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Description

FIELD AND BACKGROUND OF THE INVENTION

[0001] The present invention relates to biologically active composites and uses thereof and, more particularly, to
biologically active silver-coated proteins, to integration thereof in biosensors and electronic devices and to pharmaceutical
compositions containing and methods of treatment utilizing same. The present invention further relates to processes
and intermediates for the preparation of such composites.

[0002] Electroless deposition is a widely known technique for depositing metals such as, for example, copper, silver
and cobalt, on various surfaces. In principle, electroless deposition is performed in electrolytic solutions or fluids (e.g.,
aqueous solutions of metal ions) without applying an external voltage, and is effected by an electrochemical reaction
between the metal ions and a reducing agent. The electrolytic solution may optionally further include complexing agents
and pH adjusting agents and the process can optionally be performed on a catalytic surface (e.g., of a semiconductor
wafer).

[0003] Electroless deposition is presently known as a highly suitable technique for forming metal films and coatings
on microscopic elements and areas on substrates surfaces, for forming barriers and interconnects between different
layers on semiconducting wafers and for creating microscopic reservoirs of metallic atoms at specific sites of a subject
carrier element.

[0004] Hence, at present, electroless deposition is mostly utilized in the manufacture of devices on semiconductor
wafers, and particularly in the fabrication of multiple levels of conductive layers, typically of metals such as copper, on
a substrate surface.

[0005] Electroless deposition is further presently utilized in several biological and medical applications. One example
for such an application is the treatment and prevention of tooth cavities, which is effected by depositing a thin metal film
onto tooth enamel. The deposited metal films exhibited high adherence to the tooth and maintained the bulk metal
properties.

[0006] Biosensors such as those disclosed, for example, in U.S. Patent Nos. 6,773,564, 6,776,888, 6,982,027,
6,984,307, 6,942,770 and Japanese Patent No. 2517153, are analytical devices which convert a biological response
into an electrical signal, and thus can quantitatively and qualitatively determine a specific biochemical analyte in a sample.
Biosensors can be produced by forming an electrode system having a working electrode (also referred to as "measuring
electrode") and a counter electrode on an electrically insulating substrate, and then forming a reactive layer including,
for example, a redox enzyme that reacts with the biochemical analyte. When the reactive layer is in contact with a sample
containing the analyte, the analyte is catalytically oxidized by the redox enzyme. The catalytic reaction is typically
performed in the presence of an electron-transfer mediator, which is reduced upon the oxidation reaction and is then
re-oxidized electrochemically. The concentration of the analyte in the sample is determined upon the recorded oxidation
current values.

[0007] Another example is the manufacturing of enzyme-containing nanoelectrodes for ultra-sensitive amperometric
detection of glucose at low overpotentials. Thus, for example, gold nanotubular electrode ensembles were prepared by
electroless depositing the metal within the pores of polycarbonate track-etched membranes. Mono-enzyme glucose
oxidase and monolayer/bilayer bi-enzyme glucose oxidase/horseradish peroxidase bioelectrodes were prepared by
immobilizing the enzymes onto gold nanotubes surfaces modified with mercaptoethylamine. An advantageous feature
of the bi-enzyme electrodes is the possibility to detect glucose at very low applied potentials where the noise level and
interferences from other electro-oxidizable compounds are minimal.

[0008] Glucose oxidase-containing biosensors for detecting glucose involve a catalytic conversion of glucose to glu-
conic acid by the enzyme glucose oxidase. This catalytic reaction is coupled to oxygen, and leads to the production of
hydrogen peroxide under physiological conditions.

[0009] However, electrochemical biosensors based on hydrogen peroxide detection often suffer from substantial
inaccuracies, resulting from fluctuations in local oxygen concentrations and the stoichiometric limitation of glucose,
known in the field as "oxygen deficit". This adverse phenomenon may be overcome by introducing synthetic mediators
that can react rapidly with the enzyme in its reduced form, and minimize competition with oxygen. Ferrocene (Fc) and
derivatives thereof are among the most widely used mediators for that purpose [Dong, S. J. et al., Biosensors & Bioe-
lectronics, 1992, 7, 215-222]. However, the use of Fc and its derivatives as mediators is limited by poor absorption on
the electrode surface. Fc and its derivatives are highly soluble in aqueous solutions, especially when in an oxidized/
charged form (Fc+), and therefore diffuse away from the immobilized enzyme located on the electrode surface, rendering
the whole process inefficient.

[0010] Other examples include metallization of various biological moieties by electroless deposition. Thus, electroless
deposition of natural arrays of proteins was recently successfully demonstrated for the fabrication of nanowires from
microtubules, viral envelopes, amyloid fibers and actin filaments.

[0011] The protein metallization described above was effected by techniques that involve nucleation and enlargement
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by electroless plating. Nucleation was typically performed by adsorption of palladium or platinum ions onto the surface
of the biological moiety, followed by chemical reduction thereof, or, alternatively, by surface labeling with colloidal gold
particles. Enlargement of the nucleation sites thus obtained into continuously deposited metallic films was typically
carried out by immersion in a plating solution containing the metal ions of choice (e.g., Ag*1 or Ni*2) and reducing agents
(e.g., NaBH, or dimethylaminoborane). These techniques typically result in the formation of a relatively thick metal
deposition, of e.g., 10 to 35 nanometers. These techniques further lead to the loss of the proteins native biological activity
due to deformation and denaturation, blockage of active and binding sites, and gross precipitation of the protein, which
most likely results from the strong and incontrollable reducing aptitude of the reducing agent used.

[0012] Thus, while the presently known methods for metallizing biological moieties by electroless deposition involve
proteins that are either immobilized and/or inactivated before, during and/or as a result of the deposition process, the
ability and utility to deposit metals onto a single, soluble biological moiety, particularly protein, while maintaining its
activity, dissolvability and other parameters was not demonstrated hitherto. Such a metallization should be performed
while maintaining features such as the native chemical structure, the motility and thus the biological activity of the protein.
The presently known electroless deposition methods, however, typically interfere with these features and hence do not
allow the provision of metallized yet active proteins.

[0013] The metallization of proteins while maintaining their activity and/or dissolvability is highly advantageous since
it may potentially provide novel therapeutically active agents which may exert, for example, multiples activities resulting
from the biologically active protein and/or an active metal coating, and may further be utilized as novel molecular tools
for applications such as wiring of nano-sized sensors to composite biochips [I. Wilner and E. Katz. Angew. Chem. Int.
Ed. 2000, 39, pp. 1180-1218].

[0014] EuropeanPatentNo. EP00173629B1 teaches the attachment of metal-ion chelating moieties to surface glycans
of antibodies, to thereby form conjugates of antibodies and chelating moieties while maintaining the immunoreactivity
and immunospecificity of the antibodies. The attachment of the chelating moieties, according to this patent, is effected
by generation of aldehyde groups on the surface glycans of the antibody, followed by the conjugation thereto of chelating
moieties that have a free amine group, so as to form, under mild conditions, a Schiff-base between the aldehyde group
on the antibody’s surface and the amine group of the chelating moiety. The resulting conjugate is then used for complexing
metal ions via the chelating moieties. This patent, however, fails to teach or suggest the conjugation of reducing moieties
that may participate in the more active reduction process involved in electroless deposition, to proteins, while maintaining
the activity or dissolvability of proteins, and particularly proteins other than antibodies.

[0015] GB 2 171 104 teaches methods for cancer treatment which utilize carriers for radioactive Astatine, wherein the
carriers are silver-coated protein microspheres being 15-25 microns in diameter. A suspension of protein microspheres
coated with silver is disclosed, and the microspheres serve as carriers for radioactive Astatine for use in radiotherapy.
[0016] Silver ions are known to exhibit anti-microbial and anti-fungal activities. For a review, see, Becker, in Metal-
Based Drugs, Vol. 6, No. 4-5, 1999, pages 311-314.

[0017] EP Patent No. EP 0359428 teaches protein derivatives, having a hydrazide functional group, processes of
preparing same via an enzymatic catalysis, and uses thereof for conjugating to the protein a group of interest.

[0018] Ferapontova etal., in Biosensros and Bioelectronics, Vol. 17, No. 11-12, 2002, pages 953-963, teach mutations
of surface cysteine residues in horseradish peroxidase, via genetic engineering, and the effect of these mutations on
the direct electron transfer between the enzyme and gold.

SUMMARY OF THE INVENTION

[0019] The prior art fails to teach methods of electroless deposition of metals on proteins surface, while maintaining
the activity and/or dissolvability of proteins. As discussed hereinabove, metallized proteins which are active and/or
dissolvable can be beneficially utilized as therapeutically active agents which may exert, for example, multiples activities
resulting from the biologically active protein and/or an active metal coating, and may further be utilized as novel molecular
tools for applications such as wiring of nano-sized sensors to composite biochips.

[0020] There is thus a widely recognized need for, and it would be highly advantageous to have a novel method for
depositing metals, particularly silver, on the surface of proteins, which would allow the preparation of metal-coated yet
dissolvable and active proteins.

[0021] While conceiving the present invention, it was envisioned that such metal-coated yet dissolvable and active
proteins can be obtained by site-specifically modifying certain surface groups on the protein surface and attaching thereto
reducing moieties that can participate in the electroless deposition of the metal (e.g., silver) on the protein’s surface,
whereby both the modification of the surface groups and the reduction process involved are performed under conditions
that do not affect neither the biological activity nor the dissolvability of the protein.

[0022] While reducing the present invention to practice, the present inventors have developed and successfully prac-
ticed a novel methodology for preparing silver-coated proteins, particularly enzymes, by modifying surface groups of the
protein and attaching thereto reducing moieties which effectively, and yet mildly, may participate in an in situ electroless
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deposition of metallic silver particles on the protein surface. Using this methodology, the present inventors have prepared
various biologically active and/or dissolvable silver-coated proteins, which were found highly effective in, for example,
the treatment of bacterial and fungal infections and in the construction of electrochemical biosensors.

[0023] Thus,accordingtoone aspectofthe presentinventionthere is provided a composition-of matter which comprises
a protein having a surface and further having a biological activity and a metallic silver coating deposited over at least a
portion of the surface and forming a silver-coated protein that is dissolvable in an aqueous medium and retains the
biological activity.

[0024] According to still further features in the described preferred embodiments the surface of each of the proteins
described above includes an oxidized reducing moiety attached to at least a portion thereof.

[0025] According to further features in preferred embodiments of the invention described below, the silver-coated
protein comprises a protein which is selected from the group consisting of an antibody, a lectin, a nucleic acid binding
protein, a cellular protein, a serum protein, a growth factor, a hormone, an enzyme, a glycoprotein and a transcription
factor, and is preferably an enzyme.

[0026] According to embodiments of the present invention there is provided a composition-of matter which comprises
a protein having one or more reducing moieties conjugated thereto, whereby the reducing moieties are selected so as
to allow retaining the biological activity of the protein. The protein according to these embodiments of the presentinvention
can be any protein, as described hereinabove, excluding an antibody.

[0027] According to further features in preferred embodiments of the invention described below, the protein having
one or more reducing moieties conjugated thereto is dissolvable in an aqueous medium.

[0028] According to still further features in the described preferred embodiments the reducing moieties are capable
of converting silver ions into metallic silver.

[0029] According to still further features in the described preferred embodiments the protein is an enzyme such as,
for example, glucose oxidase and horseradish peroxidase.

[0030] According to still further features in the described preferred embodiments the enzyme is a hydrogen peroxide
producing enzyme.

[0031] According to still further features in the described preferred embodiments the silver-coated protein is prepared
by contacting a modified protein with an aqueous solution of silver ions, whereby the modified protein comprises a protein
having a surface and one or more reducing moieties being conjugated to the surface, the reducing moiety or moieties
reduce the silver ions so as to produce metallic silver.

[0032] According to some embodiments of the present invention a protein having one or more reducing moieties
conjugated thereto, whereby the reducing moieties are selected so as to allow retaining a biological activity of the protein
is prepared by providing a protein having one or more reactive groups on its surface; and conjugating to one or more of
the reactive groups one or more chemical moieties selected such that upon the conjugation a protein having one or
more reducing moieties attached to its surface is obtained.

[0033] According to further features in preferred embodiments of the invention described below, the protein has a
biological activity and the modified protein having the reducing moieties attached to its surface retains the biological
activity.

[0034] According to an additional aspect of the present invention there is provided a process of preparing a silver-
coated protein such as the silver-coated protein described herein. The process according to this aspect of the present
invention comprises: providing a first aqueous solution containing silver ions; providing a protein having a first reactive
group on a surface thereof; conjugating to the first reactive group a first chemical moiety selected such that upon the
conjugating a protein having a first reducing moiety attached to its surface is obtained; and contacting the protein having
the first reducing moiety attached to its surface with the first aqueous solution containing silver ions, so as to effect
reduction of the silver ions and to produce metallic silver, to thereby form a first silver coating on at least a first portion
of the surface of the protein.

[0035] According to further features in preferred embodiments of the invention described below, the process of pre-
paring a silver-coated protein further comprises: providing a second aqueous solution containing silver ions; providing
a silver-coated protein having a second reactive group on a surface thereof, which has a first silver coating deposited
on at least a portion of its surface; conjugating to the second reactive group a second chemical moiety selected such
that upon the conjugating a protein having a second reducing moiety attached to its surface is obtained; and contacting
the protein having the second reducing moiety attached to its surface with the second aqueous solution containing silver
ions, so as to effect reduction of the silver ions and to produce metallic silver, to thereby form a second silver coating
on at least a second portion of the surface of the protein.

[0036] According to further features in preferred embodiments of the invention described below, the conjugation is
effected between the reactive group and a first functional group that forms a part of the chemical moiety.

[0037] According to still further features in the described preferred embodiments, the reducing moiety is formed upon
conjugating the first functional group and the reactive group.

[0038] According to still further features in the described preferred embodiments, the reducing moiety is a second
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functional group that forms a part of the chemical moiety.

[0039] According to still further features in the described preferred embodiments, providing the protein having one or
more reactive groups on its surface comprises: providing a protein having one or more functional moieties on a surface
thereof, which include a third functional group; and converting the third functional group into the reactive group.

[0040] According to a further aspect of the present invention there is provided a pharmaceutical composition that is
identified for use in the treatment of a bacterial and/or fungal infection, which comprises, as an active ingredient, a silver-
coated hydrogen peroxide producing enzyme, and a pharmaceutically acceptable carrier.

[0041] According to further features in the preferred embodiments of the invention, the pharmaceutical composition
is being packaged in a packaging material and identified in print, in or on said packaging material, for use in the treatment
of the abovementioned infection.

[0042] According to still an additional aspect of the present invention there is provided a method of treating a bacterial
and/or fungal infection, which comprises administering to a subject in need thereof a therapeutically effective amount
of silver-coated hydrogen peroxide producing enzyme.

[0043] According to further features in the described preferred embodiments, a substrate of the hydrogen peroxide
producing enzyme is a sugar, and preferably the sugar is glucose. Still preferably the enzyme is glucose oxidase.
[0044] According to yet a further aspect of the present invention there is provided a conductive element comprising
silver-coated protein.

[0045] According to further features in the described preferred embodiments of the invention, the conductive element
has a size that ranges between 1 and 1000 nanometer.

[0046] According to still a further aspect of the present invention there is provided an electronic circuit assembly which
includes an arrangement of conductive elements interconnecting a more than one electronic elements wherein at least
some of the conductive elements include a silver-coated protein.

[0047] According to another aspect of the present invention there is provided an electrode which comprises the
composition-of-matter presented herein deposited thereon.

[0048] According to still a further aspect of the present invention there is provided a biosensor system for electro-
chemically determining a level of an analyte in a liquid sample, the system comprising an insulating base; and an electrode
system which includes the electrode described herein, wherein the protein in the composition-of-matter is selected
capable of chemically reacting with the analyte while producing a transfer of electrons.

BRIEF DESCRIPTION OF THE DRAWINGS

[0049] The invention is herein described, by way of example only, with reference to the accompanying drawings. With
specific reference now to the drawings in detail, it is stressed that the particulars shown are by way of example and for
purposes of illustrative discussion of the preferred embodiments of the present invention only, and are presented in the
cause of providing what is believed to be the most useful and readily understood description of the principles and
conceptual aspects of the invention. In this regard, no attempt is made to show structural details of the invention in more
detail than is necessary for a fundamental understanding of the invention, the description taken with the drawings making
apparent to those skilled in the art how the several forms of the invention may be embodied in practice.

