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A Targeted Nano Drug Delivery System of AS1411
Functionalized Graphene Oxide Based Composites

Baoging Liu*,® Wenzhi Yang*,” Chengchuan Che,” Jinfeng Liu,” Meiru Si,”! Zhijin Gong,”’

Ruixia Gao,” and Ge Yang*™

A novel method for the preparation of antitumor drug vehicles
has been optimized. Biological materials of chitosan oligosac-
charide (CO) and y-polyglutamic acid (y-PGA) have previously
been employed as modifiers to covalently modify graphene
oxide (GO), which in turn loaded doxorubicin (DOX) to obtain a
nano drug delivery systems of graphene oxide based compo-
sites (GO-CO-y-PGA-DOX). The system was not equipped with
the ability of initiative targeting, thus resulting into toxicity and
side effects on normal tissues or organs. In order to further
improve the targeting property of the system, the nucleic acid
aptamer NH,-AS1411 (APT) of targeted nucleolin (C23) was
used to conjugate on GO-CO-y-PGA to yield the targeted nano
drug delivery system APT-GO-CO-y-PGA. The structure, compo-
sition, dispersion, particle size and morphology properties of

1. Introduction

Nanotechnology is a powerful tool that among other applica-
tions allows the combination of anticancer drugs with nano
drug carriers to form nano drug delivery systems." Here, a
particle dispersion system with particle size of 1-1000 nm
composed of drugs and medicinal materials, including nano-
capsules, nanospheres and nanoparticles has been prepared
and investigated. The system can improve the solubility of
drugs, especially refractory drugs, protect the drugs from the
influence of internal environment, and prolong their action
time in the body, thereby enhance the efficacy.” Various of
natural polymer materials and synthetic polymers were used to
construct drug carriers, such as chitosan, gelatin, dextran,
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the synthesized complex have been studied using multiple
characterization methods. Drug loading and release profile data
showed that APT-GO-CO-y-PGA is provided with high drug
loading capacity and is capable of controlled and sustained
release of DOX. Cell experimental results indicated that since
C23 was overexpressed on the surface of Hela cells but not on
the surface of Beas-2B cells, APT-GO-CO-y-PGA-DOX can target
Hela cells and make increase toxicity to Hela cells than Beas-2B
cells, and the IC;, value of APT-GO-CO-y-PGA-DOX was 3.23+
0.04 pg/mL. All results proved that APT-GO-CO-y-PGA can
deliver antitumor drugs in a targeted manner, and achieve the
effect of reducing poison, which indicated that the targeted
carrier exhibits a broad application prospect in the field of
biomedicine.

polyethylene glycol, polylactic acid, and graphene.”! However,
there was no active targeting when the carriers were loaded
with drugs. Therefore, in order to achieve the targeting
function, some specific biomolecules can be connected to the
vehicles."!

According to the receptors that possibly overexpressed on
the tumor cell membrane, the ligands specifically combining
with them were analyzed. On this basis, the ligands were
binded to the nano drug carriers to construct the targeted nano
drug delivery system.®! The drugs can be concentrated in the
tumor site to decrease cytotoxicity and other side effects on
normal cells and improve the therapeutic effect through the
interaction of receptor-ligand.”’ Vitamin, protein, polysaccharide
and integrin are common ligands.” At present, nucleic acid
aptamer, single-stranded DNA/RNA oligonucleotide fragment, is
a ligand with good targeting properties, which can specifically
bind to a variety of targeting substances (such as proteins,
peptides, metal ions).®! Chemical properties of the nucleic acid
aptamers are relatively stable, and exhibit higher affinity and
specificity than antibody. In recent years, aptamers functional-
ized drug delivery carriers are playing an increasingly important
role in tumor therapy because of their good properties
including biocompatibility, safety and targeting.”’

