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This study is to report a ZnSe quantum dot with a large two-photon absorption cross section and good biocom-
patibility, which can be used in bioimaging. Fluorescence emission at 410 nm is observed in the quantum dot un-
der 760-nm laser excitation. These biocompatible quantum dots exhibit a two-photon cross-section of 9.1x10° GM
(1 GM=107% cm*-s/photon). Two-photon excited laser scanning microscopic images show that cells co-cultured with
ZnSe quantum dots are found in the blue channel at a fluorescence intensity that is 14.5 times that of control cells not co-
cultured with quantum dots. After incubating zebrafish larvae with ZnSe quantum dots for 24 h, the fluorescence intensity
of the yolk sac stimulated by ultraviolet light is 2.9 times that of the control group. The proposed material shows a great

potential application in biological imaging.
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1. Introduction

Semiconductor quantum dots (QDs) have attracted
much attention in recent years due to their unique optical
properties.!! ! The QDs have good chemical stability and can
adapt to environments with large variations in pH range.!*! By
adjusting their composition and size, QDs can emit the lights
with various colors to supplement the green autofluorescence
of living organisms.>-%! Therefore, high-quality imaging can
be performed using the fluorescence of quantum dots for bi-
ological imaging. The use of two-photon absorption (TPA)
imaging is an important direction for quantum dot biological
imaging. The TPA process is a third-order nonlinear optical
process, which refers to the process in which two photons
are simultaneously absorbed by an electron from the ground
state to the excited state under the excitation of strong light.!”]
The TPA fluorescence materials used in biological imaging
have the following advantages: significantly improving the
depth and spatial resolution of imaging the fluorescence of bi-

8-10

ological samples,'3-' reducing the degree of damage to bio-

logical tissues,!!"1?! and improving the image signal-to-noise

(131 The effect of TPA fluorescence bioimaging depends

ratio.
on the TPA absorption cross section and the biocompatibil-
ity of the fluorescent probe.!!*!®) Quantum dots have better

biocompatibility and photochemical stability than other TPA
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[17.18] These characteris-

materials, such as organic materials.
tics indicate that QDs have a great potentional application in
biological imaging. However, reports on TPA luminescence of
QDs, showing that QDs suitable for biological imaging have
a large TPA cross section, are lacking. The QDs with a large
TPA cross section can help obtain clear images by low-power
laser excitation and reduce the cell damage caused by the laser.

In this study, ZnSe QDs with upconversion blue fluores-
cence emission properties and good biocompatibility which
can be used in vitro bioimaging are explored. These ZnSe
QDs are used for TPA biological microscopic imaging to ob-
tain images with high brightness. The water-soluble ZnSe
QDs are applied to cell and zebrafish imaging. The uptake
of ZnSe QDs by HepG?2 cells is high, 7.19 x 107 for each cell.
Under these conditions, the viability of HepG2 cells is more
than 90%. The viability of zebrafish larva after being expo-
sured to 0.8-uM ZnSe QDs for 24 h is 90%. These results
indicate that ZnSe QDs have good biocompatibility and low
biotoxicity. Under the excitation of a 760-nm femtosecond
pulsed laser, the ZnSe QDs exhibit a strong TPA effect, and
the TPA cross section is 9.1x 10° GM. The TPA fluorescence
is 410 nm in the visible range. These characteristics indicate
that ZnSe QDs are suitable for biological imaging. Laser scan-
ning microscopy images of TPA excitation show that HepG2

*Project supported by the National Natural Science Foundation of China (Grant Nos. 61774062 and U20A20206), the Science and Techology Program of
Guangzhou City, China (Grant No. 2019050001), and the Natural Science Foundation of Guangdong Province, China (Grant Nos. 2018A030313854 and

2016A030308010).

fCorresponding author. E-mail: zhouliyatf@ 163.com
fCorresponding author. E-mail: fanhh@scnu.edu.cn

© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

044204-1


http://dx.doi.org/10.1088/1674-1056/abd467
zhouliyatf@163.com
mailto:fanhh@scnu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 30, No. 4 (2021) 044204

cells incubated with ZnSe QDs produce bright blue TPA flu-
orescence, and the brightness is 14.5 times that of the control
group. The images of zebrafish larvae incubated with ZnSe
QDs for 24 h are also studied. Under the stimulation of ultra-
violet light, the bright blue fluorescence of the experimental
zebrafish larva incubated with ZnSe QDs is observed. The flu-
orescence intensity of yolk sac is 2.9 times that in the control
group. This result opens a new avenue for developing highly
effective multiphoton absorbing materials for biological imag-

ing.

