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ABSTRACT: Pseudomonas aeruginosa biofilms comprise three main poly-
saccharides: alginate, psl, and pel, which all imbue tolerance against exogenous
antimicrobials. Nanoparticles (NPs) are an exciting new strategy to overcome
the biofilm matrix for therapeutic delivery applications; however, zero existing
FDA approvals for biofilm-specific NP formulations can be attributed to the
complex interplay of physiochemical forces at the biofilm-NP interface. Here,
we leverage a set of inducible, polysaccharide-specific, expressing isogenic P.
aeruginosa mutants coupled with an assembled layer-by-layer NP (LbL NP)
panel to characterize biofilm-NP interactions. When investigating these
interactions using confocal microscopy, alginate-layered NPs associated more
than dextran-sulfate-layered NPs with biofilms that had increased alginate
production, including biofilms produced by mucoid P. aeruginosa isolates from
people with cystic fibrosis. These differences were further confirmed in LbL
NPs layered with polysaccharide- or hydrocarbon-based polymers with pendent carboxylate or sulfate functional groups. These data
suggest carboxylated NP surfaces have enhanced interactions specifically with mucoid biofilms as compared to sulfated surfaces and
lay the foundation for their inclusion as a design element for increasing biofilm-NP interactions and efficacious drug delivery.
KEYWORDS: cystic fibrosis, bionano, surface interaction, polysaccharide, layer-by-layer

■ INTRODUCTION
Bacterial infectious diseases represent an increasingly urgent
public threat. Bacterial infections affect 17 million people,
cause approximately 550,000 deaths, and cost the United
States healthcare system billions of dollars each year.1

Furthermore, estimates from the Center for Disease Control
and the National Institute of Health indicate that 65−80% of
bacterial infections are biofilm-associated.2 Biofilms are sessile,
extracellular matrix-enclosed microbial masses that adhere to
biological or nonbiological surfaces.3 Microbes produce a
matrix, termed the extracellular polymeric substance (EPS),
which may account for up to 90% of the dry weight of a
biofilm.4 The EPS permits microbes to evade host defenses,
tolerate external stresses, and withstand 100- to 1000-fold
higher concentrations of antibiotics, resulting in recurrent and
chronic infections.5−7 Targeting and overcoming the EPS is a
critical aspect of new therapeutic solutions to combat antibiotic
recalcitrance in biofilm-based infections.

Biofilm-based infections have been largely studied using the
model Gram-negative opportunistic pathogen model microbe
Pseudomonas aeruginosa because of its ubiquitous role in
chronic infections throughout the body. The dense EPS matrix
produced by P. aeruginosa acts as a barrier and is composed
primarily of proteins, lipids, extracellular DNA (eDNA), and
polysaccharides in the form of a water-swollen network. These

components attenuate antibiotic penetration due to their
mechanical and physicochemical properties, including inter-
molecular forces of attraction such as electrostatics, hydrogen
bonding, and van der Waals hydrophobic forces.8−10 The three
main EPS polysaccharides produced by P. aeruginosa include
alginate, psl, and pel. Alginate overproduction by mucoid P.
aeruginosa has been well-characterized,11 particularly in the
airways of people with cystic fibrosis (CF),12 and increasing
evidence points to pivotal and distinct roles that both psl13,14

and pel15,16 play in the biofilm structure and protection against
antimicrobials.17 Clinical samples of sputum from people
colonized with P. aeruginosa have varied polysaccharide
compositions,18 indicating the potential for more directed
therapeutic approaches depending on biofilm matrix compo-
sition. Ultimately, strategies aimed at eradicating biofilms via
enhanced antibiotic efficacy must be designed with these three
essential polysaccharides in mind.
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Nanoparticles (NPs) have recently been established as an
exciting new approach to treating biofilm infections.19 NPs
combine controllable sizes, high loading capabilities, and
nonspecific accumulation in vivo to deliver increased local
concentrations of therapeutics throughout biofilms.20 Indeed,
numerous studies have reported successful encapsulation of
various classes of antibiotics and their subsequent enhanced
activity,21−28 and there are FDA-approved NP-encapsulating
antimicrobial formulations such as amphotericin B liposomes
for injection29 and amikacin liposome inhalation suspension.30

However, these therapies are simply liposome-encapsulated
drugs, which primarily reduce off-target toxicity when delivered
systemically, as opposed to increasing cargo efficacy through
targeted delivery mechanisms. Consequently, there is no
therapy currently on the market to combat P. aeruginosa-
based biofilm infections due to the limited benefits compared
to traditional treatments. For that reason, next-generation
antimicrobial NP vehicles must include additional function-
ality, such as surface modifications, to increase the level of
biofilm-NP association.

