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I

n globally recognized areas of high particulate air pollution,
individuals are exposed to billions of nanoparticles each day,
via inhalation and skin contact (1). Furthermore, many
consumer products and medical applications are now using engineered nanoparticles to enhance their efficacy. Humans are therefore becoming rapidly and increasingly exposed to these particles to
a greater extent than ever before (2).
The effectiveness of host defense molecules in the human innate
immune system involves a complex network of structures and
processes, primarily designed to protect an individual from disease
through the prevention of pathogenic microbial colonization and
infection. However, within the context of increased environmental
concentrations of nanoparticles, the implications of nanoparticle
exposure on host defense are poorly understood. It is recognized
that the size of a nanoparticle can strongly affect its physicochemical properties and functionality, as well as biodistribution in
an organism following exposure. It has also been demonstrated that
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nanoparticles can evade physical clearance mechanisms in humans,
and enter or diffuse through cell membranes, leading to increased
biodistribution and longer persistence in the body. In addition, it
has been suggested repeatedly that the nanoparticle component of
air pollution, such as particulate matter (PM10), could be responsible
for the increased susceptibility of individuals to respiratory infections in areas of high concentrations of air pollution by impacting
the host response to the infection (3, 4). However, no firm mechanistic understanding of this link has yet been demonstrated.
Host defense peptides (HDP; also known as antimicrobial
peptides) are a major component of the innate immune system.
Two major families have been characterized in humans, defensins
and cathelicidins, and peptides from both families have been demonstrated to possess potent immunomodulatory and antimicrobial
activities (reviewed in Refs. 5–7). These peptides are regarded
as key elements of the innate immune system. The sole human
cathelicidin, LL-37, is the active fragment of the inactive proprotein hCAP-18, and has been shown to have potent antimicrobial and immunomodulatory activity (reviewed in Refs. 6, 8).
LL-37 is generated after hCAP-18 is released from neutrophilspecific granules, and cleaved by extracellular proteinase-3 (9).
The active LL-37 peptide contains 37 aa and the sequence begins
at the cleavage site with two leucine residues. Although LL-37 is
primarily contained within the specific granules of neutrophils, it
has also been found at lower concentrations in other cells and
tissues throughout the body, such as epithelial cells, monocytes,
NK cells, B cells, trophoblasts, and keratinocytes (10, 11). LL-37
is normally present as a defense mechanism in saliva, tears, and
other bodily fluids, and is generally upregulated during infections
and inflammation. LL-37 has many immunomodulatory functions
reported within the innate immune system including, but not
limited to, the recruitment of inflammatory cells to a site of infection; wound healing (angiogenesis); acting as a chemotactic
agent for neutrophils, monocytes, and T cells; differentiation and
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Host defense peptides, also known as antimicrobial peptides, are key elements of innate host defense. One host defense peptide with
well-characterized antimicrobial activity is the human cathelicidin, LL-37. LL-37 has been shown to be upregulated at sites of
infection and inflammation and is regarded as one of the primary innate defense molecules against bacterial and viral infection.
Human exposure to combustion-derived or engineered nanoparticles is of increasing concern, and the implications of nanomaterial
exposure on the human immune response is poorly understood. However, it is widely acknowledged that nanoparticles can interact
strongly with several immune proteins of biological significance, with these interactions resulting in structural and functional
changes of the proteins involved. This study investigated whether the potent antibacterial and antiviral functions of LL-37 were
inhibited by exposure to, and interaction with, carbon nanoparticles, together with characterizing the nature of the interaction.
LL-37 was exposed to carbon black nanoparticles in vitro, and the antibacterial and antiviral functions of the peptide were subsequently assessed. We demonstrate a substantial loss of antimicrobial function when the peptide was exposed to low concentrations
of nanomaterials, and we further show that the nanomaterial-peptide interaction resulted in a significant change in the structure of
the peptide. The human health implications of these findings are significant, as, to our knowledge, this is the first evidence that
nanoparticles can alter host defense peptide structure and function, indicating a new role for nanoparticle exposure in increased
disease susceptibility. The Journal of Immunology, 2017, 199: 000–000.
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Materials and Methods
Reagents and materials
Gradient Tris-Glycine-HCL gels (4–20%) were purchased from Thermo
Scientific, Pierce, IL. Acetic acid, isopropanol, Coomassie Blue, and
Luria–Bertani (LB) agar were purchased from Sigma-Aldrich, Dorset, U.K.
Human LL-37 ELISA kit (HK321) was purchased from Hycult Biotech,
Plymouth Meeting, PA. Ethylene glycolbis(succinimidylsuccinate) (EGS)
was purchased from Thermo Fisher Scientific, and the solutions were
prepared by dissolving the weighed solid in DMSO (Sigma-Aldrich) to a
final percentage of 10%. High-glucose DMEM was purchased from PAA,
Pasching, Austria.

