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The per- and polyfluoroalkyl substances (PFAS) are a group of organofluorine chemicals treated as the emerging
pollutants that are currently of particularly acute concern. These compounds have been employed intensively as
surfactants over multiple decades and are already to be found in surface and ground waters at amounts sufficient
to have an effect on human health and ecosystems. Because of the carbon—fluorine bonds, the PFAS have an
extreme environmental persistence and their negative impact accumulates with further production and penetra-
tion into the environment. In Germany alone, more than thousands of sites have been identified as contaminated
with PFAS; thus, timely detection of PFAS residue is becoming a high priority. In this paper, we report on the
high performance optical detection method based on whispering gallery mode (WGM) microcavities applied for
the first time to detect PFAS contaminants in aqueous solutions. A self-sensing boosted 4D microcavity fabricated
with two-photon polymerization is employed as an individual sensing unit. In an example of the multiplexed
imaging sensor with multiple hundreds of simultaneously interrogated microcavities we demonstrate the pos-
sibility to detect the PFAS chemicals representatives at a level down to 1 ppb (parts per billion).
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1. INTRODUCTION

A broad family of organofluorine contaminants known as per-
and polyfluoroalkyl substances (PFAS) is a group of more than
10,000 engineered chemicals. They consist of a fully or partially
fluorinated carbon chain of various lengths with different func-
tional groups (predominantly carboxylate or sulfonate). These
substances are water-, grease-, and dirt-repelling agents that
have been vastly used during the last four decades as surfactants
in numerous consumer products. Existence of the fluoroalkyl

interaction with hormonal systems [3]. The above-mentioned
has prioritized PFAS chemicals for complete elimination.
Traditional analytical approaches such as chromatography
(HPLC) or gas (GS) coupled with mass spectrometry (MS)
are the most common methods to detect PFAS at concentra-
tions down to ng/L [4,5]. These techniques have excellent per-
formance in terms of accuracy, precision, intrinsic multiplexity,
and specificity. However, they suffer from apparatus cost and
complexity, the need for laboratory conditions and skilled per-

tail, strong carbon—fluorine bond, and exceptionally high ther-
mal and chemical stability prevent PFAS from degrading via
water, light, or bacteria. For this reason, PFAS have been clas-
sified as persistent organic pollutants and the more they are
produced and enter the environment, the more they accumu-
late. PFAS have already penetrated into the soil, atmosphere,
and groundwater and therefore have become hazardous for
the ecosystems, biodiversity, and human health [1,2].
Numerous studies show potential immunotoxicity of the
PFAS chemicals, their carcinogenicity, effect on fertility, and
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sonnel, and time-consuming processes for sample preparation
and data collection. To address these drawbacks, a quick,
straightforward, and sensitive technique for PFAS chemical de-
tection is required. An appropriate alternative to the conven-
tional laboratory devices can be provided by biochemical
sensors, which are based on various physical principles and offer
improved selectivity, flexibility, and compactness for real-time
online monitoring. Among them, optical sensors with their
high efficiency of light—matter interaction and electromagnetic
interference immunity are worthy of special attention. Optical
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sensor-based solutions for PFAS detection reported so far are
based on fiber/waveguide-based configurations using surface
plasmon resonance (SPR) [6-8], lossy mode resonance [9], and
interferometric schemes [10]. Particular solutions employ func-
tional layers out of polyvinylidene fluoride [10], antibodies [7],
serum albumin [9], or molecularly imprinted polymers [6,8]
for enhanced PFAS sensitivity.

Although fiber/waveguide sensor-based configurations pro-
vide a low detection limit [reported from ~0.1 ppb (parts per
billion), to several parts per million (ppm)], their sensitivity re-
mains restricted by the limited interaction length between the
evanescent field of the guided mode and chemical compounds,
where the major part of the evanescent tail remains unaffected
and hence does not contribute to the signal. The sensing
capability is enhanced when the fiber/waveguide-based detec-
tion is realized within an interferometric scheme to enable
quantification of the optical field phase changes at the cost
of the detection principle complexity. In the SPR-based ap-
proach, the metal surfaces are strongly influenced by temper-
ature variations and due to high absorption the surface plasmon
wave attenuates rapidly in the propagation direction, limiting
the interaction length even more than in fiber/waveguide-based
configurations. Here, a competitive alternative for PFAS
chemical detection is the optical microresonator-based sensing,
where the optical field interaction length with the measured
solution is orders of magnitude higher.