AS1411 is one of the nucleic acid aptamers containing 26
bases and rich in guanine (G), which can form a reversed and
parallel G4 structure to attach to the target protein nucleolin
(€23).% C23 is the most important protein in the nucleolus of
eukaryotic cells, which is related to nucleolus generation, cell
growth, reproduction and ribosome synthesis."” In normal cells,
C23 is mainly distributed in nucleus, while in tumor cells, it is
not only distributed in the nucleus, but also overexpressed in

408 © 2021 The Authors. Published by Wiley-VCH GmbH
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the cell membrane™? Therefore, modification of the drug
carrier with AS1411 can enhance the targeting to cancer cells.
Tang et al. grafted the Cy5.5-AS1411 to the mesoporous silica
nanoparticles (MSN-Dox@GO-Apt), which had nucleolin specific
targeting ability."” Sun etal. synthesized AS1411 connected
SPION nanocarriers (Apt-SB@SPION) to load DNM and TMPyP,
which showed excellent toxicity to C26 cells and A549 cells."”
Zhan et al. used AS1411 to modify DNA tetrahedron to obtain a
new drug system, which can improve the therapeutic effect and
targeting of breast cancer." In this study, the application of an
aminated aptamer NH,-AS1411 (APT) to covalently modify the
nano carrier GO-CO-y-PGA can identify the overexpressed C23
on the surface of Hela cells, therefore, the drug on which can
be actively transported into Hela cells. It showed that in
Scheme 1, APT was grafted onto the GO in the GO-CO-y-PGA
complex via amidation to form APT-GO-CO-y-PGA, the charac-
terizations of which were measured by a variety of methods,
and drug loading and release behaviors in vitro were inves-
tigated. In addition, the absorption, distribution and toxicity of
the designed system were studied.

2. Results and Discussion
2.1. Characterization of APT-GO-CO-y-PGA

In order to certify the successful fabrication of APT-GO-CO-y-
PGA, characterization methods of fourier transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
ultraviolet-visible absorption spectra (UV-Vis), Zeta potential
determination and X-ray diffraction (XRD) were used to measure
the structure, composion, and dispersity characteristics of the

EDC/NHS/M0 h
y-PGA

GO-CO-y-PGA

Y 0WSHN/IOO3
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APT-GO-CO-y-PGA-DOX

APT-GO-CO-y-PGA

Scheme 1. The Preparation Diagrammatic Sketch of APT-GO-CO-y-PGA and
APT-GO-CO-y-PGA-DOX.
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prepared samples. Figure 1a shows that there are C=0O stretch-
ing vibration peak (amidelbelt) at 1641 cm™' and N-H bending
vibration peak (amide Il belt) at 1555 cm ™" in GO-CO-y-PGA. The
FTIR absorptions of APT-GO-CO-y-PGA reveal the characteristic
peaks at 1637 cm™" ascribed to C=0 stretching vibration peak
(amide 1 belt), and 1534 cm™" corresponded to N—H bending
vibration peak (amide Il belt), and the strength of the two peaks
increase. Compared with GO-CO-y-PGA, there appears a peak of
C=0 stretching vibration peak (ketogroup) at 1728 cm™' in APT-
GO-CO-y-PGA, which was derived from guanine and thymidine
of aptamer APT, and a peak of P=0 stretching vibration peak at
1164 cm™', which also comes from the aptamer. These results
coincided with the studies of Rata etal. and Li etal. '
Therefore, all results indicated that APT has been connected
with GO-CO-y-PGA.

Figure 1b shows the full XPS spectra of APT-GO-CO-y-PGA.
As can be seen from the figure, APT-GO-CO-y-PGA includes four
chemical elements of C (285.8 V), N (399.3eV), O (532.1 eV)
and P (133.6 eV). The content of each element is C 69.82%, N
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Figure 1. (a) FTIR spectra of GO-CO-y-PGA and APT-GO-CO-y-PGA. (b) XPS
wide spectrum of APT-GO-CO-y-PGA. (c) UV-Vis absorption spectra of NH2-
AS1411, GO-CO-y-PGA and APT-GO-CO-y-PGA. (d) Zeta potential of GO-CO-
v-PGA and APT-GO-CO-y-PGA. (e) XRD spectra of GO, GO-CO-y-PGA and
APT-GO-CO-y-PGA. (f) DLS spectra of GO-CO-y-PGA and APT-GO-CO-y-PGA.
(9) TEM image of GO-CO-y-PGA. (h) TEM image of APT-GO-CO-y-PGA.
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5.05%, O 24.33%, P 1.11%, respectively. Since APT contains
phosphorus element and GO-CO-y-PGA does not, it confirmed
that the aptamer has been successfully attached to GO-CO-y-
PGA, these results were similar to those of FTIR.

