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ABSTRACT

We introduce Microgel-based Etalon Membranes (MEMs), based on the combination of stimuli-responsive microgels with an etalon, which
is an optical device consisting of two reflecting plates and is used to filter specific wavelengths of light. The microgels are sandwiched between
two reflective layers and, in response to a stimulus (e.g., temperature, pH, or biomarker concentration), swell or de-swell, thereby chang-
ing the distance between the two reflective layers and generating multiple peaks in the reflectance spectra. This property gives a MEM the
unique capability of simultaneous separation and tunable responses to environmental changes and/or biomarker concentrations. We propose
a design based on gold layers on a silicon nitride wafer membrane. Our comprehensive characterization, employing permeability experiments,
in situ optical reflectance spectroscopy, in-liquid atomic force microscopy (AFM) analysis, and captive bubble contact angle measurements,
elucidates the dynamic response of MEM to pH, temperature, and glucose stimuli and the corresponding effect of microgel swelling/de-
swelling on the membrane properties, e.g., permeability. The AFM results confirm the dynamic changes of the microgel layer’s thickness
on the membrane surface in response to the stimuli. Although the microgel’s swelling/de-swelling influences the effective pore radius, the
decrease in the membrane’s permeance is limited to less than 10%. In the swollen state of the microgels, the etalon membranes show a promi-
nent hydrophilic behavior, while they become less hydrophilic in the microgels’ de-swollen state. This work introduces MEM and provides
novel insights into their behavior. The fundamental understanding that we reveal opens the way to applications ranging from point-of-care
testing to continuous environmental monitoring.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0227483

I. INTRODUCTION

Functional systems capable of simultaneously separating and
sensing a variety of analytes can be used in biomedical, pharmaceu-
tical, and environmental monitoring. Integrating responsive micro-
gels, which form optical sensors as microgel-based etalon structures,
into inorganic membranes creates “smart” membranes that facilitate
in situ separation and sensing. Fully understanding and charac-
terizing these novel systems is crucial before their deployment in
biomedical and environmental applications.

Membranes have attracted great scientific and industrial inter-
est over the years as simple and energy-saving tools for separa-
tion and purification processes. Nanofiltration (NF), ultrafiltration

(UF), and microfiltration (MF) are prominent membrane-based sep-
aration processes for a variety of particle sizes. The pore diameter of
the MF membranes is typically in the range of 0.1-6 ym, enabling
the separation of proteins,” bacteria,” and blood cells* based on
the principle of physical separation.”” MF membranes have found
applications in pharmaceuticals, wastewater treatment, as well as
biotechnology.’

The challenge of optimizing the properties and performance
of MF membranes, such as permeability, selectivity, and resistance
to fouling, has led to various fabrication techniques and the use of
both organic and non-organic materials.”” Inorganic membranes
fabricated with lithographic techniques have presented desirable
properties, with silicon-oxide (SiO,) and silicon-nitride (SizNy4)
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being the main membrane materials.”" SiO, and Si;N4 membranes
have high temperature stability (>1000 °C), high resistance to acids,
bases, and solvents, are recyclable, and can be sterilized. The given
properties render them versatile materials for applications ranging
from industrial processes and wastewater treatment to biomedical
devices and environmental monitoring.z“\)‘” Si3sN4 membranes have
a higher Young’s modulus (200 GPa®) compared to those of SiO,
ones (70 GPa'"), decreasing membrane deformation to achieve high
strength and a flat surface. The Si3sN4; membranes can thus operate
at higher pressure ranges and fluxes, increasing their resistance to
fouling.” Their chemical inertness, biocompatibility, and mechani-
cal robustness render SizNs membranes an excellent candidate for
filtration processes in wastewater treatment, gas separation, and
biotechnological applications.'' '

Developing Si3sN4 MF membranes via lithographic techniques
can further enhance the properties and performance of MF mem-
branes in micro-liquid handling and micro-analysis systems.” In this
context, the modification of conventional membranes into “smart”
membranes that respond to external stimuli will expand their use
in a wider range of separation and sensing applications, such as
controlled drug delivery, water treatment, bio-separation, and
chemical sensors.'””’ Smart membranes can be obtained using
stimuli-responsive polymers by either embedding them in an exist-
ing membrane or directly fabricating a membrane from these
polymers, where the membrane’s properties (permeability or selec-
tivity) can be dynamically controlled based on the surrounding
conditions.””" "’

Stimuli-responsive materials have raised significant attention
due to their ability to undergo phase transition and exhibit mechan-
ical response, making them valuable in various fields, e.g., drug
delivery, self-healing coatings, and bio-separation.”*”” Among these
materials, stimuli-responsive microgels are aqueous, cross-linked,
colloidal particles able to alter their solvation state in response to
various stimuli.”””" One distinguishing feature of microgels is their
capacity to swell or de-swell in response to a range of stimuli, such as
changes in temperature, pH, light exposure, or ionic strength varia-
tions.”® This responsiveness is typically reversible upon the removal
of the stimulus.”””’ The mechanical properties of microgel suspen-
sions, as well as their sensitivity to specific stimuli, can be adjusted
during their synthesis by modifying factors such as cross-linking
density, polymer concentration, or the inclusion of co-monomers.”!
The direct control of these properties, combined with the biocom-
patibility of many microgels and their colloidal stability, makes them
interesting candidates for potential applications in controlled drug
delivery, tissue engineering, cell encapsulation, and as chemical and
bio sensors.”>'

A variety of responsive microgels have been developed. Among
them, aqueous thermo-responsive poly(N-isopropylacrylamide)
(pNIPAm) microgels have been thoroughly investigated.”® The tem-
perature responsive pNIPAm-based microgels undergo a volume
phase transition (VPT) when the temperature of the solvent reaches
the lower critical solution temperature (LCST), at ~32 °C.”%* Below
the LCST, the pNIPAm microgels are in the swollen state, where the
hydrophilic segments of pPNIPAm form hydrogen bonds with water
molecules. Above the LCST, water is repelled from the crosslinked
network, indicating weaker hydrogen bonds between the polymer

ARTICLE pubs.aip.org/aip/apm

and the water. The particles collapse, leading to the de-swollen state
of the pNIPAm structure above the LCST.”*"”

