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a b s t r a c t 

Mesenchymal stem cells (MSCs) have emerged as promising candidates for idiopathic 

pulmonary fibrosis (IPF) therapy. Increasing the MSC survival rate and deepening the 

understanding of the behavior of transplanted MSCs are of great significance for improving 

the efficacy of MSC-based IPF treatment. Therefore, dual-functional Au-based nanoparticles 

(Au@PEG@PEI@TAT NPs, AuPPT) were fabricated by sequential modification of cationic 

polymer polyetherimide (PEI), polyethylene glycol (PEG), and transactivator of transcription 

(TAT) penetration peptide on AuNPs, to co-deliver retinoic acid (RA) and microRNA (miRNA) 

for simultaneously enhancing MSC survive and real-time imaging tracking of MSCs during 

IPF treatment. AuPPT NPs, with good drug loading and cellular uptake abilities, could 

efficiently deliver miRNA and RA to protect MSCs from reactive oxygen species and reduce 

their expression of apoptosis executive protein Caspase 3, thus prolonging the survival time 

of MSC after transplantation. In the meantime, the intracellular accumulation of AuPPT NPs 

enhanced the computed tomography imaging contrast of transplanted MSCs, allowing them 

to be visually tracked in vivo . This study establishes an Au-based dual-functional platform 

for drug delivery and cell imaging tracking, which provides a new strategy for MSC-related 

IPF therapy. 

© 2024 Shenyang Pharmaceutical University. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
∗ Corresponding author.
E-mail address: jhuang2008@sinano.ac.cn (J. Huang) .
Peer review under responsibility of Shenyang Pharmaceutical Unive

https://doi.org/10.1016/j.ajps.2024.100944
1818-0876/© 2024 Shenyang Pharmaceutical University. Published by El
license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
rsity.

sevier B.V. This is an open access article under the CC BY-NC-ND 

https://doi.org/10.1016/j.ajps.2024.100944
http://www.sciencedirect.com/science/journal/18180876
http://www.elsevier.com/locate/AJPS
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajps.2024.100944&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jhuang2008@sinano.ac.cn
https://doi.org/10.1016/j.ajps.2024.100944
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 Asian Journal of Pharmaceutical Sciences 19 (2024) 100944 

1

I
o
c
[
h
a  

i
t
s
t
h
t
e
a
[

t
m
M
m
o
a
o
v
t
r
M  

s
i
R
a
o
(
R
m
t
r
d
3
o
d
r
m
R
e
i
c

o  

l
c  

T
m
b
t
t
t

f  

i
(
M  

X
p
w
f
i
f  

S
t
c
n
t  

o
o  

i
p
s

o
c
d
C
o
P
c
t
d
N
N
A
m  

f
i
R
c
e
i
p
o
t
M
t  

O
p
t

2

2

S
p  

2
t
m
t

. Introduction 

diopathic pulmonary fibrosis (IPF), with characteristics 
f chronicity, irreversibility, and high fatality, is the most 
ommon clinical manifestation of interstitial pneumonia 
 1 ]. In recent years, mesenchymal stem cells (MSCs) 
ave shown great potential in IPF treatment due to their 
bilities of pluripotent differentiation, anti-inflammatory,
mmunomodulatory and tissue repair [ 2 ]. Numerous clinical 
rials of IPF treatment have demonstrated the efficacy and 

afety of MSC therapy [ 3 ]. However, the effectiveness of MSC 

herapy is limited, especially its long-term therapeutic effect 
as not been reflected, which greatly hinders the clinical 
ransformation of MSCs [ 4 ]. The main reason is that the harsh 

nvironment at injury site leads to the low viability of MSCs 
fter transplantation (more than 80 %−90 % death within 7 d) 
 5 ]. 

Reactive oxygen species (ROS) with high concentration at 
he site of pulmonary fibrosis is a major factor in the high 

ortality of transplanted MSCs. The exposure of transplanted 

SCs to ROS environment can cause the destruction of their 
itochondrial outer membrane, followed by the activation 

f the downstream apoptosis protein, ultimately resulting in 

poptosis, which is referred to as the internal mechanism 

f apoptosis [ 6 ]. Retinoic acid (RA), a bioactive derivative of 
itamin A, has been proven to inhibit apoptosis by regulating 
he expression of intracellular genes [ 7 ]. RA is able to 
educe the high concentrations of ROS within transplanted 

SCs by increasing the activity of intracellular antioxidants,
uch as superoxide dismutase (SOD) [ 8 ]. In addition to the 
nternal mechanism of apoptosis, a high concentration of 
OS induces inflammation and subsequently activates the 
poptosis executive protein Caspase 3, thus resulting in the 
ccurrence of the external pathway of apoptosis [ 9 ]. microRNA 

miRNA) is a type of endogenous non-coding regulatory 
NA consisting of 19–22 nucleotides that can target specific 
RNAs after transcription, causing them to degrade or inhibit 

ranslation [ 10 ]. As a result, miRNA plays a vital role in 

egulating various in vivo physiological processes such as 
evelopment, cell differentiation, and apoptosis [ 11 ]. Caspase 
 is a key executive protein in the process of external pathway 
f apoptosis [ 12 ]. As reported, let-7b is a miRNA that can 

ecrease the expression of Caspase 3 within cells, thereby 
educing apoptosis [ 13 ]. Therefore, co-delivery of RA and 

iRNA (let-7b) into MSCs not only eliminates intracellular 
OS, but also inhibits the expression of intracellular apoptosis 
xecutive protein Caspase 3, lessening apoptosis caused by 
nternal and external pathways, as a consequence, improving 
ell survival after transplantation. 

Another challenge in advancing the clinical application 

f MSCs is the lack of clarity regarding their distribution,
ocation, and movement during treatment, which limits our 
omprehension of the destiny of MSCs in IPF therapy [ 14 ].
herefore, it is necessary to develop appropriate cell imaging 
ethods for real-time and non-invasive monitoring of the 

ehavior of post-transplanted MSCs in vivo [ 15 ]. Owing to 
he diminished proton density in lung tissue, computed 

omography (CT) imaging technique, characterized by its high 

emporal-spatial resolution, has proven to be a valuable tool 
or monitoring MSCs in IPF treatment [ 16 ]. To improve the CT
maging contrast of engrafted MSCs in vivo , gold nanoparticles 
AuNPs) are often employed as CT contrast agents to label 

SCs [ 17 ], owing to their good biocompatibility [ 18 ], strong
-ray attenuation coefficient [ 19 ], and controllable surface 
roperty [ 20 ]. Since CT signal strength correlates positively 
ith the concentration of intracellular AuNPs, as well as the 

act that nucleic acid drugs need to be endocytosed to function 

n MSCs, AuNPs with high cell entry capacity are required 

or simultaneous stem cell CT imaging and drug delivery.
everal studies have shown that the modification of cationic 
ransfection agent polyethylenimine (PEI) can improve the 
ellular uptake of NPs and promote the endocytosis of 
egatively charged drugs [ 21 ], but the disadvantage of PEI is 

hat it is too toxic [ 22 ]. Coupling of polyethylene glycol (PEG)
r transactivator of transcription (TAT) penetration peptide 
n NPs may help reduce the cytotoxicity of PEI [ 23 ], and

mprove the biocompatibility of NPs [ 24 ]. Moreover, TAT, as a 
enetrating peptide [ 25 ], can also interact with proteins on cell 
urface to promote drug delivery of NPs [ 26 ]. 

