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We present the development of a health-monitoring nanofluidic
membrane utilizing biocompatible and biodegradable graphene
oxide, chitosan, and graphene quantum dots. The nanoconfine-
ment provided by graphene oxide nanolayers encapsulates chitosan
molecules, allowing for their conformational changes and switch-
able hydrophobic—hydrophilic behavior in response to pH varia-
tions. This low-dimensional membrane operates as an array of
nanofluidic channels that can release quantum dots upon pH
change. The photoluminescence emission from quantum dots
enables rapid and reliable optical visualization of pH changes,
facilitating efficient human health monitoring. To ensure fouling
prevention and enable multiple usages, we adopt a desigh approach
that avoids direct contact between biomarkers and the nanochan-
nels. This design strategy, coupled with good mechanical properties
(Young's modulus of 5.5 + 0.7 GPa), preserves the integrity and
functionality of the sensors for repeated sensing cycles. Further-
more, leveraging the memory effect, our sensors can be reloaded
with graphene quantum dots multiple times without significant loss
of selectivity, achieving reusability. The wide-ranging capabilities
of 2D materials and stimuli-responsive polymers empower our
sustainable approach to designing low-dimensional, robust, and
flexible sensing materials. This approach allows for the integration
of various biorecognition elements and signal transduction modes,
expanding the versatility and applications of the designed materials.

Diabetes and liver diseases, common in daily life, remain
challenging for the global health system.'™ Despite the com-
mercial continuous glucose monitoring system (CGMS) and
urea monitoring devices, better materials and designs are
under investigation to overcome the present deficiencies.
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A nanofluidic sensing platform based on robust
and flexible graphene oxide/chitosan nanochannel
membranes for glucose and urea detectiony

*ab

New concepts

We propose a novel concept in the development of health-monitoring
technology utilizing a nanofluidic membrane composed of biocompatible
and biodegradable materials, including graphene oxide, chitosan, and
graphene quantum dots. In general, micro- and nanofluidic-based
devices offer advantages like precise control over analyte flow, efficient
mixing, reduced sample and reagent consumption, and integration with
sensors or other analytical tools. However, the fabrication of nanofluidic
devices as well as microfluidic devices is complex and requires time-
consuming multistage lithography techniques, template-assisted methods
and nanopatterning. In this study, we design a novel nanofluidic
biodetection platform based on self-assembly. Self-assembly is a rapid and
energy-saving method for assembling nanocompartment materials. This
design strategy, combined with the membrane’s favorable mechanical
properties (Young’s modulus of 4.5 GPa), preserves the integrity and
functionality of the sensors for repeated sensing cycles. The membrane
functions as an array of nanofluidic channels that can release graphene
quantum dots upon changes in pH. The photoluminescence emission from
these quantum dots allows for rapid and reliable optical visualization of pH
changes, facilitating efficient monitoring of human health indicators.
Furthermore, our sensors exhibit a memory effect, enabling multiple
reloads of graphene quantum dots without significant loss of selectivity,
achieving enhanced reusability. This feature contributes to the sustainability
of our approach. By leveraging the capabilities of two-dimensional materials
and stimuli-responsive polymers, we have developed a sustainable approach
to designing low-dimensional, robust, and flexible sensing materials. This
approach enables the integration of various biorecognition elements and
signal transduction modes, expanding the versatility and applications of the
designed materials.

Biosensors are widely employed as an analytical strategy,’
owing to their high sensitivity, rapid response and real-time
measurements.®”’

While various materials have shown commercial prospects
in glucose and urea detection, some of the designs need serum,
which does not consider the danger of infection with diseases
like acquired immune deficiency syndrome (AIDS). In recent
years, nanocomposites like ZnO@rGO, NiO-MoO; and Ag/NiOOH
have been verified to have promising potential in urea/glucose
detection.®'° These materials enable the design of non-enzymatic
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sensors, which depend on the high electrochemical activity of
nanocomposite electrodes.”'> However, such sensors often can-
not be reused. Moreover, these biosensors are often only suitable
for monitoring a specific substance, which has limitations in the
commercial field.

