Hexamethylene-1,3-bis(cetyldimethylammonium bromide) protected low-toxicity
ZnSe quantum dots as fluorescent probe for proteins
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Hexamethylene-1,3-bis(cetyldimethylammonium bromide) (Gig.6.16) protected low-toxicity ZnSe quantum dots (QDs) were successfully
synthesised and used as fluorescence probe to detect proteins such as bovine serum albumin (BSA). This method is simple, fast, selective
and sensitive. Surfactant G616 can interact with proteins through hydrophobic effect, thus leading to the fluorescence quenching of Gyg.
6-16 protected ZnSe QDs nanometre material. The fluorescence intensity of Gj¢.6.16 protected ZnSe QDs was linearly proportional to BSA
over a concentration range from 0 to 80 nM with a correlation coefficient of 0.993. The detection limit was 0.04 nM. This method was
successfully applied to determine BSA in urine samples which shows the good application value of this nanometre material.

1. Introduction: Proteins play an important role in various
biological processes [1]. Human serum and plasma proteomes are
estimated to be composed of more than 10 000 different proteins
in a dynamic range of protein concentration, most of which
would be present at very low relative abundances [2, 3].
Interestingly, proteomics is entering into the field of biomedicine
with declared hopes for the identification of new pathological
markers and therapeutic targets [4]. Hence, the development of
sensitive, selective and flexible methods for detecting proteins is
highly demanded and of great significance.

Many methods, such as resonance light scattering techniques [5—
71, chemiluminescence [8], Bradford assay method [9], circular di-
chroism, fluorescence spectroscopy [10], Fourier transform infrared
spectroscopy [11] and differential scanning calorimetry [12], have
been proposed for the detection of proteins. Expensive instruments
or complicated sample preparation processes are required, although
these methods are sensitive. Thus, efforts have been devoted to
designing suitable and environmentally friendly sensors for
protein detection. Unlike the above techniques, fluorescence
methods offer a promising approach for simple, low-cost and
rapid tracking of proteins.

Semiconductor nanocrystals, known as ‘quantum dots’ (QDs),
have high luminescence efficiency, continuous excitation spectrum,
high stability against photobleaching, controllable and narrow emis-
sion bands compared with the traditional organic fluorescent dyes,
due to the quantum confinement effects [13—16]. Thus, they are
ideal fluorescent dyes to replace organic fluorescent dyes and
have attracted increasing interest for bioimaging [17], biolabelling
[18], biodetection [19] and clinical diagnosis [20]. Compared
with the traditional CdSe QDs that have toxicity in certain condi-
tions [21], ZnSe QDs (without heavy metal ions) are potential
blue fluorescent biological labels because of their low cytotoxicity
[22-25]. ZnSe QDs as wide bandgap nanomaterials are excellent
UV-blue emitters [26] complementary to those visible and near-
infrared emitting QDs. Gemini surfactants are a relatively widely
used new type of surfactant. They have a lower critical micelle
concentration (CMCC) and a higher ability to reduce the oil/water
interfacial tension and are comparable to conventional surfactants
[27-30].

QDs possess negative charges because of the -COO- groups on
the surface of the QDs, so they can combine with positively charged
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surfactants. In this study, we used the Gemini surfactant
hexamethylene-1,3-bis(cetyldimethylammonium bromide)
(Gi6.6-16) to modify ZnSe QDs and have successfully synthesised
Gies-16 protected low-toxicity ZnSe QDs. The interactions
between the Gemini surfactant and proteins aroused researchers’
attention more and more [31]. Serum albumin (ALB) is the most
abundant protein in blood plasma, which plays an important role
in maintaining plasma osmotic pressure, transporting a wide
variety of compounds and balancing nutrition. Low levels of
ALB may indicate liver and kidney troubles or malnourishment
caused by a low-protein diet [32]. It is necessary to measure the
ALB content in blood plasma or other biological fluids to obtain
useful information about a patient’s health. Bovine serum
albumin (BSA) is frequently studied as a model protein because
of its structural homology with human serum albumin [33].
Therefore, the development of analytical methods for BSA detec-
tion in biological samples has attracted much attention [34-36].
Chodankar er al. [37] proposed the mechanism of interaction
between BSA and Gemini surfactant. As a high fluorescence effi-
ciency nanomaterial that possesses excellent physical and chemical
properties, Gig.6.16 protected ZnSe QDs have been introduced as a
new fluorescent platform for sensing BSA. This method is simple,
fast, selective and sensitive. Surfactant Gj.6.1¢ can interact with
proteins through hydrophobic effect, thus leading to the fluores-
cence quenching of Gy¢..16 protected ZnSe QDs nanometre mater-
ial [38] which facilitated our sensing approach. Furthermore, we
validated the practicality of this method through an analysis of
BSA in urine samples.

