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Antimicrobial cationic peptides are of interest because they can combat multi-drug-resistant microbes. Most peptides form
a-helices or b-sheet-like structures that can insert into and subsequently disintegrate negatively charged bacterial cell
surfaces. Here, we show that a novel class of core–shell nanoparticles formed by self-assembly of an amphiphilic peptide
have strong antimicrobial properties against a range of bacteria, yeasts and fungi. The nanoparticles show a high
therapeutic index against Staphylococcus aureus infection in mice and are more potent than their unassembled peptide
counterparts. Using Staphylococcus aureus-infected meningitis rabbits, we show that the nanoparticles can cross the blood–
brain barrier and suppress bacterial growth in infected brains. Taken together, these nanoparticles are promising
antimicrobial agents that can be used to treat brain infections and other infectious diseases.

B
rain inflammatory diseases such as meningitis and encephalitis
are among the top ten infectious causes of death1, and are
caused by bacteria such as Bacillus anthrax, Bacillus subtilis2,3

or Staphylococcus aureus, fungi or viruses. HIV-infected patients
can easily contract fungi because of their damaged immune
systems. Candida albicans is the most frequently found fungus in
meningitis4,5. Satratoxin G from Stachybotrys chartarum has also
been reported to cause brain inflammation6. Compared with
fungal and bacterial infection, viral infection is the least severe in
most cases. The patients usually recover with no long-term effects
or sequelae after treatment with conventional antiviral drugs.
Bacterial infection is far more serious and progresses quickly. It
may result in hearing loss, learning disability or brain damage.
Despite antibiotic treatment, there is high mortality and morbidity
because of the difficulty in delivering drugs across the blood–brain
barrier (BBB) to the brain.

Cationic antimicrobial peptides have received increasing atten-
tion due to their broad-spectrum activities and ability to combat
multi-drug-resistant microbes7. The antimicrobial activities of
most peptides depend upon the formation of a-helical8–10 or
b-sheet-like tubular11 structures upon interaction with negatively
charged cell surfaces or the formation of a-helical bundles after
self-association in solution12, followed by insertion into the cell
membrane after recruiting additional peptide monomers, and disin-
tegrating the cell membrane.

The TAT (YGRKKRRQRRR) peptide is the minimal amino-acid
sequence required for membrane translocation, and was found in
the transcriptional activator TAT protein of the human immuno-
deficiency virus type-1 (HIV-1)13,14. Chemical attachment of TAT
onto proteins15, siRNA16 and liposomes17 increased cellular uptake
of proteins and genes. It has also been reported that after conjugation
with TAT, proteins with molecular weights ranging from 36 to
119 kDa18, quantum dots19 and polymeric micelles20 were able to
cross the BBB. In this study, we design a short amphiphilic
peptide (CG3R6TAT), which contains a hydrophilic block of cell-
penetrating peptide TAT and six arginine residues (R6 or Arg6) for

adding more cationic charges to improve membrane translocation21,22,
and a hydrophobic block of cholesterol (C), because it has a well-
documented ability to drive self-assembly of cholesterol-containing
materials23 and to improve membrane permeability of cholesterol-
incorporated compounds24,25 (Fig. 1a). A spacer of three glycine
moieties (G3 or Gly3) is built in between to separate the two
blocks. This peptide can easily form core–shell structured nano-
particles (micelles) having a hydrophobic cholesterol core and a
hydrophilic cationic peptide shell with TAT molecules arranged
towards the surrounding environment (Fig. 1b). The formation of
nanoparticles is expected to increase the local density of positive
charge and peptide mass, thereby enhancing the antimicrobial
properties of the cationic peptide. In addition, the presence of
TAT molecules on the surfaces may render these nanoparticles
capable of crossing the BBB for the treatment of brain infection.