In order to inhibit apoptosis and monitor the behavior 
f transplanted MSCs, we herein report excogitation and 

onstruction of positively charged Au-based NPs for co- 
elivery of RA and miRNA (let-7b) and prolonged in vivo 
T imaging tracing of transplanted MSCs ( Scheme 1 ). In 

ur strategy, AuNPs were modified with cationic polymer 
EI (AuPEI) for loading of RA and miRNA, followed by 
onjugation with PEG (Au@PEI@PEG NPs, AuPP) to improve 
he biocompatibility of AuPEI. To further increase the 
elivery efficiency and enhance the intracellular uptake of 
Ps, TAT was covalently bonded on the surface of AuPP 
Ps, acquiring Au@PEI@PEG@TAT (AuPPT) NPs. The cationic 
uPPT NPs could highly load negatively charged RA and 

iRNA (AuPPT/RA/RNA NPs) and easily cross cytomembrane,
acilitating not only the efficient delivery of RA and miRNA 

nto MSCs for the elimination of high concentration of 
OS and downregulation of Caspase 3 expression within 

ells, but also the intracellular accumulation of NPs for the 
nhancement of CT imaging contrast of MSCs. After trachea 
njection of the AuPPT/RA/RNA NPs labeled MSCs into the 
ulmonary tissue of IPF model mouse, the survival time 
f MSCs was significantly extended, thus greatly improving 
he therapeutic effect of IPF. Meanwhile, the behavior of 
SCs could be visualized by CT imaging, thereby deepening 

he comprehending of MSC-based IPF therapy mechanism.
verall, the bifunctional Au-based NPs possess a promising 
otential in augmenting the efficacy of MSCs and elucidating 
heir mechanism in IPF treatment. 

. Materials and methods 

.1. Synthesis and characterization of AuPPT NPs 

odium citrate stabilized AuNPs were prepared as described 

reviously [ 24 ]. Briefly, HAuCl4 aqueous solution (100 ml,
.43 × 10−4 M) was boiled under vigorous agitation, and then 

risodium citrate solution (1 ml, 1 %) was introduced. The 
ixture continued to boil for 15 min. Following cooling down 

o room temperature, the pH of the solution was modified 



Asian Journal of Pharmaceutical Sciences 19 (2024) 100944 3 

Scheme 1 – Schematic diagram of the preparation of AuPPT/RA/RNA NPs as well as CT imaging tracking and improved 

therapy of transplanted MSCs labeled with AuPPT/RA/RNA NPs in BLM-induced IPF mouse. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to 11 with NaOH solution (1 M), followed by addition of SH-
PEG-COOH (60 mg). After stirring overnight, the product was
harvested by centrifugation at 6000 rpm for 10 min and rinsed
with ultrapure water twice to remove the unreacted SH-PEG-
COOH. The obtained carboxyl modified NPs (Au-COOH) were
redispersed in aqueous solution (4.7 mg/ml, 100 ml), and then
mixed with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC, 2.35 mg) and PEI (2.35 mg) in sequence under stirring
for 12 h. After that, NHS-PEG-Mal (14.1 mg) was added to
the reaction mixture with stirring for another 12 h to form
Au@PEI@PEG (AuPP) NPs, which were then centrifuged at
6000 rpm for 10 min to remove the unreacted materials. For
preparation of Au@PEI@PEG@TAT (AuPPT) NPs, TAT (7.05 mg)
was added into AuPP NPs colloidal solution (4.7 mg/ml, 100 ml)
and stirred for 12 h, followed by centrifuging at 6000 rpm for
10 min to remove unreacted materials. 

The morphology of the NPs was examined by transmission
electron microscopy (TEM, HT7700, Hitachi). The UV–
vis absorption spectra of the intermediate products were
detected by UV–vis spectrophotometer (UV–2500, Shimadzu).
The hydrodynamic size and zeta potential of various NPs were
measured by Malvern particle size meter (ZEN3600-nanoZS,
Malvern). 

2.2. miRNA binding and RA loading 

The binding capacity of miRNA on NPs was determined by
polyacrylamide gel electrophoresis (PAGE) retardation assay.
In brief, miRNA was combined with AuPPT NPs with or
without RA loading at various weight ratios of Au to miRNA
(1, 2, 4, 8, 12, 24, 48 and 60), and incubated for 30 min
to form AuPPT/RNA and AuPPT/RA/RNA NPs. After mixing
with 6 × loading buffer (containing GoldView II), PAGE gel
electrophoresis was performed using 8 % gel with Tris-Borate-
EDTA (TBE, 1 ×) buffer at 110 V for 15 min. Images were
obtained on Amersham Imager 600. 

For RA loading, RA was first dispersed in dimethyl sulfoxide
(DMSO) to prepare a reserve solution (20 mM), which was
stocked at −80 °C under dark for future use. Next, AuPPT/RNA
NPs colloidal solution (AuPPT/RNA NPs dissolved in 10 mM
HEPES buffer, 4.7 mg/ml) was mixed with RA at the different
mass ratios of RA to Au (0.1, 0.2, 0.5 and 1). After the
mix solution was violently stirred for 3 h, the mixture was
centrifuged and then the absorbance value at 350 nm of free
RA in the supernatant was recorded by UV–vis absorption
spectrometer for calculation of the drug loading content
according to the following equation: 

Drug loading content ( %) = W RA 

WNPs 
× 100% 

Where, WRA and WNPs denote the weight of RA on NPs and
total weight of NPs, respectively. 

2.3. Cytotoxicity of NPs 

AuPPT, AuPEI and AuPP NPs at various concentrations (0, 25,
50, 75 and 100 μg Au/ml) were incubated with MSCs for 24 h,
respectively, and the cell viability was detected using cell
counting kit 8 (CCK-8) detection kit. 

2.4. miRNA cell transfection assay 

MSCs were planted in 48-well plates (2 × 104 cells per well) and
transfected after the cell density reached 60 %−80 %. AuPPT
and AuPP NPs (100 μg Au/ml) were respectively incubated
with Cy3-taged miRNA (Cy3-miRNA) at different weight ratios



4 Asian Journal of Pharmaceutical Sciences 19 (2024) 100944 

o
b  

o
A
2
m

t
w
r
M
w

t
i
A
w
c

2

M
a
M
m  

0  

C
o
s

 

M
a
c
(
s
H
v
o
a

2

M
p
8
A
f
(
w
μ
f
a
(
a
f

2

M
p

8
d
A
m
s  

A
2
d
m

2

A
a
N
u
n  

2
t
c
3  

f
g
s
w
A
w
(
v
t
f  

l  

t
r
l
l
A
i

2

I
A
i
s
a
(
g  

a  

r

2

T
a
a
a  

i
6
h

f Au to miRNA (12, 24, 48 and 60) in DMEM high-glucose 
asic medium (without serum and antibiotics) for 30 min,
btaining AuPPT/RNA and AuPP/RNA. After incubating with 

uPPT/RNA or AuPP/RNA NPs for different times (4, 8, 12 and 

4 h), the MSCs were observed by confocal laser fluorescence 
icroscopy to study the cell endocytosis of Cy3-miRNA. 
To determine the optimal concentration of NPs for cell 

ransfection, different concentrations of AuPPT NPs with or 
ithout RA loading were mixed with Cy3-miRNA at a mass 

atio of 12 (Au:miRNA) for 30 min, and then incubated with 

SCs (2 × 104 cells per well) for 4 h, followed by observation 

ith laser confocal microscopy. 
To evaluate whether RA loading affected miRNA 

ransfection by NPs, MSCs (2 × 104 cells per well) were 
ncubated with AuPPT/RNA and AuPPT/RA/RNA (100 μg 
u/ml, Au:miRNA = 12) for 4 h, respectively. The MSCs treated 

ith free Cy3-miRNA or AuPPT NPs were used as negative 
ontrol. 