For optical microresonators, the electromagnetic (EM) field
is trapped by the contrast in refractive indices inside the dielec-
tric material with a closed circular loop [11,12]. For waves that
travel along the cavity’s edge and interfere with each other after
a single roundtrip, the field accumulates in the cavity.
Whispering gallery mode (WGM) resonances are the eigenm-
odes that satisfy the constructive interference condition. These
resonances are characterized by the low roundtrip energy dis-
sipation and correspondingly by high quality factors (Q factors)
[13]. Due to the presence of the evanescent field outside the
cavity geometry, the WGM’s spectral properties become
susceptible to changes of morphology, material, and/or the
geometry of the resonator as well as variations in the environ-
ment [14-16].

Microresonator-based sensing technology has undergone
significant advancements over the last decades that enabled
the sensing of different physical and chemical parameters
[17-22], with possibility for deep-learning-powered multi-
plexed sensing of hundreds or even thousands of resonators
[23,24]. Since the first demonstration of biochemical sensing
with WGM microresonators [25] multiple different method
extensions have been proposed to further boost the sensitivity.
Among them are the plasmonic-photonic scheme [26,27], ac-
tivation (doping cavity with gain medium) [28,29], exceptional
points [30], and material response-enhanced sensing by reali-
zation of 4D structure-based sensing [31]. The appropriate 4D
structures can be fabricated by means of 4D printing technol-
ogy, where common 3D printing is used to create structures
that can react on external disturbances over time. This induced
post-manufacturing temporal behavior provides the extra
dimension and is enabled by utilization of smart, i.e., stimuli-
responsive, materials (commonly hydrogels and polymers) for
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the manufacturing process [32]. In this way, the function or
shape of the fabricated structure varies with respect to the
external environment changes, e.g., temperature, humidity,
liquid, light, electric field, ionic strength, pH, and chemical
composition. The responses of 4D structures are typically di-
vided into self-assembling, self-actuating, and self-sensing [33].
The 4D microresonator-based sensing employs the self-sensing
phenomenon that can be initiated under external stimuli on 3D
microresonators manufactured with two-photon polymeriza-
tion (2PP) [34].

As a result, the spectral response of the sensor becomes am-
plified by the induced reversible variations of the resonator and
can be tracked within the WGM detection scheme at high pre-
cision. Nevertheless, to the best of our knowledge, and despite
numerous benefits over other optical sensing techniques [35],
microresonator-based detection has not been employed for
PFAS detection so far.

In this paper, we report on the detection of PFAS chemicals
in water using the optical microresonators sensing approach
demonstrated for the first time to the best of our knowledge.
The WGM-based detection is realized in the multiplexed im-
aging configuration with 4D microresonators as individual
sensing units. To gain the high sensing performance, an ap-
proach that allocates the water-matched subwavelength film
onto the substrate prior to two-photon polymerization is pro-
posed and the impact of the deposited layer onto the sensor
fabrication process is numerically studied. We demonstrate that
the pre-processed substrate enables enhancement of the loaded
Q-factor of 2PP microresonator in the water up to 10°. Thanks
to the self-sensing phenomenon of the resonator photoresin the
spectral response of the multiplexed microcavity detector im-
proves by orders of magnitude relative to pure evanescent field
sensing. PFAS detection using the 4D microresonators-based
approach is validated with examples of two anionic contami-
nants with carboxylate or sulfonate polar groups and different
chain lengths. We demonstrate that the responses of the multi-
plexed 4D microresonator sensor on at least 10 ppb of perfluor-
ooctanoic acid (PFOA) and 1 ppb of perfluorobutanesulfonic
acid (PFBS) clearly stand out relative to the water without the
use of any functional layers.

2. MATERIALS AND METHODS

A. Chemicals

Sol-gel SZ2080 photoresin combined with a 4,4’-bis-(diethy-
lamino)-benzophenon photoinitiator and another monomer,
2-(dimethylamino) ethyl methacrylate (DMAEMA), provided
by the Foundation for Research and Technology—Hellas
(FORTH) was selected for fabrication of the microcavity sen-
sors [36]. The second monomer in this composition serves as a
radical quencher throughout the polymerization process to real-
ize the diffusion-assisted 2PP. Ultralow shrinkage, excellent
mechanical and chemical stability, a low proximity effect, bio-
compatibility, good optical quality, high transparency, and ease
in preparation, modification, and processing are distinctive fea-
tures of SZ2080. Phosphate buffer saline (PBS) was prepared in
the deionized water, yielding a 0.01 mol/L phosphate buffer,
0.0027 mol/L potassium chloride and 0.137 mol/L sodium
chloride, pH 7.4, at 25°C. Perfluorooctanoic acid (PFOA)



—
A90  Vol. 11, No. 11 / November 2023 / Photonics Research O _ , -e Research Article

and perfluorobutanesulfonic acid (PFBS) of analytical grade
were purchased from Sigma-Aldrich and dissolved in the deion-
ized water in concentrations ranging from ppb (ng/mL) to ppm

(pg/mL).