Screening polysaccharide-NP interactions remains an under-
developed avenue with immense potential. However, synthe-
sizing a panel of NPs with unique, high-density surface
functionalities remains difficult through traditional chemical
strategies. The platform layer-by-layer (LbL) electrostatic
assembly technique overcomes this limitation and affords a
modular, robust approach to constructing chemically diverse
NPs.31−33 Charged colloidal templates are sequentially
incubated with oppositely charged polyions, facilitating the
formation of a uniform particle with a distinct outermost
surface. Testing families of LbL NPs can illuminate previously
unknown interactions imbued by distinct charged functional
groups.34 Here, we screened NP interactions against biofilms
composed of each of the three canonical polysaccharides using
confocal microscopy and quantified biofilm-NP co-occurrence
as a metric of interaction. Using these data, we established a
general strategy for designing polysaccharide-specific associat-
ing NPs with the goal of enhancing targeted drug delivery and
efficacy.

■ MATERIALS AND METHODS
Materials and Reagents. All materials were purchased from

Millipore-Sigma (Burlington, MA) unless otherwise specified. 18 kDa
molecular weight (MW) poly-L-lysine (PLK) hydrochloric acid was
purchased from Alamanda Polymers (Huntsville, AL). Very low-
viscosity sodium alginate, with a MW < 75 kDa, was purchased from
NovaMatrix (Sandvika, Norway). 6−15 kDa MW dextran sulfate
(DXS) sodium salt was purchased from Millipore-Sigma. 10−20 kDa
MW ∼ 20% COOH carboxymethyl-dextran sodium salt was
purchased from Biosynth (San Diego, CA). 2−5 kDa MW poly(vinyl
sulfonic acid, sodium salt) and 8 kDa MW polyacrylic acid (PAA)
were both purchased from Millipore-Sigma.

Lipids and plant-based cholesterol were purchased from Avanti
Polar Lipids, Inc. (Birmingham, AL). The chloroform used to
resuspend was purchased from Macron Fine Chemicals (Radnor, PA).
Cholesterol was resuspended in a 50 mg/mL chloroform solution.
1,2-distearoyl-sn-glycero-3-phosphocholine (18:0 DSPC), 1,2-dis-
tearoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (18:0 DPSG), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-
(polyethylene glycol)-2000] (ammonium salt) (18:0 PEG2000 PE),
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(Cyanine 5)
(18:0 Cy5 PE), were resuspended in a 25 mg/mL chloroform
solution, 25 mg/mL solution of 65:35 vol/vol chloroform/methanol
solution, 10 mg/mL chloroform solution, or a 1 mg/mL chloroform
solution, respectively. Membranes used for liposome extrusion were

purchased from GE Healthcare (Chicago, IL), and tangential flow
filtration (TFF) hollow modules were purchased from Repligen
(Waltham, MA). Teflon-coated tubing, sizes 13 and 16, used for
filtration, was purchased from Saint-Gobain (Waltham, MA).

Glycerol was purchased from VWR Chemicals BDH. The nutrient
agar used for making Luria−Bertani (LB) agar plates was purchased
from BD Difco. 24-well glass bottom SensoPlates were purchased
from Thomas Scientific (Swedesboro, NJ), and SYTO9 dye for
staining was purchased from Invitrogen (Waltham, MA).
Nanoparticle Formulation. DSPC, DSPG, and cholesterol were

added into a 50 mL round-bottom flask at a 1:1:1 mol/mol/mol ratio.
Dried thin films were created by heating the round-bottom at 50 °C,
spinning, and pumping the pressure down to <25 mTorr for at least 1
h using a rotary evaporator system (Buchi). For NPs used in confocal
microscopy, 0.4 mol % DSPE-Cy5 lipid was added to replace DSPC,
resulting in a 32.9:33.3:33.4:0.4 DSPC/DSPG/Chol/DSPE-Cy5
molar ratio.