.5. Cytoprotective effects of AuPPT/RA/RNA NPs 

SCs (1 × 104 cells per well) were planted in 96-well plates 
nd cultivated for 24 h. After the cell density reached 80 %, the 
SCs were incubated with H2 O2 solution (diluted in complete 
edium) at different concentrations (0, 0.2, 0.3, 0.34, 0.38, 0.42,

.46, 0.5, 0.55, 0.6, 0.7, 0.8, 0.9 and 1 mM) for 12 h, followed by
CK-8 detection, to detect the cell damage. The concentration 

f H2 O2 that induced 50 % cell death was employed for the 
ubsequent cytoprotective detection. 

To assess the protect effect of AuPPT/RA/RNA NPs on MSCs,
SCs (2 × 104 cells per well) were seeded in 48-well plates 

nd then cultured for 24 h. Subsequently, the MSCs were co- 
ultured with AuPPT/RA/RNA, AuPPT/RNA or AuPPT/RA NPs 
100 μg Au/ml) for 4 h. After washing with phosphate buffered 

aline (PBS), the labeled MSCs were cultured with 0.34 mM 

2 O2 solution (diluted in complete medium) for 12 h. Cell 
iability was measured using CCK-8. The cytoprotective effect 
f AuPPT NPs, RA and miRNA was examined according to the 
bove protocol. 

.6. Cell apoptosis detection 

SCs (3 × 104 cells per well) were planted in 48-well 
lates and then cultivated for 12 h. After the cells reached 

0 % confluence, the MSCs were first incubated with 

uPPT/RA/RNA, AuPPT/RNA and AuPPT/RA NPs (100 μg Au/ml) 
or 4 h, respectively, and then cultured with H2 O2 solution 

0.34 mM, diluted in complete medium) for 12 h. After 
ashing with PBS, Annexin V-FITC binding solution (195 
l) and Annexin V-FITC (5 μl) were added into each well 
or the detection of phosphatidylserine on the surface of 
poptotic MSCs. Following that, propidium iodide (PI) solution 

10 μl) was added for the observation of necrotic or late 
poptotic cells. Confocal fluorescence microscope was applied 

or apoptosis detection. 

.7. Intracellular ROS detection 

SCs (3 × 104 cells per well) were planted in 48-well 
lates and cultured for 12 h. After the cell density reached 
0 %, the content of intracellular ROS was tested by ROS 
etection kit. In brief, the MSCs were incubated with 

uPPT/RA/RNA, AuPPT/RNA, and AuPPT/RA NPs (100 μg Au/ 
l) for 4 h, respectively, followed by incubation with H2 O2 

olution (0.34 mM, diluted in complete medium) for 12 h.
fter washing with PBS, the MSCs were incubated with 

′ ,7′ -dichlorodihydrofluorescein diacetate (DCFH-DA), a ROS 
etection probe, for 20 min, and then observed by confocal 
icroscopy. 

.8. Animal experiments 

ll animal experiments were authorized by Animal Care 
nd Use Committee, Suzhou Institute of Nano-Tech and 

ano-Bionics, Chinese Academy of Sciences, and performed 

nder relevant regulations and ethical instructions (Approved 

umber: SINANO/EC/2020–030). The C57BL/6 mice (male,
0–25 g) were injected with bleomycin (BLM) through 

racheal administration after anesthesia for IPF animal model 
onstruction, according to our established protocol [ 14 ]. After 
 d induction, the mice were assigned into 4 groups ( n = 5
or each group): Control, BLM, AuPPT, and AuPPT/RA/RNA 

roups. The healthy mice only treated with 50 μl normal 
aline were used as control group. In BLM group, the IPF mice 
ere administrated with 50 μl normal saline. In the case of 
uPPT and AuPPT/RA/RNA groups, the IPF mice were injected 

ith the MSCs labeled with AuPPT or AuPPT/RA/RNA NPs 
4 × 106 cells were suspended in PBS for each mouse, total 
olume of cell suspension was 75 ul for each mouse) through 

rachea using intubation. After the injection, the mice tilted 

or about 20 min to ensure a uniform distribution of cells in the
ung. To estimate the effect of drug delivery on cell survival,
he MSCs (1 × 106 cells) were first incubated with luciferase 
eporter lentivirus at 1000 virus particle per cell to establish 

uciferase high-expression MSC cell line. Subsequently, the 
uciferase-expressing MSCs were incubated with AuPPT or 
uPPT/RA/RNA NPs (3 ml, 100 μg Au/ml) for 4 h, followed by 

njection into IPF mice. [ 24 ]. 

.9. In vivo CT and bioluminescence (BL) imaging 

n vivo micro-CT scanning (Hiscan XM) of the mice in the 
uPPT/RA/RNA group was performed at 1, 4, 7, and 11 d after 

njection of the labeled MSCs. After CT scanning, d -luciferin 

ubstrate (150 mg/kg for each mouse) was injected into the 
bdominal cavity of the anesthetized mice for BL imaging 
Caliper Life Science). The BL imaging of the mice in AuPPT 

roup was captured at 1, 2, 3 and 5 d BL and CT images were
nalyzed using Living Image and Hiscan Analyzer software,
espectively. 

.10. Enzyme-linked immunosorbent assay (ELISA) 

he lung tissues (0.07–0.1 g) of the mice in each group were 
dded into pre-cooled normal saline at a ratio of 1:9 (m/m) 
nd homogenized with a homogenizer. After centrifugation 

t 3500 rpm for 20 min at 4 °C, the protein concentrations,
ncluding tumor necrosis factor- α (TNF- α), interleukin-6 (IL- 
), and interleukin-1 β (IL-1 β) in the supernatant of the tissue 
omogenate in each group, were tested with ELISA kit. 
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2.11. Statistical analysis 

All statistical data were presented as mean ± SD and analyzed
using GraphPad Prism. Student’s t -test and one-way analysis
of variance (ANOVA) were used in statistical comparisons of
two groups and multiple groups, respectively, and the P -value
< 0.05 indicated statistical significance. 

