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Voluntary-Opsonization-Enabled Precision Nanomedicines

for Inflammation Treatment

Shuya Li, Min Li, Shaohu Huo, Qin Wang, Jing Chen, Shenggang Ding, Zhutian Zeng,

Wenchao Zhou, Yucai Wang,* and Jun Wang*

Nanomedicines that target specific blood cells represent an emerging
strategy to improve drug biodistribution. However, the protein corona usu-
ally disrupts nanomedicine targeting to cells and tissues. Herein, instead of
exploring synthetic methods to mitigate the impact of the protein corona, its
natural interactions with blood cells are leveraged and turn the protein corona
into an active ingredient in treating lung inflammation. It is discovered that
molecularly engineered liposomes with inverse phosphocholine lipids rapidly
enrich complement fragment iC3b by “voluntary opsonization,” which trig-
gers neutrophil hijacking through complement receptor 3 phagocytosis. This

is to modify the surface of nanoparticles
with antibodies or ligands that bind spe-
cifically to the receptors expressed on the
target cell membranes.’l However, the
desired nanoparticle-cell interaction will
be essentially blocked by the newly formed
“protein corona.”™ Hence, the reliability
and efficiency of hitchhiking desired cell
subsets as a drug delivery strategy remains
a fundamental challenge.

Once administrated intravenously (i.v.),
the surface of nanomaterials is imme-

neutrophil targeting is cell-state dependent as only those activated by acute
inflammation display efficient neutrophil reconstruction. The liposome-
loaded neutrophils migrate across the alveolar-capillary barrier, accumulate in
the inflamed lung parenchyma within hours, and release their payloads to kill
the bacteria. This work shows that, in addition to biological cells, the protein
corona can be a new platform for active and precision nanomedicine.

In situ hitchhiking of blood cells as vehicles for nano-sized
therapeutic and diagnostic agents is a promising strategy for
drug delivery.ll The privilege of these strategies has resulted
from the innate delivery abilities of live cells such as circulation
throughout the body, active crossing through biological bar-
riers, and chemotactic homing to disease sites.[?! As the prereq-
uisite for a successful hitchhiking, the nanomedicines should
acquire a high binding affinity to desired cell types or popula-
tions. The general strategy for nanomedicines to hitchhike cells

diately covered by a layer of blood pro-
teins, termed as the protein corona or
biomolecular corona.’! The amount and
type of protein corona vary considerably
in accordance with inherent physico-
chemical characteristics of nanoparticles,
which inevitably alter the nano-biological
interfaces such as targeting efficiency,
immunogenicity, and intracellular toxicity
of the particles.ll Anti-fouling coating of nanoparticles such as
poly(ethylene glycol) decoration was initially used to decrease
the complications caused by the protein corona and to avoid
the clearance by the mononuclear phagocyte system (MPS).!
Recent studies have revealed that the purposeful adsorption of
certain types of proteins, especially dysopsonins, could remodel
the identity of nanomaterials. For instance, coating nanoparti-
cles with albumin, clusterin in vivo, or pre-adsorption of apoli-
poprotein E in vitro prevented nonspecific uptake by phagocytic
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cells and improved their circulation in blood.®! Instead of trying
to develop new methods to avoid its formation, we propose an
unusual strategy, that is, by finely tuning the chemical composi-
tion of nanoparticles, we may engineer the protein corona with
spontaneous enrichment of particular blood proteins. Such
recruited proteins would have high affinity to certain blood
cells to enable effective hitchhiking of the cells for nanoparticle
transportation.

