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Abstract Here, an efficient in vitro fluorescence
biosensor for bovine serum albumin (BSA) based on
the aggregation and release of CdS quantum dots
(QDs) within carboxymethyl cellulose (CMC) was
investigated and discussed. The aggregation of CdS
QDs within CMC was prepared by electrostatic
interaction. The release of CdS QDs was due to strong
covalent linking between BSA and CMC, thus leading
to the more favorable combination of BSA and CMC
in the system with the presence of BSA. The detection
of BSA was based on the quenching and recovery of
fluorescence intensity in the system, which was caused
by the aggregation and release of CdS QDs. An
excellent linear relationship (R? = 0.99286) was
obtained between fluorescence intensity and BSA
concentration (0.05-2.00 uM) with a detection limit
of 1078 M. In addition, the detection method showed
high selectivity towards BSA and good stability.
These results suggest that the method can be utilized as
an efficient and highly selective reagent for quantifi-
cation of BSA for in vitro biological science.
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Introduction

Protein which plays a vital role in biological activities
is an important constituent of cells. Of all the proteins,
serum albumin is the most abundant in mammal blood
(Carter and Ho 1994; Nicholson and Wolmarans 2000;
Gu et al. 2017). It acts as a depot and is used as
transport for a large number of endogenous and
exogenous compounds in the circulation system.
Therefore, the quantification analysis for serum albu-
min is crucial. BSA is composed of 582 amino acid
residues with 17 cysteine cross-linked residues and 1
free cysteine, and its secondary structure is the most
analogous to human serum albumin (HSA). It has an
important role in maintaining osmotic pressure bal-
ance and buffered pH (Guo and Shen 1999; Li et al.
2006; Liu et al. 2006). Owing to the numerous
applications of BSA, its determination has been well
studied.

Until now, many methods for the detection of BSA
in vitro have been proven. Zhu reported a simple label-
free fluorescent biosensor based on Au nanorods (Au
NRs) for the assay of BSA. In that study, the Au NRs
coated by mesoporous silica were loaded with acridine
orange and the detection of BSA was based on the
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quenching of the fluorescence signal. The results
showed that the values of the fluorescence intensity
from the biosensor were proportional to various
concentrations of BSA, and the limit of detection
(LOD) was 0.25M (Zhu et al. 2015a). Sasmal
demonstrated an electrical detection method for
ultra-low BSA based on solution-processed zinc oxide
nanospheres. The device worked with different con-
centrations of BSA based on the variation in the
conductivity of the ZnO nanospheres and displayed a
good sensitivity, with a LOD of 10 pM (Sasmal et al.
2015). Ni reported a BSA detection method with GO-
based 10-hydroxy camptothecin (HCPT). They pro-
posed that in the presence of graphene oxide (GO), the
delivery of HCPT to BSA was improved. Thus, a
biosensing platform for BSA fluorescence detection
was constructed (Ni et al. 2013). Among the various
detection methods, fluorescence biosensors are the
simplest and have numerous advantages, such as high
selectivity and good sensitivity. Thus, developing
appropriate fluorescence biosensors for BSA and other
proteins has attracted increased attention (Yan et al.
2017; Achadu and Nyokong 2017; Liu et al. 2017a;
Zhang et al. 2017a). Until now, carbon dots (Yang
et al. 2015; Liu et al. 2015a), gold nanoclusters (Liu
et al. 2015b; Selvaprakash and Chen 2014), rare earth
elements (Weng and Yan 2016; Refat et al. 2014; Liu
et al. 2016a) and graphene quantum dots (QDs) (Liu
etal. 2016b; Chen et al. 2016) have been considered as
prospective fluorescence donors for fabricating fluo-
rescence biosensors. Among the fluorescent materials
mentioned above, water-soluble semiconductor QDs
are promising candidates for biosensing, owing to
their excellent characteristics including large surface
area, low cost, water solubility, chemical inertness and
excellent photo-stability (Lu et al. 2017; Zhang et al.
2017b; Ratnesh and Mehata 2017). At present, these
materials have been widely explored as luminophores
for fluorescence biosensors (Wang et al. 2017;
Mehrzad-Samarin et al. 2017; Liu et al. 2017b;
Ngamdee et al. 2017; Yang et al. 2017). However,
there are still some challenges to using QDs for
biological studies. Among them the most prominent
are: developing hydrophilic QDs that are luminescent
with surface chemistry adaptable to varied biological
applications, designing versatile techniques for bio-
molecules, and demonstrating that QDs do not inter-
fere with normal physiology. Therefore, modifying
QDs to increase their biocompatibility and reduce
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their toxicity has become a problem that must be
solved quickly. Studies have indicated that after
coating with biocompatible polymer, the toxicity of
the QDs is effectively inhibited, and the modified QDs
can be utilized in biological sciences (Jaiseal et al.
2003; Wang et al. 2002; Gao and Nie 2004; Adegoke
et al. 2017). Many reports about QD bioconjugates
that can be used for numerous in vitro assays were
proposed (Gao et al. 2004; Yu et al. 2007) and the
choice of the polymer for modifying the QDs is
critical.