The UV-Vis spectra of NH,-AS1411, GO-CO-y-PGA and APT-
GO-CO-y-PGA are shown in Figure 1c. The characteristic
absorption peak of APT is 254 nm."” Compared with GO-CO-y-
PGA, the characteristic peak of APT-GO-CO-y-PGA moves to the
right and appears at 238 nm, which appeared a similar
phenomenon to the investigation of Alibolandi et al,"® indicting
the presence of the new amide bond was formed between APT
and GO-CO-y-PGA.

The successful combination of APT and GO-CO-y-PGA also
can be proved by the data measured by Zeta potential analyzer.
Figure 1d shows that after nucleic acid aptamer modification,
the potential of APT-GO-CO-y-PGA is —31.5+0.56 mV. Because
APT is a single-stranded DNA fragment with negative charge,
the complex of APT combined with GO-CO-y-PGA has more
negative charge than GO-CO-y-PGA (-22.67 +0.40 mV)."? The
results of Zeta potential indirectly confirmed that APT-GO-CO-v-
PGA was synthesized and showed excellent property of
dispersion.

It can be seen from Figure Te that the XRD characteristic
peak of GO is 26=10.1°. When modified with CO and y-PGA,
the characteristic peak of GO in GO-CO-y-PGA shifted to a
smaller angle of 260=8.1° compared with GO, and it also
appeared the characteristic peaks of CO and y-PGA (CO: 20 =
20.79° and y-PGA: 20=23.34° see in Figure S1), but the
intensity of the peaks was weaker than that of monomer CO, v-
PGA and GO, which indicated that the three materials may be
successfully compounded. After the modification of GO-CO-vy-
PGA with APT, the characteristic peak of GO shifted to a larger
angle of 260 =8.6° and the position of other characteristic peaks
did not change, indicating that APT may successfully modify
GO-CO-y-PGA.

The particle size and morphology of GO-CO-y-PGA and APT-
GO-CO-y-PGA were observed by dynamic light scattering (DLS)
and transmission electron microscopy (TEM). The results were
shown in Figure 1f-h. After CO and y-PGA modification, GO was
lamellar, with an average diameter of 305.1 nm. After APT
modification, the diameter of GO-CO-y-PGA was increased to
319.1 nm, but it was still lamellar and showed good dispersion.

2.2. DOX Loading and Release In Vitro

In the present study, APT-GO-CO-y-PGA, like the carrier of GO-
CO-y-PGA, was loaded with DOX via m-t bond. To verify the
successful connection of DOX to APT-GO-CO-y-PGA, the
samples were characterized by FTIR and UV-Vis. Figure S2
reveals the characteristic absorption peaks of DOX are C=0
(carbonyl) stretching vibration peak at 1618 cm™ and N-H
stretching vibration peak at 1580 cm™'. The FTIR spectrum of
APT-GO-CO-y-PGA-DOX appears the prominent peak of DOX
and the characteristic peak at 1637 cm-1 releated to C=O
stretching vibration peak (amide | belt) of GO-CO-y-PGA.
Figure S3 shows the UV-Vis absorptions of DOX are 232 nm,
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253 nm and 488 nm.”? APT-GO-CO-y-PGA has no absorption
peak at 488 nm, while APT-GO-CO-y-PGA-DOX has obvious
absorption peak at 488 nm, it confirmed that DOX has been
loaded on APT-GO-CO-y-PGA. In order to determine the drug
loading capacity (DLC) of APT-GO-CO-y-PGA, different concen-
trations of DOX solutions were used to react with the same
amount APT-GO-CO-y-PGA, and the results were presented in
Figure 2a. With the increase of DOX concentration, the loading
capacity of DOX on APT-GO-CO-y-PGA also increased. When the
DOX concentration was 1.4 mg/mL, the DCL of APT-GO-CO-y-
PGA was 1.2135 mg/mg, and which reached saturation. Thus
the maximum DLC of DOX on APT-GO-CO-y-PGA was
1.2135 mg/mg, which was higher than that of GO-CO-y-PGA.

