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binding nature of other alkaline metals ions. Common analytical techniques employed for metal ions
detection are electrochemical, fluorescence and colorimetric methods. However, most reported metal
ions sensors are complicated, time-consuming and involve costly procedures with limited effectiveness.
Herein, a nanobiosensor for detecting sodium and potassium ions using folic acid-functionalised reduced
graphene oxide-modified RNase A gold nanoclusters (FA-rGO-RNase A/AuNCs) based on fluorescence

Iéf)};g/?:;;)dusters “turn-off/turn-on” is presented. Firstly, a facile and optimised protocol for the fabrication of RNase A/
RNase A protein AuNCs is developed. The activity of RNase A protein after the formation of RNase A/AuNCs is studied.
Reduced graphene oxide RNase A/AuNCs is then loaded onto FA-rGO, in which FA-rGO is used as a potential carrier and fluo-
Metal ions rescence quencher for RNase A/AuNCs. Finally, a fluorescence “turn-on” sensing strategy is developed
Nanobiosensor using the as-synthesised FA-rGO-RNase A/AuNCs to detect sodium and potassium ions. The developed
Fluorescence nanobiosensor revealed an excellent sensing performance and meets the sensitivity required to detect

both sodium and potassium ions. To the best of our knowledge, this is the first work done on determining
the RNase A protein activity in RNase A/AuNCs and exploring the potential application of RNase A/AuNCs
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as a metal ion sensor. This work serves as a proof-of-concept for combining the potential of drug delivery,
active targeting and therapy on cancer cells, as well as biosensing of metal ions into a single platform.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Many studies have found a correlation between metal ions and
biological processes such as kidney function, muscle contraction,
blood pressure regulation, nerve transmission, autophagy,
apoptosis, etc. [1—3]. Metal ions detection in a biological fluid is
challenging due to the obvious interference or competitive binding
nature of other alkaline metals ions [4]. This restricts the sensor
with limited selectivity against other alkali ions, especially in
aqueous solutions [2]. Common analytical techniques employed for
metal ions detection are electrochemical, fluorescence and colori-
metric methods. Electrochemical methods, such as the potassium
ion (K™) electrode, give reliable data with low detection limits (as
low as 2.3 nM) [5]. However, it is limited to non-invasive study in
biological systems due to the complicated nature of real sample
matrices. The electrochemical method is only suitable for large
volumes (higher than a few to tens of pico-litres) with large cell
numbers. In contrast, the fluorescence method stands out as it is
convenient, non-invasive, disposable, can be miniaturised and al-
lows real-time in situ response [5,6]. “Turn-off” fluorescence assay
is usually less sensitive than “turn-on” assay [7].

Oligonucleotide aptamers [2,8], single-layer graphene [3], vali-
nomycin [9], 18-Crown-6 ether [10], etc., are some of the sensing
elements used for selective and sensitive detection of K'. Tri-
azacryptand (TAC) is typically used in designing biosensor for KT,
owing to its ability as a K* binding ligand and selective response for
K" over competing for sodium ion (Na®) [1,11]. Recently, a fluo-
rescent K* sensor composed of TAC and rhodamine analog (as the
fluorophore) has been used for monitoring the regulation of K* in
mitochondria during apoptosis [1]. The as-synthesised sensor
exhibited the largest Stokes shifts (120 nm) and the longest emis-
sion peak wavelength (720 nm). Photoinduced intramolecular
electron transfer (PET) from TAC to the rhodamine analog
quenched the fluorescence. In contrast, the fluorescence is recov-
ered upon the addition of K™ as PET will be inhibited during
complexation between TAC and K'. However, these small
molecule-based sensors are significantly taken up by many cell
types, and thus, their application in extracellular K™ sensing is
limited [6]. PET approach can be complex and difficult to optimise
[12]. Also, these sensors were not reported for either intracellular or
extracellular investigations. An ideal intracellular K™ sensor should
display wide dynamic K™ detection range (100—300 mM), insen-
sitive to Na™ (5—15 mM in intracellular fluid) and other metal ions
at physiological concentrations, insensitive to pH and give rapid
response [1].

Nat-specific DNAzyme [13,14], fluorescent organic nano-
particles from a Biginelli-based receptor [4], etc., have been used in
measuring Na® concentration in the physiological range. Supra-
molecular receptors based on crown ethers or cryptands have been
developed with varying structural modifications to render them
strong contenders, for sensing Na™ in biomedical applications.
Nevertheless, the efficiency of Nat sensor in aqueous media,
complicated procedures, requisite for expensive setup and in-
strumentations are some of the shortcomings of the developed
sensors. Also, the formation of highly stable complexes from crown
ethers with sodium/potassium salts limits the usage and sensitivity
of the sensors. This is because the high complex stability constants

limit the reversibility of the complexation of the sensor and restrict
the long term usage of the sensor [15].

