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ABSTRACT

Stimuli-responsive microgel-based etalons are promising optical and bio-sensors. These sensors play a pivotal role in modern healthcare by
enabling rapid biomolecule detection, contributing to organ-on-chip applications and early disease diagnosis. This study investigates the
suitability of poly(N-isopropylacrylamide) (pNIPAm)-based microgels for inkjet printing, focusing on optimizing their properties for effec-
tive deposition. Key parameters, including surface tension, viscosity, and particle size, are characterized to ensure compatibility with inkjet-
printing requirements. The addition of surfactants tunes the suspensions’ properties to be in line with the requirements of inkjet printing.
Jetting of pNIPAm-based microgels on gold-coated substrates forms a cohesive drop in a range of a few millimeters. Optical and scanning
electron microscopy confirm the formation of a uniform microgel layer. The optical reflectance spectroscopy results indicate that inkjet-
printed microgel-based etalons can effectively respond to changes in temperature and glucose concentration. In-liquid atomic force micros-
copy demonstrates the swelling dynamics of the microgels in different glucose concentrations, shedding light on their response dynamics.
Our work demonstrates, for the first time, the feasibility of printing microgels in a controlled way, fabricating biocompatible inkjet-printed
microgel-based etalon sensors with precise dimensions. The size precision and the sensitive monitoring capabilities of biomolecules hold
great promise for in situ and continuous sensing in a wide range of biological and organ-on-chip applications.
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I. INTRODUCTION scientific interest. Their ability to change their physical and/or
chemical properties in response to stimuli, such as temperature,
pH, light, or the presence of an analyte,”” has rendered them as
key materials in many fields including drug-delivery,'’ cancer
therapy,'' and sensing.'” For diagnostics, the development of
microgel-based etalon sensors provides an optical response to a
variety of stimuli such as temperature, pH, and various
biomolecules.' ™"

Microgel-based etalon sensors use the Fabry-Pérot etalon con-
struct, where changes in the distance between the two mirror
layers, separated by a dielectric layer, lead to reflection/transmission
of different wavelengths of light.">'® The maximum wavelength of
a reflectance peak, 4, can be estimated using (1),

Real-time biomolecule sensing enables the rapid detection of
target analytes and the conversion of these interactions into inter-
pretable signals, forming the foundation of advanced biosensing
technologies." Biosensors play a crucial role in modern healthcare
by enabling rapid and sensitive detection of biomolecules, facilitat-
ing early disease diagnosis and opening the door for personalized
medicine, also offering a significant contribution to organ-on-chip
applications.”™* With the growing demand for precision and sensi-
tivity in user-friendly platforms that combine high accuracy with
scalability and versatility,” the ability to achieve controlled deposi-
tion of sensing materials is paramount for ensuring consistent per-
formance and reproducibility across applications.

Advances in materials science and engineering have led to

new perspectives in the field of chemical and biochemical 2= 2ndcos(6) 1)
sensors with stimuli-responsive polymers having attracted great m
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and depends on the refractive index of the dielectric layer, n; the
mirror-mirror distance, d (nm); the angle of incident light relative
to the normal, € (°); and the order of the reflected peak, m (an
integer)."”

The microgel-based etalons typically consist of a thin Au layer
of 15 nm deposited on a glass substrate, followed by deposition of
thermo-responsive poly(N-isopropylacrylamide) (pNIPAm)-based
microgels as a monolithic layer. A second thin Au layer (15 nm) is
then deposited on the microgel layer'” (Fig. 1). In this, microgel-
based etalon structure microgels are used to form the dielectric
layer, and their swelling or de-swelling response to the stimuli
alters the distance of the two Au layers, leading to a change in A.
This change can be monitored using optical reflectance spectro-
scopy. The changes in the wavelength of reflected light are mainly
depending on the distance of the Au layers and, thus, on the thick-
ness and the uniformity of the microgel layer.’

The deposition of the microgels on the Au-coated substrate
plays a key role in the optical properties of the etalons. The main
studied protocol for microgels deposition is the “paint-on” proto-
col."” Using this protocol, a uniform solution of microgels is spread
on the Au-coated substrate, and the sample is left to dry for 2h
prior to the removal of the excess microgels by rinsing it with
de-ionized (DI) water. While this method is simple, reproducibility
poses a challenge since it is a manual technique and even if a stan-
dard volume of aliquot is used, the spreading may vary among dif-
ferent samples. Another concern is the minimum area of coating as
spreading evenly an area of 3 X 3 mm? or smaller might be quite a
challenge without offering adequate results. Another method that
has been used for the microgel film deposition is spin-coating.'®
Spin-coating of microgel’s aliquot at 3000 rpm for 30s on the
Au-coated substrate forms a uniform, monolithic microgel film.
The samples are dried for 2 h, and rinsing with DI water follows for
removal of the microgels that are not bound to the Au-coated sub-
strate. Spin-coating can be considered a standardized method pro-
ducing reproducible results in terms of the layer thickness and
homogeneity of the film. However, the size consistency of the sensor
is a challenge due to the uncontrolled spreading of the aliquot based
on the spinning velocity. Hence, creating etalons in a millimeter
and/or smaller scale is not feasible with these two methods.

