1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Biomater Sci Eng. Author manuscript; available in PMC 2024 August 14.

-, HHS Public Access
«

Published in final edited form as:
ACS Biomater Sci Eng. 2023 August 14; 9(8): 4794-4804. doi:10.1021/acshiomaterials.3c00481.

pH-Responsive, Charge-Reversing Layer-by-Layer Nanoparticle
Surfaces Enhance Biofilm Penetration and Eradication

Elad Deiss-Yehielyl:2, Gerardo Carcamo-Oyarce3, Adam G. Berger245, Katharina Ribbeck3,
Paula T. Hammond?2:4.6.*

1Department of Materials Science and Engineering, Massachusetts Institute of Technology, 182
Memorial Drive, Cambridge, MA, 02142, United States

2Koch Institute for Integrative Cancer Research, Massachusetts Institute of Technology, 500 Main
Street Bld. 76, Cambridge, MA, 02139, United States

3Department of Biological Engineering, Massachusetts Institute of Technology, 21 Ames St.
#56-651, Cambridge, MA, 02139, United States

“4Institute for Soldier Nanotechnologies, Massachusetts Institute of Technology, 500 Technology
Square, NE47-4F, Cambridge, MA, 02139, United States

SHarvard-MIT Health Sciences and Technology, Massachusetts Institute of Technology, 77
Massachusetts Ave, Cambridge, MA, 02139, United States

6Department of Chemical Engineering, Massachusetts Institute of Technology, 25 Ames Street,
Cambridge, MA, 02139, United States

Abstract

Microbes entrenched within biofilms can withstand 1000-fold higher concentrations of antibiotics,
in part due to the viscous extracellular matrix that sequesters and attenuates antimicrobial

activity. Nanoparticle (NP)-based therapeutics can aid in delivering higher local concentrations
throughout biofilms as compared to free drugs alone, thereby enhancing efficacy. Canonical design
criteria dictate that positively charged nanoparticles can multivalently bind to anionic biofilm
components and increase biofilm penetration. However, cationic particles are toxic and rapidly
cleared from circulation /in vivo, limiting their use. Therefore, we sought to design pH-responsive
NPs that change their surface charge from negative to positive in response to the reduced biofilm
pH microenvironment. We synthesized a family of pH-dependent, hydrolyzable polymers and
employed the layer-by-layer (LbL) electrostatic assembly method to fabricate biocompatible NPs
with these polymers as the outermost surface. NP charge conversion rate, dictated by polymer
hydrophilicity and side chain structure, ranged from hours to undetectable within the experimental
timeframe. LbL NPs with increasingly fast charge conversion rate more effectively penetrated
through, and accumulated throughout, wildtype (PAO1) and mutant overexpressing biomass
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(AwspF) P, aeruginosa biofilms. Finally, tobramycin, an antibiotic known to be trapped by anionic
biofilm components, was loaded into the final layer of the LbL NP. There was a 3.2-fold reduction
in AwspF colony forming units for the fastest charge-converting NP as compared to both the
slowest charge-converter and free tobramycin. These studies provide a framework for the design of
biofilm-penetrating NPs that respond to matrix interactions, ultimately increasing the efficacious

delivery of antimicrobials.
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Introduction

Bacterial infections affect 17 million people, cause approximately 550,000 deaths, and cost
the United States healthcare system billions of dollars each year.? Up to 80% of these
infections are caused by bacteria that form biofilms.2 Biofilms are micro-aggregates of
immobile, sessile bacteria encased within viscous extracellular polymeric substances (EPS),3
thereby protecting them from external stresses such as desiccation, host immune defenses,
and exogenous antimicrobials. The EPS can render antibiotics ineffective, ultimately
requiring up to 1000-fold higher concentrations of drug in order to eradicate biofilm
infections.#® During treatment, ensuring a high therapeutic concentration throughout the
biofilm matrix is paramount; sublethal drug doses stress microbes and favor the development
of antimicrobial resistant strains.” With the rise of antimicrobial resistance threatening to
cause 10 million deaths globally by 2050,8 it is critical to find alternate solutions for

effective antibiotic delivery throughout biofilms.

The EPS is a key biological barrier to antimicrobial eradication of biofilms, as it can
comprise up to 90% dry weight of a biofilm.3 The EPS is primarily comprised of
polysaccharides, proteins, lipids, and extracellular DNA. It establishes various gradients
across the biofilm, such as those in metabolic activity, oxygen, and pH. Furthermore, it
acts as a physical barrier, attenuating antibiotic penetration due to its mechanical and
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physicochemical properties.®-14 Pioneering work by Tseng et. al.10 demonstrated how
cationic antibiotics, such as tobramycin, are immediately electrostatically sequestered at
the biofilm interface by anionic components of the EPS and unable to penetrate further.
Designing antimicrobial carriers to overcome the diffusion restrictions caused by the EPS
will enhance therapeutic alternatives for biofilm infections.

Nanoparticles (NPs) can help overcome the biofilm barrier® by efficiently encapsulating
antibiotics,16-18 protecting their cargo from degradation,1® and delivering high local
concentrations at targeted tissue sites.20 Indeed, /n vitro and in vivo biofilm studies
demonstrated that NP-encapsulated therapies outperform their free drug counterpart in
eliminating biofilm biomass and reducing bacterial viability.21-23 Importantly, NP surface
chemistry is a main player in governing the interactions at the biofilm-NP interface and

is critical in the design of NPs as drug carriers. A key structure-function relationship

has been identified for the migration of NPs within the biofilm.24-26 Cationic, positively
charged NP surfaces are superior compared to neutral or anionic NPs at penetrating the local
negatively charged microenvironments of the matrix via a ‘catch-and-release’ manner,26-29
in which multivalent charge interactions facilitate reversible binding. However, cationic NPs
are toxic30: 31 and are rapidly cleared32-34 when administered systemically, disadvantaging
their use in the clinic for the treatment of biofilm infections.

