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and Theam Soon Lim *ad

Fluorescent carbon nanoparticles have been gaining more attention in recent years for their excellent

fluorescence properties and simple synthesis routes. Different carbon sources have been reported for

fluorescent carbon nanoparticle synthesis but the use of virus particles as a carbon source is scarce.

Herein, we report the utilization of M13 bacteriophage particles as the carbon source to synthesize

phage-based nanoparticles through facile, one-step microwave heating. M13 bacteriophage is

a nanosized filamentous virus particle with a single-stranded DNA genome encapsulated by a large

number of coat proteins. These amino acid rich building blocks provide a substantial amount of carbon

source for the synthesis of fluorescent nanoparticles. The resulting nanoparticles from M13

bacteriophage showed good water solubility and exhibited bright blue luminescence. The selectivity and

sensitivity of the phage-based nanoparticles towards Fe(III) ions showed a quenching effect with a linear

correlation and a detection limit of 8.0 mM. This process highlights the potential application of virus

particles as a source for the synthesis of fluorescent carbon nanoparticles and the sensing application.
Introduction

Nanoparticles are made up of diverse classes of nanomaterials
with sizes ranging from 1 to 100 nm.1 Among many types of
nanoparticles, uorescent nanoparticles such as quantum dots
(QDs) offer high quantum yield and photostability, which are
ideal for sensors and imaging.2,3 However, QDs are less
biocompatible because the core synthesizing materials are
highly toxic heavy metals such as cadmium (Cd). Therefore,
carbon-based nanoparticles generated from chemically inert
carbon are emerging as an attractive alternative. They are more
biocompatible, environmentally friendly and in line with the
advocacy for green chemistry4 while still maintaining some
outstanding characteristics such as high photoluminescence
quantum yields, excellent photo-stability, chemical stability,
storage stability, non-blinking, anti-photobleaching and good
water solubility.5,6

Carbon nanoparticles are synthesized via the physical top-
down route that breaks large carbon into nanometer-sized
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particles through processes like oxidation with strong
oxidants, arc discharge,7 plasma treatment, and laser ablation8

or chemical bottom-up method which fabricates carbon nano-
particles from organic molecules through pyrolysis.9 Bottom-up
methods through hydrothermal or microwave are more favor-
able due to the less complicated steps. Meanwhile, the micro-
wave method is gaining popularity over the hydrothermal
method because of the quick reaction time normally within 10
to 20 minutes and is energy efficient as compared to the
hydrothermal method that requires a longer reaction time from
a few hours to days under high-temperature condition. The
optical performance of carbon nanoparticles is commonly
improved through doping the nanoparticle surface with functional
groups because heteroatoms such as nitrogen (N) on the surface
could create defect levels and enhance the charge transfer,
resulting in higher quantum yields.10,11 To introduce functional
groups which provide the carbon nanoparticles with unique
physiochemical characteristics such as size, quantum yield,
surface charge and biocompatibility, the reactive units on the
precursor plays an important role.12 Hence, starting materials rich
in hydroxyl, carboxyl and amino groups, such as acetic acid,13

chitosan,14 citric acid,15 and urea16 are commonly used for the
synthesis of carbon nanoparticles. Doping of functional groups to
the carbon nanoparticles through chemical passivation involves
complicated purication steps downstream.11 Thus, a one-pot
chemical bottom-up synthesis process is more desirable.

M13 bacteriophage is a nanosized lamentous virus particle
with a single-stranded DNA genome encapsulated by many coat
proteins.17 Recently, new virus-based sensor systems using M13
RSC Adv., 2021, 11, 1367–1375 | 1367
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bacteriophage have attracted considerable attention as func-
tional colloidal particles.18,19 Some studies reported the use of
bacteria20,21 and fungi22,23 as well. However, to our knowledge,
the utilization of virus particles as uorescent nanoparticles has
not been reported before. Herein, we rst report the use of M13
bacteriophage as a carbon source to synthesis carbon-based
uorescent nanoparticles. M13 bacteriophage used in this
study is a non-enveloped lamentous virus particle that is
explicit for bacteria with a vast application in the biomedical
eld, especially in phage display technology as a platform to
present proteins or peptides.24 Structurally, M13 bacteriophage
is a long, lamentous virus with 2700 copies of the major coat
protein and several copies of the minor coat proteins, encap-
sulating a single-stranded DNA genome.25 Both the proteins and
nucleic acids on M13 bacteriophages could provide a substan-
tial amount of carbon and nitrogen for carbonization and
doping. Moreover, M13 bacteriophage is harmless to human
and easy to prepare in huge amounts at low cost,26 making it
biocompatible and cost-effective for bulk production. Not to be
confused with the usage of phage itself as a nanoparticle, we
sought to utilize M13 bacteriophage as the carbon and nitrogen
source to synthesize uorescent carbon nanoparticles through
a one-step facile microwave method.

