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Nanoengineered immunosuppressive therapeutics
modulating M1/M2 macrophages into the
balanced status for enhanced idiopathic
pulmonary fibrosis therapy†
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Effective treatment in clinic for idiopathic pulmonary fibrosis (IPF)

remains a challenge due to low drug accumulation in lungs and

imbalanced polarization of pro/anti-inflammatory macrophages

(M1/M2 macrophages). Herein, a novel endogenous cell-targeting

nanoplatform (PNCE) is developed for enhanced IPF treatment

efficacy through modulating M1/M2 macrophages into the

balanced status to suppress fibroblast over-activation. Notably,

PNCE loaded with nintedanib (NIN) and colchicine (COL) can firstly

target endogenous monocyte-derived multipotent cells (MOMCs)

and then be effectively delivered into IPF lungs due to the homing

ability of MOMCs, and detached sensitively from MOMCs by matrix

metalloproteinases-2 (MMP-2) over-expressed in IPF lungs. After

PNCE selectively accumulated within fibrosis foci, COL can mildly

modulate the polarization of M1 macrophages into

M2 macrophages to balance innate immune responses, which can

enhance the suppressing effect of NIN on fibroblast activation,

further improving the IPF therapy. Altogether, PNCE has two colla-

borative steps including the inhibition of innate immune responses

accompanied by the decrease of fibroblast populations in IPF

lungs, achieving a stronger and excellent anti-fibrotic efficacy both

in vitro and in vivo. This endogenous cell-based engineered liposo-

mal nanoplatform not only allows therapeutic drugs to take effect

selectively in vivo, but also provides an alternative strategy for an

enhanced curative effect by modulating innate immune responses

in IPF therapy.

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic lung parench-
yma injury disease with a median survival time of 2–3 years,
while the full recovery from IPF remains a huge challenge for
clinical therapies.1,2 The main drawbacks of such therapies are
that they can only help relieve symptoms, but not cut off the
disease progression.3–5 Recently, nintedanib (NIN) was
approved for IPF therapy by inhibiting fibroblast activation
and the secretion of collagen to delay the IPF progression.6–8

However, the efficacy of NIN is limited on account of its
inability to cut off innate immune responses that produce
inflammatory factors such as interleukin 1β (IL-1β) and trans-
forming growth factor beta (TGF-β), which accelerate re-pro-
liferation of fibroblasts and aggravate IPF.9,10 Hereinto, a
marked heterogeneity of the activation of pro-inflammatory
macrophages (M1 macrophages) plays an important role in
activating a wound-healing response by releasing inflamma-
tory factors, which upregulate the activation of innate immune
responses in IPF.2,11–13 In addition, the quiescent precursor
fibroblasts are also activated by these inflammatory factors
and then transform to myofibroblasts, which can produce an
excessive extracellular matrix (ECM) and destroy normal tissue
architecture.14,15 In brief, these excessive M1 macrophages
play a dominant role in IPF progression, and inhibiting their
excessive proliferation is a promising strategy to enhance anti-
fibrosis therapy.

To date, some immune-regulators have also been exploited
for treating IPF, such as colchicine (COL)16 which suppresses
the expression of nuclear factor kappa B (NF-κB) and extra-
cellular regulated protein kinases 1/2 (ERK 1/2) involved in the
polarization of M1 macrophages into anti-inflammatory
macrophages (M2 macrophages), and blocks the release of
pro-inflammatory cytokines, such as IL-1β and TGF-β.17

However, using COL alone remains a challenge because IPF is
considered as an inflammatory overactivated disease
accompanied by establishing fibrosis. Meanwhile, effective
delivery of immune regulators to injured lung tissues has not
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been developed. Consequently, there is a great demand for
development of an efficient lung targeted and enhanced strat-
egy for modulating macrophage polarization to improve the
anti-fibrosis efficacy.

Herein, we employed novel and matrix metalloproteinase-2
(MMP-2) responsive peptide (peptide E5) modified engineered
liposomes (PNCE) for IPF therapy. The peptide E5 is a straight
chain consisting of amino acid residues, containing two com-
ponents with an MMP-2 specific cleavable sequence and CXC
chemokine receptor 4 (CXCR 4) targeting part, which can
specifically target CXCR 4 overexpressed on the cell surface,
and pathologically responsive fracture in MMP-2 overexpressed
tissues.18,19 In this study, the PNCE could target monocyte-
derived multipotent cells (MOMCs) forming programmed
therapeutics (MOMCs@PNCE) to improve the accumulation of
therapeutic drugs into IPF lungs, significantly inhibiting fibro-
blast re-activation by modulating the M1/M2 macrophage
balance in the innate immune environment, and further
enhancing the efficacy of IPF treatment (Scheme 1). After intra-
venous injection, PNCE could firstly adhere to the MOMCs by
the targeting ability of peptide E5 to MOMCs in the blood cir-
culation and be reprogrammed into MOMCs@PNCE as an
engineered delivery platform, which could efficiently deliver
the dual drugs to IPF lung tissues owing to the migration of
MOMCs by chemokines to the IPF lungs and specifically
release PNCE at the fibrotic site responding to the excessive
deposition of MMP-2 by myofibroblasts.20 COL was chosen as

an immunity regulator to balance innate immune responses
by downregulating the M1 macrophage proportion and redu-
cing the expression of inflammatory factors, which was the
prerequisite for efficiently inhibiting the fibroblast prolifer-
ation, and NIN was an anti-fibrotic enhancer to block fibro-
blast activation. Hence, the combination of two drugs sheds
light on the way to fight against IPF. The endogenous cell-
based co-delivery nanoplatform offers a promising strategy
which can increase the accumulation of dual drugs in IPF
lungs, and also provides a practical scheme by modulating
innate immune responses and synergistically inhibiting the
fibroblast proliferation as an effective therapeutic strategy to
improve the efficacy of IPF treatment.

2. Experimental
Materials

Cholesterol was purchased from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). Soybean phospholipids, 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine polyethylene glycol-
maleimide, 2000 Da (DSPE-PEG2K-Mal) and DSPE-PEG2K were
purchased from A.V.T. Pharmaceutical Co., Ltd (Shanghai,
China). The peptide E5 was synthesized by Top-peptide
Biotechnology Co., Ltd (Shanghai, China). NIN was purchased
from Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai,
China). COL was purchased from J&K Scientific Co., Ltd

