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Abstract

Carbon dots/Prussian blue nanoparticles (CDs/PBNPs) with fluorescence (FL) performance and peroxidase-like activity are
synthesized by a simple two-step method. The FL of CDs/PBNPs can be effectively quenched by Fe**. Fe** can accelerate
the peroxidase-like activity of CDs/PBNPs. More excitingly, the peroxidase-like activity of CDs/PBNPs could be further
enhanced due to the influence of the photothermal effect. Based on the FL property and enhanced peroxidase-like activ-
ity, a cascade strategy is proposed for detection of Fe** and free cholesterol. CD/PBNPs act as FL probe for detection of
Fe**. The enhanced peroxidase-like activity of CDs/PBNPs can also be used as colorimetric probe for the detection of free
cholesterol. The detection ranges of Fe** and free cholesterol are 4—128 pM and 2-39 pM, and the corresponding limit of
detections are 2.0 pM and 1.63 pM, respectively. The proposed strategy has been verified by the feasibility determination of

Fe* and free cholesterol, suggesting its potential in the prediction of disease.
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Introduction

The imbalance of Fe** and cholesterol in the body can cause
many diseases such as Alzheimer’s disease, anemia hemo-
chromatosis, hypertension, and stroke [1-8]. Therefore, it
is of great significance to detect the concentration of Fe**
and cholesterol in serum. So far, although various analyti-
cal methods, including colorimetry [9, 10], fluorometry
[11, 12], electrochemistry [13, 14], and atomic absorption
spectrometry [15], have been reported for detection of Fe*™
and cholesterol, these methods require separate reagents and
target only one of Fe** and free cholesterol. Thus, it is still a
challenge to design a straightforward strategy for the detec-
tion of Fe** and free cholesterol.
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PBNPs with face-centered cubic lattice have attracted
great interest in phototherapy due to their strong absorption
in the near-infrared spectrum [16-20]. However, as peroxi-
dase mimic, PBNPs received little attention in colorimetric
biosensing on account of their poor peroxidase-like activity
[21-24]. The introduction of laser was proposed as a novel
strategy to accelerate the catalytic activity of nanozymes
[25, 26]. Due to Arrhenius formula, nanozymes with near-
infrared light absorption could convert near-infrared light
energy into internal energy under laser irradiation, which
could improve their catalytic activity [25]. Another conveni-
ent strategy is to construct nanocomposites. The construc-
tion of nanocomposites could integrate the preponderance
of each component and achieve the synergistic effect [27].

Carbon dots (CDs) are gaining wide attention because
of their large specific area, excellent optical properties, and
tunable surface chemistry [28-31]. The construction of
nanocomposites based on CDs showed enhanced-catalytic
abilities. For example, CDs served as capping and reducing
agents to construct silver nanoparticles [32]. The synthe-
sized carbon silver nano-assembly showed enhanced perox-
idase-like activity and provided a colorimetric analysis for
the sensitive detection of H,O, and glucose. The loading
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of carbon quantum dots increased the electrocatalytic sur-
face area of octahedral cuprous oxide nanocomposites and
improved the electrochemical stability and sensitivity of
octahedral cuprous oxide nanocomposites, which enhanced
their electrocatalytic activities [33]. In addition, due to the
photo-induced electron transfer between Fe3* ions and CDs,
the FL of CDs can be effectively quenched by Fe** [34—40].
So, CDs could also act as FL probe for the detection of Fe3t
Herein, CDs/PBNPs were synthesized through a hydro-
thermal-assisted process followed by a microwave-assisted
carbonation process. The synthesized CDs/PBNPs exhibited
FL property and enhanced peroxidase-like activity. Interest-
ingly, Fe** can also enhance the peroxidase-like activity of
CDs/PBNPs, which was attributed to the cooperation between
CDs/PBNPs and Fe3*. Moreover, under laser irradiation, the
peroxidase-like activity can be further improved by 10.9 times.
Hence, a cascade strategy was designed for detection of Fe**
and cholesterol (Scheme 1). Concretely, the synthetic CDs/
PBNPs were used as FL probe for detection of Fe3*. Then, the
further enhanced peroxidase-like activity of CDs/PBNPs was
served as colorimetric probe for determination of cholesterol in
the presence of TMB and cholesterol oxidase. Furthermore, the
reliability of this strategy in serum samples was also verified.

Experimental
Chemicals

K,[Fe(CN)] was obtained from Tian Jin Guangfu Tech-
nology Development Co., Ltd. (Tianjin, China). Iron(III)
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chloride hexahydrate (FeCl;-H,0), urea (CH,N,O) and
30% hydrogen peroxide (H,0,) calcium chloride (CaCl,),
stannous chloride dihydrate (SnCl, 2H,0), cobaltous nitrate
hexahydrate (Co(NO;),"6H,0), zinc nitrate hexahydrate
(Zn(NO3), 6H,0), sodium chloride (NaCl), potassium chlo-
ride (KCI), ammonium nitrate (NH,NOs;), dibasic sodium
phosphate, (Na,HPO,), potassium dihydrogen phosphate
(KH,PO,), nitric acid (HNOj;), 2-aminoethanol, histidine,
and arginine were provided from Sinopharm Chemical Rea-
gent Co., Ltd. (Beijing, China). The citric acid (CA), ethanol
(CH;CH,OR)), acetic acid, glycerin, and glucose purchased
from Beijing Chemical Works Co. Ltd. (Beijing, China).
3,3",5,5'-tetramethylbenzidine (TMB), dopamine, and ascor-
bic acid were purchased from Sigma-Aldrich. Cholesterol
oxidase (ChOx), cholesterol, Tri(hydroxymethyl) amino
methane hydrochloride (Tris—HCI), and 5,5-dimethyl-1-pi-
rroline-N-oxide (DMPO) came from Shanghai Yuanye Bio-
Technology Co., Ltd. (Shanghai, China).