Stimuli-responsive, and more specifically pH-responsive, systems represent a promising
strategy for the delivery and release of therapeutics in a site-selective manner.3> While the
pH of blood is close to 7.4, that in the biofilm microenvironment is reported as being as low
as pH 5.36: 37 Therefore, the inclusion of an anionic pH-responsive surface may mitigate the
orthogonal design criteria of biocompatibility and positive surface charge.38 To incorporate
a pH-responsive feature onto the surface of NPs, we used the layer-by-layer (LbL) self-
assembly technique, a versatile fabrication method used to develop multifunctional drug
delivery nanocarriers.39-41 LbL assembly involves the facile adsorption of polyelectrolyte
chains onto an oppositely charged colloidal template to form a multilayered structure.?2 This
modular assembly permits investigation into how precise polymer differences can influence
NP surface properties,*3 as well as biofilm-NP interactions.

In this work, we generated four distinct polymers characterized by differing backbone
hydrophilicity and side-chain flexibility, which led to distinct and predictable charge-
reversal rates. We hypothesized that the reversal rate determines biofilm penetration and
permeation (Figure 1). Furthermore, by loading NP surfaces with tobramycin, a clinically
relevant antibiotic known to be attenuated by the biofilm matrix,1? we hypothesized that
the increased NP accumulation due to surface charge reversal rates would lead to more
efficacious drug delivery. Overall, this study lays a foundational structure-function model
for the future design of pH-responsive nanocarriers to overcome the biofilm matrix and
eliminate biofilm-based infections.
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Materials and Methods

Materials

All materials were purchased from MilliporeSigma unless otherwise specified. All salt
solutions, such as sodium chloride (NaCl, Macron Fine Chemicals) sodium hydroxide
(NaOH), calcium chloride dihydrate (CaCl,), magnesium chloride (MgCly), and sodium
bicarbonate (NaHCO3, Mallinckrodt Pharmaceuticals) were dissolved in de-ionized, MilliQ
water. Acids and bases, such as sodium hydroxide (NaOH, 1 N, J.T.Baker) and hydrochloric
acid (HCI, 6 N, VWR) were used for pH titration unless otherwise stated. Chloroform

(TCI America), methanol, and MilliQ water were used to dissolve lipids and cholesterol.
All lipids and cholesterol were purchased from Avanti Polar Lipids. 1,2-distearoyl-s/+
glycero-3-phosphocholine (DSPC) was resuspended at 25 mg/mL in chloroform; 1,2-
distearoyl-sn-glycero-3-phospho-(1 - rac-glycerol) (sodium salt) (DSPG) was resuspended
at 25 mg/mL in a 65:35 chloroform:methanol volumetric ratio; 1,2-distearoyl-sr-glycero-3-
phosphoethanolamine (DPSE) was dissolved at 5 mg/mL in the same chloroform:methanol
mixture; and plant-based cholesterol was dissolved in 50 mg/mL chloroform. Tangential
flow filtration (TFF) membranes D02-E100-05-N and C02-E100-05-N were purchased from
Spectrum Labs, now incorporated with Repligen. Agar plates were made by dissolving 329
of LB agar into 1 L of MilliQ water, autoclaving, and pouring while still warm.

Charge-converting polymer synthesis

Reaction conditions were taken from literature** and modified as follows (Figure S1).
Poly(allylamine) hydrochloride (PAH, 17.5 kDa) or poly-L-lysine hydrochloride (PLK, 16
kDa, Alamanda Polymers) (100 mg) was dissolved in 3 mL basic MilliQ water, made basic
by adding 200 pL of 1 N NaOH while stirring. Citraconic anhydride (CIT, 400 uL) or
maleic anhydride (MAL, 400 mg) was added at roughly 2 molar equivalences of cationic
polymer primary amines, and 1 N NaOH was added as needed to ensure the reaction

was kept at basic conditions (i.e. a pH above 8). For the PAH-CIT-MAL reaction, a 1:1:1
molar equivalence of polymer and each reactant was used. The reaction was kept stirring
overnight, and the resulting product was dialyzed (3.5 kD MW cutoff, Spectrum Chemical)
against 1000 mL of basic MilliQ water, adjusted with 1 mL of 1IN NaOH. The dialysate
was replaced after 4, 24, and 48 hours. The resulting purified product was lyophilized and
structures were confirmed via 1H nuclear magnetic resonance (NMR) by resuspending in
D,0 (99.9% pure, Cambridge Isotopes Lab) and running on a 500 MHz Bruker Avance Neo
spectrometer.

Nanoparticle preparation

Lipids (DSPC, DSPG, and DSPE for dye conjugation when necessary) and cholesterol were
dissolved in their previously described organic solvents and added to a cleaned, oven-dry

50 mL round bottom flask (VWR). Liposomes were always synthesized in a 33:33:34
DSPC:DSPG:cholesterol molar ratio, unless otherwise stated. Thin films were created on the
walls of the round bottom flask by evaporating the solvent using a Buchi RotoVap system
under heat (> 50 °C) and reduced pressure (< 30 mbar) for at least 1 hour. Dried films were
rehydrated in the round bottom flask submerged in a Branson sonicator bath heated to 65 °C
by adding a volume of MilliQ water which equaled the total number of milligrams of lipids
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and cholesterol used, so that the nanoparticle concentration was 1 mg/mL. The rehydrated
lipids were sonicated on and off for one minute each and for three total cycles. Afterward,
the multilamellar liposomes were extruded through an Avestin LiposoFast LF-50 liposome
extruder, complete with a heated sample jacket connected to a Cole-Parmer Polystat Heated
Recirculator Bath to maintain a temperate at 65 °C (i.e., above the secondary transition
temperature of the lipid mixture). The liposomes were passed through stacked 400 and 200
nm filters three times, then through a 100 nm filter three times, and finally through a 50 nm
filter at least once.