3. Results and discussion 

3.1. Preparation and characterization of AuPPT NPs 

The fabrication of AuPPT NPs is depicted in Scheme 1 .
Firstly, AuNPs were prepared according to Frens’s method [ 27 ].
The particles displayed a characteristic plasmon resonance
peak at 533 nm, with a hydrodynamic diameter of 38.7 nm
and a negative surface charge of −8.4 mV ( Fig. 1 B-D).
Subsequently, AuNPs were coated with SH-PEG-COOH under
alkaline condition to form Au-COOH NPs, which had an
increased hydrodynamic size of 45.6 nm, and a reduced
surface charge of −27.5 mV ( Fig. 1 C and D). For drug delivery,
PEI was covalently bound to Au-COOH NPs through EDC
chemistry, producing Au@PEI (AuPEI) NPs. The hydrodynamic
diameter of AuPEI was further increased to 48.4 nm, and
the surface potential was reversed to 50.1 mV ( Fig. 1 C and
D), which was conducive to the adsorption of negatively
charged nucleic acids and chemical drugs. Nevertheless,
PEI often causes high cytotoxicity [ 22 ]. Hence, NHS-PEG-Mal
was modified onto AuPEI NPs through covalent linkage to
improve biocompatibility, obtaining Au@PEI@PEG (AuPP) NPs.
Compared to AuPEI NPs, the surface charge of AuPP NPs was
obviously decreased to 39.8 mV, and their hydrodynamic size
continued to increase to 59.4 nm ( Fig. 1 C and D). However,
PEG modification typically reduces the cellular uptake of NPs,
impeding the entry of drugs into cells [ 28 ]. To address this
issue, TAT penetration peptide was further conjugated to the
particles through chemical reaction between the sulfhydryl
group on TAT peptide and the maleimide on the bonded
PEG for the enhancement of cell endocytosis, thereby gaining
Au@PEI@PEG@TAT (AuPPT) NPs. TEM image showed that the
resulted AuPPT NPs had a spherical morphology with an
average particle size of 36.5 nm ( Fig. 1 A). After TAT grafting, the
hydrodynamic size of AuPPT NPs increased to 72.9 nm ( Fig. 1 C),
and the zeta potential slightly increased to 44.6 mV ( Fig. 1 D),
beneficial for drug loading and intracellular delivery. Then, the
FT-IR (Fourier transform infrared spectroscopy) spectra of Au-
COOH, AuPEI, AuPP, and AuPPT NPs were detected (Fig. S1).
In the FT-IR spectrum of Au-COOH, the characteristic peaks
representing -CH- bond appeared at 2849 cm−1 and 2924 cm−1 ,
indicating that SH-PEG-COOH was covalently coupled on the
surface of Au. After PEI modification, the stretching bond of -C-
N- (1319 cm−1 ) originating from the secondary acid amide was
observed, suggesting the covalent linkage between Au-COOH
and PEI. In addition to the -C-N- from secondary acid amide,
-C= C- (1680 cm−1 ) and -C= O- (1712 cm−1 ) bonds belonging
to maleimide appeared in the FT-IR spectrum of AuPP NPs,
illustrating that the NPs were successfully functionalized
by NHS-PEG-Mal. In the FT-IR spectrum of AuPPT NPs, a
new characteristic peak was found at 842 cm−1 , which was
attributed to -C-S- [ 29 ]. These results confirmed the successful
synthesis of Au-COOH, Au-PEI, AuPP, and AuPPT NPs. During
the synthesis process, the UV–Vis absorption characteristic
peaks of various NPs remained at about 533 nm, indicative of
the stability of these NPs ( Fig. 1 B). Moreover, the hydrodynamic
size and zeta potential of AuPPT NPs had no obvious
change within 7 d, further indicating their good stability
(Fig. S2). 

AuPEI NPs at 75 μg Au/ml caused 20 % cell death after
incubating for 24 h, but the cell mortality was decreased to
5 % after PEG modification (AuPP NPs) ( Fig. 1 E). Significantly,
almost no cytotoxicity of AuPPT NPs was detected, even
the concentration of Au was increased to 100 μg Au/ml,
indicating that the modification of PEG and TAT improved
the biocompatibility of particles ( Fig. 1 E). In order to evaluate
the CT imaging performance of AuPPT NPs, CT images
and Hounsfield unit (HU) value of AuPPT NPs at different
concentrations were detected. The CT images of AuPPT NPs
brightened with the increase in Au concentration, and the HU
value exhibited a linear correlation with Au concentration,
suggesting the exceptional CT imaging ability of AuPPT NPs
( Fig. 1 F). 

3.2. Drug loading and cell labeling of NPs 

Individual miRNA is not only difficult to enter into cells,
but also easy to be degraded by enzymes in cells, hence, an
effective delivery system is needed to deliver miRNA into
cytoplasm, as well as protect miRNA from degradation by
endogenous enzymes, thus transfecting MSCs [ 30 ]. To assess
the effectiveness of AuPPT NPs for MSC transfection, AuPPT
NPs were mixed with Cy3-miRNA (miRNA tagged with Cy3) at
different mass ratios of Au to miRNA (0, 1, 2, 4, 8, 12, 24, 48 and
60) to form a series of AuPPT/RNA NPs. PAGE retardation assay
showed complete absorption at a mass ratio of 12 (Au:miRNA)
( Fig. 2 A, bottom image). Then, MSCs were incubated with
AuPPT/RNA NPs (Au:miRNA = 12, 24, 48 and 60) for different
time points (4, 8, 12 and 24 h) without serum culture, followed
by fluorescence confocal microscopy observation to detect
the transfection efficiency of miRNA. Fig. S3 shows that the
transfection efficiency of Cy3-miRNA at the mass ratios of Au
to miRNA more than 24 was lower than that at the mass ratio
of 12, probably caused by the low absorption mass of miRNA
on NPs. Moreover, the transfection efficiency decreased with
the incubation time, likely due to the poor cell viability caused
by the lack of serum, thus resulting in reduced endocytosis. To
examine the effect of TAT modification on MSC transfection,
MSCs were cultured with AuPP/RNA NPs (Au:miRNA = 12, 24,
48 and 60) for different time points (4, 8, 12, and 24 h) without
serum culture. Similarly, obvious red fluorescence in the MSCs
was observed after incubation, but the highest transfection
efficiency of AuPP NPs was achieved when the mass ratio of
Au to miRNA was 24 after 4 h incubation (Fig. S4). Furthermore,
quantitative data demonstrated that the maximum mean
fluorescence intensity (MFI) of the MSCs was obtained after
incubating with AuPPT/RNA NPs for 4 h at a mass ratio of
12 (Au:miRNA), revealing that the modification of TAT largely
improved the nucleic acid transfection ability of the Au-
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Fig. 1 – (A) TEM image of AuPPT NPs (inset shows the size distribution). (B) UV–vis absorption spectra, (C) hydrodynamic size 
and (D) zeta potential of AuNPs, Au-COOH, AuPEI, AuPP, and AuPPT NPs. Mean ± SD, n = 3. (E) Cell viability of MSCs after 
labeling with AuPEI, AuPP, or AuPPT NPs at different concentrations within 24 h. Mean ± SD, n = 4. (F) CT images of AuPPT 

NPs with different concentrations and the linear relation of HU value and Au concentration. 

b
o
h
b
a
A
N
d

R
b  

F
m
a
m
s
p  

W  

A
a
s  

A

ased NPs (Fig. S5). The extraordinary transfection efficiency 
f AuPPT NPs may be attributed to PEI, a cationic polymer with 

igh transfection capacity. On the other hand, the interaction 

etween TAT and cell membrane proteins (such as clathrin 

nd concave proteins) further promoted the endocytosis of 
uPPT NPs [ 31 ]. Therefore, MSCs incubated with AuPPT/RNA 

Ps at the mass ratio of 12 (Au:miRNA) for 4 h was selected as 
elivery condition for subsequent experiments. 

In order to clear the intracellular high concentration of 
OS, RA was loaded onto AuPPT/RNA NPs (Au:miRNA = 12) 
y electrostatic adsorption, obtaining AuPPT/RA/RNA NPs.
or optimal loading capacity, AuPPT/RNA NPs and RA were 
ixed at different mass ratios of RA to Au (0.1, 0.2, 0.5 

nd 1) in HEPES buffer solution. AuPPT/RA/RNA NPs at the 
ass ratios of 0.5 or 1 (RA:Au) aggregated severely in buffer 

olution, the hydrodynamic size reached 170 nm and the 
olymer dispersity index (PDI) value exceeded 0.5 (Table S1).
hile, when the mass ratios of RA to Au were 0.2 and 0.1,

uPPT/RA/RNA NPs presented good dispersion (PDI = 0.293 
nd 0.269, respectively) and relatively small hydrodynamic 
ize of 74.6 and 72.8 nm, respectively. Hence, in this study,
uPPT/RA/RNA NPs at the mass ratio of 0.2 (RA:Au) was 
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Fig. 2 – (A) PAGE retardation assay of AuPPT/RNA and AuPPT/RA/RNA NPs (RA:Au = 0.2) at various mass ratios (0, 1, 2, 4, 8, 12, 
24, 48, and 60) of Au to miRNA, complete retardation of miRNA was realized at the mass ratio of 12 of Au to miRNA. (B) 
Confocal laser fluorescence microscopy and (C) MFI of MSCs incubated with AuPPT/RA/RNA NPs (Au:miRNA = 12, RA:Au = 0.2) 
for 4 h at various Au concentrations (25, 50, 75 and 100 μg /ml), miRNA was pre-tagged with Cy3 (red), nuclei were stained 

with DAPI (blue), RNA represented miRNA that was delivered into MSCs. Mean ± SD, n = 3. (D) Confocal laser fluorescence 
microscopy of MSCs incubated with RBITC-AuPPT/RA/RNA NPs at different Au concentrations (0, 25, 50, 75, and 100 μg/ml) 
for 4 h, the nuclei and NPs were stained by DAPI (blue) and RBITC (red), respectively. (E) CT images of MSCs labeled with 

AuPPT/RA/RNA at Au concentrations of 0, 25, 50, 75, and 100 μg/ml. (F) Linear fitting diagram of HU values of labeled MSCs 
relative to Au concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

selected for follow-up experiments because of their higher
drug encapsulation content (6.24 %). 