Results and discussion
Synthesis and characterization of CG3R6TAT nanoparticles.
G3R6TAT was synthesized by a solid-phase method. CG3R6TAT was
obtained by grafting cholesteryl chloroformate onto the N-terminus
of the G3R6TAT. This peptide had a critical micelle concentration
(CMC) of 31.6 mg l21 (that is, 10.1 mM) in deionized (DI) water
(see Supplementary Fig. S1). At concentrations above the CMC, it
can easily self-assemble to form core–shell nanoparticles. Briefly,
10 mg of CG3R6TAT was dissolved in 3 ml of dimethyl sulphoxide
(DMSO), and dialysed against 500 ml of DI water at room
temperature (22 8C) for 24–48 h using a dialysis membrane with a
molecular-weight cut-off (MWCO) of 1,000 (Spectra/Por 7,
Spectrum Laboratories). The external water phase was replaced
every 6 h. The resulting nanoparticles were freeze dried, and
characterized by hydrodynamic diameter (Dh), gyration of
diameter (Dg), aggregation number and zeta potential using a
Brookhaven BI-200SM goniometer system and a Zetasizer
(Malvern Instrument). The values of Dh, Dg, aggregation number
and zeta potential were 177+6 nm, 152+8 nm, 91 and 55+4 mV,
respectively. The aggregation number of 91 proves that the
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formation of nanoparticles increases the local density of positive
charge and peptide mass. A ratio of Dg/Dh close to 0.774
supports the formation of core–shell micelles, and any value equal
to or bigger than 1 indicates the formation of vesicles or rod-like

micelles26,27. The value of the oligopeptide nanoparticles (Dg/Dh)
is 0.86, indicating the formation of core–shell micelles. The
nanoparticles were spherical in nature and had a size less than
150 nm after self-drying under air (Fig. 1c,d). These positively
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Figure 1 | Peptide structure and formation of peptide nanoparticles. a, Chemical structure of the designed peptide with cholesterol, glycine, arginine and

TAT. b, Formation of micelles, simulated through molecular modelling using Materials Studio software. c,d, Scanning electron micrographs of nanoparticles.
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charged nanoparticles may easily interact with the surfaces of
microbes by means of electrostatic interaction.

In vitro antimicrobial properties of CG3R6TAT nanoparticles. In
clinical practice, patients with brain infections are empirically
treated with antibiotics of broad-spectrum antimicrobial activity
before identifying the specific pathogens, because any delay in
treatment may cause mortality. Peptides, as potential
antimicrobial agents for combating brain infections, must
therefore be able to kill a variety of microbes including bacteria,
drug-resistant bacteria, fungi and yeasts. We evaluated minimal
inhibitory concentrations (MICs) of peptides and cationic peptide
nanoparticles against Staphylococcus aureus, methicillin-resistant
Staphylococcus aureus (MRSA), Bacillus subtilis, Enterococcus
faecalis, vancomycin-resistant Enterococcus, Streptococcus
haemolyticus (gram-positive bacteria), Candida tropicalis (yeast),
Candida albicans 1 (clinical sample), Candida albicans (ATCC),
Cryptococcus neoformans and Stachybotrys chartarum (fungus).
The nanoparticles had a strong effectiveness against bacteria, and
also against drug-resistant bacteria, yeast and fungi. Their MICs

were cell-type dependent—S. aureus (8.1 mM), methicillin-
resistant S. aureus (11.4 mM), B. subtilis (10.7 mM), E. faecalis
(11.4 mM), vancomycin-resistant Enterococcus (4.1 mM), S.
haemolyticus (2.0 mM), C. albicans 1 (13.0 mM), C. albicans
(10.8 mM), C. tropicalis (13.0 mM), C. neoformans (8.1 mM) and
S. chartarum (11.0 mM) (Fig. 2; see also Supplementary Fig. S2)—
close to or even below the CMC of the peptide.

