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Optimizing Exogenous Surfactant
as a Pulmonary Delivery Vehicle for
Chicken Cathelicidin-2

Brandon Baer'™, Edwin J. A. Veldhuizen?, Natalia Molchanova®*, Shehrazade Jekhmane®,
Markus Weingarth®, Havard Jenssen3, Jennifer S. Lin®, Annelise E. Barron®, Cory Yamashita®”
& Ruud Veldhuizen'”

The rising incidence of antibiotic-resistant lung infections has instigated a much-needed search

for new therapeutic strategies. One proposed strategy is the use of exogenous surfactants to

deliver antimicrobial peptides (AMPs), like CATH-2, to infected regions of the lung. CATH-2 can kill
bacteria through a diverse range of antibacterial pathways and exogenous surfactant can improve
pulmonary drug distribution. Unfortunately, mixing AMPs with commercially available exogenous
surfactants has been shown to negatively impact their antimicrobial function. It was hypothesized
that the phosphatidylglycerol component of surfactant was inhibiting AMP function and that an
exogenous surfactant, with a reduced phosphatidylglycerol composition would increase peptide
mediated killing at a distal site. To better understand how surfactant lipids interacted with CATH-2
and affected its function, isothermal titration calorimetry and solid-state nuclear magnetic resonance
spectroscopy as well as bacterial killing curves against Pseudomonas aeruginosa were utilized.
Additionally, the wet bridge transfer system was used to evaluate surfactant spreading and peptide
transport. Phosphatidylglycerol was the only surfactant lipid to significantly inhibit CATH-2 function,
showing a stronger electrostatic interaction with the peptide than other lipids. Although diluting

the phosphatidylglycerol content in an existing surfactant, through the addition of other lipids,
significantly improved peptide function and distal killing, it also reduced surfactant spreading. A
synthetic phosphatidylglycerol-free surfactant however, was shown to further improve CATH-2 delivery
and function at a remote site. Based on these in vitro experiments synthetic phosphatidylglycerol-free
surfactants seem optimal for delivering AMPs to the lung.

The increasing incidence of antimicrobial resistance in bacterial pneumonia has instigated a much-needed search
for new therapeutic approaches for these types of infections. One approach, involving the utilization of exoge-
nous surfactant for the delivery of antimicrobial peptides (AMPs) to the infected lungs is supported by a strong
theoretical foundation®*. The AMPs, such as the chicken cathelicidin, CATH-2, can target a wide spectrum of
antibiotic-resistant bacteria, making them potential novel therapeutics for bacterial pneumonia, which can be
delivered to the areas of infection by exogenous surfactant>*~’. Unfortunately, simply mixing CATH-2 or other
AMPs with a commercial exogenous surfactant has been shown to impact a drug’s therapeutic efficacy>. For
example, we recently demonstrated that an exogenous surfactant with CATH-2, exhibited antimicrobial activity
against antibiotic-resistant bacterial isolates from cystic fibrosis patients, albeit with less efficacy than CATH-2
by itself°. Therefore, in order to improve this promising approach, it is important to understand how surfactant
interferes with cathelicidin function and investigate strategies to minimize this interaction, while maintaining the
benefits of surfactant delivery.
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Composition of Synthetic Surfactants
Mono-

Surfactant DPPC POPC POPG Cholesterol SP-C
Preparation | %Phospholipids | %Phospholipids | %Phospholipids | %Phospholipids | %Weight
20% POPG 35 40 20 5 2

10% POPG 35 50 10 5 2

5% POPG 35 55 5 5 2

2.5% POPG 35 57.5 25 5 2

0% POPG 35 60 0 5 2
Lipidsonly |35 50 10 5 0

Table 1. Lipid and peptoid compositions for synthetic surfactants.

The primary benefit of utilizing CATH-2, and other cathelicidins, for therapeutic purposes is their diverse
range of pathways to kill bacteria since their positive charge allows them to interact directly with both the
negatively charged lipids of the bacterial cell wall as well as intracellular targets such as DNA or RNA®-'2
This multi-target approach to killing bacteria has been demonstrated to be effective against a wide spectrum
of antibiotic-resistant organisms®~’. Unfortunately, the use of AMPs to treat bacterial lung infections has been
largely unsuccessful, due to an inability to directly deliver these peptides to the peripheral sites of infection'*-1°.
Therefore, improving the pulmonary delivery of these highly effective antimicrobial agents with an exogenous
surfactant would have substantial therapeutic value.

The goal of using exogenous surfactant for drug delivery is to open up collapsed airways and areas with edema,
in order for the therapeutic to reach the areas of the lung affected by infection'®!”. Most commercially used
exogenous surfactants are derived from animal lungs and are complex mixtures of phospholipids (85%), neutral
lipids (5-8%) and specialized surfactant proteins, designated SP-B and SP-C (7-10%)'7-°. Although variations
exist among different products, the main lipid components of these exogenous surfactants are saturated (dipal-
mitoylphosphatidylcholine; DPPC, approx. 40%), unsaturated phosphatidylcholine (PC; approx. 35%), the neg-
atively charged phosphatidylglycerol (PG; approx. 10%), and neutral lipids like cholesterol (5-8%)°. These lipids,
together with SP-B and SP-C are ultimately responsible for the ability of exogenous surfactant to rapidly adsorb to
the air-liquid interface and spread throughout the airways!$22L,

Together, the above information on surfactant composition and cathelicidin properties indicates that CATH-2
may interact with the negatively charged phospholipids within surfactant. However, this has not been demon-
strated directly, nor is there evidence that this interaction interferes with cathelicidin function or if this interac-
tion is crucial for surfactant’s ability to act as a carrier for cathelicidins. It is hypothesized that the PG component
of surfactant inhibits CATH-2 function and that an exogenous surfactant, with a reduced PG composition would
increase peptide mediated killing at a distal site.