Herein, as a proof-of-concept, we demonstrate “voluntary
opsonization” with naturally occurring complement fragments
on nanoparticles to mediate selective targeting of activated
neutrophils, the most abundant leukocytes are chemoattracted
to inflamed sites (Figure 1A). The complement system is the
first line of defense against foreign intruders by rapidly tag-
ging and lysing them.”) However, more interestingly, some
pathogens take advantage of complement system to hitchhike
cells through complement fragment iC3b “voluntary opsoniza-
tion” and complement receptor 3 phagocytosis, which is also
a safety mechanism for clearing apoptotic cells in vivo.1% We
demonstrate that liposomes composed of inverse phosphocho-
line lipids (CP) efficiently target activated neutrophils rather
than the quiescent neutrophils, which are delivered to inflamed
sites in the lung through neutrophil recruitment cascade. The
complement fragment iC3b opsonization is responsible for
the specific neutrophil entry by liposomes, as demonstrated
by C3 binding and the receptor blocking assays. Neutrophils
carrying liposomes migrate across the alveolar-capillary bar-
rier into inflamed tissues, wherein neutrophils either release
drug-loaded liposomes via the formation of neutrophil extracel-
lular traps (NETS) or serve as micro-containers to confine both
drug-loaded liposomes and bacteria intracellularly for bacteria
killing, resulting in infection control (Figure 1B,C). This work
suggests a new approach for precision nanomedicine, in which
naturally occurring blood proteins are recruited to establish
engineered protein corona for targeted drug delivery.

Initially, we prepared liposomes with varied surface phys-
icochemical properties by changing the head-groups of the
corresponding lipids. Specifically, the lipids had different head-
groups and net charges but identical tails, which included ani-
onic DOPG lipid, cationic DOTAP lipid, phosphocholine lipid
of neutral DOPC, as well as inverse phosphocholine lipids of
neutral DOCPe and anionic DOCP lipids (Figure 2A). The
liposomes were prepared by a conventional thin-film hydra-
tion and extrusion method and hereafter denoted as n-DOPGs,
n-DOTAPs, n-DOPCs, n-DOCPes, and n-DOCPs, respectively.
Dynamic light scattering (DLS) measurement and cryo-trans-
mission electron microscopy (cryo-TEM) observation revealed
that the liposomes had a spherical morphology with an average
size of =120 nm (Figure 2B; Figure S1, Supporting Informa-
tion). Zeta potential measurements confirmed the different sur-
face charges of the liposomes (Figure 2B).

To investigate the interactions of liposomes with circulating
leukocytes in a mouse model of endotoxin-induced acute lung
injury (ALI), which is characterized by a high fatality rate and
extensive infiltration of neutrophils in lungs.’! At 4 h post
intranasal (in.) administration of lipopolysaccharide (LPS),
we observed a =5-fold increase of neutrophils (CD11b*Gr-
1high) (from 10.8 + 1.5% to 50.0 + 6.8% relative to total leu-
kocytes) in blood (Figure S2, Supporting Information). The

Adv. Mater. 2020, 2006160

2006160 (2 of 10)

www.advmat.de

upregulation of CD11b expression on neutrophils was observed
after LPS administration, indicating the rapid activation of
neutrophils (Figure S3, Supporting Information).' The
ALI mice were further iv. administrated with liposomes
labeled with fluorescent dye 3,3’-dioctadecyloxacarbocyanine
(i.e., n-DOPCs@DiO, n-DOCPes@DiO, n-DOCPs@DiO,
n-DOPGs@DiO, n-DOTAPs@DiO). At 10 min post adminis-
tration, the ALI mice showed a 10.3-fold increase in the ratio
of n-DOCPs@DiO" neutrophils (CD11b* Gr-1high) Figure S4,
Supporting Information) and a 21.1-fold increase in cellular
n-DOCPs@DiO mean fluorescence intensities (MFI) of neutro-
phils in blood compared to healthy mice (i.e., without i.n. LPS
administration) (Figure 2C). This observation confirmed that
n-DOCPs were able to selectively tag to inflammation-activated
circulating neutrophils, rather than the resting ones. By contrast,
the internalization of n-DOPCs@DiO and n-DOCPes@DiO by
neutrophils was minor due to their intrinsic anti-fouling prop-
erties of the zwitterionic head-groups,¥l and the internaliza-
tion of other charged liposomes by neutrophils were lower than
n-DOCPs. We further quantitatively compared the distribution
of liposomes among various leukocyte subsets by multiplying
the percentage of individual leukocyte population with their cel-
lular MFI of DiO (Figure 2D). In the ALI model, approximately
70.4% of n-DOCPs in blood were encapsulated in activated neu-
trophils (Figure 2D).