Although TAT was reported to possess an inhibitory activity
against C. albicans28, its inhibitory efficiency was low (for
example, MICs of G3TAT are 290.0 and 289.0 mM against B. subtilis
and C. albicans, respectively; see Supplementary Fig. S3). However,
adding six cationic arginine residues to G3TAT (that is, G3R6TAT)
reduced the MIC values by a factor of 2.9 (290.0 and 289.0 versus
75.0 mM for B. subtilis and C. albicans, respectively; see
Supplementary Figs S3 and S4). In TAT peptide, there are six argi-
nine residues. The addition of TAT to G3R6 did not merely provide
six more arginine residues, as the MICs of G3R12 against B. subtilis
and C. albicans were much higher than that of G3R6TAT (242.0 and
145.5 versus 75.0 mM; see Supplementary Figs S4 and S5). The cell-
penetrating property of the TAT sequence may play a role in provid-
ing the stronger antimicrobial activities. Although the inhibitory
efficiency induced by TAT alone was low, the introduction of TAT
to G3R6 strongly enhanced its antimicrobial activity (MIC of 75.0
versus .444.4 mM, an increase by a factor of more than 4.9; see
Supplementary Figs S4 and S6). Therefore, the arginine residues
and TAT peptide block are both necessary for the observed
antimicrobial activities.

The MIC of G3R6TAT was much higher than that of the nano-
particles self-assembled from the amphiphilic peptide CG3R6TAT
(10.7/10.8 versus 75.0 mM, six times higher). Most cationic peptides
do not have a specific target in microbes, and they interact with
microbial membranes based on electrostatic interaction. We
believe that the high local density of peptide mass and positive
charges on our nanoparticles may lead to greater electrostatic inter-
actions with the bacterial membranes, which in effect translates to
greater antimicrobial activities and lower MIC values. In addition,
the nanoparticles were much more powerful in inhibiting prolifer-
ation of S. chartarum than the conventional antifungal agents fluco-
nazole and amphotericin B (MIC of 11.0 mM versus .817.0 and
.54.0 mM, respectively; Fig. 2c). Moreover, the nanoparticles
were superior to the conventional antibiotics penicillin G and dox-
ycycline in killing B. subtilis (MIC of 11.0 versus 1,074 and 13.5 mM,
respectively; see Supplementary Fig. S7).
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Figure 2 | Dose-dependent growth inhibition of Bacillus subtilis,

Cryptococcus neoformans and Stachybotrys chartarum. a–c, Growth inhibition

of B. subtilis (a), S. aureus (b) and S. chartarum (c) in the presence of

CG3R6TAT peptide nanoparticles and conventional antifungal agents. The data

are expressed as mean and standard deviations of at least three replicates.

The standard deviation is shown by the error bars. OD, optical density.
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Haemolysis is one of the major side effects caused by many cat-
ionic peptides. The haemolysis of rat red blood cells was evaluated
after incubation with the nanoparticles and amphotericin B. The
nanoparticles demonstrated low haemolytic activity at low concen-
trations (Fig. 3). For example, at 16.0 mM (that is, 50 mg l21), a con-
centration higher than the MIC, less than 19% haemolysis was
observed with the nanoparticles, whereas amphotericin B mediated
more than 90% haemolysis at its MIC (54.0 mM, that is, 50 mg l21).

Proposed antimicrobial mechanism of CG3R6TAT nanoparticles.
To understand the mechanism of the antimicrobial functions of the
nanoparticles, we investigated morphological changes of various

microorganisms before and after incubation with the
nanoparticles at lethal doses for various periods of time through
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) observations. Untreated B. subtilis exhibited a
smooth surface (Fig. 4a). In sharp contrast, the cell surface
became rough after incubation with nanoparticles at a
concentration of 13.0 mM for 90 min. In addition, a large number
of minicells were formed, and cell debris was observed (Fig. 4b).
The formation of minicells has been observed in B. subtilis treated
with the cationic peptide antibiotic nisin29. The uptake of
positively charged nanoparticles into the bacterial cell wall by
means of non-specific electrostatic interaction accelerates cell
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Figure 4 | Morphological studies of microorganisms before and after treatment with CG3R6TAT nanoparticles. a–e, SEM images of B. subtilis (a,b) and C.

albicans (c–e) before (a,c) and after treatment with nanoparticles at 13.0mM for 30 min (d), 90 min (b) and 100 min (e). Insets show enlarged views. f–k,

TEM images of S. aureus (f,g), E. faecalis (h,i) and C. neoformans (j,k) before (f,h,j) and after (g,i,k) incubation with 32.0mM of nanoaprticles for 2 h.
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division, which leads to the formation of minicells. It is possible that
our nanoparticles may act in a similar way to nisin.

