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(57) ABSTRACT

A printed radiation sensor that includes a substrate, an
interdigitated electrode, and a conductive polymeric film.
The mterdigitated electrode including a first electrode with
a plurality of first electrode digits and a second electrode
with a plurality of second electrode digits. The interdigitated
clectrode disposed on the substrate. The conductive poly-
meric film 1ncluding a blend of poly(3,4-ethylenedioxythio-
phene) polystyrene sulfonate (PEDOT:PSS) and polyvinyl

alcohol (PVA). The PEDOT:PSS 1s configured to provide an
clectrically conductive medium. The PVA i1s configured to

provide ductility and stability of the printed radiation sensor.
Upon radiation exposure, the PVA 1s further configured to
crosslink within a material matrix of the printed radiation
sensor militating against the recombination of chain scission
by forming a semi-interpenetrating polymer network (SIPN)

with the PEDOT:PSS to provide an enhanced and stable
impedance reading.
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SENSOR SYSTEM AND METHOD FOR
GAMMA RADIATION DOSE
MEASUREMENT

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application Ser. No. 63/134,276, filed on Jan. 6, 2021. The
entire disclosure of the above application 1s hereby incor-
porated herein by reference.

FIELD

The present disclosure relates to sensors and, more par-
ticularly, to gamma radiation sensors.

INTRODUCTION

This section provides background information related to
the present disclosure which 1s not necessarily prior art.

According to the latest disinfection and sterilization
guidelines published by U.S. Centers for Disease Control
and Prevention (CDC) for medical facilities, around ~47
million surgical and 1nvasive medical procedures are per-
formed annually. These procedures include unavoidable
contact by a surgical instrument or medical device with the
patient’s mucous membrane, vascular system, and/or sterile
tissue. The use of infected or unsterilized medical equipment
for another patient transports not only a threat related with
breach of host barriers but also the risk for human-to-human
spread of various illnesses, such as Coronavirus Disease-
2019 (Covid-19) and hepatitis uB virus, provided as non-
limiting examples. Therefore, to militate against the surgical
or medical instruments from transmitting infectious patho-
gens to patients, as well as to stop the spread of ongoing
Covid-19, proper sterilization and cleaning of all pharma-
ceutical equipment (e.g., reusable, and single-use bioreac-
tors) and food 1s extremely important and essential. Steril-
1zation should be understood as a process used to effectively
kill or mnactivate harmiul microorganisms (e.g., microbes
and viruses) present on a specific surtace.

The conventional sterilization methods fall into one of the
tollowing categories: thermal sterilization, radiation steril-
ization, chemical sterilization, and filtration. Many single
use medical devices, such as syringes, surgical gloves,
masks, and personal protective equipment (PPE), are chemi-
cal and temperature sensitive, which makes the radiation
sterilization method a preferred method over thermal and
chemical sterilization processes. Moreover, as seen during
the Covid-19 pandemic, when there i1s a large demand for
proper sterilization of single use i1tems (such as masks and
PPE kits) at a rapid scale, a fast radiation sterilization
method 1s preferred over the slower thermal and chemical
sterilization processes. Additionally, radiation sterilization
oflers competitive advantages over other sterilization meth-
ods such as enhanced penetration, heightened certainty of
sterility, and enhanced eflectiveness independent of tem-
perature and pressure conditions. Radiation sterilization can
also be used for sterilization of a final packed product
ensuring that the rradiated product remains sterile until the
product 1s removed from the package.

Despite the several benefits of radiation sterilization, it
also has the downside of requiring proper monitoring of the
dosage that 1s applied to the package or medical device. In
particular, when gamma radiation 1s used to sterilize poly-
mer-based products, significant attention should be given to
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2

avoid over-exposure and under-exposure of the product.
High radiation exposure may lead to deleterious eflects on
the chemical and mechanical characteristics of materials and
may create toxic compounds. Polymer degradation wvia
crosslinking and chain scission may occur simultaneously 1n
polymers at high radiation doses. Conversely, under-expo-
sure may result in the meflective eradication of pathogens
such as bacteria and viruses on the medical device. There-
fore, to avoid the over-exposure and under-exposure of
medical devices to gamma radiation, eflective monitoring of
radiation sterilization processes 1s important.

Many radiation sterilization facilities often require stack-
ing packaged medical mstruments 1n large tote containers.
Due to the high variability 1n terms of packaged medical
instruments and the material used 1n their fabrication, there
can be large variability between levels of exposure that each
packaged instrument may receive in this process. Therefore,
it 1s a critical need to have distributed sensors attached to
cach packaged instrument inside the container that can
measure the received dosage of each package after the
radiation sterilization process. Currently, two types of
known dosimeters (active and passive) have been used for
the radiation detection. Active technology commonly uti-
lizes some form of solid-state electronic device that mea-
sures the amount of 1onmizing radiation present in their
environment, which can be interfaced with a readout device.
These active devices are often too costly for use 1n such
sterilization processes and thus, their use 1s limited to
wearable dosimeter applications for occupational monitor-
ing applications by personnel 1n nuclear and hospital facili-
ties. Passive based technologies are often based on colori-
metric methods where a sensing compound changes color
with exposure to radiation. In spite of their simplicity, they
often require costly UV spectroscopy machinery for mea-
surement, as well as suffering from high variability and low
sensitivity. Hence, there remains a need to develop an
adequately sensitive, low cost, and easy to use platform for
monitoring the radiation sterilization process.

Recently, conducting polymers have been extensively
used for the development of printed low-cost sensors 1nclud-
ing humidity, temperature, pH, strain, and gas sensors. Even
more recently, due to unique changes exhibited by conduct-
ing polymers 1n their electrical properties upon exposure to
ionizing radiation, these polymers have also been used for
radiation sensing. For mstance, Pacheco et al., 2003, Polya-
niline/poly acid acrylic thin film composites: A new gamma
radiation detector, Mater. Charact. 50, 245-248, developed
thin films based on polyaniline/poly acid acrylic (PANI/
PAA) composites for gamma radiation detection. Bodugoz
et al., 2005, Radiation induced dehvdrochlorination as an
in-situ doping technigue for enhancement of the conductivity
of polvaniline blends, Nucl. Instruments Methods Phys. Res.
Sect. B Beam Interact. Mater. Atoms. 236, 153-159, studied
the 1n-situ radiation-induced acid doping process of polya-
niline/poly(vinyl) chloride (PANI/PVC) composites. Fur-
ther, Kane et al., 2010, Investigation on the effects of beta
and gamma irradiation on conducting polymers for sensor
applications, Radiation Physics and Chemistry 79, 1189-
1195, reported the eflects of 1omizing radiation on the
PEDOT-based materials to gamma and beta radiation doses

between 10 Gray and 107 Gray. However, the changes 1n
conductivity using PEDOT:PSS alone 1s erratic and 1ill-
suited for sensor applications. Despite the substantial prog-
ress 1 the radiation sensors using conducting polymers,
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there 1s a continuing need to develop a low-cost, flexible,
portable, and printed dosimeter at a large scale.

