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Hydrogel-based pH-sensors

Development and characterisation of optical and electrical pH-sensors
based on stimuli-responsive hydrogels

Krister Hommarling
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e Introduction
 Problem motivation and research question

 Theory and experimental results:
* pH-sensors
 Hydrogels
e Optical sensors
e Electric sensors

e Conclusions
e Future work
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Scope of the thesis work

e Synthesis and characterization of pH-sensitive hydrogels not before
used in sensor configurations

* The hydrogels have been evaluated in both optical and electrical
sensor systems

e Conceptual verification of a multi parameter optical sensor
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Continuous monitoring patients at Intensive Care Units (ICU)

« Stress-induced hyperglycemia is
common in ICU patients and is
associated with poor outcome

* Blood glucose concentrations should
Ibé:ucarefully continuously controlled in

* Glucose sensors susceptible to pH
changes
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https://www.sintef.no/globalassets/project/fobis/ws5/mindedal_samba.pdf

Optical pressure sensor

https://www.sintef.no/globalassets/project/fobis/ws5/mindedal_samba.pdf

Mittuniversitetet Article I1 5



2,

: @
| ntrOd uction Mittuniversitetet

MID SWEDEN UNIVERSITY

Food industry

P e

Waste water Industry
treatment

DOI:10.1097/PRS.0b01 DOI: 10.1126/sciadv.1601314
3e318186ca8a
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There is a need for new pH sensitive materials
that can be used in new and improved sensor
designs.
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e |dentify suitable pH-sensitive hydrogels that can be coated
on flexible substrates and optical fibers (article I, I1I)

 Characterization and evaluation of these hydrogels in optical
(article I, V) and electrical (article IV) sensor configurations

e Dual-parameter sensing (article II)
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Glass electrode pH paper sticks
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Theory

pH-sensors

lon-sensitive field-
effect transistor
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Imaging pH
sensors

Sensor stripes
02 pH CD2

https://www.presens.de/fileadmin/user_upload/brochures/
180516_char_VisiSens_Broschuere_2018_dv1l_web_2.pdf
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pH sensitive hydrogels

1,4-butanediol diacrylate

®
*__o o A .
\. - > /0 /“s ,6
i ¥ A =
L

Piperazine

) Hydrogen
. 1
,b—d. ), Carbon
0- -® . Oxygen
"o Nitrogen
¢ O @

A

(4

Mittuniversitetet

MID SWEDEN UNIVERSITY

Mittuniversitetet Article |

11



A

T h e0 ry Mittuniv“ersitetet

MID SWEDEN UNIVERSITY

Synthesizing a polymer

1,4-butanediol diacrylate Piperazine
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pH sensitive polymer

Deprotonating Protonating

L N A A 4

I
Hydrogel B Substrate Stimuli
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pH sensitive polymer

Deprotonating Protonating

A S T N 4

L N A A 4

I ]
Hydrogel B Substrate Stimuli

Water content changes within the hydrogel, alters the effective
refractive index and permittivity of the hydrogel
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Cationic hydrogel

No water absorbed Absorbing water containing H®* Max water absorbed

Mesh size &
Chemical bonds
H ions
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Amplitude sensor

Spectrum of pH sensor, BDDA-PIP mol 11/3
With cladding replaced by polymer {5 cm length]).

— |

— E—

. | Coating [ | Cladding Core
Hydrogel Surrounding liquid

[
.................. .................. ................... ..................................... .......... —_— pH?
—L

800 1000 1200 1400 1600

L) e Strip the fiber
Visible Near infrared (NIR) e Etch away the cladding
e Coat the core with pH-sensitive hydrogel

Mittuniversitetet Article | 16



A/
Challenges due to large parameter »
Mittuniversitetet

space .
e Hydrogel preparation 3

e Adhesion £ Hydrogel detached from

e Viscosity the substrate

 Wetting

e Crystallization at room temperature = |

° Hydroge| expansion with pH ——pH 5.00, start hickness 3.0 um

Curing of hydrogel

e Sensor configuration
e Flexible substrates (bending)

A R T T T
e pH responsivity : l' A~
e Repeatability d-
[ ——————

e Optical fiber cleave angles and length

Adhesion problem on a wafer

Adhesion problem on an optical fiber
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Unsymmetrical molecule
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Main findings

N
a

* pH sensitive

N
o

e Does not crystallize

* Mol ratio 2:1
——pH 5.53, start thickness 1.44 um e Large expansion degree

-e-pH 5.70, start thickness 1.44 um

PH 5.95, start thickness 1.45 um e Challenging to make thin films
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Main findings

e Best to cure thin films in an
inert atmosphere
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Sensor layout

Hydrogel e Print an electric pattern
Electricinsulation f—— T * Electric insulation
Electric pattern i : ' == i i ® Se n Si ng Iaye r

Holder
I et

RCL-meter
| pH—bath
§Lab jack

Measurement setup
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Flexible capacitive pH-sensor S

Sensor layout

Electric insulatio

MID SWEDEN UNIVERSITY

e Print an electric pattern
* Electric insulation
e Sensing layer

/A

I Electrical conductor
/7~ Electrical field lines
Substrate

Penetration depth
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——10.5 ym thick sensor film
—18.5 ym film
30.5 pm film
® Black dots are the stable points of each sensor

Time to stable sensor at pH 7 for
different thicknesses
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Capacitance
response to pH

Capacitance (pF)
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Experimental measurements

== pH 7.12 - 8.39 -... for 30.5 um thick AOBAE
=—pH 7.12 - 8.39 -... for 5.5 um thick AOBAE

80 100 120 140 160
time (min)
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50

Capacitance [nF]

20 30 40 50 60 70 80 90
Hydrogel thickness increase due to water uptake into the hydrogel [%]

FEAESY
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Inline fiber optic Mach-Zehnder interferometer

e Splice a thin core fiber between two
single mode fibers
T polymer e Coat and cure the hydrogel layer

Surrounding liquid

FUT holder

L|ght source

pH-bath

|§mm

Typical output spectrum Simulation, in- and out-put spectrum Measurement setup

55— . . ]
1400 1500 1600 1700
Wavelength (nm) 1950 2000 2050 2100 2150
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1660 1680 1700 1720 1740
Wavelength (nm)
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pH Sensitive Polymer

Glycose sensitive
Polymer

Fabry-Perot cavity

Mach Zehnder interferometer
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pH Sensitive Polymer

Fabry-Perot cavity
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Ethanol sensitive
Polymer
Fabry-Perot cavity

' Mach Zehnder interferometer
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Ethanol sensitive
Polymer

Fabry-Perot cavity
Mach Zehnder interferometer
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* The investigated hydrogels are very promising for pH-sensitive sensor
applications

 The hydrogels are suitable to be used in both optical and electrical
sensor configurations
e Optical sensors showed response to pH between 2 and 12
e Electrical sensors showed response to pH between 3 and 12

* The conceptual dual parameter sensor showed small crosstalk and is
thus a promising technique
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e Further characterisation of the hydrogel

 Redesigh the Mach-Zehnder interferometer to work in
telecom wavelength ranges

 Develop methods for better adhesion
* Further investigate the dual parameter sensor
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Thank you for your time
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