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Abstract We report herein a flexible fluorescent nanofibrous
membrane (FNFM) prepared by decorating the gold nanocluster
(AuNC) on electrospun polysulfone nanofibrous membrane for
rapid visual colorimetric detection of H,O,. The provision of
AuNC coupled to NFM has proven to be advantageous for facile
and quick visualization of the obtained results, permitting in-
stant, selective, and on-site detection. We strongly suggest that
the fast response time is ascribed to the enhanced probabilities of
interaction with AuNC located at the surface of NF. It has been
observed that the color change from red to blue is dependent on
the concentration, which is exclusively selective for hydrogen
peroxide. The detection limit has been found to be 500 nM using
confocal laser scanning microscope (CLSM), visually recogniz-
able with good accuracy and stability. A systematic comparison
was performed between the sensing performance of FNFM and
AuNC solution. The underlying sensing mechanism is
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demonstrated using UV spectra, transmission electron micros-
copy (TEM), and X-ray photoelectron spectroscopy (XPS). The
corresponding disappearance of the characteristic emissions of
gold nanoclusters and the emergence of a localized surface plas-
mon resonance (LSPR) band, stressing this unique characteristic
of gold nanoparticles. Hence, it is evident that the conversion of
nanoparticles from nanoclusters has taken place in the presence
of H,O,. Our work here has paved a new path for the detection
of bioanalytes, highlighting the merits of rapid readout, sensitiv-
ity, and user-friendliness.

Keyword Electrospinning - Nanofiber - Gold nanocluster -
Fluorescence - Hydrogen peroxide - Sensor

Introduction

Hydrogen peroxide (H,O,) has vital roles in the regulation of
many physiological processes and is widely used for numer-
ous applications, including food processing, paper bleaching,
antiseptic, and disinfecting agents [1-3]. However, overpro-
duction of H,0O, causes several toxic pathologic events from
aging to severe diseases, including cancer and neurodegener-
ative Alzheimer’s, Parkinson’s diseases [4]. Thus, recent years
have attracted attention regarding the measurement of H,O,
for environmental protection and human health. Until the re-
cent past, various analytical techniques have been devised for
the analysis of H,O,, including chemiluminescence, spectro-
photometry, fluorescence, and electrochemical methods [5—8].
Although these methods offer high sensitivity, rapidity, they
also pose disadvantages like increased time consumption, in-
creased operating procedures, expensive reagents, high cost,
and the instability of substrates.

Recent studies have indicated the emergence of
fluorescence-based methods, attracting great interest because
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of their sensitivity, selectivity, fast response, and ease of use
[9-11]. However, there still exists a challenge of developing a
simple, highly sensitive, and inexpensive platform for the rap-
id detection of H,O, [12, 13]. In-depth analyses and studies
have pointed out electrospun-based nanofibers to be superior
to the conventional ones as sensing devices [ 14—17]. Owing to
the flexible nature of nanofibrous membranes, these sensors
have gained popularity to detect H,O, using various ap-
proaches, which might also be applied in the practical field
in the near future.

The fluorescent metal nanoclusters (FMNC) are extensively
studied and successfully applied in sensing application because
of their flexibilities in terms of modification of the surface with
a variety of functional groups, including thiols, polymers, den-
drimer, DNA, and peptides. The prominent sensitivity nature of
the nanoclusters has been highlighted for the successful devel-
opment of effective sensors, making them fitting as functional
materials. Among the various nanoclusters, bovine serum albu-
min capped nanoclusters (AuNC) have been extensively used
in the fields of sensing and bio-imaging because of their
nontoxicity and good photostability [18-21]. Therefore, the
design and further development of a FMINC-based colorimetric
sensing strategy has gained sufficient popularity and is strongly
encouraged. Recent times have seen the integration of FMNC
onto a support for the development of sensors to overcome the
limitations of solution-based sensors. Several nanomaterials,
including silica, carbon nanotubes, etc., have been used as a
template for holding FMNC.