Scheme 1 Scheme depicting the inhibition of cytokines and improvement of the anti-fibrosis therapy effect of NIN in vivo by using the PNCE. The
PNCEs target MOMCs and accumulate in lung tissue after intravenous injection, owing to the migration ability of MOMCs. Then, the PNCE is endo-
cytosed by the cells and NIN and COL are released via lysosomes. COL inhibits macrophage proliferation and decreases cytokine secretion like IL-1β.
NIN can inhibit the population of fibroblasts, further reducing collagen deposition to enhance IPF therapy.
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(Beijing, China). MMP-2 and the reactive oxygen species (ROS)
probe 2′,7′-dichlorofluorescin diacetate (DCFH-DA) were pur-
chased from Sigma-Aldrich (St Louis, USA). Alpha smooth
muscle actin (α-SMA) mouse monoclonal was purchased from
Abcam (Massachusetts, USA). Lyso-Tracker Red DND-99 kit
was purchased from Thermo Fisher (Waltham, USA). Ilomostat
was purchased from selleck (Houston, USA). 1,1′-Dioctadecyl-
3,3,3′,3′-tetramethylindotricarbocyanine iodide (DiR iodide)
and 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine per-
chlorate (DiI) were obtained from Fanbo Biochemicals Co., Ltd
(Beijing, China). 3,3′-Dioctadecyloxacarbocyanine perchlorate
(DiO) was purchased from Beyotime Co., Ltd (Shanghai,
China). Dichloromethane was purchased from Wuxi Yasheng
Chemical Co., Ltd (Wuxi, China). Lipopolysaccharide (LPS)
and TGF-β were purchased from Multi Sciences Biotech Co.,
Ltd (Hangzhou, China). Bleomycin (BLM) sulfate was pur-
chased from Zhejiang Huahai Pharmaceutical Co., Ltd (Linhai,
China). Fetal bovine serum (FBS), 4,6-diamino-2-phenylindole
(DAPI), Roswell park memorial institute 1640 (RPMI-1640) and
bicinchoninic acid (BCA) protein assay kit were purchased
from KeyGEN Biotech Co., Ltd (Nanjing, China). Lymphocyte
isolation kit was purchased from Solarbio biotech Co., Ltd
(Beijing, China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) was purchased from J&K (Beijing,
China). The other antibodies not mentioned were purchased
from Servicebio Co., Ltd (Nanjing, China). The solvents were
purchased from Aladdin (Shanghai, China).

Animals

C57BL/6 mice (male, 8 weeks old, ∼20 g) were purchased from
East China Normal University (Shanghai, China). All the
animal study and handing procedures were according to the
guidelines evaluated and approved by the regional ethics com-
mittee of China Pharmaceutical University (no. 26 Rev. 2016,
Nanjing, China). Animals were acclimatized for1 week, and
then randomly divided into groups of 5 under a 12 h light/
dark cycle, and allowed food and water freely.

BLM-induced IPF model: 8 weeks-old male C57BL/6 mice
(∼20 g) were anesthetized by intraperitoneal injection of chlor-
alhydrate (250 mg kg−1). The IPF mice model was injected
with BLM solution (2 USP per kg)15 by endotracheal adminis-
tration with endotracheal tubes in the BIOLITE intubation
system (Braintree Scientific Inc., USA). The procedure of build-
ing an IPF model according to the manufacturer’s protocols
involved pulling out the tongues of the anesthetized mice
firstly, and then finding the trachea with a lighting device,
inserting an endotracheal tube and injecting a BLM solution.

Isolation and incubation of primary macrophages and lung
fibroblasts

IPF mice (21 days after injection of BLM) were anesthetized
and sacrificed, and then sterilized with 75% alcohol in a
sterile counter. The lung tissues were harvested, and then
washed with PBS and ground with RPMI-1640 media in a Petri
dish. The tissues were then digested using collagenase IV
(1 mg ml−1) and trypsase (0.25%) in PBS at 37 °C for 1 h. The

lung cells were collected by centrifugation (1000 rpm, 5 min).
Macrophages: the collecting lung cells were re-suspended with
RPMI-1640 media and incubated into T-25. The macrophages
were isolated from other lung cells according to different cell
diameters. Macrophages were about 25 μm in diameter. We
first removed bits of lung tissues using a sterile filtration mem-
brane of 150 μm, then most epithelial cells were removed with
a 50–60 μm filter membrane, and macrophages were finally
purified with a 30 μm filter membrane for further culture. The
macrophages were cultured in RPMI-1640 media with 10% FBS
and the macrophages were incubated at 37 °C and 5% CO2.
Fibroblasts: The collecting lung cells were re-suspended with
RPMI-1640 media and incubated into T-25. The lung fibro-
blasts were isolated from other lung cells depending on their
differential adherent properties. After incubation for 30 min,
the lung fibroblasts would adhere onto the Petri dish, and
then non-adherent cells were removed. The cells were then cul-
tured in culture media. The lung fibroblast cells were cultured
in RPMI-1640 media with 10% FBS and lung fibroblasts were
incubated at 37 °C and 5% CO2.

Preparation of the PNCE, PNC and PN nano-formulation

NIN and COL loaded into a liposome platform were prepared
by using the film dispersion method. Specifically, NIN (5 mg),
soybean lecithin (80 mg), cholesterol (10 mg) and
DSPE-PEG-Mal (10 mg) were dissolved in 5 mL dichloromethane
and mixed in a 50 mL round bottom flask. The solvent was
rotary evaporated at 45 °C for 20 min. Then 3 mL deionized
water with COL (1 mg) was added and mixed by ultrasonic
vibration for 30 min at 45 °C. After that, the peptide E5 (5 mg)
was added into the above solution to obtain PNCE. Similarly,
the preparation method of other formulations was the same as
that of PNCE. The only difference was that DSPE-PEG (10 mg)
rather than DSPE-PEG-Mal was soluble in dichloromethane.
The Mal of DSPE-PEG-Mal was the crucial part of targeting
MOMCs for further research. The preparation schemes of the
PNC and PN were the same as mentioned above.

Ultraviolet–visible spectrophotometry (UV-vis) for drug
determination

The absorbance was detected by UV-vis analysis between 200
and 500 nm, and the curves of NIN and COL were established.
For determination of the absorbance of dual drugs in PNCE,
40 µL PNCE solution was dissolved in 3960 µL acetone and
then measured at 200–500 nm by UV-vis. The drug encapsu-
lated efficiency (EE) was as follows, W1 represented the quality
of encapsulated drugs and W2 represented the quality of whole
drugs: EE (%) = (W1/W2) × 100%. The loading efficiency (LE)
was as follows, W represented the quality of the whole reagent
including materials and the added drugs: LE (%) = (W1/W) ×
100%.

Reversed-phase high performance liquid chromatography
(RP-HPLC) analysis

The standard curves of NIN and COL were acquired by HPLC.
The standard solution of NIN and COL was dissolved in di-
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chloromethane. An Agilent Technologies 1220 Infinity II LC
was used to fit with an Ultimate XB-C18, 5 µm, 250 × 4.6 mm
column. The method involved a mobile phase of 0.1% trifluor-
oacetic acid : methyl alcohol, 10 : 90 (v/v), and the absorbance
was detected by UV-vis analysis at 350 nm (COL) and 391 nm
(NIN).

Isolation and incubation of MOMCs

IPF mice (21 days after injection of BLM) were anesthetized by
intraperitoneal injection of 10% chloralhydrate solution
(250 mg kg−1). To obtain the MOMCs, peripheral blood was
collected from the C57BL/6J mice with Ethylene Diamine
Tetraacetic Acid (EDTA) and diluted 3 times with PBS. The iso-
lated protocol of MOMCs was conducted according to a lym-
phocyte isolation kit. The MOMCs were cultured in
RPMI-1640 media with 10% FBS and the macrophages were
incubated at 37 °C and 5% CO2.

