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Objective. To prepare a polyethylene glycol- (PEG-) modified rare earth metal-organic framework material drug delivery system,
obtain DOX@Eu (BTC) fluorescent nanoparticles after loading doxorubicin (DOX), and explore the effect of DOX@Eu (BTC)
fluorescent nanoparticles on the chemotherapy sensitivity of gastric cancer multidrug-resistant cells SGC7901/ADR. Methods. The
rare earth metal-organic framework fluorescent nanoparticles EU (BTC) were prepared by the solvent method and modified with
PEG, and DOX@Eu (BTC) fluorescent nanoparticles were obtained after loading DOX. The particle size distribution of the prepared
nanoparticles was analyzed by TEM, the adsorption performance of the prepared nanoparticles was evaluated by BET, the effective
drug loading of DOX in the nanoparticles was determined by TGA analysis, and the pH response release performance was evaluated
by in vitro release experiments. The MTT method was used to test the toxicity of EU (BTC) to GES-1 and SGC7901/ADR cells and
detect the proliferation of SGC7901/ADR cells in each group. A fluorescence confocal microscope was used to observe the
positioning of DOX@Eu (BTC) in SGC7901/ADR cells. The expression level of miR-185 in each group of cells was detected by RT-
qPCR. The Annexin V-FITC/PI method was used to determine the apoptosis rate of cells in each group. The expression of MRS2
and related drug resistance proteins in each group of cells was detected by Western blotting (WB). The dual-luciferase reporter gene
experiment was used to verify the targeting relationship between miR-185 and MRS2. Results. Most of the prepared EU (BTC)
fluorescent nanoparticles have a particle size between 50 and 200 nm and have good adsorption capacity. The effective drug loading
of DOX is 29%, and it has pH-responsive release performance and can be used in acidic environments. DOX was immobilized in
EU (BTC) fluorescent nanoparticles, and DOX@Eu (BTC) fluorescent nanoparticles were present in the cytoplasm or cell membrane
of SGC7901/ADR cells. Compared with DOX, DOX@Eu (BTC) fluorescent nanoparticles have stronger cytotoxicity to
SGC7901/ADR cells, which also effectively inhibited the expression of multidrug resistance proteins in cells. The expression level of
miR-185 in SGC7901/ADR cells decreased, but the expression level of MRS2 protein in SGC7901/ADR cells increased. miR-185 and
MRS2 proteins are closely related to the multidrug resistance of SGC7901/ADR cells, and MRS2 is the downstream target gene of
miR-185. After the treating of SGC7901/ADR cells with DOX@Eu (BTC) fluorescent nanoparticles, the expression of miR-185 in the
cells increased significantly, while the expression of MRS2 protein decreased significantly, and the magnitude of the change was
more obvious than that of DOX treatment. Overexpression of miR-185 (miR-mimics) or inhibition of MRS2 (si-MRS2) enhanced
the inhibitory effect of DOX@Eu (BTC) fluorescent nanoparticles on the proliferation of SGC7901/ADR cells, which significantly
increased the induction of apoptosis by DOX@Eu (BTC) fluorescent nanoparticles, and simultaneous enhanced the inhibitory effect
on the expression level of multidrug resistance protein. However, overexpression of miR-185 and MRS2 (pc-MRS2+miR-mimics) at
the same time did not affect the chemotherapy sensitivity of SGC7901/ADR cells to DOX@Eu (BTC) fluorescent nanoparticles.
However, simultaneous transfection of miR-185 mimics and pc-MRS2 did not affect the chemotherapy sensitivity of SGC7901/ADR
cells to DOX@Eu (BTC) fluorescent nanoparticles. Conclusion. DOX@Eu (BTC) fluorescent nanoparticles can effectively enhance
the chemotherapy sensitivity of SGC7901/ADR cells to DOX, which may be achieved by upregulating the expression of miR-185 in
SGC7901/ADR cells and then inhibiting the expression of MRS2 protein.
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1. Introduction

Gastric cancer is a malignant tumor of the digestive tract
with high morbidity and mortality worldwide [1].
Although there have been great advances in early screen-
ing and treatment of gastric cancer, the incidence of gas-
tric cancer in my country is still high [2]. At this stage,
the main treatment for gastric cancer is surgical resection,
but most patients are already at an advanced stage when
gastric cancer is diagnosed, and the effect of surgical
treatment is still limited [3]. Studies have shown that
chemotherapy has a good effect on killing tumor cells
[4], but the 5-year survival period of gastric cancer
patients after chemotherapy is much lower than expected
[5], mainly because of the multidrug resistance of gastric
cancer cells and complex tumor microenvironment [6, 7].
The tumor microenvironment is an extremely complex
system, which is the main reason for inducing drug resis-
tance of cancer cells and affecting the efficacy of chemo-
therapy drugs [8]. Nanoparticles are a kind of drug
delivery system proposed in recent years that can encap-
sulate and target chemotherapeutic drugs to tumor tissues
[9], which can effectively overcome the shortcomings of
free chemotherapeutic drugs in the human body such as
low effective dose, poor pharmacokinetic properties, and
large side effects on patients, and improve the chemother-
apy effect of cancer patients. The metal-organic frame-
work compound is a new type of hybrid material,
which is famous for its porosity and has the characteris-
tics of ultrahigh surface area and large pore size suitable
for adsorbing drugs. It also has the characteristics of
being degradable, and after modification, it can improve
the targeting of tumor cells and is a potential chemother-
apeutic drug carrier [10]. MicroRNA (miRNA) is a class
of noncoding single-stranded RNA molecules whose role
has always been a hot spot in cancer research. Xia
et al. reported that miR-185 is closely related to the pro-
liferation, invasion, and metastasis of pancreatic cancer
cells [11]. The report of Xiang et al. showed that miR-
185 affects the sensitivity of ovarian cancer cells to cis-
platin [12]. Also, the study by Tan et al. showed that
miR-185 is related to the resistance of gastric cancer cells
[13]. Doxorubicin hydrochloride (Doxorubicin, DOX) is a
broad-spectrum antitumor antibiotic and a commonly
used chemotherapeutic drug in the treatment of gastric
cancer. However, related studies have shown that gastric
cancer cells will develop resistance after exposure to
DOX for a period, which affects the chemotherapy effect
of DOX. [14].

This study intends to load DOX on polyethylene gly-
col- (PEG-) modified rare earth metal-organic framework
material nanoparticles to obtain fluorescent DOX@Eu
(BTC) nanoparticles and compare DOX with fluorescent
DOX@Eu (BTC) nanoparticles, compare the effects of
DOX and fluorescent DOX@Eu (BTC) nanoparticles on
the chemotherapy sensitivity of gastric cancer multidrug-
resistant cell line SGC7901/ADR, and explore the mecha-
nism of their effects on the chemotherapy sensitivity of
SGC7901/ADR.

Journal of Nanomaterials

2. Experimental Materials and Methods

2.1. Materials and Main Instruments

2.1.1. Materials. Drug-resistant gastric cancer cell line
SGC7901/ADR, gastric cancer cell line SGC7901, and human
gastric epithelial cell line GES-1 were purchased from Shang-
hai Yiyan Biotechnology Co., Ltd. The primer sequences,
miR-185 mimics, and si/pc-MRS2 were designed and synthe-
sized by Biotech. Fetal bovine serum, penicillin, streptomy-
cin, PBS buffer, pancreatin, and RPMI 1640 medium were
purchased from Shanghai Yingxin Laboratory Equipment
Co., Ltd. Adriamycin hydrochloride (CAS: 25316-40-9, con-
tent 99%) was purchased from Wuhan Yuanqi Pharmaceuti-
cal Chemical Co., Ltd. Dimethylformamide (DMF), absolute
ethanol,  1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), 1,3,5-
benzenetricarboxylic acid (H3BTC), europium nitrate (Eu
(NO)3-6H20), polyvinylpyrrolidone (PVP), sodium acetate
(CH3COONa-3H20), and dimethyl sulfoxide (DMSO) were
purchased from Shanghai Anpu Experimental Technology
Co., Ltd. 4',6—diamidino—2—phenylindole (DAPI), MTT cell
proliferation and toxicity detection kit, Trizol kit, RT-qPCR
quantitative detection kit, Annexin V-FITC/PI apoptosis
detection reagent kit, WB detection kit, and dual luciferase
reporter gene detection kit were purchased from Shenzhen
Zike Biotechnology Co., Ltd. Human mitochondrial MRS
protein (MRS2) primary antibody, multidrug resistance pro-
tein (MDRI1/P-gp, MDR-1 and CST-m) primary antibody,
GAPDH primary antibody, and corresponding secondary
antibody were purchased from Santa Cruz, USA.

2.1.2. Main Instruments. Main instruments include laser con-
focal microscope (Zeiss LSM780), dialysis bag (Solarbio
18 mm, molecular cutoff flow 1000), thermogravimetric ana-
lyzer (TA TGAQ50), multifunctional microplate reader
(Thermo MUL TIDKAN MK3), and incubator (Thermo
I1GO150).

2.2. Cell Culture and Transfection. RPMI 1640 medium con-
taining 10% fetal bovine serum, 1% penicillin, and strepto-
mycin was used to culture drug-resistant gastric cancer cell
line SGC7901/ADR, gastric cancer cell line SGC7901, and
human gastric epithelial cell line GES-1, in an incubator at
37°C, with 5% CO, for routine culturing. SGC7901/ADR
cells were cultured with DOX at a concentration of 0.1 yg/mL
to maintain cell resistance. SGC7901/ADR cells at the loga-
rithmic growth phase were inoculated into a 6-well plate after
0.25% trypsin digestion, and the cell concentration was
adjusted to 10" cells/well. After overnight incubation,
50 pmol of miR-NC, miR-185 mimics, si-NC, si-MRS2, pc-
NC, or pc-MRS2 were transfected into SGC7901/ADR cells,
respectively. After incubating the cells at 37°C for 4-6 hours,
the culture medium was replaced. After 24 hours, the RNA of
each group was extracted, and the expression of miR-185 or
MRS2 mRNA in the cells was detected by RT-qPCR.

2.3. Preparation of Nano-Eu (BTC) Loaded with Doxorubicin
Hydrochloride. A certain amount of H;BTC, Eu
(NO)5-6H,0, PVP, and CH,COONa-3H,0 according to the
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ratio of 1:2:47:20 was weighted. H,BTC and Eu (NO),-6H,O
were dissolved in DMF to obtain the reaction precursor; PVP
and CH,COONa-3H,0O were dissolved in the mixed solvent
in advance (MDF : C,H,O : H,O =3 : 2 : 2). After that, the
reaction precursor and the mixed solvent were transferred to
a round-bottomed flask and mixed well to obtain the reaction
solution. Heat the oil bath to 80°C and stir; after 24 h, absolute
ethanol was used to wash 3 times to obtain Eu (BTC) crystals.
5 mg of dried Eu (BTC) crystals were dispersed in 7 mL of H,O
and stirred at room temperature. 10 mg EDC, 10 mg NHS, and
20 mg PEG were dissolved in 1 mL H,0, and the EDC solution
was added to the stirred Eu (BTC) dispersion and continued to
stir for 10 minutes before adding the NHS solution. The reac-
tion was continued at room temperature for 24 h and centri-
fuged (500xg) for 5min. The precipitated PEG-modified
fluorescent Eu (BTC) nanoparticles were collected and washed.
5mg of dried fluorescent Eu (BTC) nanoparticle powder was
used and immersed in 1 mL DOX aqueous solution (8 mg/mL)
and stirred for 24h at room temperature to obtain DOX-
loaded fluorescent Eu (BTC) nanoparticle (DOX@Eu (BTC)).

2.4. Identification of Fluorescent DOX@Eu (BTC)
Nanoparticles. An appropriate amount of PEG-modified
fluorescent Eu (BTC) nanoparticles was dissolved in H,O.
After stirring, a transmission electron microscope was used
to take pictures of different positions, the particle diameters
of 500 nanoparticles in different positions were counted,
and a particle size distribution map was made. Take an
appropriate amount of PEG-modified fluorescent Eu (BTC)
nanoparticles for washing and dry at 170°C to obtain a white
powder. After setting the specific surface tester parameters,
its nitrogen adsorption-desorption isotherm was tested
under the condition of the ice-water mixture. The thermal
stability of fluorescent Eu (BTC) nanoparticles and fluores-
cent DOX@Eu (BTC) nanoparticles and the effective DOX
load of fluorescent DOX@Eu (BTC) nanoparticles were ana-
lyzed with a thermogravimetric analyzer. 5 mg of the sample
to be tested was placed on the tray, and the speed was
measured under an N, atmosphere; the heating rate is
20°C/min, and the maximum temperature is 900°C. The dial-
ysis method was used to compare the DOX release of fluores-
cent DOX@Eu (BTC) nanoparticles in vitro at different pHs.
An appropriate amount of fluorescent DOX@Eu (BTC)
nanoparticles was dissolved in H,O, centrifuged (500xg)
for 5min, and then removed clear. After washing 3 times
with ultrapure water, the precipitate was resuspended in
3 mL of the corresponding pH buffer solution, and after mix-
ing, transferred to a dialysis bag and placed in the same pH
buffer solution. Finally, stir at a speed of 300 rpm, and the
amount of DOX released at each time point was recorded.

2.5. Fluorescent Eu (BTC) Nanoparticle Toxicity Test (MTT).
An appropriate amount of fluorescent Eu (BTC) nanoparti-
cles was dissolved in PBS buffer; the density was adjusted to
2mg/mL. SGC7901/ADR cells were inoculated at a density
of 10* cells/well in a 96-well plate and incubated overnight.
The prepared fluorescent Eu (BTC) nanoparticle solution
was diluted; the final concentration was adjusted to
20 pug/mL, 10 ug/mL, 4 ug/mL, 1 ug/mL, and 0.1 pug/mL; and

a blank control was also set. The medium in the 96-well plate
was aspirated, and 200 uL of each gradient concentration
solution was added, incubated for 24 h after adding the drug.
Then, 20 uL of MTT (5 ug/mL) solution was added to each
well and incubated for 4 h. After aspirating the test solution
in each well, 150 uL. DMSO was added to dissolve the crystals.
Finally, a multifunctional microplate reader was used to
detect the absorbance of each group of cells at 490 nm, and
the absorbance was recorded.

2.6. Sensitivity of SGC7901/ADR Cells to DOX and
Fluorescent DOX@Eu (BTC) (MTT). An appropriate amount
of DOX or fluorescent DOX@Eu (BTC) nanoparticles was
dissolved in PBS buffer to ensure that the net DOX concen-
tration is 10 ug/mL, and a blank control was also set. The
MTT method was used to detect the effects of DOX and fluo-
rescent DOX@Eu (BTC) nanoparticles on the cell viability of
each group of SGC7901/ADR. The method was the same as
the above, and the absorbance of each group of cells at 1h,
6h, 12h, 24h, 36 h, 48h, 60 h, and 72 h was recorded.

2.7. Observation of the Fluorescent DOX@Eu (BTC)
Localization in Cell by a Confocal Laser Microscope. An
appropriate amount of fluorescent DOX@Eu (BTC) nano-
particles was dissolved in PBS buffer to ensure that the net
DOX concentration is 10 ug/mL. The prepared PBS solution
was cocultured with SGC7901/ADR cells for 12 h. After incu-
bation, the nuclei were stained with DAPI, and the localiza-
tion of fluorescent DOX@Eu (BTC) nanoparticles in the
cells was observed by a laser confocal microscope.

2.8. Detection of the Expression of miR-185 and MRS2 mRNA
in Cells. Trizol one-step method was used to extract total
RNA from each group of cells, and 2 ug total RNA was used
to synthesize cDNA. Take 2 yL of reverse transcription prod-
uct, 10 uL of SYBR Green Mix, 0.5uL of the upstream, and
downstream primers of miR-185 or MRS2 mRNA and estab-
lish a PCR reaction system with a total volume of 20 L accord-
ing to the kit instructions. The PCR thermal cycle parameters
were 95°C for 5min, 94°C for 30s, and 60°C for 30s, with a
total of 45 cycles. The primer sequence is as follows: MRS2(R):
5'-CCAGAACCATGGAATGCCTGC-3',  MRS2(F): 5
-GTATCCACGGGGCTGTTCCTAAC-3'; miR-185(R): 5'
-CAATGGAGAGAAAGGCAGTTCC-3', miR-185(F): 5'
-AATCCATGAGAGATCCCTACCG-3'; GAPDH(R): 5’
-CGCTCCTGGAAGATGGTGAT-3', GAPDH(F): 5’ -GACC
CCTTTCATTGACCTCAAC-3'. The 2044 method was
used to calculate the relative expression level of each gene.

2.9. Detection of Apoptosis Level. The cells in each group were
cultured for 24 hours, and DOX or fluorescent DOX@Eu
(BTC) nanoparticle solution with a net concentration of
10 ug/mL was added. After continuing the routine culture
for 48 hours, the cells were digested with 0.25% trypsin and
collected. After washing 3 times with PBS, the apoptosis ratio
of each group was determined by Annexin V-FITC/PI double
staining according to the kit instructions.

2.10. Detection of the Protein Expression of Multidrug
Resistance Gene and MRS2. Cells at the logarithmic growth



phase were collected to extract the total protein in each group
of cells, and the protein concentration was determined by the
BCA method. After adding SDS-PAGE loading buffer, heat
denaturation treatment was performed. 15 ug total protein
was added to each lane, and electrophoresis with 20 mA cur-
rent for 60 min. The sample was transferred to the PVDF
membrane by the wet transfer method and sealed with 5%
skim milk at room temperature for 3 hours. After that, the
diluted multidrug resistance protein primary antibody,
MRS2 primary antibody, or GAPDH primary antibody
(1:1000) was added and incubated overnight at 4°C. Then,
the corresponding secondary antibody (1:10000) was added
and incubated at room temperature for 1 h. Finally, after ECL
luminescence development, pictures were taken, and Image-j
was used to analyze the gray value of each band, and the rel-
ative expression level was calculated.

2.11. The Verification of the Targeting Relationship between
miR-185 and MRS2 by Dual-Luciferase Reporter Gene
Experiment. Cells at the logarithmic growth phase were col-
lected, digested with 0.25% trypsin, and inoculated in a 96-
well plate at a density of 10* cells/well. After overnight incu-
bation, miR-NC, WT-MRS2 or MUT-MRS2, miR-185
mimics, and WT-MRS2 or MUT-MRS2 were transfected
into SGC7901/ADR cells and then incubated for 48 h after
transfection. The cell suspension in each well was centrifuged
(1000xg) for 5 minutes, and the supernatant was collected
and transferred to a 96-well plate. The fluorescence of each
well was measured when the firefly luciferase substrate and
the Renilla luciferase substrate were added. The relative lucif-
erase activity was calculated of each well.

2.12. Statistical Analysis. All experiments are repeated three
times, and the data were expressed as mean + standard
deviation (X +s). GraphPad Prism 8.2.1 software was used
for data analysis and picture drawing. The comparison
between the two groups was performed by ¢ test, and the
comparison between multiple groups was performed by
one-way analysis of variance. P < 0.05 or P < 0.01 indicated
that the difference was statistically significant.