SUMMARY

In concordance with the instant disclosure, a radiation
sensing system and method that enhances the certainty of
adequate sterility and that may be manufactured more eth-
ciently over known radiation sensors, has been surprisingly
discovered.

In one embodiment, a radiation sensor includes a sub-
strate, an electrode, and a conductive polymeric film. The
substrate may be flexible. The electrode may be an inter-
digitated electrode including a first electrode with a plurality
of first electrode digits and a second electrode with a
plurality of second electrode digits. The interdigitated elec-
trode may be disposed on the substrate. The conductive
polymeric film may include a blend of poly(3,4-ethylenedi-
oxythiophene) polystyrene sulfonate (PEDOT:PSS) and
polyvinyl alcohol (PVA). The conductive polymeric film
may be disposed on and/or between the first electrode and
the second electrode. The radiation sensor may include an

—

all-printed sensor that utilizes a mixer of PVA and PEDOT:
PSS as the active radiation sensing material. The PEDOT:
PSS may act as the electrically conductive medium, whil

the PVA may advantageously provide ductility and stability
of the printed sensor. Upon radiation exposure, the PVA may
crosslink within a material matrix of the printed radiation
sensor militating against the recombination of chain scission
by forming a semi-interpenetrating polymer network (SIPN)
with PEDOT:PSS which may result in a more stable imped-
ance reading. Desirably, the radiation sensor may utilize
scalable printing technologies which may further permait
low-cost manufacturing of the radiation sensor at large scale.

In another embodiment, the present technology includes
methods of using the radiation sensor. For instance, a
method of using the radiation sensor may include providing
a sample to be treated by a gamma radiation. The method
may also include providing a sensor having a substrate, an
clectrode, and a conductive polymeric film. The substrate
may be flexible. The electrode may be an interdigitated
clectrode 1mncluding a first electrode with a plurality of first
clectrode digits and a second electrode with a plurality of
second electrode digits. The interdigitated electrode may be
disposed on the substrate. The conductive polymeric film
may include a blend of poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) and polyvinyl alcohol
(PVA). The conductive polymeric film may be disposed on
and/or between the first electrode and the second electrode.
Next, the method may include disposing the sensor within a
predetermined proximity to the sample. Afterwards, gamma
radiation may be applied to the sample. The method may
turther 1nclude monitoring a dose range of the gamma
radiation applied to the sample with the sensor.

Further areas of applicability will become apparent from
the description provided herein. It should be understood that
the description and specific examples are intended for pur-
poses of illustration only and are not intended to limit the
scope of the present disclosure.

DRAWINGS

The drawings described herein are for illustrative pur-
poses only of selected embodiments and not all possible
implementations and are not itended to limit the scope of
the present disclosure.
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FIG. 1(a) 1s a schematic diagram of a sensor including a
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) and polyvinyl alcohol (PVA) blend compos-

ite before 1rradiation, according to one embodiment of the
present disclosure;
FIG. 1(b) 1s a schematic diagram of the sensor including

a PEDOT:PSS/PVA composite, as shown 1n FIG. 1(a), after
irradiation, further depicting the PVA crosslinked which
may then hold the PEDOT:PSS chains in place after scis-

s10n, according to one embodiment of the present disclosure;

FIG. 2(a) 1s a schematic diagram of a substrate of the
sensor, according to one embodiment of the present disclo-
Sure;

FIG. 2(b) 1s a schematic diagram of an interdigitated
clectrode disposed on the substrate, as shown 1n FIG. 2(a),
according to one embodiment of the present disclosure;

FIG. 2(c) 1s a schematic diagram of an interdigitated
clectrode being plasma-treated on the substrate, as shown 1n
FIGS. 2(a)-2(b), according to one embodiment of the pres-
ent disclosure;

FIG. 2(d) 1s a schematic diagram of the PEDOT:PSS/PVA
composite forming a conductive polymeric film on the
interdigitated electrode and the substrate, as shown 1n FIGS.
2(a)-2(c), according to one embodiment of the present
disclosure:

FIG. 3(a) 1s a schematic diagram illustrating a contact
angle of the conductive polymeric film where the sensor 1s
plasma-treated 1 comparison to where the sensor 1s non-
plasma-treated, and furthering depicting the contact angle
where the conductive polymeric film does not include PVA
in comparison to where varying amounts of PVA are
included, according to one embodiment of the present dis-
closure;

FIG. 3(b) 1s a bar graph illustrating the quantified average
contact angles i1n the comparisons shown in FIG. 3(a),
according to one embodiment of the present disclosure;

FIG. 4 1s a schematic diagram, 1llustrating adhesion test
results of the conductive polymeric film to the interdigitated
clectrode where the sensor was non-plasma-treated in com-
parison to where the sensor was plasma-treated;

FIG. 5(a) 1s a line graph depicting the relative impedance
change over time until reaching stability of the sensor when
no PVA 1s mncluded i the conductive polymeric film in
comparison to when varying amounts of PVA 1s included 1n
the conductive polymeric film, according to one embodi-
ment of the present disclosure;

FIG. 5(b) 1s a bar graph illustrating the relative impedance
change of the sensor from the day of manufacturing com-
pared to the relative impedance change of the sensor at
twenty-four days after manufacturing, further depicting the
difference 1n relative impedance change over time when no
PVA 1s included 1n the conductive polymeric film 1n com-
parison to when varying amounts of PVA 1s imncluded 1n the
conductive polymeric film;

FIG. 6(a) 1s a line graph depicting the sensitivity of the
sensor to varying doses of gamma radiation when no PVA 1s
included 1n the conductive polymeric film in comparison to
when varying amounts of PVA 1s included 1n the conductive
polymeric film, according to one embodiment of the present
disclosure;

FIG. 6(b) 1s a line graph depicting the sensitivity of the
sensor over time when a 53 kGy dose of gamma radiation 1s
applied to the sensor when no PVA is included in the
conductive polymeric film 1n comparison to when varying
amounts of PVA 1s included in the conductive polymeric
f1lm, according to one embodiment of the present disclosure;
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FIG. 7(a) 1s a line graph 1illustrating the FTIR analysis of
a non-irradiated sensor when no PVA 1s included in the
conductive polymeric film 1n comparison to sensors irradi-
ated with varying doses of radiation that also do not have
PVA included 1n the conductive polymeric film, according to
one embodiment of the present disclosure;

FIG. 7(b) 1s an enlarged view of call-out A, as shown in
FIG. 7(a), 1llustrating the FTIR analysis of a non-irradiated
sensor when no PVA 1s included in the conductive polymeric
f1lm 1n comparison to sensors 1rradiated with varying doses
of radiation that also do not have PVA included in the
conductive polymeric film, according to one embodiment of
the present disclosure;

