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hampered by poor bioavailability and bio-
stability,[3] undesirable off-target effects,[4] 
and obstacles presented by biological bar-
riers,[5] thus motivating the development 
of drug delivery systems for efficient and 
localized delivery to affected tissue.

Nanoparticle-based drug delivery sys-
tems for the treatment of inflammation are 
a powerful tool to target anti-inflammatory 
drugs to inflamed tissues. However, effi-
cient local delivery remains challenging. 
Main hurdles include sequestration of 
nanoparticles by phagocytic cells and bio-
logical barriers such as the endothelium 
hindering infiltration and accumulation in 
the inflamed tissue.[6,7]

Employing immune cells for active 
transport of drugs and drug-loaded nano-
carriers to a target site is a promising 
recent approach.[8–10] Neutrophils are 
one of the most abundant, and also one 
of the first leukocytes to reach inflam-
matory tissue.[11,12] Upon activation, neu-
trophils can form neutrophil extracel-
lular traps (NETs) within a few hours, a 
defined release mechanism that enables 

neutrophils to serve as a delivery system for drugs or loaded 
nanocarriers at early stages of inflammation.[13] These prop-
erties of neutrophils have recently been leveraged to deliver 
paclitaxel-loaded liposomes to suppress postoperative glioma 
recurrence.[8] Another study designed nanocarriers to attach 
to neutrophils and monocytes in circulation that subsequently 

Uncontrolled inflammation is a major pathological factor underlying a range 
of diseases including autoimmune conditions, cardiovascular disease, and 
cancer. Improving localized delivery of immunosuppressive drugs to inflamed 
tissue in a non-invasive manner offers significant promise to reduce severe 
side effects caused by systemic administration. Here, a neutrophil-mediated 
delivery system able to transport drug-loaded nanocarriers to inflamed tissue 
by exploiting the inherent ability of neutrophils to migrate to inflammatory 
tissue is reported. This hybrid system (neutrophils loaded with liposomes 
ex vivo) efficiently migrates in vitro following an inflammatory chemokine 
gradient. Furthermore, the triggered release of loaded liposomes and reuptake 
by target macrophages is studied. The migratory behavior of liposome-loaded 
neutrophils is confirmed in vivo by demonstrating the delivery of drug-
loaded liposomes to an inflamed skeletal muscle in mice. A single low-dose 
injection of the hybrid system locally reduces inflammatory cytokine levels. 
Biodistribution of liposome-loaded neutrophils in a human-disease-relevant 
myocardial ischemia reperfusion injury mouse model after i.v. injection 
confirms the ability of injected neutrophils to carry loaded liposomes to 
inflammation sites. This strategy shows the potential of nanocarrier-loaded 
neutrophils as a universal platform to deliver anti-inflammatory drugs to 
promote tissue regeneration in inflammatory diseases.

J. Che, Dr. A. Najer, Dr. C. W. Winter, J. Tang, Dr. T. J. Keane,  
Prof. M. M. Stevens
Department of Materials
Department of Bioengineering, and Institute of Biomedical Engineering
Imperial College London
London SW7 2AZ, UK
E-mail: m.stevens@imperial.ac.uk

© 2020 The Authors. Published by Wiley-VCH GmbH. This is an open 
access article under the terms of the Creative Commons Attribution  
License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202003598.

Dr. A. K. Blakney, Dr. P. F. McKay, Prof. R. J. Shattock
Department of Infectious Diseases
Imperial College London
London W2 1PG, UK
Dr. M. Bellahcene, Prof. M. D. Schneider
British Heart Foundation Centre of Research Excellence
National Heart and Lung Institute
Imperial College London
London W12 0NN, UK
A. Sintou, Dr. S. Sattler
National Heart and Lung Institute
Imperial College London
London W12 0NN, UK

Inflammation is implicated in the pathogenesis of many diseases 
including cardiovascular disease, autoimmunity, and cancer.[1] A 
chronic inflammatory response may lead to irreversible tissue 
damage and chronic inflammatory diseases are a major cause 
of mortality; globally accounting for three out of five deaths.[2] 
However, systemic administration of anti-inflammatory drugs is 
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delivered the cargo to ischemic brain tissue.[14] This demon-
strates that neutrophils can be used as carrier cells for drug 
delivery.[15] Due to the involvement of inflammation and neu-
trophils in many diseases, loading neutrophils with drugs or 
drug-loaded nanocarriers ex vivo and reinjecting these hybrids 
into the patient has the potential of becoming a vital tool to 
deliver drugs locally to remote inflammatory sites despite sys-
temic administration to dampen uncontrolled inflammation.

