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A B S T R A C T   

Mesenchymal stem cells (MSCs) transplantation is a promising approach for pulmonary fibrosis (PF), however it 
is impeded by several persistent challenges, including the lack of long-term tracking, low retention, and poor 
survival of MSCs, as well as the low labeling efficiency of nanoprobes. Herein, a cobalt protoporphyrin IX (CoPP) 
aggregation-induced strategy is applied to develop a multifunctional nano-self-assembly (ASCP) by combining 
gold nanoparticle (AuNPs), superparamagnetic iron oxide nanoparticles (SPIONs), and CoPP through a facile 
solvent evaporation-driven approach. Since no additional carrier materials are employed during the synthesis, 
high loading efficiency of active ingredients and excellent biocompatibility are achieved. Additionally, facile 
modification of the ASCPs with bicyclo[6.1.0]nonyne (BCN) groups (named as ASCP-BCN) enables them to 
effectively label MSCs through bioorthogonal chemistry. The obtained ASCP-BCN could not only help to track 
MSCs with AuNP-based computed tomography (CT) imaging, but also achieve an SPIONs-assisted magnetic field 
based improvement in the MSCs retention in lungs as well as promoted the survival of MSCs via the sustained 
release of CoPP. The in vivo results demonstrated that the labeled MSCs improved the lung functions and alle-
viated the fibrosis symptoms in a bleomycin–induced PF mouse model. Collectively, a novel ASCP-BCN multi-
functional nanoagent was developed to bioorthogonally-label MSCs with a high efficiency, presenting a 
promising potential in the high-efficient MSC therapy for PF.   

1. Introduction 

Pulmonary fibrosis (PF), as a chronic and fatal interstitial lung dis-
ease characterized by the progressive lung scarring and interstitial 
pneumonia, usually leads to a significant decrease in the lung function 
[1]. The median survival time of PF is only 3–5 years, which is even 
shorter than that of common cancers [2,3]. Although different types of 

clinical treatments, such as chemotherapy and oxygen therapy have 
been leveraged to impede or even reversing the progression of the PF, 
their therapeutic outcomes are still unsatisfactory, which necessitate the 
development of new and effective therapies [4,5]. 

In the past decade, mesenchymal stem cells (MSCs) have received 
considerable attention for the PF management, by alleviating the PF via 
multiple mechanisms, including cell differentiation, paracrine factors 
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secretion, mitochondria transfer, and resolution of the lung inflamma-
tion by macrophages polarization [5]. Nonetheless, so far only a few 
clinical trials on stem cell treatment of PF have been carried out around 
the world, which showed limited therapeutic effects [6,7]. The low 
retention and poor survival rate of the administered MSCs in the fibrotic 
lungs are the main reasons for their poor clinical translation [8]. While 
the narrow lung capillaries initially retain MSCs after intratracheal or 
intravenous administration, most of the exogenous MSCs are drained off 
from the lungs within first 24 h [8,9]. Moreover, the excessive amount of 
the reactive oxygen species (ROS) in lungs of PF patients seriously limit 
the survival of transplanted MSCs [10]. These limitations impede the 
lungs to maintain enough living MSCs, thereby halting a sustained and 
an effective anti-fibrosis effect [11]. In parallel, the assessment of stem 
cell tracking and their bio-distribution is pivotal to ascertain the safety 
and therapeutic efficacy of MSC therapy [12]. While a number of im-
aging modalities based on contrast agents, such as computed tomogra-
phy (CT), magnetic resonance imaging (MRI) and ultrasound imaging 
(USI) have been developed for real-time stem cell tracking, they still face 
several limitations, including poor imaging contrast and sensitivity of 
the labeling agents, low cell labeling efficiency, and extensive in vitro 
manipulations of cells, etc [13,14]. Thus, development of a multi-modal 
strategy that may offer a solution to the above-mentioned issues in stem 
cell-based PF therapy is highly desired [3]. 

Recently, theranostic nanomaterials have garnered significant in-
terests of the research community for stem cell engineering owning to 
their illustrious potentials for the simultaneous imaging and payload 
release [15]. For example, Jokerst et al. incorporated insulin-like growth 
factors (IGFs) and superparamagnetic iron oxide nanoparticles (SPIONs) 
into large-pore silica nanoparticles-based carriers to integrate 
dual-modal ultrasound/magnetic resonance (US/MR) imaging and cell 
survival promotion functions into a single labeling nanoagent [16]. Lu 
et al. also exploited SPIONs as MRI tracer of stem cells; the SPIONs were 
coated with cationic polymersome to transfect siRNA for inducing the 
neuronal differentiation of the exogenous stem cells [17]. Similarly, Qi 
et al. developed Wnt3a (Wnt Family Member 3A)-loaded porous silicon 
nanoparticles with both ultrasound imaging and antioxidative cyto-
protection functions to label stem cells for enhancing their therapeutic 
effect [18]. Besides, Wang et al. integrated fluorescent silver sulphide 
(Ag2S) quantum dot, retinoic acid, and a SOX9 siRNA-expressing 
plasmid porphyrin poly(beta-amino esters) into poly(D, 
L-lactide-co-glycolide) (PLGA) carriers to simultaneously achieve 
real-time fluorescence tracking and neural differentiation of the labeled 
stem cells [19]. While these theranostic labeling nanoagents may 
improve the efficacy of stem cell therapy by solving different clinical 
issues, their translation is still hindered because of an imperfect utility of 
each nanoagnet type, as well as high complexity and poor reproduc-
ibility in materials synthesis. Additionally, host-carriers (i.e., silica and 
PLGA) with lack of therapeutic or imaging capabilities occupy major 
weight ratio of the nanoparticles, which result in a significant increase in 
the effective dose of the entire labeling nanoagent used for stem cell 
labeling, thereby inducing potential toxicity and immunogenic re-
sponses to the patients [20]. Consequently, development of an “all-i-
n-one” labeling nanoagent with simple synthetic approach and high 
content of active ingredients is highly required but has not been realized 
yet. 

Metalloporphyrins are an important class of metal organic com-
pounds with numerous biological functions, which emanate from their 
central metal atoms [21,22]. As one of the representative metal-
loporphyrin derivative, cobalt protoporphyrin IX (CoPP) has been 
proven to effectively upregulate the expression of cytoprotective protein 
heme oxygenase-1 (HO-1) in various types of cells (e.g. dendritic cells, 
cardiomyocytes, stem cells, etc.), which can increase their resistance 
against oxidative stress, and may attenuate different types of diseases, 
such as myocardial infarction, ischemic stroke and organ fibrosis [23, 
24]. However, exposure to the excessive amount of CoPP may impart 
toxicity to stem cells, which necessitates design of a sustained release 

system to maintain an appropriate concentration of the CoPP in stem 
cells [25,26]. 