B. Sensor Fabrication

Cover glasses with thicknesses of 150 pm were selected as the
substrates for fabrication of the arrays of polymer toroid micro-
resonators. Prior to casting a drop of the photoresin solution, a
400 nm layer of the water-matched refractive index adhesive
was deposited onto the substrate via spin-coating at 3000 r/min
for a duration of 30 s. The substrate was heated at 50°C for 4 h
to evaporate the solvent and guarantee a robust contact between
the polymer structure and the substrate. The substrate was
then cooled down to room temperature and placed into the
2PP setup.

Two-photon polymerization fabrication was performed on
the basis of the in-house made setup with a mode locked Ti:Sa
laser system (Tsunami, Spectra Physics) with an emission wave-
length of 780 nm, a repetition rate of 82 MHz, and a pulse
width of 90 fs. The power of the incoming light was controlled
by a photodiode and adjusted via a combination of a rotatable
A/2 retardation plate and a polarizing beamsplitter. The flex-
ibility of the polymerization process in the 3D space is guar-
anteed by an acousto-optical modulator (AOM) used as a
shutter, galvo scanner that allows laser beam redirection in
the plane parallel to the substrate, and positioning of the sample
in height is enabled by the linear stages. Using an oil-immersed
100x objective with an NA of 1.4, the laser was tightly focused
into the photoresin to gain high resolution in the fabrication of
the 3D polymer structures. To prevent the mixing of the pho-
tosensitive material with the immersion oil, the sample with the
photoresin droplet was placed upside-down. The computer-
aided design (CAD) model of the microresonator was divided
into layers and then the program creates a unique route for the
laser beam for each layer.

We optimized the set of illumination parameters to ensure
the polymerization of a thousand toroid sensors in a reasonable
amount of time. The slicing and hatching distances have
been selected as 200 nm and 100 nm, respectively. It was dis-
covered that the speeding up of the laser spot translation up to
100 mm/s for toroid and up to 200 mm/s for the supporting
components with a corresponding enhancement of the deliv-
ered average laser power dill 2, = 30 mW does not lead to the
formation of structural combs on the cavity rim, which would
indicate insufficient voxel overlapping. With this set of param-
eters, the manufacturing duration for a single microresonator is
reduced to less than one minute. A wet chemical treatment was
used on the 2PP for 20 min in the 4-methylpentan-2-one
developer before the 2PP was submerged for 10 min in
2-propanol to remove the nonpolymerized material. The con-
structions were finally left in ambient conditions for a number
of hours to allow the solvent to dissipate.

C. Measuring Instrument

Sensing with multiple polymer microresonators is based on col-
limated laser light illumination of the whole area containing
cavities. The excitation is via an optical prism, and the radiated
light in the far field is detected with a camera (Fig. 1).
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Fig. 1. Main components of the sensing instrument for simultane-
ous collection of the spectral responses from a multiple polymer micro-
resonator. The excitation laser, wavemeter, and components for the
fluid selection and pumping are not depicted.

The sensor excitation part is based on a diode laser (Velocity,
New Focus; Newport) that is tunable from 680 to 690 nm with
a 200 kHz linewidth. Through the use of suitable single-mode
optical fibers (630 HP, Thorlabs) and individual polarization
controllers (FPC030, Thorlabs), the laser beam is transmitted
to the sensor head in a collimated manner to excite the TE
modes. A constant feedback loop to the wavemeter (WS7-30,
HighFinesse) with fiber splitters (99%/1%) was introduced to
control the laser wavelength. The achromatic optical collima-
tion package (60FC-T-4-M40-24, Schifter + Kirchhoff) with
an output beam diameter of %8 mm is used to achieve the il-
lumination of the whole sensing area on the sample at once. An
anamorphic prism pair was introduced into the optical path
after the collimator to change the incident laser beam profile
from circular to elliptical. This compensated the elongation
of the collimated beam projection in the propagation direction
at the prism excitation surface and ensured a circular shape of
the spot on the prism excitation surface. The sensor detection
part contained a lens objective and a monochrome high-speed
global shutter camera (CB262RG-GP-X8G3, XIMEA). By
sweeping the laser wavelength, the spectra are retrieved from
the microcavity radiated signal for each resonator in the field
of view of the camera where the rise in the radiated intensity
corresponds to the resonance conditions.

