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Coating of a Novel Antimicrobial Nanoparticle with 
a Macrophage Membrane for the Selective Entry into 
Infected Macrophages and Killing of Intracellular 
Staphylococci
Yuanfeng Li, Yong Liu, Yijin Ren, Linzhu Su, Ang Li, Yingli An, Vincent Rotello, 
Zhanzhan Zhang, Yin Wang, Yang Liu, Sidi Liu, Jian Liu, Jon D. Laman, Linqi Shi,* 
Henny C. van der Mei,* and Henk J. Busscher

Internalization of Staphylococcus aureus by macrophages can inactivate bacte-
rial killing mechanisms, allowing intracellular residence and dissemination of 
infection. Concurrently, these staphylococci can evade antibiotics that are fre-
quently unable to pass mammalian cell membranes. A binary, amphiphilic con-
jugate composed of triclosan and cipro�oxacin is synthesized that self-assemble 
through micelle formation into antimicrobial nanoparticles (ANPs). These 
novel ANPs are stabilized through encapsulation in macrophage membranes, 
providing membrane-encapsulated, antimicrobial-conjugated NPs (Me-ANPs) 
with similar protein activity, Toll-like receptor expression and negative surface 
charge as their precursor murine macrophage/human monocyte cell lines. The 
combination of Toll-like receptors and negative surface charge allows uptake 
of Me-ANPs by infected macrophages/monocytes through positively charged, 
lysozyme-rich membrane scars created during staphylococcal engulfment. 
Me-ANPs are not engulfed by more negatively charged sterile cells possessing 
less lysozyme at their surface. The Me-ANPs kill staphylococci internalized in 
macrophages in vitro. Me-ANPs likewise kill staphylococci more e�ectively 
than ANPs without membrane-encapsulation or clinically used cipro�oxacin in 
a mouse peritoneal infection model. Similarly, organ infections in mice created 
by dissemination of infected macrophages through circulation in the blood are 
better eradicated by Me-ANPs than by cipro�oxacin. These unique antimicrobial 
properties of macrophage-monocyte Me-ANPs provide a promising direction for 
human clinical application to combat persistent infections.
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�. Introduction
Infection by antimicrobial resistant bac-
teria is predicted to yield more deaths 
than cancer, and become the number one 
cause of death by ����, due in a large 
part to the growing number of antibiotic-
resistant strains.[�] The challenges gen-
erated by this emerging resistance are 
exacerbated by native mechanisms used 
by bacteria to evade antimicrobials. One 
way infectious bacteria evade antibiotic 
action and killing by host immune cells 
is by �hiding� in mammalian cells, a 
pathway that can increase the severity of 
disease and hampers pathogen eradica-
tion.[�,�] The mammalian cell membrane 
acts as a barrier toward penetration of 
many antibiotics,[�] which makes the intra-
cellular environment a protective shelter 
for infecting bacteria. Moreover, the diver-
sity spectrum of enzymes present in host 
mammalian cells can inactivate antibiotics 
to further protect bacteria hiding intracel-
lularly. Even macrophages, intended by 
nature to facilitate bacterial clearance from 
the body, can provide intracellular shelter 
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to infecting bacteria.[�] In fact, many intracellular bacterial 
pathogens replicate in the shelter provided by macrophages.[�] 
After engulfment, bacteria initially reside in membrane-bound 
phagosomes,[�] that fuse with lysosomes to form phagolys-
osomes in which bacteria are normally killed by reactive oxygen 
species, lysozyme and cationic antimicrobial peptides. However, 
bacteria can remain dormant in the low pH environment of 
phagosomes as well as reside in phagolysosomes for extended 
periods of time.[����] Moreover, intracellular Staphylococcus 
aureus can delay phagosome fusion with lysozyme for at least 
�� h,[��] allowing staphylococci to survive and develop resistance 
to reactive oxygen species and antimicrobial peptides.[�,��] Apart 
from bacterial survival, these combined mechanisms allow 
dissemination of infection through the body by circulation of 
infected macrophages in the blood.[��] E�ective evasion strate-
gies based on hiding in macrophages have been developed by 
multiple pathogenic bacterial strains, such as Mycobacterium 
tuberculosis, S. aureus and Salmonella enterica.[��] Frequently, 
extremely high doses of antibiotics are needed to kill intracel-
lular bacteria and prevent their dissemination through circula-
tion in the blood. High dosing can lead to severe side e�ects for 
the patients, while being still insu�cient to cure infection.[��,��] 
Overall, eradication of bacteria hiding in macrophages is cru-
cial for the long-term success of antibiotic treatment.[��,��]