Peptides
The peptides were assembled using the Fmoc/tBu solid-phase peptide synthesis approach using either model 433A (Applied Biosystems, Foster City,
CA) or model Liberty (CEM, Matthews, NC) automated peptide synthesizers followed by cleavage in the trifluoroacetic acid/phenol/thioanisole/
ethanedithiol/water (10∶0.75∶0.5∶0.25∶0.5, w/w) mixture at 25˚C for 90 min,
followed by precipitation with cold diethyl ether. The crude peptides were
purified by preparative reversed-phase high-pressure liquid chromatography.
The peptide purity (.98%) was confirmed by analytical reversed-phase
high-pressure liquid chromatography, and the masses were confirmed by
mass spectrometry. Following lyophilization, the purified peptides were
obtained in the form of their trifluoroacetic acid salts, namely: LL-37
(LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES), LL-37 analog
having scrambled sequence (RSLEGTDRFPFVRLKNSRKLEFKDIKGIKREQFVKIL), termed sLL-37 (control peptide). All peptides were dissolved
in endotoxin-free ultrapure water (Sigma-Aldrich) and stored at 220˚C until
use. The lyophilized peptide (.99% purity) was resuspended in ultrapure
water (5 mg/ml) (Invitrogen, Paisley, U.K.) and was stored at 220˚C.

Nanoparticle preparation
Carbon black nanoparticles (14 nm primary particle diameter, 254 m2 per g)
(Printex 90; Degussa, Germany) were suspended in ultrapure water (5 mg/ml
stock solution). The stock solution was sonicated for 10 min to allow for
dispersal of the particles and working solutions were vortexed for 5 s prior to
dilution.

Virus propagation
Rhinovirus (RV1B) and a live culture of WI-38 fetal lung epithelial cells
were purchased from Public Health England Culture Collections, Porton
Down, U.K. Cells were maintained in Eagle’s MEM supplemented with
10% FCS (Sigma), 1% penicillin streptomycin, 1% L-glutamine, and 1%
nonessential amino acids (NEAA) (all purchased from PAA). The virus
was propagated in WI-38 cells (100 ml of virus in 10 ml of infection media
containing 1% penicillin streptomycin, 1% L-glutamine, and 1% NEAA, in

a 75 cm2 flask). The infected cells were then incubated for 3 h at 33˚C, 5%
CO2 to allow the virus to infect cells. The infection media was then removed by aspiration and replaced with maintenance media (containing
2.5% FCS, 1% penicillin streptomycin, 1% L-glutamine, and 1% NEAA)
to maintain the cells during the propagation process. The virus was harvested 4–6 d postinfection of the cells and subjected to a freeze-thaw cycle
before the medium was decanted into a centrifuge tube and centrifuged at
13,000 3 g using a Hettich Universal 320R centrifuge (DJB Labcare,
Buckinghamshire, U.K.) for 5 min. The cell pellet was discarded and viral
supernatant was aliquoted into 1 ml sterile Eppendorf tubes and stored
at 220˚C until required.

Bacterial strains
Cultures of Staphylococcus aureus (NCIB 6571; Oxford Strain), Escherichia coli (NCIB 86), and Pseudomonas aeruginosa (PAO1) (supplied by
Dr. D. Fraser-Pitt, Edinburgh Napier University) were all grown in LB
broth (Thermo Fisher, Loughborough, U.K.).

SDS-PAGE assessment of peptide cross-linking
LL-37 (125 mg/ml) was preincubated with carbon black nanoparticles
(100 mg/ml) for 1 h at 37˚C prior to the addition of EGS (to give final
concentrations of 2 and 5 mM). The EGS was incubated with the samples
for 30 min, 1, and 2 h at 37˚C to assess the optimum incubation period for
the cross-linking reaction to occur. EGS is known to become unstable after
prolonged periods of time and therefore additional EGS was added to the
samples undertaking a 2 h cross-linking reaction after 1 h. Ultrapure dH2O
was added to the samples not containing EGS to ensure the volumes were
consistent in all cases and thus all concentrations indicated are final. Gel
electrophoresis was performed at 150 mV 100 mA and 30 W for 45–60 min
using a Bio-Rad power pack. Gels were then placed in an isopropanol
fixing solution (10% [v/v] acetic acid, 25% [v/v] isopropanol, and 65% [v/v]
double distilled water [ddH2O]), for 20–30 min and then stained using
Coomassie blue stain (10% [v/v] acetic acid, 0.006% Coomassie Blue, and
90% [v/v] ddH2O) for 1 h. Following this process, gels were destained for
1 h in 10% acetic acid and subsequently washed and left in ddH2O. The gels
were imaged using a ChemiDoc XRS+ System (Bio-Rad). Cross-linking of
peptide was assessed by the presence of higher m.w. bands appearing in the
presence of EGS.