To overcome these limitations, this study introduces an inkjet-
printing-based approach for microgel deposition, offering digital
control over droplet deposition, enabling reproducible sensor fabri-
cation with higher consistency in microgel layer thickness, spatial
patterning, and overall uniformity. A novel and highly precise
method for fabricating etalon sensors at microscale dimensions.

> Au/Cr layer
— Microgel layer
= Au/Cr layer
— Substrate

_—

FIG. 1. Microgel-based etalon schematic.
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Precisely controlling the dimensions of these sensors through inkjet
printing technology will open new avenues for real-time monitoring
of biological processes with high precision and sensitivity within
microscale systems. Several methods have been used to deposit inks
on substrates with spray coating,'>*’ stencil printing,”' and inkjet
printing”* being among the well-established options. Spray coating
forces the ink through a nozzle creating a fine aerosol.” No limita-
tion on the rheological properties of the ink'® makes spray coating a
potential candidate for ink deposition. The main disadvantages of
this method are the non-uniformity and the higher thickness of the
formed film,”*** which in the microgel-based etalons are two main
characteristics that should be controlled. The use of stencils to
control the dimensions of the ink add further complexity leading to
the waste of the material sprayed on the stencil area.”” In stencil
printing, the ink is deposited precisely in the apertures, preventing
waste of the material, though requirement of mesh to maintain the
stencil steady and the removal of the stencil directly impacts the
print quality.”>*’

Inkjet printing methods have attracted attention due to no
materials wastage, and its direct and precise patterning with a reso-
lution of 20-30 um, counter to spin-coating and other conventional
methods.”® The production and deposition of ink droplets in the
range of picoliters render it a cost-efficient process, which has been
frequently used in the pharmaceutical industries for drugs, pro-
teins, and nanoparticles deposition.””’’ Inkjet printing enables
digital control over the deposition process, offering flexibility in
pattern design and customization, while its non-contact nature
minimizes the risk of substrate damage and allows for printing on
delicate or irregular surfaces, e.g., small cavities.”' The most
common technique for generating the droplets is the so-called
“Drop-on-Demand” method in which ink droplets are ejected
from the printer’s nozzles only when necessary. A piezoelectric
transducer creates a driving mechanism, which provides enough
energy to form a drop of the used fluid.”>’" All the above charac-
teristics render inkjet printing the best candidate for microgel
deposition on the Au-coated substrate, enabling reproducible
sensor fabrication at millimeter or sub-millimeter scale, a critical
feature for integration into microfluidic devices.

In this work, thermo-responsive pNIPAm-based microgels are
rendered pH-responsive with the addition of acrylic acid (AAc) as
a comonomer.”>” pNIPAm-co-AAc suspensions were studied as
inks for inkjet-printed deposition on a Au-coated substrate. To meet
the conditions required for inkjet-printing, namely, viscosity, surface
tension, type, mixture, pH, and stability of the fluid,”* surfactants
were added to the initial suspension and their effect on surface
tension, rheological properties, and particle size of the initial suspen-
sion was studied. After fully characterizing the ink’s properties,
inkjet-printing was performed demonstrating the feasibility of precise
microgel deposition, leading to the formation of a 3 mm cohesive
drop. Scanning electron microscopy (SEM) imaging confirmed the
formation of a uniform monolithic microgel layer. Functionalization
of the microgel-based etalons with 3-aminophenylboronic acid
(APBA) enables microgels responsivity to glucose concentrations."”
The response of the inkjet-printed sensors to temperature and
glucose concentrations was tested via reflectance spectroscopy. From
the reflectance spectra, the efficient response to the stimuli was
observed. Atomic force microscopy (AFM) in liquid establishes a
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better understanding of the swelling dynamics of the inkjet-printed
microgels response to glucose concentrations. Controlled deposition
of the microgels on Au-coated substrate with precise dimensions and
high sensitivity to the stimuli offers promising capabilities for real-
time monitoring of biological processes within microscale systems,
with the potential for integration into organ-on-chip platforms and
point-of-care diagnostics, highlighting their impact on next-
generation biomedical sensing through advanced precision, scalabil-
ity, and sensor miniaturization compared to traditional fabrication
techniques.

