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FIG. 1

(57) Abstract: This invention relates to compositions and methods related to biocompatible conductive inks. In a preferred em-
bodiment the inks are printable onto biocompatible substrates and are used in the creation of biocompatible medical devices, in
general, the inks comprise a plurality of particles. In one embodiment, the particles have a particle surface and an agent on the par-
ticle surface, the agent configured to prevent the particles from agglomerating when the particles are in a solution, the agent also
configured to allow adjacent particle surfaces to be in contact when the particles are not in the solution due to an opening in the
agent.
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BICCOMPATIBLE CONDUCTIVE INKS

Statement of Government Interest

[0G01] This inveniion was made with at least partial support from the U.S.

government. Accordingly, the government has cerlain righis in the invention.

Related Application

[0601] This application claims pricrity to provisional patent application Serial
No. 61/307,080 filed on February 23, 2010, which is incorporated by reference

herein in its entiraty.

Field of the Invention

[0002] The present invention is generally related to conductive, biocompatible
particles and inks, processes for producing the conductive, biocompatible pariicles

and inks, and substrates having the conductive, biccompatible inks printed thereon.

Background of the Invention

10003] Medication compliance is the degree {0 which a medication is taken
according to a prescribed treatment and is usually measured in terms of percent of
doses faken over a given interval. it is estimaled 125,000 people die of ireatable
ailments because of poor adherence and a fenth of hospilal admissions are
associated with noncompliance at a healthcare services expense of approximately
$15.2 billion annually. Medication compliance is also important in the context of
clinical drug trials, geriatrics, and mental health/addiction medicine. For example, in
a clinical drug trial # is desirable to know, with a high degree of certainty, the
patient’s compliance {0 a medication regimen because without such knowledge the
results from a clinical trial cannot be accurately interpreted or could even be
misleading. Conductive inks are available commercially from various sources.
These inks, however, are not suitable for in vivo systems for the following reasons:
{a) conductivity is too poor for use as high efficiency, ullra thin electronics and

antennas,; (b) sintering does not cccur below 300°C; (¢} inkjet printing is difficult due

1
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o their inherently high viscosily and large particle size; and {dithe inks do not use
non-biccompatible components. Nanopariicle inks, in particular, resolve only some
of these issues. In particular, nanoparticle inks can be inkjet printed because of their
small size (no clogging), permitling the creation of very thin conductive lines. Silver
nanoparticles exhibit a sharp increase in electrical conductivity {up to 50% the
conductivity of pure silver metal}) when they are heated above their sintering
temperature, which is typicaily between 150 and 300°C, much below the melling
point of bulk silver {862°C). Advances in nanopariicle synthesis sllow for the
creation of highly pure (>86% pure), metallic nanopariicles for use in printing fine-line
conductive traces with high conductivity. These formulations have been utilized for
the creation of antennas (particularly for RFID tags) and printed electronics on
polymers substrates, such as Kapton, ceramic substrates such as glass, and various

senticonductors.

[0004] Nanoparticle inks as described in the literature, however, do not solve
all of the problems for crealing biocompalible conductive inks. For instance, at
temperatures less than 150°C, standard, high-yield nanoparticles do not typically
sinter and are not biocompatible. In addition, at high sintering temperatures, most
biocompatible substrates such as polysthylene terephthalate or
polymethyimethacrylate will degrade, mell, or warp. Silver metallization through
sintering of silver nanoparticles depends on a lime-temperature thermal treatment,
The majority of conductive ink technology requires sintering at high temperatures for
significant amount of time. A common sinlering treatment is 250°C for 15-30
minutes, for example. For curing temperatures lower than 150°C, the pariicles
conduct very poorly due 1o the presence of protective polymers {if present) and the
lack of sufficient thermal energy to begin the sintering process. This number
typically exceeds 1 Q-cm, as compared to 1.6x10-8 O-cm for bulk silver. These

reported conductivities are typically far too high for thin, small ingestible bictelemetry.

[0008] Dearden et al. showed that silver nanoparticle films could create
conductive silver tracks from 125°C-200°C; however, at 125°C, the conductive fracks
had a resistivity 106 times that of bulk silver, which would make very poor
elecironics.  Conductive lines prinfed with unsintered nanoparticles, without a
chemical metallization treatment, would lack film stability and thus would dissolve

upon exposure (o body fluids. Perelaer et al. has shown partial sintering of silver
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nancparticles at 130°C by starting with a completely liquid inkjet sclution containing
silver ion {no nanoparticles). While that study was able {o reach conductivity about 4
times that of bulk silver, the subsequent nanopariicles upon sintering were poorly
melallized, with noted agglomerates rather than metal film, which may lead o

biccompatibility problems.

§00086] A method of producing metal nanoparticles in colloidal sclutions is
known. In this method, the surface of a metal particle is protected with a polymer.
The polymer prevents the metal parlicles from agglomerating and also allows the
size of the nanopariicles to be controlled. This approach presents a dilemma,
however., While using proteclive polymers prevenis agglomeration and allows for
coniroliable particle size, the proteclive polymers also elecirically insulate the metal
portions of the particles. Since the metal portions are insulated, eleclricity cannot
efficiently be conducted between adjacent particles. This clearly is not a desirable
property for conductive inks. Therefore, there is a need in the art for conductive inks
that are biocompatible and have low resistivity and can be produced via reliable

techniques.

Summary of the Invention

100077 The present invention is direcled {o compositions and methods related
to biocompatible conductive inks that satisfy the need for biccompatible conductive
inks with low resistivity. When printed on an ingestible product or a product that can
be inserted into the body, these biccompatible, conductive inks can enable electronic

monitoring of the product.

[0008] According to one aspect of an embodiment of the invention a
composition comprising a plurality of particles having a particle surface and an agent
on the particle surface, the agent configured {o prevent the particles from
agglomerating when the particles are in a solution, the agent also configured to aliow
adjacent particle surfaces to be in physical contact when the pariicles are not in the
solution dug o an opening in the agent is provided. In certain embodiments the
particles are micro or nanoparticies. The agent can have a plurality of chain lengths
that are multimodal in distribution. In one example, the plurality of chain lengths are
bimodal in distribution and the average chain length of a bimodal disiribution of the

agent is approximately 100 and approximately 400. The particle can contain a
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conductor such as a metal, for exampie. Suitable metals include, but are not limited
to, at least one of silver, gold, copper, piatinum, zinc, tin, iron, nickel, lead,

magnesium, palladium, coball, aluminum, chromium or a combination thereof.

[0608] in certain embodiments of the compaosition, agent is capable controlling
particle growth, which includes the parlicle geometry such as size and shape. The
agent can be any number of malerials such as a polymer, a lipid, a fatty acid, a
profein, a cellulosic material or a combination therecf. In certain spscific
embodiments, the agent is a polyvinylpyrrolidone polymer (PVP) or a derivative
thereof. The adjacent conductor surfaces can be in electrical contact through an
opening in the agent and the slectrical contact can be improvable by healing. The

composition can also further comprise a biocompatible substrate.

[0610] Certain embodiments of the composilion allow for the electrical
properties of the composition o be improved by curing or sintering the particles at a

temperature of less than 150° C.

(00117 in one preferred embodiment of the composition the composition
comprises a pluralily of pariicles having a particle surface and an agent on the
particle surface; and wherein the agent contains a multimodal distribution of chain
lengths, the agent is configured to prevent the particles from agglomerating when the
pariicles are in a solution and the agent is configured to control the geometry the
particles. According fo a more specific embodiment, the plurality of chain lengihs
are bimodal in distribution and the average chain length of a bimodal distribution of
the agent is approximately 100 and approximately 400.

(00123 A process for producing coatings, fillers, or inks according o another
embodiment of the invention comprises forming particles in a solution, the parlicles
having a particle surface and an agent on the particle surface; removing the particles
from the solution; and wherein the agent is configured to prevent the particles from
agglomerating in the solution, the agent is configured o conirol the particle geometry
and the agent is configured to allow adjacent pariicle surfaces to be in contact when
the particles are not in the solution. The agent can be composed of a mullimodal
distribution of chain lengths, such as a bimodal distribution and the average chain
iength of a bimodal distribution of the agent is approximately 100 and approximately

400. The agent can further be configured o conirol particle growth, such as
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controlling particle growth in a colloidal solution.  In certain more specific
embodiments the process further comprises preparing an agqueous solution of a
conductor source and the agent; reducing the conductor source to a conductor; and

allowing the agent to associate with the pariicle surface {o form particles.

f0013] In even more specific embodiments, the particies are silver particles,
and the forming further comprises mixing a reducing agent info the aqueocus solution
and adding a 20-75% w/w pH modifier {0 increase the pH of the agusous solution. In
a preferred embodiment of the process, the conductor source is AgNQ; a mass ratio
of NaOH to AgNQ:; is from 1:30 to 30:1. As with the compositions described above,
the particle can be a conductor such as a metal. Suilabie conducior sources include,
but are not limited to, al least one of a silver source, a qold source, a copper source,
a platinum source, a zinc source, a tin source, an iron source, a nickel source, a
magnesium source, a palladium source, a cobalt source, an aluminum source, a

chromium source or a combination thereof.

[0014] in other specific embodiments the mass ratio of the multimodal agent
o the conductor source is 2:1. The agent can be a mullimodal polymeric agent such

as PVP or a derivative thereof,

[0015] The forming process can further comprise preparing an agueous
solution of PVP10 and PVP40 in a vessel and adding an amount of a conductor
source {o the aqueous solution. In a preferred embodiment the ratio of the PVP10 1o
the PVF40 is 10:1 to 1:10 and wherein the particles have a particle size of 1-200 nm.
in other embodiments, the process further comprises centrifuging the solution for a
time sufficient to produce a plurality of particles and a superatant in a vessel;
removing the supermnatant from the vessel {0 leave the plurality of particles within the
vessel; washing the particles with a washing liquid to remove excess agent; and
wherein the centrifuging is completed in less than & minutes. The particles formed
according 1o the process can be curable or sinterable al a temperature of 190° C or

less,

[0016] The process can be exiended o make a conductive and biocompatible
ink of the particles such as by mixing the particles with biccompatible binders

biocompatible release agents, rheclogy modifiers, suspension agents, solvenis or a
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combination thereof. Preferred binders and solvents include but are not imited to &

propylens glycol solution, a-terpineol, sthylcellulose or a combination thereof.

[0017] According o ancther aspect of an embodiment of the invention, a
biccompatible ink is provided. The bio compatible ink comprises a plurality of
subsiantially non-agglomerated conducltive nancparticles and a unimodal or

multimodal mixture of a biocompatible protective agent.

[0018] According to another aspect of an embodiment of the invention, a
process for producing a biccompatible conductive ink is also provided and comprises
mixing a biccompatible agent and a conductive source in an agusous solution for a
time sufficient to form a plurality of biccompatible conductive particles; recovering
the conduclive particles from the aqueous sciution; and whereinthe agent is
configured {o prevent the particles from agglomerating in the solution and the agent
is configured to control the pariicle geometry.  The conductive particles can further
be mixed with a biocompatible binder such as o-terpineoc!, ethylcellulose, propyiene
glycol or & combination therecf.. This process can further comprise combining the
conductive particles with a second agent selecled from a bioccompalible releass
agent, a rheclogy modifier, a suspension agent, a solvent or a combination
thereof..In a specific embodiment, the agent is a bimodal mixture of PVP containing
a mixture of PVP having an average chain length of 100 (PVP10) and PVP having
an average chain length of 400 (PYP40).

f0019] According o another aspect of an embodiment of the invention a
biccompatible film is provided. The biccompatible film comprises a plurality of
substantially non-agglomerated metal nanoparticles, wherein the plurality of
substantially non-agglomerated nanoparticles have an electrical resistivity of 1 G-om
or less and are sintered io form a film;, and wherein the biocompatibie film is

ingestible.

[0620] According to another aspect of an embodiment of the invention a
printed biccompatible article is provided and comprises a biocompatible subsiraie
having a biocompatible ink printed thereon in a predetermined pattern; and wherein
the biocompatible ink comprises a plurality of conduclive particies. The
biocompatible subsirale can be comprises al least one of gelalin, cellulose acetate

phthalate, polyethylene terephthalate, polymethylmethacrylate, hypromeliose or a
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combination thereof, for example. The biocompatible substrate that can also be
dissolvable at a pH greater than 5 in cerlain embodiments. The printed
biocompatible article can further include an integrated circuit or microchip for
producing a transmittable signal from the biccompatible ink. A power source can be

in communication with the integrated circuit or microchip.

f0021] According o ancther aspect of an embodiment of the invention a
process for creating ingestible nano- or micro-particle inks comprised of sinfered
particles or particles connecled to each other using binding agents that do not
release non-biccompalible agents or non-biccompatible particles that are coated

with metal or other agent that can retain non-biocompatible particles is provided.