Microgels can be synthesized using various methods, such
as free radical polymerization or precipitation polymerization.*’
The synthesis of pNIPAm microgels by precipitation polymer-
ization provides colloidal particles with low polydispersity, con-
trolled size (in the order of 50 nm to 1.5 ym in diameter
in de-swollen and swollen states, respectively), and controlled
functionalization.”””* During their synthesis, the addition of
co-monomers, small molecules, or proteins into the microgels ren-
ders them multi-responsive, provoking alterations in their struc-
ture and function. Thermo-responsive pNIPAm-based microgels
can be made pH-responsive by using acrylic acid (AAc) as a co-
monomer.”” At pH > pKa of AAc (~4.25), the microgels are
negatively charged and in their swollen state, while at pH < pKa
the AAc groups are protonated and the microgels are in the de-
swollen state, regaining full thermo-responsivity.””’ The attach-
ment of molecules such as 3-aminophenylboronic acid (APBA)
and N-[3-(dimethylamino)-propyl]methacrylamide (DMAPMA) to
microgels’ structure enables their responsivity to glucose and their
application as drug-delivery systems, respectively.” """

pNIPAM microgels offer the potential to fabricate color
adjustable materials configuring an etalon structure. Etalon is an
optical device comprising two flat mirrors separated by a dielec-
tric layer, and it partially reflects/transmits specific wavelengths of
light.””**** Monolithic thin-films of stimuli-responsive microgels
(e.g., pPNIPAm-co-AAc) enclosed between two gold-coated layers,
supported on a glass substrate, form a microgel-based etalon struc-
ture that exhibits visible color and generates multiple peaks in the
reflectance spectra.’® Due to the size change of the microgels with
temperature and pH, the color can be tuned due to the direct
change of the mirror-mirror distance.”””” The position and the
order of the peaks in the reflectance spectra depend on the dis-
tance between the two gold layers and the refractive index of the
microgel,

_ 2nd cos (0)
=

A (1)

where n is the refractive index of the dielectric layer, d is the
mirror-mirror distance (nm), 6 is the angle of incident light rela-
tive to the normal (°), and the integer m is the order of the reflected
peak.*’ The change of the mirror-mirror distance, the refractive
index of the dielectric layer, the angle of incident light, and/or the
angle of observation correspond to a range of wavelengths. The shift
in the position of the wavelength peak indicates the response of the
microgels to the stimuli, denoting a change in the mirror-mirror
distance influenced by their swelling/de-swelling."!

The integration of SisNy MF membranes with the stimuli-
responsive microgels and etalon structures presents a holistic
approach toward developing smart membranes with versatile appli-
cations in microfluidics. While individual components have been
extensively studied, the integration of these elements into a unified
smart membrane remains unexplored.

In this work, we introduce and evaluate the performance of
Microgel-based Etalon Membranes (MEMs) based on using trans-
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parent gold coated SizN; membranes with etched pores in the range
of 4 ym in diameter. pNIPAm-based microgels are spin coated on
the gold layer, and a top gold layer is deposited upon the micro-
gels, forming a microgel-based etalon membrane. AAc and APBA-
functionalization of pNIPAm microgels render the etalons respon-
sive to pH and glucose, respectively. Pure water permeability, in situ
reflectance spectroscopy, contact angle (CA) measurements, and in-
liquid atomic force microscopy (AFM) have been performed to fully
characterize the MEM. During the permeability experiments, the
pore radius of the etalon membranes is dynamically decreased with
the microgel’s response to the stimuli, which is optically detected,
leading to a slight decrease in the membrane’s permeance compared
to that of the pristine membrane (2.4%-7.0% in the most de-swollen
and swollen states of the microgel beads, respectively). A relation
between the pore coverage by the microgel beads, the thickness of
the monolithic microgel layer on the substrate, and the gap height of
the microgel beads is established based on in-liquid AFM results.
In-liquid AFM provides insight into the swelling and de-swelling
dynamics of the microgel beads on the membrane surface. In all
the studied cases, the linear pressure-flux relation and hydrophilic
behavior (CA = 60.8°-91.2°) of the etalon membranes are main-
tained with less hydrophilicity in the de-swollen state of the microgel
beads.

Responsiveness to multiple stimuli, dynamic tunability, real-
time monitoring, and high sensitivity of the MEM lead to a unique
functional membrane system with high accuracy and rapid diagno-
sis in a user-friendly platform. This work focuses on the detailed
characterization and understanding of the fundamental properties
of MEMs to enable their future use for rapid and on-site analysis of
various biomarkers in biological samples, e.g., blood or urine, facili-
tating early disease detection and monitoring, rendering it a possible
option in biomedical diagnostics and point-of-care testing. Their
applications extend beyond the biomedical field, including environ-
mental uses as well. Continuous monitoring of dissolved carbon
dioxide (dCO;) in seawater samples can be achieved by separat-
ing contaminants from seawater samples and providing real-time
detection and concentration measurements of dCO,, making MEM
a valuable tool across multiple sectors where precise and efficient
separation and detection are essential.

Il. EXPERIMENTAL
A. Chemicals

Sodium hydroxide (NaOH) [reagent grade, >98%, pellets
(anhydrous)], hydrochloric acid (HCI) (ACS reagent, 37%), sodium
chloride (NaCl) (ACS reagent, >99.0%), a-D-glucose (ACS reagent),
and APBA hydrochloride (98%) were obtained from Sigma-
Aldrich, The Netherlands. Sodium bicarbonate (NaHCO3) (ACS
reagent, >99.7%) and sodium carbonate (Na,CO3) (ACS reagent,
>99.5%) were also obtained from Sigma-Aldrich, The Nether-
lands. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (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 pack-
age instructions. All deionized (DI) water had a resistivity of
18.2 MQ cm and was obtained from a Milli-Q type 1 system from
Merck KGaA, Germany.

pubs.aip.org/aip/apm

B. Silicon nitride membrane fabrication

A microfabrication process is followed to fabricate SisN4, MF
membranes. Initially, a silicon nitride film (a thickness of 500 nm)
is deposited on both sides of a n/phosphorous, double side pol-
ished, low resistivity (1-5 Q cm), and (100) oriented silicon wafer
of 525 + 15 ym thickness by low-pressure chemical vapor deposi-
tion (LPCVD) (Tempress Systems Inc., S2T4, The Netherlands) at
860 °C with dichlorosilane (SiH,Cl,) and ammonia (NH3). Then
photoresist SPR3012 (a thickness of 2.1 ym) is spin coated on the
silicon nitride wafer, and a soft bake at 95 °C for 90 s takes place.
SUSS Micro-Tec MA/BA8 mask aligner and ultraviolet exposure are
used to form membrane pores on the top surface of the wafer. Silicon
window patterns are formed on the bottom surface through photore-
sist development. Dry etching of silicon nitride (500 nm deep) with
hexafluoroethane (C,Fs) gas is then performed for both pores and
window patterns, followed by oxygen plasma exposure to remove
the photoresist layer. Wet anisotropic potassium hydroxide (KOH)
(33%) etching at 85 °C is performed to remove silicon in the win-
dow pattern on the bottom surface. Microfluidic membrane chips
are obtained by dicing the silicon nitride wafer to square dimensions
of 10 x 10 mm? with the porous membrane area (5 x 5 mm?) in the
center.