II. EXPERIMENTS
A. Chemicals

Sodium dodecyl sulfate (SDS) (ACS reagent, > 99.0%), hex-
adecyltrimethylammonium bromide (CTAB) (> 99.0%), triton
X-114 (TRT) (laboratory grade), sodium chloride (NaCl) (ACS
reagent, > 99.0%), a-p-glucose (ACS reagent), and APBA
hydrochloride (98%) were obtained from Sigma-Aldrich, The
Netherlands.  1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC), phosphate buffered saline [PBS (10x), pH 7.2],
and BupH 2-(N-morpholino)ethanesulfonic acid (MES) buffered
saline packets were obtained from Thermo Fisher Scientific Inc., The
Netherlands, and were used as received or according to the package
instructions. All de-ionized (DI) water had a resistivity of 18.2 M Qcm
and was obtained from a Milli-Q Type 1 system from Merck KGaA,
Germany.

B. Ink preparation

A microgel suspension of pNIPAm-co-AAc with initial con-
centration 47.9mg/ml was used. The microgel suspension was
diluted with Milli-Q water to decrease the concentration to
42.6 mg/ml (further dilution was eschewed to avoid the coffee ring
effect'’). Dilution of the initial suspension with SDS, CTAB, and
TRT surfactants at their Critical Micelle Concentration (CMC)*>*°
took place, leading to an end concentration of 42.6 mg/ml. The
CMC level of the surfactants, their charge, and the volume added
to the suspension are presented in Table L.

C. Surface tension

To define the suitability of the diluted suspensions as inks,
surface tension measurements were performed. This measurement
was performed on the OCA25 contact angle instrument
(Dataphysics, Germany), using SCA202 V.5.0.41 version of the
software. The pendant drop method was applied and the surface
tension of the formed droplet was measured in its maximum

TABLE |. Characteristics of the surfactant solutions used to dilute the initial microgel
suspension.

Surfactant Charge CMC (mM) Volume ()
SDS Anionic 8 22.8
CTAB Cationic 0.92 6.7
TRT Non-ionic 0.23 4.7

pubs.aip.org/aip/bmf

volume before it detaches from the needle. The measurements were
performed at a range of temperatures from 20 to 40 °C, which was
controlled by a syringe heating device (SHD, Dataphysics,
Germany) with an accuracy of +0.1°C, throughout the measure-
ments. The sensitivity of the surface tension is 0.01 mN/m, and the
experimental errors are less than 1.0 mN/m. Each measurement is
performed three times.

D. Viscosity

The rheological behavior of the studied suspensions were
determined by the Modular Compact Rheometer MCR 302 (Anton
Paar, Austria) with a measuring parallel plate of 25 mm diameter
PP25/P2 (Anton Paar, Austria) at a height of 0.145 mm. Each
measurement consisted of an exponential increase of the shear rate
(ramp up) from 10 to 10000 (s™!) followed by an exponential
decrease in the shear rate (ramp down) from 10000 to 10 (s
The measurements were performed at 20, 30, and 35°C with an
accuracy of +0.1°GC, in a total of three times for each liquid.

E. Particle size

To evaluate the probability of clogging the inkjet nozzles™® due
to the microgel beads in the suspension, Dynamic Light Scattering
(DLS) was used to measure the particle size of the beads. The
Zetasizer Nano ZS and a ZENO112 cuvette (Malvern Panalytical,
UK) were used. To conduct these measurements, a volume fraction
of 0.25% of the diluted suspensions and Milli-Q water was used.
The particle size of the microgel beads was measured in the tem-
perature range from 20 to 40 °C with an accuracy of +0.1°C. Each
measurement was performed three times.

F. Inkjet printing

The printability of the diluted suspension was tested using the
inkjet printer LP50 PiXDRO (SUSS MicroTec, Germany) with
PIX-DRO 4.4.8.4 software. The cartridge was a Dimatix Materials
Cartridge-Samba Cartridge (DMC Samba) (Fujifilm, Japan).
The ideal fluid requirements provided by the company are pre-
sented in Table I1,”* and the diameter of the nozzle was measured
to be 23.25um (see supplementary material section “Preparation
of the ink,” Fig. S1). Based on the surface tension, viscosity and
particle size measurements and the appropriate range provided by
the Dimatix, a diluted pNIPAm-co-AAc suspension with TRT
was tested that approaches these ideal requirements. To deposit

TABLE I Ideal fluid requirements for Dimatix® Materials Cartridge-Samba®
Cartridge.

Property Value

Viscosity 4-8 cps

Surface tension 28-32 dynes/cm

Type Water based, solvent based
Mixture Homogeneous, sub-micrometer particle size
pH Neutral

Stability Thermally stable for 2 weeks at 60 °C
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pNIPAm-co-AAc-TRT on a gold glass substrate, the settings of
the printer were adjusted. In particular, the waveform was defined
by two pulses where the first pulse had voltage 38.8 mV, pulse
width 2.2 us, and pulse space 4.5us and the second pulse had
voltage 10.0 mV, pulse width of 3.2 us and pulse space of 4.5 us.
Printing was unidirectional where the substrate bed moves and
the printhead stays still. The temperature of the substrate bed
stays on default (22 °C), while the printhead temperature was set
to 33°C, enabling the jetting of the drops. The velocity and
volume of the drop were determined by the software and have
values of 5.70 m/s and 3.0 pl, respectively, at 33 °C of the printhead
(see supplementary material section “Preparation of the ink,”
Fig. S2). To print a uniform 3mm dot, attempts with several
Dots-Per-Inch (DPI) were made. The DPI values of 1500 and 4000
were studied. The number of iterations was kept at one, while for the
1500 DPI, an attempt of two iterations was also made.