To stabilize the coupling conditions, an immersion oil was
used to obtain the optical contact between the cover glass of the
sensor and the optical prism. The sensing head was put together
using the prism holder, optical prism, sensor sample, and flow
chamber components, and was positioned on a precise three-
axis flexure stage. The sensing chamber contains one inlet and
one outlet, and forms a single flow channel where all resonators
are allocated. The channel shape was numerically optimized in
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the COMSOL Multiphysics software to guarantee the uniform
delivery of the agent without local fluid turbulence. The cham-
ber was supplemented with the viewing window isolated with
the glass plate to control the flow evolution and enable radiated
signal collection with the camera. The microfluidic tubing con-
nects the sensing head with the fluid pumping system via the
inlet to pump the analyte and with a waste container from the
outlet side. The pressure-based controller (LineUp Flow EZ,
Fluigent) is used in conjunction with the flow rate sensor
(FLOW UNIT, Fluigent) and selection valve (M-SWITCH,
Fluigent) to choose liquids from eight separate containers with
water at different contamination levels to be pumped through
an array of toroids at a regulated speed of 100 pL/min. The
ambient temperature variations are measured with the temper-
ature sensor (PT 100) embedded into the sensing head.

3. RESULTS AND DISCUSSION

A. 4D Microresonator Model

The model of the individual microresonator for fabrication
with two-photon polymerization is chosen similar to what was
reported earlier in Ref. [31]. Its major and minor radii
(R =21 pm and p = 1.8 pm) are numerically optimized to
minimize the radiation losses on the microcavity’s curvature.
With the selected geometry, the radiation limited Q factor ap-
proaches the absorption-limited one for the SZ2080 polymer
(1.3 x 107) used for manufacturing. To minimize the surface
roughness of the microcavity and thus the scattering losses,
which predominantly arise due to the cross-linking between
the polymer layers, the toroid sensor is supplemented by a flex-
ible support (hinge). It allows fabrication of a toroid sensor
using the common layer-wise polymerization strategy and ac-
commodates the demands for different orientations of the mi-
croresonator symmetry axis during the polymerization and
sensing phases. Further scattering losses are determined by
the cross-linking between the polymerization voxels and are
minimized by a compromise between the voxel characteristics
and focus spot translation speed. An exemplary image of the
multiplexed sensor sample with an array of 2PP toroid micro-
cavities that are allocated at the relative offset of 100 pm is rep-
resented in Fig. 2.

B. Sensing Performance Optimization

By optimizing the 2PP microresonator geometry and polym-
erization conditions the intrinsic energy losses have been mini-
mized. The remaining component of the loaded Q factor—the
coupling losses—describes the effectiveness of the energy transfer
from the external medium to the microcavity. The coupling
losses are minimized when the phase-matching conditions
and the overlap of the light field between the coupler and
the cavity are met. By lining up the coupling frequency with
the WGM and the propagation constants in the coupling unit
and microcavity, the phase matching is accomplished. For the
optical prism coupling scheme, this means equalizing the effec-
tive refractive index of the microresonator mode (7.¢) with the
in-plane prism refractive index (7,) projection for the excitation
beam by 7.4 = 7, sin 0. The modes of the microtoroid have
been numerically searched around 680 nm within the prism
side incident angles [37°, 45°] in COMSOL Multiphysics
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Fig. 2. Overview of the multiplexed sensor with 100 microresona-
tors taken by the measuring system camera. Inset demonstrates an
SEM image of the individual microresonator.

[Fig. 3(a)]. The refractive index of the coupling prism N-BK7
is 1.5136 at this wavelength (Schott glass collection database).
The incident angle for the upper face of the prism 8 is linked to
the side incident angle a,, for a right-angle prism according to
6 = arcsin(sin @;,/n.) + 45°. Results show that the funda-
mental mode can be excited in the 2PP toroid microcavity
with selected geometry: R = 21 pm, p = 1.8 pm, n, = 1.502
(provided by manufacturer) at a;, = 45°. By decreasing the an-
gle, the efficient excitation of the higher-order modes is ex-
pected, where Q,,q for higher order modes drops from ~10’
(@, = 45°) down to ~10° (a;, = 37°). The sensitivity to
changes of the bulk refractive index in arbitrary units (RIU)
varies insignificantly, where for the fundamental TE mode it
does not exceed 20 nm/RIU. Combination of the illumination
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Fig. 3. Numerical results of the optimization of the coupling-
limited Q factor for the right-angle prism coupling scheme. (a) Impact
of the incident angle a;, on the sensitivity and Q,,q/V ratio for the
modes (circle, TE; cross, TM polarization) of different orders excited
in the microcavity around 680 nm. Insets demonstrate distribution of
the EM field for TE modes phase matched at &, = 37’, 40°, and 45°.
(b) Variations of the coupling-limited Q factor (Qeoup> solid line) and
absorption-limited Q factor (Q,p,, dashed line) for different gaps
between the coupling unit and microresonator.
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angle of 45° with the right-angle prism simplifies the overall
geometry of the illumination optical path and enables excep-
tional mechanical robustness.

