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Abstract
The present work investigated the cytotoxicity of aptamer (Apt)-conjugated chitosan (CST) encapsulated mycogenic (Talaro-
myces purpureogenus (Tp)) gold nanoparticles (AuNPs) in human lung cancer cell line. A total of three steps were involved 
in the fabrication of Apt-CST-Tp-AuNPs: (i) mycogenic synthesis of Tp-AuNPs using mycelial extract of T. purpureogenus, 
(ii) encapsulation of the chitosan on Tp-AuNPs (CST-Tp-AuNPs), and (iii) conjugation of Apt in CST-Tp-AuNPs to form 
final material of Apt-CST-Tp-AuNPs. The nanoparticles Tp-AuNPs and Apt-CST-Tp-AuNPs were found to be hexagonal 
shaped with the size of 37.06 ± 6.70 nm and 62.05 ± 15.22 nm, respectively, observed by TEM analysis. But the DLS analy-
sis showed the hydrodynamic size of Apt-CST-Tp-AuNPs was 91.67 ± 2.15 nm with a zeta potential of 47.31 ± 0.63 mV 
while Tp-AuNPs exhibited the hydrodynamic size of 56.13 ± 1.65 nm with a zeta potential of − 58.83 ± 1.64 mV. The size 
differences in the TEM and DLS analysis are attributed to the hydrodynamic nature of nanoparticles. The FTIR analysis 
demonstrated the capping of the mycelial extract on the surface of Tp-AuNPs and Apt-CST-Tp-AuNPs. The Apt-CST-Tp-
AuNPs did not show cytotoxicity to human embryonic kidney cells (HEK293) while it showed ~ 60% of cell death in human 
lung cancer cells (A549). The annexin V FITC and PI staining results revealed that Apt-CST-Tp-AuNPs induced higher cell 
death (~ 8.60%) in A549 cells than Tp-AuNPs and CST-Tp-AuNPs. The Apt-CST-Tp-AuNPs triggered cytotoxicity in A549 
cells through M1 phase cell cycle arrest and regulating the apoptosis-related protein (Bcl-2 and Bax) expressions. These 
results demonstrated the effective cytotoxic activity of Apt-CST-Tp-AuNPs in A549 cells.
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Introduction

Lung cancer is the second leading cancer that occurred 
in both men and women. According to the can-
cer statistics 2019, new cancer patients have been 
reported ~ 1,762,450 in the United States, of which ~ 13% 
belong to lung cancer. Cancer-related death is reported 
about 606,880 in the USA, in which ~ 24% death is 
caused by lung cancer [1]. The early diagnosis of can-
cer can reduce the risk of metastases that results in less 
mortality and morbidity. Therefore, the early diagnosis 
and targeted cancer therapy methods are received more 
attention over conventional therapeutics such as chemo-
therapy, surgery, and radiotherapy [2]. In this context, 
aptamer-functionalized drug delivery system gained 
importance in cancer therapeutics because of its ability 
to specifically bind to overexpressed cancer cell sur-
face nucleolin which is highly expressed in cancer cells. 
Among the aptamer, AS1411 is consists of 26-mer oli-
gonucleotides with unique G-rich quadruplex structures 
that have been used as a promising ligand to target the 
overexpressed nucleolin in tumors [3, 4].

Gold nanoparticles (AuNPs) have been used in ver-
satile applications such as medicine, chemistry, biology, 
physics, and material science [5]. Especially in nanomedi-
cine, AuNPs have been used as a potential drug carrier 
or photothermal agent due to their inert nature and less 
toxicity to normal cells [6–8]. The green synthesis of the 
AuNPs is economically feasible and ecology suitable but 
the physical and chemical methods are stand with several 
limitations including extreme synthesis conditions, toxic 
or harsh chemicals release, and laborious [9]. Moreover, 
recent studies from our group have reported that the green 
synthesis AuNPs is acted as a base material for the prepa-
ration of a pH-responsive drug carrier system to deliver 
drugs in cancer sites through nucleolin targeting mecha-
nism [10–12].