Herein, a CoPP aggregation-induced nano-self-assembly, named as 
AuNPs/SPIONs@CoPP nanoagent (ASCP), was constructed by a simple 
solvent evaporation-driven method (shown in scheme 1a) for MSCs la-
beling, wherein CoPP serves as an HO-1 inducer, while AuNPs and 
SPIONs endow ASCP with the functions of enhanced CT imaging and 
magnetic manipulation, respectively. It is worth mentioning that no 
additional components other than CoPP, SPIONs, and AuNPs were used 
during the synthesis of ASCP, ensuring a high payload of cytoprotective 
drugs and functional nanoparticles, and thereby reducing the dose of the 
exogenous agents required for MSC labeling. Moreover, the exposed 
carboxyl groups on the particle surface of ASCP, conferred by the CoPP 
not only render water solubility to ASCP, but also enable its further 
functionalization via a simple amide coupling reaction. Based on these 
distinct advantages, the linkers composed of amino groups, poly-
ethylene glycol (PEG) chains and bicyclo[6.1.0]nonyne (BCN) were 
conjugated onto ASCPs (named ASCP-BCN here) to achieve a quick, 
high-efficiency, and safe labeling of MSCs via a cooper-free biorthogonal 
chemistry. Owing to the good magnetism of the labeled MSCs endowed 
by SPIONs, the retention of MSCs implanted in lungs could be signifi-
cantly increased by the manipulation of the external magnetic field. 
Meanwhile, the AuNPs inside ASCP may allow us to track and quantify 
MSCs in vivo through CT imaging. More importantly, the sustained 
intracellular release of the CoPP from ASCP-BCNs could enhance the 
ability of MSCs to resist oxidative stress for a long period of time, thereby 
prolonging their survival time after transplantation. Taking the advan-
tages offered by ASCP-BCNs, they can be regarded as a potential “all-in- 
one” labeling nanoagent for MSCs-based PF therapy (Scheme 1b). The 
effects of ASCP-BCN labeled MSCs on the lung function recovery and the 
degree of lung fibrosis were systemically evaluated in a bleomycin- 
induced PF model to confirm the prospect of this nano-self-assembly 
in MSC-based therapy. 

2. Results and discussion 

2.1. Synthesis and characterizations of ASCP-BCN 

In order to provide enhanced CT imaging and magnetic functions for 
the labeling agent, firstly, monodispersed 1-dodecanethiol-modified 
AuNPs and oleic acid-modified SPIONs were prepared by biphasic 
reduction and thermal decomposition, respectively (the morphologic 
characterization is shown in Fig. S1). The synthesized AuNPs and 
SPIONs were next mixed with CoPP at an appropriate proportion in an 
organic solvent and sonicated in water to form a homogeneous oil-in- 
water microemulsion. Considering the hydrophobic surface of AuNPs 
and SPIONs, we expected that they may self-assemble with CoPP 
through via intermolecular hydrophobic-hydrophobic interaction [27]. 
The spherical hydrophilic ASCP nanoagents were then obtained by 
removing organic solvent through evaporation followed by dialysis. 
Subsequently, BCN-PEG3-NH2 was chemically conjugated to the ASCP 
by a simple EDC/NHS-mediated amidation reaction. 

Transmission electron microscopy (TEM) images of ASCP-BCN 
revealed that multiple NPs and CoPP self-assembled into spherical par-
ticles with an uneven internal structure (Fig. 1a). Interestingly, the high 
angle annular dark-field (HAADF) TEM images and element mapping 
images confirmed that AuNPs tended to aggregate on only one side of 
the particles, while SPIONs and CoPP distributed randomly (Fig. 1b). 
The formation of such a unique structure can be explained by the 
asymmetric contraction of AuNPs during evaporation [28,29]. The lat-
tice fringes corresponding to the (111) lattice planes of AuNPs and (220) 
lattice planes of SPIONs can be identified in the high resolution TEM 
(HRTEM) images (Fig. 1c), and the corresponding diffraction ring can be 
found in select-area electron diffraction (SAED) patterns. Similarly, the 
main diffraction peaks of X-ray diffraction (XRD) at 38◦ and 35◦ corre-
sponded to the (111) lattice planes of AuNP and (311) lattice planes of 
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SPIONs, respectively (Fig. S2). Altogether, these results demonstrated 
that the crystalline structure of the AuNPs and SPIONs could be well 
maintained during the nano-self-assembly process. 

The successful modification of ASCP with BCN was ascertained by 
the characteristic peaks of alkynyl groups in the 1H NMR spectra of 
ASCP-BCN (Fig. 1d). Moreover, the surface charge of ASCP significantly 
increased from − 28 eV to − 15 eV after BCN modification (Fig. 1e). This 
can be attributed to the substitution of the carboxyl groups (‒COOH) of 
ASCP by the BCN-PEG3-NH2 through amide linkages. Furthermore, we 
dissolved ASCP and ASCP-BCN in PBS at the same concentration and 
added azidosilane by maintaining the temperature at 37 ◦C for 1 h to 
simulate the bioorthogonal labeling process. As shown in Fig. S3, the 
silicon-to-gold ratio was much higher in ASCP-BCN group than that of 
the ASCP group, which also confirmed the successful modification of 
BCN. 

ASCP-BCNs also displayed a Tyndall effect, thereby demonstrating 
their good dispersity in deionized water (Fig. S4). The average hydro-
dynamic particle size of ASCP-BCN in water was arround 123 nm, which 
could remain stable in either water or PBS for up to 14 days, or in culture 
medium for up to 5 days, confirming the good stability of these particles 
(Fig. 1f, g and Fig. S5). As shown in Fig. S6, the high resolution X-ray 
photoelectron spectroscopy (XPS) spectra of Co2p exhibited two peaks 
at 796.0 eV (2p3/2) and 780.6 eV (2p1/2), which are the typical char-
acteristics peaks of Co(II) in CoPP [30]. Besides, the weight percentage 
of CoPP in ASCP-BCN was 27.6% as calculated by inductively coupled 
plasma mass spectroscopy (ICP-MS). Intriguingly, the absorption peak of 
free CoPP at 421 nm was red-shifted to 427 nm after the formation of 
ASCP-BCN, thereby indicating a self-assembly of CoPP through π-π 
stacking interactions (Fig. S7) [31]. Furthermore, the CoPP release 
behavior in different environments was investigated by dialysis method, 
where the ASCP-BCNs were immersed in PBS at pH 4.5 or pH 7.4 con-
taining 100 μM hydrogen peroxide (H2O2) to simulate the acidic 
microenvironment of lysosome as well as the inflammatory microenvi-
ronment of the lungs during PF, respectively. The CoPP showed similar 
sustained release curves under different circumstances, and the accu-
mulative release of CoPP under the normal condition (pH = 7.4), acidic 
condition (pH = 4.5) and simulated oxidative stress condition (pH = 7.4 

with H2O2) was calculated to be 21.0%, 21.1% and 18.5% in the first 3 
days (Fig. 1h). To further ascertain whether the sustained release would 
cause the degradation of the nano-self-assembly, the morphology of 
ASCP-BCNs after 5 days of dialysis was characterized through TEM. It 
was found that the SPIONs and AuNPs well remained in the particles 
without disintegration after dialysis in normal, acidic, or simulated 
oxidative stress environments (Fig. S8), indicative of good stability of 
the obtained ASCP-BCNs. 

Thereafter, the magnetic and imaging functions of ASCP-BCN were 
evaluated. To dissect the influence of different components on the 
magnetic properties of particles, a reference nanoagent (named as CPSP) 
synthesized by self-assembling only SPIONs and CoPP was used as a 
control group. The magnetization curves of SPIONs, CPSP, and ASCP- 
BCN at room temperature demonstrated their superparamagnetic char-
acteristics, which exhibited the saturation magnetization (σs) values of 
32.2, 46.0, and 37.4 emu/g of Fe3O4, respectively (Fig. 1i). The higher 
value of σs for CPSP and ASCP-BCN is ascribed to the less spin disordered 
surfaces of these nanoagents; the CPSP exhibited relatively higher σs 
owing to the higher content of Fe3O4 in this nanoagents. 

As a powerful CT contrast agent, AuNPs exhibit 2.7 times higher x- 
ray attenuation per mass as compared to the iodine, which is a clinical 
CT contrast agent, enabling effective tracing of MSCs in vivo at a rela-
tively low and safe dose [32]. The X-ray attenuation property of 
ASCP-BCN was evaluated by acquiring CT images of the synthesized 
nanoagents at different gradient concentrations. The ASCP-BCN nano-
agents gradually generated brighter CT signals with an increase in the 
Au content, where the quantitative result manifested linear relationship 
between the Hounsfield unit (HU) of ASCP-BCN and the Au concentra-
tion (R2 = 0.99). The slope was calculated to be 1.43, demonstrating an 
enhanced CT imaging function of such nano-self-assembly (Fig. 1j and 
k). 