An overlap between the evanescent fields can be adjusted by
changing the distance between the coupler (prism) and the mi-
croresonator. The variations of the coupling-limited Q factor
have been numerically studied according to the equation for
the optical prism coupling scheme derived in Ref. [37]. The
results represented in Fig. 3(b) show that without a gap be-
tween the coupling prism and microresonator, the maximum
possible loaded Q-factor does not exceed 10°. With a gap in-
creasing the losses drop so that at 200 nm distance the loaded Q
factor may exceed 10%, and at 400 nm it reaches ~10°. The
coupling limited @ factor approaches the fundamental limit
for absorption at a distance of more than 550 nm.

For the chosen sensor configuration, the gap can be ensured
by the adhesive layer with the same refractive index as the in-
tended external environment (water). However, the deposition
of such a layer is possible only before the polymerization; there-
fore, it would impact the photopolymerization process during
the microcavities fabrication. The variations of the polymeriza-
tion voxel caused by a thin distancing layer has been numeri-
cally studied using the model that describes the variations of the
polymerization voxel dimensions when the 2PP illumination
path lies through multiple layers with different optical proper-
ties [38].

A multilayer structure consisting of 72 4+ 1 = 4 layers, im-
mersion oil (0), glass substrate (1), water-matched polymer
layer (2), and photoresin (3), is simulated. The pulsed laser set-
tings are: wavelength 4 = 780 nm, pulse duration 7 = 90 fs,
repetition frequency f ., = 82 MHz average power P, =
30 mW, laser spot translation speed equals 100 mm/s, and
polarization is linear, aligned along the X axis. The 100x mag-
nification objective lens has been selected with NA = 1.4,
f =200 pm. The refractive index of the material for the dis-
tancing layer is set to 7, = 1.328 - 6.2 x 10777 (MyPolymer
MY-133MC) and refractive index for other materials are 7, =
1.518, n; = 1.5168, and 73 = 1.502. Thickness of the glass
substrate is #; = 150 pm which is supposed to have a perfect
plain surface (6; = 0). The thickness of the distancing film has
been varied within the value of the wavelength (from 0 to
700 nm). The calculation region has been limited by 0.8 pm
for X and Y, and by 3 pm for Z coordinate with the grid size
of 2/100.

It has been calculated that the light transmission level re-
mains at &90% with reflection of up to 10% (absorption
can be neglected) for the thickness of the water-matched layer
within one wavelength. The essential portion of the energy that
is reflected back enables enhancement in accuracy of the sub-
strate/photoresin plane localization that is one of the most criti-
cal aspects limiting the 2PP manufacturing repeatability [39].
In turn, this prevents missing microresonators in the array due
to the lack of contact with the substrate (washed out during
the development) or damage to the underside (submerged into
the substrate). The variations of the characteristic length of the
polymerization voxel (volume cube root) along the whole
polymerization depth valid for the chosen microresonator
geometry (0—43 pm) are represented in Fig. 4.
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Fig. 4. Results of the numerical estimations of the deviations of the
polymerization voxel characteristic length for different thicknesses of
the water-matched adhesive film (0, 200, 400, 600 nm) between the
substrate and photosensitive material in the 2PP process.

The mean power of the laser is tuned for different thick-
nesses of the distancing layer to compensate the reflected
energy and equalize the energy delivered to the photosensitive
material. Particularly, this means an increase in the laser mean
power (relative to the case without distancing layer) by 12.5%,
10%, and 4.5% for 600, 400, and 200 nm thick film, corre-
spondingly. The results show that the voxel length continuously
declines with the distance to the substrate and the character of
variations for the illumination configuration with water-
matched layer is in accordance with the one without the addi-
tional distancing layer. An impact of the thin adhesive film is
determined to be insignificant, where the major voxel length
deviations are linked to the refractive index mismatch between
the glass substrate, immersion oil, and photoresin material. At
the same time, the variations of the characteristic voxel size re-
mains limited by 5 nm around the region of [41,43] pm, where
the material is illuminated to form a microresonator for illumi-
nation configuration with the adhesive film. According to the
model that estimates the scattering losses limited Q factor
(Qq) as a function of the varying relative permittivity pro-
posed in Ref. [40], the determined level of variations of the
voxel characteristics ensures Q,.,, ~ 10°. This ensures the abil-
ity to produce the high-quality polymer surfaces with optical
quality even in the presence of a subwavelength distanc-
ing layer.

