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Background: Pulmonary fibrosis (PF) is a fatal lung disease and affects over 5 million 
patients worldwide. Precise and early detection of PF is of pivotal importance to slow the 
disease progression. However, there are currently no effective tools to detect PF directly.
Purpose: This study aimed to develop an imaging modality to detect PF directly. Excessive 
collagen deposition is the hallmark of PF. Herein, we developed a novel PF diagnostic agent, 
namely PVD (platelets-derived nanovesicles labeled with dye), by utilizing near-infrared 
(NIR)-responsive biomimetic platelets that specifically recognize collagen.
Methods: In brief, platelets membrane was extracted from purified platelets by freeze/thaw 
and formed to PVD nanovesicles via sonication and extrusion, when loaded with DiR dye. 
Red blood cells membrane loaded with DiR was prepared in the same way as PVD to form 
RVD as control. Collagen self-assembled on microplates was used as an in vitro collagen 
fibrils model and monocrotaline-induced rats were used as an in vivo PF model.
Results: We demonstrated that PVD, but not RVD nor other controls, could bind collagen 
both in vitro and in vivo, and directly detect pulmonary fibrosis in vivo and ex vivo at the 
early PF stage.
Conclusion: Collectively, PVD is a versatile NIR-responsive probe for the direct visualiza-
tion of collagen, and can be particularly helpful in direct detecting PF. To the best of our 
knowledge, PVD is the first report of a NIR probe for the direct detection of pulmonary 
fibrosis.
Keywords: pulmonary fibrosis, collagen, platelets, imaging diagnosis, near-infrared

Introduction
Affecting more than 5 million people globally, pulmonary fibrosis (PF) is a fatal 
lung disease with a prognosis of 50% mortality in 3–5 years after diagnosis.1,2 PF is 
characterized by extensive scarring of the lung over time, due to excess deposition 
of collagen in the extracellular matrix, malfunctions of pulmonary cells, and loss of 
normal lung architecture. These changes lead to poor lung function and ultimately, 
respiratory failure.1 Most of the time, PF occurs without an obvious cause. In this 
case, it is termed idiopathic pulmonary fibrosis (IPF).2 PF is progressive and 
currently there is no cure for it. The main aim of medications and therapies for 
PF is to relieve symptoms and slow down progression.3 Thus, the earlier PF could 
be detected, the better prognosis would be achieved by slowing the course of the 
disease.

Unfortunately, the diagnosis of PF is mainly based on the patient’s medical 
history, symptoms, lung function tests and medical imaging through either chest 
X-ray or computed tomography (CT), all of which provide indirect evidence.2 
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Because the typical symptoms and imageology features of 
PF (eg, shortness of breath, dry cough, fatigue and inflam-
mation) are too similar to other respiratory diseases (eg, 
the common cold, pneumonia or pulmonary embolism), 
the road to PF diagnosis is long and difficult, sometimes 
ends with misdiagnosis.2,4,5 At present, lung biopsy is the 
only way to provide direct and solid evidence to diagnose 
patients with PF. However, such an invasive procedure 
prevents lung biopsy from being used regularly, especially 
at PF’s early stage. Consequently, developing new detec-
tion methods is critically important to the precise and early 
diagnosis of PF.

Excessive collagen accumulation is the hallmark of 
fibrotic diseases and incites pathological changes during 
PF.1,2 Collagen thus becomes an ideal biomarker of PF and 
a promising target for diagnosis purpose. Although X-ray 
and CT can visualize the end results of collagen deposition 
(eg, reticular opacities and honeycombing), the direct 
visualization of collagen still requires lung biopsy histo-
pathology. A handful of collagen-targeting probes have 
been developed for imaging assessment of fibrosis.6–9 

However, certain limitations remain in those designs. All 
probes thus far are based on peptides, which are not only 
costly in synthesis but also easy to be cleared by the host 
immune system, resulting in low imaging efficiency. 
Moreover, those probes are intended for positron emission 
tomography (PET) or magnetic resonance imaging (MRI). 
Accordingly, their applications in routine diagnosis could 
be hampered by either radiation exposure risk (for PET) or 
limited information due to low-proton density (for MRI). 
Hence, developing an alternative collagen-targeting mod-
ality to overcome those obstacles is urgently demanded.