21,22

The ability of PNCE to target in vitro

We first extracted MOMCs and tumor membranes. Next, the
membranes containing CXCR 4 were enveloped on 96-well
plates overnight. Then, the DiI labeled released PNCE
(PNCE-DiI) were incubated with cellular membranes for 2 h.
Then, the plates were washed 3 times by using buffer solution.
The fluorescence intensity was determined using Molecular
Devices ID 5 (Silicon Valley, USA).

The sensitive release ability of PNCE from CXCR 4 by MMP-2
in vitro

MMP-2 (2 μg mL−1, 100 μL) was incubated with
MOMCs@PNCE-DiI for 4 h. Then the plates were washed 3
times by using buffer solution. And the fluorescence intensity
was detected by Molecular Devices ID 5.

The affinity of PNCE and MOMCs in vitro

The MOMCs were seeded in a 35 mm glass bottom dish over-
night (2 × 104 cells per dish). The cells were incubated with
PNCE-DiI for 30 min, 1 h, 2 h and 4 h. After washing 3 times
with buffer solution, the MOMCs were incubated with DiO
(10 μM) for 30 min at 37 °C. Then, the nucleus was marked
with DAPI for 30 min (1 μM). And then the fluorescence inten-
sity of coumarin-6 (C6) was detected by confocal laser scan-
ning microscopy (CLSM).

The ability of PNCE to target MOMCs in vitro

The MOMCs were seeded in a 6-well plate overnight (2 × 105

cells per dish). The cells were incubated with PNCE for 2 h.
After that, the particle size and zeta potential were detected
using NanoBrook Omni (New York, USA).

The sensitive release ability of PNCE from MOMCs

The MOMCs were seeded in a 6-well plate overnight (2 × 105

cells per dish). The cells were incubated with PNCE for 2 h.
After that, MMP-2 (2 μg mL−1, 1 mL) was added into the wells
for 1 h at 37 °C, and then the particle size and zeta potential
were detected using NanoBrook Omni (New York, USA).

Cellular uptake efficiency

The fibroblasts and macrophages were seeded in a 35 mm
glass bottom dish overnight (2 × 104 cells per dish). And then
the cells were incubated with C6 labeled released PNCE
(PNCE-C6) and free C6 (10 μg mL−1 of C6 concentration) in
RPMI-1640 with free FBS for 1 h and 4 h. The fluorescence
intensity of C6 was detected by confocal CLSM.

Lysosomal escape efficiency of PNCE-C6

The fibroblasts and macrophages were cultured in a 35 mm
glass bottom dish overnight (2 × 104 cells per dish). The cells
were incubated with released PNCE-C6 (10 μg mL−1 of C6 con-
centration) for 30 min and 4 h, and then washed 3 times with
PBS. Then the lung fibroblasts and macrophages were fixed
with 4% paraformaldehyde, respectively. And the lysosomes
were marked using the LysoTracker Red DND-99 kit (50 nM).
Lung fibroblasts were examined by CLSM.

Cytotoxicity

The cytotoxicity of PNCE was evaluated in macrophages and
lung fibroblasts via a standard MTT assay. The macrophages
and lung fibroblasts were seeded in a 96-well plate (5 × 104 and
2 × 104 cells per well) for 24 h. The macrophages and fibro-
blasts were incubated with LPS (2 μg mL−1) and TGF-β (5 ng
mL−1) for 24 h, respectively. And then the cells were treated
with different concentrations of PNCE, PNC, PN and PC at
37 °C under 5% CO2. The cells were utilized as normal cells
with non-treatment. MTT solution (20 μL, 5 mg mL−1) was
added into wells incubated for 4 h. Then media were removed
carefully, and 200 μL DMSO solution was added into wells. The
absorbance was measured with a microplate reader at 490 nm,
and then the cell viability was examined.

Content of TGF-β and IL-1β in vitro

The macrophages were respectively seeded in 96-well plates (5
× 104 cells per well) for 24 h. The macrophages and fibroblasts
were incubated with LPS (2 μg mL−1) and TGF-β (5 ng mL−1)
for 24 h, respectively. After that, the cells were treated with
PNCE, PNC, PN and PC (400 ng mL−1 NIN and 400 ng mL−1

COL in each group) at 37 °C under 5% CO2. 10 μL of the media
was removed to detect the content of TGF-β and IL-1β by
enzyme linked immunosorbent assay (ELISA) at 4 h, 12 h, and
24 h.

Immunofluorescence staining of α-SMA and collagen I

The fibroblasts were cultured in 6-well plates with a cell climb-
ing slice (2 × 105 cells per well) for 24 h. The cells were incu-
bated with PNCE, PNC, and PN (400 ng mL−1 NIN in each for-
mulation) in RPMI-1640 with TGF-β (5 ng mL−1) media for
24 h. The media were removed and the cell climbing slices
were washed with PBS 3 times, and then the cell climbing
slices were fixed with 4% paraformaldehyde. The expressions
of α-SMA and collagen I were evaluated via immunofluores-
cence staining.
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The expression of α-SMA and CD 68 in a co-culture model

The therapeutic efficacy was determined to evaluate the myofi-
broblast and M1 macrophage differentiation after treating with
different formulations using the transwell devices. Firstly, we
investigated the myofibroblast transformation. The macro-
phages were cultured into upper chambers with pore sizes of
8.0 μm at 2 × 104 cells per well in 100 μL of FBS-free
RPMI-1640 media and then inserted in a 24-well plate.
Subsequently, the fibroblasts (5 × 104) were seeded into lower
chambers with 24-well climbing slices in 600 μL of RPMI
1640 media with 10% FBS. Then, various formulations (400 ng
mL−1 NIN in each group) were added into upper and lower
chambers and incubated for 24 h. And next, we utilized immu-
nofluorescence staining to measure the expression of α-SMA.
Secondly, we detected the expression of CD 68 which was a
pro-inflammatory marker in macrophages. The fibroblasts
were cultured into upper chambers with a pore size of 8.0 μm
at 2 × 104 cells per well in 100 μL of FBS-free RPMI-1640 media
and then inserted in a 24-well plate. Subsequently, the macro-
phages (5 × 104) were seeded into lower chambers with 24-well
climbing slices in 600 μL of RPMI 1640 media with 10% FBS.

Wound-healing assay

The fibroblasts or macrophages were seeded into a 6-well plate
with 3 × 105 cells per dish, and then incubated for 24 h. After
that, the cells were spread over the dish entirely, the scarifica-
tion was done with a 10 μL pipette device in the middle of the
dish, and the floating cells were removed with PBS. Then,
different formulations of PN, PNC and PNCE (400 ng mL−1

NIN in each formulation) containing TGF-β (5 ng mL−1) or LPS
(2 μg mL−1) were incubated with the fibroblasts or macro-
phages for 24 h, respectively. The extents of wound healing
were observed using an inverted microscope in each group.