Integrating microfluidics or nanofluidics with sensors offers
several advantages, including improved sensitivity, multiple
sensing cycles, reduced sample and reagent consumption,
and the ability to perform complex assays or analyses in a
compact and portable format.’*'* Microfluidics and nanoflui-
dics deal with fluidic systems at the micro/nanoscale, with
channels and structures typically on the order of micro or even
nanometers.® Nanofluidic sensors have applications in areas
such as DNA sequencing,'® single-molecule sensing,'” and
single-cell analysis.'® The advantages include enhanced sensi-
tivity, small volume, fast response and reusability.

In general, micro- and nanofluidic-based devices offer
advantages like precise control over analyte flow, efficient mixing,
reduced sample and reagent consumption, and integration with
sensors or other analytical tools. However, the fabrication of
nanofluidic devices as well as microfluidic devices is complex
and requires time-consuming multistage lithography techniques,
template-assisted methods and nanopatterning.

In this study, we design a novel nanofluidic biodetection
platform based on the self-assembly of graphene oxide (GO),
chitosan (CS) and graphene quantum dots (GQDs). Self-
assembly is a rapid and energy-saving method for assembling
nanocompartment materials. This approach harnesses the
inherent properties of the materials themselves to sponta-
neously organize and form complex structures or compartments
without the need for external energy inputs or complicated
assembly processes. In our nanofluidic GO/GQDs/CS (GGC)
membranes, CS molecules are encapsulated in GO nanocompart-
ments and form nanochannels that switch hydrophilic/hydro-
phobic states in response to pH. As part of a sensor device, the
membrane operates as an array of nanofluidic channels.

Through the self-assembly of biocompatible and biodegrad-
able materials, we strive to create products and implement
processes that align with the principles of sustainability. First,
emerging biosensors'®° are explored by integrating biodegrad-
able and biocompatible two-dimensional graphene-based
materials into the polymer matrix.>! In particular, due to the
high specific area,” hydrophilicity>® and biocompatibility,>***
GO is considered as a new material for miniature biosensors
with high selectivity.”®® Apart from GO, CS extracted from
natural sources has also shown promising potential in biosen-
sing applications.”® Owing to the pH-sensitivity, the hydro-
philic/hydrophobic properties of CS switch in response to pH
change.?** Among other pH-sensitive hydrogels, chitosan has
a faster rate of responsiveness.*® As a biocompatible nanoma-
terial, GQDs have excellent optical properties, including strong
fluorescence, high quantum yield, and broad absorption. These
features make them suitable for optical sensors, such as
fluorescence sensors, biosensors, and chemosensors.**¢

The ability of the GGC membrane to respond to pH changes
induced by biochemical processes opens possibilities for the
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development of sensors for detecting the analytes in aqueous
solutions and avoiding direct contact with biomarkers.
By monitoring the changes in pH and PL intensity, biomarkers
and enzymes are not directly in contact with the sensor surface.
Thus, we avoid contamination or fouling®® that can occur
during tests and can use our membrane for multiple uses.
At acidic pH, the nanochannels are in a hydrophilic state and
the membrane can be impregnated with an aqueous GQD
dispersion. At neutral/basic pH, the nanochannels are in a
hydrophobic state and pump the aqueous GQD dispersion
out of the membrane. Thus, we can optically detect the pH
change that accompanies such biochemical reactions as glu-
cose or urea oxidation. The working pH range is around 4.6
(pK. value of GO) and 6.5 (pK, value of chitosan®”); therefore,
our sensors are highly sensitive to even a small pH shift from
the physiological pH range and highly sensitive to variations in
biomarkers’ concentrations.

The use of the nanofluidic GGC membrane as a pH-
responsive sensing platform offers potential advantages such
as simplicity, sensitivity, and real-time monitoring capabilities.
To this end, we calibrate our membranes with varying concen-
trations of urea and glucose. Indeed, our nanofluidic mem-
branes can detect up to several millimolar (mM) concentrations
of glucose, which is relatively high sensitivity.>**° However,
further research and validation would be necessary to explore
the practical viability and performance of this sensor in differ-
ent applications.*’

Importantly, we develop a membrane with an array of nano-
fluidic channels that is easy to assemble and has outstanding
mechanical properties. Young’s modulus is 5.5 £ 0.7 GPa
for the GGC membrane, even higher than the pristine GO
membrane (4 GPa). Additionally, all components, GO, GQDs
and chitosan are biocompatible and biodegradable, making the
platform sustainable due to its reusability, flexibility, compact-
ness, and robustness.