3. Results

3.1. Characterization of Fluorescent DOX@Eu (BTC)
Nanoparticles. The particle size of PEG-modified fluorescent
Eu (BTC) nanoparticles was analyzed, and the results showed
that the average particle size was 130 nm, the maximum was
270 nm, and the minimum was 60 nm. More than 74% of the
nanoparticles have a size distribution between 100 and
200 nm (see Figure 1(a)). The micropore structure of the pre-
pared fluorescent Eu (BTC) nanoparticles was characterized,
and the results showed that the specific surface area of the
PEG-modified fluorescent Eu (BTC) nanoparticles was
2461.11 m°/g, and the pore volume was 0.76 x 10° m*/g.
The average pore radius is 38.29 x 107'°m, and the N,
adsorption-desorption isotherm has obvious hysteresis
loops, which is a characteristic curve of typical mesoporous
materials and has good adsorption capacity (as shown in
Figure 1(b)). After loading DOX, fluorescent DOX@Eu
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(BTC) nanoparticles were obtained, and the heating curves
of fluorescent Eu (BTC) nanoparticles and fluorescent
DOX@Eu (BTC) nanoparticles were compared. The quality
of fluorescent Eu (BTC) nanoparticles decreased steadily at
20~350°C, and the rate of mass decrease appears a short pla-
teau at 350°C. The mass loss caused by bound water and
DME was about 20%, which was consistent with the theoret-
ical calculation. For fluorescent DOX@Eu (BTC) nanoparti-
cles, the temperature rise curve was similar to fluorescent
Eu (BTC) nanoparticles below 200°C. When the temperature
was above 200°C, DOX gradually decomposed, increasing the
rate of mass decline. At 350°C, the remaining mass percent-
age of fluorescent DOX@Eu (BTC) nanoparticles was about
71%, that is, the effective drug loading of fluorescent
DOX@Eu (BTC) nanoparticles was about 29%. The remain-
ing mass percentages of fluorescent Eu (BTC) nanoparticles
and fluorescent DOX@Eu (BTC) nanoparticles at 900°C were
29.53% and 40.12%, which were consistent with the theoret-
ical calculation values (as shown in Figure 1(c)). The in vitro
release of fluorescent DOX@Eu (BTC) nanoparticles at dif-
ferent pHs was compared, and the results showed that when
the pH was 7.4, the release of DOX was relatively slow, and
the release rate gradually increased as the pH decreased (as
shown in Figure 1(d)).

3.2. The Effect of Fluorescent DOX@Eu (BTC) on
SGC7901/ADR Cells. MTT was used to detect the toxicity of
fluorescent Eu (BTC) to GES-1 and SGC7901/ADR cells.
The results showed that the concentration of fluorescent Eu
(BTC) at 0.1~20 ug/mL had no significant effect on cell sur-
vival, indicating that fluorescent Eu (BTC) was nontoxic to
GES-1 and SGC7901/ADR cells (as shown in Figure 2(a)).
The laser confocal microscope was used to observe the posi-
tioning of fluorescent DOX@Eu (BTC) in the cell, and the
results showed that the red fluorescence did not overlap with
the blue fluorescence, and the red fluorescence was ringed
around the blue fluorescence, indicating that DOX was fixed
on the fluorescent Eu (BTC) nanoparticles and cannot enter
the nucleus. DOX and Eu (BTC) existed together in the cell
membrane or cytoplasm (as shown in Figure 2(b)). MTT
method was also used to detect the inhibitory effect of DOX
and fluorescent DOX@Eu (BTC) on SGC7901/ADR cells.
With the increase of the action time under the same net
DOX concentration, both DOX and fluorescent DOX@Eu
(BTC) can significantly reduce the SGC7901/ADR cell sur-
vival rate (P < 0.05). In the first 30 h, DOX inhibited cells bet-
ter than fluorescent DOX@Eu (BTC) nanoparticles, but after
30h, fluorescent DOX@Eu (BTC) inhibited cells better than
DOX. This was caused by the gradual release of DOX loaded
in fluorescent Eu (BTC) and the gradual increase in the effec-
tive drug concentration in the cells (as shown in Figure 2(c)).
Annexin V-FITC/PI was performed to detect the effects of
DOX and fluorescent DOX@Eu (BTC) on SGC7901/ADR
cell apoptosis. The results showed that both DOX and fluo-
rescent DOX@Eu (BTC) significantly increased the early
apoptosis and late apoptosis of SGC7901/ADR cells
(P<0.05), and fluorescent DOX@Eu (BTC) had a more
obvious effect on the early apoptosis of SGC7901/ADR cell
(P <0.05) (see Figure 2(d)). Western blotting was used to
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FiGurek 1: Characterization of prepared fluorescent nanoparticles. (a) Size distribution of nano-Eu (BTC). (b) Nitrogen adsorption-desorption
isotherm curve of nano-Eu (BTC); (c) TGA analysis of Eu (BTC) and DOX@Eu (BTC). (c) TGA analysis of DOX@Eu (BTC) and Eu (BTC).

(d) Releasing the curve of the DOX in vitro under different pH.

detect the expression of resistance-related proteins, and the
results showed that both DOX and fluorescent DOX@Eu
(BTC) significantly inhibited the expression of MDR1/P-gp,
MDR-1, and CST-7 proteins in cells (P < 0.05), and fluores-
cent DOX@Eu (BTC) has a more obvious inhibitory effect on
the expression of multidrug resistance protein (P < 0.05) (see
Figure 2(e)).

3.3. The Effect of miR-185 on the Drug Resistance of
SGC7901/ADR Cells. RT-qPCR was used to detect the expres-
sion of miR-185 in different cell lines. The results showed
that the expression of miR-185 in SGC7901 and
SGC7901/ADR cell lines was significantly lower than that
in GES-1 cell line (P <0.05), and the expression level in
SGC7901/ADR cell line was the lowest (P<0.05) (see
Figure 3(a)). When miR-185 mimics were transfected into
the SGC7901/ADR cell line, the expression level of miR-185
in the cells increased significantly (P < 0.05) (as shown in
Figure 3(b)). MTT was used to detect the toxicity of fluores-
cent DOX@Eu (BTC) to SGC7901/ADR cells transfected
with miR-185 mimics. The results showed that the transfec-
tion of miR-185 mimics can significantly enhance the toxicity
of fluorescent DOX@Eu (BTC) to SGC7901/ADR cells and
inhibit the proliferation of SGC7901/ADR cells (P < 0.05)

(as shown in Figure 3(c)). Annexin V-FITC/PI was used to
detecting the effect of fluorescent DOX@Eu (BTC) on the
apoptosis of SGC7901/ADR cells transfected with miR-185
mimics. The results showed that the transfection of miR-
185 mimics significantly increased the apoptosis of
SGC7901/ADR cells induced by fluorescent DOX@Eu
(BTC) (P < 0.05), which had a more obvious effect on the
early apoptosis of SGC7901/ADR cells (P < 0.05) (as shown
in Figure 3(d)). Western blotting was used to detect the effect
of fluorescent DOX@Eu (BTC) on the expression of related
drug resistance proteins in SGC7901/ADR cells transfected
with miR-185 mimics. The results showed that transfection
of miR-185 mimics significantly enhanced the inhibitory
effect of fluorescent DOX@Eu (BTC) on the expression of
related drug-resistant proteins (P <0.05) (as shown in
Figure 3(e)).

3.4. Targeting Relationship between miR-185 and MRS2. The
bioinformatics website ENCORI predicted potential down-
stream target genes of miR-185. The results showed that
MRS2 was a downstream target gene of miR-185, and the tar-
get binding sequence was shown in Figure 4(a). The dual-
luciferase reporter gene experiment verified the targeting
relationship between miR-185 and MRS2. The results
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(c) Expression levels of MRS2 in SGC7901/ADR cell.

showed that miR-185 significantly inhibited the luciferase
activity of the wild-type MRS2 vector (P < 0.05) (as shown
in Figure 4(b)). Western blotting was used to detect the effect
of miR-185 on the expression level of MRS2 protein, and the
results demonstrated that miR-185 significantly inhibited the
expression level of MRS2 protein (as shown in Figure 4(c)).

3.5. The Effect of MRS2 on the Drug Resistance of
SGC7901/ADR Cells. Western blotting was used to detect
the expression of MRS2 in different cell lines and
SGC7901/ADR cells after transfection with si-MRS2. The
results showed that the expression of MRS2 protein in
SGC7901 and SGC7901/ADR cell lines was significantly
higher than that in GES-1 cells (P < 0.05), and the expression
level in SGC7901/ADR cell line was the highest (P < 0.05) (see
Figure 5(a)). SGC7901/ADR cell line was transfected with si-
MRS2, and the expression level of MRS2 protein in the cells
was significantly reduced (P<0.05) (as shown in
Figure 5(b)). MTT was used to detect the toxicity of fluores-
cent DOX@Eu (BTC) to SGC7901/ADR cells transfected with
si-MRS2, and the results discovered that the transfection of si-
MRS2 can significantly inhibit the proliferation of
SGC7901/ADR cells (P <0.05) (as shown in Figure 5(c)).
Annexin V-FITC/PI was used to detecting the effect of fluores-
cent DOX@Eu (BTC) on the apoptosis of SGC7901/ADR cells
transfected with si-MRS2. The results showed that the trans-
fection of si-MRS2 significantly increased the apoptosis of

SGC7901/ADR cells induced by fluorescent DOX@Eu (BTC)
(P <0.05), which had similar effects on early and late apopto-
sis of SGC7901/ADR cells (as shown in Figure 5(d)). Western
blotting was used to detect the effect of fluorescent DOX@Eu
(BTC) on the expression of related drug resistance proteins
in SGC7901/ADR cells transfected with si-MRS2. The results
showed that the transfection of si-MRS2 significantly inhibited
the expression of related drug resistance proteins in the
SGC7901/ADR cell line (P < 0.05) (as shown in Figure 5(e)).

3.6. Fluorescent DOX@Eu (BTC) Affects the Chemotherapy
Sensitivity of SGC7901/ADR Cells through the miR-
185/MRS2 Molecular Axis. RT-qPCR was used to detect the
expression of miR-185 in SGC7901/ADR cells after treat-
ment with DOX and fluorescent DOX@Eu (BTC). The
results showed that the expression of miR-185 in
SGC7901/ADR cells was significantly increased after drug
treatment (P <0.05), and the expression of miR-185 after
fluorescent DOX@Eu (BTC) treatment was significantly
higher than that after DOX treatment (P <0.05) (see
Figure 6(a)). Western blotting was used to detect the expres-
sion level of MRS2 in SGC7901/ADR cells after treatment.
The results showed that the expression level of MRS2 protein
in SGC7901/ADR cells was significantly reduced after drug
treatment, and the expression level of MRS2 protein after
fluorescent DOX@Eu (BTC) treatment was significantly
lower than that after DOX treatment (P <0.05) (see
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F1GURE 5: Effect of MRS2 on the drug resistance of SGC7901/ADR cells. ***P < 0.001 vs. GES-1 group; **P <0.01 vs. SGC7901 group;
@P <0.05 and ®*®*®P < 0.001 vs. NC group. (a, b) The expression level of MRS2 in SGC7901/ADR cells. (c) Comparison of DOX@Eu
(BTC) on cell viability SGC7901/ADR cell by different transfection. (d) Comparison of DOX@Eu (BTC) on cell apoptosis rate
SGC7901/ADR cell by different transfection. (e) Comparison of DOX@Eu (BTC) on multidrug resistance protein relative expression

SGC7901/ADR cell by different transfection.

Figure 6(b)). After the transfection of pc-MRS2, the expres-
sion level of MRS2 protein in SGC7901/ADR cells increased
significantly (P < 0.05); however, transfection of miR-185
mimics and pc-MRS2 at the same time had no significant
effect on the expression level of MRS2 protein in
SGC7901/ADR cells (as shown in Figure 6(c)). MTT,
Annexin V-FITC/PI, and Western blotting were used to
detect the effects of fluorescent DOX@Eu (BTC) on the pro-
liferation, apoptosis, and related drug resistance protein
expression of SGC7901/ADR cells transfected with miR-185
mimics and pc-MRS2. The results showed that the expres-
sion levels of proliferation, apoptosis, and related drug resis-
tance proteins in fluorescent DOX@Eu (BTC) treatment of
SGC7901/ADR cells transfected with miR-185 mimics and
pc-MRS2 at the same time were not significantly different
from those of untransfected SGC7901/ADR cells (see
Figures 6(d)-6(f)).

4. Discussion

Gastric cancer ranks first among the malignant tumors of the
digestive tract in my country, with a poor prognosis [1]. Che-
motherapy is the main method for the treatment of advanced
gastric cancer. However, the emergence of multidrug resis-
tance in gastric cancer cells often leads to chemotherapy fail-
ure. Studies have shown that drug delivery systems using
nanoparticles as carriers can target drugs to tumor tissues
and improve the sensitivity of tumor tissues to chemotherapy

[15]. Nanodrug carrier refers to a drug delivery system
obtained by combining nanoparticles with a particle size of
10~1000 nm and drugs, which can transport drugs to tumor
tissues, change the distribution of drugs in patients, and
reduce the loss of drugs in the normal group, which can also
reduce side effects and improve the bioavailability of drugs.
Compared with general materials, metal-organic framework
materials have the characteristics of larger specific surface area
and porosity. It is currently known as the largest and lightest
crystalline material with the largest specific surface area. In
recent years, it has achieved rapid development in the field
of drug release [16]. Because rare-earth metal-organic frame-
work materials integrate the advantages of metal-organic
framework materials as nano-drug carriers and the excellent
optical properties of rare-earth metals, they have attracted
more attention in the field of drug delivery systems [17].

The drug delivery system believes that the carrier with a
particle size of 50~200nm can be targeted and retained in
the tumor site through the high permeability and long reten-
tion effect. 74% of the fluorescent EU (BTC) nanoparticles
synthesized in this study have a particle size of
100~200 nm. In the meantime, more than 85% of the nano-
particles have a particle size between 50 and 200 nm, which
meets the basic requirements of high permeability and long
retention effect [18]. PEG has good compatibility with many
organic substances and can improve the surface characteris-
tics of nanoparticles [19], so the rare earth metal-organic
framework material nanoparticles modified by PEG have
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Ficure 6: DOX@Eu (BTC) fluorescent nanoparticles enhance the chemotherapy sensitivity of SGC7901/ADR cells through miR-
185/MRS2.*P < 0.05 and **P <0.01 vs. NC group; “P <0.05 and P <0.01 vs. DOX group. (a) The expression level of miR-185 in
SGC7901/ADR cells. (b, ¢) The expression level of MRS2 in SGC7901/ADR cells. (d) Comparison of DOX@Eu (BTC) on cell viability
SGC7901/ADR cell by different transfection. (e) Comparison of DOX@Eu (BTC) on cell apoptosis rate SGC7901/ADR cell by different
transfection. (f) Comparison of DOX@Eu (BTC) on multidrug resistance protein relative expression SGC7901/ADR cell by different

transfection.

become a better choice for nano-medicine carriers. Fluores-
cent EU (BTC) nanoparticles are modified by PEG to form
a “molecular brush” on their surface, which improves the
biocompatibility and prolongs the circulation time in the
body without affecting the pore performance of fluorescent
EU (BTC) nanoparticles. The specific surface area test of
PEG-modified fluorescent EU (BTC) nanoparticles con-
firmed the above point of view. DOX is loaded on PEG-
modified fluorescent EU (BTC) nanoparticles to obtain fluo-
rescent DOX@Eu (BTC) nanoparticles. The results of laser
confocal microscope observation showed that fluorescent
DOX@Eu (BTC) nanoparticles are present in the cytoplasm
of SGC7901/ADR cells or on the cell membrane, while
DOX is fixed in EU (BTC) nanoparticles. Besides, the results
of the thermogravimetric analysis showed that the effective
drug loading of the nanoparticles was about 29%, which
was much higher than the drug loading of traditional nano-
medicine [20]. The ability to prevent the drug burst effect
in the drug delivery system is an important index to evaluate
its performance. Studies have shown that the pH of tumor
tissue is usually between 5 and 6, which is acidic [21]. The
in vitro release test results showed that the fluorescent
DOX@Eu (BTC) nanoparticles prepared in this study have
pH-responsive release performance, were not easy to release
in a neutral environment, but can be released quickly in an
acidic environment, which will not cause harm to normal tis-
sues, and can ensure the concentration of the drug in the
tumor tissue. In summary, the fluorescent DOX@Eu (BTC)

nanoparticles prepared in this study can target tumor tissues
through high permeability and long retention effect, reduce
the release of drugs in normal tissues, which can in turn reduce
the side effects of chemotherapy drugs on patients, and
enhance the killing effect of chemotherapy drugs on tumor tis-
sues and cells. At the same time, the follow-up cell experiment
results also showed that fluorescent DOX@Eu (BTC) nano-
particles have stronger cytotoxicity to SGC7901/ADR cells
than free DOX, and enhanced the induction of SGC7901/ADR
cell apoptosis. Also, it can effectively inhibit the expression of
multidrug resistance protein in SGC7901/ADR cells.

miRNA is a noncoding single-stranded RNA molecule
with a length of about 22 nucleotides, which is closely related
to the multidrug resistance of tumor cells. Studies have
shown that miR-185 is not only closely related to a variety
of tumors but also related to the multidrug resistance of
tumor cells. Xia et al. demonstrated that transfected miR-
185 mimics could effectively reverse the multidrug resistance
of SGC7901/ADR cells [11]. In this study, it was found that
compared with the GES-1 cell line, the expression of miR-
185 in SGC7901 and SGC7901/ADR cells was significantly
reduced, and the expression in SGC7901/ADR cells was
lower than that in SGC7901 cells. Transfection of miR-185
mimics can significantly enhance the toxicity of fluorescent
DOX@Eu (BTC) nanoparticles to SGC7901/ADR cells, but
significantly downregulate the expression of multidrug resis-
tance protein. Human mitochondrial MRS2 protein (MRS2)
is a magnesium transporter in the inner mitochondrial
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membrane, responsible for the transportation of magnesium
ions (Mg”") in the mitochondria. As one of the more abun-
dant cations in cells, Mg** plays a role in cell apoptosis [22].
The homeostasis of Mg”* in the body is mainly maintained
by the expression of magnesium transporters. When the
homeostasis of Mg** is destroyed, the prevalence of cancer will
increase [23]. Studies have shown that the expression of Mg2+
in drug-resistant gastric cancer cell lines is significantly higher
than that of nonresistant gastric cancer cell lines [24]. This
study found that the expression of MRS2 protein in
SGC7901 and SGC7901/ADR cell lines increased significantly,
and the expression of MRS2 protein in SGC7901/ADR was
significantly higher than that in SGC7901 cells. After the
transfection of si-MRS2, the sensitivity of SGC7901/ADR to
fluorescent DOX@Eu (BTC) nanoparticles was enhanced,
and the inhibitory effect of fluorescent DOX@Eu (BTC) nano-
particles on the expression of multidrug resistance protein in
SGC7901/ADR was also enhanced. Also, the bioinformatics
prediction website showed that miR-185 has a targeted bind-
ing sequence with MRS2. The dual-luciferase reporter gene
experiment confirmed that MRS2 was the downstream target
gene of miR-185, and miR-185 negatively regulated the
expression of MRS2. In summary, the expression level of
miR-185 in SGC7901/ADR cells was reduced, but the expres-
sion of MRS2 protein in SGC7901/ADR cells was increased.
miR-185 and MRS2 proteins are closely related to the multi-
drug resistance of SGC7901/ADR cells.

