic material as illustrated in
FIGS. 1¢-1d. In the case of metallic brackets, the coating can
be applied in the same fashion, although the infrared radiation
(and subsequent cure inducing blue luminescence of the
upconversion coating) is used primarily for tacking the
bracket in position by curing the cement at the interface
periphery (locations that are sufficiently reached by the initial
IR radiation), which still allows easy removal of the uncured
excess cement as the IR radiation may not penetrate through
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the metal with sufficient intensity to generate enough blue
photons. By curing the peripheral portion, uncured cement to
secure the bracket is trapped inside the cured periphery,
allowing the mechanical removal of excess cement outside
the periphery as shown in FIG. 1 ¢. A conventional blue light
source (which generates a larger amount of blue photons
compared to that of the upconversion particles) can then be
used to more easily cure the surfaces under the metal bracket
to finish curing of non-peripheral areas (i.e., those directly
behind the bracket where the IR radiation did not reach
because of the metal shield), while the excess uncured cement
outside the bracket has been removed so that the subsequent
use of the blue light doesn’t have an undesirable result in
curing cement still on the external part of the teeth.

[0056] As aresult, in some embodiments employing metal-
lic brackets, it may be desirable to coat only the marginal
portions of the bracket with the upconversion coating to
reduce the amount of crystal used, as any coating applied to
more central surfaces would ordinarily not be effective in
regions where IR radiation does not reach in sufficient inten-
sity (i.e., not enough photon density).

[0057] According to another embodiment, an inhibiting
agent is applied to the exposed uncured cement outside the
bracket after the luminescent coating has been used to cure
the peripheral portions. This allows, for example in the case of
metallic brackets, the curing of the peripheral portions of the
cement and subsequently inhibiting the uncured resin with an
inhibitor, followed by finishing the curing with the conven-
tional blue light method or with another curing mechanism
without the need to first remove the uncured cement outside
the bracket. Typical polymerization inhibitors for a free radi-
cal system may include hydroquinine monomethyl ether
(MEHQ), butylated hydroxytoluene (BHT), tertiary butyl
hydro quinine (TBHQ), hydroquinone, phenol, and the like.
The use of an inhibiting agent permits postponing the removal
of excess cement material until after the full curing is com-
pleted. Alternatively, when an inhibitor is applied, two radia-
tion sources can be used or a dual wavelength radiation source
may be used to emit both the IR and the conventional blue
light contemporaneously.

[0058]

[0059] According to other exemplary embodiments, com-
positions described herein may be used to affix dental pros-
theses, such as bridges and crowns by way of example, shown
schematically in FIG. 2 with respect to a prosthesis 100
illustrated in the context of a crown. In the case of fixed
prostheses, the upconversion coating 20 is applied on the
internal surface of the prosthesis 100 that will be in contact
with the tooth structure 200. Conventional light curable
cement 30 is also applied to the internal surface of the pros-
thesis overlying the upconversion coating 20, upon which the
prosthetic 100 is placed by the clinician. This generally
results in excess cement 30 oozing from the periphery. In a
similar manner to that described with respect to affixing the
orthodontic brackets, once the prosthesis 100 has been
placed, a curing light 40 that emits infrared light 45 (or other
radiation complementary to the excitation spectra of the
upconversion phosphors) is used to activate the coating 20,
causing the coating 20 to irradiate a blue light 25 (or other
radiation complementary to the spectra needed to cause dis-
sociation of the photoinitiator) that results in cured cement 32
at the interface of the prosthesis 100 and tooth structure 200.
(It will be appreciated that the boundary of the blue light 25
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shown in the figures, such as FIGS. 2 and 3, is for simplicity
of illustration and is not meant to represent the exact manner
in which the light is emitted).

[0060] After curing the cement at the interface, the remain-
ing uncured cement 30 that oozed out of the interface can be
removed such as by an air blast or other manner (including
cement curing inhibitors) from an air-water sprayer 50, leav-
ing behind the permanently affixed prosthetic 100 as the final
result. The remaining uncured cement 30 is easily removed
because it remains in its uncured, low viscosity state having
not been in proximity with the upconversion coating 20 and
thus not exposed to the blue light 25 emitted upon IR excita-
tion of the coating 20, leaving it in the uncured state.

[0061] Itwill be appreciated that in some embodiments, the
upconversion phosphors may also or alternatively be incor-
porated directly into the ceramic powder used to form the
restoration and/or its tooth contacting surface. As a result, the
upconversion crystals (which can resist high temperatures)
may be sintered directly as part of the ceramic structure
without having to subsequently apply them as a coating to the
finished prosthesis. Alternatively, the coating may be applied
directly on the tooth structure by the clinician in a form of a
primer, adhesive, or the like.

[0062] Application of the coating directly on the tooth sur-
face renders the same result of selective, dimensionally con-
trolled curing of the cement. In some embodiments, the sur-
face of the crown or the dental structure may be sandblasted
and/or silanized to increase wettability and increase the cre-
ation of retentive microstructures and therefore enhance
adhesion with the coating and cement.

[0063] Similarly to the case of metallic brackets, for metal-
lic crowns, bridges or other fixed prostheses, the upconver-
sion luminescent coating allows peripheral curing using
infrared irradiation. Howeyver, also like the case of metallic
brackets previously described, after the periphery is cured,
excess cement is easily removed and the uncured cement
remaining inside the periphery of the prosthesis is cured in
another mode, typically using a conventional blue light, self-
curing mechanism, or dual-curing mechanism.

[0064] 3D Printing.