C. Microgel-based etalon membrane fabrication

The fabrication of the microgel-based etalon structure is simi-
lar to the previously published procedure.’” Briefly, a layer of 10 nm
Crand 115 nm Au is evaporated on the membrane chips by physical
vapor deposition (PVD) (CHA Industries, Inc., Solution PLC-S7).
A 10 ul aliquot of pNIPAm-co-AAc microgels is spin coated at
3000 rpm for 30 s on the Au layer to create a homogeneous, mono-
lithic film. The microgels are dried on the substrate for 2 h at 35 °C
in the incubator and subsequently rinsed with deionized (DI) water
to remove any excess microgels that is not directly bound to the Au
layer. The samples are left in the incubator overnight at 30 °C, and
a top layer of 2 nm Cr and 15 nm Au is evaporated on the microgel
film to create the etalon structure.

Functionalization of the microgels with APBA is also per-
formed on a set of MEMs, as described by Sorrell ef al. to render
them responsive to glucose.*” The MEMs are placed in pH 4.7 MES
buffered saline (Pierce, prepared based on the packet instructions),
and 9 mg APBA is added to the buffer. The solution and sample are
allowed to mix for 1 h on a magnetic stirrer at room temperature.
20 mg of EDC is further added to the buffered APBA solution and
sample and stirred until EDC is fully dissolved. Subsequently, the
solution and sample are left for 5 h in the refrigerator. An additional
4.5 mg of APBA is added per sample to the solution and mixed for
30 min on a magnetic stirrer. 20 mg of EDC are also added per sam-
ple and dissolved. The reaction takes place overnight at 4 °C. The
samples are rinsed with deionized water and soaked in a 10 mM PBS
buffer (with 150 mM ionic strength from NaCl) with a pH of 7.2 for
2 h to remove the unreacted reagents.

D. Permeability experiments

The permeability of both pristine and MEMs is studied using an
experimental setup shown in Fig. 1. This setup consists of a pressure
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FIG. 1. Schematic representation of the experimental setup for membrane permeability and in situ reflectance spectroscopy measurements.

controller (Elveflow OB1 MK3+), a liquid flow meter (miniCORI-

FLOWTM ML120V00), and a custom-built membrane module with
a stainless-steel bottom plate and transparent PMMA top plate. In
the bottom plate, a recess is designed with square dimensions of
10 x 10 mm* and a thickness of 500 um for the precise fit of the
membrane. The flow is driven from the bottom plate of the mod-
ule perpendicularly to the membrane surface, indicating dead-end
filtration operation. The experiments are conducted by stepwise
pressure increase from 100 to 1200 mbar with steps of 100 mbar
every 1 min and simultaneous measurement of the corresponding
flow rate. The tested liquids are 1 mM DI water/NaCl of pH 6.5,
1 mM HCI/NaCl of pH 3.0, and 1 mM NaOH/NaCl of pH 11.0 for
the pH- and T-stimuli responsive MEMs withl mM ionic strength
due to NaCl. The glucose responsive MEMs are tested with 5 mM
NaHCO3/Na,CO; solution of pH 9.3*° and 1 mM DI water/NaCl
solution of pH 6.5 and glucose concentrations (C,) of 50, 100, and
150 mg/dl. The tested liquids are at an ambient temperature of
22 °C, and for the experiments conducted at higher temperatures,
the stainless-steel bottom plate is heated up to the desired temper-
ature using a hot plate to maintain the steady temperature of the
membrane. The permeability experiment at each temperature is per-
formed three times for every membrane. The results demonstrate the
average flux values every minute at each pressure with a standard
deviation on the order of 107" L/m’h.

E. In situ determination of etalon membrane
response

Throughout the permeability experiments, in situ detection
of the microgel response to the stimuli of interest is performed
(Fig. 1, top). A UV/vis reflectance probe (Ocean Optics, SR2 UV-
VIS, Florida) is placed on top of the PMMA top plate. Its distance
from the module surface is adjusted for an optimal signal at 0.7 mm.
The probe remains in the same position during each set of experi-
ments to ensure that the spectra are recorded in the same manner.
Once the liquid has permeated through the membrane, a spectrum
is recorded by Ocean View 2.0 software with a wavelength range

of 400-1000 nm. Reflectance spectra are recorded throughout the
permeability experiments in total of three times for each liquid and
temperature.

F. Captive bubble measurements

The hydrophilic/hydrophobic behavior of the etalon mem-
branes is tested to further characterize the variations in membranes’
wetting properties in the presence of stimuli. To resemble the condi-
tions of the permeability experiments, contact angle measurements
are performed while immersing etalon membranes in the test liquid.
For this purpose, the captive bubble method is used to character-
ize the surface wetting properties of the MEM. The OCA25 contact
angle machine (Dataphysics, Germany) is used for this measure-
ment. A glass cell (Dataphysics, GC 50, Germany) is filled with the
test solutions, and the etalon membrane is placed on a sample holder
(Dataphysics, SHC 20, Germany), which is fitted into the GC 50 glass
cell. An air bubble is injected beneath the etalon membrane, which
is immersed in the liquid, using a bent stainless-steel needle (SNC
050/026) and the contact angle between the test liquid and the solid
is measured using drop shape analysis. The obtained contact angle
between the air bubble and the solid (6z) can be directly related to
the water contact angle (6;) using the equation 6; = 180° — 6p."°
The captive bubble contact angle measurements are conducted in
liquids with different pH and glucose concentrations in a range of
temperatures from 20 to 45 °C. The temperature of the test liquids is
adjusted using a mercury thermometer with an accuracy of +0.5 °C
throughout the measurements. The sensitivity of the contact angle is
0.1°, and the experimental errors are less than 2.0°.

G. Scanning electron microscopy (SEM)

Microscopy images of the MEMs and the pristine membranes
are taken with a JEOL 6010LA SEM. The cross section of a single
pore is captured using focused ion beam (FIB) scanning electron
microscopy (Thermo Scientific Helios 5 DualBeam).
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TABLE . Properties of ScanAsyst-fluid probe.