Ribonucleases (RNases) play an important role in immune
response regulation during infection and cancer [16]. Particularly,
RNase A is the first and best-characterised enzyme in the RNase
family since the early 20th century. RNase A is an endonuclease that
catalyses the depolymerisation of RNA. RNase A recognises and
cleaves the negatively charged phosphate groups (pyrimidine ba-
ses) at the 3’-end of the phosphodiester bond for binding with the
purine bases at the 5’-end position [17]. Kong et al. reported the use
of RNase A as a biological template in synthesising CdTe quantum
dots [18], AuNCs [19] and PbS quantum dots [20], in 2010, 2013 and
2016, respectively. These RNase A-assisted synthesised nano-
materials have shown potential in targeted drug delivery, cancer
imaging and therapy after functionalisation with targeting and
imaging agents such as cyclic RGD peptides [18] and vitamin By
[19].

Graphene is a promising nanomaterial for biosensing applica-
tions owing to its atomically thin nature, good bio-molecular
compatibility and exceptional electrical properties [3]. It has been
demonstrated that graphene-based devices can detect Kt concen-
trations as low as 1 nM or even 2 pM [5]. Folic acid (FA) is a water-
soluble B vitamin widely used in drug targeting due to its low cost,
compatibility in organic and aqueous solvents and lack of immu-
nogenicity [21]. Folate receptor (FR) is highly expressed (more than
90%) on primary and metastatic human cancer cells [22]. FAs have
shown a high affinity for the FRs on cancer cells. Hence, FAs are
commonly used as colon cancer biomarkers for precise targeting of
pathologic cells, specifically without affecting the normal cells
[23,24]. The covalent binding of FA to reduced graphene oxide
(rGO) produces stable and biocompatible materials with potential
as a biosensor or drug delivery carrier.

Monovalent cations such as Na™ and K™ bind to protein surfaces
due to the local cation-specific interactions with the anionic
carboxylate group in Glu and Asp side chains on the protein back-
bone [25]. Inspired by the interesting fact that RNase A can be
activated by potassium and sodium salts, our group has designed an
effective “turn-off/turn-on” fluorescent sensor to detect these two
ions using RNase A/AuNCs. RNase A/AuNCs are firstly loaded onto
FA-rGO for a fluorescence “turn-off”, followed by the fluorescence
“turn-on” after the addition of Na™ and K.

Depending on the reaction conditions, protein-templated
AuNCs are formed either under protein-denatured or native con-
dition [26]. The encapsulation of AuNCs inside the protein template
might interfere with the protein structure and activity. Since RNase
A is a therapeutic protein, it is important to preserve the native
protein structure to retain its biological activity after the formation
of AuNCs. Although advanced analytical methods are available to
investigate the protein activity, most depend on expert operators
and capital equipment that are often low throughput and prohib-
itively expensive [27]. To the best of our knowledge, this is the first
work done on studying the activity of protein RNase A in RNase A/
AuNCs and exploring the potential application of RNase A/AuNCs
towards sensing metal ions. Although the work is preliminary, the
current design combines the potential of drug delivery, active tar-
geting, and therapy of cancer cells and biosensing of metal ions in a
single platform.
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In brief, a novel metal ion sensor for the determination of Na™
and K* based on “turn-off/turn-on” fluorescence has been con-
structed. The sensor possesses the following advantages: (1)
composed of entirely biocompatible materials such as RNase A/
AuNCs, FA and rGO (2) its excitation (365 nm) and emission
(627 nm) wavelengths can minimise the effects of background
fluorescence of biological fluids (3) the sensing model can be
readily extended to the sensing of other cations by simply using
other specific proteins on metal nanoclusters and even to the
sensing of other biomolecules. This can be accomplished by the
rational design employed, in which different interactions bring
metal ions and functional groups on protein to close proximity.
Hence, this investigation provides a new type of green nano-
materials for metal ions biosensing with potential in drug delivery
[28], active targeting and therapy on cancer cells and biosensing of
metal ions.