We prepare the pH-responsive GGC membranes by a
vacuum-assisted self-assembly method (Fig. S1, ESIt). Briefly,
a controlled amount of GQDs is first added to the dispersion
of GO to form a GO/GQDs mixture, and then a self-assembly
approach is employed by physical blending to entrap CS
macromolecules (chitosan powder with M,, ~ 190-375 kDa
dissolved in 1 vol%/vol acetic acid) into the GO/GQDs channels.
By increasing the amount of GO, GQDs and CS, a soft free-
standing GGC membrane can be easily prepared (see Methods
for details). Owing to the opposite charges of functional groups
of GO and CS and the van der Waals interactions between GO
nanolayers, GO with CS is assembled into a Layer-by-Layer
(LbL) structure during vacuum filtration. Zeta potential mea-
surements (Fig. S2, ESIT) show that the dispersion of GO flakes
is stable in the whole pH range. A zeta potential value below
—30 mV indicates its colloidal stability. For pure CS and GO/CS
mixtures, the value of the zeta potential dropped to 0 when the
pH is >6. At a pH value above the pK, value of CS, the
hydrophobic and uncharged CS becomes insoluble in water,
leading to the aggregation of CS and phase separation. Thus,
the optimal pH range for the self-assembly is around 3.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Preparation and characterization of GGC membranes. (a) Digital photo of a robust and flexible GGC membrane strip twisted by tweezers. Scale
bar: 1 cm. (b) Digital photos of GO, GO/CS and the GGC membrane under natural light (top) and 365 nm UV light (bottom). Membrane size: 1cm x 1cm.
Scale bar: 5 mm. (c) Cross-section SEM image of a free-standing GGCs membrane. (d) X-ray diffraction (XRD) spectra of the pristine GO and GGCs
membrane. (e) Optical polarizing images of the reversible phase transition of the GGC dispersion (top) and GGC membrane (bottom) in response to pH.
Scale bar: dispersion —200 pm, membrane —500 pm. (f) Young's modulus of pure GO, pure CS and GGC membranes as a function of the mass ratio of CS

to GO/GQDs.

The thickness of the membranes can be controlled by
adjusting the amount of GO and CS used in their preparation.
Increasing the concentration of GO and CS results in pm-thick
free-standing membranes, while decreasing the concentration
leads to nm-thin supported membranes. As we see in Fig. 1a,
a free-standing GGC membrane is robust and flexible. The
ability to tune the membrane thickness enables the assembly
of membranes for the creation of nanofluidic devices. This
flexibility in controlling the thickness of the membrane facili-
tates the design and fabrication of the arrays of nanoscale
channels, allowing for precise manipulation and transport of
fluids at the nanoscale.

According to the used mass ratio of CS to GO/GQDs, we
assigned the membranes as GGC5, GGC;4, GGC;5, GGC,5, and
GGCj3. Note, that an insufficient loading of CS leads to the
aggregation of GO into flocculent precipitates. Also, when the
mass ratio of GO to GQDs is less than 1, the PL of the GQDs is
quenched. Through optimization, the mixing ratio of CS, GO,
and GQDs is determined to be 5:0.2:0.8. Under natural light,
the membrane exhibits a brownish-yellow color, while under
UV light, it emits a yellowish light, as depicted in Fig. 1b.
In contrast, the pure GO membrane or GO/CS membrane does
not exhibit any detectable PL.

The GGC membrane exhibits a characteristic lamellar mor-
phology resembling GO paper, as observed in the scanning
electron microscopy (SEM) image of the cross-sections (Fig. 1c).
In the X-ray diffraction (XRD) spectra of the composite mem-
branes (Fig. 1d), two distinct peaks are observed, indicating the

This journal is © The Royal Society of Chemistry 2023

presence of two interlayer distances within the GGC mem-
branes. The interlayer spacing (d) of the nanochannels formed
by chitosan encapsulated between the GO laminates measures
13 A, whereas the region without CS exhibits an interlayer
spacing of 8.6 A. This structural arrangement suggests the
presence of nanochannels within the membrane structure,
where CS molecules are enclosed between the layers of GO.