[0022] According to another aspect of an embodiment of the invention a
composition comprising a conductive nano-~ or micro-particle ink with a mullimodal
agent on a surface of the parlicles that provides for increased conductivity and lower

sintering temperatures is provided.

[0023] According to another aspect of an embodiment of the invention a nano-
or micropariicle ink is provided that can be placed onlo a substrate and sintered at a
temperature that is less than a {femperature at which the substrate degrades, has a
resistivity of 1 Q-om or less afler being sintered or cured or dried and is

biocompatible.

[0624] According to another embodiment of the invention an electronic device
is provided. The electronic device comprises a conductive trace printed on a
biccompatible substrate, the conductive trace containing a plurality of particies, each
particle having a conductor, a conductor surface and an agent on the conductor
surface, wherein adjacent conductor surfaces are in electrical contact through at
ieast one opening in the agent. In the electronic device the agent can be a
multimodal mixture of polymer, for example. In another embodiment of an electronic
device of the invention, the electronic device comprises a first conductive trace
consisting of a plurality of printed nanoparticles or microparticles of a first species; a
second conductive trace consisting of a plurality of printed nanoparicles or
microparticles of a second species; and wherein the two traces producs a galvanic
cell capable of producing electrical current and voltage. The first substance can be a

metal, metallic compound, or graphite and the second substance can be a different
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metal, metaliic compound or graphite. The particle can contain a conductor. In a
preferred embodiment, the conductor is a metal, such as at least one of silver, gold,
copper, platinum, zing, fin, iron, nickel, lead, magnesium, palladium, cobait

aluminum, chromium or a combination thereof.

[00625] These and cther objects, aspects, and advantages of the present
invention will be beller apprecialed in view of the drawings and following detailed

description of the preferred embodiment.

Brief Description of the Drawings

[0026] FiG. 1is a graph of CPSC parlicle size distribution for SNPs formed by
All-PVP40;
[0627] FIG. 2 is a graph of CPSC pariicle size distribution for SNPs formed by

PVP4OPVP10 = 511,

[0628] FIG. 3 is a graph of CPSC particle size distribution for SNPs formed by
PVPR40:PVP10 = 2:1;

[00629] FIG. 4 is a graph of CPSC particle size distribution for SNPs formed by
PVE40.PVE10 = 1:2;

f0030] Fiz. 5 is a graph of CPSC particle size distribution for SNPs formed by
PVP40.PVRP10 = 1.5

(00317 FIG. 6 is a graph of CP3C particle size distribution for SNPs formed by
Al-PVP10;

f0032] FIG. 7 is a graph of mass ioss of PVP from SNPs as a function of
temperalure;

10033] FIG. 8 is & TEM micrograph of SNPs formed by a reaction using All-
PVP40;

100634] FiG. 9 is a TEM micrograph of SNPs formed by a reaction using

PVP40:PVPI0 = 511,
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[0635] FIG. 10 is a TEM micrograph of SNPs formed by a reaction using
PVPAGPYPI0 = 211,

[06G386] FiG. 11 is & TEM micrograph of SNPs formed by a reaction using
PVP40:PVPI0 = 1.2,

10637] FiG. 12 is & TEM micrograph of SNPs formed by a reaction using
PVP40:PVPI0 = 1.5

f0038] FiGz. 13 is a TEM micrograph of SNPs formed by a reaction using All-
PVP10;

[0039] FIG. 14 is graph of resistivity vs. PVP40:PVP10 for run A;

{00407 FIG. 15 is graph of resistivity vs. PVP40:PVP10 for run B;

[0041] FIG. 16 is graph of resistivity vs. PVP40:PVP10 for run C;

[0042] FIG. 17 is a SEM micrograph of SNPs formed by AlPVP40 and

sintered at 160° C;

10043] FIG. 18 is a SEM micrograph of SNPs formed by AlRPVP4D and
sintered at 180° C;

[0044] FiG. 19 is a SEM micrograph of SNPs formed by PVP40PVP10 = 511
and sintered al 160° C;

[00645] FiG. 20 is 2 SEM micrograph of SNPs formed by PVP40:PVP10 = 511
and sintered at 180° C;

[0048] Fiz. 21 is a SEM micrograph of SNPs formed by PVP4ASPVP10 = 2.4
and sintered at 160° C;

{00477 FIG. 22 is a SEM micrograph of SNPs formed by PVP40:PVP10 = 211
and sintered at 190° C;

f0048] FIG. 23 is a SEM micrograph of SNPs formed by PVP40FPVP10 = 1.2
and sintered at 160" C;

{0049] FIG. 24 is a SEM micrograph of SNPs formed by PVP40PVP10 = 1.2
and sintered al 190° C;
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f0050] FIG. 25 is a SEM micrograph of SNPs formed by PVP40:PVP10 =15
and sintered at 160" C;

[0051] FIG. 26 is a SEM micrograph of SNPs formed by PVP40:PVP10 =15
and sintered al 190° C;

[00652] FiGG., 27 is a SEM micrograph of SNPs formed by AIKPVP10  and
sintered at 160° C;

f0053] FiGz. 28 is a SEM micrograph of SNPs formed by Al-PVP10  and
sintered at 180° C;

[0054] FIG. 28 is a graph of the IV characteristics of a SNP film produced by
PVP40:PVP10 = 2:1 where the sample was healed to and measured at 115° C;

[06585] FIG. 30 is a graph of the IV characteristics of a SNP film produced by
PVP40:PVP10 = 1:5 where the sample was heated to and measured at 1158° G,

10058] FIG. 31 shows AFM micrographs for the same region of PVYP10-
synthesized SNPs where a} is contact mode micrograph and b} is phase shift
micrograph and the scale bar in a) indicates the height of the surface {in nm) of the
SNP and the scale bar in b) indicates the phase shift (in degrees) due {o tip-sample

interactions;

{00577 FIG. 32 shows AFM micrographs for the same region of PVP40-
syrthesized SNPs where a) is conlact mode micrograph and b) is phase shift
micrograph and the scale bar in a) indicates the height of the surface (in nm) of the
SNP and the scale bar in D) indicates the phase shift (in degrees) due to tip-sample

interactions;

[0658] Fiz. 33 shows images of pad-printed antennae using SNPs;

[00658] Fi. 34 is a graph of the DOE resulls for particle size disiribution;
[00660] FIz. 35 is an image of an antenna patltern printed using SNP inl
[0061] FIGG. 36 is a graph of siiver concentration in various solutions and

calibration standards; and

10
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[0062] FIG. 37 is a graph of silver concentration in various solulions and

calibration standards.

Detailed Description of the Preferred Embodiment

f0063] In the Summary of the Invention above and in the Detailed Description
of the Invention and in the accompanying drawings, reference is made to particular
fealures (including method sieps) of the invention. 1t is (o be understood that the
disclosure of the invention in this specification includes all possible combinations of
such particuiar features. For example, where a particular feature is disclosed in the
context of a particular aspect or embodiment of the invention, that feature can also
be used, io the exient possible, in combination with and/or in the context of other

particular aspects and embodiments of the invention, and in the invention generally.

[0064] The term “comprises” is used herein to mean that other ingredients,
ingredients, steps, eic. are optionally present. When reference is made herein o a
method comprising two or more defined sleps, the steps can be carried in any order
or simulianeously {except where the conlext excludes thal possibility), and the
method can include one or more steps which are carried out before any of the
defined sleps, belween two of the defined steps, or after all of the defined steps

{except where the coniex! excludes thatl possibiiity).

f0065] In this section, the present invention will be described more fully with
reference o the accompanying drawings, in which preferred embodiments of the
invention are shown. This invention may, however, be embodied in many different
forms and should not be construed as limiled to the embodiments sel forth herein.
Rather, these embodiments are provided so that this disclosure will be thorough and
complete, and will convey the scope of the invention {o those skilled in the arl. Like
numbers refer to like elements throughout, and prime notation is used o indicate

similar elements in alternative embodiments.

f0066] The present inveniors have addressed the needs of the prior art by
providing processes for producing biccompatible, conductive particles and the novesl

products of the processes that are easily printable, do not agglomerate, and have a

11
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relatively low metallization temperature. In general, the compositions of the present
invention are composed of a plurality of particles. Each pariicle comprises a
conductor, such as a metal, a conducior surface and an agent associated with the
conductor surface. The agent is configured o serve several functions. The agent
can be associated with the conductor surface by a chemical bond, for example such
that when the particles arg in a solution, such as a colloidal solution, the agent
prevents the particles from aggiomerating. But when the particles are dry, the agent
also allows adjacent conductor surfaces {0 be in electrical contact. By allowing the
adjacent conductor surfaces 10 be in electrical contact when the particles are dry, the
resistivity of the ink can be decreased relative to the nanoparticle conductive inks
known in the art, especially once the ink is heated o a desired temperature such as
a curing or sintering temperature. Thus, agents that will cover a portion but not all of
the surface of the dry particles are preferred. In this preferred embodiment, the
agent allows the adjacent conduclor surface 1o be in electrical contact through at
least one opening in the agent which exposes the conductor surface. Many different
agents can be selected o serve these purposes. In the description below, the
inventors show that a bimodal molecular weight polymer can serve as such an

agent.

[0067] in one embaodiment, metallic, e.g., silver, nanoparticles were produced
by reducing a conductor source, such as metal ions (Ag”, for example), to metallic
particles in the presence of a protecting agent, which in one embaodiment consists of
two different molecular weight molecules. In a preferred embodiment, the molecules
are PVP molecules or derivatives thereof. In a preferred embodiment the agent is
PVP10, having an average molecular weight of approximately 10,000 and chain
length of approximately 100, and PVP40, having an average molecular weight of
approximately 40,000 and chain length of approximately 400, Using this novel
bimodal chain length PVP-protecting agent, silver nanoparticles were produced that
were able {0 achieve a lower electrical resistivity than was previously reported in the
iiteralure for silver nanoparticles cured at temperalures below their sintering
temperature. Silver nanoparticles could be produced in the size range of 20-200 nm
and could be pad printed info high-resolution antenna patterns.  Moreover, after
applying heat at a temperature of 80° C Tor 10 minutes, the electrical resistivity of

silver nanoparticles was as low as 4.0x107 (em.

12
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f0668] Flectrical resistivity as low as 7.4 x 10° Q-om could further be achieved
in these nanoparticles at a sintering temperature of 180°C for a sintering time of as
ittle as 10 min. Silver nanoparticle inks produced using the above-mentioned silver
nanoparticles also exhibiled large differences in electrical resistivily depending on
the respective molecular weight of PVP used during nanoparticle synthesis. After 10
minutes of a 115°C heat treatment, for example, a four orders of magnitude (or
greater} difference in resistivity could be observed between silver nanoparticles
synthesized by the bimodal MW PVF sysiem relative to either PVF of molecular
weight 40,000 alone.

10063] Although numercus examples of the formation and use of silver
nanoparticles and silver nancinks are set Torth herein, i is undersiood that the
present invention is not so limited o silver nanoparticles and silver inks.  ltis
undersicod that the bimodal protective agent system, such as PV 10K/M40K MW,
may be utilized with other conductive species, e.g., other conductive metals, o
prepare suilable particles and inks having conductive properties. The particles can
be microparticles rather than nanoparticles, or they can be a combination thereof.
These species include environmentally stable metals gold, platinum, and palladium
as well as other slable metals such as nickel, copper, zinc, and the like. The
particles can be adapled for specific purposes through chemical technigues. For
example, the particles can be adjusted in {oughness, ductility, strength, moduius,
strain, shear strength, compressive strength, luster, color, hardness, porosity and
density, among other properties, through the use of additives such as other metallic
elements like alloys, surface modifiers, porosity modifiers, sintering temperature

maodifiers, colorants, plasticizers, reducing agents, proteclive agents and so forth.