2. Experimental
2.1. Reagents and materials

Ribonuclease A from bovine pancreas (>60%, Sigma) was pur-
chased in lyophilised-powder form and used without further pu-
rification. Gold (III) chloride solution (HAuCly), folic acid (>97%), N-
hydroxysuccinimide (NHS), N-(3-Dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride (EDC), ribonuclease A detection Kit,
and all other reagents were purchased from Sigma Aldrich and used
as received. Ultrapure deionised water was obtained from a Milli-Q
Plus system (EMD Millipore, Billerica, MA, USA). Sodium hydroxide
(1 M, NaOH) was purchased from Nacalai Tesque. Potassium chlo-
ride (KCl) was purchased from Systerm. Sodium chloride (NaCl) and
tris-hydrochloride (Tris-HCI) were purchased from Merck.

2.2. Analytical measurements

Fluorescence spectra were recorded using a fluorescence spec-
trophotometer (Hitachi F-7000). UV—vis absorbance was measured
using a UV—vis spectrophotometer (Lambda 35, PerkinElmer) to
ensure the absence of large nanoparticles (NPs), which commonly
show a maximum absorption peak at about 520 nm. UV light with
the excitation of 365 nm was used. To study the protein confor-
mation, far-UV circular dichroism (CD, J-1000 series, JASCO) was
employed. The oxidation state of core Au atoms was examined by
X-ray photoelectron spectroscopy (XPS, ULVAC-PHI, Inc.). The
morphological characterisation of RNase A/AuNCs was carried out
using a high-resolution transmission electron microscope (HRTEM,
FEI Tecnai G2 F20 X-Twin). The Fourier transform infrared spec-
troscopy (FTIR) spectra of FA, rGO and FA-rGO were recorded on an
FTIR spectrometer (PerkinElmer Frontier).

2.3. Synthesis of RNase A/AuNCs

RNase A/AuNCs was synthesised following a protocol reported
by our group [29]. Briefly, 0.7 mL of 12 mM HAuCl, solution was
added to the same amount of aqueous solution containing
20 mg mL~! RNase A in a thermomixer and mixed at 1200 rpm for
5 min at 40 °C. Then, 0.1 mL of 1 M NaOH solution was introduced,
and the mixture was subjected to a thermomixer at 900 rpm for 6 h
at 60 °C. The color change of the solution from light yellow to deep
brown indicates the successful synthesis of RNase A/AuNCs. The
resulting solution was purified using EMD Millipore Amicon Ultra-
0.5 centrifugal filter unit with a membrane having a molecular
weight cut-off (MWCO) of 10 kDa to remove residual ions (i.e. Na*,
Au?* and OH™). The products were then stored at 4 °C until further
use.
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2.4. RNase A protein activity assay

The detection of RNase A activity was performed by referring to
the technical bulletin of the ribonuclease A detection kit. The assay
was performed using microplates with a reaction volume of 200 pL.
Briefly, control was prepared by mixing 100 pL of RNA solution and
100 pL of water. The blank was prepared by mixing 100 pL of re-
action buffer and an equal amount of water. The absorbance of the
control and blank were read by UV—vis spectroscopy at A3gonm Of
the control vs blank. The absorbance must be 0.73 + 0.03 before
beginning the assay. Total hydrolysis (Ef) was determined by pre-
paring a triplicate of the mixture of 100 puL of RNA solution and
100 pL of 6 pg mL~! RNase A. The spectrophotometer was calibrated
against the blank. The absorbance of the triplicate was read at 25 °C
for about 120 min at 1-min intervals or until the AA3gg nm/min is
“0.002. To measure the rate determination (Ep), the spectropho-
tometer was calibrated against the blank. A mixture of 100 pL of
RNA solution and 92 pL of water was prepared and equilibrated to
25 °C until Azgonm remained constant. 8 pL of 2.4 pg mL~! RNase A
was added to the mixture and immediately mixed by inversion. The
decrease in A3gonm Was recorded for about 10 min. The slope of the
line (AA300 nm/min) was then determined. Rate determination was
repeated with 2.4 pg mL~! RNase A/AuNCs samples (E). The slope
of the line was determined using the following standard Eq. (1).

Slope:Aln(Eo—Ef)/At (1)

Kunitz units/mL enzyme was calculated using the following Eq.

(2).
[(slope)(df)(VF)] / (VE) (2)

where d¢is the dilution factor, Vg is the total volume of the assay (in
millilitres), and Vg is the volume (in millilitres) of the enzyme used.

2.5. Preparation of reduced graphene oxide

Graphene oxide (GO), Ganoderma lucidum (GL) extract and rGO
were synthesised following the protocol reported by our group
[30]. Briefly, GO solution (0.1 mg mL™') was adjusted to pH 7 using
NaOH. GL extract (50 mL) was added to a 50 mL of GO solution and
transferred to a water bath preheated to 85 °C. The solution was
mixed at 120 rpm for 16 h. The resulting solution was ultra-
centrifuged at 10,000 rpm for 20 min and washed three times with
water before re-dispersing into water.

