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Porous Silicon Nanoparticle Delivery of Tandem Peptide
Anti-Infectives for the Treatment of Pseudomonas

aeruginosa Lung Infections

Ester J. Kwon, Matthew Skalak, Alessandro Bertucci, Gary Braun, Francesco Ricci,

Erkki Ruoslahti, Michael J. Sailor, and Sangeeta N. Bhatia*

There is an urgent need for new materials to treat bacterial infections. In
order to improve antibacterial delivery, an anti-infective nanomaterial is devel-
oped that utilizes two strategies for localization: i) a biodegradable nanopar-
ticle carrier to localize therapeutics within the tissue, and ii) a novel tandem
peptide cargo to localize payload to bacterial membranes. First, a library of
antibacterial peptides is screened that combines a membrane-localizing pep-
tide with a toxic peptide cargo and discovers a tandem peptide that displays
synergy between the two domains and is able to kill Pseudomonas aeruginosa
at sub-micromolar concentrations. To apply this material to the lung, the
tandem peptide is loaded into porous silicon nanoparticles (pSiNPs). Charged
peptide payloads are loaded into the pores of the pSiNP at =30% mass
loading and =90% loading efficiency using phosphonate surface chemistry.
When delivered to the lungs of mice, this anti-infective nanomaterial exhibits
improved safety profiles over free peptides. Moreover, treatment of a lung

toxicity. Improved delivery has the poten-
tial to address these challenges. Here, we
engineered nanomaterials for antibacte-
rial activity employing two strategies to
improve delivery which have not yet been
explored for treatment of lung infections.
First, we screened a library of bifunctional
peptides that can localize to bacterial mem-
branes and deliver a toxic payload that can
specifically kill Pseudomonas aeruginosa
over off-target host cells. Second, we pro-
tected the peptide cargo in biodegradable
porous silicon nanoparticles (pSiNPs) to
delay and extend the release after lung
delivery. Antibiotic delivery via pSiNPs has
yet to be established for treatment of lung
infections.'¥ Together, these elements

infection of P. aeruginosa results in a large reduction in bacterial numbers
and markedly improves survival compared to untreated mice. Collectively,
this study presents the selection of a bifunctional peptide-based anti-infective
agent and its delivery via biodegradable nanoparticles for application to an

animal model of lung infection.

A global threat in the fight against pathogenic bacteria has
emerged with the rising incidence of antibiotic resistance com-
bined with the paucity of new antibacterial agents entering the
clinic. Two major obstacles facing the development of new anti-
biotics are poor drug penetration into bacteria and off-target

combined to form an anti-infective nano-
material that we applied to a P. aeruginosa
lung infection model (Figure 1A). We
found the anti-infective nanomaterial sig-
nificantly decreased bacterial numbers
and improved survival in a mouse model
of lung infection.

In P. aeruginosa, two concentric mem-
brane structures studded with efflux
pumps surround the degradative periplasmic compartment,!
creating a formidable barrier for antibacterial agents. We
hypothesized that peptides could offer a means to specifically
localize to bacteria, either by ligand-mediated binding and/
or other physical interaction with membranes. Peptides are
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Figure 1. Selection of a pseudomonas-specific anti-infective tandem peptide. A) The overall
approach was to design materials composed of an anti-infective peptide cargo loaded in biode-
gradable porous silicon nanoparticles for delivery to lung infection models. B) Approach used
to design and screen tandem peptides for anti-infective activity against P. aeruginosa, where
candidates were selected based on their capacity to specifically kill bacteria while minimizing
toxicity to the host tissue and blood cells. Peptide candidates were first ranked based on the
minimum inhibitory concentration (MIC) required to inhibit P. aeruginosa (PA) growth (left
column, MIC values ranked from low to high for most efficacious peptides on top). Peptide
concentrations were tested in the concentration range 0-5 X 107® m. The next two columns
to the right show the level of exposure that leads to 50% lethality (LD50) in NIH3T3 normal
fibroblasts and Neuro-2a mouse neuroblastoma cells, respectively. The next column repre-
sents the relative concentration required to lyse 10% of red blood cells. Ranked peptides were
also cross-validated (last two columns on the right) for their MIC in Escherichia coli (EC) and
Staphylococcusaureus (SA). The top scoring tandem peptide, lactoferrin-dKK, is highlighted in
the box. C) LACT-dKK tandem peptide and individual peptide domains (dKK and LACT only)
were compared in a MIC assay (average = SD, n = 3) where bacteria were incubated with pep-
tides and the bacterial turbidity was measured at 600 nm at 14 h. Data points were fit with dose