Platelets play a central role in hemostasis mainly by 
directly binding to the exposed collagen upon blood vessel 
injury, through specific collagen receptors on platelets mem-
brane, such as glycoproteins GPVI and integrin α2β1.10 

Thus, platelets are charming innate capturers for collagen. 
However, platelets cannot serve as a diagnostic agent 
directly, as collagen-binding triggers platelets activation, 
aggregation, and degranulation with the release of pro- 
inflammatory factors.10,11 Recently, we and other groups 
have shown that biomimetic nanovesicles with cell mem-
brane coating share a lot of similarities with cell naturally- 
derived extracellular vesicles (eg, exosomes and 
microvesicles),12 such as long-circulating,13 ligand 
recognition14 and cancer targeting,15,16 because they retain 
surface proteins of the source cells. Notably, the platelet 
membrane-derived nanovesicles (PNVs), which include but 

are not limited to platelet membrane alone, platelet mem-
brane hybrid with other types of cell membrane, and nano-
particles camouflaged by platelet membrane, do not promote 
blood clotting or platelet aggregation with or without the 
platelet “agonist” collagen.14,17 Meanwhile, studies also 
showed that PNVs successfully evaded detection by immune 
cells and were free-of inflammation.18,19 In short, those 
platelet-mimicking systems are shielded from the body’s 
immune responses and possess platelet-like binding proper-
ties by keeping the platelet adhesion molecules, without 
causing side effects such as blood clotting and 
inflammation.20 Thus, devoid of cytokines, biomimetic pla-
telets-derived nanovesicles can provide a collagen-targeting 
platform without platelets activation and thrombosis.14,17–20

Inspired by these findings, herein we developed a novel 
imaging modality to detect PF via biomimetic platelets, 
namely PVD (platelets-derived nanovesicles labeled with 
dye). In brief, platelets membrane was extracted from 
purified platelets by freeze/thaw and formed to PVD nano-
vesicles via sonication and extrusion when loaded with 
near-infrared (NIR) dye DiR, which showed the long- 
emission-wavelength and non-invasive properties for diag-
nosis. Utilizing monocrotaline (MCT) rat model, 
a classical in vivo model of idiopathic pulmonary fibrosis 
and hypertension,21,22 we demonstrated that PVD could 
directly visualize collagen both in vitro and in vivo, and 
precisely detect PF. Collectively, PVD is a versatile NIR- 
responsive probe for the direct visualization of collagen, 
and can be particularly helpful in determining pulmonary 
fibrosis at the early stage. To the best of our knowledge, 
PVD is the first report of a NIR imaging probe for the 
direct detection of pulmonary fibrosis.

Materials and Methods
Animals
All animal studies were approved by the Institutional 
Animal Care and Use Committee of Guangzhou Medical 
University (Protocol GY2020-059) and performed in com-
pliance with NIH guidelines for the care and use of labora-
tory animals. Sprague-Dawley (SD) rats were obtained from 
Charles River Laboratories and maintained in a pathogen- 
free facility. Pulmonary fibrosis in rats was induced by 
a single injection of MCT. In brief, MCT (T2803, 
Topscience, Shanghai, CN) was first dissolved in anhydrous 
ethanol and then diluted with saline (ethanol:saline = 2:8) to 
make 10 mg/mL MCT suspension. The suspension was 
bath-sonicated for 1 hour, shaken overnight at 37°C for 

https://doi.org/10.2147/IJN.S334331                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2022:17 152

Li et al                                                                                                                                                                 Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


full dissolving, and then filtered through 0.22 μm syringe 
filter. Filtered MCT solution was used for subcutaneous 
injection of rats (50 mg/kg), the same volume of saline 
was injected to control rats. Animals were kept under nor-
moxic conditions up to 28 days after MCT administration. 
To monitor the disease progression of idiopathic pulmonary 
fibrosis, SD rats were randomly assigned into the following 
4 groups: saline group (SHAM), MCT-induced for 2, 3 and 4 
weeks (MCT-2W, MCT-3W and MCT-4W). MCT-treated 
rats were sacrificed at 14, 21 and 28 days post MCT admin-
istration, and sham rats were sacrificed at day-28.