2.6. Covalent conjugation of FA-rGO

FA-rGO was prepared using a modified protocol reported by
Zhang et al. (2010) [31]. Briefly, 1 mg mL~! rGO was subjected to
probe sonication (20 kHz, 500 W) for 10 min. NaOH (6.25 mmol)
and chloroacetic acid (0.250 g, 11.655 mmol) were then added. The
mixture was bath sonicated (40 kHz, 70 W) for 2 h. After neutral-
isation with HCl, the mixture was purified by repeated rinsing and
centrifugation until rGO is well dispersed in deionised water. The
mixture was dialysed against deionised water for 24 h. To introduce
sulfonate groups to the rGO, aryl diazonium salt was prepared by
dissolving sulfanilic acid (51.96 mg, 0.06 M) and sodium nitrite
(70.720 mg, 0.205 M) in 20 mL of 0.25 v/v % 1 M NaOH. The solution
was added dropwise to 0.1 M HCl in an ice bath. The diazonium salt
solution was mixed with rGO in an ice bath under stirring for 2 h,
followed by dialysis against deionised water for over 24 h. The
mixture was stored at 4 °C until further use. EDC and NHS were
added onto rGO, with the molar ratio of rGO:EDC:NHS as 40:50:73.
The mixture was subjected to probe sonication for 2 h. FA
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(5 mg mL~!, dissolved in 0.5 M NaHCO3, at pH 8) was added and
stirred overnight. The products were dialysed against 0.5 M
NaHCOs3 for 24 h, followed by dialysis against deionised water for
over 24 h. The products were characterised by FTIR, UV—vis spec-
troscopy and fluorescence spectrophotometer.

2.7. Fluorescence quenching of RNase A/AuNCs by FA-rGO

To investigate the potential of FA-rGO to induce fluorescence
quenching of RNase A/AuNCs, different concentrations of FA-rGO
were added to 8 mg mL~! of RNase A/AuNCs. The solution was
mixed in a thermomixer at 900 rpm for 10 min at room tempera-
ture. The fluorescence intensity of the solution was recorded at an
excitation wavelength (Aex) of 365 nm.

2.8. Sensing of potassium and sodium ions

The detection of K* and Na* ions were conducted as follows. The
same volume of FA-rGO-RNase A/AuNCs was added with various
concentrations of K*. The solution was mixed in a thermomixer at
900 rpm for 20 min at room temperature. The fluorescence in-
tensity was measured to quantify the concentration of K at
Jex = 365 nm. The steps were repeated for the detection of Na™. The
experiments were repeated with RNase A/AuNCs only, without FA-
rGO.

2.9. Calculation of the signal-to-noise ratio and limit of detection

The signal-to-noise ratio (SNR) was calculated using the
following Eq. (3).

SNR=R;/ S (3)

Limit of detection (LOD) was calculated based on the following
Egs. (4) and (5).

y=a+SX (4)
where X is LOD.

y=(K x S;)+ Blank (5)
where,

a+ (SxLOD) = (K x Sq) + Blank

Therefore,
LOD=[(K x Sp)+ Blank —a]/S

where Ry is the signal response of least known concentration, K is
the coefficient, 3.3 [32], S is the slope obtained from the calibration
curve, while Sq is the statistical result of the standard deviation of
the blank solution, and “a” is the blank value.

3. Results and discussion
3.1. Synthesis and characterisation of RNase A/AuNCs

HRTEM image (Fig. 1A) demonstrates the spherical-shaped
RNase A/AuNCs, with cluster sizes within a narrow range of less
than 2 nm, which agrees with protein-templated AuNCs reported
previously [33]. As shown in the optical absorption of the as-
prepared RNase A/AuNCs (Fig. 1B), no apparent surface plasmon
resonance absorption peak could be observed in the range between
400 and 600 nm. The absence of the plasmon absorption at about
520 nm indicates the absence of any continuous density of states in
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RNase A/AuNCs [34]. The ultra-small size of AuNCs can no longer
support the localised surface plasmon resonance effect, which
typically contributes to the optical and electronic properties of gold
NPs [19,35]. This confirms the encapsulation of AuNCs in RNase A
protein, and most importantly, no large NPs (>2 nm in diameter)
were formed [29,36].