The endophytic fungi are known to inhabit in internal 
tissues of the plant without causing any damage to the 
host [13]. The mycogenic NPs synthesized from the endo-
phytic fungi are promising in antioxidant, antibacterial, 
and anticancer activities [14–17]. Among the endophytic 
fungi, T. purpureogenus is isolated from the marine plants 
or traditional plants pose the higher ability to produce the 
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novel metabolites (pigment, urea, phenol, propanoic acid, 
and butanamide) and nanoparticles (silver nanoparticles) 
with antiproliferative, antioxidative, antibacterial and anti-
cancer properties [18–22]. Chitosan is being used in the 
development of drug delivery systems because of its non-
toxicity, biocompatible properties [23–26]. Moreover, the 
encapsulation of chitosan with metal nanoparticles enables 
successful blood circulation and cellular penetration with 
good stability to targeting the cancer cells based on the pH 
sensitivity [27, 28]. Moreover, there is no work reported 
for the myco-synthesis of gold nanoparticles using T. pur-
pureogenus. Therefore, this work aimed to synthesis the 
Tp-AuNPs using the mycelial extract of T. purpureogenus 
and encapsulated with chitosan (CST-Tp-AuNPs), further 
conjugated by aptamer (Apt-CST-Tp-AuNPs) (Scheme 1) 
for improved cytotoxicity in the human lung cancer cells.

Materials and methods

Materials

Endophytic fungal strain T. purpureogenus (NCBI GenBank 
accession number: MK108915) was previously isolated 
from the leaves of Pinus densiflora S. et Z. were used in 
the present study. Gold (I) chloride (AuCl), low molecular 

weight chitosan (75–85% deacetylated chitin, poly(D-glu-
cosamine), CAS no. 9012-76-4, MW 50,000–190,000 Da 
based-on viscosity), sodium triphosphate pentabasic (TPP), 
cell viability assay kit (WST-8 CELLOMAX™, MediFab), 
dichlorofluorescein diacetate (DCFH-DA), propidium iodide 
(PI), rhodamine 123 (Rh123), ethidium bromide (EB), acri-
dine orange (AO), N-hydroxy succinimide (NHS) and car-
bodiimide hydrochloride (EDC. HCl) were purchased from 
Sigma-Aldrich, Republic of Korea. DNA aptamer (AS1411) 
was procured from Cosmo Genetech, Republic of Korea. 
The human lung carcinoma (A549) cell line and the human 
embryonic kidney (HEK293) cell line were obtained from 
the Korean Cell Line Bank (KCLB, Seoul, Republic of 
Korea). Dialysis membrane (SnakeSkin™, 10 kDa) and all 
other staining kits and cell culture medium were obtained 
from Thermo Fishers Scientific Seoul, Republic of Korea.

Biosynthesis of Tp‑AuNPs using mycelial extract of T. 
purpureogenus

Mycelial extracts of T. purpureogenus were prepared accord-
ing to the standard methods reported earlier [29]. In brief, 
2 mL of fungal spore suspension (8 ×  106 spores/mL) was 
inoculated in 200 mL of fresh potato dextrose broth (PDB) 
in 500-mL Erlenmeyer flasks incubated in shaking incubator 
at 180 rpm at 27 ± 2 °C for 7 days. The mycelial extract was 

Scheme 1  The mechanisms of Apt-CST-Tp-AuNP preparation
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collected by filtration using the Whatman No.1 filter paper. 
Afterward, 20 mL of mycelial extract were added into 80 mL 
of AuCl (10 mM) solution and kept in the shaking incubator 
at 180 rpm at 28 °C in dark conditions for 72 h. The color 
change from yellow to pink then dark purple was an indica-
tion of TP-AuNPs formation and it was recorded using the 
UV–visible spectrum at different time intervals. Finally, the 
Tp-AuNPs were collected by centrifuge at 17,000 rpm and 
lyophilized as a powder for further works.