Instrumentations

The morphology of CDs/PBNPs was tested by Transmis-
sion electron microscopy (TEM) Tecnai F20 (FEI, USA)
and high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) JEM-2100F (JEOL,
Japan). The UV-vis and Fourier transform infrared (FT-
IR) spectrum of CDs/PBNPs were conducted on UV2600
spectrophotometer (Shimadzu, Japan) and Nicolet iS10
FT-IR spectrometer (Thermo fisher, USA), respectively.
The hydrodynamic size and zeta potential were collected
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on a Zetasizer Nano ZS90 (Malvern, England). The X-ray
diffraction (XRD) pattern of CDs/PBNPs was carried out by
a Rigaku D/max-2500 XRD (Rigaku, Japan). The FL spectra
of CDs/PBNPs were gotten from a PTI-QuantaMaster 400
(PTI, USA). Electron spin resonance (ESR) spectra were
measured by Bruker EMXnano Electron Paramagnetic Reso-
nance spectrometer (Billerica, USA).

Synthesis of PBNPs

FeCl; (3.2 mg) and CA (107 mg) were added to 20 mL of
deionized water. Then, 20 mL of deionized water deionized
water containing K,[Fe (CN)y] (8.4 mg) and CA (107 mg)
was added dropwise into the above solution under vigorous
stirring at 60 °C. A bright blue color rapidly appeared during
the blending process. The reaction was maintained for 5 min
and cooled down to 20 “C for another 30 min. The PBNPs
precipitation was obtained by centrifugation (12,000 rpm,
30 min) three times with ethanol after the reaction. Finally,
the obtained PBNPs precipitation was dried overnight under
vacuum at room temperature.

Synthesis of CDs/PBNPs

In brief, CA (270 mg), urea (90 mg) and PBNPs (10 mg)
were dissolved in deionized water (10 mL) and then heated
in the microwave (700 W) for 5 min. The products were dis-
solved in 10 mL of deionized water, followed by centrifug-
ing (12,000 rpm, 30 min) five times with deionized water
and drying under vacuum at 40 °C.

Calculation of quantum yield

The quantum yields of CDs/PBNPs were determined by
comparing the integrated FL intensities (A., =360 nm) and
the absorbance of CDs/PBNPs (A=360 nm) with that of
quinine sulfate. In brief, quinine sulfate (0.1 M H,SO,, quan-
tum yield is 54%) solution, considered as a standard solu-
tion, diluted with ultrapure water to five different concen-
trations for the absorbance tests. The absorption values of
these solutions were kept below 0.1 at the excitation wave-
length (360 nm) to minimize the re-absorption effects. The
quantum yields were calculated according to the following
formula:

QY = QYg X [I, X Ag X 15°| / [Ig X As X g M

where QY and QYy, are the quantum yields of CDs/PBNPs
and the reference compound (quinine sulfate). / is the inte-
grated FL emission intensity, A is the absorbance value at
the excitation wavelength, and # is the refractive index of the

solvent (¢/nz=1). The subscript “S” and “R” are the sample
and the reference compound.

Detection of Fe3*

Firstly, the selectivity of CDs/PBNPs for Fe>* detection was
determined by testing the quenching performance of CDs/
PBNPs in the presence of different metal ions. Typically,
0.5 mL of metal ion (6 mM) solution was added into 2.5 mL
of phosphate buffer saline (PBS, 0.1 M, pH 7.4) containing
CDs/PBNPs (12 pg/mL). The mixed solution was incubated
for 15 min, and then the emission FL spectra were detected
by the FL detector at the excitation wavelength of 420 nm.
The FL intensity of CDs/PBNPs solution in the presence
of Fe** co-existing with other different metal ions was also
measured. 0.5 mL of Fe** (6 mM) containing other metal
ion (6 mM) was added into 2.5 mL of CDs/PBNPs solution
(12 pg/mL). The sensitivity and pH-dependent FL property
of CDs/PBNPs for detection of Fe’* was evaluated by add-
ing different concentrations of Fe** (diluted with PBS) and
different PBS (pH 1-11) in the same way. Moreover, the
kinetic behavior of the quenching pattern was further evalu-
ated by recording the FL intensity of CDs/PBNPs (10 pg/
mL) with the addition of Fe** (1 mM) in real time. The FL
emission spectrum was obtained with the excitation wave-
length of 420 nm.

Peroxidase-like activity

TMB was used to investigate the peroxidase-like perfor-
mance of CDs/PBNPs. CDs/PBNPs can catalyze the color-
less TMB to the blue oxidized TMB which has a specific
absorption atA = 652 nm. Specifically, experiments were
carried out by mixing 2800 pL of acetate buffer (0.1 M, pH
7.4) containing CDs/PBNPs (3 pg/mL) and different con-
centrations of 100 pL of TMB and 100 pL of H,O, (diluted
with acetate buffer solution). Kinetic measurements were
performed by monitoring the absorption of oxidized TMB
at A, =652 nm in real-time.