[0050] In the drawings:

FIGs. 1(a-d) present a comparative plot showing the reduction rate of silver nitrate in solution, monitored spectro-
photometrically at 450 nm, using hydrazine (HH, diamonds), formic hydrazide (FH, squares) and adipic dihydrazide
(ADH, triangles) as reducing agents (Figure 1a), and high resolution electron micrographs, obtained without staining,
of silver particles obtained by reducing silver ions by hydrazine (Figure 1b, scale bar of 2 um), formic hydrazide
(Figure 1c, scale bar of 5 nm), and adipic dihydrazide (Figure 1d, scale bar of 2 nm);

FIG. 2 presents comparative plots showing the reduction rate of silver nitrate on the surface of glucose oxidase,
monitored spectrophotometrically at 398 nm, for the native enzyme (Gox+Ag, triangles), periodate-treated enzyme
(Gox-10,+Ag, squares), periodate-treated and B-alanine-treated enzyme (Gox-10,-bala+Ag, diamonds);

FIG. 3 presents a comparative plot showing the reduction rate of silver nitrate on the surface of glucose oxidase,
monitored spectrophotometrically at 450 nm, for the native enzyme (Gox+Ag, stars), glutaraldehyde-treated enzyme
(Gox-ga+Ag, crosses), polyglutaraldehyde-treated enzyme (Gox-pga+Ag, triangles), glutaraldehyde-treated and §-
alanine-treated enzyme (Gox-ga-bala+Ag, squares), and polyglutaraldehyde-treated and B-alanine-treated glucose
oxidase (Gox-pga-bala+Ag, diamonds);

FIG. 4 presents a high resolution electron micrograph, obtained without further staining of the sample, of a layer of
silver atoms deposited on glucose oxidase by activation of the enzyme surface with periodate and conjugation to
B-alanine so as to form a Schiff-base type reducing moiety, showing a patch of about 11 nm in diameter of crystalline
silver on the surface of the enzyme (scale bar of 5 nm);

FIGs. 5(a-b) presentimages of an ELISA plate in which various microorganism samples were grown and introduced
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to untreated glucose oxidase (control), silver-coated glucose oxidase and to a thickened silver-coated glucose
oxidase (doubly silver-coated), one day (Figure 5a) and 5 days (Figure 5b) after introduction of the enzyme;

FIG. 6 presents a schematic illustration of a biosensor system which comprises an electrode having a silver-coated
protein deposited thereon, according to embodiments of the present invention;

FIG. 7 presents comparative cyclic voltammograms of electro-catalytic currents (in microamperes) plotted versus
electric potential (in millivolts) recorded for a glucose biosensor micro-electrode having deposited thereon (a) un-
treated glucose oxidase, (b) polyglutaraldehyde-treated glucose oxidase, (c) polyglutaraldehyde and B-alanine-
treated glucose oxidase, (d) polyglutaraldehyde and B-alanine-treated glucose oxidase coated with silver and (e)
polyglutaraldehyde and -alanine-treated glucose oxidase doubly coated with silver; and

FIG. 8 presents comparative plots showing the electro-catalytic peak currents plotted versus glucose concentration
as recorded for a glucose biosensor micro-electrode having deposited thereon untreated glucose oxidase (blue
diamonds), polyglutaraldehyde and B-alanine-treated glucose oxidase coated with silver (magenta rectangles) and
polyglutaraldehyde and B-alanine-treated glucose oxidase doubly coated with silver (green triangles).

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0051] The present invention is of silver-coated proteins, which substantially retain the biological activity and/or dis-
solvability of the uncoated protein and can therefore be utilized in various therapeutic applications and in forming electronic
circuitry assemblies. The silver-coated proteins according to the present invention are prepared by selectively modifying
portions of the protein surface so as to attach a reducing moiety thereto, whereby the reducing moiety participates in
an effective, yet controllable in-situ electroless deposition of silver onto the proteins surface, to thereby form the silver-
coated proteins. The present invention is therefore further of methods of preparing the silver-coated proteins and the
modified proteins. The present invention is further of pharmaceutical compositions containing and methods of treating
infections utilizing biologically active silver-coated hydrogen-peroxide producing enzymes. The present invention is
further of conductive elements comprised of the silver-coated proteins, and of electric circuits and devices containing
same. The present invention is further of electrodes having the silver-coated proteins deposited thereon, of biosensors
containing same and of uses thereof for electrochemically detecting analytes such as glucose in liquid samples.
[0052] The principles and operation of the present invention may be better understood with reference to the figures
and accompanying descriptions.

[0053] Before explaining at least one embodiment of the invention in detail, it is to be understood that the invention is
not limited in its application to the details set forth in the following description or exemplified by the Examples. The
invention is capable of other embodiments or of being practiced or carried out in various ways. Also, it is to be understood
that the phraseology and terminology employed herein is for the purpose of description and should not be regarded as
limiting.

[0054] As discussed hereinabove, electroless deposition is a widely known technique for depositing metals such as,
forexample, copper, silver and cobalt, on various surfaces. This technique depends upon the reciprocative redox reactions
between reducing agents on or adjacent to the subject surface and metal cations in electrolytic solution. During the redox
reaction, the metal cations are reduced to their metallic (elemental) state and are deposited onto the subject surface.
[0055] Asisfurtherdiscussed hereinabove, electroless deposition have been used to coat (metallize) various biological
molecules and particles, yet, it typically resulted in biologically inactive and/or immobilized, insoluble composites. Thus,
the highly advantageous ability and utility to deposit metals onto a single, soluble biological moiety, particularly protein,
while maintaining its specific biological activity, dissolvability and other characteristic parameters thereof, was not dem-
onstrated hitherto.

[0056] Native proteins typically do not promote metal deposition onto their surface. Therefore, while conceiving the
present invention, it was envisioned that coating of proteins while retaining their biological activity, dissolvability and
other functionally essential features could be achieved by modifying specific sites of the protein surface so as to enable
the conjugation of a reducing moiety thereto and utilizing the reducing moiety to affect an electroless deposition of silver
onto the protein surface, while overcoming any morphological irregularities which may characterize the surface. It was
further envisioned that in order to efficiently utilize such a methodology without affecting the activity or dissolvability of
the protein, reducing moieties which can effect silver reduction and deposition mildly, without abolishing the protein
biological activity and dissolvability, should be selected. The reduction process should therefore be highly directed and
finely controlled with regard to the rates of nucleation and the expansion of the metal deposits at specific sites on the
surface of the protein.

[0057] While further conceiving the present invention, the present inventors have envisioned that the mild reduction
aptitude of reducing moieties such as hydrazines, hydrazides, aldehydes and imines (Schiff-bases), as these terms are
defined hereinbelow, could be utilized in the context of the present invention, to affect mild in-situ silver deposition on
the surface of a protein.

[0058] Thus, while reducing the present invention to practice, the reduction aptitude of the abovementioned reducing
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moieties was first studied. As is demonstrated in the Examples section that follows, an optimal reduction rate was
achieved with hydrazides and imines.

[0059] Since reducing moieties such as hydrazides and imines typically do not occur naturally in proteins, the inventors
of the present invention have designed and successfully practiced a methodology for introducing such reducing moieties
to proteins. This methodology is based on modification of naturally occurring functional moieties on the surface of the
subject protein. More specifically, this methodology is based on conjugating reducing moieties such as hydrazides and
imines to chemically compatible functional groups on the protein surface and may therefore further include generating
such chemically compatible groups. The chemical reactions used to practice such a methodology were selected so as
not to affect the protein essential characteristics (e.g., biological activity and dissolvability) and preferably utilize the well
known Schiff base chemistry as is detailed in the Examples section that follows.

[0060] Hence, as is exemplified in the Examples section that follows, while reducing the present invention to practice,
the present inventors have designed and successfully practiced a novel process of preparing modified proteins having
reducing moieties attached to their surface, while substantially maintaining the biological activity and dissolvability of
the proteins.

[0061] As is further demonstrated in the Examples section that follows, such modified proteins were shown to readily
undergo a metallization process upon contacting an aqueous solution of silver ions, which resulted in silver-coated
proteins. Due to the mild yet potent reducing aptitude of the selected reducing moieties, the biological activity and the
dissolvability of the silver-coated proteins was retained.

[0062] Thus, according to some embodiments of the present invention, a modified protein and, more particularly, a
protein which has a reducing moiety conjugated thereto, is prepared. As is discussed hereinabove, the modified protein,
by virtue of the conjugated reducing moieties, is capable of effecting metal deposition onto at least a portion of its surface,
while substantially maintaining its biological activity and/or dissolvability.

[0063] Hence, herein throughout, the phrase "modified protein" is used to describe a protein that has been subjected
to a chemical modification and, specifically, to modification of at least some of its surface groups, whereby the modification
results in conjugation of a reducing moiety to the protein surface. This phrase is therefore used herein to describe a
protein that has one or more reducing moieties conjugated to its surface.

[0064] Herein, the terms "dissolvable" or "suspendable" and their synonymous term "soluble" are used to describe
the capability of a single protein molecule to be dissolved or suspended in an aqueous solution or media.

[0065] As used herein, the phrase "reducing moiety" refers to a chemical moiety that is capable of participating in a
reduction/oxidation process by either directly or indirectly inducing reduction of other components that participate in such
a process. Preferred reducing moieties, according to the present invention, are selected capable of inducing reduction
of metal ions into elemental metal atoms. More preferred reducing moieties include functional groups that can affect
such a reduction under mild conditions and therefore do not affect functionally essential characteristics of the protein.
[0066] The reducing moiety, according to embodiments of the present invention, can be either a functional group, as
this term is defined herein, per se, or a chemical group formed by reacting two or more functional groups. As is demon-
strated in the Examples section that follows, representative examples of reducing moieties that were found highly suitable
for use in the context of the present invention, include, without limitation, hydrazines, hydrazides, and imines (Schiff-
bases).

[0067] As used herein, the term "hydrazine" describes a -NR’-NR"R"™ group, wherein R’, R" and R’ are each inde-
pendently hydrogen, alkyl, cycloalkyl or aryl, as these terms are defined herein.

[0068] The term "hydrazide", as used herein, refers to a -C(=0)-NR’-NR"R"™ group wherein R’, R" and R" are each
independently hydrogen, alkyl, cycloalkyl or aryl, as these terms are defined herein.

[0069] The term "Schiff-base", which is also referred to herein and in the art interchangeably as "imine", describes a
-N=CR’- group, with R’ as defined herein. As is well known in the art, Schiff bases are typically formed by reacting an
aldehyde and an amine-containing moiety such as amine, hydrazine, hydrazide and the like, as these terms are defined
herein.

[0070] The reducing moiety, when conjugated to the protein, can form a part of a chemical moiety that by itself is
conjugated to the protein. According to preferred embodiments of the present invention, in cases where the reducing
moiety is a functional group such as hydrazine or hydrazide, the functional group forms a part of a chemical moiety as,
e.g., an end group or a substituent of the chemical moiety or, alternatively, can be the chemical moiety itself. In cases
where the reducing moiety is a Schiff-base, the imine group can be either a substituent or an end group of a chemical
moiety, or, alternatively, it is a group that further serves to attach a chemical moiety to the protein surface, as is detailed
hereinbelow.

[0071] As used herein, the phrase "chemical moiety" describes a chemical compound or a residue of a chemical
compound, which typically has certain functionality. As is well accepted in the art, the term "residue" refers herein to a
major portion of a molecule which is covalently linked to another molecule.

[0072] The chemical moiety is therefore selected such that upon its conjugation to the protein surface, attachment of
the reducing moiety to the protein is effected. Thus the chemical moiety can be a bi-functional moiety that includes one
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functional group that serves for conjugating the moiety to the protein surface (also referred to herein as "a first functional
group"), and another functional group which serves as the reducing moiety (also referred to herein as "a second functional
group"). Alternatively, the chemical moiety includes a functional group, acting as the first functional group described
above, which upon the reaction with the protein surface forms the reducing moiety. Such a chemical moiety, however,
can further include an additional functional moiety (the second functional group), which do not participate in the following
reduction process but may provide the modified protein with other advantageous properties in the context of the present
invention, as is detailed hereinunder. Other features of both the reducing moiety and the chemical moiety according to
the present invention are further discussed in detail hereinunder.

[0073] According to some embodiments of the present invention, a modified protein is prepared by first providing a
protein having one or more reactive groups on its surface; and conjugating to the reactive groups a chemical moiety,
whereby the chemical moiety is selected such that upon the conjugation a modified protein having a reducing moiety
attached to its surface, is obtained.

[0074] Asused herein, the phrase "reactive group" describes a chemical group that is capable of undergoing a chemical
reaction that typically leads to a bond formation. The bond, according to the present invention, is preferably a covalent
bond. Chemical reactions that lead to a bond formation include, for example, nucleophilic and electrophilic substitutions,
nucleophilic and electrophilic addition reactions, addition-elimination reactions, cycloaddition reactions, rearrangement
reactions and any other known organic reactions that involve a reactive group.

[0075] While some of the naturally-occurring proteins have surface reactive groups that are capable of undergoing
such chemical reactions under mild conditions and thus may conjugate reducing moieties thereto without affecting the
protein essential characteristics, most of the proteins do not have such reactive groups.

[0076] Hence, according to a preferred embodiment of this aspect of the present invention, such reactive groups are
generated on the protein surface, so as to form an activated protein in terms of the reactivity of its surface groups toward
the conjugation described herein. The provision of a protein having reactive groups on its surface is therefore also
referred to, and described herein, as activation of the protein surface. Preferably, the reactive groups are selected
capable of undergoing the conjugation reaction under mild conditions which will not abolish the protein functionally
essential characteristics.

[0077] According to a preferred embodiment of the present invention, a protein that has reactive groups on its surface
is generated while exploiting the presence of naturally occurring functional moieties that bear functional groups, as these
phrases are defined hereinbelow, on the protein surface. Providing a protein having reactive groups on its surface is
therefore preferably effected by converting a functional group that forms a part of a functional moiety on the protein
surface into a reactive group.

[0078] As used herein, the phrase "functional moiety" refers to a residue present on the surface of the subject protein,
which preferably contains functional groups as defined hereinafter. Exemplary functional moieties, according to the
present invention include amino acid residues, as well as post-translationally modified residues such as glycans, lipids,
phospholipids, phosphates and the likes.

[0079] As used herein, the phrase "functional group" describes a chemical group that has certain functionality and
therefore can be subjected to chemical manipulations such as oxidation, reduction, chemical reactions with other com-
ponents which lead to a bond formation and the like.

[0080] A variety of functional groups that can be utilized in the above described conversion are available in proteins.
These include, for example, functional groups derived from side chains of certain amino-acid residues, functional groups
derived from the N-terminus or the C-terminus of the protein, and functional groups derived from residues that result
from natural post-translational modification processes. Representative examples of such functional groups include,
without limitation, amine, acyl, aldehyde, alkoxy, thioalkoxy, alkyl, alkenyl, C-amide, N-amide, carboxyl, diol, farnesyl,
geranylgeranyl, guanidine, hydroxy, thiohydroxy, imidazole, indole, phosphate and sulfate. These functional groups are
also referred to herein as a "third functional group”.

[0081] As used herein, the term "amine" refers to an -NR’R" group where R’ and R" are each hydrogen, alkyl, alkenyl,
cycloalkyl, aryl, heteroaryl (bonded through a ring carbon) or heteroalicyclic (bonded through a ring carbon) as defined
hereinbelow.

[0082] The term "alkyl" as used herein, describes a saturated aliphatic hydrocarbon including straight chain and
branched chain groups. Preferably, the alkyl group has 1 to 20 carbon atoms. Whenever a numerical range; e.g., "1-20",
is stated herein, it implies that the group, in this case the alkyl group, may contain 1 carbon atom, 2 carbon atoms, 3
carbon atoms, etc., up to and including 20 carbon atoms. More preferably, the alkyl is a medium size alkyl having 1 to
10 carbon atoms. Most preferably, unless otherwise indicated, the alkyl is a lower alkyl having 1 to 5 carbon atoms.
[0083] The term "alkenyl" refers to an alkyl group which consists of at least two carbon atoms and at least one carbon-
carbon double bond.

[0084] The term "cycloalkyl" describes an all-carbon monocyclic or fused ring (i.e., rings which share an adjacent pair
of carbon atoms) group where one or more of the rings does not have a completely conjugated pi-electron system. The
term "heteroalicyclic" describes a monocyclic or fused ring group having in the ring(s) one or more atoms such as
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nitrogen, oxygen and sulfur. The rings may also have one or more double bonds. However, the rings do not have a
completely conjugated pi-electron system.

[0085] The term "aryl" describes an all-carbon monocyclic or fused-ring polycyclic (i.e., rings which share adjacent
pairs of carbon atoms) groups having a completely conjugated pi-electron system. The term "heteroaryl" describes a
monocyclic or fused ring (i.e., rings which share an adjacent pair of atoms) group having in the ring(s) one or more
atoms, such as, for example, nitrogen, oxygen and sulfur and, in addition, having a completely conjugated pi-electron
system. Examples, without limitation, of heteroaryl groups include pyrrole, furane, thiophene, imidazole, oxazole, thiazole,
pyrazole, pyridine, pyrimidine, quinoline, isoquinoline and purine.

[0086] As used herein, the term "aldehyde" refers to an -C(=0)-H group.

[0087] As used in the context of the present invention, the term "diol" refers to a vicinal diol which is a -CH(OH)-CH
(OH)- group.

[0088] As used herein, the terms "acyl" and "carbonyl" refer to a -C(=0)-alkyl group, as defined hereinabove.

[0089] The term "alkoxy" as used herein describes an -O-alkyl, an -O-cycloalkyl, as defined hereinabove.

[0090] As used herein, the term "thioalkoxy" describes both a -S-alkyl, and a -S-cycloalkyl, as defined hereinabove.
[0091] As used herein, the term "C-amide" refers to a -C(=0)-NR’R" group, where R’ and R" are as defined herein.
[0092] As used herein, the term "N-amide" refers to an -NR’C(=0)-R" group, where R’ and R" are as defined herein.
[0093] As used herein, the term "carboxyl" refers to an -C(=O)OR’ group, where R’ is as defined herein.

[0094] The term "farnesyl", as used herein, refers to the fatty residue of fernesene, typically attached to post-transla-
tionally modified cysteine residues at the C-terminus of proteins in a thioether linkage (-C-S-C-).

[0095] The term "geranylgeranyl", as used herein, refers to the fatty residue of geranylgeranene, typically attached to
post-translationally modified cysteine residues at the C-terminus of proteins in a thioether linkage.

[0096] The term "guanidine" refers to a -NR’C(=NR")-NR"R group, where R’ and R" are as defined herein and R"
and R* are defined as either R’ or R". In the context of the present invention, guanidine is a functional group on the side-
chain of the amino-acid arginine, therefore it is preferably -NH-C(=NH)-NH,.