After the evaporation of all organic solvents, the round-bottomed
flask was partially submerged in a sonicator bath (Branson 1800
Ultrasonic Bath) filled with 65 °C water, and the thin film was
resuspended at 1 mg/mL using fresh 65 °C milli-Q water while
sonicating. The resulting colloidal suspension was extruded at 65 °C
by using an Averin LipsosFast LF-50 liposome extruder. Liposomes
were first passed three times through a 200 nm filter, then three times
through a 100 nm filter, and finally at least once through a 50 nm
filter.
Nanoparticle Layering and Purification. NPs were layered by

pipetting, while sonicating, equal volumes of a colloidal template (e.g.,
liposome or layered liposome) into a solution of oppositely charged
polymer in an Eppendorf tube for 3−5 s at a predetermined ratio.
This ratio was based on titrations of increasing polymer
concentrations to determine which causes a minimal size difference,
defined as a PDI <0.3, and a zeta potential >|30 mV|, all measured
using dynamic light scattering (Malvern). All polymers were dissolved
at 10 mg/mL in milli-Q water and then further diluted using 50 mM
HEPES and 40 mM NaCl, as this optimal layering solution was taken
from previous literature.35 The PLK polycation optimal ratio was
found to be 0.25−0.33:1 wt/wt polymer/NP, and the remaining
polyanion ratios were anywhere from 0.25: to 1:1 wt/wt polymer/NP.

NPs were immediately purified via the TFF method using the
KrosFlo II (Spectrum Laboratories) system, as previously described.36

Porous 100 kDa membranes were washed with milli-Q water prior to
use. Crude NP solutions were passed through either microKros filters
(if the solution volume was less than 8 mL total) at 13 mL/min or
midiKros filters at 70 mL/min. NPs were washed with at least 5 times
the volume of NP solution, as measured by the permeate mass. For
layering PLK, membranes were coated with a closed-loop wash of 0.1
mg/mL PLK for 5 min prior to purification, since the anionic,
modified poly(ether sulfone) membrane could disrupt the positive
PLK layering. After purification, membranes were stored in 70%
ethanol to maintain integrity and sterility.
Bacteria Culture. PA14 and clinical isolates of mucoid P.

aeruginosa were kindly donated by the Yonker Lab (Mass General
Brigham IBC: 2011B000789). All other bacterial strains used, as
described in Table S1, were kindly donated by the Lory Lab.
Mueller−Hinton broth supplemented with 25 μg/mL calcium
chloride and 12.5 μg/mL magnesium chloride as cations
(CAMHB) was used as the primary medium, except for the clinical
isolates, which were all grown in standard LB broth.37 20% frozen
glycerol stocks were made for all bacteria, streaked out onto LB agar
plates, and single colonies were picked and incubated in CAMHB at
37 °C while shaking at 225 rpm. Subcultures were taken after
overnight incubation, and all assays used normalized bacteria that
were growing during the mid-log phase (4−6 h of growth) unless
otherwise stated. For any bacterial washing, suspensions were pelleted
at 6000 rcf for 5 min.
Crystal Violet Staining. The procedure was adapted from

O’Toole with slight modifications.38 Bacteria were normalized to 0.01
OD600, and 100 μL were plated in each well of a 96-well plate. For
determining the role inducer concentration plays in biomass
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production, 10 μL of 10-fold concentrated inducer solution, either
arabinose or isopropyl β-D-1-thiogalactopyranoside, was spiked into
the media before growth in the 96-well plate. The plate was incubated
at 37 °C in a humid environment for 24 h. The plate was vigorously
washed three times with water and patted dry, and then 125 μL of a
0.1% crystal violet solution was added to each well. The plate was
stained for 15 min at room temperature in the dark and then washed 5
more times with water. The plate was blotted dry and then air-dried
for at least 24 h at room temperature in the dark. To solubilize, 125
μL of 30% glacial acetic acid was added to each well and incubated for
15 min in the dark at room temperature, and 100 μL of the 125 μL
was transferred to a fresh polypropylene plate. Biomass was recorded
as the absorbance measured at 570 nm.
Confocal Microscopy Imaging. Biofilms were grown by plating