Encapsulation of chitosan on Tp‑AuNPs

The Tp-AuNPs were encapsulated in chitosan according to 
the method reported previously with minor modifications 
[30]. In brief, 75 mg of chitosan was dissolved 25 mL of 
0.5% acetic acid (aqueous solution, pH 4.6 ± 0.1) kept on 
the magnetic stirrer at 90 rpm at room temperature (RT) 
overnight. The next day, 5 mg of Tp-AuNPs were added into 
chitosan solution and again stirred for 30 min at 90 rpm and 
then sonicated for 10 min. For the fabrication of CST-Tp-
AuNPs, 20 mL of sodium triphosphate pentabasic (1.0 mg/
mL, aqueous solution) was slowly added into Tp-AuNPs-
chitosan solution and kept on the magnetic stirrer at 90 rpm 
overnight at RT in dark conditions. Finally, the CST-Tp-
AuNPs were collected by centrifugation at 17,000 rpm for 
15 min.

Conjugation of aptamer on CST‑Tp‑AuNPs

The DNA aptamer was conjugated with CST-Tp-AuNPs 
through covalent bonding activated in CST-Tp-AuNPs 
through EDC and NHS reaction. In brief, 20 μL of EDC 
(0.1 mg/mL, PBS solution) and 10 μL of NHS (0.1 mg/mL, 
PBS solution) added to 1 mL of CST-Tp-AuNPs (1 mg/
mL, aqueous solution) and allowed in 4 °C for 2 h. Then 30 
μL of aptamer solution were added in CST-Tp-AuNPs and 
incubated overnight at 4 °C. Afterward, Apt-CST-Tp-AuNPs 
were dialyzed against deionized water for 12 h at 4 °C using 
a dialysis membrane (SnakeSkin™, 10 kDa). Finally, the 
Apt-CST-Tp-AuNPs were collated by lyophilization for 
further experiments. Besides, the aptamer conjugation with 
CST-Tp-AuNPs was confirmed by agarose gel electropho-
resis [31].

Characterization of Apt‑CST‑Tp‑AuNPs

The nanoparticles (Tp-AuNPs, CST-AuNPs, and Apt-CST-
Tp-AuNPs) were characterized using the field emission 
transmission electron microscopy (FE-TEM) energy-disper-
sive X-ray spectroscopy (EDS) (JEM-2100F; Jeol, Tokyo, 
Japan), Particle Analyzer (Malvern, British), X-ray diffrac-
tion (XRD) (X’pert-pro MPD-PANalytical Netherland) and 

Fourier transform infrared spectroscopy (FT-IR) (Frontier; 
PerkinElmer, Waltham, MA, USA).

In vitro release

The in vitro release of Tp-AuNPs from Apt-CST-Tp-AuNPs 
was determined by the dialysis membrane diffusion method 
[31]. In brief, the phosphate buffer (pH 7.4) and acetate 
buffer (pH 5.4) were used as different pH solutions for 
pH-responsive nanoparticle release studies. 1 mg/mL of 
Apt-CST-Tp-AuNPs has been dissolved in the different pH 
(7.4 and 5.4) buffer solution and transferred to the dialysis 
bag (12 kDa). Afterward, the dialysis bag was incubated in 
50 mL of dissolution buffer (pH 7.4 and 5.4) at 37 °C under 
mild stirring (50 rpm). Followed by 5 mL of aliquot were 
collected from dissolution buffer at a different time interval 
to measure the release of nanoparticles in terms of absorb-
ance by UV spectrophotometer.

Cell culture

The human lung cancer cell line (A549) and the human 
embryonic kidney cell line (HEK293) were cultured in 
RPMI-1640 and DMEM medium, respectively, at 37 °C in a 
5%  CO2 humidified incubator. These culture mediums were 
previously incorporated with 10% fetal bovine serum (FBS) 
and 1% penicillin and streptomycin (PS).