To form a homogeneous distancing layer with a thickness of
several hundred nanometers, the viscosity of the original water-
matched polymer (MyPolymer MY-133MC) has been reduced
by mixing with a solvent. Adhesive solutions at different pro-
portions with the solvent starting from 1:15 up to 1:80 were
deposited onto the substrate and spin-coated at 3000 r/min
over 30 s. Then, the thicknesses of the layers were analyzed
with the white light interferometer, where the layer was locally
removed for several samples from the batch and additionally
sputtered to enhance the contrast. It has been determined that
the 1:15 and 1:16 solutions lead to formation of the distancing
layer with thickness above the laser wavelength, whereas for the
1:80 solution no layer was created. For the 1:18 solution, the
mean thickness of the distancing layer is measured at
~550 nm, the 400 nm layer distancing layer is measured for
a 1:22 solution, the 300 nm layer for a 1:26 solution, and
the 200 nm layer is measured for a 1:30 solution. It has been
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Fig. 5. Spectral resonance properties of the 2PP toroid microreso-
nator fabricated on a sample with a 400 nm gap to the substrate.
(a) Overview of the resonance lines for the exemplary microresonator
within the 10 nm spectral range measured in water. (b) Zoom into the
resonance line with a sharp peak. (c) Statistics on the measured loaded
quality factor in a water environment for 100 microresonators on a
single sample.

determined that by increasing the gap, the observed loaded Q
factor in the water can be increased by two orders of magnitude.
For a distance of 400 nm, where the theoretical limits for scat-
tering and coupling losses match (Q = 10°), the upper limit
for the loaded Q factor of 2PP resonators has been measured at
the level of 10° (Fig. 5). Despite the accuracy on the order of
tens of nanometers for positioning and structuring during 2PP
fabrication, the toroid resonators still exhibit spectral deviations
with a median value of 4 x 104, where it drops down to 2 x 10*
for particular resonances. Further distancing of the toroids from
the substrate does not enhance the loaded Q factors, but results
in more microcavities without detectable resonance behavior
with less than 5% of the toroids showing a signal for a 550 nm
gap. The impossibility to reach the theoretical limit is expected
to be caused by further scattering losses on the imperfections of
the toroidal rim and polymer inhomogeneities.

C. 4D Sensing with 2PP Resonators

The use of the 2PP microresonators fabricated out of the
SZ2080 material is particularly attractive due to the self-sensing
effect of the microresonator structure that enables realization of
the 4D printed sensor system. The mechanism of self-sensing
arises from swelling and shrinking forces that act on resonator
geometry when immersed in different liquids. Particularly,
when being immersed in the wetting solvents, the molecules
of the latter start to penetrate into the polymer structure, which
leads to resonator expansion. When changing the environment
to the non-wetting solvent (e.g., water), the penetrated mole-
cules can be extracted and material shrinks. Here, the overall
gain for sensitivity relative to the numerical estimations for the
pure evanescent field interaction (=20 nm/RIU, see Fig. 3)
can rise by orders of magnitude. Moreover, the efficiency of
the self-sensing phenomenon tends to grow when repeatedly
inducing the sequential swelling and shrinking of micro-
resonators, but after several repetitions of swelling/shrinking
actions the behavior stabilizes. The spectral response of the
multiplexed 4D sensor (averaged over 23 x 23 multiplexed
sensor units) for three repetitions in a row on the measurement
of the phosphate buffered saline (PBS) solutions and water is
represented in Fig. 6.
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Fig. 6. Evidence of the 4D sensing enabled by exemplary sample of
the multiplexed sensor with 529 units of 2PP microresonators in the
form of the long-term dynamics of the spectral shift for the periodically
varied environment between water (WTR) and phosphate buffered
saline (PBS). The solid line shows the spectral shift mean value; shaded

area is the 95% confidence interval.