Property Value
Nominal tip radius 20 nm
Cantilever length 70 ym
Cantilever width 10 ym
Spring constant 0.4 N/m

H. In-liquid atomic force microscopy (AFM)

To understand the effect of the microgel’s response to stim-
uli on the microgel-based etalon membrane’s permeance, in-liquid
AFM is used (Bruker Nanowizard BioAFM equipped with a
ScanAsyst-fluid probe). The properties of the probe are described
in Table 1. The thickness change of the monolithic microgel layer
deposited on the membrane (fz), the gap height change (hg)
between the two neighboring microgel beads, and the swelling/de-
swelling dynamics of the microgels in response to different pH
conditions are thoroughly investigated. The variations in the beads’
stiffness in response to the stimuli are further obtained from Young’s
modulus (E) values when the etalon-membranes are immersed in
liquids with different pH and glucose concentrations. A droplet of
the solution is placed on the sample, after which the probe is brought
into contact with the sample (Fig. 2). A 5 x 5 ym” area is scanned
in Quantitative Imaging (QI)-mode imaging, and a 10 x 10 pm?
area is scanned to obtain the swelling/de-swelling dynamic results.
In this mode, force-distance curves are recorded in a 128 x 128
grid, and height profiles are extracted. Adaptive approach length is
used, which determines the approach height based on the previously
recorded curve. An initial approach length of 1 ym is used with a
vertical tip velocity of 100 ym/s. The setpoint (maximum force on
the surface) is 5 nN. Processing of the images is performed in the
JPK data processing software (v8.0). A plane fit and line leveling
are applied using a linear fitting procedure provided in the software
with default settings. In each liquid, a different etalon membrane is
used, and the measurements are performed three times under each
condition.

Window

pubs.aip.org/aip/apm

Ill. RESULTS AND DISCUSSION
A. Microgel configuration in pore cavity

To depict the microgel deposition on the membrane sur-
face, SEM is performed. The orientation of the membrane pores is
demonstrated in Fig. 3(a). Membranes with 235 pores in hexago-
nal orientation and 4 ym diameter are tested. In Figs. 3(b) and 3(c),
the monolithic layer of microgel beads around the pore is shown,
and in a tilt position of the membrane, a “volcano” like structure
is observed, creating the notion that microgels are deposited in the
pore cavity. The cross-sectional SEM FIB images [Figs. 3(d) and
3(e)] confirm the notion, making it evident that the pore wall is
also covered with the microgel beads. The effect of pore wall cov-
erage by the beads on the membrane permeability is further studied
(Sec. 111 D).

B. Analysis of microgel layer dynamics and
mechanical properties via in-liquid AFM

To estimate the fraction of the beads covering the pore wall,
the gap height between two neighboring beads and the thickness
of the microgel layer in the presence of the stimuli are obtained
using in-liquid AFM. To obtain the gap height between two beads
of the microgel layer, a line segment crossing a bead with a relatively
large spacing between neighboring beads was chosen, since the finite
AFM tip size does not allow measurement of the gap between closely
packed beads. The line crosses the apex of the bead to accurately
measure its height. Figure 4 shows the gap height images obtained
from QI-mode AFM experiments in 1 mM HCI/NaCl (pH 3.0), DI
water/NaCl (pH 6.5), and NaOH/NaCl (pH 11.0) solutions. The
beads immersed in NaOH solution have a larger apex height com-
pared to that of the beads immersed in NaCl and HCI. The beads
in all solutions have a similar base diameter, ranging from 725 to
790 nm depending on the swollen and de-swollen state of the beads
as a response to pH (Fig. 4).

To calculate the thickness of the microgel layer in the presence
of each stimulus, the surface was scratched, creating a gap between
the monolithic layer of the microgel beads and the gold coated sub-
strate. In Fig. 5, the thickness of the monolithic layer is presented for
the three conditions (pH 3.0, 6.5, and 11.0) at 22 °C. The thickness

Laser source
Detector

AFM tip

Liquid Droplet

Etalon membrane Sample

- Stage

FIG. 2. Schematic concept of the in-liquid AFM measurements. A liquid droplet is placed on the sample and brought into contact with the AFM probe. A meniscus of liquid
consequently forms between the sample and the AFM head. In this way, the sample and probe are continuously immersed during the measurement.
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FIG. 3. SEM images of (a) the membrane area and (b) the monolithic microgel layer around the pore. SEM FIB images of (c) deposition of the microgel beads around the
pore in a tilt position of the membrane, (d) and (e) cross section of the pore demonstrating the formation of a microgel layer on the pore wall.

NaOH
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FIG. 4. Images of the microgel layer obtained from QI-mode when the MEMs are immersed in 1 mM HCI (pH 3.0), NaCl (pH 6.5), and NaOH (pH 11.0) solutions. A line
segment from A to B is chosen in each image to extract the height profile of a single bead (gap height, hg). These profiles are shown below the images, with point A on the

left and point B on the right side of the graphs.

of three different locations under each condition is presented in the
section titled “Effect of pH and temperature” of the supplementary
material (Figs. S1-S3). In pH 3.0 (the most de-swollen state of the
microgel beads), the monolithic layer of the beads shows a thick-
ness of 387 nm. This thickness increases to 566 nm in the most
swollen state at pH 11.0, which is almost equal to the thickness of the

membrane (500 nm), doubling the thickness of the active membrane
area.

The swelling/de-swelling dynamics of the microgels were tested
by immersing the etalon membranes in solutions of pH 6.5 and 3.0,
respectively. In Fig. 6, the thickness of the microgel layer is presented
as a function of time. An increase of 20% in size is observed for the
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FIG. 5. Thickness of the microgel layer deposited on the membrane when immersed in 1 mM (a) HCI (pH 3.0), (b) NaCl (pH 6.5), and (c) NaOH (pH 11.0) solutions.
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FIG. 6. Thickness of the microgel layer on the membrane’s surface vs time when
immersed in 1 mM HCI (pH 3.0) and NaCl (pH 6.5) solutions. Sections |, I, and
Il correspond to the dynamic response of the microgels to the stimuli. High rate
observed in Sec. |, decrease in rate observed in Sec. Il, and reaching a steady
state in Sec. Ill.