Histological Staining and Analysis
After MCT induction for desired times, rats were anesthe-
tized by an intraperitoneal injection of xylazine (8 mg/kg) 
and ketamine (60 mg/kg). The thoracic cavity was exposed 
with surgical scissors and the lung tissue was removed, 
flushed with chilled PBS and fixed for 24 hours in 4% 
paraformaldehyde solution (BL539A, Biosharp, Hefei, 
CN). After paraffin embedding, sectioning, and dewaxing, 
the sections of lung tissues were stained and visualized by 
Hematoxylin-Eosin, Masson’s Trichrome and Picro-Sirius 
red kits, according to the manufacturer’s instructions respec-
tively (ab245880, ab150686, ab245887, Abcam, Cambridge, 
UK). Fibrotic tissue was quantified as the percentage of 
fibrotic area to the total area using Image-Pro Plus 6.0.

Collagen and Hydroxyproline (HYP) 
Assays
The expression of type I and III collagen major isoforms 
(Col1a1 and Col3a1) was detected by ELISA kits (E-EL- 
R0041c and E-EL-R0235c, Elabscience, Wuhan, CN). Five 
rats for each test group were used. In brief, 100 mg of frozen 
lung tissue of each rat was ground in liquid nitrogen and 
resuspended in 1mL PBS. After repeated freeze-thaw, 
homogenate supernatant was obtained by centrifugation at 
5000 g for 5 minutes at 4°C. After that, standard ELISA 
procedure was carried out according to the manufacturer’s 

instruction and absorbance at 450 nm was measured by 
a Synergy LX microplate reader (BioTek, USA).

The hydroxyproline content in lung tissue homogenate 
was detected by a HYP assay kit (BC0255, Solarbio, 
Beijing, CN). Five rats for each test group were used. In 
brief, 200 mg of frozen lung tissue of each rat was cut into 
very small pieces and digested 4–6 hours at 110°C within 
2 mL of digestion buffer. After adjusting pH to 6–8 and 
making total volume to 4 mL with sterile water, the super-
natant was obtained by centrifugation at 16,000 rpm for 20 
minutes at 25°C. After that, HYP concentration in the 
homogenate was determined according to the manufac-
turer’s instruction and absorbance at 560 nm was mea-
sured by a Synergy LX microplate reader (BioTek, USA).

Quantitative RT-PCR
Five MCT-4W PF rats and five control SHAM rats were 
used to determine the mRNA expression of collagen quan-
titatively. In brief, total RNA from lung homogenates of 
each rat was individually extracted using RNA Extraction 
Kit (AG21203, Accurate Biotechnology, Changsha, CN) 
and synthesized to cDNA by M-MLV reverse transcriptase 
(AG11711, Accurate Biotechnology). The real-time quan-
titative PCR (qPCR) analysis was performed on 
LightCycler 480 II system (Roche) using SYBR Green 
PCR mix (AG11701, Accurate Biotechnology). Relative 
expression levels were calculated and normalized to 
GAPDH. Primers used in this study are listed in Table 1.

Preparation of Platelets and Red Cells 
Membranes
Isolation of platelets and generation of platelet membranes 
were performed as previously described with slight 
modification.14,17 The whole blood of SD rats with 
EDTA as an anticoagulant was centrifuged at 1000 rpm 
for 10 minutes at 4°C to obtain platelet-rich plasma (PRP) 
and red cells (RCs) separately. PRP was further centri-
fuged at 1500 rpm for 5 minutes at 4°C, to obtain pure 
PRP by pelleting residual red and white blood cells. 

Table 1 Primers Used in the Study

Gene Forward Primer (5ʹ-3ʹ) Reverse Primer (5ʹ-3ʹ)

GAPDH TCTCTGCTCCTCCCTGTTCT GTTCACACCGACCTTCACCA

Col1a1 GCAATGCTGAATCGTCCCAC CAGCACAGGCCCTCAAAAAC

Col3a1 CTTCTCACCCTGCTTCACCC GGGCAGTCTAGTGGCTCATC
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Meanwhile, RCs were resuspended by RM buffer (PBS 
containing 2 mM EDTA and protease inhibitors) and cen-
trifuged the same as PRP to obtain pure RCs by discarding 
the upper layer. After being mixed with PM buffer (PBS 
containing 0.2 μM Prostaglandin E1 and protease inhibi-
tors), pure PRP was centrifuged at 3500 rpm for 20 min-
utes at room temperature to obtain platelets. Pelleted 
platelets were resuspended in PM buffer and freeze/thaw 
3–5 times. Platelets membrane was extracted by centrifu-
gation at 6000 rpm for 5 minutes at 4°C and washed twice 
with PM buffer. Meanwhile, pure RCs were resuspended 
in RM buffer and freeze/thaw 3–5 times. Red cells mem-
brane was extracted by centrifugation at 12,000 rpm for 10 
minutes at 4°C and washed twice with RM buffer. Platelets 
membrane suspended in PM buffer and red cells mem-
brane suspended in RM buffer were sonicated 2 minutes 
under 100W power (10 s pulse with 10 s pause). After 
quantified by Pierce BCA Protein Assay Kit 
(23227, Thermo) for total protein concentration, purified 
membranes were aliquot and stored at −80°C. Platelets- 
derived nanovesicles (PV) and red cells-derived nanovesi-
cles (RV) were prepared using purified membranes and 
a micro extruder (610000, Avanti).