We can verify whether APT-GO-CO-y-PGA exhibited the
effect of controlled and sustained release of DOX by measuring
the cumulative release rate of APT-GO-CO-y-PGA-DOX under
different pH conditions. As shown in Figure 2b, the cumulative
release rate of APT-GO-CO-y-PGA-DOX at pH 5.0 was signifi-
cantly higher than that at pH 7.4, and the drug was released
rapidly before 24 h and slowly after 24 h. The cumulative
release rate of APT-GO-CO-y-PGA-DOX reached the maximum
under different pH conditions after 168 h with the cumulative
release rate of 41.94% at pH5.0 and 4.52% at pH7.4. The
experimental results showed that APT-GO-CO-y-PGA can result
in controlled and sustained release of DOX.

2.3. Cell Uptake Study

The fluorescence intensity of the drugs was measured by flow
cytometry to reflect the absorption of the drugs in cells.
Figure 3a shows that the fluorescence intensity of DOX, GO-CO-
v-PGA-DOX and APT-GO-CO-y-PGA-DOX in Beas-2B cells are
68414, 71178 and 81139, respectively. Figure 3b reveals the
fluorescence intensity of DOX, GO-CO-y-PGA-DOX and APT-GO-
CO-y-PGA-DOX in Hela cells are 97113, 108039 and 109363,
respectively. These results showed that the fluorescence
intensity of APT-GO-CO-y-PGA-DOX in both types of cells was
higher than that of GO-CO-y-PGA-DOX. Meanwhile, the
fluorescence intensity of APT-GO-CO-y-PGA-DOX in Hela cells
was higher than that of Beas-2B cells, indicating that APT-GO-
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Figure 2. (a) The loading capacity of APT-GO-CO-y-PGA and GO-CO-y-PGA-
DOX. (b) Cumulative release rate curves of APT-GO-CO-y-PGA-DOX and GO-
CO-y-PGA-DOX under different pH. (Values represent the means £ SD, the
experiment was repeated three times).
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(b) Hela cells treated with DOX, GO-CO-y-PGA-DOX and APT-GO-CO-y-PGA-
DOX.

CO-y-PGA-DOX exhibited an obvious targeting effect on Hela
cells.

2.4. Intracellular Imaging

Figure 4a and Figure 4b are laser confocal images of Beas-2B
cells treated with GO-CO-y-PGA-DOX and APT-GO-CO-y-PGA-
DOX for 6 h. It can be seen from the figures that GO-CO-y-PGA-
DOX is mainly distributed in the cytoplasm and a small amount
in the nucleus, while APT-GO-CO-y-PGA-DOX is mainly distrib-
uted in the nucleus and a little in the cytoplasm. Figure 4c and
Figure 4d are laser confocal images of Hela cells incubated with
GO-CO-y-PGA-DOX and APT-GO-CO-y-PGA-DOX for 6 h. It is
found that GO-CO-y-PGA-DOX and APT-GO-CO-y-PGA-DOX are
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Figure 4. The drug distribution in Beas-2B cells incubated with (a) GO-CO-y-
PGA-DOX and (b) APT-GO-CO-y-PGA-DOX for 6 h. The drug distribution in
Hela cells incubated with (c) GO-CO-y-PGA-DOX and (d) APT-GO-CO-y-PGA-
DOX for 6 h.
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Compared with GO-CO-y-PGA-DOX, APT-GO-CO-y-PGA-DOX
was less concentrated in cytoplasm, which confirmed that APT-
GO-CO-y-PGA-DOX was equipped with higher drug delivery
ability than GO-CO-y-PGA-DOX, and it can target to Hela cells
and increase the drug entry.