[0097] As used herein, the term "hydroxy" refers to an -OH group.

[0098] As used herein, the term "thiohydroxy" refers to an -SH group.

[0099] As used herein, the term "imidazole" refers to the five-membered heteroaryl group that includes two non-
adjacent nitrogen atoms. An imidazole residue can be found in the side-chain of the amino acid histidine.

[0100] As used herein, the term "indole" refers to refers to a bi-cyclic heteroaryl comprised of fused phenyl and pyrrole
groups. An indole residue can be found on the side-chain of the amino acid tryptophan.

[0101] The term "phosphate" describes a -O-P(=0)(OR’)(OR") group, with R’ and R" as defined herein. Phosphate
groups can be attached to a protein during a post-translational phosphorylation process by kinases. Reversible protein
phosphorylation, principally on serine, threonine or tyrosine residues, is one of the most important and well-studied post-
translational modifications.

[0102] As used herein, the term "sulfate" refers to a -O-S(=0),-O-R’, with R’ as defined herein. Modification of proteins
with sulfate occurs typically at tyrosine residues, and the universal sulfate donor is 3’-phosphoadenosyl-5’-phosphosul-
phate.

[0103] According to a preferred embodiment of this aspect of the present invention, the reactive group is aldehyde,
and the process is effected by providing a protein that has a plurality of aldehyde groups on its surface.

[0104] Aldehydes can be readily generated on or introduced to a protein surface, under mild conditions that do not
affect the protein nature, using various methodologies well-known and well-described in the art, which are presented
briefly hereinbelow.

[0105] One of the most common methods for introducing aldehydes to the surface of biological moieties is oxidation,
by mild oxidizing agents, of vicinal diols present in glycan residues of glycan-containing proteins. Proteins having glycan
residues on their surface (also known as glycoproteins) possess an abundance of diol groups, which readily undergo
oxidation to aldehydes using mild oxidizing agents or enzymes.

[0106] Thus, according to a preferred embodiment, the protein of choice is a glycoprotein, having functional diol groups
that form a part of functional glycan moieties on its surface. According to this embodiment of the present invention, a
protein having aldehyde groups on its surface is obtained by oxidizing vicinal diol groups present on the glycan surface
residues. The oxidation reaction can be effected in the presence of mild oxidizing agents such as, but not limited to,
periodic acid and salts thereof, paraperiodic acid and salts thereof, and metaperiodic acid and salts thereof. An exemplary
oxidizing agent that was successfully utilized while practicing this embodiment of the present invention is sodium peri-
odate.

[0107] This methodology can further be utilized for generating aldehyde groups on the surface of a lipoprotein. Thus,
functional alkenyl residues that form a part of functional moieties such as unsaturated fatty acids, ceramides or other
lipids that may be present on a lipoprotein surface can be converted to glycols by osmium tetroxide and subsequently
oxidized by any of the oxidizing agents cited above to aldehydes.

[0108] Furthermore, functional groups such as hydroxyl groups, that from a part of functional moieties such as N-
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terminal serine and threonine residues of peptides and proteins can be selectively oxidized by periodate to aldehyde
groups.

[0109] Alternatively, aldehydes can be introduced to specific cites on a protein surface be means of galactose oxidase.
Galactose oxidase is an enzyme that oxidizes terminal galactose residues that are typically present in glycoproteins, to
aldehydes. Another common method of introducing aldehydes to the protein surface is by conjugation of a polyaldehyde
to chemically compatible functional groups on the protein surface.

[0110] As used herein, the term "polyaldehyde" describes a compound that has at least two free aldehyde groups, as
this term is defined herein.

[0111] A representative example of such a compatible functional group is an amine group, which forms a part of
functional moieties such as lysine residues present on the protein surface or the N-terminus of the protein. As is well
known and described in the art, conjugation of aldehydes to amine groups that form a part of a protein results in the
formation of Schiff bases (imines). This reaction can be carried under mild conditions that do not affect the protein
essential characteristics (see, for example, U.S. Patent No. 4,904,592). When a polyaldehyde is used in such a reaction,
one of the free aldehyde groups is reacted so as to form the Schiff base, while at least one aldehyde group remains free
yet attached to the amine.

[0112] Thus, according to another preferred embodiment of the present invention, a protein having a plurality of
aldehyde groups on its surface is obtained by reacting functional groups such as amine groups, which form a part of
functional moieties such as lysine residues and/or the N-terminus of the protein with a polyaldehyde. Such a reaction
leads to the formation of free aldehyde groups that are attached to the protein surface via imine bonds.

[0113] Representative examples of polyaldehydes that are suitable for use in this context of the present invention
include glutaraldehyde and its polymeric derivatives, which are referred to herein as polyglutaraldehyde.

[0114] Thus, according to the presently most preferred embodiments of the present invention, providing a protein
having a plurality of reactive groups such as, for example, aldehydes groups, on its surface is effected by oxidizing
functional groups such as diols, which form a part of glycan residues on the surface of a glycoprotein, in the presence
of mild oxidizing agent such as periodate. Alternatively, free amine groups that form a part of the side chain of lysine
residue and/or of the N-terminus of a protein are reacted under mild conditions with a polyaldehyde so as to attach the
polyaldehyde to the protein surface via an imine bond. As is exemplified in the Examples section that follows, using such
methodologies, an activated protein that is capable of conjugating thereto a reducing moiety and further retains its
biological activity and/or dissolvability can be readily obtained.

[0115] It should be noted that an activated protein, which has more than one type of a reactive group can be prepared
and utilized in this and other aspects of the present invention. Such an activated protein is prepared by stepwise mod-
ifications of functional moieties that are present on its surface, using, for example, the methodologies described here-
inabove.

[0116] Once an activated protein is provided, a chemical moiety selected so as to form a reducing moiety attached to
the protein surface is conjugated to the protein surface. The conjugation is effected between the reactive group(s) on
the protein surface and a first functional group that forms a part of the selected chemical moiety.

[0117] As is discussed hereinabove, in one embodiment of the present invention, the chemical moiety is selected
such that the reducing moiety is formed as a result of the conjugation. A representative example of such a reducing
moiety is imine, as this term is defined herein, which is typically formed by reacting an aldehyde group and a functional
group such as, for example, amine, hydrazine, hydrazide, hydroxylamine, phenylhydrazine, semicarbazide and thiosem-
icarbazide.

[0118] As used herein, the term "hydroxylamine" refers to a -NR’-OH group, where R’ is as define herein.

[0119] As used herein, the term "phenylhydrazine" refers to an -NR’-NR"R"™ group, where R’, R" and R™ are as define
herein, with at least one of R’, R" and R"™ being an aryl, as this term is defined herein.

[0120] As used herein, the term "semicarbazide" refers to a -NR’-C(=0)-NR"-N R"R* group, and the term "thiosemi-
carbazide" refers to a -NR’-C(=S)-NR"-N R"R* group, where R’, R", R" and R* are define herein.

[0121] The imine group can be formed, for example, by reacting reactive aldehyde groups that are introduced to the
protein surface, as is described in detail hereinabove, with a chemical moiety that includes one or more of the above
cited functional groups. Alternatively, the imine group can be formed by reacting a chemical moiety that includes one or
more aldehyde groups with one or more of the above cited functional groups that are present and/or introduced to the
protein surface. Thus, for example, amine groups that form a part of e.g., lysine residues on the protein surface, can be
reacted with an aldehyde, so as to provide an imine-type reducing moiety attached to the protein surface.

[0122] As is further discussed in the Examples section that follows, imine groups have been found to act as mild
reducing agents of silver.

[0123] According to a preferred embodiment of the present invention, the conjugation is effected by reacting a protein
that has a plurality of aldehyde groups on its surface, which is preferably obtained as described hereinabove, with a
chemical moiety that includes amine as the first functional group. Such a conjugation results in the formation of an imine
group, which acts as a reducing moiety.
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[0124] Chemical moieties having an amine functional group which are suitable for use in this context of the present
invention include, without limitation, any alkyl, cycloalkyl, alkenyl or aryl, as these terms are defined herein, that are
substituted by at least one amine group or an aminoalkyl group. Such chemical moieties can be further substituted by
a variety of substituents, as long as these substituents do not interfere in the formation of the imine reducing moiety or
otherwise adversely affect the desired features of the modified protein obtained.

[0125] Asused herein, the term "aminoalkyl" describes an alkyl group, as this termis defined herein, which is substituted
at its end-carbon by an amine group, as this term is defined herein.

[0126] According to another preferred embodiment of the present invention, the conjugation is effected by reacting a
protein that has a plurality of aldehyde groups on its surface, which is preferably obtained as described hereinabove,
with a chemical moiety that includes hydrazine as the first functional group. Such a conjugation also results in the
formation of an imine group, which acts as a reducing moiety.

[0127] Chemical moieties having a hydrazine functional group which are suitable for use in this context of the present
invention include, without limitation, hydrazine per se, as defined herein, or any alkyl, cycloalkyl, alkenyl or aryl, as these
terms are defined herein, that are substituted by at least one hydrazine group. Such chemical moieties can be further
substituted by a variety of substituents, as long as these substituents do not interfere in the formation of the imine
reducing moiety or otherwise adversely affect the desired features of the modified protein obtained.

[0128] A representative example of a chemical moiety that has an amine group and which can be efficiently utilized
according to the present invention is B-alanine. Such a chemical moiety has an amine group which, when reacted with
a protein surface that has a plurality of reactive aldehyde groups, forms an imine that serves as the reducing moiety. As
is demonstrated in the Examples section that follows, a modified protein formed by reacting -alanine and such an
activated protein was found to be highly effective in the following reduction process, presumably due to the presence of
the anionic carboxylic group that derives from the amino acid moiety. Accordingly, other B-amino acids may be efficiently
utilized as chemical moieties in this process.

[0129] According to another preferred embodiment of the present invention, the conjugation is effected by reacting a
protein that has a plurality of aldehyde groups on its surface, which is preferably obtained as described hereinabove,
with a chemical moiety that includes hydrazide as the first functional group. Such a conjugation also results in the
formation of an imine group, which acts as a reducing moiety.

[0130] Chemical moieties having a hydrazine functional group which are suitable for use in this context of the present
invention include, without limitation, hydrazide per se, as defined herein, or any alkyl, cycloalkyl, alkenyl or aryl, as these
terms are defined herein, that are substituted by at least one hydrazide group. Such chemical moieties can be further
substituted by a variety of substituents, as long as these substituents do not interfere in the formation of the imine
reducing moiety or otherwise adversely affect the desired features of the modified protein obtained.

[0131] In another embodiment of this aspect of the present invention, the chemical moiety is selected such that the
reducing moiety forms a part of the reacting chemical moiety, as a second functional group that does not participate in
the conjugation to the protein surface. According to this embodiment, the chemical moiety is conjugated to the protein
via anotherfunctional group that reacts with the reactive groups on the protein surface. Thus, according to this embodiment
of the present invention, the chemical moiety is a bifunctional chemical moiety having one functional group that acts as
a reducing moiety and another functional group that serves for conjugating the reducing moiety to the protein, by means
of bond formation with the reactive groups on the protein surface.

[0132] Preferably, the conjugation of the reducing moiety to the protein surface, according to this embodiment of the
present invention, is effected by means of Schiff base chemistry as described hereinabove, such that an aldehyde group
is reacted with a chemical moiety that has a functional group such as, for example, amine, hydrazine, hydrazide, hy-
droxylamine, phenylhydrazine, semicarbazide or thiosemicarbazide.

[0133] Thus, as described hereinabove, a protein having aldehyde groups on its surface, which can be obtained as
described hereinabove, is reacted with a chemical moiety that has a reducing moiety as one functional group and any
of the above cited functional groups as another functional group. Alternatively, a protein having, for example, amine
groups on its surface is reacted with a chemical moiety that has a reducing moiety as one functional group and an
aldehyde as another functional group.

[0134] Asis discussed hereinabove and is further demonstrated in the Examples section that follows, preferred func-
tional groups that can efficiently serve as reducing moieties include hydrazines and hydrazides, with hydrazides being
the presently most preferred.

[0135] Thus, representative examples of preferred chemical moieties that can be used in this context of the present
invention include, without limitation, chemical moieties such as alkyl, alkenyl, alkynyl, cycloalkyl and aryl, as these terms
are defined herein, which are substituted by at least one hydrazine and/or hydrazide and are further substituted by at
least one of amine, hydrazine, hydrazide, hydroxylamine, phenylhydrazine, semicarbazide or thiosemicarbazide. Such
chemical moieties can be readily reacted with a protein having a plurality of aldehyde groups on its surface, to thereby
attach to the protein surface a reducing moiety.

[0136] More preferred chemical moieties that can be used in this context of the present invention include, without
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limitation, dihydrazides such as, for example, carbonic dihydrazide, oxalic dihydrazide, malonic dihydrazide, succinic
acid dihydrazide, glutaric dihydrazide, adipic dihydrazide and heptanedihydrazide. It is assumed that the length of the
hydrocarbon chain between the two functional hydrazide groups may affect the yield of the conjugation reaction between
the chemical moiety as well as the reduction capacity of the resulting reducing moieties that are attached to the protein
surface. A representative chemical moiety that is suitable for use in this context of the present invention is adipic dihy-
drazide.

[0137] According to a preferred embodiment of the present invention, the first functional group is preferably an amine.
According to this embodiment, a preferred chemical moiety is B-alanine. As is exemplified in the Examples section that
follows, the present inventors have successfully demonstrated the generation of effective reducing moieties onto the
surface of proteins, by converting amines and diols that form a part of the protein to aldehydes, and conjugating these
aldehydes thereafter to B-alanine. Furthermore, the present inventors have demonstrated the effectiveness of these
reducing moieties by allowing the modified proteins containing these reducing moieties to reduce silver ions and thereby
obtain silver-coated proteins, which maintained their biological activity and dissolvability. The effective reducing aptitude
of the Schiff-base formed between B-alanine and an aldehyde is assumed to be related to the negative charge in the
carboxyl group of -alanine.

[0138] According to another preferred embodiment of the present invention, the first functional group is a hydrazide.
According to this embodiment, a preferred chemical moiety is adipic-dihydrazide. This chemical moiety is bi-functional,
having two hydrazide groups attached thereto. As discussed above, one of the hydrazide groups is utilized as the first
functional group which forms an imine by a conjugation reaction with reactive aldehyde groups on the surface of the
protein, while the second hydrazide group acts as the second functional group, as defined hereinabove, and introduces
an additional reducing moiety onto the surface of the protein.

[0139] Using the process described above, modified proteins having one or more reducing moieties attached to the
surface thereof are obtained. The chemical nature of the reducing moieties is determined by the chemistry selected for
preparing the modified protein, namely, the selected reactive groups and chemical moieties that participate in the process
described above. The reducing moieties are selectively attached to the protein surface, at surface positions that bear
the reactive groups. Thus, the reduction aptitude of the modified protein can be pre-determined by selecting the desired
chemistry applied and, more specifically, by pre-determining the chemistry utilized for generating reactive groups on the
protein surface (e.g., modification of lysine or glycan surface residues) and by pre-determining the chemistry utilized for
attaching a reducing moiety to the protein (e.g., by virtue of the functional groups in the chemical moiety).

[0140] The modified protein according to the present invention can include more than one type of reducing moieties
attached thereto. Such a modified protein is obtained by stepwise conjugation of various chemical moieties to the reactive
groups on its surface. Alternatively, such a modified protein is obtained by conjugating a chemical moiety to an activated
protein that has various reactive groups on its surface.

[0141] Asis exemplified the Examples section that follows, the present inventors have successfully demonstrated the
introduction of effective reducing moieties onto the surface of proteins and have further demonstrated the effectiveness
of these reducing moieties by allowing the modified proteins containing these reducing moieties to reduce silver ions so
as to obtain silver-coated proteins, which maintained their biological activity and dissolvability.

[0142] Hence, according to another aspect of the present invention, there is provided a process of preparing a silver-
coated protein. The process according to this aspect of the present invention is effected by contacting an aqueous
solution of silver ions with the modified protein described hereinabove. More specifically, the process, according to this
aspect of the present invention is effected as follows:

[0143] A modified protein having one or more reducing moieties attached to its surface is provided, preferably by the
process described hereinabove. The modified proteinis dissolved in an aqueous solution and inits biologically active state.
[0144] An aqueous solution of silver ions is provided, and the modified protein is brought in contact with the silver ions
solution so as to effect reduction of the silver ions into elemental (metallic) silver atoms and thus selective deposition of
metallic silver on pre-determined positions on a portion of the protein surface. This process results in deposition of a
silver coating on a pre-determined portion of the protein surface, whereby this portion is determined by the functional
moieties of the protein surface that are utilized for providing the modified protein and to which the reducing moieties are
attached, the density of these moieties on the protein surface and the reduction aptitude of the reducing moieties. The
concentration of the silver ions in the aqueous solution depends on the concentration of the modified protein, the density
of the reducing moieties on the protein surface, the degree of metallization desired and the relative redox potential
(aptitude) of both the metal and the reducing moieties on the protein.

[0145] According to a preferred embodiment of this aspect of the present invention, the concentration of the silver
ions solution ranges from about 1 mM to 20 mM, and more preferably is about 10 mM.