2. Experimental: Gemini surfactant Gieg.16, BSA, Se,
CdCl,-2.5H,0 and MAP (3-mercaptopropionic acid) were
purchased from Hubei University, @~Wuhan Tianyuan
Biotechnology Co. Ltd., Tianjin Kermel Chemical Reagent Co.
Ltd., Tianjin Suzhuang Chemical Reagent factory and Aladdin
Reagent Co., Ltd., China, respectively. BSA was dissolved in
methanol and a stock solution of 40 nM was prepared from
which BSA was diluted to serial concentrations. All solutions
were freshly prepared before use, and Milli-Q water (18 MQ cm)
was used throughout the experiments.

The crystalline structure and composition of the Gyg.¢.16 pro-
tected ZnSe QDs were identified by a D/MAX-IIC X-ray
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diffractometer (Shimadzu, Japan). The morphology of the QDs was
characterised by high-resolution transmission electron microscopy
(HRTEM) on a Philips Tecnai G2 F20 (Philips, Holland) micro-
scope operating at a 200 kV accelerating voltage. The UV-vis ab-
sorption measurements were performed on ZF-I three-operating
UV analyser (Gucun Electricity Light Instrumental Factory,
China). Fluorescence spectra were recorded on an RF-540 fluoro-
photometer (Tokyo, Japan) equipped with a 1.0 cm quartz cell
and a thermostat bath.

Synthesis of ZnSe QDs: typically, 20 ml of 0.02 M prepared Zn
(Ac); solution and 0.1 ml of MPA solution were mixed with 80 ml
water, and the pH of the solution was adjusted to 11.2 by dropwise
addition of 1.0 M NaOH solution with stirring. The solution was
placed in a four-necked flask in N, environment. Freshly prepared
NaHSe solution was added through a syringe into the Zn-MPA pre-
cursor solution at room temperature under stirring. Then the mixture
was heated to reflux (95°C) under atmospheric conditions with a
condenser attached for 2 h to obtain ZnSe QDs.

Synthesis of Gjg..16 protected ZnSe QDs: different concentra-
tions of G¢.6.1¢ Were added to the ZnSe QDs under vigorous stir-
ring, and then these prepared G¢.6.16 protected ZnSe QDs solutions
were ready for the following experiments.

3. Results and discussion: The obtained ZnSe QDs were
characterised by HRTEM, X-ray powder diffraction spectrometry
(XRD), UV-vis spectrometry and fluorescence spectrometry. The
HRTEM images showed that ZnSe QDs were monodispersed and
displayed an average diameter of about 5 nm (Fig. 1). Fig. 2 is
the X-ray diffraction spectra of the prepared ZnSe QDs. The main
diffraction peaks in the 26 range of 20°-70° were corresponding
to the (111), (220), (311) and (331) four lattice planes of the
cubic sphalerite structure of ZnSe, which is consistent with
JCPDS Card No. 37-1463. The diffraction peaks were obvious
and had no other diffraction impurity peaks, which showed that
the ZnSe QDs were well crystallised and were of high purity. As

Figure 1 HRTEM images of the as-prepared ZnSe QDs
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Figure 2 XRD patterns of the as-prepared ZnSe QDs
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Figure 3 Absorption spectra of the as-prepared ZnSe QDs
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Figure 4 Fluorescence spectra of the as-prepared ZnSe QDs

shown in Fig. 3, ZnSe QDs had a rather wide absorption band
and its typical exciton absorption peak was at 350 nm, which is
consistent with the reported MPA-capped ZnSe QDs [39]. The
fluorescence excitation and emission wavelength of ZnSe QDs
were 355 and 465 nm, respectively, (Fig. 4).