The effects of pH and temperature on the peroxidase-
like activity of PBNPs and CDs/PBNPs were also evaluated
using the above procedures. Briefly, 2800 pL of PBS (0.1 M,
pH 2-11) containing CDs/PBNPs (3 pg/mL), 100 pL of
TMB (1 mM), and 100 pL of H,O, (1 mM) were incubated
at 37 °C for 10 min. The peroxidase-like activity was meas-
ured by recording the absorption at A,,,, =652 nm. Likewise,
the effects of temperature on peroxidase-like activity were
evaluated at 10-50 °C (pH 6). The stability of CDs/PBNPs
was evaluated by measuring the changes of particle size and
FL in two months.
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Detection of ROS

DMPO was chose to detect the hydroxyl radicals in PBNPs
and CDs/PBNPs systems. Two hundred pL system contain-
ing PBNPs (10 pg/mL), H,O, (1 mM), and DMPO (5 mM)
were added to a glass capillary and then sealed for 1 min.
The ESR spectra were obtained by the ESR spectrometer.

Cooperation interaction of CDs/PBNPs and Fe3*

Three thousand pL of PBS (0.1 M, pH 7.4) containing differ-
ent concentrations of Fe’* (0—40 uM), CDs/PBNPs (10 pg/
mL), TMB (1 mM), and H,0, (1 mM) was incubated for
10 min, and the UV-vis spectra were recorded. Then the
UV-vis spectra of the mixture were recorded to evaluate
the peroxidase-like activity of CDs/PBNPs. The cooperation
interaction of CDs/PBNPs with other metal ions (Na*, K*,
Ca’t, Co™, Mn?*, Zn?*, Cu?*t, Fe?*, Fe**) was evaluated in

the same way.
Photothermal-enhanced peroxidase-like activity

One mL of solution containing CDs/PBNPs (10 pg/mL),
H,0, (1 mM), and TMB (1 mM) was irradiated by 808 nm
laser (0.75 W/cm?) for 120 s. The effect of laser on peroxi-
dase-like activity was performed by monitoring the absorp-
tion of oxidized TMB at A,, =652 nm in real time. The
effects of different power laser (0.5, 0.75, 1.25 W/cmz) on
peroxidase-like activity were measured in the same way.
The changes of temperature during the laser irradiation were
recorded using an infrared camera.

Detection of cholesterol

Cholesterol (0.0387 g) was dissolved in 10 mL of solu-
tion containing 10% ethanol, 10 % Triton X-100, and 80
% KH,PO,-K,HPO, buffer (10 mM, pH 7.4) and diluted
to different concentration solutions with the above mixed
solution (10 % ethanol, 10 % Triton X-100, and 80 %
KH,PO,-K,HPO, buffer. Then, 50 pL of ChOx (10-20 U/
mg) and 400 pL of the cholesterol solution were incubated at
37 °C for 30 min. After that, 50 pL of CDs/PBNPs (0.6 mg/
mL), 100 pL of TMB (30 mM), and 2500 pL of NaAc-HAc
buffer (100 mM, pH 7.4) were added and incubated for an
additional 20 min. The change of absorption value was
determined by UV 2600 spectrometer.

Detection of Fe>* and free cholesterol in serums
The feasibility of this method was evaluated by detecting the
levels of Fe3* and free cholesterol in serums. The serums

were provided by three healthy volunteers and stored at 4
°C before using.
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For the determination of Fe3*, all samples were first
treated with HNOj to release Fe** from the proteins. One
hundred pL of concentrated HNO; was added to 100 pL of
the serum sample incubated for 2 h. After nitrification, the
serum sample was centrifuged (5000 rpm, 10 min), and the
supernatant was adjusted to neutral pH with NaOH solu-
tion (0.1 M). Then 20 pL of CDs/PBNPs (33 pg/mL) was
added for 15 min of incubation at 37 °C. The concentration
of Fe** in the serum sample was calculated by measuring
the FL emission spectra at 510 nm. For the free cholesterol
determination, 100 pL of above serum, 100pL of the ChOx
(10-20 U/mg), and 1800 pL of phosphate buffer containing
2.5 mM TMB (100 mM, pH 7.4) were incubated for half an
hour at 37 °C. The level of cholesterol in the serum sample
was calculated by recording the absorbance value at 652 nm.

Results and discussion
Choice of materials

Prussian blue, a dye approved by FDA for the treatment
of heavy metal poisoning, has attracted extensive atten-
tion due to its simple synthesis process, high surface tun-
ability, and excellent biocompatibility. However, the poor
peroxidase-like activity and dispersibility still restricts its
application in colorimetric sensing. CDs possess excellent
solubility in water, good biocompatibility, and outstand-
ing optical property compared with conventional quantum
dots (Cd and Se quantum dots). CD-based nanoparticles
have showed enhanced peroxidase activity, such as AgNPs
and Cu,O [32. 33]. The construction of the environment
friendly of PBNPs and CDs is expected to not only enhance
the peroxidase activity of PBNPs, but also make PBNPs
multi-functionalization.