Here, we developed a neutrophil-mediated drug delivery 
system to deliver an anti-inflammatory agent encapsulated in 
a nanocarrier to the inflamed tissue. To this end, methotrexate 
(MTX), a potent immunosuppressive agent used to treat inflam-
matory and autoimmune diseases,[16,17] was encapsulated in 
cationic liposomes (MTX-liposome) and loaded into isolated 
neutrophils ex vivo (MTX-liposome/neutrophils). We tested 
in vitro physiological functions of neutrophils after loading 
with MTX-liposomes. We characterized in detail the release of 
liposomes from loaded neutrophils and subsequent transport to 
target cells in an inflammatory environment. Fluorescence cor-
relation spectroscopy (FCS) was employed to precisely measure 
the state of the released liposomes. Further, a combination of 
two-color flow cytometry and high-resolution fluorescence 
microscopy was used to show successful stimulated release 
and transport of loaded liposomes from neutrophils to target 
macrophages. The in vivo migratory behavior of loaded neutro-
phils was evaluated in a lipopolysaccharide (LPS)-injury skeletal 
muscle mouse model. Detailed analysis of the cell populations 
at the target site enabled detection of injected liposome-loaded 
neutrophils at the desired inflammatory site. The local anti-
inflammatory effect intended through our hybrid system was 
demonstrated by measuring key cytokine levels at the target site. 
Moreover, a clinically relevant inflammatory mouse model of 
myocardial ischemia reperfusion injury (IRI) was employed to 
determine the versatility of loaded neutrophils migrating to the 
injured tissue. We envision that this system can serve as a uni-
versal platform to deliver a wide range of drugs including small 
chemical compounds (hydrophobic and hydrophilic), RNA, and 
proteins to inflamed tissue for improved regeneration.

Liposomes were chosen as an ideal nanocarrier candidate 
to encapsulate anti-inflammatory drugs due to high biocom-
patibility and the possibility to scale up the manufacturing 
process. MTX-loaded cationic liposomes were prepared using 
various drug concentrations with a diameter of ≈100  nm and 
a zeta potential of +30  mV to allow efficient cellular uptake 
(Figure 1a). Transmission electron microscopy (TEM) further 
confirmed that the size of MTX-liposomes was 111  ±  46  nm 
(Figure S1, Supporting Information). The loading yield 
was 1  wt% of MTX in liposomes. Retention of MTX inside 
liposomes was optimized to avoid premature exposure of neu-
trophils to the drug. At a cholesterol percentage of 40  wt%, 
only ≈5% of the drug was released within the first 8 h, which 
was sufficiently stable for the intended application (Figure S2,  
Supporting Information, and Figure  1b). However, in a more 
complex biological environment, mimicked by incubating 
MTX-liposomes in 90% fetal bovine serum (v/v), 67  ±  4% 
of MTX was released from liposomes after 20  h incuba-
tion, reaching 85  ±  7% release after 52  h. This suggests 
timely release of MTX from liposomes after MTX-liposomes 
are released from neutrophils at the inflammatory site.

For the cellular component of the delivery system, we iso-
lated neutrophils from mouse bone marrow and loaded them 
with liposomes ex vivo instead of targeting neutrophils with 
the nanocarrier in vivo to avoid off-target toxicity in healthy 
tissues and allow the administration of varying drug doses by 
injecting different numbers of neutrophils. Flow cytometry 
results (Figure  1c) confirmed a neutrophil purity of 95% and 
Giemsa–Wright staining (Romanowsky stain) revealed the typ-
ical lobular shape of the neutrophil nuclei (Figure 1d).

Different MTX concentrations inside the liposomes 
(5 mg mL−1: MTX5; 10 mg mL−1: MTX10, initial concentrations) 
and different lipid concentrations of liposomes (1 mg mL−1: LP1; 
2 mg mL−1: LP2, initial concentrations) were incubated with neu-
trophils. Neutrophil viability was confirmed in all groups for 4 
and 8 h incubation after loading (Figure S3, Supporting Informa-
tion) and no morphological differences were shown by Giemsa–
Wright staining (Figure  1d), which indicates high cytocompat-
ibility of the chosen MTX-liposome formulation. Flow cytometry 
results showed more than 95% of neutrophils being positive for 
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine (DiD)-
labeled liposomes upon loading (Figure S4b, Supporting Infor-
mation). Confocal laser scanning microscopy (CLSM) confirmed 
that most cells had taken up liposomes during the 1 h loading 
procedure (Figure 1e and Figure S4a, Supporting Information). 
3D structural illumination microscopy (3D SIM) was employed 
to spatially localize MTX-liposomes within neutrophils, which 
revealed various locations of liposomes on or within the neu-
trophils (Figure 1f and Figure S4c, Supporting Information). In 
the context of medical applications, the most important charac-
teristic is the final achieved drug loading per cell. The resulting 
loading capacity of MTX into neutrophils reached 0.2  µg 
per million cells (Figure  1g), which is the maximum loading 
capacity of MTX-liposomes onto neutrophils without affecting 
neutrophil viability and chemotaxis. This dose is sufficient for 
in vivo applications.[18,19]