Cellulose and its derivatives are widely used in the
biomedical field. They are promising hosts for mod-
ification with QDs for fabricating biosensors, owing to
their excellent non-toxicity and good biocompatibility
(Jasim et al. 2017; Chee 2016; Cui et al. 2011). The
most commonly used cellulose derivatives are cellu-
lose ethers, particularly CMC, which can be easily
dissolved in water and is negatively charged due to the
presence of —-COO™. Thereby, CMC exhibits environ-
mental friendliness, is non-allergenic and non-toxic,
has good biocompatibility. This means it can be used
for a wide range of applications, such as drug delivery,
skin care products, papermaking, food additives, and
drug formulations (Nie et al. 2004; Biswal and Singh
2004). More importantly, CMC contains abundant
functional groups, and can combine with charged
materials utilizing anionic—cationic electrostatic
attraction. CMC can also be covalently bonded to
appropriate macromolecules to obtain CMC-based
composite materials. Preparing a CMC/QDs compos-
ite by coating CMC on QDs can effectively inhibit
toxicity and the obtained CMC/QDs maintain the
advantages of CMC and QDs, such as strong stability
and high strength (Li et al. 2016; Phukn et al. 2014;
Yadav et al. 2013; Coleman et al. 2006; Han et al.
2011a, b; Zhu et al. 2015b). In addition, the transfor-
mation of fluorescence intensity caused by the com-
posite is easy to detect, which provides a convenient
signal for the fabrication of biosensors.

In recent years, many researchers have been
devoted to studying polymer-semiconductor QD com-
posites. The composite synthesis methods used in a
majority of the studies are through the linkage of
functional groups (Mansur et al. 2017) and coordina-
tion reactions (Li et al. 2015). However, for the
methods above, the reaction processes are quite
difficult to control, and the reaction conditions are
complicated. Moreover, the inflexibility of the
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composite limits the applications. For the process of
linking functional groups, the chief work needed is the
modification of the QDs. However, appropriate chem-
ical reaction conditions of the modification processes
need to be strictly controlled. In addition, the condi-
tions for the linking between functional groups of the
modified QDs and polymers are even harsher and
include higher temperatures, acidic or alkaline envi-
ronments (Jia et al. 2017) and inert atmospheres (Guo
et al. 2017). For the coordination reaction, the uniform
dispersion of QDs in polymer is hard to achieve (Tang
et al. 2016). Therefore, an easily controlled and
uncomplicated method is greatly favored by research-
ers. LbL self-assembly is a simple and controllable
method. Self-assembly is driven by various factors
such as the electrostatic attraction between anion and
cation, hydrogen bonding, or bond cooperation.
Therefore, in this work, the fabrication of CMC and
QDs was carried out by LbL self-assembly.

In this paper, water-soluble CdS QDs with surface
enrichment of positive charges are synthesized suc-
cessfully, and the core—shell fluorescence composite
microspheres of CdS QDs and CMC are obtained via
the driving force of electrostatic attraction between
anion and cation. In order to ensure complete assem-
bly between CdS QDs and CMC, the structure and
properties of the products obtained are characterized
by FT-IR, XRD, FS, DTG and DSC. Then, the
composite microspheres are successfully used for the
accurate detection of BSA in vitro. Particularly,
selectivity experiments involving several interfering
drugs were carried out, and the results showed that the
core—shell composite fluorescence biosensor displays
high selectivity towards BSA. Also, the results from
the stability experiment show the CdS/CMC compos-
ite microspheres exhibit a low fluorescence quenching
after standing for 1 month. Also, two standard BSA
reagents for clinical are detected with the method we
developed. The detected concentration is highly
consistent with the standard concentration. Therefore,
these results suggest that the method can be utilized as
an efficient and highly selective reagent for quantifi-
cation of BSA in vitro.