[0670] Further, the molecular wsighis of the protective agent, such as a
polymer, can be adjiusied. Although the specific examples discussed herein deal
with molecular weights on the order of tens of thousands, this molecular weight
range is not necessary for all embodiments. Very small molecular weight molecules,
such as a molecule having one carbon chain length, are also embodied in the

invention.

f0071] U.S. Patent Application Pub No. 2010/0009071 discloses the use of

bimodally sized parficles, wherein a smaller size pariicle was protected and a larger
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sized particle was nol. In contrast, in the present invention, all of the particles have
protective agenis associaled with their conducior surfaces. Accordingly, this
invention utilizes bimodal protective agents and small molecular weight protective
agents that both protect the conductors and allow for the creation of open faces that

expose a portion of the conductor surface.

f0072] To identify the reasons for the difference in elecltrical resistivity
between silver nanoparticles produced by each respective molecular weight, the
surface topology of silver nanoparticles was imaged using alomic force microscopy
as described further in detall below. Atomic force microscopy revealed that, upon
drying at room temperature, silver nanoparticles decorated with PVP of molecular
weight 10,000 had numerous areas of exposed silver. These exposed silver areas
could then allow silver-io-silver contact between nanoparticles, which would allow for
a highly conductive eleclrical pathway between parlicies.  Silver nanoparticles
decorated with PVP of molecular weight 40,000 alone, however, exhibited very few
areas of exposed silver, indicating that PVP coated the samples exiensively. Thus,
highly conductive pathways were unavailable in these nancparticles, leading to poor
elecirical conduction. The multimodal protective agent does not have {o be the same
material; for example, polyvinyl alcohol can be used with PVP, each having their

distinct molecular weight and/or protective properties

[0073] In accordance with one aspect of the present invention, there is
provided silver nanoparticles having a particle size of from 1-200 nm and an
electrical resistivity of 4.0(10)° Q-cm or less after heat treatment of the silver

nanoparticles at 190° C or less.

f0074] In accordance with anocther aspect of the present invention, there is
provided a biocompalible ink comprising a plurality of nanoparticles.  The
nanoparticles have a particle size from 1-200 nm and have an electrical resistivity of
4.0x10° O-cm or less after heat treatment at curing at 190" C or less. One novel
aspect of the current particles is thal they may have substantially lower conduclivity
values than those in the prior art. For example, the literature describes polymer-
protected nanoparticles that show a resislivily of 107" Ohm-cm when cured at 130°C.
Thus, the present invention provides polymer-protecied nanoparticles with lower

resistivity values after curing.
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f0075] In accordance with anocther aspect of the present invention, there is
provided a method for producing a conductive, biccompatible ink comprising: {(a)
mixing a bimodal mixiure of a protective agent (e.g. PVP) and a metailic source in an
agqueous sclution for a time sufficient to form a plurality of metallic nanoparticles; and
{b) recovering the metallic nanoparticles from the agueous solution. In the method,
the bimodal mixture of proteclive agent comprises a mixiure of PVP having an
average molecular weight of 10,000 (PVP-10) and PVP having an average molecular
weight of 40,000 (PVP-40). Also, in the method, the mixture comprises any suitable
ratic of PVP-10 and PVP-40, such as from 10001 {o 11000 PVP-10 o PVP-40. In
particular embodiments, the ratio of the PVP-10 o the PVPR-40 is from 1.8 1o 51,
preferably 2:1 to 1:2, and more preferably 1:1.

[0076] With a low metallization temperature, the biccompatible inks of the
present invention can be printed on substrates, e.g., biccompatible substrates such
as polyethylene terephthalate or polymethylimethacrylate, which o date, could not
withstand the metallization temperatures of the inks. Accordingly, in another aspect
of the present invention, there is provided a tagged substrate comprising a
biocompatible ink comprising a plurality of nanoparticles and a substrate having a
nanoink prirnted therson. The bioccompatible ink has a metallization temperature at
which the subsirate will not deform or degrade, e.g., the melallization temperature of

the ink is less than a glass transition temperature of the biocompatible substrate.

0077 While the present application discusses the use of the biocompatible
inks with biocompatible substrates for medication compliance, this use is merely
exemplary. It is undersiood that the biocompalible inks as described hergin may be
used for any other purpose and may be printed on any subsirate, wherein the
biocompatible ink has a metallization temperature al which such substrate will not
deform or degrade. Other suilable subsirales may include fruit, vegetables, or other
substrates. Use of the inks is not limited {o ingestible devices. The inks can also be
used on biomedical implants on various biocompatible substrates for any number of
uses such as electrodes, sensor probes, efc. The inks can be usad in combination
with polymers or other materials that enhance sensitivily for various elements.
Suitable biocompatible subsirates include, bul are not limited to, PET, PTFE,

polycarbonate and polyimide.
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[0878] Ancther application of the invention is with resistance-changing metal
nanopadicle traces that exhibit a change in resistance when a stimulus that will
cause the particles to change from a nanoparticle {0 a sintered state, such as heal,
high current, high voltage, or the like is applied. These can help identify electrical
discharge (from static or other electricity) or thermal changes. When there is no
discharge or heat, the traces remain eleclrically conductive, but the electrical
conductivity increases when the traces are discharge. Applications include fuses that
drive current away from fragile electric componenis, sensors for static-sensitive
components, self-sintering electronics, sensors for electrically sensitive components,

efc

{0078 Another application of the invention is {o make capacitive diagnoslic strips
having conductive ink on opposing strips acts o as a conductive plate. The
electrical properties outside of capacitance, resistance, etc. can also be changed in
response o stimuli from the environment  Suitable stimuli include various
antibodies/antigens, celis, chemical, proteins, or other molecules or slements that
can bind or migrate o the surface of the sirips. The strips can be dressed with
various receptors as well. These can be used {o diagnose or analyze biooed, urine,
saliva, breath, body fluids, gastrointestinal fluids and chemicals, for example. The
ink on the diagnostic strips can be sintered or not.  Sintering can be induced via
chemical change from oulside bodies. The strips can then be analyzed
chromatographically, electrically, magnstically, efc. or the strips can have electrical
or oplical properties that can be disrupled by chemicals, celis, etc. The sysiem can
be used in combination with polymers or other materials that enhance sensitivity for

various slemenis.

[BG80] The ink can also be used in conjunclion with markers, biological or not, o help
track the ink through things such as the human body. Dves, fluorescent dyes,
identification markers and rare earth elements, for example, can be used as the

marker.

f0081] in one embodiment, the substrate is a dissclvable, bioccompatible
substrate that will substantially to completely dissolve in a solulion with a pH in the
range of 1-7.4. In this way, when the biccompatible ink is printed on the dissolvabie,

biocompatible substrate and is introduced into a subject in vivo, the substrale may
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dissolve with the subject, e.g., within the gastrointestinal tract of the subject leaving
behind only the sintered nancink {or porlions thereof) and other necessary
componemnts (o be associated with the dissolvable substrate, such as a microchip or

power source, as set forth below.

f00682] In one particular aspect of the present invention, the present inventors
have developed biccompatible nanoinks for use as electronic devices that have the
ability to fransmit signals from a biccompatible substrate, such as a gelatin pill within
the digestive system to an exiernal receiver (such as a bell pack). The small
electronic devices may be printed on standard ‘0 or '00° sized capsules, for example,
for low-cost and reliable detection schemes of orally ingestible electronic pilis (&-
pilis}. Orally ingestible slectronic pills are disclosed in U.S. Patent No. 7,796,043
and U.S. Patent Application Serial No. 12/811,572, the contents of which are herein
incorporated by reference in their entirety. In one embodiment, low melting
temperature substrates (such as gelatin or other biccompatible polymers) are used
as the substrates onto which the inks are primted. The melling or deformaltion
temperature of these materials will set an upper limit for the sintering temperature of
electronic devices. An electrical resistivily consiraint exists due o the need for high-
efficiency electronic devices, such as antennae, that can emil deleciable signals

from within the body without significant signal loss.

§0083] To produce a transmittable signal from the electronic device according
fo this invention, in one embodiment, the substrate may also include a suilable
integrated circuit or microchip and a power source {which may or may not be part of

the microchip).

f0084] As mentioned above, in a particular embodiment, the biocompatible
nanoparticles and inks comprise silver nanoparticles and inks. A particularly useful
characteristic of silver is that it exhibits the lowest electrical resistivity of any metal
{1.59 mQ-cm at 20°C). In electronic components, this can iead o a higher Q {quaiity
factor) in antennas. Silver nanoparticles (SNPs) also have a proven record as a
printing ink that can creale well-defined patierns (Lahti et al., 1998 and Lee &t &l
2005). Current inkjel fechnology typically uses piezo printheads o deliver picoliter-
sized droplets of silver or gold nanoparticles. Because these nanoparticles act

effectively as pigment inks, the current state-of-the-art printing technology needs
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only to be adapted to large-scale printing on biodegradable substrates using a more

suitable ink.

{00G85] Printing the aforementioned slectronic devices preferably require very
thin lines {on the order of a few hundred microns) to conserve both conductor and
subsirate surface area. Fine designs help {o keep conducior intake at a minimum.
They also help o prevent an increase in pill dissolution time by allowing more pill
surface area o be exposed o stomach fluid after ingestion. The biocompatible inks
disclosed herein may be printed in a patiern onto the surface of readily available
hard shell capsules, which may be predominantly gelatin, hypromeliose

{hvdroxypropy! methylcelivlose), or other biocompatible subsirates, for example.

[0G88] SNPs have been shown to display particle coalescence (sintering) al
temperatures starting at 150°C—about one-eighth that of silver's bulk melting
temperature (861°C). The literature shows sintered silver lines that could find use in
microelectronic devices, with practical size limils in the low nanometer range (Bieri et
al., 2003 and Dearden et al., 2005). For direct pill printing, sintering treatments must
be kept to temperatures that will not cause melling or disintegration of gelatin
capsules or any alternative biocompatible material.  Such materials include poly-

lactic acid, which then may be heated and glued {o the surface of a capsule.

{00G8T] Protecting SNPs from uninhibited growth is preferred {0 maintain
parlicle sizes that are small to allow particle sintering after they have been prinied.
Much scientific research has been invested into PVP polymer-controlled growth of
SNPs. PVP protects silver by forming a Ag-PVP complex that limits silver growth
{Lee et al., 2005, Chou and Ren, 2000). Under such conditions, stabie silver colloids
can be formed within the narrow size distribution of 20-70 nm, which also decreases
the sintering temperature of the SNPs o below 200°C. bExperiments with conductive
sitver lines were performed because silver matsrial properties are well adapted for
high-performance electronic devices and can also be easily adapled to pre-existing
pad printing, screen-printing, and inkie! technology that are likely compatible with a

variety of SN ink compaositions.

{0088]In a preferred embodiment, a satlisfactory E-pill printing ink system
includes the following characteristics: {(a} sintering SNPs on exiernal substrates

should allow for significant coalescence of particles to produce a metal foil, which will
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exhibit decreased electrical resistivity over non-sintered particles; (b) SNF inks
should be useable in printing systems that can print antenna line widths of 100
microns or smaller (SNPs should be small enough 1o create small features on
antennas); (¢) sintered silver inks should not cause health risks {such as silver-
induced argyria, which is a skin discoloration associated with ingestion of silver); (¢}
and the manufacturability {cost, ease, speed of production, stc.) of SNPs for silver

ink should be high as electronic devices may be applied o a large number of pills.

[0089] Another aspect of an embodiment of the invention is (o creale two sels
of metal nanoparticles from two distinet elements or an element and a compound or
two compounds and printing them in a non-overlapping manner. This creales a
galvanic cell when immersed in liquid {containing ions or other conductive species).
For example, one set of metal nanoparticles could be composed of silver {or silver
chioride} and another set of metal nanoparticles could be composed of magnesium
{or magnesium chioride). Each sel of metal nanoparticles could be printed along
separate fraces and atlached to a given set of elecironics {0 provide power when the

leads are placed in a conductive solution.

10090] Each sel of nanoparticle inks is bioccompatlible, both in the
nanoparticles and the ink formulation, as described herein. The nanoparticles can be
alloys to increase strengih, corrosion resistance, malerials stability, and other

beneficial materials properties.

[00691] The nanoparticles used for the printed galvanic pair can be unimodal,
bimodal, or mulimodally protected. They may also have no protective agent, if

necessary, and simply be mixed in a biocompatible ink formuiation.”

[0092] The eleclrical resistivity reguired for the SNP electronic device is
dependent on sach device and the radiation efficiency necessary to transmit an E-pill
signal from within the digestive system to an extemnal receiver. The matenal
properties, synthesis, printability, and biccompatibility of silver and silver conductive
lines are discussed further below. Multiple experiments and characlerizations were
performed o identify the effect of reaclion chemistry on both of these SNP

characteristics. The results of these experiments are also discussed below.