Further research found that after fluorescent DOX@Eu
(BTC) nanoparticles treated SGC7901/ADR cells, the expres-
sion of miR-185 in the cells increased significantly, the
expression of MRS2 protein decreased significantly, and the
magnitude of the change was more obvious than that of
DOX treatment. After transfection of miR-185 mimics and
pc-MRS2 at the same time, the expression of MRS2 protein
in SGC7901/ADR cells did not change significantly, and
simultaneous transfection does not affect the sensitivity of
SGC7901/ADR cells to fluorescent DOX@Eu (BTC) nanopar-
ticles. In summary, DOX and fluorescent DOX@Eu (BTC)
nanoparticles inhibited the translation of MRS2 protein by
upregulating the expression of miR-185, thereby affecting the
chemotherapy sensitivity of SGC7901/ADR cells.

The fluorescent DOX@Eu (BTC) nanoparticles con-
structed in this study have both high-drug loading, pH-
sensitive release and fluorescence characteristics. While con-
trolling the slow release of antitumor drugs, it may also have
the function of imaging contrast agent. In the future, it has
great potential in targeted therapy and imaging applications
for the treatment of gastric cancer. However, due to time
and experimental conditions and other constraints, this
study only explored the effect and mechanism of DOX@Eu
(BTC) fluorescent nanoparticles on drug-resistant gastric
cancer cells within a certain range. The DOX@Eu (BTC)
fluorescent nanoparticles have a large number of carboxyl
groups on the surface. The modified carboxyl group com-
bined with the pH-sensitive release function enables it to reg-
ulate the distribution of chemotherapeutic drugs in the
patient’s body, reduce the side effects of chemotherapeutic
drugs on the patient, and increase the concentration of the
drug at the tumor site. In the follow-up study, we will modify
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the carboxyl groups on the surface of DOX@Eu (BTC) fluo-
rescent nanoparticles and explore its influence on the distri-
bution of DOX in model animals.

In conclusion, the results of this study indicated that fluo-
rescent DOX@Eu (BTC) nanoparticles can effectively
enhance the chemotherapeutic sensitivity of SGC7901/ADR
cells to DOX, and the mechanism of action may be achieved
by further increasing the expression of miR-185 and inhibit-
ing the expression of MRS2 protein.
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Quantum dots (QDs) are powerful materials in various bioapplications based on their excellent optical and electronic properties.
For the application of various fields of QDs, surface modification of QDs is necessary. However, surface modification in QDs
may result in a reduction in quantum yield (QY). This reduction of QY causes many weaknesses in the biological application of
QDs. In this study, CdSeZnS/ZnS alloy QDs were used to prepare antibody-conjugated QDs for a sandwich immunoassay. The
alloy QDs displayed a QY of 84.5% that was maintained at 83.0% (98.2% of QY was maintained) after surface modification with
the anti-rabbit IgG as a model study. Surface-modified QDs successfully detected their corresponding target through antibody-

antigen binding. The limit of detection was 1.1 x 10> ngmL™" for rabbit IgG.

1. Introduction

Semiconductor quantum dots (QDs) are increasingly being
used in both fundamental and applied research because of
their optical and electronic properties [1-3]. QDs can absorb
a broad range of light and emit the specific wavelength of
light which depends on their size. With this property, one
of the useful applications of QDs is fluorescent probes in bio-
logical imaging [4]. While traditional fluorescent probes have
disadvantages such as easy photodegradation, low fluores-
cence, and photobleaching [5], QDs have excellent optical
characteristics and chemical stability including higher photo-
stability, wide band-edge absorption, narrow emission, and
high quantum yield (QY) [6]. However, QDs also have limi-
tations for bioapplication. Typically, QDs are dispersed only
in nonpolar solvents and limited with severe intermittency in
emission. Furthermore, their nonspecific binding can lead to

misinterpretation of experimental results. The critical issue
of QDs is toxicity which can cause acute or chronic dis-
eases. Another issue of QDs is their instability in biological
media because of their high hydrophobic property. Thus,
surface modification is required to make QDs which have
hydrophilic characteristic and more stable in a biological
environment [7-14].

Many studies have been sought to overcome these limita-
tions of QDs. The hydrophobic surface of QDs was changed
as a hydrophilic surface via encapsulation with a silica shell,
and these silica encapsulated QDs were more suitable for
biomedical applications compared to bare QDs [7, 15-19].
Amphiphilic polymer-covered QDs displayed improved sta-
bility over a wide pH range and were less prone to nonspe-
cific binding [20, 21]. Studies which aimed at enhancing
the safety of QDs described that a thick shell of ZnS could
reduce QDs’ toxicity to cells and increase photoluminescence.
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Moreover, the thick shell of ZnS makes the fluorescence quan-
tum yield more stable and decrease the blinking, and it extends
the absorption and emission spectrum [2, 22-26].

Enzyme-linked immunosorbent assay (ELISA) is a bio-
chemical method for detecting or measuring a molecule,
mostly a protein. It is based on the antigen-antibody reaction
which has been applied in various different fields such as
diagnosis, toxicology, food industry, pharmaceutical indus-
try, immunology, and vaccine development [27]. ELISA pos-
sesses advantages that include high sensitivity, specificity,
and fast reaction, but it also has many disadvantages such
as size limitations, disposal of sensitivity to temperature,
and easy decay. To overcome these weaknesses, enormous
innovations such as ultrasensitive enzymes and better anti-
bodies have been developed. As good fluorescence probes,
QDs were utilized for signal enhancement [28-32].

In many studies, CdSe/ZnS core/shell QDs were fabri-
cated and applied in biological detection [33-42]. Li’s group
synthesized CdSe/ZnS QDs and proceeded an assay for the
detection of C-reactive protein (CRP). The test for CRP
detection in the above study had good detection results, but
the QY of QDs was 63% in hydrophobic modification and
the QY showed an 8% reduction after hydrophilic modifica-
tion [43]. For another study, the protein was introduced on
CdSe/ZnS QDs. The particle that conjugated with antibody
was identified with luminescence images on various proteins
and compared the efficiency of each particle. It was a good
result in biological application. However, in the case of QY
of CdSe/ZnS QDs used in the above paper, it was 35-50%
before the ligand exchange, and the QY after ligand exchange
was not checked correctly [44]. In general, QDs showed a
sharp decrease in QY after ligand exchange, so maintaining
QY which is not dropped significantly after surface modifica-
tion is needed [45-47].

In this study, we fabricated a cadmium selenide zinc sul-
fide/zinc sulfide (CdSeZnS/ZnS) alloy QDs that displayed a
high QY which was 84.5%; after surface modification, QY
was 83.0% (98.2% of QY was maintained). The surface of
alloy QDs was modified via conjugation with antibody mol-
ecules, and commercial QDs were used as a control. The
conjugation of the commercial QDs markedly reduced QY.
By contrast, alloy QDs retained a high QY after surface mod-
ification and then were successful in sensitive detecting rab-
bit IgG. The results indicated that alloy QDs have better
stability in QY and better capability in bioconjugation than
commercial QDs.

2. Materials and Methods

2.1. Chemical and Materials. All reagents were used as
received from the suppliers without further purification.
Cadmium oxide (CdO, 99.9%) was purchased from Alfa
Aesar (Ward Hill, MA, USA). Tri-n-octylphosphine
(TOP, 97%) was purchased from STREM Chemicals (New-
buryport, MA, USA). Selenium (Se, 99.5%) was purchased
from Acros Organics (Geel, Belgium). Sulfur (S, 99%) and
ammonium hydroxide (NH,OH, 27%) were purchased
from Daejung (Siheung, Korea). Zinc acetate (Zn(Ac),,
99.99%), 3-mercaptopropionic acid (MPA), oleic acid
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(OA, 90%), 1-octadecene (ODE, 90%), 1-octanethiol
(98.5%), acetone (99.9%), chloroform (CHCL;, 99.5%),
1-ethyl-3-(3-dimethylaminopropyl) ~carbodiimide (EDC),
sulfo-N-hydroxysulfosuccinimide (sulfo-NHS), phosphate-
buffered saline (PBS, pH7.4), TWEEN® 20, bovine serum
albumin (BSA), and commercial QDs (CdSeS/ZnS-alloyed
quantum dot) [48] were purchased from Sigma-Aldrich (St.
Louis, MO, USA). NH,-PEG-COOH (MW 600) was pur-
chased from NANOCS. Rabbit immunoglobulin G (IgG)
and anti-rabbit IgG antibody were purchased from Bore Da
Biotech Co. (Seongnam, Korea). QE-2000 (Otsuka Electron-
ics Co., Ltd.) was used to measure the QY of alloy QDs.

2.2. Preparation of Alloy QDs. Hydrophobic QDs were pre-
pared by mixing 75 mL of ODE and 15mL of OA and adding
1.1gZn(Ac), and 0.384 g of CdO in a three-necked flask, and
the mixture was incubated under a vacuum at 150°C for 1 h.
After 1h, moisture in the flask was removed and the flask was
heated to 300°C in the presence of nitrogen gas, with the
addition of 0.6 mL of TOP and 0.048 g of Se for 3 min. This
was followed by the addition of 0.5mL of 1-dodecanethiol
and reaction for 20min. Three milliliters of TOP and
0.192g of sulfur were added to the flask and reacted for
10 min, followed by 1mL of 1-dodecanethiol and reacted
for another 10 min. The flask was then cooled to room tem-
perature. The QDs were washed in acetone and dispersed
in CHCI,. The hydrophobic alloy QDs were prepared by
mixing 60 mL of ODE and 10mL of OA, with the addition
of 1.1g Zn(Ac), and 0.384 g of CdO in a three-necked flask
under a vacuum at 150°C for 1h. Moisture was removed,
the flask was heated to 300°C in the presence of nitrogen
gas, the prepared hydrophobic QDs were added, and the
reaction was allowed to proceed for 10 min. Three milliliters
of TOP and 0.192 g of S were added and reacted for 10 min,
and the flask was cooled to room temperature. The alloy
QDs were washed in acetone and dispersed in CHCl,.

2.3. Characterization of QDs. The photoluminescence quan-
tum efficiency of heat-treated specimens excited at 390 nm
was measured using a quantum efficiency measurement sys-
tem (QE-2000, Otsuka Electronics Co., Ltd.). While measur-
ing the quantum efficiency, the emission and excitation
sources were also collected by the integrated spheres.

2.4. Ligand Exchange of QDs. Ligands of alloy QD and com-
mercial QD were exchanged using the carboxyl group-
contained ligands as per a previous description for modifica-
tion. First, the reaction solution containing 1.0 mL of MPA,
1 mL of NH,OH, and 30 mL of CHCI, was prepared in a Fal-
con tube, which was mixed by rotation for 2 h. Then, 10 mg of
each QD, 10mL of distilled water, and 10 mL of reaction
buffer were mixed in a Falcon tube and allowed to react by
rotation for 2h. The supernatant was collected and was
washed several times with CHCIl,. After alloy QD ligands
were exchanged with the carboxyl group, they were washed
with acetone and then passed through an Amicon filter-
sized 100,000 MWCO and dispersed in distilled water.

2.5. Preparation of Anti-Rabbit IgG-Conjugated QDs. The
carboxyl group-functionalized commercial QDs or alloy
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QDs (1.0mg mL" in deionized water) were incubated with
sulfo-NHS (2mg), EDC (2mg), and PBS buffer for 30 min
at 25°C to activate the carboxyl groups. The reaction mixture
was washed several times with PBS buffer and centrifuged at
13,000 rpm for 10 min at 4°C. Then, it was incubated with
NH,-PEG-COOH (10 L) for 2 h at 25°C, and unreacted car-
boxyl groups were blocked with ethanolamine (3.2 uL) for
30min at 25°C. After repeating the process of leading to
sulfo-NHS, EDC, NH,-PEG-COOH, and ethanolamine once
again to prevent steric hindrance that occurred immunoassay
experiment, the QDs were reacted with anti-rabbit IgG
(15ug) for 1h at 25°C. The reaction mixture was washed
several times with PBS and centrifuged at 13,000 rpm for
10 min at 4°C. The sulfo-NHS-activated QDs were reacted
with anti-rabbit IgG (15ug) for 1h at 25°C. The reaction
mixture was washed with PBS containing 0.1 wt.% TWEEN®
20 and centrifuged at 13,000 rpm for 10min at 4°C, and
antibody-conjugated QDs were redispersed in PBS contain-
ing 5.0wt.% BSA for 2h at 25°C to prevent nonspecific
binding. The solution was washed several times with PBS

containing 0.1 wt.% TWEEN® 20, centrifuged at 13,000 rpm
for 10 min at 4°C, and redispersed in PBS.

2.6. QD-Based Sandwich Immunoassay for Detection of
Rabbit IgG. The assay was performed in 96-well immune
plates (SPL Life Science Co., Ltd, Seoul, Korea). First, 1.0 x

10° ngmL™" of antibody in PBS, as the capture antibody of
IgG (target), was added to the wells. After incubation for
1 h with shaking the plate at 25°C, the plate was stored over-
night at 4°C. To remove the unbound antibody, each micro-
well was washed three times with PBS (300 uL well™). This
step was followed by adding 0.5wt.% BSA solution to the
microwells (300 uL well) and incubating for 2h at 25°C.
Then, the BSA solution was removed and wells were washed
three times using PBS containing 0.1wt.% TWEEN® 20
(300 uL well™"). Next, 100 uL of target (rabbit IgG) solution
with corresponding concentrations was added to the micro-
wells. The microplate was incubated for 2 h at 37°C, followed
by three washes with PBS containing 0.1 wt.% TWEEN® 20
(300 uL well™). IgG antibody-conjugated QDs (2.0 x 10°
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FIGURE 2: (a) UV-Vis absorbance of two kinds of QDs: (A) antibody-conjugated commercial QDs; (B) antibody-conjugated alloy QDs. (b)
photoluminescence intensity of antibody-conjugated QDs at 550-700 nm: (A) commercial QDs (inlet: an enlarged image of measured PL

intensity); (B) alloy QDs.

ngmL ") were added to each microwell and incubated for 2h
at 37°C. Then, we washed the microwell three times using
PBS containing 0.1 wt.% TWEEN® 20 (300 4L well!) and
300 uL of PBS was added into each microwell. After the
immunoassay experiment, fluorescence intensity was mea-
sured (excitation wavelength filter was used to 385 nm; emis-
sion wavelength filter was used to 630 nm).

3. Results and Discussion

3.1. Synthesis and Characterization of Anti-Rabbit IgG
Antibody-Conjugated QDs. Our new alloy QDs was estab-
lished via three strategies to improve the final stability of par-
ticles. First, the method of depositing a secondary shell after
the primary refining core was used in the core synthesis
method of the alloy QDs. Second, the ligand of the primary
shell in the synthetic method was applied with a mixture of
various thiol-contained ligands (1-octanethiol, 1-dodeca-
nethiol, 1-decanrthiol...) which reduced the lattice mismatch
in the next response to increase the stability of the core in the
alloy QDs. Third, in the synthetic method, the precursor of
the shell was added sequentially to enhance particle stability.

Figure 1(a) shows a representative transmission electron
microscopy image of bare QDs, and Figure 1(b) shows QD

size distribution, respectively. The average size of commercial
QDs was 5.6 + 1.0 nm, and its relative standard deviation was
0.16. The average size of alloy QDs was 10.1 + 2.1 nm, and its
relative standard deviation was 0.21. They were also sized
through DLS with water as a solvent (Figures S1 and S2).
The surfaces of QDs were functionalized with MPA to
produce a hydrophilic surface with carboxyl groups. To
conjugate an antibody, the carboxyl groups were activated
using EDC and sulfo-NHS. To evaluate the quality of two
kinds of antibody-conjugated QDs, ultraviolet-visible (UV-
Vis) absorbance, fluorescence intensity, zeta potential, and
QY examination were performed at the same concentrations.
The UV-Vis absorbance at 300-400 nm was higher in alloy
QDs than in commercial QDs (Figure 2(a)). Fluorescence
intensity was measured at an emission and excitation
wavelength of 385nm and 600-650nm in 0.05mgmL™" of
QD concentration, respectively (Figure 2(b)). As a result of
comparing fluorescence intensity at the same concentration,
the fluorescence intensity of alloy QDs was relatively stronger
than that of commercial QDs. To confirm the anti-rabbit IgG
antibody conjugation, we compared the QY and zeta poten-
tial of carboxyl group-functionalized QDs and antibody-
conjugated QDs. After conjugating antibodies to QDs, QY
was measured to determine how different the efficiency of
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F1GURE 3: Comparison between 2 kinds of anti-rabbit IgG antibody-conjugated QDs. (a) Quantum yield comparison between carboxyl group-
functionalized and antibody-conjugated QDs: (A) commercial QDs; (B) alloy QDs. (b) Zeta potential comparison between carboxyl group-
functionalized and antibody-conjugated QDs: (A) commercial QDs; (B) alloy QDs.

commercial QDs and alloy QDs were. Carboxyl group-
functionalized commercial QDs displayed a relatively low
level of QY at 11.3%, with QY decreasing to 2.5% after anti-
body conjugation. On the other hand, carboxyl group-
functionalized alloy QDs displayed a high QY of 84.5%,
and this high QY was maintained even after antibody conju-
gation (83.0%) (Figures 3(a) and S3).

Before antibody conjugation, both QDs showed a higher
negative charge due to the carboxyl group on the surface,
whereas antibody-conjugated QDs showed less negative
charge due to the antibody on the surface (Figure 3(b)).
These findings indicated that the antibodies were success-
fully conjugated onto the surface of carboxyl group-
functionalized QDs.

Additionally, cell viability experiments were conducted
to confirm the suitability of biological experiments and parti-
cle stability of alloy QDs and common QDs (Figure S4). The
results indicated the superiority of alloy QDs, which were
used in further experiments.

3.2. QD-Based Sandwich Immunoassay Strategy. The anti-
rabbit IgG antibody was used as a capture antibody, and it
was used to the detection of rabbit IgG as target. The capture
antibody was attached to the wells of high-binding immune
plates through physical absorption. BSA was used to block
the uncoated active sites to prevent nonspecific adsorption
of the target in microplates. Different concentrations of the
target were added for testing. Subsequently, detection

antibody-conjugated QDs were bound with the target-
capture antibody complex and formed the sandwich immu-
nocomplex. As the decreased target concentration, the
amount of capture antibody-conjugated QDs which bound
as sandwich immunocomplex was also decreased, and as a
result, the fluorescence intensity declined. Thus, it was feasi-
ble to determine the concentration of the target by monitor-
ing the fluorescence intensity.

3.3. Optimization of Antibody-Conjugated QD Concentration.
To get the optimized concentration of QDs (for sandwich
immunoassay), we set the concentration of detection anti-
body- (anti-rabbit IgG) conjugated alloy QD variously
between 0 and 1.0 x 107 ngmL™". The experiment group pro-
ceeded with the capture antibody, target antibody, and detec-
tion antibody-conjugated QDs. Control group 1 used alloy
QD-conjugated antibody and capture antibody, without tar-
get. Control group 2 used alloy QD-conjugated antibody and
target, without capture antibody. The concentration of both
capture antibody and target antibody was not changed dur-
ing optimizing the concentration of detection antibody-
conjugated QDs. As shown in Figure 4, we performed sand-
wich immunoassay and achieved strong fluorescence inten-
sity at the experiment group, meanwhile weak fluorescence
intensity at the control group. Weak fluorescence intensity
of the control group is indicated for proving nonspecific
binding. Consequentially, we confirmed that there was dis-
tinct fluorescence intensity at the experiment group and no
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significant nonspecific binding at control group 1 below the
2.5x10°ngmL" of detection antibody-conjugated QDs.
So, the concentration of detection antibody-conjugated
QDs was optimized as 2.5 x 10° ngmL™, and QDs with opti-
mized concentration were used by the same concentration
(2.5x10° ngmL™") for the rabbit IgG detection experiment.