[0065] Some 3D printing methods are known for curing
layer by layer with a light source irradiating the desired area
of the resin, also layer by layer. However, these printers
typically use low viscosity resins to allow easy handling of the
material when making layers. Printing resins that are highly
filled with particles remains challenging in 3D printing,
largely because of the challenges associated with controlling
the curing area and depth, which can be compromised due to
scattering of the filling particles. Controlling paste viscosity
with precise delivery is another hurdle faced in 3D printing of
highly filled resin. Furthermore, in typical 3D printing using
a photo curable resin, the processing time is slow because it
requires substantial amounts of time between each layer (3-5
seconds/layer).

[0066] Exemplary embodiments of the invention overcome
these challenges by using the luminescent upconversion coat-
ings described herein in the coating that is printed over layers
of highly filled light curable resin resulting in very precise,
very fast printing.

[0067] Turning to FIG. 3, which schematically illustrates a
3D printing process, layers 300 of filled uncured resin mate-
rial are incrementally stacked with a thin layer of the lumi-
nescent coating 20 (preferably consisting of only the upcon-
version phosphors in printing embodiments) applied over
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each resin layer 300 using a print head 350 of a jet printer or
any suitable other deposition method. Depositing the coating
20 of luminescent particles between resin layers 300 enables
precise control of curing in the region where the luminescent
particles are placed.

[0068] The shape of the desired structure, which in the case
of dental structures may be a bridge, crown or other structure,
is defined by the area of the coating 20 printed over each
successive filled resin layer 300. When the stack offilled resin
layers 300 is completed and the printing of the coating com-
pleted to define the desired structure, the entire stack is irra-
diated with an IR light or other radiation source 40 to expose
the stack to IR (or other) radiation 45. As described with
respect to prior embodiments, this causes the emission of blue
light 25 in the vicinity of the coating 20 of printed lumines-
cent particles, causing the resin layers 300 to cure at those
locations to form a cured resin mass 400 in the desired three-
dimensional shape, after which the remaining uncured resin
300 can be removed, leaving the cured resin mass 400.
[0069] Composition of the filled resin layers may be the
same as that used in forming a dental composite. For example,
the filled resin layer may be in the range of about 15 to 25
percent by weight polymerizable resin (monomer and/or oli-
gomers), typically about 17 to about 23% by weight. The
polymerizable organic resin may be any polymerizable
monomer and/or oligomer, but is typically one or more (meth)
acrylates or other free radically polymerizable compounds.
Exemplary polymerizable monomers include those described
previously for use as the resin binder in the luminescent
coating composition, including mono-, di- or multi-meth-
acrylates and acrylates such as Bis-GMA, UDMA,
EBPADMA, TEGDMA, HDDMA, pentaerythritol triacry-
late, pentaerythritol tetraacrylate, pentaerythritol tet-
ramethacrylate, and combinations thereof, all by way of
example.

[0070] In certain embodiments, the polymerizable mono-
mer of the filler resin layer is a combination of a high molecu-
lar weight component (such as Bis-GMA 513 g/mol and/or
UDMA 471 g/mol, for example) and a low molecular weight
component (such as TEGDMA 286 g/mol and/or HDDMA
254 g/imol, for example). In one embodiment, the polymeriz-
able monomer is present at about 14 to about 18% by weight
of the high molecular weight component and about 3 to about
5% by weight of the low molecular weight component in the
overall filled resin layer.

[0071] The filled resin layer includes inert filler particles
and any inert filler particles that are suitable for use in dental
compositions may be employed. The inert fillers provide
desired physical properties such as increased mechanical
strength, modulus, hardness, wear resistance, reduced ther-
mal expansion, and polymerization volumetric shrinkage.
Exemplary inert filler particles include, but are not limited to,
strontium borosilicate, strontium fluoroalumino borosilicate
glass, strontium alumino sodium fluoro phosphor-silicate
glass, barium borosilicate, barium fluoroalumino borosilicate
glass, barium aluminum-borosilicate glass, barium alumino
borosilicate, calcium alumino sodium fluoro silicate, lantha-
num silicate, lanthanum aluminosilicate, calcium alumino
sodium fluoro phosphor silicate, and combinations thereof.
Other filler particles include silicon nitrides, titanium diox-
ide, fumed silica, colloidal silica, quartz, kaolin ceramics,
calcium hydroxy apatite, zirconia, and mixtures thereof.
[0072] Examples of fumed silica include OX-50 from
DeGussa AG (having an average particle size of 40 nm),
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Aerosil R-972 from DeGussa AG (having an average particle
size of 16 nm), Aerosil 9200 from DeGussa AG (having an
average particle size of 20 nm), other Aerosil fumed silica
might include Aerosil 90, Aerosil 150, Aerosil 200, Aerosil
300, Aerosil 380, Aerosil R711, Aerosil R7200, and Aerosil
R8200, and Cab-O-Sil M5, Cab-O-Sil TS-720, Cab-O-Sil
TS-610 from Cabot Corp.

[0073] The inert filler has a particle size in the range about
0.001 microns to about 50 microns.

[0074] Some or all of the inert filler particles can optionally
be surface treated prior to incorporation into the composition
used of the filled resin layer. Surface treatments, particularly
those using silane coupling agents or other compounds may
be desirable for the inert filler particles to be more uniformly
dispersed in the organic resin matrix, and also improve physi-
cal and mechanical properties. Suitable silane coupling
agents include 3-methacryloxypropyltrimethoxysilane,
3-acryloxypropyltrimethoxysilane,  3-glycidoxypropyltri-
methoxysilane, 3-mercaptopropyltrimethoxysilane, and mix-
tures thereof.