Materials and Methods

Preparations. The chicken cathelicidin, CATH-2 was synthesized and purified as described previously?. It
is comprised of 26 amino acids - REGRFLRKIRRFRPKVTITIQGSARF-NH2 and has a positive charge of +8%.
The commercially available surfactant, bovine lipid extract surfactant (BLES) was generously provided by BLES
Biochemicals (London, ON, Canada). BLES was stored in 100 mM sodium chloride and 1.5 mM calcium chlo-
ride with a phospholipid concentration of 27 mg/mL. Lipid enriched preparations of BLES were created through
sonication at 37 °C for 2 hours. The addition of 11.6 mg or 27 mg of individual lipids (DPPC, POPC, or POPG)
per mL of BLES created 30% or 50% lipid enriched versions of BLES respectively. The SP-C peptoid protein
mimic (mono-SP-C) utilized in the synthetic surfactants was synthesized and purified (>97%) according to pre-
viously published protocols?®. The lipid and peptoid compositions of the synthetic surfactant preparations are
summarized in Table 1. All BLES preparations, lipid mixtures, and synthetic surfactants were used at 10 mg/mL
phospholipid.

Bacterial killing curves.  Bacterial killing curves were preformed as previously reported®. Briefly, an over-
night culture of Pseudomonas aeruginosa (ATCC 27853), obtained from Sigma-Aldrich (Oakville, ON, Canada),
was grown in tryptic soy broth. Using measurements of optical density, 2 x 10° colony forming units (CFU) of
bacteria were resuspended in saline. Varying concentrations of cathelicidins 0-20 uM were then mixed with either
saline (No Lipids), BLES, individual lipid components at 1-2 mg/mL phospholipid, lipid enriched BLES or a syn-
thetic surfactant. These mixtures were then incubated with the bacteria for 3 hours at 37 °C before being serially
diluted 10-10 000-fold, with 10 ul of each dilution being spot plated in triplicate on tryptic soy agar (TSA) plates.
The plates were then incubated at 37 °C overnight and counted the following morning. No bacterial growth was
designated as a bacterial concentration of less than 100 CFU/mL.

Isothermal titration calorimetry (ITC). For ITC analysis, vesicles of POPC and POPG were generated
using the extrusion technique as previously reported®. Phospholipid content was determined as inorganic phos-
phate after treatment with perchloric acid by UV-VIS spectroscopy*. POPC and 10% POPG/90% POPC ves-
icles were diluted to 1.5 mg/mL, while POPG vesicles were further diluted to 0.15 mg/mL. For measurements
using BLES, the stock solution was diluted to 1.5 mg/mL. Interactions between CATH-2 and large unilamel-
lar vesicles consisting of POPC and/or POPG, or between CATH-2 and BLES were tested using ITC. Al ITC
experiments were performed on a Low Volume NanoITC (TA instruments - Waters LLC, New Castle, USA). In
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each experiment, the ITC cell chamber was filled with 190 ul of vesicles or BLES, and the syringe was filled with
a 50 ul solution of 320 uM CATH-2. Titrations were incremental with 2l injections at 300 seconds intervals.
Experiments were performed at 37 °C and data were analyzed with the Nano Analyze software (TA instruments
- Waters LLC).

Solid-State nuclear magnetic resonance (ssNMR) spectroscopy. For ssNMR, DOPG unilamellar
vesicles were prepared with 5mM HEPES pH 7.5 and 50 mM NacCl by the extrusion technique and using filters
with a 0.2 um cut off””. Phospholipid concentration was determined as inorganic phosphate after treatment with
perchloric acid®®. CATH-2 was added to DOPG vesicles to a final molar ratio of 1:50 CATH-2/DOPG. The inter-
actions between CATH-2 and unilamellar vesicles of DOPG were assessed using ssNMR. Vesicles were collected
after ultracentrifugation and were spun in 3.2 mm rotors. Static >'P ssNMR spectra were acquired at 500 MHz
magnetic field (‘*H-frequency) and a sample temperature of 295 K. Heteronuclear proton decoupling did not affect
the spectra and was switched off for all measurements. The resulting *!P powder pattern was apodised with 50 Hz
exponential line-broadening and baseline corrected.

Bacterial killing and surface tension measurements on the wet bridge transfer system. To
analyze surfactant spreading and bactericidal properties, the wet bridge transfer system was set up as previously
described®. The system consisted of a Teflon block with two 20 mm diameter wells, a delivery well, and a remote
well. Each well has a depth of 1 mm and was separated by a 0.2 mm high raised Teflon bridge. A wetted piece
of ashless filter paper was placed over the Teflon bridge to join the delivery and remote wells. Both wells were
then filled with 1 mL of a 150 mM NaCl, 1.5mM CaCl,, and 5 mM HEPES (pH 7.4) solution. To determine sur-
factant spreading, preparations were administered into the delivery well and surface tension was measured in the
remote well using a Wilhelmy probe. FilmWare 2.51 software of the Langmuir balance was used over a period of
480-seconds after 200 uL of surfactant preparations or saline was administered to the delivery well.

For bacterial killing experiments with the lipid enriched versions of BLES, the overnight culture of P. aerugi-
nosa was serially diluted to 2 x 105 CFU and seeded to the remote well. Then 200 uL of cathelicidins (0-100 uM)
were administered to the surface of the delivery well with saline, BLES or 30% lipid enriched BLES prepara-
tions. For bacterial killing experiments with the synthetic surfactant preparations, the wet bridge transfer system
was modified through the addition of a lower sucrose layer. Both wells were filled with 800 uL of a 10% sucrose
solution (150 mM NaCl, 1.5 mM CaCl,, 5mM HEPES). Then 100 uL of the same solution without sucrose was
added to make a thin upper layer on top of the sucrose layer. For these experiments the overnight culture of P
aeruginosa was serially diluted to 2 x 10° CFU of bacteria and seeded to the remote well above the sucrose layer.
For treatments, 100 uL of either saline, BLES or synthetic surfactants with or without CATH-2 (100 pM) were
administered to the surface of the delivery well. Eight minutes after administration the wetted piece of filter paper
was removed, and all fluid was collected from both dishes to be incubated at 37 °C for 3 hours. Then 50 uL of each
sample from the remote well was diluted with 50 uL of saline in a polypropylene coated 96-well plate and subse-
quently diluted 10-10,000-fold. CFU/mL was determined by spot plating 10 uL of each dilution in triplicate on
TSA plates. These plates were incubated overnight at 37 °C and colonies were counted to a detection limit of 100
CFU/mL. Samples from the delivery dish were also spot plated on TSA plates and incubated overnight at 37 °C to
ensure no bacterial transfer.