With the number of antibiotics available to eradicate bacte-
rial infections shrinking at an alarming rate,[�����] new strate-
gies to eradicate bacteria hiding intracellularly in macrophages 
and prevent dissemination of infection through the body, are 
direly needed. Azithromycin and cipro�oxacin can be e�ec-
tively delivered intracellularly in high amounts when encapsu-
lated in either negatively- or positively charged liposomes.[��] 
Equipping liposomes with a cell penetrating protein enhanced 
intracellular delivery of gentamicin,[��] while colistin-loaded 
liposomes equipped with extracellular adherence proteins 
from S. aureus facilitated entry into HEp-� and Caco-� cells and 
killed intracellular S. enterica.[��] These liposomes enter mam-
malian cells through membrane fusion, but their fusogenicity 
comes at the expense of their stability,[��] and liposomes 
with increased fusogenicity are more prone to rupture and 
inadvertent cargo release.[��,��] Synthetic antimicrobial nanopar-
ticles (ANP) can be made more stable by a variety of strategies, 
but are easily cleared by host immune cells.[��] To avoid clear-
ance by host immune cells and facilitate their transportation 
through the blood circulation, synthetic antimicrobial nanocar-
riers can be equipped with stealth properties and pH respon-
siveness that make them suitable for use in infection control.[��] 
In general however, synthetic nanocarriers are hard to render 
biocompatible.

Cell membrane surfaces, by nature meet many of the bio-
compatibility requirements that are challenging in the design of 
synthetic nanocarriers.[��] Red blood cell, leukocyte, cancer cell, 
and platelet membrane-coated nanoparticles have been dubbed 
as �autogenous friends� with incredibly long blood circulation 
times to assist tumor therapy.[��] Cell membrane-coated nanopar-
ticles are known for their immune modulating properties and 
their potential for detoxi�cation.[��] Biomimetic red-blood cell 
membrane-encapsulated nanoparticles, for instance, have been 
applied for detoxi�cation of organophosphate poisoning,[��,��] 
while leukocyte membrane-encapsulated NPs can absorb endo-
toxins during sepsis treatment.[��] Encapsulation by leukocyte 
membranes of NPs also inhibited synovial in�ammation and 
alleviated joint damage.[��] Bacterially stimulated macrophage 
membrane-coated gold�silver nanocages targeted themselves 
to bacterial cell surfaces in an extracellular environment.[��] The 
use of bacterially pretreated macrophage membranes for encap-
sulation of nanoparticles (NPs) is highly unpractical however, 
and to our knowledge native macrophage membrane-encapsu-
lated NPs have not yet been applied to cure intracellular bacte-
rial infections that are even more di�cult to treat than extracel-
lular infections and form a cause of recurrence. Thus, inspired 
by the natural biocompatibility of unstimulated macrophages, 
we encapsulated ANPs in membranes from J���A.� (as a model 
for mouse macrophages) and THP-� (as a model for human 
monocytes) to provide membrane-encapsulated, antimicrobial 
NPs (Me-ANPs) that take advantage of the biocompatibility, 
resistance to clearance by host immune cells, and bacterial path-
ogen-targeting ability that macrophages possess by nature.[��]

The novel ANPs that provide the foundation of our system 
were composed of amphiphilic, binary antimicrobial-conjugates 
composed of a hydrophobic antimicrobial, triclosan, and a 
common clinically applied, more hydrophilic antibiotic, cipro-
�oxacin (Figure� �). Triclosan was chosen as an antimicrobial, 
because it is not only a common oral antimicrobial in tooth-
pastes and mouthwashes,[��] but also applied in antimicrobial 
sutures[��] and other clinical infection control measures.[��] The 
amphiphilic antimicrobial-conjugates self-assembled into ANPs 
that were subsequently stabilized by macrophage-monocyte 
membrane-encapsulation. The killing e�cacy of Me-ANPs 
toward bacteria hiding in macrophages was demonstrated both 
in vitro and in vivo, using S. aureus as an infecting organism.  
S. aureus is a leading cause of severe bacterial infections world-
wide and currently regarded as one of the most prevalent 
intracellular human pathogen.[��] S. aureus is hard to kill once 
intracellularly present.[��,��] Both in a mouse peritoneal infection 
model as well as in a mouse organ infection model, infection was 
more e�ectively eradicated by macrophage membrane-encapsu-
lated Me-ANPs than by ANPs without membrane-encapsulation 
or cipro�oxacin, a common antibiotic in clinical practice.