G. Microgel-based etalon fabrication

The fabrication process of the microgel-based etalon structure
follows a similar procedure to previously published methods.'>** A
layer of 2 nm chromium (Cr) and 15 nm gold (Au) was deposited
on glass coverslips of 18 x 18 mm? (Menzel-Gliser, Germany)
using thermal physical vapor deposition (PVD) (CHA Industries,
Inc., Solution PLC-S7) at a speed of 1 and 3 A s™!, respectively.
pNIPAm-co-AAc-TRT microgels were deposited on the Au layer
by the LP50 PiXDRO inkjet printer (SUSS MicroTec, Germany),
forming a uniform film (see Sec. III B). The printed samples were
dried on a hotplate at 30 °C for 1 h and rinsed with Milli-Q water
to remove excess microgels not bound to the Au layer. The samples
were dried overnight on a hotplate at 30 °C and subsequently, a top
layer of 2nm Cr and 15nm Au was evaporated on the microgel
film, creating the etalon structure in a shape of circle with 3 mm
diameter. In the case of two iterations (1500 DPI, see Sec. III B),
the first layer of microgels was printed on the gold substrate, dried
on a hotplate at 30 °C for 1 h, and the excess material was rinsed.
A second print over the same spot took place, and the same proce-
dure was being followed.

The inkjet-printed microgels were functionalized with APBA
to render them responsive to glucose, following a procedure similar
to Sorrell et al"’ In summary, the microgel-based etalon samples
were immersed in pH 4.7 MES buffered saline, to which 9 mg of
APBA was added, and the mixture was stirred on a magnetic stirrer
at room temperature for 1h. 20 mg of EDC was added and stirred
until fully dissolved, followed by 5 h of refrigeration. Additional
4.5 mg of APBA per sample was added to the solution and stirred
for 30 m, followed by the addition of 20 mg of EDC per sample
and overnight reaction at 4 °C. The samples were then rinsed with
de-ionized water and soaked in 10 mM PBS buffer (with 150 mM
ionic strength from NaCl) at pH 7.2 for 2h to remove unreacted
reagents. Noteworthily, since the APBA molecule is added after
microgel printing as a post-processing step, its presence does not
affect the printability of microgel ink and/or the printing process.

H. Microscopy imaging

Microscopy images of the monolithic layer of the printed
microgels were taken with a JSM-6010LA (JEOL, Ltd, Japan)

pubs.aip.org/aip/bmf

scanning electron microscope (SEM) using INTOUCHSCOPE 1.12 soft-
ware. An optical microscope Nanoro M (LIG Nanowise, UK) was
used to define the print quality.

I. Reflectance spectroscopy

Detection of the microgels response to the stimuli of interest
was performed. The microgel-based etalon was placed in a glass
Petri dish and a UV/vis reflectance probe (Ocean Optics, SR2
UV-VIS, Florida) was placed on top of the etalon surface in adjusted
distance for optimal signal. To maintain consistency of the recorded
spectra, the probe remains at the same position throughout each set
of experiments. The tested liquids were 1 mM DI water/NaCl of pH
6.5 and glucose concentration (Cy) of 0-100 mg/dl. Once the etalon
was immersed in the studied liquids, a spectrum was recorded by
OCEAN VIEW 2.0.14 software with a wavelength range of 400-1000 nm.
The temperature range of the liquid was from 20 to 65 °C, controlled
by heating the glass Petri dish up to the desired temperature using a
hot plate to maintain steady temperature of the liquid. Reflectance
spectra were recorded in total of three times for each liquid and
temperature.

J. In-liquid atomic force microscopy (AFM)

To understand the swelling dynamics of the inkjet-printed
microgels in response to glucose concentration in-liquid, AFM was
used (Briiker Nanowizard BioAFM equipped with a ScanAsyst-
fluid probe; the properties of the probe are described in Table III).
A droplet of solution was placed on the sample, after which the
probe was brought into contact with the sample. The set-point
(maximum force on the surface) was 5nN. A 5 x 5um? area was
scanned in Quantitative Imaging (QI)-mode imaging and height
profiles were extracted. Processing of the images was performed in
the JPK data processing software (v8.0). A plane fit and line level-
ing were applied, using a linear fitting procedure provided in the
software, with default settings. Liquids of pH 6.5 and glucose con-
centrations of 20, 40, and 80 mg/dl were studied. In each liquid, a
different inkjet-printed etalon of 4000 DPI was used, and the mea-
surements were performed three times at each condition.