Expression of monocyte chemo-attractant protein-1 (MCP-1) in
macrophages and platelet derived growth factor (PDGF) in
fibroblasts

For the expression of MCP-1 or PDGF, macrophages or fibro-
blasts were cultured in 6-well plates with cell climbing slices (2
× 105 cells per well) for 24 h. The cells were treated in
RPMI-1640 and free FBS with LPS (2 μg mL−1) or TGF-β (5 ng
mL−1) media for 24 h, and then the cells were incubated with
PNCE, PNC, and PN (400 ng mL−1 NIN in each treatment) in
RPMI-1640 with LPS (2 μg mL−1) or TGF-β (5 ng mL−1) media
for 24 h. The climbing slices of macrophages and fibroblasts
were fixed with 4% paraformaldehyde. The cell climbing slices
were incubated with primary antibodies of mouse anti-MCP-1
or mouse anti-PDGF which was diluted with 1 : 1500 and
1 : 1000, respectively. Then cell climbing slices were washed
with PBS solution 3 times and incubated with the secondary
antibody of fluorescent tagged goat anti-mouse IgG (1 : 1000
dilution) for 1 hour. Finally, the expressions of MCP-1 and
PDGF were evaluated using an immunofluorescence
microscope.

The content of ROS

For the content of ROS, fibroblasts were cultured into a 24-well
plate with 5 × 104 cells per well for 24 h. The cells were stimu-
lated in RPMI-1640 and free FBS with TGF-β (5 ng mL−1)
media for 24 h firstly, then the cells were treated with PNCE,
PNC, and PN (400 ng mL−1 NIN in each formulation) in
RPMI-1640 and free FBS with TGF-β (5 ng mL−1) media for
24 h. The media were removed, and DCFH-DA (5 μM) was
added and incubated in RPMI-1640 with free FBS media in the
dark for 15 min. Then the cells were imaged with an inverted
fluorescence microscope.

Biodistribution of DiR labeled-PNCE (PNCE-DiR) and DiR
labeled-PNC (PNC-DiR)

IPF mice (21 days after injection of BLM) were evaluated for
biodistribution of PNCE-DiR, PNC-DiR and DiR. Then
PNCE-DiR, PNC-DiR and DiR were administrated by intrave-
nous injection. We first monitored the biodistribution of the
PNCE-DiR, PNC-DiR after intravenous injection using an
in vivo imaging system (Image Station In Vivo FX, USA). We
further examined the quantity of DiR in the major organs,
including the lung, heart, liver, spleen and kidneys to assess
the distribution of PNCE-DiR, PNC-DiR and DiR, shown as the
mean fluorescence intensity in the region of interest (ROI).

Target ability to MOMCs of PNCE-DiI

IPF mice were administrated PNCE-DiI and PNC labeled DiI
(PNC-DiI) to evaluate the target ability. After sacrifice of mice
at 2 h after intravenous injection, the lungs were obtained and
fixed with 4% paraformaldehyde. Then the lung sections were
deparaffinized and blocked for 30 min. The MOMCs were
labeled with the primary antibodies of CD 45, CXC chemokine
receptor-7 (CCR 7) and CD 11b of green, which were diluted
with 1 : 1000, 1 : 500 and 1 : 500, respectively. The lung tissues
were incubated with primary antibodies overnight at 4 °C.
Then lung slides were incubated with the secondary antibody
of goat anti-mouse and goat anti-rabbit IgG (1 : 1000 dilution),
respectively, for 1 h. Then lung sections were observed under a
fluorescence microscope.

Sensitive release ability of PNCE from MOMCs

IPF mice were administrated PNCE-DiI to evaluate the sensitive
release ability. After sacrifice of mice at different time points
(30 min, 2 h) after intravenous injection the lungs were
obtained and fixed with 4% paraformaldehyde. Then the lung
sections were deparaffinized and blocked for 30 min. The
MOMCs were labeled with the primary antibodies of nanog of
green, which were diluted with 1 : 200. The lung tissues were
incubated with primary antibodies overnight at 4 °C. Then
lung slides were incubated with the secondary antibody of goat
anti-mouse IgG (1 : 1000 dilution) for 1 h. Then lung sections
were observed under a fluorescence microscope.
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Biodistribution of PNCE-DiI in macrophages and fibroblasts

IPF mice were administrated with PNCE-DiI to investigate the
accumulation in macrophages and fibroblasts. After the sacri-
fice of mice at 4 h after intravenous injection, the lungs were
obtained and fixed with 4% paraformaldehyde. Then the lung
sections were deparaffinized and blocked for 30 min. The
macrophages and fibroblasts were labeled with the primary
antibodies of F4/80 and CD 90 diluted with 1 : 1000 and 1 : 800
of green, respectively. Then lung slides were incubated with
the secondary antibody of goat anti-mouse and goat anti-
rabbit IgG (1 : 1000 dilution) for 1 h. Then lung sections were
observed under a fluorescence microscope.

Anti-fibrosis efficiency of PNCE, PNC and PN in vivo

IPF mice were randomly divided into five groups with five mice
per group: (1) BLM, (2) normal, (3) PN, (4) PNC and (5) PNCE.
To evaluate the treatment efficacy of PNCE, PNC and PN, IPF
mice were treated with PNCE, PNC and PN by intravenous
administration. The solution of drugs (100 µL, containing
0.6 mg mL−1 of NIN or 0.12 mg mL−1 of COL) was admini-
strated by intravenous injection. Mice were administrated
drugs at day 2, 4, and 6 by intravenous injection. All the
animals were sacrificed on day 21, and lungs were fixed or
freezed for further analysis.

TGF-β and IL-1β content by ELISA analysis

IPF progress could be accelerated by the innate immune
system, which led to the excessive proliferation of TGF-β and
IL-1β.23 The frozen lung tissues were homogenized for further
analysis of inflammation concentration. The contents of TGF-β
and IL-1β were detected by ELISA assay. The absorbance was
measured at 450 nm by UV-vis analysis.

Lung histology

IPF mice (21 days after treatment with PNCE, PNC and PN)
were anesthetized and sacrificed. The harvested lung tissues
were fixed in 4% paraformaldehyde solution, and then
embedded and sectioned in paraffin. Lung sections were then
subjected to hematoxylin and eosin staining (H&E staining)
and Masson staining. Then lung sections were observed under
a light microscope. H&E staining and Masson trichrome were
used to evaluate the degree of lung injury and collagen depo-
sition in lung tissues, respectively.

Immunohistochemistry (IHC)

The expressions of α-SMA and collagen I in lung tissues were
evaluated by IHC. The lung sections were deparaffinized and
blocked for 30 min. Then primary antibodies of mouse anti-
α-SMA and mouse anti-collagen I were diluted to 1 : 1000 and
1 : 500, respectively. The slides were incubated with primary
antibodies overnight at 4 °C. Then lung slides were washed
with PBS solution 3 times and incubated with the secondary
antibody of goat anti-mouse IgG (1 : 1000 dilution) for 1 h.
Then lung sections were observed under a light microscope.
Furthermore, we also detected the proportion of

M2 macrophages in lungs. The lung sections were incubated
with the primary antibodies of mouse anti-CD 163 (1 : 500) and
mouse anti-CD 68 (1 : 800) overnight at 4 °C. Then lung slides
were washed with PBS solution 3 times and incubated with the
secondary antibody of goat anti-mouse IgG (1 : 1000 dilution)
for 1 h. Then lung sections were observed under a fluorescence
microscope.