�. Results
�.�. Preparation and Characterization of Macrophage-Monocyte 
Membrane-Encapsulated, Antimicrobial-Conjugated Nanoparticles

Amphiphilic, binary antimicrobial-conjugates were synthe-
sized via chloroacetylation of triclosan and subsequent chloride 
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substitution using cipro�oxacin with an overall yield of ��%. 
The antimicrobial-conjugate composition was con�rmed by 
�H and ��C NMR (Figures S� and S�, respectively, Supporting 
information) and electrospray ionization mass spectrometry 
(Figure S�, Supporting Information). Conjugation was done 
through reacting the hydroxyl group of triclosan and the sec-
ondary amine group of cipro�oxacin. These groups were 
selected because esteri�cation of the phenol group of triclosan 
and alkylation of the piperazinyl group of cipro�oxacin have 
been demonstrated to have little negative e�ect on antimicrobial 
e�cacy.[��,��] The critical micelle concentration of the antimi-
crobial conjugate was �.�� �g mL�� (Figure S�, Supporting 
Information). For self-assembly of the amphiphilic antimicro-
bial-conjugate through micelle formation into an antimicrobial 

NP-template, conjugates were dissolved in dimethylsulfoxide, 
added dropwise into water and centrifuged to remove the 
organic solvent.[��] Next, membranes isolated from mouse 
J���A.� cells were mixed with the NPs to obtain J���A.� Me-
ANPs. Electron microscopy showed spherically-shaped ANPs 
and Me-ANPs after �� h in a ���� ���� � potassium phosphate 
bu�er at pH �.�, with the encapsulating membrane clearly vis-
ible (Figure��a). Me-ANPs partly disassembled after �� h expo-
sure to pH �.�, but not at the physiological pH of �.� (Figure��a). 
Freshly made ANPs had diameters of around ���nm (Figure��b) 
with a polydispersity index (PDI) of �.�� in absence of J���A.� 
membrane-encapsulation. After � weeks storage in potassium 
phosphate bu�er at pH �.�, ANP diameters increased roughly 
twofold, indicative of the water uptake. Membrane-encapsulation  

Figure �.  Design, synthesis and hypothesized mechanism of macrophage-monocyte membrane-encapsulated, antimicrobial-conjugated nanoparticles 
(Me-ANPs) to kill intracellular bacterial pathogens, hiding inside leukocytes. a) Preparation of a hydrophobic antimicrobial (triclosan) and a more 
hydrophilic antibiotic (cipro�oxacin) into an amphiphilic, binary antimicrobial-conjugate that self-assembles through micelle formation in aqueous 
solution to form antimicrobial NPs. b) Isolation of leukocyte membranes. c) Stabilization of self-assembled, antimicrobial NPs by encapsulation in leu-
kocyte membranes. d) Macrophage-monocytes Me-ANPs are naturally engulfed into an infected macrophage. e) Once inside an infected macrophage, 
intracellular release of conjugated antimicrobials from Me-ANPs kills infecting bacteria. Details not drawn to scale.
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yielded an increase in diameter to around ����nm and in PDI to 
�.��. Moreover, membrane encapsulation stabilized the Me-ANP 
diameter up to at least � weeks after preparation. Liquid chro-
matography-mass spectrometry (LC-MS) analysis[��,��] indi-
cated that ��% of the proteins found on J���A.� Me-ANPs were 

membrane proteins (Figure��c), as con�rmed by the similarity 
in molecular mass distributions in J���A.� membranes and 
Me-ANPs (Figure� �d). Toll-like receptors involved in recogni-
tion of bacterial lipopolysaccharides and lipoteichoic acids, i.e., 
cell membrane derived TLR� and TLR� as well as endosomal 