[0146] According to a preferred embodiment of this aspect of the present invention, the molar ratio between the protein
and the silver ions ranges from about 1:100 to about 1:1000. The molar ratio is selected in accordance with the char-
acteristics of the subject protein, e.g., the size of the protein, the density of the reducing moieties on its surface, the
nature of the reducing moieties and the required coating coverage, as well as the desired rate of metallization.
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[0147] According to another preferred embodiment of this aspect of the present invention, the silver-coated protein
thus obtained can be further reacted so as to form a second, additional silver coating on the protein surface. Thus,
according to this embodiment, the silver-coated protein obtained as described above is activated so as to generate
additional, second reactive groups on its surface. These additional reactive groups can be either the same reactive
groups generated on the (non-coated) protein or different and can be generated using the methodologies described
above. The activated silver-coated, which has a plurality of these additional reactive groups on its surface is conjugated
to an additional, second chemical moiety, which can be either the same chemical moiety utilized for preparing the silver-
coated protein described above or different, so as to form again a (second) reducing moiety attached to the protein
surface. Thus, a modified silver-coated protein is obtained, whereby the reactive group, the chemical moiety and the
reducing moiety according to this embodiment of the present invention can be any of those described hereinabove for
obtaining the modified (non-coated) protein. The modified silver-coated protein is thereafter reacted with an additional
(second) aqueous solution of silver ions, so as to form an additional silver coating on the protein surface. The second
aqueous solution of silver ions can be the same aqueous solution as described hereinabove or different in terms of its
concentration, its chemical characteristics, the molar ratio etc. The resulting silver-coated protein, which has two silver
coatings deposited thereon, is also referred to herein as a doubly-metallized or a doubly-coated protein. The coating
process described herein can be further repeated so as to provide multiple-coated proteins.

[0148] Using the process described hereinabove, a site-directed deposition of metallic silver is effected, and silver-
coated proteins that substantially maintain the dissolvability and biological activity characteristics of the protein can be
obtained.

[0149] Without being bound to any particular theory, it is postulated that the substantial maintenance of the protein
biological activity upon the silver deposition process described above may be attributed to the likelihood that the protein
is not completely engulfed by the metal coating, but rather has a spotty pattern of silver coverage which does not
altogether block biologically-relevant sites on the surface of the protein. Depending on the selected protein, such bio-
logically-relevant sites include, for example, a catalytic reaction active-site of an enzyme, binding and recognition sites
for ligands on an antibody, and any other protein-protein or protein-ligand interaction sites of any subject protein.
[0150] The process described hereinabove introduces a novel composition-of-matter, which is comprised of the bio-
logically active and/or dissolvable silver-coated protein.

[0151] Hence, according to another aspect of the present invention, there is provided a composition-of matter which
includes a protein, characterized by its innate biological activity and dissolvability, having a metallic silver coating de-
posited over at least a portion of its surface, thus forming a silver-coated protein being dissolvable in an aqueous medium,
and further retaining the biological activity of the native protein.

[0152] Being still biologically active, the silver-coated protein can form a part of a cell or other intra-cellular systems,
or any other biological system, such as, but not limited to serum, plasma and other extra-cellular systems.

[0153] The deposited silver coating on the surface of the protein covers at least a portion of the protein surface. As
used herein, the term "at least a portion" describes a certain portion of the protein, which is determined as described
hereinabove. This portion can range from about 0.01 % of the protein surface to substantially all the protein surface.
According to a preferred embodiment of the present invention, the silver-coating on the surface of the protein covers
from about 0.1 % to about 60 % of the solvent-accessible surface of the protein.

[0154] The silver coating can be either in the form of a continuous metallic silver layer, covering parts or all of the
surface, or in the form of one or more separate silver particles deposited on one or more sites of the protein surface.
[0155] Depending, at least in part, on the reducing moiety used, the deposited metallic silver may be in a crystalline
form, having a well-ordered structure. Alternatively, the deposited metallic silver is in an amorphous form. Preferably,
the deposited silver has a crystalline form, which is highly suitable, for example, for applications where electronic con-
ductivity is desired.

[0156] The size of a single deposited metallic silver particle may range from about 1 nanometer to about 30 nanometers
in diameter. A micrograph of a portion of an exemplary silver-coated protein according to the present invention is
presented in Figure 4, and shows a patch of about 11 nm in diameter of crystalline silver deposited on the surface of a
protein.

[0157] According to the abovementioned aspects of present invention, the metal deposition transpires in-situ on the
surface of the subject protein requiring a reducing moiety attached to the surface thereof. Therefore, according to a
preferred embodiment of this aspect of the present invention, the surface of the silver-coated protein described herein
includes one or more oxidized reducing moieties, either near or underneath the metal particle. During the deposition of
the silver onto the protein surface, the silverions are reduced to metallic silver whereby the reducing moieties are oxidized.
[0158] Inany of the aspects of the present invention described above, the utilized protein can be any naturally occurring
or modified protein including, but not limited to, an antibody (including fragments thereof), a lectin, a nucleic acid binding
protein, a cellular protein, a serum protein, a growth factor, a hormone, an enzyme, a glycoprotein and a transcription
factor, all are characterized by solubility in aqueous media and a specific biological activity.

[0159] Itis assumed that in some cases, other types of proteins, which in their native form are attached to an insoluble
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matrix or otherwise immobilized, can be partially coated with metal according to some aspects of the present invention,
and still maintain their biological activity. Such proteins may include proteins of the intra- and extra-cellular matrices,
membranal proteins such as receptors and channels, fibrous proteins and fragments thereof.

[0160] According to a preferred embodiment of the present invention, the protein is an enzyme and the composition-
of-matter comprises a silver-coated enzyme, which is characterized by being dissolvable in an aqueous medium, and
by retaining its specific biological catalytic activity.

[0161] As is exemplified in the Examples section that follows, silver-coated enzymes and, more specifically, silver-
coated glucose oxidase and horseradish peroxidase, were successfully prepared using the methodologies described
hereinabove. The silver-coated enzymes were assayed for their residual specific activity and dissolvability after each
step of the process and were shown to retain a significant level of these characteristics, as compared with their activity
prior to any modification, after the activation process, through the introduction of reducing moieties thereto, and after
the deposition of a silver coating on at least a portion of their surface.

[0162] Hence, according to a preferred embodiment of the present invention, the proteins onto which a silver-coating
is applied are the enzymes glucose oxidase and horseradish peroxidase. For general information regarding these en-
zymes, see the Examples section that follows.

[0163] Silver, in its metallic or ionic state, is known as a useful agent in various medicinal applications. These include
topical treatment of wounds (an exemplary commercial product is the FDA approved anti-microbial preparation Silverlon®
by Argentum Medical, LLC) and controlled prophylaxis of severe bums (using silver sulfadiazine).

[0164] Hydrogen peroxide is also well known as an anti-microbial and anti-bacterial agent and thus is widely used in
the treatment of infections and in various medicinal and industrial applications.

[0165] The presentinventors have thus envisioned that the anti-microbial activity of silver may be benéeficially utilized
by coating biologically active biological moieties such as proteins. The present inventors have further envisioned that
such an activity can be enhanced when the coated protein is further associated with the production of hydrogen peroxide,
such that a synergistic effect would result by combining the biological activity of the protein, and the anti-microbial activity
of both the silver and the hydrogen peroxide.

[0166] The synergism between hydrogen peroxide and silver has already been harnessed for the production of envi-
ronmentally friendly biocides for the effective control of water borne micro-pathogens including Legionella, E. Coli,
Pseudomonas, Cryptosporidium, Campylobacter, Salmonella, methicillin resistant Staphylococcus Aureus, vancomycin
resistant Enterococcus and other bacterial, viral and fungal infections. An example for such a product is the commercially
available water treatment agent Accepta-8101 by Accepta Ltd. of England.

[0167] Combining the anti-microbial activity of silver and hydrogen peroxide along with the biological activity of a
protein can be achieved, using the methodologies described herein, by depositing a silver coat on a hydrogen-peroxide
producing enzyme, while maintaining the biological activity and/or dissolvability of the enzyme.

[0168] Thus, according to a preferred embodiment of the present invention, the protein utilized in each of the aspects
described hereinabove is a hydrogen peroxide producing enzyme.

[0169] Asused herein andis well known in the art, hydrogen peroxide producing enzymes are enzymes which catalyze
reactions during which hydrogen peroxide is generated. Representative examples of such enzymes include, without
limitation, glucose oxidase, oxalate oxidase and superoxide dismutase.

[0170] The preparation of biologically active silver-coated hydrogen producing enzymes using the methodologies
described herein may therefore be beneficially utilized in the treatment of bacterial and/or fungal infections. As is delin-
eated hereinabove, such silver-coated enzymes are capable of exerting a synergistic effect as a result of the generation
of hydrogen peroxide, an anti-microbial agent by itself, which may further act as an oxidizing agent that may oxidize the
metallic silver deposited on the enzyme and thus generate free silver ions. The released silver ions and the generated
hydrogen peroxide may thus act synergistically as toxic agents against various bacteria, fungi and other microorganisms.
[0171] Hence, according to another aspect of the present invention, there is provided a method of treating bacterial
and/or fungal infections. The method, according to this aspect of the present invention, is effected by administering to
a subject in need thereof a therapeutically effective amount of a composition-of-matter including a silver-coated hydrogen
producing enzyme, as described hereinabove.

[0172] As used herein, the terms "treating" and "treatment" includes abrogating, substantially inhibiting, slowing or
reversing the progression of a condition, substantially ameliorating clinical or aesthetical symptoms of a condition or
substantially preventing the appearance of clinical or aesthetical symptoms of a condition.

[0173] As used herein, the phrase "therapeutically effective amount" describes an amount of the composite being
administered which will relieve to some extent one or more of the symptoms of the condition being treated.

[0174] Inone preferred embodiment of the present invention, the therapeutically effective amount for the silver-coated
enzymes ranges from about 0.1 mg to about 50 mg per one ml of a medium.

[0175] According to a preferred embodiment of this aspect of the present invention, the substrate of the hydrogen
peroxide producing enzyme is a vital food source, such as sugars, or other metabolites crucial for the survival of the
target bacteria or fungi. Using such an enzyme provides an additive effect since depleting a vital source that is required
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for the bacteria or fungi growth further results in growth inhibition thereof. Hence, altogether, using such a silver-coated
enzyme results in a triple action against infectious microorganisms: a toxic effect exerted by the hydrogen peroxide
produced during the enzymatic catalysis of the enzyme, a toxic effect exerted by silver ions that are released when the
silver-coated enzyme interacts with the produced hydrogen peroxide, and a growth inhibition of the microorganisms that
results from depleting a vital source thereof.

[0176] Thus, preferred silver-coated enzymes according to this aspect of the present invention are silver-coated
hydrogen peroxide producing enzymes that act on a substrate that serves as a vital source for microorganism growth.
An example for such a substrate is sugar, e.g., glucose. A preferred enzyme for use in this context is therefore a hydrogen-
producing enzyme that uses glucose as a substrate. An exemplary and preferred enzyme, according to this aspect of
the present invention, is glucose oxidase.

[0177] As is demonstrated in the Examples section that follows, the present inventors have successfully utilized a
silver-coated glucose oxidase to inhibit the growth of bacteria and fungi. Thus, silver-coated glucose oxidase, prepared
using the methodologies of the present invention described hereinabove, was found to be highly effective in inhibiting
the growth of Staphylococcus aureus, Bacillus megaterium and Escherichia coli.

[0178] The silver-coated enzymes described herein, alone or in combination with any other active agents, can be
utilized in this or any other aspect of the present invention either per se, or as a part of a pharmaceutical composition.
[0179] Hence, according to still another aspect of the present invention, there are provided pharmaceutical composi-
tions, which comprise the composition-of-matter described above and a pharmaceutically acceptable carrier. In one
embodiment of this aspect of the present invention, the pharmaceutical composition comprises a composition-of-matter
that includes a silver-coated hydrogen peroxide producing enzyme and is identified for use in the treatment of bacterial
and fungal infections.

[0180] As used herein a "pharmaceutical composition" refers to a preparation of the silver-coated enzyme described
herein, with other chemical components such as pharmaceutically acceptable and suitable carriers and excipients. The
purpose of a pharmaceutical composition is to facilitate administration of a compound to an organism.

[0181] Hereinafter, the term "pharmaceutically acceptable carrier" refers to a carrier or a diluent that does not cause
significant irritation to an organism and does not abrogate the biological activity and properties of the administered
compound. Examples, without limitations, of carriers are: propylene glycol, saline, emulsions and mixtures of organic
solvents with water, as well as solid (e.g., powdered) and gaseous carriers.

[0182] Herein the term "excipient" refers to an inert substance added to a pharmaceutical composition to further
facilitate administration of a compound. Examples, without limitation, of excipients include calcium carbonate, calcium
phosphate, various sugars and types of starch, cellulose derivatives, gelatin, vegetable oils and polyethylene glycols.
[0183] Techniques forformulation and administration of drugs may be found in "Remington’s Pharmaceutical Sciences"
Mack Publishing Co., Easton, PA, latest edition.

[0184] Pharmaceutical compositions for use in accordance with the present invention thus may be formulated in
conventional manner using one or more pharmaceutically acceptable carriers comprising excipients and auxiliaries,
which facilitate processing of the silver-coated enzymes into preparations which, can be used pharmaceutically. Proper
formulation is dependent upon the route of administration chosen. Toxicity and therapeutic efficacy of the silver-coated
enzymes described herein can be determined by standard pharmaceutical procedures in experimental animals, e.g., by
determining the ECs, the ICs and the LDs (lethal dose causing death in 50 % of the tested animals) for a subject
silver-coated enzyme. The data obtained from these activity assays and animal studies can be used in formulating a
range of dosage for use in human.

[0185] The dosage may vary depending upon the dosage form employed and the route of administration utilized. The
exact formulation, route of administration and dosage can be chosen by the individual physician in view of the patient’s
condition. (See e.g., Fingl et al., 1975, in "The Pharmacological Basis of Therapeutics", Ch. 1 p.1).

[0186] The amount of a composition to be administered will, of course, be dependent on the subject being treated,
the severity of the affliction, the manner of administration, the judgment of the prescribing physician, etc.

[0187] Compositions of the present invention may, if desired, be presented in a pack or dispenser device, such as an
FDA (the U.S. Food and Drug Administration) approved kit, which may contain one or more unit dosage forms containing
the active ingredient. The pack may, for example, comprise metal or plastic foil, such as, but not limited to a blister pack
or a pressurized container (for inhalation). The pack or dispenser device may be accompanied by instructions for ad-
ministration. The pack or dispenser may also be accompanied by a notice associated with the container in a form
prescribed by a governmental agency regulating the manufacture, use or sale of pharmaceuticals, which notice is
reflective of approval by the agency of the form of the compositions for human or veterinary administration. Such notice,
for example, may be of labeling approved by the U.S. Food and Drug Administration for prescription drugs or of an
approved product insert. Compositions comprising a silver-coated enzyme of the invention formulated in a compatible
pharmaceutical carrier may also be prepared, placed in an appropriate container, and labeled for treatment of an indicated
condition or diagnosis, as is detailed hereinabove.

[0188] Thus, according to an embodiment of the present invention, depending on the selected components of the
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silver-coated enzymes, the pharmaceutical compositions of the present invention are packaged in a packaging material
and identified in print, in or on the packaging material, for use in the treatment of bacterial and/or fungal infections, as
described hereinabove.

[0189] The electronic conductive nature of the silver deposited on the silver-coated proteins described herein, along
with the biological specificity typically associates with biological active proteins, can be further harnessed in the con-
struction of various conductors and semiconductors elements. The ability to combine the nano-size metal particles
deposited on a biologically active protein, and the natural molecular recognitions and highly-specific chemical binding
capacities of proteins, presents an opportunity to develop nano- and micro-sized electronic circuit assemblies which are
assembled by using, partially or entirely, the natural affinity of proteins to other proteins and ligands. As used herein,
the term "nano-size" refers to a size magnitude that ranges from 1 nm to 1000 nm.

[0190] Hence, according to yet another aspect of the present invention, there is provided a conductive element which
includes the composition-of-matter described above. The conductive element, according to this aspect is of a size
magnitude which ranges between 1 and 1000 nanometer.

[0191] These conductive element based on silver-coated proteins can be used, according to a preferred embodiment
of the present invention, in the construction-of electronic circuit assemblies comprising an arrangement of conductive
elements interconnecting many other electronic elements wherein some are the composition-of matter described above.
[0192] The composition-of-matter described herein can be further utilized in the construction of biosensors.

[0193] As discussed hereinabove, there is a need for accurate, sensitive and low-cost biosensors, which are based
on electrodes having a redox enzyme attached thereto, for the determination of an analyte in a sample. For example,
micro- and nano-electrodes for the quantitative and qualitative detection of glucose is an important technological goal
on the path to produce small and low-cost glucose meters which are in high demand as medical and research devices.
The presently known systems that utilize glucose oxidase in bio-electrodes aimed at detecting glucose concentrations
in a sample are typically prone to high noise level and interferences from other electro-oxidizable species. Other systems
involve the cost-ineffective use of bi-enzymatic systems.

[0194] As is further discussed hereinabove, in cases where an "oxygen deficit" adversely affects electrochemical
detection of analytes, synthetic mediators are advantageously introduced to the system. However, while ferrocene (Fc)
and derivatives thereof have been widely used as mediators for that purpose, their poor absorption on the electrode
surface often limits the process efficiency.

[0195] Recently, it has been shown [Scholz, F. and Hasse, U., Electrochemistry Communications, 7:541-546, 2005]
that electrochemical connection between Fc and metallic silver leads to preservation of high levels of Fc+ near the
electrode surface, without the need to physically attach the Fc mediator. In addition, metallic silver may participate in
an electrochemical reaction with Fc, as follows:

Fey+ Ag'ag + Xag > Fc' + X'+ Ag

[0196] This reaction has a negative standard free energy and therefore proceeds spontaneously. Applying a voltage
increases the rate of the reaction by promoting the electron transfer from the mediator to the metal ions. This study
argues that silver crystals located at the interface between two liquid phases act as bipolar electrodes, where silver ions
were discharged and Fc was oxidized.