[0075] The inert filler particles form the bulk of the filled
resin layers and may be present in amounts of from about 50%
to about 90% by weight, such as from about 60% by weight to
about 80% by weight percent, or from about 70% to about
75% by weight of the filled resin layer. In one embodiment,
the inert filler particles are present at about 56% by weight,
about 57%, about 58%, about 59%, about 60%, about 61%,
about 62%, about 63%, about 64%, about 65%, about 66%,
about 67%, about 68%, about 69%, about 70%, about 71%,
about 72%, about 73%, about 74%, about 75%, about 76%,
about 77%, about 78%, about 79%, about 80%, about 81%,
about 82%, about 83%, about 84%, or about 85% by weight,
or any range there between.

[0076] In one embodiment, the filler can comprise a mix-
ture of a micron-sized radiopaque filler such as barium alu-
mino fluoro borosilicate glass (BAFG, having an average
particle size of about 1 micron) with nanofiller particles, such
as fumed silica such as OX-50 from Degussa AG (having an
average particle size of about 40 nm). In one embodiment, the
concentration of micron-size glass particles ranges from
about 70 weight percent to about 80 weight percent of the
filled resin layer, and the nanofiller sized inert filler particles
can range from about 1 weight percent to about 10 weight
percent of the filled resin layer.

[0077] As described with respect to the coatings in other
embodiments previously described, the filled resin layer is
substantially free of upconversion phosphors.

[0078] Printing an upconversion coating of even a few
microns thickness can be used to cure a 25 micron thick filled
resin layer and in some cases up to 250 microns thick,
depending on the conversion rate and the exposure time. The
filled resin layers may be delivered as a preformed ribbon 350
(shown in FIG. 4b) of a defined thickness of the composition.
The resin layers can optionally include different colors, one in
contact to another and with different colors and/or opacities.
The resin layer can also include hard structures 360 to act as
mechanical stoppers when layers are pressed one over
another, in order to control the layer thickness. These stoppers
can be made of already cured filled resin material formed by
curing some portion of the resin filled layers in defined,
known locations. These hard stoppers are designed to be
aligned one over the other in order to allow controlled com-
pression of layers to a predetermined thickness (i.e., the thick-
ness of the hard stopper). Within the same layers, different
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areas of different colors and opacities may be included in
contact with each other, using a computer guided technology
to arrange the placement of the layers in order to match the
desired colors at the desired location.

[0079] The radius of curing can be variable for the same
particles depending on the geographical location in the vol-
ume of the assembled layers 300 because the light density is
different in different locations inside the layer stack. Vari-
ables include attenuation of radiation with penetration inside
the structure and the proximity of the photoinitiator to the
emitted photons from the upconversion process.

[0080] The density of the applied upconversion coating can
be adjusted on a layer by layer basis, analogous to a conven-
tional printing process in which lesser densities of black ink
coverage are employed to create different shades of gray. In
conjunction with complementary print software used in
exemplary embodiments directed to 3-D printing, the level of
transmission needed in any one layer is calculated and the
application density of the upconversion coating is applied
upon the amount of initial radiation expected (this is again
related to the time and intensity of initial radiation reached at
each geographical location inside the volume of stacked lay-
ers). Forexample, in a thick block of one hundred resin layers,
the upconversion coating in the middle of the formed block of
layers (where less initial radiation can penetrate) is applied
more densely than coatings applied at locations closer to the
light source.

[0081] Printing in this fashion can result in constructions
being formed extremely quickly when compared with con-
ventional 3D resin printing, as waiting time between each
layer is eliminated, while printing with an inkjet-like technol-
ogy using the upconversion coating results in extremely fast
and precise application. The complete construction and cur-
ing of a structure of around 1 emx1 cnix1 cm is accomplished
in 2 minutes or less.

[0082] In some embodiments, particularly to compensate
for shrinkage, it may be desirable to expose the structure to
infrared irradiation after every layer or every few layers, not
only at the end of the stacking process, so that curing of the
structure is carried out contemporaneously with the struc-
ture’s formation.

[0083] The schematic illustrated in FIG. 3 is with respect to
an embodiment in which the coating 20 of luminescent par-
ticles is applied, as shownin F1G. 4a, on regions of the surface
310 of the filled resin layer 300 corresponding to the dental
restoration to be formed, with the surface 310 left uncoated on
those areas which are to be left uncured and removed from the
cured dental mass 400 after curing.

[0084] Insome embodiments, as shown in FIG. 4¢, in order
to minimize the time necessary to remove the uncured filled
resin after the layering and curing is complete, it may be
desirable to arrange the curing to cure a large amount of the
remaining layer material surrounding the desired 3D dental
fabrication. Thus, in some embodiments most of the surface
of each resin layer is printed with upconversion coating 20
with a small gap of exposed surface 310 of the uncured resin
layer 300 left which approximates an outline of the structure
for each layer and on separation lines. As a result, two cured
resin masses are formed as both the undesired surrounding
3D structure (the material surrounding the desired 3D fabri-
cation) and the desired 3D fabrication are cured. The interface
between the desired and the undesired structure remains
uncured along with separation lines within the undesired
structure. The undesired structure is divided in multiple vol-
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umes separated by uncured resin interfaces in order to ease
the removal of the undesired resin (this eases the removal of
undesired resin when undercuts are present).

[0085] Inthis manner, largerblocks of the resin canbe more
quickly and easily removed from the desired dental structure.
Thus, the outside undesired resin is removed like a nutshell to
reveal the inside “nut,” here the desired 3D fabrication 400.
Put another way, the upconversion coating is applied in a
manner similar to creating a segmented nut shell around the
printed 3D dental structure. After the curing is performed, the
undesired blocks are removed leaving the desired structure
with only a small layer of uncured material over it.