TEM images also show that the cell wall of S. aureus was broken
and cell death was observed after incubation with 32 mM nanoparti-
cles for 2 h (Fig. 4f,g). Under the same treatment, the cell walls of
E. faecalis and C. neoformans were disrupted and lysis of the cells
occurred (Fig. 4 h–k). The uptake of nanoparticles in the cell wall
may cause the steric hindrance. In addition, there may be hydrogen
binding/electrostatic interactions between the functional groups in
the peptide and peptidoglycans of the cell wall, which are made
from polymers of alternating N-acetylglucosamine and N-acetylmura-
mic acid in the b-linkage, crosslinked by short peptide stems. These
two factors may work together to damage the cell wall and/or
inhibit cell wall synthesis30, resulting in osmotic lysis of the cells.

As shown in Fig. 4c–e, C. albicans also experienced morphological
changes. Numerous pores of size less than 50 nm were formed on the
cell surfaces after treatment with nanoparticles at a concentration of
13.0 mM for 30 min (Fig. 4c versus d). At 100 min, the cell wall was
efficiently disrupted and protoplasts were exposed, which would even-
tually lead to cell lysis (Fig. 4e). In addition to the possible inhibition
of cell wall synthesis or damage to the cell wall, the nanoparticles may
permeate through the cytoplasmic membrane of the organisms due to
the presence of TAT and/or the relatively large volume of the nano-
particles4, thus destabilizing the membrane based on the electropora-
tion and/or sinking raft model31, resulting in cell death. Figure 5
shows a possible mechanism of antimicrobial nanoparticle activity.

In vivo anti-infective activity of CG3R6TAT nanoparticles. To
evaluate the in vivo anti-infective activity and toxicity level of the
nanoparticles, S. aureus was introduced to mice intraperitoneally
with a minimum lethal dose of 4.34� 109 CFU ml21 (CFU, colony
forming unit; 0.5 ml), which was first determined from the survival
rate of mice at 48 h after being challenged with different doses of
the bacteria. At this lethal dose, 100% mice died within 48 h post-
infection. Immediately after the challenge, the mice received
intravenous injection of the peptide nanoparticles at various doses,
and another injection at 24 h of the same doses. The mice were
monitored for survival over a 7-day period after infection, and the
ED50 (effective dose at which half the mice survive) of the peptide
nanoparticles analysed by the method of BLISS was 0.35 mg kg21.
In addition, the LD50 (lethal dose at which half the mice are killed)
was determined to be 17.4 mg kg21. These results indicate that the
peptide nanoparticles had a high therapeutic index (LD50/ED50,
that is, 50) against S. aureus infection.

To determine whether the peptide nanoparticles can cross the
BBB and kill bacteria in the brain, a S. aureus-induced meningitis
rabbit model was used. The infected rabbits were treated with