Statistical analysis. All data points shown represent the average of at least three independent repeti-
tions. Statistical significance was determined by two-way analysis of variance and one-way analysis of variance
(ANOVA) followed by a Tukey-Kramer post hoc test to determine differences among experimental groups.
Results are presented as mean =+ the standard deviation and were considered statistically significant with a P-value
of less than 0.05.

Results

Bacterial killing curves. To investigate how exogenous surfactant and its lipid components affect antimi-
crobial peptide function, bacterial killing curves were performed with CATH-2 combined with 10 mg/mL BLES
or 1-2mg/mL of individual surfactant lipids (Fig. 1). Shown on each of the panels (Fig. 1A-D) for comparison
purposes, CATH-2 combined with saline (No Lipids) exhibited potent bactericidal activity against P. aeruginosa,
reducing bacterial growth below detectable limits at 5 to 10 pM. In the presence of 10 mg/mL BLES, the antimi-
crobial properties of CATH-2 were significantly reduced at concentrations of 5 .M or greater (Fig. 1A). Since
BLES contains approximately 10% PG, CATH-2 mediated killing was tested in the presence of 1 mg/mL POPG.
Similar to BLES, the presence of POPG at 1 mg/mL phospholipid significantly reduced CATH-2 killing at con-
centrations of 5 .M or greater compared to the peptide combined with no lipids (Fig. 1B). Additionally, mixing
CATH-2 with 2mg/mL POPG resulted in a complete loss of its bactericidal properties. In contrast to the effect of
POPG, there was no significant difference in the bacterial killing of CATH-2 combined with DPPC or POPC at
1-2 mg/mL phospholipid, compared to the peptide with no lipids (Fig. 1C,D). To explore if the PG effect was spe-
cific to CATH-2, killing curves for CRAMP, PMAP-23 and LL-37 were also performed in the presence of BLES or
individual surfactant lipids. All three peptides showed complete inhibition of their antimicrobial function when
combined with 10 mg/mL BLES or 1-2mg/mL POPG (see Supplemental Fig. S1).

To determine the effects of modifying an existing surfactant’s lipid composition on cathelicidin function, bac-
terial killing curves were performed for CATH-2 mixed with 30-50% lipid enriched preparations of BLES (10 mg/
mL). Suspension of CATH-2 in 30% or 50% POPG enriched BLES resulted in a complete loss of the peptide’s
antimicrobial properties (Fig. 2A). However, at concentrations of CATH-2 of 5 M or greater, the 30% DPPC and
POPC enriched BLES preparations were found to kill significantly more bacteria than BLES/CATH-2, resulting
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Figure 1. Killing curves for CATH-2 combined with BLES or individual surfactant lipids. Shown are the
bacterial killing curves for CATH-2 suspended in either A) BLES, B) POPG, C) POPC, D) DPPC or No Lipids
(saline). Colonies were counted to a detection limit of 100 CFU/mL. *p < 0.05 vs No Lipids. Error bars = SD;
n=3.

in a 2-log reduction in bacterial viability at 20 WM (Fig. 2B,C). At those concentrations of CATH-2, 50% DPPC or
POPC diluted BLES also showed significantly more bacterial killing compared to their 30% equivalents.

ITC and ssNMR of CATH-2 mixed with individual surfactant lipids. To further examine the interac-
tions between cathelicidins and exogenous surfactant, CATH-2 and large unilamellar vesicles of individual lipids
or BLES were tested using ITC. As displayed in Fig. 3A (bottom panel), there was no, or very little heat production
observed when CATH-2 was injected into the POPC sample, with an enthalpy of -3.0kJ/mol. However, when
10% POPG was added to the vesicles, a large increase in heat production was observed following CATH-2 injec-
tion, indicative of exothermic binding (Fig. 3A; top panel; AH = -13.2k]J/mol). For both BLES and 100% POPG
vesicles, the binding of CATH-2 resulted in a 3-fold higher release of heat (Fig. 3B), with enthalpies of -34.6 and
-34.2KkJ/mol respectively.

With ssNMR spectroscopy, CATH-2 combined with unilamellar vesicles of DOPC and DOPG were assessed
by acquiring *'P chemical shift anisotropy powder pattern spectra under static conditions. These patterns result
solely from the *'P chemical shift anisotropy and are sensitive to both the lipid headgroup mobility and orienta-
tion**~*2. The addition of CATH-2 to the DOPG vesicles resulted in a modest but clear broadening of the *'P pow-
der pattern by 1.6 ppm (310 Hz) (Fig. 4). For BLES, the addition of CATH-2 caused a broadening of the power
pattern by 2.6 ppm (470 Hz), similar as in DOPG, demonstrating peptide-surfactant binding and modulation of
the surfactant headgroups. Lastly, isotropic signals were not observed for any of the measurements, indicating
that CATH-2 does not cause very strong curvature to the membrane or the formation of spherical micelle-like
structures (while curvature effects could still modulate the *'P powder spectrum)*>*,