FI1G. 7(c) 1s a line graph 1llustrating the FTIR analysis of
a non-irradiated sensor where the conductive polymeric film
includes fifty weight percent PVA in comparison to sensors
irradiated with varying doses of radiation where the con-
ductive polymeric film also includes fifty weight percent
PVA, according to one embodiment of the present disclo-
SUre;

FIG. 7(d) 1s an enlarged view of call-out B, as shown in
FIG. 7(c), illustrating the FTIR analysis of a non-irradiated
sensor where the conductive polymeric film includes fifty
weilght percent PVA 1n comparison to sensors irradiated with
varying doses of radiation where the conductive polymeric
f1lm also 1includes fifty weight percent PVA, according to one
embodiment of the present disclosure;

FIG. 8 1s a schematic diagram 1llustrating the solubility of
the sensor 1n de-1onized water where non-irradiated sensors
are compared to 1rradiated sensors and where varying
amounts of PVA included 1n the conductive polymeric film
1s compared to where no PVA 1s included 1n the conductive
polymeric {ilm, according to one embodiment of the present
disclosure:

FI1G. 9(a) 1s a line graph illustrating a thermogravimetric
analysis of the sensor, further depicting a mass loss of a
non-irradiated sensor having no PVA 1n the conductive
polymeric film compared to a mass loss of an irradiated
sensor also having no PVA 1n the conductive polymeric film,
according to one embodiment of the present disclosure;

FIG. 9(b) 1s a line graph 1illustrating a thermogravimetric
analysis of the sensor, further depicting a mass loss of a
non-irradiated sensor having ten weight percent PVA 1n the
conductive polymeric film compared to a mass loss of an
irradiated sensor also having ten weight percent PVA 1n the
conductive polymeric film, according to one embodiment of
the present disclosure;

FIG. 9(c) 1s a line graph 1llustrating a thermogravimetric
analysis of the sensor, further depicting a mass loss of a
non-wrradiated sensor having twenty-five weight percent
PVA 1n the conductive polymeric film compared to a mass
loss of an 1rradiated sensor also having twenty-five weight
percent PVA 1 the conductive polymeric film, according to
one embodiment of the present disclosure;

FIG. 9(d) 1s a line graph 1illustrating a thermogravimetric
analysis of the sensor, further depicting a mass loss of a
non-irradiated sensor having fifty weight percent PVA 1n the
conductive polymeric film compared to a mass loss of an
irradiated sensor also having fifty weight percent PVA 1n the
conductive polymeric film, according to one embodiment of
the present disclosure;

FIG. 10 1s a schematic diagram 1llustrating the solubility
of the sensor in de-ionized water over time where non-
irradiated sensors are compared to irradiated sensors and
where varying amounts of PVA included in the conductive
polymeric film 1s compared to where no PVA 1s included in

10

15

20

25

30

35

40

45

50

55

60

65

6

the conductive polymeric film, according to one embodi-
ment of the present disclosure;

FIG. 11(a) 1s a line graph illustrating the solubility over
time of the conductive polymeric film in de-1onized water
via ultraviolet-visible spectroscopy, further depicting the
complete dissolution of the conductive polymeric film hav-
ing no PVA 1n both non-irradiated and irradiated sensors,
according to one embodiment of the present disclosure;

FIG. 11(b) 1s a line graph illustrating the solubility over
time of the conductive polymeric film 1n de-iomzed water
via ultraviolet-visible spectroscopy, further depicting the
complete dissolution of the conductive polymeric film hav-
ing 10 weight percent PVA 1n non-irradiated sensors but no
dissolution 1n irradiated sensors having 10 weight percent
PVA 1n the conductive polymeric film, according to one
embodiment of the present disclosure;

FIG. 11(c) 1s a line graph 1llustrating the solubility over
time of the conductive polymeric film 1n de-iomzed water
via ultraviolet-visible spectroscopy, further depicting the
complete dissolution of the conductive polymeric film hav-
ing 25 weight percent PVA 1n non-1rradiated sensors but no
dissolution 1n wrradiated sensors having 25 weight percent
PVA 1n the conductive polymeric film, according to one
embodiment of the present disclosure;

FIG. 11(d) 1s a line graph illustrating the solubility over
time of the conductive polymeric film 1n de-iomzed water
via ultraviolet-visible spectroscopy, further depicting the
complete dissolution of the conductive polymeric film hav-
ing 50 weight percent PVA 1n non-irradiated sensors but no
dissolution 1n rradiated sensors having 50 weight percent
PVA 1n the conductive polymeric film, according to one
embodiment of the present disclosure; and

FIG. 12 1s a flow chart illustrating a method of using the
sensor, according to one embodiment of the present disclo-
sure.

DETAILED DESCRIPTION

The following description of technology 1s merely exem-
plary in nature of the subject matter, manufacture and use of
one or more inventions, and 1s not intended to limit the
scope, application, or uses of any specific invention claimed
in this application or in such other applications as may be
filed claiming priority to this application, or patents 1ssuing
therefrom. Regarding methods disclosed, the order of the
steps presented 1s exemplary in nature unless otherwise
disclosed, and thus, the order of the steps can be different 1n
various embodiments, including where certain steps can be
simultaneously performed.

I. Definitions

Unless otherwise defined, all technical terms used herein
have the same meaning as commonly understood by one of
ordinary skill in the art to which the present disclosure
pertains.

As used herein, the terms “a’” and “an” indicate ““at least
one” of the 1tem 1s present; a plurality of such items may be
present, when possible. Except where otherwise expressly
indicated, all numerical quantities 1n this description are to
be understood as modified by the word “about” and all
geometric and spatial descriptors are to be understood as
modified by the word “substantially” i describing the
broadest scope of the technology. “About” when applied to
numerical values indicates that the calculation or the mea-
surement allows some slight imprecision 1n the value (with
some approach to exactness in the value; approximately or
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reasonably close to the value; nearly). If, for some reason,
the imprecision provided by “about” and/or “substantially™
1s not otherwise understood 1n the art with this ordinary
meaning, then “about” and/or “substantially” as used herein
indicates at least variations that may arise from ordinary
methods of measuring or using such parameters. In the
present disclosure the terms “about” and “around” may
allow for a degree of variability 1 a value or range, for
example, within 10%, within 5%, or within 1% of a stated
value or of a stated limit of a range. Likewise, 1n the present
disclosure the term “substantially” can allow for a degree of
variability 1 a value or range, for example, within 90%,
within 95%, or within 99% of a stated value or of a stated
limit of a range.

Although the open-ended term “comprising,” as a syn-
onym of non-restrictive terms such as including, containing,
or having, 1s used herein to describe and claim embodiments
of the present technology, embodiments may alternatively
be described using more limiting terms such as “consisting,
of” or “consisting essentially of” Thus, for any given
embodiment reciting materials, components, or process
steps, the present technology also specifically includes
embodiments consisting of, or consisting essentially of, such
materials, components, or process steps excluding additional
materials, components or processes (for consisting of) and
excluding additional materials, components or processes
aflecting the significant properties of the embodiment (for
consisting essentially of), even though such additional mate-
rials, components or processes are not explicitly recited in
this application. For example, recitation of a process reciting,
clements A, B and C specifically envisions embodiments
consisting of, and consisting essentially of, A, B and C,
excluding an element D that may be recited in the art, even
though element D 1s not explicitly described as being
excluded herein.