Characterization of CDs/PBNPs

CDs/PBNPs were prepared by the two-step method. The
TEM image of CDs shows a narrow size range from 4.6
to 7.0 nm (Fig. S1). The high-resolution TEM of CDs
reveals the crystalline structure with the lattice parameter of
0.21 nm, which correspond to the C (100) facet of graphite
(Fig. S1 inset). The TEM and HAADF-STEM images show
the structural morphology of PBNPs and CDs/PBNPs. As
shown in the TEM images, PBNPs are cubes with an aver-
age size of 46 nm (Fig. 1A and C). CDs/PBNPs evolve from
cubes into irregular shapes of a larger average size (78 nm)
(Fig. 1D and F). Moreover, the change of morphology is
further supported by the HAADF-STEM image (Fig. 1B
and E). According to the HAADF-STEM image of PBNPs,
PBNP exhibits a cubic shape with uniform size (Fig. 1B).
The bright spots areas and fuzzy edges of the CDs/PBNPs
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are caused by the deposition of CDs on the surface of PBNPs
(Fig. 1E).

The synthesized CDs/PBNP was further characterized by
the XRD, FTIR spectroscopy, DLS, zeta potentials, UV-vis
spectroscopy, and FL spectroscopy. As shown in Fig. 2A,
the diffraction peaks of CDs/PBNPs at 17.4°, 24.5°, 35.2°,
39.5°,43.6°, 50.6°, 54.2°, 57.2°, 66.1°, and 69.1° are well
matched with the (200), (220), (400), (420), (422), (440),
(600), (620), (640), and (642) planes of Prussian blue lattice
(JCPDS No. 52-1907), indicating that CDs/PBNPs maintain
the same cubic face-centered structure as PBNPs. The peak
centered at around 27° in the XRD patterns of CDs/PBNPs
is the intrinsic graphitic structure, which indicates the exist-
ence of CDs [16]. No additional impurities diffraction peaks
were found, implying the high purity of the obtained prod-
uct. As shown in the FTIR spectrum (Fig. 2B), CDs/PBNPs
present four obvious bands. The band at 2070 cm™! indicates
the vibration signal of Fe’*-N=C-Fe?*. The bands at 1712
and 1640 cm™! are assigned to C=0 stretching vibrations.
The N-H bending vibrations are obtained at 1460 cm™!. The
broad bands around 3460 cm™! are attributed to the stretch-
ing vibrations of N-H and O-H. Those absorption bands
demonstrate the presence of lots of carboxyl, hydroxyl, and
amino groups on the surface of CDs/PBNPs, which can sta-
bilize the CDs/PBNPs in aqueous environment. Dynamic
light scattering (DLS) was used to examine the change of

particle size during the formation of CDs/PBNPs (Fig. 2C).
The average hydrodynamic diameter of CDs, PBNPs, and
CDs/PBNPs are about 7.5 nm, 58.8 nm, and 78.8 nm,
respectively, which are consistent with the change observed
in TEM and HAADF-STEM. Additionally, CDs/PBNPs
maintain the stability of particle size after two months of
storage at 4 °C, which indicates that CDs/PBNPs is stable for
the further application (Fig. S2). The change of zeta poten-
tial was studied during the assembly process (Fig. 2D). The
zeta potential of CDs/PBNPs is —21.0 mV, which is due to
the attachment of positively charged CDs (+36.8 mV) onto
the surface of negatively charged PBNPs (—34.8 mV). CDs/
PBNPs exhibits a typical UV—vis absorption band from 500
to 900 nm with a strong peak at around 700 nm (Fig. 2E),
which is due to the intermetallic charge transfer between
Fe?" and Fe** in CDs/PBNPs. The peak at 420 nm is attrib-
uted to the n- n* transition of C=0 groups in CDs. CDs
and CDs/PBNPs emit visible yellow and green FL when
excited with UV (365 nm) light, respectively (Fig. 2F inset).
The emission of CDs/PBNPs is excitation-dependent in the
excitation wavelength from 340 to 480 nm (Fig. S3). The
maximum emission wavelength of CDs/PBNPs is at 510 nm
upon the excitation wavelength at 420 nm, which are about
10 nm blue-shifted in relative to that of CDs (Fig. 2F). More-
over, the FL quantum yield of CDs/PBNPs was measured
to be 12.7 % which was lower than that of CDs (37.9%). In

40 50 60
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50 70 80 90

Size (d.nm)

60 100 110

Fig.1 (A) TEM image of PBNPs. (B) HAADF-STEM image of PBNPs. (C) Size distribution histogram of PBNPs obtained from (A). (D) TEM
image of CDs/PBNPs. (E) HAADF-STEM image of CDs/PBNPs. (F) Size distribution histogram of CDs/PBNPs obtained from (D)
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Fig.2 XRD patterns (A), FTIR spectra (B), dynamic light scatter-
ing data (C), zeta potentials (D) of CDs, PBNPs, and CDs/PBNPs.
UV-vis spectra of CDs (200 pg/mL), PBNPs (200 pg/mL), and CDs/

addition, CDs/PBNPs still maintain the stability of FL after
two months of storage at 4 °C (Fig. S4).