Concentration
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promising building blocks because they
possess diverse abilities such as binding to
specific receptors,* stimulating, or blocking
signaling cascades, or forming structures
that interact with membranes,’! and there
are emerging strategies available that can
optimize and stabilize peptides for transla-
tion as therapeutics in living systems.l In
order to enhance bacterial interaction, we
designed and tested a library of membrane-
interacting peptides fused in tandem with a
synthetic bacterial toxin, p[KLAKLAK],."*!
The antibacterial activity of the [KLAKLAK],
peptide is not dependent on its stereochem-
istry,®°! thus we synthesized it with D-amino
acids to limit proteolytic degradation and
refer to it as dKK. We reasoned that the dKK
bacterial toxin would achieve greater potency
if it localized to the bacterial surface—since a
toxic payload must first physically encounter
the bacteria in order for it to have activity.
We focused on the membrane in particular;
studies in mutant strains have shown mem-
brane permeability to be a significant barrier
to the activity of antibiotics in Gram-negative
bacteria.'® Therefore, we designed our pep-
tide library to encompass membrane-inter-
acting peptides in tandem with the toxic dKK
cargo: we chose 25 peptides documented
to have membrane-active properties and
grafted them N-terminally to dKK (22 of the
25 tandem peptides were soluble in water;
Table S1, Supporting Information).

We screened this tandem peptide library
using a series of assays to identify agents that
mediated specific killing of P. aeruginosa, and
that also exhibited limited off-target toxicity
(Figure 1B). We measured minimal inhibi-
tory concentrations (MIC) in P. aeruginosa
and cell viability in mammalian cell assays
in a peptide concentration range between
0 and 5 x 107® M. We also evaluated toxicity
in NIH3T3 mouse fibroblasts and Neuro-2a
neuroblastoma cells. To negatively select
against tandem peptides that would cause
lysis of red blood cells when administered in
animals, we additionally screened peptides in
a hemolysis assay. In the range of concentra-
tions we tested, no membrane-active peptide
displayed inhibitory activity against bacteria
when not in tandem with dKK (Figure S1,
Supporting Information), supporting the
rationale of the tandem peptide architecture.

response curves. Tandem peptide (purple) shows a
greater than 30-fold improvement in MIC over single
peptide domains, and Bliss independence analysis
indicates that the activity is synergistic. R? values are
reported for each curve-fit.
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We also note that at the concentrations studied, dKK alone
had no activity against P. aeruginosa (Figure S1, Supporting
Information). Since it is advantageous to identify antibacterial
agents that possess narrow-spectrum activity, we also assessed
antibacterial efficacy against other Gram-negative bacterial
species (Escherichia coli) and a Gram-positive bacterial species
(Staphylococcus aureus; Figure 1B). Our best-performing tandem
peptide was lactoferrin-dKK (LACT-dKK). Lactoferrin peptide
(KCFQWQRNMRKVRGPPVSCIKR) is derived from a protein
in the transferrin family that is known to interact with bacte-
rial membranes.'!! Analysis of physicochemical properties of
peptides did not predict relative activity for killing P. aeruginosa
(Table S1, Supporting Information), indicating the need for
empirical screening. High-purity LACT-dKK was synthesized
and the dose-responses of dKK alone, membrane-active pep-
tide alone, and candidate tandem peptides were tested at con-
centrations up to 100 x 107 m (Figure 1C). LACT-dKK killed
bacteria at a sub-micromolar concentration (0.42 x 107° m),
128-fold more potent than LACT alone and 32-fold more potent
than dKK alone, and was able to associate with P. aeruginosa
(Figure S2, Supporting Information). As a comparison, the
antibiotic colistin was also tested and the MIC was measured
to be 0.25 pug mL™ or 0.21 x 107® m. When dose-response
curves were tested for Bliss independencel!?! (GraphPad Prism,
GraphPad Software, Inc.), the tandem peptide-mediated killing
exceeded the expected additive response of the two single
peptide domains, indicating synergy between the two peptide
domains in the tandem peptide construct.