[0086] In either case, secondary operations, including
shaping of the dental restoration, may be conducted. In some
embodiments, some portion of the remaining uncured resin
may still remain and the secondary shaping operations may
include smoothing uncured resin over the created structure
and curing using a conventional light to render a smoother
surface. Vibrating the uncured filled resin or chemically dis-
solving the uncured filled resin (using alcohol for example)
may also be used to result in the desired smooth surface.
Alternatively, the structure may be cleaned using a solvent
bath.

[0087] Inyetanother embodiment (FIG. 4b), only the outer
surface of the 3D fabrication volume is printed with upcon-
version crystals; that is, the coating 20 of luminescent par-
ticles is printed on regions of the resin surface 310 only in
areas which are not intended to be part of the final dental
structure. Thus, subsequent curing with an IR light results in
curing of only the external surface of the 3D dental structure,
with the inside left uncured. This results in a cured resin mass
in the form ofa shell that encapsulates the uncured resin in the
form of the dental restoration. The shell can be removed as
previously described to reveal the remaining uncured dental
restoration. This uncured resin is cured in a second step with
blue light using a conventional light curing device.

[0088] Curingonly the shell may be desirable in some cases
to further aid in contouring the surfaces of the finished resto-
ration. In these cases, the shell is cured and removed, reveal-
ing the restoration in a still uncured state. As a result, final
adjustments to shape and contour can be made while the
restoration remains uncured, followed by curing the structure
using, for example, a conventional blue light. This may be
useful for better esthetics of the final restoration.

[0089] Such an encapsulation approach also allows having
the restoration done with less upconversion particles used in
the process (which saves cost) and may result in better esthet-
ics. The deposition of a coating 20 of upconversion particles
over composite resin layers 300 may in some cases result in
visible, undesirable structures. Applying composite layers
one over the other directly, without upconversion crystals in
between layers within the article itself, may result in better
esthetic results. In other words, the blending of the particles
and the composite may in some circumstances result in vis-
ible striations inside the 3D dental structure and therefore it
may be preferable in some embodiments to do layering with-
out upconversion particles and cure these encapsulated layers
inside this hard shell in a later stage using a different method
like a conventional blue curing light.

[0090] In some embodiments, this encapsulation method
may be used only in desired locations of the volume of the 3D
structure (where the final esthetic is more important and/or
more apparent, or when particles can be saved if not mechani-
cally jeopardized by this type of encapsulation process). This
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encapsulation may be used also to cure the outer undesired
structures. This may result in the minimization of the amount
of upconversion particles used, which can increase flexibility
of the outer undesired structures to ease removal and enable
the recuperation of the composite by pressing and squeezing
out the encapsulated composite inside the undesired struc-
tures.

[0091] In some embodiments, the encapsulation may be
accomplished by the negative of FIG. 4¢ (i.e., in which only
the gap portion is printed with the coating), so that the
uncured shell is removed in the conventional fashion, while
uncured resin material interior to the dental structure is there-
after cured using a conventional blue curing light.

[0092] In yet another embodiment. the resin filled layers
may have upconversion particles disseminated directly
throughout, being formed of a composition such as described
in U.S. Pub. No. 2013/0323685, already incorporated by ref-
erence. In this embodiment, infrared power is focalized in a
small area that results in a precision curing ofthe specific area
that may be more precise than conducting photo-curing with
blue or UV light. Because the upconversion crystals require
multiple photons to generate the secondary luminescence, the
optical system is designed to have a sufficient concentration
of initial radiation in a limited micrometric area and therefore
to obtain a similar result to the coating approach without
having to print anything on the surface of the layers.

[0093] In this embodiment, the upconversion generated
photons originate from the inside of the material and not from
an external source that has to penetrate from without, decreas-
ing any excessive scattering inside the resin that may result in
a larger than desired block of cured resin and providing an
additional advantage in the level of control. This embodiment
may result in better blending of layers but can also exhibit less
bonding between the layers because uncured and cured layers
are placed together without an inhibited interface. This
embodiment may be used along with the encapsulation
approach to maximize the physical characteristics of the 3D
dental fabrication (minimize the bonding between layers of
uncured with cured layers).

[0094]

[0095] A structure consisting of volume scattering material
(e.g. ceramic, composite resin, laminates or dental tooth
material) can be illuminated in a well accessible area and the
light is scattered within the object. Any inhomogeneity
changes the scattering pattern and can be detected from out-
side of the light scattering object. Especially if the inhomo-
geneity is close to the outside border of the object, imaging is
possible by observing the light intensity distribution directly
at the object surface. In this case, for example, a crack in a
ceramic structure or a delamination of laminates creates a
shadow by hindering the photon propagation by a refraction
index inhomogeneity. In case of caries of teeth, an erosion of
the surface also creates an area with changed refraction index
and changed optical properties, (absorption and scattering
coefficient and g-factor), which causes differences in the light
propagation visible from outside of the volume scattering
material.

[0096] Observation of these light intensity changes may be
difficult, if the inhomogeneity occurs in an area not directly
visible by a camera. Such areas include, for example, a tiny
spatial confinement in a tool—e.g. a drilling hole with a high
aspect ratio (deep and small), a thin slit in a tool, or inter-
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proximally between teeth. In such a case, special fiber optic
image guides are an expensive option which is prone to frac-
ture.