Next, we sought to test physiological functions of neutro-
phils after loading with MTX-liposomes. CD11b protein expres-
sion, superoxide generation, and cell migration behavior were 
assessed.[8] CD11b is a neutrophil surface protein that mediates 
adhesion and migration function, which is upregulated once neu-
trophils are stimulated by inflammatory molecules in the blood.[8] 
To mimic the environment encountered by neutrophils in the 
blood, we used a neutrophil chemotaxis peptide N-formyl-met-
leu-phe (fMLP), which recruits neutrophils and subsequently ini-
tiates the inflammatory response at the site of tissue damage.[20] 
As expected, CD11b expression levels of neutrophils and MTX-
liposome/neutrophils significantly increased with increasing 
fMLP concentrations (Figure S5a, Supporting Information) and 
no significant differences were seen between blank neutrophils 
and liposome-loaded neutrophils. Superoxide is known to be 
released from neutrophils to kill microbes.[21] Similarly, super-
oxide generation by neutrophils and liposome-loaded neutrophils 
was increased after treatment with fMLP and no significant dif-
ferences were observed between blank neutrophils and liposome-
loaded neutrophils (Figure S5b, Supporting Information). These 
results suggest that liposome-loading did not impair the ability of 
neutrophils to respond to inflammatory signals.

The migratory function of neutrophils was further tested in 
vitro using a transwell migration assay (Figure 2a), in which 
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a porous membrane (pore size 3  µm) was used to study the 
migration ability of loaded neutrophils.[22] After supplementa-
tion of fMLP to the basal medium, more cells migrated through 

the pores of the transwell membrane (Figure  2b, Figure S6, 
Supporting Information). This indicates that after supplying 
fMLP, neutrophils were activated and migrated toward the 

Figure 1.  Preparation and characterization of MTX-liposome/neutrophils. a) Particle size measured by dynamic light scatting (DLS) and zeta potential 
distribution of MTX-liposomes. b) Quantity of retained drug inside liposomes over 20 days in PBS pH 7.4 at room temperature measured by LC–MS (n = 2 
independent experiments). c) Flow cytometry analysis of the purity of isolated neutrophils before and after purification. Isolated neutrophils were double 
stained with PE anti-mouse CD11b and APC anti-mouse Ly6G/Ly6C antibodies. d) Morphological images of isolated neutrophils stained with Giemsa–
Wright stain. Scale bar: 10 µm. e) CLSM images of MTX-liposome/neutrophils. The nuclei of neutrophils were stained with DAPI, the membranes of neutro-
phils were stained with WGA, and the liposomes were labeled with DiD. The merged image is the overlay of the three individual images. Scale bar: 10 µm. 
f) Super-resolution images (SIM) showing the location of MTX-liposomes on/in a single neutrophil. The arrows show various locations of liposomes on or 
within the neutrophil. Full image series in Figure S4c, Supporting Information. Scale bar: 5 µm. g) Quantity of MTX loaded in neutrophils after incubation 
with MTX-liposomes at different concentrations for 1 h as measured by ELISA (mean ± SD, n = 3 independent experiments). M5: MTX 5 mg mL−1; M10: 
MTX 10 mg mL−1; L1: lipid concentration 1 mg mL−1; L2: lipid concentration 2 mg mL−1.
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higher fMLP concentration. Importantly, migrated neutrophils 
still contained DiD-labeled liposomes (Figure S7, Supporting 
Information), which shows that neutrophils carried their 
liposome cargo across the membrane. Taken together, these 
results show that after loading with MTX-liposomes, neutrophils 
maintained their physiological functions, which suggests that 
they can respond to inflammatory signals in the blood and 
migrate to the inflamed site, whilst carrying their cargoes.