2. Materials and methods

The details of the synthesis, characterization, and bio-
compatibility of the ZnSe QDs and the experiment setup can

be seen in supplementary materials.!!=!]

3. Results and discussion

3.1. Morphology and structure of ZnSe QDs

The morphology and structure of ZnSe QDs are char-
acterized by using TEM (Fig. S1 in supplementary materi-
als).
sponding crystal face indices of the polycrystalline diffraction

The average diameter is about 4.7 nm. The corre-

ring in the selected area electron diffraction SAED pattern are
(111), (220), and (311), which are consistent with the crys-
tal face indices of the cubic blende structure of the bulk ZnSe
materials.??) This finding indicates that water-soluble ZnSe
QDs has a cubic blende structure.
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3.2. Optical properties of ZnSe QDs

Figure 1(a) shows the ultraviolet—visible absorption spec-
trum and fluorescence spectrum of ZnSe QDs. The absorption
range of ZnSe QDs could be as long as 400 nm. The ZnSe
QDs produce 410-nm blue fluorescence under the excitation
of 380 nm, which shifts about 50 nm compared with the in-
trinsic fluorescence (460 nm) of the bulk ZnSe material.!>*!
The blue shift is caused by the quantum confinement effect of
QDs.!?*! The fluorescence peak at 410 nm is attributed to the
band edge radiation or the excite radiation. [25] Besides, a rela-
tively weak fluorescence emission peak is observed at 500 nm
due to the presence of various defect states on the surface or
inside of ZnSe QDs.[2°]

Based on the result of absorption spectrum, afemtosec-
ond laser of 760-nm is used to excite the ZnSe QDs and the
upconversion fluorescence is observed. The fluorescence peak
is 410 nm, which is consistent with the corresponding single-
photon fluorescence emission peak (Fig. 1(b)). Fluorescence
spectra with different laser power values are measured to study
the mechanism of the upconversion fluorescence. The results
are plotted in logarithms further for understanding the mecha-
nism of fluorescence in ZnSe QDs. The logarithm of the inten-
sity and the laser power exhibit a linear relationship as shown
in Fig. 1(c). The fitted & slope is 1.91, indicating that the up-
conversion fluorescence of ZnSe QDs is the TPA excitation
fluorescence. >’ The TPA fluorescence lifetime of ZnSe QDs
is 1.83 ns.
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Fig. 1. (a) Absorption and fluorescence spectrum of the ZnSe quantum dots, with solid line and dash line representing absorption spectrum and
fluorescence spectrum, respectively. (b) Fluorescence and TPA excited fluorescence spectrum of ZnSe quantum dots, with the solid line and dash dotted
linedenoting fluorescence spectrum and TPA excited fluorescence spectrum, respectively. (c) Power dependence of TPA excited fluorescence intensity
of ZnSe quantum dots on 760-nm excitation power. (d) TPA excited luminescence decay curves (dots) of the ZnSe quantum dots solution and the best

fitting curves (red line).
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Table 1. Optical property of ZnSe quantum dots.

Sample A2 (nm) AD (nm) A, (nm) Ad, (nm) D (%) o, (GM)
DAPI 320 - 460 - 4.5 -

R6G - 760 - 553 95 31.5

ZnSe 320 760 410 430 0.22 757%,9.1x10°f

20ne-photon excitation wavelength, Ptwo-photon excitation wavelength, “emission wavelength of DAPI and ZnSe QDs

under excitation of 320 nm, ¢

emission wavelength of R6G and ZnSe QDs under excitation of 760 nm, °results corre-

sponding to molecular concentration, fresults corresponding to particle concentration.

The excitation peak and emission peak of DAPI are
345 nm and 475 nm, respectively, which are close to those of
ZnSe QDs. Therefore, the The photoluminescence quantum
yields (PL QYs) of ZnSe QDs are measured by using DAPI
as the reference solution. The PL QY of ZnSe QDs is around
4.9% of that of the fluorescent dye DAPI, or an absolute QY
of 0.22%. Using R6G as a reference dye, the TPA cross sec-
tion of ZnSe QDs is measured by a TPA-induced fluorescence
method. Comparing with other reported quantum dots,!?8! the
absorption cross section of this quantum dot is relatively high,
reaching 9.1x10° GM per QD (757 GM for molecule, the
detail can be seen in part 2 of Supplementary material). Al-
though the PL QY of this kind of quantum dot is very low, the
strong TPA characteristics make it potentially useful in biolog-
ical imaging. The PL QY's and the TPA cross section of ZnSe
QDs are shown in Table 1.