2.2. Bioorthogonal labeling and CT imaging of MSCs 

So far, conventional methods of stem cell labeling based on an active 
or passive intracellular delivery of nanoparticles have been performed, 
which require a 24 h co-incubation and are time-consuming and less 

Scheme 1. (a) Schematic illustration of the synthesis of ASCP-BCN. (b) Schematic illustrating of the quadruple function of ASCP-BCN for PF therapy: (I) labeling 
MSCs with high efficiency and safety via a cooper-free biorthogonal reaction, (II) increasing retention of transplanted MSCs in lungs via magnets, (III) in vivo 
monitoring the transplanted MSCs via CT imaging, and (IV) protecting transplanted MSCs against oxidative stress in the oxidative microenvironment of fibrotic lungs. 
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efficient [33,34]. Despite the development of various methods for an 
efficient labeling of stem cells with nanoagents, such as cationic polymer 
modification, they still suffer from the potential side effects of hindering 
stem cell proliferation and differentiation [13]. In order to improve the 
MSC labeling efficiency of the nanoagent, meanwhile to ensure good 
biocompatibility, a bioorthogonal strategy was harnessed in this work 
(Fig. 2a). We firstly produced the targetable exogenous chemical re-
ceptors on the surface of MSCs by a 48 h pretreatment with 10 μM 
Ac4ManNAz, which is a metabolic precursor containing azide groups. 
Thereafter, ASCP-BCN (40 μg/mL) were co-incubated with MSCs (about 
2 × 105 cells per well) for 2 h. The exact position of ASCP-BCNs on the 
MSCs was characterized by SEM. As anticipated, the unlabeled MSCs 
exhibited a sleek surface, while bioorthogonally labeled MSCs displayed 
numerous ASCP-BCN nanoagents all over their surface, suggestive of the 
existence of an effective ligation between the ASCP-BCNs and the azide 
groups on the MSCs (Fig. 2b and c). The cross-sectional images of 
ASCP-BCN labeled MSCs were acquired by TEM to further validate the 
distribution and the stability of nanoagents in MSCs. As shown in 
Fig. 2d, nanoagents were found both on the MSC surface and in the 
cytoplasm just after labeling. Besides, a number of ASCP-BCNs with 
intact structure could still be observed in the lysosomes and the cyto-
plasm of the MSC at day 2 after labeling with ASCP-BCN, implying good 
stability of the ASCP-BCN even in the acidic environment of the lyso-
somes (Fig. S9). Furthermore, Prussian blue (PB) staining for iron 
assessment was conducted to compare the amount of labeling nano-
agents in MSCs via different labeling approaches (Fig. 2e). MSCs labeled 

with the ASCP-BCN showed a large quantity of the blue-colored nano-
agents. In contrast, the MSCs which were not pretreated with Ac4Man-
NAz, or ASCP which was not functionalized with the BCN showed 
significantly less content of blue-colored nanoagents. According to the 
ICP-MS data, BCN modification could increase the labeling efficiency of 
the nanoagent from 48% to 73% (Fig. 2f). More specifically, the average 
amounts of CoPP, AuNPs, and SPIONs in each labeled MSC were about 
8.1 × 10− 5 μg, 1.1 × 10− 4 μg, and 1.0 × 10− 4 μg, respectively. These 
results indicate that metabolically engineered MSCs could be efficiently 
labeled by ASCP-BCN via copper-free bioorthogonal click chemistry. 

The potential of ASCP-BCN-labeling for CT tracing of MSCs was 
evaluated in vitro. In detail, after pretreatment with Ac4ManNAz, MSCs 
were co-incubated with ASCP-BCNs at different concentrations (0, 10, 
20, and 40 μg/mL) for 2 h separately. The labeled MSCs were collected 
to observe CT phantom images. As compared to the unlabeled MSCs, the 
labeled MSCs exhibited significantly stronger CT signal. Besides, the HU 
values of labeled MSCs and the concentration of the added ASCP-BCN 
coincided with an imperfect linear relationship (the coefficient of 
determination was calculated to be 0.96; Fig. 2g and Fig. S10). This 
result indicates that the labeling efficiency of MSCs was slightly different 
when they were co-cultured with the different concentrations of ASCP- 
BCN. However, for MSCs labeled with a specific concentration of 
nanoagent (e.g., 40 μg/mL), the CT signal of labeled MSCs increased 
linearly with the increase in the number of MSC, showing a high coef-
ficient of determination of 0.99 (Fig. 2h and Fig. S10). Furthermore, the 
labeling stability of the ASCP-BCNs on the MSCs was evaluated through 

Fig. 1. Characterizations of ASCP-BCN. (a) TEM image of ASCP-BCN. (b) High-angle annular dark field image and element mappings of ASCP-BCN. The yellow arrow 
indicates the part without AuNPs (c) HRTEM image and selected area electron diffraction pattern of ASCP-BCN. (d) 1H NMR spectra of ASCP and ASCP-BCN. (e) Zeta 
potentials of ASCP and ASCP-BCN. (f) Hydrodynamic size distribution of ASCP-BCN. (g) Hydrodynamic diameter of ASCP-BCN in water and PBS for up to 14 days. (h) 
Cumulative release curves of CoPP from ASCP-BCN after immersion in PBS at pH 7.4 in the absence or presence of H2O2, as well as PBS at pH 4.5. (i) Magnetic 
hysteresis loops of SPION, CPSP, and ASCP-BCN. (j) CT images of ASCP-BCN aqueous solutions at different concentrations. (k) Calculated HU values of ASCP-BCN 
aqueous solutions at diverse concentrations of Au. 
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ICP-OES and CT imaging. As compared to the day 0 (just after labeling), 
the labeling efficiency of the ASCP-BCNs on the MSCs at day 7 still 
remained for up to 78%, indicative of good labeling stability, i.e., most of 
the ASCP-BCNs kept labeling on the MSCs (Fig. S11). Besides, though the 
CT signal of the ASCP-BCNs labeled MSCs at day 7 was slightly lower 
than that of the labeled MSCs at day 0, the CT signal was still significant 
and satisfactory (Fig. S12). These results prove good labeling stability of 
the ASCP-BCN, which may offer a promising prospect for the quantita-
tive CT tracking of MSCs for transplantation. 

2.3. Effects of ASCP-BCN labeling on cell viability, differentiation, and 
migration 

To assess the feasibility of bioorthogonal-labeling of MSCs with 
ASCP-BCN, the viability and multipotent differentiation of the labeled 
MSCs was evaluated. The viability of MSCs after incubation with 
different concentrations of ASCP-BCN ranging from 0 to 80 μg/mL for 1, 
7, and 14 days was measured with the CCK-8 assay. The viability of 
labeled MSCs did not appreciably change for up to 80 μM ASCP-BCN 
even after 14 days of co-incubation (Fig. 3a). Furthermore, the MSCs 
treated with 40 or 80 μg/mL of ASCP-BCN for day 1 were stained with 
calcein-AM/propidium iodide (PI) kit, where the live and dead MSCs 
emitted green and red fluorescence, respectively. As shown in Fig. 3b, 
almost all of the labeled MSCs displayed green fluorescence, and no 
significant differences in proportion of live/dead cells were observed. 