To minimize toxicity, we formulated our best performing
peptide into nanoparticles to influence peptide biodistribution
by increasing local concentrations and mitigating off-target
toxicity profiles—a challenge for all peptide-based antibacterial
agents in therapy.'}l In cancer therapy, it is well established that
packaging chemotherapeutics into nanometer-sized carriers
can reduce clinical side effects; for example, cardiotoxicity of
doxorubicin is substantially reduced when formulated in Doxil
liposomal nanoparticles.l'l As a strategy to improve biodistri-
bution and mitigate toxicity, peptides were loaded in biodegrad-
able pSiNPs, which have been utilized in several applications
of drug delivery.'>'8 For example, the flexibility of modifying
the physicochemical properties of porous silicon has enabled the
delivery of diverse cargoes such as nucleic acids!'”! as well the
controlled release of hydrophobic cancer therapeutics.l?% Several
features of pSiNPs make them amenable to noncovalent pep-
tide loading and release in vivo: i) tunable pore sizes (2-50 nm)
that can readily accommodate a range of biomolecule sizes;
ii) a suite of surface chemistries available to control physico-
chemical properties such as charge and hydrophobicity; and
iii) a biocompatible degradation pathway whose end products
are removed from the body via efficient excretion into the
urine.l'721:221 pSiNPs were prepared as described previously,’]
and displayed a hydrodynamic diameter of 225 + 10 nm as
measured by dynamic light scattering (DLS; n = 6, representa-
tive plot in Figure S3A, Supporting Information). The porous
layer porosity was measured to be 46% + 1 using spectroscopic
liquid infiltration method (SLIM), a nondestructive optical
interferometric technique described previously.?* In order to
optimize the loading capacity of the nanoparticle formulation,
we investigated a set of different chemical functionalizations to
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mediate physical interactions with the peptide cargo. The sur-
face of pSiNPs was modified with phosphonates, carboxylates,
sulfonates, and amines via silane chemistry and subsequent
loading of peptide was achieved by infiltration (Figure 2A).
Functionalization was confirmed by infrared spectroscopy
(Figure 2B; and Figure S3B, Supporting Information). Of the
surface chemistries investigated, phosphonate modification
yielded the highest (=30%) loading efficiency (microgram
peptide per microgram porous silicon) of peptide (Figure 2C)
as measured by quantification of unloaded 5-carboxyfluores-
cein (5-FAM)-labeled peptide, and was comparable to other
charge-based assemblies of pSiNPs.'72526]  Phosphonate
modified pSiNPs also displayed high encapsulation efficiency
(88.0 £ 3.7%, n = 3), likely driven by strong electrostatic inter-
actions between the negatively charged phosphonate-modi-
fied pores of pSiNP and the positively charged peptide cargo
(Figure 2A, inset). Additionally, thermogravimetric analysis of
phosphonate pSiNPs yielded a 14.1% weight loss, indicating an
average grafting of 140 ug of alkyl-phosphonate chains per mg
of pSiNP (Figure S3C, Supporting Information). Zeta potential
measurements of oxidized pSiNPs, phosphonate pSiNPs, and
peptide-loaded pSiNPs revealed a negative surface potential for
all the particle types measured (Figure 2D). Comparing trans-
mission electron microscopy images of unloaded pSiNPs and
peptide-loaded pSiNPs showed that the porous structure was
maintained in each case (Figure 2E). Total pore volumes and
average pore sizes were calculated from nitrogen adsorption—
desorption isotherms (Figure 2F) using the Brunauer-Emmett—
Teller (BET) method.?”] The total pore volume and average pore
size for pSiNPs were 1.33 cm?® g™! and 14.4 nm and for phos-
phonate pSiNPs they were 1.17 cm?® g! and 13.3 nm, respec-
tively. The reduction in pore volume and size are consistent
with oxidation and functionalization of pSiNPs, and the pore
size is sufficient to accommodate the =4800 molecular weight
peptide. Although all particle types displayed a net negative
surface charge, the phosphonate modification showed values of
zeta potential that were more negative than the oxidized pSiNP
starting material, whereas the peptide-loaded phosphonate
pSiNPs showed a less negative zeta potential than the oxidized
pSiNPs. The negative zeta potential for peptide-loaded phos-
phonate pSiNPs indicates that the surface negative charge was
not completely neutralized by surface-bound peptide (since the
peptide itself carries a positive charge), and that at least a por-
tion of the peptides had loaded into the pores. The release of
peptide from phosphonate pSiNPs was monitored by incuba-
tion in phosphate buffered saline (PBS) and measuring fluo-
rescently labeled peptide released into the supernatant after
centrifugation of intact pSiNPs (Figure 2G) and matches with
the degradation profile of pSiNPs (Figure S3D, Supporting
Information). Peptides formulated into phosphonate pSiNPs
were able to mediate killing of P. aeruginosa (Figure 2H) while
showing minimal toxicity to mammalian cells (Figure 3A) and
minimal red blood cell lysis (Figure 3B).