Cytotoxicity

Cytotoxicity of nanoparticles was determined by the WST 
assay [12]. 100 μL/well of A549 or HEK293 cells (1 ×  104) 
was seeded in a 96-well plate and incubated in a  CO2 (5%) 
incubator at 37 °C for 24 h. After reaching 80–90% con-
fluence, the different concentrations (1.9–1000 μg/mL) 
of nanoparticles or mycelial extract were treated for 24 h. 
After the treatment, the cell death was measured by adding 
the WST reagent (10 μL/well) and incubated in the above-
mentioned condition for 1 h. After the incubation period, 
the optical density was measured at 450 nm using a 96-well 
plate reader  (SpectraMax® Plus Microplate Reader from 
Molecular Devices). The percentage of cytotoxicity was 
measured according to the formula described earlier [32].

Fluorescent staining analysis

The fluorescent stain dichloro-dihydro-fluorescein diac-
etate (DCFH-DA) was used for the measurement of reac-
tive oxygen species (ROS) generation. Propidium iodide 
(PI) stain was used to observe the nucleus damage while 
mitochondrial membrane potential loss (Δψm) was studied 
using stain rhodamine 123 (Rh123). The NPs-induced apop-
tosis stages were visualized using the dual stain acridine 
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orange (AO)/ethidium bromide (EB). In brief, the A549 cells 
(1 ×  104) were seeded in a 12-well plate and incubated in a 
5%  CO2 incubator at 37 °C for 24 h. After 24 h, the 50 μL 
of  IC50 concentration of different samples were treated for 
24 h. Finally, the different samples induced ROS genera-
tion, nucleus damage, Δψm loss were observed using the 
above-mentioned stains by fluorescent microscopy (Olym-
pus CKX53, Tokyo, Japan).

Flow cytometry analysis

Detection of  cell death by  annexin V FITC and  PI stain‑
ing The human lung cancer (A549) cells were cultured in 
the T-25 flask containing the RPMI and allowed in the 5% 
 CO2 incubator to reach 80–90% of cell confluence. Then 
the cells were treated with  IC50 concentrations of different 
samples (Tp, Tp-AuNPs, CST-Tp-AuNPs, and Apt-CST-Tp-
AuNPs) for 6  h. After the treatments, the cells were col-
lected by scrapping method and centrifuged at 2000  rpm 
for 3 min. Then the cells were washed twice with cold PBS 
followed by centrifuging at 2000 rpm for 3 min. Afterward, 
the cells were resuspended in 100 μL of 1X annexin binding 
buffer then added 5 μL of annexin V-FITC (1 mg/mL) and 
1 μL of PI (100 μg/mL) and incubated for 15 min at RT. 
Finally, the stained cell suspension made up to 500 μL using 
the 1X annexin binding buffer, then immediately analyzed 
by FACS caliber (BD FACScaliber, BD, California, USA).

Cell cycle For the cell cycle assay, the cell preparation and 
treatments were done as described in “Detection of cell 
death by annexin V FITC and PI staining”. But in this exper-
iment, the 0.5 mL of PI stock (50 μg/mL of PI and 100 μg/
mL RNase A in PBS) was used as the staining solution and 
incubated for 30  min at RT and then analyzed by FACS 
caliber (BD FACScaliber, BD, California, USA).

Western blotting

The effect of the different nanoparticles on the expression of 
the apoptosis-related protein was detected by western blot-
ting [33]. In brief, the protein was extracted by lyse cells 
in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% NaDC, 
0.1% SDS, 50 mM Tris pH 8.0, 25 mg/mL aprotinin and 
50 mg/mL leupeptin). Protein concentration was measured 
by Bradford assay. Followed by this, protein (20–30 μg) 
was separated using 10% SDS-PAGE and transferred to the 
membrane for 2 h at 70 V. Subsequently, the membrane was 
incubated in blocking buffer BSA (Cohn fraction V) solu-
tion for 1 h in RT. The specific primary antibodies B-cell 
lymphoma 2 (Bcl-2), Bcl-2-associated X protein (Bax), and 
β-actin were used against a protein on the membrane over-
night at 4 °C. The membrane was washed by TBST for more 
than 5 min before application of secondary antibody-labeled 

horseradish peroxidase for 2 h in RT. Finally, the intensities 
of each band were detected by Image-Pro Plus.