Bacterial killing and spreading over the wet bridge for lipid enriched BLES. To further examine
the effect of PG on CATH-2 responses, BLES preparations were enriched with individual lipids to change the rel-
ative percentage of PG within the preparation. POPC and DPPC at 30% and 50% were utilized to decrease the rel-
ative PG content, whereas POPG was used to increase the PG content within the BLES preparation. Subsequently,
the wet bridge transfer system was utilized to investigate if CATH-2, suspended in lipid enriched preparations
of BLES, could affect bacterial killing, at a distal site. Suspension in BLES resulted in significantly more bacte-
rial killing by CATH-2 (20-100 uM) in the remote well, compared to the peptide alone (Fig. 5). CATH-2 (50-
100 uM) suspended in 30% POPC enriched BLES resulted in significantly more bacterial killing compared to
BLES/CATH-2. When mixed with 30% DPPC enriched BLES, CATH-2 (0-100 uM) displayed no change in bac-
terial killing, compared to BLES/CATH-2. Additionally, the suspension of CATH-2 (50-100 uM) in 30% POPG
enriched BLES resulted in significantly less bacterial killing at the remote dish compared to BLES/CATH-2.
Suspending the other AMPs, CRAMP, PMAP-23, or LL-37 at 100 uM with 30% POPC enriched BLES were also
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Figure 2. Antimicrobial activity of CATH-2 in lipid enriched preparations of BLES. Displayed are the bacterial
killing curves for CATH-2 suspended in 10 mg/mL of 30-50% A) POPG, B) POPC, or C) DPPC enriched
versions of BLES. Colonies were counted to a detection limit of 100 CFU/mL. *p < 0.05 for BLES + 30% lipid vs
BLES, *p < 0.05 for BLES + 30% lipid vs BLES + 50% lipid. Error bars = SD; n=3.
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Figure 3. ITC binding of CATH-2 to vesicles and BLES. Shown are representative thermograms of ITC
experiments with titration of 320 uM CATH-2, into 1.5 mg/mL BLES, POPC and 10% POPG vesicles, or
0.15mg/mL POPG vesicles.
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Figure 4. ssNMR of CATH-2 mixed with BLES or liposomes. Static *!P solid-state NMR spectra acquired at
500 MHz magnetic field. (upper panel) Spectra acquired with unilamellar DOPG vesicles in the absence (black
lines) or presence of CATH-2 (red lines). The span of the powder pattern at approximately 10% signal height is
42.6 ppm (8610 Hz) and 41 ppm (8300 Hz) in the presence and in the absence of CATH-2, respectively. (lower
panel) Spectra were acquired with BLES surfactant in the absence (black lines) and the presence of CATH-2
(magenta lines). The span of the powder pattern at approximately 10% signal height is 59.7 ppm (12090 Hz) and
57.1 ppm (11560 Hz) in the presence and in the absence of CATH-2, respectively. All spectra are normalised.
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Figure 5. Bacterial killing for CATH-2 over the wet bridge transfer system. Presented are the bacterial counts
in the remote dish (2 x 10° CFU/mL P. aeruginosa seeded) three hours following the administration of CATH-2,
suspended in saline (No lipids), BLES, or 10 mg/mL 30% lipid enriched versions of BLES, to the delivery dish.
*p < 0.05 vs BLES. Error bars = SD, n=3.

shown to significantly improve bacterial killing in the remote well compared to BLES/peptide or the peptide with
no lipids (see Supplemental Fig. S2).

To examine the spreading characteristics of the 30% lipid enriched preparations of BLES, the surface tension
in the remote well of the wet bridge was measured over a 480-second period after instillation into the delivery
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Figure 6. Surfactant spreading over the wet bridge transfer system for lipid enriched BLES. Shown are the
surface tensions achieved in the remote dish after the 480-second period following administration of saline,
BLES (10 mg/mL) or 30% lipid enriched preparations of BLES to the delivery dish. *p < 0.05 vs BLES. Error bars
=SD;n=4.
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Figure 7. Bacterial killing curves for CATH-2 combined with synthetic surfactants. Shown are the bacterial
killing curves for CATH-2 suspended in saline (No Lipids), 10 mg/mL of BLES or synthetic surfactants with
varying PG content. Colonies were counted to a detection limit of 100 CFU/mL. The composition of all
synthetic surfactants is displayed in Table 1. Error bars = SD; n = 3.

well. All 30% lipid modified mixtures of BLES achieved surface tensions significantly lower than saline (Fig. 6).
However, the surface tension achieved by 30% DPPC or POPC diluted BLES were significantly higher than BLES
alone.

Bacterial killing curve for synthetic surfactants. To further explore the inhibitory effects of PG and the
potential of a PG-free surfactant, bacterial killing curves were performed for CATH-2 combined with synthetic
surfactants of varying PG content. At CATH-2 concentrations of 5M and above, bacterial killing was found to
be significantly greater for synthetic surfactants with 5% or less POPG and significantly lower for preparations
with 20% POPG compared to BLES (Fig. 7). The synthetic surfactant with a POPG composition of 10% displayed
similar bactericidal properties to BLES when combined with CATH-2 at 0-20 M. Lastly, combining CATH-2
with a PG-free synthetic surfactant (0% POPG) resulted in antimicrobial properties no different than the peptide
alone.

Bacterial killing and spreading over the wet bridge for synthetic surfactants. To examine the
spreading characteristics of the synthetic surfactants, the surface tension in the remote well of the wet bridge
was measured over a 480-second period after instillation into the delivery well. All synthetic surfactants tested
achieved surface tensions similar to BLES and significantly lower than saline or the lipids alone (Fig. 8).

To further evaluate the efficacy of a PG-free synthetic surfactant for delivering AMPs to a distal site, CATH-2
(100 uM) was administered to the deliver dish of the wet bridge transfer system with no lipid, BLES or in combi-
nation with a synthetic surfactant. Administering CATH-2 with BLES or the 10% PG synthetic surfactant showed
similar bacterial killing at the remote well (Fig. 9). CATH-2 suspended in a PG-free synthetic surfactant resulted
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Figure 8. Spreading over the wet bridge transfer system for synthetic surfactants. Shown are the surface
tensions achieved in the remote dish after the 480-second period following administration of saline, lipids only,
BLES (10 mg/mL) or a synthetic surfactant preparation to the delivery dish. *p < 0.05 vs BLES. Error bars = SD;
n=4.
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Figure 9. Bacterial killing over the wet bridge for synthetic surfactants/ CATH-2. Presented are the bacterial
counts in the remote dish (2 x 10° CFU/mL P. aeruginosa seeded) three hours following administration to the
delivery dish of either saline (No lipids), BLES, or synthetic surfactants with or without CATH-2. *p < 0.05 vs
BLES, °p < 0.05 vs 10% PG synthetic surfactant, *p < 0.05. Error bars = SD; n=9-11.

in significantly more bacterial killing in the remote well than all other preparations mixed with the peptide. This
data implies that the synthetic surfactant without PG was capable of spreading over the wet bridge and acting as
a carrier for CATH-2 to induce killing at a remote location.

Discussion

The current study tested the hypothesis that the PG component of surfactant inhibits CATH-2 function and
that an exogenous surfactant with a reduced PG composition would increase peptide mediated killing at distal
sites. Overall, our results supported this hypothesis. Specifically, measurements of bacterial killing as well as both
assessments of binding indicated that PG interacts with CATH-2, inhibiting its function. Furthermore, reducing
or eliminating the PG content in an exogenous surfactant improved the ability of CATH-2 to kill bacteria. It was
also shown that a PG-free synthetic surfactant was capable of carrying CATH-2 to distal sites to kill bacteria.
Based on these observations it is concluded that synthetic PG-free surfactants will enhance the pulmonary deliv-
ery of CATH-2 without inhibiting its antimicrobial function.