Serum biochemistry analysis

The whole blood samples for biochemical detection were col-
lected in an Eppendorf stand for 2 h at room temperature, and
then centrifuged at 3500 rpm for 10 min at 4 °C to gain the
serum samples. We further analyzed alanine aminotransferase
(ALT), aspartate aminotransferase (AST) and blood urea nitro-
gen (BUN) using an automated analyzer.

Inflammatory cell analysis in whole blood

The whole blood was obtained from the eye orbit of mice and
stored in an anticoagulant tube containing EDTA. White cells,
lymphocytes, monocytes and neutrophils were detected using
a blood analyzer (Premier 3000, USA).

Statistical analysis

Data were calculated and processed as standard error of
measurement (mean ± S.E.M.). Comparison between all the
groups was performed with one-way analysis of variance
(ANOVA), and the data between two groups were determined
with Student’s t-test. Statistical significance was defined as *P
< 0.05, **P < 0.01. ***P < 0.001.

3. Results and discussion
Preparation and characterization of PNCE

PNCE liposomes were prepared by the film dispersion
method.24 The dual drugs NIN and COL could be encapsulated
into the hydrophobic layer and hydrophilic layer of the vehicle
by hydration, respectively (Fig. 1A). The peptide E5 was grafted
into the PNCE by Michael reaction. As determined by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
(Fig. 1B), 1H NMR spectroscopy (Fig. S1†) and infrared spec-
troscopy (Fig. S2†), we successfully prepared PNCE and the
grafting rate of peptide E5 in the PNCE was 57.9%. The par-
ticle size of PNCE was 99.88 ± 4.15 nm, as determined by
dynamic light scattering (DLS) (Fig. 1C), and PNCE showed a
homogeneous morphology of spherical nanoparticles by trans-
mission electron microscopy (TEM). The PC, PN and PNC were
prepared as control treatment groups, and the relative particle
sizes were 91.45 ± 5.69 nm, 91.11 ± 6.14 nm and 106.16 ±
7.49 nm, respectively (Table S1†). The absorbance of NIN at
391 nm and that of COL at 350 nm were observed by UV-vis
spectroscopy with PNCE, which indicated that both drugs were
encapsulated into the hydrophilic and hydrophobic layers of
PNCE (Fig. 1D). Considering that there is some overlap
between NIN and COL absorption at 350 nm, the drug con-
tents of NIN and COL in the liposomes were determined by
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RP-HPLC, respectively (Fig. S3 and S4†). The EE % of NIN in
PNCE was 105.84 ± 8.37%, and the EE % of COL was 68.91 ±
7.61%. The LE % of NIN in PNCE was 1.34 ± 0.02%, and the
LE % of COL was 3.45 ± 0.07% (Table S2†). And other formu-
lations were also detected in Table S2.† As shown in Fig. 1E,
PNCE showed good stability in the media of PBS, RPMI 1640
(±) and 5% glucose, implying that the PNCE was a long circu-
lating liposome, which is beneficial for treating disease.
Moreover, we investigated the targeting ability of PNCE to
CXCR 4 in vitro.25–27 The A549 membrane protein was chosen
as the control group, which barely expressed the CXCR 4 recep-
tor. The results showed that the fluorescence intensity in the
MOMC group increased 2-fold compared to that in the
A549 group. In addition, compared with DiI labeled PNC-DiI,
PNCE-DiI had a stronger fluorescence intensity. The data indi-
cated that the MOMC membrane protein could specifically
conjugate with PNCE-DiI (Fig. 1F). In addition, most of the
PNCE would bind to CXCR 4 on MOMCs and not be interna-
lized within a certain time. The main reason was that func-
tional CXCR 4 was overexpressed and mediated cell migration
rather than endocytosis.28–30 Furthermore, the sensitive
release ability of PNCE from MOMCs was detected in vitro. The
results demonstrated that PNCE was separated from the
MOMCs after incubating with MMP-2, confirming that PNCE
could be released sensitively from MOMCs by MMP-2.
However, this result disappeared after incubation of ilomastat
with MOMCs@PNCE (Fig. 1G). The main reason is that ilo-
mastst is an antagonist of MMP-2, which can inhibit the
activity of MMP-2 without releasing PNCE-DiI.

Specific recognition, sensitive release, cellular uptake and
intracellular localization in vitro

The prerequisites for PNCE to be able to treat IPF in vivo are
their effective adhesion to the MOMCs. To explore the efficient

Fig. 1 PNCE design, preparation, and characterization. (A) Schematic
showing the preparation of PNCE. (B) The SDS-PAGE of peptide E5,
PNCE and PNC. (C) The size distribution and TEM images of the PNCE.
(D) UV–vis absorption spectra of the NIN, COL, and PNCE. (E) The stabi-
lity test of PNCE under the conditions of PBS, 1640 (±) and 5% glucose.
(F) The targeting ability of peptide E5 to CXCR 4 (n = 9). (G) The sensitive
release ability of PNCE from MOMCs by MMP-2 (n = 9).

Fig. 2 Specific recognition, sensitive release, cellular uptake and intra-
cellular localization in vitro. (A) Characterization of the interaction of
MOMCs with DiI labeled PNC and PNCE. (B) The particle size of PNCE
MOMCs and MOMCs@PNCE. (C) The zeta potential of PNCE, MOMCs
and MOMCs@PNCE. (D) Schematic of MMP-2-mediated sensitive
release of PNCE from MOMCs. (E) The changes of particle size in
MOMCs@PNCE after incubating with MMP-2. (F) The changes of particle
size in MOMCs@PNCE after incubating with MMP-2 and ilomastst
(MMP-2 inhibitor). (G) Schematic of the uptake and internalization of the
released PNCE–coumarin 6; (i) cellular uptake and lysosome escape
analyzed by CLSM in fibroblasts; (ii) cellular uptake and lysosome escape
analyzed by CLSM in macrophages. Scale bars: 40 μm.
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targeting ability of PNCE for MOMCs in vitro, the specific
adhesion of PNCE to MOMCs was investigated. The MOMCs
were isolated from the peripheral blood of IPF mice according
to a reported method.21,22 The morphologies of MOMCs were
fusiform, and similar to stem cells. First, MOMCs were incu-
bated with PNC-DiI and PNCE-DiI and imaged by CLSM
(Fig. 2A). The confocal images showed that PNCE-DiI exhibited
a stronger red fluorescence on the surface of MOMCs rather
than in the cytoplasm. The results implied that PNCE had a
good affinity for MOMCs at different times, which was necess-
ary for the effective treatment of IPF (Fig. S5†). In addition, we
also measured the particle size and zeta potential of
MOMCs@PNCE. The data demonstrated that the particle sizes
of MOMCs@PNCE increased and the zeta potential also
changed, which indicated that PNCE could conjugate to
MOMCs (Fig. 2B and C). Furthermore, the PNCE would be
released in the form of MOMCs@PNCE due to the inclusion
called GPLGIAGQ in E5 which could be cut by MMP-231 over-
expressed in IPF lungs (Fig. 2D–F). Then, the detached PNCE
would be distributed to the IPF lungs, taken up and interna-
lized by macrophages and fibroblasts, respectively (Fig. 2G).
Moreover, the intracellular behavior of drugs affected the
therapeutic effect of PNCE. The results suggested that fibro-
blast uptake was a time dependent manner, and the uptake of
the released PNCE-C6 was similar to that of C6. Then, the
localization of the released PNCE-C6 and lysosomal escape in

lung fibroblasts were carried out by CLSM. The green fluo-
rescence of the released PNCE-C6 overlapped completely with
the red fluorescence from the lysosomes stained with
LysoTracker in 30 min, which implied that the released
PNCE-C6 was taken up into cells and then accumulated in lyso-
somes. Then, the green fluorescence mainly increased in the
cytoplasm and separated from the red fluorescence after 4 h,
which indicated that the released PNCE-C6 could escape from
lysosomes in a time-dependent manner. Then the cellular
uptake and intracellular localization in macrophages were also
investigated by CLSM, which showed that the released
PNCE-C6 could be taken up by macrophages and escape from
lysosomes.