[0197] In order to achieve high sensitivity and stability, it is crucial to ensure immobilization of the enzyme(s) and to
maintain close contact between the enzyme(s), the mediator and the electrode surface.

[0198] While further reducing the present invention to practice, an electrochemical biosensor system capable of quan-
titatively and qualitatively detecting glucose was constructed and successfully practiced, as demonstrated in the Examples
section that follows. This glucose detecting biosensor is based on an electrode having a silver-coated glucose oxidase
deposited thereon and is further based on the amperometric electrochemical measurement of the current resulting from
the electrochemical oxidation or reduction of an electroactive species at a constant applied potential.

[0199] Thus, according to another aspect of the present invention there is provided an electrode which comprises a
composition-of-matter as described herein being deposited thereon.

[0200] The electrode having the composition-of-matter deposited thereon is referred to herein as the working electrode,
as this term is commonly used in the art. The basis of the working electrode, according to the present invention, can be
any commercially available or specially prepared working electrode. The most commonly available working electrodes
are carbon-based, such as, for example working electrode made of glassy carbon, pyrolytic carbon and porous graphite.
Working electrode based on metals, such as, for example, platinum, gold, silver, nickel, mercury, gold-amalgam and a
variety of alloys, can also be used as working electrode according to the present invention.

[0201] Preferably the working electrode is a carbon-based working electrode, as is further detailed hereinbelow.
[0202] The composition-of-matter can be deposited onto the working electrode by means of, for example, a sol-gel
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film, a polymer film, a cross-linking agent and/or other protein immobilization techniques known in the art. Preferably
the immobilization of the composition-of-matter is effected by a cross-linking process using glutaraldehyde as a cross-
linking agent. The cross-linked structure prevents the composition-of-matter presented herein from eluting into a liquid
sample.

[0203] The electrode described herein can be utilized for constructing a biosensor system for electrochemically de-
tecting analytes in a liquid sample.

[0204] As used herein throughout, the term "detecting" encompasses qualitatively and/or quantitatively determining
the level (e.g., concentration, concentration variations) of an analyte in the sample.

[0205] Hence, according to another aspect of the present invention there is provided a biosensor system for electro-
chemically determining a level of an analyte in a liquid sample, which comprises an insulating base and an electrode
system. The electrode system, according to the present invention, includes the abovementioned working electrode,
whereby the composition-of-matter described herein comprises a silver-coated protein which is capable of reacting with
the analyte (e.g., a substrate) while producing a transfer of electrons.

[0206] The biosensor presented herein is based on typical biosensors known and used in the art, and includes an
electrodes system in an insulating base. The electrodes system, preferably made of carbon electrodes, includes a
working electrode having the composition-of-matter presented herein deposited thereon, and a counter (also referred
to as an auxiliary electrode) electrode. The electrode system can further include a reference electrode, such as, for
example, a saturated calomel electrode.

[0207] As in typical biosensors, when the biosensor is placed in contact with a liquid sample containing the analyte,
the analyte electrochemically reacts with silver-coated protein deposited on the working electrode, so as to produce a
transfer of electrons (en electric current). The presence and magnitude of the electric current, which is proportional to
the concentration of the analyte in the liquid sample, is recorded by the system.

[0208] Figure 6 illustrates a biosensor which includes the electrode of the present invention held in place by an
insulating base. Biosensor 10 comprises an insulating base 12 which includes a working electrode 14, a reference
electrode 24 and a counter electrode 22. Working electrode 14 is fabricated from any conducting material, preferably
carbon, platinum or gold, as discussed hereinabove, and has a plurality of metal-coated proteins 16, as described above,
deposited thereon; reference electrode 24 and counter electrode 22 are similar in type and composition to electrodes
known in the art.

[0209] Counter electrode 22 is typically fabricated from conducting material and typically has a higher surface area
than that of working electrode 14. All three electrodes can be fabricated via extrusion, stamping, casting or the like of a
conductor (e.g., metal) or by depositing/printing the metal on an inert substrate such as silicon oxide using methodology
well known in the art such as, for example, screen-printing.

[0210] Biosensor 10 further comprises a detecting unit 20 (e.g., potentiostat/amperometer) which is electrically con-
nected (indicated by 18) to electrode 14, reference electrode 24 and counter electrode 22 held in place by insulating
base 12. Detecting unit 20 is capable of detecting and presenting a response current generated by electrode 14.
[0211] The biosensor of the present invention can include any of the compositions-of-matter described herein, as long
as the protein in the composition-of-matter can react with an analyte and the reaction can be electrochemically detected.
Preferred compositions-of-matter, however, are those containing an enzyme as the silver-coated protein and more
preferably an oxidoreductase (redox) enzyme.

[0212] The term "analyte" as used herein refers to a substance that is being analyzed for its level, namely, presence
and/or concentration, in a sample. An analyte is typically a chemical entity of interest which is detectable upon an
electrochemical reaction and which the biosensor presented herein is design to detect. Examples of analytes that are
typically detectable by biosensors include, without limitation, enzyme substrates. A level of an enzyme substrate analyte
in a sample is determined by biosensors that include silver-coated enzymes, whereby this level is a function of the
electric current produced upon the enzymatic reaction.

[0213] The term "redox" as used herein refers to a chemical reaction in which an atom in a molecule or ion loses one
or more electrons to another atom or ion of another molecule.

[0214] The phrase "oxidoreductase enzyme", which is also referred to herein interchangeably as "redox enzyme"
describes an enzyme which catalyzes a reaction that involves the transfer of electrons from one molecule (the oxidant,
also called the hydrogen donor or electron donor) to another molecule (the reductant, also called the hydrogen acceptor
or electron acceptor), or, in short, catalyzes a redox reaction. Examples of redox enzymes include, without limitation,
glucose oxidase, glucose dehydrogenase, lactate oxidase, lactate dehydrogenase, fructose dehydrogenase, galactose
oxidase, cholesterol oxidase, cholesterol dehydrogenase, alcohol oxidase, alcohol dehydrogenase, bilirubinate oxidase,
glucose-6-phosphate dehydrogenase, amino-acid dehydrogenase, formate dehydrogenase, glycerol dehydrogenase,
acyl-CoA oxidase, choline oxidase, 4-hydroxybenzoic acid hydroxylase, maleate dehydrogenase, sarcosine oxidase,
uricase, and the like.

[0215] When using a biosensor based on a hydrogen peroxide-producing enzyme to measure an analyte which is a
substrate thereof, the oxidation current of H,0, is usually proportional to the concentration of the analyte in solution and
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is detected at +700 mV versus a reference electrode. However, as mentioned above, monitoring hydrogen peroxide is
limited by the presence of substances such as ascorbic acid and uric acid, which are electroactive at similar voltages
and are abundant in physiological samples, such as blood serum, and would therefore interfere with amperometric
transducers based on the O,/H,0, electron-transfer mediator system.

[0216] In order to overcome these limitations, non-physiological electron transfer mediators such as, for example,
phenazines, tetrathiafulvalene (TTF), ferrocenes, ferrocyanides, quinones, fullerenes and ruthenium complexes are
used, as is detailed hereinabove. Thus, the biosensor system presented herein preferably further comprises an electron
transfer mediator (also referred to herein as a mediator). Preferably the mediator is a ferrocene derivative, and more
preferably the mediator is ferrocene monocarboxylic acid.

[0217] While, as discussed hereinabove, the use of ferrocenes in biosensors is often limited by their poor absorption
to the electrode, by using biosensors that are based on silver-coated proteins, this limitation is circumvented, as is
detailed hereinabove.

[0218] Generally, all proteins, preferably enzymes and more preferably redox enzymes, can undergo the treatment
of metallization as presented herein and exemplified in the Examples section that follows, and be coated with a single
or multiple coats of a metal, such as silver, so as to form a coat of crystalline or amorphous silver thereon.

[0219] Preferably, the composition-of-matter deposited on the electrode used in the biosensor presented herein in-
cludes glucose oxidase, and hence the biosensor is preferably used for determining the level of glucose in a liquid sample.
[0220] Use of the silver-coated enzyme presented herein, such as, for example, singly silver-coated and/or doubly
silver-coated glucose oxidase which includes an active enzyme having lysine-bound polyglutaraldehyde coupled to 3-
alanine residues, offers several added advantages to an electrochemical system. These include, for example, stabilization
of the silver-coated enzyme by its cross-linking with polyglutaraldehyde, hence prolonging the time of effective use of
the electrode, and providing additional "wiring" between the silver coated enzyme and the electrode. In addition, the
crystalline morphology of the silver coating of the enzyme provides a continuous contact surface between the enzyme
and the working electrode, providing shorter distance for the ferrocene mediator to shuttle its electrons. Hence, another
key advantage gained by using the silver-coated enzymes of the present invention for electrochemical electrodes is a
significant increase in the total surface area of the electrode, as each silver-coated glucose oxidase molecule may be
considered as an individual nano-electrode.

[0221] Therefore, according to preferred embodiments, the protein in the composition-of-matter is the enzyme glucose
oxidase.

[0222] Asis demonstrated in the Examples section that follows, electrodes having silver-coated glucose oxidase were
found to be particularly efficient when a doubly silver-coated enzyme with a crystalline form of silver was utilized. Thus,
in preferred embodiments, the composition-of-matter deposited on the electrode comprises a doubly-silver coated en-
zyme and further preferably, the silver coat has a crystalline morphology.

[0223] The biosensor presented herein is therefore designed for detecting an analyte in a sample, which can be, for
example, a physiological sample extracted from an organism. Hence, according to another aspect of the present invention
there is provided a method of electrochemically determining a level of an analyte in a liquid sample. The method,
according to this aspect of the present invention, is effected by contacting the biosensor system presented herein with
the liquid sample and measuring the transfer of electrons formed upon the electrochemical reaction between the analyte
and the silver-coated protein, thereby determining the level of the analyte substrate in the sample. Use of a reference
and/or use of a set of known standard samples with known concentrations can be used to convert the amperometric
results into concentration of the analyte in the sample.

[0224] Preferably, the method presented herein is used for determining the level of glucose in a liquid sample, while
utilizing silver-coated glucose oxidase.

[0225] However, by selecting a protein that can electrochemically react with an analyte so as to produce a transfer of
electrons, and depositing such a silver-coated protein on a working electrode in a biosensor system, the systems and
methods described herein can be further utilized for determining levels of versatile analytes.

[0226] Thus, several otherimportant biochemical analytes can also be readily detected using the biosensors presented
herein. Non-limiting examples include a biosensor for lactate using metal-coated lactate dehydrogenase, a biosensor
for bilirubin using metal-coated bilirubin oxidase, and a biosensor for amino acids and peptides using metal-coated amino
acid oxidase and tyrosinase. Other examples of enzymes which can be utilized by present invention are provided in
Table 1 below, presenting the name of the enzyme which also indicates the analyte, i.e., substrate thereof, the chemical
species that is formed in the course of the enzymatic reaction, and a typical exemplary use of the biosensor which can
be constructed using these enzymes.
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Table 1
Enzyme/Ligand Molecule generated or captured Use
Peroxidase Hydrogen peroxide Immunology medicine Environment

Glucose oxidase Glucose Medicine, Food industry
Alcohol oxidase Alcohol Food, medicine ,police
Cholestrol oxidase Cholesterol Medicine, food

Choline oxidase Choline oxidase

Choline, acetyl choline Choline, acetyl
choline

Medicine, environment, anti-warfare
detector environment, anti-warfare

Phenol oxidase Phenol Medicine, food, environment
Aminoacid oxidase Amino acids Medicine

Alcohol dehydrogenase Alcohol, NAD Food, medicine ,police
Glucose dehydrogenase Glucose, NAD Medicine, Food industry

o and B-Glactosidase

Lactose,p-aminophenol -D Lactose,p-
aminophenol -D galactopyranoside

Food, molecular biology, cell markers,
medicine, detection of bacteria

o and  Glucosidase

Glucose, p-aminophenol -D
glucopyranoside -D glucopyranoside

Food, molecular biology, cell markers,
medicine, detection of bacteria

o and B Glucoronidase

Glucoronic acid, p-amino-phenol
Glucoronic acid, p-amino-phenol -D
glucoronopyranoside

Food, molecular biology, cell markers,
medicine, detection of bacteria

Alkaline phosphatase

Organic phosphate

Immunology, Food, molecular biology,

cell markers, medicine, detection of

bacteria

[0227] The biosensors presented herein can be further utilized for monitoring of drugs. Such biosensors include, for
example, a biosensor for theophylline using metal-coated theophylline oxidase. In addition to medical applications,
biosensors based on the metal-coated redox enzymes presented herein can be used in food technology and biotech-
nology, e.g., for analysis of carbohydrates, organic acids, alcohols, additives, pesticides and fish/meat freshness, in
environmental monitoring, e.g., for analysis of pollutants pesticides, and in defense applications, e.g., for detection of
chemical warfare agents, toxins, pathogenic bacteria and the likes.

[0228] As presented and demonstrated in the Examples section that follows, a silver-coated enzyme was readily
absorbed into the screen-printed carbon ink-working electrode. The method presented in the Examples section that
follows provides a fast and convenientimmobilization and fabrication technique of a silver-coated enzyme based electrode
which can be used for a glucose-determining electrochemical system.

[0229] Such glucose-determining electrochemical system can be based on disposable and multi-arrayed screen-
printed electrodes assisted by synthetic mediators such as ferrocene that can react rapidly with the reduced enzyme,
and minimize competition with oxygen and other electro-oxidizable species. Screen-printing technology is particularly
attractive for the production of disposable sensors, such as for determining glucose levels [Ge, F., et al., Biosens
Bioelectron. 1998, 1;13(3-4):333-9]. The "memory effect" between one sample to another is avoided, and, the phenom-
enon referred to as "electrode fouling”, which is one of the main drawbacks of the electrochemical sensors, is overcome.
Furthermore, these disposable sensors are characterized by high reproducibility and require no calibration.

[0230] Screen-printed electrodes are particularly useful in high-throughput screening (HTS) and ultra-high throughput
screening (UHTS) technology. Their small size and low cost permit HTS/UHTS of large numbers of electrochemical
assays to be conducted simultaneously, at minute volumes of microbiological and/or biochemical samples, using dis-
posable, screen-printed electrochemical microarrays.

[0231] Thus, according to preferred embodiments, the electrode used in the glucose biosensor is a screen-printed
electrode.

[0232] Additional objects, advantages, and novel features of the present invention will become apparent to one ordi-
narily skilled in the art upon examination of the following examples, which are not intended to be limiting. Additionally,
each of the various embodiments and aspects of the present invention as delineated hereinabove and as claimed in the
claims section below finds experimental support in the following examples.
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EXAMPLES

[0233] Reference is now made to the following examples, which together with the above descriptions, illustrate the
invention in a non limiting fashion.

Materials and Experimental methods:
Enzymes:

[0234] Glucose oxidase from Aspergillus niger (cat no. G-2133), and peroxidase from horseradish (cat. no. P-8250),
purchased from Sigma, were selected as exemplary proteins in this study.

[0235] Horseradish peroxidase (HRP) is a 40,000 kD molecular weight glycoprotein that interacts with hydrogen
peroxide and specific electron donors, such as ascorbic acid, L-cysteine and reduced glutathione, and catalyzes the
oxidation of various substrates. This enzyme has an optimal activity at pH 7.6 and is known to be inhibited by cyanides,
sulfides and azides [Murachi, T. et al. (1980), Biochimie 62(8-9): 581-5].

[0236] Glucose oxidase from Aspergillus niger catalyzes the oxidation of $-D-glucose, producing hydrogen peroxide
(H,0,) and gluconic acid. Glucose oxidase is a dimeric glycoprotein with a molecular weight of 160,000 kD. Inhibitors
of glucose oxidase include metal ions, p-chloromercuribenzoate and phenylmercuric acetate [Murachi, T. et al. (1980),
Biochimie 62(8-9): 581-5].

[0237] The analytical and medicinal importance of these enzymes has been well recognized [see, for example, R.
Wilson and A.P.F. Turner, Biosensors & Bioelectronics 1992, 7, pp. 165-185; and N.C. Veitch, Phytochemistry 2004,
65, pp. 249-259]. Both enzymes are glycoproteins having known glycans on their surfaces; and are characterized by
high stability in their isolated and purified form.

Metal:

[0238] Silver was selected as an exemplary metal in view of its abundant and successful use in protein metallization
[see, for example, W. Habicht et al. in Surf. Interface Anal. 2004, 36, pp. 720-723].
[0239] Silver nitrate (cat. no. 5553260) was purchased from Frutarum.

Reagents:

[0240] Glyceraldehyde (cat. no. G-5001), B-Alanine (cat. no. A-7752), and sodium periodate (cat. no. S-1147) were
purchased from Sigma. Adipic-dihydrazide (cat. no. 217824) and formic hydrazide (cat. no. 166375) were purchased
from Aldrich. Glutaraldehyde (cat. no. 1.04239), and ammonia solution (cat. no. 1.05432) were purchased from Merck.
2-Diethylaminoethylamine (cat no. 21228) was purchased from Fluka. N,N-diethyl ethylenediamine (cat. no. 31790) was
purchased from Fluka. Hydrazine (cat. no. 20.794-2) was purchased from Aldrich.