To examine the utility of this peptide-pSiNP platform
in vivo, we delivered peptide-loaded phosphonate pSiNPs
(peptide—pSiNP) in the context of a P. aeruginosa lung infec-
tions. We first tested the histological response of the nano-
materials after direct administration to the lungs of healthy
mice. Sample solutions (PBS, unloaded pSiNPs, free peptide,
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Figure 2. Tandem peptide infiltrated in porous silicon nanoparticles maintain anti-infective
properties. A) Schematic outlining the approach to loading tandem peptide cargo into surface
modified porous silicon nanoparticles (pSiNPs). Inset depicts proposed electrostatic inter-
action of phosphonate pSiNP with cationic tandem peptides. B) Fourier transform infrared
(FTIR) spectrum of pSiNP and phosphonate pSiNP. Si-O-Si modes can be observed from
790-1100 cm~" in the pSiNP spectrum. Phosphonate pSiNP spectrum shows appearance of ali-
phatic C—H (2800-3000 cm™') and P=O (1300 cm™'), and the deformation of -OH from —~POOH
(1650 cm™). IR spectra of carboxylate, sulfonate, and amine pSiNP can be found in Figure S3B
(Supporting Information). C) Effect of modified surface chemistry on peptide loading efficiency

e

(mass percentage, n = 3, average +SD, ****p < 0.0001, ***p < 0.001 analysis of variance
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or peptide-pSiNP) were instilled into the
lung via a catheter inserted into the tra-
chea. Mice that received free peptide dis-
played slowed, labored breathing compared
to PBS-treated mice between 4 and 8 h after
dosing, whereas no adverse respiration was
observed with mice administered peptide—
pSiNPs. To correlate these observations with
any changes in tissue pathology and circu-
lating cytokine levels, organs and blood were
harvested at 4 or 24 h after dosing. Hemo-
toxylin and eosin staining of lung sections
were assessed by a pathologist blinded to
treatment conditions. Lungs from untreated
mice and mice administered either peptide-
loaded or empty pSiNPs displayed generally
normal morphology, and peptide-pSiNP-
administered mice presented with mild
bronchial epithelial damage (Figure 3C;
top row). The normal histology observed in
mice after pSiNP administration corrobo-
rates previous work that demonstrated that
pSiNPs administered at a dosage of 400 ug
per mouse showed no evidence of toxicity
after 4 weeks.??l By contrast, evidence of
damage in the lungs at 4 h after adminis-
tration of free peptide was substantial as
assessed by the pathologist: sloughing of
the bronchial epithelium, bronchitis, and
interstitial pneumonitis were all observed
(Figure 3C; bottom row). The toxicity of the
tandem peptide cargo may be due to its cati-
onic nature; toxicity of cationic materials has
been observed previously.?!] However, evi-
dence of toxicity appeared to subside by 24 h
and was not observed in any other organs
(Figure S4, Supporting Information), indi-
cating a local and transient response. To
investigate the molecular pathways involved
at the time point during which we observed
histological changes, we assayed serum col-
lected from mice at 4 h for the presence of
a panel of cytokines and revealed upregula-
tion of cytokines documented as part of the
acute response to antimicrobial peptides,?’]

(ANOVA)). D) Zeta potential measurements of
pSiNPs, phosphonate modified pSiNPs, and pep-
tide—pSiNPs (average —SD, n = 4). E) Transmission
electron microscopy images of unmodified pSiNP
and peptide-pSiNPs (scale bar = 50 nm). F) Cryo-
genic nitrogen adsorption—desorption isotherms
of pSiNPs and phosphonate pSiNPs. G) Release of
peptide from pSiNPs into phosphate buffered saline
(PBS) was determined by measuring fluorescence
signal of peptide in the supernatant over the course
of 24 h (average £SD, n = 3). H) Killing activity of
peptide—pSiNPs against P. aeruginosa, based on bac-
terial turbidity measurements (average £SD, n = 3).
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Figure 3. pSiNP formulation of peptides improve toxicity profile. Evaluation of peptide—pSiNPs for A) NIH-3T3 mammalian cell toxicity at 48 h, and
B) hemolysis of red blood cells. Plots (A) and (B) are plotted as means £ SD (n = 3). C) Histology of lungs of uninfected mice 4 h after lung delivery of

(top) PBS, phosphonate pSiNP, peptide—pSiNPs, or (bottom) free peptide.

Histological features were identified by a pathologist blinded to treatment

conditions. Arrowheads indicate signs of mild lung epithelial damage (peptide—pSiNPs), epithelial sloughing, and bronchitis (free peptide; bottom,
left to right). Free-peptide-treated mice also had signs of interstitial pneumonitis (bottom, far right panel). Phenotypes detected in the free peptide
administered lungs were not observed in the other groups of mice. Scale bar represents 50 um (n = 3 per treatment, representative image shown).

in particular an increase in cytokine IL-6 in mice adminis-
tered free peptide compared to the other treatment groups
(Figure S5, Supporting Information). These results are con-
sistent with the histopathological analysis. Taken together, the
mouse behavior, histopathology, and cytokine data indicated
that free peptide generated too severe of an acute adverse
response be suitable as a therapeutic, and present a strong
motivation to sequester the toxic peptide antibacterial agents
during administration. The free peptide data underscored the
need for a suitable biodegradable carrier for sustained release
in the lungs, in order to reduce the immediate inflammatory
response generated by a large bolus insult. We therefore per-
formed the subsequent functional studies using only peptide
formulated into pSiNPs.