Our study reveals a phenomenon where CS within the GO
nanochannels exhibits a reversible switch between hydrophilic
and hydrophobic states in response to changes in pH. The
transition between the hydrophobic collapsed and hydrophilic
expanded states of CS coils in the GO nanochannels leads to
different optical properties, as illustrated in Fig. le. At pH 10,
the hydrophobic intramolecular interactions in the CS fraction
are dominant, and CS molecules are partially reoriented
in ordered hydrophobic domains. The birefringence of the
materials at pH 2 might be explained by the formation of
ordered anisotropic materials stabilized by the hydrophilic
interactions of GO and CS.

The pH-responsive reorientation and alignment of CS
molecules are not only linked to changes in hydrophilicity/
hydrophobicity but are also associated with the uptake and
release of water molecules. Within the GO nanochannels, the
interplay between the GO nanolayers and water molecules
establishes a distinctive 2D liquid-like environment, facilitating
the entrapment of GQDs. Notably, as CS undergoes a transition
to a hydrophobic state, the reorientation of the hydrophobic
domains induces stresses and strains within the system.

Nanoscale Horiz., 2023, 8,1243-1252 | 1245
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These mechanical perturbations have the potential to trigger
the expulsion of water molecules and GQDs out of the nano-
channels, thereby influencing the overall transport properties
of the nanofluidic membrane.

As shown in Fig. 1f, the self-assembled composite mem-
branes exhibit high tensile strength. We compared Young’s
modulus and the ultimate tensile strength for GGC membranes
with different CS concentrations. For control purposes, we also
prepared a pristine GO membrane and CS membrane. With the
increase in CS concentration, Young’s modulus of the GGC
membrane decreased and the strain increased. The significant
improvement in the tensile strength of the GGC composite
might be due to cross-linking between the GO nanolayers and
CS macromolecules. The Young’s modulus of the GGCs
membrane is measured to be 5.5 = 0.7 GPa, which is higher
than that of the pristine GO membrane, which has a Young’s
modulus of 4 GPa. Additionally, this value is several orders
greater than those measured for the polymeric hydrogels
(450-490 kPa).”® In particular, the self-assembled GGC compo-
sites can form robust large-scale membranes (Fig. S3, ESIt) for
the integration and patterning of flexible devices.

Using quartz crystal microbalance (QCM) and permeability
tests, we monitor the water absorption capacity of GGC mem-
branes and water transport through the nanochannels vs. pH.
The 0.1 mg GGC membrane (approx. thickness is 450 nm) can
reach the swelling equilibrium within 30 seconds in any pH

View Article Online
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water environment (Fig. S4, ESIT). Among other pH-sensitive
polymeric hydrogels, CS has a faster rate of responsiveness,
which can be attributed to its super hydrophilicity and favor-
able permeability of water.*?

The swelling capacity (Fig. 2a) is derived from fitting the
swelling curves by a Voigt model (Fig. S4, ESIT). We see that the
swelling curves can be accurately fitted by a Voigt model, which
suggests that the material’s swelling behavior may be fully
described by the combined elastic and viscous deformations
assumed by the model for polymeric hydrogels. The result
indicates that the degree of swelling drops sharply at pH > 6
due to an increase in the degree of cross-linking of unchanged
CS macromolecules. Notably, the excellent reversibility of the
swelling capacities between pH 3 and pH 7 was revealed by
cyclic QCM measurements (Fig. 2b). Significant mass increases/
decreases were found when the external environment alter-
nated between pH 3 and pH 7 (Fig. S6, ESIt). This reversibility
was observed within the biosensing pH range relevant to
glucose and urea detection, which will be further discussed in
the subsequent sections.