ELISA
Samples were prepared with LL-37 at a concentration of 50 mg/ml and
carbon black nanoparticles at varying concentrations (0, 25, 50, and
100 mg/ml). Samples were incubated at 37˚C for 4 h. An ELISA for the
detection of LL-37 was performed as directed by the manufacturer’s
protocol. Briefly, 100 ml of each standard and sample was transferred to the
appropriate well in duplicate; the plate was covered and incubated for 1 h
at room temperature. The plate was then washed four times with wash
buffer, diluted tracer (100 ml) was added to each well, and the plate incubated for 1 h at room temperature. The plate was washed four times with
wash buffer and diluted streptavidin-peroxidase (100 ml) was added to
each well. The plate was then incubated for 1 h at room temperature, then
washed four times and tetramethylbenzidine substrate (100 ml) was added
to each well. The plate was incubated for a further 20 min at room temperature, then stop solution (100 ml) was added to each well, and the plate
was read using a Dynatech Laboratories MRX Microplate Reader at
450 nm. Sample preparation and the ELISA procedure was repeated three
independent times in triplicate (n = 3).

MALDI-TOF mass spectrometry
MALDI-TOF mass spectrometry was performed on samples containing
LL-37 alone and LL-37 exposed to carbon black nanoparticles (final peptide
concentration 125 mg/ml, final particle concentration 100 mg/ml) for 4 h at
37˚C. Samples were diluted in 50% acetonitrile/0.1% trifluoroacetic acid.
Equal volumes of sample and a saturated solution of a-cyano-4–hydroxcinnamic acid in 50% acetonitrile/0.1% trifluoroacetic acid, were mixed on
the MALDI target plate and allowed to dry in air. Mass spectra were acquired
using a Bruker Daltonics UltraFlex II MALDI-TOF/TOF mass spectrometer. The mass range 500–6000 Da was scanned in Reflectron and Linear
modes using a range of laser powers to achieve the best resolution. The spectra
were calibrated using an external calibration of known mass standards.

Zeta–average quantification
LL-37 (50 mg/ml) was incubated with carbon black nanoparticles at the
concentrations indicated in various diluents for 1 and 4 h at 37˚C. The
diluent used was DMEM supplemented with 1% Ultroser G. The samples
were all vortexed before being transferred to a disposable cuvette and the
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maturation of dendritic cells; regulation of cell death pathways;
and broad-spectrum antimicrobial activity (6, 12–16).
It has been documented that proteins and peptides binding or
interacting with nanomaterials can undergo significant structural
changes, which have subsequently caused a change in function
(17). Proteins contained within a biological fluid such as pulmonary surfactant can become bound to nanoparticles, and this
phenomenon is termed the formation of a protein corona (18). The
protein corona of a particle depends on the kinetics and binding
affinities of the proteins in the surrounding fluid, and can change
over time until equilibrium has been reached. As the protein
concentration of biological fluids can be as much as 35% by
volume, the likelihood of nanoparticles coming into contact and
interacting with proteins is relatively high. However, predicting
the outcome of a nanomaterial and protein interaction is difficult,
as there are a number of properties of the particle, and indeed the
protein, that require consideration.
In this study, we examine interactions that can occur between
carbon nanoparticles and the human HDP LL-37, assessing structural and functional changes as a consequence of particle exposure.
This study has significant implications for human health within
the context of particulate air pollution, linking increased susceptibility to infection and nanoparticle exposure.

CARBON NANOPARTICLES INHIBIT LL-37
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Z-average was obtained using a Zetasizer NanoZS (Malvern Instruments,
Worcestershire, U.K.). The protocol was carried out in accordance with the
manufacturer’s instructions and the readings were measured as follows:
eight runs each lasting 10 s were taken and a mean calculated by the
software. A quality report was produced for each sample.

The impact of nanoparticle exposure on the antiviral activity of
LL-37

The impact of nanoparticle exposure on the antibacterial
activity of LL-37
LB crystals (2 g) were dissolved in 100 ml of dH2O and a single bacterial
colony from the culture plates was added to 10 ml of sterile LB broth. This
tube was incubated on a shaking platform at 37˚C overnight. The overnight
bacterial solution was diluted in fresh LB broth (1:10 dilution) and incubated
at 37˚C for a further 2 h. The OD of the bacterial suspension was then corrected to 0.1OD600 by dilution with serum-free culture medium (high-glucose
DMEM). LB agar plates were made using the manufacturer’s guidelines. The
Miles and Misra method for estimating CFU per milliliter was used and the
plates were incubated at 37˚C. Samples were prepared with LL-37 (75 mg/ml)
and carbon black nanoparticles (50 mg/ml) and were preincubated for 1 h at
37˚C prior to exposure of samples to the bacteria for 4 h (n = 6).