Experimental section
Materials

Cadmium chloride (CdCl,) and sodium sulfide (NaS)
were purchased from the DAMAO Chemical Reagent
Co. (Tianjin, China). Trisodium citrate dihydrate (Nas.
C¢Hs07-2H,0) was purchased from the YONGDA
Chemical Reagent Co., Ltd. (Tianjin, China). Sodium
hexametaphosphate ((NaPOs)s) was purchased from the
RUIINTE Co., Ltd. (Tianjin, China). BSA standard
reagent (5 mg/mL) was bought from Solarbio. BSA
standard reagent (10 mg/mL) was bought from Ruli
Biological Technology Co., Ltd. (Shanghai, China). All
of these reagents were analytical grade and were used as
received, without further purification.

The ZnS was synthetized with C4HsO4Zn via a
hydro-thermal method. MoS, was synthetized with
MoCls; via an oil dissolving method. PbS was prepared
by solution synthesis using PbO. C4HgO4Zn, MoCls
and PbO which were purchased from DAMAO
Chemical Reagent Co. (Tianjin, China).

The CMC used in this study was prepared with a
slurry process in a solution of isopropyl alcohol with
the subsequent processes of alkalization, etherifica-
tion, neutralization, and washing of cellulose in our
laboratory.

Instruments

Transmission electron microscopy (TEM) images of
CdS QDs and CdS/CMC microspheres were obtained
using a JEM 1200EX transmission electron micro-
scope manufactured by Japanese Electronics Co., Ltd.
A Cary Eclipse fluorospectrophotometer, bought from
VARIAN Co. (Santa Clara, USA) was used to measure
the fluorescence intensity. Zetasizer Nano S, bought
from Malvern Co. (Malvern, UK) was used to measure
the zeta potential. X-ray diffraction (XRD) measure-
ments were performed using a DX2000 X-ray diffrac-
tometer (Haoyuan, Dandong, China). The thermal
properties were studied using a METTLER TGA/DSC
1 SF/1382 thermogravimetric analyzer (Mettler
Toledo Co. Switzerland).

Preparation of CdS quantum dots

CdS QDs were synthesized in a one-step facile
process. Namely, certain amounts of CdCl,,
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Na3;C¢HsO7-2H,0, (NaPOj)g and NaS were thor-
oughly dissolved in distilled water under vigorous
stirring to obtain homogeneous solutions. After that,
the solutions of CdCl,, Na3;CgHsO;-2H,O, and
(NaPO3;)e were mixed in a beaker by vigorous stirring
for 5 min in an ice water bath at 4 °C. The solution of
NaS was then added slowly into the mixed solutions
while stirring at room temperature for 30 min to obtain
CdS QDs. Finally, the obtained CdS QDs were
preserved at room temperature for further character-
ization and use.

Synthesis of CdS/CMC microspheres

The CMC solution was prepared by dispersing 1 g of
CMC in distilled water, while stirring at 90 °C. To
obtain CdS/CMC composite microspheres, the stock
solutions of CdS QDs and CMC were mixed at a
certain mass ratio, at room temperature. The obtained
CdS/CMC composite microspheres were preserved
until further characterization and use. The composite
mechanism and the appearance of the samples
obtained are shown in Scheme 1.