We then explored the release of liposomes from neutrophils 
in the presence of fMLP (to mimic the chemotactic process) 
and phorbol myristate acetate (PMA) (to mimic the inflam-
matory site).[13] After 8 h incubation, neutrophils formed NETs 
only in the PMA-containing medium as observed by CLSM 
(Figures S8 and S9, Supporting Information). An accompa-
nying decrease in liposome signal inside neutrophils/NETs 
indicated that neutrophils underwent PMA-triggered NET 

Figure 2.  Migration ability of MTX-liposome-loaded neutrophils and stimulated release of liposomes (DiD-labeled) from neutrophils. a) Schematic 
illustration of the in vitro model to evaluate the migration capability of liposome/neutrophils across the porous membrane using a transwell assay. 
Neutrophils on the bottom side of the membrane were stained with DAPI and imaged using CLSM. b) Number of migrated neutrophils on the bottom 
side of the membrane (mean ± SD, n = 3 independent experiments). ****p < 0.0001, two-way ANOVA, Bonferroni post hoc test. c) Schematic illustra-
tion of the FCS sample preparation. MTX-liposome/neutrophils were prepared and cultured with or without PMA for 8 h, followed by centrifugation 
to collect the supernatant. FCS measurements were performed to detect the amount and properties of liposomes after release from neutrophils. The 
graphic of the microcentrifuge tube was adapted from the Servier Medical Art website (Servier Medical Art by Servier is licensed under the CC-BY Crea-
tive Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/)). d) Raw fluorescence intensity traces recorded for 
samples collected after incubation of liposomes/neutrophils with and without stimulated release (+/−PMA). e) Average autocorrelation curves from 
FCS measurements (n = 30 independent measurements, 5 s each). f) Number of released liposomes given in particles per mL, signal (counts) per par-
ticle (CPP), and hydrodynamic diameter (Dh) of liposomes were calculated from the fit parameters obtained in (e). Center line, the median; box limits, 
upper and lower quartiles; whiskers, minimum and maximum values (n = 30 measurements per sample, repeat in Figure S5, Supporting Information).
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formation that caused the release of liposomes from neutro-
phils. Due to their small size, even liposomes loosely associated 
with neutrophil debris (NETs) will be prone to be uptaken by 
other cells, which yields the intended effect of delivering most 
of the liposomes to the target cells at the inflammatory site.

In order to quantify the amount and state of MTX-liposomes 
released from neutrophils into solution, we employed a sensi-
tive, single-particle detection method called FCS, which allows 
to measure particles in complex environments, such as cell 
medium, containing proteins and cell debris (Figure 2c–f). After 
8  h incubation, the detected raw fluorescence intensity was 
higher in supernatants of liposome-loaded neutrophils incu-
bated in PMA-containing medium compared to samples from 
a non-inflammatory control environment (Figure  2d). The cor-
responding autocorrelation curves and calculated hydrodynamic 
diameters clearly show liposome release from the neutrophils 
(Figure  2e). The inflammatory environment induced by PMA 
caused an increase in liposome release as seen by the difference 
in particle counts compared to control (Figure  2f). Additional 
information on signal per liposome (counts per particle [CPP] in 
kHz) and diameter (Dh) of released liposomes revealed that there 
were no detectable differences between the original liposome 
solution and the released liposomes. Similar CPP values for the 
original liposomes and the PMA-released liposomes indicate that 
the same number of DiD molecules per liposome were retained 
during the loading/release processes. Only in some curves, 
partial aggregation of liposomes is found as indicated by high 
intensity bursts in the intensity trace (Figure 2d purple), a two-
component autocorrelation curve (Figure 2e purple), and some 
outliers in the CPP and size plots (Figure 2f). This is expected 
due to the positively charged nature of the liposomes; it is not 
a concern for our type of delivery that protects the liposomes 
in neutrophils before reaching the target site. Furthermore, the 
amount of MTX in the released particle solution after incubation 
of loaded neutrophils in the presence of PMA was quantified by 
ELISA. 96% of loaded MTX was detected in the supernatant of 
MTX-liposomes-loaded neutrophils after incubation in the pres-
ence of PMA for 8 h (Figure S10, Supporting Information).

Next, we studied whether the released MTX-liposomes can 
subsequently be taken up by a target cell. This corresponds to 
the final destination of the nanocarrier where intracellular drug 
release should finally yield the desired therapeutic effect. Con-
sidering cell types present in the inflamed tissue, which can 
actively contribute to an uncontrolled immune response, a mac-
rophage cell line (RAW 264.7 cells) was employed to represent 
target cells in vitro. MTX-liposome/neutrophils were co-cultured 
with macrophages for 8  h under physiological conditions (cell 
medium) or in the presence of an inflammatory environment 
(with PMA) (Figure 3a). We found that there was negligible rup-
ture of neutrophils and release of MTX-liposomes at 8  h time 
point under non-inflammatory conditions (Figure  S11, Sup-
porting Information). However, in the presence of PMA an 
increased number of neutrophils died (stained by propidium 
iodide (PI)). Simultaneously, we observed the reuptake of MTX-
liposomes by the target macrophages (Figure  3b). Nearly 82% 
of the macrophages contained MTX-liposomes (Figure  3c) as 
measured by flow cytometry. This indicates a successful trans-
port cascade involving carrier neutrophils that undergo rupture 
to release and deliver the nanocarrier to target macrophages.