The impact of nanoparticle exposure on the anti-biofilm
activity of LL-37
P. aeruginosa (strain PA01) was cultured in LB broth overnight at 37˚C
in 5% CO2 as previously described (15). The overnight bacterial cultures
were diluted to an OD of 0.1 OD600, and 200 ml of the diluted culture was
added to the desired number of wells on a 96-well plate and incubated for
24 h at 37˚C. After 24 h, each well was washed three times with 200 ml of
PBS, before adding 200 ml of ethanol and incubating for 1 min to remove
any unbound bacteria and PBS. Ethanol was removed and plates were left
to dry in a fume cabinet without the lid for 10 min. Following the drying
step, 1% crystal violet solution (200 ml) was added to each well and incubated for 2 min at room temperature. The crystal violet solution was then
removed and the wells washed three times with PBS (200 ml) as before. The
plate was left overnight to dry in the fume cabinet with the plate lid on. The
following day the crystal violet was released into the wells by addition of
100% ethanol (200 ml). The dye was allowed to solubilize by covering the
plates and incubating at room temperature for 10–15 min. The dye samples
were then pipetted into a fresh plate and the OD was measured using a plate
reader (LT5000; Labtech, East Sussex, U.K.) at 595 nm. A biofilm phenotype was defined as OD595 $ 0.17; a weak biofilm formation was classified
as OD595 between 0.17 and 1.0; and a strong biofilm was defined as
OD595 $ 1.0 (19).
LL-37 (20 mg/ml) was added to diluted bacterial cultures prior to addition to
the 96-well plates. Lower concentrations of peptide were used in comparison
with the bacterial and viral studies, as previously published studies show
that bacterial biofilms were sensitive to the action of LL-37 at concentrations
.0.5 mg/ml (20–22). Similarly, carbon nanoparticles were also added to
diluted overnight bacterial cultures prior to their addition to the 96-well
plates. Samples that contained both LL-37 and carbon nanoparticles were
preincubated together for 1 h prior to addition to the diluted bacterial culture.

The impact of nanoparticle exposure on the LPS-neutralizing
activity of LL-37
Type II lung epithelial cells (A549) were seeded in 96-well plates at 1 3 105
cells per well. Cells were cultured in DMEM (high glucose) supplemented

with 1% penicillin streptomycin, 1% L-glutamine, and 10% FCS. LPS
from E. coli 0111:B4 (100 ng/ml) (Sigma-Aldrich), LL-37 (25 mg/ml), and
carbon black (50 mg/ml) were used. Previous studies have shown that
LL-37 possessed LPS/endotoxin neutralization activity at concentrations
.10 mg/ml (23, 24). The samples were preincubated for 1 h prior to exposure to the cells, and then incubated for 24 h before the supernatants
were collected, and stored in 100 ml aliquots at 280˚C until required. For
each ELISA, the samples were all analyzed on one plate.
A TNF-a (sensitivity 2 pg/ml) ELISA kit (ELISA MAX Deluxe set;
BioLegend, London, U.K.) was performed according to the manufacturer’s
instructions using the frozen samples. Prior to use the samples were
centrifuged at 13,000 3 g for 10 min using a Hettich Universal 320R
centrifuge (DJB Labcare) to remove unbound particles. Following the
ELISA procedure, the absorbance was measured at 450 nm using a plate
reader within 30 min.

Data analysis
The results are expressed as mean 6 SEM. All statistical analysis was
conducted using either one- or two-way ANOVA using GraphPad Prism
6.0 as appropriate to determine statistical significance. A p value #0.05
was regarded as statistically significant.

Results
Assessment of peptide-nanoparticle interactions
An LL-37–specific ELISA was used to detect measurable concentrations of LL-37 following exposure to carbon black nanoparticles
(Fig. 1). It was found that there was a significant decrease in the
concentrations of detectable LL-37 with all concentrations of carbon black nanoparticles tested (25, 50, and 100 mg/ml), with
samples containing both LL-37 and carbon nanoparticles measured
at similar protein concentrations to those of the nanoparticle-only
controls.
To investigate interactions occurring between LL-37 and carbon black nanomaterials resulting in structural alteration of the peptide, MALDI-TOF mass spectrometry was used to compare spectra
between LL-37 only, and LL-37 exposed to carbon black nanoparticles (Fig. 2). This allowed detection of nanoparticle-mediated
peptide cleavage or peptide degradation represented by more
peaks in the spectra obtained. It was observed that the spectra
obtained from the peptide-only analysis (Fig. 2A) was similar to
that of the peptide treated with nanoparticles (Fig. 2B), indicating