Results and discussion

Characterization of nanoparticles

UV–visible spectrum

UV–visible spectrum analysis is used to determine the syn-
thesis, size, and shape of nanoparticles [34]. In general, the 
localized surface plasmon resonance (LSPR) of gold nano-
particles (AuNPs) results in a strong absorbance band in 
the visible region (500–600 nm). The smaller nanospheres 
(4–25 nm) primarily absorb the light and exhibit peaks near 
520 nm, while larger spheres exhibit increased scattering 
and significantly broad peaks. The larger spheres scatter and 
more light optical cross sections are exhibited because their 
albedo (a ratio of scattering to total extinction) increases 
with size. The change in the shape of the nanoparticle would 
also cause the difference in the area of the optical cross sec-
tion, which results in different refractive index and reflectiv-
ity, thus affecting the blue shift or red shift of the absorp-
tion peak [34]. The mycogenic Tp-AuNPs showed a strong 
absorbance peak at 540 nm corresponding to the LSPR rela-
tion of gold due to color changes from yellow to light pink 
(Fig. 1A), which illustrated the size of nanoparticles may be 
larger than 25 nm and the shape of nanoparticles may not 
exactly sphere. Similar results of UV–Vis spectrum have 
been reported for AuNPs synthesized various endophytic 
fungi [35, 36]. Moreover, the absorbance peak of CST-
Tp-AuNPs was a little red-shifted compared to Tp-AuNPs 
(Fig. 1B), which foreboded that the size of CST-Tp-AuNPs 
was expected to be large than the Tp-AuNPs, or the shape 
of CST-Tp-AuNPs may be different from Tp-AuNPs. This 
result was similar to the previous work [10]. Moreover, the 
size increase might be caused due to methods of chitosan 
encapsulation, the concentration of TPP, or the absence of 
TPP [37].

DLS and XRD analyses

The size, poly dispersion index (PDI), and ζ-potential 
of CST-Tp-AuNPs and Tp-AuNPs were determined by 
DLS (Figs. 2 and 3). The DLS indicated that the size of 
Tp-AuNPs and CST-Tp-AuNPs was 56.13 ± 1.65  nm 
and 91.67 ± 2.15  nm, respectively (Fig.  2A, B). The ζ 
potential is the charge carried on the surface of the par-
ticle. According to the repulsion principle, the positively 
charged electrode attracts the oppositely charged electrode; 
therefore, the higher ζ potential charge could result in the 
larger ion surface that assists the dispersion and stability 
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of the NPs [38, 39]. The Tp-AuNPs showed a ζ-potential 
of − 58.83 ± 1.64 mV while CST-Tp-AuNPs exhibited a 
ζ-potential of 47.31 ± 0.63 mV (Fig. 3A, B). These zeta 
results indicated that both NPs were highly stable with a 
negative charge for Tp-AuNPs and positive charge CST-
Tp-AuNPs due to capping and encapsulation of fungal 
metabolites and chitosan, respectively. Moreover, the pre-
sent results were in agreement with several earlier results 
that report the green-synthesized gold nanoparticles with 
negative ζ-potential [40–42]. However, the CST-Tp-AuNPs 
showed a positive charge due to encapsulation of chitosan 
and its higher positive charge might be the reason for the 
ζ-potential charge CST-Tp-AuNPs [43, 44]. The XRD 
results of these two nanoparticles were found to be crystal-
line (Fig. 4A, B). The XRD results showed the character-
istics peaks of Tp-AuNPs ascribed to Bragg reflections at 
(111), (200), and (220) due to 2θ values of 31.73º, 45.44º, 

and 66.24º, respectively (Fig. 4A). Similarly, the CST-Tp-
AuNPs exhibited the characteristic peaks ascribed to Brag 
reflections at (111), (200), (220), (311), and (222) due to 2θ 
values of 31.72º, 45.48º, 56.48º, 75.27º and 83.98º, respec-
tively (Fig. 4B). The Tp-AuNPs showed intense diffraction 
at 31.73º, while the CST-Tp-AuNPs showed intense diffrac-
tion at 45.48º, which illustrated that the Tp-AuNPs’ pre-
ferred growth orientation of zero-valent gold was fixed in 
(111) direction, while the CST-Tp-AuNPs preferred in (200) 
direction [45]. The XRD pattern exhibited the different angle 
values between the CST-Tp-AuNPs and Tp-AuNPs due to 
the variation of shape and size of the nanoparticles [46].  