Application of uorescent carbon-based nanoparticles has
spanned from bioimaging,20,27,28 drug delivery,29–31 to sensing.22,23,32

Heavymetal sensing using uorescent carbon-based nanoparticles
is achieved through a quenching mechanism in the presence of
heavy metals such as silver ion (Ag+),33–35 copper ion (Cu2+),36–38

nickel ion (Ni2+),36 mercury ion (Hg2+),16,37,39 lead ion (Pb2+),40–42 or
iron ion (Fe3+).13,43,44 Among these metal ion sensings, Fe3+ is an
important element in the blood heme group and plays an essential
role in oxygenmetabolism, immune system, and neurotransmitter
system. Excessive or deciency in Fe3+ will have fatal consequences
to tissues and organs.45 Therefore, an effective screening probe is
necessary to analyze Fe3+ in the food, water, clinical and industrial
products.13,43,44 In this study, uorescent M13 bacteriophage-based
nanoparticles were also evaluated for Fe3+ sensing application.

Experimental
Materials

M13KO7 was obtained from New England Biolabs, 2YT culture
media was obtained from Novagen, agar–agar, citric acid, cop-
per(II) sulfate (CuSO4$5H2O), manganese(II) sulfate monohydrate
(MnSO4$H2O), nickel(II) sulfate hexahydrate (NiSO4$6H2O), poly-
ethylene glycol 6000 (PEG 6000) and potassium dihydrogen
phosphate (KH2PO4), were obtained from R&M Chemicals. TG1
Escherichia coli cell was purchased fromAgilent. Kanamycin sulfate
was obtained from Amresco. Aluminium chloride hexahydrate
(AlCl3$6H2O), guanidine hydrochloride (GuHCl) and zinc sulfate
heptahydrate (ZnSO4$7H2O) were bought from Sigma-Aldrich,
sodium chloride (NaCl) was bought from Friedemann Schmidt,
iron(II) sulfate heptahydrate (FeSO4$7H2O), potassium chloride
(KCl) and sodium dihydrogen phosphate (NaH2PO4) were bought
from Merck. Disodium hydrogen phosphate (Na2HPO4), iron(III)
chloride hexahydrate (FeCl3$6H2O) was purchased from Bend-
osen, calcium chloride (CaCl2) and magnesium chloride (MgCl2)
1368 | RSC Adv., 2021, 11, 1367–1375
were purchased from Fisher Scientic, chromium(III) potassium
sulfate dodecahydrate (KCr(SO4)2$12H2O) was purchased from
QRec. All the salts were dissolved in ultrapure water puried
through a Milli-Q system (18.2 MU cm, Millipore).

Preparation of M13KO7 phage

A total of 10 mL of M13KO7 phage particles (1011) was 10-fold
serial diluted and used to infect TG1 cells at OD600nm 0.5 for 30
minutes at 37 �C. The infected cells were mixed with molten top
agar and plated out on 2YT agar plate. The plates were incubated
overnight at 37 �C to obtain plaques. To prepare helper phage,
a plaque was picked to inoculate 5 mL of TG1 cells at OD600nm 0.5
for 2 hours at 37 �C with shaking. Then, 500 mL of 2YT media was
added and continued to culture for 1 hour before 60 mg mL�1

kanamycin sulfate was added. The culture was grown overnight at
30 �C with constant shaking at 600 rpm. On the next day, the cells
were centrifuged down, and the M13KO7 phage particles were
concentrated using PEG-precipitation. The concentrated phage
particles were tittered using CFU assay46 and stored in phosphate-
buffered saline (PBS) at 4 �C until use.