Preparation and Characterization of PVD
Frozen platelets membrane was thawed at room temperature 
and vortex to mix. 0.5 mg membrane dissolved in 1 mL PBS 
was mixed with 50 μL 5 mM DiR dye (40757ES25, 
YEASEN, CN) and incubated at 37°C for 20 minutes. 
After washing by PBS 3 times and centrifuge at 6000 rpm 
for 5 minutes each time, DiR loaded membrane was resus-
pended in 1 mL PBS and sonicated for 2 minutes under 100 
W power (10 s pulse with 10 s pause), and then use a micro 
extruder (610000, Avanti) to form PVD nanovesicles. Red 
cells membrane loaded with DiR was prepared in the same 
way as PVD to form RVD nanovesicles.

PVD diluted with PM buffer to a final concentration 
of 0.1 mg/mL were either measured by Zetasizer Nano 
ZS90 (Malvern Panalytical) for particle sizes (Size), dis-
persion coefficient (PDI) and Zeta potential (surface 
charge), or added to carbon-film-coated copper grids 
and air-dried at room temperature for transmission elec-
tron microscope (TEM) imaging by JEM-1400Plus 
(JEOL, Japan). PVD, PV and platelet cells (20 μg total 
protein each sample) together with molecular weight 
marker (PM5100, Smobio, CN) were analyzed by SDS- 
PAGE electrophoresis and Coomassie Brilliant Blue 
staining (P0017F, Beyotime, CN).

In vitro Collagen-Binding Test
In vitro collagen-binding assay was performed as pre-
viously described with slight modification.23 Type 
I collagen was prepared as three-dimensional fibril form 
according to the manufacturer’s instruction (C8062, 
Solarbio, Beijing, CN). In brief, 200 μL 5mg/mL rat tail 
tendon collagen, 690 μL sterile water, 12 μL 0.1M NaOH 
and 100 μL 10x PBS were sequentially mixed in an ice- 
chilled tube to make 1 mg/mL collagen solution and 100 
μL of collagen solution was immediately added to 96-well 
plate for 20 minutes at room temperature. Coated plates 
were blocked with 2% BSA (A1933, Sigma) for 1 hour at 
room temperature, and then washed with PBS 3 times. 
DiR dye was used in the test and red blood cells mem-
brane loaded with DiR (RVD) nanovesicles were used as 
an additional control. 100 μL of PVD (1 mg/mL), RVD 
(1 mg/mL), DiR (10 μM) or PBS was added to each well, 
with 4 repeats in each group, and incubated for 1 hour at 
room temperature with gentle shaking. After incubation, 
plates were washed by TBST 3 times. Retained nanopar-
ticles bound with collagen were dissolved by 100 μL 
DMSO, and then the fluorescence intensity was measured 
by Synergy H1 microplate reader (Biotech, USA). To test 
the sensitivity of PVD to collagen, 25, 50, 100 or 200 μL 
of fresh collagen solution was added to 96-well plates to 
achieve different fibril densities, and pure PBS solution 
was used as a collagen-free control. The rest of the proce-
dures was the same as aforementioned, except that 5 
repeats in each group were done.