Figure �.  Characteristics of mouse J���A.� membrane-encapsulated, antimicrobial-conjugated nanoparticles (Me-ANPs). a) Transmission electron 
micrographs of a negative-stained (�.�% uranyl acetate) ANP and a Me-ANP after �� h in ���� ���� M potassium phosphate bu�er at di�erent pH, 
showing membrane-encapsulation as a dark area around the NP. Note partial disassembly of the Me-ANP at pH �.�. Lower magni�cation electron 
micrographs showing more ANPs are presented in Figure S� (Supporting Information). b) Hydrodynamic diameters in ���� ���� M potassium phos-
phate bu�er of ANPs in absence and presence of membrane-encapsulation, as a function of storage time in bu�er. Data were expressed as means � 
standard deviations over triplicate nanocarrier preparations. c) The number of J���A.� membrane proteins and other proteins on Me-ANP identi�ed by 
liquid chromatography-mass spectrometry (LC-MS). d) Molecular mass (kDA) distribution of membrane proteins in mouse J���A.� membranes and 
Me-ANPs by LC-MS. e) Relative abundance of Toll-like receptors identi�ed using LC-MS involved in bacterial recognition on J���A.� membranes and 
Me-ANPs. and abundance of TLR-� in J���A.� membranes set at ���%. f) Functional characterization of membrane proteins identi�ed on Me-ANPs. 
Proteins were classi�ed according to UniProt/GO database[��] using the LC-MS data as input. g) Same as panel (d), now for the distribution of iso-
electric points of membrane proteins. h) Zeta potentials in ���� ���� M potassium phosphate bu�er of ANPs in absence and presence of membrane-
encapsulation, as a function of storage time in bu�er. Data were expressed as means � standard deviations over triplicate nanocarrier preparations.  
i) Antimicrobial-conjugate content in wt% of Me-ANPs, expressed relative to the initial antimicrobial-conjugate content of ANPs in absence of encap-
sulation. Antimicrobial-conjugate contents were derived from UV�vis spectroscopy (see Figure S�, Supporting Information). Data are expressed  
as means � standard deviations over triplicate nanocarrier preparations. Asterisks above the data points indicate statistical signi�cance at p����.��  
(*, Student�s t-test) between ANPs and Me-ANPs.
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membrane-derived TLR� and TLR�,[�����] were also abundantly 
present both on J���A.� membranes and Me-ANPs (Figure��e). 
A functional classi�cation based on UniProt/GO[��] analysis 
using the LC-MS data as input, identi�ed the membrane pro-
teins on Me-ANPs to be involved in transport (��%), signaling 
(��%), immunity (��%) and metabolism (�%) (Figure��f). This 
functional classi�cation is in line with protein functions in 
J���A.� membranes.[��] Actual protein activity is virtually impos-
sible to measure in a mixture of over ���� proteins identi�ed 
in a macrophage membrane, but absence of denaturation can 
be anticipated based on absence of aggregation and precipita-
tion (common to denatured proteins) of Me-ANPs over a period 
of four weeks. This makes maintenance of functional protein 
activity likely. Based on isoelectric points (pI; Figure� �g), the 
percentages of positively (pI ���) and negatively (pI ���) charged 
proteins were equal for J���A.� membranes and Me-ANPs. Few 
(��%) highly negatively charged proteins (pI �� �) were identi-
�ed, while more than ��% of the proteins carried a high positive 
charge (pI �� �). Accordingly, J���A.� membrane-encapsulation 
compensated the highly negative zeta potential of ANPs in 
absence of a membrane coating, yielding stable, negative zeta 
potentials of around ����mV over the course of at least � weeks 
(Figure� �h). Using UV�vis absorption spectroscopy and set-
ting the antimicrobial-conjugate content of ANPs in absence of 
encapsulation at ���% (see Figure S�, Supporting Information), 
additional antimicrobial-conjugates were found to be captured 
during the encapsulation process (Figure��i). Thus, membrane-
encapsulation of ANPs not only stabilized the particles, but also 
increased their antimicrobial-conjugate content.