In order to assess the therapeutic impact of peptide-pSiNP
administration, we applied our peptide nanomaterial to a mouse
model of P. aeruginosa lung infection. PA01 was instilled into

Adv. Mater. 2017, 1701527
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the lungs via a catheter and infection levels were determined
by titering the number of colony forming units (CFU) har-
vested from lung tissue. We first characterized the localization
of peptide—pSiNP in the context of P. aeruginosa pneumonia.
We examined the distribution of fluorescently labeled peptide
payload delivered 2 and 4 h after the mice were inoculated
with bacteria via lung instillation. Organs were retrieved and
assessed for payload fluorescence 4 h after the last administra-
tion. Signal was detected in the lungs, whereas no detectable
off-target organ accumulation was observed, as expected from
a direct lung administration route (Figure 4A; and Figure S6A,
Supporting Information). Staining and imaging of cross-sec-
tions through the lung reveal widespread distribution of both
peptide and P. aeruginosa throughout the tissue, and a repre-
sentative image is shown in Figure 4B. Cellular-level exami-
nation of untreated and peptide—pSiNP-treated lungs reveal
some evidence of payload internalization into F4/80" resident

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Peptide—pSiNP efficacy in an animal model of P. aeruginosa lung infection. A) Quan-
tification of bulk peptide signal normalized to mice administered PBS visualized by imaging
the fluorescent tag on peptides using IVIS imaging (n = 3, mean +SEM. IVIS image available
in Figure S5, Supporting Information). Mice were dosed with material 2 and 4 h postinfection
and organs harvested 8 h postinfection. B) Representative whole-lung cross-section of peptide
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interstitial and alveolar macrophages, but not
into infiltrating CD11b" monocytes recruited
to the infected areas (Figure S6B, Supporting
Information).

Improvement of survival and bacterial
titers after peptide—pSiNP administration
were quantified in the P. aeruginosa lung
infection model. At 2 x 10> CFU per mouse,
development of lung infection with P. aer-
uginosa was aggressive, with only 10-20%
24 h survival without therapeutic interven-
tion. We first tested the potential therapeutic
efficacy of peptide—pSiNP materials when
coadministered with the bacteria at this high
titer inoculum. For this study, mice were
given two doses of peptide-pSiNPs at 30 ug
of pSiNPs and 1.5 nmoles peptide, or the
equivalent amount of empty pSiNP carrier.
The first dose was administered at the time
of infection and the second was administered
2 h postinfection. The mice were observed
and their lungs harvested at the survival end-
point, or at 24 h postinfection. The peptide—
pSiNP formulations greatly improved the
survival to 24 h. A lower than 20% survival
was observed with vehicle treatment, and this
increased to 100% survival with the peptide—
pSINP formulation (Figure 4C). To confirm
that the improvement in survival was due
to decreased lung titers of P. aeruginosa, we
excised lungs and titered the number of CFU

(green) and P. aeruginosa (PA) (red) distribution in
the lung (scale bar = 2 mm). Tissue was imaged on
a slide scanner and lung tissue was cropped and
put on a black background to remove surrounding
autofluorescence of the hydrophobic barrier pen
used in staining. Agents were first evaluated after
cotreatments of bacteria and anti-infective agents
in a high titer infection model that results in =10%
24 h survival. C) Percentage of mice that survived for
at least 24 h after coadministration of intratracheal
P. aeruginosa and PBS, pSiNP, or peptide—pSiNP,
and D) bacterial CFU recovered from lungs at this
time point (n=9-10, average £SEM, ****p < 0.0001
ANOVA. Two independent trials). E) Left, schematic
of experimental design, modified for physiologic
infection timescales of infection with P. aeruginosa
to allow for intervention with 100% survival at 24 h.
Cyclophosphamide was administered intraperito-
neally to deplete neutrophils 3 d prior to infection.
Bacterial CFU titered from lungs of mice 24 h post-
treatment with peptide—pSiNP, compared to PBS
control (n=11-12 mice, average + SEM, **p < 0.01
two-tailed Mann—Whitney. Two independent trials.)
F) PAO1 and five clinical isolates with reported anti-
biotic susceptibility (S) or resistance (R) were dosed
with peptide to determine the MIC (right column) in
each case. All isolates examined exhibited suscepti-
bility to peptide killing (measured MIC for all clinical
isolates was between 2 and 4 times the MIC of the
PAO1 strain).
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in the organ. Treatment of mice with empty pSiNPs appeared
to cause a decrease in number of bacteria in the lung, but the
difference to control treatment was not statistically signifi-
cant. We observed a dramatic decrease in bacterial count when
were administered peptide—pSiNPs, with lung titers 4-6 log;,
lower than when no therapeutic intervention was administered
(Figure 4D).