The final aspect involved in the delivery strategy is the drug 
effect on the target cells. Low concentrations of MTX inhibit folic 
acid synthesis, which slows down cell proliferation.[23] Therefore, 
we assessed cell proliferation of the target cells (RAW 264.7) after 
co-culturing with MTX-liposome/neutrophils. RAW cells cul-
tured with PMA and/or LPS grew 1.5-times faster compared to 
cells grown in basal medium (Figure  3d), while after applying 
MTX-liposome/neutrophils to macrophages in an inflammatory 
environment, the macrophage growth rate was reduced to a sim-
ilar level seen when directly treated with free MTX using equiva-
lent drug concentrations. The observed reduction in cell growth 
using our neutrophil-mediated delivery system confirms that 
sufficient amounts of drug were available for the desired immu-
nosuppressive effect on target cells. Taken together, all in vitro 
data suggest an optimized delivery system amenable to loading 
a sufficient amount of MTX. Neutrophils remained viable and 
retained their physiological properties of adhesion and migra-
tion to allow for migration toward sources of inflammatory sig-
nals, inflammation-triggered release of drug-loaded liposomes, 
and subsequent liposome delivery to target cells.

Next, we investigated the in vivo migration ability of lipo-
some-loaded neutrophils to remote inflammatory sites. In 
order to analyze the recruitment of ex vivo loaded neutrophils, 
we employed an inflammation model using LPS-induced tissue 
injury in mouse quadriceps, which has previously been demon
strated to cause upregulation in inflammatory gene expres-
sion.[24] To induce skeletal muscle injury, we injected LPS 
intramuscularly to the right quadriceps of each mouse while 
the left untreated quadriceps served as healthy control. As pre-
viously reported, 24  h after LPS injection an acute inflamma-
tory response was established in the LPS-injected muscle.[24] At 
this time point, isolated neutrophils labeled with VivoTrack 680 
were injected intravenously. Quadriceps from both legs were 
collected at the 1 h time point and processed to generate single 
cell suspensions that were analyzed using flow cytometry to 
identify neutrophils in the quadriceps (Figure 4a). Neutrophils 
accumulated in the LPS-injected quadriceps and accounted for 
2.7% of total cells whereas only 0.03% of cells present in the 
healthy quadriceps were neutrophils (Figure  4b,d). This indi-
cates that the intramuscular injection of LPS caused a local 
inflammatory response that resulted in neutrophil recruitment. 
We further analyzed the VivoTrack 680 signal based on the 
gated neutrophil population (only cells being positive for CD11b 
and Ly6G/Ly6C). Within the total neutrophil population in the 
LPS-injected quadriceps, 23% of neutrophils were positive for 
VivoTrack 680 (Figure 4b,d), which confirmed that injected neu-
trophils migrated to the inflamed tissue. In total, 0.53% of the 
total cell population collected from the LPS-injected quadriceps 
was injected neutrophils, which was expected as a large number 
of muscle and stroma cells are present in the quadriceps.

To study the time course of the neutrophil migration, we also 
collected quadriceps at 2 and 4 h after injection. In agreement 
with a previous study describing this model,[24] we identified 
endogenous neutrophils at each time point in the LPS-injected 
quadriceps while there were only negligible number of neu-
trophils present in the healthy quadriceps (Figure 4d). Injected 
neutrophils were observed in the LPS-injected quadriceps 1 
and 2 h after injection but no injected neutrophils were detected 
after 4 h (Figure 4d), which indicates that at the 4 h time point, 
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the injected neutrophils in the quadriceps may have formed 
NETs or may have only transiently adhered to the capillaries in 
the tissue. Thus, most of the injected labeled neutrophils were 
recruited to the inflamed quadriceps within 2 h after injection. 
Neutrophil recruitment from bone marrow, liver, and spleen 
and transmigration into tissue usually takes 2–16  h.[25] How-
ever, when injecting isolated neutrophils directly into the blood-
stream at the peak of inflammation, this process may happen 
faster. We also analyzed blood samples collected at each time 
point by flow cytometry. The results mirrored the results from 
muscle samples. We detected injected neutrophils at the 1 and 
2 h time points (Figure 4d). This indicates that the injected neu-
trophils were circulating in the blood up to 2 h after injection.