I1l. RESULTS AND DISCUSSION
A. Ink characterization

The ability to precisely control the dimensions of a microgel-
based etalon sensor offers new possibilities to organ-on-chip appli-
cations. Inkjet printing is a valuable tool to achieve this outcome.
For this purpose, the properties of the tested ink should be in line
with the requirements of inkjet printer. Hence, adjustments not
only on the printer but also on the initial pNIPAm-based

TABLE lll. Properties of ScanAsyst-fluid probe.

Property Value
Nominal tip radius 20 nm
Cantilever length 70 um
Cantilever width 10 um
Spring constant 0.4 N/m
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suspension are made. The pNIPAm-co-AAc suspension was used
to fabricate microgel-based etalon sensors responsive to tempera-
ture and pH. The properties of the suspensions, namely, surface
tension, viscosity, and the particle size of both the initial and the
diluted, with surfactants, samples are studied.

1. Surface tension

To study the effect of added surfactants to the surface tension
of the microgel suspensions, density measurements were initially
performed for all the studied samples in a temperature range of
20-40 °C (see supplementary material section “Preparation of the
ink,” Fig. S3). The obtained density values were used during the
surface tension experiments. In Fig. 2, the plot of surface tension as
a function of temperature is presented. It was observed that the
surface tension of pNIPAm-co-AAc suspension without the addition
of any surfactant was 67.44 + 0.67 mN/m at 20 °C. A slight decrease
of this value was obtained with increase in temperature, though still
far exceeds the required range for printing (28-32 dynes/cm,
Table IIT). The addition of surfactants had a noticeable effect on the
surface tension of the initial suspension, leading to a decrease of
roughly 35%. An immense decrease of the surface tension was
observed with the addition of TRT at the CMC level, leading to a
value of 38.40 + 0.86 mN/m at 20°C with a further decrease at
higher temperatures. The addition of TRT leads to values close to the
required range for printable ink.

2. Viscosity

The suitability of using the pNIPAm-based suspensions as ink
in the printer depends on both their rheological behavior and vis-
cosity values at high shear rate, given that shear rates can reach

75 T T T T T
®  pNIPAM-co-AAc-SDS
® pNIPAmM-co-AAc-CTAB
. A pNIPAmM-co-AAc-TRT
E701 v pNIPAmM-co-AAC 1
P4
E Y v Y Vyyv v
S 65- " .
]
o
o
(= 1
8 - * _ T
u v
g ° ° L FYYY a
o 40 o ’ 1
A oL
4 A A a
35 T T T T T

15 20 25 30 35 40 45
Temperature (°C)

FIG. 2. Surface tension as a function of temperature for the diluted suspensions
(C =42.6mg/ml) with DI water (green downward triangles), SDS (black
squares), CTAB (red circles), and TRT (blue upwards triangles). Surface tension
values for all the studied liquids present standard deviation of +0.2 to
=+ 0.9 mN/m. Each measurement is performed three times.
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above 300000 s~!.**** In Fig. 3, the logarithmic plot of viscosity
of the diluted suspensions as a function of shear rate is presented
for three different temperatures (20, 30, and 35 °C). All the studied
suspensions behaved as non-Newtonian shear thinning fluids,
presenting a pseudo-newtonian behavior at high shear rates
(> 1000s7"). The asymptotic viscosity (u,,) of the studied sus-
pensions in high shear rates and at three different temperatures
are provided in Table IV. At 20 °C, only the pNIPAm-based sus-
pensions with added TRT and CTAB were within the appropri-
ate range (4-8 cps, Table III). As the temperature increases, the
viscosity is decreasing leading to values lower than the range
provided by Dimatix. This suggests that printing at temperatures
higher than room temperature may lead to limitations for micro-
gel deposition. However, the temperature must remain below the
microgel’s lower critical solution temperature (LCST), at approx-
imately 32°C,” to prevent de-swelling, which would compromise its
functional properties during deposition. All the studied samples exhib-
ited behavior appropriate for printing at high shear rates, but based on
the viscosity values, the diluted suspensions with TRT and CTAB
were more prominent candidates as inks.

3. Particle size

The response of thermo-responsive pNIPAm-based microgels
to temperature has been extensively studied.”””*" A volume phase
transition is observed when the temperature of the solvent reaches
the LCST. Below the LCST, the microgels are in the swollen state
while repulsion of water above the LCST leads to a de-swollen
(shrunken) state of the microgel beads.””” Figure 4 shows that at
20 °C, in their swollen state, pNIPAm-co-AAc microgels had a size
of 924 + 18 nm. An immense decrease was observed above LCST
reaching to 477 + 16 nm at 40 °C. The addition of surfactants in
the initial suspension had a minimal influence on the size of the
beads, leading to the assumption that the surfactants were not
accumulating on the surface of the microgel beads and that the
micelles formed at the CMC level were diffused in the solvent, pro-
voking decrease of the surface tension of the liquid. At tempera-
tures above 25 °C, the effective size of the microgel beads was in
sub-micrometer scale, with range of 30-50 times smaller than the
nozzle diameter, proving that clogging of the nozzles of the car-
tridge can be prevented.”