Microorganisms:

[0241] Staphylococcus aureus (wile-type SH 1000) was obtained from the laboratory of Prof. Y. Aharonowitz, Depart-
ment of Molecular Microbiology and Biotechnology, Tel Aviv University, Tel-Aviv, Israel, Candida albicans and Tricho-
phyton rubrum were obtained from Dr. R. Segal, Rabin Hospital, Petach-Tikva, Israel, Bacillus megaterium (de Bary)
was purchased from American Type Culture Collection (ATCC 13368) and Escherichia coli (wild-type MG 1655 K12)
was obtained from Dr. |. Benhar, Department of Molecular Microbiology and Biotechnology, Tel Aviv University, Tel-
Aviv, Israel.

High resolution transmission electron micrographs (HRTEM):

[0242] Electron micrographs of the silver particles in solution and on the surface of the metallized enzymes were
obtained by a high resolution electron microscope (Philips Tecnai F20) without further staining.

Spectrophotometric Measurements:
[0243] The variation in optical density, generated by the turbidity of the solid silver precipitations after reduction of

silver nitrate, was measured using a spectrophotometer operated at a wavelength of 450 nm. Bacterial growth was
measured by an Ultrospec 2100 spectrophotometer (Amersham), operated at a wavelength of 600 nm.
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Preparation of an enzyme having a reducing moiety conjugated thereto— general description:

[0244] The main objective of the studies described below was to deposit a metal coating, and particularly silver coating,
on the surface of an enzyme with minimal impact on the enzyme’s biological activity and dissolvability. Such a deposition
on a surface of an active enzyme requires highly directed and finely controlled rates of nucleation and the expansion of
the reduction processes of the metal deposits at specific sites.

[0245] To direct and control such nucleation and expansion of metal deposition, the novel process of the present
invention for protein metallization is based on the conjugation, to specific sites on the protein surface, of specific reducing
moieties, under mild and controllable physiological conditions; non-denaturing removal of excessive unbound reagents;
and non-denaturing incubation of the modified enzyme with ions of the desired metal.

[0246] The present inventors have hypothesized that the mild reduction aptitude of reducing moieties such as hydra-
zines, hydrazides, aldehydes and imines (Schiff-bases) could be utilized in the context of the present invention, to affect
in situ silver deposition on the surface of a protein. Since these reducing moieties do not occur naturally in most proteins,
they must be introduced to the protein by either conversion of and/or conjugation to naturally occurring functional groups
on the surface of the subject protein. It was further hypothesized that aldehydes, which can be readily introduced to
proteins, may serve as suitable reactive groups which interact under mild conditions, and thus may be utilized for
conjugating versatile chemical moieties so as to form a reducing moiety on the surface of the protein. Aldehydes may
be generated on the surface of a protein by converting various surface functional groups thereof, or be attached to
surface functional groups by means of bi-functional chemical moieties, as described in detail below.

[0247] Asarepresentative example for a suitable conjugation method in non-denaturing conditions, the well established
Schiff-base (imine) formation between amines and aldehydes has been selected (see, Scheme | below). This universal
conjugation method can be carried out readily under physiological, i.e., mild conditions, as described by Merril et al.
[Science, 1981, 211, pp. 1437-1438].

Scheme 1
R, H R Ry T R, /H
R1—N/§=o + HY —» R,——.g*’ O0—H —» R,—N \48_” —_— R‘—-N‘—_< + O
N A | IJ \
H H H H H H

[0248] Thus, Schiff-base chemistry may be applied, for example, by conjugating an aldehyde or a ketone to naturally
occurring amine groups present on the surface of a protein, such as in lysine residues and the N-terminus; by conjugating
an amine, a hydrazine or a hydrazide to aldehyde groups generated on the glycoprotein surface by periodate oxidation
of some or all of the diol groups in the glycan structure (see, Scheme 2 below); and/or by conjugating an amine, a
hydrazine or a hydrazide to aldehyde groups introduced to the enzyme by treatment with bi- or multifunctional reagents
such as glutaraldehyde and its polymerization derivatives.

Scheme 2
OH OH
° 0
Periodate oxidation =
HO OH 0/ \0

[0249] P represents a glycoprotein; and R’ and R" each represents a part of a glycan residue.

[0250] This versatile methodology was therefore selected as an exemplary methodology for the conjugation and
generation of various reducing moiety to the protein surface.

[0251] Inaccord with the main objective, the general description presented above and the selected conjugation method,
exemplary bi-functional chemical moieties, having two or more amine or aldehydes groups, which upon conjugation
potentially provide a reducing moiety, were studied. These include, for example, glutaraldehyde and its polymerization
derivatives, adipic-dihydrazide and hydrazine.
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[0252] As s detailed hereinbelow, various features regarding the reducing moiety, the preparation of enzymes having
the reducing moieties attached to their surface and the activity of these enzymes prior and subsequently to each activation
and modification steps have been studied.

Kinetic studies of silver reduction by Hydrazine and acylhydrazide:

[0253] Hydrazine is a known powerful reducer of silver, however, its reduction activity with silver is expected to result
in an amorphous deposition of the metal, rapidly formed even at neutral pH. It was assumed that due to the reduced
reduction aptitude thereof, acylhydrazide derivatives of hydrazine would exhibit milder, more controllable reaction rates
that would lead to the desired crystalline silver deposits. As is detailed hereinbelow, kinetic studies regarding silver
reduction by various chemical moieties that may act as reducing moieties upon conjugation to the enzyme were tested.
[0254] Kinetic measurements of the reduction in solution of silver nitrate by hydrazine, formic hydrazide and adipic
dihydrazide were carried out by monitoring the turbidity generated by the formation of solid silver precipitant. Adipic
dihydrazide appeared to be a promising reducing agent since it includes two functional groups that are separated by a
four-carbon spacer and thus exhibits a reducing aptitude along with convenient conjugation capabilities to the protein
surface through the spacer.

[0255] The reduction reaction in solution was measured by the differences in the optical density at 450 nm (AOD,5)
of the solution, before and after the addition of a reducing agent.

[0256] The tested solutions were prepared by adding 1 ml of a 12 mM solution of silver nitrate to:

0.42 ml of a 0.25 M solution of hydrazine (HH);
0.42 ml of a 0.25 M solution of formic hydrazide (FH); and
0.42 ml of a 0.25 M solution of adipic dihydrazide (ADH).

[0257] Hence, the final concentration of silver nitrate was 4 mM, and the final concentration of each reducing agent
was 35 mM.
[0258] Table 2 below presents the results obtained in these measurements.
Table 2
Reducing moiety AODys5q
No. 0 minutes | 15 Minutes | 30 Minutes | 45 minutes | 60 Minutes

1 hydrazine 0 0.32 2.893 2.957 -

2 hydrazide 0.033 0.07 0.23 0.444 0.653

3 dihydrazide 0 0.055 0.148 0.172 0.172
[0259] The kinetic parameters of the reduction of silver nitrate in each of these solutions are further presented in Figure
1a.
[0260] As shown in Figure 1a, the reduction rate of hydrazine was significantly higher than that of the hydrazides of

formic and adipic acid. However, as can be seen in the HRTEM micrographs presented in Figures 1b-d, the metallic
silver formed by reduction by hydrazine (Figure 1b) was obtained as amorphous metal, whereby due to the milder and
more linear rate of reduction exhibited by both formic hydrazide (Figure Ic) and adipic-dihydrazide (Figure 1d), highly
ordered metallic silver crystals were obtained in their presence.

[0261] These results clearly demonstrate the highly controllable, hence more desired, reduction rate of the hydrazides
as compared to that of hydrazine, which may thus lead to the formation of crystalline silver deposits. In addition, the
milder and most controllable silver reduction exhibited by adipic-dihydrazide, combined with the abovementioned con-
jugation capabilities, indicated that this agent may serve as a suitable reducing agent for use in the context of the present
invention.

Reduction aptitude of various Schiff-bases of glutaraldehyde

[0262] Aldehydes such as formaldehyde are effective silver reducers. Formaldehyde, in particular, is routinely em-
ployed under basic pH values for silver-stain detection of proteins separated by gel electrophoresis. Pre-treatment of
denatured proteins embedded in polyacrylamide gels with 10 % glutaraldehyde solution allowed for higher staining
sensitivity, explained by the display of free aldehyde groups on protein surface. It was suggested [see, Dion and Pomenti,
Anal. Biochem. 1983, 129, pp. 490-496], that these groups may serve as preferable nucleation sites for silver staining
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by the "developer" formaldehyde/ammoniacal silver solution.

[0263] A similar effect was observed for glycoproteins [see, Dubray and Bezard, Anal. Biochem. 1982, 325-329]. Thus,
it was shown that the sensitivity of formaldehyde/ammoniacal silver staining of denatured proteins in polyacrylamide
gels was substantially improved by the generation of aldehyde groups on these proteins by periodate oxidation.
[0264] In view of the findings above, and in order to gain insight into the question of suitable chemical moieties which
would be appropriate for the abovementioned conjugation method, and thus for introducing reducing moieties to the
protein surface, glutaraldehyde, a readily generated aldehyde moiety on protein surfaces, and three amine-glutaralde-
hyde Schiff-base derivatives, were tested for their silver nitrate reduction aptitude. The three amines used for forming
the glutaraldehyde Schiff-bases were ammonia (NH3), N,N-diethyl ethylenediamine and B-alanine (adding a negatively
charged carboxyl group to the formed Schiff-base). The silver reduction reaction, expressed by precipitation of solid
metallic silver, was followed spectroscopically by measuring the differences in the optical density at 425 nm.

[0265] Glutaraldehyde Schiff-bases were prepared by adding 1.6 ml of a 0.25 M solution of each amine in 0.05 M
HEPES buffer, setto pH 7.5, to 0.2 ml of a 0.5 M solution of glutaraldehyde in water, and 8.2 ml of 0.05 M HEPES buffer,
set to pH 7.5. Hence, the final concentration of glutaraldehyde was 5 mM, and the final concentration of the amine was
20 mM. The mixtures were incubated for 2 hours at room temperature.

[0266] Thereafter, 0.02 ml of a 0.5 M solution of silver nitrate were added to 10 ml of a 5 mM glutaraldehyde in water
and to 10 ml of the abovementioned glutaraldehyde Schiff-bases solutions, and the resulting solutions were incubated
for 2 hours at room temperature.

[0267] The turbidity generated by the solid silver precipitant after the incubation period was measured by the differences
in the optical density of the tested solution before and after the incubation, at 435 nm.

[0268] The results of silver-reduction aptitude of glutaraldehyde and the series of glutaraldehyde-Schiff-base with
ammonia, N,N-diethyl ethylenediamine and B-alanine are presented in Table 3 below.

Table 3
Tested Sample AODy35
Glutaraldehyde 0.004
Glutaraldehyde-B-alanine 1.635

Glutaraldehyde-N,N-diethyl ethylenediamine | 0.132
Glutaraldehyde-NH3 0.294

AW IN| =

[0269] The results clearly indicate that the imines (Schiff-bases) formed between the glutaraldehyde and the various
amines were significantly more effective as reducing moieties for silver than glutaraldehyde, their parent free aldehyde.
The degree of silver reduction by the glutaraldehyde-derived Schiff-base showed clear dependency on the specific amine
employed, identifying B-alanine as superior to the other amines tested by 5.6 fold with respect to the glutaraldehyde-
Schiff-base of ammonia and 12.4 fold with respect to the glutaraldehyde-Schiff-base of N,N-diethyl ethylenediamine.

Activation and modification of naturally occurring functional groups of the surface of the enzymes:

[0270] In view of the above preliminary studies and results, and in order to accomplish the selected method of conju-
gation and generation of reducing moieties on the surface of proteins, according to the present invention, reactive
aldehyde groups were generated or introduced onto the surface of the selected enzymes. To this end, naturally occurring
functional moieties on the surface of the enzymes, such as the diol functional groups of glycan residues, and free amine
groups of lysine residues and/or the N-terminal amino acid residue of the polypeptide chain, were readily converted to
aldehydes, as is detailed hereinafter. The obtained aldehydes served as reactive groups for the following conjugation
under mild and controllable conditions, of reducing moieties in the form of imines and/or hydrazides onto the surface of
the enzymes.

[0271] In one embodiment of the methodology described above, diol groups of glycan residues were converted into
aldehydes by oxidation thereof with periodate.

[0272] Oxidation with periodate was performed by mixing 5 ml of an enzyme solution, containing 5 mg glucose oxidase
or peroxidase per 1 ml of 0.1 M HEPES buffer at pH 7.2, with 0.5 ml of a sodium periodate solution containing 19.4 mg
NalO,4 per 1 ml of highly purified water. The mixture was incubated for 20 minutes at 4 °C. The activated enzyme was
then purified by dialysis against water at 4 °C for 3 hours.

[0273] In another embodiment of the methodology described above, amine groups of lysine residues were converted
into aldehydes by conjugating glutaraldehyde or polyglutaraldehyde (PGA) thereto. Reaction of free amine groups derived
from lysine residues with glutaraldehyde or polymeric glutaraldehyde (PGA), was performed as described by Tor et al.
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[Enz. Microb. Technol. 1989, 11, pp. 306-312]. In brief, a mixture 25 mg of glucose oxidase or peroxidase in 5 ml solution
of 0.076 M glutaraldehyde or PGA, and 0.05 M HEPES buffer at pH 8 was prepared and incubated overnight at 4°C.
The resulting activated enzyme was then purified by dialysis against water at 4 °C.

[0274] The activated enzymes, having lysine-glutaraldehyde/PGA residues or periodate-treated glycan residues on
their surface, were then reacted with adipic-dihydrazide, as follows: 1.74 ml of an activated enzyme solution (starting
with a solution of 5 mg per 1 ml of highly purified water) were mixed with an adipic-dihydrazide solution at a final
concentration of 0.066 mM adipic-dihydrazide in highly purified water. The mixture was incubated for 3 hours at 4 °C.
The resulting modified enzyme was then purified by dialysis overnight against water at 4 °C.

[0275] Scheme 3 below illustrates schematically the conjugation reaction described above, wherein P represents the
enzyme residue to which a reactive aldehyde group is attached. Upon conjugation, a Schiff-base is formed between the
aldehyde on the enzyme surface and one of the hydrazide groups of adipic-dihydrazide, while the second hydrazide
functional group remains free, and thus may act as a reducing moiety.

Scheme 3

N NH,

/
\
IZ\

[0276] Alternatively, the activated enzymes, having lysine-glutaraldehyde/PGA residues or periodate-oxidized glycan
residues on their surface, were reacted with 3-alanine, as follows: 2.6 ml of an activated enzyme solution (3 mg per 1
ml of highly purified water) were mixed with -alanine solution at final concentration of 0.066 mM B-alanine in highly
purified water at pH 7. The mixture was incubated for 3 hours at 4 °C. The resulting modified enzyme was then purified
by dialysis overnight against water at 4 °C.

[0277] Scheme 4 below illustrates schematically the conjugation reaction described above, wherein P represents the
enzyme residue to which a reactive aldehyde group is attached. Upon conjugation, a Schiff-base is formed between the
aldehyde on the enzyme and the amine groups of B-alanine.

Scheme 4

OH

[0278] In summary, two routes for preparing modified glucose oxidase and peroxidase, capable of effecting site-
directed silver deposition on their surface, are described hereinbelow:

(i) providing an "activated enzyme" by oxidation of surface glycan residues with periodate, which results in the
generation of reactive aldehyde groups on the surface of the enzyme, followed by conjugation to adipic-dihydrazide
or B-alanine.

(ii) providing an "activated enzyme" by treating surface lysine residues with glutaraldehyde or PGA, which results
in the introduction of reactive aldehyde groups on the surface of the enzyme, followed by conjugation to B-alanine.

Preparation of silver-metallized enzymes:
[0279] Using the modified enzymes described above, the site-directed silver deposition on the enzymes surface was

performed.
[0280] Thus, modified glucose oxidase or peroxidase (2.5 mg enzyme per 1 ml of highly purified water), having the
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abovementioned reducing moieties attached thereto, were incubated overnight with a silver nitrate solution (10 mM
AgNO,) at room temperature. The resulting silver-coated enzymes were then purified by dialysis against water at 4 °C.
[0281] The site-directed silver deposition process was analyzed by HRTEM, and an exemplary obtained micrograph
is presented in Figure 4. Specifically, Figure 4 presents a HRTEM micrograph of a layer of silver atoms deposited on a
silver-coated glucose oxidase, which was activated by treatment of the diol surface groups with periodate, followed by
conjugation of the formed aldehyde groups to -alanine so as to introduce the required reducing moiety onto the surface
of the enzyme. The HRTEM micrograph, obtained without further staining of the sample, clearly show a patch of about
11 nm in diameter of metallic silver on the surface of the enzyme, exhibiting a well ordered crystalline morphology.
[0282] The two site-directed silver deposition routes were further analyzed kinetically by monitoring the rate of turbidity
generation by the metallic silver particles formed on the surface of the enzymes.

[0283] The reduction reaction on the surface of the modified enzyme glucose oxidase (Gox) was measured by the
differences in the optical density at 450 nm (AOD,5,) of the silver nitrate solution before and after the reduction reaction.
The tested solutions were prepared by adding 0.02 ml of a 4 mM silver nitrate (final concentration of silver nitrate was
10 mM) to two sets of samples representing various stages of each of the enzyme modification routes described here-
inabove, as is detailed hereinbelow and is further presented in Figures 2 and 3.