We investigated the influence of the molar ratio between ZnSe
QDs (1 mM) and Gemini surfactant Gie6-16 (Rznse QDs/G16-6-16)
on the fluorescence intensity of Gje¢.16 protected ZnSe QDs
from 0 to 25:17. As shown in Figs. 5 and 6, the fluorescence inten-
sity of the Gyg.16 protected ZnSe QDs reduced at first, then
increased quickly with increasing surfactant concentration and
finally became stable. The surface tension of the QDs was
decreased at first when Gy¢.6.1¢ Was added, which resulted in the de-
crease of the fluorescence intensity. Then the surfactant Gig.6.16
formed a layer of hydrophilic film on the surface of the QDs
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Figure 5 Effect of the Ryse opsicis-6-16 (a—e: 0-25:4; f~q: 25:6-25:17) on
the fluorescence intensity of the Gs.4.;5 protected ZnSe QDs nanomaterial
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Figure 6 Fluorescence signals of the G 4.6.14 protected ZnSe QDs nanoma-
terial synthesised with different Rz,se ops/G16-6-16
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Figure 7 Fluorescence spectra of G4.6.15 protected ZnSe QDs nanomater-
ial in the presence of various concentrations of BSA (nM, a—g: 0.0, 10, 20,
30, 50, 60 and 80)

with the increasing concentration of G¢_6.16, Which can prevent the
aggregation of QDs and increase the stability of QDs in aqueous
media; thus, the fluorescence intensity increased. To obtain
highly fluorescent Gig.6.16 protected ZnSe QDs nanomaterial,
25:12 was chosen as the optimal proportion in all experiments.

The reaction between Gig.6.16 protected ZnSe QDs and BSA at
room temperature occurred rapidly. We can see from Fig. 7 that
the fluorescence intensity of G¢.6.16 protected ZnSe QDs at 465
nm can be quenched by BSA and was linearly proportional to
BSA (Fig. 8) over a concentration range from 0 to 80 nM with a cor-
relation equation of AF=0.52+16.9 C (nM) and a correlation co-
efficient of 0.993. The detection limit (LOD) was 12.4 nM.

The fluorescence quenching is usually divided into static quench-
ing and dynamic quenching. The dynamic quenching can be
described by Stern—Volmer’s equation (1), whereas the static
quenching can be described by the Lineweaver—Burk equation (2)
[40-41]

Fo/F =1+ Kgy[0] ¢y

1/(Fy = F) = 1/Fy + K g /Fo[O1Fy /F = 1 +[Q]/Kig -~ (2)

where F and F are the steady-state fluorescence intensities in the
absence and presence of quencher, respectively. [Q] is the concen-
tration of quencher, BSA. Kgy is the Stern—Volmer quenching con-
stant and K;p is the static quenching constant [42-45]. The
relationship between (Fyp — F )~ and 1/[BSA] does not follow the
Lineweaver—Burk equation. However, the linear relationship
between Fy/F and the concentration of BSA showed that the fluor-
escence quenching followed the Stern—Volmer’s equation; that is,
dynamic quenching occurs (Fig. 9). The quenching rate Kgy can
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Figure 8 Change of fluorescence signals of the Gs.6.;5 protected ZnSe
ODs nanomaterial at 460 nm against the concentration of BSA from 0 to
80 nM
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Figure 9 Stern—Volmer’s plot of fluorescence quenching of Gs.6.16 pro-
tected ZnSe QDs nanomaterial by BSA

be obtained by linear Stern—Volmer plots of Fy/F against [Q]
from (1). As shown in Fig. 10 and Table 1, the Kgv of G6.6.16 pro-
tected ZnSe QDs synthesised with Rz,sc ops/Gi6-6-16 0f 25:12 was
higher than that of 25:4, which further confirmed that 25:12 was
the optimal proportion. We considered the hydrophobic effect
between the Gig..16 On the surface of Gigg.16 protected ZnSe
QDs and BSA played a decisive effect in the fluorescence quench-
ing of Gy¢.6.16 protected ZnSe QDs by BSA [38]. We also investi-
gated the influence of BSA on the fluorescence intensity of ZnSe
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Figure 10 Fluorescence signals of the ZnSe QDs in the presence of various
concentrations of BSA (CZnSe QDs =1 mM)
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Table 1 Stern—Volmer quenching constants of BSA to Gig.6.16 protected
ZnSe QDs nanomaterial synthesised with different Rznse ops/G16-6-16