Peroxidase-like activity of CDs/PBNPs

C Steady-state kinetic assay of PBNPs (3 pg/mL) and CDs/
PBNPs (3 pg/mL) for TMB in the presence of 1 mM H,O,.
D Steady-state kinetic assay of PBNPs (3 pg/mL) and
CDs/PBNPs (3 pg/mL) for H,O, in the presence of 1 mM
TMB. E Lineweaver—Burk plots of PBNPs (3 pg/mL) and
CDs/PBNPs (3 pg/mL) for TMB in the presence of 1 mM
H,0,. F Lineweaver—Burk plots of PBNPs (3 pg/mL) and
CDs/PBNPs (3 pg/mL) for H,O, in the presence of 1 mM
TMB. Error bar represents the standard deviation for three
determinations.

The intrinsic heme-like structure endowed PBNPs with
enzyme-mimetic activity [22]. In order to compare the per-
oxidase-like activities of PBNPs and CDs/PBNPs, TMB was
selected as the substrate. In the presence of H,O,, PBNPs
could catalyze the colorless TMB to form the blue TMBox,
which has strong absorption at A=652 nm. The peroxidase-
like activities of CDs, PBNPs, and CDs/PBNPs are com-
pared by monitoring the absorption of TMBox (Fig. 3A).
CDs show no change in the present of TMB and H,0,,

@ Springer

PBNPs (200 pg/mL) (E). FL spectra of CDs (40 pg/mL), PBNPs
(40 pg/mL), and CDs/PBNPs (40 pg/mL) (F). The FL spectrum was
acquired at the excitation wavelength of 420 nm

suggesting that CDs has no peroxidase-like activity. How-
ever, CDs/PBNPs exhibit higher peroxidase-like activity
than that of PBNPs, which was consistent with the change
of TMBox absorbance at =652 nm (Fig. 3B).

The peroxidase-like kinetic processes of the PBNPs
and CDs/PBNPs was further studied. The peroxidase-like
dynamics were obtained from the Michaelis—Menten curve
(Fig. 3C and 3D). The Michaelis—Menten constant (K,,)
and maximum initial velocity (V,,,,) were obtained from
the Lineweaver—Burk plot [22] (Fig. 3E and 3F). The K, the
Michaelis constant, generally indicates the affinity between
enzymes and substrates. The lower value of the K, the
higher the affinity with the substrate. The K., value of CDs/
PBNPs towards TMB was smaller than PBNPs (Table 1),
indicating that the affinity between CDs/PBNPs and TMB is
stronger in comparison to that between PBNPs and TMB. In
addition, CDs/PBNPs had higher V_,,, for H,O, than PBNPs,
which indicated that CDs/PBNPs required a higher H,0,
concentration to achieve the maximum activity.

The peroxidase-like activity of CDs/PBNPs is considered
to be affected by pH and temperature [41]. The peroxidase-
like activities of PBNPs and CDs/PBNPs are investigated
in the range of pH from 2.0 to 11.0 (Fig. S5). CDs/PBNPs
exhibit higher peroxidase-like activity than PBNPs. Under
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alkaline pH from 8.0 to 11.0, PBNPs and CDs/PBNPs
quickly lose their activities. It is due to the decomposition of
the PBNPs by OH™ [41], which is confirmed by the decrease
of absorbance at 712 nm with increasing pH (Fig. S6). The
effect of reaction temperature was then investigated. Both of
PBNPs and CDs/PBNPs were exposed to 10-50 “C (Fig. S7).
The result showed that temperature could significantly affect
the activity of PBNPs and CDs/PBNPs, and the optimum
temperature for the catalytic reaction is 40 C.

In order to explore the mechanism of enhanced peroxi-
dase-like activity of CDs/PBNPs, ESR spectrum was chosen
to identify the generated active free radicals. In fact, Fe**
and Fe’* ions in the PBNPs can catalyze the reaction of
H,0, to produce hydroxyl radicals and exhibit peroxidase-
like activity though the Fenton reaction [22].

Fe’* + H,0, —» F** + OH™ + -OH )

Fe* + H,0, —» Fe** + H" + -0,H 3)

As shown in Fig. S8, the PBNPs/DMPO/H,0, and CDs/
PBNPs/DMPO/H,0, systems showed four obvious peaks,
which were the typical peaks of hydroxyl radicals. However,
the hydroxyl radical intensity of CDs/PBNPs was stronger
than that of PBNPs, suggesting that CDs/PBNPs could pro-
duce more hydroxyl radical in the process of H,O,. Based
on this result, the possible mechanism of the enhanced

Table 1 Comparison of kinetic parameters of PBNPs and CDs/
PBNPs

Catalysts PBNPs CDs/PBNPs
K, (mM) TMB 0.598 0.311
H,0, 1.767 3.457
Vax (BM-s™h) TMB 0.0269 0.0588
H,0, 0.0178 0.0612

peroxidase-like activity of CDs/PBNPs could be attributed
to the accelerated generation of hydroxyl radicals.