As referred to herein, disclosures of ranges are, unless
specified otherwise, inclusive of endpoints and include all
distinct values and further divided ranges within the entire
range. Thus, for example, a range of “from A to B” or “from
about A to about B” 1s inclusive of A and of B. Disclosure
of values and ranges of values for specific parameters (such
as amounts, weight percentages, etc.) are not exclusive of
other values and ranges of values useful herein. It 1s envi-
sioned that two or more specific exemplified values for a
given parameter may define endpoints for a range of values
that may be claimed for the parameter. For example, i
Parameter X 1s exemplified herein to have value A and also
exemplified to have value Z, it 1s envisioned that Parameter
X may have a range of values from about A to about Z.
Similarly, 1t 1s envisioned that disclosure of two or more
ranges ol values for a parameter (whether such ranges are
nested, overlapping, or distinct) subsume all possible com-
bination of ranges for the value that might be claimed using,
endpoints of the disclosed ranges. For example, 11 Parameter
X 1s exemplified herein to have values 1n the range of 1-10,
or 2-9, or 3-8, 1t 1s also envisioned that Parameter X may
have other ranges of values including 1-9, 1-8, 1-3, 1-2,
2-10, 2-8, 2-3, 3-10, 3-9, and so on.

When an element or layer 1s referred to as being “on,”
“engaged to,” “connected to,” or “coupled to” another
clement or layer, 1t may be directly on, engaged, connected,
or coupled to the other element or layer, or intervening
clements or layers may be present. In contrast, when an
clement 1s referred to as being “directly on,” “directly
engaged to,” “directly connected to” or “directly coupled to”
another element or layer, there may be no intervening
clements or layers present. Other words used to describe the
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relationship between elements should be interpreted in a like
fashion (e.g., “between” versus “directly between,” “adja-

cent” versus “directly adjacent,” etc.). As used herein, the
term “and/or” includes any and all combinations of one or
more of the associated listed 1tems.

Although the terms first, second, third, etc. may be used
herein to describe various elements, components, regions,
layers and/or sections, these elements, components, regions,
layers and/or sections should not be limited by these terms.
These terms may be only used to distinguish one element,
component, region, layer or section from another region,
layer, or section. Terms such as “first,” “second,” and other
numerical terms when used herein do not imply a sequence
or order unless clearly indicated by the context. Thus, a first
clement, component, region, layer, or section discussed
below could be termed a second element, component,
region, layer, or section without departing from the teach-
ings of the example embodiments.

Spatially relative terms, such as “iner,” “outer,”
“beneath,” “below,” “lower,” “above,” “upper,” and the like,
may be used herein for ease of description to describe one
clement or feature’s relationship to another element(s) or
feature(s) as 1llustrated 1n the figures. Spatially relative terms
may be intended to encompass different orientations of the
device 1n use or operation in addition to the orientation
depicted 1n the figures. For example, 1f the device in the
figures 1s turned over, elements described as “below™, or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the example
term “below” can encompass both an orientation of above
and below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

As used herein, the term “DI Water” refers to De-Ionized
Water which 1s water that has been treated to remove all
101S.

As used herein, the term “wt % refers to weight percent
which 1s the mass fraction of a substance within a mixture.

As used herein, the term “dosimeter” refers to a device
that measures dose uptake of external ionizing radiation.

II. Description

As shown m FIGS. 2(a)-2(d), a sensor 100 includes a
substrate 102, an electrode 104, 106, and a conductive
polymeric film 108. More particularly, the sensor 100 may
be a gamma radiation sensor. The substrate 102 may be a
flexible substrate. The electrode 104, 106 may be an inter-
digitated electrode. The interdigitated electrode 104, 106
may include a first electrode 104 and a second electrode 106.
The first electrode 104 may include a plurality of first
clectrode digits 110. The second electrode 106 may include
a plurality of second electrode digits 112. The interdigitated
clectrode 104, 106 may be disposed on the substrate 102.
The conductive polymeric film 108 may include a blend 114,
116 of poly(3.,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) 114 and polyvinyl alcohol (PVA)
116. The blend 114, 116 of PEDOT:PSS 114 and PVA 116
may be collectively known as a composite polymer and/or a
PEDOT:PSS/PVA composite. The conductive polymeric
film 108 may be disposed on the mnterdigitated electrode
104, 106. In a specific example, the conductive polymeric
f1lm 108 may be disposed on and between the first electrode
104 and the second electrode 106. The sensor 100 may
include an all-printed sensor that utilizes the blend 114, 116
of PVA 114 and PEDOT:PSS 116 as an active radiation
sensing material. The PEDOT:PSS 114 may act as the




US 11,960,037 B2

9

clectrically conductive medium, while the PVA 116 may
advantageously provide ductility and stability of the printed
sensor 100. Upon radiation exposure, the PVA 116 may
crosslink within a material matrix of the printed radiation
sensor 100 militating against the recombination of chain
scission by forming a semi-interpenetrating polymer net-
work (SIPN) 118 with PEDOT: PSS 114 which may result in
a more stable impedance reading. Desirably, the radiation
sensor 100 may utilize scalable printing technologies which
may further permit low-cost manufacturing of the radiation
sensor 100 at large scale.

The use of PVA 116 provides many advantages over other
stabilizing agents 1n known radiation sensors. For instance,
PVA 116 1s water soluble and may provide desirable cross-
linking properties. In a specific example, as shown in FIGS.
1(a-b), PVA 116 may crosslink when exposed to gamma
radiation which may then be configured to hold PEDOT:PSS
chains 114 1n place after scission. Without being bound to
any particular theory, it 1s believed that holding the PEDOT:
PSS chains 114 1n place may result 1n a linear change 1n
resistance as opposed to an exponential increase. Desirably,
the linear change in resistance enhances the stability of the
impedance reading for sensing purposes. One skilled 1n the
art may utilize other sensing materials to accommodate
various ranges ol radiation doses, within the scope of the
present disclosure.