FIGURE 1. Carbon nanoparticle exposure alters Ab-mediated detection
of LL-37. LL-37 (50 mg/ml) was incubated with carbon nanoparticles
(0, 25, 50, and 100 mg/ml) for 4 h at 37˚C prior to detection of LL-37
peptide by commercial ELISA. Data represent the mean peptide concentrations (nanograms per milliliter) detected 6 SEM for n = 3 independent
experiments for each condition. One-way ANOVAs were performed to
evaluate significance comparing the nanoparticle and peptide treatments to
the LL-37–only control (***p # 0.001).
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LL-37 and carbon nanoparticles were incubated together for 1 h at room
temperature prior to exposure to rhinovirus for an additional 1 h before
inoculation of the 96-well plates. The physiologically relevant concentration
of LL-37 (75 mg/ml) was used as it was shown to have a significant effect on
reducing viral titer. WI-38 cells were seeded into a 96-well plate (5000 cells
per well) with complete culture media. The plate was incubated overnight at
37˚C, 5% CO2 prior to infection. The tissue culture infectious dose, where
50% of a cell culture exhibits pathological change following inoculation,
was used as the measure of viral infectivity. To determine the tissue culture
infectious dose, serial dilutions of the virus were prepared (1:10) i.e., 100 ml
of the propagated RV1B virus was diluted in 900 ml of infection media. The
viral titer was determined by addition of each dilution (200 ml) to each well
containing cells. Plates were then incubated for ∼2 h at 33˚C, 5% CO2. The
medium in each well was aspirated and was replaced with maintenance
media and the plate was incubated at 33˚C, 5% CO2 for 4–6 d to allow for
viral replication. Plates were observed daily until the first observation of
cytopathic effects and the viral titer recorded for each sample.
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Assessment of the antibacterial and antiviral capacity of LL-37
following carbon nanoparticle exposure
We assessed the impact of carbon nanoparticle exposure on the
antiviral activity of LL-37 using a model minor-group rhinovirus
strain (RV1B). LL-37 (75 mg/ml) treatment of virus induced a
significant reduction in the detectable viral titer. However, LL-37
exposed to carbon black nanoparticles prior to treatment of RV1B
failed to induce any significant reduction in measured viral titer
compared with the virus-only control (Fig. 4A). Interestingly, although nanoparticles were observed to exhibit direct antiviral
activity, this effect was also reduced by the interaction of the
peptide and the nanoparticles.

FIGURE 2. Exposure to carbon nanoparticles does not cause detectable
fragmentation of LL-37 peptide in vitro. LL-37 (125 mg/ml) was subjected
to MALDI-TOF mass spectrometry (reflectron mode) following exposure
to carbon black nanoparticles (100 mg/ml) for 4 h at 37˚C. Data are represented as spectra and labeled mass values of LL-37 in the absence (A)
and presence (B) of carbon nanoparticles.

FIGURE 3. LL-37 interacts with carbon nanoparticles and alters crosslinking potential and nanoparticle size. (A) LL-37 (125 mg/ml) was preincubated with carbon black nanoparticles (100 mg/ml) for 1 h prior to the
addition of EGS. The samples were then left for a further 30 min at 37˚C to
allow the cross-linking to occur. Key: 1) protein marker, 2) empty, 3) EGS
(2 mM) + dH2O, 4) LL-37 + EGS (2 mM) + dH2O, 5) LL-37 + dH2O, 6)
CB nano + dH2O, 7) empty, 8) CB nano + EGS (2 mM) + dH2O, 9) LL-37 +
CB nano + dH2O, 10) LL-37 + CB nano +EGS (2 mM) + dH2O, and 11)
dH2O. (B) Carbon nanoparticles (100 mg/ml) were incubated in the presence and absence of LL-37 (50 mg/ml) for 4 h at 37˚C and particle size was
assessed at 0, 1, and 4 h by DLS. The timepoint of 0 h represents T-0 following 10 min of sonication to ensure particle dispersal. Data are expressed
as Zeta-average (Z-average) quantification (r-nm). A two-way ANOVA,
with Bonferroni multiple comparisons test, was performed to evaluate
significance comparing treatments to their respective controls (***p #
0.001, ###p # 0.001).