Synthesis of phage-based nanoparticles

Phage-based nanoparticles (P-NPs) were synthesized through
a one-step hydrothermal carbonization method. A total of 5 mL
M13KO7 phage particles (1012 pfu mL�1) was stirred with 6 M
GuHCl in a nal volume of 7 mL for 3 hours at room temper-
ature to denature the phage proteins. Subsequently, P-NPs were
synthesized using the microwave. The mixture was heated at
700 W in a microwave pressure cooker for 5 minutes or until the
solution was completely dried. Aer the reaction was cooled
down, the dark brown product was re-dissolved with 10 mL of
ultrapure water and centrifuged at 8000 rpm for 30 minutes to
remove large aggregates. The resulting supernatant was clari-
ed through a 0.22 mM lter (Sartorius, Germany) followed by
separation using a 3K centrifugal device (Pall, USA).

Characterization

The size and morphology of the P-NPs were characterized using
transmission electron microscopy (TEM) (a JEOL JEM2100
microscope operated at 200 kV), atomic force microscopy (AFM)
(Seiko SPI-3700/SPA-300, Seiko Instruments Inc., Japan). UV-vis
(absorption) spectra were recorded using a UV-vis-NIR spectro-
photometer (V670, JASCO, Japan) and NanoDrop™ 2000c
spectrophotometer (Thermo Scientic, United States). The
quantum yield of uorescence of the P-NPs (excitation at
315 nm and emission at 365 nm) was determined by the
common reference-based method using quinine sulfate as the
standard. Fluorescence excitation and emission wavelengths
were obtained using a uorescent spectrophotometer (Varian
Cary Eclipse, Agilent, United States) where the excitation and
emission slits were both set at 10 nm and samples (3 mL nal
volume) were measured in cuvettes with a 10 mm optical path.
Fourier transform infrared (FT-IR) spectra were measured on
the FT-IR spectrophotometer (FTIR 4200 spectrometer, JASCO,
Japan). X-ray photoelectron spectroscopy (XPS) data of the dried
sample was measured by ESCALAB 250 XPS system having an Al
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Ka X-ray source (Thermo Scientic, United States) for deter-
mining the composition and chemical bonding congurations
of P-NPs. The time decay analysis of uorescence was carried
out by a C11367 Quantaurus-Tau compact uorescence lifetime
spectrometer (Hamamatsu Photonics K.K., Japan).

Sensitivity of phage-based nanoparticles to pH

P-NPs stock solution was diluted 1 : 300 in phosphate buffer
with the pH adjusted to a range from 1 to 12. The mixture was
incubated at room temperature for 1 hour and the uorescence
intensity was measured at 320/380 nm (excitation/emission).

Selectivity and sensitivity of phage-based nanoparticles to Fe3+

P-NPs stock solution was diluted 1 : 300 in citrate-phosphate
buffer, pH 3. The selectivity of P-NPs to Fe3+ was tested by
adding different metal ions solution (K+, Na+, Ca2+, Mg2+, Mn2+,
Ni2+, Zn2+, Cu2+, Al3+, Cr3+, Fe2+ and Fe3+) in a nal concentra-
tion of 2 mM to the diluted P-NPs solution. Sensitivity of P-NPs
to Fe3+ was examined similarly by adding Fe3+ solution in a nal
concentration of 0.01 mM to 1.50 mM to the diluted P-NPs
solution. All the metal solutions was dissolved and diluted in
citrate–phosphate buffer, pH 3. The mixture was incubated at
room temperature for 2 minutes and the absorbance and uo-
rescence intensity was measured. Fluorescence intensity was
recorded at 320/380 nm (excitation/emission).

Results and discussion
Preparation and characterization of phage-based
nanoparticles (P-NPs)

Numerous biomolecules have been previously utilized to
produce uorescent nanoparticles.47 In this work, M13 bacte-
riophage particles were utilized for the rst time as the raw
material to synthesize uorescent nanoparticles. The water-
soluble phage-based nanoparticles (P-NPs) were synthesized
through a one-step microwave hydrothermal method as illus-
trated in Scheme 1. GuHCl was functioned as protein dena-
turant to denature the M13 bacteriophage and release the phage
proteins48 which served as the carbon source for carbonization
while at the same time GuHCl provided nitrogen (N) for N-
Scheme 1 Schematic representation of the synthesis of P-NPs from M13

© 2021 The Author(s). Published by the Royal Society of Chemistry
doping.49 GuHCl at 6 M concentration is usually used for the
denaturation and complete dissociation of protein structures.
We hypothesized that the amino acid/protein-rich building
blocks of M13 bacteriophage would provide substantial amount
of carbon source for the synthesis of uorescent nanoparticles,
since various natural carbon-rich materials including amino
acid/protein such as plant extracts,50–52 sugars,29,53,54

proteins,55–57 amino acids32,58,59 have been widely utilized to
generate uorescent carbon nanoparticles.