1 mL of OD600 0.02 bacteria in CAMHB with or without arabinose in
each well of a 24-well glass bottom plate. Wells were statically
incubated for 48 h in a humid chamber. Biofilms were washed three
times by adding 1 mL of medium and then removing 1 mL of medium
to ensure that the biofilm remained hydrated. At the final washing
step, the medium was removed so that 0.9 mL of medium remained
and topped with 100 μL of 50 μg/mL normalized NPs. NPs were
incubated statically at 37 °C for 4 h in a humid chamber. Wells were
again washed three times, leaving 0.9 mL of medium in the final wash
to top up with 100 μL of 20 μM SYTO9 dye. Dye was incubated
statically at room temperature for 30 min in the dark, washed three
more times, and ended with 1 mL of medium at the final step before
imaging.

Image acquisition was performed by using a confocal laser scanning
microscope (800, Zeiss) with a 63× oil immersion magnification lens
and a step size of 0.5 μm. SYTO9 was read at an excitation of 488 nm
and emission of 510 nm, whereas the Cy5 dye was read at an
excitation of 633 nm and emission of 670 nm. Image LUTs were
adjusted linearly in order to improve the image contrast using FIJI or
ZEN software.

Pearson’s coefficient was calculated using the BiofilmQ software,39

where cells were segmented in both fluorescence channels of each
image. Pearson’s correlation coefficient was measured in fluorescence
channel 1 with fluorescence channel 2. All calculations were global,
with a range of 20. Intensity plot profiles were calculated using FIJI
software, and plot profile analysis was performed on five random
rectangles of equal height through the length of the representative
biofilm image in Figure 4. Image LUTs were adjusted linearly in order
to improve image contrast using FIJI or ZEN software.

Biofilm CFU Enumeration and MBEC Determination.
Biofilms were grown on the minimum biofilm eradication
concentration (MBEC) assay kit (previously known as the Calgary
Biofilm Device),40 as described by the manufacturer protocol. Briefly,
150 μL of log-phase bacteria in CAMHB normalized to OD600 0.02
were inoculated in each well and incubated for 48 h in a humid
environment while shaking at 110 rpm. After 48 h, the biofilms were

equilibrated for 30 min in a new 96-well plate with 200 μL of
phosphate-buffered saline (PBS) in each well, and then transferred to
a sonicator bath and sonicated on high for 30 min. Serial dilutions
from the removed biofilms were plated onto LB agar plates and
counted.

For MBEC determination, biofilms were similarly grown on the
MBEC assay kit, but for 24 h instead of 48 h. After growth, biofilms
were washed by placing the lid in a new 96-well plate with PBS for 10
s, and then the lid containing the biofilms was introduced to a
challenge plate in which each well had varied concentrations of NP, or
free PLK, in CAMHB. After a 16 h incubation with NPs, biofilms
were equilibrated for 30 min in a new 96-well plate with 200 μL of
CAMHB and sonicated for another 30 min. The peg lid was replaced
with a traditional plastic 96-well plate lid, and bacteria were allowed to
grow in a static, humid 37 °C container for 16−18 h. OD600
measurements were taken, and the MBEC was determined via the
concentration at which bacteria did not have measurable turbidity.
Statistics. All statistics used are described in each figure caption

and analyzed using GraphPad Prism v8, using either a student’s t-test
or a one-way analysis of variance (ANOVA) with Tukey’s correction

Figure 1. Crystal violet staining of biofilms grown for 24 h. N = 3
biological replicates with at least 8 technical replicates in each, where
bars and error bars are averages and standard deviations, respectively.

Figure 2. Assembled panel of LbL NPs spans a diverse outer layer
chemical range. (A) Chemical structures of each polymer used. (B)
Hydrodynamic diameter and zeta potential measurements of 4
distinct surface chemistry NPs. N = 3 technical replicates for NP
physiochemical characterization, where bars and error bars are
averages and standard deviations, respectively.
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for multiple comparisons. Outliers are calculated by finding the
interquartile range (IQR) of a given dataset and checking if a data
point lies outside 1.5 * IQR + third quartile or 1.5 * IQR − first
quartile.