Exposure of J���A.� Me-ANPs to phosphate bu�ered saline 
(PBS) at pH �.� only yielded partial release of ��� wt% of the 
antimicrobial-conjugates over �� h (Figure� �), but at a lower 
pH, as prevalent in macrophage sub-cellular compartments,[��] 
nearly ���% of the antimicrobial-conjugates was released. This 

enhanced release at low pH, particularly increasing after �� h, 
is due to the pH dependent disassembly of Me-ANPs, occur-
ring only in a low pH environment (see also Figure��a), which 
is an advantageous feature yielding enhanced availability of 
the antimicrobials in the same sub-cellular compartments as 
in which also bacteria reside. Note from Figures��a and��, that 
this disassembly is a slow process occurring over a time scale 
of around �� h. Disassembly of Me-ANPs in a low pH environ-
ment (pH �.�) likely arises through protonation of three tertiary 
amine groups on the antimicrobial conjugate (see Figure� �), 
possessing pKa�s around �.�� (ChemDraw calculation). Proto-
nation of the amine groups increases the hydrophilicity of the 
conjugate, which disrupts the balance between its hydrophobic 
and hydrophilic part that provides the basis for macrophage 
membrane-stabilized ANP formation.

In a separate series of experiments, Figure S�a�h (Sup-
porting Information) show that encapsulation of ANPs by 
human THP-� cells, modeling monocytes, yielded similar 
stabilization of the nanoparticle diameters and other impor-
tant properties, including antimicrobial-conjugate release and 
membrane protein function in the coating as encapsulation by 
mouse J���A.� cells.

�.�. Engulfment of Macrophage-Monocyte Membrane-
Encapsulated, Antimicrobial-Conjugated Nanoparticles 
into Macrophages In Vitro

To demonstrate engulfment of J���A.� Me-ANPs into sterile 
and infected J���A.� cells, Me-ANPs were loaded with hydro-
phobic �uorescent Nile red. To obtain infected J���A.� cells with 
in vitro internalized S. aureus, overnight cultures of staphylo-
cocci and cells were grown to internalize staphylococci inside 
the macrophages, while washing o� extracellular bacteria 
and killing possible remaining extra-cellular staphylococci by 
exposure to gentamicin.[��,��,��] Intracellular presence of staph-
ylococci was clearly indicated in CLSM images of green-�uores-
cent staphylococci inside J���A.� macrophages (see Figure��a).

Next, J���A.� macrophages with or without intracellular 
green-�uorescent S. aureus WHGFP were exposed to suspen-
sions of Nile red-loaded, Me-ANPs in PBS and imaged using 
CLSM. Surprisingly, Me-ANPs can be seen to be exclusively 
engulfed by infected mouse J���A.� macrophages with intra-
cellular staphylococci, but not microscopically visible by 
sterile J���A.� cells (see also Figure� �a). Similarly, no engulf-
ment was observed of Nile red-loaded ANPs encapsulated in 
negatively-charged (zeta potential ���� mV)[��] phosphocholine 
liposomes,[��] both for J���A.� cells without and with intra-
cellular staphylococci. The above conclusions drawn from 
Figure� �a were supported by quantitative analyses of the red-
�uorescence intensity per macrophage averaged over multiple 
nanocarrier preparations and macrophages as presented in 
Figure� �b. However, a very small �uorescence intensity was 
measured for sterile J���A.� cells compared to infected mac-
rophages, indicating minor engulfment of Me-ANPs by sterile 
J���A.�. Me-ANPs encapsulated by THP-� cells as a model cell 
line for human monocytes, yielded the same, selective engulf-
ment into infected J���A.� cells, as exhibited by mouse J���A.� 
Me-ANPs (Figure S�i, Supporting Information).

Figure �.  Cumulative antimicrobial-conjugate release from mouse J���A.� 
membrane-encapsulated antimicrobial-conjugated nanoparticles as a 
function of exposure time to phosphate bu�ered saline (PBS: �� ������ � 
potassium phosphate with ���������� � NaCl added) at pH �.� and �.�. 
The discontinuity in the release curve at pH �.� at around �� h is likely 
related to disassembly of the nanoparticles (compare Figure��a). Drug 
release was measured using UV�vis spectroscopy. Data are expressed 
as means � standard deviations over triplicate nanocarrier preparations.
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�.�. Selectivity of Me-ANPs towards Infected versus Sterile 
Macrophages

In order to �nd di�erences between sterile and infected macro
phages relevant for the selectivity of membrane-encapsulated 
ANPs towards infected macrophages, we compared the zeta 
potentials of J���A.� membrane fragments from sterile and 
infected cells in ���� ���� � potassium phosphate bu�er.