The results show a clear distinction of the represented spec-
tral shift variations against the expected step-like changes with
short-term (~300 s) dynamics for mixing the liquids in the
sensing chamber in the case of pure bulk refractive index sens-
ing. Except for the first phase of PBS pumping with constant
spectral response (sensors kept in PBS overnight before start of
the measurement), the detected spectral shift variations show
clear long-term dynamics for all phases, where the saturation
is not reached within a phase. At the same time, the stability
of the initial PBS state serves as a saturation level indicator for
PBS measurement phases. The magnitude of the averaged spec-
tral shift exceeds 4 nm over 6000 s of solution pumping that
compared to 740 pm of spectral shift for the bulk refractive
index difference between PBS and water stands for swelling of
the microresonators in PBS and their shrinkage in water. We
have also observed the acceptable reproducibility of the mean
spectral shift dynamics for water and PBS among repetitions,
whereas the difference in sensing performance between micro-
resonators leads to an increase in the confidence interval
with time after the beginning of the experiment. This is linked
to the varying spectral properties of the individual 2PP
microresonators.

D. Perfluoroalkyl Substances Detection

At first, the microresonator response to PFAS chemicals is
tested within the experiments where the environment in the
sensing cell is sequentially changed from the clean deionized
to PFOA contaminated water. Within these trials the relatively
high levels of contaminations (0.1-10 ppm) have been used.
Unlike the averaged spectral shift, the spectral response (gen-
eralized) is retrieved hereinafter as the first principle component
(PC1), which is a linear combination of the spectral shift dy-
namics among all resonators and follows the most prominent
variance in the dataset. Such a representation of the spectral
variations is advantageous to account for the different sensitiv-
ities of the microresonators and to reduce the impact of local
variations/noises that is classified via the principle component
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Fig. 7. Spectral response of the multiplexed 4D microresonator sen-

sor in the form of the scaled PC1 value (PCI score) for a 10 ppm
PFOA solution followed by the pure water (WTR) flushing.

analysis (PCA) as an insignificant component. It has been
determined that the generalized spectral shift of the microreso-
nators remains implicit with respect to the pure water for con-
centration up to 10 ppm. When changing water to 10 ppm
PFOA, the generalized response shows a clear negative trend
that indicates microresonator shrinkage induced by PFOA
molecules (Fig. 7).

The measured spectral shift negative dynamics tends to
reach a constant level at #6000 s after starting the pumping
of the PFOA contaminated water. When the sensing chamber
is refilled with clean water next to the PFOA, the level of the
generalized spectral response rises, but it does not recover to the
initial water level. This is assumed to be related to the compres-
sion limit for the microresonator and the common character of
the material response for pure water and PFOA (it tends to
shrink). Therefore, the microcavity pre-swelling is expected
to improve the PFAS sensitivity and this can be done via
pumping the PBS solutions (see Fig. 6). For this reason, the
experiment has been designed so that the PBS is pumped
for 6000 s before the PFAS sensing and prior to the first phase
of PFAS sensing, the pure water was pumped for the same
duration to get the identical state of the 4D microresonator.

The results of the spectral variations when incubating a mul-
tiplexed 4D sensor in increasing concentrations of PFOA and
PFBS solutions in the range from 1 ppb to 20 ppm are repre-
sented in Fig. 8. Since both pure and contaminated water will
initiate cavity shrinkage, the characteristic dynamical changes
measured for a PFAS-containing solution have been compared
to the one for pure water. To ensure that the sensing response
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of the microresonator does not alter with multiple runs of
PFAS solution pumping, the water response has been measured
before (WTRI1) and after multiple interactions with contami-
nated water (WTR2). To enable the comparison of PFAS-
initiated dynamics that have been measured in the different
experimental runs, the generalized spectral shift has been scaled.

We determined that the presence of a small amount of
PFOA or PFBS in water at the level of 10 ppb and 1 ppb cor-
respondingly leads to changes in the dynamics of the spectral
variations relative to the uncontaminated water. The more
PFAS components are added to the water, the higher the neg-
ative slope in dynamics is, which indicates an acceleration of the
shrinkage process in the presence of PFAS chemicals. Unlike
PFBS, the difference between the pure water and PFOA-con-
taining water is clearly seen already at the first stages of the
shrinkage process, but the difference in dynamics for various
levels of PFBS contamination shows up only after hundreds
of seconds of pumping the solutions through the sensor. In ad-
dition to the rise of the negative slope, the shape of the trend
changes with the PFAS concentration. For large concentrations
(at the level of ppm), we have observed the appearance of a two-
phase trend with acceleration in dynamics of the sensor re-
sponse in the first phase and deceleration in the second phase
compared to the one for water. Here, for the first phase, the
difference between concentrations is more expressed than for
the second phase and the transition point between the phases
occurs earlier when increasing the concentration. For PFBS, the
transition point for 0.5 ppm appears at #2600 s, whereas for
1 ppm it is already at #2100 s. In general, the sensor is more
sensitive to PFBS than to PFOA contaminations, where the
sensor responses are comparable between 10 ppm PFOA
and 0.5 ppm PFBS as well as between 20 ppm PFOA
and 1 ppm PFBS, respectively.