■ RESULTS
Inducible Polysaccharide-Expressing Mutants Pro-

duce Varied Biofilm Biomass. To investigate the role of
each of the three canonical polysaccharides (alginate, pel, and
psl) that plays in NP-biofilm interactions, we leveraged six
isogenic PAO1 strains (Table S1). These strains include one
that lacks production of all three polysaccharides (ΔΔΔ), a
strain that overproduces alginate and is characterized as

mucoid (mucA22),41,42 one that nonspecifically overproduces
all three polysaccharides (ΔwspF),43 and strains that inducibly
produce a single polysaccharide (ΔΔpsl, ΔΔpel, or ΔΔalg).
The ΔΔpsl, ΔΔpel, and ΔΔalg strains were assayed to
determine the proper concentration of inducer that maximized
biofilm biomass production, and this concentration remained
constant throughout subsequent experiments (Figure S1).
Relative biofilm biomass production after 24 h was measured
for each mutant isogenic strain (Figure 1). Note that while
subsequent experiments use 48 h old biofilms instead of 24 h
old biofilms, previous seminal studies using similar mutants

Figure 3. Biofilm-NP colocalization using Pearson’s coefficient reveals a strain-specific increase in ALG NP biofilm association as compared to
DXS. Statistics are calculated within each bacterial strain. One-way ANOVAs with Tukey’s correction for multiple comparisons were used, where *
means p < 0.05, ** means p < 0.01, and **** means P < 0.0001. N = 3 independent biofilms were tested, and N = 5 images were taken per biofilm,
though co-occurrence data of 1.0 were considered artifacts of the image analysis software and were excluded. Note that the open circles in mucA22
are shown as representative images in Figure 4.

Figure 4. Confocal microscopy uncovers differences in the association of ALG, DXS, PEG, and PLK NP with mucA22 biofilms. Biofilms produced
by mucA22 (green) are incubated with NPs (magenta) for 4 h, washed, and z-stack images are taken using a confocal microscope at 63×
magnification. Images show the maximum intensity throughout the entire z-stack of the biofilm, edited with ZEN software. Scale bar = 20 μm.
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grown in flow cells have shown analogous results for biofilms
grown for up to 5 days.44−46

As expected, the ΔΔΔ mutant had low biomass production,
as this strain cannot make any of the three main
polysaccharides and does not attach to the plastic surface.44

The converse was also true in that ΔwspF had the highest
biomass production. Furthermore, in agreement with previous
literature,44 the ΔΔpsl strain had higher relative biomass as
compared to ΔΔpel due to a deficiency in ΔΔpel attachment.
Finally, there was an increase in mucA22 biomass production
as compared to the wild-type PAO1. While originally
hypothesized that the mucA22 mutant would have a
statistically larger relative biomass as compared to PAO1,
previous studies have shown that alginate does not have a
significant role in the biofilm matrix at early stages (i.e., 24 h)
of development.45,46

Assembling a Family of Distinct Nanoparticle Surface
Chemistries. In order to probe NP interactions with the
group of isogenic PAO1 mutants, a panel of 4 distinct outer
surface chemistry NPs was synthesized and assembled via the
electrostatic LbL assembly method (Figure 2A). The panel
included NPs with outermost surfaces with different chemical
compositions composed of homopolypeptides, naturally
occurring polysaccharides, or poly(ethylene) glycol (PEG).
Depending on their outermost surface, NPs were either: (1)
cationic (PLK); (2) anionic [sodium alginate (ALG), DXS];
or (3) neutral (liposomes assembled with 5 mol % lipid
functionalized PEG). All of the layered NPs had comparable
hydrodynamic diameters ranging from 141 to 206 nm and
distinct zeta potentials, which are used as a proxy for NP
surface charge (Figure 2B). The PEG-functionalized liposome
had a smaller hydrodynamic diameter (80 nm) than the
layered formulations, but the relative size difference from ∼100
to ∼200 nm in PEGylated and carboxylated NPs was not
previously shown to effect diffusivity, and therefore we believe
in association capabilities, through biofilms produced by two
different Pseudomonas species.47,48 All of the assembled NPs
also had polydispersity indices less than 0.3 (Figure S2), which
indicates their relative monodispersity. Note that the larger
hydrodynamic diameter of the alginate-layered NP is most
likely due to the increased swelling of this highly hydrated
biopolymer.49