either vancomycin (conventional antibiotics) or peptide nanoparti-
cles intravenously every 12 h, and the first dose was given at 12 h
post-infection. Blood and cerebrospinal fluid (CSF) samples were
taken from the auricular artery and intracisternal puncture, respect-
ively, at different time points, and the percentage of neutrophils ana-
lysed. Brain tissues were removed at 48 h post-infection to
determine the quantitative counts of S. aureus (CFUs). The
decreased CFU, that is, reduced counts of S. aureus in the brain
tissues at 36 h post-treatment with the nanoparticles proves that
the peptide nanoparticles were able to penetrate the BBB and sup-
press bacterial growth in the brain (Fig. 6a). Neutrophils are the
primary white blood cells that respond to a bacterial infection.
The percentage of neutrophils is a parameter that is commonly
used in the clinic to evaluate the degree of infection. A decreased per-
centage of neutrophils indicates a lower infection. As shown in
Fig. 6b, the percentage of neutrophils in the peripheral blood was
�43–47% before infection, and increased to 85–89% at 12 h post-
infection. Treatment with the nanoparticles or vancomycin reduced
the percentage of neutrophils, which was 55–60% at 36 h post-treat-
ment, whereas the percentage of neutrophils in the peripheral blood
of the control group without any treatment was still 76% at this time
point. Similarly, it was observed that treatment with nanoparticles or
vancomycin also significantly decreased the percentage of neutrophils
in the CSF (Fig. 6c). These findings indicate that treatment of the S.
aureus-induced meningitis rabbits with nanoparticles suppressed
bacterial growth and lowered the degree of the infection.

Meanwhile, alanine transaminase (ALT), aspartate transaminase
(AST), total bilirubin, direct bilirubin, creatinine and urea nitrogen
levels of the blood samples obtained from the meningitis rabbits
with and without the treatment of the peptide nanoparticles
at 48 h post-infection were measured to study the toxicity of the
nanoparticles to the liver and kidneys. As listed in Supplementary
Table S1, treatment with the nanoparticles did not elevate the
levels of these key parameters, indicating that the nanoparticles
did not cause significant damage to the liver and kidney functions
at the tested dose.

The BBB is composed of a layer of endothelial cells held together
by tight junctions (Fig. 6d), thus restricting the passage of sub-
stances (particularly water-soluble molecules or molecules larger
than Mr¼ 200–400) from the bloodstream32. In general, there are
two possible pathways for large water-soluble molecules to cross
the BBB: specific receptor-mediated endocytosis (insulin, transfer-
rin) and adsorptive endocytosis routes (cationic albumin and
other plasma proteins)32. The cationic peptide nanoparticles syn-
thesized in this study may be taken up by the BBB through adsorp-
tive endocytosis, and then move into the CSF and diffuse into the
brain tissues (Fig. 6d).
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Conclusions
In conclusion, we have designed and synthesized antimicrobial core–
shell structured nanoparticles self-assembled from the amphiphilic
peptide CG3R6TAT. We have demonstrated that the formation of
nanoparticles strongly enhances its antimicrobial activities. These
nanoparticles possess a broad spectrum of antimicrobial activities,
which efficiently inhibit the growth of various types of gram-positive
and drug-resistant gram-positive bacteria, fungi and yeast with low
MIC values, yet induce relatively low haemolysis. In addition, they
have a high therapeutic index (50) against S. aureus infection in a
mouse model. Moreover, these peptide nanoparticles are able to
cross the BBB in a S. aureus-induced meningitis rabbit model, and sup-
press bacterial growth in the brain. Importantly, they do not cause sig-
nificant toxicity to the major organs, indicating that these nanoparticles
may provide an efficient antimicrobial agent in treating brain infec-
tions. They may also be applied to other infectious diseases such as
MRSA-associated infections and C. albicans-caused brain infections.

Methods
Peptide synthesis. G3R6TAT was synthesized according to the
9-fluorenylmethoxycarbonyl (Fmoc) approach using an Apex 396 peptide
synthesizer (Aapptec). The peptide was assembled on Fmoc-Arg(Pbf)-Rink Amide-
MBHA resin (LC Sciences) at the 0.1 mmol scale using a double coupling
method. Briefly, resin was reacted with five equivalents of amino acids, five
equivalents of activator reagent, benzotriazol-1-yl-oxytripyrrolidinophosphonium
hexafluorophosphate (LC Sciences) and 10 equivalents of base,
N-methylmorpholine (Merck). The Fmoc group was removed by gentle agitation in
20% of piperidine (Merck) in dimethylformamide (DMF, Sigma-Aldrich). After