Clinically, the relevance of this study is associated with the potential positive benefits of treating bacterial
lung infections with cathelicidins delivered by a surfactant vehicle to reach the deeper areas of the lung. For
many pneumonia patients, the acquisition of antimicrobial-resistant bacteria represents a decisive stage in disease
progression, towards poor outcomes*~%. The ability of CATH-2 and other AMPs to target antibiotic-resistant
bacteria make these molecules interesting for the development of novel therapeutics!**#’. The ability of exog-
enous surfactants, to re-open collapsed airways and allow antimicrobials access to regions blocked off during
the infection will also be essential for combating resistance*!**. The direct delivery of antimicrobials will elevate
local therapeutic concentrations at the pulmonary sites of infection, improving bacterial clearance and limiting
the development of resistance'>*!. Together, CATH-2 and exogenous surfactant represent a desperately needed
treatment strategy to address the growing threat of multidrug-resistant lung infections.

An important aspect of the current paper was the utilization of a synthetic PG-free surfactant, customized
for its ability to maintain CATH-2 activity. Several molecular dynamic simulations have suggested that cathel-
icidins would electrostatically bind the anionic lipids in bacterial membranes**-#. Similarly, NMR studies have
also demonstrated that AMPs have a strong tendency to form helical structures that bind negatively charged
molecules, such as the lipopolysaccharides of Gram negative bacteria**>. Altering such electrostatic interactions,
through additional anionic lipids, lipid lysinylation, or changes to the cationic nature of the peptide, have all been
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shown to alter bacterial killing®-*%. In support of these observations, our ssNMR, ITC and bacterial killing data
provides strong evidence that PG was the inhibitory component of the exogenous surfactant, likely by restricting
CATH-2 from directly or indirectly binding negatively charged lipids, DNA or other bacterial components'-*->>.
Moreover, the enhancement in CATH-2 function following the addition of POPC or DPPC to BLES, illustrates
the potential benefit for lowering PG content in surfactant to reduce electrostatic interactions with these peptides.
As such, we generated a PG-free surfactant using a surfactant protein mimic of SP-C and demonstrated that
such a surfactant, mixed with CATH-2, was significantly better at killing bacteria at a remote site compared to
PG-containing surfactants. Since AMPs have been shown to form weak hydrophobic interactions with neutral
lipid membranes®®-*® it is likely that the PG-free preparation transported CATH-2 via these weaker hydrophobic
interactions. Importantly, this weaker binding likely allowed CATH-2 to still interact with the bacteria at the
remote site. Thus, we conclude that synthetic PG-free surfactants are optimal delivery vehicles for CATH-2 and
that it is worthwhile investigating such therapeutics in future in vivo studies.

The generation of a PG-free surfactant for the delivery of CATH-2 also provided proof of a more general con-
cept, that synthetic surfactants can be customized for drug delivery. The majority of studies exploring surfactant
as a carrier of pulmonary antibiotics and other pulmonary therapeutics simply mix the drug with a commercial
exogenous surfactant preparation developed for the treatment of surfactant deficient premature infants rather
than as a delivery vehicle®¢2%4159, Although some success has been obtained with these approaches®, many of the
surfactants utilized were animal derived preparations in which the composition is established by its endogenous
source. The advantage of a synthetic surfactant is that the specific composition can be optimized for the delivery
of drugs. We utilized an approach of using surfactant protein mimics, or peptoids, since a recent study demon-
strated that these peptoid-based surfactant were not only active in vivo, but equivalent to animal-derived sur-
factants for improving oxygenation and other physiological outcomes in a model of acute lung injury®. Peptoids
are structurally based on a polypeptide backbone but with side-chains appended to nitrogen-backbone, they
are highly stable to proteolysis and can be made in high yields?*¢"-62. Once synthesized, the peptoids can also
be easily mixed with a specific lipid mixture optimized to spread throughout the lung and for drug delivery, as
illustrated in vitro with our PG-free surfactant. Overall, we propose that the development of peptoids and other
synthetic analogs of the hydrophobic surfactant proteins will allow for a more mechanistic approach to develop-
ing surfactant-based drug delivery approaches.

Having established the effect of exogenous surfactant on CATH-2, there is also therapeutic value in exploring
if similar approaches can be utilized for other cathelicidins, thereby increasing the clinical arsenal of antimicro-
bial agents. Unfortunately, the presence of exogenous surfactant completely abolished the antimicrobial function
of many cathelicidins, including human LL-37, mouse CRAMP and pig PMAP-23®. However, the current study
combined each of these peptides with a lipid enriched preparation of surfactant and demonstrated that they could
all benefit from delivery by a surfactant with a reduced PG content. This ability to create functional exogenous
surfactants, that minimally interact with a variety of AMPs, will substantially increase the treatment options for
lung infections. For these reasons, developing exogenous surfactant as a delivery vehicle for multiple AMPs, each
with their own unique antibacterial pathway, would create a promising new pipeline of anti-infective therapeutics.

It should also be noted that there are several limitations to our study. First, the bacterial killing was limited
to one strain of bacteria. However, it is important to note that our previous study showed a similar pattern of
inhibition for CATH-2, by surfactant against several Cystic Fibrosis derived bacterial strains. As such, we antic-
ipate that PG-free surfactant with CATH-2 will likely provide improved killing activity against other strains as
well®. Secondly, the PG-free synthetic surfactant was only tested in combination with one cathelicidin, CATH-2.
However, we did demonstrate that several other cathelicidins were also inhibited by PG and benefited from a
lipid enriched surfactant with a reduced PG composition. From these findings, we predict that LL-37, CRAMP,
and PMAP-23 would all benefit from delivery by a PG-free synthetic surfactant. It should also be noted that
high concentrations of AMPs have been associated some cytotoxic effects towards mammalian cells, potentially
limiting their therapeutic potential®**-%>. However, a recent in vivo study showed that co-instillation of CATH-2
with an exogenous surfactant was well tolerated, with no deleterious effects up to 100 uM?. Lastly, our synthetic
PG-free surfactant was only designed based on minimizing PG content. The preparation contains POPC, DPPC
and cholesterol as well as an SP-C peptoid, however, this composition could be further optimized with respect to
these remaining components as well as other surfactant components.