To examine the effect of RA load on the binding of
miRNA to the NPs, the miRNA condensation capability
of AuPPT/RA/RNA NPs (RA:Au = 0.2) was tested by PAGE
retardation assays at different weight ratios of Au to miRNA
(0, 1, 2, 4, 8, 12, 24, 48 and 60) ( Fig. 2 A, top image). Complete
absorption of miRNA for AuPPT/RA/RNA NPs was found at the
ratio of 12 (Au:miRNA), in good agreement with the result of
AuPPT/RNA NPs, declaring that RA loading did not influence
the ability of the NPs to bind nucleic acid. The particle size,
zeta potential, and TEM image of AuPPT/RA/RNA NPs are
provided in Fig. S6. The hydrodynamic size of AuPPT/RA/RNA
NPs was measured to be 82.5 nm, higher than that of AuPPT
NPs (72.9 nm), resulting from the loading of RA and miRNA.
The zeta potential of AuPPT/RA/RNA NPs was about 18.5 mV,
much lower than that of AuPPT NPs (44.6 mV), mainly due
to the loading of negatively charged RA and miRNA. From
the TEM image, AuPPT/RA/RNA NPs still maintained good
dispersion after drug loading. 

To evaluate the influence of incubating concentration on
transfection efficiency, AuPPT/RA/RNA NPs (Au:miRNA = 12,
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A:Au = 0.2) at different Au concentrations (25, 50, 75 and 

00 μg/ml) were incubated with MSCs for 4 h. The results 
bserved by fluorescence microscopy presented that the MFI 
f MSCs increased with the increase of culture concentration; 
herefore, the highest transfection efficiency was achieved 

t 100 μg Au/ml of AuPPT/RA/RNA NPs, which was also 
erified by quantitative data ( Fig. 2 B and C), consistent with 

he transfection result of AuPPT/RNA NPs at various Au 

oncentrations (Fig. S7). Following that, MSCs were incubated 

ith AuPPT/RA/RNA NPs at 100 μg Au/ml for 4 h and observed 

y fluorescence confocal microscopy to estimate the effect 
f RA loading on transfection efficiency of miRNA. The MSCs 
ultured with AuPPT/RNA NPs (100 μg Au/ml, Au:miRNA = 12) 
ere served as control. The MSCs only incubated with 

uPPT NPs or free miRNA were set as negative control 
roups. The results showed that the transfection efficiency 
f AuPPT/RA/RNA was similar to that of AuPPT/RNA NPs,
hich was also confirmed by quantitative experiments,
emonstrating that RA loading did not affect the transfection 

bility of AuPPT/RA/RNA NPs to MSCs (Fig. S8). It is noteworthy 
hat only a very small amount of free miRNA was transfected 

nto MSCs in the absence of AuPPT delivery (RNA group),
onfirming the necessity of AuPPT NPs for effective nucleic 
cid delivery. In short, with the help of PEI and TAT, AuPPT NPs 
fficiently loaded and delivered miRNA and RA into MSCs. 

To assess the cell labeling efficiency of AuPPT/RA/RNA NPs,
hodamine B isothiocyanate (RBITC) tagged AuPPT/RA/RNA 

RBITC-AuPPT/RA/RNA) NPs were co-incubated with MSCs at 
ifferent concentrations (25, 50, 75 and 100 μg Au/ml) for 
 h, followed by fluorescence microscopy detection and CT 

canning. As exhibited in Fig. 2 D, significant red fluorescence 
as observed in the MSCs after culture with RBITC- 
uPPT/RA/RNA even at a low incubation concentration (25 μg 
u/ml), demonstrating the high labeling efficiency of RBITC- 
uPPT/RA/RNA NPs on MSCs. The fluorescence intensity 
nhanced with the increment of incubation concentration 

nd reached the maximum fluorescence intensity when the 
abeling concentration was 100 μg Au/ml. Fig. 2 E showcases 
hat CT images of the labeled MSCs gradually brightened 

ith the augment of culture concentration, and their CT 

alue was linearly correlated with the Au concentration 

 Fig. 2 F). The maximum CT value and brightest CT images 
ere also obtained at the concentration of 100 μg Au/ml,
nd the intracellular Au content reached 123.1 pg/cell 
nder this incubating condition, far exceeding the minimum 

ntracellular Au concentration (34 pg/cell) required for in vivo 
T imaging tracking [ 32 ]. Therefore, the labeling condition of 
00 μg Au/ml for 4 h was used in subsequent experiments.
aken together, AuPPT NPs were effective not only for drug 
elivering, but also for cell labeling, which was beneficial for 
ell protection and in vivo CT imaging to be discussed below. 

.3. Biocompatibility of AuPPT/RA/RNA NPs 

o evaluate whether the AuPPT/RA/RNA labeling affected the 
ropagation and differentiation of stem cells, MSCs were 

ncubated with AuPPT/RA/RNA NPs (100 μg Au/ml) for 4 h,
nd underwent CCK-8 detection, as well as adipogenic and 

steogenic differentiation culture, respectively. The result 
f 7-d proliferation showed that the labeled MSCs had 
he same proliferation behavior as the unlabeled MSCs 
Fig. S9). In addition, no obvious difference was observed 

etween the MSCs with and without AuPPT/RA/RNA labeling 
fter osteogenic and adipogenic differentiation culture,
espectively, followed by Oil Red O and Alizarin Red S 
taining, unveiling that AuPPT/RA/RNA labeling did not 
ffect the production of lipid droplet and calcium nodules 
 Fig. 3 A and C). The quantitative results further verified that 
here was no notable difference between the labeled and 

nlabeled MSCs through measuring the optical density of 
he extracted Oil Red O and Alizarin Red S at 490 nm and
50 nm, respectively ( Fig. 3 B and D). The data of proliferation
nd differentiation demonstrated that AuPPT/RA/RNA NPs 
ossessed good biocompatibility and biosafety, which could 

e used for in vivo experiment. 