3.4. Performance of the Sandwich Immunoassay Using Alloy
QDs for Rabbit IgG Detection. Under the optimized condition
of detecting anti-rabbit IgG antibody-conjugated QDs
(2.5x10°ngmL™" of detection antibody-conjugated QDs),

we performed the sandwich immunoassay experiment for
detecting of the rabbit IgG. To determine the limit of detec-
tion (LOD) of the rabbit IgG, the concentration of rabbit
IgG was increased gradually from 0 (PBS buffer only) to 1.0
x 10*ngmL™". The fluorescence intensity was gradually
increased according to the increase of rabbit IgG concentra-
tion. Meanwhile, in the control group in which the capture
antibody was absent, fluorescence intensity was almost the
same at all concentrations of rabbit IgG. The maximum fluo-
rescence intensity of both the experimental and control
groups was compared to achieve the limit of detection; the
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LOD for the rabbit IgG was 1.1 x 10> ngmL™ (3 S/N criteria)
(Figures 5 and S5). Although these sensitivities were not
exceptional [49], the results are important as they were the
demonstration of the potential biological applications of
new alloy QDs that QY was rarely dropped after surface
modification. Alloy QDs could have diverse uses due to their
remarkably bright fluorescence.

4. Conclusions

We fabricated the alloy QDs which have a high QY of 84.5%,
and their ligand has a carboxyl group that can easily be used
and versatile in surface modification. After surface modifica-
tion, the alloy QDs have a QY of 83%. We compared the
optical characteristics between commercial QDs and alloy
QDs. The QY of commercial QDs decreased sharply after
surface modification from 11.3% to 2.5%, whereas the QY
of alloy QDs was stable even after surface modification.
These results indicate that alloy QDs are more applicable
than commercial QDs. Further experiments established the
bioapplication of alloy QDs. In a sandwich immunoassay
to detect rabbit IgG, the LOD was 1.1 x 10> ngmL™". Com-
bining these results, alloy QDs are more suitable for bioap-
plication than commercial QDs and have the potential for
development.
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Supplementary Materials

Figure S1 shows the DLS analysis result of alloy QDs. For the
alloy QDs, the size of the particles in the water solvent was
measured at 25.8 nm. Figure S2 shows the DLS analysis result
of commercial QDs. For the commercial QDs, the size of the
particles in the water solvent was measured at 762.3 nm.
Figure S3 checked the digital image of each QDs. Prior to
the conjugation of antibodies, the original alloy QDs had
the strongest fluorescence intensity in the image. Figure S4

shows cell viability assay to assess cytotoxicity of alloy QDs.
Human retinal pigment epithelial ARPE-19 cells were treated
with various concentrations of alloy QDs or conventional
QDs. Figure S5 shows LOD calculation. We used 3 S/N
criteria to calculate LOD. (Supplementary Materials)
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Objective. To explore the therapeutic effects and mechanism of fluorescent mitoxantrone hydrochloride nanoparticles on giant cell
tumor of bone. Methods. The adsorption capacity of nanoparticles to hydroxyapatite (HA), cell adsorption capacity, encapsulation
rate, particle size, and potential of the nanoparticles were determined by HPLC and Zetasizer Nano ZS nanomicelle potentiometer.
MTT assay was used to determine the toxicity of nanoparticles to cells. The fluorescent intensity of the nanoparticles and their
location in the cells were observed under a fluorescence microscope. RT-qPCR and Western blotting were then used to measure
the expression levels of miRNA, mRNA, and proteins in cells. Transwell and Annexin V-FITC/PI staining tests were used to
study the cell invasion and apoptotic rate, respectively. The dual-luciferase reporter gene experiment was then carried out to
verify the binding relationship between miR-125b and its predicted target. Results. ALN-FOL-MTO-NLC nanoparticles showed
a stronger adsorption capacity for HA and stronger toxicity to GCTB28 cells. Compared to normal tissues, the expression level
of miR-125b in giant bone tumor tissue and cells was significantly downregulated, and the expression level of miR-125b was
upregulated to some extent after treatment. Overexpression of miR-125b or treatment of ALN-FOL-MTO-NLC nanoparticles
can inhibit the malignant behavior of GCTB28 cells, whereas the inhibition of the expression of miR-125b can promote the
malignant behavior of GCTB28 cells. The result showed that parathyroid hormone receptor 1 (PTHIR) was a downstream
target gene for miR-125b. Rescue experiment showed that the treatment of GCTB28 with ALN-FOL-MTO-NLC nanoparticles
while inhibiting miR-125b expression can reduce the inhibitory effect of miR-125b on the malignant behavior of GCTB28 cells,
whereas upregulating the expression levels of miR-125b and PTHIR in GCTB28 cells had no significant effect on the malignant
behavior of GCTB28 cells. Conclusion. ALN-FOL-MTO-NLC nanoparticles have a certain inhibitory effect on the malignant
behavior of giant cell tumor of bone through the miR-125b/PTH1R molecular axis.

1. Introduction

Giant cell tumor of bone (GCT) is a bone tumor with high
invasiveness and osteolytic nature [1] with potential malig-
nancy [2]. GCT is mainly composed of three kinds of cells,
including bone cell-like multinucleated giant cells, spindle-
like stromal cells, and monocytes [3]. At present, the preferred
treatment for GCT is local treatment with assisted surgery, but
this treatment has a higher postoperative recurrence rate [4];
therefore, it is important to find a new way for GCT treatment.

Considering the structural characteristics of human tis-
sues, nanoparticles have good advantages in size, can interact
with the biological components of the human body, and reg-
ulate various biological behaviors of the human body [5].
Nanomaterial-based drug delivery systems are smaller in
size, giving them quantum size effects, interfacial effects,
and macrochain tunneling effects. Therefore, the nanodrug
showed strong permeability, greater solubility, better adsorp-
tion, and so on in biology. Due to the small size and large
surface area of nanoparticles, nanodrugs are easy to pass
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through blood vessels in vivo and are not easy to cause
damage to the inner wall of blood vessels. In addition,
the nanoparticles have the advantages of high surface
activity, many active centers, and good catalytic efliciency,
so nanodrugs can be prepared into sustained-release drugs,
change the half-life of drugs in vivo, and extend the action
time of drugs. Based on the above advantages, the drug
delivery system based on nanomaterials can have better
targeting, so that the nanodrug-carrying system can pass
through the biological barrier and reach the lesion area
[6]. Not surprisingly, a large number of studies have
shown that drug delivery systems based on nanomaterials
can be used to treat a variety of orthopedic diseases that
are difficult to treat with conventional clinical therapies,
such as arthritis, osteoporosis, bone cancer, and related
bone diseases [7-11]. Although nanoparticles have certain
advantages in the treatment of bone diseases, there are still
several problems, such as the low drug loading of bone-
targeted macromolecular carriers and its easy excretion
through the kidney.

Mitoxantrone hydrochloride (Mitoxantro, MTO) is usu-
ally used as an anticancer drug in cancer treatment. Shi et al.
took MTO as a model drug and developed a new kind of
nanodrug-carrying system, and the results of in vivo and
in vitro experiments confirmed that the nanodrug-carrying
system has a good long-circulation effect and an increased
ability to target bone tissue [12]. However, the above research
only discussed the theoretical advantages of the new
nanodrug-loading system and does not study whether the
nanodrug-loading system can improve the therapeutic effect
on bone tumors.

MicroRNA (miRNA, miR) is a group of endogenous
noncoding RNAs with a length of 20 to 25 nucleotides. It
can negatively regulate the expression of mRNA by inhibiting
the translation of mRNA or reducing the stability of mRNA
[13]. Studies have shown that miRNA can play an important
role in many biological processes. Parathyroid hormone-
related protein (PTHrP) plays a pivotal role in the develop-
ment of bones [14], and its expression in various cancer tis-
sues and cells is also significantly upregulated [15]. PTHIR
as a PTHrP receptor is also positively expressed in various
cancers and cells [16]. In the previous research, PTHIR was
found to be the target gene of miR-125b through the predic-
tion of biological gene database. Therefore, in this article, we
will discuss the treatment effects of GCT with the nanodrug-
loaded particles at the cellular level and verify the mechanism
of action of miR-125b/PTHIR in GCT.

2. Materials and Methods
2.1. Experimental Materials

2.1.1. Tissues and Cells. Bone giant cell tumor tissues and cor-
responding paracancerous tissues were collected from
patients who were diagnosed and operated in our hospital
from October 2010 to October 2019. This study was
approved by the ethics committee of our hospital. Both
patients and their families knew the purpose and significance
of this study and signed the informed consent. MG-63 cells
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and hFOB1.9 cells were purchased from Tongpai (Shanghai)
Biotechnology Co., Ltd. GCTB28 cells were purchased from
China Center for Type Culture Collection.

2.1.2. Experimental Reagents. Phospholipid, glyceryl trilau-
rate, cholesterol, mitoxantrone hydrochloride, sodium lauryl
sulfate, methanol, methylene chloride, FOL-S100, ALN-S100,
hydroxyphosphorus lime, coumarin-6, dimethyl sulfoxide,
and polyoxyethylene castor oil were all purchased from
Shanghai Houcheng Fine Chemical Co., Ltd. RPMI 1640
medium, Annexin V-FITC/PI kit, and QuikChange site-
directed mutation kit were purchased from Shanghai Kemin
Biotechnology Co., Ltd. The BCA kit and TRIZOL kit were
purchased from Beijing Kairuiji Biotechnology Co., Ltd. The
MTT test kit was purchased from Shanghai Yiyan Biotechnol-
ogy Co., Ltd. The RT Kkit (reverse transcription kit) was pur-
chased from Shanghai Zeye Biotechnology Co., Ltd. RIPA
lysate was purchased from Shanghai Yuanye Biotechnology
Co., Ltd., and the dual-luciferase reporter gene kit was
purchased from Beijing Baierdi Biotechnology Co., Ltd.

2.2.  Preparation of  Mitoxantrone  Hydrochloride
Nanoparticles. 250 mg of a phospholipid, 25 mg of glyceryl
trilaurate, 25mg of cholesterol, 10mg of mitoxantrone
hydrochloride, and 10mg of sodium lauryl sulfate were
weighed and added to a 250 mL eggplant-shaped bottle, and
10mL of methanol-dichloromethane (volume ratio 1:1)
mixture was then added. The solution was then distilled at
37°C under reduced pressure and vacuum dried overnight.
After that, 10mL of 2% polyoxyethylene castor oil aqueous
solution was added and hydrated at 37°C for 30 min. It was
then immersed in an ice bath (200 W) for 300 times and
squeezed through a 0.22um filter to obtain toxantrone
hydrochloride nanoparticles (MTO-NLCs).

To obtain the ALN-FOL-MTO-NLCs, 20mg of folic
acid-polyoxyethylene monostearate (FOL-S100) and 100 mg
of alenic acid-polyoxyethylene monostearate (ALN-S100)
were added to the eggplant-shaped flask before distillation
under reduced pressure. The subsequent steps were the same
as above, and the double-ligand modified nanoparticles
(ALN-FOL-MTO-NLCs) were then obtained.

2.3. Measurement of Nanoparticle Encapsulation Rate,
Particle Size, and Potential. 0.1 mL of nanoparticle was added
with 0.4mL of distilled water for dilution, which was then
centrifuged at 8000 runs/min for 5min. The encapsulation
rate was then calculated based on the drug content in super-
natant and nanoparticle determined by HPLC. 0.1 mL of
nanoparticle preparation was added in 3.9mL of distilled
water for dilution. Particle size and potential of nanoparticles
were then determined with the Zetasizer Nano ZS nanomi-
celle potentiometer.

2.4. Identification of HA Adsorption Capacity of Nanoparticles.
The nanoparticles were diluted with distilled water to make
the drug content reach 0.1 mg/mL. Two grams of hydroxy-
apatite (hydroxylapatite, HA) was then weighed and added
into 50mL of the diluted nanoparticle preparation and
stirred at room temperature for 60 min, which was then
sampled every 15 minutes. After filtering the sample through
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a 045um filter membrane, the drug content in the unab-
sorbed nanoparticles and the diluted nanoparticle prepara-
tion in the filtrate were determined by HPLC, and the
adsorption ratio of the nanoparticles was then calculated.

2.5. Cellular Adsorption Capacity of Nanoparticles. Instead of
mitoxantrone hydrochloride and sodium lauryl sulfate,
coumarin-6 (C6) was used to prepare the C6-coated nano-
particles according to the method in Section 2.2. GCTB28
cells in the logarithmic growth phase were seeded in 96-
well plates at a density of 1 x 10° per well and incubated at
37°C for 24 h. After discarding the culture solution, the nano-
particle preparation diluted with RPMI 16140 medium with-
out folic acid was added, the cells were then incubated at
different temperatures for 4h and washed 3 times with PBS
after the incubation. After lysing the cells, the BCA kit and
HPLC were then used to determine the concentration of pro-
tein and C6 in the sample. The uptake index was calculated
according to the formula: uptake (%) = intracellular C6
concentration/intracellular protein concentration x 100.

2.6. Determination of Cytotoxicity of Nanoparticles. GCTB28
cells in the logarithmic growth phase were seeded in 96-well
plates at a density of 5 x 10* per well. MTO-NLCs and ALN-
FOL-MTO-NLCs were diluted with folic acid-free PRMI
1640 medium and added to each well, and the cells were then
incubated for 48 h. After that, each well was rinsed 3 times
with 37°C HBSS, and 20 L of MTT solution was then added
to each well. After incubation for another 4h,150 uL of
DMSO was then added. A microplate reader was then used
to measure the absorbance of each well at 570 nm after the
solution was thoroughly mixed.

2.7. Cell Transfection. Cells in the logarithmic growth phase
were taken and prepared into a cell suspension, seeded in
96-well plates at a density of 1 x 10° per well, and cultured
at 37°C for 24h. The Liposome 2000 kit instructions were
then strictly followed for cell transfection, and the transfec-
tion efficiency was determined with the RT-qPCR
experiment.

2.8. RT-gPCR. The total RNA in the cells was extracted with
the TRIzol kit, and then reverse transcription was performed
using the reverse transcription kit according to the reaction
system shown in Table 1. The expression levels of miRNA
and mRNA in cells were quantitatively measured based on
the reaction system shown in Table 2. The U6 and GAPDH
were used as internal references for miRNA and mRNA,
respectively. The setting for PCR was as follows: 40 total
cycles, 95°C for 10 min, 95°C for 305, 58°C for 305, 72°C for
10, and 72°C for 10 min.

2.9. MTT Experiment. Cells in the logarithmic growth phase
of each group were pipetted into single cells in a serum-free
medium for suspension culture. Cells were then seeded in
96-well plates at a density of 5 x 10° cells per well. After dif-
ferent treatments, 20 uL of MTT solution dissolved in PBS
was added. After incubating at 37°C for 4h, the culture
medium in each well was discarded, and 150 L of DMSO

TaBLE 1: Reverse transcription reaction system.

Material Volume (pL)
RNA 2
oligoDT 1
Random primers 1
5X buffer 4
Mix 1
Deionized water 12
TaBLE 2: PCR reaction system.
Material Volume (pL)
SYBR Green Mix 9
cDNA 2
Primer 1
Deionized water 8

was added and thoroughly mixed. The absorbance of each
well at 570 nm was then measured with a microplate reader.

2.10. Transwell Experiment. Cells in the logarithmic growth
phase were seeded on the upper layer of the Transwell cham-
ber coated with Matrigel gel, and the conventional medium
was added to the lower layer of the Transwell chamber. After
24h, the cells were fixed with a mixture of acetic acid and
formaldehyde for 15 min, which was then rinsed three times
with the PBS buffer. The cells that did not pass through the
chamber were then gently wiped out with a cotton swab.
Cells that passed through the chamber were then stained with
crystal violet and washed three times with PBS buffer. To
determine the cell invasiveness, the stained cells were then
put under a microscope, and a number of field views were
randomly selected to take pictures.

2.11. Western Blotting. Cells were lysed with RIPA lysate, and
the proteins in the cells were separated using 10% SDS-
PAGE, which was then transferred to PVDF membranes.
The PVDF membranes were then blocked and subsequently
incubated with primary antibody (PTHIR, 1:1000) at 4°C
overnight. After washing with PBS, the PVDF membranes
were incubated with secondary antibody (1:5000) for 1h at
room temperature. Using GAPDH as an internal parameter,
Image] was then used to determine the gray value of the
band.

2.12. Annexin V-FITC/PI Double-Staining Experiment. After
treating the cells of each group according to the experimental
design, the cell culture was centrifuged at 3000 runs/min for
5min, and the supernatant was discarded. The pellet was
then rinsed with PBS for 3 times. The collected cells were
then seeded in a 96-well plate at a density of 1 x 10° per well
and incubated for 12h. The Annexin V-FITC/PI double-
staining experiment was then carried out according to the
instructions of Annexin V-FITC/PI Apoptosis Detection
Kit. The apoptotic rates of each group of cells were then mea-
sured with flow cytometry.
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2.13. Dual-Luciferase Reporter Gene Experiment. The PTHIR
3'-UTR fragment was amplified and cloned into a vector to
construct wild-type PTHIR (PTH1R-wt). And the mutant
PTHIR (PTHIR-mut) was constructed using the Quik-
Change site-directed mutation kit. The liposome transfection
kit was then used to transfect miR-NC or miR-125b mimics
and PTHIR-wt or PTHIR-mut into GCTB28 cells. After
incubation for 48h, the luciferase activity was determined
using the dual-luciferase reporter gene system.

2.14. Localization of Drugs in Cells via Immunofluorescence
Microscopy. GCTB28 cells in the logarithmic growth phase
were inoculated in a special laser confocal Petri dish. After
24h of incubation, ALN-FOL-MTO-NLC nanoparticles
were added and further incubated for another 1 h. After that,
the medium was removed, and the cells were rinsed with PBS
twice. An immunofluorescence microscope was then used to
detect the fluorescence intensity and localization of ALN-
FOL-MTO-NLC: in the cells.

2.15. Statistical Analysis. GraphPad Prism 8.0 was used for
drawing and statistical analysis. The ¢-test was used for the
comparison between two groups, and the single-factor
analysis of variance was used for the comparison between
multiple groups. P <0.05 was used to indicate that the
difference is statistically significant.

3. Results

3.1. Preparation and Identification of Mitoxantrone
Hydrochloride Nanoparticles. Microscopic examination
results showed that MTO-NLCs and ALN-FOL-MTO-NLCs
were spherical and regular in shape. The test results showed
that the encapsulation rate, particle size, and potential
of MTO-NLCs were 99.37 +0.26%, 50.62 + 3.34nm, and
—3.42 +1.13mV, respectively; the encapsulation rate, par-

ticle size, and potential of ALN-FOL-MTO-NLCs were
99.87+£0.17%, 46.18+2.53nm, and -17.11+2.24mV,
respectively. The HA adsorption test showed that compared
with MTO-NLGCs, the adsorption capacity of ALN-FOL-
MTO-NLCs on HA was significantly enhanced, and with
the increase of the modification of ALN-S100 and FOL-
$100, the adsorption capacity of nanoparticles on HA also
increased (P <0.001), as shown in Figure 1(a). The results
of cell uptake experiments showed that compared with C6-
NLCs, the uptake of ALC-FOL-C6-NLCs by GCTB28 cells
was higher (P < 0.01), as shown in Figure 1(b).