Recent studies demonstrated electrospun nanofibers as an
excellent matrix for protecting and enhancing the sensing per-
formance of fluorescent gold nanoclusters and metallic nano-
particles [22-26]. The polysulfone fiber-based membranes re-
ceived much attention in the field ranging from artificial kid-
neys for blood purification to water treatment and food pro-
cessing, owing to their good permeability, mechanical, ther-
mal, and biocompatible properties [27, 28]. Until now, most of
the sensor probes have been designed based on a chemical
reaction approach, which considers taking a specific reaction
towards the targeted analytes. This marks the importance of
proper optimization of fluorescent probe in understanding the
sensing and selective performances. Mostly, the sensing of
these analytes requires long reaction time to achieve signal
output, leading to a potential influence on the real-time mon-
itoring and quantification. This poses a serious challenge to
design efficient probes that can rapidly respond to H,O,.
However, the rapid response time of electrospun fibrous
membrane-based colorimetric sensors have not yet been dem-
onstrated, to the best of our knowledge. We speculated that the
synergetic combinations of the sensing performances of
AuNC and electrospun nanofibers would set the right path
towards the rapid detection of H,O,.

In the present investigation, we have schematically de-
scribed the electrospun fluorescent nanofiber-based visual
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colorimetric detection of H,O,. A quick color change has
been observed from bright red to blue. It has been observed
that the characteristic peak of AuNC disappears and a new
peak emerges with an absorption maximum around 546 nm,
upon interaction with H,O,. This is due to its well-known
optical property of gold nanoparticles, called “LSPR” band.
The outcome suggests the formation of nanoparticles from
gold nanoclusters.

Materials and methods

Tetrachloroauric acid trihydrate (HAuCly.3H,0), bovine se-
rum albumin (BSA), polysulfone (Mw~60.000 g/mol, Sp*;
Scientific Polymer Products, NY, USA), dimethylacetamide
(DMAc, 99 %), hydrogen peroxide solution, L-cysteine, glu-
tathione (Sigma Aldrich, St Louis, MO, USA), and sodium
hydroxide pellet (Merck, NY, USA). Deionized water was
used throughout the experiments. All reagents were used as
received without further purification.

Electrospinning of polysulfone nanofibers

The polymer solution for the electrospinning process was pre-
pared by dissolving polysulfone in DMAc (35 %, w/v) at
60 °C, followed by continuous stirring for 2 h, to get a homog-
enous solution. Then, the prepared solution was taken in a 3 mL
plastic syringe with a metallic needle (inner diameter: 0.8 mm)
and fixed horizontally in a syringe pump. This was followed by
clamping the electrode of high-voltage power supply (SL se-
ries; Spellman, NY, USA) to the metal needle tip, where the
collector was grounded. The flow rate of the polymer solution
was optimized and controlled as 0.75 mL/h. The metal plate
covered with an aluminum foil was used as a collector and the
distance between the collector and the needle was optimized at
15 cm. This setup was enclosed in a Plexiglas box, and
electrospinning was carried out at 16 kV, 22 °C, and 20 %
relative humidity. The resulting nanofibers were collected and
dried at room temperature under a fume hood overnight. Then,
they were carefully separated from the aluminum foil for further
process. The fibers were collected for the time period of 3 h and
the thickness of the mat was ~0.1 mm. A similar procedure was
carried out for collecting the nanofibers on a glass substrate for
confocal laser scanning microscope (CLSM, Jena, Germany)
measurement. This was done by placing the glass substrate on
an aluminum foil covered metal plate.

Preparation of fluorescent gold nanoclusters (AuNC)

The AuNC were prepared according to the previously report-
ed method with slight modification [29]. In brief, 10 mM of
HAuCly solution (10 mL) was mixed with an equal amount of
BSA solution (35 mg mL™") at 37 °C under vigorous stirring.
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Two min later, | mL NaOH (1 M) solution was introduced
into the mixture, with further reaction under vigorous stirring
at 37 °C for 12 h. Under exposure to UV light (Ae-366 nm),
the prepared AuNC emitted red color, which was further dec-
orated on the polysulfone nanofiber surface.

Preparation of AuNC decorated nanofibrous membrane
(FNFM)

Dip coating technique was used for the decoration of
AuNC on polysulfone nanofibrous membrane. The pre-
pared electrospun nanofibrous membrane was immersed
in a AuNC solution for 12 h. Then, the membrane was
taken from the solution carefully without damaging/
touching the surface and dried in air at room temperature.
Further, adsorbed excess ligand from the surface of nano-
fibers was carefully removed by washing them with water
for 2 min and then dried at room temperature. The pre-
pared fluorescent nanofibrous membrane sample was
called FNFM.