Subsequently, we loaded isolated VivoTrack 680-labeled 
neutrophils with DiL-labeled liposomes as described above to test 
if these neutrophils can also carry particles to the inflamed mus-
cles. After analyzing the VivoTrack 680 and DiL signals based 
on the gated neutrophil population, we found that 98% of the 
injected neutrophil population contained DiL-labeled liposomes 
in the LPS-injected quadriceps (Figure 4c and Figure S12b, Sup-
porting Information), whilst none were found in the healthy 

quadriceps. This suggests that liposome-loaded neutrophils 
retain their ability to migrate to inflamed tissue in vivo and carry 
liposomes for potential delivery to target cells. Furthermore, the 
total population of DiL positive cells among total cells digested 
from the LPS-injected quadriceps was larger than that of DiL 
positive CD11b+Ly6G/Ly6C+VivoTrack 680+ neutrophils only 
(Figure S13, Supporting Information). No DiL positive cells were 
detected in the healthy quadriceps. This suggests that the cargo 
DiL was delivered to other cells in the inflamed quadriceps.

Since we observed that liposome-loaded neutrophils can 
migrate and deliver their cargo to inflamed tissue, we explored 
the anti-inflammatory effect of our hybrid system MTX-lipo-
some/neutrophils. We measured the inflammatory cytokines 
IL-6, IL-1α, and TNF-α 48  h after LPS injection, because MTX 
used to treat inflammatory diseases alters their expression 
levels.[26,27] As expected, IL-6 and TNF-α levels increased in the 
LPS-injected quadriceps compared to the control muscle, while 
IL-1α remained at baseline levels (Figure  4e and Figure S14, 
Supporting Information). Thus, we subsequently used IL-6 and 
TNF-α as indicators of inflammation. 10 million neutrophils 
loaded with MTX-liposomes were then injected into LPS-treated 