[0097] According to still another embodiment of the inven-
tion, the upconversion coatings described herein are used in
the formation of a structure useful for diagnostic purposes,
and in particular for the otherwise difficult job of diagnosing
interproximal caries and fractures. Exemplary embodiments
solve this problem with the use of a luminescent material ina
shape that fits in the small space available for visualization.
This can be a tiny cylinder or bars for inspection of drill holes
or rectangular openings or a band like structure fitting into
small slits or between teeth.

[0098] As illustrated in FIGS. 5a-5¢, a diagnostic device
550 comprises a substrate 500 containing a coating 20 com-
prising luminescent particles as previously described, which
are able to maintain luminescence for a period of several
seconds to minutes. The luminescent particles can be illumi-
nated by a wavelength shorter than the emitted light or in case
the lumincescent particles can maintain the luminescence for
several seconds or minutes and are capable of up-conversion
even with a longer wavelength. Long lasting luminescence/
phosphorescence particles are added to the upconversion
luminescent particles, if the up-conversion particles have a
too short luminescence lifetime.

[0099] In this embodiment. the device 550 is typically
formed in the shape of a matrix band or a wide floss that can
be inserted interproximally and then adapted by pressing on
the interproximal tooth surface. Alternatively, the device 550
can be rolled into a small cylinder (FIG. Sc¢) for insertion
within a tooth for diagnosis, for example, to check for frac-
tures.

[0100] The substrate 500 structure contains a coating of
luminescent particles and when illuminating the tooth with IR
or red or visible radiation, the film is exposed, with more
radiation where the interproximal decay is not present. In case
of decay of enamel, the scattering coefficient is higher than in
sound enamel, thus more light is scattered in all directions
thus less light remains to illuminate the substrate 500. In case
of decay in dentin, additionally the absorption coefficient is
higher (brown color of dentin caries). This also reduces the
light illuminating the substrate structure 500. In case of a
fracture in a volume scattering material a non-homogeneous
light intensity distribution is generated by the refraction index
difference between the crack and the surrounding material.
After the crack (seen from the illumination side) less light is
available due to more reflection at the refraction index inho-
mogeneity. The film is therefore exposed with more radiation
when no decay or crack is present; secondary illumination is
created proportionally to this first radiation and therefore
creating a gradient mapping on the surface of the upconver-
sion coating. A typical interproximal caries or fracture will
create a darker area on the film and the clinician can deter-
mine the presence of caries when a darker area is present on
the film—the darker and the larger the area, the more signifi-
cant is the decay. A quality engineer or other technician can
determine from the intensity distribution the severity of a
structural inhomogeneity e.g. a crack or delamination.
[0101] In some embodiments, long-lasting luminescent
particles, such as certain upconversion phosphors with pro-
longed decay time, and certain afterglow phosphors having
persistent luminescence are added to the upconversion lumi-
nescent particles to prolong this blue/UV secondary radiation
and allow the luminescence to last during the removal time.
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Exemplary such after-glow phosphors include, without limi-
tation, particles such as Eu** doped SrAl,O,, Eu®* doped
Sr,Al, 0,5, Ce** doped BaAl,Q,, Ce** doped CaAl,O,,
Dy** doped SrALO,, Dy** doped SrMgSi, Oy, alkali earth
metal silicates, ZnS, and calcium sulfide. A camera or a
digitizer may be included to capture low level radiation
incoming from the film and digitally enhance the contrast and
render an image on a display screen. Using upconversion
particles excited by red or infrared gives the advantage of
higher penetration in highly scattering materials such as den-
tal structures and more profound information for the clini-
cian, engineer or other technician to evaluate. Choosing
shorter wavelength increases the number of scattering events
and therefore will be more sensitive to scattering related
information.

[0102] The additional luminescent particles may be added
to the coating in order to prolong the effect of the blue light
emission, e.g. from a conventional dental curing light. These
additional phosphorescent particles may be sensitive to blue-
uv emission and generate a residual light for a prolonged
amount of time. A film made only with regular long lasting
particles excited in the blue spectrum may also be used along
with a simple blue light (dental curing light)—while this
would not have the advantage of high penetration, it does have
the advantage of not requiring upconversion particles and
therefore making the product simpler to manufacture.
[0103] Combiningboth illuminations, first with red, NIR or
IR radiation along with up-conversion and as second illumi-
nation by green/blue light allows the storage of both images
simultaneously on the same substrate 500. For example, NIR
to up-conversion with up-conversion particles on substrate
500 followed by blue radiation to excite of long lasting lumi-
nescence with a first wavelength of a phosphorous substance
A. While the second image can result from green or blue light
illumination that results in direct excitation of long lasting
luminescence with a second wavelength of a phosphorous
substance B.

[0104] Substrate 500 then emits both the first and second
wavelengths over a longer time. Filters for the two wave-
lengths can be employed in a reader equipped, e.g., with a
CCD or CMOS sensor array or line, allows capture of both
images simultaneously (e.g. adapted Bayer pattern on the
sensor) or with two sensors with either filter of the first or
second wavelength in front of the sensor or within two
sequential frames, while the filter is switched from the first to
second wavelength between the frames.

[0105] As a result, two images can be generated on the
substrate 500 which allows differentiating features on the
tooth surface adjacent to the substrate from those deeper
inside the tooth by generating a firstimage on the substrate by
trans-illuminating with the infrared or red radiation and a
second image trans-illuminating with the or blue or green
light which stimulates another phosphor composition emit-
ting another wavelength different from the wavelength emit-
ted by illumination with red or infrared light.