Characterizations

The morphology and diameter of the nanofibers at various
stages were measured with a scanning electron microscope
(SEM, Oregon, USA), Quanta 200 FEG and transmission
electron microscopy (TEM) Tecnai G2 F30 (Oregon, USA).
High angle, annular, dark field-scanning transmission electron
microscopy (HAADF-STEM) elemental mapping was used to
study the distribution of nanoclusters on the surface of nano-
fibers. The chemical composition and oxidation state of the
elements in FNFM were studied by using X-ray photoelectron

Fig.1 (a) HAADF-STEM (high-
angle annular dark-field scanning
transmission electron microsco-
py) image of single FNF and their
corresponding mapping images of
the elements, (b) carbon, (¢) oxy-
gen, (d) sulfur, (e) nitrogen, and
() gold

spectroscopy (XPS, West Sussex, UK) Thermo K-alpha-
monochromatic. Fluorescence emission spectra were mea-
sured by time-resolved fluorescence spectrophotometer (FL-
1057 TCSPC, NJ, USA). The fluorescence imaging of FNFM
were captured by using confocal laser scanning microscopy
(CLSM, Jena, Germany) Zeiss LSM 510, A.-488 nm, 20x
magnification. The absorption spectra were recorded before
and after treatment with H,O, using UV—Vis spectroscopy
(Varian, Cary 100, Middelburg, The Netherlands). Circular
dichroism system (JASCO, J-815, Tokyo, Japan) was used
to record the CD spectra.

Visual colorimetric detection of H,O,

A typical colorimetric analysis for H,O, was performed as
follows. Different concentrations of H,O, were prepared by
diluting the stock solution. First, the H,O, was added in
AuNC solution to check the color change. Then the flexible
FNFM was cut into small pieces, 2%2 cm, and dipped in
different concentrations of H,O, separately. The obvious
color change from bright red to blue was noticed under
UV light. A similar procedure was also carried out for glu-
tathione (GSH), L-cysteine (Cys), sodium (Na"), potassium
(K™), and calcium (Ca*") as interference. All the experi-
ments were conducted in triplicate and the mean values
were reported. For CLSM, the desired concentration of
H,0, solution (2 uL) was dropped on the FNF and then
images were taken after trying it. Also, the fluorescence
intensity was measured across the FNF surface. The excita-
tion source was fixed at 488 nm and the images were cap-
tured at 20% magnification.
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Fig. 2 Confocal laser scanning microscopy (CLSM) images of FNFM
before (a) and after exposure of different concentrations of H,O, and their
intensity profiles collected across the fiber surface (b) 500 nM, (¢) 1 uM,
(d) 10 uM, (e) 50 uM, and (f) 100 uM

Results and discussion

Fabrication of FNFM sensor strip was performed by decorat-
ing AuNC on the electrospun nanofibrous membrane,
allowing uniform distribution of AuNC on the nanofiber sur-
face and further enabling maximal exposure to the target
analytes. The size of the prepared AuNC was found to be
~1.5 to 3 nm and having lattice spacing of 0.24 nm, corre-
sponds to the d spacing of (111) orientation of Au as shown in
Electronic Supplementary Material (ESM) Fig. S1, [30]. The
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circular dichroism (CD) spectra of AuNC exhibited two char-
acteristic peaks of an o-helical protein structure of BSA posi-
tioned at ~206 nm and 221 nm, which corresponds to 7—7t*
and n—7t* transitions of the peptide bonds on the o-helices,
respectively (see ESM Fig. S2), [31]. As the distinct features
of AuNC are known, we concentrated our focus on under-
standing their rapid sensing behavior and mechanism. ESM
Fig. S3 details the morphology of the electrospun polysulfone
nanofibers before and after decoration of AuNC (i.e., FNFM).
It can be learned from the figure that the nanofibers are free of
defect and randomly oriented with a relatively uniform diam-
eter of 526+70 nm and 6484236 nm, respectively. The fi-
brous morphology of the sample has not been changes after
decoration of AuNC; however, the smooth nature of the fiber
surface was slightly affected and fiber diameter was increased
slight possibly due to the swelling of the fibers. Further, scan-
ning transmission electron microscopy (STEM) elemental
mapping of single FNFM confirmed the uniform distribution
of AuNC on nanofiber surface without any agglomeration as
depicted in Fig. 1. Interestingly, no adsorption of excess pro-
tein was noticed. The prepared FNFM showed intense red
color under exposure to UV light (A.x-366 nm) as shown in
ESM Fig. S4. It has been found that the uniform distribution
of AuNC improves the homogeneity of the color, which is a
principal characteristic in colorimetric sensing. Also, the
FNFM is highly flexible in nature, even after decoration
AuNC as show in ESM Fig. S4. This can be effectively put
to use in sensing applications similar to pH paper.