Detection of Fe3*

In order to investigate the selective sensing ability of CDs/
PBNPs toward Fe’*, ten different metal ions were used to
study the FL quenching of CDs/PBNPs at 420 nm excita-
tion wavelength (Fig. 4A). Compared with other metal
ions, Fe®* significantly quenched the FL of CDs/PBNPs,
indicating that the selectivity of CDs/PBNPs toward Fe>*
over the other metal ions. In addition, the FL. quenching
effect is not affected by the coexistence of other metal
ions (Fig. S9), indicating the strong affinity between CDs/
PBNPs and Fe**. The FL intensity of CDs/PBNPs in PBS
and Tris—HCI (100 mM, pH 7.4) was similar to that in water
(Fig. 4B). CDs/PBNPs showed no significant effect on the
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Fig.3 A Absorption spectra of TMBox in different systems:
CDs (3 pg/mL)+TMB (I mM)+H,0, (1 mM); PBNPs (3 pg/
mL)+TMB (1 mM)+H,0, (1 mM); CDs/PBNPs (3 pg/mL)+TMB

(1 mM)+H,0, (1 mM). B Time-dependent absorbance changes of
TMBox at 652 nm by the above systems
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FL performance in the pH range of 1.0-8.0 (Fig. S10). Addi-
tionally, the time-dependent FL intensity of CDs/PBNPs in
the presence of Fe3*(1 mM) was showed in Fig. S11. The FL
intensity gradually decreased and was stable after 12 min.

The specific quenching effect may be due to the strong
interactions between the surface groups of CDs/PBNPs
and Fe**, which destroy the process of radiative transition
and lead to the fluorescence quenching [2]. To confirm the
quenching mechanism, the UV—-vis absorption spectrum and
the FL lifetime of CDs/PBNPs in the presence and absence
of Fe** were carefully examined [40]. As shown in Fig-
ure S12, the absorption spectrum of CDs/PBNPs-Fe** (CDs/
PBNPs 10 pg/mL, Fe** 100 pM) system was not overlapped
with the sum absorption spectrum of CDs/PBNPs (10 pg/
mL) and Fe** (100 pM), indicating that CDs/PBNPs and
Fe* form ground state complex. This result heralded the
quenching mechanism of CDs/PBNPs-Fe** system was the
static quenching. As displayed in Figure S13, the FL decay
curves of CDs/PBNPs and CDs/PBNPs + Fe®* systems were
almost superposed. And the average FL lifetime calculated
by the sum of the ) b;z; from the biexponential equation of
the two systems (Figure S13 inset). The two FL decay com-
ponents of CDs/PBNPs (10 pg/mL) were 7, 4.42 ns (50.45%)
and 7, 8.77 ns (49.55%), and the average FL lifetime was
about 6.58 ns. After the addition of Fe>* (100 puM), the two
FL decay components changed slightly, 7, 4.29 ns (45.49%)
and 7, 8.56 ns (54.51%), and the average FL lifetime was
about 6.62 ns. The average FL lifetime of CDs/PBNPs and
CDs/PBNPs-Fe* systems were almost constant, indicating
that the quenching mechanism between CDs/PBNPs and
Fe* was the static quenching.

Fig.4 A FL spectra of CDs/

Due to the important role of Fe** ions in various liv-
ing systems, the detection of Fe** via a visible fluorescent
probe would be of great benefit. As shown in Fig. 4C, with
increasing concentration of Fe**, the FL intensity of CDs/
PBNPs gradually decreased, revealing that the FL intensity
of CDs/PBNPs is sensitive to the concentration of Fe*.
The Stern—Volmer plot of F/F with the corresponding con-
centration of Fe** was displayed in Fig. 4D, where F, is
the FL intensity of CDs/PBNPs without Fe®* and F is the
FL intensity of CDs/PBNPs with Fe** (A, =420 nm and
Aem =510 nm). Over the concentration range of 4-128 uM,
the quenching efficiency was commendably consistent with
the Stern—Volmer equation:

Po 14k

+ =1+ wlQ] “
where K, is the Stern—Volmer quenching constant and [Q]
is the concentration of Fe** (Fig. 4D inset). The correla-
tion coefficient (R?) was as high as 0.9996, and K, was
calculated to be 0.00293. However, the Fy/F curve did not
conform to a linear equation in the range of 2 pM-1 mM,
indicating that the dynamic quenching process also exists
in CDs/PBNPs system [38]. The limit of detection (LOD)
was estimated to be 2.0 uM based on a 3/S (is the standard
deviation of the blank and S is the slope of the linear regres-
sion). Compared with different fluorescent probes for Fe**
detection (Table S1), CDs/PBNPs exhibit high sensitivity.
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Table 2 Results for the determination of Fe** and free cholesterol in serum samples. Conditions: PBNPs and CDs/PBNPs, 3 pg/mL. n=3

Systems No Clinical result Found (mM) Added (mM)  Found (mM) Recovery (%) RSD (%)
(mM)

Fe’* 1 0.0194 0.0188 +0.0005 0.01 0.0284 +0.0003 96.60 3.21

2 0.0223 0.0217 +0.0003 0.01 0.0325 +0.0003 100.61 1.13

3 0.0237 0.0233 +0.0003 0.01 0.0324 +0.0004 96.14 3.68
Cholesterol 1 3.87 3.94+0.12 5 8.66+0.21 97.63 2.73

2 4.15 4.27+0.15 5 8.97+0.18 98.03 3.18

3 4.38 4.25+0.15 5 9.03+0.14 96.27 2.98

Cooperation interaction of CDs/PBNPs and Fe3*

Various nanomaterials with mimic enzyme activity contain
metal ions, such as CuO, V,0;, MnO,, and Co;0, [42-45].
The mimic enzyme activities of these nanomaterials are
mainly attributed to metal ions. So, it could be speculated
that the addition of Fe** would also affect the peroxidase-like
activity of CDs/PBNPs. To verify this idea, the peroxidase-
like activity of CDs/PBNPs in the presence and absence of
Fe** was investigated (Fig. 5SA). The UV—-vis spectra showed

A —— H,0,+TMB

39 —— H,0,+TMB+CDs/PBNPs
=—— H,0,+TMB+Fe**
——— H,0,+TMB+CDs/PBNPs+Fe*"

Absorbance (a.u.)