FTIR analysis

The functional groups of Tp, Tp-AuNPs, and CST-Tp-
AuNPs were determined by FTIR analysis (Fig. 5A). The 
Tp extract exhibited the peak at 3267  cm−1 and 1377  cm−1 
in relation to the typical stretching vibration of O–H, the 
peak at 2923  cm−1 and 1637  cm−1 were due to C–H and 
C=C stretching of alkane and cyclic alkene. These func-
tional vibrations were indicated the presence of phenolic 
compounds in Tp extract [47]. Meanwhile, the other peaks 
including 1546  cm−1, 1309  cm−1, 1245  cm−1, 1150  cm−1, 
and 1027  cm−1 were ascribed to fungal secondary metabo-
lites such as terpenoids, pigment, and enzyme [48]. The Tp-
AuNPs exhibited the peaks at 2918  cm−1, 1450  cm−1, and 
1043  cm−1 were corresponding to C–H stretching, and C–N, 
respectively. Also, Tp-AuNPs have displayed some peaks 
similar to Tp extract, which evidenced the capping of Tp 
extracts on the surface of Tp-AuNPs. The CST-Tp-AuNPs 

Fig. 1  UV–visible spectrophotometer analysis. Effect of different 
time intervals in the synthesis of Tp-AuNPs (A), comparison of UV–
visible spectral analysis of CST-Tp-AuNPs, Tp-AuNPs, gold chloride 
(AuCl) and mycelial extract (Tp) (B)

Fig. 2  Dynamic light scattering (DLS) analysis of mycogenic gold 
nanoparticles Tp-AuNPs synthesized using the mycelial extract of 
Talaromyces purpureogenus (A) and chitosan encapsulated (CST-Tp-
AuNPs) prepared by ionic gelation and covalent bonding method (B)
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showed the peak at 1740  cm−1, 1630  cm−1 which ascribed 
to C=O and N–H stretching of amide I and amide II as char-
acter peaks of chitosan [49]. The aptamer functionalized on 
CST-Tp-AuNPs did not exhibit any significant peak shifts 
(data not shown) due to the nitrogenous base-rich aptamer-
functionalized surface [50]. Besides, the agarose gel electro-
phoresis demonstrated the successful conjugation of aptamer 
in CST-Tp-AuNPs (Fig. 5B). Similarly, earlier work also 
performed on agarose gel electrophorese to confirm the con-
jugation of aptamer in nanoparticles [12].

TEM and EDS analyses

The size and shape of the nanoparticles are shown in the 
TEM image (Fig. 6A–C). The size of both nanoparticles 
was found to be < 100 nm. The CST-Tp-AuNPs and the 
Apt-CST-Tp-AuNPs were a little bigger than Tp-AuNPs 

because of chitosan encapsulation. The irregular spheres for 
Tp-AuNPs and hexagonal crystals for CST-Tp-AuNPs were 
observed (Fig. 6A, B). The size and shape were found to 
be different between the nanoparticles due to encapsulation 
of chitosan, cross-linking of TPP, and pH of nanoparticle 
suspension [37]. The TEM results were in accordance with 
UV–visible spectral analysis. Moreover, it observed that 
the shape and size of Apt-CST-Tp-AuNPs were similar to 
CST-Tp-AuNPs (Fig. 6C). The proportion of gold in nano-
particles is 57.18%, evidenced by EDS analysis (Fig. 6D, E) 
in Apt-CST-Tp-AuNPs. Moreover, the size of the particles 
was found to be smaller in TEM analysis than DLS analy-
sis because the dehydrated particles can only be analyzed 
under the TEM as DLS is performed in the solution state. 
Hence, DLS expresses the hydrodynamic size of the particle 
[10]. Further, the pH-responsive release of the nanoparti-
cle was measured in different pH (SI Fig. 1). The release 