The use of PEDOT:PSS 114 provides many advantages
over other electrically conductive mediums 1n known sen-
sors. For mstance, PEDOT:PSS 114 may be provided as a
more eflicient and cost-sensitive way to manufacture the
radiation sensor 100 due to its current use as a printed
material. Additive manufacturing and printing technologies
involve building a part or product by gradually adding layers
of matenal to create a final product. Advantageously, addi-
tive manufacturing may reduce the amount of material
needed to produce products compared to traditional subtrac-
tive manufacturing in which parts are machined. Further,
additive manufacturing allows for quick production of finely
detailed parts. In certain circumstances, the radiation sensor
100 may be a printed and a disposable sensor developed
through additive manufacturing and configured for single
use applications. By developing the radiation sensor 100 as
a printed dosimeter, the radiation sensor 100 may be manu-
factured more ethciently and provided less expensively
when compared to known sensors. Desirably, the radiation
sensor 100 provided as a printed material may also be more
casily incorporated into packaging designs. In a specific
example, the sensor 100 may be disposed on, within, and/or
coupled to a packaged product. In a more specific example,
the sensor 100 may be disposed on, within, and/or coupled

to a packaged medical device.
The blend 114, 116 of the conductive polymeric film 108

may include various amounts of PEDOT:PSS 114 and PVA
116. In a specific example, the blend 114, 116 may include
about 5-50 wt % of polyvinyl alcohol (PVA) 116, and about
50-95 wt % of poly(3,4-ethylenedioxythiophene) polysty-
rene sulfonate (PEDOT:PSS) 114. In a more specific
example, the blend 114, 116 may include about 7.5-12.5% of
polyvinyl alcohol (PVA) 116, and about 87.5-92.5 wt % of
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) 114. In an even more specific example, the
blend 114, 116 may include about 10 wt % of polyvinyl
alcohol (PVA) 116, and about 90 wt % of poly(3,4-ethyl-
enedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
114.

In certain circumstances, the radiation sensor 100 may
include ways of enhancing the adhesion and the spreading of
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the blend 114, 116 onto the interdigitated electrode 104, 106.
For instance, the sensor 100 may be plasma treated to

provide a desirably decreased contact angle CA. More
specifically, the interdigitated electrode 104, 106 may be
plasma treated. Advantageously, the decreased contact angle
CA may 1ncrease the surface wettability of the composite
polymer, thereby making it easier to consistently cover the
complete electrode 104, 106 interdigitated area with the
blend 114, 116. Further, the increased wettability of the
plasma treated interdigitated electrode 104, 106 may also
desirably enhance the adhesion of the blend 114, 116 to the
surface of the nterdigitated electrode 104, 106.

In another embodiment, the present technology includes
methods of using the sensor 100. For instance, a method 200
of using the sensor 100 may include a step 202 providing a
sample to be treated by radiation. In a specific example, the
radiation may be gamma-radiation. The method 200 may
also include a step 204 of providing a sensor 100 having a
substrate 102, an electrode 104, 106, and a conductive
polymeric film 108. The substrate 102 may be flexible. The
clectrode 104, 106 may be an interdigitated electrode includ-
ing a first electrode 104 with a plurality of first electrode
digits 110 and a second electrode 106 with a plurality of
second electrode digits 112. The interdigitated electrode
104, 106 may be disposed on the substrate 102. The con-
ductive polymeric film 108 may include a blend 114, 116 of
poly(3,4-ethylenedioxythiophene) polystyrene sulionate
(PEDOT:PSS) 114 and polyvinyl alcohol (PVA) 116. The
conductive polymeric film 108 may be disposed on the
interdigitated electrode 104, 106. In a specific example, the
conductive polymeric film 108 may be disposed on and
between the first electrode 104 and the second electrode 106.
In certain circumstances, the method 200 may also include
a step 206 of plasma-treating the sensor 100. More particu-
larly, the interdigitated electrode 104, 106 of the radiation
sensor 100 may be plasma-treated. In a specific example, the
step of plasma-treating the sensor 100 may be performed as
the sensor 100 1s manufactured and/or betfore the step 204 of
providing the sensor 100. Next, the method 200 may include
a step 208 of disposing the sensor 100 within a predeter-
mined proximity to the sample. The predetermined proxim-
ity may include disposing the sensor 100 substantially
adjacent to the sample, disposing the sensor 100 within the
same packaging as the sample, and/or disposing the sensor
100 substantially adjacent to the packaging containing the
sample. Afterwards, gamma radiation may be applied to the
sample. The method 200 may further include monitoring a
dose range of the gamma radiation applied to the sample
with the sensor 100. In certain circumstances, the sensor 100
may be configured to provide a substantially linear relative
change 1n resistance with a gamma radiation dose range of
greater than zero kilogray to about fifty-three kilogray.

I11.

Example

Provided as a specific, non-limiting example, one embodi-
ment of the radiation sensor 100 was produced by providing
an aqueous dispersion of 1.3 wt. % PEDOT:PSS (0.5 wt. %
PEDOT content and 0.8 wt. % PSS content,) as well as PVA
powder (Mw 9,000-10,000, 80% hydrolyzed), which were
obtained from SIGMA ALDRICH®. The PEDOT:PSS and
PVA powder may be used without any further purification.
For PEDOT:PSS/PVA composite preparation, a PVA stock
solution was made by dissolving 10 wt. % PVA in de-1on1zed
water and stirring at 90° C. for two hours followed by thirty
minutes in an oven at 70° C. for thirty minutes. The
PEDOT:PSS suspension was filtered with 12 um pore-size
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filter paper. The filtered PEDOT:PSS suspension and the
PVA solution were mixed to obtain PEDOT:PSS-PVA com-
posites 114, 116 with 10 wt. %, 25 wt. % and 50 wt. % solid
content of PVA 116. Each composite mixture 114, 116 was
stirred for at least 24 hours before casting.

As shown 1 FIGS. 2(a)-2(d), provided as a non-limiting
example and according to one embodiment of the present
disclosure, the printed radiation sensor 100 was manufac-
tured employing scalable technologies for printing electron-
ics. More specifically, the interdigitated electrodes 104, 106
were printed with an MPS™ TF-100 screen printer and dried
at one-hundred twenty degrees Celsius for five minutes, as
shown 1n FIG. 2(b). Screen-printed electrodes 104, 106 were
constructed from DUPONT® 3025 silver paste with a sheet

resistivity of 12-15 m€2/sq/mil onto polyethylene terephtha-
late (PET) sheets due to their enhanced bendability and
thermal stability. To improve adhesion and spreading of the
blend 114, 116, the screen-printed electrodes 104, 106 were
plasma treated using a PE-25 plasma etching system for
forty-five seconds operated at 50 kHz frequency and 200 W
power, as shown in FIG. 2(c¢). Immediately after plasma
treatment, around 50 ul of each blend 114, 116 was cast onto
the interdigitated area of the electrodes 104, 106 and dried

at lab conditions (293+2 K and 40% RH), as shown in FIG.

2(d). Sensor impedance was monitored after casting, and the
sensors 100 were not used until they reached stability after
several days alter casting. As a result, a batch of fourteen
printed sensors 100 per PET sheet were produced employing,
this efhicient process. It should be appreciated that the
printed radiation sensor 100 may be configured to be manu-
factured by roll-to-roll manufacturing systems.