Figure 3.  Neutrophil-mediated delivery and effect of MTX-liposome on co-cultured macrophages (RAW 264.7 cells). a) Schematic illustration of the  
in vitro co-culture system of macrophages (RAW 264.7 cells) and MTX-liposome/neutrophils. b) CLSM images of RAW 264.7 cells after incubation 
with liposome/neutrophils at 0, 4, and 8 h in presence of PMA (controls without PMA are in Figure S11, Supporting Information). The nuclei of RAW 
264.7 cells were stained with DAPI, the released DNA fragments of neutrophils were stained with PI, and the liposomes were labeled with DiD. Scale 
bar: 50 µm. Zoom images, scale bar: 10 µm. c) Flow cytometry analysis of RAW 264.7 cells after co-culture with DiD-liposome/neutrophils. The green 
CMPDA channel shows RAW 264.7 cell labeling and the DiD channel represents liposome labeling. d) Proliferation of RAW 264.7 cells after treat-
ment with inflammatory cytokines and co-culture with MTX-liposome/neutrophils compared to basal medium. Cell viability was measured using Cell 
Counting Kit-8 (mean ± SD, n = 3 independent experiments). ***p < 0.001, one-way ANOVA, Bonferroni post hoc test.
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Figure 4.  Targeting effect of MTX-liposome/neutrophils on the LPS-injected muscle and the resulting mitigation of inflammation. a) Schematic illustration 
showing the sample preparation process of quadriceps from LPS-treated mice after i.v. injection of liposome/neutrophils (liposomes were labeled with DiL 
and neutrophils were labeled with VivoTrack 680) for flow cytometry analysis. The graphics of syringe and muscle were adapted from the Servier Medical 
Art website (Servier Medical Art by Servier is licensed under the CC-BY Creative Commons Attribution 3.0 Unported License (https://creativecommons.
org/licenses/by/3.0/)). b) Flow cytometry analysis of digested quadriceps after neutrophil injection (labeled with VivoTrack 680). An example of gating 
strategy was shown in Figure S12a, Supporting Information. (i) Forward scatter versus side scatter plots for total counted events; gate excludes cell doublets 
and red blood cells. (ii) PE anti-mouse CD11b and Alexa 488 anti-mouse Ly6G/Ly6C plots for neutrophils. Gate shows the double positive population of 
neutrophils. For quadriceps samples, the gating area was chosen based on the quadriceps sample from untreated mouse; for blood samples, the gating 
area was chosen based on the blood sample from untreated mouse. (iii) Forward scatter versus VivoTrack 680 plots for injected neutrophils (CD11b+Ly6G/
Ly6C+). Gate shows the VivoTrack 680 positive population of injected neutrophils compared to the total neutrophil population. c) Flow cytometry analysis of 
quadriceps after injection of liposome-loaded neutrophils (liposomes were labeled with DiL and neutrophils were labeled with VivoTrack 680). DiL analysis 
was based on the gated CD11b+Ly6G/Ly6C+VivoTrack 680+ neutrophil population. d) (i) Neutrophil percentage of total cell population in the healthy 
quadriceps (L) and LPS-injected quadriceps (R) at 1, 2, and 4 h post neutrophil injection. (ii) Percentage of injected neutrophils within total neutrophil 
population in the healthy quadriceps (L) and LPS-injected quadriceps (R) at 1, 2, and 4 h post neutrophil injection. (iii) Overall neutrophil percentage in the 
blood at 1, 2, and 4 h post neutrophil injection. (iv) Percentage of injected neutrophils within total neutrophil population in the blood at 1, 2, and 4 h post 
neutrophil injection. Data shown as mean ± SEM, n = 5. e) (i) IL-6 levels and (ii) TNF-α levels in the healthy quadriceps and LPS-injected quadriceps after 
different treatments. Center line, the median; box limits, upper and lower quartiles; whiskers, minimum and maximum values. **p < 0.01, ***p < 0.001, 
****p < 0.0001, n.s. = not significant, Kruskal–Wallis, Corrected Dunn’s post hoc test, n = 20 in the untreated group, n = 10 in other treated groups.
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mice, which correspond to an amount of 2  µg of MTX per 
mouse. This dose was previously found to be sufficient to miti-
gate inflammation.[28,29] After 24  h, quadriceps from both legs 
were collected and cytokine levels were measured by Luminex  
assay. MTX-liposome/neutrophils treatment reduced IL-6 levels 
in the LPS-injected quadriceps to levels comparable to those in 
the healthy quadriceps in most animals, while levels in control 
groups stayed elevated (Figure  4e[i]). An equivalent amount of 
MTX injection did not downregulate cytokine levels in the LPS-
injected quadriceps (Figure 4e[i]). MTX-liposomes by themselves 
did not have a beneficial effect, and those mice still had sig-
nificantly higher cytokine levels in the LPS-injected quadriceps. 
This is likely due to the positive charge on the liposome surface 
which resulted in rapid clearance of the MTX-liposomes from 
the bloodstream after injection.[30] If MTX-liposomes are loaded 
into neutrophils, they are protected and carried to the inflamed 
muscle and are then locally released to mitigate inflammation. 
These results further confirmed that injected neutrophils locally 
delivered loaded MTX-liposomes to the inflamed quadriceps 
resulting in the desired anti-inflammation effects, while free 
MTX and MTX-liposomes did not have any beneficial effect 
because they were not able to efficiently reach the tissue without 
the carrier neutrophils. Comparing the fold change of IL-6 in the 
LPS-injected versus non-injected quadriceps between the control 
and various treatment groups,we observed that only MTX-lipo-
some/neutrophil treatment had significantly lowered the levels 
of IL-6 in the inflamed quadriceps compared to the untreated 
control group (Figure S15, Supporting Information), suggesting 
the benefit of the neutrophil-based drug delivery. TNF-α levels 
were also significantly increased in the LPS-injected leg of all 
the control groups (Figure 4e[ii]), but not in the MTX-liposome/
neutrophil group, which further confirms that only the MTX-
liposome/neutrophil treatment resulted in beneficial effects. 
However, TNF-α levels did not increase as much as IL-6 levels 
after LPS injection, indicating that IL-6 is the superior experi-
mental readout in this model.

Taken together, in vivo migration and treatment studies of 
our neutrophil-mediated MTX-liposome delivery system dem-
onstrated that loaded neutrophils can migrate to inflamed target 

tissue in vivo. Upon arrival in the inflamed tissue, neutrophils 
release the drug-loaded liposomes causing the intended anti-
inflammatory effect.

Furthermore, we applied this system to a clinically relevant 
inflammation model of myocardial IRI to determine the versa-
tility of neutrophil-mediated delivery to the site of inflamma-
tion. After VivoTrack 680-labeled neutrophils were i.v. injected 
into mice with myocardial IRI and healthy control mice 
(Figures S16 and S17, Supporting Information), a significantly 
higher amount of VivoTrack 680 dye from injected neutrophils 
was detected in IRI hearts compared to healthy hearts for both 
1 and 2 h time points (hearts were perfused with PBS to remove 
non-infiltrated neutrophils). Some VivoTrack 680 signal was 
also detected in all other tested organs in mice with myocardial 
IRI, mainly in the liver and spleen. This might be due to sys-
temic inflammation after acute MI, which induced the migra-
tion of neutrophils to other organs,[31] or caused premature 
NET formation in the blood with neutrophil debris ending up 
in the mononuclear phagocyte system of the liver and spleen.

