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Ionic hydrogel is a kind of highly ionic conductive hydrophilic polymer containing cationic or
anionic groups. As its hydrophilicity depends on the density of charged groups, ionic hydrogel
is a stimuli-responsive gel that can reversibly swell/deswell according to the change of
surrounding conditions,'! including ions, pH, organic solvent, light, electric field, temperature,
and humidity. Among various ionic hydrogels, poly(acrylic acid) (PAA) has attracted

(1d-1e. 2} a5 well as its perfect water

remarkable interests due to its superior biocompatibility’
absorptivity and good thin-film formability.*® 2% 20 2l Moreover, the high density of
carboxylic acids makes it suitable for physical and chemical modification to form bio-
functional surfaces,'** and thus, PAA has great potential to be deployed in rapidly emerging
fields, such as tissue engineering, protein immobilization, biosensors and biomedical
devices. !¢ 202}, 2n. 3]

An essential step in advancing the development to fully utilize the superior properties of
PAA ionic hydrogels in sensors is rapid prototyping using fast patterning technique to make
fine and complicated microstructures. There have been demonstrations of several techniques

[2f, 4

to pattern PAA ionic hydrogels, including microcontact printing,'** 4 ion beam lithography,!**



231 micromolding,!*™ ® evaporation-induced self-assembly,”! wet etching!®! and photomask-

(2. 91 However, most of these techniques are time-consuming or require

based lithography.
fastidious processing condition. Moreover, none of them can be used to fabricate 3D PAA
microstructures and thus would limit the applications of PAA ionic hydrogels in e.g.
mimicking the extracellular microenvironments and fabricating biosensors.!"

Recently, we have demonstrated a dynamic optical projection stereolithography
(DOPsL) to rapidly fabricate 3D hydrogel scaffolds for tissue engineering.!''] However, such
an optical exposure technology works in a free-running manner and is not able to process
hydrogel adaptive to substrate conditions. Thus, it still has considerable limitations on the
fabrication of hydrogel based devices, in which a much-demanded need is to directly print
hydrogel on a very small target or a micropatterned substrate to functionalize the device or
modify its chemical properties. In this paper, we present an optical maskless stereolithography
(OMsL) technology with enhanced features of in-situ microfabrication and large-area
patterning. Specifically, optical imaging technology is integrated to visualise the optical
exposure platform allowing in-sifu patterning hydrogel on a very small area of target; a
seamless pattern-stitching technique is developed for processing large-area microstructures
and devices. In particular, we will demonstrate that PAA ionic hydrogel can be printed with
high precision even on the surface of a tapered optical microfiber with diameter of 30 um to
develop an ultrasensitive fiber-optic pH sensor.

Scheme 1 shows the schematic diagram of OMsL technology and the
photopolymerization process for acrylic acid (AA) initiated by Irgacure 2959. In the OMsL
platform, a UV grade digital-mirror device (DMD) is used as a high-speed spatial light
modulator for optical pattern generation. With an in-house developed control software, the
light beam from a high-power UV source (with the wavelength of 365 nm) is modulated into

an optical pattern with a million pixels in accordance with the image data from the control

computer, and projected on the polymeric material for patterning microstructures. In order to
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Scheme 1. (a) Schematic diagram of the OMsL system: UV light illuminates the DMD chip,
and the generated optical pattern is projected on the photosensitive polymer to fabricate
microstructures. (b) Reaction process for the photopolymerization of AA in the presence of
photoinitiator.

in-situ pattern the polymeric material on a target area, a CCD camera based machine vision
module was integrated together with a visible light based illumination system. A photo of the
OMsL setup is shown in Figure S1 (a). Compared with other well-known maskless
lithography technologies, e.g. scanning electron-beam lithography, two-photon
polymerization lithography, this optical maskless exposure technology promises a much
higher speed of patterning owing to its fast image projection capabilities. [!!

Figure 1 shows some PAA microstructure images taken with a laser scanning
confocal microscope. These microstructures were rapidly fabricated within 10 to 20 s. In
order to shorten exposure time, the AA solution was heated before optical exposure process.
Experimental results reveal that such a prepolymerization process not only expedites the
photopolymerization process, but also improves the quality of the fabricated micropatterns.
Figure 1 (a), (b), and (c) show three examples of 2D microstructures, i.e. a lattice grid, a
honeycomb pattern, and the logo of our university, respectively. The surfaces of all the
patterned microstructures are very smooth. The line widths of the three patterns are 6, 50, and
200 pum, respectively. Due to the inherent water-absorption property of hydrogel, the joint

points of thick microstructure appear slightly swell, as shown in Figure 1 (c). The results
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indicate that the lithography process is very promising to fabricate PAA microdevices with
different feature sizes. The lateral and depth resolutions of the platform for patterning PAA
are around 4.8 and 0.2 pum, respectively, see Figure S2. More details of the geometric

parameters of the fabricated PAA micropatterns are presented in Figure S3 and Figure S4.