Treatment efficacy of PN, PNC and PNCE in vitro

To investigate the anti-fibrosis effect of PNCE, PNC and PN, we
firstly evaluated their effective concentration in primary macro-
phages and lung fibroblasts to determine the secure dosing
range assessing the toxicity in vitro. At concentrations of NIN
less than 400 ng mL−1, the cell viabilities of macrophages and
fibroblasts were not influenced and the survival rates of those
were more than 80% (Fig. 3A and B). Thus, we chose this dose
as the desired concentration for further study. Interestingly,
compared with PN, PNCE and PNC showed significant cyto-
toxicity at concentrations of NIN more than 3.2 μg mL−1 in
macrophages, likely because COL could collaborate with NIN

Fig. 3 Anti-fibrosis effect of PNCE and PNC in vitro. (A) Cytotoxicity of primary macrophages after treating for 24 h with PN, PNC and PNCE. (B)
Cytotoxicity of primary fibroblasts after treating for 24 h with PN, PNC and PNCE (n = 3). (C, D) The levels of TGF-β (C) and IL-1β (D) after treating
with PN, PNC and PNCE in primary macrophages (n = 3). (E) Immunofluorescence staining for α-SMA (red) after treating for 24 h. Scale bar: 100 μm.
(F) Immunofluorescence staining for collagen I (green) after treating for 24 h. Scale bar: 100 μm. (G, H) Anti-fibrosis effect of PNCE and PNC in a co-
incubation model. Scale bar: 100 μm.
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to inhibit the proliferation of macrophages.16 This result was
powerful for predicting the subsequent anti-fibrosis effect
in vivo, because macrophages show over-proliferation during
the progression of IPF. Besides, the proliferation of fibroblasts
was also inhibited with the PNCE and PNC compared to PN at
the concentration of 400 ng mL−1 of NIN.

To further demonstrate the hypothesis that COL combined
with NIN could reduce cytokine secretion in macrophages, we
evaluated the content of IL-1β and TGF-β in vitro. We con-
firmed the inhibitory efficiency of PNCE, PNC and PN by asses-
sing the content of IL-1β and TGF-β in macrophages using the
ELISA assay. After treating with LPS, the level of TGF-β was sig-
nificantly improved compared to the normal group. After sti-
mulating for 24 h, the macrophages were incubated with
PNCE, PNC and PN to evaluate the content of IL-1β and TGF-β
(Fig. 3C and D). The PNCE and PNC had significantly powerful
capacities to reduce the inflammatory factor expression. The
reducing levels of TGF-β and IL-1β contents in the PNCE and
PNC groups increased 1-fold and 0.5-fold compared with that
in PN, respectively. We further evaluated the anti-fibrotic
efficacy of PNCE, PNC and PN via detecting α-SMA and col-
lagen I expression in vitro, which were the crucial indicators to
predict myofibroblast activation.23 The expressions of α-SMA
and collagen I were detected via immunofluorescence staining
after incubating with PNCE, PNC and PN for 24 h in IPF fibro-
blasts (Fig. 3E and F). The expression of α-SMA and collagen I
had significantly decreased after treating with PNCE and PNC
compared with that after treating with PN in fibroblasts, which
demonstrated that NIN collaborated with COL had an effective
capability to treat IPF in vitro. Then, the anti-fibrosis effect was
also investigated during the co-incubation of macrophages
and fibroblasts. The expressions of α-SMA in fibroblasts and
CD 68 in M1 macrophages were reduced in the PNCE and PNC

groups, which also demonstrated that the PNCE and PNC
could inhibit fibroblast activation and M1 macrophage pro-
liferation by the synergistic effect of COL and NIN (Fig. 3G and
H).

Treatment mechanism of PNCE in vitro

The main reason for the anti-fibrosis effect of NIN is that
M1 macrophages secrete quantities of inflammatory factors,
such as IL-1β to promote the re-activation of fibroblasts
(Fig. 4A). In the early IPF, the macrophages are mainly
M1 macrophages to promote the inflammatory activation and
accelerate the IPF progression. If the proportion of M1 to M2
is balanced after treating with formulations, the development
of IPF will be shut down, achieving better anti-fibrosis effects.
And then we calculated the proportion of M1 and
M2 macrophages after treating with different formulations by
immunofluorescence staining. It was observed that the quan-
tity of M1 macrophages increased significantly compared to
normal after stimulated by LPS, and the proportion of M1 and
M2 was close to equilibrium after PNCE and PNC treatment
(Fig. 4B). Furthermore, we also examined the expression of NF-
κB and ERK 1/2, which were the key pathways for macrophage
polarization. The results showed that PNCE could effectively
reduce the expressions of NF-κB and ERK 1/2, and promote the
proliferation of M2 macrophages, which was beneficial for
enhancing the IPF therapy (Fig. 4C). Therefore, it was a prere-
quisite for effective treatment of IPF to regulate innate
immune response before or simultaneously inhibiting fibro-
blast activation. In addition, the migration of macrophages
and fibroblasts could also aggravate the progress of IPF.32,33 In
the wound healing experiment (Fig. 4D), the PNCE and PNC
groups could inhibit the invasion ability of primary fibroblasts,
and about 250 μm and 225 μm were shortened compared with