In conclusion, this paper has demonstrated how exogenous surfactant can be designed to be a more effective
delivery system for CATH-2. Further, we propose that this concept could be applied to other intrapulmonary
therapeutics. Direct drug delivery is a major hurdle for many pulmonary conditions and designing exogenous
surfactants with specific drug-delivery properties offers an intriguing method to overcome that obstacle.

Received: 10 March 2020; Accepted: 12 May 2020;
Published online: 10 June 2020

References

1. Bassetti, M., Vena, A., Castaldo, N., Righi, E. & Peghin, M. New antibiotics for ventilator-associated pneumonia. Curr. Opin. Infect.
Dis. 31, 177-186 (2018).

2. Rutter, W. C., Burgess, D. R. & Burgess, D. S. Increasing Incidence of Multidrug Resistance Among Cystic Fibrosis Respiratory
Bacterial Isolates. Microb. Drug Resist. 23, 51-55 (2017).

3. Baer, B,, Souza, L. M. P, Pimentel, A. S. & Veldhuizen, R. A. W. New insights into exogenous surfactant as a carrier of pulmonary
therapeutics. Biochem. Pharmacol. 164, 64-73 (2019).

4. Giuliani, A., Pirri, G. & Nicoletto, S. E. Antimicrobial peptides: An overview of a promising class of therapeutics. Cent. Eur. J. Biol. 2,
1-33 (2007).

5. Banaschewski, B. J. H. et al. The Antibacterial and Anti-inflammatory Activity of Chicken Cathelicidin-2 combined with Exogenous
Surfactant for the Treatment of Cystic Fibrosis-Associated Pathogens. Sci. Rep. 7, 15545 (2017).

SCIENTIFIC REPORTS |

(2020) 10:9392 | https://doi.org/10.1038/s41598-020-66448-1


https://doi.org/10.1038/s41598-020-66448-1

www.nature.com/scientificreports/

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.
48.

. Wang, G. et al. Decoding the functional roles of cationic side chains of the major antimicrobial region of human cathelicidin LL-37.

Antimicrob. Agents Chemother. 56, 845-856 (2012).

. Barksdale, S. M., Hrifko, E. J. & Van Hoek, M. L. Cathelicidin antimicrobial peptide from Alligator mississippiensis has antibacterial

activity against multi-drug resistant Acinetobacter baumanii and Klebsiella pneumoniae. Dev. Comp. Immunol. 70, 135-144 (2017).

. Banaschewski, B. J. H. et al. Antimicrobial and Biophysical Properties of Surfactant Supplemented with an Antimicrobial Peptide for

Treatment of Bacterial Pneumonia. Antimicrob. Agents Chemother. 59, 3075-3083 (2015).

. Kosciuczuk, E. M. et al. Cathelicidins: family of antimicrobial peptides. A review. Mol. Biol. Rep. 39, 10957-70 (2012).
10.
11.
12.

Zanetti, M. Cathelicidins, multifunctional peptides of the innate immunity. J. Leukoc. Biol. 75, 39-48 (2004).

Zasloff, M. Antimicrobial peptides of multicellular organisms. Nature 415, 389-395 (2002).

Su, L. Y., Willner, D. L. & Segall, A. M. An antimicrobial peptide that targets DNA repair intermediates in vitro inhibits Salmonella
growth within murine macrophages. Antimicrob. Agents Chemother. 54, 1888-1899 (2010).

Beaumont, P. E. et al. Cathelicidin host defence peptide augments clearance of pulmonary Pseudomonas aeruginosa infection by its
influence on neutrophil function in vivo. PLoS One 9, €99029 (2014).

Kovach, M. A. et al. Cathelicidin-Related Antimicrobial Peptide Is Required for Effective Lung Mucosal Immunity in Gram-
Negative Bacterial Pneumonia. J. Immunol. 189, 304-311 (2012).

Lipsky, B. A., Holroyd, K. J. & Zasloff, M. Topical versus Systemic Antimicrobial Therapy for Treating Mildly Infected Diabetic Foot
Ulcers: A Randomized, Controlled, Double-Blinded, Multicenter Trial of Pexiganan Cream. Clin. Infect. Dis. 47, 1537-1545 (2008).
Birkun, A. Exogenous pulmonary surfactant as a vehicle for antimicrobials: assessment of surfactant-antibacterial interactions in
vitro. Scientifica (Cairo). 2014, 930318 (2014).

Jeon, G. W. Surfactant preparations for preterm infants with respiratory distress syndrome: past, present, and future. Korean J.
Pediatr. 62,155-161 (2019).

Veldhuizen, R., Nag, K., Orgeig, S. & Possmayer, F. The role of lipids in pulmonary surfactant. Biochim. Biophys. Acta - Mol. Basis
Dis. 1408, 90-108 (1998).

Veldhuizen, E. J. & Haagsman, H. P. Role of pulmonary surfactant components in surface film formation and dynamics. Biochim.
Biophys. Acta - Biomembr. 1467, 255-270 (2000).

Goerke, J. Pulmonary surfactant: functions and molecular composition. Biochim. Biophys. Acta - Mol. Basis Dis. 1408, 79-89 (1998).
Hall, S. B., Venkitaraman, A. R., Whitsett, J. A., Holm, B. A. & Notter, R. H. Importance of Hydrophobic Apoproteins as Constituents
of Clinical Exogenous Surfactants. Am. Rev. Respir. Dis. 145, 24-30 (1992).

Bikker, E J. et al. Evaluation of the antibacterial spectrum of drosocin analogues. Chem. Biol. Drug Des. 68, 148-153 (2006).
Scheenstra, M. R. et al. Cathelicidins PMAP-36, LL-37 and CATH-2 are similar peptides with different modes of action. Sci. Rep. 9,
1-12 (2019).

Brown, N. ], Lin, J. S. & Barron, A. E. Helical side chain chemistry of a peptoid-based SP-C analogue: Balancing structural rigidity
and biomimicry. Biopolymers 110, €23277 (2019).