2.5. Cytotoxicity Assay

Different concentrations of APT-GO-CO-y-PGA were used to
treat Beas-2B cells and Hela cells for 24 h to measure the
toxicity of APT-GO-CO-y-PGA, and the survival status of the cells
was observed. The results were shown in Figure 5a. When the
concentration of APT-GO-CO-y-PGA was up to 200 pg/mL, the
survival rate of Beas-2B cells and Hela cells were more than
80%, indicating that APT-GO-CO-y-PGA had good biological
safety and could be used as carrier to deliver drugs. C23 is
overexpressed on the surface of Hela cells while not expressed
on the surface of Beas-2B cells, thus, APT-GO-CO-y-PGA-DOX
can target Hela cells.”" To verify this characteristic, Beas-2B cells
and Hela cells were treated with different concentrations of
APT-GO-CO-y-PGA-DOX, in which DOX and GO-CO-y-PGA-DOX
were used as controls. By comparing the experimental results in
Figure 5b and Figure 5¢, it can be found that DOX, GO-CO-y-
PGA-DOX and APT-GO-CO-y-PGA-DOX had higher toxic effects
on Hela cells than Beas-2B cells. In addition, APT-GO-CO-y-PGA-
DOX was more toxic than GO-CO-y-PGA-DOX in Hela cells, it
demonstrated that APT-GO-CO-y-PGA-DOX showed a targeting
effect on Hela cells. The IC50 value of APT-GO-CO-y-PGA-DOX
to Hela cells was 3.23+£0.04 ng/mL.

3. Conclusion

We fabricated a new carrier of GO-CO-y-PGA in the previous
work. In order to increase the targeting of the composite, APT
was selected to modify GO-CO-y-PGA to obtain APT-GO-CO-y-
PGA, a nano drug carrier targeting to C23. The verifications of
the modification were carried out by FTIR, XPS, UV-Vis and Zeta
potential. APT-GO-CO-y-PGA was used to load DOX, and the
maximum DLC was 1.2135 mg/mg, which was higher than that
of GO-CO-y-PGA, and it exhibited the ability of controlled and
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Figure 5. (a) The effect of different concentration of unloaded APT-GO-CO-y-
PGA against Hela and Beas-2B cells viability. (b) The effect of different
concentration of DOX, GO-CO-y-PGA-DOX and APT-GO-CO-y-PGA-DOX
against Beas-2B cells viability. (c) The effect of different concentration of
DOX, GO-CO-y-PGA-DOX and APT-GO-CO-y-PGA-DOX against Hela cells
viability. (Values represent the means + SD, the experiment was repeated
three times)
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sustained release of DOX. Cell experimental results reveled that
APT-GO-CO-y-PGA-DOX had a targeting effect on Hela cells,
could significantly enhance the therapeutic efficacy and its IC50
value to Hela cells was 3.23+0.04 ug/mL. We suggest paying
attention to the toxicity and antitumor mechanism of APT-GO-
CO-y-PGA-DOX in vivo in future. All results illustrated that APT-
GO-CO-y-PGA had potential value in targeted drug delivery.

Experimental Section

Materials

Graphene oxide was obtained from Su Zhou Hengqiu Graphene
Technology Co., Ltd. Chitosan oligosaccharide and doxorubicin
hydrochloride were provided by Dalian Meilun Biotechnology Co.,
Ltd. y-Polyglutamic acid was purchased from Xi'an Wanfang
Biotechnology Co., Ltd. EDC and NHS were purchased from
Shanghai Aladdin Reagent Co. Ltd. Nucleic acid aptamer NH,-
AS1411 (5'-NH,-GGTGGTGGTG GTTGTGGTGGTGGTGG-3') was syn-
thesized by Sangon Biotech. MTT and DAPI were provided by
Shanghai Yesen Biotechnology Co., Ltd. DMEM was obtained from
Sangon Biothch. Hela cells and Beas-2B cells were obtained from
Shanghai Institute of Biochemistry and Cell Biology.

APT-GO-CO-y-PGA Synthesis

In a typical procedure, 10 mg GO-CO-y-PGA was measured and
dissolved in 10 mL 20 mM Tris-HCI buffer containing 0.1 M KCl
(pH 7.4), and followed by the sonication. 424 mg EDC and 636 mg
NHS were added in turn, and ultrasound for 10 min. Then, the
mixture was shaked and activated at 37 °C for 15 min. Added 10 pL
(100 uM) APT to the solution and reacted for 10 h. Afterthat,
centrifugal washing was performed, and the mixture dialyzed
(MWCO =8-14 KDa) in ultrapure water for 2 days.