More importantly, the ability of neutrophils to carry 
liposomes to the injured hearts was investigated. We injected 
liposomes (labeled with DiD)-loaded neutrophils and collected 
organs 1 h post injection. The IRI hearts showed significantly 
higher DiD fluorescence signal from liposomes than the other 
two groups (Figure 5), which reveals accumulation of liposomes 
in the injured hearts by using the neutrophil-mediated strategy. 
The DiD signal also appeared in other organs (Figure S18, 
Supporting Information), which can be explained as above 
(Figures  S16 and S17, Supporting Information) by systemic 
inflammation and premature NET formation. These findings 
suggest versatility of the neutrophil-mediated delivery strategy 
that is promising to be applied in the myocardial IRI model, an 
inflammatory disease model with longer disease progression 
period and higher relevance to human disease.

In this report, we have presented a neutrophil-mediated drug 
delivery system taking advantage of the physiological prop-
erties of neutrophils to carry anti-inflammatory drug-loaded 
liposomes to remote inflammatory sites. We have shown that 
after loading sufficient amount of MTX-liposomes, the treated 

Figure 5.  Neutrophil-mediated liposome delivery to the IRI heart. a) Schematic illustration showing the myocardial IRI surgery and i.v. injection of 
liposome/neutrophils (liposomes were labeled with DiD). The graphics of hearts were adapted from the Servier Medical Art website (Servier Medical 
Art by Servier is licensed under the CC-BY Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/)).  
b) In vivo accumulation of liposomes in the heart after myocardial IRI surgery at 1 h post liposome/neutrophil injection. Left: DiD signal in hearts from 
mice at 1 h post liposome/neutrophil injection (liposomes were labeled with DiD); Right, Total amount of DiD dye in hearts (pmol, mean ± SEM). 
*p < 0.05, one-way ANOVA, Bonferroni post hoc test, n = 3.
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neutrophils maintained their adhesion and migration func-
tions in response to inflammatory signals after loading with 
MTX-liposomes. Detailed in vitro tests revealed the release of 
liposomes from neutrophils and their subsequent uptake by 
target macrophages in an inflammatory environment. This 
system was further demonstrated in vivo showing neutrophils 
can carry loaded liposomes and migrate to the inflammatory 
site presumably by responding to chemoattractant signals in 
the blood and accumulate in the inflamed tissue. Furthermore, 
we loaded MTX in this system and deployed MTX-liposome/
neutrophils in vivo in the same LPS-injury skeletal muscle 
model and successfully decreased levels of IL-6 and TNF-α 
in the inflamed muscle. Finally, the versatility of neutrophil-
mediated liposome delivery to the inflamed tissue was dem-
onstrated in the myocardial IRI model showing successful 
liposome delivery to the injured hearts via neutrophils.

The effects of our MTX-liposome/neutrophil system on 
inflammatory cytokine levels suggest increased delivery of MTX 
compared to the controls. We would like to highlight two pos-
sible mechanisms for improved delivery. (i) Neutrophils might 
have transmigrated across the endothelial barrier together with 
the cargo, where it was released. (ii) Neutrophils could have 
adhered to the blood vessels of the inflamed tissue and released 
cargo locally, which might have entered the inflamed tissue on 
its own or via other cells. These two proposed mechanisms war-
rant future studies on the behavior of injected neutrophils after 
they arrive at the inflammatory site. This will provide additional 
mechanistic insight into the neutrophil-mediated drug delivery 
strategy to inflamed tissue. Furthermore, increasing the MTX 
injection dose could improve the treatment efficacy, which can 
be achieved by either injecting a higher dose or several doses 
of MTX-liposome/neutrophils or choosing another nanocarrier 
with longer drug retention times to increase the MTX loading 
capacity. If injecting more neutrophils, the effect of neutrophils 
themselves needs to be evaluated carefully as excessive neutro-
phils might cause excess inflammation.

A major advantage of our system is that we used simple 
liposomes combined with neutrophils to achieve local drug 
delivery using a one-step incubation method, which offers 
additional benefits including improved reproducibility and 
robustness. This neutrophil-based delivery system offers the 
versatility to use different types of nanoparticles, for example, 
stimuli-responsive micelles or polymersomes that can allow 
encapsulation of various drug doses, other drugs, and addition-
ally incorporate triggered release in the target cells. Different 
drugs loaded inside nanoparticles give possibilities of loading 
therapeutic combinations to reduce tissue inflammation and 
actively promote repair at the same time. Moreover, this system 
encourages the future prospect of using different immune cells 
involved in inflammation such as macrophages and T cells as 
carrier cells to deliver therapeutics at different stages of inflam-
mation, opening new opportunities for different therapeutic 
treatments in inflammatory diseases.

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