Mayer, L. D., Hope, M. J. & Cullis, P. R. Vesicles of variable sizes produced by a rapid extrusion procedure. Bioehimica Biophys. Acta
858, 161-168 (1986).

Rouser, G., Fleischer, S. & Yamamoto, A. Two dimensional thin layer chromatographic separation of polar lipids and determination
of phospholipids by phosphorus analysis of spots. Lipids 5, 494-496 (1970).

Hope, M. J., Bally, M. B., Webb, G. & Cullis, P. R. Production of large unilamellar vesicles by a rapid extrusion procedure.
Characterization of size distribution, trapped volume and ability to maintain a membrane potential. Biochim. Biophys. Acta -
Biomembr. 812, 55-65 (1985).

Breukink, E. et al. The C-Terminal Region of Nisin Is Responsible for the Initial Interaction of Nisin with the Target Membrane ¥.
Biochemistry 36, 6968-6976 (1997).

Baer, B., Veldhuizen, E. J. A., Possmayer, E.,, Yamashita, C. & Veldhuizen, R. The wet bridge transfer system: a novel tool to assess
exogenous surfactant as a vehicle for intrapulmonary drug delivery. Discov. Med. 26, 207-218 (2018).

Ramamoorthy, A., Thennarasu, S., Lee, D. K., Tan, A. & Maloy, L. Solid-state NMR investigation of the membrane-disrupting
mechanism of antimicrobial peptides MSI-78 and MSI-594 derived from magainin 2 and melittin. Biophys. J. 91, 206-216 (2006).
Bhunia, A. et al. NMR structure of pardaxin, a pore-forming antimicrobial peptide, in lipopolysaccharide micelles: Mechanism of
outer membrane permeabilization. . Biol. Chem. 285, 3883-3895 (2010).

Porcelli, E. et al. NMR structure of the cathelicidin-derived human antimicrobial peptide LL-37 in dodecylphosphocholine micelles.
Biochemistry 47, 5565-5572 (2008).

Henzler-Wildman, K. A., Martinez, G. V., Brown, M. F. & Ramamoorthy, A. Perturbation of the hydrophobic core of lipid bilayers
by the human antimicrobial peptide LL-37. Biochemistry 43, 8459-8469 (2004).

Folkesson, A. et al. Adaptation of Pseudomonas aeruginosa to the cystic fibrosis airway: an evolutionary perspective. Nat. Rev.
Microbiol. 10, 841-851 (2012).

de Boer, K. et al. Exacerbation frequency and clinical outcomes in adult patients with cystic fibrosis. Thorax 66, 680-685 (2011).
Pezzulo, A. A. et al. Reduced airway surface pH impairs bacterial killing in the porcine cystic fibrosis lung. Nature 487, 109-113
(2012).

Montero, M., Dominguez, M., Orozco-Levi, M., Salvadé, M. & Knobel, H. Mortality of COPD patients infected with multi-resistant
pseudomonas aeruginosa: A case and control study. Infection 37, 16-19 (2009).

Cosgrove, S. E. et al. The Impact of Methicillin Resistance in Staphylococcus aureus Bacteremia on Patient Outcomes: Mortality.
Length of Stay, and Hospital Charges. Hosp. Epidemiol. 26, 166-174 (2005).

Hammer, M. U. et al. Lipopolysaccharide interaction is decisive for the activity of the antimicrobial peptide NK-2 against Escherichia
coli and Proteus mirabilis. Biochem. J. 427, 477-488 (2010).

Yount, N. Y. & Yeaman, M. R. Emerging Themes and Therapeutic Prospects for Anti-Infective Peptides. Annu. Rev. Pharmacol.
Toxicol. 52, 337-360 (2012).

Haitsma, J. J., Lachmann, U. & Lachmann, B. Exogenous surfactant as a drug delivery agent. Adv. Drug Deliv. Rev. 47, 197-207
(2001).

Veen, A. et al. Exogenous pulmonary surfactant as a drug delivering agent: influence of antibiotics on surfactant activity. Br. J.
Pharmacol. 118, 593-598 (1996).

Gommers, D. et al. Exogenous surfactant therapy increases static lung compliance, and cannot be assessed by measurements of
dynamic compliance alone. Crit. Care Med. 21, 567-574 (1993).

LiPuma, J. J. Microbiological and immunologic considerations with aerosolized drug delivery. Chest 120, 1185-123S (2001).
Amos, S. B. T. A. et al. Antimicrobial Peptide Potency is Facilitated by Greater Conformational Flexibility when Binding to Gram-
negative Bacterial Inner Membranes. Sci. Rep. 6, 37639 (2016).

Polyansky, A. A. et al. Antimicrobial Peptides Induce Growth of Phosphatidylglycerol Domains in a Model Bacterial Membrane. J.
Phys. Chem. Lett. 1,3108-3111 (2010).

Leontiadou, H., Mark, A. E. & Marrink, S. J. Antimicrobial Peptides in Action. J. Am. Chem. Soc. 128, 12156-12161 (2006).

Epand, R. M., Rotem, S., Mor, A., Berno, B. & Epand, R. F. Bacterial membranes as predictors of antimicrobial potency. J. Am. Chem.
Soc. 130, 14346-14352 (2008).

SCIENTIFIC REPORTS |

(2020) 10:9392 | https://doi.org/10.1038/s41598-020-66448-1


https://doi.org/10.1038/s41598-020-66448-1

www.nature.com/scientificreports/

49. Bhunia, A., Mohanram, H. & Bhattacharjya, S. Lipopolysaccharide bound structures of the active fragments of fowlicidin-1, a
cathelicidin family of antimicrobial and antiendotoxic peptide from chicken, determined by transferred nuclear overhauser effect
spectroscopy. Biopolymers 92, 9-22 (2009).

50. Saravanan, R. & Bhattacharjya, S. Oligomeric structure of a cathelicidin antimicrobial peptide in dodecylphosphocholine micelle
determined by NMR spectroscopy. Biochim. Biophys. Acta - Biomembr. 1808, 369-381 (2011).

51. Kilelee, E., Pokorny, A., Yeaman, M. R. & Bayer, A. S. Lysyl-phosphatidylglycerol attenuates membrane perturbation rather than
surface association of the cationic antimicrobial peptide 6W-RP-1 in a model membrane system: Implications for daptomycin
Resistance. Antimicrob. Agents Chemother. 54, 4476-4479 (2010).