[0106] In some embodiments, the substrate 500 may be a
transparent flexible film with a coating 20 that includes the
upconversion phosphors and a binder. Alternatively, it may be
desirable to include only the phosphors and/or other lumines-
cent particles without a binder, in which case the device may
further include a second transparent flexible film 510 on an
opposite surface of the coating 20 as the substrate 500 to
maintain the coating 20 in place. In some cases, the perimeter
of the films may be left uncoated to form a periphery that can
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be sealed in some manner, such as heat sealing or an adhesive,
for example. The flexible plastic films and the coating may all
be of a few microns thick typically in the range of about 20 to
about 200 microns, preferably in the range of about 25 to
about 75 microns. As result, the overall thickness still easily
permits interproximal insertion between the contact point
while still achieving highly intimate contact and contouring
with the interproximal surface to be examined.

[0107] Alternatively, the substrate 500 may be a metallic
matrix on which the luminescent coating 20 is applied. In this
case of a metallic carrier as the substrate 500, a window or a
recess 520 in the substrate band where the coating 20 of
luminescent particles are placed is preferred to keep the low-
est thickness possible to allow a thinner profile and the best
insertion in the contact points. It will be appreciated thata thin
plastic film 510 may still be used overlying the metallic
substrate to keep the coating 20 in place.

[0108] FIG. 6 schematically illustrates the principles
described with respect to the interproximal detection, in
which the diagnostic device 550 is inserted interproximally
between two teeth, including the tooth to be diagnosed. A
radiation source 40 emits radiation 45 that scatters upon entry
into the tooth. Radiation that passes out the sides of the tooth
does so less through a region containing a carie 610. As a
result, photon emission 25 with a shorter wavelength than the
irradiated wavelength from the upconversion phosphors in
the coating 20 is less intense on regions of the film corre-
sponding to the caries 610 than those regions without caries.
After irradiation, the device 550 can be withdrawn from the
tooth and a diagnosis made based on the relative illumination
of the film, which can be photographed to preserve the map-
ping observed or digitized with a reader.

[0109] Interproximal Coating.

[0110] In another embodiment, similar to the caries diag-
nostic film described above, this same interproximal film
including upconversion particles may be used to cure a resin
placed in the interproximal area. This may be used to coat the
interproximal area and prevent further progress of interproxi-
mal caries. The upconversion particles can be placed in a
fashion that delimitates the area where the curing of the resin
needs to occur and prevent the curing where not desirable (too
cervical and too labial, buccal or occlusal). This control of
curing allows the precise delimitation of the interproximal
coating and therefore a better contouring, softer edges and
thus resulting in better biocompatibility and much easier
excess removal.

[0111] An exemplary embodiment includes having the
upconversion particles included in the plastic material and the
resin placed between two layers of ultra thin flexible plastic
sheets of a few micrometers that can easily be inserted in any
interproximal contact. The resin is carried between the two
layers of plastic in the interproximal space and once the films
assembly is in contact with the interproximal surface the resin
is released by stretching and partial rupturing of one of the
two films to release the resin directly onto the surface. The
rupture occurs on a pre-punctured line on one of the two
films—the one in contact with the tooth surface. The other
film has upconversion particles placed in an oval-like shape
that delimitates the area where the resin needs to be cured.
Once ruptured, the un-ruptured film is conformed on the tooth
surface in order to apply a coating of an homogenous thick-
ness. While keeping the film in position in contact with the
interproximal surface, the IR radiation is shined on the area
allowing the curing of photo curable resin in the vicinity of
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the upconversion particles inside the film. The films are
removed after the curing, leaving the cured and the uncured
resin. The resin in this interproximal coating embodiment
may be filled in order to ensure a desired thickness of film
while applying contouring force over the surface prior to
curing.

[0112] While the foregoing specification illustrates and
describes exemplary embodiments, it will be understood by
those skilled in the art that various changes may be made and
equivalents may be substituted for elements thereof without
departing from the scope of the invention. In addition, many
modifications may be made to adapt a particular situation or
material including dopants to the teachings of the invention
without departing from the essential scope thereof. There-
fore, it is intended that the invention not be limited to the
particular embodiment disclosed as the best mode contem-
plated for carrying out this invention, but that the invention
will include all embodiments falling within the scope of the
appended claims.

What is claimed is:

1. A luminescent coating comprising a binder and upcon-
version phosphors wherein the upconversion phosphors emit
radiation at a predetermined wavelength matching an initiator
activation wavelength of a photoinitiator in a corresponding
dental cement when the upconversion phosphors are irradi-
ated with radiation having a wavelength of at least 780 nm.

2. The coating of claim 1 comprising at least 50% by
weight upconversion phosphors.

3. The coating of claim 1, wherein the binder is a resin
binder.

4. The coating of claim 1, wherein the luminescent coating
is substantially free of photoinitiator.

5. The coating of claim 1, wherein the upconversion phos-
phors comprise an inorganic host lattice doped with a rare
earth ion.

6. The coating of claim 5, wherein the inorganic host is
selected from the group consisting of lanthanide fluorides,
oxysulfides, fluorides, and oxide hosts.

7. The coating of claim 6, wherein the inorganic host is
selected from the group consisting of a ytterbium fluoride
salt, a yttrium fluoride salt, lutetium oxide, and yttrium oxide.

8. The coating of claim 6, wherein the inorganic hosts are
doped or co-doped with one or more trivalent rare earth ions.

9. The coating of 8, wherein the trivalent rare earth ions are
selected from the group consisting of ytterbium (Yb**), Iute-
tium (Lu?*), thulium (Tm**), terbium (Th**), erbium (Er’*),
praseodymium (Pr**), scandium (Sc**), yttrium (Y**) and
combinations thereof.