Working Examples
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Example 1: Preparation of Nanoparticles

10093] in the production of silver nanoparticles {(hereinafler SNPs), the final
conductive ink properties, including proper ink solvents, SNF size, and ink
printability, were carefully considered. Many factors must be considered in materials
selection, especially for E-pill applications where size and sintering effecis may be
related {o final material biccompatibility. In the development of the inks of the
present application, the following SNP criteria and preferences were considered: (&)
SNPs below 200 nm were desired with a large portion (> 90%) in the region below
100 nm for inking and/or sintering purposes; (b) relatively high solution molarity was
desired to increase SNP output per reaction volume; (¢} no non-biccompatible
elements or compounds wers {0 be part of the synthesis if they could not be rinsed
out post-reaction; (d) reagents were 1o be low cost for manufacturing purposes; {e)
reaction time was constrained {o be less than 3 hours for manufacturability concerns
{SNPs that could not be prepared quickly and repeatedly were avoided); () final PVP
content in SNP ink was to remain below 5% to minimize the electrical resistivity of
silver antennas when cured {as PVF is a poor conductor); {g) ink from SNPs had to
show good printability with suitable features for the E-pill application (less than 50
microns in prinied edge variation); (h) SNP ink should be re-suspendable in a varisty
of solvents 1o be useable in a variety of inking applications; (i} SNFs should be stable
and suspendable for extended periods (a few months) {o promote a long ink shelf
fife; () SNP film resistivity was tested for ifs minimum value for various SNP

chemistries.

[0094] In one embodiment of a process for making a silver ink comprising
silver nanoparticles, silver was reduced by HCHO (37% w/w solution} with PVP as a
profective agent to assist in the removal of excess PVP. Using a larger molarity,
naturally, will allow more SNPs to be created per reaction vessel volume. Criticaily,
PVE of various molecular weights (MW) were used: 10,000, 40,000, and 55,000
{(PVP10, PVP40, and PVPSS, respectively; purchased through Sigma-Aldrich). A

50% wiw NaQOH solution {Sigma-aldrich) was also used.

[0095] In this exemplary embodiment, ali reaction sieps were performed in a
fume heod due o {oxic volatile compounds. The reaction steps included: {1} Adding
deionized HO o a beaker;(2) Mixing PVP with deionized HO while stirring; {3)
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adding AgNQ;; (4) adding the HCHO solution; (6) Adding the NaOH solution; {6)
Adding acetone {o the mixture; (7) Centrifuge the product in fubes; and (8) Washing

away any remaining solvent and loose particles with the next soclvent.

{0696] The reagents may of course change in guantity depending on the
experiment. SNPs from this procedure were mostly between 10 and 100 nm and
were difficull to reclaim by cenirifuge fechniques. The limiled solubility of PVP in
acefone {Lee ef al., 2005), though, forces SNPs to agglomerate and then separate
from solution under cenirifugation, removing all unreacted HCHO, sodium ions,

hydroxyl, and silver ions after pouring off the supernatant.

100971 The initial washing step consisted of adding acelone {o the reaction
solution volume. The resulling mixture was centrifuged to remove the vast majority
of PVP, but this still did not remove enough PVP from the surface to promote the
desired low electrical resistivity. Therefore, the washing step was repeated o re-
suspend the particles and wash away more PVP. The solution was centrifuged
again. Finally, the solution was washed twice with a mixture of acetoneisopropandcl
o remove any extra sibver and allow for printing on many Kinds of hydrophilic and
hydrophobic surfaces. Parlicles can be re-suspended in water, isopropanocl, or
ethanol if kept wet following colloid precipitation. The washing process left relatively

pure silver colloids.

{0698] An interesting behavior not noled in the lilerature was that
ultrasonication and filiration were not enough © remove PVP for low temperature
nanoparticle sintering. The present inventors have found thal rigorous shaking of the
resultant solution was necessary to achieve low electrical resistivity at low sintering
temperatures. Neither sonication nor vortex shaking was able to remove enough
excess PVP from the surface of SNPs to allow for digital multimeter readings below
a few MQ at temperatures below 100°C. This indicates that for PVP removal with

the chemislry provided above, strong physical agitation is necessary.

[0698] After shaking, same line dimensions typically exhibited a drop in
resistance of sbeorder of magnitude, dropping below the measurement limit of our
digital multimster. Thus, our electrical resistivily experiments were performed on

shaken samples. Even with strong physical agilation, PVP is still believed to remain
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on the surface of the SNPs, which helped dispersion and allowed SNPs {o suspend

in a wide variety of scivents.

[0G100] Coil Conformation. The manner in which PVP limits the growth of
SNPs is important in the understanding of SNP protection. Growth of SNPs was first
thought to be regulated by a probable Ag,O step thal immediately re-dissolved and
formed silver nuclel along a PVP chain. The nucleation step is governed by solution
pH while particle size is dependent on the number of inilial nuclel (as more nuclei
resulis in a distribulion of siiver mass over a larger number of pariicles). The key
step in this process is the ability for PVFP to arrange itseif in a manner that can

completely protect growing silver nuclel.

Example 2: Bimodal PVE MW Reaction Systems and Effects on SNP Properties

{06101} To better resolve the effect of PVP MW and produce some
practical resulis thal can be applied o conductive ink lechnology, the present
inventors investigated how bimodal PVP MW systems would affect particle size and

final ink properties.

(0010621 in early informal and preparatory experiments, an interesting
property was noted: PVP10-synthesized SNPs had a tendency to conduct electricity
at lower temperatures than PYP40-synthesized SNPs. Al first, this observation was
thought to be due o the inability of PVP {o sufficiently protect SNPs during their
growth process as explained in the literature (Chou and Lai, 2004). Insufficient
protection would have led to large silver microparticles that had little PVP content. In
that previous study, PVP of MW 8000 was found to be insufficient in the protection of
SNPsg in NaOH base compared to PVP of higher MW. These literature observations
were not verified by imaging techniques to reveal if the parlicles were truly micron-
sized or if ancther mechanism was at work that produced large particles, or even if

they were produced at all.

[06103] in the reaction performed by the present inveniors, very large
particies could not be seen precipifating out of solution during the reaction. Some
relatively large particles were present in PVP10-synthesized samples and in PVP40-
synthesized samples 1o a lesser degres. This effect was shown in some bimodal

MW systemns, but only after a few conditions were met, as detailed below.
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f00104] After a few centrifugations of the reclaimed SNPs, large particles
could indeed be seen, but these particles were few in number (though larger in
combined volume) and were not evident in the centrifuge tube before centrifugation.
Large parlicles were more evident when using isopropanclfacetone instead of
water/acetone as the washing lguid. They were also more numerous in PVP10-
synthesized samples than PVP40-synthesized samples. Thus, they may be caused
by insolubility effects coupled with centrifugation compression. Silver thin films could
be produced flat and without these particles when samples were slirred and mixed
with water as the primary sclvent. Addition of isopropanol {0 these films would again
cause clumps o appear. Again, this may have been due o insoclubility with
isopropanol. It may also have been due {0 a change in PVP conformation that
caused PVF molecules to lock chains more closely under an allered solvent
condition.  When isopropanocl was used in conjunction with propylene glveol (o
modify the solvent evaporation rale) for printing, these large clumps were not found.
With these basic cbservalions, it is advaniageous o use lower MW PVP in the
production of SNPs, contrary to what the literature suggests {Chou and Lai, 2004).
Bimodal systems of PVP combine the excellent conductivity of PVP10-synthesized

SNPs with any particle-size conirolling power of PVP40.

100105} PYP10 and PVP40 were the chosen PYP MWs for this system. They
differed significantly in electrical resistivity at a given sintering temperalure as o
warrant further investigation. The bimodal PVP MW system is able {o help determine
whal is occurring in the result of centrifuged SNPs. The objective of these
experiments was to: (a) record electrical resistivity as a function of PVP10-10-PVP40
mass ratio and sintering temperature; (b) identify PVP mass remaining o isolate if
PVP is the cause of differences in eleclrical resistivity; (c) oblain particle size
distributions of SNPs according to the PVP10-PVP40 ralio and identify if a
correlation exists between size and resistivily; {d} identify the source of conductivity
at various temperatures, whether by sinfering or particle-to-particle contact; and (&)
propose a possible mechanism for differences in electrical resistivity between

samples containing a majority of sither PVYP10 or PVP40.

f00106] TEM and SEM can produce micrographs that identify particle
morphology and size of SNPs formed by a bimodal PVP MW system. TGA is

appropriate to find the mass loss of PVF in the system as a function of temperature.
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TGA can also aid in identifying al whatl temperature range the majority of PVP is lost.
A centrifuge size analysis technique is helpful in identifying SNP size distributions
and provides a second logk at particle size distributions produced by the DOE o
compare with size distributions produced by Nanoirac. Four-point probe tests

measure the sheet resistance of silver films.

001077 The major objective of this series of experimenis was {¢ determine
what type of PVP or PVP combination is best to create conductive electronic devices

for biocompatible subsirates.

f00108] Three different runs of bimodal PVP MW were prepared, each al
different PVP10 o PVP40 mass ratios. The ratios are as follows: all PVP1G, all
PVP40, and PVP10:PVP40 = 1.5, 1.2, 211, and 51, The effect of changing PVP
ratio is evident as the dominant PVP type is lested in both small and large majority
manner. Samples containing only PVP40 or PVYP10 were designated as “All-PVP407
and “All-PVE10", respectively. The three runs were labeled A, B, and C.

(001091 CPSC {(CPS Instruments Centrifuge) for SNPs. The CSPC resulls
for the bimodal PVP MW syslems are given in FIGs. 1-6. Samples are indicated by
the letters A, B, and C.

001107 The peak of the distribution was typically repeatable. The data showed
that particles were typically smaller than 100 nm. The All-PVP10 samples gave only
a small response above 100 nm, which agrees well with Nanotrac. This absence of
parlicles in the intermediate size range gives pause as {0 how large particles can
form in PVP10-only systems following washing/centrifugation. Large particles do not
appear {0 be growing or agglomerating {0 an intermediate size range during reaction
or centrifugation. CPSC also resolved the smaller particles that were interpreied as
farge in PVP40 and PVPSE samples in Nanotrac.

00111} in CPSC, larger particles were not measured by Brownian motion and
Doppler shift in this system. The individual particles in agglomerates were likely
acled upon independently by the refardation effects of solution within the CPSC, with

smalier effect from entanglement.

100112} Particle sizes above 300 nm were not accounted for in these CPSC

fests, but most graphs indicated that by 300 nm the particle response was already
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relatively small. In the bimodal systems, sample A was crealed about six months
before the other two samples and was washed later. This may account for

differences in CPSC output.

100113} TGA {(Thermal gravimetric analysis}) of SNPs. The eflect of
remaining PVP content on low-temperature sample resistivity has not been
discussed in the literature. Mass loss of PVP versus temperature was recorded using
a Perkin-Eimer TGA.

(001141 To measure the mass of PVP remaining in each sample, the
temperature of each sample was first ramped at 20°C/min to 300°C and then held for
120 min 0 remove excess water. The sample was then ramped at 20°C/min to
480°C to obtain the total mass loss. Table 1 gives the mass loss percentage in each

sample.

Table 1: TGA Results of Samples A Band C

PVYPRP40:PVYP10 AILPYP4AG  5:1 21 1:2 1:5 ANPVPIG
Run A mass loss

(%) 4,32 1.74  1.00 1.28 0.73 1.80
Run B mass ioss

(%) 7.68 2.76 3.86 2.71 210 1.71
Run C mass loss

(%) 6.20 2.96 322 2.52 2.31 1.38

[06115] TEM Images of SNPs. TEM (FiGs. 8-13) of SNPs are provided.
These figures have scale bars of 0.2 microns as shown in the lower lefl corner of
each graph. Litlle difference was found between samples in lerms of size and
morphology. They were also in general agreement with the data recorded by the
CPSC. Parlicles exceeding 200 nm in size were absent in the TEM micrographs.
Thus, both PVP10 and PVP40 are sufficlently prolecting SNPs.  In a few
micrographs, some rather large particles could be found. These pariicles may have
agglomerated during growth or compressed after centrifugation {causing PVP
entanglement). SNPs, however, did not show evidence of coalescence: very few

grain boundary lines were found in the TEM images.

00116} Electrical Resistivity of SNPs. Electrical resistivity measurements
are the hallmark of most SNP studies. In the electronic device E-pill application,

elecirical resistance is of uimost importance. For example if the device is an
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antenna lower antenna resistance will lead 10 a higher quality faclor, or Q, of the

artenna, and thus greater radiating efficiency for use with biocompatible compounds.