— -COO or-O

?’%?%\ BSA

Scheme 1 The mechanism of CdS/CMC FBSs for BSA sensing
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Application of the FBSs for BSA bioanalysis

Fabrication of the studied FBSs is shown in Scheme 1.
After being disssolved in aqueous solution, CMC
exhibits negative charge. It was coated on the surfaces
of CdS QDs with Cd*" enrichment by the electrostatic
attraction of anions and cations, forming the CdS/
CMC core—shell composite system. Due to the coating
effect of CMC, the fluorescence properties of CdS/
CMC composites are greatly attenuated compared
with that of free CdS QDs. BSA has a typical heart-
shaped structure with many sites that can bind with
CMC. It is composed of two parts, with a 1 nm wide
slit exits between them. Among the sites in BSA, Trp-
213 and Trp-134 have the most significant binding
effect with CMC. Trp-213 is primarily located in the
slit cavity with positive charge, and it is the main
binding site of the anions. So, when CdS/CMC
composites are added to the system, CMC surrounds
the Trp-213 and gradually forms aggregates which are
absorbed into the slits and inner cavities of BSA. This
aggregation is stronger than the electrostatic attraction
of anions and cations, so CMC is more inclined to
combine with BSA, and the CdS QDs are released
back into the system. With the release of CdS QDs, the
fluorescence intensity of the system is restored, and the
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recovery of fluorescence intensity corresponds to the
content of BSA added in the system. This can be used
to detect BSA by detecting the fluorescence intensity
of the system.

The sensing process

Freshly prepared mixture containing 1 g/mL CdS/
CMC composite microspheres was used for BSA
detection. In this mixture, BSA was added at different
concentrations (range, 0.05-2.00 uM). The mixture
was stabilized for 30 min at room temperature before
taking spectral measurements. The fluorescence inten-
sity was measured at Aep/Aex = (350 nm)/(470 nm).
The selectivity of the synthesized FBSs towards BSA
was also examined. Vitamin Bg, coumarin, tetracy-
cline, melamine, ZnS, MoS,, PbS, Cu®", Fe*" and
AP (concentration tenfold of BSA) were added to the
solution, and their fluorescence intensity was mea-
sured. Each experiment was repeated three times.

Results and discussion

Characterization of CdS QDs with surface
enrichment of Cd**

XRD was used to quantify the lattice structure of the
prepared CdS QDs, and the obtained spectrum is
shown in Fig. 1a. The XRD spectrum of CdS QDs
exhibits three sharp diffraction peaks, at 26.7°, 44.1°,
and 51.7°, which correspond to the typical crystal
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planes of CdS QDs: (111), (220), and (311), respec-
tively (Junaid et al. 2019). The slight diffusion of these
diffraction peaks was consistent with the small size of
CdS QDs, which, in turn, was consistent with the
following TEM results. The crystal structure and the
small size of the synthesized CdS QDs yield higher
stability of CdS QDs-based nanocrystals in composite
materials.

One of the unique optical properties of semicon-
ductor QDs is that the spectral peak positions of the
QDs are tunable. Unlike macroscale structures, their
emission spectra positions depend on their size and
material composition (Robelek et al. 2004; Ding et al.
2003; Yu et al. 2006). Once the QDs change size, their
emission spectra positions shift distinctly. Figure 1b
shows the fluorescence spectra (FS) of CdS QDs, with
the excitation wavelength ranging from 360 to
450 nm. In Fig. 1b, the maximal emission peak shifts
from 525 to 575 nm as the excitation wavelength is
changed. The shift is less than the 70 nm shift for other
semiconductor QDs, which confirmed that the syn-
thesized CdS QDs are relatively homogeneous. In
addition, the quantum yield (QY) of CdS QDs was
measured according to an established procedure
(Dong et al. 2015). Rhodamine B in ethanol (literature
quantum yield is 95% at 480 nm) is chosen as the
standard. Absolute values of QY are calculated with
the reference Rhodamine B solution, which has a fixed
and known fluorescence QY value, according to the
equation below:

=

—— 360nm

fluorescence intensity(a.u.)

400 450 500 550 600 650 700

wavelength(nm)

Fig. 1 a The XRD spectrum, and b the fluorescence intensity of the synthesized CdS QDs
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Fu AS Gu
Y=Y, x|—|XxX|—| X |—=
<FS> <Au> <G5>

Where Y, is the QY of CdS QDs, Y; is the QY of
Rhodamine B, F, and F; are the integral areas of the
fluorescence emission spectrum of CdS QDs and
Rhodamine B, A, and A; are the values of absorbance
at this excitation wavelength of CdS QDs and
Rhodamine B, G, and G are the values of the
refractive index of the solvent of CdS QDs and
Rhodamine B. The obtained QY of CdS QDs was
27%. The reported QY of water-soluble CdS QDs was
20-30% (Mao et al. 2008; Wang et al. 2011). Thus, the
CdS QDs obtained by the experiment above has a
relatively high QY.