B. Inkjet-printed etalon sensor

Based on the results from ink characterization [(1) surface
tension, (2) viscosity, and (3) particle size], the pNIPAm-co-AAc-TRT
suspension was used as the ink since its properties are approaching
the ranges set by Dimatix. In Fig. 5(a), the optical microscopy image
of the sample printed with 1500 DPI in one iteration is presented.
Reproducibility of printing at 1500 DPI was achieved [see
supplementary material section “Inkjet-printed sensor,” Figs. S4(a)
and S4(b)]. However, with 1500 DPI, the formation of cohesive drop
was not obtained, leading to uncovered areas. Notably, the SEM image
[Fig. 5(b)] shows the formation of a monolithic microgel layer on the
gold substrate. An attempt with 1500 DPI and two iterations improved
the quality of the print by decreasing the uncovered areas [Fig. 6(a)].
The SEM imaging [Fig. 6(b)] revealed that two separate prints were
performed, creating a hill like structure. Hence, the monolithic layer

€0:£2:11 G20Z Jequisydes Lo

Biomicrofluidics 19, 044101 (2025); doi: 10.1063/5.0252901
© Author(s) 2025

19, 044101-5


https://doi.org/10.60893/figshare.bmf.c.7936904
https://doi.org/10.60893/figshare.bmf.c.7936904
https://pubs.aip.org/aip/bmf

Biomicrofluidics ARTICLE pubs.aip.org/aip/bmf

1000 - TABLE IV. The asymptotic viscosity of the diluted suspensions with SDS, CTAB,
i pit Moo e D TRT, and DI water at 10000 s™" and at 20, 30, and 35 °C.
® pNIPAm-co-AAc-CTAB
A -CO-, -
v g::gﬁmgxﬁ TRT Asymptotic Asymptotic Asymptotic
& . - - ' viscosity viscosity viscosity
8 10, E at20°C  at30°C  at35°C
£ vv"v Sample (mPa s) (mPa s) (mPa s)
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% v Y Vvvey pNIPAm-co-AAc 10919  27%02 1.2+0.03
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100 1000 10000 was not uniform throughout the sample. Increase of the DPI to 4000
Shear rate (1/s) led to the formation of a 3 mm cohesive drop [Fig. 7(a)], showing
consistency and reproducibility among the several printed
(a) Y P Y g p
samples [see supplementary material section “Inkjet-printed
100 T = pNIPAM-co-AAC-SDS sensor,” Figs. S5(a)-S5(c)]. The SEM image [Fig. 7(b)] con-
® pNIPAm-co-AAc-CTAB firmed the formation of a uniform monolithic microgel layer,
A pNIPAM-co-AAC-TRT rendering it a possible candidate for sensing applications.
Vv v pNIPAm-co-AAc
— vv
O 1044, Vv. 4
g -gfl;x;;“ v"Vvvav
§; tjg'; ':;:“ "vy“ C. Reflectance spectroscopy
E ' Having achieved the fabrication of an inkjet-printed 3 mm
2 1. | microgel-based etalon, reflectance spectroscopy was performed to
& study microgel’s response (swelling/de-swelling) to the stimuli. The 2
swelling/de-swelling behavior of the microgels to glucose concen- &
tration and temperature changes result in an increase/decrease in §
o4 the distance between the two gold layers, leading to a peak shift in &
40 100 1000 10000 the wavelength, which was successfully detected by reflectance S
a
Shear rate (1/s) Spectroscopy. 2
3
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FIG. 3. The logarithmic plot of viscosity as a function of the shear rate for the FIG. 4. Particle size of the diluted suspensions with SDS, CTAB, TRT, and DI
diluted suspensions with SDS, CTAB, TRT, and DI water at (a) 20, (b) 30, and water as a function of temperature. The particle size of all the studied liquids
(c) 35°C, included shaded error bars (+0.03 to +1.9mPas). Each measure- presents standard deviation of +4 to +35nm, with a total of three measure-
ment is performed three times. ments at each temperature.
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FIG. 5. (a) Optical microscopy and (b) SEM images of the printed
pNIPAm-co-AAc-TRT sample with one iteration at a DPI of 1500.

1. Temperature

The reflectance spectra and the peak shift for different tem-
peratures of the 4000 DPI print are presented in Fig. 8. A blue shift
in the reflectance spectrum was observed with increase of the tem-
perature from 22 to 45°C at pH 6.5, indicating the de-swelling
behavior of the beads. For reproducibility purposes, each experi-
ment was performed three times. A typical reflectance spectrum is
presented in Fig. 8(a). At temperatures from 45 to 65°C, no
further shift of the wavelength was observed indicating that the
beads have reached the most de-swollen state at around 45 °C and
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FIG. 6. (a) Optical microscopy and (b) SEM images of the printed
pNIPAm-co-AAc-TRT sample with two iterations at a DPI of 1500.

further increase of temperature did not provoke decrease in the size
of the microgels. The average peak shift of the three measurements
is shown in Fig. 8(b).