The morphology and size of P-NPs were characterized using
AFM and TEM. As shown in Fig. 1A, the diameter of P-NPs ranged
from40 nm to 70 nmandwere dispersed fromone another in AFM
image. P-NPs have a size in the range of 100 nm that allowed it to
be classied as nanoparticles.1 The TEM image (Fig. 1B) showed
many black spots of P-NPs, but the aggregation of P-NPs cannot be
avoided in the drying process for AFM observation.

The as-synthesized P-NPs demonstrated good water-
solubility. The resulting solution was yellowish and trans-
parent under visible light but emitting strong blue photo-
luminescence under UV illumination (Fig. 2B inset). The UV-vis
absorption spectrum (Fig. 2A) showed a peak at 205 nm, corre-
sponded to the p–p* transition of the carbon backbone and
carbonyl group. Shoulder peaks at 235 nm and 255 nm represent
the n–p* transition of a carbonyl group. The uorescence emis-
sion spectrum (Fig. 2B) was plotted against a series of excitation
wavelengths ranging from300 nm to 400 nmand demonstrated an
excitation-dependent uorescence behavior. The emission peak
gave a right-handed shi when the excitation wavelength
increased. The excitation dependent uorescence in P-NPs
suggests the distribution of different emissive sites on the P-NPs,
as similar to the case of other uorescence carbon dots reported
before.60 However, the origin of different emissive sites is not clear
because of the heterogeneous components of P-NPs.

The highest emission intensity was observed at 380 nmwhen
the P-NPs solution was excited at 320 nm. Therefore, the uo-
rescence intensity of the following experiments was measured
using an excitation and emission wavelength of 320 nm and
380 nm respectively. The quantum yield (QY) was evaluated to
be 14.8% using quinine sulfate as the standard. The high QY in
P-NPs could be linked to the N-doping effect from the nitrogen
atom present in M13 bacteriophage's protein and GuHCl, as
bacteriophage through a one-step microwave hydrothermal method.

RSC Adv., 2021, 11, 1367–1375 | 1369
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Fig. 1 (A) AFM image of P-NPs and (B) TEM image of P-NPs.
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reported in previous studies where N-doped carbon nano-
particles demonstrated high QY.10,11

The functional groups on P-NPs’ surface were analyzed
through Fourier transform infrared (FT-IR) spectroscopy. Fig. 3
showed the IR spectra that highlighted the functional groups
existing on the P-NPs. The absorption band ranging from 3300–
3500 cm�1 is attributed to the stretching vibration of N–H (n(N–
H)), which may originate from primary amine and amide
groups. The peak at 3000–3100 cm�1 is attributed to the
stretching vibration of C–H (n(C–H)), which may originate from
either the alkene (]C–H) or aromatic (C–H) groups. A sharp
peak at 1600–1700 cm�1 can be contributed by the stretching
vibration of C]O (n(C]O)), which may come from the carbonyl
and ketone groups. A peak at 1550 cm�1 can be attributed to the
bending vibration of N–H (d(N–H)). The IR absorbance analysis
suggested the presence of amine, amide, alkenes, aromatic,
carbonyl and ketone groups in the P-NPs. The reason P-NPs are
rich in amino and amide functional groups could be attributed
to the abundance of amino acids, which are the building blocks
Fig. 2 (A) UV-vis absorbance spectrum of P-NPs. (B) Fluorescence emiss
from 300 to 400 nm. P-NPs shown maximum emission at 380 nm whe

1370 | RSC Adv., 2021, 11, 1367–1375
of the precursor M13 bacteriophage coat proteins.25 As seen in
the IR spectra, M13 bacteriophage has peaks observed at
3300 cm�1, 1700 cm�1 and 1550 cm�1 which could correspond
to the stretching vibration of N–H, C]O and bending vibration
of N–H respectively. The spectra suggested the M13 bacterio-
phage has amine, amide and carbonyl groups, which are the
functional groups of amino acids. The carbonyl-rich condition
also allowed for the good water solubility property in as-
synthesized P-NPs.