3.2. The Effects of Mitoxantrone Hydrochloride Nanoparticles
on GCTB28 Cells. The cytotoxicity test results showed that
ALN-FOL-MTO-NLCs in GCTB28 cells showed stronger
cytotoxicity (P <0.05) than MTO-NLCs, as shown in
Figure 2(a). After the treatment of GCTB28 cells with
ALN-FOR-MTO-NLC nanoparticles, the red fluorescence
of the drug can be observed and mainly distributed in the
cytoplasm, as shown in Figure 2(b). Based on the above
results, we believe that ALN-FOL-MTO-NLCs have a better
inhibitory effect on the malignant behavior of GCTB28 cells.

The results of RT-qPCR experiments showed that the
expression of miR-125b in MG-63 cells and GCTB28 cells
was significantly downregulated (P < 0.05), consistent with
the results of Fei et al. [17]. And the expression level of
miR-125b in hFOBI.19 cells was 4.82 times than that of
GCTB28 cells, as shown in Figure 2(c). The expression of
miR-125b in normal tissues was 5.16 times higher than that
of cancer tissues, as shown in Figure 2(d). After GCTB28 cells
were treated with nanoparticles, the expression levels of miR-
125b in the MTO-NLCs group and ALN-FOL-MTO-NLCs
group were 3.67 and 4.89 times higher than that of the con-
trol group, respectively, as shown in Figure 2(e), which is
consistent with our predictions; therefore, ALN-FOL-
MTO-NLCs were selected for the subsequent experiments.
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After transfection with miR-NC, miR-125b mimics, and
miR-125b inhibitor, RT-qPCR was used to detect the trans-
fection efficiency, and the results are shown in Figure 2(d).
Furthermore, the MTT test showed that the proliferation
capabilities of GCTB28 cells transfected with miR-NC lipo-
somes were not significantly different from that of the control
group, whereas the proliferation capabilities of GCTB28 cells
after transfection with miR-125b mimics and ALN-FOL-
MTO-NLCs was significantly reduced compared with the
control group (P <0.05), and the proliferation capabilities
of GCTB28 transfected with miR-125b inhibitor liposomes
was significantly increased compared with the control group
(P <0.05), as shown in Figure 2(g). Annexin V/PI double-
staining results showed that the apoptotic rates of GCTB28
cells transfected with miR-NC liposomes were not signifi-
cantly different from that of the control group. GCTB28 cells
transfected with miR-125b mimics and ALN-FOL-MTO-
NLCs had higher apoptotic rates compared with the control
group (P <0.05), and the apoptotic rates of GCTB28 cells
transfected with miR-125b inhibitor liposome were signifi-

cantly reduced compared with the control group (P < 0.05)
as shown in Figure 2(h) and Figure S1. The Transwell
experiments showed that the number of migratory GCTB28
cells transfected with miR-NC liposomes was not
significantly different from that of the control group,
whereas GCTB28 cells transfected with miR-125b mimics
and GCTB28 cells treated with ALN-FOL-MTO-NLCs had a
significantly lower migration rate compared with the control
group (P <0.05). Furthermore, the number of migratory
GCTB28 cells transfected with miR-125b inhibitor liposomes
was significantly higher than that of the control group
(P < 0.05), as shown in Figure 2(i) and Figure S2.

3.3. The Targeting Relationship between miR-125b and
PTHIR. The bioinformatic analysis showed that parathyroid
hormone receptor 1 (PTHI1R) is the target gene of miR-125b,
and the binding sequence is shown in Figure 3(a). The results
of the dual-luciferase reporter gene experiment showed
that overexpression of miR-125b induced a decrease in
the luciferase activity of PTHIR-wt (P <0.05); however,
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it had no significant effect on the luciferase activity of
PTHIR-mut, as shown in Figure 3(b). Thus, the above
dual-luciferase reporter gene experiment verified the target-
ing relationship between PTHIR and miR-125b. Western
blotting experiments and RT-PCR results also showed that
overexpression of miR-125b significantly inhibited the
expression of PTHIR protein and mRNA (P <0.05), as
shown in Figures 3(c) and 3(d).

3.4. ALN-FOL-MTO-NLCs Inhibit the Malignant Behavior of
GCTB28 Cells through the miR-125b/PTHIR Molecular Axis.
RT-qPCR results showed that the expression of PTHIR
mRNA in GCTB28 cells was significantly increased after
transfection with pc-PTHIR (P < 0.05), and the expression
of PTHIR mRNA in GCTB28 cells was significantly
decreased after transfection with si-PTHIR (P <0.05), as
shown in Figure 4(a). MTT results showed that compared
with the control group, the proliferation activity of GCTB28
cells in the si-PTHIR group and ALN-FOL-MTO-NLCs
group was significantly reduced (P < 0.05), whereas the pro-
liferation activities of GCTB28 cells in the miR-inhibitor +
ALN-FOL-MTO-NLCs group and miR-mimics + pc-
PTHIR group did not show significant changes, as shown
in Figure 4(b). The Annexin V/PI double-staining results
showed that compared with the control group, the apoptotic
rates of GCTB28 cells in the si-PTHIR group and the ALN-
FOL-MTO-NLCs group increased significantly (P < 0.05),
whereas there was no significant change in the apoptotic

rates of GCTB28 cells in the miR-inhibitor + ALN-FOL-
MTO-NLCs group and miR-mimics + pc-PTHIR group,
as shown in Figure 4(c) and Figure S3. Transwell
experiment showed that compared with the control group,
the number of invasive GCTB28 cell in the si-PTHIR group
and the ALN-FOL-MTO-NLCs group was significantly
reduced (P < 0.05), whereas the number of invasive GCTB28
cells in the miR-inhibitor + ALN-FOL-MTO-NLCs group
and miR-mimics + pc-PTHIR group did not change
significantly from the control group, as shown in Figure 4(d)
and Figure S4.

4. Discussion

As one of the most common primary bone tumors, GCT is
frequently occurred in young people and often happens
around the knee joint. Although the malignant degree of
GCT is low, it still has strong invasiveness and osteolysis,
and the recurrence rate after surgical treatment is extremely
high, which seriously affects the quality of patients’ life.
Therefore, finding new treatment strategies is essential to
improve the quality of life for patients and reduce their recur-
rence rates after surgery. Studies have shown that nanoparti-
cles have unparalleled advantages in the treatment of bone
tumors. In this study, based on the research of Shi et al,
MTO-NLC and ALN-FOL-MTO-NLC nanoparticles were
prepared. Careful examination of the prepared nanoparticles
revealed that both nanoparticles were spherical and regular
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in shape, and the rate of drug coverage, particle size, and  havea certain degree of improvement in terms of HA adsorp-
potential was consistent with the results of Shi et al. Further-  tion capacity, cellular uptake capacity, and toxicity to cancer
more, compared with MTO-NLCs, ALN-FOL-MTO-NLCs  cells. This improvement is partially attributed to ALN. As a
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bone metabolism regulator, ALN has a strong affinity with
HA. Therefore, the modifications of nanoparticles with
FOL not only ensured the steric hindrance of PEG but
also increased the ingestion of nanoparticles by target
cells. Immunofluorescence microscopy results showed that
the ALN-FOR-MTO-NLC nanoparticles in GCTB28 cells
were red fluorescent and mainly distributed in the cyto-
plasm, which is also consistent with the results of Vibet
et al. [18].

Specifically, various studies have confirmed the expres-
sion changes of miR-125b in a variety of cancer tissues
and cells. For example, miR-125b as a tumor suppressor
gene was downregulated in breast cancer tissues and cells
[19], and miR-125b expression in gastric cancer tissues
and cells was also significantly downregulated [20]. In this
study, it was found that the expression level of miR-125b
in GCT tissues and cells was also significantly downregu-
lated. The expression of miR-125b in GCT cells was upreg-
ulated to varying degrees after treatment with MTO-NLCs
and ALN-FOL-MTO-NLCs, and the overexpression of
miR-125b produced certain effects on proliferation, inva-
sion, and apoptosis of GCT cells. Therefore, we think
miR-125b played a role in the occurrence and development
of GCT, which may be related to the role of ALN-FOL-
MTO-NLC nanoparticles.

In this study, inhibiting the expression of PTHIR in
GCTB28 cells reduced the proliferation and invasion of
GCTB28 cells and induced its apoptosis. Moreover, bioin-
formatics analysis showed that PTHIR and miR-125b have
partially complementary sequences, and their targeting
relationship was further verified via the dual-luciferase
reporter gene experiment, Western blotting, and RT-
qPCR.

At the end of the study, through a series of rescue
experiments, it was confirmed that ALN-FOL-MTO-NLCs
inhibited the malignant behavior of GCTB28 cells by
upregulating the expression level of miR-125b which then
inhibited the expression of PTHIR. This result provides a
theoretical basis for clarifying the mechanism of ALN-
FOL-MTO-NLCs in the treatment of GCT, and ALN-
FOL-MTO-NLCs combined with surgery may become a
new strategy for the treatment of GCT.

Data Availability

All the data is available with the handwritten notebook
documented in our lab.
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The development of sensitive, cheap, and portable methods for detecting nitroaromatics explosives has a profound significance and
value for public health and environmental protection. For this purpose, a new D-7-A barbituric acid derivative CB-CYH with
aggregation-induced emission (AIE) behavior was synthesized, which can interact with picric acid through photoinduced
electron transfer (PET). Scanning electron microscopy (SEM) and dynamic light scattering (DLS) indicate that the enhanced
emission of the compounds is related to the formation of nano-aggregates. It is well known that an important source of
mechanochromic fluorescence (MCF) characteristic materials is the compound with AIE characteristics. The chemosensing test
paper prepared by aggregated nanoparticles based on AIE properties is often subjected to external friction or squeeze during
transportation or storage, resulting in changes of their optical properties, and destruction of test paper followed. Therefore, the
development of compounds with AIE properties and stable optical properties in the presence of external stimuli is particularly
important for chemosensing test paper. Molecular dynamics simulation (MDS) shows that the presence of hydrophobic
cycloalkyl group in CB-CYH, which caused the molecules to be closely interspersed with each other; hence, it is difficult to
change the microstructure and stacking mode of molecules by external stimulation simultaneously; the optical properties are not
changed by external stimuli. Therefore, the test paper based on the AIE effect of CB-CYH was developed as chemosensing test

paper for the detection of nitroaromatics.

1. Introduction

The problem of human health is threatened by explosive
residues from terrorist bombings, and military exercises are
becoming more and more serious. The nitroaromatics are
commonly used as explosive materials, and the methods of
detection of nitroaromatic explosives are various [1], such
as metal detectors [2], thermal neutron analysis [3], electro-
chemical assays [4], Raman spectroscopy [5], gas chromatog-
raphy [6], X-ray imaging [7], and mass spectrometry [8].
However, the disadvantages are obvious, such as time-con-
suming, or expensive, or complicated processing. So many
researchers turn their attention to photoluminescence (PL)
sensor [9-12], which is a low-cost with high-sensitivity,
easy-to-operate, and a new type of very promising method.
The PL sensor is usually based on a photoinduced electron

transfer (PET) mechanism that is from an electron-rich
group of the sensor to an electron-deficient nitroaromatic.
However, the practical application of traditional PL sensor
is hindered by the phenomenon of aggregation quenching
(ACQ) [13].

Since Tang’s group [14-16] discovered compounds with
aggregate-induced emission (AIE) feature, more and more
people have paid attention to this; these compounds can
not only be widely used in luminescent polymers, explosive
detection [17, 18], mechanochromic fluorescence [19], opto-
electronic materials, biosensors, and gels but also successfully
solve the ACQ problem [20-28]. Compounds with AIE
properties are nonluminous when dissolved in a good solvent
but are completely opposite in the aggregated state. The rea-
son for strong emission in the aggregate state is that the for-
mation of aggregated nanoparticles restricted intramolecular
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rotation (RIR), the nonradiative channels are blocked and
radiation paths are opened [29]. PL sensors based on AIE
have successfully solved the problems of traditional sensors
with ACQ properties.

Chemosensing test papers are widely used due to their
portability, low price, and easy storage [30-32]. It is well
known that an important source of mechanochromic fluores-
cence (MCF) characteristic materials is the compounds with
AIE characteristics. Chemosensing test paper based on AIE
properties is often subjected to external friction or squeeze
during transportation or storage, resulting in changes in their
optical properties. Fortunately, a new D-7-A barbituric acid
derivative CB-CYH with aggregation-induced emission
(AIE) behavior was synthesized, of which the optical
properties are not changed by external stimuli. Hence, the
chemosensing test paper was prepared by aggregated nano-
particles of CB-CYH, which was developed for the detection
of nitroaromatics.

2. Experimental Section

2.1. Materials. 1,3-Dicyclohexylurea, dimethylformamide,
malonyl chloride, and 9-phenyl-9H-carbazole (A.R., 99%)
were purchased from Jiu ding Chemical, and which without
further purification. DMF is usually dried sequentially by
molecular sieves (4 A), CaH, and sodium sand successively,
and distilled prior to use.

2.2. Characterizations. UV-vis spectra were registered by
UV-2500 spectrometer. Emission spectra were recorded on
an F-4600 fluorescence spectrophotometer. 'H NMR
(400 MHz) spectra were recorded on AVANCE II 400 spec-
trometer. FT-IR spectra were measured by a Nicolet 380
spectrometer using the KBr pellet method.

2.3. Computation. The optimizations and electronic
structure calculation for the CB-CYH were done at
B3LYP/def2-SVP level with Gaussian09 software. Solvation
effects were incorporated by molecular dynamics simula-
tions (MDS) [33] solvation models with water as solvent.
The dispersion correction was conducted by Grimme’s
D3 version with B] damping function [34].

Eight optimized molecules of CB-CYH were randomly
dissolved in 400 water molecules, respectively, to form
initial systems with the same cubic simulation lattice
(x:28.89A, y:28.89A, and z:28.891°&). Subsequently,
all-atomic molecular dynamics simulations (MDS) were
performed for the system in BIOVIA Materials Studio
2019 Forcite packages. The simple point charge (SPC)
model [35, 36], which can accurately describe the water
solution environment [37], is adopted for all water
molecules.

The MD simulation of all systems can be performed after
charges and potentials are assigned to each atom. The long-
range electrostatic interactions have been accounted for
using the Ewald method. The total energy is written as a
combination of valence terms including diagonal and off-
diagonal cross-coupling terms and nonbond interaction
terms, which include the Coulombic and Lennard-Jones
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functions for electrostatic and van der Waals interactions,

E= Ebonds +E + Edihedrals +E

+ EVDW + Eelec’ (1)

angles cross

where Ey . and E,,._ are given by the Eq. (2):

elec

9 6
O:: O:: 9.9
Enon—bond = EVDW + Eelec = zgij |:2 (r_l]> -3 <r_l]> :| +Z % .

i 1 i

(2)

The MDS was performed using the COMPASS force field
[38, 39], which is a force field for atomistic simulation of
common organic molecules based on the state-of-the-art ab
initio and empirical parametrization techniques. The simula-
tions were equilibrated at constant temperature (298.15K)
and volume (NPT) for 30 ns.

2.4. Synthesis of Compounds. The synthetic routes of CB-
CYH which include are illustrated in Scheme 1. In addition
to this, the synthesis step of 1,3-dicyclohexylbarbituric acid
(1) and 9-phenyl carbazole-3-carbaldehyde (2) can be found
from Ref. [40, 41], respectively.

2.4.1. Synthesis of CB-CYH. A mixture of 2 (3 mmol) and 1
(3mmol) in (10 ml) EtOH was refluxed for 4 hr. After filtra-
tion, the filtrate was concentrated under reduced pressure
and purified by column chromatography
(ethyl acetate : petroleum ether =2 : 1). Production: 90%.
"H NMR (400 MHz, Chloroform-d) 8 8.35 (s, 1H), 8.14 (d,
J=8.8Hz, 2H), 7.36 (t, ] =7.8 Hz, 4H), 7.21 (d, ] =7.6 Hz,
6H), 6.95 (d, J=8.7Hz, 2H), 474 (dd, J = 14.0, 10.5Hz,
2H), 2.37 (q, ] =12.5Hz, 4.H), 1.84 (s, 3H), 1.67 (s, 4H),
1.42-1.33 (m, 4H), 1.31-1.22 (m, 3H) (Figure S1) FT-IR
(KBr): 1669 cm™ (C=0) (Figure S2). HRMS (ESI) m/z: [M
+ HJ]" caled for C;H;N,0;, 545.38328; found, 545.27512
(Figure S3). 13C NMR (126 MHz, Chloroform-d) 8 163.54,
161.57, 156.45, 1482.84, 145.37, 138.22, 129.60, 128.72,
127.25, 126.59, 115.47, 55.15, 29.39, 25.67, 25.12 (Figure S4).

3. Results and Discussion

3.1. Optical Properties. The absorption and emission spectra
for CB-CYH are presented in Figure 1(a). The maximum
absorption wavelength of CB-CYH was at 421 nm, which
can be attributed to the intramolecular charge transfer
(ICT) [42] from the carbazole group to the barbituric acid
group, which can also be confirmed by density functional
theory (DFT) calculations (Figure 1(b)). It should note that
the absorption peak at 230-350nm belongs to the m- *
electron transition of the corresponding benzene ring unit.
In dilute THF solution, CB-CYH showed dim emission with
emission wavelengths at 517 nm.

The AIE property of CB-CYH was studied in THF/H,O
system. As shown in Figure 2(a), the emission intensity of
CB-CYH increased by 4.4 folds with f increased from 0%
to 80%, because of the formation of nano-aggregates; how-
ever, as the f  increases further, the emission intensity
decreases, which is due to the the low solubility of CB-CYH
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FIGURE 1: (a) UV-visible absorption spectrum and emission spectrum of CB-CYH in pure THF (10*M). (b) Electron density distributions of
LUMO and HOMO molecular orbitals of CB-CYH calculated by the B3LYP/6-31Gd program. (HOMO: the highest occupied molecular
orbital energy; LUMO: the lowest unoccupied molecular orbital energy).

at high water content, resulting in rapid precipitation of the
compounds, the total number of emission molecules
decreases in the solution, and fluorescence reduction follows
[43]. Fluorescent photograph of CB-CYH in THF/H,O
mixtures with different f_, irradiated by 365 nm wavelength
also demonstrate that CB-CYH is AIE active compound.
The fluorescence quantum yields of pure solution and
aggregate state are determined relative to coumarin 307 in
ethanol solution as a quantum yield standard
(DF (fluorescence quantum yield) = 56%). The coumarin

307 is selected as a standard to study the ®F due to its
maximum absorption and emission wavelength (395nm
and 500 nm, respectively), which are close to the synthesized
AIE compounds in this work; the fluorescence quantum
yields of compound in the pure solution and aggregate state
are 1.8% and 7.4%, respectively.

Scanning electron microscopy (SEM) and dynamic light
scattering (DLS) were used to detect the morphology and size
of nano-aggregates in f  =80% (Figure 3) which show the
presence of spherical and blocky aggregates. As shown in
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Figure 3, the solution was uniformly stable at a water content
of 80%, and the average diameters (d) of the CB-CYH
aggregates was 180 nm, respectively. These data indicate that
the enhanced emission of the compound is related to the
formation of nano-aggregates.