Similar de-swollen behavior of the microgel beads with the
temperature was observed for the samples of 1500 DPI with one
and two iterations [see supplementary material section “Reflectance
spectroscopy,” Figs. S6(a), S6(b), S7(a), and S7(b)]. The formation
of a cohesive drop with 4000 DPI leads to monolithic layer of
microgel throughout the sample area. However, with 1500 DPI, the
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FIG. 7. (a) Optical microscopy and (b) SEM images of the printed
pNIPAm-co-AAc-TRT sample with one iteration at a DPI of 4000.

monolithic layer has discrepancies due to the uncovered areas, for
the samples of one iteration, and the hilly areas, for the samples of
two iterations. This creates samples with different initial thickness
of the microgel layer based on the DPI and the iterations leading to
different absolute values of the wavelength in the reflectance
spectra [see supplementary material section “Reflectance spectro-
scopy,” Figs. S6(a) and S6(b)]. The results indicate that the inkjet-
printed microgel-based etalon sensors can effectively respond to
temperature for all the tested samples.
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FIG. 8. (a) Typical reflectance spectrum and (b) average peak shift of the
printed pNIPAm-co-AAc-TRT microgel-based etalon sensor at 4000 DPI in dif-
ferent temperatures at pH 6.5 (shaded region shows the standard deviation
obtained from three data points for each temperature). The negative values of
A in plot (b) demonstrate the blue shift due to the de-swelling of the microgels
with increase in temperature, with AL = Atestcondition — 4 pHe.5.22°C-

2. Glucose

Reflectance spectroscopy measurements were performed for the
inkjet-printed samples functionalized with APBA to examine their
response to glucose concentrations. Glucose buffer solutions were
prepared with pH 6.5 (1 mM DI water/NaCl) and glucose concentra-
tion (Cg) of 10-100 mg/dl. All the experiments were performed at
22°C. A red shift was observed in reflectance spectra in all the
glucose concentrations for all the studied DPIs, proving the swelling
behavior of the microgel beads. Each experiment was performed
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three times. In Fig. 9, the typical reflectance spectrum and the
average peak shift of the 4000 DPI sample are presented, showing
the sensitivity of APBA-functionalized microgels to glucose concen-
trations up to 100 mg/dl. In C; > 60 mg/dl, the peak shift was not
that distinct pointing out that APBA-functionalized microgels were
reaching a saturation point, where no more glucose molecules can
bind to. The number of APBA molecules that binds to the
pNIPAm-co-AAc microgels depends on the surface area of the
sensor. The sensitivity of the APBA-functionalized etalons to glucose

—— C =10"[mg/dI]
—— C =20 [mg/dI]
m—) | C =30 [mg/dI]
) 100 + —— C =40 [mg/dI}
. C =50 [mg/dl]
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FIG. 9. (a) Typical reflectance spectrum and (b) average peak shift of the 4000
DPI pNIPAm-co-AAc-TRT microgel-based etalon sensor in different glucose concen-
trations at 22 °C and pH 6.5 (shaded region shows the standard deviation obtained
from three data points for each glucose concentration). The positive values of A4 in
plot (b) demonstrate the red shift due to the swelling of the microgels with an
increase of glucose concentration, with A4 = Atestcondiion — A pHe.5.22:C-

pubs.aip.org/aip/bmf

relies on the reversible binding of diol-containing glucose molecules
to hydroxylated APBA groups.'™'® Thus, the sensitivity of microgel-
based etalon sensors to glucose is closely linked to the number of
APBA moieties available for binding. Hence, by decreasing the size
of the etalon sensor, its glucose sensitivity is expected to decrease. In
the samples of 1500 DPI, the saturation point was reached at
Cg = 60mg/dl [see supplementary material section “Reflectance
spectroscopy,” Figs. S8(a), S8(b), S9(a), and S9(b)]. The formation of
a monolithic layer of microgels on the substrate, achieved with 4000
DPI, favors the binding of APBA molecules to the AAc groups of
the beads, ensuring greater uniformity in the sensor response and
lower standard deviations compared to the 1500 DPI samples. The
performance of the APBA-functionalized inkjet-printed microgel-
based etalons could render them a potential candidate for in situ
sensors in organ-on-chip applications for the detection of glucose
levels encountered in specialized cell culture environments, such as
neuronal or stem cell cultures, where glucose levels are often main-
tained within the range of 40-100 mg/dl.***’