To clarify their elemental composition and chemical
bonding nature, we examined the X-ray photoelectron (XPS)
spectrum of P-NPs. The XPS survey spectrum (Fig. 4A) showed 5
peaks, indicating that P-NPs are composed of carbon (C),
nitrogen (N), oxygen (O), chlorine (Cl), and phosphorus (P) with
percentages of 40.2% (C), 42% (N), 7.1% (O), 10.2% (Cl), and
0.5% (P) respectively. These are consistent with the elements on
amino acid, nucleic acid, and guanidine hydrochloride. The
high-resolution XPS spectra in Fig. 4B–D and their peaks were
de-convoluted with several chemical bonding states according
ion spectrum of P-NPs obtained under excitation at wavelength ranged
n excited at 320 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FT-IR spectra of M13 bacteriophage (blue line) and as-
synthesized P-NPs (red line), indicating amine, amide, alkene, aromatic
and ketone groups in P-NPs.
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to the literature.61 The O 1s peak was de-convoluted with
binding energies of approximately 531.7 eV (O1) and 533.2 eV
(O2) (Fig. 4B), which are assigned to C]O for O1 (82.7%) and
Fig. 4 (A) XPS spectrum of P-NPs and de-convoluted spectra of (B) O 1

© 2021 The Author(s). Published by the Royal Society of Chemistry
C–O groups for O2 (13.7%), indicating the rich C]O group of P-
NPs. The high-resolution C 1s peak was de-convoluted with
binding energies of approximately 285.0 eV (C1), 286.3 eV (C2),
287.9 eV (C3) and 289.0 eV (C4) (Fig. 4C), which were attributed
to the following bonding and content (%): C–C, C]C and C–H
for C1 (33.3%), C–N, C]N, and C–O for C2 (17.7%), C]O for C3
(12.9%) and O]C–O, N]CN2 for C4 (36.0%), indicating the
high content of C–N bonding in the P-NPs. The N]CN2 group
for C4 may originate from guanidine at the synthesis of P-NPs.
This indicates the incorporation of guanidine into the P-NPs at
the synthesis level. The N 1s spectrum of P-NPs shows 3 peaks
that were de-convoluted with binding energies of �399.0 eV
(N1), 400.0 eV (N2), and 400.9 eV (N3) (Fig. 4D), which were
attributed to the following groups and content (%): pyridinic N
for N1 (24.9%), amino N and pyrrolic N for N2 (55.2%),
graphitic N for N3 (19.9%). The high content of amino/
pyrrolic N and the low content of graphitic N suggest small
graphitic structures in the P-NPs. This XPS data is well-matched
with FT-IR analysis.
Fluorescence quenching at different pH

The change of uorescence emission intensity of as-prepared P-
NPs in different pH was measured to investigate the stability of
P-NPs over a wide range of pH. The uorescence intensity aer
s (C) C 1s and (D) N 1s.

RSC Adv., 2021, 11, 1367–1375 | 1371

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra02835e


Fig. 5 Normalized fluorescence intensity of P-NPs at different pH. P-
NPs were quenched at extreme pH and exhibited maximum fluores-
cence intensity at pH 3–7. The error bars indicate the standard devi-
ations of three independent measurements.
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treatment in different pH solutions is compared with the uo-
rescence intensity of P-NPs in ultrapure water. As demonstrated
in Fig. 5, P-NPs showed maximum uorescence intensity at pH
3–7. The sensitivity of the P-NPs was slightly dependent on pH
as the uorescence intensity dropped at extremely acidic (pH 1)
and extremely basic solutions (pH 11–12). The quenching effect
of pH could be ascribed to the protonation of amine groups
under strong acidic solution and deprotonation of the carbox-
ylic group on the P-NPs under strong alkaline environment.62
Fig. 6 (A) Spectrum of fluorescence quenching upon addition of differen
Fe3+ was added, quenched slightly in the presence of Cu2+, Cr3+ and Fe
Normalized fluorescence intensity of P-NPs upon the addition of differe
independent measurements. (C) Observation of fluorescence intensity u
K+, Na+, Ca2+, Mg2+, Mn2+, Ni2+, Zn2+, Cu2+, Al3+, Cr3+, Fe2+, Fe3+) unde