To observe the dynamic interactions between n-DOCPs and
activated neutrophils, we imaged the vessels in the inflamed
ear of mice induced by endotoxin. At 2 h post LPS challenge,
the mice were injected with PE-labeled Ly6G antibody and
1,1"-dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanine per-
chlorate (DiD)-labeled n-DOCPs (n-DOCPs@DiD) or n-DOPCs
(n-DOPCs@DiD, as an anti-fouling and long circulating con-
trol). Immediately, the blood vessels under the ear skin were
imaged using intravital microscopy (IVM). The majority of neu-
trophils in LPS-challenged mice appeared to be elongated and
were adherent to or slowly crawling along the endothelium, all
of which were the prototypical features of activated neutrophils.
These cells were rapidly targeted by n-DOCPs within 6 min
(Figure 2E; Movie S1, Supporting Information). By contrast,
the long blood circulating n-DOPCs freely flowed through the
vessels without co-localizing with activated neutrophils, leaving
behind some dark areas in places where the neutrophils occu-
pied (Figure 2F; Movie S2, Supporting Information). Moreover,
high-resolution imaging of neutrophils isolated from blood
revealed the accumulation of n-DOCPs but not n-DOPCs in the
cytosol of activated cells (Figure S5, Supporting Information).

To explore the mechanisms underlying the targetability of
n-DOCPs to activated neutrophils, we examined two essential
determinants, including: 1) the functional state of neutrophils
and 2) the protein corona adsorbed on n-DOCPs. Activated and
resting neutrophils were respectively isolated from bone mar-
rows of mice with and without intraperitoneal (i.p.) LPS admin-
istration, and the activation of neutrophils was evidenced by the
elevated expression of CD11b (Figure 3A; Figure S6, Supporting
Information). To mimic the formation of protein corona
under the in vivo inflammatory conditions, we used plasma
or serum from LPS-challenged mice for the co-incubation of
DiO-labeled liposomes and neutrophils. After 1 h incubation
in the presence of plasma, activated neutrophils internalized

© 2020 Wiley-VCH GmbH
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Figure 1. Schematic showing the concept of complement fragments tagging on the nanoparticles mediated rapid neutrophilic entry for inflammation
targeting. A) i) Chemokine gradient produced in response to acute lung inflammation induced by intranasal (i.n.) administration of S. pneumoniae.
if) Neutrophils are activated in the inflammation condition and upregulated the expression of complement receptor 3 (CR3). iiij) Complement protein
C3 is cleaved by tick-over or C3 convertase to generate activated fragment C3b, which quickly tags on n-DOCPs surface and is further degraded into
iC3b by complement regulators. iv) The binding of iC3b to CR3 achieves the entry of n-DOCPs into activated neutrophils, rather than resting ones.
B) Schematic showing that n-DOCPs-loaded neutrophils migrate across the alveolar-capillary barrier to inflamed alveoli in response to chemokine
gradient. C) Two possible mechanisms involved in the bacteria-killing effect of n-DOCPs loaded neutrophils. On the one hand, neutrophils release
encapsulated n-DOCPs through the formation of NETs. On the other hand, neutrophils serve as cellular microcontainers to intracellularly confine both
n-DOCPs and the bacteria, enabling a high local concentration of antibiotics to kill bacteria.
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Figure 2. n-DOCPs targeted activated neutrophils in inflammatory mice, but not resting ones in healthy mice. A) lllustration of the chemical structure
and net charge of DOPC, DOCPe, DOCP, DOPG, and DOTAP lipids. B) DLS measurements of the zeta-potential and the diameters of n-DOPCs,
n-DOCPes, n-DOCPs, n-DOPGs, and n-DOTAPs. C) Flow cytometry analyses of cellular DiO MFI of neutrophils in peripheral blood of mice received DiO-
labeled liposomes i.v. injection. *p<0.05, **p<0.01, n.s., not significant. D) Distribution of liposomes in different leukocytes in blood of mice with LPS
stimulation as defined by multiplying the percentage of leukocytes with cellular MFI of DiO. The inset showed the relative distribution of n-DOCPs in the
major phagocytes in blood as calculated using the equation (MFIx x Percentagex) /Z(MFIx x Percentagex), “x” represents neutrophils, monocytes, mac-
rophages, or other cells. E) Real-time intravital microscopy of dynamics of n-DOCPs (green) and F) n-DOPCs (green) with neutrophils (red) in the mice
ear vessel after subcutaneous injection of LPS. The white dotted curves and yellow solid curves indicated the vessel walls and neutrophils, respectively.