Liposomes that were used for downstream fluorescent assays followed the same procedure
as described above, except with the following altered lipid composition (31:31:31:7
DSPC:DSPG:cholesterol:DSPE molar ratio), and reacted with NHS ester-linked sulfo-
cyanine 5 dye (Cy5, Lumiprobe) in 20 mM sodium bicarbonate with a pH > 8.4 adjusted
with 1 N NaOH, as measured with a Hanna electronic pH-meter. The cyanine dye was
reacted at > 5-fold molar excess as compared to the primary amine on DSPE. The reaction
was stirred overnight in the dark at room temperature and run to completion.

Nanoparticle layering and purification

All nanoparticles were characterized via dynamic light scattering (DLS) using a Malvern
ZS90 Particle analyzer, in which 50 pL of sample was added to 700 pL of MilliQ water.
Size measurements were run in polystyrene disposable cuvettes (Fisher Scientific) and zeta
potential measurements were made using laser Doppler electrophoresis in folded capillary
zeta cells (Malvern Panalytical). Data is reported as three independent technical replicates
and their standard deviation.

All reported equivalence weight ratios for layering polymers were compared to 1 mg/mL
nanoparticle core, where equal volumes of polymer in buffer were added to the nanoparticle
core while sonicating for no more than 3-5 seconds. The buffer used for layering polymers
onto the nanoparticle core consisted of 50 mM HEPES (1 M, Fisher Bioreagnets) and 40
mM NacCl, so that final the nanoparticle solution was 25 mM HEPES and 20 mM NaCl, as
previously reported.#> At least three test weight ratios of polymer and NP were examined for
stability before choosing the proper layering ratio. PLK was layered onto anionic NP cores
at roughly 0.33 wt. eq., and synthesized polymers, as well as poly(acrylic acid), sodium salt
(PAA, 15 kD, 35 wt. % in H,0), were layered at roughly 0.5-1.5 wt. eq, depending on the
particle batch.

TFF was used to purify crude layered NPs, whereby the solution was connected to a
KrosFlo Il (Spectrum Laboratories) system using Teflon-coating tubing. Volumes < 8 mL
were filtered through the C02-E100-05-N 100 kD membrane at a 13 mL/min flow rate,
whereas larger volumes were filtered through D02-E100-05-N 100kD membranes at an
80 mL/min flow rate. For polycation layering, ionic interactions with the TFF membrane
can cause stripping and destabilization, so the membrane was ‘pre-treated’ by keeping a
closed loop for 5 minutes while just the polycation solution flowed at a concentration of
roughly 0.1 mg/mL. All LbL NPs were washed with at least a 5X volume of MilliQ water,
and concentrated down to the desired final concentration. The working concentration of
nanoparticles was 1 mg/mL unless otherwise stated.
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Purification of dye-conjugated NPs followed the same procedure, except that washing
included 10X volume of phosphate-buffered saline (PBS, Lonza Biologics) and then at least
10X volume of water. Wastewater was checked for the removal of the Cy5 fluorophore via
fluorescent readings. For subsequent experiments, normalization of nanoparticle mass was
carried out based on the purified product and assumed zero nanoparticle loss, with a stock
concentration of 1 mg/mL fluorescent nanoparticle.

Bacteria culture

Bacteria were taken from 20% frozen glycerol (VWR) stocks, plated onto pre-poured
Luria-Bertani agar (LB, Invitrogen) in standard 100x15 mm plates (VWR), and incubated

at 37 °C overnight. CaCl, and MgCl, were added to Mueller-Hinton broth (MHB) at

25 and 12.5 pg/mL, respectively, to complete the cation-adjusted Mueller-Hinton broth
(CAMHB) recipe. Single colonies were picked, added to 2-3 mL of MHB in Falcon® 14 mL
polystyrene round bottom tubes (Corning), and were grown shaking in a shaking incubator
(Deville Scientific) at 250 rpm at 37 °C for 16-18 hours. New single colony stocks were
picked every 5 days, and new plates were streaked every month. Pseudomonas aeruginosa
PAO1 was purchased from ATCC, and the AwspF strain was kindly gifted by the Ribbeck
Laboratory.

Cell culture and cellular metabolic activity

NIH3T3 mouse fibroblasts were purchased from ATCC and tested monthly for mycoplasma
contamination using the Lonza MycoAlert kit (Lonza), which always tested negative. Cells
were grown in DMEM medium (Corning) supplemented with 10% fetal bovine serum (FBS,
Gibco) and 1% penicillin/streptomycin (Pen/Strep, Corning Inc.) at 37 °C and 5% CO,.
Cells were not used past passage 20.

Cells were grown to confluence, passaged, and 90 pL of cells were seeded onto sterile
96-well plates (Nunc) at a density of 10,000 cells per well. Cells were grown overnight

for 24 hours and allowed to settle and adhere. After 24 hours of growth, 10 uL of 10X
concentration of treatment was added to the wells, starting at the highest stock concentration
of 1 mg/mL for all NPs and 10 mM for citraconic acid. Note that PBS was used as the
vehicle control. A positive control set of cells were treated with the lethal proteasome
inhibitor MG-132 (Enzo Life Sciences), at a stock concentration of 400 pM and 10%
DMSO; all cells had a metabolic activity measurement of <1% using this inhibitor. Cells
were incubated with the treatments for 72 hours, and the CellTiter-Blue cell viability

assay (Promega) was used according to manufacturer protocols. Briefly, 20 pL of CellTiter-
Blue reagent was added to each well and incubated for at least 1 hour before reading

the fluorescence (560 ex / 590 em) with a Tecan Infinite M200 Pro plate reader. Blank
wells were used to subtract background and metabolic activity was normalized to the PBS
controls. Three technical replicates were used for each group.