1372 | RSC Adv., 2021, 11, 1367–1375
Overall, P-NPs exhibited strong uorescence intensity over the
pH ranged from 2 to 10, suggesting the as-prepared P-NPs are
stable and sensitive to act as a sensor for Fe3+ ions that is acidic
in aqueous form. As Fe3+ precipitates at pH 3.5 and above, pH 3
was therefore adopted as the optimum pH to determine the
quenching effect of Fe3+ in this study.
Selectivity of P-NPs to Fe3+

The selectivity of P-NPs towards Fe3+ was examined by using various
metal ions, such as K+, Na+, Ca2+, Mg2+, Mn2+, Ni2+, Zn2+, Cu2+, Al3+,
Cr3+, Fe2+ and Fe3+ at 2 mM concentration. The changes in uo-
rescence intensity were recorded and demonstrated in Fig. 6. The
uorescence intensity of P-NPs was quenched completely when Fe3+

was added but remained constant with no signicant quenching
effect when other metal ions were added. Fig. 6C showed the P-NPs
under UV illumination aer the addition of various metal ions. The
result indicates selective detection of the P-NPs towards Fe3+ whilst
remain relatively inert to other metal ions at 2 mM concentration.
Sensitivity of P-NPs to Fe3+

The sensitivity of P-NPs in Fe3+ detection was examined by
adding Fe3+ in a series of concentrations ranging from 10 mM to
100 mM. There was an inversely proportional relationship
between the uorescence intensity and Fe3+ concentration. The
uorescence intensity of P-NPs decreased gradually (Fig. 7A)
whereas the absorbance increased gradually (Fig. 7B) when the
t metal ions at 2 mM concentration. P-NPs quenched completely when
2+ but remained relatively inert when other metal ions were added. (B)
nt metal ions. The error bars indicate the standard deviations of three
pon addition of different metal (from left: P-NPs, blank buffer solution,
r UV light.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) Spectrum of fluorescent quenching upon addition of different concentrations of Fe3+. The fluorescent intensity decreased gradually
when the concentration of Fe3+ increase. (B) Absorbance upon addition of different concentrations of Fe3+. (C) Sensitivity of P-NPs towards Fe3+

with concentration gradient from 0.1 mM to 1 mM. The error bars indicate the standard deviations of three independent measurements. (D)
Stern–Volmer plot of P-NPs toward different concentrations of Fe3+. The plot shown good linear correlation (R2 ¼ 0.9920) over the range of
0.01 mM to 0.1 mM.
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concentration of Fe3+ was increased, indicating the ability of P-
NPs to quantitatively detect the presence of Fe3+. The sensitivity
of the P-NPs towards Fe3+ was demonstrated in Fig. 7C. Stern–
Volmer plot was used as the calibration plot (Fig. 7D). The plot
demonstrated good linear correlation (R2 ¼ 0.9920) between F0/
F and concentration of Fe3+ over the range of 10 mM to 100 mM,
where F0 and F represent the uorescence intensity in the
absence and presence of Fe3+ respectively. The limit of detection
(LOD) was then calculated using 3Syx/slope, where Syx repre-
sents the standard deviation of the residuals of calibration
samples and slope represents the slope of the calibration plot.63

The LOD of P-NPs to Fe3+ was determined to be 8.0 mM. Table 1
compares the LOD of carbon-dots derived from other carbon
Table 1 Linear range and limit of detection towards Fe3+ of various carbo
method

Precursors
Quantum yield
(%)

Line
(mM

Banana peels — 2–1
Goose feather 17.1 2–7
o-Phenylenediamine 38.5 0–1
Bauhinia ower 27.00 10–
DL-Malic acid 15.13 6–2
L-glutamic acid 12.45 8–8
M13 bacteriophage 14.80 10–

© 2021 The Author(s). Published by the Royal Society of Chemistry
sources towards Fe3+ that have been reported previously.
Although the sensitivity of the synthesized P-NPs was relatively
high compared to other carbon-dots, this does not discount the
possibility of bacteriophages to be used as an alternative source
for uorescent nanoparticles synthesis.

Fluorescence quenching mechanism of P-NPs to Fe3+

We observed the reduction in the uorescence intensity (i.e.
quenching) of P-NPs in the presence of Fe3+. There are two
possibilities for this quenching process: (i) electron/energy transfer
fromP-NPs to Fe3+ and (ii) innerlter effect (IFE) by Fe3+.70 In the case
of the former, the uorescence intensity and the uorescence life-
time reduced in the presence of quencher (Fe3+). In the latter case,
n dots synthesized from different materials using microwave synthesis

ar range
)

Limit of detection
(mM) Ref.