We further assessed impact of carbon nanoparticle exposure on
the antibacterial activity of LL-37 against isolates of S. aureus and
E. coli. Consistent with the findings of previous studies, LL-37
displayed significant antimicrobial activity against both S. aureus
and E. coli (Fig. 4B, 4C, respectively) (25, 26). In agreement with
the impact of nanoparticle exposure on the antiviral activity of the
peptide, LL-37 showed a reduction in antibacterial activity when
preincubated with the nanoparticles. Nanoparticle exposure alone
had no significant effect on the bacterial populations.
We assessed whether carbon nanoparticles could inhibit the antibiofilm–forming activity of LL-37 (Fig. 5). When assessing the
effect of LL-37 against the biofilm-forming ability of P. aeruginosa
(PAO1), we found a significant reduction in biofilm formation compared with control, as indicated by a reduction in biofilm absorbance
in the presence of LL-37 (20 mg/ml), which was consistent with
previous studies (21). We observed that there was no significant
reduction in the absorbance measured in the presence of carbon nanoparticle alone, indicating that the nanoparticles used did
not have any inhibitory effects on the biofilm-forming ability of
P. aeruginosa. It was also observed that LL-37 did not lose its
ability to inhibit biofilm formation as a result of carbon nanoparticle exposure, suggesting that the anti-biofilm–formation function of LL-37 is not detrimentally affected by the presence of
carbon nanoparticles.
Finally, the potential for nanoparticles to alter LL-37–mediated
inhibition of LPS signaling was assessed in a lung epithelial cell
model. When exposed to LPS, the A549 lung type II epithelial cell
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that LL-37 was neither cleaved nor degraded into smaller fragments in the presence of carbon nanoparticles.
We subsequently investigated the capacity for nanomaterials to
inhibit the cross-linking potential of the LL-37 peptide (Fig. 3A).
EGS was used as an amine cross-linking agent to promote the crosslinking of the peptide at primary amine sites located at the N terminus of the peptide, together with the amine groups on the side
chains of lysine residues. LL-37 was shown to cross-link using EGS
as evidenced by multiple bands visualized on an SDS-PAGE gel
with a larger m.w. than that of the native peptide (Lane 4). LL-37–
only samples resolved only one band with a molecular mass of ∼4
kDa (Lane 5). Resolution of LL-37 peptide treated with carbon
nanoparticles prior to EGS (Lane 10) indicated that cross-linking
was partially inhibited by pre-exposure to nanomaterials with the
loss of two higher m.w. bands observed in Lane 4 reduced or
missing (Lane 10).
To further characterize the physical properties of carbon nanoparticles following interaction with LL-37, the Z-average (hydrodynamic diameter) of the nanoparticles was measured using dynamic
light scattering (DLS) over a 4 h period (Fig. 3B). DLS is frequently
used to measure the size of particles within a given sample, and in
this context, our aim was to measure nanoparticles before and after
exposure to peptide to quantify the extent to which peptides were
adsorbed to the surface of the nanoparticle, altering the physical
characteristics. All treatments were incubated at 37˚C for 4 h and
measured at intervals of 0, 1, and 4 h to determine if the duration of
incubation impacted upon measurement of Z-average. It was determined that there was a significant increase in Z-average at all
timepoints between control samples (nanoparticle only) and samples containing both nanomaterials and peptide. This observation
was consistent at all timepoints tested, with larger Z-average values
obtained at 4 h compared with the earlier timepoints.

CARBON NANOPARTICLES INHIBIT LL-37

The Journal of Immunology

5

line was shown to significantly increase the release of the proinflammatory cytokine TNF-a (Fig. 6). This effect was reduced by
the addition of LL-37 but not the scrambled LL-37 control peptide, as expected. However, when LL-37 was incubated with

carbon nanoparticles prior to assessing inhibition of LPS signaling, it was determined that there was no decrease in the concentrations of TNF-a produced as a result of LPS stimulation. As a
control, carbon nanoparticle–only treatments were also conducted
to control against conflicting proinflammatory signals masking the
LL-37 dampening effect through a different signaling mechanism,
but it was determined that carbon nanoparticles alone did not
induce TNF-a release under these conditions.

Discussion

FIGURE 5. Carbon nanoparticle exposure does not inhibit the antibiofilm activity of LL-37 against P. aeruginosa. LL-37 and/or carbon black
nanoparticles were incubated with log-phase P. aeruginosa (strain PA01)
for 24 h and bacterial biofilm formation was assessed using 1% crystal
violet solution. Data represent absorbance of biofilm at 450 nm from four
independent experiments (n = 4). A one-way ANOVA was performed to
evaluate statistical significance, with Dunnett multiple comparisons test
used to compare treatments to the control (***p # 0.001, **p # 0.01).