Membrane fragments from sterile cells had a signi�cantly 
more negative zeta potential (-�� � ��mV), than Me-ANPs (see 
Figure��h). Membrane fragments of infected cells, were ���mV 
less negatively-charged (zeta potential -�� � �� mV) than when 
isolated from sterile cells. The less negative zeta potentials of 
cell membranes after staphylococcal infection, suggests capture 
of positively charged antimicrobial proteins in the membrane 
during staphylococcal engulfment. For this, lysozyme is a clear 
candidate protein, as it is a positively charged antimicrobial 
used by leukocytes for intra- and extraleukocyte degradation 
of bacterial cell wall peptidoglycans, hydrolyzation the glycan 
backbone, and killing bacteria through its cationic features.[��,��] 
Fluorescence labeling with anti-lysozyme antibodies of infected 
mouse J���A.� cells demonstrated small lysozyme-rich spots, 
coinciding with the likely (see also Figure S�, Supporting Infor-
mation) point of staphylococcal engulfment, that were absent on 
sterile cells (Figure��a). Quanti�cation of red-�uorescence inten-
sity of lysozyme in CLSM images was found signi�cantly higher 
(p����.���, Student�s t-test) in infected J���A.� cells than in sterile 
ones (Figure��b), in line with the less negative zeta potential of 
infected J���A.� cells. These positively-charged, lysozyme scars 

present the likely point of entry of negatively-charged Me-ANPs 
as a result of the electrostatic double-layer interaction between 
opposite charges. Human THP-� cells immediately after infec-
tion demonstrated similar lysozyme scars and overall higher 
lysozyme presence as observed for infected mouse J���A.� cells 
(compare Figure� � and Figure S��, Supporting Information). 
Considering the possibility that lysozyme concentrated in the 
scar-region di�uses to equally distribute over the cell membrane, 
lysozyme scars on J���A.� cells were monitored as a function of 
time after infection. Lysozymes scars remained present over at 
least �� h after infection in CLSM images (see also Figure��a). 
This result is supported by �ow cytometry (Figure��c), indicating 
that the lysozyme levels on infected cells were signi�cantly 
above the lysozyme levels on sterile cells at all points in time up 
to minimally �� h (Figure��d). Thus, the window of opportunity 
for selective entry of Me-ANPs into infected macrophages is at 
minimum �� h.

�.�. Antimicrobial E�cacy of Macrophage-Monocyte Membrane-
Encapsulated, Antimicrobial-Conjugated Nanoparticles In Vitro

First, to establish whether antimicrobial conjugation and leu-
kocyte membrane-encapsulation had a�ected the antimicrobial 
e�cacy of the composing antimicrobials, their minimal inhibi-
tory and bactericidal concentrations (MIC and MBC, respec-
tively) towards two multidrug resistant[��] S. aureus strains were 
compared with those of triclosan or cipro�oxacin in solution 
or a solution with equal concentrations of both antimicrobials. 

Figure �.  Engulfment of mouse J���A.� membrane-encapsulated, antimicrobial-conjugated nanoparticles by infected and sterile J���A.� macrophages 
with and without in vitro internalized green-�uorescent S. aureus WHGFP, respectively (� h exposure time). Experiments were done in PBS. ANPs 
encapsulated in phosphocholine liposomes (PC-liposomes) are included as a negative control. a) CLSM images illustrating intracellular presence 
of green-�uorescent staphylococci (arrows) with attached Nile red-loaded, membrane or liposome encapsulated ANPs into J���A.� macrophages 
with or without intracellular S. aureus. J���A.� nuclei were blue-�uorescently stained using DAPI. Lower magni�cation CLSM images showing more 
macrophages are presented in Figure S� (Supporting Information). b) Red-�uorescence intensity of Nile red-loaded, membrane or liposome encap-
sulated ANPs after engulfment in J���A.� macrophages with or without intracellular S. aureus. Data were expressed as a mean �uorescence intensity 
per macrophage � standard deviations over triplicate nanocarrier preparations. Three images were blindly chosen in each experiment, comprising on 
average ��� macrophages per image.
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