Characterization of CdS/CMC microspheres
XRD patterns of CdS/CMC microspheres

The XRD patterns of the pure CMC, CdS QDs and
CdS/CMC microspheres are presented in Fig. 2. The
XRD patterns are collected from 3° to 70° (26). The
curves of the pure CMC do not show any clear sharp
peaks in the XRD patterns, which reflected the
amorphous structure of the CMC. In the curve of the
CdS/CMC composite microspheres, the patterns are
quite similar to the pure CMC. It is also obvious that
clear sharp peaks at 24.5°, 30.7°and 43.9° appear in the
curve of the CdS/CMC composite microspheres.
Compared with CdS QDs, the peaks are slightly
shifted, which indicates that the CdS QDs are loaded

——CMC
—— CdS/CMC
—— CdS QDs

Intensity (a.u.)

10 20 30 40 50 60 70

26(°)

Fig. 2 The XRD patterns of pure CMC, CdS QDs and CdS/
CMC composite microspheres
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into the CMC matrix, and the CdS/CMC composite
microspheres were formed, so the structural regularity
is enhanced.

FT-IR spectra of the pure CMC and CdS/CMC
microspheres

The most significant transmittance bands of the
infrared spectra for the three types of materials are
identified through comparisons of the FT-IR data,
which can be seen from Fig. 3. In Fig. 3a, a broad
absorption peak at 3450 cm™' occurs, and the peak is
due to the stretching frequency of the O-H group. The
peaks at 2928 and 1707 cm ™' are due to C-H and —
COO™ groups, respectively. The peaks at 1420 and
1309 cm ™' are assigned to the —CH, scissoring and O—
H bending vibrations, respectively. The band at
1063 cm ™! is attributed to —CH,—~O—CH, stretching.
As shown in Fig. 3c, the peaks at 3423 and 1479 cm™'
could be attributed to O-H and P=0 in sodium citrate
and trisodium citrate dihydrate which are crude
materials in the process of synthesizing of CdS QDs,
respectively. The significant peak at 943 cm™' in the
fingerprint region might be attributed to the Cd-S
band. The spectrum in Fig. 3a represents the FT-IR
spectrum of the pure CMC. In the spectra of b, it could
be clearly observed that all the bands in CdS QDs and
CMC are presented in the CdS/CMC composite
microspheres. Therefore this proved that CdS QDs
and CMC are completely represented in the CdS/CMC
composite microspheres.

Intensity(a.u.)

1 I 1 1 I 1
4000 3500 3000 2500 2000 1500 1000 500

Wavelength(cm'1)

Fig. 3 The FT-IR of CdS QDs, the pure CMC and CdS/CMC
composite microspheres
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Morphology and surface potential analysis

TEM was performed to characterize the micromor-
phology of CdS QDs and CdS/CMC composite
microspheres and to determine their size and shape
distribution. The results are shown in Fig. 4. It is
obvious in Fig. 4a that the CdS QDs are uniformly
dispersed in solution, and the diameter of the CdS QDs
are distributed in a narrow range of 3—5 nm, with the
average diameter of 3.8 nm. The TEM image inset in
Fig. 4a gives evidence for the single-crystalline
structure of CdS QDs. A crystal plane spacing of
0.18 nm fits well with the CdS (111) facet. The TEM
image of CdS QDs shows the network of CdS.
According to Fig. 4b, CdS/CMC composite micro-
spheres are relatively spherical with a monodispersed
particle size distribution. It could be seen obviously
from Fig. 4 that the CdS/CMC composite micro-
spheres have a bigger size than CdS QDs. This means
that in the structure of the composite microspheres, the
CMC coating is on the surface of the CdS QDs.
Therefore, the TEM images suggest that CMC evenly
covers the CdS QDs.