Besides, the as-synthesised RNase A/AuNCs exhibited bright red
fluorescence under UV irradiation (Fig. 1B), with the emission band
at 645 nm when excited at 365 nm. The fluorescence of the RNase
A/AuNCs was contributed by the ultraviolet-excitable amino acid
residues such as tyrosine, histidine and phenylalanine in the RNase
A protein [37]. Most of the fluorophores used for metal ions sensing
have emission wavelength below 600 nm, leading to light-induced
toxicity, weak tissue penetration and resolution, auto-fluorescence
and light absorption of biomolecules [1]. The design of low-energy
NIR fluorescent sensors with long-wavelength fluorescence is
capable of overcoming the shortcomings mentioned above. The
photoluminescence quantum yield (QYs) of RNase A/AuNCs was
about 7.46% when calibrated with rhodamine B, which has a QYs of
31% in water when excited at 514 nm.

RNase A is a single domain protein with two-subdomain por-
tions containing 124 amino acid residues comprising 3 a-helices, 7
short B-strands and loops connecting them. As shown in Fig. 2, the
native RNase A is stabilised by four disulfide bonds (Cys26-Cys84,
Cys40-Cys95, Cys58-Cys110 and Cys65-Cys72) and two cis-peptide
bonds before prolines (Pro93 and Pro114). At a temperature higher
than 50 °C, the protein becomes unstable as the high kinetic energy
of the chain disrupts the protein structure. The protein is in a
reversible transition state between unfolded and compact. How-
ever, the RNase A becomes completely denatured, compact and
biologically inactive above 67 °C [38,39]. Therefore, a temperature
of 60 °C was chosen for the synthesis instead of the physiological
temperature (37 °C). This is because, upon heating, the Phe46
residues located in the hydrophobic core of RNase A will be
replaced with other hydrophobic amino acid residues. This will
result in a marked decrease in RNase A's thermal stability and
unfolding of RNase A, making the compact native form of RNase A
flexible and reactive [40]. A higher interaction between RNase A
and Au ions fastens the formation of RNase A/AuNCs.

XPS was employed to investigate the protein-AuNCs in-
teractions and prove the protein's reducibility against Au(Ill) ions in
alkaline pH (Fig. S1 in the supplementary data). As shown in
Fig. S1A in the supplementary data, the XPS of Au 4f and the
binding energies at 83.811 eV (Au 4f7/2) and 87.311 eV (Au 4fsp)
confirm the formation of stable RNase A/AuNCs, with most of the
Au atoms close to the oxidation state of Au(0) [19]. The two S 2p
bands with the binding energies of about 163 (S 2pj;2) and
169 eV (S 2ps3p2) were observed (Fig. S1B in the supplementary
data), corresponding to the gold-bound (Au-S) and oxidised sulfur
species, respectively.

CD spectroscopy was employed further to investigate the
conformational evolution of native and AuNCs-bound proteins.
From the CD spectra, as shown in Fig. S2 in the supplementary data,
a broad negative band with protrusions at 209 nm for a-helix and
218 nm for B-sheet was observed for RNase A. Attributed to the
nucleation of AuNCs, the intensity of a-helix peaks declines with
the addition of Au. It shows a 100% reduction in the a-helix and a
31% decrease in the B-sheet after the synthesis of RNase A/AuNCs.
The valley at 218 nm becomes markedly shallower. Blue shifts to
about 198 nm after the cluster formation, indicating an increase in
the disordered and random coil structures in the RNase A/AuNCs
(due to protein unfolding). Therefore, it can be deduced that the
interaction between these molecules are complex and cause
multidirectional alterations in the protein structure.
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Fig. 1. Characterisation of RNase A/AuNCs (A) HRTEM image of the diluted fluorescent RNase A/AuNCs (B) UV—vis absorption (blue line) and fluorescence emission spectra (orange
line) of the as-prepared RNase A/AuNCs with Aex at 365 nm. Inset: Optical photographs of the RNase A/AuNCs under visible (left) and UV light (right). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Characterisation of RNase A/AuNCs. Cartoon representation of RNase A
(Reprinted with permission from Ref. [33], ACS Publications, 2017).
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3.2. RNase A protein activity assay

UV spectroscopy is a fast, simple and inexpensive method to
determine the protein activity or structure, as well as protein-
protein and protein-ligand interactions [27]. RNase A converts
RNA to oligonucleotides in the presence of water. RNase A primarily
absorbs UV light with absorbance maxima at 300 nm. Hence, RNase
A activity was calculated after monitoring the decrease in absor-
bance at 300 nm upon hydrolysis at 25 °C. Total hydrolysis (Ef) was
determined by plotting a graph of absorbance vs time (Fig. S3A in
the supplementary data). The slope of the line was observed as
0.6417. Rate determination of RNase and RNase/AuNCs vs blank
were plotted (Fig. S3B in the supplementary data). The graphs of
In(Ep-Ef) and In(Es-Ef) vs time were plotted (Fig. S3C in the sup-
plementary data). The final activity of RNase A samples was
calculated using Eq. (2). The RNase A in the RNase A/AuNCs sample
was 50.8% active and can exert ribonucleolytic activity against RNA
[41,42].