Wavelength (nm)

@)

2 [Fe*)/pM
g 4

3

g 2

x

=

ot

2

=

<1

0 T T T T 1
400 500 600 700 800
Wavelength (nm)
Fig.5 A UV-vis spectra of TMBox in different systems:
H,0,+TMB; H,0,+TMB +CDs/PBNPs; H,0,+TMB +Fe’";

H,0, + TMB + CDs/PBNPs + Fe**. B UV-vis spectra of TMBox with
different metal ions (4 pM) in the presence of CDs/PBNPs, H,0, and
TMB. C UV-vis spectra of TMBox with different concentration of
Fe** (0.25-4 pM) in the presence of CDs/PBNPs, H,0,, and TMB. D
The relationship of peroxidase-like activity of CDs/PBNPs and differ-

400 500 6(.)0 700 800

that the system of CDs/PBNPs, Fe*, TMB, and H,0, exhib-
ited higher peroxidase-like activity than CDs/PBNPs and
Fe**, which was due to the cooperation between CDs/PBNPs
and Fe**. The effects of other ions on the peroxidase-like
activity of CDs/PBNPs were also investigated. Nine metal
ions including Na*, K*, Ca**, Co**, Mn**, Zn**, Cu®*, Fe**,
and Fe** were selected in the system of CDs/PBNPs, TMB,
and H,O, under the same condition (Fig. 5B). Among these
metal ions, Fe*™ significantly accelerates the peroxidase-like
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ent concentration of Fe>* (0.25-4 pM) by recording UV—-vis spectra
of TMBox at 652 nm. The concentration of CDs/PBNPs, Fe’*, H,0,,
and TMB are 10 pg/mL, 10 pg/mL, 2 mM, and 2 mM, respectively.
All reaction systems are in 3 mL of HAc-NaAc buffer (0.1 M, pH
7.4). Error bar represents the standard deviation for three determina-
tions. Error bar represents the standard deviation for three determina-
tions
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Fig.6 UV-vis absorption spectra of TMBox without (A) and with
(B) laser in different systems: H,0,+TMB; H,0,+TMB+CDs/
PBNPs; H,0,+TMB+Fe**; H,0,+TMB +CDs/PBNPs+Fe’*.
Comparison of the influence of photothermal effect on peroxidase-
like activity of PBNPs, CDs/PBNPs, and CDs/PBNPs +Fe’* in
H,0,-TMB systems by recording the UV-vis absorption spectra of
TMBox at 652 nm (C). Temperature changes of PBNPs, CDs/PBNPs,

activity. Moreover, the higher concentration of Fe** causes
the higher peroxidase-like activity (Fig. 5C and D).

Photothermal-enhanced peroxidase-like activity
of PBNPs, CDs/PBNPs, and CDs/PBNPs + Fe3*

According to the Arrhenius formula, nanozymes with near
infrared absorption could efficiently convert light energy
into heat energy to promote the temperature, which could
accelerate the catalytic reaction [25, 26]. CDs/PBNPs have
broad absorbance in the near infrared region due to the
charge transfer between Fe** and Fe** (Fig. 2E). Therefore,
the introduction of laser could promote the peroxidase-like
activity of CDs/PBNPs. Based on this, the peroxidase-
like (Fig. 6A) and photothermal-enhanced peroxidase-
like (Fig. 6B) activities of PBNPs, CDs/PBNPs, and CDs/
PBNPs + Fe** were measured by the oxidation of TMB
in the presence of H,0,. Under 808 nm laser irradiation
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and CDs/PBNPs +Fe** in H,0,-TMB systems under laser irradiation
(D). All experimental data were conducted under the following con-
ditions: the concentrations of Fe’*, PBNPs, CDs/PBNPs, TMB, and
H,0, are 4 pg/mL, 10 pg/mL, 10 pg/mL, 2 mM, and 2 mM; all sys-
tems are in 3 mL of HAc-NaAc buffer (0.1 M pH 7.4); 808 nm laser
(0.75 W/cm?) was used for the reaction; reaction time is 1 min. Error
bar represents the standard deviation for three determinations

(0.75 W/cm?), PBNPs, CDs/PBNPs, and CDs/PBNPs + Fe**
showed enhanced peroxidase-like activities, and CDs/
PBNPs + Fe®* exhibited the highest peroxidase-like activ-
ity (Fig. 6C). To confirm that the accelerated peroxidase-like
activity was due to the photothermal effect, the temperature
changes of PBNPs, CDs/PBNPs, and CDs/PBNPs +Fe’t
systems were investigated under laser irradiation (Fig. 6D).
The temperature of these systems increased about 5 °C under
laser irradiation, while on temperature change was found in
the control group (H,O,-TMB system). Moreover, the effect
of photothermal and thermal energy on the catalytic reaction
was compared (Fig. S14). The result indicated that both the
photothermal and thermal effect could enhance the catalytic
process, while the effect of temperature change caused by
thermal energy on the catalytic reaction was much higher.
The reason for this result may be that the temperature of the
catalytic system quickly reaches the equilibrium tempera-
ture due to the thermal effect. The effect of laser power on