Fig. 4 Anti-fibrosis mechanism of PNCE and PNC in vitro. (A) Schematic of the progression and treatment of IPF. (B) The proportion of M1 and
M2 macrophages. Scale bar: 200 μm. (C) The expression of NF-κB and ERK 1/2. (D) Wound-healing assay of primary fibroblasts and macrophages,
respectively. Scale bar: 100 μm. (E) The level of MCP-1 in LPS induced macrophages. Scale bar: 100 μm. (F) The level of PDGF in TGF-β induced fibro-
blasts. Scale bar: 100 μm. (G) The content of ROS in TGF-β induced fibroblasts after incubating with different formulations. Scale bar: 100 μm.
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the TGF-β induced fibroblasts, respectively. In the PN group,
the wound healing capacity of cells was also inhibited to some
extent; the wound healing was shortened to about 150 μm
compared to TGF-β induced fibroblasts, indicating that the
combination of NIN and COL had a synergy effect to inhibit
fibroblast proliferation and differentiation compared to single
NIN. Furthermore, we also detected the capacity of inhibiting
macrophages in various formulations. The shortened distance
in PNCE, PNC and PN was 200 μm, 100 μm and 50 μm, respect-
ively. The results implied that the PNCE group had the stron-
gest ability to inhibit cell invasion compared to PNC and PN
groups. MCP-1 was a small cytokine in the CC chemokine,
which played an important role in the pro-inflammatory che-
motactic activation effect on macrophages. The images of the
MCP-1 level showed that the expression was obviously
decreased in the PNCE and PNC groups, and the efficacy of the
PNCE group was better than that of the PNC group (Fig. 4E).
The combination of COL and NIN could inhibit the secretion
of inflammatory cytokines by macrophages, and the inflamma-
tory response was also blocked in IPF. We further investigated
the expression of PDGF in fibroblasts, which was an indicator
to evaluate the activation of fibroblasts transforming into myo-
fibroblasts. The PDGF expression was significantly reduced in
the PNCE group, and PNC could also inhibit the expression of
PDGF. However, PN showed the worst ability for PDGF inhi-
bition (Fig. 4F); this demonstrated that dual-drug combination
could effectively inhibit the activation of fibroblasts and thus
decrease the accumulation of the ECM to achieve the treat-
ment of IPF. The activation of fibroblasts may be due to oxi-
dative stress.34 The content of ROS in fibroblasts was also
investigated by DCFH-DA (Fig. 4G). The results displayed that
the extensive increase of ROS content could be alleviated to
some extent after treating with PNCE compared with the
control groups, which suggested that PNCE could inhibit the
activation of fibroblasts to myofibroblasts by regulating oxi-
dative stress.

Biodistribution of PNCE and PNC

The biodistribution of the DiR labeled PNCE and PNC was
then investigated using an in vivo living system. Detection of
accumulation of DiR labeled PNCE and PNC in the lungs was
performed using IPF mice at 1, 8, and 24 h after intravenous
injection. The DiR fluorescence in the PNCE-DiR group was
found to accumulate mainly in the lungs compared with that
in PNC-DiR (Fig. 5A). In addition, the lung fluorescence inten-
sity achieved the highest level at 8 h in the PNCE-DiR group,
and the fluorescence was still detected at 24 h; however, there
was almost no fluorescence in the lungs of the PNC-DiR group.
The result suggested that PNCE-DiR could accumulate efficien-
tly in the lungs depending on the MOMC homing ability com-
pared to the PNC-DiR group. To accurately analyze the fluo-
rescence, we further measured it in the major organs, includ-
ing the lungs and other organs (liver, heart, spleen and
kidneys) at the time points mentioned above. The trend of
fluorescence intensity in the lungs was the same as that in

in vivo imaging (Fig. 5B). A stronger fluorescence was observed
in the lungs and little was found in the liver. These results
indicated that PNCE-DiR could effectively deliver drugs to the
lungs depending on the targeted ability of peptide E5 to circu-
lating MOMCs, which were recruited to the lungs via receptors
and the ligand in vivo. Furthermore, we also evaluated the fluo-
rescence intensity of DiR at different time points in the
PNCE-DiR and PNC-DiR groups (Fig. 5C). The fluorescence
accumulated the most in the lungs at 8 h in the PNCE-DiR
group. By contrast, there was little fluorescence in the lungs in
the PNC-DiR group. Moreover, the PNCE-DiR group still had
accumulated fluorescence in the lungs at 24 h, which showed
that PNCE-DiR had a long period of systemic circulation and it
was beneficial for the long-term treatment of IPF in vivo.

Target mechanism of PNCE-DiI to MOMCs

To confirm our hypothesis, we evaluated the mechanism of
PNCE-DiI accumulated efficiently in the lungs depending on
the MOMC homing capacity by tracer experiment. DiI acted as
a tracer to present PNCE-DiI behavior, and Nanog expressed by
MOMCs was labeled with green fluorescence. The fluorescence
intensity of DiI in the IPF lungs is shown in Fig. 6A after
administration of PNCE-DiI and PNC-DiI via intravenous injec-
tion. The DiI fluorescence of PNCE-DiI had higher fluo-
rescence intensity in the lungs than that in the PNC-DiI group.
Meanwhile, the green fluorescence and red fluorescence over-
lapped completely, which may be due to the fact that
PNCE-DiI adhered to MOMCs firstly in the circulation and
then was delivered to the lungs. Then, we further labeled
CCR-7 in green, which was overexpressed on the surface of

Fig. 5 Biodistribution of the PNCE-DiR and PNC-DiR after intravenous
injection. (A) In vivo fluorescence images of BLM-induced IPF mice
obtained at 1 h, 8 h and 24 h post-injection with PNCE-DiR and
PNC-DiR. (B) Ex vivo fluorescence images of the lungs, heart, liver,
spleen and kidneys at 1 h, 8 h and 24 post-injection. (C) Quantitative
analysis of the ex vivo DiR fluorescence intensity of the lung/liver at
different point times (n = 3).
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MOMCs. The fluorescence intensity was observed in lung sec-
tions and a large amount of red fluorescence appeared around
the green fluorescence. The results implied that PNCE-DiI
could follow MOMCs exactly to the lungs due to the homing

ability of MOMCs. In addition, it is possible that some of the
PNCE may not be delivered to the lungs due to the complexity
of systemic circulation in vivo, and PNCE of this part may have
been delivered to other organs or cleared. Then, we verified
the targeting ability of PNCE-DiI by two antibodies of leukocyte
common antigen (CD 45 and CD 11b) (Fig. 6B). The results of
fluorescence intensity indicated that PNCE-DiI overlapped
with MOMCs labeled with green fluorescence, showing a
yellow fluorescence. The result ensured that PNCE-DiI could
target MOMCs in vivo and then be delivered to the lungs due
to the homing ability of MOMCs. This situation demonstrated
that PNCE could be delivered to the lung tissues and con-
firmed the therapeutic efficacy for IPF. This strategy of efficient
drug delivery provided the basis for better treatment of IPF.
We further evaluated the sensitive separation of PNCE-DiI
from the MOMC surface when MMP-2 overexpressed in the IPF
lungs by immunofluorescence staining. The red fluorescence
of DiI overlapped with the green signal of Nanog representing
MOMCs after injecting PNCE-DiI for 30 min (Fig. 6C). And
then the lungs were collected after administration for 2 h; the
result showed that the red signal and the green signal were
separated, which indicated that PNCE-DiI could be released
from MOMCs to treat IPF. In addition, we also detected the
fluorescence intensity of Nanog-bound PNCE-DiI on MOMCs
at different times (Fig. S6†). Furthermore, we also measured
the PNCE-DiI accumulation in macrophages and fibroblasts,
respectively. The results showed that PNCE-DiI could overlap
with fibroblasts and macrophages labeled with green fluo-
rescence, which indicated that PNCE could be delivered to
these cells for IPF therapy (Fig. 6D).

