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Introduction: hydrogels & sensors

In everyday life, we use devices, modules or systems that are able to detect and monitor events or changes in
the external environment. These machines are commonly named ‘sensors’, they find applications in a multitude
of instruments and they have revolutionized our life in the last decades [1]. There are different classifications for
sensors, regarding the nature of their signal transduction (e.g., optical sensors, electrochemical sensors, magnetic
sensors) or the typology of their sensing mechanism (e.g., physical sensors or chemical sensors) [21. Moreover, great
interest is given to the applications of sensors and how they can be employed. In the context of interest of this work
we are going to focus on biomedical applications of sensors, especially on innovative smart and soft sensors based
on conductive polymer hydrogel (CPH) formulations 3].

Hydrogels are three dimensional cross-linked networks of polymer chains able to absorb and retain large
amounts of water thanks to their so-called ‘swelling behavior’ [4]. As a result of their high-water content, porosity
and consistency they present great flexibility and biocompatibility. Hydrogels represent one of the first family
of biomaterials designed to be used in the human body and today they find widespread application in the
biomedical field because of their potential as drug delivery vectors, scaffolds for tissue engineering and, obviously,
as biosensors [5].

How hydrogels can be used as biosensors?

One of the greatest peculiarities of hydrogels is their ability to respond to external stimuli thanks to their swelling
behavior and their great permeability (6]. This characteristic of the hydrogel formulation can be fine-tuned, by using
specific polymeric chains, cross-linker molecules or formulation procedures in order to introduce functional groups
into the framework, or by accurately modifying the mesh size, the cross-linking degree or the ionic charge of the
system [7]. Typically, the output signals that can be generated by hydrogel-based sensors are various: volume-phase
transition of the network, change in size or shape or variations in the optical or mechanical properties of the system
are clear examples of this. On the other hand, temperature variations, pH solution changes, presence of specific
molecules or free antigens are the main externals stimuli that can be sensed using these devices [¢]. The methods,
through which hydrogels are applied as sensors, are not unique, they can also be used as host-networks thanks to
their semiwet and inert structure, they can be applied as amplification devices and finally they can be employed to
control the diffusion behavior of molecules inside the matrix.

In this context, in the last decade, great consideration has been given to CPH-based biosensors formulated through
the encapsulation of specific molecules (e.g., enzymes or antibody) or even living systems (e.g., cells or bacteria) in
the polymeric framework [3,8]. These devices are able to exploit the interaction between the encapsulated system and
a target compound to perform the sensing mechanism. Moreover, it has been demonstrated that functionalization of
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these kind of devices with nanostructures, such as nanoparticles (NPs) or nanotubes, can guarantee an improvement
in their performance. In the following section we are going to analyze the potentialities of this solution, investigating
their features and applications [9].

Nanostructured hydrogels-based sensors

There are various fields of application and various strategies through which hydrogel functionalization with
nanostructures can improve sensor performances. Commonly, the encapsulation of nanosystems inside the hydrogel
framework is able to improve the responsive ability of the device acting directly on its sensing mechanism [10]. A
clear example of that is represented by CPH structures, employed in glucose sensing, functionalized with Pt NPs.
These kinds of hydrogel-based glucose sensors exploit the encapsulation of glucose oxidase inside the gel framework
in order to catalyze the oxidation of glucose and monitor electrochemistry properties changes in the system [11,12].
The addition of platinum (Pt) NPs magnifies this catalytic process and the presence of these nanostructures in
the system reduces the diffusion length of the molecules, improving the charge transfer. As reported by Zhai
et al. this kind of strategy strongly enhanced the performance of a polyaniline hydrogel with ultrahigh sensitivity,
fast response and very low detection limit [13]. A similar working strategy exploiting Pt NPs has been employed
by Li and coworkers to improve the performance of a hydrogel-based biosensor used for the detection of various
human metabolites such as uric acid, cholesterol and triglycerides through different enzymes that are selectively
catalytic to a specific metabolite [14]. The presence of Pt NPs is pivotal in order to improve the sensing performance
of the system guarantying rapid response time, low sensing limit and better electrical properties. Studies on this
kind of nanostructured hydrogel have resulted in the development of an inkjet-printed amperometric multiplexed
biosensor based on a nanostructured conductive hydrogel in which the electrode material and different enzymes
were printed on the electrode arrays [15]. Another very important area of use for nanostructured conductive
polymer-based hydrogels is represented by their employment as immunosensing platforms for immunoassays.
Rong et al. reported the development of polypyrrole based hydrogels/Au NPs electrodes for the detection of
carcinoembryonic antigens [16]. The system was prepared by electrochemical deposition of an Au NP layer onto the
surface of a polypyrrole modified glassy carbon electrode. For the intended application it is mandatory to obtain
high selectivity, good responsivity and low detection limit and the Au NPs represent an important tool for achieving
this. Their presence in fact improves the conductivity of the whole framework and therefore its sensing ability.
Moreover, the NPs can further increase the specific area of the system, encouraging the capture of a larger number
of biomolecules and in this specific case antibodies.