6 0.21 64
0.20 65

00 0.02 66
350 0.01 67
00 0.80 68
0 3.80 69
100 8.00 This work
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Fig. 8 (A) Fluorescence decay curve of the P-NPs in the presence and the absence of 0.1 mM Fe3+. (B) Absorbance of blank buffer, P-NPs,
0.1 mM Fe3+, and mixture of P-NPs and 0.1 mM Fe3+.
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there should be no change of the uorescence lifetime and spectral
overlapping between the excitation of P-NPs and the absorption of
Fe3+. Hence, to ascertain themain reason for quenching, the lifetime
decay of P-NP was collected in the absence and presence of 0.1 mM
Fe3+. It is evident from Fig. 8A that the average uorescence decay
〈s〉 of the P-NPs was almost identical in the presence (4.6 ns) and
the absence (4.7 ns). Besides, the UV absorption of Fe3+ (Fig. 8B)
showed an overlap to the excitation (320 nm) of P-NPs. Thus, we
consider that uorescence quenching of P-NPs by Fe3+ occurred
primarily via the IFE mechanism in the quenching process.
Conclusions

In brief, M13 bacteriophage particles have been successfully
utilized as a carbon source to synthesis water-soluble phage-
based nanoparticles through simple and fast microwave heat-
ing. The resulting nanoparticles showed uorescence intensity
with peak emission at 380 nm when excited at 320 nm. It is also
highly stable under moderate pH conditions and demonstrated
a quenchiometric detection of Fe3+ via uorescence quenching,
which may be caused by inner lter effect (IFE) by Fe3+. This
reects the possibility of utilizing virus particles as a carbon
source for nanoparticle synthesis.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The authors would like to thank Akihiro Ito (Center for Scien-
tic Instrument Renovation and Manufacturing Support, Osaka
University) for TEM imaging. The authors would like to
acknowledge nancial support from the Malaysia Ministry of
Higher Education through the Fundamental Research Grant
Scheme (203.CIPPM.6711658; Reference code: FRGS/1/2018/
STG05/USM/02/2). This work was also supported by JSPS
KAKENHI grant numbers JP19H02564 and JP19K10102.
1374 | RSC Adv., 2021, 11, 1367–1375
References

1 I. Khan, K. Saeed and I. Khan, Arabian J. Chem., 2019, 12,
908–931.

2 A. P. Demchenko, Methods Appl. Fluoresc., 2013, 1, 022001.
3 J. Zhang, F. Cheng, J. Li, J.-J. Zhu and Y. Lu, Nano Today,
2016, 11, 309–329.

4 X. Jia, J. Li and E. Wang, Nanoscale, 2012, 4, 5572–5575.
5 F. Zu, F. Yan, Z. Bai, J. Xu, Y. Wang, Y. Huang and X. Zhou,
Microchim. Acta, 2017, 184, 1899–1914.

6 P. Zuo, X. Lu, Z. Sun, Y. Guo and H. He, Microchim. Acta,
2016, 183, 519–542.

7 X. Xu, R. Ray, Y. Gu, H. J. Ploehn, L. Gearheart, K. Raker and
W. A. Scrivens, J. Am. Chem. Soc., 2004, 126, 12736–12737.

8 Y. P. Sun, B. Zhou, Y. Lin, W. Wang, K. A. Fernando,
P. Pathak, M. J. Meziani, B. A. Harruff, X. Wang, H. Wang,
P. G. Luo, H. Yang, M. E. Kose, B. Chen, L. M. Veca and
S. Y. Xie, J. Am. Chem. Soc., 2006, 128, 7756–7757.

9 A. B. Bourlinos, A. Stassinopoulos, D. Anglos, R. Zboril,
M. Karakassides and E. P. Giannelis, Small, 2008, 4, 455–458.

10 C. Hu, Y. Liu, Y. Yang, J. Cui, Z. Huang, Y. Wang, L. Yang,
H. Wang, Y. Xiao and J. Rong, J. Mater. Chem. B, 2013, 1,
39–42.