52. Yang, S.J. et al. Regulation of mprF in daptomycin-nonsusceptible Staphylococcus aureus strains. Antimicrob. Agents Chemother. 53,
2636-2637 (2009).

53. Conlon, J. M., Ahmed, E. & Condamine, E. Antimicrobial properties of brevinin-2-related peptide and its analogs: Efficacy against
multidrug-resistant acinetobacter baumannii. Chem. Biol. Drug Des. 74, 488-493 (2009).

54. Zelezetsky, I. & Tossi, A. Alpha-helical antimicrobial peptides-Using a sequence template to guide structure-activity relationship
studies. Biochim. Biophys. Acta - Biomembr. 1758, 1436-1449 (2006).

55. Boman, H. G., Agerberth, B. & Boman, A. Mechanisms of action on Escherichia coli of cecropin P1 and PR-39, two antibacterial
peptides from pig intestine. Infect. Immun. 61, 2978-84 (1993).

56. Shahmiri, M. ef al. Membrane Core-Specific Antimicrobial Action of Cathelicidin LL-37 Peptide Switches between Pore and
Nanofibre Formation. Sci. Rep. 6, 664 (2016).

57. Quemé-Pefia, M. et al. Manipulating Active Structure and Function of Cationic Antimicrobial Peptide CM15 with the
Polysulfonated Drug Suramin: A Step Closer to in Vivo Complexity. ChemBioChem 20, 1578-1590 (2019).

58. Zhang, L., Rozek, A. & Hancock, R. E. W. Interaction of Cationic Antimicrobial Peptides with Model Membranes. J. Biol. Chem. 276,
35714-35722 (2001).

59. Nimmo, A. J. et al. Intratracheal Administration Of Glucocorticoids Using Surfactant As A Vehicle. Clin. Exp. Pharmacol. Physiol.
29, 661-665 (2002).

60. Czyzewski, A. M. et al. Effective in vivo treatment of acute lung injury with helical, amphipathic peptoid mimics of pulmonary
surfactant proteins. Sci. Rep. 8 (2018).

61. Dohm, M. T., Brown, N. ., Seurynck-Servoss, S. L., de la Serna, J. B. & Barron, A. E. Mimicking SP-C palmitoylation on a peptoid-
based SP-B analogue markedly improves surface activity. Biochim. Biophys. Acta - Biomembr. 1798, 1663-1678 (2010).

62. Brown, N. ., Wu, C. W,, Seurynck-Servoss, S. L. & Barron, A. E. Effects of Hydrophobic Helix Length and Side Chain Chemistry on
Biomimicry in Peptoid Analogues of SP-C +. Biochemistry 47, 18081818 (2008).

63. Forde, E., Humphreys, H., Greene, C. M., Fitzgerald-Hughes, D. & Devocelle, M. Potential of host defense peptide prodrugs as
neutrophil elastase-dependent anti-infective agents for cystic fibrosis. Antimicrob. Agents Chemother. 58, 978-985 (2014).

64. Haney, E. E & Hancock, R. E. W. Peptide design for antimicrobial and immunomodulatory applications. Biopolymers 100, 572-583
(2013).

65. van Dijk, A. et al. Identification of chicken cathelicidin-2 core elements involved in antibacterial and immunomodulatory activities.
Mol. Immunol. 46, 2465-73 (2009).

Acknowledgements

The authors acknowledge the funding from the US National Institutes of Health (Grant 2 R01 HL067984), the
Danish Council for Independent Research, Technology and Production (Grant 4005-00029) as well as funding
from the Ontario Thoracic Society and the Lawson Health Research Institute internal research funds. Work
at the Molecular Foundry was supported by the Office of Science, Office of Basic Energy Sciences, of the U.S.
Department of Energy under Contract No. DE-AC02-05CH11231. Brandon Baer is supported by an Ontario
Graduate Studentship.

Author contributions

B.B. and R.V. drafted the manuscript. B.B. performed all bacterial killing curves as well as wet bridge experiments,
and prepared figures 1, 2 and 4-9, under the supervision of C.Y. and R.V. E.J.A.V. performed the ITC experiments
and prepared figure 2. S.J. performed the NMR experiments and prepared figure 3, under the supervision of M.W.
N.M. and J.S.L. synthesized and purified the SP-C peptoid under the supervision of H.J. and A.B. All authors
reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-66448-1.

Correspondence and requests for materials should be addressed to B.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:9392 | https://doi.org/10.1038/s41598-020-66448-1


https://doi.org/10.1038/s41598-020-66448-1
https://doi.org/10.1038/s41598-020-66448-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Optimizing Exogenous Surfactant as a Pulmonary Delivery Vehicle for Chicken Cathelicidin-2

	Materials and Methods

	Preparations. 
	Bacterial killing curves. 
	Isothermal titration calorimetry (ITC). 
	Solid-State nuclear magnetic resonance (ssNMR) spectroscopy. 
	Bacterial killing and surface tension measurements on the wet bridge transfer system. 
	Statistical analysis. 

	Results

	Bacterial killing curves. 
	ITC and ssNMR of CATH-2 mixed with individual surfactant lipids. 
	Bacterial killing and spreading over the wet bridge for lipid enriched BLES. 
	Bacterial killing curve for synthetic surfactants. 
	Bacterial killing and spreading over the wet bridge for synthetic surfactants. 

	Discussion

	Acknowledgements

	Figure 1 Killing curves for CATH-2 combined with BLES or individual surfactant lipids.
	Figure 2 Antimicrobial activity of CATH-2 in lipid enriched preparations of BLES.
	Figure 3 ITC binding of CATH-2 to vesicles and BLES.
	Figure 4 ssNMR of CATH-2 mixed with BLES or liposomes.
	Figure 5 Bacterial killing for CATH-2 over the wet bridge transfer system.
	Figure 6 Surfactant spreading over the wet bridge transfer system for lipid enriched BLES.
	Figure 7 Bacterial killing curves for CATH-2 combined with synthetic surfactants.
	Figure 8 Spreading over the wet bridge transfer system for synthetic surfactants.
	Figure 9 Bacterial killing over the wet bridge for synthetic surfactants/CATH-2.
	Table 1 Lipid and peptoid compositions for synthetic surfactants.