We use PLK NPs as a positive control for interactions, as the
positively charged surface has already been reported to interact
with high affinity to the biofilm matrix due to electrostatic
interactions with anionic biofilm components (alginate, eDNA,
microbial membranes, etc.).50,51 However, positively charged
NPs are toxic52 and rapidly sequestered from the blood-
stream53 when systemically delivered in vivo, thereby
disadvantaging their use in the clinic, which is paramount
when developing new therapeutic strategies.
Microscopy Reveals Enhanced Biofilm-NP Associa-

tion of PLK and ALG NPs. To more accurately discern
differences in local biofilm-NP interactions, we used confocal
microscopy to illuminate the discrete NP associations with
each biofilm. We excluded imaging biofilm-NP interactions
with both the ΔΔΔ and ΔwspF mutants because ΔΔΔ does
not attach to the glass bottom in sufficient quantities to
provide reliable measurements. ΔwspF does not differentially
produce any singular component (i.e., alginate, psl, or pel), so
conclusions drawn from microscopy data would be primarily
driven by biomass differences and not polysaccharide
composition. Bacteria were grown for 48 h and all strains

had similar CFU/mL when grown as 48 h old biofilms on the
MBEC assay kit (Figure S3). After this 48 h growth, NPs were
incubated for 4 h, and the biofilm-NP association was
quantified using Pearson’s coefficient. Pearson’s coefficient
measures the fractional colocalization of pixels and calculates
the relative overlap of two fluorophores54 (i.e., biofilm and
NP). It should be noted that the viability dye used, SYTO9,
stains bacterial nuclei and DNA and not the polysaccharide
components of the biofilm. Therefore, any pixel overlap is
most likely between the microbes embedded within the biofilm
and the Cyanine5(Cy5)-tagged liposomal core; however, for
all Pearson’s coefficient calculations, the association of Cy5 and
SYTO9 will be referred to as the association of biofilms and
NPs.

As seen in Figure 3, most bacterial strains follow a general
trend in which the positively charged PLK outer surface has
the highest association with the biofilm, followed by ALG,
PEG, and then DXS with the lowest association. The highest
association of PLK with all strains imparted credence for the
use of Pearson’s coefficient as a means of quantifying biofilm-
NP interactions, though we are not suggesting the use of PLK
as a delivery vehicle due to its aforementioned toxicity.
Importantly, the MBEC of the Lipo/PLK formulation for all
five strains was >50 μg/mL, higher than any concentration
used throughout this work, and therefore should not have an
impact on biofilm viability (Figure S4). We note that the
addition of PA14 for these data was chosen because PA14 is
the other well-characterized P. aeruginosa wild-type strain55

known to be more virulent56 and used for modeling airway
infections. PA14 relies exclusively on pel for biofilm
production15 as compared to PAO1, which tends to rely
more on psl,57 providing a natural contrast between the two
different biofilm architectures, though with confounding
genetic differences.

ALG interacted significantly more with biofilms produced by
PA14 and the mucoid mucA22 compared to DXS (p = 0.0073
and 0.0074, respectively). Counterintuitively, liposomes
assembled with PEGylated lipids did not show the lowest
interactions, an initial hypothesized outcome of these studies
because PEG is known to be antifouling.58−60 This can
potentially be explained by the fact that while effective water
coordination gives PEG some steric protection from protein
adsorption, the polymer itself can also exhibit interactions with
other molecules such as the polysaccharides in the matrix via
hydrogen bonding, van der Waals, and other secondary
interactions.61,62 When plotting the pixel intensity profiles as
a function of the distance across the biofilm, both ALG and
PEG NPs tended to accumulate at the biofilm edges, indicating
potential NP association with surface matrix biopolymers,
whereas DXS had a more uniform distribution throughout the
film (Figure S5). Finally, PLK NPs showed the highest pixel
intensity at the center of the biofilm.
Alginate and Carboxylated, LbL NPs Have Enhanced

Mucoid Biofilm Interactions as Compared to DXS and
Sulfated NPs. In order to further validate the increased
association of biofilms with our alginate-layered NPs, biofilms
were grown from clinically characterized mucoid P. aeruginosa
isolates from the airways of people with CF, and biofilm
biomass was quantified for each strain (Figure S6). Similar to
previous experiments, biofilms were grown for 48 h, and either
ALG or DXS NPs were incubated for 4 h. This further subset
of NPs was chosen for their in vivo biocompatibility and
natural comparison of negatively charged functional groups.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c18656
ACS Appl. Mater. Interfaces 2024, 16, 14573−14582