Nanoparticle charge conversion

Buffers of pH 7.4 and 6.5 were prepared at a concentration of 50 mM of either HEPES or
MES, respectively, and titrated with either 6 N HCI or 1 N NaOH. Purified nanoparticles at 1
mg/mL were diluted in equal volumes of buffer in an Eppendorf tube for a final volume of 1
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mL and were shaken at 200 rpm either at room temperature or at 37 °C. 50 L aliquots were
removed at the desired timepoints (0, 1, 4, 14, 24, 48, and 72 hours) and the zeta potential
was measured in technical triplicate.

Nanoparticle penetration through transwells

Single colonies of either PAO1 or AwspF were picked from streaked LB plates and inserted
into 2-3 mL of CAMHB grown overnight at 37 °C while shaking at 250 rpm. From this
overnight culture, a new 25 mL culture was started by adding 250 L of overnight culture
and allowing bacteria to grow for 4-6 hours shaking at 37 °C, thereby reaching log-phase
growth. Bacteria solutions were washed once with fresh CAMHB by spinning for 5 minutes
at 6000xg. Bacteria were then resuspended at an ODgg of 1.0, and 50 pL were introduced
to the apical side of a 96-well HTS transwell plate (Corning) while 200 pL of CAMHB were
added to the basal side. Transwell plates were placed in a humid environment and grown for
48 hours at 37 °C.

After the 48-hour growth, the apical wells were washed twice with 50 pL of fresh CAMHB,
and after the final wash, 45 uL of CAMHB was added. A new receiver well was used and
filled with 200 pL of CAMHB with 10 mM HEPES (for pH 6.5 and 7.4 solutions) or MES
(for pH 6.0), and the apical wells were placed into the receiver. Then, 5 pL of 10-fold
concentrated, Cy5 fluorescent nanoparticles were added, so that 5 total micrograms of NP
were in each apical well. After the desired incubation time (1, 2, 4, 8, and 24 hours), a

new receiver well was filled with 200 pL of CAMHB and replaced the preceding receiver
well. 100 pL of the sample was taken out of the old receiver well, mixed with 100 pL of
ethanol, transferred into a non-TC coated black 96-well plate (Thermo Fisher), and emission
excitation readings at 640 / 670 nm were run. Nanoparticle mass in the receiver wells was
calculated based on respective nanoparticle standard curves, and the cumulative mass was
recorded at each time point. Each condition had N = 4 technical replicates.

Confocal scanning light microscopy (CSLM) imaging and analysis

Overnight shaking AwspF cultures were subcultured into fresh CAMHB and grown for

4-6 hours at 37 °C and 250 rpm to reach log-phase growth. Bacteria were diluted in 10%
CAMHB supplemented with 150 mM NacCl, as this reduced nutrient solution encourages
the formation of biofilms will still retaining an accurate ionic strength. Bacteria were
normalized at an ODgqg of 0.01, and 1 mL of solution was added to each well of a
glass-bottom, black chimney 24-well plate (Greiner Bio), and allowed to grow statically for
48 hours at 37 °C in a humid environment. Afterward, wells were washed three times with
10% CAMHB and 10 mM HEPES (pH adjusted to either 7.4 or 6.5) supplemented with
150 mM NaCl to remove planktonic, unattached cells. For each wash, 1 mL of medium
was added and then removed, ensuring that the biofilm remained hydrated and that volume
within the well was never below 1 mL. Washing was performed with a repeater pipette
(Integra) at speed 2 to protect the delicate biofilm architecture. On the third wash, 1100

pL of the medium was removed and 100 pL of 100 pg/mL NP solution was added and
incubated for either 4 or 24 hours and incubated at 37 °C in a humid environment. After NP
incubation, each well was washed three more times with the same procedure as above, and
100 pL of 20 uM SYTO 9 dye was added to stain the biofilm, incubating statically for 30
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minutes at room temperature in the dark. Another 3 washes were performed as above before
imaging.

Biofilms were imaged using a confocal laser scanning microscope (LSM 800, Zeiss) with a
63x oil immersion magnification lens, and a step size of 0.5 um. At least three independent
wells were used and 3-5 images per well were taken. Images were analyzed using FIJI, in
which Z-axis profiles for nanoparticle pixel intensities were plotted as a function of depth
throughout the biofilm. Calculated area under the curve (AUC) intensities used the trapezoid
rule and normalized x-axis biofilm distance for cumulative amount. For analysis of the
middle 50% area under the curve, a similar calculation as stated above was used, except that
the pixel intensity in the first and last 25% of the height of the biofilm was removed.

Tobramycin loading and quantification

Concentrations of tobramycin ranging from 0.05 to 1 mg/mL were tested in small batches
with a final layering solution of 25 mM HEPES and 20mM NaCl and pH 7.4. The optimal
concentration was chosen based on subsequent nanoparticle stability (< 30 nm increase in
hydrodynamic diameter and > 1301 mV zeta potential) as measured by DLS. Nanoparticles
were then purified via TFF as previously described.

An aliquot of purified, drug-loaded nanoparticles was then placed into a 30 kDa MWCO
spin filter and washed 6 times at 4000xg. Elution volume was measured and replaced exactly
with 99.9% pure D,0O. After 6 washes, the resulting nanoparticle suspension had = 99.5%
D,0. To this solution, 25 ug of 3-(trimethylsilyl)propionic-2,2,3,3-d4 (TMSP) acid sodium
salt dissolved in D,O was added as a standard for proton quantification via 1H NMR. The
5.75 ppm shift for the tobramycin proton was integrated against the 0.00 ppm shift for the
TMSP protons, and the total mass of tobramycin was calculated based on the integration of
these peaks. Drug loading was calculated based on an assumption of no loss of colloidal
material throughout the entire process.