MSCs are pluripotent cells with the ability to differentiate into 
various cell lineages. To verify whether the pluripotency of MSCs would 
be affected by the Ac4ManNAz glycoengineering and the ASCP-BCN 
biorthogonal labeling, we performed osteogenic or adipogenic differ-
entiation of labeled or unlabeled MSCs. For osteogenic differentiation, 
different types of the cells, such as untreated MSCs, Ac4ManNAz pre- 
treated MSCs, and ASCP-BCN labeled MSCs showed an intense stain-
ing for alizarin red S, which is ascribed to the calcium nodules produced 
by MSCs (Fig. 3c). In addition, untreated and treated MSCs did not 

appreciably differ in terms of the content of calcium nodules (Fig. 3d). 
Similarly, MSCs in the control as well as three experimental groups 
exhibited the formation of lipid droplet after adipogenic induction for up 
to day 14; the amount of the generated lipid droplets showed an insig-
nificant difference among various groups (Fig. 3c, e). These results 
established that the bioorthogonal labeling of MSCs with ASCP-BCN 
negligibly affected their differentiation potential. 

It is reported that MSCs can migrate to the injury sites in response to 
the injury signals, which is an important mechanism for MSC-based 
therapy. Consequently, we assessed the migration of unlabeled as well 
as bioorthogonally-labeled MSCs in vitro, which showed an insignificant 
difference in the migratory potential of MSCs in both groups, further 
indicating the feasibility of ASCP-BCNs for MSC therapy (Fig. S13). 

2.4. Antioxidant stress effect of ASCP-BCN 

The low cell viability after transplantation has been impeding the 
development of MSC based therapy for PF, which is mainly because of 
the inflammatory environment and excessive oxidative stress in the 
lungs of PF patients [8]. Fortunately, CoPP has been reported to improve 
the resistance of transplanted MSCs against oxidative stress and improve 
their survival through activating the ERK/NRF2 signal pathway and 
increasing the expression levels of HO-1 [35]. To confirm whether the 
CoPP in the ASCP-BCN nano-self-assembly can still retain its anti-
oxidative effect, the expression levels of HO-1 of the labeled MSCs under 
oxidative stress were evaluated via western blotting. As expected, the 
expression of HO-1 was upregulated by the H2O2 oxidative stress. It was 
further revealed that the labeling of MSCs with ASCP-BCN could 
significantly upregulate their expression level of HO-1, indicative of a 
higher resistance to the oxidative stress (Fig. 4a and b). To gain a further 
insight, the viability of MSCs labeled with the different concentrations of 
ASCP-BCNs was evaluated after 24 h of co-incubation in serum-free 
low-glucose medium containing 100 μM H2O2, thus mimicking an 
excessive oxidative stress microenvironment in the lungs of PF patients. 

Fig. 2. In vitro bioorthogonal labeling of MSCs with 
ASCP-BCN (a) Schematic illustration of the MSC la-
beling method by metabolic glycoengineering and 
copper-free click bioorthogonal reaction. (b, c) SEM 
images of the (b) unlabeled and (c) labeled MSCs. 
Scale bar, 10 μm. (d) TEM images of labeled MSCs. 
The red arrows indicate the ASCP-BCNs adhering to 
the surface of the MSC or endocytosed by the MSC. 
(e) Prussian blue staining of MSCs treated with 
Ac4ManNAz, ASCP-BCN, Ac4ManNAz/ASCP, and 
Ac4ManNAz/ASCP-BCN. (f) Labeling efficiency of 
ASCP-BCN and ASCP content evaluated by ICP-OES, 
(*) p < 0.05. (g) In vitro CT images of PBS solutions 
containing 5 × 105 MSCs labeled by ASCP-BCN at 
different concentrations and (h) different amount of 
MSCs labeled by 40 μg/mL ASCP-BCN.   
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The labeled MSCs conferred a dose-dependent improvement in the cell 
survival once the ASCP-BCN concentrations were varied from 10 
through 40 μg/mL (Fig. 4c). Specifically, the survival rate of MSCs 
labeled with 40 μg/mL of ASCP-BCN was increased by 19.2% than that 
of their unlabeled counterparts. Notably, the viability of the MSCs 
labeled with 80 μg/mL of ASCP-BCN showed some decrease as 
compared to the cells which were labeled with 40 μg/mL of ASCP-BCN. 
The compromised protective effect of the ASCP-BCN at the high con-
centration may be ascribed to enhanced oxidative damage induced by 
the excessive increase in HO-1 [36]. Moreover, ASCP-BCN labeling 
reduced cell apoptosis as revealed by using calcein-AM/PI staining. As 
shown in Fig. S14, a few MSCs displayed red PI fluorescence due to the 
cell apoptosis in H2O2-induced oxidant stress group, while the apoptosis 
rate was significantly decreased by the labeling of ASCP-BCN. Overall, 
these results indicate antioxidantive potential of ASCP-BCN, ensuring its 
protection function for MSC-based PF treatment. 

2.5. Magnetic guided retention of MSCs in vitro 

While superparamagnetic ASCP-BCN with high σs could be manip-
ulated by an external magnetic field, it remains yet to be explored 
whether MSCs labeled by ASCP-BCNs could respond to an external 
magnetic field. Consequently, both unlabeled and labeled MSCs were 
seeded in a 24-well cell culture plate equipped with a pair of NdFeB 

magnets under each well for up to 24 h. By Giemsa staining, it was 
revealed that the labeled MSCs tended to be settled down in the mag-
netic pole regions, while unlabeled MSCs settled randomly (Fig. 4d–f). 
This magnetic-guided cell settling was further ascertained by incorpo-
rating a rubidium magnet to the suspension of the labeled MSCs 
(Fig. S15). Moreover, a plastic cylinder tube was applied to better mimic 
the environment of transplanted MSCs in vivo. The labeled MSCs sus-
pension was injected into the tube at a flow rate of 0.2 mL/min, which 
were initially washed away with the suspension in the absence of a 
magnet (Fig. 4g). By contrast, the labeled MSCs were found to be 
accumulated on the wall of the tube once they were exposed to a mag-
net, further validating the successful magnetization of MSCs by ASCP- 
BCN. 

2.6. Biosafety of ASCP-BCN and biodistribution of ASCP-BCN 
transplanted with MSCs 

Prior to the in vivo evaluation, the biocompatibility of ASCP-BCN was 
assessed to confirm its feasibility for MSC-based therapy. A total 15 male 
BALB/c mice were randomly divided into 3 groups (n = 5) and were 
intravenously injected with the different doses of ASCP-BCN (e.g., 0, 10, 
and 20 mg/kg, etc.). The mice were sacrificed at day 30 after injection. 
The blood as well as major organs (e.g., heart, liver, spleen, lung, and 
kidney, etc.) were collected for a systematic assessment. The 

Fig. 3. Effect of ASCP-BCN biorthogonal labeling on 
the viability and pluripotency of MSCs. (a) Relative 
cell viability of MSCs labeled with different concen-
trations of ASCP-BCNs at day 1, 7and 14. (b) Fluo-
rescence microscopy images of calcein-AM/PI stained 
MSCs after co-incubation with ASCP-BCNs at 
different concentrations at day 1. Scale bar, 100 μm. 
(c) Osteogenesis and adipogenesis of MSCs without 
any treatment (control) and with different treatments 
(Ac4ManNAz glycolengineering alone or bio-
orthogonal labeling with 40 and 80 μg/mL of ASCP- 
BCNs) were observed by Alizarin Red S staining, 
and oil red O staining. Scale bar, 200 μm. (d) 
Absorbance values of dissolved calcium deposits at 
562 nm in MSCs at day 14 of osteogenesis induction. 
(e) Absorbance values of dissolved lipid droplets at 
490 nm in MSCs at day 14 after adipogenesis 
induction.   
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hematological and blood biochemical parameters of ASCP-BCN injected 
groups did not significantly differ from those of the untreated mice 
(Fig. S16). Additionally, no notable abnormalities or lesions were 
observed from the hematoxylin and eosin (H&E) staining of the 
retrieved organs. Furthermore, the biodistribution of the ASCP-BCN 
after the transplantation of labeled MSCs was investigated. As shown 
in Fig. S17, most of the ASCP-BCNs labeling on the MSCs still retained in 
the lungs with the external magnet field for up to 3 days after trans-
plantation. In contrast, without the magnetic field, most of the injected 
ASCP-BCN were only retained in the lungs for up to first 3 h, which were 
then quickly excreted from the body, suggesting that the ASCP-BCN had 
good metabolism capability and biosafety. 