10. The coating of claim 1, wherein the binder comprises a
(meth)acrylate resin binder.

11. The coating of claim 10, wherein the (meth)acrylate
resin binder is selected from the group consisting of 2,2-bis
[4-(2-hydroxy-3-methacryloyloxypropoxy)phenyl|propane
(Bis-GMA), 1,6-bis(2-methacryloxyethoxycarbonylamino)-
2,4 4-trimethylhexane (UDMA), 2,2-bis[4-(methacryloy-
loxy-ethoxy)phenyl]propane (or ethoxylated bisphenol
A-dimethacrylate) (EBPADMA), isopropyl methacrylate,
triethyleneglycol dimethacrylate (TEGDMA), diethyleneg-
lycol dimethacrylate, tetraethyleneglycol dimethacrylate,
3-(acryloyloxy)-2-hydroxypropyl methacrylate, 1,3-pro-
panediol dimethacrylate, 1,6-hexanediol dimethacrylate
(HDDMA), pentaerythritol triacrylate, pentaerythritol tet-
raacrylate, pentaerythritol tetramethacrylate, and combina-
tions thereof.
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12. The coating of claim 1, wherein the upconversion phos-
phors emit radiation having a wavelength of 495 nm or less.

13. A method of attaching a dental article to the surface of
a tooth comprising,

providing the dental article to be attached to the surface of

the tooth;

applying a coating comprising upconversion phosphors to

a surface of the dental article configured to face toward
the surface of the tooth;

applying to the surface of the tooth a dental cement com-

position comprising a polymerizable resin and a photo-
initiator, the dental cement composition substantially
free of upconversion phosphors;

placing the dental article on the surface of the tooth such

that the coating comprising upconversion phosphors is
adjacent the dental cement composition;

irradiating the coating comprising upconversion phos-

phors with a radiation source that emits radiation at a
pre-determined fixed wavelength in a range of the elec-
tromagnetic spectrum that causes the upconversion
phosphors to emit radiation at an activation wavelength
of the dental cement composition photoinitiator such
that the dental cement composition cures in a region
adjacent the coating; and

removing remaining uncured dental cement composition

outside the dental article from the tooth.

14. The method of claim 13, wherein the dental article is an
orthodontic bracket.

15. The method of claim 14, wherein the surface of the
tooth is a labial surface of the tooth.

16. The method of claim 13, wherein the dental article is a
dental prosthetic.

17. The method of claim 16, wherein the dental prosthetic
is a crown.

18. The method of claim 13, wherein the coating compris-
ing upconversion phosphors further comprises a resin binder.

19. The method of claim 18, wherein the coating compris-
ing upconversion phosphors is at least 50% by weight upcon-
version phosphors.

20. The method of claim 13, wherein the step of applying
the coating to the surface of the dental article comprises
coating an outer periphery of the surface of the dental article.

21. The method of claim 13, wherein the step of applying
the coating to the surface of the dental article comprises
coating leaving an outer edge of the surface of the dental
article uncoated.

22. The method of claim 13, wherein the coating compo-
sition comprises a resin binder and wherein the resin binder of
the coating composition is the same as the polymerizable
resin of the dental cement.

23. The method of claim 13, wherein the step of irradiation
comprises irradiating the upconversion phosphors with near-
infrared radiation having a wavelength in the range of about
780 nm to about 1064 nm.

24. The method of claim 13, wherein the dental article is
metallic and wherein, after the step of removing remaining
uncured dental cement composition outside the dental article
from the tooth, irradiating the dental article with a blue light
to cure any remaining uncured dental cement composition
intermediate the labial surface of the tooth and the surface of
the dental article.

25. A method of three dimensionally printing a dental
article comprising;
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providing a first layer comprising an uncured resin mate-
rial, a photoinitiator, and in the range of about 50% to
90% by weight inert filler particles;

depositing, via a print head, a first discrete layer of a com-
position comprising upconversion phosphors to a prede-
termined surface region of the first layer of uncured resin
material;

providing a second layer of the uncured resin material

overlying the first layer of uncured resin material and the
deposited layer that comprises the upconversion phos-
phors;

depositing, via a print head, a second discrete layer of the

composition comprising upconversion phosphors to a
predetermined surface region of the second layer of
uncured resin material;

providing a third layer of the uncured resin material over-

lying the second layer of uncured resin material and the
second deposited layer that comprises the upconversion
phosphors;

irradiating the layers of uncured resin material and depos-

ited layers comprising upconversion phosphors with a
wavelength that causes to the particles to luminesce at a
wavelength corresponding to an activation wavelength
of the photoinitiator in the uncured resin material and
thereby curing the resin material in a region adjacent the
particles to form a cured resin mass; and

separating remaining uncured resin material from the

cured resin mass,

wherein the layers of the composition comprising upcon-

version phosphors are deposited to the predetermined
surface regions of the uncured resin material in a pattern
corresponding to a predetermined form of the dental
article.

26. The method of claim 25, wherein the layers of upcon-
version phosphors are deposited on surface regions of the
uncured resin layers corresponding to the dental article such
that the cured resin mass is in the form of the dental article.

27. The method of claim 26, further comprising conducting
secondary shaping operations on the dental article.

28. The method of claim 25, wherein the layers of upcon-
version phosphors are deposited on surface regions of the
uncured resin layers corresponding to a shell portion sur-
rounding the dental article.

29. The method of claim 28, wherein the step of separating
comprises removing the cured resin mass as the shell portion
such that the remaining uncured resin material is in the form
of the dental article and thereafter curing the remaining
uncured resin material in the form of the dental article.