Dynamic light scattering (DLS) and zeta potential
analyses

The dispersion time of colloidal particles with differ-
ent sizes is different in solution. The intensity of
scattered light from the laser that penetrates the
solution containing the particles is detected by DLS
with a time function to measure the hydrodynamic
particle size distribution. The intensity of the light
being scattered depends on the dispersion time, and
DLS provides a correlation function that corresponds

e LSt

to the particle size. The technique can be used to
measure the particle size distribution. The hydrody-
namic particle size distribution cylindrical graphs for
CdS QDs, CMC polymer, and CdS QDs/CMC com-
posite microspheres are shown in Fig. Sa—c. Figure 5
shows that each cylindrical graph presents a relatively
narrow hydrodynamic size distribution, and the results
obtained are 3.4 +£09nm for CdS QDs,
1016 £ 495 nm for CMC and 25.1 & 1.6 nm for
CdS QDs/CMC composite microspheres. The values
obtained by DLS are quite close to the results obtained
by TEM. Because of this, it is concluded that the CdS
QDs and CdS/CMC composites are monodispersed
and non-agglomerated.

The values of zeta potential for the particles above
were also measured to evaluate the colloidal stability
of the nanoparticles, and the results are shown in
Fig. 5al—cl. The general guidelines that were used for
zeta potential are as follows: highly stable = + 30
mV, moderately stable = 20-30 mV, relatively
stable = 10-20 mV, highly unstable = 0-10 mV.
The  values shown in  Fig. S5al-cl  are:
312 £ 4.6 mV for CdS QDs, — 924 + 12.1 mV
for CMC, — 56.9 £+ 7.8 mV for CdS/CMC composite
microspheres. The zeta potential values show that the
particles are relatively within the high colloidal
stability. The zeta potential also suggests that CdS
QDs are indeed coated with CMC.

Thermogravimetric analysis

DTG and DSC are taken to investigate the thermo-
gravimetric properties of CMC and the CdS/CMC
composite microspheres, and the results are presented
in Fig. 6. According to Fig. 6a, the DTG curves of

Date Mag  MBLICIE]
9-09-20," 10:23/200000 x 0 mm

—100 mr—‘j|

Fig. 4 Morphology of a CdS QDs, b CMC, and ¢ CdS/CMC microspheres
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Fig. 5 DLS and zeta potential of CdS QDs, the pure CMC and CdS/CMC composite microspheres

CMC and the CdS/CMC composite microspheres all
exhibit three peaks which indicate that the degradation
of CMC and CdS/CMC composite microspheres
occurred in three steps. The first peak of weight loss
at about 100 °C might have been due to loss of
absorbed water. Then, the weight loss rate increased
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with increasing temperature from 210 to 310 °C. From
the curve of the pure CMC, the decomposition
temperature was found to be 245 °C, which is
significantly lower than the decomposition tempera-
ture of the CdS/CMC composite microspheres. In
addition, it is clear that the thermal decomposition rate
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Fig. 6 a DTG and b DSC of the pure CMC and CdS/CMC composite microspheres

of weight loss is higher than the CdS/CMC composite
microspheres which indicates that when CdS QDs are
added in the CMC structure, the thermal stability of
the composite system is higher. In Fig. 7b, the DSC
results are presented. From Fig. 7b, the curve of CdS/
CMC composite microspheres exhibits two obvious
peaks including an endothermic peak and an exother-
mic peak. When CMC is coated on the surface of the
CdS QDs, a relatively ordered structure of micro-
spheres is formed, and with the increasing temperature
the microcrystalline structure was transformed. Based
on this, the first peak occurred. For CMC, the structure
is relatively disordered and there were no peaks
indicating a structural change occurred. The second
peak is from thermal decomposition, and there is not
much difference between the seven samples. From the

A
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fluorescence intensity

20

1 1 1
500 550 600 650 700
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above analysis, it is shown that CdS/CMC composite
microspheres obtained were stable in a wide temper-
ature range and can potentially be applied to wider
temperature conditions.

Based on the results from FT-IR, XRD, FS, DTG
and DSC it was concluded that the CdS/CMC
composite microspheres that were obtained have well
dispersed, uniformly spherical, and relatively
stable properties and an obvious fluorescence quench-
ing. Afterwards, the CdS/CMC composite micro-
spheres were used to fabricate the FBS for the
detection of BSA below.