(00117} The presence of PVP in a SNP film increases the film material's
resisiivity. Thus, the resulls of TGA analysis will be used in conjunction with electrical
resistivity measurements. On a deeper level, the fact that SNFs are polymer-
protected implies that the SNP surfaces are well-decorated via coordinative-bonded
PVP, which prevents particle coalescence. Thus, unlike silver/polymer conductive
composiies where polymer and silver are loosely mixed with litlle o no coordinative
bonding effect, PVP is physically atiached {o the surface of SNPs and is more
difficult to move or remove. Thus, silver-fo-silver contact is limited not only by a free-

floating polymer, bul by a bonded polymer.

{06118} A 4-point probe test system was the chosen method of testing sample
sheet resistance. Samples were checked along multiple points on the sample
surface. Film thickness was measured by a Brown and Sharpe Digit-Cal Plus digital
caliper that spanned the width of the glass slide. Values of film thickness were taken
about every 2 mm of the film and the average resisiivily was calculated by
multiplying the average film thickness by the average sheet resistance of each

sample.

[00119] Some majority PVP10-synthesized samples showed one or two visible
iines in SNP films where resislivity increased. These lines were thin, comprising less
than about 5% of total film area. It is thought that these lines consisted mostly of
PVP10 molecuies that were not bound fo SNPs. Drying effects due o the
evaporation of water likely allowed them to form such line formations. Upon heat
treatment, these areas showed improved conductivity, which was possibly due o
evaporation of sclvent and the subsequent compaction of SNPs and movement of
ioose PVP,

[06120] Tables 2-4 give the PVP mass percent remaining from TGA, the sheet
resisiance, and the eleclrical resistivity for each sample at different curing
temperatures. FG. 14 does not display 190°C sinfering dala because the resistivity
is extremely low. FliGs. 14-16 give the resisiivity vs. PVP4OPVP10 for each

temperature. Sintering appears 1o be cccurring at 190°C (displayed in SEM images
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in a forthcoming section), which accounts for the precipilous drop in resistivity in

some sampies.

Tabie 2. Resistivity vs. Temperature and PVP Content for Run A,

PVYP4O:PVPI0  AIPYP4D Sto 1 2t01 1102 1t05 AH-PYP1D

Mass loss (%) 4.32 1.74 1.00 1.28 0.73 1.80
Resistivily at given temperaiure {Q-cm)

Room temperature 3B(H0Y* 400100 2.0010y°

BOC 270107% 1.40107° g.2010°

115°C 3.00100% 12010 1.410)° 5.4010)*

190°C 4401077 48010y 7.40100°  T7000° 9.1010)° 7.5(10)°

Table 3. Resislivity vs. Temperature and PVP Content for Run B,

PYP40:PVP10 AILPYP40 Sto 1 2to 1 1to 2 1105 AI-PYP10

Mass foss (%) 7.68 2.76 3.96 2.71 2.40 1.71
Resistivity at given temperature {(-cm)

Room temperature 57(10Y"  4.8(10Y° 2.5(10)°

BO°C 140107 38010y 1501000

115°C 2201077 9.3(10y* 1401007

190°C 95010y 280100 88010y 97(i0y® 7410 oty

Table 4. Resistivity vs. Temperature and PVP Content for Run C.

PVP40:PYP10 AlIPVP4D 5to1 2t0 1 tto 2 1t 5  Al-PVPi0
Mass loss (%) 6.20 2.98 3.22 2.52 2.31 1.38
Resistivity at given temperature {(-cm)

Room temperature 370107 700107 4.4(10)°
BOC 2801007 2001000 te(1)?
115°C 2.8{10y? 50(10y°  6.8(10)" 1.2(10)°
190°C 2.9010)" 23010y 2.30107° 1801077 8.5010)° 1.8(10)°
001217 A notable feature of run B is the difference in resistivity between

samples of similar PVP content, which also occcured in run A, In sample B, two
samples are very close in final PVP content: the PVYP10:PYP40 = 1.5 and 2.1 These
samples contained a PYP mass content of 2.76% and 2.71%, respectively. Yet, the
conductivities are exiremely dissimilar. Placing a Fluke digital multimeter across a
thin film of the 1:5 sample of 2 cm x 2 om dimension gives a reading in the MQ range
at temperatures of 115°C and below. The same measurement on a similar area on

the 1.2 sample gives a resistance reading of a few Ohms. Simple PVP mass
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difference cannot explain this property. The arrangement of different MWs of PVP on

the surface of SNPs is a likely cause of the large difference.

{00122} Dearden et al. (2005) obtained a resistivity of approximately 1 O-cm at
125°C for their SNPs that were described as being of low curing temperature. This
present study showed lower resistivity by one {o three orders of magnitude at room
temperature. All the samples synthesized by a of majority PVP10 in Run A fulfilled
this condition at room femperature with the exceplion of run C, sample
PVYP40:PVP10 = 1:2 (it had a higher PVP content remaining than any other
PVP40:PVP = 1.2 samples).

[00123] The present invention's bimodal MW PVP SNF protection may aliow
for prototyping of E-pill antennas without the need for thermal treatments that may
cause gelatin capsules {0 degrade or deform. SEM Images of Sintered SNPs. FiGs.
17-28 show SEM micrographs of SEMs sintered at 180°C and 180°C. At 180°C, no
extensive particle sintering was observed. Particle sintering thus does not explain the
drop in resistivity of these samples, so SNP resistivity must be explained by a model
iike that shown in FIG. 18. Al 190°C, particle sintering could be observed, which

explains the marked drop in resistivity across all samples.

100124} For all of the SEM images in this section, an atmospheric plasma flow
was applied {0 remove any surface polymer that might cause focus problems due {o

polymer outgassing.

[006125] Summary of Bimodal PVP MW SNPs. Bimodal MW PVP-prolected
SNPs were created with sizes on the order of tens of nanometers and averaged
about 2% by mass PVP. As the fraction of PVP increased fowards PVP10 in a
bimodal PVP MW system, the eleclrical resistivity decreased o a point where SNP

inks could be useful in printing conductive silver traces at low temperatures.

Example 3: Characterization of SNP Films

100126] Current-VYoltage Analysis of SNP Thin Films. Because PVP is an
electrical insulator, PVP between SNPs creates a potential barrier that impedes the

flow of electrical charge through a mailerial. One possible mechanism for the
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difference in resistivily between majority PVP10-synthesized SNPs and majority
PVP40-synthesized SNPs is how sach respective PVP affects the ability for
electrons to tunnel through a potential barrier or overcome a relatively small potential
barrier {with a sufficient amount of applied heat or voltage). Previcus literature
studies identified that contact between a melal and a polymer creates a “triangular”
potential barrier (Koehler and Hummelgen, 1987). For small potential barriers at high
temperatures, thermionic emission may allow a large number of charge carriers fo
overcome the potential barrier. Al low temperatures, charge carriers must tunnel
through the potential barrier. Charge carriers tunnel from the metal to the lowest
unoccupied molecular orbital or the highest occupied molecular orbital (which is the
band gap energy in organic semiconductor malerials). The nanoparticle separation
distance between SNPs caused by PVP, which was approximately 2 nm, may be

thin enough to allow electrons to tunnel from one SNP into ancther.

(001271 The literature reported a gradually increasing (non-linear) current with
respect to voltage for poly{4,7-benzothiophene-vinviene)aluminum multi-layer thin
films (Berton et al., 1998}, with charge carrier injection due o tunneling. Such a thin
film is analogous to the system presented here. In FIG. 29, a SNP sample
synthesized using PVP4A0:PVP10 = 2:1 is shown with linear IV behavior. In FIG. 30,
the IV characteristics for 2 SNP sample synthesized using PVP40:PVP10 = 1.5 is
shown producing a much larger current compared {o majority PVP40-synthesized
samples {this behavior was aiso found for the AI-PVP10 sample}. PVP40:PVP10
=1:5 and AH-PVP10 samples showed slight increases in the magnilude of the
current/voltage slope starting at approximately 0.3 V when films were heated fo
115°C. In conifrast, every majority PVP40-synthesized SNP film as well as SNPs
synthesized with PVP4OIPVPID = 12 exhibiled essentially linear/Ohmic
characteristics at temperalures ranging between 80°C and 115°C. These samples
generally exhibited relatively high electrical resistance. Table § gives the current at

115°C at a series of voltages for each bimodal PVP system tested in this work.

Table 8. Current at various voltages Tor SNP thin films at 115°C.

PVP40:PVP10 AH-PVP4D  Sio 1 2to1 1to02 108  All-PVPID
Voltage (V) Current {A)
-1 B.8(10Y1 110y 24010y <1200 -30(1myt w2810y
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-0.5 3801y 83010y -1.3010)° 581t 1510y -1.3(10)

0.5 5301077 1110YY 15010y o0yt 1F0Y 1.5(10)

1 88010y 22010v%  27010)° 1401007 as(oy 2710y
[006128] The polymer-metal interface is on both sides of an SNP; therefore, as

current is passed through a SNP film, the charge carriers encounter a series of
potential barriers (Magonov et al., 1887). For current to travel from one probe o
another probe al low temperatures, it must overcome these barriers via tunneling.
The Fowler-Nordheim expression states that current (in light of these potential
barriers} is proportional to the square of the applied voltage for polymer-metal
interfaces. However, a square dependence is nol observed in the samples
invesligated in this study. Insiead, for the SNP film synthesized using
PVP40:PVP10=1:5 (FIG. 30), there appears to be only a slight change in slope in the
-V ograph (FIG. 30) at 0.3 V. This may indicate that elevated temperature {115°C)
and applied voltage cause charge carriers in the SNP film to overcome polential
barriers caused by the PVP between SNPs, therefore contributing to the measured

current.

001297 Another contribution of current, which is due to exposed silver faces on
majority PVP10-synthesized SNPs, is discussed below. Those findings will better
explain the large difference in resistivity between majority PVP10- and majority
PVP40-synthesized SNP films. The majority of electrical charge in SNP films is most
iikely not tunneling through or overcoming potential barriers, but instead flowing

through regions of exposed silver.

{06130} Alomic Force Microscopy of SNPs. The following three observations
from the resistivity experiments on bimodal-PVP-synthesized SNPs can be made. (1)
The electrical resistivity was much smaller in majority PVP10-synthesized SNPs than
majority PVP40-synthesized SNPs al temperalures below that al which SNPs began
o sinter. (£) No correlation was found between the amount of PVP remaining (as
recorded by TGA) in each sample and the electrical resistivity of each sample. (3} No
correlation was found between SNP size (or size distributions) and electrical
resisiivity, as shown in the multiple TEM and SEM micrographs as well as through

centrifugal size measurement techniques. These techniques showed, both visually

30



WO 2011/106434 PCT/US2011/025937

and quantitatively, that size distributions of SNPs all followed similar patierns and

ranges.

{00131} From these observations, a hypothesis was drawn that perhaps the
quality of the PVP decoration on the surface of SNPs could help explain the
difference in resistance in -V measurements as well as the 4-point probe tests
above. To identify the guality of PVP decoration, atomic force microscopy (AFM) was
chosen to detail the surface hardness of the nanoparticles. By using AFM phase-
detection mode, which is sensitive o changes in surface elaslicity and surface
stiffness by monitoring the oscillation phase shift assccialed with tip-sample
repulsive interactions (Magonov ef al., 1997}, one can distinguish between soff,
PVP-decorated areas on SNPs and any possible siiff, silver-exposed areas.
Therefore, two thin films—one each of PVP10-synthesized SNPs and PVP40-

synthesized SNPs were created.

f00132] in FiGs. 31 and 32, two sets of AFM images are shown and in each set
the same area was sampled. The first image in each set shows the surface
topography of the SNP film and the second image shows the phase shift of the AFM
tip as it interacts with the surface of SNPs. Topography mode records the hsight of
the SNP film. In phase-shift AFM imaging, stiffer surfaces are distinguished by a
iarge phase shift (bright yeliow areas) with abrupt edges. Stiffer surfaces alter the
effective spring constant of the AFM cantilever (Magonov et al,, 1897} and cause a
greater phase shift. Notice that the PVP10-synthesized SNPs (FIG. 31) display a
multitude of areas that are very stiff. This is evidence that PVP is absent or in small
or thin amounts in these areas (in other words, the AFM probe is tapping on silver
rather than on PVP). PVP40-synthesized SNPPs exhibit this effect {o a much smaller
degree, indicating that PVP decorates the SNP surface more consistently. Yellow
areas in the phase-shifi image of PVP40-synthesized SNPs (FIG. 32) do not show
abrupt changes in brighiness; therefore, these lighter areas are likely {o be only

thinly decorated with PV rather than fully exposed.

f00133] Long PVYP chains bind to multiple sites on a metal nanoparticie. Upon
drying, the PVP chain constricts (solvent is removed) and the polymer end-{o-end
distance is believed {o shrink. The number of bonding siles of the PVP chain

restricts the degree to which the distance decreases. Since PVP40 is a longer chain
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than PVP10, it will likely have a larger number of bonding sites per molecuie and the
shrinkage is mitigated. PVP10 will have fewer bonding siles and polymer is freer o

shrink upon removal of solvent, leaving exposed areas of silver.