3.3. Loading of RNase A/AuNCs onto FA-rGO

Functionalisation of biomolecules on the surface of GO-based
nanosystem enhances the catalytic activity, leading to an increase
in the electrode surface area and active sites for electron capture in
solution. The GO-based nanosystem owns T-7 stacking interaction,
which induces facile electron transfer between the nanosystem and
target analytes [43,44]. FA-rGO targets the folate receptor-positive

cancer cells and acts as a novel nanocarrier for the co-delivery of
genes and drugs for enhanced cancer therapy [45]. The loading of
RNase A/AuNCs onto FA-rGO was driven by hydrophobic in-
teractions and -7 stacking between RNase A/AuNCs and aromatic
regions of the rGO sheets [46]. Graphene-based oxides are known
to decrease the photo-emission of the fluorescent molecule via the
photoinduced charge transfer from the fluorophore to the oxide
surface [47]. The interaction of RNase A/AuNCs with either the
metallic core, the stabiliser or the linkage between these two might
interfere with the fluorescence properties [48]. The charge transfer
from RNase A/AuNCs to FA-rGO weakens the Au-S bond between
cysteine residues and the Au core, which in turn reduces charge
transfer from RNase A ligands to AuNCs, leading to the fluorescence
quenching of AuNCs [35,44,49,50]. As displayed in Fig. 3, the higher
the concentrations of FA-rGO, the higher the fluorescence
quenching of RNase A/AuNCs. A relative concentration of
50 ug mL~! of FA-rGO was chosen since the fluorescence of RNase
A/AuNCs was quenched by about 15%.

3.4. Effect of addition of potassium and sodium ions on the
fluorescence intensity of RNase A/AuNCs and FA-rGO-RNase A/
AuNCs

K* is one of the predominant ions in living cells with an
extracellular concentration (in serum) of around 3.5—5.3 mM
[1,6,7]. The normal concentrations of K* are about 40—120 mM in
urine, 5-10 mM in sweat and about 30 mM in saliva [51]. Eryth-
rocytes and epidermal cells have higher intracellular K* with ho-
meostasis concentrations of 200 and 475 mM, respectively, while
the intracellular K* concentration for myocytes is even higher (at
mole levels) [11].

Despite the excellent sensitivity and selectivity, most of the
current nanomaterial-based Na™ and K* biosensors (Table 1) pre-
sent several drawbacks for wider biological applications, such as
lengthy experimental procedures, requisite for expensive instru-
mental setups, results are easily affected by photobleaching and
light scattering, materials with limited toxicity studies, etc. For
example, commercially available K* biosensor, such as potassium-
binding benzofuranisophthalate (PBFI), has a relatively large
dissociation constant (Kq) (up to 6.6 mM) [52], which is not ideal for
highly concentrated intracellular K* sensing. Therefore, it is desir-
able to fabricate Na* and K™ biosensors that can be constructed in a
facile protocol, cost-effective, biocompatible, capable of measuring
quickly, with a fluorescence emission wavelength of over 600 nm,
and without any reference solution.

In this study, the effect of the addition of Na™ and K™ ions on the
fluorescence intensity of RNase A/AuNCs and FA-rGO-RNase A/
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Fig. 3. Effect of addition of FA-rGO onto RNase AJAuNCs (A) Fluorescence intensity of 8 mg mL~! of RNase A/AuUNCs at A, = 365 nm, by varying the concentration of FA-rGO. The
relative concentrations of FA-rGO were 0, 10, 20, 30, 60 and 90 pg mL~" (B) Fluorescence quenching values of 8 mg mL~" of RNase A/AuNCs by varying the concentration of FA-rGO.

Inset: Error bars indicate the standard deviation of three independent measurements.

Table 1

Examples of K™ and Na * biosensors with their sensitivity and linear range values as reported in the literature.