Based on the encouraging coadministration findings, we
determined if the construct could perform as a more clinically
relevant anti-infective, by administering the peptide—pSiNP
material 1 h after bacterial instillation. Mice were infected with
1% 10® CFU P. aeruginosa/mouse to establish an infection that
resulted in near 100% 24 h survival. This model allowed for
reliable quantification of infection by assaying the lungs of
the animals for bacteria. The mice were treated at 1, 3, 5, and
7 h after infection with 2 nmoles of peptide/40 ug of pSiNP
per dose (equivalent to 10 pg of peptide). The lungs were har-
vested at 24 h and titered for bacteria. Untreated mice had
titers that ranged from log;, 2-9 with an average log;, value of
5.2 CFU per lung, whereas mice treated with peptide-pSiNP
had an average log;, value of 2.7 CFU per lung (Figure 4E).
Total dosage of anti-infective peptide was 0.7 mg kg™ per
mouse for cotreatment and 1.9 mg kg for post-treatment,
on par with the 1.5-2.5 mg kg™! dosing used clinically for
colistin.B% The frequency of dosing was also chosen to reflect
dosage in human patients, where aerosolized colistin was
administered every 6 h in patients with lung infections.’!
Colistin, a peptide-based antibacterial considered a drug of
last resort due to its toxicity profile, has limited efficacy in the
context of pneumonia,’®? supporting the benefit of developing
additional agents to combat infections. We believe with further
fine-tuning, such as sequence optimization, increased solu-
bility, and chemical stabilization, it is possible to engineer even
more potent agents around the peptide identified and used in
the present studies.

Finally, to determine whether the tandem peptide anti-infec-
tive was extensible to other strains of P. aeruginosa beyond the
laboratory strain PAO1, we tested peptide in clinical isolates
taken from human patient lungs (Figure 4F). Of the five clin-
ical isolates tested, three of the strains are resistant to first-line
antibiotics as reported previously.?3! We found that all strains
we evaluated were susceptible to the tandem peptide construct,
and displayed MIC values between two- and four-fold larger
than the MIC for the PAO1 strain.

The goal of this study was to engineer a highly effective anti-
bacterial agent using a peptide-based toxin enclosed in a bio-
degradable nanoparticle delivery vehicle. We screened a library
of tandem peptide anti-infectives that contained a bacterial
membrane-interaction domain grafted to a domain with bac-
tericidal activity. We discovered a tandem peptide anti-infective
with highly synergistic activity between its two domains; effi-
cacy of the tandem peptide was >30-fold higher than either of
its individual components. The MIC measured for the tandem
peptide antibacterial was sub-micromolar, comparable to the
MIC measured for the antibiotic colistin. We formulated the
best performing peptide into a biodegradable pSiNP nanopar-
ticle, and achieved significant decreases in bacteria titers after
delivery to the lung in a mouse model of lung infection. Clin-
ical isolates from human lung infections were susceptible to
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peptide killing, supporting that this agent could be applied to
other strains of P. aeruginosa. Modifications of this material for
future application to human lungs would include dry formu-
lations for aerosol delivery and micrometer scale particle sizes
for optimal deposition in the architecture of human lungs,?
design criteria that could both be satisfied by the pSiNP plat-
form. Beyond reducing toxicity, nanoparticles can package com-
binations of drugs such as small molecules?)! without the need
for covalent modification, be modified to target specific tissues
and cell types,*l and be encoded with “smart” properties.l*’]

Experimental Section

Peptide Synthesis: The peptide library in Table S1 (Supporting
Information) was synthesized for initial screening with FAM-conjugated
lysine at the C-terminal end of the membrane-interactive peptide and
with or without D[KLAKLAK]2 on the C-terminus using standard Fmoc
chemistry by the Koch Institute Swanston Biotechnology Center. All
peptides were synthesized with N-terminal myristic acid and C-terminal
amine. They were resynthesized to 80% purity in small lots for follow-up
in vitro studies. For the animal studies, larger quantities of the peptides
were synthesized by CPC Scientific to 90% purity.