A vital attribute of any colorimetric indicator in practical
application is its ease of handling. However, most
colorimetric-based sensors in previous reports were not suit-
able for use in biological and environmental-friendly applica-
tions because the technology to date has relied upon fluores-
cent probes suspended in solution. Interestingly, this can be
overcome by assembling them on a support matrix. This is
likely to include the following advantages: (i) reducing the
amount of probe, which is expected to reduce the cost of
the sensor and lower detection limit; (ii) increasing the life
time. The stability of the fluorescent probe is limited in
solution phase as suspended probes have tendency to ag-
gregate (iii) In addition, the effect of environmental factors
on the properties and fluorescence characteristics of these
probes.

Rapid colorimetric sensing proves to be challenging
in the way that macroscopic color changes are seldom
coupled to the rate of interaction and their properties of
a system. Solution-based assays are prone to contain-
ment issues such as spillage and disposal after use as
a sensor for detecting pollutants. In order to improve
the usage and sensing performance of fluorescent
probes, its availability should be increased, and more
stability is encouraged. Combining all these facts, we
have devised our proposed method highlighting several
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Fig. 3 Visual colorimetric sensing performance of FNFM and their
comparative study with AuNC solution, (a) optical colorimetric
response of FNFM upon treatment with 50 uM, 100 uM, 1 mM, and
10 mM H,0, from left to right, respectively. The color of the FNFM
gradually changed to blue upon increasing the concentration of H,O5;
(b) Time-dependent sensing performance of AuNC solution in the

key advantages: it is simple and fast as it involves the
decoration of AuNC on the nanofiber surface, contrib-
uting a greater chance to interact with H,O,. This pro-
vides the possibility of observing the clear color change
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presence of 100 mM H,O,; photographs were taken at different time
periods under UV light ((A¢x =366 nm); (¢) 100 mM H,O, treated FNFM,
color change has occurred within 10 s. The observed quick color change
in the FNFM is comparable to the finding at 60 h in solution phase AuNC.
(d) The normalized PL emission spectra of FNFM (1) and H,O, treated
FNFM with different concentration 50 uM (2), 100 uM (3), and 1 mM (4)

of the FNFM by the naked eye. As stability, flexibility,
and ease of use form critical requirements for the prac-
tical realization of a sensitive colorimetric indicator,
FNFM fits the role appropriately and efficiently.

Fig. 4 Selective sensing
response of FNFM after
incubation for 30 min in the
presence of various biomolecules.
The variation in the relative
fluorescence intensity (Io/I, where
I and I, are the fluorescence
intensity in the presence and
absence of molecules,
respectively) of FNFM at a preset
concentration of 10 mM. Inset:
photographs showing the
selectivity of FNFM taken under
UV light exposure. The error bar
indicates standard deviation of
three replicates
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The visual colorimetric response of the fluorescence nano-
fibers towards H,O, is studied using contact-mode and CLSM
based analysis. The authentic red emission characteristics of
AuNC are clearly viewed under CLSM. The noticed fluctua-
tion in intensity profile is due to the collection of data across
the randomly oriented fibrous structure on glass substrate. As
seen in Fig. 2, it can be observed that the red fluorescence and
its intensity profile of FNF were gradually decreased upon
increasing the concentration of H,O,. The CLSM-based anal-
ysis enabled the sensing of H,O, with a detection limit of 500
nM. The observed detection limit is comparable to previous
reports [18, 32, 33]. Further, contact mode approach has been
adopted to study the visual colorimetric response of the flex-
ible FNFM towards various concentrations of H,O,. This is
achieved by cutting the FNFM into small pieces and dipping it
in various concentrations of H,O, separately for about 1 min.
Subsequently, a distinct color change from red to purple,
followed by a bluish violet has been observed, detectable with
the naked eye up to 1 mM, highlighting time- and dose-
dependent responses as clearly indicated in Fig. 3a.