2.7. Monitoring of MSCs by CT imaging 

Although the MSC-based therapy has become a potential treatment 
for PF, tracking transplanted MSCs to elucidate their fate in vivo remains 
a burgeoning challenge [37]. CT imaging is the primary modality for 
lung tissue imaging due to its high spatial resolution, multi-planar ca-
pabilities, fast data acquisition time and reasonable cost, which collec-
tively render it as a promising modality for monitoring MSC fate in the 
lung [38]. Our in vitro results revealed high-intensity CT signal of 
ASCP-BCN labeled MSCs. To further validate the feasibility of the in vivo 
monitoring of the labeled MSCs via CT imaging, MSCs (about 3 × 106 

cells per mouse) with or without ASCP-BCN labeling were intra-
tracheally injected into lungs of the mice with BLM-induced PF. 

Meanwhile, to ascertain the retention of labeled MSCs by an external 
magnetic field, a magnet was exposed to the chest of the mice for 21 days 
following injection. An obvious enhanced CT contrast of labeled MSCs 
was observed in lung tissues post-transplantation compared to the un-
labeled MSCs, indicative of the good performance of ASCP-BCN as CT 
labeling agents (Fig. 5a and Fig. S18). It is noteworthy that the CT signal 
of labeled MSCs diminished rapidly in the absence of external magnetic 
field, which may be due to the relocation of the transplanted MSCs to-
wards other organs owning to biological metabolism [8]. Besides, 
considering that the labeling efficiency of ASCP-BCNs in the MSCs 
gradually decreased over a longer period of time (Fig. S11), the reduc-
tion of CT signal could also be caused by the exocytosis and the meta-
bolism of ASCP-BCN to some extent. In contrast, the CT signal of the 
labeled MSCs remained clearly visible in magnet group even at the day 7 
post-injection, while the CT value of the lung was calculated to be 299 
HU, which was 363 HU higher than that of non-magnet group (Fig. 5a 
and b). Furthermore, the 3D CT images of the lungs at day 1 after 
transplantation clearly showed the distribution of MSCs, where the 
labeled MSCs in the lungs of the mouse exposed to the magnet were 
distinctly higher than that of their counterparts devoid of an external 
magnet (Fig. 5c). Furthermore, the labeled MSCs could still be observed 
in the magnet group from the 3D CT images of the lungs at day 14 
post-transplantation, while the CT signal of the labeled MSCs could be 
hardly observed in the absence of the magnet at the same time 
(Fig. S19). More importantly, the ASCP-BCN could be observed in the 
lungs of mice with the magnet attachment for up to day 21 post-injection 

Fig. 4. ASCP-BCN improved MSCs survival as well as 
endowed them with magnetic-responsiveness in vitro. 
(a) Western blot images and (b) the corresponding 
expression level of HO-1 of MSCs treated with H2O2 
alone, 40 μg/mL ASCP-BCNs alone, or 40 μg/mL 
ASCP-BCNs followed by H2O2 (n = 4). (c) Cell 
viability of ASCP-BCNs labeled MSCs after co- 
incubation with H2O2 evaluated by CCK-8 assay (n 
= 5). (d, e) The adhesion of (d) ASCP-BCN labeled 
MSCs and (e) non-treated MSCs was observed by Gi-
emsa staining. The dashed yellow circles indicate the 
position of magnets on the bottom of the cell culture 
plates. (f) The cell density ratio of magnetic region to 
non-magnetic region quantified from (d) and (e). (g) 
Accumulation of ASCP-BCN labeled MSCs in the tube 
surrounding the magnet. (*) p < 0.05, (**) p < 0.01, 
(***) p < 0.001, (****) p < 0.0001.   
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(Fig. S20). These results clearly indicated that the ASCP-BCN labeling of 
MSCs improved their lung retention by magnetic manipulation. 

2.8. Therapeutic effect of MSCs on PF 

To assess the feasibility of ASCP-BCN labeled MSCs in the PF treat-
ment, a bleomycin (BLM)-induced PF model in mice was exploited ac-
cording to the experimental protocol displayed in Fig. 6a. The lung 
functions of mice significantly reduced due to the BLM treatment, as 
evidenced by an increase in the breaths per minute, expiratory flow at 
50% vital capacity, peak inspiratory flow, and peak expiratory flow 
(Fig. 6b–e and Fig. S21) [39]. The transplantation of MSCs slightly 
decreased the aforementioned pulmonary function parameters, which 
were further alleviated by the transplantation of ASCP-BCN labeled 
MSCs and magnet attraction, indicating their important role in pro-
moting the therapeutic effect of MSCs. In particular, the respiratory 
frequency and the peak inspiratory flow of mice in the ASCP-BCN 
labeled MSCs + magnetic manipulation transplanted group almost 
reached to that of the control mice. More importantly, the trans-
plantation of labeled MSCs along with magnetic manipulation not only 
reduced the hydroxyproline (HYP) concentrations in fibrotic lungs, but 
also decreased the wet to dry ratio of lungs, arising from inflammatory 
response-mediated pulmonary edema (Fig. 6f and g) [40]. 

Afterwards, the histopathological damage was assessed to gain 
further insight into the recovery of PF. As shown in Fig. 6h and Fig. S22, 
an obvious improvement in the alveolar integrity and orchestration of 
inflammatory cells could be observed in the treatment groups compared 
to the PF group. Concomitantly, the lung damage was quantified by 
Ashcroft score, where the magnetic manipulation group showed a 
distinct improvement in the treatment efficacy as compared to the mice 
transplanted with only labeled MSCs (Fig. 6i) [41]. Consistent with the 
HYP assays, Masson’s trichrome staining revealed a reduction in the 
collagen accumulation in mice transplanted with the labeled MSCs along 
with magnetic manipulation than that of the BLM group (Fig. 6h, j, and 
Fig. S22). 

Having assessed the improvement in the lung functions and fibrosis 

status by transplanting labeled MSCs along with the magnetic manipu-
lation, the changes in the expression of fibrotic markers were studied. 
Firstly, we evaluated the expression of Alpha-smooth muscle actin 
(α-SMA), which is a marker protein of myofibroblast whose activation 
mainly contributes to the collagen deposition in fibrosis [42]. As shown 
in the immunohistochemical staining and the corresponding statistical 
results, the numbers of α-SMA-positive cells in lungs of PF mice 
remarkably decreased by the transplantation of labeled MSCs along with 
magnetic manipulation (Fig. 6h, k). Subsequently, the lung tissues of 
mice in each group were collected to assess the total expression levels of 
both α-SMA and transforming growth factor-β (TGF-β), which play a 
pivotal role in inducing myofibroblasts accumulation [42–44]. In 
agreement with the immunohistochemistry results, the expression level 
of total α-SMA was diminished in the treatment group (Fig. 6l, m). More 
importantly, the expression level of the TGF-β was also significantly 
inhibited by the transplantation of labeled MSCs and magnetic manip-
ulation (Fig. 6l, m). Taken together, it is found that the retention of the 
more numbers of viable MSCs in the lungs could lower the expression of 
TGF-β, thus reducing the myofibroblast accumulation, which may 
finally alleviate PF and improve lung functions. 