In vitro reduction of biofilm colony forming units (CFUs)

Biofilms were grown on Calgary Biofilm Devices (CBD, Innovotech) according to
manufacturer instructions with slight modifications. Bacteria were grown mid-log phase and
diluted to 0.01 ODggp. 150 pL was placed in each well and grown for 48 hours shaking at
125 rpm and 37 °C in a humid container. After 48 hours, the CBD lid with pegs was lifted,
washed for 10 seconds in a new plate of PBS, and placed in another new plate containing
180 pL of CAMHB medium and 20 pL of various concentrations of NP, free drug, and
CAMHB medium used as a no treatment control. Wells were statically incubated, washed,
and fresh medium was added either 4 or 8 hours after treatment. The plate was allowed to
incubate for a total of 18-24 hours, at which point the pegs were placed in a new microtiter
plate with 200 uL of PBS and sonicated for 30 minutes. After 30 minutes, serial dilutions
were plated and the bacterial burden was quantified as CFU per mL.
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Statistics

All statistics used are described in each of the figure captions, and were analyzed using
GraphPad Prism v8. Statistical significance was determined primarily using one- or two-way
ANOVA and Tukey’s correction for multiple comparisons.

Results and Discussion

Layered synthetic polymers enable charge-reversible nanoparticle surfaces

In order to leverage the acidic microenvironment of biofilms, a panel of hydrolytically
cleavable anionic polymers that could serve as the outer layer of LbL NPs was synthesized
(Figure S1). Following a similar strategy from Liu et. al.,** reacting anhydrides with primary
amines on the polymer side chains results in amide bonds with a pendant carboxylic

acid. Eventual hydrolysis of the amide results in a terminally charged primary amine.

The synthetic polymer panel (Figure 2A) has two orthogonal design elements: the polymer
backbone hydrophilicity and the polymer side chain rigidity. First, the two backbones were
either the relatively hydrophilic polypeptide backbone, poly-L-lysine (PLK), or the relatively
hydrophobic hydrocarbon-based backbone, poly(allylamine) (PAH). We hypothesized that
the more hydrophilic backbone would lead to a quicker hydrolysis rate, as hydrolysis
depends on the concentration of protons, and therefore, the concentration of water. Second,
while the two reactants are five-member anhydride rings, citraconic anhydride (CIT) has

an extra methyl group that forces side chain rigidity, unlike maleic anhydride (MAL).

The more rigid side chain structure is empirically shown to enhance self-catalyzed amide
hydrolysis.** Following this logic, we hypothesized that polymers functionalized with CIT
would hydrolyze faster than those functionalized with MAL. Consequently, the polymer that
was conjugated with both CIT and MAL was predicted to hydrolyze at a rate in between

the polymer reacted purely with CIT or MAL. Finally, an anionic polymer with no chemical
modifications, poly(acrylic) acid (PAA), is used as a negative control. Polymer structures
were confirmed with 1H NMR (Figure S2-5) and recorded as subscripts in Figure 2A.

Utilizing the LbL electrostatic assembly method, polymers 1-5 were added as the terminal
layer of an LbL NP, defining its surface functionality. The core colloidal template used

for all of these experiments was a liposome, primarily because there are FDA-approved
antimicrobial formulations that leverage liposome carriers, such as amphotericin B liposome
for injection?6 and amikacin liposome inhalation suspension.*” After layering, these LbL
NPs had mean hydrodynamic diameters from 87 to 117 nm, were uniformly distributed with
polydispersity indices (PDI) of < 0.20, and had zeta potentials > 130 mVI as measured by
dynamic light scattering (DLS), all of which indicate stable NP formulations (Figure 2B).
All LbL NPs layered with polymers 1-5, as well as the citraconic acid byproduct due to
hydrolysis, had limited cellular toxicity, especially as compared to liposomes layered with
only cationic PLK (Lipo/PLK) at highest functional concentrations (Figures S6-7).

As polymers 1-5 exhibited various aspects of hydrophilicity and rigidity, their use as
terminal layers on LbL NPs produced diverse charge reversal rates which were further
increased with a reduction of pH (Figure 2C). No LbL NP exhibited charge reversal (i.e.
zeta potentials greater than 0 mV) after 72 hours at physiological conditions. However,
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we chose to also test charge reversal at a modestly reduced pH 6.5, in line with reported
acidities for biofilm formed in patients.*8 In these conditions, Lipo/PLK/1 became neutrally
charged after 4 hours and had a plateaued positive charge after 24 hours. Lipo/PLK/2, which
differed in the hydrophilicity of the backbone as compared to Lipo/PLK/1, also showed
stimuli-responsive behavior and changed to a slight positive charge around 24 hours of
incubation. The introduction of a more flexible side chain to interrupt the locked structure
in Lipo/PLK/3 attenuated the charge reversal rate further. Lipo/PLK/4, with a hydrophobic
hydrocarbon backbone and the least restricted side chain, showed no stimuli-responsive
activity at the reduced pH for the entire 72-hour experiment. Lipo/PLK/4 and Lipo/PLK/5
maintain similar zeta potentials of —37.4 mV versus —42.3 mV after 72 hours, respectively.
These data confirmed our initial structure-function hypothesis that both the hydrophilicity
and side chain structure of terminal polymers determined charge reversal rates.