Nanoparticles are present at high concentrations in ambient air
pollution and it is well documented that there are higher incidences
of adverse respiratory episodes and infections in asthma patients
in areas of high particulate air pollution (27, 28). However, the
mechanism underlying this observation remains unclear. It has
been documented in several studies that proteins or peptides interacting with nanoparticles can undergo structural changes,
which in turn can cause a change, or loss, of function (29–31).
The aim of this study was to investigate if nanomaterials alter the
activity of HDPs, with the hypothesis that this could lead to increased susceptibility to infection in individuals who are exposed
to consistently high concentrations of combustion-derived nanoparticles. The focus of this study was the sole human cathelicidin
LL-37, a peptide that has been demonstrated to play key roles
within the innate immune system due to its pluripotent roles in
host defense.
We investigated whether carbon nanoparticles, as a model of
combustion-derived particulate air pollution nanomaterials, could
alter the structural properties of LL-37. We examined whether it
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FIGURE 4. Carbon nanoparticle exposure inhibits the direct antiviral and antibacterial activity of LL-37. (A) LL-37 (75 mg/ml) was incubated with
carbon black nanoparticles (100 mg/ml) for 1 h prior to exposure to rhinovirus (RV1B) for 1 h. Data represent the percentage of virus remaining following
incubation with peptide only, nanoparticles only, or peptide + nanoparticles (n = 5). A one-way ANOVA was performed to evaluate statistical significance,
with Bonferroni multiple comparisons test used to compare samples to the control (***p # 0.001). (B and C) LL-37 (75 mg/ml) was incubated with carbon
black nanoparticles (100 mg/ml) for 1 h prior to exposure to (B) S. aureus (NCIB 6571; Oxford Strain) or (C) E. coli (NCIB 86 strain) for 1 h. Data represent
the CFU remaining following incubation with peptide only, nanoparticles only, or peptide + nanoparticles (n = 5). A one-way ANOVA was performed to
evaluate statistical significance, with Bonferroni multiple comparisons test used to compare samples to the control (*p , 0.05, ***p # 0.001).
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was possible for Ab binding to the LL-37 peptide to still occur
following exposure to carbon nanoparticles. Using an LL-37–
specific ELISA, we showed that following nanoparticle exposure,
the LL-37 epitope was no longer identifiable or accessible, translating to a significant reduction in the concentrations of LL-37
detected. These data suggested there was an interaction occurring
whereby the peptide epitope had become blocked or distorted. It
has previously been shown that a wide range of proteins can bind to
a variety of nanoparticles, including silver, carbon, and silicon, in
a phenomenon characterized as a protein corona (18, 32). These
proteins can include, but are not limited to, albumin, surfactant
proteins A and D, and IgG (33–35). This is also consistent with
recent studies that revealed that diesel exhaust nanoparticles have
the capacity to bind to a wide range of proteins that are commonly
found in bronchoalveolar lavage fluid, and that this process subsequently increased diesel exhaust particle and carbon nanoparticle
uptake into the differentiated macrophage-like cell line THP-1 (36).
However, characterization of any functional alteration of the proteins analyzed remains to be undertaken.
Of note, it has been suggested that the presence of ambient
particulate matter and engineered nanoparticles can interfere with
the detection of biologically significant peptides and proteins (37,
38), and thus we further used a number of approaches to characterize structural and functional alteration of the cathelicidin
peptide. In this instance, we elected to use superphysiological
concentrations of LL-37 (125 mg/ml) in our analysis to allow
effective visualization of the impact of nanomaterial exposure.
MALDI-TOF mass spectrometry analysis of LL-37 in the presence and absence of carbon nanoparticles determined that carbon
nanoparticle exposure did not have an impact on the molecular
mass of the peptide, suggesting it was still intact following exposure (cleavage or degradation of the peptide would be indicated
by the presence of multiple smaller lower mass fragments in the
spectra). Previous studies have revealed a role for bacterial proteinases in the degradation of LL-37 (39) but physical alteration of
the peptide by inorganic material has thus far not been evidenced.
As an alternative approach to assess nanoparticle-mediated alteration of the peptide, we investigated the cross-linking ability of
LL-37 utilizing EGS. EGS is an amine cross-linker and we hy-