Porous Silicon Nanoparticle Preparation: The particles were prepared
as described previously.?% Briefly, highly boron-doped p**-type crystalline
silicon wafers, polished on the (100) face, were electrochemically etched
in an electrolyte consisting of 3:1 (v:v) 48% aqueous hydrofluoric acid
(HF):ethanol under current control (CAUTION: HF is highly corrosive
to the eyes and skin and proper precautions should be followed when
handling). The etching waveform consisted of a current-density—
time profile consisting of two current levels (50 mA cm™ for 1.8 s;
400 mA cm~2 for 0.36 s), repeated for 150 cycles The resulting film was
removed from the silicon substrate by application of a current density
pulse of 3.7 mA cm2 for 250 s in 1:29 (v:v) 48% aqueous HF:ethanol
and fragmented by ultrasonication overnight. The resulting pSiNPs were
dispersed in an aqueous solution of sodium tetraborate to grow a thin
layer of silicon oxide on the particle surface.

Surface Functionalization of pSiNPs: Amine groups were introduced
by stirring the pSiNPs overnight in an ethanol solution 12 X 1073 m in
3-aminopropyl-dimethyl-ethoxy silane containing a catalytic amount of
triethyl amine (TEA). Carboxylate modification was achieved by overnight
reaction of the amine-modified pSiNPs (3 mg) with succinic anhydride
(10 mg) in 3 mL of dimethylformamide. Phosphonate modification was
achieved by reacting pSiNPs in ethanol with 11.2 x 1073 wm tetraethyl
orthosilicate and a catalytic amount of TEA at room temperature for 1 h.
Subsequently, 3-(trihydroxysilyl)propyl methylphosphonate was added
to a final concentration of 26.3 x 1073 m and further reacted overnight.
Sulfonate modification was carried out following the same procedure as
for the phosphonate modification but using 3-(trihydroxysilyl)-1-propane
sulfonic acid as the silanating reagent.

Characterization of pSiNPs: The hydrodynamic size and zeta
potential of the particles were measured by DLS (Zetasizer ZS90,
Malvern Instruments). Size measurements were carried out with
particles dispersed in water, whereas the zeta potential analysis was
performed in PBS, pH = 7.4. Transmission electron microscopy (TEM)
images were acquired with a JEOL-1200 EX Il instrument. Attenuated
total reflection Fourier transform infrared (FTIR) spectroscopy was
collected on a Thermo Scientific Nicolet 6700 instrument. Porous
layer porosity was measured using the SLIM, a nondestructive optical
interferometric  technique described previously.?Y  Adsorption—
desorption isotherms were performed on dry particles at 77 K on a
Micromeritics ASAP 2020 instrument. Total pore volume and average
pore sizes were calculated from the adsorption—desorption isotherms
using the BET method.

Loading of Peptide in Surface-Modified pSiNPs: Peptide was loaded into
phosphonate-pSiNPs by incubating 33% (w:w) peptide:phosphonate
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pSiNP for 2 h at room temperature in water at a final peptide
concentration of 1 mg mL™". Peptide-pSiNPs were purified by 3 rounds
of centrifugation and resuspension in deionized water. Percent peptide
loading was quantified by measuring absorbance of the FAM-labeled
peptides recovered in the supernatant after the first centrifugation, as
compared to a known calibration curve.

Particle Degradation and Peptide Release Measurements: Particle
degradation was measured in PBS, pH 7.4 by monitoring the absorbance
intensity at 405 nm over time, as described previously.*® Peptide-loaded
pSiNPs (0.3 mg, n = 3) were dispersed in 1 mL of PBS, pH 7.4 at room
temperature with mild shaking. The supernatant containing released FAM-
labeled peptides was collected at the indicated time points and analyzed
by optical absorbance spectroscopy (A =495 nm). Concentrations of the
released peptides were determined using a calibration curve obtained
with standard solutions of the same peptide in PBS.

Bacterial Preparation: P. aeruginosa PAOT was a generous gift from
the Ribbeck Lab at the Massachusetts Institute of Technology. Clinical
isolates were a generous gift from the Hung Lab at the Massachusetts
General Hospital. For each experiment, bacteria were started from a
frozen glycerol stock and cultured overnight. A 1:100 dilution from the
overnight culture was grown at 37 °C with shaking to an ODgqy between
0.2 and 0.6. The number of CFU per mL was determined by titering
cultures with known absorbance values.

Overnight Culture Growth Assay: P. aeruginosa strains were diluted in LB
media to a final concentration of 2 x 10° CFU mL. For screening, peptides
or colistin were tested in triplicates of a series of 8 twofold dilutions starting
from 5 x 1075 m. After 16 h of incubation, bacterial turbidity was examined
or the absorbance at 600 nm was measured to determine the MIC.