microgels at pH 6.5 in a span of 2.5 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 is observed
with a sharp initial swelling rate (n = 1.45) in the first 40 min
(Sec.I), which gradually decreases between 40 and 106 min (n = 0.13,
Sec. II) before reaching a steady state after 106 min (n = 0.07, Sec.
III). In the de-swollen state (pH 3.0), the decrease in the microgel
size reaches 7%, where again the decrease is more prominent during
the first 40 min with a slope of n = —0.32 (Sec. I). A reduction in
the de-swelling rate is observed in Sec. II (n = —0.11), and microgels’
response comes to a steady state after 106 min (n = —0.01, Sec. III).
The Young’s modulus of the microgel beads is further obtained
via in-liquid AFM under different pH conditions to measure the
stiffness of the microgels. As expected, the Young’s modulus for the
microgel beads in the de-swollen state at pH 3.0 is lower compared
to that of the microgel beads in the swollen state when immersed
in 1 mM DI water/NaCl (pH 6.5) and 1 mM NaOH/NaCl (pH
11.0) (Table II). This shows that the stiffness of the beads is affected
by their response to the stimuli. In the de-swollen state, microgels

TABLE II. Young’s modulus values of the microgel beads immersed in liquids with
different pH.

pH Young’s modulus (E) (MPa)
3.0 0.87+0.76
6.5 0.45+0.61
11.0 0.19+0.32

undergo a volume phase transition accompanied by water expul-
sion, while in the swollen state, water is absorbed.”” Hence, from the
obtained Young’s modulus values, it is noted that deformation of the
beads as a response to pressure is highly likely to happen in the less
stiff (swollen) state.

C. Effect of microgel beads on membrane pore size

Permeability experiments are conducted to characterize the
performance of the MEM under different conditions. The maximum
pressure that could be applied before the breaking point of the sil-
icon nitride membrane is 1.2 bar. The effect of stimuli (pH and
temperature) on the permeability performance of the MEM fabri-
cated using pNIPAm-co-AAc microgels is tested and compared to
that of the pristine membrane. The plot of permeating water flux
as a function of the applied pressure is shown in Fig. 7. This plot
is divided into two sections depending on the pressure range [Sec. I
from 0.1 to 0.6 bar (low pressure) and Sec. II from 0.7 to 1.2 bar (high
pressure)]. In Fig. 7(a) during the low-pressure range (Sec. I), the
permeating flux through all etalon membranes aligns with that of the
pristine membrane. This alignment indicates that the swelling/de-
swelling behavior of the microgel beads causes negligible resistance
to the flow through the pores in the low pressure range, even
with pore wall coverage by the beads. As the pressure is increased
(Sec. II), a deviation is observed between the permeating flux
through the pristine and that through the etalon membranes. Section
II in Fig. 7(a) is separately shown for pH and temperature in
Figs. 7(b) and 7(c), respectively. Figure 7(b) shows the effect of the
microgels’ response to pH (3.0, 6.5, and 11.0 at 22 °C) on the perme-
ating flux of the etalon membranes at high pressure, while Fig. 7(c)
presents the effect of temperature (22, 40, 50, and 65 °C at pH 6.5).
Particularly in Fig. 7(b), it is noticed that in the basic environment
(swollen state), the impact of the pressure is more prominent. The
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FIG. 7. (a) Comparison between the permeating water flux through the pristine membrane and that through the etalon membranes as a function of pressure at different pH
and temperature ranges. Sections (1) and (1), respectively, correspond to low- and high-pressure regions. Effect of high pressure [Sec. (Il) in plot (a)] on the permeating flux
for the MEM under (b) different pH and (c) temperature conditions. Flux values for all the studied cases present a standard deviation of +0.7 to +8.2 L/m?h.

TABLE IIl. Pore radius reduction, the thickness of the microgel layer covering 9,50

the pore wall (&), and percentage of the pore radius reduction (%Reduction) at
Pmax = 1.2 bar for three different pH conditions (3.0, 6.5, and 11.0) at 22 °C.

showing that all the pores of the etalon membranes are open,
rendering them fully functional in both the swollen and de-swollen
states of the microgels. The corresponding analysis of the logarith-

Condition Fer (um) 8 (um) %Reduction mic plot of flux as a function of pressure for the pristine and etalon
membranes at different pH and temperatures is presented in the

pH 3.0 2.27 0.03 1.3 section titled “Effect of pH and temperature” of the supplementary

pH6.5 2.26 0.04 1.8 material (Fig. S4).

pH11.0 2.25 0.05 2.2 The values of the permeating flux through MEM in the pres-

ence of various stimuli at high pressures [Figs. 7(b) and 7(c)] along
with the pore wall coverage by the beads [Figs. 3(d) and 3(e)]
lead to defining the “effective pore radius,” which is dependent

expansion of the beads due to water absorbance leads to a more
elastic state of the microgels and coverage of a larger area in the
pore cavity. From Young’s modulus (Table II), it is shown that
microgels in pH 11.0 (swollen state) are less stiff than in pH 3.0
(de-swollen state), explaining the increase in flux deviation of the
etalon membranes from that of the pristine with an increase in
pressure [Figs. 7(b) and 7(c)]. Thus, as the pressure increases, pore
narrowing can be potentially expected, leading to a decrease in
the flow rate compared to that of the pristine membrane. Similar
behavior is observed in Fig. 7(c), where the impact of pressure on
temperatures below LCST when the microgels are in the swollen
(less stiff) state is obvious. Lower permeating flow rates through
etalon membranes are observed at temperatures below LCST com-
pared to temperatures above LCST (de-swollen and stiffer state of
microgels). The greater deviation of the permeating flux of the etalon
membranes in the swollen state from that of the pristine shows the
variation of the microgel layer thickness covering the pore wall (&)
in response to the corresponding stimuli (Table IIT).
Thermo-responsive microgels with LCST behavior have pre-
sented pressure sensitivity in pressure ranges of 1-1000 bar.””** The
pressure sensitivity, of pNIPAm microgels emanates from temper-
ature sensitivity leading to an increase in LCST with pressure and
indicating the pressure dependence of VPT.” In this study, the
experimental results show that the microgels response is affected
by pressure at ranges from 0.7 to 1.2 bar, with the effect being
more prominent in the swollen state of the microgels. In all the
above cases, a linear relation between pressure and flux is obtained,

on the microgel response to the stimuli. The Hagen-Poiseuille law
[Eq. (2)] is used to calculate the effective pore radius of the etalon
membranes,”!

AP

Q= suL 2

where i (Pa s) is the dynamic viscosity, Q (m® s™") is the volumetric
flow rate of the permeating fluid, and AP/L (Pa m™!) is the pressure
gradient across the membrane. Considering the equivalent pressure
gradient for both pristine and etalon membranes, one can obtain
Eq. (3) and calculate the effective pore radius at each pressure gra-
dient. This radius is used to determine the difference with the pore
radius of the pristine membrane (2.3 + 0.05 ym), which is obtained

from SEM images,
4 4
T, T
DB o] B2 G)
QEt Vet Qp

where 7, and r, (m) are the effective and initial pore radius, while
Qe and Q, (m? s7") correspond to the liquid flow rate through the
microgel-based etalon and pristine membranes, respectively.