As shown in Figure S5, The fluorescence intensity of CB-
CYH (f,, = 80%) did not change within 30 minutes. These
results mean that CB-CYH (f,, = 80%) has excellent photo-

stability. In addition, the average diameter (d) of CB-CYH
aggregate has basically no change within half an hour
(Figure S6).

It is well known that an important source of mechano-
chromic fluorescence (MCF) property materials are
compounds with AIE properties. However, it can be seen
from Figure 4(a) that there is almost no change in color
and fluorescence after grinding of CB-CYH; simultaneously,
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the XRD diffraction peak of CB-CYH almost unchanged
(Figure 4(b)). It can also be seen from Figure 4(c) that the
emission spectrum of CB-CYH has almost no change before
and after grinding, regardless of the emission wavelength or
intensity. The structure of the CB-CYH showed strong
distortion, but not MCF property, which inspired our intense
curiosity.

3.2. Molecular Dynamics Simulations (MDS). The behavior of
CB-CYH in the aggregated state was studied by MDS. As
shown in Figure 5(a), all the molecules of the formed nano-
aggregates together under high water content, and at the
same time, the structure of CB-CYH shows a strong defor-
mation. Among them, the electron repulsion and strong
intermolecular interactions between aryl rings in carbazoles
lead to extremely curved configurations (Figure 5(b)), and
from the distribution of dihedral angles between several
moieties, the main dihedral angles of angle-1, angle-2, and

angle-3 are 50°, 155°, and 155°, respectively. Meanwhile, the
cyclohexane on the N atom of the barbiturate acid exhibits
extremely distorted chair conformation, which further
increases the degree of distortion of the molecule CB-CYH
(Figure 5(c)). These data indicate that the molecule takes
3D conformation, which makes it easy to pack closely in
the crystalline state. As shown in Figure 4(d), because of
hydrophobic interactions, the substituents cyclohexane in
CB-CYH tend to aggregate together. Hydrophobic interac-
tions pull all molecules together and spread each other, which
formed aggregated nanoparticles to lock the molecules. This
also proves why CB-CYH does not have MCF property.

3.3. Chemosensing Test Paper. The chemosensing test paper
was prepared by soaking Whatman filter paper in CB-CYH
(f,y = 80%) (10*M) solution (aggregated nanoparticles)
and then dried it in the air stream. Picric acid (PA) was
selected as representative of nitroaromatic explosives. First,
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the PA test was performed at solution state. As shown in  increase of PA concentration, when the concentration
Figure 6(a), the test paper emits bright blue-green fluores-  reaches to 5g/L, the area of adding PA solution is completely
cence without adding PA solution, when adding 0.31g/L  quenched. Next, perform a steam mode test. Place the chem-
PA solution, the test paper shows a slight quenching. It is  ical sensing test paper in a cylindrical glass container filled
found that the quenching efficiency increases with the  with solid PA (0.2 g) maintained at a constant temperature
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of 45°C for 5 minutes (under standard atmospheric pressure).
The circular area of the test paper was exposed to PA vapor.
It can be seen from Figure 6(b) that the fluorescence of the
test paper is significantly quenched in the area exposed to
the PA vapor. These results showed that CB-CYH-based
chemosensing test paper can detect picric acid.

3.3.1. Sensing Mechanism. As shown in Figure 7, the absorp-
tion spectrum of PA and emission spectrum of CB-CYH
were tested, which to explore the quenching mechanism. It
noticed from Figure 7(a) that the absorption spectrum of
PA and the emission spectrum of CB-CYH hardly overlap,
and the results showed that the quenching mechanism of
CB-CYH was photoinduced electron transfer (PET) [44-46].

In explosives containing nitro groups, which has a strong
electron-withdrawing ability, resulting in that is extremely
deficient in electrons. However, the fluorescent compound as
the electron-donor is rich in electrons, and it is easy to interact
with the electron-deficient substance by charge transfer inter-
action and bind under the condition of light irradiation. In the
process of the photoinduced electron transfer (PET) mecha-
nism, the fluorescent material provides electrons to the ground
state of the electron-deficient nitroaromatic explosive, and
part of it will return to the ground state in the form of a com-
plex, thus losing fluorescence. Some electrons will return to
the electron donor and still emit fluorescence. The driving
force for the PET mechanism is the difference between the
LUMO energy levels between the donor and acceptor, namely,
the size of the energy gap difference.

As shown in Figure 7(b), the energy levels and electron
cloud distributions of the HOMO and LUMO of TNT and
CB-CYH were calculated by the B3LYP/6-325 31G (d)
program. When the excited CB-CYH is exposed to TNT,
the excited electrons are transferred from the LUMO of
CB-CYH to the LUMO of PA. The main driving force of
PET is the difference between the LUMO value of CB-CYH
and PA, which is -1.924eV.

4. Conclusions

In summary, the chemosensing test paper was prepared by
aggregated nanoparticles of CB-CYH, which was developed
for the detection of nitroaromatics. MDS showed that CB-
CYH with a strong twist structure cannot cause changes in
fluorescence, color, and emission wavelength by external
stimuli due to the close interpenetration between molecules.
Hence, the chemosensing test paper will not be damaged by
squeeze and friction during transportation and storage.
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In this study, undoped carbon quantum dots (UCQDs, UCQDs-peel) and N-doped carbon dots (NCQDs) were prepared by a facile
one-pot environmentally friendly hydrothermal method using grapefruit as carbon sources in the absence and presence of area,
respectively. The structure, morphology, and fluorescence properties of three samples were characterized by Fourier transform
infrared spectroscopy (FT-IR), transmission electron microscopy (TEM), and photoluminescence (PL). It was found that three
types of CQDs could emit blue fluorescence with different intensities when irradiated with ultraviolet light. Compared to the
luminescence properties of UCQDs, NCQDs, and UCQDs-peel, it can be seen that the fluorescence intensity of NCQDs was

strongest due to the presence of NH and C-N bonds.

1. Introduction

Carbon quantum dots (CQDs) have widespread application
in light-emitting devices (LED), cancer therapy, thermome-
ters, anticounterfeiting, and biosensors due to their unique
and tunable optical properties, the low cost and environmen-
tally friendly fabrication, and low cytotoxicity and a high
resistance to photobleaching [1-5]. Recently, lots of
researchers have been working on CQDs from the prepara-
tion to application, especially in green synthesis from some
natural sources such as grass [6], leaves [7], flowers [8], cereal
[9], and so on [10, 11]. However, in practice applications,
CQDs are limited for its low luminescence intensity and sin-
gle emission wavelength. So, the studies on the development
of efficient and reproducible strategies to enhance the inten-
sity and multicolor emission of CQDs would improve their
practical applications in sensing, imaging, LED, and so on.
According to studies of the existing luminescence mech-
anism, the fluorescence intensity of CQDs was influenced by
surface states [12] and the structure [13] and size [14] of the
materials. So far, scientists have made some researches on the
enhancement of fluorescence intensity and tunable multi-

color emissions of CQDs in order to realize its practical
application. All in all, there exist several strategies including
prepared method [15], surface modification and passivation
[16], different solvent [17] and heteroatom doping [18], high
pressure [19], and so on [20]. For example, Wang and his
coworkers successfully obtained fluorescence enhancement
of CQDs via simple grinding, prepared using pyrene deriva-
tive (pyrene-1-butyric acid (PyBA)) as a carbon source;
furthermore, they found that an apparent 20-30 times emis-
sion enhancement can be observed by the treatment of grind-
ing, which was ascribed CQD-packed structure and
morphology changes [21]. At the same time, Wang et al.’s
team also studied the pressure-triggered aggregation-
induced emission enhancement in red emission amorphous
CQDs and revealed that the accumulation of R-CQD mole-
cules triggered enhanced emissions under higher pressure
by theoretical calculations [22]. Xu et al. reported a novel
kind of (AA)-enhanced CQDs prepared based on the
employment of green teas and ascorbic acid by adjusting its
surface state. Moreover, they found that this new kind of
(AA)-enhanced CQDs also reveals excellent antioxidant
activity [23]. In addition, many studies have proved that
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FiGure 1: Illustration of the preparation procedures and fluorescence characterization of (a) UCQDs, (b) NCQDs, and (c) UCQDs-peel.

heteroatom like N, S, F, rear earth, and codoping can
improve the luminescence performance of CQDs, such as
tunable emission and multifunction properties [24, 25].
However, as we all know, there is little research on the fluo-
rescence enhancement of CQDs by N-doping by a one-pot
green synthesis method.

In this work, three kinds of carbon quantum dots
(CQDs) are prepared using different sets of natural grape-
fruit and urea materials by a facile one-pot environmen-
tally friendly hydrothermal method. Subsequently, the
fluorescence properties of the prepared samples were
investigated systematically. It was found that the prepared
carbon quantum dots can emit blue fluorescence with dif-
ferent intensities when irradiated with ultraviolet light.
Furthermore, the fluorescence intensity of CQDs can be
improved by N-doping. Therefore, the method of enhance-
ment fluorescence intensity by heteroatom doping holds a
promising potential application in bioimaging, ion sensing,
and LED.

2. Materials and Methods

2.1. Experimental Materials and Reagents. The fresh grape-
fruits were purchased from a local supermarket of Northeast
Forestry University, China. Urea was obtained from Tianjin
Tianli Chemical Reagents Ltd. Nitric acid was obtained from
Xintian Chemical Reagents Ltd. (Shuangcheng, Heilongjiang
Province). All of the reagents were of reagent grade and used
without any further purification. The deionized water was
prepared in the lab.
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FiGure 2: XRD patterns for (a) UCQDs, (b) NCQDs, and (c)
UCQDs-peel.

2.2. Apparatus and Procedures. X-ray diffraction (XRD) pat-
terns of the samples were recorded with a Rigaku D/max-yB
diffractometer equipped with a rotating anode and a Cu K«
source (A =0.154056nm). Transmission electron micros-
copy (TEM) images were obtained on a TecnaiG2 F20 elec-
tron microscope (FEI, Holland) with an accelerating voltage
of 200kV. Fourier-transform infrared spectra (FT-IR) were
recorded on a Perkin Elmer TV1900 instrument (Waltham,
MA, USA). Spectra were recorded from 650 to 4000 cm’,
at a resolution of 4cm™. UV-vis absorption spectra were
examined by a U-3900 UV/Visible spectrometer (Hitachi
Company). The fluorescence spectra were carried out on
FluoroMax-4 fluorescence spectrometer.
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F1gure 3: TEM images of (a) UCQDs, (b) NCQDs, and (c) UCQDs-peel. (d)-(f) are the corresponding size distributions obtained from TEM

images.

2.3. Preparation of CQDs and NCQDs. Figure 1 is the illustra-
tion of preparing three kinds of CQDs, and the process of the
synthesizing CQDs is as follows:

After peeling the skin, the grapefruit was cut into small
pieces and fresh juice was squeezed out. The obtained juice
was centrifuged at 8000 rpm for 10 min; the above supernatant
was passed through a filter paper to get pulp-free grapefruit juice.
Then, 20 mL filtered grapefruit juice and 20 mL deionized water
were mixed under stirring for 15 minutes. The above mixture
was transferred into a Teflon-lined steel autoclave and heated
at 180°C for 6 h. After the system was cooled to the room tem-
perature, the obtained brown products were centrifuged for
15 min with a speed of 5000 rpm and then the resultant solution
was dialyzed in a dialysis bag (MwCO =3500D) for 48h.
Finally, the products were freeze-dried for further analysis.

NCQDs were prepared by the same way by using grape-
fruit juice as the carbon source and carbamide (1 mol/L) as
both the carbon and nitrogen source.

CQDs from grapefruit peel were prepared as follows: grape-
fruit peel was cleaned by the deionized water and then chopped.
After that, the chopped grapefruit peel was heated at 220°C in a
muffle furnace for 2 h. After cooling down at room temperature,
20 mL deionized water was added into the products and ultra-
sound stirred for 20 min. The solution was then filtered to
remove precipitates and to obtain the CQDs-peel.

3. Results and Discussion

3.1. Structure and Morphology of Prepared Samples. The XRD
patterns of three kinds of samples are shown in Figure 2. The

Intensity (a.u.)

2500 2000 1500 1000 500
Wavelength (nm)

4000 3500 3000

FIGURE 4: Comparison of Fourier transforms infrared spectra of
carbon dots prepared by three carbon sources (a) UCQDs, (b)
NCQDs, and (c) UCQDs-peel.

obvious broad peak around at 22.4° (d=0.396nm) were
found in three samples of XRD patterns, which indicated
highly disordered carbon atoms and graphitic structure of
the CQDs. There is no other peak found in Figure 2, indi-
cating three prepared samples were pure amorphous
nature of CQDs.

The morphology and size of the prepared samples were
measured by TEM. As shown in Figure 3, it was found that
three kinds of samples had uniform spherical morphology.
The diameter of the UCQDs is larger than those of NCQDs
and UCQDs-peel. And their diameters are mainly distributed
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FIGURE 5: (a) The fluorescence spectra of UCQDs (al), NCQDs (b1), and UCQDs-peel (c1), under the different excitation wavelengths. (b)
The UV-vis absorption spectra of UCQDs (a2), NCQDs (b2), and UCQDs-peel (c2).
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F1GURE 6: The fluorescence spectra of (a) UCQDs, (b) NCQDs and
(c) UCQDs-peel with the same fixed concentration. The inset is the
photos of solution of CQDs under the irradiation of 365 nm.

in the range of 4.74-8.20nm with an average diameter of
6.34 nm and a range of 2.45~6.23 nm with maximum popula-
tion at about 4.44 nm and 3.39 nm, respectively.

3.2. The Analysis of Surface Chemistry Compositions. To
investigate the surface chemistry characteristics of the three
kinds of CQDs from grapefruit, the prepared samples were
characterized by FTIR spectroscopy. As shown in Figure 4,
it can be seen that the similar absorption peaks were found
in three prepared samples. And the absorption peaks at about
3675cm™" and 1050cm™ can be ascribed to the stretching
vibration of carboxylic acid (-COOH) and hydroxyl group
(O-H) [26]. The peaks at 2976 cm™'and 2900cm™ corre-
sponded to the vibration mode of C-H. The peaks observed
at 1733, 1572, and 1388 cm™ corresponded to the stretching
vibrations of the C=0, C=C, and C-N groups, respectively.
Furthermore, three samples have similar IR bands within
the range of ~1000 cm™ which are assigned to the stretching
vibrations of C-H. In addition, the peak at 1250cm™ is
observed in UCQDs and UCQDs-peel assigned to armchair
configuration, which appears at the edges of graphene layers
being consistent with carbine and carbine structures at arm-
chair sites [13]. And the presence at about 3173, 750, 1667,
and 1448 cm™ in the NCQDs due to the stretching or bend-
ing vibration of the N-H, CONH, and C-N groups [27],
which indicates the effective nitrogen doping into CQDs
occurring from urea.

3.3. Fluorescence and UV-vis Absorption Spectra. The optical
properties of three kinds of obtained samples were investi-
gated by FL emission and UV-vis absorption spectra.
Figures 5(a), 5(b), and 5(c) present CQDs, NCQDs, CQDs-
1, respectively. It can be found that the three kinds of CQDs
show the excitation-dependent emission spectral behavior
with different maximum emission wavelengths when the
excitation wavelength varied from 300 to 420nm with an
increment of 20nm. The FL intensity increased gradually
and then decreased, and the strong emission peaks were
found at 411nm (Figure 5 al, ex: 320nm), 418nm
(Figure 5 b1, ex: 340nm), and 420 nm (Figure 5 cl, ex: 340
or 360 nm), respectively.

UV-vis absorption spectra of three kinds of CQDs exhibit
different absorption bands due to different surface states. Two
different absorption bands are found in Figure 5 a2 (for
UCQDs), which are ascribed to a typical absorption of an aro-
matic system. The weak absorption peak at 225nm can be
attributed to the n-7 * transition of C=C bonds. The strong
peak at 283 nm is assigned to the -7 * transition of C=C
bonds for aromatic sp> hybridisation (shown in Figure 5 a2)
[28]. However, multiple absorption peaks were observed in
Figure 5 b2 (for the NCQDs). The strong peak at 271 nm
can be attributed to the transition of n-m * and 7- * with
C=0 bonds of carboxyl groups and aromatic sp> (C=C)
domains, respectively [29]. And the absorption bands at about
308 nm, 324 nm, 329 nm, and 334 nm indicate that the surface
of the synthesized NCQDS molecules has amide functions. In
Figure 5 ¢2, the broad absorption band from 240 to 280 nm
was observed which is contributed to the 7-7r * transition of
C=C bonds for aromatic sp> hybridisation.

The fluorescence spectra of CQDs from different reactive
materials are shown in Figure 6. It was found that CQDs
from different reactive materials showed similar fluorescence
properties and different fluorescence intensity, when the con-
centration of CQDs fixed the same. UCQDs and NCQDs had
the same fluorescence properties and different fluorescence
intensities. In contrast, NCQDs showed a strong luminous
intensity being ascribed to N-atom doping in the CQDs,
which corresponded to the optical properties of CQDs
improved via the edge doping [30]. And the edge doping
increased photoexited electron in the emission transition
channel, thereby enhancing the radiation transition probabil-
ity and the PL intensity [16]. In addition, UCQDs-peel exhib-
ited a red-shifted PL emission in comparison to the UCQDs
and NCQDs. According to the above FTIR analysis, three
kinds of CQDs are hydrophilic due to the surface polar
groups, which are highly dispersible in water, and the solu-
tion of CQDs exhibits strong light blue light under the irradi-
ation of 365 nm xenon lamp (shown in the inset of Figure 6).

4. Conclusions

In summary, a green and facile synthesized method was pre-
sented to prepare NCQDs with enhanced luminescence
intensity by grapefruit juice and urea under hydrothermal
treatment. UCQDs, NCQDs, and UCQDs were successfully
synthesized by using grapefruit juice, grapefruit juice, and
urea and grapefruit peel as reactive materials, respectively.
The analysis of structure, composition, and fluorescence
properties indicates that nitrogen atom doping can enhance
the fluorescence intensity due to the edge doping increasing
photoexited electron in the emission transition channel,
thereby enhancing the radiation transition probability and
the PL intensity. In addition, UCQDs-peel exhibited a red-
shifted PL emission in comparison to the UCQDs and
NCQDs, which may be related to the size increase of CQDs.

Data Availability
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Early and highly accurate detection of diverse diseases is in urgent demand than ever, especially for cancers and infectious ones.
Among possibilities, biosensing by utilizing conjugated nanoparticles is still a method of choice. However, the toxicity of
quantum dots remains a big matter of concern in those biooriented applications. In this study, mercaptosuccinic acid-coated
cadmium selenide quantum dots of approximately 2.3 nm were synthesized with a simple green method at low temperature and
cost-saving chemicals. The influence of synthesis factors was investigated with different spectroscopic methods. The toxicity
issue was evaluated on the NTH-3T3 cell line (ATCC® CRL-1658™) and an MTT assay, revealing a secure threshold of 20 ug/ml.
Consequently, successful conjugation to the CD3 antibody including an A/G protein bridge was implemented and verified with
fluorescent methods. Finally, Jurkat T cell detectability of conjugated CdSe was successfully validated with fluorescent

microscopy. The CdSe-based products are accessible for future biosensing applications.