The ellect of plasma treatment on surface wettability was
investigated by the sessile drop technique on a contact angle
Rame-Hart® Model 290 F1 Advanced Goniometer. Contact
angle CA measurements were performed depositing drops of
10 uL. volume of each solution on both plasma-treated and
pristine PET substrates. The contact angles CA were mea-
sured from a left side and a right side of the drop, and
average readings were recorded. Each contact angle CA
measurement was repeated five times on new surfaces. All
measurements were then averaged to give an averaged
contact angle CA and their corresponding standard devia-
tion.

The adhesion between PEDOT:PSS/PVA films 108 and
the printed electrodes 104, 106 was evaluated 1n accordance
with the American Society for Testing and Materials (ASTM
D3330) by attaching a strip of pressure-sensitive tape fully
covering the films 108 cast on top of the printed electrodes
104, 106. The attached tape strip was continuously and
firmly peeled away at around a 90° angle to the films 108.
The peeling test was conducted in triplicates for each
composite cast 1n both pristine electrodes 104, 106 and

plasma-treated electrodes 104, 106.
Three dosimeters per PEDOT:PSS/PVA composite 114,

116 were dried 1n lab conditions (2932 K and 40% RH) for
24 days. Impedance measurements were carried out using an
LCR meter (LCR-821, GW Instek) at 1 kHz frequency and
0.1 V amplitude voltage. The electrical impedance was
reported as a percentage of relative impedance change using,
the following equation:

(Z;DZD)*IOO%
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Where AZ/70 1s the relative impedance change expressed
in a percentage, and Z0 1s the imitial impedance measure-
ment after casting. The iitial impedance of each PEDOT:
PSS/PVA composite 114, 116 was calculated as the arith-
metical average of all samples.

For each experiment, three printed dosimeters 100 per
PEDOT:PSS/PVA composition 114, 116 were 1rradiated 1n
the range of 0 kGy to 53 kGy using a gamma radiation
source. More specifically, the gamma radiation source used
was Gamma Cell 220 ® from Atomic Energy of Canada
with a cobalt-60 source. The upper dose limit was set to
around 50 kGy, given that this radiation dose has been
previously used for the sterilization of human bone and
tendon allograit. The absorbed dose of the printed sensors
100 was calculated based on the radiation exposure time and
the decay corrected dose rate provided by the manufacturer
set at 2.3 kGy/day. Impedance measurements were collected

and reported 1n relative impedance change 1n the following
intermediate absorbed doses: 0 kGy, 4.9 kGy, 9.5 kGy, 16

kGy, 21.2 kGy, 32.2 kGy, 39.03 kGy, 48.44 kGy and 53.39
kGy. After reaching a 53 kGy dose, dosimeter impedance
was monitored for the subsequent eighteen days using the
same LCR meter and reported in terms of relative imped-
ance change every three days.

To study the eflects of gamma radiation on the chemical
structure of the composite polymeric films 108, non-1rradi-
ated and 1rradiated samples were examined by Attenuated
Total Reflection Fourier Transform Infrared Spectroscopy
(ATR-FTIR) using a PerkinElmer® Spectrum 100 FTIR
Spectrometer over the range of 3800 cm-1 to 650 cm-1.
Thermogravimetric analysis (ITGA) was performed with a
Netzsch® TG 203 F3 Tarsus, heating the non-1rradiated and
irradiated samples to 700° C. at a 20° C./min.

To venly the in-situ crosslinking of PVA 116 and the
subsequent formation of a SIPN 118 after radiation expo-
sure, changes 1n solubility were assessed by submerging the
composites 1 glass containers with 3.5 mL of DI water for
one-hundred hours under gentle agitation (400 rpm). The
amount of PEDOT:PSS dissolved in the DI water was
determined by ultraviolet-visible spectroscopy (UV-Vis
spectroscopy). It should be appreciated that UV-Vis spec-
troscopy may be configured to analyze a sample at 1000 nm
wavenumber. A linear calibration curve per each composite
114, 116 was created measuring the produced absorbance of
the following dissolution percentages: 20%, 40%, 60%, 80%
and 100%.

FIGS. 3(a)-(b) show the contact angle CA measurements
performed on pristine and plasma-treated PET substrates
102. As shown 1n FIG. 3(a), there was a substantial decrease
in contact angle CA on all plasma-treated substrates 102
compared to non-plasma-treated PET substrates 102. This
significant difference 1n contact angle CA 1s observable 1n all
measurements 1rrespective of the PEDOT:PSS/PVA com-
posite 114, 116 deposited. In a specific example, the con-
ductive polymeric film 108 of the plasma treated samples
may have a contact angle CA that 1s less than sixty degrees.
With reference to FIG. 3(b), the average contact of all
pristine PET substrate 102 1s around 75° and the plasma
treated samples exhibited a contact angle CA less than 42°.
Similar results were observed previously between water
drops deposited pristine and plasma treated PET substrate
102. This increase 1n surface wettability of plasma treated
samples 1s attributed to the introduction of chemical func-
tional groups that interacts with the PEDOT:PSS/PVA com-
posites 114, 116. Moreover, with continued reference to FIG.
3(b), the addition of PVA 116 also resulted in a decrease of

contact angle CA measurements. Without being bound to
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any particular theory, it 1s believed this occurred due to the
interaction of alcohol groups on the PVA chains 116 with
polar groups on the PET surface. Advantageously, as a result
of the increased surface wettability, it may be easier to
consistently cover the complete electrode 104, 106 inter-
digitated area with the composite materials 114, 116. In
contrast, as shown in FIG. 4, spreading of the composites
114, 116 onto the electrode 104, 106 interdigitated area of
the not plasma-treated sensors 100 was dithicult and, 1n some
cases, left uncovered regions between digits. With continued
reference to FIG. 4, the increased wettability of plasma
treated surfaces desirably also led to better adhesion of the
composite materials to the surface of the electrodes 104,
106.

To 1mvestigate the impedance stability of printed sensors
100 after casting, periodic readings every three days were
carried out for the subsequent twenty-four days of air
exposure at room temperature. As shown 1n FIG. 3(b), after
casting, the mitial impedance values for pure PEDOT:PSS

120 and PEDOT:PSS/PVA composites with 10 wt % PVA
122, 25 wt % PVA 124, and 50 wt % PVA 126 content were
1.28 k€2, 1.73 k€2, 2.75 k€2 and 4.48 k&2, respectively. The
sensor 1mpedance consistently increased with PVA 116
welght percent since the PEDOT:PSS (conductive material
within the composite) content 114 was decreased. As shown
in FIG. 5(a), the evolution of sensor impedance 1s measured
as a function of time (air exposure). While pure PEDOT:PSS
sensors experienced a slight impedance increase, the
PEDOT:PSS-PVA composites 122, 124, 126 exhibited a
significant impedance decrease proportional to the PVA 116
content, especially during the first week after casting. With-
out being bound to any particular theory, it 1s believed the
noticeable decrease 1 1impedance 1s due to the slow des-
orption of free water from the PEDOT:PSS/PVA composites
122, 124, 126 over time. Alter twenty-four days, the relative
impedance changes of pure PEDOT:PSS 120 and PEDOT:
PSS/PVA 122, 124, 126 composites were 7%, —3%, —-17%
and -23%, respectively.