Table 2 Effect of co-existing substances on the change of fluorescence
emission because of the addition of BSA at 1.33 nM
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Figure 11 Fluorescence spectra of a G4.5.16 protected ZnSe QDs nanoma-
terial (a); ZnSe QDs (b); BSA and G 4.5.15 (C)

QDs. Results have shown that BSA cannot quench the fluorescence
intensity of ZnSe QDs (Fig. 11). The fluorescence intensity of
Gig.6.16 protected ZnSe QDs was higher than the ZnSe QDs and
the mixture of BSA and Gy¢..1¢ had no fluorescence signals at a
wavelength range of 400—650 nm which facilitated our sensing ap-
proach (Fig. 12).

To evaluate the potential of the proposed Gi¢.6.16 protected ZnSe
QDs-based fluorescent sensor for detecting proteins such as BSA,
the interferences on the determination of BSA were studied, includ-
ing relative acids and metal ions (Table 2). From the results, most
interferents were unaffected by the change of fluorescence emission
even at a rather high concentration. Although interferents such as
RNA and DNA can affect the determination, diluting the samples
with water can minimise the interference of coexisting substances
in real samples. Thus, it is possible to use this method for the deter-
mination of proteins in real samples.

To demonstrate the applicability of the Gj¢.6.16 protected ZnSe
QDs-based fluorescence probe, we detected the concentration of
BSA in urine samples. The analytical results for the urine
samples are shown in Table 3. The recoveries of spiked BSA
ranged from 90 to 110%, which indicated no interference from
urine samples. The relative standard deviation is lower than 5%,
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Figure 12 Stern—Volmer’s plot of fluorescence quenching of G4.5.16 pro-

tected ZnSe QDs nanomaterial (C=0.2 mM) synthesised with different
RZnSe QODs/G 45.5.16 by BSA (RZnSe ODs/G6.6.16, a =25:12; and b = 25:4)
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Substance Concentration, ng:1™! Change of the
fluorescence intensity, %

Mn** 330 24
Fe*" 0.033 3.6
Ca®* 133 4.5
AP 0.2 -4.8
Mg** 28 26
K* 68.9 2.5
Cu®* 1 —-4.2
Zn* 0.117 24
Na* 46.7 0.1
RNA (Mw =330) 0.0017 -2
DNA (Mw =66 000) 0.00087 2.7
glucose 0.002 -19
L-histidine 0.017 1.9
L-glycine 0.283 2.4
arginine 0.174 1.8
lysine 0.146 2.9
isoleucine 0.131 1.4
urea 0.06006 1.3
L-cysteine 0.121 24
L-tryptophan 0.204 2.7

Table 3 Determination of BSA in urine samples using the proposed
method

Matrix Urine

BSA, nM 1.00 1.33 1.67
dilution ratio 200 200 200
recovery, % 110 110 90

regression equation Y=0.52+16.9X

R 0.993

LOD, nM 0.04

RSD, % 4.9

which also shows the good precision of this method. The above
results demonstrate that the developed assay offers great potential
for specific detection of proteins such as BSA in urine samples.

4. Conclusion: In this Letter, we used the Gemini surfactant
hexamethylene-1,3-bis(cetyldimethylammonium bromide)
(Gi6.6-16) to modify ZnSe QDs and have successfully synthesised
Gig.6.16 protected low-toxicity ZnSe QDs. As a high fluorescence
efficiency nanomaterial that possesses excellent physical and
chemical properties, Gieg.16 protected ZnSe QDs have been
introduced as a new fluorescent platform for sensing BSA. This
method was simple, fast, selective and sensitive. Surfactant
Gig.6.16 can interact with proteins through hydrophobic effect,
thus leading to the fluorescence quenching of Gie.6.16 protected
ZnSe QDs nanometre material, which facilitated our sensing
approach. Furthermore, we validated the practicality of this
method through an analysis of BSA in urine samples.
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