14577

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c18656/suppl_file/am3c18656_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c18656/suppl_file/am3c18656_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c18656/suppl_file/am3c18656_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c18656/suppl_file/am3c18656_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c18656/suppl_file/am3c18656_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c18656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Importantly, in four of the five ex vivo clinical strains, there was
a statistically significant enhancement of ALG NP colocaliza-
tion with the biofilms as compared to DXS NPs (Figure 5).
For clinical strain 4277, which had a similar Pearson’s
coefficient for both NP formulations, there was also a relatively
low association for both NPs, indicating low association
overall.
Identical Polymer Backbone Chemistry Confirms

Carboxylate-Enhanced Biofilm Interactions. Intrigued
by the surface chemistry differences between ALG and DXS,
we sought to find a more similar carboxylated and sulfated
polymer comparison since ALG and DXS have distinct
backbone structures, incurring confounding variables. There-
fore, we turned to two sets of polymers that have similar
backbones: carboxymethyl dextran (CMD) and DXS, and PAA
and poly(vinyl) sulfate (PVS) (Figure 6A). Strikingly, when
looking at Pearson’s coefficients of LbL NPs assembled with
identical polymer backbones but different functional groups,
the same trends of increased biofilm association with
carboxylated surfaces are observed (Figure 6B). While there
is no statistical significance when comparing CMD and DXS,
there is a strong trend toward CMD having higher
colocalization. These two polymers have the same dextran
backbone, but they vary in their functional group density as
determined by their manufacturers, making direct comparisons
difficult because of dissimilar intermolecular forces of
attraction, such as hydrogen bonding. Therefore, by comparing
MW-matched, simple hydrocarbon backbone PAA and PVS
polymers, we can isolate NP association differences uniquely
due to the functional group. Indeed, when comparing NPs
terminated with either PAA or PVS, significant differences exist
between the associations of biofilms and carboxylate outer
surfaces.

■ DISCUSSION
The delivery of high local concentrations of therapeutics
throughout the biofilm matrix is vital in combating chronic
biofilm-based infections. Positively charged antibiotics, such as
tobramycin and other aminoglycosides, have been shown to be
sequestered by negatively charged polysaccharides (i.e.,
alginate) and eDNA in biofilms.63 Furthermore, increased

alginate production leads to a higher MBEC of aminoglyco-
sides as they become attenuated by the negative matrix.8,64

NPs can provide both a shield for encapsulated drugs, thereby
potentially protecting them from sequestration, and an active
targeting mechanism to target and retain therapeutics at the

Figure 5. Alginate NPs associated with clinically isolated CF mucoid P. aeruginosa-produced biofilms. (A) Pearson’s coefficient was calculated for
ALG and DXS NPs interacting with biofilms produced from isolated mucoid P. aeruginosa strains. N = 3 independent biofilms were tested, and at
least N = 5 images were taken per biofilm, though co-occurrence data of 1.0 were considered artifacts of the image analysis software and were
excluded. Colored asterisks below the significance lines denote outlier data points. Statistics are calculated using an unpaired student’s t-test, where
* means p < 0.05, ** means p < 0.01, and **** means P < 0.0001. Note that the open circles are images shown in the next panel. (B) Confocal
imaging of biofilms formed by strain 4305, portrayed as the maximum intensity throughout the entire z-stack of the biofilm, edited with ZEN
software. Scale bar = 20 μm.

Figure 6. Carboxylated NPs have an increased biofilm association
compared to sulfated NPs. (A) Chemical structure of either the
dextran or vinyl hydrocarbon backbone, showing functional group
differences between CMD and DXS, as well as PAA and PVS. (B)
Pearson’s coefficient with biofilms produced by mucA22 or PAO1 of
CMD and DXS or PAA and PVS. Student’s t-test was used for each
pair of polymer backbones, where ** means p < 0.01. N = 4
independent biofilms were tested with N = 4−5 images per biofilm,
though colocalization data of 1.0 were considered artifacts of the
image analysis software and were excluded.
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site of infection. Coupling these two modalities signifies a shift
in treatment options from traditional antibiotics. Therefore,
overcoming this matrix for enhanced cargo delivery requires
knowledge about the interactions at the interface of the biofilm
and NP that govern the ultimate fate of the carrier.