The effect of the pressure on pore narrowing (reduction of pore
radius) is presented in Table S1 (section titled “Effect of pH and
temperature” of the supplementary material). With an increase in
pressure, the pore radius of the MEM decreases under all the stud-
ied pH conditions. However, in the de-swollen state (pH 3.0), the
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FIG. 8. Schematic representation of the beads deposition on the pore wall and the
thickness relation (&) with gap height (hg) and thickness of the microgel layer on
the substrate (tg), where & ~ %h@ ~ 117)“5 and d,, indicates the pore diameter.

narrowing of the pore is observed for pressures higher than 0.8 bar,
reaching a decrease in pore radius of only 0.03 ym at maximum pres-
sure (1.2 bar). This decrease is more pronounced when the microgels
are in the swollen state (pH 6.5 and 11.0). The percentage of the pore
radius reduction in the microgel-based etalon membrane compared
to that of the pristine membrane at maximum pressure is shown in
Table II1. From SEM images, it is observed that a microgel layer is
formed within the pore cavity. The thickness of the microgel layer
covering the pore wall (8) is calculated by subtracting the etalon
pore radius [estimated by Eq. (3)] from that of pristine (2.3 + 0.05
pym) at each pressure. The thickness of the microgel layer cover-
ing the pore wall (8) at the maximum pressure under the studied
pH conditions at 22 °C is presented in Table I1I. The thickness at
pH 11.0 (most swollen state) is estimated to be 0.05 ym, leading to a
maximum reduction of 2.2% in the pore radius.

Using the calculated thickness of the microgel layer within the
pore at the maximum pressure (1.2 bar) (Table IIT), the measured
gap height between two beads of the microgel layer (Fig. 4), and
the thickness of the microgel layer on the surface (Fig. 5), the rela-
tion between these three parameters can be obtained (Fig. 8). The
results show that the thickness of the microgel layer within the pore
is almost half the gap height and one tenth of the overall thickness of
the microgel layer on the surface. Figure 8 schematically shows how
microgel beads cover the pore wall, indicating that microgels cov-
ering the pore wall do not provoke pore clogging even in the most
swollen state of the beads. This further explains the slight decrease
in the permeating flux through the MEM compared to that through
the pristine membrane in the de-swollen state of the microgels and
the greater deviation of flux values in the cases where the microgels
are in the swollen state.

The results show that the MEMs exhibit tunable behavior,
with microgels influencing pore radius and permeating flux under
varying pH and temperature conditions. The swelling/de-swelling
dynamics of microgel beads minimally affect flow in low pressures,
while deviations in permeating flux emerge as pressure increases,
especially in the swollen state. Despite deviations in permeability
at higher pressures, the membranes consistently adhere to Darcy’s
prediction, affirming their functionality in both swollen and de-
swollen states (section titled “Effect of pH and temperature” of
the supplementary material). The thickness of the microgel layer
within the pores leads to reductions in pore radius, particularly in
the swollen state, emphasizing the combined effects of stimuli and
pressure on the etalon membrane’s characteristics.

D. Membrane permeance

The effective pore radius of the etalon membranes is used
to study the permeability performance of the membranes. From

ARTICLE pubs.aip.org/aip/apm

Darcy’s equation [Eq. (4)], the permeability of the membranes can
be calculated by

KAAP

_ Q.
Q=" T a“

L
uL

AP, (4)

where Q/A (m® s™!/m?) is the volumetric flux of the permeating
fluid, ¥ (m?) is the permeability, 4 (Pa s) is the dynamic viscosity
of the permeating fluid, and AP/L is the pressure gradient across the
membrane thickness (Pam™).

Due to the swelling/de-swelling behavior of the microgels as
a response to stimuli, the thickness of the etalon membranes is
dynamically changed. In some cases, etalon membranes showed
a thickness two times larger than that of the pristine membrane
[Figs. 5(b) and 5(c)]. Because the thickness and mechanical prop-
erties of the etalon membranes change with the stimuli (pH and
temperature conditions), it is not possible to compare the perme-
ability of the etalon and pristine membranes; rather, we compare
the pressure-normalized flux or permeance [Eq. (5)]. Permeance,
a membrane property, is commonly used in the case of composite
membranes when the thickness is not known and/or varied,”*

J
J=Pe-AP => Pe = AP’ (5)
where J (L/m?h) is the flux, AP (bar) is the pressure difference, and
Pe (L/m*hbar) is the pressure-normalized flux or permeance of the
permeating liquid.

The pristine membrane presents the largest permeance value,
obtained as a slope of the line from the flux vs pressure plot
[Fig. 7(a)]. A reduction in permeance (compared to that of the pris-
tine membrane) from 2.4% to 7.0% is noted for microgel-based
etalon-membranes depending on the tested condition [different pH
(3.0, 6.5, and 11.0)] at 22 °C and a variety of temperatures (40, 50,
and 65 °C) in pH 6.5 (Table V). At the most de-swollen state of
the beads at pH 6.5 and 65 °C, a minimum decrease in permeance
from that of the pristine is observed (2.4%), while at pH 3.0 and
22 °C, a 2.7% reduction is observed, showing a minimal decrease
in the permeance in the de-swollen state of the microgels. At pH
11.0 and 22 °C, the beads are in the most swollen state, leading to
an increase in the permeance reduction of 7.0%, indicating a more
prominent effect on the membrane’s performance. The temperature
affects the etalon membranes’ permeance (in pH 6.5) in a similar

TABLE V. Permeance of the MEM under different conditions and percentage
decrease in the MEM’s permeance compared to that of the pristine membrane. The
permeance is obtained as a slope of the line of flux vs pressure plot [Fig. 4(a)].

Permeance %Reduction
Condition (L/m*hbar) from pristine
pH 6.5 22 °C pristine 117335 e
pH 11.0 22 °C 1093.7 £13.9 7.0%
pH 6.522 °C 1122.6 £ 18.6 4.4%
pH 6.5 40 °C 11249133 4.2%
pH 6.550 °C 1130.4 £ 18.4 3.7%
pH3.022 °C 1141.7 £ 16.1 2.7%
pH 6.565 °C 11459+ 17.4 2.4%
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FIG. 9. Logarithmic plot of permeance as a function of pressure for the pristine and
etalon membranes under different pH conditions. The S.D. of the obtained values
of permeance is in a range of +£0.08 to 0.9 [L/m?hbar].

manner. At 22 °C (swollen state of the microgel beads), the perme-
ance difference from that of the pristine reaches 4.4%, while at 50 °C
the beads are in a de-swollen state, leading to 3.7% of permeance
reduction.