100134} Thus, AFM images show that PVP10 is not decorating SNP surfaces
as consistently as is PVP40. This evidence can explain why resistivily is much lower
in majority PVP10-synthesized SNPs than majorily PVP40-synthesized SNPs:
exposed silver on one majority PVP10-synthesized SNP can contact the exposed
silver on ancother majority PVP10-synthesized SNP and this electrical "conlact
resistance” will be much smaller than slectrical resistance due to polymer on the
surface of SNPs (as in the case of PVP40).

[00135] in summary, the large difference in electrical resistivity between
majority PVP10-synthesized SNPs and majority PVYP40-synthesized SNPs at
temperatures below that which SNPs sinter can be attribuled to the degree of PVP

surface decoration.

[001386] Summary of Electrical Resistivity of SNPs Cured at Temperatures
Below Theilr Sintering Temperature. Based on the observations and data
presented herein, i is believed that the lower resistivity of majority PVP10-
synthesized SNPs as compared (o majority PVYP40-synthesized SNPs is caused by
one major reason: PVP on the surface of SNPs is decreasing in end-to-end distance
as water evaporales from the system. The reduction in PVP size may further open
any areas of the SNP surface that may have not been well-protected during SNP
synthesis. This may aliow for silver-io-silver contact between SNPs. To that effect,
upon drying, the end-to-end distance of PVP10 may be decreasing in a manner that
differs from PVP40. This is sensible depending on how PVP40 binds compared to
PVP10: one expects that longer PVP chains are more likely {o have mulliple binding
points on a given SNP than a shorter chain. Thus, as water evaporates from PVP40,
its muitiple bonding points may prevent the molecule from shrinking along the
surface of a SNF as much as PVP10 molecules can. Furthermore, the added chain
fength of PVYP40 in the form of PVP tails {Hirai et al., 2001} might create a significant
enough separation distance belween SNPs so to further impede silver-to-silver

contact between two SNPs.
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[081371 Two additional mechanisms may also contribute to the decreased
resistivity in majority PVP10-synthesized SNPs. As discussed earlier in this study on
PVP40 gels as well as in agglomerations found by Nanotrac, PVP40 that is bonded
on the surface of SNPs may entangle unbound PVYP40 molecules from solution. This
may have added ancther PVP layer that further increased electrical resistivity. This
entanglement is due {0 the degree of PVP polymerization, as described previously in
this work. Upon application of heal to SNPs, thermal agiialion may affect long and
short PVP chains differently. Because SNPs are spherical, spatial voids exist in any
SNF film. Loose (non-bonded) PVP40 molecules that are entangled may be harder
to move compared o loose PVP10 molecules {which are more difficull {0 entangle),
preventing the exposure of open silver surfaces upon drying and curing. These
entangled PVP40 molecules are thus immobilized whereas PVP10 molecules can

move into spatial voids.

Example 4 Printing of SNPs

[00138] The SNPs of this invention are capable of being formed into usable
inks for manufacturing electronic devices. The sysiem tacked in 3-10 s and was
usable in a pad printing process (allowed for the transfer of an image o the pad from
a cliché). A picture of silver antennas pad-printed onto a glass slide and polyimide
are shown in FIG. 33 for demonsiralion purposes of the printability of bimodal MW
SNP inks. The formulation for the antennas was PVP40:PVP10 = 1:1.

Example 5: Nanoparticle Ink Properties

f00139] The methodology of this invention was able io show control over
particle size and excellent conductivity both below and above the sintering

temperature of the SNPs,

f001407 The slectrical resistance of the siiver nanoparticle ink is of uimost
importance as lower antenna resistance leads to high quality factor and thus greater
radiation efficiency. Partlicle size measurements arg also important as it provides
general ideas as o the reaclion exient: larger particles with odd morphology may
indicaie that particles coalesced rather than remained separate; very small particles
would indicate that growth rates did not exceed nucieation rates. As shown in FIG.

34 below, the particle size of the ink is affected by the molecular weight and amount
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of the PVF used. The resulting particle sizes for PVPs with different molecular weight
and amount are characterized by a Microtrac Nanotrac, model NPA1TS(0, and it is
shown that using PVP with lower molecular weight resulis in smaller particle size,
despite adjustments in NaOH concentration.  For PVPI0, nearly all SNPs or
agglomerations remained at a size range of 10 to 80 nm. For PYP of higher MW,
nanoparticles covered a range from arcund 40 nm {o about half a micron, with size
distribution peaks most prominent near 80 nm for the majority of higher MW PVP-
protected systems. These resulls indicate very good conductivity compared {o the

iterature (Lee et al., 2005).

(00141} To belter resolve the effect of PV MW for practical results that can be
applied o conduclive ink technology fo produce the highest conductivity at a given
temperature, three different runs of binary PVYP MW were prepared, each at different
PVP10 to PVP40 mass ratios. The major objective of this series of experimenis was
o determine what itype of PVP or PVP combination is best o creale inks
formulations for capsule antennas. The binary PVFP MW ralios are all PVP10, all
PVP40, and PVP10:PVP40 = 1:5, 1.2, 2:1, and 5:1.

100142} From these resulls, there is provided a suilable nanoparticle system
that can be combined with an organic ethylcelluiose binder to create silver inks that
can be used to print silver slectronic device patterns. The binder may include a-
terpineo! and sthylceliulose as well as a propylene glyeol viscosity modifier. FIG. 356
gives an example of an antenna patlern that can be printed with the inks. In cother

embodiments, the ink is printed with no binder,

Example 6: Nanoparticle Ink Biocompalibility

f00143] The section below discusses the measurement of silver release into
artificial gasiric  juices using inductively couple plasma-atomic absorplion
speciroscopy. Once printed on a suitable biccompstible substrate, the
biccompatible substrale may be swallowed by a subject or otherwise introduced inio
the subject. The purpose of Inductively Coupled Plasma-Alomic Emission
Spectroscopy (ICP-AES) analysis is 1o quantify the amount of silver likely to be

produced from ingestion of the biocompatible antenna.
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f00144] ICH-AES requires samples to be in solution and operates based on
atornic emission of [silver] atoms that reach the ICP argon plasma. The atoms are
ignized by the argon plasma and thus the electrons are excited o a stale higher than
the ground state. As the slectrons return {o the ground state, a photonic emission
occurs which is characteristic of what atoms might be pumped through the plasma.
Dual monochromators give a detection limit of less than 1 part per million. {(For silver
in the Parlicle Engineering Research Center's ICP, the emission is high enough that

0.01 ppm, or 10 parts per billion, can be identified).

f00145] ICF-AES provides an output of the amount of silver released into
solution following dissolution in artificial gastric juices. This output is measured in

paris per million and is calibrated against known standards.

{00146} The main objective of ICP-AES analysis is to see how much silver is
released into the artificial gastric juice as silver on. As described by Drake and
Hazelwood (2005) and sisewhere, the likely source of the only highly manifest side-
effect of silver ingestion, argyria, is soluble silver salts, including silver nilrate, silver
sulphadiazine, silver acelale, efc. Insoluble silver compounds and metaliic silver arg
thought fo pass through the body with no il side effects. Therefore, when explaining
the biocompatibility of silver metal, the focus should be on the silver that is released
into solution as silver ion. ICP-AES checks explicitly for ions in solution, silver
included, and thus the ICP-AES analysis should give us a good idea of the amount

of silver that is likely to be absorbed by the body.

001477 Our silver antennas were transfer printed {o Eudragit FS30D. Eudragit
FS3A0D is a biodegradable subsirate that can be used as the substrate for all future
E-pills. It dissolves at pH 7 {colonic area). Because of high pH dissolution, antennas
will be able o remain physically intact in the stomach for prolonged detection

passibilities.

Tabie 6. Silver relegse from 20 mb solution

Material Mano O.1pom Tppm Wppm AGJ 20 mL AGL 20 mL
Average (ppm) 0 0182 1.04 10.25 0.1162 1.083
Total silver {mg) 0.002324 0.02166
Total silver {ug) £.324 21.66
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f00148] Biocompatibility Experiment 1. In our first experiment, aniennas
were placed in 20 mb AGJ and AGH)L Table 6 and FIG. 38 report the results. in Table
6, Nano stands for Nanopure wafer, Each sample designaied by ‘ppm’ stands for
each calibration standard ¢f 0.1, 1, and 10 ppm. Table § gives the average release.

FIG. 36 gives a reading for each of 5 runs.

001497 From these data, one can see thal the Nanopure, AGJ, and AGH
solutions read properly—showing no sign of silver. The calibration standards are
mostly correct, except that the 0.1 ppm reads nearly double its intended
concentration. The more dilutions of the calibration standard, the less precise it will

be, and thus some experimental error is introduced.

(06150} From these measurements, the average concentration of Ag in AGJ is
about 0.12 ppm. In 20 mL H,0, this translaies to approximaiely 2.4 yg of siiver. The
AGH solutions contained about 22 pg sibver. From this we see that a very small

amount of silver is released into the gastric juices.

(001511 Biocompatibility Experiment 2. In cur second experiment, antennas
were again placed in 20 mbL AGJ and AGU and 120 mL of gastric solution was also
used {o belter identify the amount of {otal silver released. Table 7 and FIG. 37 report

the results. The same nomenclature as for the first experiment is used for labeling.

Table 7. Silver release in 20 and 120 mb solutions of AGJ and AGHL
8.1 1 16 AGJ 20 AGI120 AGH 20 AGH 1206
Material Nano ppm ppm ppm mb mk mbL mb
Average 10.00
{ppm) 0.071 0.004 0.985 4 (.158 0.048 1.184 0.277
Tolal silver

{(myg) 0.003155 0.005784 0.02388 0.033216
Total silver
{ug) 3.1585 5784 23.88 33.216
1001582} From these measurements, the average conceniration of Ag in AGJ 20

mb is about 015 ppm. In 20 mb HxO, this translates {0 approximately 3.2 ug of
silver, which is similar o the first experiment. The AGH solutions contained about 24

ug silver, Again, a very small amount of silver is released into the gastric juices.
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f00153] in the AGL) solutions, an antenna could be seen at the botiom of the
vessel, infact and in one piece {or two pieces). This indicates that the antenna was

not easily and entirely dissolvable.

100154} From these biccompalibility studies, we have slrong data to confirm the
literature report by Drake and Hazelwood (2005) that silver is soluble in a limiled
fashion only. Because the pad printing fechnigue tends to print stray silver
nanoparticles that were not deposited solely in the grooves of cliché, these loose
particles may add to the final silver concentration. Thus, this lest ought o be viewed

a5 a worst-case scenario.

[00155] The below examples illustrales further embodiments of silver
nanoparticles, silver nanoparticles inks, and biccompatible substrates having the
silver nancpariicle inks printered thereon and sintered.  The following examples are
provided for additional exampies only and are not intended o limit the scope of the

present invention.

[00156] In order to synthesize a substantial amount of ink for antenna creation,
reduction was carried out via wet chemistry. The chemistry of silver nanoinks was
critical for antenna formation. To make suitable ink for printing using a pad printing
cliché, 2 g of silver nanoparticles, suspended with remnant propylene glycol were
mixed with a-terpineo! and ethylcellulose (TEC). Propylene glycol was added as a
viscosity modifier, departing from a iraditional alcohol technigue. Finally, the ink was
manually stirred with a glass stir rod {0 break up loosely clumped nanoparticles and

allow the sthyiceliviose to completely disperse in solvent.