3.3. Biocompatibility of ZnSe QDs in HepG2 Cells

Toxicity is considered when ZnSe QDs are applied to cel-
lular imaging. Different concentrations of ZnSe QDs are in-
cubated with HepG2 cells for 24 h, and the viability is mea-
sured by using the MTT assay. As shown in Fig. 2. When
the concentration of ZnSe QDs is 0.8 uM, the cell viability
is still 92%, indicating that this concentration is not toxic to
HePG2 cells.?®3!1 The morphology of HepG2 cells changes
little within 24 h when the particle concentration is less than
0.8 uM (Fig. S2).
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Fig. 2. Viability of HepG2 cells with different concentrations of ZnSe quan-
tum dots, measured by MTT assay.

The TEM images are taken after incubating the cells with
ZnSe QDs for 24 h to determine the cellular uptake and the
distribution of ZnSe QDs in HepG2 cells. Figures 3(a) and

3(b) show that the ZnSe QDs enter into the organelle and the
nanoparticle clusters form naturally. Figure 3(c) shows the
energy-dispersive x-ray spectrum (EDS) of QD clusters inside
the cell. The map shows that the nanoparticles in the cells are
ZnSe QDs. The O, Pb, and other elements, apart from Zn and
Se, are found in the EDS map due to additional chemicals and
nickel meshes used for preparing cell slices.

The cellular internalization process is crucial in the
bioimaging of nanoparticles. The cellular uptake in a so-
lution with a particle concentration of 0.8 uM is measured
by using ICP-MS. The molar mass for 4.7-nm ZnSe QDs is
1.774 x 10° g/mol. The uptake of a single HepG2 cell for 4.7-
nm ZnSe QDs is 2.12 x 10-11 g. Therefore, the intake for each
cell is about 7.19 x 107 ZnSe QDs.

[Blemen«] ¢ T O T P [ s Ta
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Fig. 3. (a) TEM image of HepG2 cell incubated with ZnSe quantum
dots for 24 h. (b) Enlarged TEM image of ZnSe quantum dots naturally
created in lysosome of HepG2 cell. (c) EDS spectrum of ZnSe quantum
dots inside HepG2 cell.

3.4. TPA excitation cellular imaging of ZnSe QDs

In this paper, the application of ZnSe quantum dots in
TPA fluorescence bioimaging ios also discussed. After incu-
bating HepG2 cells with 0.8-uM ZnSe QDs in a culture dish
for 24 h, the cells are washed three times with PBS. The ex-
perimental group is cells incubated with ZnSe QDs, and the
control group is cells incubated without ZnSe QDs. Subse-
quently, The TPA fluorescence images are obtained by scan-
ning them with a two-photon scanning microscope excited by
a 760-nm femtosecond pulse laser. The structure of the two-
photon microscope system is shown in Fig. S3. Figures 4(a)—
4(d) show the bright-field image, images of the green and blue

044204-3



Chin. Phys. B Vol. 30, No. 4 (2021) 044204

channels, and the combination image of green and blue chan-
nels of the control group, respectively. Figures 4(e)—4(h) show
the bright-field image, images of the green and blue chan-
nels, and the combination image of the experimental group,
respectively. When cells are excited by a 760-nm femtosec-
ond pulsed laser, the TPA fluorescence intensity of the cells
is recorded with the photomultiplier tube of each channel in
the microscope. Therefore, the TPA excited cellular imaging
is obtained. The bright blue fluorescence is observed in the

/

experimental group, indicating that the ZnSe QDs enter into
the cells, while the blue fluorescence intensity is very weak

(321 The fluorescence brightness of blue

in the control group.
channel of the labelled cells in Fig. 4 is listed in Table 2. The
fluorescence brightness in the blue channel of cell 5 is 14.5
times higher than that of cell 3. These results indicate that the
water-soluble ZnSe QDs are suitable for the TPA fluorescence

cellular imaging.

Fig. 4. Images of control group HepG2 cells without culturing with ZnSe quantum dots: (a) bright field image, (b) TPA fluorescence image
with green channel, (c) blue channel, (d) the combination image of geen and blue channels. Images of HepG2 cells incubated with ZnSe
quantum dots for 24 h: (e) bright field image, (f) TPA fluorescence images with green channel, (g) blue channel, and (h) combination image of

geen and blue channel. Scale bars correspond to 20 pum.

Table 2. Fluorescence brightness in blue channel of selected cells.