.4. Cell protection of AuPPT/RA/RNA NPs 

he high concentration of ROS of pulmonary fibrosis site 
an result in the death of grafted stem cells, thus affecting 
he therapeutic efficacy. In order to verify whether RA and 

iRNA delivery could improve cell viability under oxidative 
tress, MSCs were co-incubated with H2 O2 solution at various 
oncentrations (0, 0.2, 0.3, 0.34, 0.38, 0.42, 0.46, 0.5, 0.55, 0.6,
.7, 0.8, 0.9 and 1 mM) to construct a cell model of oxidative 
amage. The cell survival rate was determined to be 49 % 

hen the concentration of H2 O2 was 0.34 mM, which was used 

s the cell damage concentration for subsequent experiments 
Fig. S10). After incubation with AuPPT/RA, AuPPT/RNA, or 
uPPT/RA/RNA NPs (100 μg Au/ml) for 4 h, the labeled MSCs 
ere cultured with 0.34 mM H2 O2 for 12 h for damage. The 
SCs without any treatment and only treated with H2 O2 were 

aken as control and H2 O2 damage groups, respectively. The 
esult showed that the cell survival rate was only 57 % in 

he H2 O2 damaged group, significantly lower than that of 
he control group. However, 67 % and 66 % cells survived in 

he AuPPT/RA and AuPPT/RNA groups, respectively, showing 
bvious enhancement compared with the H2 O2 -damaged 

roup. Interestingly, the cell viability increased to 78 % after 
he addition of AuPPT/RA/RNA NPs, much higher than that 
f the AuPPT/RA and AuPPT/RNA groups, suggesting that the 
o-delivery of RA and miRNA had the best cell protection 

ffect ( Fig. 4 A). It is found that in contrast with the H2 O2 

njury group, early apoptotic and necrotic cells, stained by 
nnexin V and PI, respectively, were significantly decreased 

n the AuPPT/RA and AuPPT/RNA groups. Moreover, miRNA 

nd RA co-delivery group (AuPPT/RA/RNA group) showed the 
owest cell death, indicating the combined delivery of miRNA 

nd RA increased the viability of MSCs under oxidative stress 
 Fig. 4 B). Subsequently, MSCs were incubated with free AuPPT 

Ps, miRNA, and RA for 4 h, respectively, and then damaged 

y H2 O2 (0.34 mM). No improved cell viability was measured 

n comparison with the H2 O2 damage group, indicating that 
ot only AuPPT, but also free miRNA and RA had no protective 
ffects on the damaged cells ( Fig. 4 C). This phenomenon was 
ainly due to the difficulty of free miRNA and RA entering 

nto cells. These results confirmed that RA and miRNA were 
uccessfully delivered into cells by AuPPT NPs to protect MSCs 
rom H2 O2 damage, and the combination of the two drugs 
nhanced the protective effect. 



Asian Journal of Pharmaceutical Sciences 19 (2024) 100944 9 

Fig. 3 – (A) Oil Red O staining and (B) quantitative measurement of adipocyte differentiation of MSCs with or without 
AuPPT/RA/RNA treatment. Mean ± SD, n = 4. (C) Alizarin Red S and (D) quantitative measurement of osteoblast 
differentiation of MSCs with or without AuPPT/RA/RNA treatment. Mean ± SD, n = 4. 

Fig. 4 – (A) Cell viability of MSCs labeled with AuPPT/RA, AuPPT/RNA, or AuPPT/RA/RNA after H2 O2 damage, the MSCs 
without any treatment and only treated with H2 O2 were taken as control and H2 O2 damage groups, respectively. 
∗∗∗P < 0.001 compared with control group. ## P < 0.01 compared with H2 O2 group. ### P < 0.001 compared with H2 O2 group. 
$$$ P < 0.001 compared with AuPPT/RA group. &&& P < 0.001 compared with AuPPT/RNA group. Mean ± SD, n = 4. (B) 
Apoptosis detection of MSCs using Annexin V (green) and PI (red) staining in different groups (Control, H2 O2 , AuPPT/RA, 
AuPPT/RNA, and AuPPT/RA/RNA) by confocal laser microscopy. (C) Cell survival of MSCs labeled with AuPPT, RA or miRNA 

after H2 O2 damage, the MSCs without any treatment and only treated with H2 O2 were taken as control and H2 O2 damage 
groups, respectively. Mean ± SD, n = 4. 
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Fig. 5 – (A) Laser confocal microscope images of MSCs stained by DCFH-DA in different groups and (B) corresponding 
fluorescence intensity, ∗∗∗P < 0.001 compared with H2 O2 group, ## P < 0.01 compared with AuPPT/RA group. Mean ± SD, 
n = 3. Representative immunostaining images of (C) SOD 1 (red) and (D) SOD 2 (red) of MSCs in different groups, the nuclei 
were stained by DAPI (blue). Quantification of fluorescence of (E) SOD 1 and (F) SOD 2 in different groups, ∗∗∗P < 0.001 
compared with H2 O2 group. Mean ± SD, n = 3. 
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.5. Mechanism of AuPPT/RA/RNA NPs for cell protection 

A is a bioactive metabolite of vitamin A with multiple 
iological functions, including regulation of cell 
ultiplication, apoptosis, and development [ 33 ]. It has 

een reported that RA inhibited the production of ROS in 

ells by increasing the expression level of intracellular SOD,
hereby hindering cell apoptosis and promoting cell survival 
 34 ]. To investigate the scavenging mechanism of RA on ROS,

SCs were incubated with AuPPT/RA or AuPPT/RA/RNA NPs 
100 μg Au/ml), and then damaged by H2 O2 . The MSCs without 
ny treatment and only treated with H2 O2 were set as control 
nd H2 O2 damage groups, respectively. The ROS levels within 

he MSCs were detected using DCFH-DA probe, which can be 
xidized to fluorescent 2′ ,7′ -dichlorofluorescein (DCF) by ROS.
bvious green fluorescence was observed in the MSCs after 

2 O2 damage, indicating a relatively high concentration of 
OS within the MSCs ( Fig. 5 A). Whereas, after the addition of 
he NPs (AuPPT/RA or AuPPT/RA/RNA), the intracellular green 

uorescence decreased significantly, suggestive of a declined 

OS level. The quantitative fluorescence intensity showed 

hat the MFI of the AuPPT/RA and AuPPT/RA/RNA groups 
as markedly lower than that of the H2 O2 -damaged group,

n agreement with the results of fluorescence images. It is 
orth noting that the MFI of the AuPPT/RA/RNA group was 

ower than that of the AuPPT/RA, which might be explained 

y the fact that the downregulation of caspase 3 expression 

y miRNA reduced the endogenous ROS generation ( Fig. 5 B) 
 35 ]. To further verify whether the antioxidant effect of 
A is attributable to the regulation of intracellular SOD 

xpression levels, the expression of two subtypes of SOD 

nzymes, namely cytoplasmic Cu-, Zn-SOD (SOD 1) and 

itochondrial Mn-SOD (SOD 2) proteins [ 34 ], was studied 

hrough immunofluorescence staining. The results showed 

hat the intracellular red fluorescence (SOD 1 enzyme) was 
ignificantly enhanced in the AuPPT/RA and AuPPT/RA/RNA 
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NPs groups compared with the control and H2 O2 injury
groups, indicating that the SOD 1 expression was increased
after the addition of the drug-loaded NPs, which were also
verified by quantitative experiments ( Fig. 5 C and E). Similarly,
the expression level of SOD 2 (red fluorescence) was also
upregulated by AuPPT/RA and AuPPT/RA/RNA NPs, as shown
in Fig. 5 D and F. Collectively, RA, delivered by AuPPT NPs,
elevated the level of intracellular antioxidant SOD, thereby
improving the ability of the transplanted MSCs to withstand
high concentration of ROS, as a consequence, reducing
apoptosis of the MSCs after transplantation. 