In brief, compared to the MSC group, the MSC + ASCP-BCN +
magnet group showed significantly improved hydroxyproline content, 
wet-to-dry ratio and Ashcroft score as well as the proportion of α-SMA 
positive cells. The existence of significant differences among different 
groups (Fig. 6f, g, i, k) well confirmed that the cytoprotection and 
magnetic guidance functions of the ASCP-BCN can improve the thera-
peutic effect of the MSCs, which further support the notion that most of 
the ASCP-BCNs can well retain in the MSCs during the treatment, i.e., the 
main CT signals came from the ASCP-BCN labeled in the MSCs rather 
than the free ASCP-BCN. 

3. Conclusion 

In summary, a CoPP aggregation-induced and multifunctional 
theranostic nanoagent, i.e., ASCP-BCN, was developed for labeling MSCs 
for PF treatment. ASCP was self-assembled by AuNPs, SPIONs, and 

Fig. 5. In vivo tracking of ASCP-BCN labeled MSCs via CT imaging. (a) CT images and (b) corresponding CT values of lungs before and 0, 7, 14, and 21 days after 
transplantation of ASCP-BCN labeled MSCs in the presence and absence of magnet attachment. (c) 3D CT images of lungs at day 1 post-injection of ASCP-BCN labeled 
MSCs in the presence and absence of magnet attachment. 
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CoPP, which respectively served as CT contrast agent, magnetic 
manipulation agent, and antioxidant drug. Without any additional car-
riers introduced into the ASCP, high loading efficiency of the functional 
components could be ensured, thus enabling the reduction of the dose 
for stem cell labeling. Moreover, the BCN modification on the surface of 
ASCPs is beneficial to bioorthogonally-label MSCs with a high efficiency. 
The SPIONs clustered in the ASCP-BCN could significantly increase the 
retention of transplanted MSCs in lungs via an external magnetic field, 
while the AuNPs may permit for their long-term quantitative monitoring 
by CT imaging. More importantly, the sustained yet slow release of CoPP 
from ASCP-BCNs could maintain the intracellular CoPP concentration at 
an appropriate level to protect MSCs against oxidative stress without an 
adverse effect on their viability and pluripotency. By intratracheally 
transplanting ASCP-BCN labeled MSCs into the lungs of mice with a 
BLM-induced PF and exposing magnets to the chests, the lung functions 

were found to be significantly improved and the symptoms of PF were 
alleviated in a TGF-β-mediated signaling pathway. Taken together, this 
multifunctional theranostic nano-self-assembly with high labeling effi-
ciency, magnetic responsivity, CT recognizability, and cellular protec-
tion could present great prospect for stem cell-based therapy for PF. 

4. Experimental section 

4.1. Chemicals 

Oleic acid (OA, technical grade 90%), oleylamine, iron chloride 
hexahydrate (FeCl3⋅6H2O), sodium oleate (NaOA), 1-tetradecene (TDE, 
technical grade 92%), 1-octadecene (ODE, technical grade 90%), tet-
rachloroaurate (HAuCl4), sodium borohydride (NaBH4), tetraocty-
lammonium bromide, dodecanethiol, N-hydroxysuccinimide (NHS), 1- 

Fig. 6. Therapeutic effects of ASCP-BCN labeled MSCs along with magnetic manipulation on PF. (a) Experimental protocol for MSC therapy of a bleomycin-induced 
PF mouse model. (b–e) lung functions of mice without treatment (control) and BLM-induced PF model mice with different treatments (Saline, MSCs, ASCP-BCN 
labeled MSCs, and ASCP-BCN labeled MSCs + magnetic manipulation) at day 28 after the first injection of BLM: (b) breaths per min, (c) expiratory flow at 50% 
vital capacity, (d) peak inspiratory flow, and (e) peak expiratory flow. (f) content of HYP in lungs. (g) wet-to-dry ratio of lungs in each group. (h) Representative H&E, 
Masson’s trichrome, and α-SMA immunohistochemical staining images of lung slices in each group. Scale bar, 200 μm. (i) Severity of PF evaluated by Ashcroft score 
corresponding to H&E staining. (j) Area percentage of collagen deposition in lungs measured from Masson’s trichrome staining. (k) Percentage of α-SMA positive cells 
according to the immunohistochemical staining. (l) Western blot analysis of α-SMA and TGF-β in lung tissues and (m) the corresponding relative expression level of 
α-SMA and TGF-β protein. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001. 
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ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) 
and toluene were purchased from Aladdin (Shanghai, China). N-azi-
doacetylmannosamine-tetraacylated (Ac4ManNAz) was purchased from 
Sigma Aldrich (Shanghai, China). Dulbecco’s modified Eagle’s medium 
(DMEM), fetal bovine serum (FBS), penicillin, and streptomycin were 
purchased from Gibco (USA). Cobalt protoporphyrin IX (CoPP) was 
purchased from J&K Scientific (Shanghai, China). Endo BCN-PEG3-NH2 
was purchased from Click Chemistry Company (Xian, China). 

4.2. Characterization 

The morphology of materials and cells, as well as the element map-
ping images were characterized by TEM (JEM-2100F, Jeol, Japan). The 
surface morphology was assessed by SEM (Magellan 400, FEI Company, 
Japan). The elemental compositions and concentrations of gold (Au), 
cobalt (Co), and iron (Fe) were studied by X-ray photoelectron spec-
troscopy (XPS, ESCALAB 250, Thermo Fisher Scientific, Massachusetts, 
USA) and inductively-coupled plasma mass spectrometry (ICP-MS; iCAP 
RQ, Thermo Fisher Scientific, Massachusetts, USA), respectively. The 
XRD patterns were recorded by a diffractometer (Rigaku D/Max-2550 
V). The hydrodynamic sizes and zeta potentials of materials were 
measured by a Zetasizer Nanoseries (Nano ZS90, United Kingdom). The 
UV–vis spectra of materials were acquired by using spectrophotometer 
(Shimadzu UV-3600, Shimadzu Coporation, Kyoto, Japan). The hyster-
esis loops of materials were obtained by a low temperature magnetic 
measurement (MPMS XL5, Quantum Design, Calfornia, USA). 

4.3. Synthesis of AuNPs 

AuNPs (diameter, 5 nm) were prepared by a two-phase reduction 
method according to a previous report [45]. Firstly, HAuCl4 (30 mM, 10 
mL) was mixed with 25 mL of toluene containing 50 mM tetraocty-
lammonium bromide and stirred until the decolouration of the water 
phase. Afterwards, dodecanethiol (0.84 mM) was added to the above 
mixture under stirring. Then, NaBH4 was added dropwise in 15 min and 
stirred for another 3 h. After decanting the organic phase, ethanol three 
times to the volume of the solution was added to remove excess thiol. 
The resultant mixture was kept at − 20 ◦C overnight and the dark brown 
precipitates were collected through centrifugation followed by resus-
pension in toluene. 

4.4. Synthesis of SPIONs 

Oleic acid-modified SPIONs were prepared by a thermal decompo-
sition method following a previous method [46]. Typically, the iron 
oleate precursor was firstly prepared by stirring NaOA and FeCl3⋅6H2O 
in a mixture solution composed of 8 mL ethanol, 6 mL distilled water, 
and 14 mL hexane at 70 ◦C for 6 h under reflux. The resultant iron oleate 
was separated with separating funnel and purified by rotary evaporator. 
Then, the 0.45 g of iron oleate was dissolved in a mixture solution 
composed of 0.88 g TDE, 1.62 g ODE, and 71 mg OA, followed by 
heating to 290 ◦C under nitrogen atmosphere for 1 h. The synthesized 
SPIONs were collected by adding ethanol to demulsify sedimentation 
and centrifuging at 9000 rotations per minute (rpm) for 10 min. Finally, 
the SPIONs were resuspended in toluene. 