1. Introduction

For years, understanding of semiconducting quantum dots
along with their unique properties of zero-dimensional struc-
ture has been extensively accumulated not only through
diverse synthesis methods but also through novel applica-
tions [1-5]. Thanks to the primary advantages such as high
stability, broad photoluminescence and absorption spectra,
large Stoke shift, long lifetime, and an order of luminescent
intensity higher than organic dyes and fluorescent protein
counterparts [6, 7], quantum dots have been employed widely
in biology especially in biomarking and biosensing [8-10].
A huge effort has been paid out on the fabrication and
characterization of highly luminescent quantum dots derived
from trioctylphosphine oxide- (TOPO-) or trioctylpho-
sphine- (TOP-) mediated routes of high temperatures and
costly chemicals. However, such quantum dots exhibited
low dispersion in water and an inability to be directly applied

in biology without surface functionalization [11-13]. Recent
reports have focused on fabricating highly stable CdSe quan-
tum dots in water with surfactants comprising thiol groups
[14-17]. These nanoparticles could be applied straightly into
bioapplications on the one hand, but low luminescence inten-
sity due to dislocation or surface defects was a big drawback.
Till now, novel synthesis methods have continuously been
introduced to achieve nanoparticles of high quality and high
luminescence as well as time and cost saving [18]. Following
the trend, this work was aimed at synthesizing mercaptosucci-
nic acid- (MSA-) coated quantum dots of high quality, high
luminescence, and high biocompatibility from inexpensive
chemicals without metal-organic precursors. Effects of tem-
perature, reaction time, and pH values on optical properties
and structure were under investigation with UV-visible
absorption, photoluminescence (PL), Fourier transform
infrared spectroscopy, X-ray diffraction (XRD), and transmis-
sion electron microscopy (TEM). Experimentally, quantum
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dots cause a greater effect of toxicity compared to bulky
counterparts at the same mass dose [19-21]. Potential toxic-
ity and hazardous adverse effects of bare CdSe quantum dots
on biological samples have always posed a concern much
greater than the core/shell CdSe/ZnS counterparts. In prac-
tice, toxicity evaluation of CdSe without a protective shell
layer is a crucial step toward basic knowledge and further
bioapplications. We evaluated the quantum dot toxicity by
using the NIH-3T3 cell line (ATCC® CRL-1658™) and an
MTT assay to determine a nontoxic threshold of high cell
viability. A cadmium selenide quantum dot concentration
of 20 ug/ml was found to be the safe level from which cells
presented a great chance for survival (97.4% on average).
Finally, for the detection of Jurkat T cells, conjugation of
the CD3 antibody to MSA-capped CdSe quantum dots was
implemented. In this process, the A/G protein played a role
as a vital connector to enhance CD3 antibody-CdSe quantum
dot association. Successful conjugation of the A/G protein
and the CD3 antibody was verified with photoluminescence
and time-resolved fluorescence characterizations. The final
products are eminently promising and relevant to further
development.

2. Experiment

2.1. Synthesis of MSA-Coated CdSe Quantum Dots. All che-
micals in MSA-capped CdSe quantum dot synthesis were of
analytical grade and brought into use without further purifi-
cation: mercaptosuccinic acid (MSA), cadmium acetate
dehydrate (Cd(CH,CO,),-2H,0), sodium selenite pentahy-
drate (Na,SeO;-5H,0), sodium borohydride (NaBH,),
sodium hydroxide (NaOH, 99%), methanol, toluene, and
phosphate buffer saline solution (PBS, pH 7.0).

Initially, 1.53 mmol of Cd(CH,CO,),-2H,0, 1.85mmol
of MSA, and 50ml of distilled water were added into a
three-neck flask to produce a Cd*" precursor. The mixture
was stirred in a nitrogen atmosphere until MSA was
completely dissolved. Nitrogen gas was introduced to elimi-
nate oxygen and the resulting acetic acid. To adjust pH,
NaOH was gradually dropped to reach the expected value
(6.0-11.5). For the Se* precursor, 2.64mmol of NaBH,,
1.34 mmol of Na,SeO,-5H,0, and 5ml of water were mixed
up for 15 minutes. We rapidly injected the Se*” precursor into
the Cd** solution at room temperature. The mixture was
then stirred for 30 minutes at 600 rpm. The solution was then
heated up to three different reaction temperatures (90°, 957,
or 100°C) without stirring. After some time, toluene was
injected to rapidly cool down the solution and to intention-
ally stop the development of particles. The as-synthesized
products were finally dispersed in PBS 7.0 buffer solution
for long-time preservation. A simple method of preparation,
common chemicals, and reasonably low synthesis tempera-
ture are the three big advantages of this method.

2.2. Toxicity Evaluation of Quantum Dots. The toxicity of
quantum dots was analyzed using the NIH-3T3 cell line
(ATCC® CRL-1658™) and the MTT assay. NIH-3T3 cells
were grown in DMEM-10 medium (HiMedia) supplemented
with 10% fetal bovine serum (FBS) and antibiotics (Sigma).
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Cells were seeded onto a 96-well plate (5 x 10° cells per well)
in 100 yl DMEM-10 and incubated at 37°C in 5% CO, for 24
hours. After this time, cells were washed, supplemented with
100 pl of DMEM-10 containing quantum dots with different
concentrations of 2 x 10°,2 x 10%,2 x 10!, and 2 x 10° ug/ml,
and incubated at 37°C in 5% CO, for 48 hours. Then, 5 ug/ml
of MTT (Sigma) was added at a ratio 1/10 (v/v), cells were
incubated for 3 hours, and optical density (OD) was mea-
sured at a wavelength of 550 nm (Multiskan Ascent). The
results were normalized to respective control samples.

2.3. CD3 Antibody Conjugation to Quantum Dots. For conju-
gation of the CD3 antibody to MSA-capped CdSe quantum
dots, the A/G protein was employed as an essential bridge
to firmly enhance antibody-quantum dot connection effi-
ciency. For this reason, a higher antibody-antigen interaction
performance could be achieved later. Initially, acid-coated
quantum dots were shaken in 5% BSA at 10°C for two hours
to ensure that there was no direct interaction between quan-
tum dots and cells through nonspecific bonds. Consequently,
we supplied antibodies to Jurkat T cells [10, 22] at a weight
ratio of 3:1 over the formerly delivered A/G protein. Reac-
tion took place in an antibody incubation solution (Tris-base
50 mM, NaCl 150 mM, pH 8.2) which was shaken at 10°C for
2.5 hours. Finally, the solution went through centrifugation
to collect the conjugated quantum dots.

2.4. Instrumental Characterization. Optical properties of
nanoparticles were investigated with different spectroscopic
measurements such as UV-visible absorption (PB-10 spectro-
photometer, Taiwan), photoluminescence (PL, Jobin Yvon
Spex Fluorolog 3, Horiba, Japan) of 325 nm excitation wave-
length, and Fourier transform infrared spectrometer (FTIR,
Tensor 27, Bruker, Germany). The crystal structure and mor-
phology of quantum dots were studied with X-ray diffraction
(D8 ADVANCE XRD, Bruker, Germany) taken with an
accelerated voltage of 40kV, a current intensity of 30mA, a
Cu-Ka wavelength of 1.5406 Angstroms, and transmission
electron microscopy (TEM, JEM-1400, JEOL, Japan).

3. Results and Discussion

Synthesis temperature, reaction time, and pH values revealed
a significant impact on the optical property of CdSe dots. A
brief discussion about these influences will be given, and
characterization of the best synthesis condition (temperature
100°C, reaction time 4 hours, and pH 11.5) will be provided.

As temperature increased from 90° to 95° and 100°C, UV-
visible absorption peaks shifted accordingly (from 470.5 to
489 and 495.5nm) due to a quantum confinement effect.
According to Peng’s equation [6], the average sizes of CdSe
dots varied from 2.1 nm (90°C) to 2.2nm (95°C) and 2.3 nm
(100°C).

The reaction time effect on particle size distribution was
systematically studied (from 1, 2, and 3 to 4 hours). While
synthesis temperature was maintained at 100°C, four-hour
synthesis exhibited the best absorption and photolumines-
cent spectra of high, sharp peaks and zero-approaching
baselines.
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In the CdSe synthesis procedure, Se* ions were easily
oxidized during precursor preparation. To hinder that pro-
cess, NaBH, was used to ensure that all SeO,> would be
transformed into Se?” as described in Dong et al. ([14]):

SeO3” + BH, — Se*” + B(OH), + H,0 (1)

On the other hand, an excessive amount of NaBH, was
easily hydrolyzed as well as oxidized; it then helped create
an inert environment and prevent Se>” ions from oxidation.

BH;, + H,0 — B(OH), + OH™ +H, (2)

BH; + O, — B(OH), + H,0 (3)

From (1), (2), and (3), it could be expected that a consid-
erable amount of B(OH), and OH" was generated. This vig-
orously affected the pH value of the solution. To preserve
sufficient growth conditions for CdSe quantum dots, pH
values had to be adjusted subsequently from 7 to 11.5.
Absorption peaks shifted to a longer wavelength when pH
values increased. This could be explained by the increase in
the dot growth rate when pH values increased in the same
synthesis condition including time, temperature, and chemi-
cal ratio.

Luminescence intensity was likewise affected as pH
values changed. CdSe quantum dot quality presented better
improvement in higher pH environments. It could be justi-
fied as in higher pH values, thiol groups in MSA could effi-
ciently form more complexes with Cd*" ions. This in turn
helped to enhance luminescence intensity by suppressing
the surface traps of quantum dots [14, 15, 18].

3.1. Structure Investigation. The X-ray diffraction method
was employed to study the structure of CdSe quantum dots
(Figure 1). Three typical peaks at 2-theta 25.46°, 44.48°, and
49.91° demonstrated the zincblende structure of CdSe quan-
tum dots, relating to lattice faces of (111), (220), and (311).

Existence of MSA as a capping layer of CdSe quantum
dots was successfully validated by two noteworthy signals in
FTIR spectra (Figure 2): an absorption band around
1639 cm™ corresponding to vibration bonding C=0 in both
MSA and CdSe-MSA quantum dots and a peak at around
2571cm™ relating to S-H bonding, which disappeared in
the CdSe-MSA case. These helped confirm MSA-CdSe bond-
ing through the thiol (-SH) groups located on the one side of
the acidic molecular structure. With two carboxyl groups fac-
ing out, the CdSe-MSA quantum dots were highly ready for
further conjugation to functional biogroups. Ultimately, a
broad absorption band at around 3303 cm™' of O-H bonding
ensured great hydrophilicity of coated CdSe dots.

A transmission electron image of MSA-coated CdSe
quantum dots (synthesis temperature 100°C, reaction time
4 hours, and pH 11.5) was taken as shown in Figure 3. Fabri-
cated particles presented a spherical shape with good size
homogeneity of approximately 2.3 nm.

We plotted in Figure 4 both the absorption and photolu-
minescence spectra of a sample optimally synthesized at
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FIGUre 1: XRD pattern of CdSe quantum dots in a zincblende
structure (synthesis temperature 100°C, reaction time 4 hours, and
pH 11.5). Three peaks at 25.46°, 44.48°, and 49.9" related to the
(111), (220), and (311) lattice direction.

1.0 4

R - COOH
0.8

0.6

0.4 4 O-H

Transmittance (%)

0.2 1

0.0 7 R - COOH

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

—— CdSe-MSA
— MSA

FiGure 2: FTIR spectra of MSA (black) and MSA-capped CdSe
quantum dots (red).

100°C, pH 11.5, and a reaction time of 4 hours and finally dis-
persed in PBS 7.0 buffer solution.

The photoluminescence spectrum (red line) presented a
high, sharp peak of narrow full width at half maximum. Both
sides of the peak approached near zero values. It certified that
a 4-hour reaction was optimal for the growth of quantum
dots and MSA not only enhanced the luminescence intensity
but also helped to passivate surface traps.

A small difference of approximately 0.096eV existed
between absorption and luminescence peaks. Such a tiny
deviation verified the high quality of the synthesized quan-
tum dots in which surface traps were inhibited and energy
transfer to lattice vibration was limited.

3.2. Toxicity Evaluation of Quantum Dots. According to ISO
10993-5 tests for in vitro cytotoxicity, reduction of cell
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F1GURE 6: Morphology of NTH-3T3 cells exposed to various quantum dot concentrations: no exposure (a), 20 yg/ml (b), 200 ug/ml (c), and

2000 pug/ml (d).

viability by more than 30% is considered a cytotoxic effect
[19]. Figure 5 shows the viability of NIH-3T3 cells exposed
to various concentrations of quantum dots.

In accordance with a cytotoxic assay, morphological
observation showed the same tendency, as shown in
Figure 6. With cells exposed to and incubated in 2 x 10 ug/
ml CdSe-MSA or higher, the vitality ratio dropped down to
25.9%, lower than the safety threshold. Cells became smaller
and rounder and turned apoptotic. Previous studies show
that Cd*" ions are released from the surface of cadmium-
based quantum dots. Cadmium is known as a toxic element
that induces several adverse effects such as the induction of
oxidative stress, mitochondrial dysfunction, apoptosis, and
the disruption of intracellular calcium signaling, which leads
to their cytotoxic effects [20, 21]. However, there was no obvi-
ous morphological change in the presence of quantum dots

covered by MSA at the concentrations from 2 x 10! ug/ml
to 2 x 107 pug/ml; cell vitality ratios remained at a remark-
ably high level of 97.4% on average. Consequently, at a con-
centration of 20 ug/ml or less, cells had a great chance for
survival. Taken together, we conclude that the highest
concentrations of quantum dots that are nontoxic to the
NIH-3T3 cell line was at 20 yg/ml.

3.3. Bioconjugation of the CD3 Antibody to MSA-Capped CdSe.
Successfully conjugated samples were characterized by photo-
luminescent and time-resolved fluorescent spectroscopy.
The photoluminescent spectra of MSA-coated CdSe
(sample A), A/G protein-MSA-coated CdSe (sample B),
and CD3 antibody-A/G protein-MSA-coated CdSe (sam-
ple C) are depicted in Figure 7. Interestingly, after con-
necting with a bridging protein and an antibody, sample
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C exhibited a much higher peak than samples A and B.
Such big improvement could probably be explained by
lower dangling bonds or traps at the quantum dot sur-
faces, which might lead to the enhancement of radiative
recombination rate and reduction of carrier lifetime. To
verify such postulation, the radiative lifetime of the three
samples was characterized through time-resolved fluores-
cence measurements.
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FIGURE 9: Jurkat T cell labeling evaluation of CD3 antibody-A/G
protein-CdSe under fluorescent microscopy.

From time-resolved fluorescence decay curves (Figure 8),
the fluorescence lifetime of these samples has been determined
by fitting the decay curves with a triexponential function:

t t t
I(t)=A, -exp - + A, -exp - +A;-exp )
1 2 3

(4)

where 7,, 7,, and 75 are the first, second, and third compo-
nents of lifetimes and A,, A,, and A, are the corresponding
relative weights of these components. The average fluores-
cence lifetimes for the decay curves were calculated from
the decay times and the relative contribution of the compo-
nents using the following equation:

T, =T1.A + T4, + T34, (5)

The fluorescence showed a triexponential decay with
average lifetimes of 11.9, 11.9, and 9.1 nanoseconds for
MSA-coated CdSe, A/G protein-MSA-coated CdSe, and
CD3 antibody-A/G protein-MSA-coated CdSe, respectively.

A shorter radiative lifetime and low nonradiative recom-
bination of carriers in sample C also helped to explain the
strong luminescence compared with samples A and B
(Figure 7). This is quite convenient and suitable for time-
saving detection under fluorescent microscopy.

3.4. Jurkat T Cell Labeling Assessment. In addition to other
spectroscopic or microscopic methods, confocal laser scan-
ning microscopy has been considered an effective tool to ver-
ify the conjugation of bioagents on quantum dots [8, 10] and
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the successful applications of nanoparticles in the biomedical
field [9, 23-26].

To evaluate cell detection capability, CD3-A/G-CdSe was
mixed at a volume ratio of 1:3 with Jurkat T cells preserved
in RPMI 1640 solution. The mixture was delivered into sev-
eral microcentrifuge tubes and moderately shaken for 30
minutes. Thereafter, those tubes went through centrifugation
of 1500 rounds per minute for 5 minutes to eliminate unnec-
essary supernatants. The final product was characterized by
fluorescent microscopy as shown in Figure 9. High fluores-
cent intensity could be observed on the membrane of Jurkat
T cells where the quantum dots were located. This led to
two solid conclusions: (1) good coupling between CD3 anti-
body-A/G protein-CdSe and cell antigen and (2) substantial
bonding between quantum dots and cells.

4. Conclusion

In summary, we successfully synthesized MSA-coated CdSe
by a simple green method at low temperature with cost-
saving chemicals. The influence of reaction time, tempera-
ture, and pH values on optical property was spectroscopically
characterized. Uniformly distributed 2.3nm acid-coated
quantum dots of high quality, high luminescence, and high
biocompatibility were produced at 100°C, a pH value of
11.5, and a four-hour reaction. The toxicity of MSA-capped
CdSe quantum dots was evaluated using the NIH-3T3 cell
line (ATCC® CRL-1658™) and the MTT assay resulting in a
secure threshold of 20 yg/ml. The CD3 antibody was success-
fully conjugated to the MSA-capped CdSe with the assistance
of the A/G protein. Photoluminescence and time-resolved
fluorescence were employed for verification. Lifetimes were
found to decrease from 11.9 nanoseconds for MSA-coated
CdSe and A/G protein-MSA-coated CdSe down to 9.1ns
for the CD3 antibody-A/G protein-MSA-coated CdSe,
respectively. The final conjugated CdSe quantum dots were
mixed with Jurkat T cells to evaluate detection ability. Fluo-
rescent microscopic results evidently exhibited great cou-
pling of the CD3 antibody and antigens and validated the
high possibility of CdSe-based biosensors. The achieved
products are ready for the coming steps of development.
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Highly efficient all-inorganic perovskite solar cells require a fast charge transfer from CsPbBr; to TiO, to reduce the recombination
from trap states. Herein, we insert a CdS/CdSe/CdS quantum dot (QD) layer between the TiO, and CsPbBr; layers to fabricate all-
inorganic perovskite solar cells. By tuning the thicknesses of the CdSe layer of CdS/CdSe/CdS QDs, the conduction band (CB) levels
can be adjusted to -3.72~-3.87 eV. After inserting the QD intermediate layer, the energy offset between the CB of TiO, and CsPbBr,
is reduced, thus leading to a charge transfer rate boost from 0.040 x 10 to 0.059 x 10° s™1. The power conversion efficiency (PCE)
of the solar cell with QD intermediate layer achieves 8.64%, which is 20% higher than its counterpart without QDs.

1. Introduction

Hybrid organic-inorganic lead halide perovskite solar cells
(PSCs) are promising candidates for commercialization,
owing to their extremely high power conversion efficiency
(PCE over 22%) and low fabrication cost. Despite recent
rapid progress in developing the novel perovskite materials
or optimizing the structure of the hybrid PSCs, the unsatis-
factory long-term stability of the PSCs and the high cost of
the hole-transporting materials hinder their commercializa-
tion [1-3]. All-inorganic PSCs are regarded as one of the
most hopeful platforms to tackle this issue [4]. As light
absorbers, inorganic perovskites such as CsPbX; (X=I, Br)
have high charge-carrier mobility, which is similar to hybrid
perovskites [5-7]. Moreover, inorganic lead halides are capa-
ble of against humidity and heat, which guarantee their long
stability [4, 8-10]. Besides, the light-induced halide segrega-
tion that commonly happens in hybrid perovskites does not
occur in such all-inorganic PSCs because ions need to over-
come higher energy barrier to migrate compared with hybrid
ones. Therefore, growing efforts are devoted to developing
all-inorganic PSCs, aiming at resolving the challenging faced
by hybrid ones.