It would be highly appreciated if we can effectively repro-
duce the sensor strip for several attempts without failing their
sensing response. The FNFM fabricated from different
batches exhibit similar sensing responses, implying the con-
sistency of its performance. Encouraged by seeing an enor-
mous number of annotations on AuNC in colorimetric sensor,
we are highly motivated to investigate and compare the sens-
ing performance of FNFM with AuNC in solution phase. It is
anticipated that the sensing performance of fluorescent probes
in solution phase could be higher than the solid matrix plat-
form. In order to confirm this prediction, the AuNC in solution
phase and decorated on nanofibrous membrane (i.e., FNFM

Fig. 5 (a) Transmission electron
microscopy (TEM) image of
100 mM H,0, treated single
FNF; (b) UV-Vis absorption
spectra of AuNC before and after
treatment with 100 mM H,0O,.
Inset: visual color change of
AuNC in the presence of H,0O,.
The photographs were taken un-
der normal light condition. (c)
HAADF-STEM image of

100 mM treated single FNF and
their corresponding mapping im-
ages of elements
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were exposed to H>O, at a concentration of 100 mM). Initial-
ly, prepared AuNC was diluted one-fold (0.5 mL+0.5 mL)
followed by the addition of an equal volume of H,O, solution
(1 mL) to study the sensing performance at solution phase.

The change in visual color with definite periods of incuba-
tion time (0, 5, 30 min, and 24 and 60 h) was monitored under
UV light (Aox;=366 nm) and normal light condition, and pho-
tographs were taken as shown in Fig. 3b. Interestingly, the
quenching fluorescence nature of AuNC in aqueous phase
was time-dependent. The observation at 5 min showed a
slight change in fluorescence and at the end of 60 h, the
color of the solution changed to deep purple. Conversely,
an ultrafast quenching of fluorescence was observed in the
FNFM less than 10 s following exposure to same concen-
tration of H,O, as illustrated in Fig. 3c. The observed
color change in the FNFM is comparable to the finding
at 60 h in solution phase.

To demonstrate the enhanced rapid sensing performance of
FNFM compared with solution phase, we captured a real time
video during H,O, exposure as demonstrated in Video SI.
The color change occurred immediately after the membrane
comes in contact with H,O, solution. It is obvious that the
sensing performance of FNFM is much higher at a shorter
exposure time than in the solution state. The observed ultrafast
quenching response is attributable to the enhanced interaction
between the fluorescent probe located on the surface of nano-
fibers and H,0O,. The larger surface area of the nanofibers
serves as an ideal platform for AuNC resulting in increased
interaction with analytes. This also facilitates the easy removal
of free and excess protein on the AuNC and FNFM surface
without affecting their characteristics. In solution state, the
surplus amount of free and excess protein is expected to

— AUNC

AuNC+ 100 mM H,0,

T T T T T
300 400 500 600 700 800
Wavelength(nm)
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reduce/slow the interaction with H,O,. As shown in Fig. 3d,
the change in fluorescence characteristics of FNFM upon
treatment with various concentrations of H,O, has been clear-
ly noticed. By comparing the spectra, a blue shift has been
noticed from 640 to 630 nm, which might have resulted from
the ligand-induced aggregation of gold nanoclusters [34, 35].

The specificity and selectivity of FNFM towards H,O, was
examined over common biological molecules, such as gluta-
thione (GSH), cysteine (Cys), Na*, K', and Ca®" at a preset
concentration (10 mM). In brief, FNFM was immersed sepa-
rately in analyte solution for about 10 min and air-dried. The
visual color change was observed under UV lamp and photo-
graphs were taken. The variation in the relative fluorescence
intensity (Io/I, where I and I, are the fluorescence intensity in
the presence and absence of molecules, respectively) of
FNFM is shown in Fig. 4. The FNFM exhibited dark blue
color under exposure to H,O,, whereas no obvious significant
change in the color was noted for other common biomolecules
as illustrated in Fig. 4, inset. Subsequently, we studied the
possible mechanism for rapid colorimetric sensing of H,O,.
The combination in the variations of the TEM images and UV
spectra compared with native FNFM revealed the transition of
gold nanoclusters to nanoparticles, under exposure to H,O, as
shown in Fig. 5a and b. The TEM image and elemental map-
ping of 100 mM H,0,- treated single FNF is shown in Fig. 5c.
This observed result reveals the existence of most of the gold
nanoparticles as single with extremely low degree of aggrega-
tion. It is interesting to note that the nanofiber structure did not
degrade, which is further confirmed by SEM image as shown
in ESM Fig. S5. Also, the flexibility of FNFM is well main-
tained as shown in ESM Fig. S6.