Microchim Acta (2022) 189: 30

Page 110f 14 30

A

(. )

Cholesterol H,0, @ OH
ChOx ﬁ
Cholest-4-ene-3-one 0, T™B ‘
0.8
y=0.01818x

o
o

R?=0.9945

e
N

Absorbance (@652 nm)
(=3
&

e
o

0 10 20 30 40
[cholesterol] (uM)

Fig.7 A Schematic illustration of the detection of free cholesterol.
B Relationship between the concentration of free cholesterol and
the absorbance at A=652 nm. The inset in (B) exhibits the color
changes of the cholesterol systems with different concentration (cho-
lesterol concentration increase from left to right). C Linear relation-
ship between the concentration of free cholesterol and the absorb-
ance at A=652 nm. D Changes in absorbance of different species at

the peroxidase-like activity of CDs/PBNPs was also stud-
ied (Fig. S15). Under different laser powers (0.5, 0.75, and
1.25 W/ecm?), the peroxidase-like activity of CDs/PBNPs
increased with the increase of laser powers. This result
was consistent with the changes of temperature (Fig. S16),
which further indicated that the photothermal-enhanced
peroxidase-like activity was due to the increase of the tem-
perature. Additionally, CDs/PBNPs exhibited excellent
photothermal performance under laser irradiation (808 nm,
0.75 W/cm?) and showed good photothermal stability after
5 irradiation cycles (Fig. S17 and S18), indicating that CDs/
PBNPs could be used as a stable photothermal reagent for
catalytic reaction.

Detection of free cholesterol

Cholesterol is an important indicator of people's health,
and its concentration in blood is of great important
for the prevention of many diseases. Note that H,0, is
the major product in the reaction between cholesterol
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A=652 nm (cholesterol, glucose, dopamine, ascorbic acid, glycerin,
histidine, arginine and 2-aminoethanol, 39 pM). Error bar represents
the standard deviation for three determinations. All experimental data
were conducted under the following conditions: the concentrations of
CDs/PBNPs and TMB are 10 pg/mL and 1 mM. All reaction systems
are in 3 mL of HAc-NaAc buffer (0.1 M, pH 7.4). Error bar repre-
sents the standard deviation for three determinations

oxidase and cholesterol. Therefore, the concentration
of cholesterol can be measured using CDs/PBNPs. Cho-
lesterol first reacts with cholesterol oxidase in the pres-
ence of O,. The generated H,0, is catalyzed to produce
-OH under the peroxidase-like of CDs/PBNPs. The -OH
can future oxidize colorless TMB to colored TMBox
(Fig. 7A). The level of cholesterol is determined by
recording the absorbance of TMBox at 652 nm (Fig. 7B
and inset). With increase of cholesterol concentration,
the absorption value increases gradually. Note that a
linear regression equation (R>=0.99484) is fitted in the
cholesterol concentration of 2-39 pM (Fig. 7C) and the
LOD was measured to be 1.6 pM. Moreover, the selec-
tivity of CDs/PBNPs for the detection of cholesterol
was also evaluated (Fig. 7D). The possible interfer-
ing species (such as glucose, dopamine, ascorbic acid,
glycerin, histidine, arginine and 2-aminoethanol) show
no significant effect on the detection of free choles-
terol. Compared with other reported assays based on
nanomaterials, CDs/PBNPs exhibit the improvement
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on LOD and the linear range (Table S2). This reveals Conclusion

that CDs/PBNPs have good performance among other
nanomaterials.

Application in human serum samples

Based on the above results, a cascade strategy was pro-
posed for detection of Fe>* and cholesterol (Fig. 8A).
Serum sample was first nitrated to release the Fe** from
the protein. After adjusting serum sample to neutral, CDs/
PBNPs were added as FL probe for detecting Fe**. Due
to the introduction of Fe®*, the peroxidase-like activity
of CDs/PBNPs was enhanced. CDs/PBNPs + Fe** could
also serve as colorimetric probe for detection of choles-
terol in the present of TMB. As shown in Fig. 8B and 8C,
CDs/PBNPs exhibited sensitive detection for Fe*>* and
cholesterol, which was also proved in the. photographic
images (Fig. 8B and 8C inset). Moreover, the obtained
results were consistent with the results from Northeast
Normal University Hospital (Table 2), suggesting high
accuracy and credibility for this method of monitoring
Fe®* and cholesterol.

@ Springer

CDs/PBNPs synthesized by a simple and environmentally
friendly two-step method exhibit enhanced peroxidase-like
activity and FL property. The introduction of Fe** can
not only quench the FL of CDs/PBNPs though the static
quenching, but also enhance the peroxidase-like activ-
ity of CDs/PBNPs due to the cooperation between CDs/
PBNPs and Fe3*. Moreover, under laser irradiation, the
peroxidase-like activity of CDs/PBNPs + Fe* is further
accelerated due to the photothermal effect. CDs/PBNPs
has utilized as FL and colorimetric probes proposed for
sensitive detection of Fe** and free cholesterol, respec-
tively. Eventually, this strategy is successfully applied to
human serum samples, which had great potential for the
prevention of diseases caused by Fe** and cholesterol.
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