3. In-liquid AFM

The swelling dynamics of the microgels were tested by
immersing the 4000 DPI microgel-based etalons in glucose buffer
solutions of pH 6.5 with concentrations of 20, 40, and 80 mg/dl. In
Fig. 10, the thickness of the microgel layer is presented as a func-
tion of time. An increase of 20% in size was observed for the
microgels in all the tested glucose concentrations in a span of 2 h.
The plot can be divided into three sections based on the response
of the beads to the stimuli. An immediate response of the microgel
beads to the stimuli was observed, presenting a sharp slope
(n=145) in the first 40 min (Sec. I). In particular, when

160
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FIG. 10. Thickness of the microgel layer on the 4000 DPI microgel-based
efalon vs time, when immersed in glucose buffer solutions (pH 6.5) in concen-
trations of 20, 40, and 80 mg/dl. Sections |, I, and Il correspond to the dynamic
response of the microgels to the stimuli. The high rate observed in Sec. |
decrease in the rate observed in Sec. Il and reaching a steady state in Sec. Ill.
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immersed in the solution with C; = 20 mg/dl, the slope attended
was ny = 0.33 while for C; = 40 mg/dl and C; = 80 mg/dl, it was
nyg = 0.41 and ngy = 0.49 showing that the response was more
prominent with the increase of the glucose concentration in the
solution. The swelling rate of the beads decreased in the span of
40-106 min (nyy = 0.08, nyy = 0.15, and ngyg = 0.08, Sec. II). The
steady state of the beads was reached after 106 min (ny = 0.01,
ng = 0.04, and ngy = 0.04, Sec. I1I). The thickness of the microgel
layer was increased by increasing the glucose concentration where
at the steady state for 20mg/dl, the average thickness was
tyo =750+ 1.2nm and for 80mg/dl, tg = 134.6 + 8.5nm,
which was justified by the swollen behavior of the microgels as a
response to glucose. The formation of a closely packed monolithic
microgel layer on the gold-coated substrate leads to thickness
values on the range of 75-135 nm, notably smaller than the initial
size of the microgel beads in the suspension (Fig. 4), as a result of
changes in the interfacial properties.”**

IV. CONCLUSIONS

In this study, we successfully demonstrate the characterization
and the use of pNIPAm-based suspensions as inks for inkjet-
printing, making the fabrication of inkjet-printed microgel-based
etalon sensors feasible using this technique. Through characterization
of the microgel (pNIPAm-co-AAc) suspensions, we optimized the
properties of the suspensions to meet the requirements of the ink for
inkjet printing, focusing on surface tension, viscosity, and particle
size. By incorporating surfactants into the pNIPAm-co-AAc suspen-
sion, we effectively reduced surface tension, enhancing printability
and ensuring consistency in ink behavior at different temperatures.
At high shear rates, in which inkjet-printer operates, the suspensions
exhibit pseudo-Newtonian behavior suitable for printing. This repre-
sents a significant advancement over traditional deposition tech-
niques, offering a scalable and reproducible approach to sensor
fabrication. Leveraging the precise control and the reproducibility
offered by inkjet printing technology, we achieved uniform deposi-
tion of thermo-responsive pNIPAm-based microgels on Au-coated
substrates with dimensions as small as 3 mm, showcasing high sensi-
tivity to stimuli. The response of inkjet-printed microgel-based
etalons to temperature and glucose concentrations were assessed
through reflectance spectroscopy and in-liquid AFM. Our results
demonstrate a distinct shift in the wavelength peak during reflectance
spectroscopy experiments, indicating the swelling and de-swelling
behavior of the microgels in response to temperature changes and
glucose concentrations. AFM analysis revealed the dynamic swelling
kinetics of the microgels in different glucose concentration solutions,
further confirming their responsiveness to stimuli. These findings
highlight the novelty of our inkjet-printing approach as a robust
method for producing miniaturized, highly sensitive optical biosen-
sors with precisely controlled geometry. Overall, the inkjet-printed
microgel-based etalons offer promising capabilities for real-time
monitoring of biological processes within microscale systems, partic-
ularly in organ-on-chip applications and point-of-care testing. The
precise control over sensor dimensions and high sensitivity to stimuli
make them potential candidates for in situ sensing of glucose levels,
paving the way for advancements in personalized healthcare and
disease diagnostics. Future work will focus on studying the selectivity

ARTICLE pubs.aip.org/aip/bmf

of the sensor toward glucose in complex biological environments and
assess the sensor’s current limit of detection (LOD) to evaluate its suit-
ability for real-time biochemical monitoring in tissue models and
microphysiological systems. Further optimization of ink formulations
and printing parameters could enhance the performance and applica-
bility of these sensors in diverse biomedical and analytical fields.

SUPPLEMENTARY MATERIAL

Further details of the following experimental procedures along
with additional figures and explanations can be found in the
supplementary material. Preparation of the ink, with subsections of
inkjet printing and density of pNIPAm-based suspensions, inkjet-
printed sensor, and reflectance spectroscopy are included in the
supplementary material.
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