Anti-fibrotic effects of PNCE in vivo

After investigating the ability of accumulation and retention of
PNCE in the lungs, various anti-fibrotic formulations were
then administered to IPF mice by intravenous injection
(Fig. 7A). We first evaluated the anti-fibrotic efficacy via H&E
staining (Fig. 7B). The necrotic regions were decreased in the
PNCE group than in the PNC, PN and BLM groups. In the BLM
group, the lungs exhibited severe deficiency of parenchyma,
and the alveoli diameter became larger and alveolar walls
became thicker than those of the normal group. Meanwhile,
infiltration of inflammatory cells including macrophages was
also observed in lung tissues. In addition, lung tissues in the
PNCE group showed significantly ameliorated IPF progression
with decreasing inflammatory cell infiltration and a recovering
bronchiolar structure normally compared with those in the
PNC and PN groups. In addition, the quantities of alveoli in
the PNCE were increased 0.5-fold, compared with the BLM
group, which implied that mice breathing achieved the great-
est improvement in the PNCE group than other treatments.
Then we demonstrated the collagen deposition via Masson
staining (Fig. 7C). Compared with the BLM group, collagen
deposition as shown in the blue area obviously decreased after
treatment with PNCE compared with the BLM group. The treat-
ment efficacy of PNCE in H&E staining and Masson staining

Fig. 6 The targeting mechanism of PNCE-DiI to IPF lung tissues after
intravenous injection. (A) The targeting ability of PNCE-DiI and PNC-DiI
to IPF lung tissues in vivo. Scale bars: 2 mm. (B) Representative fluor-
escence intensity showing CCR-7, CD45 and CD11b labeled MOMCs
(green) and treated with PNCE-DiI in lung tissues. (C) Schematic
showing the sensitive release process of PNCE from MOMCs and the
process of released PNCE-DiI from MOMCs. Scale bars: 50 μm. (D)
Biodistribution of PNCE-DiI in macrophages and fibroblasts. Scale bars:
100 μm.
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was better than that of the PN and PNC groups. In addition,
we confirmed the anti-fibrotic efficacy using IHC with α-SMA
and collagen I. More decreasing expression of α-SMA was
found in the PNCE group than in other groups (Fig. 7D). The
expression of α-SMA was the crucial biomarker to evaluate the
IPF treatment efficacy because it could determine whether

myofibroblasts were overactivated, and the data demonstrated
that PNCE could inhibit myofibroblast over-activation effec-
tively compared to other groups. The PNC had also a lower
treatment efficacy than PN, however, it was not as effective as
PNCE, owing to the lack of the lung-targeting ability. Similarly,
the deposition of collagen I also decreased in the PNCE group;
the decreasing trend was the same as α-SMA expression, indi-
cating that the minimum area of collagen I deposition
appeared in the PNCE group compared with other groups
(Fig. 7E). Moreover, we also detected the biosecurity of
different formulations by H&E staining. The results implied
that the major organs were healthy after treatment for 21 days,
demonstrating that systemic toxicity was rarely exhibited by
intravenous injection of the PNCE, PNC and PN groups
(Fig. S7A†). In addition, as shown in Fig. S7B–D,† there were
no significant changes in the levels of AST, ALT and BUN,
suggesting that the functions of the liver and spleen remained,
and hepatocytes and nephrocytes were not damaged after
administration with each group. These results indicated that
the PNCE, PNC and PN groups rarely caused systemic toxicity
after administration for IPF treatment.

Anti-fibrosis mechanism of PNCE in vivo

To further investigate the therapeutic mechanism of PNCE, we
demonstrated the proliferation of inflammatory cells. With the

Fig. 7 Anti-fibrosis effects of PNCE, PNC and PN in vivo (n = 5). (A)
Treatment scheme and fibrosis scores for IPF treatment. (B) H&E staining
of lung tissues after different treatments. Scale bar: 200 μm. (C) Masson
staining of lung tissues to evaluate collagen deposition after different
treatments. Scale bar: 200 μm. (D) Representative IHC images of lung
tissues stained with α-SMA. Scale bar: 1 mm. (E) Representative IHC
images of lung tissues stained with collagen I. Scale bar: 1 mm.

Fig. 8 Anti-fibrosis mechanism of PNCE in vivo. (A) Schematic of the
anti-fibrosis mechanism of PNCE in vivo. (B) Proliferation of white blood
cells. (C) Proliferation of lymphocytes. (D) Proliferation of monocyte
cells. (E) Proliferation of neutrophil cells. (F) The level of TGF-β1 in lung
tissues. (G) The level of IL-1β in lung tissues. The whole blood was tested
in all groups (n = 5). (H) The expression of CD 163 and CD 68 after treat-
ing with different formulations. Scale bar: 200 μm.
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progress of IPF, the proliferation of neutrophils and white cells is
the main reason to induce lung parenchyma injury and fibrosis
of the alveolar structure.35 The schematic showed that PNCE
treated IPF by regulating innate immune responses (Fig. 8A).
Lower proliferations of white cells, lymphocytes, monocytes and
neutrophils were observed in PNCE compared with other groups,
suggesting that PNCE could inhibit the IPF process via blocking
inflammatory response (Fig. 8B–E). Besides, we also detected the
content of TGF-β and IL-1β in lung tissues, which were the major
cytokines in IPF that were involved in cell proliferation, differen-
tiation, and ECM production.36,37 Furthermore, the expressions
of TGF-β and IL-1β in IPF lung tissues were significantly
decreased expression in PNCE (Fig. 8F and G). Besides, the treat-
ment efficacy of PNCE was better than that of the PNC and PN
groups. The main reason for the poor therapeutic effect was the
deficiency of a lung targeted or dual drug synergistic effect in the
PNC and PN groups. In addition, we also detected the proportion
of M1 macrophages after treating with different formulations
(Fig. 8H). The population of M1 macrophages exhibited signifi-
cant reduction in PNCE than in the PN and BLM groups, which
suggested that the effect of NIN on IPF treatment could be
enhanced by regulating the immune response. In addition,
effective delivery of dual drugs was also pivotal for IPF therapy.

4. Conclusions

In IPF treatment, the over-activation of inflammatory
responses and pro-fibrotic effects lead to unsatisfactory anti-
fibrosis efficacy. Herein, we built a nanoengineered immuno-
suppressive therapeutic (PNCE) which could firstly target
MOMCs and then be delivered into IPF lungs, and could be
detached sensitively from MOMCs. Hereinto, COL acted on
macrophages modulating M1 macrophages into
M2 macrophages in innate immune responses, thereby further
enhancing the suppressing effect of NIN on fibroblast acti-
vation, and improving the efficacy of IPF treatment.

In conclusion, we confirmed that in the case of the
immune inhibitor COL, the anti-fibrosis ability of NIN had a
significant enhancement. This strategy showed excellent
results and strongly supports the use of COL to enhance IPF
treatment. Modulation of the macrophage polarization and
reduction of fibroblast over-proliferation could significantly
downregulate collagen accumulation, improving the IPF treat-
ment efficacy. These results suggested that the nanoengi-
neered immunosuppressive therapeutic with a co-delivery
immune regulator and anti-fibrotic drugs is an effective strat-
egy to improve the therapeutic efficacy for IPF.
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