4.5. Preparation of ASCPs and BCN modification 

The ASCP was synthesized by an evaporation induced self-assembly 
method. Briefly, 1 mg of CoPP was dissolved in 50 μL DMSO, and mixed 
with 1.1 mg AuNPs as well as 1.1 mg SPIONs dispersed in toluene. The 
mixture was heated at 50 ◦C for more than 10 min and vortexed for a 
homogenous mixing. Then the mixture was added to 10 mL of distilled 
water and sonicated for 5 min at 600 W. After evaporating toluene in a 
fume hood for 24 h, unreacted CoPP and DMSO were removed by 
dialysis against distilled water with a dialysis membrane (molecular 

weight cut off, MWCO, 3500 kDa). Finally, the ASCP was collected by 
centrifugation at 13,000 rpm for 10 min and washed twice with distilled 
water. 

For surface modification with BCN, 1.2 mg NHS and 0.6 mg EDC 
were added to 8 mL of 0.15 mg/mL ASCP aqueous solution, followed by 
30 min of sonication. Then, 12 μL of 10 mg/mL BCN-PEG3-NH2 aqueous 
solution was added to the mixture and the solution was stirred for 12 h at 
room temperature. Finally, the ASCP-BCN was collected by centrifuga-
tion for 10 min at 13,000 rpm and washed for two times. 

4.6. MSC isolation and bioorthogonal labeling 

MSCs were isolated from the tibias and femurs of male Sprague- 
Dawley rats (SLACOM, Shanghai, China, weight, ~200 g) according to 
a previous report [47]. Briefly, the skeletal muscle was removed from 
bones by scissors, and the tibias and femurs were flushed with DMEM. 
The MSCs were collected by centrifugation for 10 min at 1500 rpm and 
resuspended with high-glucose DMEM containing 10% FBS. The MSCs 
were cultured in a 10-cm dish (Corning Incorporated, Corning, NY, USA) 
containing 6 mL culture medium at 37 ◦C and 5% CO2 in an incubator 
(Thermo Scientific, Barrington, IL, USA). The MSCs were purified by 
replacing culture medium after 48 h to remove non-adherent cells. 

For bioorthogonal labeling with ASCP-BCN, MSCs were firstly pre-
treated with the 10 μM Ac4ManNAz at 37 ◦C for 48 h. After washing with 
PBS twice, MSCs were incubated with ASCP-BCN at 37 ◦C for 2 h. To 
observe unlabeled and bioorthogonally labeled MSCs by SEM, MSCs 
(about 1 × 105 cells per well) were seeded on glass slides placed in a 6- 
well cell culture plate. After cell adhesion, the MSCs were divided into 
two groups, one was cultured with complete medium, while the other 
was bioorthogonally-labeled with 40 μg/mL ASCP-BCN. After labeling, 
the MSCs were washed by PBS for three times to remove the unlabeled 
ASCP-BCN and fixed with 4% paraformaldehyde (PFA) for 10 h. The 
fixed MSCs were dehydrated in graded ethanol series (30, 50, 70, 90, 95, 
and 100%) and dried, followed by sputter-coating with gold prior to 
SEM analysis. To obtain high-magnification images of ASCP-BCN 
labeled MSCs by TEM, the labeled MSCs were fixed with 2.5% glutar-
aldehyde, and the TEM samples were prepared by resin embedding 
method. The labeling efficiency of the nanoagent was calculated by 
measuring the Au content in the MSCs by using inductively coupled 
plasma optical emission spectrometry (ICP-OES). To determine SPION 
content in the labeled MSCs, they were seeded on glass slides placed in a 
6-well cell culture plate (about 1 × 105 cells per well), and divided into 
four groups, including Ac4ManNAz, ASCP-BCN, Ac4ManNAz/ASCP, and 
Ac4ManNAz/ASCP-BCN. After washing three times with PBS, the MSCs 
were stained with a Perls staining kit and observed with a light 
microscope. 

4.7. In vitro evaluation of CT imaging capacity of ASCP-BCN 

To evaluate the CT imaging capability of ASCP-BCN, aqueous solu-
tions of ASCP-BCN with different Au concentrations (0, 125, 250, 500, 
and 1000 μg/mL) were prepared. The liquid samples were loaded in 
removable 96-well plates. The CT images were obtained by a micro-CT 
scanner (BRUKER SKYSCAN) and quantitatively analyzed by CTAN 
(BRUKER) software. The HU values were calculated by using linear 
extrapolation as follows; 

HU= 1000 ×
μx − μwater

μwater − μair  

where μx, μwater, and μair indicate the attenuation coefficients of the 
liquid sample, distilled water and air recorded from the CT 
measurement. 

To evaluate the CT signal of labeled MSCs, ASCP-BCNs at different 
concentrations (0, 10, 20, and 40 μg/mL) were used to label MSCs. After 
collecting MSCs by trypsinization, 5 × 105 labeled MSCs of each group, 
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as well as different amounts (0, 2.5 × 105, 5 × 105, and 1 × 106) of MSCs 
labeled by 40 μg/mL ASCP-BCN were separately dispersed in 100 μL PBS 
and loaded in removable 96-well plates. Then, the CT phantom images 
were acquired by the micro-CT scanner. 

4.8. In vitro evaluations of cytotoxicity and antioxidant stress capacity of 
ASCP-BCN 

To assess the cytotoxicity of ASCP-BCN, MSCs were seeded in 96-well 
culture plates at a density of 1 × 104 per well and cultured in an incu-
bator with 10 μM Ac4ManNAz for 48 h. Then, various concentrations of 
ASCP-BCN were used to treat MSCs for 6 h. The labeled MSCs were 
washed with sterile PBS twice, and the medium was changed every three 
days. The viability of MSCs was examined by using cell counting kit 8 
(CCK-8) 1, 7, and 14 days after labeling. 

To evaluate the antioxidant capacity of ASCP-BCN, MSCs were 
labeled with ASCP-BCN at different concentrations (0, 10, 20, and 40 
μg/mL) in a 96-well plate and treated with low-glucose DMEM con-
taining 100 μM H2O2 for 24 h. MSCs were then washed with PBS three 
times, and the cell viability was evaluated with a standard CCK-8 assay. 
Furthermore, to evaluate its inhibition capacity of cell apoptosis, MSCs 
were bioorthogonally labeled with ASCP-BCN at 40 μg/mL in a 96-well 
plate and treated with low-glucose DMEM containing 100 μM H2O2 for 
12 h. The cell apoptosis was assessed by a calcein-AM/PI staining kit. 

4.9. Osteogenic and adipogenic differentiation evaluations in vitro 

Osteogenic induction differentiation complete medium was prepared 
by adding 100 nM dexamethasone, 10 mM glycerophosphate disodium 
salt hydrate, and 50 μM 2-phospho-L-ascorbic acid trisodium salt into the 
high-glucose DMEM containing 10% FBS. Adipogenic induction differ-
entiation complete medium was prepared by adding 1 μM dexametha-
sone, 10 μg/mL insulin, 200 μM indomethacin, and 500 μM 3-isobutyl-1- 
methylxanthine to the high-glucose DMEM containing 10% FBS. 