Figure 1. Laser scanning confocal images of the 3D patterned microstructures of PAA ionic
hydrogels: (a) lattice grid, (b) honeycomb pattern, (c) PolyU logo, (d) flower-like
microstructure, and (¢) Hanoi-tower microarray.

Complex 3D PAA microstructures can also be fabricated by the OMsL technique
through a layer-by-layer photopolymerization process, as shown in Figure S1 (b). Figure 1 (d)
and (e) show the 3D printed flower-like microstructures and Hanoi-tower microarray,
respectively. Compared with 2D microstructures, 3D microstructures need longer exposure
time (around 30 s). The flower-like microstructure contains 8 petals, and its height gradually
decreases from the center. The diameter of the 3D flower microstructure is 75 um. The
Hanoi-tower microstructures compose of 5 concentric rings with graded heights, and the size
is 200 um. These results indicate that the OMsL technology is able to fabricate various 3D

PAA microstructures.
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Figure 2. Swelling degree of PAA ionic hydrogel with increasing pH. The inset shows the
swelling of PAA ionic hydrogel due to the pH induced change from —COOH to —COO"
group. Microscopic images of discoid PAA micropattern in different conditions (from
bottom to top): in air; immersed sequentially into pH=2 and pH=4 solutions after 2 hours
(scale bar: 250 um).

To study the pH responsive behaviors of PAA ionic hydrogels, four discoid PAA
micropatterns with different exposure strengths were prepared by using the OMsL setup. The
exposure times used for photopolymerization of the four PAA micropatterns are 5.0, 7.5, 10.0,
and 15.0 s, respectively. These PAA micropatterns are then immersed into different pH
solutions for 2 hours. The swelling degree was determined by using the ratio of the mass of
the hydrogel in the swollen and dried states based on gravimetrical method. One can see from
Figure 2 that the PAA ionic hydrogel micropatterns swell with pH values from 2 to 7. The
microscopic images of PAA micropatterns in air and in pH=2 and pH=4 solutions are shown
on the right side of Figure 2. The dependence of the swelling degree with pH is shown in the
inset of Figure 2. When increasing pH, the -COOH group of PAA will be depronated to
become —COO" group, and thus the hydrophilicity of PAA ionic hydrogels will be
enhanced.!'® 'l Moreover, PAA micropatterns irradiated with different exposure dose exhibit
different swelling degrees. The PAA micropattern fabricated with shorter irradiation time

swells more significant than that under longer irradiation time. This phenomena can be
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attributed to the different molecular weights of PAAs resulted in diverse exposure times.!'
The molecular weight of PAA micropattern fabricated in shorter exposure time is smaller, and
so its hydrophilicity is more significant.!3 It is noteworthy that there is no significant
difference for PAA micropatterns irradiated for 10 and 15 s. It means that the molecular
weight of the PAA micropattern irradiated for 10 s has become comparatively large, and
longer-time irradiation will not lead to significant change of PAA molecular weight.

The 3D patterning technology and the distinctive pH responsive characteristics render
the PAA ionic hydrogel a very promising material for microdevice and sensor applications.
Figure 3 (a) shows the schematic design of a periodic PAA micropads forming a long-period
grating (PAA-LPG) as a miniature optical pH sensor. A standard single-mode optical fiber

with diameter of 125 pm is tapered into a microfiber with diameter of ~30 pm to enhance the
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Figure 3. (a) Schematic design of a microfiber pH sensor based on micropatterned PAA
ionic hydrogel. (b) Optical microscopic image of a tapered optical fiber with a diameter of 30
um. (¢) Confocal microscopic images of three kinds of PAA micropads of different sizes
patterned to encapsulate the microfiber. The sizes of micropads of (¢1), (c2), and (c3) are 325
pum x 100 pm, 325 pm x 300 um, and 325 um x 600 um, respectively. The insets are the
photos taken by optical microscope.



overlapping between the fundamental guided mode and cladding modes, and also the
evanescent field of cladding modes. PAA ionic hydrogel is then patterned into a series of
periodical micropads on the surface of the microfiber. Since photopolymerization process
causes shrinkage in polymer, PAA micropads will act as “hoops” and apply a periodic strain
modulation on the microfiber.!¥ Thanks to the enhanced overlapping between the
fundamental guided mode and cladding modes, such a periodic strain modulation will cause a
resonant scattering phenomena in the microfiber, and induce a coupling from the fundamental
guided mode to a specific cladding mode at the resonant wavelength.