30. The method of claim 25, wherein the layers of upcon-
version phosphors are deposited both on a surface region of
the uncured resin layer corresponding to the dental article and
a surface region of the uncured resin layer corresponding to a
shell portion surrounding the dental article the two surface
regions separated by with a gap portion of the uncured resin
layer surface on which upconversion phosphors are not
deposited such that step of irradiating results in a first cured
resin mass in the form of the dental article and a second cured
resin mass in the form of a shell at least partially surrounding
the dental article.

31. The method of claim 30, wherein the step of separating
comprises removing the shell at least partially surrounding
the dental article and thereafter removing remaining uncured
resin mass from a surface of the dental article.



US 2015/0182321 Al

32. The method of claim 31 further comprising conducting
secondary shaping operations on the dental article.

33. The method of claim 25, wherein the provided layers of
uncured resin material have a thickness in the range of about
25 microns to about 250 microns.

34. The method of claim 25, wherein at least one of the
provided layers of uncured resin material has a mechanical
stopper to control layer thickness.

35. The method of claim 25, wherein the provided layers of
uncured resin material is provided from a continuous ribbon
of material.

36. The method of claim 25 wherein a coating density of
the upconversion phosphors of the first deposited layer is
different from a coating density of the upconversion phos-
phors of the second deposited layer.

37. A three-dimensional printing system comprising:

a feed source of uncured filled resin material comprising a

polymerizable resin, photoinitiator, and inert filler;

a print head configured to apply discrete layers of a com-
position comprising upconversion phosphors to prede-
termined surface regions of incrementally stacked layers
of the uncured filler resin material in a pattern corre-
sponding to a predetermined form of'a dental article; and

aradiation source configured to irradiate layers of uncured
filled resin material and deposited layers of the compo-
sition comprising upconversion phosphors with a wave-
length that causes to the particles to luminesce at a
wavelength corresponding to an activation wavelength
of the photoinitiator in the uncured filled resin material
thereby curing the resin material in a region adjacent the
particles to form a cured resin mass.

38. A method of diagnosing optical inhomogeneity of a

volume scattering object comprising:

providing a substrate coated with upconversion phosphors;

adapting the substrate to a surface of a volume scattering
object to be diagnosed;

trans-illluminating the volume scattering object with radia-
tion such that the upconversion phosphors emit radiation
in a different portion of the electronic magnetic spec-
trum having a shorter wavelength than the incident
radiation to thereby expose the film; and

determining the presence of or lack of optical inhomoge-
neity based on a spatially varying level of exposure of
the film.

39. The method of claim 38, wherein the volume scattering

object is a tooth.

40. The method of claim 38, wherein the optical inhomo-
geneity is caries.

41. The method of claim 38, wherein the optical inhomo-
genetiy is a crack.

42. The method of claim 38, wherein the substrate is addi-
tionally coated with afterglow phosphorous particles emitting
a first wavelength after excitation by the radiation emitted by
the upconversion phosphors for a time sufficient to remove
the subject from the volume scattering object and digitize an
image contained in the spatially varying intensity of the emis-
sion of the afterglow phosphorous particles.

43. The method of claim 38, wherein the substrate is a
transparent flexible film.

44. The method of claim 43, wherein the substrate further
comprises a second transparent flexible film opposed to the
first transparent flexible film on an opposite side of the lumi-
nescent particle coating.
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45. The method of claim 38, wherein the substrate is metal-
lic.

46. The method of claim 45, wherein the coating of upcon-
version phosphors is situate in a recessed surface of the metal-
lic substrate.

47. The method of claim 38, further comprising interme-
diate the steps of providing and adapting, inserting the sub-
strate interproximally between two teeth, one of which is the
tooth to be diagnosed.

48. The method of claim 38, wherein the step of adapting
further comprises providing the substrate in the form of a
cylinder or bar and inserting the cylinder or bar within a hole
formed in the volume scattering object to be diagnosed.

49. The method of claim 42, wherein a reader is used to
digitize the image formed by the substrate’s afterglow phos-
phorous particles.

50, The method of claim 42, wherein in additional to the
afterglow phosphorous particles emitting the first wave-
length, second afterglow phosphorous particles emitting a
second wavelength are provided on the substrate and the
second afterglow phosphorous particles emitting the second
wavelength are directly excited with a second radiation
source trans-illuminated through the volume scattering
object.

51. The method of claim 50, wherein a reader is used to
digitize each of two images, each image corresponding to a
different groups of afterglow phosphorous particles emitting
either the first or the second wavelength.

52. The method of claim 51, wherein the reader digitizes
the two images simultaneously.

53. The method of claim 51, wherein the reader digitizes
the two images sequentially within sequential frames, with a
filter change in between.

54. A method of diagnosing optical inhomogeneity of a
volume scattering object comprising

providing a substrate coated with afterglow phosphorous
particles;

adapting the substrate to a surface of a volume scattering
object to be diagnosed; and

trans-illuminating the volume scattering object with green
or blue radiation such that the afterglow phosphorous
particles emit radiation for a longer time duration suffi-
cient to remove the substrate from the diagnosed object
and place it in a reader to be digitized.

55. The method of claim 54, wherein the volume scattering

object is a tooth.

56. The method of claim 54, wherein the optical inhomo-
geneity is caries.

57. The method of claim 54, wherein the optical inhomo-
geneity is a crack.

58. A dental tool comprising:

a substrate comprising a transparent flexible film or metal-
lic foil, the substrate having applied thereon a coating
comprising upconversion phosphors.

59. The dental tool of claim 58, further comprising an
opposing second transparent flexible film on an opposite side
of the upconversion phosphor coating.

60. The dental tool of claim 58, wherein the upconversion
phosphor coating further comprises afterglow phosphor par-
ticles.
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