pothesized that it would induce conjugation at the amine end of the
peptide, together with the amide group on the lysine residues. Accordingly, we estimated up to seven potential cross-linking sites on
LL-37 were available, all of which were situated between amino acid
residues 8–25, separated by only a few other amino acids. In this
context, peptide conjugation would be represented by multiple heavier
m.w. bands on an SDS-PAGE gel, but inhibition by nanoparticle
exposure would reduce additional band formation. We found that
LL-37, in the absence of nanoparticles, did cross-link in the presence
of EGS, as demonstrated by the presence of multiple bands at a higher
m.w. (Fig. 3). However, our data suggested carbon nanoparticle
exposure resulted in only a partial inhibition of the LL-37 conjugation. Although our data indicated cross-linking of LL-37 was only
affected to a minor extent by carbon nanoparticles, the secondary
structure of the peptide may have been changed by nanomaterial
exposure, although not necessarily at these particular sites.
To directly assess the potential for the LL-37 peptide to bind to
the surface of the carbon nanoparticles, we assessed the aerodynamic diameter of the particles in the presence and absence of
peptide to determine if particle size was altered. In treatments that
contained peptide, nanoparticles had significantly larger Z-average
values, corresponding to a larger diameter in comparison with
control samples (i.e., cell medium, LL-37, or nanoparticles by
themselves). The increase in the diameter of the particles occurred
at an early time point, demonstrating that the binding process was
occurring very rapidly between peptide and nanoparticle. These
data could suggest that 1) the particles are exhibiting increased
aggregation in the presence of the peptide, or 2) the particles are
adsorbing the peptide to their surface, resulting in a physically
larger particle. Although it is feasible that aggregation of nanoparticles could result in the measurement of larger particle sizes,
when considered in the context of our other data, there is sufficient
evidence to hypothesize that peptides are, at least partially, being
adsorbed to the particle surface. This is in the context of the detection of the peptide using protein analysis methods such as ELISA,
suggesting a loss of physically detectable peptide, although this
can be problematic as considered above. Whereas other studies
using mixed protein fluids such as plasma have suggested proteins
involved in complement activation and coagulation (40) predominantly among the major components of a protein corona, our data
suggest that peptides involved in host defense may also be a key
part of this composition.
To assess the impact of nanomaterial exposure on peptide function, we modeled the antimicrobial functions of LL-37 against two
bacterial species, S. aureus and E. coli, as well as rhinovirus RV1B.
To model the lung environment the treatments were all conducted
in serum-free media, because serum and plasma proteins would not
normally be present in the lung unless there was structural damage
to the respiratory vasculature. The species chosen for this study were
all clinically relevant pathogens, implicated in contributing to the
pathogenesis of conditions such as ventilator associated pneumonia,
cystic fibrosis, and neonatal pneumonia (41, 42). The concentration
of LL-37 used in this assessment (75 mg/ml) was superphysiological
in the context of prior concentration estimates in healthy and
inflamed lungs (43, 44), but represented a consistent antimicrobial
level of this peptide across all pathogens tested.
Consistent with previously published studies (19, 25), LL-37
was shown to have direct antibacterial activity against S. aureus
and E. coli. However, the potent antibacterial activity of LL-37
was lost following the addition of carbon black nanoparticles. We
recently demonstrated a significant role for cathelicidins in the
innate response to influenza virus (45) and rhinovirus 1B (46), and
these data suggest that the antiviral activity of LL-37 was also
reduced by exposure to nanomaterials.
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FIGURE 6. Carbon nanoparticle exposure inhibits the LPS neutralizing
activity of LL-37 in vitro LL-37 peptide and carbon nanoparticles were
preincubated for 1 h prior to the addition to A549 cells with simultaneous
addition of LPS. Cells were incubated for 24 h at 37˚C, 5% CO2. Supernatants were collected and an ELISA was used to measure TNF-a release
by cells in response to each of the samples. Data represent concentration of
TNF-a measured from three independent experiments (n = 3). A one-way
ANOVA was performed, with Bonferroni multiple comparisons tests, to
evaluate statistical significance comparing all treatments to the control
(***p # 0.001, **p # 0.01).
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We also investigated the impact of nanomaterial exposure on
the anti-biofilm activity of LL-37, as this peptide has previously
been shown to have the capacity to disrupt biofilm formation (20–
22). To assess whether LL-37 was able to retain its anti-biofilm
activity, a well-established biofilm formation assay was used
with P. aeruginosa as the model organism. We showed that
LL-37 was effective against P. aeruginosa biofilm formation as
expected, and that this activity was generally preserved with
exposure to nanoparticles. However, the anti-biofilm activity of
the nanoparticles themselves may have influenced this finding as
there was a moderate drop in biofilm formation observed when
treatment consisted of nanoparticles in the absence of peptide.
Previous studies have noted that silver nanoparticles have antimicrobial activity against P. aeruginosa (47), but the antimicrobial activity of carbon nanoparticles against P. aeruginosa is
not yet fully established.
Finally we investigated the potential for nanomaterials to inhibit
the LPS and endotoxin neutralization ability of LL-37, an important
property of the peptide that could contribute significantly to the
host inflammatory response together with enhancing pathogen
clearance (23, 24). LPS predominantly signals through TLR 4 and
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such as TNF-a. In A549 cells treated with LPS, a robust TNF-a
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reduce LPS-mediated proinflammatory signaling in the presence
of carbon nanoparticles. Although this is a powerful indication of
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The data presented in this study suggest strongly that nanomaterials are capable of inhibiting normal cathelicidin activity.
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a loss of HDP activity as a result of nanomaterial exposure could
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and further studies are required to assess the impact of engineered
and combustion-derived nanomaterials on other key host defense
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exposed to unsafe concentrations of environmental particulate air
pollution.
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