As expected, the permeability experiments (Fig. 2a) show
that the water flux through the nanochannels in GGC mem-
branes also depends on pH. At pH > 5, the nanochannels are
hydrophobic and are closed to water. At pH < 5 the nanochan-
nels are hydrophilic and transfer water. For the pristine
GO membrane, no significant changes in terms of water
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Fig. 2 pH-responsive swelling of GGC membranes. (a) Water permeability and swelling capacity of the GGCs membrane as a function of water pH.
(b) Swelling capacity change of a single GGCs membrane in a continuous cyclic QCM test, with the pH of the feed water cycled between 3 and 7.
(c) Young's modulus of GO and the GGCs membrane in water as a function of pH. Soaking time: 10 min. (d) Thickness of a 5 mg GO and a GGCs (with
5 mg GO) membrane in the dry and swollen state (immersed in DI water with different pH for 10 min). Inset: a digital photo of a robust GGC membrane
after swelling in DI-water for 2 h, scale bar: 2 mm. (e and f) Digital pictures showing a GGCs (with 5 mg GO) membrane in a dry state (f) and after
immersing in pH 2 water for 2 h (e), scale bar: 2 mm. (g) Young's modulus of GGCs membranes cycling between dry and swollen states. The swollen state
is tested after immersing the membrane in pH 2 water for 10 min.
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uptake/permeability are observed when the pH is altered
(Fig. S5, ESIT). Thus, the material exhibits two interconnected
functional properties that work in tandem to facilitate the
transport properties of the nanofluidic channels. These proper-
ties involve the reorientation of CS domains and the movement
of water.

The performance of biosensors depends not only on the
specificity and sensitivity of the biological recognition element,
but also on the mechanical properties of the device in the
presence of biological fluids. The mechanical properties of
swollen materials that can adsorb large amounts of water can
present challenges for applications.

We see that even filled with water, our membranes exhibit
exceptional mechanical properties. To measure the mechanical
properties of membranes, we prepared a GO membrane and
GGC membrane using the same amount of GO (5 mg).
The thickness of the dry GO membrane was measured to be
7 £+ 0.5 um, while the thickness of the dry GGC membrane was
20 + 2 pm. The membranes were immersed in solutions with
varying pH levels for a duration of 10 minutes. Following this,
we measured the thicknesses of the membranes, obtained
stress—strain curves and calculated Young’s modulus in the
swollen states.

Young’s modulus of the pure GO membranes is approx.
1 £ 0.5 GPa in the swollen state in the whole pH range (Fig. 2c).
The thicknesses of such membranes macroscopically also did
not change (Fig. 2d) due to the limited water absorption by the
pure GO membrane during the experimental time. In contrast,
Young’s modulus of the GGC drops to approx. 15 = 5 MPa in
the pH range from 3 to 10, which is still an order of magnitude
higher than that of typical hydrogels. Typical hydrogels with a
crosslinking density of 2% can have a Young’s modulus of
about 1 MPa in the swollen state.*’ At pH 2, the Young’s
modulus of the GGC decreases to 20 kPa (Fig. S7, ESIt), which
is a Young’s modulus previously measured for hydrogels with a
crosslinking density of 10%.> Due to the large swelling capa-
city of water, the thickness of GGC increases from 20 £ 2 pm to
200 + 70 um (Fig. 2d).

It is important to thoroughly characterize the robustness
and reusability of our membranes under the specific conditions
that are relevant to our intended applications. This involves
conducting experiments and tests that simulate the expected
usage and conditions of the membranes to evaluate their
durability and ability to withstand repeated use. Therefore,
we conducted long-term swelling testing by increasing the
immersion time to 2 hours, which resulted in a significant
increase in the thickness of our GGC composite membranes up
to 2 mm (as shown in Fig. 2e and f). Despite this increase in
thickness, our GGC composite membranes remained robust
and stable and are easily handled even in a highly swollen state
(inset in Fig. 2d). To evaluate the robustness and reusability of
our GGC membranes, we tested Young’s modulus of the
membranes in both dry and swollen states under pH 2 condi-
tions for 20 cycles (Fig. 2g). Our results show that when the
membrane returns from the swollen state to the dry state,
its mechanical properties recover to the original GPa level.

This journal is © The Royal Society of Chemistry 2023
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This indicates that our GGC membrane exhibits superior
stability for at least 20 cycles. Additionally, the mechanical
properties of the GGC membrane can be controlled by manip-
ulating environmental factors, such as humidity and pH
conditions.