Hodes et al. first used CsPbBr; as the light absorber with a
typical device structure of FTO/c-TiO,/m-TiO,/CsPbBr;/HT-
M/Au, achieving a PCE of 5.95% and an open-circuit voltage
(V,.) of 1.28V [11]. These parameters are comparable to
those MA-containing hybrid PSCs. Later, Liu and his
coworkers fabricated an all-inorganic PSC with architecture
of FTO/cTiO,/m-TiO,/CsPbBr;/carbon in ambient environ-
ment without humidity control, reaching a PCE of 6.7% and
good tolerance in humid air and extreme temperatures [5].
Tang’s group further boosted the PCEs of CsPbBr, all-
inorganic PSCs from 6.7% to 10.6% by using interfacial or
compositional engineering [12-14]. Despite these achieve-
ments, the charge-carrier trap states within the CsPbBr; film
and the interface still impede the further improvements of
the device performances [13, 15]. Therefore, constructing
an appropriate interface and enhancing the charge transfer
may work in promoting the charge extraction efficiency and
passivating the defects.

Quantum dots (QDs) are nanocrystals of several nano-
meters in diameter, and they are capable of tuning the optical
and electronic properties by adjusting the size or composi-
tion [16-18]. Evidence has shown that modifying the energy
level of QDs has significant impact on interface charge
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transfer [15, 19, 20]. Instead of pursuing proper intermediate
buffer layers, we intend to design QDs with proper energy
band structures to make better energy level alignment
between CsPbBr; and TiO, in PSCs because of the featured
energy level tunability of the QDs. Many work shows that
reducing the energy offset between the donor and the accep-
tor can accelerate the charge transfer at the interface [21-25].
Herein, we design core/multishell QDs with the conduction
band (CB) ranging in -3.72~-3.87eV. By inserting the QD
layer between the TiO, and CsPbBr;, we construct a cascade
energy alignment, where photoexcited electrons can be
extracted efficiently. Arising from the improved charge trans-
fer rate, the optimized device exhibits a PCE of 8.64%, which
is 20% higher than the device without QD intermediate layer.

2. Experimental

2.1. Materials. Cadmium oxide (CdO, 99.99%), sulfur
(99.9%, powder), tri-n-octylphosphine (TOP, 90%), oleic
acid (OA, 99%), selenium (99%, powder), 1-dodecanethiol
(DDT, 98%), 1-octadecene (1-ODE, 90%), titanium iso-
propoxide (AR, 95%), titanic chloride (AR, 99.0%), lead
bromide (PbBr,, AR, 99.0%), caesium bromide (CsBr, AR,
99.9%), N,N-dimethylformamide (DMF, AR, 99.5%), meth-
anol (AR, 99.5%), and isopropanol were purchased from
Aladdin. All the materials were used as received without fur-
ther purification.

2.2. Preparation of Precursors. Cationic precursors (0.1 M
cadmijum oleate (Cd(OA),) and 0.5M cadmium oleate
(Cd(OA),)) were prepared by dissolving CdO (4 mmol or
20mmol) in a mixed solvent of OA (20mL) and 1-ODE
(20 mL) under N, atmosphere at 250°C for 30 min, degassing
at 150°C for 30 min, and filling with N,. Anionic precursors
(0.1 M TOP-Se) were prepared by dissolving the selenium
power (1 mmol) in 10 mL of TOP under N, atmosphere at
room temperature.

2.3. Synthesis of CdS Seeds. First, 38.5mg CdO (0.3 mmol)
was loaded in a three-neck flask containing 1 mL of OA
and 8 mL of 1-ODE at 150°C under N, atmosphere. Then
the mixture solution was heated to 270°C, and 0.25M S-
ODE (0.5mL) was rapidly injected into the reaction flask
and stayed for 8 min. The resultant nanocrystals were puri-
fied twice by the precipitation (ethanol) and redispersion
(toluene) method.

2.4. Synthesis of CdS/CdSe/CdS Nanocrystals. For CdSe emis-
sive layer growth, the desired amount of mixed Cd and Se
precursors (0.1 M Cd(OA), and 0.1 M TOP-Se) was injected
into the three-neck flask containing CdS seeds (0.1 g) and 1-
ODE (8 mL) at 300°C at a rate of 10 mL/hr. The obtained
CdS/CdSe NCs do not require any purification. For CdS shell
growth, the desired amount of 0.5M Cd(OA), and 1M
DDT-ODE were injected separately into the reaction solu-
tion at 300°C at a rate of 4 mL/hr. The reaction temperature
was maintained at 300°C for the entire CdS shelling process
and cooled down to room temperature to stop the reaction.
The resultant CdS/CdSe/CdS NCs were purified twice.

Journal of Nanomaterials

2.5. Fabrication of All-Inorganic CsPbBr; Solar Cells. All-
inorganic CsPbBr; solar cells were prepared according to
the previously reported method with some modifications
[26]. Typically, 90 uL of CdS/CdSe/CdS solution in toluene
was spin-coated onto the FTO/c-TiO,/m-TiO, layer at
2000rpm for 30s and heated at 80°C for 10min. Subse-
quently, an N,N-dimethylformamide (DMF) solution of
1.0 M PbBr, was spin-coated onto the CdS/CdSe/CdS layer
at 2000 rpm for 30s, followed by drying at 80°C for 60 min.
Then the 0.07M CsBr methanol solution was spin-coated
onto the PbBr, film at 2000 rpm for 30s and continuingly
heated at 250°C for 5 min. This process was repeated for sev-
eral times. Finally, the carbon electrode served as both hole
transport layer (HTL), and the counter electrode was depos-
ited on the CsPbBr; layer by doctor-blade coating of conduc-
tive carbon ink and then heated at 70°C for 60 min.

3. Results and Discussion

Figure 1(a) illustrates the architecture of the QDs, where a
CdS is used as core and a monolayer or multilayer of CdSe
grows on the CdS core, followed by growing a thick CdS shell.
Both the CB and VB levels of the CdSe are contained between
the CB and valence band (VB) of the CdS core and shell.
Therefore, the CdS/CdSe/CdS QDs possess a spherical
quantum well structure, where the electrons and holes are
strongly confined in the CdSe layer. XRD results of the
CdS, CdS/CdSe, and CdS/CdSe/CdS QDs are shown in
Figure 1(b). The CdS exhibit characteristic peaks at 26.5°,
43.9°, and 51.9°, which are consistent with diffraction angles
of the (111, 220, 311) of the standard zinc blende card
(JCPDS 01-0647). After coated with CdSe shell, the resultant
CdS/CdSe also shows three typical zinc blende diffraction
peaks located at 25.61°, 42.89°, and 49.9° with a little shift to
those of the CdS core. These XRD results confirm that CdSe
shelling does not affect the zinc structure of the CdS just
undergoing an epitaxial shell growth of CdSe. However, the
growth of the second CdS shell on the zinc blende CdS/CdSe
generates a wurtzite crystal structure featured with diffrac-
tion peaks at 24.6°, 26.3°, 28.4°, 43.6°, 47.0°, and 52.3". The
presence of the wurtzite structure in this QD is in accordance
with some related core/shell systems containing both the
wurtzite and zinc blende crystal structures [27]. Transmis-
sion electron microscopy (TEM) images from Figures 1(c)-
1(f) show that the average diameter increases with the
increases of CdSe shell. The TEM images of the prepared
QDs display that all QDs have high crystallinity and mono-
disperse. The average diameters of the QDs are estimated by
calculating over 10 TEM images as shown at the bottom of
Figure 1. All the QDs are produced from the same CdS core,
and the thicknesses of the outer CdS shell are also the same;
we denote the QDs as CdS/CdSe(X monolayer, X ML)/CdS
for simplicity. The average diameters of the QDs are deter-
mined to be 6.25nm, 7.25nm, 8.0nm, and 11.0nm for the
CdS/CdSe(1 ML)/CdS, CdS/CdSe(3 ML)/CdS, CdS/CdSe(4
ML)/CdS, and CdS/CdSe(6 ML)/CdS, respectively.
Although changing the size of the CdS core or the thick-
ness of CdS can affect the energy structure of the QDs, con-
trolling the thickness of the CdSe offers much wider
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FIGURE 1: (a) Schematic structures of CdS/CdSe/CdS QD. (b) XRD patterns of CdS seeds, CdS/CdSe, and CdS/CdSe/CdS QDs. (c-f) TEM
images of CdS/CdSe/CdS QDs with varying CdSe shell thicknesses (1, 3, 5, and 6 ML) with the corresponding average diameter statistical

charts for the QDs.

tenability on the energy levels. CdS has a higher CB and a
lower VB than those of CdSe. Therefore, in the CdS/CdSe
system, both the hole and electron charges are partially delo-
calized on the shell materials. Theoretical and experimental
results have demonstrated that shell thickness has an influ-
ence on the band energy structure of this inverted type I sys-
tem [28-30]. There is a competition between the kinetic
energy and the potential energy in this system. With shell
thickness increases, both the electron and the hole wave func-
tions in the center of the particle are increased, while keeping
the particle size constant [28]. Hence, the bandgap structure
can be adjusted by changing the thickness of CdSe shell. Fur-
thermore, type I and reverse type I QDs usually encounter
the predicament of low PL QYs, and type II ones encounter
low photooxidation stability. However, QDs with multilayer
of shells exhibit both these two high properties [30, 31].
Therefore, a CdS layer was introduced upon the CdS/CdSe
QDs to realize the passivation of surface defects. In short,
by controlling the thickness of CdSe layer, the CB of
CdS/CdSe/CdS QDs can be tuned.

For core/shell QDs, shell usually have a nonnegligible
impact on the energy structure, so as to the optical properties
of the dots. Many II-IV and I-III-VI core/shell QDs have
been synthesized to enhance the stability and the photolumi-
nescence (PL) quantum yields (QYs) of pure cores or to
restrain the dot-dot FRET that is beneficial to the improve-
ment of device performance [32-34]. However, there exists
a pronounced trade-off between the shell thickness and the
PL QYs in the CdSe/CdS system, owing to the traps origi-
nated from the exceeded epitaxy of shells. Hence, appropriate
shell layers are generally required.

Figures 2(a) and 2(b) show the photoluminescence (PL)
spectra of the QDs with different CdSe shell thicknesses.
Under the irradiation of an ultraviolet (UV) lamp, the QDs
show different color from green to red, indicating the prom-
ising tenability of the emission wavelengths. Figure 2(c)
shows tunable absorption band edges of the QDs ranging
from 580 to 652 nm, corresponding to the bandgaps between
2.14 and 1.90€eV according to the relationship E, =1240/A

eV. For a conventional inorganic PSC, the energy offset
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FIGURE 2: (a) Photograph of CdS/CdSe/CdS solutions under the irradiation of a 365 nm lamp. (b) PL spectra of CdS/CdSe/CdS QDs. (c)
Absorption spectra of CdS/CdSe/CdS QDs. (d) CV behaviors of the CdS/CdSe/CdS QDs.

between the CB of CsPbBr; (-3.30 eV) and TiO, (-4.20eV) is
about 0.90 eV, which is large enough to overcome the Cou-
lomb attraction (typically 0.1-0.5eV) [35]. Gong et al. have
demonstrated that electrons can transfer efficiently even with
an energy offset as small as 0.12 eV [36]. This prompts us to
employ QD as intermediate layer to reduce the “excess”
energy offset between TiO, and CsPbBr;. Therefore, we per-
formed CV tests to determine the energy level of the prepared
QDs with respect to the vacuum level. Figure 2(d) shows
obvious oxidation and reduction waves for all QD films,

TaBLE 1: Electrochemical parameters of the CdS/CdSe/CdS QDs.

CdS/CdSe

Gmiycds  EreVICB (V) Eou (VIIVB (V) Eg(eV)
1 ML -0.75/-3.72 1.55/-6.02 2.30
3ML -0.70/-3.77 1.55/-6.02 2.25
4 ML -0.72/-3.75 1.55/-6.02 227
6 ML -0.60/-3.87 1.55/-6.02 2.15
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FIGURE 3: (a) Steady PL spectra of CsPbBr;, CsPbBr,/Ti0,, and CsPbBr;/QDs/Ti0, films. (b) The PL decays of CsPbBr;, CsPbBr,/Ti0,, and

CsPbBr,/QD/TiO, films.

implying that the QD as an intermediate layer has good capa-
bility conducting electrons and holes. The CB and VB levels
of the QDs are calculated by using the formula: CBor VB =
—-4.8 - (E—-E, ;) (eV), where E is the peak point of the redox
potential and E,,, is the formal ferrocene potential against
the Ag/Ag" system and determined to be E;,=0.33eV.

The electrochemical parameters of the QDs are summarized
in Table 1. With the increase of the thicknesses of the CdSe
shell, the CB level changes from -3.72 to -3.87 ¢V, whereas
the VB level varies little as compared with the CB level. Sim-
ilar results are observed for other QD systems. All the CB
levels of the QDs locate between the CB of CsPbBr,
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TaBLE 2: Lifetimes and charge transfer rate estimated from PL decays.
Kinetic parameters a, 7, (ns) a, T, (ns) 7 (ns) k, (x10°s7h)
Pristine CsPbBr, 0.81 1.90 £ 0.05 0.20 17.7+£0.5 12.4+0.5
CsPbBr,/TiO, 0.91 0.9+0.1 0.1 13+1 83+1 0.040
CsPbBr,/QDs/TiO, 0.95 0.6+0.1 0.04 141 72%1 0.059
I CsPbBr,
o c—TiOz/m—TiOZ[ = — _3.04 -33
B —4.0 - -4.2 4
45 § - -
-5.0 [Z] |
o © g
- =l Q
-6.0 = -5.6 _g
~7.0 o

(®)

F1GURE 4: The architecture of all-inorganic CsPbBr; perovskite solar cell using CdS/CdSe/CdS QDs as an electron modification layer. (b) The

schematic diagram of the energy level structure of the PSC.

(-3.3eV) and the CB of TiO, (-4.2 eV). We expect that insert-
ing the QD layer between CsPbBr; and TiO, will reduce the
excess energy offset and benefit the electron extraction.

To explore the influences of the QD layer on the charge
transfer properties of the solar cell, steady state PL and
time-resolved PL measurements were performed. Compara-
tive analysis on CsPbBr;/QDs/TiO, against CsPbBr,;/TiO,
enables us identify the role of QDs that plays on the interface
charge transfer. Figure 3(a) shows that the PL intensity of the
CsPbBr; decreases notably when interfaced with TiO,, but
inserting the QDs between CsPbBr; and TiO, can further
quench the PL intensity. The degree of the PL intensity
quenching is quite sensitive to the charge transfer from
CsPbBr; to TiO,. Such a high degree of PL quenching indi-
cates the strong charge transfer of the CsPbBr;/QDs/TiO,.
To evaluate the exact charge transfer rate at the interface,
time-resolved PL measurements were performed, and the
results are shown in Figure 3(b). Interfaced with the TiO,
layer, the emission decays dramatically. An additional inter-
mediate QD layer results in a fastest decay as compared with
the neat CsPbBr; and CsPbBr,;/TiO, blend. Analyzing the
slope of the decay curves, we found that the biexponential
function is satisfactory to fit the decays [37]:

I(t) =[a, exp (=t/T)) +a, exp (-t/1,)|® F(t), (1)

where signal I(t) is the convolution of the biexponential
function and the impulse response function (IRF) F(t), a,
and a, are the amplitudes, and 7, and 7, are lifetimes. Then
the average lifetimes are calculated by

2 2
Lo AT AT

(2)

a7, +a,7,

Comparing the average lifetime of the CsPbBr,,
CsPbBr,/TiO,, and CsPbBr;/QD/TiO, blend films, we can
evaluate the interface charge transfer rate k., by using

1 1
ke = - ~ (3)

Thlend TCstBr3

All the kinetic parameters are listed in Table 2. The aver-
age decay time ¢ of the neat CsPbBr;, CsPbBr,/TiO,, and
CsPbBr;/QDs/TiO, is 12.4, 8.3, and 7.2ns, respectively.
Strikingly, the charge transfer rate of CsPbBr;/QDs/TiO, is
0.059 x 10°s™!, which is over 40% faster than that of
CsPbBr,/TiO,.

Figure 4(a) illustrates the device architecture of the all-
inorganic PSC with FTO/c-TiO,/m-TiO,/QDs/CsPbBr;/car-
bon configuration. Unlike other PSCs that need hole-
transporting layers (HTLs), our all-inorganic PSCs are
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FIGURE 5: ] — V curves of all-inorganic PSCs with and without CdS/CdSe/CdS QDs intermediate layer.

HTL-free. The QDs are used as an intermediate layer
between TiO, and CsPbBr;. As displayed in Figure 4(b), the
CB levels of the QDs range in -3.72~-3.87 eV, which locate
above the CB of TiO, (-4.2eV), implying that the QDs are
electronically active for electron transfer. Inserting the QD
layer also creates a cascade energy level architecture where
the energy offset is lowered, which may accelerate the charge
transfer process and direct the charge-carriers to circuit.
Figure 5 shows the current density-voltage (J — V) curves of
the all-inorganic PSCs under the illumination of the simu-
lated sunlight (AM1.5G). The photovoltaic parameters of
the PSC with different QDs are summarized in Table 3,
including open-circuit voltage (V.), short-circuit current
density (J,.), and filling factor (FF). The pristine CsPbBr,
PSC delivers a moderate PCE of 7.15% (V . =1.368V, ]
=6.69mA cm™2, and FF =0.78), which is comparable to
other HTL-free inorganic PSCs [8, 15]. After inserting the
QDs as intermediate layers, all the devices yield higher J,
Vo> and PCE than that of the reference device. The underly-
ing mechanism of this enhancement is that the cascade
energy level is formed by inserting QDs with appropriate
CB level between the CB of TiO, and CsPbBr;, thus offering
fast charge transfer channel to gain efficient charge extrac-
tion. As a consequence, the champion PSC with QDs shows
a PCE of 8.64%, which is 20% higher than that of pristine
CsPbBr, PSC.

4. Conclusion

In summary, we have synthesized CdS/CdSe/CdS QDs with
tunable energy levels and used them as intermediate layers

TasLE 3: The photovoltaic data of all-inorganic PSCs.

PSCs Jo mAecm?)  V (V) FF  PCE (%)
Pristine 6.69 1368 078  7.15
With QDs (1 ML) 7.14 1419 078 792
With QDs (3 ML) 7.34 1431 077  8.09
With QDs (4 ML) 7.38 1466 078 847
With QDs (6 ML) 7.50 1482 078  8.64

to enhance the performances of the inorganic PSCs. Evidence
show that the CB level lies between the CB of TiO, and the
CB of CsPbBr;, which is suitable for transporting electrons.
After inserting the QD intermediate layer, the CB energy off-
set between TiO, and CsPbBr; is reduced, thus leading to
charge transfer rates boosting from 0.040 x 10° to 0.059 x
10°s7!. The optimized PSC shows a PCE as high as 8.64%,
which is over 20% higher than 7.15% for the pristine device.
This work offers potential route to design HTL-free inorganic
PSCs with efficient charge transfer.
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