1.7-fold more n-DOCPs than the resting ones, confirming that
the activation of neutrophils was the prerequisite of the spe-
cific targeting of n-DOCPs (Figure 3B). In contrast, the uptake
of other liposomes was independent of the functional state of
neutrophils. In the presence of serum, that is, plasma without
fibrinogen that has been reported to inhibit complement

Adv. Mater. 2020, 2006160 2006160

activation," activated neutrophils showed even higher ability
of preying n-DOCPs than the resting ones (Figure S7, Sup-
porting Information).

The high-expressed CD11b on activated neutrophils is
the « chain of complement receptor 3 (CR3). CR3 is known
to mediate neutrophil adhesion as well as phagocytosis.!"”!

(4 of 10) © 2020 Wiley-VCH GmbH
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Figure 3. Complement proteins coating on n-DOCPs mediated rapid neutrophil targeting. A) The plasma and serum were collected from LPS-chal-
lenged mice. The DiO-labeled liposomes were mixed with plasma or serum. Activated and resting neutrophils were isolated from bone marrow of mice
with and without (i.e., healthy mice) i.p. LPS administration, respectively, and incubated with liposomes in vitro. B) Cellular DiO MFI of resting and
activated neutrophils after being incubated with DiO-labeled liposomes in the presence of plasma for 1h. C) Cellular DiO MFI of activated neutrophils in
peripheral blood of LPS-induced ALI mice. The mice were i.v. injected with the antibodies followed by n-DOCPs@ DiO injection. D) The inhibition ratio
of n-DOCPs uptake by neutrophils after CD11b receptor blocking. E) Cellular DiO MFI of activated neutrophils which were incubated with DiO-labeled
liposomes in the presence or absence of plasma for 1 h. F) Time-dependent change of cellular DiO MFI of activated neutrophils that were incubated
with n-DOCPs@DiO in the presence of either serum or heat-inactivated serum. ***p<0.001, ¥p<0.0001 versus the heat-inactivated serum group.
###1<0.001, ####p<0.0001 versus the without serum group. G) Cellular DiO MFI of activated neutrophils which were incubated with n-DOCPs@ DiO
in the presence of either serum or the serum with EDTA. H) Gel electrophoresis and western blot analysis of C3 in the serum or in the protein corona
of n-DOCPs. **p<0.01, ***p<0.001, ****p<0.0001, n.s., not significant.

We therefore sought to examine whether the internaliza- function-associated antigen-1 (LFA-1 or ¢4 f3, integrin) and Fcy
tion of n-DOCPs was mediated by the up-regulated CR3.  receptors (Fc)Rs) are also the primary surface receptors on neu-
Pre-treatment of inflaimmatory mice with CD11b antibody trophils that can mediate adhesion and phagocytosis, respec-
(e~CD11b) to block the CR3 significantly inhibited the uptake  tively.' However, the blockade of these receptors by antibodies
of n-DOCPs (Figure 3C). And we observed that the uptake  of ¢o+LFA-1 and orFcyR II/III, had no effect on the uptake of
of n-DOCPs by activated neutrophils was decreased by 672%  n-DOCPs by neutrophils (Figure 3C). Thereby, the internaliza-
+ 8.5% and 84.2% + 1.5% after CR3 blockade using 0.25 and  tion of n-DOCPs into activated neutrophils was mainly medi-
0.5 mg kg™ of -CD11b, respectively (Figure 3D). Lymphocyte  ated by the upregulated complement receptor 3.