[0284] For the route utilizing periodate oxidation, the tested samples were:

1 ml of a 4.5mg/ml solution of native glucose oxidase (denoted Gox+Ag);
1 ml of a 4.5mg/ml solution of glucose oxidase treated with periodate (denoted Gox-10,+Ag);
1 ml of a 3.3 mg/ml solution of glucose oxidase treated with periodate and B-alanine (denoted Gox-10, bala+Ag);

[0285] For the route utilizing glutaraldehyde/polyglutaraldehyde modification, the tested samples were:

1 ml of a 4.9 mg/ml solution of glucose oxidase treated with glutaraldehyde (denoted Gox-ga+Ag);

1 ml of a 4.5 mg/ml solution of glucose oxidase treated with polyglutaraldehyde (denoted Gox-pga+Ag);

1 ml of a4.7 mg/ml solution of glucose oxidase treated with glutaraldehyde and 3-alanine (denoted Gox-ga-bala+Ag);
and

1 ml of a 3 mg/ml solution of glucose oxidase treated with polyglutaraldehyde and B-alanine (denoted Gox-pga-
bala+Ag).

[0286] The results of the reduction reaction on the surface of the modified enzyme glucose oxidase, expressed in
AOD4qg, are presented in Figure 2, for glucose oxidase activated by the periodate oxidation route, followed by conjugation
to B-alanine, and in Figure 3, for glucose oxidase activated by conjugation of glutaraldehyde/polyglutaraldehyde to lysine
residues, followed by conjugation to B-alanine.

[0287] As is shown in both Figures 2 and 3, native glucose oxidase displayed insignificant rate of silver reduction (plot
denoted Gox+Ag).

[0288] Asis further shown in Figure 2, a low rate of silver reduction was observed with glucose oxidase activated with
periodate (plot denoted Gox-10,+Ag). In contrast, a substantial increase in the rate of silver reduction was observed
with glucose oxidase activated with periodate and conjugated to 3-alanine (plot denoted Gox-10 4-bala+Ag) as compared
with the enzyme treated only with periodate.

[0289] As is further shown in Figure 3, glucose oxidase activated with glutaraldehyde (plot denoted Gox-ga+Ag) also
displayed low rate of silver reduction, as expected from the less reactive aldehyde groups introduced onto the surface
of the enzyme. A higher rate of silver reduction was observed with glucose oxidase activated with polyglutaraldehyde
(plot denoted Gox-pga+Ag in Figure 3), possibly due to the larger number of aldehyde groups present on the surface
of the enzyme, and their greater steric freedom. Glucose oxidase treated with glutaraldehyde, and further treated with
B-alanine, displayed an improved rate of silver reduction (plot denoted Gox-ga-bala+Ag) as compared to its parent
glutaraldehyde derivative.

[0290] Glucose oxidase treated with polyglutaraldehyde and conjugated to B-alanine displayed the highest rate of
silver reduction as compared with all other samples presented herein (plot denoted Gox-pga-bala+Ag). These results
clearly demonstrate the superior reduction potential of a Schiff-base moiety attached to the surface of a protein, particularly
as compared with its parent aldehyde moiety.

Preparation of doubly silver-metallized enzymes:
[0291] Using the methodologies described above, doubly-coated enzymes were prepared as follows:

Silver-coated glucose oxidase was prepared by mixing modified glucose oxidase, treated with polyglutaraldehyde
and conjugated to B-alanine, as described hereinabove with a 10 mM solution of silver nitrate, and incubating the
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mixture for 2 hours at room temperature. In parallel, a reducing solution was prepared by mixing polyglutaraldehyde
(0.1 ml, 0.076M), B-alanine (0.6 ml, 0.25 M) and highly purified water (0.8 ml), and incubating the mixture for 2 hours
at room temperature. Thereafter, the silver-coated glucose oxidase (1 ml) was mixed with the reducing solution (0.5
ml), and the mixture was incubated overnight at room temperature, to thereby obtain the doubly silver-metallized
enzymes.

Enzymatic activity and dissolvability assays of silver-coated enzymes:

[0292] The effect of silver deposition on the enzymatic activity of the silver-coated enzymes obtained by the method-
ologies presented hereinabove was studied by measuring the specific activity of native glucose oxidase and peroxidase,
and comparing it to the residual specific activity of the enzymes after each step of the process for obtaining the silver-
coated enzymes.

[0293] The activity assays were performed as previously described by Blank-Koblenz et al. [Biotechnol. Appl. Biochem.
1988, 10, 32-41].

[0294] The effect of silver deposition on the dissolvability of the untreated and silver-coated enzymes was evaluated
visually.

[0295] The following samples were used in these activity and dissolvability assays:

1. Untreated enzymes (peroxidase and glucose oxidase);

2. Periodate-treated enzymes;

3. Periodate and adipic-dihydrazide-treated enzymes;

4. Periodate and adipic-dihydrazide-treated enzymes upon deposition of silver;

5. Periodate and B-alanine-treated enzymes;

6. Periodate and B-alanine-treated enzymes upon deposition of silver;

7. Polyglutaraldehyde-treated enzymes;

8. Polyglutaraldehyde and B-alanine-treated enzymes;

9. Polyglutaraldehyde and B-alanine-treated enzymes upon deposition of silver; and
10. Polyglutaraldehyde and B-alanine-treated enzymes upon double silver deposition.

[0296] The obtained results are presented in Table 4 below.

Table 4
Peroxidase Glucose oxidase
Enzyme Treatment % of Residual = | (. \vability | _° °f Residual Dissolvability
Specific activity Specific activity
1 Untreated 100 CLEAR 100 CLEAR
2 Periodate oxidation 89 CLEAR 44 CLEAR
(104)
3 10, + Adipic 86 CLEAR 35 CLEAR
dihydrazide (ADH)
4 0,4 + ADH + Ag* 29 TURBID 4 PRECIPITATE
5 10,4 + B-alanine 88 CLEAR 33 CLEAR
6 0, + B-alanine + Ag* 41 TURBID 19 PRECIPITATE
7 Polyglutaraldehyde 88 CLEAR 49 CLEAR
(PGA)
8 PGA-B-alanine 87 CLEAR 27 CLEAR
9 PGA- B-alanine + Ag* 72 TURBID 20 TURBID
10 | PGA- B-alanine + Ag* 74 TURBID 19 TURBID
x2

[0297] The activity and dissolvability of the native (untreated) enzymes are presented in entry 1 of Table 4, and serve
as a control standard for enzymatic activity and dissolvability to which the results obtained for the treated enzyme sample
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are compared.

[0298] Comparing the results obtained with glucose oxidase to those obtained with peroxidase generally indicate that
both enzymes undergo the metallization process described above, while retaining a significant level of their activity and
dissolvability. The results also highlight the greater overall sensitivity of glucose oxidase to each of the activation,
modification and metallization steps applied, as compared with the relative durability of peroxidase.

[0299] Thus, the residual activity of glucose oxidase following treatment with periodate or polyglutaraldehyde was less
than 50 %, whereby the residual activity of proxidase following the same treatments was nearly 90 % (see, entries 2
and 7 in Table 4). No effect on the dissolvability of both enzymes was recorded after these treatments.

[0300] The residual activity of glucose oxidase following treatment with periodate and conjugation to adipic-dihydrazide
was 35 %, whereby residual activity of proxidase following the same treatments was less than 90 % (see, entry 3 in
Table 4). No effect on the dissolvability of both enzymes was recorded after these treatments.

[0301] The residual activity of glucose oxidase following treatment with periodate, conjugation to adipic-dihydrazide
and deposition of silver was less than 5 %, whereby residual activity of proxidase following the same treatments was
nearly 30 % (see, entry 4 in Table 4). Following these treatments, glucose oxidase precipitated, whereby the solution
of peroxidase following the same treatments became turbid.

[0302] The residual activity of glucose oxidase following treatment with periodate and conjugation to -alanine was
less than 35 %, whereby residual activity of proxidase following the same treatments was nearly 90 % (see, entry 5 in
Table 4). No effect on the dissolvability of both enzymes was recorded after these treatments.

[0303] The residual activity of glucose oxidase following treatment with periodate, conjugation to -alanine and dep-
osition of silver was nearly 20 %, whereby residual activity of proxidase following the same treatments was more than
40 % (see, entry 6 in Table 4). Following these treatments, glucose oxidase precipitated, whereby the solution of per-
oxidase following the same treatments became turbid.

[0304] The residual activity of glucose oxidase following treatment with polyglutaraldehyde and conjugation to [3-
alanine was less than 30 %, whereby residual activity of proxidase following the same treatments was less than 90 %
(see, entry 8 in Table 4). No effect on the dissolvability of both enzymes was recorded after these treatments.

[0305] The residual activity of glucose oxidase following treatment with polyglutaraldehyde, conjugation to 3-alanine
and silver deposition was 20 %, whereby the residual activity of proxidase following the same treatments was more than
70 % (see, entry 9in Table 4). Following these treatments, the solution of both glucose oxidase and precipitated became
turbid, but both enzymes remained dissolvable. The same results were recorded when the thickened silver metallization
procedure (double silver deposition) was applied for both enzymes (see, entry 10 in Table 4).

[0306] These results clearly indicate that using the methodologies for depositing silver on the surface of enzymes,
described hereinabove, silver-coated peroxidase which retains almost 75 % of its native activity, and substantially main-
tains its dissolvability, and silver-coated glucose oxidase which retains about 20 % of its native activity, and substantially
maintains its dissolvability are obtained. These results further indicate that activation of both enzymes with polyglutar-
aldehyde followed by conjugation of B-alanine provided the most efficient modified enzymes in terms of the dissolvability
and retained activity of the silver-coated enzymes obtained therefrom.

Antibacterial and fungistatic activity of silver-metallized glucose oxidase:
[0307] The anti-bacterial and anti-fungal activity of silver-coated glucose oxidase was assayed as follows:

Targeted microorganism samples were grown in various Difco® culture media under shaking overnight at 30 °C,
using the following growth media: T. rubrum was grown under shaking in Sabouraud glucose agar (SDA) or broth
(SDB) medium for two days at 30°C; S. aureus was grown in tryptic soy agar (TSA) or broth (TSB); and E. coli and
B. megateriumwas grown under shaking in Luria-Bertani (LB) medium with glucose or LB with agar (15 %) overnight
at 30 °C. A 20 pl sample of each of the targeted organisms were used to inoculate 100 wl wells of ELISA plates
furnished with nutrient agar, and were allowed to grow for 2 hours prior to introduction to silver-metallized glucose
oxidase.

[0308] Thetwosamples of silver-coated glucose oxidase which displayed the highest residual activity and dissolvability,
as presented in Table 4 above, were tested for their antibacterial activity. These samples included a silver-coated glucose
oxidase obtained by activating the enzyme with polyglutaraldehyde, followed by conjugation to -alanine, and further
followed by silver deposition, as described in detail hereinabove and a doubly-coated glucose oxidase obtained by
activating the silver-coated enzyme with polyglutaraldehyde, followed by conjugation to B-alanine, and further followed
by deposition of an additional silver coating thereon. Fifty microliters of a silver-coated enzyme solution (5 mg/ml in
water) of each of the abovementioned samples were added to the ELISA plate wells containing the targeted organisms.
Water or null was added to the controls wells.

[0309] The bacterial samples were tested for the antibacterial and fungistatic activity of the silver-coated enzyme after
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1 and 5 days, by monitoring colonies growth under a stereomicroscope.

[0310] The results indicated that the presence of silver-coated glucose oxidase in wells containing bacterial cultures
caused inhibition of cell growth.

[0311] Images of the ELIZA plates in which the microorganism samples were grown in the presence and absence
(control) of silver-coated glucose oxidase are presented in Figures 5a (following 1 day) and Figure 5b (following 5 days).
[0312] Ascanbe seen in Figures 5a and 5b, the growth of the three bacterial strains tested was substantially inhibited
in the presence of both samples of silver-coated glucose oxidase, while the doubly-metallized enzyme was found to
more effective than the singly-metallized enzyme.

Preparation and use of glucose biosensors using silver-metallized glucose oxidase:

[0313] Micro-electrodes were prepared by depositing various solutions of glucose oxidase at various stages of the
treatment on the path to the doubly silver-metallized glucose oxidase, as is detailed below, onto screen-printed electrodes.
Glucose oxidase solutions (2 pl), having a protein concentration of 3 mg/ml in double distilled water, were deposited
onto a carbon-ink disposable working screen-printed electrode (Gwent, UK) and the electrode was thereafter allowed
to dry at room temperature. The electrodes were then covered with nafion (0.05 %), a composition that is able to conduct
solvated hydrogen ions but not electrons, and were thereafter allowed to dry.

[0314] A B-Glucose solution (200 mM) was prepared and was mutarotated over night before use. The various screen-
printed electrodes, having glucose oxidase deposited thereon were dipped in an electrolyte solution containing phosphate
buffer solution (0.1 M, pH 7), KCI (0.1 M) and ferrocene monocarboxylic acid (1 mM) as a mediator, at room temperature.
Each electrochemical cell further included an Ag/AgCI reference electrode and a carbon-ink counter electrode.

[0315] Glucose determination assays were conducted by adding the glucose solution to the electrochemical measuring
cell at constant time intervals. The resulting current was automatically recorded using BAS potentiostat (Bio-Analytical
Systems, US) set to a scan rate of 50 mV per second.

[0316] In electrodes having silver-coated enzyme deposit, throughout the first potential scan, some of the silver in the
thin metallic coating layer was oxidized into Ag+, which immediately reacted with Fc, returning to its metallic state and
increasing the near-surface concentration of Fc+ levels, which were in turn ready to react again with the reduced enzyme.
[0317] Figure 7 presents comparative plots of cyclic voltammograms of electro-catalytic currents (in microamperes)
plotted versus electric potential (in millivolts) as recorded for five samples of glucose-oxidase at various stages of
preparation of the silver-metallized enzyme, marked as follows:

(a) untreated glucose oxidase;

(b) polyglutaraldehyde-treated glucose oxidase;

(c) polyglutaraldehyde and B-alanine-treated glucose oxidase;

(d) polyglutaraldehyde and B-alanine-treated glucose oxidase coated with silver; and
(e) polyglutaraldehyde and B-alanine-treated glucose oxidase doubly coated with silver.

[0318] Figure 8 presents comparative plots of electro-catalytic peak currents plotted versus glucose concentration as
recorded for three samples of glucose-oxidase at various stages of preparation of the silver-metallized enzyme, marked
as follows:

untreated glucose oxidase in blue diamonds (corresponding to sample "a" above);
Silver-metallized glucose oxidase in magenta rectangles (corresponding to sample "d" above); and
Doubly silver-metallized glucose oxidase in green triangles (corresponding to sample "e" above).

[0319] AscanbeseeninFigures 7 and 8, the highest electro-catalytic peak current was recorded, and hence a superior
performance, was obtained with the electrode having the doubly-metallized glucose-oxidase enzyme deposited thereon,
demonstrating the beneficial use of silver-coated enzymes, and especially the doubly-coated enzymes of the present
invention, as glucose biosensors.

[0320] Itis appreciated that certain features of the invention, which are, for clarity, described in the context of separate
embodiments, may also be provided in combination in a single embodiment. Conversely, various features of the invention,
which are, for brevity, described in the context of a single embodiment, may also be provided separately or in any suitable
sub-combination.

Claims

1. A composition-of-matter comprising a protein having a surface and further having a biological activity and a metallic
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silver coating deposited over at least a portion of said surface and forming a silver-coated protein, said silver-coated
protein being dissolvable in an aqueous medium and retaining said biological activity.

The composition-of-matter of claim 1, wherein said surface of said protein comprises an oxidized reducing moiety
attached to at least a portion thereof.

The composition-of-matter of claim 1, wherein said protein is selected from the group consisting of an antibody, a
lectin, a nucleic acid binding protein, a cellular protein, a serum protein, a growth factor, a hormone, an enzyme, a
glycoprotein and a transcription factor.

The composition-of-matter of claim 1, wherein said protein is an enzyme.
The composition-of-matter of claim 1, wherein said enzyme is a hydrogen peroxide producing enzyme.

The composition-of-matter of claims 1, wherein said silver-coated protein is prepared by contacting a modified
protein with an aqueous solution of silver ions, said modified protein comprising said protein having said surface
and at least one reducing moiety being conjugated to said surface, said at least one reducing moiety reduces said
silver ions so as to produce metallic silver..

The composition-of-matter of claim 6, wherein said reducing moiety is selected from the group consisting of imine,
hydrazine and hydrazide.

A process of preparing a silver-coated protein, the process comprising:

providing a first aqueous solution containing silver ions;

providing a protein having a first reactive group on a surface thereof;

conjugating to said first reactive group a first chemical moiety selected such that upon said conjugating a protein
having a first reducing moiety attached to said surface is obtained; and

contacting said protein having said first reducing moiety attached to said surface with said first aqueous solution,
so as to effect reduction of said silver ions and to produce metallic silver, to thereby form a first silver coating
on at least a first portion of said surface, thereby obtaining the silver-coated protein.

9. A process of preparing the composition-of-matter of claim 1, the process comprising:

providing a first aqueous solution containing silver ions;

providing a protein having a first reactive group on a surface thereof;

conjugating to said first reactive group a first chemical moiety selected such that upon said conjugating a protein
having a first reducing moiety attached to said surface is obtained; and

contacting said protein having said first reducing moiety attached to said surface with said first aqueous solution,
so as to effect reduction of said silver ions and to produce metallic silver, to thereby form said silver-coated
protein having a first silver coating on at least a first portion of said surface, thereby obtaining the composition-
of-matter.