Abundant studies have substantiated that the expression
level of apoptosis-related protein Caspase 3 is increased
through external pathways during apoptosis [ 36 ]. While,
miRNA has been proven to downregulate the expression
level of intracellular Caspase 3, inhibiting MSC apoptosis
[ 13 ]. To test the intracellular expression of Caspase 3 after
miRNA delivery, MSCs were first incubated with AuPPT/RNA
or AuPPT/RA/RNA NPs (100 μg Au/ml), and then damaged
by H2 O2 , followed by immunofluorescence staining to detect
the expression level of Caspase 3 within MSCs. The MSCs
without any treatment and only treated with H2 O2 were set
as control and H2 O2 group, respectively. In contrast with the
control group, an increased expression level of Caspase 3 (red
fluorescence) was clearly observed in the H2 O2 injury group
( Fig. 6 A). Of special note, the red fluorescence intensity in
the MSCs pre-treated with AuPPT/RNA or AuPPT/RA/RNA was
greatly weakened. This phenomenon was also supported by
the quantification data, in which the MFI in both AuPPT/RNA
and AuPPT/RA/RNA groups was visibly lessened compared
to that in the H2 O2 group, and showed a similar intensity
as the control group ( Fig. 6 B). It is therefore concluded that
miRNA delivered by AuPPT NPs inhibited the expression of the
intracellular Caspase 3 in the H2 O2 damaged MSCs. Besides,
no significant difference in the expression level of Caspase
3 was seen between the AuPPT/RNA and AuPPT/RA/RNA
groups, suggesting that miRNA rather than RA curtailed the
intracellular Caspase 3 expression. 

Autophagy is an intracellular degradation pathway in
which damaged, denatured or senescent proteins and
organelles form autophagosomes, which are eliminated
through lysosomal digestion and degradation [ 13 ]. Under
physiological conditions, cells achieve self-protection by
degrading damaged organelles and proteins via autophagy,
while under pathological conditions such as excessive
oxidative stress, immoderate autophagy causes the
degradation of normal proteins and organelles, resulting
in organ dysfunction and cell death [ 37 ]. Thus, the expression
of Beclin 1 (BECN 1), a signature protein in the initiation stage
of autophagy, and light chain 3B (LC-3B), a protein marker
of autophagosome formation, were detected [ 38 ]. Compared
with the H2 O2 injured group, the expression levels of BECN 1
and LC-3B in the AuPPT/RNA and AuPPT/RA/RNA groups were
largely down-regulated, as evidenced by immunofluorescence
staining and corresponding quantitative statistic ( Fig. 6 C-F).
Likewise, no noticeable difference in the MFI of BECN 1 and
LC-3B was found between the AuPPT/RNA and AuPPT/RA/RNA
groups, revealing that miRNA played an important role in
the inhibition of autophagy. As reported, the expression of
intracellular apoptosis proteins can affect the expression of
autophagy proteins [ 39 ]. These results could be explained
as: miRNA transfection retarded the ROS-induced increase
in autophagy-related protein expression, which may be
attributed to the downregulation of apoptosis-related protein
Caspase 3 [ 39 ]. Therefore, the delivery of miRNA into MSCs
by AuPPT NPs restrained the expression of apoptosis- and
autophagy-associated proteins. 

Taken together, AuPPT/RA/RNA exhibited optimal
cell protection, because RA and miRNA co-delivery
simultaneously decreased intracellular ROS concentration
and inhibited apoptotic protein production, resulting in
an improvement of MSC viability under oxidative stress
environment. 

3.6. BL and CT imaging tracking of the transplanted 

MSCs in vivo 

In order to explore the distribution, migration, and location
of MSCs after transplantation, the AuPPT/RA/RNA labeled
MSCs were injected intratracheally into BLM-induced IPF mice
for CT imaging. A noticeable CT signal (red dashed circle)
at axial and coronal positions was observed in the lung
tissue of the IPF mice after the transplantation of the labeled
MSCs, and the CT signals could be continuously detected and
monitored for 11 d ( Fig. 7 A). The 3D reconstruction results of
CT imaging exhibited that the transplanted MSCs were mainly
distributed in the right lung, and the CT signal volume and
value increased steadily with the transplantation time, both
reaching the maximum on Day 7 (1.02 mm3 for CT signal
volume, and 170.24 HU for CT signal value), which may be
caused by the gradual migration and accumulation of the
MSCs in the injury tissue ( Fig. 7 B-D). Subsequently, the CT
signal gradually weakened (from Day 7 to Day 11), likely due
to the metabolism and elimination of the dead MSCs by the
abundant blood flow at lung site. In a word, AuPPT/RA/RNA
NPs labeling combined with CT imaging achieved noninvasive
tracking of the migration and distribution of stem cells in
vivo , which was beneficial to understanding the mechanism
of stem cell therapy and promoting the clinical translation of
MSCs in the future. 

To validate whether RA and miRNA delivery could
improve the survival rate of transplanted MSCs, BL imaging
was performed on the IPF mice transplanted with the
AuPPT/RA/RNA labeled MSCs (AuPPT/RA/RNA group). The IPF
mice injected with the AuPPT-labeled MSCs (AuPPT group)
acted as control. As displayed in Fig. 7 E, strong BL imaging
signal representing living cells was observed in the lung
tissue of the AuPPT and AuPPT/RA/RNA groups. The BL
imaging signals from the AuPPT/RA/RNA group could be
detected for 11 d, while the signals in the AuPPT group
only maintained for 5 d ( Fig. 7 E). Furthermore, quantitative
results in Fig. 7 F showed that the BL signal intensity in both
AuPPT and AuPPT/RA/RNA groups increased first and then
decreased after cell transplantation in vivo , consistent with
the results of CT imaging. At the beginning of transplantation,
MSCs gradually migrated to the injured site due to their
homing ability, resulting in the enhancement of the BL signal
intensity. After that, with the death of the transplanted
stem cells, the BL imaging signal attenuated little by little.
However, in the AuPPT group, the BL signals displayed

https://www.wordhippo.com/what-is/another-word-for/validate.html
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Fig. 6 – (A) Immunofluorescence staining images of Caspase 3 within MSCs in different groups and (B) corresponding 
fluorescence intensity, ∗∗∗P < 0.001 compared with H2 O2 group. Mean ± SD, n = 3. Representative immunostaining images 
of (C) BECN1 (red) and (D) LC-3B (red) of MSCs in different groups, the nuclei were stained by DAPI (blue). Quantification of 
fluorescence of (E) BECN1 and (F) LC-3B in different groups, ∗∗∗P < 0.001 compared with H2 O2 group. Mean ± SD, n = 3. 
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 sharp decline at 3 d post-transplantation, and almost 
isappeared in the following 2 d (Day 5), indicating the 
apid death of the transplanted MSCs within 3 to 5 d,
hich was in accordance with the phenomenon reported in 

iterature [ 40 ]. It is noteworthy that the BL signals in the 
uPPT/RA/RNA group disappeared completely on Day 11 after 

ransplantation, evidently manifesting that the co-delivery 
f RA and miRNA delayed the death of the transplanted 

SCs to a certain extent ( Fig. 7 F). At the same time, the BL
maging signal of the unlabeled MSCs was detected for 5 d,
nconsistent with the signal detection time of the AuPPT- 
abeled MSCs, illustrating that AuPPT labeling could not 
rolong the survival time of MSCs after transplantation (Fig.
11). Consequently, AuPPT/RA/RNA NPs labeling could not 
nly monitor the distribution, migration, and location of the 
SCs after transplantation by CT imaging but also lengthened 

he survival time of the transplanted MSCs through co- 
elivery of RA and miRNA into the cells. 
In order to detect the in vivo metabolism of AuPPT 

nd AuPPT/RA/RNA NPs, the lung frozen sections of the 
LM mice after transplantation were imaged at Day 5 in 

he RBITC-AuPPT NPs labeled group and at Day 11 in 

he RBITC-AuPPT/RA/RNA labeled group, respectively. The 
esults showed that the RBITC labeled NPs (red) were mainly 
istributed inside living MSCs (green), while some NPs 
scaped from MSCs, which may be due to the release of NPs 
aused by cell death (Fig. S12). On the one hand, most NPs 
ere maintained in living cells, thus generating in vivo CT 

nd BL signals. On the other hand, cell death caused the NPs 
o be released by MSCs and metabolized by the body, further 
xplaining the gradual weakening of CT and BL signals in vivo .