Fig. 3  Zeta potential analysis of gold nanoparticles (Tp-AuNPs) synthesized by using the mycelial extract of Talaromyces purpureogenus (A) 
chitosan encapsulated CST-Tp-AuNPs (B) by DLS

Fig. 4  X-ray diffraction (XRD) pattern for Tp-AuNPs synthesized by using the mycelial extract of Talaromyces purpureogenus (A) CST-Tp-
AuNPs prepared by TPP-ionic gelation method (B)
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Fig. 5  Fourier transform infrared spectroscopy (FTIR) analysis of 
functional group shifting in mycelial extract (Tp), gold nanoparticles 
(Tp-AuNPs) and chitosan encapsulated gold nanoparticles (CST-
Tp-AuNPs) (A). Agarose gel electrophoresis for determination of 

aptamer conjugation in nanoparticles (B). In Fig. 4B, the lanes mark-
ing is corresponding to DNA Maker (a), aptamer (b), CST-Tp-AuNPs 
(c) and Apt-CST-Tp-AuNPs (d)

Fig. 6  Field emission transmission electron microscopy (FE-TEM) 
observation of Tp-AuNPs (A), CST-Tp-AuNPs (B) and Apt-CST-Tp-
AuNPs (C) energy-dispersive X-ray spectroscopy (EDS) based map-

ping (D) and chromatograph (E) for Apt-CST-Tp-AuNPs,  particle 
size distribution of Tp-AuNPs (F) and Apt-CST-Tp-AuNPs (G)
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of Tp-AuNPs was found higher in the pH 5.4 than pH7.4 
because of the pH-responsive properties of chitosan.

Cytotoxicity

Cytotoxicity of Tp extract and NPs were tested in the human 
embryonic kidney cells (HEK293) and human lung cancer 
cells (A549) by WST assay (SI Fig. 2). All the tested sam-
ples were exhibited dose-dependent cytotoxicity in HEK293 

or A549. The cell viability of Tp and Tp-AuNPs was sig-
nificantly lower than the CST-Tp-AuNPs and Apt-CST-Tp-
AuNPs in HEK293 (SI Fig. 2A). The Tp and Tp-AuNPs 
showed higher toxicity in HEK293 cells than the other sam-
ples (CST-Tp-AuNPs and Apt-CST-Tp-AuNPs) due to the 
presence of toxic compounds of fungus [51]. Moreover, the 
lower nucleolin expression and slower pH reduction in HEK 
293 cells prevented the NPs internalization and reduced the 
pH-sensitive release which leads the less cytotoxicity [12]. 

Fig. 7  Effect of different nanoparticles and mycelial extract treat-
ments in human lung cancer cell line. Light microscope observation 
of cellular changes (A), DCFH-DA staining for determination of 

ROS level (B), the nuclei damage determined by PI strain (C) and the 
mitochondria membrane loss determined by Rh123 straining (D)
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The acidic pH and higher nucleolin expression in A549 
cells enabled the higher internalization and release CST-
Tp-AuNPs and Apt-CST- Tp-AuNPs in cells which lead 
to more effective cytotoxicity in A549 cells compared to 
Tp and Tp-AuNPs (SI Fig. 2B). The Apt-CST-Tp-AuNPs 
were not cytotoxicity to HEK293 cells while induced 60% 
of cell death in A549. Among the samples, the Apt-CST-
Tp-AuNPs showed the highest antitumor activity due to 
nucleolin receptor-targeted and pH-responsive release [52].