MSCs were seeded into 96-well plates at a density of 1 × 104 per well, 
and cultured for 12 h, followed by treatments with the either Ac4Man-
NAz glycolengineering alone or bioorthogonal labeling with ASCP-BCN 
at 40 or 80 μg/mL. The cells without any treatment were used as con-
trols. The medium was then replaced by osteogenic or adipogenic dif-
ferentiation medium. The medium was replaced by fresh induction 
differentiation medium every three days, and the MSCs were further 
cultured for 14 days. After fixing the MSCs by 4% PFA for 10 min, MSCs 
induced into osteogenic differentiation or adipogenic differentiation 
were stained with alizarin red S for 5 min or oil red O for 20 min, 
respectively. Then, the MSCs were washed with PBS, and the calcified 
nodules and lipid droplets in MSCs were observed under a light micro-
scope. The quantitative results of osteogenic differentiation were ob-
tained by dissolving the dye in MSCs with 10% cetylpyridinium chloride 
and measuring the absorbance at 562 nm wavelength by a microplate 
analyzer. Similarly, the quantitative results of adipogenic differentiation 
were determined by dissolving the lipid droplets with isopropanol and 
measuring the absorbance at 450 nm by a microplate analyzer. 

4.10. Wounding healing assay 

The effect of ASCP-BCN labeling on the chemotaxis of MSCs was 
evaluated by a wound healing assay. Briefly, MSCs were seeded in a 6- 
well cell culture plate (about 1 × 105 cells per well), and divided into 
two groups: (a) control and (b) bioorthogonal labeling with 40 μg/mL 
ASCP-BCN. Three parallel scratches were made in each well with the tip 
of a 100 μL pipette. The migration condition was observed by a fluo-
rescence microscope immediately as well as after 12 h and 24 h, and the 
cell migration rate was measured using ImageJ software. 

4.11. Magnetic responsivity 

The unlabeled MSCs and ASCP-BCN labeled MSCs were seeded in a 
24-well culture plate with a pair of NdFeB magnets (Grade N35, diam-
eter 10 mm, height 2 mm) attached to the bottom of the plate. After 12 h, 
MSCs were washed by PBS twice and fixed with 4% PFA for 10 min, 
followed by Giemsa staining. The adhesive MSCs were observed with a 
light microscope and the quantitative result was calculated by ImageJ 
software. 

To mimic the environment of transplanted MSCs in vivo, the ASCP- 
BCN labeled MSCs were dispersed in PBS at the concentration of 1 ×
106 cells/mL and injected into a plastic cylinder at a flow rate of 0.2 mL/ 
min by using a microinjection bump. A NdFeB magnet was put close to 
the tube 1 min after injection, and the suspension flow was recorded 
with a light microscope. 

4.12. Western blotting 

The expression levels of HO-1 in MSCs and specific proteins in lung 
tissues were tested by western blotting. Briefly, the total protein was 
obtained by lysing MSCs or lung tissues. After quantifying the protein 
concentration by BCA kit, the same amount of protein in each sample 
was separated through SDS-PAGE gel electrophoresis, and transferred to 
a PVDF membrane. The nonspecific proteins were sealed up by TBST 
buffer containing 5% skimmed milk powder, followed by incubating the 
specific primary antibodies (β-actin, HO-1, α-SMA, or TGF-β) at 4 ◦C 
overnight. Then, the membrane was washed with TBST buffer and 
incubated with secondary antibodies (1:5000) at room temperature for 
1 h. The protein content was assessed by chemiluminescence. 

4.13. Bleomycin-induced pulmonary fibrosis model and MSC 
transplantation 

All animal procedures were performed with the approval of the 
Shanghai General Hospital Clinical Center Laboratory Animal Welfare & 
Ethics Committee (Protocol No.2021AWS0123). 36 male C57BL/6 mice 
were acclimated for up to 1 week and divided randomly into six groups: 
(1) Control, (2) PF, (3) PF + saline, (4) PF + MSC, (5) PF + ASCP-BCN 
labeled MSC, and (6) PF + ASCP-BCN labeled MSC + magnet (n = 6). 
The PF was induced by bleomycin (BLM). Briefly, the mice were anes-
thetized and BLM (5 mg/kg) dispersed in 100 μL sterile saline was slowly 
administrated into the tracheal lumen through an endotracheal intu-
bation. Mice in saline group received only 100 μL sterile saline. The 
above procedure was repeated at the 7th day after administration. The 
unlabeled MSCs and labeled MSCs (1 × 106 cells per mouse) in 100 μL 
saline were intratracheally transplanted into the lungs of mice at the 
10th day after the first injection of BLM. A NdFeB magnet was attached 
to the chest of each mouse in PF + ASCP-BCN labeled MSC + magnet 
group. Mice were sacrificed at day 28 after the first injection of BLM to 
harvest pulmonary tissues. The degree of pulmonary fibrosis is assessed 
by hematoxylin and eosin (H&E) and Masson’s trichrome staining. 

4.14. Biodistribution 

ASCP-BCN labeled MSCs were intratracheally transplanted into the 
lungs of mice (1 × 106 cells per mouse). A NdFeB magnet was attached 
to the chest of each mouse in PF + ASCP-BCN labeled MSC + magnet 
group. Mice were sacrificed and their main organs (hearts, livers, 
spleens, lungs, and kidneys) were isolated at different time points (3 h, 1 
d, and 3 d after MSC transplantation). Then the obtained organs were 
digested for the measurement of Au element by ICP-OES. 

4.15. In vivo CT scanning 

In order to clearly observe the transplanted MSCs in the lungs 
through CT imaging, unlabeled MSCs and ASCP-BCN labeled MSCs (3 ×
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106 cells per mouse) in 100 μL saline were intratracheally injected into 
the lungs of mice. A magnet (Grade N35, diameter 15 mm, height 2 mm) 
was exposed to the chest of the mice in magnet group for 21 days after 
injection. In vivo CT scanning of the lungs was performed before injec-
tion and at 0 h, 1 d, 7 d, 14 d, and 21 d after injection. CT images were 
quantitatively analyzed by CTAN (Bruker, Massachusetts, USA) soft-
ware, and the regions of interest (ROIs) with the same area were drawn 
over the area of the labeled MSCs within the lung of each mouse. The 
average HU values were calculated from these ROIs in slices (n = 3). 

4.16. Evaluation of lung function 

Mice were weighed at day 28 after the first injection of BLM, and 
their lung function data was recorded by putting them into a WBP res-
piratory whole-body plethysmography. The mouse lungs were then 
harvested for further characterizations. One lobe of lung in each mouse 
was taken out and the blood on the surface was gently wiped off. The 
lung tissues were weighed and baked at 60 ◦C for 72 h. The dry lung 
tissues were weighed again and the wet-to-dry ratio of lung was ob-
tained. The HYP concentrations in lung tissues were assessed with a HYP 
assay kit. 

4.17. Histopathology and immunohistochemistry analysis 

The mouse lungs were embedded in paraffin, sectioned and subjected 
to H&E or Masson’s trichrome staining. The Ashcroft score was rated 
and the area of collagen deposition was counted by ImageJ software to 
quantitatively assess the degree of fibrosis. The range of pathological 
scoring in Ashcroft score was 0 (normal lung) to 8 (total fibrous 
obliteration). 

For immunohistochemistry analysis, the lung sections were fixed 
with 4% PFA and the endogenous catalase was removed with methanol 
containing 3% hydrogen peroxide, followed by recovering the antigen 
through heating in a pressure cooker with citric acid buffer. The lung 
tissues were incubated with sheep serum to block the nonspecific sites 
before incubating with the primary antibody of α-SMA (Abcam) and 
secondary antibody successively. The stained lung slides were observed 
with a light microscope. 
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