In vivo and ex vivo Pulmonary Fibrosis 
Detection
After pulmonary fibrosis was established, rats were 
anesthetized by an intraperitoneal injection of xylazine 
(8 mg/kg) and ketamine (60 mg/kg) and mounted in 
a supine position. The skin of the right neck was cut 
with surgical scissors, and the external jugular vein was 
exposed by bluntly detaching the muscle with forceps. 
0.25 mg PVD, 0.25 mg RVD or 5 μg DIR were injected 
with a 1-mL syringe into the external jugular vein of 
MCT-induced rats. PBS and PVD were injected into 
SHAM rats as controls. The rats were kept under normoxic 
conditions for 8 hours, and in vivo fluorescence intensity 
was measured with IVIS Lumina XRMS Series III 
(PerkinElmer, USA). After in vivo imaging, the ex vivo 
fluorescence intensity of major organs was measured in the 
same way. Three rats for each test group were evaluated.
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Statistical Analysis
All experiments were repeated independently at least 3 
times. Data were analyzed by Prism 8.0 (GraphPad 
Software) and expressed as mean ± s.e.m. The normally 
distributed data were analyzed using two-tailed Student’s 
t test or one-way ANOVA followed by Dunnett post hoc 
test. For data not normally distributed, statistical analyses 
were performed using the non-parametric Kruskal–Wallis 
test. P < 0.05 was considered to be statistically significant.

Results
The Schematic of Study Design
This study aimed to develop a novel imaging modality for the 
direct detection of pulmonary fibrosis, through the innate 
collagen-targeting capability of platelets-derived nanovesi-
cles (Figure 1). In brief, platelets were separated from the 
whole blood of SD rats by differential centrifugation, and red 
cells from the same source were used as control. By repeated 
freeze/thaw, intracellular components were released and pure 
platelets membrane was harvested, with collagen-targeting 
receptors and other innate surface proteins retained. Platelets 
membrane was then formed to biomimetic platelets PVD 
(platelets-derived nanovesicles labeled with dye) via sonica-
tion and extrusion when loaded with lipophilic fluorescent 
NIR dye DiR for in vitro and in vivo imaging. Utilizing the 
MCT-induced rat PF model, we demonstrated that PVD 

could directly visualize collagen both in vitro and in vivo, 
and precisely detect PF.

Preparation and Characterization of PVD
Platelets were obtained from the whole blood of SD rats by 
differential centrifugation. The light microscope showed that 
purified platelets have a typical round or oval shape 
(Figure 2A), indicating platelets were in good resting status. 
Platelets-derived nanovesicles (PV) and platelets-derived 
nanovesicles labeled with dye (PVD) were prepared following 
the details described in Materials and Methods. TEM analysis 
demonstrated that PVD had three-dimensional spherical and 
lipid-like properties (Figure 2B). Dynamic light scattering 
(DLS) showed that the size of PV and PVD was approximately 
145.20 nm and 159.57 nm, respectively (Figure 2C). The zeta 
potential of PV was about −11 mV, while that of PVD changed 
to −9 mV after being loaded with DiR dye (Figure 2D). These 
data indicated that the stability of nanovesicles was not 
affected before and after loaded with DiR dye. To ensure 
that the membrane proteins of platelets were well retained on 
the surface of PV and PVD, SDS-PAGE electrophoresis was 
conducted. Both PV and PVD had similar Coomassie Blue 
staining patterns as platelet cells (PC), indicating that PV and 
PVD kept the whole proteins of the platelets membrane 
(Figure 2E). Furthermore, the consistency of PV and PVD 
meant that loading of DIR did not affect surface proteins.

Figure 1 Schematic of the direct detection of pulmonary fibrosis by biomimetic platelets PVD.
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Characterization of MCT-Induced 
Pulmonary Fibrosis Model
To establish an in vivo PF model and to better characterize 
the progression of the disease, SD rats were subcutaneously 

injected with MCT solution (50 mg/kg) on the back of the 
neck and PF progression was analyzed 2, 3 and 4 weeks 
after MCT induction (Figure 3A). Lung tissue sections 
stained by HE, Masson’s Trichrome or Sirius red method 