On the other hand, in recent years, carbon nanotube (CNT)-based hydrogels have emerged as innovative devices
for many applications including bio-sensing [17]. In fact, CNT’s addition into a polymeric matrix can result in
an increase in the peak currents during oxidation and reduction reactions with an increase in electro-oxidation
current during glucose sensing applications [16,18]. Further, the important absorption properties of nanotubes
allow an ultrafast near infra-red optical response and photoluminescence of the composite hydrogels. A valuable
example of this is provided by the work of Zhang ez a/. (191, in which they fabricated a thermally and optically
responsive actuator based on composites of poly(N-isopropylacrylamide) loaded with single-walled CNTs. The
nanotube loading (concentration 0.75 mg/ml) was demonstrated to determine a five-times enhancement in the
thermal response time of the system and at the same time even the near-infrared optical response was clearly
improved. Another advantage linked with the employment of CNTs is related to their high electro-catalytic activity
for oxygen reduction reaction: this represents a pivotal tool in order to trigger the response of biosensors which
exploit this feature (i.e., redox reaction for sensing hydrogen peroxide or its production) [17]. Finally, it has also been
demonstrated that the presence of CNTs strongly improves the mechanical and modulus strength of the whole
hydrogel network, guarantying a wider range of possible applications for these devices [20].

Conclusion & future perspective

In spite of significant advancements obtained in CPH-based sensor technology, lack of electrical conductivity,
low mechanical strength and sensitivity issues have limited the next level applications of these devices, especially
in biomedical fields. In this context, the encapsulation of nanostructures inside hydrogel frameworks represents
a valuable tool to overcome many of these limitations and improve the efficacy of these systems. In fact, in the
majority of the CPH, the addition of nanosystems has been demonstrated to determine an increase in the electrical
conductivity of the whole framework, with beneficial effects on the responsivity of the system. Moreover, considering
the formulations exploiting enzymes and catalytic reactions, the presence of a transition metal such a platinum can
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magnify the enzymatic response and therefore the sensor performance. The proper addition of nanostructures can
also improve the mechanical strength of the system which is often needed for various applications. It is therefore,
clear how the proper functionalization of CPH frameworks with NPs or CNT can represent in many cases a turning
point to obtain effective devices that can be successfully employed as biosensors.

Author contributions
F Pinelli and F Rossi wrote the first draft of the manuscript. L Magagnin contributed to the final version of the manuscript. All
authors provided critical feedback.

Financial & competing interests disclosure
The authors have no relevant affiliations or financial involvement with any organization or entity with a financial interest in or
financial conflict with the subject matter or materials discussed in the manuscript apart from those disclosed.

Manuscript was checked by a native language English speaker.

Information pertaining to writing assistance
Manuscript was checked by a native language English speaker.

References
1. Dincer C, Bruch R, Costa-Rama E ¢z a/. Disposable sensors in diagnostics, food, and environmental monitoring. Adv. Mazer. 31(30),
1806739 (2019).