Figure 3 (b) shows the microscopic image of an optical microfiber tapered from a
standard single-mode fiber. The fabricated microfiber was mounted on a glass slide and then
dropped with PAA ionic hydrogel for patterning process, as shown in Figure S1 (c). Figure 3
(c1 — c3) are the confocal microscopic images of three examples of PAA micropads patterned
on a microfiber. Experimental conditions were kept the same so as to obtain PAA micropads
with the same thickness, and the irradiation time was chosen to 10 s according to the test data
presented in Figure 2. In order to properly excite the resonant scattering of cladding modes at
the wavelength of around 1430 nm, the grating pitch of LPGs has been chosen to be 650 pum.
One can see that the PAA ionic hydrogel was precisely patterned to enclose small lengths of
the tapered microfiber along the central line of micropattern. Both the size and pitch of PAA
micropads are very uniform. It indicates that the OMsL technology is able to pattern PAA
ionic hydrogel with high resolution to fabricate micro-structured devices.

For such a PAA-LPG device, its decisive factors in spectral characteristics as well as
sensing performance are duty cycle and lateral width. Duty cycle not only determines the
effective amplitude of the grating, but also governs the space between two PAA micropads for
swelling actions; the lateral width of PAA micropads influences the absolute magnitude of the

applied strain and thus determines resonant strength. For ease of description, the PAA-LPG



device is labelled as LPG-X-Y where the duty cycle of the grating is X and the lateral width of
PAA micropad is Y in the sections below.

Figure 4 shows the measured transmission spectra of the 20-mm long PAA-LPGs
with different lateral widths of PAA micropads. A broadband light source and an optical
spectrum analyzer (OSA) were used in the measurement. One can see that the LPG resonant
peaks become deeper with increment of the lateral width of PAA micropads, indicating that
the coupling strength is enhanced. Meanwhile, the central resonant wavelength blue shifted
slightly. It can be explained that the strain applied on the microfiber increased with the size of
the PAA micropads. The induced change of the effective index of the cladding mode is larger

than that of the fundamental guided mode.!*”]
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Figure 4. Measured transmission spectra of the PAA-LPGs with different lateral widths of
PAA micropads.

Since LPG-1:1-600 has the highest signal-to-noise ratio, it was chosen for testing pH
responses in the experiments. Figure 5 (a) shows the measured responses of LPG-1:1-600
sensor to different pH solutions. The central resonant wavelength of the sensor shifts to longer
wavelength when the pH increases from 2 to 7. It is because swelling of PAA ionic hydrogel

1d, 1g-li

induces a decrease of its refractive index.! I Consequently, the effective refractive index



of the fiber cladding mode becomes lower as it depends on the surrounding PAA ionic
hydrogel via evanescent field. Therefore, a red-shift of the resonant wavelength occurred due
to the increase in the difference of effective refractive index between the fundamental guided
mode and the fiber cladding mode.['®) At the same time, a weaker resonant peak was also
observed, as shown in the inset of Figure 5 (a). It indicates that the swelling of PAA
micropads reduces the strain applied on the microfiber and thus induces a decline of mode
coupling strength. The measured sensitivity of the LPG pH sensor is 7.5 nm/pH, which

surpasses significantly other reported LPG pH sensors.!!”! Since the resolution of the OSA
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Figure 5. (a) Reversible shift of the dip wavelength of LPG-1:1-600 sensor with increasing
and decreasing pH (the error bar is given based on the test of three sensors); (b) dynamic
response of LPG-1:1-600 sensor to different pH solutions.
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used in the experiment is 0.02 nm, the distinguishable pH change of the sensor is estimated as
0.0027.

The dynamic response of LPG-1:1-600 sensor to pH changes is shown in Figure 5(b).
The OSA keeps sweeping with the period of 10 s during the measurement. In order to achieve
a consistent measurement data, the PAA-LPG sensor has been pre-immersed into DI water
before test. The measured response times of the sensor for increasing and decreasing pH
processes are 100 s and 130 s, respectively, which are comparable with other reported fiber-
optic pH sensors.['8]

In summary, a new optical maskless stereolithography technology has been
demonstrated to rapidly fabricate PAA ionic hydrogel micropatterns. Various 2D and 3D
complex PAA microstructures with different feature sizes have been fabricated to show the
versatility of the microfabrication technology. Particularly, PAA ionic hydrogel has been in-
situ patterned into periodic micropads along a tapered optical microfiber to form a PAA-LPG
sensor, which showed both very high sensitivity and fast response time in pH sensing. It is
believed that the demonstrated micropatterning approach will trigger innovations in micro-

engineering of PAA ionic hydrogels ranging from sensing to bio-functional devices.