Example 8 Antenna Printing Process

{001571 Pad printing {or gravure-offset printing) was the chosen method printing
for antennas. Pad printing systems consist of a cliché, a silicone pad, and a doctor
blade. First, ink was applied o the cliché and then the doctor blade wiped the ink
over the grooves in the clicheé, creating a posilive image of the antenna.
Approximately 0.1 mb of silver nancinks was used for every 5 high-frequency
antenna patlerns created. A 2 x 3 cm sheet of thin Kapton HNS0 (Dupont) was then
placed on the silicone pad and the ensembile was pressed onto the cliche, creating a

systemn of direct transfer of ink. Lastly, the antenna was sintered between 200-
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300°C. After approximately 10 minutes, the antennas would turn from a purple-grey
to a bright white color on the exposed side and a silver color on the Kaplon side. To
modify the nanoinks {0 other printing processes, the amount of propylene glyeol in

the inks was changed,

Example 8: Preparation of Eudragit Subslrates

100158} Eudragit FS30D was supplied by Evonik (formerly Degussa). 1 mb of
FS300D was used to completely cover high frequency antennas. The resulting
average thickness of the coat is approxdimately 1 mm. Adjusting the amount of

FS300 that was used o coat the antennsa controlied the thickness of the substrate.

f00159] Eudragit S100 was also used, comprised of 82.5 mL isopropancl, 5 mL
water, and 12.5 g 5100, Talc was added as varied between 0 and 12.5 g ((-100% of

solids weight) and 0-2 mb Citroflex 2 (Morflex) plasticizer was also added.

[00160] Each Eudragit application was allowed to set for 3 hrs at 50°C. The
selting time was variable and deemed complete when all Eudragit had transformed

from a transhucent liquid into a transparent solid.

Example 10; Antenna Patterns on Rigid Budragit

(001611 Printed antennas on Kapton were sintered as previously described and
the as-sintered ‘before’ resistance was measured. Eudragit FS30D was applied as

specified {o cover the entire antenna with ~1 mm liquid.

f00162] Eudragit was then heated o 100°C for 3 minutes to promote easier
flow the quasi-melied kudragit. The kudragitVantenna were then wrapped face-down
arcund a polypropylene tube the diameter of a ‘000-sized’ gelatin capsule. The
Eudragit was completely cooled in the air prior (o peeling off the Kapton. The "Afier

resistance was measured.

Example 11 Antenna Patierns on Single-Laver Flexible Eudragit

f00163] Eudragit flexibilily was measured by a few measurable parameters
dealing with bending a dry, room femperature sheel. Both the angle and the radius of

the bent subsirale measured the bend of said Eudragit shest. So a flat piece
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measured a O degree angle with no radius. A 80° sheet is explained with one end

flush with a tabletop and the other end pointing normal 1o the tabletop.

(00164} The flexibility of Eudragit was altered by changing either the amount of
Eudragit solution laid down (to a very thin section} or by diluting the solution. it is
difficult to pipette a very small amount due o surface tension issues. Therefore,
diluting the solution was our preferred approach. This dilution of the Eudragit solution
was prepared by adding 7 mb of HoD to every 10 mL of F&30D. The solution was
then pipelted onto an antenna design on Kapton and heated {o 50°C, and then the

substrate was peeled from the Kaplon.

Example 12: Antennas on Multi-Laver Flexible Eudragit

[00185] To modify the flexibility of Eudragit, experiments were run using three

different meathods:

[00166] Mothod A,  Cilroflex 2 plaslicizer was dispersed in dilute FS30D as
an cil-in~water that could be 'finely separated. Coagulations of with FS30D with
Citroflex 2 were created to a limited degree and separated from solution manually.
0.5 mb of the solution was then pipetied evenly onto an antenna dssign on Kapion

and heated o 50°C. The substrale was then peeled from the Kapton.

[00167] Method B. Aquacoat® CPD (FMC Biopolymer)—a type of cellulose
actetate phihalate {CAP) enleric coating—was mixed with FS300. The solution was
prepared by adding equal parts CAP and FE30D. 0.5 ml of the CAP-FE30D solution
was then pipelted evenly onto an antenna on Kapton, healed o 50°C, and the

subsirate was peeled from the Kapton.

[0G168] Method C.. The CAP-FS30D method listed above was aiso used o
create a multi-layer Eudragit substrate. 0.2 mb of Eudragit FS30D sciution was first
pipstted onto an antenna pattern on Eudragit and heated at 50°C until the FS30D
was dry, with the intent of using the tackier Eudragit to pull off the masimum amount
of the antenna. 0.5 mlL of the CAP-FS300 solution was then pipstted evenly onio the
F330D antenna on Kapton, heated to 50°C, and the multi-layer substrate was peseled

from the Kapton.

Example 13: Dissolution of BEudraqit Subsirates
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[06169] Eudragit dissolution was iesied in artificial gastric fluid (AGF) and
artificial gastrointestinal fluids (AGIF). Silver antennas were transferred to Eudragit
utilizing the aforementioned methods. An AGHF was prepared using 10 mg pepsin
and HCl was added to 120 mb HC until pH 2 was reached (Hack et al.}. The system
was neutralized with 2 g NaxCO; to raise the pH {o basic conditions, creating an
artificial gastrointestinal juice (AGIF). To better mimic the duodenum and intestines,
the AGIF alse included 350 myg pancreatin, 350 mg bile, and 400 mg NaHCQO,, the

fast of which was o neutralize the acid to maintain a pH 7.

001701 Antennas were placed in 20 mb and 120mbL AGF and AGIF.
Immersion times of antennas were 3 hrs and 15 hrs in AGIF. The Eudragit samples

were dissolved and the antennas were allowed o remain in solution.

(00171} A “Perkin-Elmer Plasma 3200”7 inductively couple plasma-atomic
emission spectroscope {(ICP-AES) was used as the analysis sysiem. ICP-AES
provides an output of the amount of silver released into solution following dissolution
in artificial gastric juices. This outpul is measured in parts per million and is
calibrated against known standards. in our procedure, a 1000 ppm slandard is
diluted down to 100, 10, 1, and then 0.1 solutions by precisely adding 1.9984 mb of
1000 ppm solution o 17.9676 mb of Nanopure water. High precision in the
calibration can provide a least-squares coefficient greater than 0.9989, which is used

for precise calibration of the ICP-AES.

f00172] While various embodiments of the present invention have been shown
and described herein, it will be obvious that such embodiments are provided by way
of example only. Numerous variations, changes and substitutions may be made
without depariing from the invention herein.  Accordingly, it is intended that the

invention be limited only by the spirit and scope of the appended claims.

[00173] The previcusly described embodiments of the invention have many
advantages, some of which will now be described. Not all of these advantages are

required by all embodiments of the invention.

f00174] A first advantage of the invention is that of open faces on the surface of
polymer protecied particles, which is evident in AFM images. These open faces

allow metlal particles to maintain metal-to-metal contact. The particles no longer
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necessitate thermal agitation to move polymer and allow greater conductivity at both
lower and higher temperatures than with non-open-faced particles. The protective
polymer used can be any that binds o metal particles or metal ions. Such polymers
include polyvinyl pyrrolidone or polyvinyl alcohol. Gther short chain molecules could

also be used, such as oligomers or profeins.

f00175] Polymer protected particles of various sizes can be made according o
embodiments of the invention. For example, the polymer protected particles can be

nanoparticles or microparticles or smaller.

[08176] When the protective polymer MW is small enough (shorter chain), the
open faces can be created, thus exposing the conductor surfaces, In the present
invention, a polymer with a MW of 10,000 was sufficient for the creation of open
faces on metal nanopariicles. The end-to end distance can also defing chain length,
where an end-to-end distance of 3.2 nm (calculated using ideal conditions) is
sufficient to produced open faces. A radius of gyration of 2.4 nm for a protective
polymer also appears 0 be sufficient for the creation of open faces. These open
faces allow for conductivity below that reported in the literature al temperatures
below the melallizalion or sinfering temperature of pure melal nanopardicles
{compars to Dearden st al. (2005)]. Any profective molecule whose size will shrink
considerably upon drying or partial-drying is sufficieni for the creation of the open

faces.

[00177] A short chain particle has proven useful in the embodiment mentioned
here due o the relative sizes of particle to molecule. A size ratio greater than 10:1
{final nanopariicle {0 protective molecule size ratio) is used in the present

embodiment.

f00178] The bimodally protecied particles will also create size distributions that
appear unimodal, but may be bimodal with proteclive agent on both pariicles. The
size distribution can be controlled by the amount of protective agent added, the MW
or size or the proleclive agent, and the reaction chemistry. When the protective
agent concentration {(of any MW) falis {o a critical level (1.1 mass ratio, for example),

the particle size distribution will tend towards larger sizes,
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[08179] The degree of agglomeration can also affect the conductivity. Higher
degrees of agglomeration were affected by longer chain particles than short chain
particles. Agglomeration can be controlled by using the appropriate solution molarity.
The concentration of metal nanoparticles in water also affects the final nanoparticle
properties. A concentration of approximately 0.1 M is a general upper limit o which
usable nanoparticles will form without gelling or agglomeration that will prevent the
particles from being used in conduclive inks or pastes. Therefore, inks can be made

by using nanoparticle synthesis with a concentration as high as 0.3 M.

f00180] in this embodiment of wet chemistry production of metal nanoparticies,
we found that simple addition of pH increasing reagents, such as NaOH, could be
used o create reclaimable silver nanoparticles suilable for printing as an ink. The
literature has inquired that perhaps sodium carbonate could be used o create silver
nanoparticles, butl our efforts using that specific chemical could not creale
reclaimable particles; instead, that formulation produced a gel from which no

reasonably conductive nanoink could be made.

[00181] The wetl chemistry process described here has typically less final PVP
concentration than comparable methods in the literature. Additionally, the ~2% by
mass remaining PVP in bimodal systems appears is an additional advantage of the
bimodal or low MW PVP protection process. This appears due {o the lower degree of
entanglement of short chain protective agents, which are too short {o produce frains,
curls, and so forth that could entangle with other chains and prevent their removal

following reaction.

(001821 Furthermore, bimodal protective agents allowed control over final ink
characteristics, including post-centrifuge or settiing compaction of particles. An easily
pad-printable ink could be produced using 1.5 o 1.1 ratios of PVP4O:PVP10 that
allowed for excellent conductivity post heat freatment. At T<150°C, the magnitude of
electrical conductivily difference belween these bimodal PVP particles and standard
unimodal particies was as much as 10° These striking difference also franslated into
shorter sintering times for particles, presumably due {o less interference from PVP

{as they necessitate thermal agitation o move from nanoparticles surfaces).

[00183] This process is expandable to other possible nanoparticles, including

copper, gold, platinum, iron, nickel, magnesium, platinum, pailadium, cobali
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aluminum, chromium, and many cther transition metals or other metallic species and
any compounds thersin that can bind {o protective agents of varicus molecular
weight and can be found to have open faces upon drying. The use of non-polymeric
protective agents, or ones generally known as ligands, etc., that can produced
bimodally protected particles are of significant use as well. One could also consider
the use of trimodally (or higher order) protected particles depending on how one
saeks 1o stabilize parficles in solution and in a nanoink formulation and create lower
resistivity in dried, cured, or sintered nanoinks. That some protective agenis may
allow only for micropariicles {greater than the nanometer range) could be significant
should electrical conductivily, size, and/or surface properties be affected through the

use of shorter chain agents.

f00184] The process may also be extended to non-metallic particles that would
benefif from open faces and/or size restraints. For example, a polymer nanoparticle
may benefit from having open faces that can contact other polymer nanoparticles
and allow for meilting or coalescence upon application of heat, leaving a porous
network of particles {(a porous film) that could be used in lghtweight polymer

applications or allow for retention of inks or other fluids.

[0G185] By use of binding agents that evaporate or are already used in the
pharmaceutical industry, these particles can be sinlered to creale ingestible,
biccompatible inks. The sintered properties or silver nanoparticles, for example,
produce siiver fraces thal lsach minimal amounis of silver into simulated gastric
fluids. For example, wuse of pharmaceutical grade sthylcellulose or
carboxymethyicellulose with the proper solveni, such as a-terpineol, gives a
functional ink for pad or screen printing. Other ink modifiers can be added such as
release agents, tack modifiers, surfactanis, rheology modifers, colorants, and so
forth.

[006186] The particles can then be prinied on or transferred o a biccompatible
substrate. The biocompatible substrate can include bicdegradable substrates that
dissolve in the human body. High glass-fransition or melling temperature substrates
are useful for curing or sintering of metal particles. Substrates that are pH sensilive
are also useful for ingestion in the lower Gl {ract while remaining stable in the upper

Gl tract. With elecltronics printed using metal, conductive polymer, or carbon
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particles, these substrales can be used o creale ingestible electronics. A
metallization treatment (such as sintering) that produces a continuous foil is sufficient
to prevent releass of particles into solution, fostering the creation of a biccompatible
and ingestible electronic system (such as antennafinductor and subsirates, resisior
and substrate, or capacitor and substrate). Additionally, a process wherein particles
are trapped within a biccompatible binding agent or coated with another metal or

polymer {o trap particles during the duration of ingestion may be used here as well.