.7. Therapeutic effect of the labeled MSCs in vivo 

o assess the therapeutic effect of the labeled MSCs in vivo ,
he AuPPT/RA/RNA or AuPPT labeled MSCs were administered 
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Fig. 7 – (A) CT images of the lung of IPF mouse after transplantation of the AuPPT/RA/RNA labeled MSCs at different time 
intervals. Axial section (top row) and corresponding coronal section (bottom row) were captured at various time points. (B) 
3D reconstruction of the labeled MSCs at different time points after injection (red: lung, green: the transplanted MSCs). (C) 
CT signal volume and (D) mean CT value of the transplanted MSCs in lung tissue at different time points. (E) BL images of 
the IPF model mouse after transplantation of the AuPPT or AuPPT/RA/RNA labeled MSCs at different time points, and (F) 
corresponding quantitative statistics of signal intensity. Mean ± SD, n = 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

into IPF mice after 3 d induction by BLM (named as
AuPPT/RA/RNA and AuPPT groups, respectively), followed
by CT imaging and histopathological test to diagnose the
progression of pulmonary fibrosis in mice. The healthy mice
injected with normal saline were used as a control group. CT
diagnosis results presented that the lung tissue of the IPF
mice in the BLM group exhibited obvious reticular shadow
and interstitial thickening, covering almost the whole lung,
in comparison to the control group ( Fig. 8 A, first row). While,
an obviously decrease in the reticular shadow and interstitial
area appeared after the injection of the MSCs labeled with
AuPPT NPs, which was mainly due to the transplanted MSCs
alleviating the progress of pulmonary fibrosis. Significantly,
there was no obvious change in the lung tissue of the mice
from the AuPPT/RA/RNA group, compared with the control
group. CT imaging analysis is the predominant method
to assess lung aeration status by identifying reticular and
cellular cysts distributed in the double basal arteries and
sub-pleura, reflecting the severity of pulmonary fibrosis [ 41 ].
This algorithm uses HU ranging from −434 to −121 and −120
to 120 to delineate poorly aerated and unaerated regions,
respectively. As depicted in Fig. 8 A and B, the nonaerated area
(blue) was distinctly increased in the BLM group relative to
the control group, but greatly decreased after the injection
of the AuPPT or AuPPT/RA/RNA labeled MSCs. Noteworthy,
in the AuPPT/RA/RNA group, the fully ventilated area (red)
was much greater than that in the AuPPT group, indicating
the optimal treatment effect of the AuPPT/RA/RNA labeled
MSCs ( Fig. 8 A and B). After that, histopathological evaluation
of the lung structure was performed by Hematoxylin and
Eosin (H&E) staining as well as Masson trichromatic staining
( Fig. 8 C). H&E staining showed the injection of the labeled
MSCs largely ameliorated interstitial deposition and alveolar
septum thickened induced by pulmonary fibrosis. And the
AuPPT/RA/RNA-labeled MSCs displayed better therapeutic
outcome than the AuPPT-labeled MSCs. Besides, obviously
inhibited collagen deposition was also observed in the
AuPPT/RA/RNA group after Masson staining in contrast with
the BLM and AuPPT groups. 

Transforming growth factor- β (TGF- β) plays a pivotal role
as a pro-fibrosis cytokine that facilitates the deposition of
extracellular matrix, while α-smooth muscle actin ( α-SMA)
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Fig. 8 – (A) Representative CT images of axial section and relevant 3D reconstruction images of the lung on Day 11 in 

different groups. (B) Percentages of pulmonary CT aerated ratio in different groups at 11 d post-transplantation (Blue: 
nonaerated region; yellow: poor aeration; red: normal aeration). (C) H&E and Masson trichromatic staining of lung sections 
in different groups. (D) Immunohistochemistry of TGF- β and α-SMA and corresponding gradient plots (Blue: cavity; Green: 
TGF- β or α-SMA factor) from each group. Inflammatory cytokine levels of (E) IL-1 β, (F) IL-6, and (G) TNF- α in different groups. 
&&& P < 0.001 compared with Control group. ∗P < 0.05 compared with BLM group. ∗∗P < 0.01 compared with BLM group. 
∗∗∗P < 0.001 compared with BLM group. # P < 0.05 compared with AuPPT group. ## P < 0.01 compared with AuPPT group. 
Mean ± SD, n = 5. 
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serves as an indicator of the advancement of pulmonary
fibrosis [ 42 ]. The immunohistochemistry staining (brown
signal) and corresponding gradient plots (green signal) of α-
SMA and TGF- β showed that compared to the BLM and AuPPT
groups, the expression of the fibrosis factors was apparently
downregulated by the injection of the AuPPT/RA/RNA labeled
MSCs ( Fig. 8 D). 

Pulmonary fibrosis is often accompanied by the
inflammatory process and produces numerous inflammatory
factors, such as IL-6, IL-1 β, and TNF- α, which can be
detected by ELISA. The results in Fig. 8 E-G reflected that
the expression of pro-inflammatory cytokines (TNF- α, IL-6
and IL-1 β) of IPF mice was significantly inhibited by both
the AuPPT labeled and AuPPT/RA/RNA labeled MSCs, and
the AuPPT/RA/RNA labeled MSCs performed better, further
verifying the effectiveness of MSCs combined with drug
co-delivery. 

Overall, the AuPPT/RA/RNA labeled MSCs exhibited
better therapeutic efficacy than the AuPPT-labeled MSCs,
including the improvement in lung aeration, the reduction
of inflammation cytokines and fibrosis factors, and the
mitigation of fibrosis-caused histopathological damage,
which mainly attributed to the fact that the drug delivery
ameliorated the survival state of the transplanted MSCs.
Briefly, after the co-delivery of RA and miRNA into MSCs
by AuPPT NPs, RA regulated the internal mechanism of
apoptosis, that is, by increasing the expression of SOD
enzyme to rid high concentration of ROS in cells, while
miRNA regulated the external mechanism of cell death by
inhibiting the apoptosis and autophagy of the transplanted
MSCs, thereby increasing cell viability. As a consequence, the
AuPPT/RA/RNA-labeled MSCs showed a better therapeutic
effect than the AuPPT-labeled MSCs by improving the survival
rate of the transplanted MSCs. 

Additionally, H&E staining of vital organs (heart, liver,
spleen, lung, and kidney) revealed that AuPPT/RA/RNA NPs
injection did not change the morphology of major organs,
indicating their safety during the cell tracing and therapeutic
process (Fig. S13). 

4. Conclusion 

In this study, a bifunctional Au-based system (AuPPT NPs)
was constructed for effective drug delivery and CT imaging
tracing of MSCs during the treatment of IPF. The positively
charged AuPPT NPs had high nucleic acid (miRNA) and
chemical drug (RA) loading and delivery abilities to remove
the intracellular excess ROS and silence Caspase 3 expression,
thereby improving the cell survival and therapeutic effect
of transplanted MSCs. At the same time, benefiting from
the exceptional cellular uptake ability of AuPPT NPs, the
transplanted MSCs post-labeling with AuPPT enabled effective
monitoring via CT imaging, which facilitated the acquisition
of insights into distribution, migration, precise localization of
MSCs in vivo during IPF treatment. In brief, the bifunctional
AuPPT NPs exhibit a significant potential for clinical MSC-
based IPF therapy. 
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