Sample Area (cell) Intensity (min) Intensity (max) Intensity (mean)

1 1 0 3 0.69
2 1 0 3 1.06
3 1 0 3 1.01
4 1 4 34 14.05
5 1 4 34 14.51
6 1 4 33 14.35

3.5. Biological imaging of ZnSe QDs in zebrafish larva

After exploring that ZnSe QDs significantly enhance the
TPA fluorescence of cells, a series of experiments are per-
formed to investigate the application of ZnSe QDs in zebrafish
imaging. The zebrafish larvae with rapid embryonic develop-
ment, short growth time, simple incubation, and transparent
body is chosen as model organism!33-3>! to study the zebrafish
imaging of ZnSe QDs. Figure 5 shows a fluorescence image
of zebrafish larvae exposed to ZnSe QDs. Figures 5(a) and
5(b) show the bright-field image and fluorescence image of
zebrafish larvae in the control group incubated without ZnSe
QDs, respectively. Figures 5(c) and 5(d) show the bright-field
image and fluorescence image of zebrafish larvae in the ex-
perimental group incubated with 0.8-uM ZnSe QDs for 24 h.
The morphology of zebrafish larvae in the bright-field imag-
ing of the experimental group as shown in Fig. S4 does not
significantly change compared with that in the control group.
The viability of zebrafish larvae after being exposured to ZnSe
QDs for 24 h is 90% (Fig. S5). These two results indicate that

0.8-uM ZnSe QDs are safe for zebrafish larvae. The fluo-
rescence images of zebrafish larvae are obtained by selecting
the light range of 300410 nm as an excitation source for
the fluorescence stereomicroscope. Comparing Fig. 5(b) with
Fig. 5(d), it is found that the zebrafish larvae incubated with
ZnSe QDs emits the bright blue fluorescence, while the ze-
brafish larvae incubated without QDs (control group) produces
the weak blue fluorescence. As shown in Table 3, the average
brightness of blue fluorescence produced in the control group
is 15.4 and the maximum brightness is 33. The zebrafish lar-
vae incubated with ZnSe QDs produces the blue fluorescence

Fig. 5. (a) Bright field image of zebrafish larva incubated without QDs, (b)
fluorescent image of zebrafish larva incubated without QDs, (c) bright field
image of zebrafish larva incubated with ZnSe QDs, and (d) fluorescent im-
age of zebrafish larva incubated with ZnSe QDs. Scale bar is 750 pm in
size.
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with an average brightness of 25.6 and a maximum bright-
ness of 86. This finding indicates that the ZnSe QDs enter
into the zebrafish larvae exposed to the ZnSe QDs. The av-
erage brightness of the yolk sac of zebrafish larvae incubated
with ZnSe QDs is 58.1, which is 2.9 times of the blue fluo-
rescence brightness of yolk sacs of zebrafish larvae incubated
without QDs (19.9). This observation indicates that the ZnSe
QDs mainly assemble in the yolk sac of zebrafish larvae after
ingestion.

The thioglycolic acid (TGA) is used as the stabilizer in
the synthesis of quantum dots. For TGA, the mercapto group
binds to the Zn atom on the surface of QDs, and the polar car-
boxylic acid group renders the QDs water-soluble. The free
carboxyl group is also available for covalent coupling to var-
ious biomolecules (such as proteins). After these ZeSe QDs
enter into the zebrafish larvae, they are likely to bind to yolk

proteins in the yolk sac. So the yolk sac appears bright blue.

Table 3. Fuorescence brightness of zebrafish larva incubated without QDs.

Sample

Intensity (min)

Intensity (max) Intensity (mean)

Zebrafish larva in Fig. 5(b)
Zebrafish larva in Fig. 5(d)
Yolk sac of zebrafish larva in Fig. 5(b)
Yolk sac of zebrafish larva in Fig. 5(d)

33 145
86 25.5
33 19.9
86 58.1

4. Conclusions

In this study, ZnSe QDs with good biocompatibility and
strong TPA properties are synthesized by the hydrothermal
method. The ZnSe QDs have a TPA cross section of about
9.1 x 10° GM. After 24-h-incubation with 0.8-uM ZnSe QDs,
the viability of HepG?2 cells is still more than 92%. The uptake
of ZnSe QDs by a single cell is 7.17 x 107 particles. When the
cells are excited by the 760-nm femtosecond laser, the TPA
fluorescence images of cells are obtained by using a laser scan-
ning microscope. The experimental group cells co-cultured
with ZnSe QDs produce bright blue TPA fluorescence, and the
brightness of fluorescence is 14.5 times that of the control cells
incubated without QDs. The morphology of zebrafish larvae
does not change significantly after being incubated with 0.8-
uM ZnSe QDs for 24 h. Under the stimulation of ultraviolet
light, bright blue fluorescence is observed in the zebrafish lar-
vae incubated with ZnSe QDs. These results opened up a new
way for developing new biological imaging materials.
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