[00187] The invention has been described hereinabove with reference fo the
accompanying drawings, in which preferred embodiments of the invention are
shown. Unless otherwise defined, all technical and scientific {erms used herein are
intended {o have the same meaning as commonly understood in the art to which this
invention pertains and at the time of is filing. Although various methods and
materials similar or equivalent {o those described herein can be used in the practice
or testing of the present invention, suitable methods and materials are described.
However, the skilled should understand that the methods and malerials used and
described are examples and may not be the only ones suitable for use in the

invention.

[0G188] Morgover, it should also be undersiood that any temperaturs, weight,
volume, time interval, pH, salinity, molarity or molality, range, concentration and any
other measurements, quaniities or numerical figures expressed herein are intended
io be approximate and not an exact or critical figure unless expressly stated to the

contrary.

(001891 Further, any publications, patent applications, patents, and other
references mentioned herein are incorporated by reference in their entirely as if they
were part of this specification. However, in case of conflict, the present specification,
ncluding any definitions, will control. In addition, as noted above, materials,
methods and examples given arg illustrative in nature only and not intended io be

fimiting.

001807 Accordingly, this invention may be embodied in many different forms
and should not be consitrued as limited to the illustrated embodiments set forth
herein. Rather, these illusiraied embodiments are provided so that this disclosureg

will be thorough, complete, and will fully convey the scope of the invention o those
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skilied in the art. Therefore, in the specificalion set forth above there have been
disciosed typical preferred embodiments of the invention, and although specific
terms are employed, the terms are used in a descriptive sense only and not for
purpoases of limitation. The invention has been described in some detail, but it will be
apparent that various modifications and changes can be made within the spirit and
scope of the invention as described in the foregoing specification and as defined in

the appended claims.

[00191] Any element in a claim thal does nol explicitly siale “means for”
performing a specified function, or “step for” performing a specified function, is not to
be interpreted as a “means” or “step” clause as specified in 35 US.C. & 112, 4 6. In
particular, the use of “step of in the claims herein is not intended o invoke the
provisions of 35 U.8.C. § 112, § 6.
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THAT WHICH IS CLAIMED 15:

1. A composition comprising:

a plurality of particles having a particle surface and an agent on the
particle surface, the agent configured to prevent the particles from
agglomerating when the particles are in a solution, the agent also
configured to allow adjacent particle surfaces 1o be in physical contact

when the particles are not in the solution due {0 an opening in the agent.

2. The composition of claim 1, wherein the agent has a plurality of

chain lengths that are multimodal in distribution.

3. The composition of claim 2, wherein the plurality of chain lengths are
bimodal in distribution and an average chain length of a bimodal distribution

of the agent is approximately 100 and approximately 400,

4. The composition of claim 1, wherein the particle contains a
conductor.

5. The composition of claim 4, wherein the conductor is a melal

8. The composition of claim 5, wherein the melal is at least one of

silver, gold, copper, platinum, zinc, tin, iron, nickel, lead, magnesium,

paliadium, coball, aluminum, chromium or a combination thereof.

7. The composition of claim 1, wherein the agent is capable controliing

particle growth.

8. The composition of claim 1, wherein the agent is capable of

controlling a particle geometry.

9. The composition of claim 1, wherein the agent is a polymer.

10.  The composition of claim 1, wherein the agent is at least one of a

lipid, fatty acid, protein, celivlosic material or combination thereof.
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11. The composition of claim 8, wherein the polymer is PVP or a

derivative thereof.

12.  The composition of claim 4, wherein the adjacent conductor surfaces

are in elecirical contact through an opening in the agent.

13. The composition of claim 4, wherein the electrical contact is

improvable by healing.

14, The composition of claim 1, further comprising a biccompatible
substirate.

15. The composition of claim 1, wherein the parlicles are nanopariicles

or microparticles.

16.  The composition of claim 1, wherein the particles are curable at a

temperature of less than 150° C.

17.  The composition of claim 1, wherein the particles are sinterable at a

termperature of less than 150° C.

18. A composition comprising:

a plurality of particles having a parlicle surface and an agent on the
particie surface; and wherein

the agent confains a mullimodal distribution of chain lengths, the
agent is configured to prevent the particles from agglomerating when the
particles are in a solution and the agent is configured 1o control the

geometry the particles.

19. The composition of claim 18, wherein the average of a plurality of

chain lengths of the agent are multimodal in distribution.
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20. The composition of claim 18, wherein the plurality of chain lengths
are bimodal in distribution and an average chain length of a bimodal

distribution of the agent is approximately 100 and approximately 400.

21, The composition of claim 18, wherein the pariicle contains &

conductor.

22, The composition of claim 21, wherein the conducior is a metal.

22, The composition of claim 22, whersin the metal is at least one of
silver, gold, copper, platinum, zinc, tin, iron, nickel, lead, magnesium,

paliadium, cobalf, aluminum, chromium or a combination thereof.

24. A process for producing coatlings, fillers, or inks comprising:

forming particles in a solution, the particles having a particle surface
and an agent on the particle surface;

removing the particles from the solution; and wherein

the agent is configured {o prevent the parlicles from agglomerating
in the solution, the agent is configured o control the particle geometry and
the agent is configurad to allow adjacent particle surfaces {0 be in contact

when the particles arg not in the solution.

25. The process of claim 24, wherein the agent is a composed of a

multimodal distribution of chain lengths.

28. The process of claim 25, wherein the plurality of chain lengths are
bimodal in distribution and an average chain length of a bimodal distribution

of the agent is approximalely 100 and approximately 400.

27.  The process of claim 24, wherein the agent is capable of controlling

particle growth.

28.  The process of claim 24, wherein the forming comprises:

preparing an agueous solution of a conductor socurce and the agent;
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reducing the conductor source 10 a conductor; and
allowing the agent o associale with the particle surface to form

particles.

29. The process of claim Z8, wherein the pariicles are silver pariicies,
and wherein the forming further comprises:

mixing a reducing agent into the aqueous solution; and

adding a 20-75% wiw pH modifier to increase the pH of the agueous

solution.

30. The process of claim 28, whersin the conduclor scurce is AgNQs,

and wherein a mass ratio of NaOH to AgNGs is from 1:30 fo 30:1.

31.  The process of claim 24, wherein the particle is a conductor
32. The process of ¢claim 31, wherain the conductor is a meatal.

33.  The process of claim 32, wherein the conducior source is at least
one of a silver source, a gold source, a copper source, a platinum source, a
zine source, a tin source, an iron source, a nicksl source, & magnesium
source, a palladium source, a cobalt source, an aluminum source, a

chromium sowree of a combination thereof.

34. The process of claim 25, wherein the mass ratio of the muliimodal

agent to the conductor scurce is 2:1.

35. The process of claim 34, wherein the agent is a polymeric agent.

36.  The process of claim 35, wherein the bimodal/imultimodal polymeric

agent is PVP or a derivative thereof.
37.  The process of claim 28, wherein the forming further comprises:

preparing an agueous solution of PVP10 and PVP40 in a vessel and

adding an amount of a conduclor source to the agueous solulion.
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38.  The process of claim 37, wherein the ratic of the PVP10 o the
PVP4D is 10:1 to 1:10 and wherein the pariicles have a pardicle size of 1-
200 nm.

38. The process of claim 24, wherein the particles are curable or

sinterable at a temperalure of 190° C or less.

40.  The process of claim 24, wherein the forming further comprises:

centrifuging the solution for a time sufficient to produce a plurality of
pariicies and a supernatant in a vessel;

removing the supernatant from the vessel {o leave the pluralily of
particies within the vessel;

washing the particles with a washing liguid to remove excess ageni;
and wherein

the centrifuging is completed in less than 5 minutes.

41.  The process of claim 24, further comprising:

making a conductive and biccompatible ink of the particles.

42.  The process of claim 24, wherein the ink is made by mixing the

particles with biccompatible binders.

43. The process of claim 24, wherein the ink is made by mixing the
particles with at least one of a biocompatible release agent, rheology

modifier, suspension agent, solvent or a combination thereof.

44, The process of claim 42, wherein the binders and solvents are at
least one of a propylens glycol sclution, a-terpineo!, ethyiceliulose or a

combination thereof,

45. A biccompalible ink comprising:
a plurality of substantially non-agglomerated conductive

nanoparticles and
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a unimodal or multimodal mixture of biocompatible protective agent.

46, A procsss for producing a biocompatible conductive ink comprising:

mixing & biocompatible agent and a conductive source in an
agueocus selution for a time sufficient to form a plurality of biocompatible
conductive particles;

racovering the conductive particles from the aqueous solution; and
wherein

the agent is configured to prevent the particles from agglomerating

in the solution and the agent is configured {0 conirol the particle geomelry.

47.  The process of claim 48, wherein the conductive particles are mixed

with a biocompatible binder,

48. The process of claim 48, further comprising combining the
conductive particles with a second agent selected from a biocompatible
release agents, a rheology modifier, a suspension agents, a solveni or a

combination thereof..

49.  The process of claim 48, wherein agent is a bimodal mixture of PVP
containing a mixture of PVP having an average chain lengih of 100
{PVP10} and PYP having an average chain length of 400 {(PVP40).

50. The process of claim 48, wherein the binder comprises at least one

of a-terpinec!, sthylcellulose, propylene glycol or a combination thersof.

51. A biccompatible film comprising:

a plurality of subsiantially non-agglomerated metal nanoparticles,
wherein the plurality of substantially non-agglomerated nanoparticles have
an electrical resistivity of 1 O-cm or less and are sintered o form a film; and
wherein

the biocompatible film is ingestible.

52. A printed biccompatible article comprising:
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a biccompalible substrale having a biocompatible ink printed
thereon in a predetermined pattern; and wherein

the biocompatible ink comprises a plurality of conductive particies.

53. The printed biccompatible arlicle of claim 52, whersin the
bincompatible substrate comprises at least one of gelatin, cellulose acelate
phthalate, polyethylene terephthalate, polymethyimethacrylale,

hypromeliose or a combination thereof.

54,  The printed biccompatible article of claim 52, wherein the substrale

is a biocompatible substrate that is dissolvable at a pH greater than 5.

55. The printed biocompatible article of claim 52, further comprising an
integrated circuit or microchip for producing a transmittable signal from the

biccompatible ink.

56. The printed biccompatible article of claim 54, further comprising a

power source in communication with the integrated circuit or microchip.

57. A process for creating ingestible nano- or micro-particle inks
comprised of sintered parlicles or particles connecled to each other using
binding agents that do not release non-biccompatible agents or non-
biccompatible particles thal are coated with metal or other agent that can

refain non-biccompatible particles.

58. A composition comprising a conductive nano- or micro-particle ink
with a mullimodal agent on a surface of the particles that provides for

increased conduciivily and lower sinlering temperalures.

58. A nanc- or microparticle ink that can be placed onio a substrate and
sintered al a temperature thal is less than a temperalure at which the
substrate degrades, has a resistivity of 1 (-om or less afler being sintered

or cured or dried and is biccompatible.
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60.  An elecltronic device comprising:

a conductive trace printed on a biocompatible substrate, the
conductive trace containing a plurality of particles, each pariicle having a
conductor, a conductor surface and an agent on the conductor surface,
wherein adjacent conductor surfaces are in electrical contact through at

least one opening in the agent.

81. The electronic device of claim 60, wherein the agent is a multimodal

mixiure of polymer.

62.  An electronic device comprising:

a first conductive frace consisting of & plurality of printed
nanoparticles or microparticles of a first species;

a second conductive trace consisting of a plurality of printed
nanoparticles or microparticles of a second species; and whersin

the two lraces produce a galvanic cell capable of producing

electrical current and vollage.

83. The electronic device of claim 62 wherein the first substance is &
melal, metallic compound, or graphile and the second substance is a

different metal, metallic compound or graphite,

84. The composition of claim 62, wherein the parlicle conlains a

conductor.

85.  The composition of claim 83, wherein the conductor is a metal.

86. The composition of claim 64, wherein the metal is al least one of
sitver, gold, copper, platinum, zinc, tin, iron, nickel, lead, magnesium,

paliadium, coball, aluminum, chromium or a combination thereof.

87. The composition of claim 82, whersin the pariicles have been

printed or sintered or a combination thereof.
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