Adv. Mater. 2020, 2006160 2006160 (5 of 10) © 2020 Wiley-VCH GmbH
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We next studied the role of protein corona in the neutrophil
uptake of n-DOCPs. Without plasma or serum, the uptake of
n-DOCPs by activated neutrophils decreased by 72.5% and
91.8% after 1 h co-incubation, respectively, suggesting that the
specific neutrophil targeting was dependent on certain protein
components adsorbed on the particles (Figure 3E,F). Interest-
ingly, pre-incubation with plasma decreased the internalization
of n-DOPGs and n-DOTAPs by neutrophils, probably because
the direct interaction between charged nanoparticles and cell
membrane was shielded after protein coating (Figure 3E). At
the same time, the uptake of neutral liposomes (n-DOPCs or
n-DOCPes) was not affected.

To determine the involvement of complement proteins, we
heat-inactivated serum (56 °C, 30 min) since most of the pro-
teins involved in the complement activation are heat-labile.l"!
With the heat-inactivated serum, we observed marginal inter-
nalization of n-DOCPs by activated neutrophils similar to that
without serum incubation (Figure 3F). Moreover, when complete
inhibition of complement activation was achieved by chelation
of divalent cations with 10 mm ethylenediaminetetraacetic acid
(EDTA),!"® we observed the loss of the ability of the serum to pro-
mote the uptake of n-DOCPs by activated neutrophils, indicating
the involvement of complement opsonization in the entry of
n-DOCPs into activated neutrophils (Figure 3G). We next investi-
gated the underlying mechanisms for complement opsonization
of n-DOCPs. It has been reported that protein corona of nano-
particles, rather than the native nanoparticle surface, provide
active sites for complement binding and amplification.”) We
used isothermal titration calorimetry (ITC) to assess the ther-
modynamic properties of the binding reactions between bovine
serum albumin (BSA) and liposomes. The titration of BSA to
n-DOCPs showed the highest heat release compared to other
liposomes, indicating the strong binding affinity between them,
which might be explained by the hydrogen and electrostatic
interactions between phosphate groups on n-DOCPs surface and
guanidine groups of arginine residue on BSA (Figures S8 and
S9, Supporting Information).?%) Meanwhile, label-free quantita-
tive liquid chromatography mass spectrometry was performed to
analyze the proportion of C3, the central complement effector
molecules, absorbed on liposomes. The results showed that the
amount of adsorbed C3 of n-DOCPs (4.4%) was higher than that
of n-DOPG (2.4%) and n-DOTAP (0.7%) (Figure S10, Supporting
Information). Thus, we conclude that n-DOCPs provide a more
stable protein corona for C3 fixation and amplification, which
collectively lead to selective neutrophils targeting.

To further verify the presence of C3 on n-DOCPs, the pro-
tein coronas on n-DOCPs were separated with sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under
reducing conditions and analyzed by western blot using recom-
binant anti-C3 monoclonal antibody. The results showed that
almost all C3 fragments bound on n-DOCPs were degraded
into iC3b with a much higher level than that in the serum
(Figure 3H). However, there was no enrichment of iC3b on
n-DOCPs after incubation with heat-inactivated serum, sug-
gesting that the proteolytic cascade activation is required for the
enrichment of iC3b on n-DOCPs. Given that the CR3 is recog-
nized as the receptor for the complement fragment iC3b,2! it is
reasonable to conclude that the internalization of n-DOCPs by
activated neutrophils is mainly mediated by iC3b-CR3 binding.
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The alveolar-capillary barrier is formed by the capillary wall
and alveolar wall. The barrier is mostly impermeable to most
solutes and prevents fluid exchange between vasculature and
alveoli (Figure 4A).?2 In endotoxin-induced mice ear inflam-
mation model, we observed migration and transmigration of
neutrophils containing n-DOCPs@DiD from blood into the
deep tissue (Figure 4B; Movie S3, Supporting Information).
To directly quantify the numbers of n-DOCPs@DiO* neutro-
phils in bronchoalveolar lavage fluid (BALF) using flow cytom-
etry, we found the percentage of n-DOCPs@DiO* neutrophils
showed a steep rise from 72% at 10 min post injection reaching
to 96.2% at 30 min (Figure 4C). The enhancement occurred
concurrently with the decrease of n-DOCPs@DiO* neutrophils
in the blood (Figure S11, Supporting Information). With the
same settings, there were less than 21.7% of n-DOPCs@DiO"*
neutrophils in BALF, ruling out the possible enhancement of
tissue infiltration of n-DOCPs@DiO due to LPS-induced bar-
rier disruption. Direct imaging of the major organs excised
at 30 min post liposomes injection showed that the 53.1% of
injected n-DOCPs were accumulated in the inflamed lungs, in
contrast to 16.6% for n-DOPCs (Figure 4D). In addition, closer
analyses of fluorescence ratios of lung to liver further demon-
strated the remarkable targetability of n-DOCPs to the inflamed
lung (Figure 4E).