In the subsequent phase of our research, we proceeded to
evaluate the performance of our membranes in monitoring
actual biochemical processes that give rise to pH variations.
Specifically, we focused on the oxidation of urea and glucose,
which are known to induce pH changes. The sketch of an
optical sensor with an integrated membrane is illustrated in
Fig. 3, providing insights into the capability of our nanofluidic
membranes to detect and track such biochemical processes.

The oxidation of urea results in the release of OH™ in the
presence of urease, which increases the pH of the surrounding
environment and induces the release of GQDs from our mem-
branes. On the other hand, the oxidation of glucose by glucose
oxidase (GO,) leads to the formation of gluconic acid, which
causes the pH of the environment to drop and allows the
released GQDs to be reabsorbed by our membranes. These
dynamic processes can be monitored and quantified by mea-
suring the changes in the PL intensity of the released GQDs,
which we use to develop a biosensor for urea and glucose
detection.

We accurately detected the release of GQDs by performing
PL measurements of aqueous solutions above the membranes.
As demonstrated in Fig. 3b, the PL spectrum obtained at
pH above 6.5 shows a strong peak at 525 nm due to the release
of water and GQDs from the hydrophobic nanochannels.
In contrast, the PL intensity at pH 2 is very low. Probably
because at this pH GQDs are not released from the nanochan-
nels and their diffusion is limited due to the charge and
complexity of the nanochannel network. The linear dependence
of PL intensity on pH enables us to monitor biochemical
processes accompanied by pH changes (Fig. 3c).

During immersion in urea solution, the pH value changes
from 3 to 7 (Fig. 4a—c). The increase in pH results in the release
of GQDs from the nanochannels. The PL intensity exhibits a
linear response to increasing urea concentration within the
range of 50 pM to 200 pM, which is shown in the inset of
Fig. 4a-c. 1.5 mM urea concentration refers to the highest
concentration of urea that can be reliably detected by our
sensing system.

The results obtained from our study demonstrate the sensi-
tivity of the GGC membrane toward urea detection in the
micromolar concentration range. The membrane exhibits a
linear response range that extends down to a concentration of
50 uM. This means that the membrane is capable of accurately
detecting and quantifying urea concentrations as low as 50 uM
with a reliable and proportional response.

In biological and clinical applications, urea concentrations
in bodily fluids like blood or urine can range from a few
micromolar to millimolar levels. For certain applications,
such as monitoring urea levels in patients with kidney disease
or studying urea metabolism, a higher sensitivity might be
desired.**** A limit of detection of 50 puM for urea could be

Nanoscale Horiz., 2023, 8,1243-1252 | 1247
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Fig. 3 pH-responsive GGC membrane as a reusable biosensor for urea/glucose detection. (a) Schematic illustration of the fluorescence sensor. (b) PL
spectra of the water at different pH levels soaked with GGC membrane for 2 h. (c) The change of PL intensity depends on the concentration of glucose or
urea. (d) Cyclic PL measurement showing the reusability of our nanofluidic device. The nanochannels can be reloaded with GQDs by the immersion of
the device for 2 h in aqueous solution of GQDs. We repeated the recovery process 10 times after exposing devices for 15 min at pH 7.

considered good sensitivity in the field of environmental mon-
itoring or water quality assessment.

In the case of glucose, we observe that as the concentration
of glucose increases, the pH value of the solution decreased
from 7 to 3 (Fig. 4d-f). This is due to the oxidation of glucose by
glucose oxidase, which produces hydrogen ions and causes a
decrease in pH. We observe a decrease in the PL intensity of the
solution as the concentration of glucose increases (Fig. 4f). The
slowing down of GQD release at acidic pH is the underlying
cause of this phenomenon.

During the immersion in a glucose solution, we conducted
experiments in the concentration range of 0.01 mM to 30 mM
and observed that the intensity of the PL spectra monotonously
decreased with the increase in glucose concentration (Fig. 4e

1248 | Nanoscale Horiz., 2023, 8,1243-1252

and f). A linear relationship is observed between concentrations
ranging from 0.01 mM to 2 mM, as depicted in the inserted
figure in Fig. 4e and f. This finding demonstrates the sensitivity
of our graphene-based glucose sensor for detecting glucose in
millimolar concentrations.