As shown 1 FIG. 6(a), the conductivity dependence on
the radiation dose of PEDOT:PSS/PVA composites 114, 116.
In terms of sensitivity to radiation, pristine PEDOT:PSS was
the most sensitive tested material reaching relative average
impedance changes in the order of 3,000% at 53 kGy.
However, the dispersion of sensor readings also increased
with radiation dose, showing undesirably large variations
alter passing 40 kGy (not plotted). For instance, at 33 kGy
dose, pure PEDOT:PSS sensors exhibited impedance
changes between 1970% and 6900%. On the other hand,
PVA 116 reduced the sensor sensitivity but at the same time,
the dispersion of readings was reduced. This 1s the case of
composites with 10 wt % PVA 122 whose impedance
gradually increased until reaching 49% change at 40 kGy
with a standard deviation of £6.9%. Similarly, composites
with 25 wt % PVA 124 increased their impedance by about
25%=5.0%. This increment on impedance 1s associated to
the disruption of electrical pathways 1n PEDOT polymer
chains due to chain scission upon radiation. FIG. 6(b) shows
the long-term stability of the printed sensors 100 after
receiving 53 kGy of radiation exposure. Pure PEDOT:PSS
manifested the largest vanations in impedance over the
cighteen-day time frame, which may be attributed to the
recombination etfect of free radicals present 1n the film 108.
At day seven after radiation, pure PEDOT:PSS experienced
an average impedance change of twenty-three percent while
in day eighteen presented negative twenty-three percent of
impedance change. Unlike the pure PEDOT:PSS sensors,
those with even 10 wt % PVA 122 remained relatively stable
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in the same timeframe. For instance, the sensor 100 with the
blend 114, 116 including PEDOT:PSS 114 and PVA 116 may
have an average impedance change within fifteen percent
over an eighteen-day period after radiation exposure. This
improvement in stability may be ascribed to the formation of
the 1 situ semi-interpenetrating polymer network 118
between PEDOT:PSS 114 and PVA 116 polymer chains
reducing polymer chain recombination. One skilled in the
art may use other methods to form the semi-interpenetrating
polymer network 118 of the sensor 100, within the scope of
the present disclosure.

FIGS. 7(a-d) display the FTIR spectra of the printed
sensors 100 at different radiation exposures. FIG. 7(a) shows
the full range FTIR spectra for pure PEDOT:PSS samples
120. FI1G. 7(b) shows an enlarged spectra of the fingerprint
region appearing within the wavenumber range of 1700
cm-1 to 650 cm-1. The peaks at 1524 ¢cm-1 and 1271 cm-1
are assigned to C—C and C—C stretching vibrations of the
thiophene ring 1n PEDOT polymer chains respectively. The
observed peaks at 946 cm-1, 862 cm-1, and 676 cm-1
correspond to stretching of C—S bond in the thiophene ring
of PEDOT chains. Additionally, peaks at 1181 c¢cm-1, 1120
cm-1, and 1057 cm-1 can be assigned to the C—O—C bond
stretchlng which originates in the ethylenedioxy group of
PEDOT chains. PSS functional groups are confirmed by the
peaks at 1038 cm-1 and 1010 cm-1 which correspond to the
stretching of a sulfonic acid group (SO3—) and the observed
peak at 1632 cm-1 related to the stretching of less strained
C—C bonds originating in the benzene rings found 1n PSS
polymer chains. FIG. 7(b) represents a noticeable decrease
in the intensity of several peaks by increasing the radiation
exposure. Specifically, the peaks at 1524 cm-1, 1271 cm-1,
and 862 cm-1 that are assigned to the C—=C, C—C, C—S,
respectively 1 PEDOT chains exhibited a significant
decrease 1n intensity. Similarly, the observed peak at 1632
cm-1, 1038 cm-1, and 1010 cm-1 which corresponded to the
(C—C and the stretching of sulfonic acid group in PSS chains
decreased by radiation exposure time. The observed reduc-
tion 1n peak intensities represents that the polymer degra-
dation of PEDOT:PSS originated from the exposure to the

high levels of radiation.
FIG. 7(c) and FIG. 7(d) display the FTIR spectra of

PEDOT:PSS/PVA composites with 50 wt % PVA 126. As
shown 1n FIG. 7(¢), a broad absorption band at around 3396
cm-1, associated to the symmetrical stretching vibration of
the —OH groups, was observed. Further, the peaks appear-
ing at 2924 cm-1 and 2854 cm-1 can be attributed to the
C—H stretching vibration of PVA and PSS chains. Similar
to the FTIR of wrradiated pure PEDOT:PSS samples, a
decrease 1n all peak intensities associated with PEDOT and
PSS was observed, as shown i FIG. 7(c). However, the
decrease of —OH functional groups in the PVA trials can be
attributed to the crosslinking among PVA chains 116, giving
rise to the formation of a SIPN 118 with gamma radiation.

FIG. 9(a-d) illustrates the thermogravimetric analysis of
composites (I'GA) curves of the wrradiated and the non-
irradiated dosimeters. As shown in FIG. 9(a), the pure
PEDOT:PSS samples 120 are shown to have three mass loss
regions. The first mass loss region observed from sixty
degrees Celsius to one-hundred fifty degrees Celsius may be
attributed to the evaporation of water. The second mass loss,
from one-hundred fifty degrees Celsius to three-hundred
degrees Celsius, can be attributed to the PSS decomposition
through a rupture of the sulfonate group from styrene.
Finally, the third mass loss region from three-hundred
degrees Celsius to six-hundred degrees Celsius can be
ascribed to the rupture of the PEDOT/PSS polymer back-




US 11,960,037 B2

15

bone. TGA curves of pure PEDOT:PSS 120 revealed that the
irradiated samples degraded at a slightly faster rate and
retained about forty percent weight at six-hundred degrees
Celstus which 1s 1.5% less than non-irradiated samples. This
subtle difference in degradation rate and mass loss can be
attributed to the polymer degradation observed in the FTIR
spectra of irradiated pure PEDOT:PSS samples 120. In
contrast, as shown in FIGS. 9(b-d) irradiated PEDOT:PSS/

PVA composites 122, 124, 126 retained more mass com-

pared to non-irradiated composites with the same PVA
content 122, 124, 126. Thus, composites with 10 wt % 122,