Increased charge reversal rate enhances biofilm penetration

With our polymer panel characterized, we wanted to see if there was a relationship between
the NP charge, the rate of charge reversal, and infiltration through biofilms. We chose to
test our panel of LbL NPs in biofilms produced by the biofilm-producing, opportunistic
pathogen Pseudomonas aeruginosa. To specifically evaluate the contribution of biofilm EPS
on NPs penetration, we used the well-characterized strain PAO149: 50 and the isogenic wspF
deficient mutant. AwspF is known to non-specifically overexpress polysaccharides, and
thereby creates more robust biofilms.5! Bacterial strains PAO1 or AwspF were grown for 48
hours on transwell inserts and NP transport through their produced biofilms was measured
for up to an additional 24 hours, as quantified by the fluorescent intensity in the bottom
receiver well (Figure 3A). We hypothesized that LbL NPs that charge-converted the fastest
would be able to penetrate through biofilms and accumulate more readily in the bottom
well, since they would become positive and multivalently bind the matrix, corresponding to
increased fluorescent intensity.

When incubated at pH 7.4, NP accumulation through the biofilm was lower in the AwspF
mutant as compared to PAO1 for every formulation and at every timepoint tested (Figure
3B). These results are in line with the notion that higher biofilm biomass (Figure S8)
attenuates penetration of exogenous materials more effectively. There was also a general
trend for penetration through both biofilms, in that the NPs with the most positive charge,

or fastest charge conversion, penetrated more effectively (Figure 3B). These data supported
our hypotheses that negatively charged biofilm matrix components electrostatically interact
with positive charges on the NP surface and that enhanced interactions can enable more
effective penetration.?4 52 The permanently cationic nanoparticle Lipo/PLK showed the
greatest penetration through both sets of biofilms at all time points, in agreement with
previously reported trends.28: 29 Next, the charge-converting NPs followed in order of

its charge conversion rate, for both biofilms at all time points. We note that penetration
occurred faster than the hydrolysis rates observed in Figure 2C, most likely due to potential
hypoxic heterogeneous microenvironments, as well as reactive oxygen species and enzymes,
present within biofilms.53 Furthermore, the penetration of LbL NPs in the biofilm showed a
clear correlation with formulations that imply that even small amounts of positive charge can
enhance transport.

ACS Biomater Sci Eng. Author manuscript; available in PMC 2024 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Deiss-Yehiely et al.

Page 11

Moving forward, we chose to focus primarily on the LbL NPs layered with our synthesized
polymers (i.e. Lipo/PLK/1-4), as we want to draw conclusions directly from their structures
and reversal rates. The greater toxicity of Lipo/PLK suggested a biological incompatibility
that would not be translatable, and thus we did not continue using this formulation for
subsequent experiments. When investigating biofilm penetration at reduced pHs of 6.5

and 6 (Figure 3C), the same trend, in which enhanced charge reversal rate corresponded

to increased penetration through biofilms, held for biofilms produced by both strains.
Furthermore, as the exogeneous pH dropped, the same NP formulation penetrated more
effectively for a given strain, which we attribute to the accelerated hydrolysis rate.
Formulations, such as Lipo/PLK/4, that exhibited a constant anionic charge, saw no
penetration benefit when exposed to a reduced pH, further corroborating our hypothesis.
While the altered biofilm matrix at reduced pH could be one alternative explanation for

the enhanced NP penetration, crystal violet staining of PAO1 and AwspF biofilms grown

in the same conditions showed no differences in biofilm biomass (Figure S8). Alternative
compositional changes to the biofilms as a function of pH may indeed exist, such as

the protonation of polysaccharides or other components, though the similar transwell
penetration of Lipo/PLK/4 over all pH conditions tested suggest that these structural
differences may not play an outstanding role in NP penetration for this assay.

Increased biofilm permeation and accumulation with charge-reversing nanoparticles

To further understand the biofilm-NP interactions during NP passage through the biofilm
matrix and assess the spatial distribution of the NPs, we turned to confocal microscopy.
Similar to the transwell assay experimental design, we took confocal images of AwspF~
produced biofilms grown for 48 hours, exogenously adjusted the pH to either 7.4 or 6.5, and
incubated with our charge-converting NPs for an additional 24 hours. We saw that the fastest
charge-converting NPs interacted more completely than the slowest charge-converting NPs
(Figure 4A). Note that the images below portray the biofilm as an average pixel intensity
over the entire Z-dimension. To quantify the NP accumulation within the biofilm, we
calculated an area under the normalized pixel intensity curve (AUC) as a function of

depth throughout the biofilm, thereby quantifying a biofilm accumulation. The highest NP
accumulation within biofilms, for both pH 7.4 and 6.5, occurred for Lipo/PLK/1, then
Lipo/PLK/2, Lipo/PLK/3, and finally the least accumulation was Lipo/PLK/4 (Figure S9).

A possible confounding variable in calculating the AUC data in this manner is the effect

of gravity. We gently washed the biofilms to maintain their integrity on the glass-bottom
well, and perhaps did not completely remove aggregates adsorbed to the bottom of the well.
Therefore, we decided to measure the nanoparticle accumulation throughout the middle 50%
of the biofilm (Figure 4B) over multiple timepoints. These data follow the same trend,
whereby enhanced differences for Lipo/PLK/1 at each time point occurred at a reduced
exogenous pH (Figure 4C). From 4 to 24 hours for Lipo/PLK/1 and pH 7.4, there is a
3.95-fold increase in pixel intensity, whereas at pH 6.5 there is an over 8-fold increase.
While there are also increases from 4 hours to 24 hours for Lipo/PLK/4 (Figure 4C), this
can be explained primarily by the length of the experiment, as a two-way ANOVA analysis
determined that only time (p = 0.0008), and not pH (p = 0.8933), significantly accounted
for the variation in these data. These results can also explain the previous data (Figure
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3B) illustrating increased penetration through the biofilm matrix since anionic NPs will
diffuse through the matrix, though much slower. Finally, we were curious if the fastest
charge-converting NPs would be able to deliver antimicrobials more efficaciously, as they
accumulate more efficiently within the biofilm.