10. The process of any of claims 8 and 9, further comprising:

providing a second aqueous solution containing silver ions;

providing a silver-coated protein having a second reactive group on a surface thereof, and further having said
first silver coating deposited on at least a portion of said surface;

conjugating to said second reactive group a second chemical moiety selected such that upon said conjugating
a protein having a second reducing moiety attached to said surface is obtained; and

contacting said protein having said second reducing moiety attached to said surface with said second aqueous
solution, so as to effect reduction of said silver ions and to produce metallic silver, to thereby form a second
silver coating on at least a second portion of said surface, thereby obtaining the silver-coated protein.

11. A pharmaceutical composition useful in the treatment of a bacterial and/or fungal infection, comprising, as an active

ingredient, the composition-of-matter of claim 5 and a pharmaceutically acceptable carrier.

12. The pharmaceutical composition of claim 11, being packaged in a packaging material and identified in print, in or
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on said packaging material, for use in the treatment of said infection.

A pharmaceutical composition comprising, as an active ingredient, the composition-of-matter of claim 1 and a
pharmaceutically acceptable carrier.

The composition-of-matter of claim 1 for use as a medicament.

Use of the composition-of-matter of claim 5 in the preparation of a medicament for treating a bacterial and/or fungal
infection.

The use of claim 15, wherein a substrate of said hydrogen peroxide producing enzyme is a sugar.

The use of claim 16, wherein said sugar is glucose.

The use of claim 17, wherein said enzyme is glucose oxidase.

A conductive element comprising the composition-of-matter of claim 1.

The conductive element of claim 19, having a size that ranges between 1 and 1000 nanometer.

An electronic circuit assembly comprising an arrangement of conductive elements interconnecting a plurality of

electronic elements wherein at least a portion of said conductive elements comprises the composition-of-matter of

claim 1.

An electrode comprising the composition-of-matter of claim 1 deposited thereon.

A biosensor system for electrochemically determining a level of an analyte in a liquid sample, the system comprising:
an insulating base; and
an electrode system which comprises the electrode of claim 22, wherein said protein is selected capable of
chemically reacting with the analyte while producing a transfer of electrons.

The biosensor system of claim 23, further comprising an electron transfer mediator.

A method of electrochemically determining a level of an analyte in a liquid sample, the method comprising:

contacting the biosensor system of claim 23 with the liquid sample; and
measuring said transfer of electrons, thereby determining the level of the analyte in the sample.

The electrode, system or method of any of claims 22-25, wherein said protein is an oxidoreductase enzyme.
The electrode, system or method of claim 26, wherein said enzyme is glucose oxidase.

The system or method of claim 27, being used for determining a level of glucose in a liquid sample.

Patentanspriiche

1.

Stoffzusammensetzung, umfassend ein Protein mit einer Oberflache und ferner mit einer biologischen Aktivitat und
einer metallischen Silberbeschichtung, die Gber mindestens einen Abschnitt der Oberflache abgeschieden ist und
ein silberbeschichtetes Protein bildet, wobei das silberbeschichtete Protein in einem wassrigen Medium I6slich ist
und die biologische Aktivitat beibehalt.

Stoffzusammensetzung nach Anspruch 1, wobei die Oberflache des Proteins eine oxidierte Reduktionskomponente
umfasst, die an mindestens einen Abschnitt davon gebunden ist.

Stoffzusammensetzung nach Anspruch 1, wobei das Protein aus der Gruppe bestehend aus einem Antikorper,
einem Lectin, einem Nucleinsaure bindenden Protein, einem zelluldren Protein, einem Serumprotein, einem Wachs-
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tumsfaktor, einem Hormon, einem Enzym, einem Glycoprotein und einem Transkriptionsfaktor ausgewahilt ist.

4. Stoffzusammensetzung nach Anspruch 1, wobei es sich bei dem Protein um ein Enzym handelt.

5. Stoffzusammensetzung nach Anspruch 1, wobei es sich bei dem Protein um ein Wasserstoffperoxid erzeugendes
Enzym handelt.

6. Stoffzusammensetzung nach Anspruch 1, wobei das silberbeschichtete Protein durch In-Kontakt-bringen eines
modifizierten Proteins mit einer wassrigen Lésung von Silberionen hergestellt wird, wobei das modifizierte Protein
das Protein mit der Oberflaiche und mindestens einer Reduktionskomponente umfasst, die mit der Oberflache
konjugiert ist, wobei die mindestens eine Reduktionskomponente die Silberionen reduziert, um metallisches Silber
Zu erzeugen.

7. Stoffzusammensetzung nach Anspruch 6, wobei die Reduktionskomponente aus der Gruppe bestehend aus Imin,
Hydrazin und Hydrazid ausgewahlt ist.

8. Prozess zur Herstellung eines silberbeschichteten Proteins, wobei der Prozess umfasst:

Bereitstellen einer ersten wassrigen Lésung, die Silberionen enthalt;

Bereitstellen eines Proteins mit einer ersten reaktiven Gruppe auf einer Oberflache davon;

Konjugieren mit der ersten reaktiven Gruppe einer ersten chemischen Komponente, die derart ausgewahlt ist,
dass beim Konjugieren ein Protein mit einer ersten Reduktionskomponente erhalten wird, die an die Oberflache
gebunden ist; und

In-Kontakt-bringen des Proteins mit der ersten Reduktionskomponente, die an die Oberflache gebunden ist,
mit der ersten wassrigen Lésung, um eine Reduktion der Silberionen zu bewirken und metallisches Silber zu
erzeugen, um dadurch eine erste Silberbeschichtung auf mindestens einem ersten Abschnitt der Oberflache
zu bilden, um dadurch das silberbeschichtete Protein zu erhalten.

9. Prozess zur Herstellung der Stoffzusammensetzung nach Anspruch 1, wobei der Prozess umfasst:

Bereitstellen einer ersten wassrigen Lésung, die Silberionen enthalt;

Bereitstellen eines Proteins mit einer ersten reaktiven Gruppe auf einer Oberflache davon;

Konjugieren mit der ersten reaktiven Gruppe einer ersten chemischen Komponente, die derart ausgewahlt ist,
dass beim Konjugieren ein Protein mit einer ersten Reduktionskomponente erhalten wird, die an die Oberflache
gebunden ist; und

In-Kontakt-bringen des Proteins mit der ersten Reduktionskomponente, die an die Oberflache gebunden ist,
mit der ersten wassrigen Lésung, um eine Reduktion der Silberionen zu bewirken und metallisches Silber zu
erzeugen, um dadurch das silberbeschichtete Protein mit einer ersten Silberbeschichtung auf mindestens
einem Abschnitt der Oberflache zu bilden, um dadurch die Stoffzusammensetzung zu erhalten.

10. Prozess nach einem der Anspriiche 8 und 9, umfassend:

Bereitstellen einer zweiten wassrigen Losung, die Silberionen enthalt;

Bereitstellen eines silberbeschichteten Proteins mit einer zweiten reaktiven Gruppe auf einer Oberflache davon
und ferner mit der ersten Silberbeschichtung, die auf mindestens einen Abschnitt der Oberflache abgeschieden
ist;

Konjugieren mit der zweiten reaktiven Gruppe einer zweiten chemischen Komponente, die derart ausgewahlt
ist, dass beim Konjugieren ein Protein mit einer zweiten Reduktionskomponente erhalten wird, die an die Ober-
flache gebunden ist; und

In-Kontakt-bringen des Proteins mit der zweiten Reduktionskomponente, die an die Oberflaiche gebunden ist,
mit der zweiten wassrigen Losung, um eine Reduktion der Silberionen zu bewirken und metallisches Silber zu
erzeugen, um dadurch eine zweite Silberbeschichtung auf mindestens einem zweiten Abschnitt der Oberflache
zu bilden, um dadurch das silberbeschichtete Protein zu erhalten.

11. Pharmazeutische Zusammensetzung, die bei der Behandlung einer Bakterien- und/oder Pilzinfektion verwendbar

ist und als eine aktive Substanz die Stoffzusammensetzung nach Anspruch 5 und einen pharmazeutisch unbedenk-
lichen Trager umfasst.
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Pharmazeutische Zusammensetzung nach Anspruch 11, die in einem Verpackungsmaterial verpackt und in oder
auf dem Verpackungsmaterial gedruckt identifiziert ist, zur Verwendung bei der Behandlung der Infektion.

Pharmazeutische Zusammensetzung, umfassend als eine aktive Substanz die Stoffzusammensetzung nach An-
spruch 1 und einen pharmazeutisch unbedenklichen Trager.

Stoffzusammensetzung nach Anspruch 1 zur Verwendung als ein Medikament.

Verwendung der Stoffzusammensetzung nach Anspruch 5 bei der Herstellung eines Medikaments zur Behandlung
einer Bakterien- und/oder Pilzinfektion.

Verwendung nach Anspruch 15, wobei ein Substrat des Wasserstoffperoxid erzeugenden Enzyms Zucker ist.
Verwendung nach Anspruch 16, wobei es sich bei dem Zucker um Glucose handelt.

Verwendung nach Anspruch 17, wobei es sich bei dem Enzym um Glucose-Oxidase handelt.

Leitendes Element, umfassend die Stoffzusammensetzung nach Anspruch 1.

Leitendes Element nach Anspruch 19 mit einer Grofe, die von 1 bis 1000 Nanometer reicht.

Elektronische Schaltungsanordnung, umfassend eine Anordnung von leitenden Elementen, die eine Mehrzahl von
elektronischen Elementen miteinander verbinden, wobei mindestens ein Teil der leitenden Elemente die Stoffzu-
sammensetzung nach Anspruch 1 umfasst.

Elektrode, umfassend die Stoffzusammensetzung nach Anspruch 1 darauf abgeschieden.

Biosensorsystem zum elektrochemischen Bestimmen eines Gehalts an einem Analyten in einer fllissigen Probe,
wobei das System umfasst:

eine Isolierbasis; und

ein Elektrodensystem, das die Elektrode nach Anspruch 22 umfasst, wobei das Protein so ausgewahlt ist, dass
es imstande ist, wahrend des Bewirkens eines Transfers von Elektronen chemisch mit dem Analyten zu rea-
gieren.

Biosensorsystem nach Anspruch 23, ferner umfassend einen Elektronentransfervermittler.

Verfahren zum elektrochemischen Bestimmen eines Gehalts an einem Analyten in einer flissigen Probe, wobei
das Verfahren umfasst:

In-Kontakt-bringen des Biosensorsystems nach Anspruch 23 mit der flissigen Probe; und
Messen des Transfers von Elektronen, um dadurch den Gehalt an Analyten in der Probe zu bestimmen.

Elektrode, System oder Verfahren nach einem der Anspriiche 22 bis 25, wobei es sich bei dem Protein um ein
Oxidoreduktase-Enzym handelt.

Elektrode, System oder Verfahren nach Anspruch 26, wobei es sich bei dem Enzym um Glucose-Oxidase handelt.

System oder Verfahren nach Anspruch 27, das zum Bestimmen eines Gehalts an Glucose in einer flliissigen Probe
verwendet wird.

Revendications

Composition de matiére comprenant une protéine ayant une surface et ayant en outre une activité biologique et un
revétement d’agent métallique déposé par-dessus au moins une portion de ladite surface et formant une protéine
revétue d’argent, ladite protéine revétue d’argent pouvant étre dissoute dans un milieu aqueux et conservant ladite
activité biologique.
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Composition de matiere selon la revendication 1, dans laquelle ladite surface de ladite protéine comprend un
fragment réducteur oxydé attaché a au moins une portion de celle-ci.

Composition de matiére selon la revendication 1, dans laquelle ladite protéine est choisie dans le groupe consistant
en un anticorps, une lectine, une protéine de liaison aux acides nucléiques, une protéine cellulaire, une protéine
sérique, un facteur de croissance, une hormone, une enzyme, une glycoprotéine et un facteur de transcription.

Composition de matiére selon la revendication 1, dans laquelle ladite protéine est une enzyme.

Composition de matiére selonlarevendication 1, dans laquelle ladite enzyme est une enzyme produisant du peroxyde
d’hydrogene.

Composition de matiére selon la revendication 1, dans laquelle ladite protéine revétue d’argent est préparée en
mettant en contact une protéine modifiée avec une solution aqueuse d’ions argent, ladite protéine modifiée com-
prenant ladite protéine ayant ladite surface et au moins un fragment

réducteur étant conjugué a ladite surface, ledit au moins un fragment réducteur réduisant lesdits ions argent de
fagon a produire de I'argent métallique.

Composition de matiere selon la revendication 6, dans laquelle ledit fragment réducteur est choisi dans le groupe
consistant en une imine, une hydrazine et un hydrazide.

Procédé de préparation d’'une protéine revétue d’argent, le procédé comprenant les étapes consistant a :

fournir une premiére solution aqueuse contenant des ions argent ;

fournir une protéine comportant un premier groupe réactif sur une surface de celle-ci;

conjuguer audit premier groupe réactif un premier fragment chimique choisi de telle sorte que lors de ladite
conjugaison, une protéine ayant un premier fragment réducteur attaché a ladite surface est obtenue ; et
mettre en contact ladite protéine ayant ledit premier fragment réducteur attaché a ladite surface avec ladite
premiéere solution aqueuse, de fagon a effectuer une réduction desdits ions argent et a produire de I'argent
métallique, pour former ainsi un premier revétement d’argent sur au moins une premiére portion de ladite
surface, obtenant ainsi la protéine revétue d’argent.

9. Procédé de préparation de la composition de matiere de la revendication 1, le procédé comprenant les étapes

consistant a :

fournir une premiére solution aqueuse contenant des ions argent ;

fournir une protéine comportant un premier groupe réactif sur une surface de celle-ci;

conjuguer audit premier groupe réactif un premier fragment chimique choisi de telle sorte que lors de ladite
conjugaison, une protéine ayant un premier fragment réducteur attaché a ladite surface est obtenue ; et
mettre en contact ladite protéine ayant ledit premier fragment réducteur attaché a ladite surface avec ladite
premiéere solution aqueuse, de fagon a effectuer une réduction desdits ions argent et a produire de I'argent
métallique, pour former ainsi ladite protéine revétue d’argent ayant un premier revétement d’argent sur au moins
une premiere portion de ladite surface, obtenant ainsi la composition de matiére.

10. Procédé selon 'une quelconque des revendications 8 et 9, comprenant en outre les étapes consistant a :

fournir une seconde solution aqueuse contenant des ions argent ;

fournir une protéine revétue d’argent ayant un second groupe réactif sur une surface de celle-ci, et ayant en
outre ledit premier revétement d’argent déposé sur au moins une portion de ladite surface ;

conjuguer audit second groupe réactif un second fragment chimique choisi de telle sorte que lors de ladite
conjugaison, une protéine ayant un second fragment réducteur attaché a ladite surface est obtenue ; et
mettre en contact ladite protéine ayant ledit second fragment réducteur attaché a ladite surface avec ladite
seconde solution aqueuse, de fagon a effectuer une réduction desdits ions argent et a produire de I'argent
métallique, pour former ainsi un second revétement d’argent sur au moins une seconde portion de ladite surface,
obtenant ainsi la protéine revétue d’argent.

11. Composition pharmaceutique utile dans le traitement d’une infection bactérienne et/ou fongique comprenant, comme

ingrédient actif, la composition de matiere de la revendication 5 et un support pharmaceutiquement acceptable.
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Composition pharmaceutique selon la revendication 11, qui est emballée dans un matériau d’emballage et identifiée
par une impression, dans ou sur ledit matériau d’emballage, a utiliser dans le traitement de ladite infection.

Composition pharmaceutique comprenant, comme ingrédient actif, la composition de matiére de la revendication
1 et un support pharmaceutiquement acceptable.

Composition de matiere selon la revendication 1, a utiliser comme médicament.

Utilisation de la composition de matiére de la revendication 5, dans la préparation d’'un médicament destiné au
traitement d’une infection bactérienne et/ou fongique.

Utilisation selon la revendication 15, dans laquelle un substrat de ladite enzyme produisant du peroxyde d’hydrogéne
est un sucre.

Utilisation selon la revendication 16, dans laquelle ledit sucre est le glucose.

Utilisation selon la revendication 17, dans laquelle ladite enzyme est la glucose oxydase.

Elément conducteur comprenant la composition de matiére de la revendication 1.

Elément conducteur selon la revendication 19, ayant une taille qui varie entre 1 et 1 000 nanomeétres.

Ensemble de circuit électronique comprenant un agencement d’éléments conducteurs interconnectant une pluralité
d’éléments électroniques, ol au moins une portion desdits éléments conducteurs comprend la composition de
matiere de la revendication 1.

Electrode comprenant la composition de matiére de la revendication 1 déposée dessus.

Systéme de biocapteur pour déterminer électrochimiquement un taux d’un analyte dans un échantillon liquide, le
systeme comprenant:

une base isolante ; et
un systéme d’électrode qui comprend I'électrode de la revendication 22, ou ladite protéine est choisie de fagon
a étre capable de réagir chimiquement avec I'analyte tout en produisant un transfert d’électrons.

Systéme de biocapteur selon la revendication 23, comprenant en outre un médiateur de transfert d’électrons.

Procédé de détermination électrochimique d’un taux d’un analyte dans un échantillon liquide, le procédé comprenant
les étapes consistant a :

mettre en contact le systeme de biocapteur de la revendication 23 avec I'échantillon liquide ; et
mesurer ledit transfert d’électrons, déterminant ainsi le taux de I'analyte dans I'échantillon.

Electrode, systéme ou procédé selon I'une quelconque des revendications 22 a 25, ou ladite protéine est une
enzyme oxydoréductase.

Electrode, systéme ou procédé selon la revendication 26, ou ladite enzyme est une glucose oxydase.

Systéme ou procédé selon la revendication 27, qui est utilisé pour déterminer un taux de glucose dans un échantillon
liquide.
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