Characterization

Characterization methods of FTIR, XPS, UV-Vis, Zeta potential
determination, XRD, TEM and DLS were used to analyze the
properties of the samples. Laser confocal images were observed by
two-photon confocal laser microscope, and intracellular uptake
investigation were performed by flow cytometry, microplate reader
was used to measure the cytotoxicity.

Drug Loading Performance Study

40 mg APT-GO-CO-y-PGA was dissolved in 40 mL PBS buffer
(pH 7.4) via ultrasound, and the mixture was averagely divided into
8 parts. Then, 5 mL DOX solution was added to each APT-GO-CO-y-
PGA solution with concentrations of 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4
and 1.6 mg/mL, respectively. The solutions were stirred at room
temperature without light for 24 h, and the absorbance of super-
natant was detected after centrifuging the unloaded drugs in a
high speed centrifuge. The DLC was calculated according to the
standard curve of DOX concentration-absorbance (Figure S4) and
the following formula:

DLC (mg mg™') = Mpox—M'pox

MApT_Go-co—y—PGA

M
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Where mpoy represents the mass of initial drugs, m’pox represents
the mass of residual drugs in the solution after being loaded on
APT-GO-CO-y-PGA and Myper.go.coy-prea represents the mass of APT-
GO-CO-y-PGA.

In Vitro Drug Release Investigation

The DOX release investigations were performed in buffers with
different pH. The steps are as follows, 5 mg APT-GO-CO-y-PGA-DOX
was measured and dissolved in 5mL PBS buffer (pH7.4 and
pH 5.0). Two solutions with different pH were put into dialysis bags
and placed in PBS buffer, then the drugs were released at 37°C. At
regular time intervals, 4 mL release solution was collected, mean-
while, an equal volume of fresh PBS buffer was added. The
absorbance of DOX released from APT-GO-CO-y-PGA was eval-
uated, and the mass of which was calculated according to the
standard curve of DOX concentration and absorbance.

Intracellular Uptake Studies

Beas-2B cells and Hela cells were inoculated in 6-well plates,
respectively, and cultured at 37°C, 5% CO2, moist air for 24 h.
Then, added DOX, GO-CO-y-PGA-DOX and APT-GO-CO-y-PGA-DOX,
respectively, and the final concentrations were 9.69 ug/mL (based
on the DOX concentration), respectively. After treatment for 6 h,
the cells were collected and fluorescence intensity was detected.

The distribution of GO-CO-y-PGA-DOX and APT-GO-CO-y-PGA-DOX
in different cells was observed by two-photon laser confocal
microscope. In brief, Hela cells and Beas-2B cells were inoculated in
6-well plates, respectively. After 24 hours of incubation, GO-CO-y-
PGA-DOX and APT-GO-CO-y-PGA-DOX were added, and their final
concentrations were 3.23 ug/mL (based on the DOX concentration),
respectively, and cultured for another 6 h. Subsequently, the Hela
cells were immobilized by paraformaldehyde solution (4% w/v),
then washed with PBS buffer. Furthermore, DAPI was used to treat
the wells for 10 min, then each well was washed with PBS buffer for
three times. Finally, the samples were observed by two-photon
confocal laser microscopy.

In Vitro Cytotoxicity Study by MTT Assay

Beas-2B cells and Hela cells were inoculated in 96-well plates, and
blank group, control group and experimental group were set up on
each plate. After cultured for 24 hours, DOX, GO-CO-y-PGA-DOX
and APT-GO-CO-y-PGA-DOX with different concentrations were
added and continued to incubate for 24 hours. 15 uL MTT was
added and cultured for another 4 h. Sucked out the supernatant
and added 100 uL DMSO in each well which can dissolve formazan
crystals, and shaked for 3-5 min. The absorbance of peer well at
570 nm was measured by microplate reader and the cell viability
was calculated via the following formula:

Asample _Ablank

Cell viability (%) = %100 % )

Acomrol _Ablank

In the equations, A, is the absorbance of the samples, Ay is
the absorbance of the blank group and A is the absorbance of
the control group.
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