Figure 2 Characterization of PVD. (A) The morphology of purified platelets being observed under a light microscope. Scale bar = 50 μm. (B) TEM image of platelet-derived 
nanovesicles. Scale bar = 100 nm. (C) DLS analysis of PV and PVD. (D) Surface zeta potentials of PV and PVD (n=3). (E) SDS-PAGE analysis of surface proteins on PC, PV and PVD. 
Abbreviations: PC, platelet cells; PV, platelet-derived nanovesicles; PVD, platelets-derived nanovesicles labeled with dye.
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Figure 3 Characterization of a rat model of MCT-induced pulmonary fibrosis. (A) Schematic of the animal study to establish and monitor the disease progression of the PF rat model. 
(B) Representative tissue sections stained with HE, Masson’s Trichrome and Sirius red showed that rats with 4-weeks of MCT-induction displayed inflammatory infiltration and fibrosis in 
the lungs. Scale bar = 100 μm. (C) The quantitative analysis showed that the fibrosis area had increased significantly in MCT-4W rats (n=5). (D) The mRNA expression of type I and type III 
collagen was markedly up-regulated in MCT-4W rats (n=5). (E) Representative tissue sections stained with Masson’s Trichrome showed that rats with 2-, 3- and 4-weeks of MCT- 
induction displayed time-dependent increasing fibrosis in the lungs. (F) The collagen and hydroxyproline contents in lung homogenates of rats with 2-, 3- and 4-weeks of MCT-induction 
were determined (n=6). *P<0.05, ****Denote p < 0.0001, ns, not significant. Two-tailed Student’s t test in (C and D), and one-way ANOVA followed by Dunnett test in (F).
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showed that rats after 4-weeks of MCT-induction (MCT- 
4W) developed a pathological state with inflammatory infil-
tration and excessive collagen accumulation (Figure 3B). 
Quantification of fibrosis area (blue area in Masson’s stain-
ing) showed obvious fibrotic lesions after MCT induction 
(Figure 3C). Furthermore, quantitative RT-PCR showed that 
the mRNA expression of both type I and type III collagen in 
MCT-4W rats increased significantly, compared with that of 
control SHAM rats (Figure 3D and F). All these changes 
were consistent with the clinical characteristics of PF and 
previous reports.1,2,21–23 Consequently, these data confirmed 
that collagen was an ideal PF biomarker and a direct target 
for PF diagnosis.

We then compared the time course of effect over a 28-day 
period post-MCT administration and collected lung tissues 
from rats with 2-, 3- and 4-weeks of MCT-induction (MCT- 
2W, MCT-3W and MCT-4W). The progression of pulmonary 
fibrosis was determined by histological analysis and collagen 
quantification (Figure 3E and F). Results of collagen expres-
sion and HYP content demonstrated that there was no sig-
nificant increase in collagen and HYP content for MCT-2W 
when compared with sham rats (Figure 3F). Starting from 
week 3 there was an increasing deposition of collagen and 
HYP, which accumulated more on week 4 (Figure 3F). The 
hydroxyproline (HYP) quantification is the most common 
method for evaluating the degree of collagen tissue metabo-
lism and fibrosis. Thus, we defined MCT-3W as the early 
stage of pulmonary fibrosis based on collagen and HYP 
expressions.

In vitro Collagen-Targeting of PVD
To test the specific collagen-targeting ability of PVD, col-
lagen-coated microplates were used to capture collagen- 

binding substrates. Type I collagen self-assembled to fibrils 
in microplate wells and was widely used as a biomimetic 
three-dimensional collagen model.24–26 In this experiment, 
PBS, DiR dye and red cells-derived nanovesicles labeled 
with DiR (RVD) were used as controls. PVD and controls 
were incubated in collagen-coated microplates for 1 hour 
and washed thoroughly. Afterward, the fluorescence inten-
sity of substrates retained in microplates was measured. 
Compared to the PBS group, mean fluorescence in the 
PVD group was amplified more than 70-fold, while DiR 
and PVD groups had no statistical difference. Thus, only 
PVD showed strong and specific collagen association, while 
all controls including red cells-derived nanovesicles had 
minimal collagen-binding (Figure 4A). In addition, we also 
confirmed the binding of PVD to collagen in a dose- 
dependent manner in vitro (Figure 4B). These data con-
firmed that PVD could specifically and directly visualize 
collagen in vitro, while red cells membrane or lipophilic 
fluorescent dye alone did not have such ability.

In vivo and ex vivo PF Detection by PVD
To demonstrate that PVD could directly visualize collagen 
in vivo and precisely detect PF, MCT-4W PF rats and 
control SHAM rats were injected with PVD, RVD or 
DiR through the external jugular vein. After administra-
tion, rats were kept under normoxic conditions for 8 hours, 
allowing nanovesicles or dyes to circulate and contact with 
collagen in the body.