Tobramycin loading onto the NP surface enhances in vitro efficacy

We chose to load tobramycin onto our NPs, a model aminoglycoside regularly prescribed for
chronic 2. aeruginosa infections.>* Furthermore, the cationic charge on tobramycin causes
sequestration by the anionic biofilm matrix10. Contrary to traditional liposomal antibiotic
loading methods, whereby therapeutics are loaded into the aqueous interior,8 we adsorbed
tobramycin into the NP outermost layer (Figure 5A). Tobramycin was loaded on the exterior
surface of the NP since traditional, passive tobramycin encapsulation with the anionic
phospholipid DSPG, a requirement for subsequent cationic polymer layering, caused NP
aggregation (data not shown). This loading strategy was inspired by works loading peptides
onto LbL NPs%® and co-layering cationic antibiotics with anionic polymers.56

Layering conditions, such as solution pH and ionic strength,5 are critical for therapeutic
loading. Therefore, we tested a series of layering solution pH values, accounting for the
range of tobramycin primary amine pKas,>® and saw no meaningful loading differences
(Figure S10). We chose to layer at pH 7.4, buffered with 25 mM HEPES, and a final
concentration of 20 mM sodium chloride. NPs were layered, purified, and dosed all within
24 hours, thereby avoiding potential unintended charge conversion (Figure S11).

Final drug quantifications from three independent formulations were calculated using 1H
NMR by integrating the 5.75 ppm shift for the 1" tobramycin proton against a known stock
amount of 3-(trimethylsilyl)propionic-2,2,3,3-d, (TMSP) acid sodium salt, which was also
used as a reference compound set at 0.00 ppm. This integration enabled calculation of

both the weight loading, which measures the mass of loaded tobramycin per unit mass of
nanoparticles, and encapsulation efficiency, which measures the mass of tobramycin retained
on the nanoparticles per unit mass of tobramycin used during formulation (i.e. the fraction of
drug that got encapsulated from the loading solution). Analyzed results determined that the
weight fraction loading and encapsulation efficiencies were 10.9 + 3.5% and 41.3 + 5.3%
for Lipo/PLK/1, and 15.1 + 7.1% and 35.2 + 10.2% for Lipo/PLK/4, respectively (Figure
5B). Importantly, embedding tobramycin into the outermost anionic surface did not result

in meaningful differences in NP size and zeta potential (Figure 5C) nor changes in the time
required to complete charge conversion for Lipo/PLK/1 (Figure S12). Overall, these data
indicated the compatibility of this loading method with our charge-conversation strategy,
enabling clinically relevant antibiotics to be loaded onto our NPs for effective delivery.

Each formulation was then tested for its capacity to reduce biofilm CFUs on the Calgary
Biofilm Device.>® PAO1 or AwspF biofilms were grown for 48 hours, washed, and incubated
for 8 hours with either a free tobramycin or a dose-equivalent NP formulation without
adjusting the pH of the medium. After 8 hours, the medium was washed and replaced, and
biofilms were allowed to grow for another 8 hours before sonicating them off the device and
serially diluting them to quantify CFUs (Figure 5D). The 8-hour medium wash timepoint
was chosen because intravenous tobramycin dosing occurs every 8 hours during hospitalized
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infection,®0 and Lipo/PLK/1 would have substantially changed its surface charge by this
time. While this formulation has not completely charge converted at 8 hours, we had to
balance the earlier time with the artificially static nature of this biofilm eradication assay.

All NP treatment groups were equally as effective as free tobramycin in reducing biofilm
CFUs for both strains at all given therapeutic concentrations. Furthermore, when AwspF
biofilms are dosed at 16 pug/mL of tobramycin, Lipo/PLK/1 had a 3.2-fold reduction

in AwspF biofilm CFU/mL as compared to the free drug. Similar calculations illustrate
that Lipo/PLK/4 reduces AwspF biofilm CFU/mL with the same efficacy as the free

drug at this higher therapeutic concentration. We attribute this increased efficacy to the
charge-converting NPs permeating throughout the biofilm, though we recognize that some
variation of the /n vitro results could have been due to tobramycin being stripped from the
nanoparticle surface through electrostatic exchange reactions, releasing prematurely before
complete NP penetration. We also note that we only tracked nanoparticle penetration and
were not able to attain antibiotic distribution as it penetrates the biofilm matrix. Excitingly,
this suggests that the charge-converting NPs aid in the efficacious delivery of tobramycin
in the presence of biofilm, potentially enabling a reduced therapeutic dose to elicit a
similar benefit. Ultimately, these results provide a framework for engineering tailored, pH-
responsive NP surfaces, imbuing those surfaces with antimicrobials, and delivering higher
local concentrations of antibiotics more efficaciously.

Conclusions

This work presents surface charge conversion rate as a new design parameter for antibiotic-
delivering nanoparticles to maximize biofilm interactions while retaining biocompatibility.
Nanoparticles are layered with an outermost, pH-responsive polymer that charge-converts
from negative to positive, rendering the polymer surface biocompatible until exposed

to the reduced pH of the biofilm environment. Once exposed, the surface becomes
positively charged and electrostatically interacts with anionic biofilm matrix components.
We synthesized four different polymers, each with varied backbone hydrophilicities and
side-chain structures, and determined structure-function properties to tune charge reversal
rates from hours to days. The maximum charge reversal rate trended strongly with
increased penetration through biofilms grown on transwell inserts and increased permeation
throughout biofilms as measured with confocal microscopy pixel intensity areas under the
curve. We were then able to load therapeutically-relevant concentrations of tobramycin,

a model anti-Pseudomonas antibiotic known to be sequestered by the biofilm matrix,

using a new loading strategy that did not alter physiochemical nanoparticle properties nor
charge-reversal rates. Finally, the fastest charge-converting nanoparticle reduced bacterial
colony-forming units of an overproducing biofilm biomass mutant 3.2-fold compared to free
drug, laying the foundation for future efficacious nanoparticle vehicle designs.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Schematic illustration of charge-reversing nanoparticles (NPs) disseminating throughout

biofilms. A reduced pH gradient across the biofilm catalyzes the hydrolysis (dashed red
lines) of charge-converting polymers, thereby creating a positively-charged NP surface
that can penetrate the biofilm matrix. However, permanently negative NP surfaces have
negligible biofilm penetration due to electrostatic repulsion by the biofilm matrix.