To explore the potential of activated neutrophils to deliver
nanomedicines to the lung and relieve ALI and bacterial
infection, we first tested whether the n-DOCPs uptaken by
neutrophils could be released at the inflamed sites. Leukocytes
isolated from the BALF of n-DOCPs@DiD-treated ALI mice
were stained with PE-labeled anti-Ly6G and DAPI. The plasma
membranes of most neutrophils were disrupted, accompa-
nied by the release of web-like DNA, indicating the formation
of NETs (Figure 4F).23] Thus, it is understandable that the
n-DOCPs in neutrophils could be released under the inflam-
matory condition. Moreover, a mouse model of pneumococcal
pneumonia was established by instilling clinically isolated
Streptococcus pneumoniae (S. pneumoniae) into the mouse nos-
trils. As expected, the S. pneumoniae infection increased the
proportion and number of neutrophils in blood and BALF
(Figure S12, Supporting Information). One major challenge in
the clinical use of antibiotics to treat S. pneumoniae infection is
that bacteria can hide inside phagocytes to avoid antibiotic con-
tact because of the antibiotics lacking cellular accumulation.?4
Interestingly, we observed that neutrophils in BALF simultane-
ously phagocytosed both n-DOCPs and S. pneumoniae, as evi-
denced by the co-localization of their fluorescence signals in
the cytosol of neutrophils (Figure 4G). Thus, for n-DOCPs, neu-
trophils also served as cellular micro-containers that could con-
fine both antibiotics and the bacteria intracellularly and hence
enabled a high local concentration of antibiotics to kill bacteria.

For the evaluation of the ability of drug loaded n-DOCPs
to relieve ALI, the mice pre-challenged with LPS were treated
with a single iv. injection of free dexamethasone (Dex),
n-DOPCs@Dex, or n-DOCPs@ Dex at an equivalent Dex dose of
5Smgkg™ respectively (Figure 5A). Free Dex and n-DOPCs@ Dex
treatments mildly reduced the level of inflammatory factors
TNF-a and IL-6 in BALF and serum (Figure 5B,E). By con-
trast, n-DOCPs@Dex treatment achieved the maximum reduc-
tion of TNF-o and IL-6. After n-DOCPs@Dex therapy, a

© 2020 Wiley-VCH GmbH
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Figure 4. Activated neutrophils transported n-DOCPs to cross alveolar-capillary barrier and enabled its enrichment in inflamed lung. A) Schematic
showing the active transport of n-DOCPs-loaded neutrophils across the alveolar-capillary barrier in response to chemokine gradient. By contrast,
long-circulating n-DOPCs were trapped in the bloodstream. B) IVM imaging of inflamed blood vessels showed the migration and extravasation of
neutrophils (red) laden with n-DOCPs (green). The white and yellow curves indicated the vessel walls and the motion paths of neutrophils, respec-
tively. C) Time-dependent change of percentages of DiO* neutrophils in BALF of LPS challenged mice that received injection of n-DOCPs@DiO and
n-DOPCs@DiO. D) The relative distribution of n-DOPCs and n-DOCPs in organs of inflammatory mice. E) The lung-to-liver accumulation ratio of
n-DOCPs and n-DOPCs in mice challenged with and without LPS. F,G) Confocal microscopy observation of neutrophils (red) extracted from alveolus
of LPS-stimulated (F) and S. pneumoniae (yellow)-infected (G) mice treated with n-DOCPs (green). Cell nuclei were stained with DAPI (blue). **p<0.01,
**%p<0.001, ****p<0.0001, n.s., not significant.