This is particularly noteworthy as the glucose concentration
in saliva, sweat, or tears is usually lower than 0.5 mM, making it
difficult to detect non-invasively.** Our results suggest that our
GGC membranes can offer a non-invasive approach to the
diagnosis of glucose in these bodily fluids. Drawing blood for
glucose testing can cause trauma to the human body, and our
GGC glucose detection platform provides a promising alternative.

The sustainability of sensors also encompasses their reusa-
bility. In our study, we assessed the reusability of the sensor

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Urea and glucose detection through the GGC membrane. (a) lllustration of the reaction between urea and urease. (b and ¢) pH (b) and PL intensity
(c) of urea as a function of urea concentration. Urea at various concentrations was catalyzed by saturated urease. Inset: the linear relationship between
pH (b-inset)/PL intensity (c-inset) and urea concentration and its fitting curves and parameters. (d) Illustration of the reaction between glucose and
GOy. (e and f) pH (e) and PL intensity (f) of glucose as a function of glucose concentration. Glucose at various concentrations was catalyzed by saturated

GO, Inset: the linear relationship between pH (e-inset)/PL intensity (f-inset)

through cyclic PL measurements, as shown in Fig. 3d. We
found that the device maintains its integrity and performance
even after undergoing 10 cycles, which represents the maxi-
mum number of cycles examined in this study.

During each cycle, the device is exposed to a pH 7 solution
for 15 min followed by a pH 3 solution for 2 h. At pH 7, the
nanochannels release GQDs within 15 min, leading to an
increase in the PL of the external solution. Subsequently, at
pH 3, we can reload the nanochannels with GQDs, a process

This journal is © The Royal Society of Chemistry 2023

and glucose concentration and its fitting curves and parameters.

that takes 2 h, resulting in a decrease in the PL of the external
solution.

Notably, our device exhibits a distinct ‘“memory effect”.
When the GQDs are encapsulated within the membrane at
PH 3, they can be released into the surrounding environment at
pH 7. Upon re-exposure to pH 3, the released GQDs re-enter the
nanochannels and return to their original positions. However,
if we initially utilize our materials at pH 7, the release of GQDs
is not reversible. This suggests that the reloading process is
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specific to the conditions in which the GQDs are initially
encapsulated within the nanochannels at pH 3. This “memory
effect” refers to the phenomenon where our nanochannels
retain or “remember” a capacity or affinity for the entrapment of
GQDs. The sensors with a memory effect can be reused or reloaded
with the initial concentration of GQDs. The memory effect allows
the sensor to recover its initial sensitivity upon regeneration.

In summary, our study successfully fabricated novel nano-
fluidic membranes for pH-responsive health monitoring
through the self-assembly of CS, GO, and GQDs. Of significant
importance is the development of a membrane featuring an
array of nanofluidic channels that offers simplicity in assembly
and exhibits exceptional mechanical properties.

Furthermore, the biocompatibility and biodegradability of all
the components involved, including GO, GQDs, and CS, further
contribute to the sustainability of the platform. The membrane’s
reusability, flexibility and compactness make it an attractive choice
for biomedical applications. Our findings demonstrate that the
sensor maintains its integrity and performance over multiple
cycles of exposure to pH 7 and pH 3 solutions. The reversibility
of GQD release is dependent on the initial pH conditions. The
nanochannels prepared at pH 3 release GQDs at pH 7 and can be
reloaded with GQDs at pH 3, exhibiting a distinct “memory effect”.
The nanofluidic sensing platform with a memory effect can be
reused multiple times without significant loss of selectivity.

The combination of these characteristics positions our
nanofluidic membrane as a promising solution, offering a
multitude of potential benefits. With its easy assembly, good
mechanical properties, biocompatibility, biodegradability, and
sustainability, the membrane serves as a platform for its broad
application in healthcare, diagnostics, biotechnologies, and
environmental technologies. Moreover, these remarkable
features open new avenues for innovative applications in the
future, ensuring the membrane’s significant impact and con-
tribution to various industries.