The response of the microgel beads to the stimuli (swelling/de-
swelling) does not provoke deviation of the etalon membranes’
permeance from Darcy’s law (see Fig. S4 and section titled “Effect of
pH and temperature” of the supplementary material). The response
of the microgels to pH [Fig. S4(A)] and temperature [Fig. S4(B)]
does not affect the linear relation of flux with pressure as it is pre-
dicted from Darcy’s equation. The logarithm of the pristine and
etalon membranes’ permeance under three different pH conditions
as a function of pressure is shown in Fig. 9. The results show con-
stant values of permeance in low pressures (Sec. I from 0.1-0.6 bar)
for both pristine and etalon membranes, indicating that there is no
resistance in the liquid flow for all the studied conditions. In high
pressures (Sec. II from 0.7-1.2 bar), a slight decrease in the per-
meance values is obtained for the etalon membranes compared to
the pristine ones, showing that the presence of microgels within the
pore wall constitutes a barrier to the liquid flow without significantly
affecting the membrane’s performance.

E. Wetting properties

The changes in the surface wetting properties
(hydrophilic/hydrophobic behavior) of the etalon membranes
under different conditions (pH 3.0, 6.5, and 11.0 at various temper-
atures) are studied using captive bubble measurements (Table V).
The results show that under all the pH conditions, the contact
angle increases with an increase in temperature, demonstrating a
less hydrophilic behavior of the etalon membrane. This behavior
is observed at temperatures above the LCST compared to tem-
peratures below the LCST. This corresponds to the de-swelling
behavior of the beads in temperatures above the LCST, where the

pubs.aip.org/aip/apm

TABLE V. Contact angle (CA) of MEM based on captive bubble measurements for
different pH and temperature values.

Temperature

(°C) CA(°)pH3.0 CA(°)pH6.5 CA(°)pH11.0
20 83.1+£0.3 68.4+£0.7 60.8 £ 0.4
25 83.5x1.1 78.8+£0.5 63.9+0.2
30 84.1+0.1 80.6 £0.4 64.4+0.2
35 86.6+0.3 81.8+0.7 65.4+0.1
40 87.2+0.2 82.9+0.5 67.4+0.2
45 91.2+0.1 84.7 £ 0.6 69.1+£0.6

hydrophobic isopropyl domains of pNIPAm are in contact with
water and polymer segments.”””® In particular, in pH 3.0, where
the microgels are in the most de-swollen state at 45 °C, the contact
angle reaches around 91° [Fig. 11(a)]. In the most swollen state of
the beads [pH 11.0 and 20 °C (below the LCST)], the beads show a
hydrophilic behavior, leading to a contact angle of around 60° [Fig.
11(b)]. Noteworthy, since the pPNIPAm microgels are hydrophilic in
nature, the beads and the membranes show hydrophilic behavior in
general, even in the de-swollen state.”

F. In situ optical sensing of microgel response
to stimuli

During the permeability experiments, in situ reflectance spec-
troscopy is performed to study the microgel’s response to the
stimuli (swelling/de-swelling). The swelling/de-swelling behavior
of the microgels to pH and temperature changes result in an
increase/decrease in the distance between the two gold layers, lead-
ing to a peak shift in the wavelength, which was successfully detected
by reflectance spectroscopy (see Fig. S5 and the section titled “Effect
of pH and temperature” of the supplementary material). The max-
imum wavelength peak and peak shift for different pH and tem-
peratures at 0.9 bar are presented in Fig. 11. At pH 3.0 (<pKa of
AAc), the microgel beads are in the de-swollen state, leading to a
peak shift from 635 nm (in pH 6.5) to 588 nm (blue shift). In the
basic environment of pH 11.0, a red shift is observed (the peak shift
increases to 649 nm from the peak in pH 6.5), indicating the swelling
of the microgels [Fig. 10(a)]. A blue shift of the microgels is also
observed with an increase in the temperature from 22 °C (635 nm)
to 65 °C (606 nm) at pH 6.5 [Fig. 10(b)]. The results indicate that our
MEM can respond to the desired stimuli during water permeability
experiments.

G. Effect of glucose

Permeability and reflectance spectroscopy experiments were
also performed with MEM responsive to glucose. Glucose buffer
solutions were prepared with pH 9.3 (5 mM NaHCO3/Na,CO3) and
pH 6.5 (1 mM DI water/NaCl) with glucose concentrations (Cg)
of 50, 100, and 150 mg/dl. All the experiments were performed at
22 and 37 °C. The ultimate scope was to study the performance of
the MEM in pH 6.5 and 37 °C to resemble the conditions inside a
human body. The results are shown in the section titled “Effect of
glucose” of the supplementary material.
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FIG. 10. Contact angle measured by the captive bubble method for microgel-based
etalon membrane immersed in (a) 0.01M HCI solution at 45 °C (pH 3.0), where
microgels are in the most de-swollen state; and (b) 0.01M NaOH solution at 20 °C
(pH 11.0), with microgels being in the most swollen state. (The obtained contact
angle between the air bubble and the solid (6g) is related to the water contact
angle (6, ) with the equation 6, = 180° — 6g).

n

AN [nm]

pH

(a)

ARTICLE pubs.aip.org/aip/apm

In permeability studies, a linear relation between permeated
flux through the membrane and pressure is observed (Figs. S6A and
S9A). Deviation of the flux values from those of the pristine mem-
branes was observed at high pressures (0.6-1.2 bar) [Figs. S6(B),
S6(C), S9(B), and S9(C)], similar to the performance of the pH-
and temperature-responsive etalon membranes. The permeance of
the etalon membranes was affected by the response of the beads to
the glucose concentration. In the most swollen state of the beads
(150 mg/dl glucose concentration at pH 9.3 and 22 °C), the maxi-
mum permeance decrease of 12.5% was observed compared to that
of the pristine (Table S2). The decrease in the etalon membranes’
permeance from that of the pristine at pH 6.5 and 37 °C, for the
three tested glucose concentrations, was within a range of 5.2%-7.7%
(Table S3). This further shows that the binding of glucose to the
boronic acid groups of the APBA is favored in a basic environment,
where boron is in its negatively charged state due to the hydrox-
ylation of the boron atoms.”””* The binding of glucose to boronic
acid groups increases the Coulombic repulsion inside the microgel,
leading to the swollen state of the microgels. However, at high tem-
peratures, the hydrophobicity of the functionalized polymer prevails
over the elevated Coulombic repulsion inside the microgel, resulting
in a rise in the Volume Phase Transition Temperature (VPTT) com-
pared to that of pNIPAm (32 °C)."””" At pH 9.3 and 37 °C, there
is a decrease in etalon membranes’ permeance compared to that of
the pristine from 6.1% to 10.7%, with an increase in glucose concen-
tration (Table S2) indicating that the swelling behavior of the beads
is more prominent even though the temperature is higher than the
LCST.