In vivo fluorescence distribution showed that only 
PVD nanovesicles could target the fibrotic lungs of 
MCT-4W rats. While RVD nanovesicles and DiR dyes 
had no lung targeting at all, and they mainly accumulated 
in the liver or spleen of rats (Figure 5A). Meanwhile, PVD 
had no distribution in the normal lungs, but instead, 

Figure 4 In vitro collagen-targeting tests of PVD. (A) PVD and three controls (PBS, DiR dye and RVD) were incubated in collagen-coated microplates and washed 
thoroughly. Afterward, the fluorescence intensity of substrates retained in microplates was measured. Only PVD showed strong and specific collagen association (n=4). (B) 
PVD was incubated in collagen-coated microplates with different collagen fibril densities, and pure PBS was used as a collagen-free control. The rest of the procedure was 
the same as in (A). PVD showed specific and dose-dependent collagen association (n=5). ns, not significant, *Denotes p < 0.05, ***Denotes p < 0.001 and ****Denotes p < 
0.0001 by One-way ANOVA followed by Dunnett multiple comparisons test with PBS group.
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accumulated in the liver of SHAM rats, further confirming 
the specificity of PVD to fibrotic lesions (Figure 5A).

The major organs including the heart, liver, spleen, 
lungs and kidneys were then examined individually. Ex 
vivo fluorescence showed that in MCT-4W rats, PVD 
targeted fibrotic lungs drastically, with much less distribu-
tion in the liver and spleen (Figure 5B). Conversely, PVD 
only accumulated in the liver and spleen of SHAM rats, 
with minimal signal detected in the normal lungs 
(Figure 5B). Consistently, RVD without collagen- 
targeting ability only accumulated in the liver or spleen 
of MCT-4W rats. And DiR was only detectable in the 
spleen of rats (Figure 5B). Lastly, the fluorescence inten-
sities of lungs from different groups were quantified under 
the same condition. Compared to SHAM, mean 

fluorescence in MCT-4W rats was amplified more than 70- 
fold, while the other three control groups had no statistical 
difference. Thus, consistent with in vitro results, only PVD 
had strong targeting in fibrotic lungs in vivo and ex vivo, 
compared with other groups (Figure 5C).

To determine the in vivo detection sensitivity of PVD, 
SD rats were randomly assigned into the 4 groups: SHAM, 
MCT-2W, MCT-3W and MCT-4W. As stated above, we 
defined MCT-3W as an early PF stage in this MCT rat 
model. As expected, PVD could target the fibrotic lungs of 
MCT-3W and MCT-4W rats in vivo, while it mainly accu-
mulated in the liver of Sham and MCT-2W rats 
(Figure 6A). Consistent with in vivo data, ex vivo analysis 
on major organs showed that while PVD accumulated in 
the liver and spleen of SHAM and MCT-2W rats, with 

Figure 5 In vivo and ex vivo pulmonary fibrosis detection by PVD. (A) Representative images of fluorescence distribution in vivo of PF rats with 4-weeks of MCT-induction 
and SHAM rats when injected with PVD. The black dotted circle indicates the approximate location of the lungs. PBS, RVD and DiR dye were used as controls (n=3). (B) 
Representative images of ex vivo fluorescence of major organs isolated from the same rats used in (A) as indicated. (C) Quantification of ex vivo fluorescence intensity of 
lung tissues isolated from the same rats used in (A) as indicated (n=3). ns, not significant, **Denotes p < 0.01 by Kruskal–Wallis test followed by Dunn’s multiple 
comparisons with SHAM + PBS group.
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minimal signal detected in the lungs, PVD could specifi-
cally detect fibrotic lungs of MCT-3W and MCT-4W rats 
with much less distribution in the liver and spleen 
(Figure 6B and C). These data confirmed that PVD was 
a versatile NIR probe for the direct visualization of col-
lagen, and can be particularly helpful in determining pul-
monary fibrosis.

Discussion
In summary, we have developed a novel NIR-responsive 
biomimetic imaging probe PVD, derived from platelets 

membrane and loaded with DiR dye. PVD is designed to 
bind with collagen, a key component in fibrotic diseases. 
PVD displays specific collagen-targeting both in vitro 
and in vivo, and provides the direct visualization of 
collagen deposition in a rat model of PF disease. We 
recognize that the results collected from PF rats cannot 
directly reflect situations in humans, where considerably 
more tissues are present than in rats. Unfortunately, 
a phantom measurement (ie, artificially produced materi-
als that mimic human tissues) was not feasible in this 
study to verify that PVD labeling can be detected in 

Figure 6 The sensitivity of PVD to detect PF with different levels of fibrosis. (A) Representative images of PVD fluorescence distribution in vivo of PF rats with 2-, 3- and 
4-weeks of MCT-induction (n=3). The black dotted circle indicates the approximate location of the lungs. (B) Representative images of ex vivo fluorescence of major organs 
isolated from the same rats used in (A) as indicated. (C) Quantification of ex vivo fluorescence intensity of lung tissues isolated from the same rats used in (A) as indicated 
(n=3). ns, not significant, *Denotes p < 0.05 and **Denotes p < 0.01 by Kruskal–Wallis test followed by Dunn’s multiple comparisons with SHAM + PBS group.
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human lungs, mainly because the dosage of PVD used in 
rats for sure was much lower than that would be used in 
human, making two situations not comparable.