Mehrotra P. Biosensors and their applications - a review. /. Oral Biol. Craniofac. Res. 6(2), 153159 (2016).

Pinelli F, Magagnin L, Rossi E. Progress in hydrogels for sensing applications: a review. Mater. Today Chem. 17, 100317 (2020).
Ahmed EM. Hydrogel: preparation, characterization, and applications: A review. /. Adv. Res. 6(2), 105-121 (2015).

Fu J. In Het Panhuis M. Hydrogel properties and applications. /. Mater. Chem. B 7(10), 1523-1525 (2019).

Buenger D, Topuz F, Groll J. Hydrogels in sensing applications. Prog. Polym. Sci. 37(12), 1678-1719 (2012).

N SV A »d

Ullah F, Othman MBH, Javed F, Ahmad Z, Akil HM. Classification, processing and application of hydrogels: a review. Mater. Sci. Eng.
C. 57, 414-433 (2015).

8. Tomczykowa M, Plonska-Brzezinska ME. Conducting polymers, hydrogels and their composites: preparation, properties and
bioapplications. Polymers (Basel). 11(2), 350 (2019).

9.  HanX, Xiao G, Wang Y ez al. Design and fabrication of conductive polymer hydrogels and their applications in flexible supercapacitors.
J. Mater. Chem. A 8(44), 23059-23095 (2020).

10. Ma Z, Shi W, Yan K, Pan L, Yu G. Doping engineering of conductive polymer hydrogels and their application in advanced sensor
technologies. Chem. Sci. 10(25), 6232-6244 (2019).

11. WangX, Li Q, Guan Y, Zhang Y. Glucose oxidase-incorporated hydrogel thin film for fast optical glucose detecting under physiological
conditions. Mater. Today Chem. 1-2, 7-14 (2016).

12. Kim Y, Namgung H, Lee TS. Synthesis of a glucose oxidase-conjugated, polyacrylamide-based, fluorescent hydrogel for a reusable,
ratiometric glucose sensor. Polym. Chem. 7(43), 6655-6661 (2016).

13. Zhai D, Liu B, Shi Y ez al. Highly sensitive glucose sensor based on pt nanoparticle/polyaniline hydrogel heterostructures. ACS Nano
7(4), 3540-3546 (2013).

14. LiL, WangY, Pan L ¢z al. A nanostructured conductive hydrogels-based biosensor platform for human metabolite detection. Nano Lezr.
15(2), 1146-1151 (2015).

15. LiL, Pan L, Ma Z ez al. All inkjet-printed amperometric multiplexed biosensors based on nanostructured conductive hydrogel electrodes.
Nano Lett. 18(6), 3322-3327 (2018).

16. Rong Q, Han H, Feng F, Ma Z. Network nanostructured polypyrrole hydrogel/Au composites as enhanced electrochemical biosensing
platform. Sci. Rep. 5(May), 11440 (2015).

17. Vashist A, Kaushik A, Vashist A ez al. Advances in carbon nanotubes - hydrogel hybrids in nanomedicine for therapeutics. Adv Healthc.
Mater. 7(9), e1701213 (2018).

18. LiuX, Kim JC, Miller AL, Waletzki BE, Lu L. Electrically conductive nanocomposite hydrogels embedded with functionalized carbon
nanotubes for spinal cord injury. New J. Chem. 42(21), 17671-17681 (2018).

19. Zhang X, Pint CL, Lee MH et 4l. Optically- and thermally-responsive programmable materials based on carbon nanotube-hydrogel
polymer composites. Nano Lett. 11(8), 3239-3244 (2011).

20. Wang J. Carbon-nanotube based electrochemical biosensors: a review. Electroanalysis 17(1), 7-14 (2005).

future science group

10.2217/nnm-2021-0053




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'PPG Indesign CS4_5_5.5'] [Based on 'PPG Indesign CS3 PDF Export'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks true
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 600
        /LineArtTextResolution 2400
        /PresetName (Pureprint flattener)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.835590
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