Analysis of apoptosis by fluorescence staining 
and flow cytometry

The effect of NPs and Tp extract treatment in A549 cells 
was determined through various fluorescence staining assays 
(Fig. 7 and SI Fig. 3). The DCFH-DA, PI, and Rh123 were 
used to determined ROS generation, nucleus damage, and 
mitochondria membrane loss, respectively [53, 54]. The 
ROS generation showed the highest intensity from the cells 

Fig. 8  Effect of different nanoparticles and mycelial extract on A549 cells. Analysis of apoptosis stages by AO/EB fluorescent staining analysis 
(A), Annexin v FITC mediated FACS apoptosis analysis (B) and cell cycle analysis (C)

Fig. 9  The western blotting analysis of apoptosis-related protein expression (Bcl-2 and Bax) (A) and quantification of protein expression (B) in 
A549 cells treated with different nanoparticles and mycelial extract. 1-CK, 2-Tp, 3-Tp-AuNPs, 4-CST-Tp-AuNPs, 5-Apt-CST-Tp-AuNPs
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treated by Apt-CST-Tp-AuNPs (Fig. 7B and SI Fig. 3). Sim-
ilarly, most of the cell nucleus damage and mitochondria 
membrane loss occurred in the cells treated by the Apt-CST-
Tp-AuNPs (Fig. 7C, D, and SI Fig. 3). Further, the effect of 
these sample treatments on cell death stages was determined 
by AO/EB staining, flow cytometry, and cell cycle (Fig. 8). 
Dual AO/EB staining shows the living cells in translucent 
green, early apoptotic cells in yellow-green, late apoptotic 
cells appear in orange or red, and necrotic cells in red color 
[55]. The AO/EB results indicated that Apt-CST-Tp-AuNPs 
significantly induce necrotic to A549 cells as demonstrated 
by the cells stained with orange and red color (Fig. 8A). 
The FITC annexin V and PI staining results revealed that 
Apt-CST-Tp-AuNPs induced ~ 8.60% cell death in A549 
cells whereas the Tp-AuNPs and CST-Tp-AuNPs exhib-
ited ~ 4.16% and 7.61% of cell death in A549 cells (Fig. 8B). 
Moreover, the cell cycle assay demonstrated that the Apt-
CST-Tp-AuNPs induced the M1 phase cell arrest mediated 
apoptosis (Fig. 8C). Several cellular intrinsic apoptotic path-
way-related proteins such as the caspases-3, caspases-6, poly 
(ADP-ribose) polymerase-1 (PARP-1), Bcl-2, and Bax are 
known to involve in cell apoptosis [56]. In the present work, 
the pro-apoptosis (Bax) and anti-apoptosis-related protein 
(Bcl-2) expressions were analyzed by western blotting. The 
results revealed that the treatment of Apt-CST-Tp-AuNPs 
inhibited the expression of Bcl-2 while promoted the Bax to 
trigger apoptosis (Fig. 9A, B). The sample treatment would 
cause DNA damage which transfers the signal to the Bcl-2 
protein that results in the Bcl-2 and Bax. The Bax induced 
mitochondrial outer membrane permeabilization, which sig-
nals to CytC or Apaf-1 cause Apoptosome [57].

Conclusion

This work synthesized the myogenic Tp-AuNPs and promoted 
its cytotoxicity in cancer cells through encapsulation of chi-
tosan and conjugation of the aptamer. The characterization 
results revealed that the size and shape of the Tp-AuNPs were 
significantly influenced by chitosan encapsulation. The Apt-
CST-Tp-AuNPs were found to be hexagonal with a positive 
charge while the Tp-AuNPs were spherical with a negative 
zeta charge. The cytotoxicity of Tp-AuNPs was higher in 
HEK293 cells compared to Apt-CST-Tp-AuNPs. But Apt-
CST-Tp-AuNPs was showed the higher cytotoxicity to A549 
cells because of aptamer functionalization and acidic pH of 
cancer cells. Moreover, the various cell cytotoxicity assay 
evidenced that the Apt-CST-Tp-AuNPs trigger higher cyto-
toxicity in A549 cells through regulating the ROS generation 
and apoptosis-related protein expression. Overall, this work 
concluded that Apt-CST-Tp-AuNPs are deserved for further 
animal studies to elucidate the molecular mechanism.
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