25 wt % 124, and 50 wt % 126 PVA content retained 1.82%,

5.46%, and 4.53% more weight, respectively. Advanta-
geously, this enhancement in thermal stability can be attrib-
uted to the crosslinked PVA structure formed upon radiation,

which 1s 1n accordance with the FTIR results.
To confirm crosslinking of PVA 116 and the formation of

a SIPN 118 after radiation exposure, the water solubility of

both irradiated and non-irradiated films 108 was examined.
It 1s well known that both PEDOT:PSS 114 and PVA 116 are

water-soluble polymers. Even though PEDOT 1s not water-
soluble by itself, the small PEDOT polymer chains are
tightly bonded to the long PSS polymer chains 114, which
in turn, are water-soluble making the whole material water-
soluble. However, the crosslinked forms of PSS 114 and
PVA 116 are not water soluble and can be produced by
1onizing radiation exposure under certain processing condi-
tions. FIG. 8 1llustrates the non-irradiated and the irradiated
samples soaked 1n DI water at room temperature subjected
to gentle agitation at four-hundred revolutions per minute
(RPM). All non-1rradiated films, 1rrespectively of their com-
position, started to dissolve as soon as they were soaked in
the de-1on1zed water, changing the aqueous media color to a
characteristic light blue color of PEDOT:PSS. As shown 1n
FIG. 8, this visual outcome, alongside the FITR results,
confirms that non-irradiated films have no crosslinked struc-
tures and are water soluble. A similar behavior was shown
in 1rradiated pure PEDOT:PSS films 120, which are fully
soluble 1n DI water. Since wrradiated PEDOT: PSS films did
not exhibit any change 1n solubility, the crosslinking degree
of PSS polymer chains was null or very small after 1rradia-
tion. In contrast, irradiated films 108 containing 10 wt %
PVA 122, 25 wt % PVA 124, and 50 wt % PVA 126 became
insoluble after radiation exposure indicating crosslinking of
PVA polymer chains 116. Further, the appearance of a lighter
circular area for the 1rradiated samples, as shown 1n FIG. 8,
represents that the polymer degradation was indeed respon-
sible for the observed conductivity. Advantageously, as
shown 1n FIG. 10, even after one-hundred hours of submer-
sion 1n DI water, the 1rradiated films 108 containing 10 wt
% PVA 122, 25 wt % PVA 124, and 50 wt % PVA 126
remained attached to the substrate 102 exhibiting outstand-
ing film mtegrity without apparent PEDOT:PSS 114 leach-
ing supported by the lack of color change in the aqueous
media.

As shown 1n FIGS. 11(a)-(d), the amount of PEDOT:PSS
114 dissolved i DI water was quantitatively analyzed by
UV-Vis Spectroscopy. As shown i FIGS. 11(a-d), all non-
irradiated films showed one-hundred percent dissolution 1n
the first ten minutes of the dissolution test. However, no
trials of PEDOT:PSS 114 leaching was detected 1n any of the
irradiated films 108 containing PVA 116 1n their composi-
tion. Accordingly, even the addition of 10 wt % of PVA 116
was enough to form a SIPN 118 upon irradiation, thus
reducing the polymer recombination and enhancing stability
of readings aifter radiation exposure.
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Advantageously, the sensor 100 enhances the certainty of
adequate sterility and may be manufactured more efliciently
over known radiation sensors. The sensor 100 also enhances
the adhesion and the spreading of the composite polymer
114, 116 onto the interdigitated electrode 104, 106 by
plasma-treating the sensor 100.

Example embodiments are provided so that this disclosure
will be thorough and will fully convey the scope to those
who are skilled 1n the art. Numerous specific details are set
forth such as examples of specific components, devices, and
methods, to provide a thorough understanding of embodi-
ments of the present disclosure. It will be apparent to those
skilled 1n the art that specific details need not be employed,
that example embodiments may be embodied in many
different forms, and that neither should be construed to limit
the scope of the disclosure. In some example embodiments,
well-known processes, well-known device structures, and
well-known technologies are not described 1n detail. Equiva-
lent changes, modifications and variations of some embodi-
ments, materials, compositions, and methods can be made

within the scope of the present technology, with substan-
tially similar results.

What 1s claimed 1s:

1. A sensor, wherein the sensor comprises:

a substrate;

an nterdigitated electrode disposed on the substrate; and

a conductive polymeric film comprising a blend of poly

(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) and polyvinyl alcohol (PVA), wherein
the conductive polymeric film 1s disposed the interdigi-
tated electrode.

2. The sensor of claim 1, wherein the substrate 1s a flexible
substrate.

3. The sensor of claim 1, wheremn the interdigitated
clectrode includes first electrode with a plurality of first
clectrode digits and a second electrode with a plurality of
second electrode digits.

4. The sensor of claim 1, wherein the blend 1includes about
5-50 wt % of polyvinyl alcohol (PVA), and about 50-95 wt
% of poly(3.4-cthylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS).

5. The sensor of claim 4, wherein the blend 1ncludes about
7.5-12.5 wt % of polyvinyl alcohol (PVA), and about
87.5-92.5 wt % of poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS).

6. The sensor of claim 5, wherein the blend 1includes about
10 wt % of polyvinyl alcohol (PVA), and about 90 wt % of

poly(3,4-ethylenedioxythiophene) polystyrene sulionate
(PEDOT:PSS).

7. The sensor of claim 1, wherein the sensor 1s plasma
treated.

8. The sensor of claim 1, wherein the conductive poly-
meric film has a contact angle that 1s less than sixty degrees.

9. The sensor of claim 1, wherein the sensor 1s substan-
tially insoluble after radiation exposure.

10. The sensor of claim 1, wherein the conductive poly-
meric {1lm 1s disposed on and between the plurality of digits
of the first electrode and the plurality of digits of the second
clectrode.

11. The sensor of claim 1, wherein the sensor 1s a gamma
radiation sensor.

12. The sensor of claim 1, wherein the sensor 1s a printed
and a disposable sensor.

13. The sensor of claim 1, wherein the sensor 1s config-
ured to form a semi-interpenetrating polymer network.
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14. The sensor of claim 1, wherein the sensor has an sulfonate (PEDOT:PSS) and polyvinyl alcohol
average 1impedance change within fifteen percent over an (PVA), wherein the film 1s disposed on and between
eighteen-day period after radiation exposure. said first and second electrodes of said interdigitated
15. A packaged product comprising a sensor according to electrode;
claim 1. 5 disposing the sensor within a predetermined proximity to
16. A packaged medical device comprising a sensor the sample;

applying radiation to the sample; and
monitoring a dose range of the radiation applied to the
sample with the sensor.
10 18. The method of claim 17, wherein the radiation i1s
gamma radiation.

19. The method of claim 17, wherein the sensor 1is
configured to provide a substantially linear relative change
in resistance with a gamma radiation dose range of greater

15 than zero kilogray to about fifty-three kilogray.

20. The method of claim 17, further comprising a step of

plasma-treating the sensor.

according to claim 1.
17. A method of measuring gamma radiation dose com-
prising:
providing a sample to be treated with radiation;
providing a sensor including:
a substrate;
an mterdigitated electrode comprising a first electrode
with a plurality of digits and a second electrode with
a plurality of digits, wherein the interdigitated elec-
trode 1s disposed on the substrate; and
a conductive polymeric film comprising a blend of
poly(3,4-ethylenedioxythiophene) polystyrene S I
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