60

50 - /

30 -

Equation y=a+bx
Adj. R-Square | 0.99286
20 | Value Standard Error
B Intercept | 14.23473 0.52748

B Slope 21.23046 0.54281
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»
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Fig. 7 The fluorescence intensity of the proposed FBSs, for different concentrations of BSA (a) and the linear condition (b)
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Fig. 8 a Selectivity and b stability of the proposed CdS/CMC fluorescence biosensor

Using the synthesized CdS/CMC FBSs for BSA
sensing

To explore the potential applications of the CdS/CMC
FBS for BSA, the fluorescence intensities were
measured for different concentrations of added BSA,
and the results are shown in Fig. 7a. As shown in
Fig. 7a, the fluorescence intensity of the system
increased linearly with the increasing concentration
of BSA. The linear range for determining BSA was
0.05-2.00 uM. The linear equation was FL =
21.23046 Cpsa +14.23473, with a statistically
significant correlation coefficient of 0.99286. The
limit of detection is as low as 10~° M, as shown in
Fig. 8b. The limit of detection is calculated as
LOD = (3a/s). In this equation, s corresponds to the
slope of the standard curve, and ¢ corresponds to the
standard deviation of the blank signal. Over four
experiments, the standard deviation was 3.75%, which
confirms that the proposed FBS towards BSA exhib-
ited excellent accuracy and repeatability.

Selectivity and stability of the synthesized FBSs

The selectivity of the synthesized FBSs was also
examined, and the results are shown in Fig. 8a. The
fluorescence intensities of the systems with the
presence of vitamin Bg, coumarin, tetracycline, ZnS,
MoS,, PbS, Cu?t, Fe*>*, AI** and melamine (concen-
tration tenfold of BSA) are much weaker than that of
the system with BSA. As shown in Fig. 8a, neither of
the interfering substances affect the fluorescence
intensity of the system. Based on this, it was concluded
that the synthesized CdS/CMC FBSs display a high
selectivity for BSA. This suggested that the proposed
method can be used for designing BSA sensors.

To determine the stability of the proposed FBS, FS
was used (Fig. 8b). There was no observed change in
the peak intensity associated with BSA. After 7 days,
the intensity decreased by ~ 2.2% relative to the
initial intensity. After 15 days, the intensity decreased
by ~ 3.87%, and the intensity decreased by ~ 6.49%
after 20 days. The FBS retains about 92% of its
original activity after 30 days, which indicated that the
proposed CdS/CMC FBS was highly stable.

Table 1 Comparison between the concentration detected by CdS/CMC fluorescent biosensor and the concentration of standard

reagent

Standard concentration (mg/mL) Detection concentration (mg/mL) Deviation (%)
Reagent 1 5 4.976 0.48
Reagent 2 10 9.843 1.57
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Detection of practical standard reagents

In order to prove the accuracy and feasibility of the
BSA detection method in vitro, the contents of BSA in
two practical BSA standard reagents are detected. The
detection result is given in Table 1. It can be seen from
Table 1 that, for two standard reagents widely used in
biological medicine, the deviation between BSA
concentration and standard concentration obtained
by our method is less than 2%. These results reason-
ably demonstrated that the fluorescent biosensor and
the detection method that was proposed can be used
for in vitro detection of BSA effectively.

Conclusions

In conclusion, a fluorescence biosensor based on
CMC-coated CdS QD composite microspheres has
been successfully prepared using a LbL self-assembly
process for the first time. The determination of BSA is
based on the quenching and recovery of fluorescence
intensity in a system which uses the competition
between CdS QDs and BSA to form a composite with
CMC. The results from the fluoresence intensity of
systems with different concentrations of BSA sug-
gested that the obtained CdS/CMC composite micro-
spheres were an effective biosensor for BSA. A linear
relation between the fluorescence intensity and BSA
concentration is 0.05-2.00 pM with a detection limit
of 107® M. In addition, the composite microspheres
showed high stability with a low fluorescence quench-
ing of 7.79% for 1 month. These results suggest that
CdS/CMC composite microspheres can be utilized as
efficient fluorescence biosensors for detection of BSA.
The method reported in this paper is simple and
efficient, which makes it an effective method for other
biomolecule detection.
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