Experimental Section

Materials:

Acrylic acid (anhydrous, contains 180-200 ppm MEHQ as inhibitor, 99%), 2-hydroxy-4’-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) and isopropanol (IPA) were
purchased from Aldrich. Hydrochloric acid (HCI) and potassium hydroxide (KOH) are all
analytical reagents. Deionized (DI) water with a resistance of 18 MQ cm was used in all

experiments.

Fabrication of PAA microstructures:
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Photoinitiator (Irgacure 2959) was dissolved into AA solution with a concentration of 10 wt%.
The solutions were first prepolymerized in the oven at the temperature of 100 °C for 5
minutes. Then, an own-established OMsL setup as shown in Figure S1 (a) and (b) was used
for micropatterning process. With a spacer, a cover glass was placed upon the AA solution
that was dropped on another glass slide. UV light will penetrate the cover glass and photo-
polymerize AA on the bottom side of the cover glass. The pre-designed microstructures were
converted into own-defined image data and then loaded onto the DMD chip for generation of
optical patterns. UV light source (365 nm) was used in the OMsL setup for
photopolymerization of AA solutions. The intensities of UV light for 2D and 3D
microstructure patterning are 103.12 mW/cm? and 51.56 mW/cm?, respectively. The total
exposure time is around 5 to 30 s. The exposed micropatterns were developed by using DI

water and IPA, sequentially.

Fabrication of PAA-LPG pH sensors:

Standard single-mode optical fiber (SMF-28e, Corning) was used to prepare optical
microfiber. A commercial fiber tapering machine (LZM-100, Fujikura Ltd., Japan) was
utilized to taper the standard optical fiber with diameter of 125 um into a microfiber with
diameter of 30 pm. The length of the uniform taper waist is around 20 mm.

After mounting the microfiber on a glass slide, the prepolymerized AA solution was
dropped on the glass slide to immerse the microfiber. The microfiber mounted glass slide was
then placed on the sample stage of the OMsL system for optical exposure process, as shown
in Figure S1 (c). PAA micropads were then periodically fabricated on the cover glass and
encapsulated the microfiber through optical maskless projection exposure and pattern
stitching techniques. The time used for single-image exposure in PAA-LPG fabrication is 10 s.

The intensity of UV light (at the wavelength of 365 nm) used for exposure is 395.3 mW/cm?.

11



Supporting Information

Supporting informations (including the microscopic images of PAA micropatterns with

detailed information, the microscopic image and spectral responses of an LPG-3:7-1000

sensor) are available from the Wiley Online Library or from the author.
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3D microstructure measurement:

Microstructures of PAA hydrogels were measured by 3D laser scanning confocal microscope
(VK-X200, KEYENCE, Japan). It is a non-contact laser scanning imaging machine. The

magnification of lens used for scanning was 50x.

Swelling test:

PAA hydrogels were microfabricated with irradiation time of 5.0s, 7.5s, 10.0s, and 15.0s,
respectively. The microstructures were immersed into different pH solutions, each was 2h.
After equilibration, the mass of these samples was determined. The swelling degree was
calculated from the ratio of the mass of the hydrogel in the swollen and dried states based on

the average from two measurements.

Test of PAA-LPG pH sensors:

pH solutions were prepared by mixing of HCl and KOH solutions. The spectra of the LPG
sensors were measured by using a broadband light source and optical spectrum analyzer
(OSA) (AQ6370B, Yokogawa Ltd). The wavelength resolution of OSA was set to be 0.02 nm
during the measurement. The sensor was immersed in DI water for 30 minutes before test in
different pH solutions. The tests were conducted by dipping PAA-LPG sensors with different

pH solutions.
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Figure S1. (a) Photo of the OMsL setup used for patterning PAA ionic hydrogel. (b) 3D
microfabrication of PAA microstructures via layer-by-layer photopolymerization. (¢) In-situ
fabrication of periodic PAA micropads on an optical microfiber.
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Figure S2. Images and profile parameters of the fabricated PAA gratings (a) and step-wise
structures (b) for testing the lateral and depth resolutions of the platform (for patterning PAA

ionic hydrogel), respectively. The images were measured by using 3D laser scanning confocal
microscope.
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Figure S3. Images and line-width parameters of the PAA lattice grids measured by using 3D
laser scanning confocal microscope.
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Figure S4. Images and line-width parameters of a concentric-square PAA micropattern

measured by 3D laser scanning confocal microscope.
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Figure S5. Images and profile parameters of the semispherical 3D microstructures measured
by 3D laser scanning confocal microscope.
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Figure S6. (a) Microscopic image of the PAA micropads of LPG-3:7-1000 sensor. (b)
Measured transmission of the LPG sensor. (¢) Wavelength shift of the sensor with pH change
between 2 and 7. (d) Dynamic response of the pH sensor to different pH solutions. The
sensitivity of the PAA-LPG sensor is 16.7 nm/pH, and the response time of the sensor is
120 s.