Type of metal ion Schematic biosensor assembly Signal Linear range Limit of detection Reference
biosensor
Potassium ion CVD-grown single-layer graphene Electrical 1 nM-10 uM 1 nM 3]
Gold nanoparticles and a dye (Cationic Yellow 5 GL) Colorimetric 10 nM-50 4.4 nM [51]
mM
Berberine—G-quadruplex complex Fluorescence 0.005 2 M [7]
—1.0 mM
Triazacryptand with a rhodamine analog 16—400 mM — [1]
Dye OliGreen (OG) and ATP-binding aptamer 100 75 nM 2]
—1000 nM
Aminated carbon dots and 18C6E-reduced graphene oxide hybrids 0.05 10 uM [55]
—10.0 mM
2-dicyanomethylene-3-cyano-4,5,5-trimethyl-2,5-dihydrofuran (TCF) and 0-1600 mM — [11]
triazacryptand (TAC)
Triazacryptand with polymers (HEMA, AM, METAC, MESA) 0-200 mM — [6]
RNase A/AuNCs 0-200 mM 74 mM Present
work
FA-rGO-RNase A/AuNCs 0-25mM  15.7 mM Present
work
Solution-gated CVD graphene with hydrophilisation pretreatment Electrochemical 0.1 pM- 0.058 pM [5]
100 nM
Ordered mesoporous carbon (OMC) sphere 107419~ 5.4 uM [56]
10-921 M
Manganese oxide nanorods 2—90 uM 0.05 M [57]
4-aminobenzo-18-crown-6 on a functionalised gold surface 01-7mM — [10]
Valinomycin doped chitosan-graphene oxide thin film Surface plasmon resonance 0—100 ppm 0.001 ppm/ 9]
0.02557 uM
Silver nanoplasmon Surface-enhanced Raman 50—3000 nM 25 nM [58]
scattering
Sodium ion G-quadruplex formed by p25 Colorimetric 20 pM- 0.6 uM [14]
0.8 mM
Covalently linked aminorhodamine B-calix [4]arene chromoionophore  Fluorescence 0.01-20M - [12]
Organic nanoparticles (Biginelli compound 1) 0—40 pM 22 nM [4]
RNase A/AuNCs 0-100 mM 49 mM Present
work
FA-rGO-RNase A/AuNCs 0-200 mM 110 mM Present
work
Silver nanoparticles/graphene oxide nanocomposite Electrochemical 0-100 mM  9.344 mM [43]

AuNCs is investigated. As depicted in Figs. S4A—S4C in the sup-
plementary data, the addition of K* into RNase A/AuNCs increased
its fluorescence, with a linear dynamic range from 0 to 800 mM and
a LOD of 74 mM. On the other hand, Fig. 4A—C shows that the
addition of K* into FA-rGO-RNase A/AuNCs recovered its fluores-
cence, with a linear dynamic range from 0 to 125 mM and a LOD of
15.7 mM under physiological conditions (pH 7.4). It is observed that
the nanoplatform, which firstly quenched with FA-rGO, can achieve
4.7-fold lower LOD than the nanoplatform with RNase A/AuNCs

only. Both these nanoplatforms exhibit “turn-on” fluorescence of
about 14—15% and are sufficiently sensitive to detect the intracel-
lular concentrations of K™ which is typically about 150 mM.
Clinical trials showed that the recommended Na® intake in
adults should be below 100 mmol (about 2.3 g of Na™ or 5.8 g of salt
per day) [43]. Any deviation in the blood ionic equilibrium may
increase the risk of stroke, heart failure, diabetes and kidney
problems [4,14,43]. As shown in Figs. SSA—S5C in the supplemen-
tary data, the addition of Na™ into the RNase A/AuNCs enhanced its



X.Y. Wong, D. Quesada-Gonzalez, S. Manickam et al.

Analytica Chimica Acta 1175 (2021) 338745

A 2000 125 mM B 25 C 25
3: IKion
<1900 20 20 y = 0.5417x + 0.0217
= 0 mM . T R2=0.9742
§1800 l;15 T °15
P e L %
S 1700 w 10 oy l g
§ w . { ol
£ 1600 * i i - + :
3 < - d
lL1 00 o ; %
5
2 2 6 10 14 18 22 26
600 610 620 630 640 650 S SRR PR

Wavelength (nm)

Concentration of K ion (mM)

Concentration of K ion (mM)

Fig. 4. Sensitive detection of potassium ion using FA-rGO-RNase A/AuNCs (A) Fluorescence intensity of FA-rGO-RNase A/AuNCs by varying the concentration of potassium ion. The
relative concentrations of potassium ion were 0, 7.5, 10, 15, 8.75, 25, 50, 75 and 125 mM at Jex = 365 nm (B) Relationship between the fluorescence recovery values (F-Fg)/Fo and the
target concentrations (C) Linear response of the fluorescence recovery values (F-Fy)/F to the concentration of potassium ion. Error bars are the standard deviation of three repetitive

experiments.

fluorescence, with a linear dynamic range from 0 to 700 mM and a
LOD of 49 mM. Meanwhile, Fig. 5A—C demonstrates that the
addition of Nat into FA-rGO-RNase A/AuNCs recovered its fluo-
rescence, with a linear dynamic range from 0 to 1000 mM and a
LOD of 110 mM of Na™ under a pH of 7.4. There is a saturation effect
observed over 200 mM of Na'. The nanoplatform with RNase A/
AuNCs achieved only 2.2-fold lower LOD than the nanoplatform
that firstly quenched with FA-rGO. Both these nanoplatforms dis-
played a “turn-on” fluorescence of about 19—20% and are satisfac-
tory to detect the normal concentration of Na* in serum which is
around 135—148 mM under physiological conditions [4,7].