The measured spectral response of 4D microresonators to
the presence of PFAS molecules can primarily be attributed
to the synergistic effect, which occurs when several factors
for the interaction of PFAS with polymer material act together.
Due to the presence of the radical quencher (DMAEMA) in the
two-photon polymerization process, which becomes a part of
the polymer chain, the resulting microresonators contain amine
functional groups. Materials with amine functional groups
exhibit the potential to couple with the anionic PFAS, which

09}
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Fig.8. Dynamical variations of the generalized sensor response in the form of the scaled PC1 for different concentrations of continuously pumped
water-based solutions containing different PFAS at varied concentrations. Each variation is measured after the PBS pumping phase for 6000 s. The
spectral shift dynamics in pure water before (WTR1) and after (WTR2) the measurements of PFAS are added to each curve. (a) Reaction of the
PFOA solutions with concentrations from 10 ppb to 20 ppm. (b) Reaction of the PFBS solutions with concentrations from 1 ppb to 1 ppm.
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include the chemicals being tested [41]. First of all, the inter-
action of the amine-containing material and PFAS molecules is
electrostatic and hydrophobic in nature, but microresonator
morphology and porosity also impact the sensor response.
The amines of the polymer and the carboxylate or sulfonate
headgroup of the anionic PFAS are expected to interact electro-
statically, where the pH value of the solution strongly impacts
the process: the lower the pH, the stronger the interaction. The
hydrophobic interactions are determined by the type of the
head functional group, PFAS chain length, and hydrophobicity
of the microresonator material. It has been reported that PFAS
chemicals with sulfonic headgroups (PFBS) have a better ad-
sorption capability than the ones with carboxylic headgroups
(PFOA) of the same carbon number [42]. In another work
[43], where PFAS chemicals of different chain lengths were
compared, it was revealed that the adsorption of the longer-
chain compounds is always higher than their shorter-chain
counterparts. There are two explanations: the first points to
the fact that the long-chain PFAS interact both electrostatically
and hydrophobically, while short-chain ones primarily interact
electrostatically; the second one addresses the increased
potential of the multilayer formation for long-chain PFAS.
Morphology and porosity of the material are crucial for PFAS
diffusion dynamics and accessibility of the adsorption sites,
where a lower material surface area and/or long-chain chemicals
result in slower kinetics [44]. Particularly, the increased effi-
ciency in the sensing of the PFBS components compared to
PFOA is expected to be linked to the length of the chain.
Being a longer-chain compound, PFOA is expected to be less
able to penetrate into the nanopores of the microresonator and
thus the speed of the material shrinkage is less than for PFBS.
For high PFAS concentrations, the role of the small variance in
the bulk refractive index of solutions, which is related to the
chemical composition of the perfluorinated compounds, rises
[6]. This is expressed by the appearance of the two-phase dy-
namics for higher concentrations of the PFAS components,
which is expected to be related to a slight decrease in the bulk
refractive index of the solutions. This governs the difference in
dynamics between the same concentrations of PFOA and PFBS
(in the range of ppm), where the latter shows faster resonator
shrinkage.

4. CONCLUSION

In this paper, we demonstrated for what we believe, to the best
of our knowledge, was the first time that an optical microre-
sonator sensor was used to detect per- and polyflouroalkyl water
contaminants. The sensor was constructed in a multiplexed im-
aging configuration with multiple hundreds of 4D microcav-
ities fabricated with two-photon polymerization that enable
enhanced sensitivity thanks to the material reaction on the ex-
ternal medium (self-sensing). The paper presents a list of
numerical and experimental improvements implemented in
the fabrication of an array of 2PP microresonators that improve
the spectral response by up to two orders of magnitude for a 4D
sensor compared to its 3D counterpart and demonstrate a
loaded quality factor in water of ~10°. The performance in
the detection of PFAS contaminations in water has been tested
using the example of two representatives of the class of anionic
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substances with different functional groups and chain lengths
(PFOA and PFBS). We demonstrated that concentrations of
1 ppb for PFBS and 10 ppb for PFOA are detectable without
applying selective layers onto microresonators. Given the key
advantages of the microresonator-based optical sensors, the
applicability of this approach is expected to boost the registra-
tion of the persistent water contaminants. With further studies
on the host material for the 4D microresonator unit, it is ex-
pected to be potentially feasible to implement an integrated
approach to solve the problem of aqueous environment
contamination by PFAS with simultaneous detection of the in-
itial contamination and efficient removal of small PFAS
concentrations.
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