ACS Biomater Sci Eng. Author manuscript; available in PMC 2024 August 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Deiss-Yehiely et al.

Page 19

A B ca : ; i ;
Nanoparticle Size, Polydispersity Nanoparticle Zeta Potential
T 150 0.5 100
£ =
Liposome Core € 04 E 50
3 &
______________ = 100 s
& N i oy N e 03 ¢ 3 |-|
1 1 N | -] 2 E
| 1 | | 3 022 3
: > - o
| Polycation | ' < sq [, 3 I 3 I I 5 o
| Poly-L-Lysine \ 18 ; 2 = 0.1 3
N oo - - 7 J S aa-a i i e g
z . LR S S S -0 T T T T T
o N & 3 g o o &+ N 2 O \J »
AR PP NP SRS R Q& Q& Q& ™ Q\'«é
FL LS FLE
e me g mmmmm———— = IERVARRVARRVARES WYY
BRSNS a4y (8
W
C

Charge reversal 37°C, pH 6.5

Charge reversal 37°C,pH 7.4

5 1
; 1
1
cTT T T T N S e 8
|~ " i, i o % %
¥ 4
[ I ™o, 0o Yyt
! 1
! |
1
1
1
1

1-5

Zeta Potential (mV)

T

80
13 o
o
11, Poly-L-Ly; Acid 3 it Acid
| (PLK-CIT) co-Maleic Acid (PAH-CIT-MAL)
2. Citraconic Acid 4 i Acid
| (PAH-CIT) (PAH-MAL)

N 5. Polyacrylic acid (PAA) P

—=— Lipo/PLK -¥- Lipo/PLK/1 -e- Lipo/PLK/2 -m Lipo/PLK/3 -4- Lipo/PLK/4 —e— Lipo/PLK/5

Figure2.
A synthetic panel of polymers is layered onto nanoparticles and imbues pH-responsive

surfaces. A) Extruded, anionic liposomal cores are adsorbed with the polycation poly-L-
lysine, and polyanions 1-5 are layered, resulting in 5 distinct LbL NPs. Note copolymer

and side chain fractions are calculated from the corresponding *H NMR spectra (Figure
S2-5). B) Hydrodynamic diameters, polydispersity indices, and zeta potentials of the NPs
display uniform nanoparticles. C) pH-accelerated charge reversal of NPs with hydrolytically
cleavable side chains instills certain NPs with a pH-responsive surface. N = 3 technical
replicates for both B and C.
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Figure 3.
Nanoparticle penetration through biofilms shows pH trend. A) Schematic representation for

the transwell assay workflow illustrates how NPs navigate through the biofilm to reach

the basal chamber for quantification. B) Cumulative penetration of LbL NPs within the
panel for each timepoint collected illustrates how surface charge impacts penetration. More
positively charged nanoparticles, including those that alter their surface charge, accumulate
to a higher extent than anionic layer-by-layer nanoparticles. C) Significant trends reveal that
reduced pH and increased charge reversal rate enhance penetration through biofilms. Error
bars represent standard deviation with N = 4 technical replicates, each indicated by filled in
circles. Comparisons within and between pH groups were analyzed with two-way ANOVA
using Tukey’s multiple comparisons correction, where * means p < 0.05, and ** means p <
0.01.
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Figure 4.
Charge-converting nanoparticles interacted with, and penetrated through, the biofilm matrix

more effectively. A) Confocal microscopy images of nanoparticles (red) interacting with the
AwspF biofilm matrix (green) after 24 hours. Both components are shown as an average
pixel intensity throughout the biofilm matrix, collapsed onto a 2D image. The scale bar
represents 20 um. B) Pixel intensity throughout the middle 50% of the biofilm, where the
first and last 25% of the biofilm are excluded, was calculated. C) Calculations are shown
using an area under the curve formula for both Lipo/PLK/1 and Lipo/PLK/4. Both time
and pH were significant sources of variation for Lipo/PLK/1 as analyzed by a two-way
ANOVA, whereas only time, and not pH, was significant for Lipo/PLK/4. Error bars
represent standard deviation with N = 3 biologically distinct wells with N = 3 technical
image replicates per well. Comparisons within and across pH groups were analyzed with
two-way ANOVA using Tukey’s multiple comparisons correction, where * means p <0.05,
** means p <0.01, *** means p<0.001, and **** means p<0.0001.
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Figureb.

Nanoparticle carriers loaded with tobramycin enhance antibiotic delivery. A) Schematic
illustration of tobramycin electrostatically adsorbed into the final layer. B) Tobramycin
absorbs onto each nanoparticle with satisfactory loading and encapsulation efficiency.

N = 4 independent loading replicates, shown as an average and standard deviation. C)
Nanoparticle size and zeta potential comparison before and after loading tobramycin show
little difference. N = 3 technical replicates, shown as an average and standard deviation. D)
Overnight biofilms treated with dose-matched tobramycin treatments had similar efficacy for
PAOL, but a 3-fold reduction in colony-forming units in AwspF at the highest concentration.
Dark lines in D, sometimes blocked by individual data points, represent the average
log(CFU/mL) of biofilms treated with the medium control. N = 4 biological replicates using
an independent nanoparticle formulation each with N = 2 technical duplicates. Statistics
were calculated using one-way ANOVA with Dunnett’s multiple comparisons correction,
comparing means against Lipo/PLK/1.
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