Hemolysis Assay: Red blood cells were collected from mouse blood
harvested in 5 x 107 m ethylenediaminetetraacetic acid (EDTA) and stored
on ice. Red blood cells were washed in 150 x 1073 m NaCl and harvested
by centrifugation. Red blood cells and peptide were incubated together for
1 h at 37 °C. For screening, peptides were tested in triplicates of a series
of 8 twofold dilutions starting from 5 x 107 m. Unlysed red blood cells
were removed by centrifugation, and released hemoglobin was quantified
by measuring absorbance at 541 nm. Percent hemolysis was determined
by normalizing to red blood cells incubated with 0.1% Triton-X 100.

Cell Culture: NIH-3T3 and Neuro-2a cells were purchased from
the American Type Culture Collection and maintained in Dulbecco’s
modified Eagle medium and Eagle’s minimum essential medium,
respectively, supplemented with 10% FBS penicillin—streptomycin.

Mammalian Cell Toxicity Assay: NIH-3T3 or Neuro-2a cells were
plated at 2000 cells per well in at 96-well plate 24 h before treatment
with peptides at the indicated concentrations for 4 h. Cell viability was
measured with the Aqueous One Cell Proliferation Assay (Promega) 48 h
after treatment. For screening, peptides were tested in triplicates of a
series of 8 twofold dilutions starting from 5 x 1076 m.

Mouse Tracheal Infection: All animal protocols were carried out
in accordance with the MIT IACUC, protocol number 0516-032-19,
including the collection of red blood cells for the hemolysis assay
described above. 6-8-week-old CD-1 mice were obtained from Charles
River. Neutropenia was introduced by injecting cyclophosphamide
at 150 mg kg' 4 d and 100 mg kg™ 1 d preinfection. For the
cotreatment study, mice were anesthetized by isoflurane and infected
with 2 x 10° CFU in 50 pL by tracheal instillation via a 22G catheter
(EXCEL International). Mice received two doses of 1.5 nmole peptide
in free form or peptide—pSiNP (=30 pg of pSiNP) in 50 pL of PBS via
tracheal instillation during initial infection and 2 h postinfection. Mice
were monitored for 24 h postinfection and lung tissue was collected
for homogenization when mice reached euthanasia criteria or at 24 h.
For the postinfection treatment study, mice received 1 x 10* CFU and
were then treated with four sequential doses of 2 nmole peptide by
tracheal instillation. The four doses were administered at 1, 3, 5, and
7 h postinfection. CFUs of PAO1 per lung were calculated by plating
dilutions of lung homogenates on agar plates and counting colonies. All
therapeutic studies were repeated in at least two independent trials.

Animal Toxicity Studies: For toxicity studies, organs were collected 4 or
24 h after the first dose of treatment and organs were drop-fixed in 10%
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formalin. Organs were embedded in paraffin, cut into 6 um sections,
and stained with hematoxylin and eosin using standard protocols. Signs
of tissue damage was assessed by a pathologist blinded to treatment
conditions. For cytokine analysis, blood was collected 4 h after first dose
of treatment in 5 x 1073 m EDTA-PBS and red blood cells were cleared
by centrifugation. Serum was stored at —80 °C until analysis. Serum was
analyzed by Mouse Cytokine Antibody Array, Panel A (R&D Biosystems).
Full map of cytokines can be found on the product data sheet. Two mice
were used for each time point and condition. Representative images and
blots were used for figures.

Distribution Studies: To study the bulk biodistribution of particles
in the lung and how they interact with cell types in the lung, particles
(1.5 nmole peptide dose) were delivered 2 and 4 h postinfection
(2 x 10° CFU per mouse) and animals were sacrificed and organs
harvested 8 h after infection. After IVIS imaging of organs, lungs were
drop-fixed in 10% formalin overnight, washed with PBS and embedded
in paraffin for sectioning.

Histology: Lung sections were blocked in 2% bovine serum albumin,
5% goat serum in PBS and stained for antibodies against pseudomonas
(Abcam, 1:500) and fluorescein (Invitrogen, 1:200). Appropriately
labeled secondary antibodies were used to detect primary antibodies.
Lung scans were acquired on a Perkin Elmer Pannoramic250 and high-
magnification images were taken on a Nikon Ti Eclipse microscope.

Statistical Analysis: Statistical tests were done in GraphPad Prism 6
(GraphPad Software, Inc.). Bliss independent testing for synergy was
done by simulating a dose-response curve for an additive effect between
individual peptides and assessing curve shifting beyond the expected
response.

Supporting Information

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