significantly lower number of infiltrated neutrophils in  to 2.5 X 10° neutrophils mm™ for control). In addition, haema-
the inflamed lung was observed (Figure 5F; Figure S13, toxylin and eosin (H&E) staining showed that mice receiving
Supporting Information, 0.9 X 10* neutrophils mm™ compared  LPS stimulation exhibited severe lung injury and pulmonary
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Figure 5. Neutrophils-mediated delivery of drug-loaded n-DOCPs mitigated acute lung injury and pneumococcal pneumonia. A) Schedule for the
experiments in (B) to (E). B-E) Concentrations of TNF-& and IL-6 in BALF (B,C) and in serum (D,E). F) Quantitative analyses of neutrophils in the
lung tissues at 24 h after therapy. G) Quantitative analyses of the thickness of alveolar-capillary membrane (A-C membrane) in the lung tissues at
24 h after therapy. H) Schedule for the experiments in (I) to (M). I-L) Concentrations of TNF-&z and IL-6 in BALF (1,)) and in serum (K,L). M) Total
colony forming units of S. pneumoniae in BALF. N) Kaplan—Meier survival curve of mice infected with high dose of S. pneumoniae. *p<0.05, **p<0.01,

#%%p<0.001, ****p<0.0001, n.s., not significant.

fibrosis, as evidenced by the thickening of the alveolar-capil-
lary membrane and massive cell infiltration. Treatment with
n-DOCPs@Dex efficiently prevented alveolar fibrosis and
attenuated such pathological changes (Figure 5G; Figure S14,
Supporting Information).

Encouraged by the above observations, we further used ampi-
cillin (Amp), a broad-spectrum antibiotic, to explore the thera-
peutic outcomes of Amp-loaded n-DOCPs (n-DOCPs@Amp)
against pneumococcal pneumonia. The mice were i.v. treated
with free Amp, n-DOPCs@Amp, and n-DOCPs@Amp at 3 and

Adv. Mater. 2020, 2006160
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6 h after infection, respectively (Figure 5H). n-DOCPs@Amp
dramatically attenuated the lung inflammation, as evidenced
by the significant drops of inflammatory cytokines TNF-¢ and
IL-6 in both BALF and serum (Figure 5I,L). Direct quantifica-
tion of S. pneumoniae in BALF using a bacterial plate count
method also revealed a 99.7% inhibitory efficacy on the bac-
terial growth in BALF for n-DOCPs@Amp relative to control
groups (Figure 5M). In addition, the high-dose S. pneumoniae
inoculation (2 X 10° CFU/mouse) caused 100% death in control
group within 72 h (Figure 5N), while n-DOPCs@Amp and free
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Amp treatments could moderately improve the mouse survival.
By contrast, n-DOCPs@Amp treatment cured all the mice with
no deaths being observed.

In summary, we developed liposomes composed of CP
lipids, which can efficiently target activated neutrophils
through the specific interaction between cell-bound comple-
ment receptor CR3 and adsorbed complement fragments
iC3b in vivo. Under inflammatory stimulation, this “volun-
tary opsonization” process bestows particle with outstanding
targetability and motility. The chemotaxis of activated neutro-
phils overcomes the obstacles encountered by free nanoparti-
cles and dramatically enhances the accumulation of particles
inside the inflamed lung area. Then neutrophils can either act
as micro-containers or release n-DOCPs in response to inflam-
matory stimuli to kill bacteria, achieving remarkable thera-
peutic efficacy. Collectively, the strategy of utilizing the protein
corona on nanoparticles during administration to target circu-
lating cells for enhanced nanomedicines delivery could bring
new opportunities in the development of a novel drug delivery
system.

Experimental Section

Methods and any associated references are available in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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