The hydrophilic/hydrophobic behavior of the glucose-
responsive etalon membranes is also studied by captive bubble
measurements for different glucose concentrations in pH 9.3 and
6.5 at 22 and 37 °C. By increasing glucose concentration, the
microgels swell further, leading to a reduced CA. This indicates a
more hydrophilic behavior of the membranes, with a minimum
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FIG. 11. Maximum wavelength peak and peak shift obtained from in situ reflectance spectra of the pNIPAm-co-AAc MEM during permeability experiments (P = 0.9 bar) in
different (a) pH values (T = 22 °C) and (b) temperature values at pH 6.5. The negative values of A\ in the plots demonstrate the blue shift due to the de-swelling of the
microgels from pH 6.5 to pH 3.0 (a) and with an increase in temperature (b), with AA = Atestcondition — Aph 6.5, 22°C-
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value of around 36° for C; = 150 mg/dl at 20 °C and pH 9.3
(most swollen state) (Table S4). The effect of temperature is also
noticeable, leading to an increase in CA values with a maximum of
around 69° for Cg = 50 mg/dl at 45 °C and pH 6.5 (least swollen)
(Table S5). The APBA functionalized etalon membranes for all
the tested glucose concentrations at pH 9.3 have lower CA values,
indicating that the swollen response of the beads when bound
to glucose in a basic solution is more prominent than solely the
response of the beads to a basic buffer. However, the hydrophilicity
of the APBA functionalized beads decreases at pH 6.5 and in
temperatures above the LCST, leading to similar CA values with the
non-APBA-functionalized microgels at pH 11.0.

The in situ reflectance spectroscopy was performed during the
permeability experiments [Figs. S8(A), S8(B), S11(A), and S11(B)].
A red shift was observed in the reflectance spectra at all the stud-
ied glucose concentrations and conditions, indicating the swelling
behavior of the microgel beads. At a pressure of 0.9 bar, the larger
peak shift (60 nm) was observed for Cg = 150 mg/dl at pH 9.3 and
22 °C (Amax = 695 nm compared to Amax = 635 nm for Cy = 0mg/dl
at pH 9.3 and 22 °C) [Fig. 12(a)]. In Fig. 12(b), at pH 6.5 and 37 °C,
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FIG. 12. Wavelength peak shift vs glucose concentration during permeability
experiments (P = 0.9 bar) at 22 and 37 °C for (a) pH 9.3 and (b) pH 6.5, including
shaded error bars.
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a smaller peak shift (21 nm) was observed for Cg = 150 mg/dl with
Amax = 630 nm. This indicates that the swelling response of the APBA
functionalized microgels is more pronounced in the basic buffer,
while the increase in temperature above the LCST acts like a counter
force to the swelling response of the beads. The calibration curve for
glucose concentration up to 300 mg/dl in solutions of pH 9.3 and
6.5 at 22 °C (Fig. S12) shows that the response of the APBA func-
tionalized microgels is more sensitive at pH higher than the pKa of
boronic acid moieties (pKa = 8.2) on the APBA.*

The performance of APBA-functionalized MEM could render
them a potential candidate for in situ separation-sensing microflu-
idic devices to detect glucose levels in the blood. The increase in
hydrophilicity of the membrane’s surface as well as the red shift
observed by reflectance spectroscopy with the increase in the glucose
concentration in the buffers demonstrates the sensing capabilities
of the device. The response of the microgels to the glucose con-
centration leads to only a slight decrease in the permeance of the
etalon membranes compared to the pristine ones, supporting the
feasibility of separation of red blood cells from plasma for future
applications to on-site analysis and monitoring of glucose level in the
blood.

IV. CONCLUSION

This work addresses the challenges of combining membranes
and responsive elements into a multifunctional system capable of
both permeating liquid and sensing. Our study centered on the com-
prehensive characterization of MEMs, providing insights into their
physical and functional properties. The permeability experiments,
supported by in situ reflectance spectroscopy and captive bubble
contact angle measurements, provided a detailed understanding of
the membranes’ behavior under different pH, temperatures, and
glucose concentrations. We observed a linear relation between per-
meating water flux and pressure, affirming the open functionality of
the etalon membranes’ pores. The effective pore radius was shown
to be influenced by the microgels’ response to stimuli, resulting in
pore narrowing with increased pressure. The thickness of the micro-
gel layer within the pore was found to impact the etalon membrane’s
permeance, with a decrease of 2.4%-7.0% compared to that of the
pristine membrane, revealing its significance in governing the over-
all performance. A decrease in the hydrophilicity was observed in the
de-swollen state of the microgels. In-depth AFM analysis revealed
that the gap height between microgel beads and the thickness of
the monolithic layer depends on their response to the stimuli, while
dynamic changes in microgel size were observed over time. The
swelling/de-swelling response led to a peak shift in the wavelength,
detected by reflectance spectroscopy. These results show the stability
and functionality of the MEM under various stimuli.

Our work establishes a relationship between the structural
aspects of the microgel layer and the functional performance of the
membrane, paving the way toward smart membranes with potential
applications in separation-sensing microfluidic technologies. These
fundamental understandings demonstrate that MEMs represent a
significant advancement, leaving space for follow up studies with real
blood samples and their response to target metabolites such as glu-
cose and lactate. This study not only contributes valuable insights
into the stimuli-responsive behavior of MEM but also underscores
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their promising prospects in responsive membrane technologies,
contributing to the advancement of diagnostic and analytical tools.

SUPPLEMENTARY MATERIAL

The supplementary material provides results regarding the
effect of pH and temperature on the relation of flux with pressure,
the effect of the pressure on pore narrowing, and the reflectance
spectra during permeability experiments. The in depth characteri-
zation of the glucose responsive MEMs is also presented, including
results of permeability, reflectance spectroscopy, and contact angle
measurements.
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