11 L. Tang, R. Ji, X. Li, K. S. Teng and S. P. Lau, J. Mater. Chem.
C, 2013, 1, 4908–4915.

12 L. Shi, B. Zhao, X. Li, G. Zhang, Y. Zhang, C. Dong and
S. Shuang, Anal. Methods, 2017, 9, 2197–2204.

13 X. Gong, W. Lu, M. C. Paau, Q. Hu, X. Wu, S. Shuang,
C. Dong and M. M. F. Choi, Anal. Chim. Acta, 2015, 861,
74–84.

14 A. Konwar, N. Gogoi, G. Majumdar and D. Chowdhury,
Carbohydr. Polym., 2015, 115, 238–245.

15 E. F. C. Simões, J. M. M. Leitão and J. C. G. E. da Silva,
Microchim. Acta, 2016, 183, 1769–1777.

16 Y. Hou, Q. Lu, J. Deng, H. Li and Y. Zhang, Anal. Chim. Acta,
2015, 866, 69–74.

17 W. J. Chung, J. W. Oh, K. Kwak, B. Y. Lee, J. Meyer, E. Wang,
A. Hexemer and S. W. Lee, Nature, 2011, 478, 364–368.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra02835e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 2
/1

0/
20

26
 4

:5
0:

27
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
18 J.-W. Oh, W.-J. Chung, K. Heo, H.-E. Jin, B. Y. Lee, E. Wang,
C. Zueger, W. Wong, J. Meyer, C. Kim, S.-Y. Lee, W.-G. Kim,
M. Zemla, M. Auer, A. Hexemer and S.-W. Lee,Nat. Commun.,
2014, 5, 3043.

19 J.-S. Moon, E. J. Choi, N.-N. Jeong, J.-R. Sohn, D.-W. Han and
J.-W. Oh, Nanomaterials, 2019, 9(10), 1448.

20 X.-W. Hua, Y.-W. Bao, H.-Y. Wang, Z. Chen and F.-G. Wu,
Nanoscale, 2017, 9, 2150–2161.

21 F. Lin, C. Li and Z. Chen, Front. Microb., 2018, 9, 2697.
22 K. Yang, M. Liu, Y. Wang, S. Wang, H. Miao, L. Yang and

X. Yang, Sens. Actuators, B, 2017, 251, 503–508.
23 S. Venkateswarlu, B. Viswanath, A. S. Reddy and M. Yoon,

Sens. Actuators, B, 2018, 258, 172–183.
24 T. S. Lim and S. K. Chan, Curr. Pharm. Des., 2016, 22, 6480–

6489.
25 W.-J. Chung, D.-Y. Lee and S. Y. Yoo, Int. J. Nanomed., 2014,

9, 5825–5836.
26 C. M. Warner, N. Barker, S.-W. Lee and E. J. Perkins,

Bioprocess Biosyst. Eng., 2014, 37, 2067–2072.
27 M. Yuan, R. Zhong, H. Gao, W. Li, X. Yun, J. Liu, X. Zhao,

G. Zhao and F. Zhang, Appl. Surf. Sci., 2015, 355, 1136–1144.
28 C. Cheng, M. Xing and Q. Wu, Mater. Sci. Eng., C, 2019, 99,

611–619.
29 S. Cailotto, E. Amadio, M. Facchin, M. Selva, E. Pontoglio,

F. Rizzolio, P. Riello, G. Toffoli, A. Benedetti and A. Perosa,
ACS Med. Chem. Lett., 2018, 9, 832–837.

30 T. Feng, X. Ai, G. An, P. Yang and Y. Zhao, ACS Nano, 2016,
10, 4410–4420.

31 T. Feng, X. Ai, H. Ong and Y. Zhao, ACS Appl. Mater.
Interfaces, 2016, 8, 18732–18740.

32 Z. Wang, C. Xu, Y. Lu, X. Chen, H. Yuan, G. Wei, G. Ye and
J. Chen, Sens. Actuators, B, 2017, 241, 1324–1330.

33 G. Ren, Q. Zhang, S. Li, S. Fu, F. Chai, C. Wang and F. Qu,
Sens. Actuators, B, 2017, 243, 244–253.

34 L. Luo, P. Wang, Y. Wang and F. Wang, Sens. Actuators, B,
2018, 273, 1640–1647.

35 X. Gao, Y. Lu, R. Zhang, S. He, J. Ju, M. Liu, L. Li and
W. Chen, J. Mater. Chem. C, 2015, 3, 2302–2309.

36 J. Plácido, S. Bustamante-López, K. E. Meissner, D. E. Kelly
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