Meanwhile, it also should be noted that the traditional 
NIR dyes including DiR, known as the first NIR window 
imaging (NIR-I, 700 to 900 nm), have been extensively 
utilized in clinical diagnosis, treatment and scientific 
research for decades. However, NIR technique suffers 
from low penetration and poor resolution, thus largely 
limits its clinical applications. Indeed, they are considered 
to be unrealistic for imaging human deep organs, such as 
the liver, lung and brain, due to their limitations of tissue 
penetration. Compared with NIR-I, dyes for the second 
NIR window imaging (NIR-II, 1000 to 1700 nm) have 
much lower autofluorescence, better penetration depth 
and higher signal-to-noise ratio, making NIR-II technol-
ogy a heavily researched topic in biomedicine.27 In this 
study, we loaded DiR dye onto platelet membrane-derived 
nanovesicles as a proof of concept. In the future, because 
of the versatile of PVD preparation, DiR can be replaced 
easily by one of NIR-II dyes for preclinical or clinical 
purpose, such as FDA-approved indocyanine green (ICG) 
which have much better penetration depth and quantum 
efficiency.27 Notably, due to the nature of DiR dye, PVD 
not only can be used in NIR diagnosis for PF, potentially it 
can work as a photoacoustic imaging (PAI) agent as our 
previous report.16 In the same way, since ICG has been 
extensively used in PA imaging, a new version of PVD 
with ICG loaded will work in both NIR-II and PAI models. 
In short, by doing a simple dye replacement, we believe 
that the approach developed in the study has considerable 
clinical implications. Thus, this versatile NIR modality 
could have large implications in clinical diagnosis and 
drug trials of pulmonary fibrosis.

In order to better characterize the progression of pul-
monary fibrosis and define an early stage of the disease, 
we have established time course of effect over a 28-day 
period post-MCT administration and collected lung tissues 
from rats with 2-, 3- and 4-weeks of MCT-induction 
(MCT-2W, MCT-3W and MCT-4W). The results from 
Masson staining, collagen expression and hydroxyproline 
(HYP) content demonstrated that there was no significant 
increase in collagen and HYP content for MCT-2W when 
compared with sham rats. Starting from week 3 there was 
an increased deposition of collagen and HYP, which were 
accumulated more on week 4 (Figure 3). Thus, we were 
able to define MCT-3W as the early stage of pulmonary 
fibrosis based on collagen and HYP expressions as well as 

histological analysis. After that, we have tested the binding 
of PVD to collagen in a dose-dependent manner in vitro 
(Figure 4). Then we have confirmed that PVD could 
specifically detect MCT-3W and MCT-4W, both in vivo 
and ex vivo (Figure 6). Thus, we concluded that PVD was 
sensitive to collagens and it was able to detect pulmonary 
fibrosis at the early stage in an animal PF model.

While fibrotic diseases also commonly affect elsewhere 
besides the lungs, such as the heart, kidney and liver, there 
are apparent physical, physiological as well as biological 
differences among them, which could hamper the utility of 
PVD to detect fibrosis in other organs. For example, 
because the heart is constantly pumping, PVD is probably 
very hard to retain at the fibrotic regions within the myo-
cardium. On the other hand, since the liver and kidney are 
essential organs for the body’s metabolism and detoxifica-
tion, they are prone to absorb PVD, as evidenced by NIR 
signalings observed in the liver and kidney from both 
sham and PF animals (Figures 5 and 6). In contrast, 
there is minimal signaling detected in normal non-fibrotic 
lungs (background-free), making the lungs an ideal target 
for the PVD strategy. More optimization will be required 
in the future to explore the possibility of PVD to detect 
other fibrotic diseases. Nevertheless, the PVD-based ima-
ging shows great potential to be employed in routine 
clinical practice in the future, especially for the direct 
detection of pulmonary fibrosis at the early PF stage.
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