Experimental Section
Materials

Aqueous graphene oxide dispersion (GO, 4 mg mL™ ', mono-
layer content > 95%, Graphenea Inc., USA), chitosan (CS, M,, ~
190-375 kDa, powder, from shrimp shells, Sigma-Aldrich),
polyethersulfone membrane filter (PES, 0.03 pm, 47 mm, Ster-
litech Corporation, USA), Anodisc 47™ filter (pore size —0.02 pm,
diameter 47 mm, Whatman, USA), acetic acid (HOAc, glacial,
ReagentPlus™, >99%, Sigma-Aldrich), graphene quantum dots
(GQDs, aqua green luminescent, 1 mg mL™", Sigma-Aldrich),
hydrochloric acid (HCl, ACS reagent, 37%, Sigma-Aldrich), and
sodium hydroxide solution (NaOH, 50% in H,O, Sigma-Aldrich)
were used. All materials were received and used without further
purification.

Membrane preparation

CS/HOAc dispersion (5 mg mL ') was obtained by dissolving
chitosan (2 g) in HOAc (1 vol%/vol, 400 mL) upon magnetic
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stirring for 24 h at room temperature. The original aqueous
graphene oxide dispersion (4 mg mL ™", 20 mL) was added into
deionized water (380 mL) to obtain diluted GO dispersion
(0.2 mg mL™"). To get a homogeneous GO/GQDs dispersion,
the prepared GO and GQDs dispersion was mixed with a mass
ratio of 1:1. Then, CS/HOAc dispersion was mixed with GO/
GQDs dispersion with a mass ratio from 5 to 30, and the
colloids were then mixed for 10 minutes by a shaker (rotation
speed - 500 rpm, Vortex Mixer, USA). GGC composite mem-
branes were prepared by vacuum filtration of the aforesaid
mixture through two types of membrane filters: Anodisc™ 47
and polyethersulfone membrane. Vacuum filtration was main-
tained for 24 h, and the obtained membrane was then dried
overnight in a dry cabinet at room temperature. The resulting
membranes were named GGC,, where x is the mass ratio
of chitosan to GO/GQDs. For comparison, a pristine GO
membrane and chitosan membrane can be easily prepared
with the same approach.

Characterization methods

X-Ray diffraction (XRD) was carried out on Bruker D§ ADVANCE
with a Cu Ko tube radiation source (1.5418 A) in a step of 0.02°
per second from 2° to 20°. The membrane thickness was
measured by an Alpha-Step IQ Surface Profiler (KLA Tencor).
The mechanical properties were measured using a Dynamic
Mechanical Analyser (DMA 850, TA Instruments). Scanning
electron microscopy (SEM) images were obtained by a ZEISS
Sigma 300 FE SEM system. The membrane samples were
sputtered with 5 nm gold before observation. Quartz-Crystal
Microbalance (QCM) measurements were performed by the
QSense Explorer System (QE 401 Electronic Unit, QCP 101
Chamber Platform, QFM 401 Flow Module). A 5 MHz Au

electrode was used with the pump speed of 30 uL min~".

Setup for water permeation experiments

Water and permeation experiments were performed using a set
of side-by-side diffusion cells (Yuyan Instruments, Shanghai)
with a membrane fixed between two cell compartments, e.g.
the feed compartment and the drain compartment. The feed
compartment was filled with DI water (20 mL) at different pH,
while the drain compartment was sucrose (20 mL, 2.5 mol L™")
to induce the osmotic pressure between two cell compartments.
The pH of DI water is controlled by the addition of a certain
volume of HCI or NaOH. After 24 h of permeation, the weight of
the sucrose solution was recorded to calculate the water flux.

Urea and glucose detection using GGC membranes

1 M aqueous urea, prepared with urea powder and phosphate
buffer saline (pH = 3), is diluted into various concentrations.
According to the optimization experiments we operated,
the amounts of urease and urea show a linear relationship
(for example: for 200 pM urea, 400 U urease is needed) in the
range of 1 pM-3 mM. 10 mL dilute urea solution was reacted
with the corresponding amount of urease for 10 min at 37 °C.
Subsequent experiments were based on the different pH solu-
tions to obtain different PL intensities. Similar to urea detection,
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dilute glucose solution, GO, and phosphate buffer saline (pH = 6)
are used for the reaction. The linear relationship for the glucose
and GO is that every 1 mM glucose needs 1000 U GO,, ranging
from 100 uM to 10 mM. The experiments are operated for 60 min
at 37 °C. Since GO, itself shows yellow color, the final PL intensity
should offset the initial ones.
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