The UV-Vis absorption spectra of AuNC before and after
treatment with H,O, are shown in Fig. 5b. Compared with
two spectra, it is clearly seen that the LSPR peak is not ob-
served in AuNC, which is closely related to the properties of
nanoclusters [36, 37]. The appearance of LSPR bands is di-
rectly correlated with the formation of gold nanoparticles and
not through an aggregation process. Upon addition of
100 mM H,O,, the red fluorescence of AuNC solution de-
creases gradually, and emitted light to dark blue color depends
on the incubation time period. Under daylight condition, the
AuNC solution gradually changes its color from transparent to
light red and then dark wine. The observed distinct color dif-
ference is shown as an inset in Fig. 5b.

A rapid deterioration of BSA structure and its characteris-
tics fluorescence might be expected when exposed to H,O,
since thiol group present in BSA plays a significant role in
stabilizing the AuNC [38]. Hence, to substantiate this, efforts
were made to study the effect of H,O, on fluorescence char-
acteristics of BSA in FNFM. As shown in ESM Fig. S7, a
gradual decrease in the fluorescence intensity was observed,
and upon increasing the concentration, the intensity was
completely quenched. Also, it has been found that the H,O,

Intensity(a.u.)

Binding energy (eV)

Fig. 6 Deconvoluted Au(4f) spectra of FNFM before (a) and after
addition of H,O, with different concentration, (b) 100 uM, (¢) 1 mM,
(d) 10 mM, and (e) 100 mM

not only affects the Au—S bonding in the gold nanoclusters but
also severely affects the free BSA. Further, the oxidation state
of the Au in FNFM was studied before and after the addition
of H,O, at different concentrations. As depicted in Fig. 6, the
XPS spectrum in the absence of HO, shows an Au 4f band at
binding energies of 83.9 and 87.6 eV assigned to 4fs, and
41;,,, which could be attributed to Au(0)state [39]. When
reacted with H,O,, the peak gradually shifts to a higher bind-
ing energy level, which can be ascribed to higher oxidation
states of Au [33]. A similar finding was also observed in
AuNC solution when reacted with H,O, as depicted in ESM
Fig. S8.

Conclusion

We have developed an efficient, sensitive, easy to-use, and
flexible FNFM for rapid detection of H,O,. To the best of
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our knowledge, rapid visual colorimetric detection of H,O, by
using flexible electrospun membrane has been reported for the
first time. The FNFM was successfully fabricated by decorat-
ing the gold nanocluster on the surface of electrospun
polysulfone nanofibers. The sensing performance was studied
by using CLSM and contact mode colorimetric approaches.
The limit of detection (LOD) was determined to be 500 nM.
The observed visual colorimetric results show that increasing
the H,O, concentration leads to change in the color from red
to blue, and subsequently decreasing their fluorescence inten-
sity by releasing ligands from the AuNC surface. A quick
color change appears after FNFM comes in contact with
H,0,, which is strongly supported by video. The sensing per-
formance was systematically compared with AuNC solution
and the findings prove the advantage of nanofibrous mem-
brane as a matrix to enhance sensing performance and facili-
tate rapid detection. Studies suggest that the sensing mecha-
nism is based on the interaction of H,O, with BSA molecules
than with gold. The changes observed in the UV absorption
spectra were studied, highlighting the disappearance of the
absorption peak in the gold nanoclusters and the emergence
of a new peak, called the LSPR band. The change in the
morphology was studied by using TEM and STEM-EDX
mapping. The flexibility, along with the visual color change
of FNFM assured the practical applicability. The reported sen-
sor system also proves the technical feasibility and provides
enhanced colorimetric sensing using nanofibrous structure,
thereby offering plenty of room to improve interaction with
H202.
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