peptide synthesis, cleavage of the peptides from the resin was carried out with a
mixture of trifluoroacetic acid (TFA, Merck), triisopropylsilane (Merck) and water in
a volume ratio of 95:2.5:2.5 for 3–6 h. The solution was concentrated by rotary
evaporation, followed by precipitation in cold diethyl ether (Sigma-Aldrich).
The crude peptide was collected by filtration and dried under vacuum, and further
purified using high-performance liquid chromatography (HPLC) consisting of a
Waters 2767 sample manager, a Waters 996 PDA detector (Waters Corporation) and
a GraceVydac C18 column (10� 250 mm). The mobile phase was composed of
water containing 0.1% TFA and acetonitrile containing 0.1% TFA, and the volume
percentage of acetonitrile was gradually increased from 5 to 40% in 20 min at a flow
rate of 8 ml min21. The peptide was characterized by analytical reverse-phase HPLC
and matrix-assisted laser desorption ionization of time-of-flight (MALDI-TOF)
mass spectrometry (Autoflex II, Bruker Daltronics) (see Supplementary Fig. S8).
The purity of peptide was found to be about 95% according to HPLC analysis.

CG3R6TAT was obtained by grafting cholesteryl chloroformate onto G3R6TAT
through the N-terminus. Briefly, cholesteryl chloroformate (Sigma-Aldrich, 148 mg)
dissolved in 15 ml DMF was slowly added to 5 ml DMF containing 70 ml
triethylamine (Fluka) and 88 mg of G3R6TAT at 0 8C with stirring. After 24 h of
reaction, DMF was removed from the mixture by purging dry nitrogen gas, and the
mixture was then precipitated with diethyl ether for three times to remove unreacted
cholesteryl chloroformate. The crude product was further purified by dialysis against
DMF for six days, followed by water for two days using a membrane with MWCO of
1,000 Da. Evidence of the successful synthesis of CG3R6TAT was obtained by
MALDI-TOF and 1H-NMR analyses (see Supplementary Figs S8 and S9).

Minimal inhibitory concentration (MIC) determination. B. subtilius, S. aureus,
C. albicans and S. chartarum were obtained from ATCC. Methicillin-resistant
S. aureus, E. faecalis, vancomycin-resistant Enterococcus, S. haemolyticus,
C. neoformans, C. tropicalis and C. albicans 1 were extracted from patients’ phlegm,
and kindly provided by Y. S. Yu, Department of Infectious Diseases, The First
Affiliated Hospital, College of Medicine, Zhejiang University, P.R. China.
The bacteria were grown in tryptic soy broth or Mueller–Hinton broth for clinical
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samples or Todd–Hewitt broth for S. haemolyticus at 37 8C. The yeast was cultured
in yeast mould broth at 24 8C and the fungi were grown in tryptic soy broth at 26 8C.
The MICs of the peptides, peptide nanoparticles or drugs were measured using a broth
microdilution method. Briefly, 50 ml of peptide, peptide nanoparticle and drug
solutions with various concentrations was placed into each well of 96-well plates.
Microorganism solution (50 ml) at a concentration that gave an optical density reading
of �0.1–0.2 at 600 nm was added to each well. The optical density readings of
microorganism solutions were measured as a function of time. The MIC was taken at
the concentration at which no growth was observed with the unaided eye and
microplate reader (Bio-Teck Instruments), and in the growing phase of the
microorganisms. Broth containing cells alone was used as control. The tests were
repeated at least three times.

In vivo studies. All experiments involving animals were performed according to
protocols approved by the Animal Studies Committee of P.R. China. Adult female
ICR mice (�20 g) were used in all experiments for studies of LD50 and ED50, and
pathogen-free New Zealand rabbits (�2.5–3 kg) were used to establish the S. aureus-
induced meningitis model. The detailed protocols for the in vivo studies are provided
in the Supplementary Information.

Statistic analysis. Statistical analysis was performed using Student’s t-test.
Differences were considered statistically significant with probability P , 0.05.
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