It is speculated that the fluorescence “turn-on” mechanism after
the addition of Na* and K" is due to PET. PET is a method for the
sensitive detection of cations in solution based on a host-guest
(ion) recognition site that is covalently linked to a chromophore
[12]. Na* and K* binding to the protein RNase A surface is due to
the local cation-specific interactions with the anionic carboxylate
group in Glu and Asp side chains on the protein backbone [25].

Na* and K™ possess the same charge and are closely similar in
ionic radius (116 and 152 p.m., respectively) and spatial orbital
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design [51]. Even though Na™ has a smaller ionic radius, but it
possesses a higher charge density and larger hydrated radius than
K" [53]. Based on the simple electrostatic arguments, a cation and
an anion with similar hydration energies tend to form contact ion
pairs in aqueous solutions. Na* tends to bind stronger and has a
higher affinity (at least twice) to the anionic groups on the protein
surface than K™ [25]. For example, RNase A protein effectively binds
to 1-2 Na' and fewer than half the number of K* [25]. At the same
time, Na* becomes more strongly hydrated than K' as the free
energy barrier increases. The removal of one water molecule from
the first hydration shell (to facilitate a direct contact) becomes
increasingly difficult [54]. Eventually, the ion binding kinetics of
Na* gets slower. Therefore, it can be observed that the fluorescence
recovery of RNase A/AuNCs after the addition of Na™ was higher
with higher LOD than K*.

Another possible mechanism of the fluorescence “turn-on” after
the addition of Na* and K* could be due to the oxidation/reduction
reactions. In an aqueous solution, water molecules dissociate to
form hydrogen and hydroxyl ions that can be adsorbed onto most
metal oxide. The metal ions diffuse into RNase A/AuNCs and

al

y =0.0726x - 0.3669
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L 100 200

Concentration of Na ion (mM)

Fig. 5. Sensitive detection of sodium ion using FA-rGO-RNase A/AuNCs (A) Fluorescence intensity of FA-rGO-RNase A/AuNCs by varying the concentration of sodium ion. The
relative concentrations of sodium ion were 0, 20, 25, 50, 60, 200, 600 and 1000 mM at Aex = 365 nm (B) Relationship between the fluorescence recovery values (F-Fy)/Fy and the
target concentrations (C) Linear response of the fluorescence recovery values (F-Fy)/Fy to the concentration of sodium ion. Error bars are the standard deviation of three repetitive

experiments.
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interact via ion-exchange reactions with positive and negative
sweeps on the protein and FA-rGO surfaces. They donate/accept a
proton from the solution to form a negative and positive surface
group, respectively [43]. Therefore, the fluorescence intensity of
RNase A/AuNCs is recovered upon binding to Na* and K*.

4. Conclusions

In this study, a novel nanobiosensor for detecting metal ions
using RNase A/AuNCs-based platform has been reported. RNase A/
AuNCs is synthesised using a facile and optimised protocol. The
activity of RNase A protein after the formation of RNase A/AuNCs is
investigated using RNA detection, in which 50.8% of RNase A was
found to be active in RNase A/AuNCs. RNase A/AuNCs then loaded
onto FA-rGO. FA-rGO is used as a potential carrier and fluorescence
quencher for RNase A/AuNCs. Finally, a fluorescence turn-on
sensing strategy is developed using the as-synthesised FA-rGO-
RNase A/AuNCs to detect Na* and K" ions. The developed nano-
biosensor reveals an excellent sensing performance and meets the
sensitivity required to detect both intracellular Na™ and K" ions.
Although the selectivity data for the nanobiosensor have not been
investigated, the selectivity is expected to increase following pre-
treatment with blocking agents such as N-ethylmaleimide. To the
best of our knowledge, this is the first work done on exploring the
potential application of RNase A/AuNCs as a metal ion sensor. This
work serves as a proof-of-concept for combining the potential of
drug delivery, active targeting and therapy on cancer cells and
biosensing of metal ions into a single platform.
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