This is the first work that we are aware of that uses isogenic
P. aeruginosa mutants to focus on precisely investigating what
roles alginate, psl, and pel play in interacting with a diverse
range of NP outer surface chemistries. By leveraging the
electrostatic LbL assembly method, we simultaneously
produced a library of distinct NP outer surface chemistries,
generating uniform NPs that vary only in their outermost
surface identity while retaining the same colloidal template.
The NP library throughout this work spanned a diverse range
of charges (positive, negative, and neutral), backbones
(ethylene glycol, hydrocarbon, and polysaccharide), and
functional group identities (carboxylates, sulfates, and amines).
Therefore, we could draw distinct conclusions based on
matching specific polysaccharide and NP surface chemistry
interactions with fewer confounding variables as compared to
traditional screens.

Pearson’s coefficient measurements of biofilm-NP co-
occurrence illuminated key differences in how distinct NP
surfaces interact with the matrix. For example, the highest
biofilm association occurred when using a positively charged
outermost surface, PLK, which acted as a control to ensure the
validity of these measurements. However, PLK causes
mammalian cell toxicity53 and cannot be used as systemic
delivery vehicles in the clinic, requiring a new vehicle design to
maximize biofilm interactions and actively retain the nano-
carrier at the site of infection. Further analysis from the
Pearson’s coefficient data revealed that the difference in
colocalization magnitude of ALG and DXS (Figure 3) trended
with increased alginate production. Calculated differences of
ALG and DXS Pearson’s coefficient in strains that do not
produce alginate (ΔΔpel and ΔΔpsl, −0.01 ± 0.21 and 0.03 ±
0.16, respectively), to normal alginate production (PAO1, 0.07
± 0.21), to the overproducing alginate mucoid mutant
(mucA22, 0.13 ± 0.10) uncover this relationship. Significant
differences in the association of ALG and DXS with biofilms
produced by four out of five of the clinically characterized
mucoid isolate strains strengthen these results (Figure 5).

The conclusion that carboxylated NPs associate with mucoid
biofilms at early time points more than sulfated NPs is
strengthened as NPs coated with polymers containing a simple
hydrocarbon backbone that varies only in side-chain
functionality (i.e., carboxylate or sulfate) showed statistical
differences in association (Figure 6B). This experiment
removed backbone molecular interactions present in the
dextran backbone as a potential variable influencing biofilm-
NP interactions since NPs were physiochemically similar
(Figure S7), highlighting only the role of the functional group.
One explanation is that the outermost alginate layer of the
ALG NPs can more easily be incorporated into biofilms and
shed from the NP surface, exposing a now cationic PLK
surface, which would have an increased co-occurrence.
However, if this were the case, ALG should have enhanced
associations across all strains tested, as alginate can be
incorporated into all these biofilms, but this is not the case
for ΔΔpel and ΔΔpsl. Also, the deconstruction of the LbL
NPs occurs via shedding polyplexes of cationic and anionic
polymers, not discrete layers from the NP surface.65 We
hypothesize that the increased hydrogen bonding capabilities

of the ALG NPs drive the molecular interactions responsible
for the increased interactions, but further studies are required
to reach definitive conclusions.

■ CONCLUSIONS
These results are significant in designing NP carriers that can
associate precisely with mucoid biofilms, which are correlated
to poorer clinical outcomes,66−68 and potentially deliver high
local concentrations of therapeutics. The FDA gave sodium
alginate a generally regarded as safe designation, and ALG was
statistically insignificant as compared to PLK when comparing
colocalization with biofilms produced by four of the five
laboratory strains tested, including the mucoid mucA22
biofilm. These results suggest that the rational design of NP
surface functionalization impacts accumulation within the EPS
matrix62,69 and potentially greater retention. More work
quantifying biofilm viability using NPs encapsulating anti-
biotics that are sequestered by the matrix, such as amino-
glycosides, is required to further validate the feasibility of these
carriers. Ultimately, these results lay the foundation for
designing carboxylate-containing polyelectrolyte NP-based
delivery therapeutics with enhanced biofilm interactions to
eradicate mucoid biofilm infections.
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