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Abstract

The emergence of multi-drug resistant pathogenic bacteria constitutes a key threat to global health.
Infections caused by multi-drug resistant Gram-negative bacteria are particularly challenging

to treat due to the ability of pathogens to prevent antibiotic penetration inside the bacterial
membrane. Antibiotic therapy is further rendered ineffective due to biofilm formation where the
protective Extracellular Polymeric Substance (EPS) matrix limits the diffusion of antibiotics inside
the biofilm. We hypothesized that careful engineering of chemical groups on polymer scaffolds
could enable polymers to penetrate the barriers of Gram-negative bacterial membrane and

biofilm matrix. Here, we present the use of engineered polymeric nanoparticles in combination
with antibiotics for synergistic antimicrobial therapy. These polymeric nanoparticles enhance

the accumulation of antibiotics inside Gram-negative bacteria and biofilm matrix, resulting in
increased potency of antibiotics in combination therapy. Sub-lethal concentrations of engineered
polymeric nanoparticles reduce the antibiotic dosage by 32-fold to treat MDR bacteria and
biofilms. Tailoring of chemical groups on polymers demonstrate a strong-structure activity
relationship in generating additive and synergistic combinations with antibiotics. This study
demonstrates the ability of polymeric nanoparticles to ‘rejuvenate’ antibiotics rendered ineffective
by resistant bacteria and provides a rationale to design novel compounds to achieve effective
antimicrobial combination therapies.
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1. Introduction

Antibiotic-resistant bacteria causes more than 2 million cases of infections and 23,000
deaths each year in US alone.[1] Worldwide annual death toll due to multi-drug resistant
(MDR) bacteria increases to 700,000 and is expected to reach 10 million by the year 2050.
(2] The “ESKAPE’ (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter species) pathogens
pose the biggest threat to global health due to their multi-drug resistance.[3] In particular,
infections caused by Gram-negative species of ‘ESKAPE’ pathogens show increased
resistance due to an additional highly impermeable outer membrane barrier.[4] Threat posed
by MDR bacteria is further aggravated by their ability to form bacterial biofilms, rendering
infections refractory to both traditional antimicrobial therapies and host immune response.[!
Biofilm-associated infections can frequently occur on medical implants, indwelling devices
and wounds.[8] Conventional strategies to treat these intractable infections involve high
dosage treatment with last resort antibiotics such as colistin and carbapenems, increasing the
risk of neurotoxicity and nephrotoxicity.[’] Rigorous antibiotic therapy is often followed by
surgical debridement of infected tissue, resulting in low-patient compliance and excessive
healthcare costs.[®] A significant decline in the number of approved antibiotics against MDR
bacteria, with no new antibiotic developed against Gram-negative bacteria in the last fifty
years, has contributed to the urgency for developing novel antimicrobial therapies.°]

Antibiotic cocktails targeting multiple pathways in pathogens have demonstrated increased
antimicrobial efficacy.[10] However, this strategy is associated with increased risk of
antibiotic-resistance development. Moreover, antibiotic combination therapies often fail to
treat MDR Gram-negative pathogens due to limited penetration of antibiotics inside the
cells.[!1] Combination therapies utilizing antibiotics with membrane-sensitizing adjuvants
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have shown high efficacy in treating planktonic Gram-negative infections.[12] However,
these small-molecule based therapies fail to treat biofilm-associated infections due to their
inability to penetrate Extracellular Polymeric Substance (EPS) matrix of biofilms.[13]

Synthetic macromolecules such as nanoparticles and polymers have demonstrated ability

to strongly bind and destabilize the bacterial outer membrane.[*4] In addition, amphiphilic
polymers exhibited excellent potential in penetrating biofilm matrix.[5] We hypothesized
that combining the membrane-sensitizing and penetration-ability of polymers with the
selective activity of antibiotics could offer enhanced efficacy in combating MDR bacterial
and biofilm infections. Here, we report a combination therapy using engineered polymeric
nanoparticles (PNPs) with colistin against resistant bacterial species. We observed 16- to
32-fold decrease in the colistin dosage required to combat planktonic and biofilm bacteria in
combination therapy as compared to colistin alone. The observed synergy can be attributed
to enhanced bacterial membrane permeability when the antibiotic was used in combination
with PNPs. We further determined that antibiotic accumulation increases about 4-fold

inside the biofilms in presence of PNPs, contributing to the enhanced efficacy. Overall,

this combination therapy illustrates the ability of functionalized polymers to enhance the
potency of antibiotics against resistant bacterial infections, while minimizing the side-effects
associated with high dosages of therapeutics.

2. Results and Discussion

2.1. Generation and characterization of polymeric nanoparticles

We have recently reported that distribution of cationic and hydrophobic moieties on

a polymer plays a critical role in determining the antimicrobial efficacy of membrane-
disrupting polymers.[25°] We have designed a library of polymers by varying the
hydrophaobicity of the cationic headgroups and changing the alkyl chain length bridging

the headgroup with polymer backbone, to systematically probe the bacterial membrane
permeability of the polymers (Figure 1a). We observed that the polymers with an 11-carbon
alkyl chain bridge self-assembled to form cationic polymeric nanoparticles (PNPs) with a
size ~15 nm, as shown by transmission electron microscopy (TEM) in Figure 1c and Sl
(Figure S2). On the other hand, polymers with smaller alkyl chain (2 and 6) bridge do not
self-assemble into PNPs.

2.2. Membrane disrupting ability of polymers and combination therapy with antibiotic

Next, we screened the membrane perturbation ability of polymers (P1-P9) against
Uropathogenic clinical isolate of £. coli using N-phenyl-1-napthylamine (NPN) uptake
assays.[26] We observed that membrane permeation ability of the polymers increases with
the increase in the overall hydrophobicity of the structure. However, increasing the length
of alkyl chain bridging the polymer backbone to cationic headgroup has a stronger effect
in membrane-sensitizing ability of polymers, as compared to increasing the hydrophobicity
of the cationic headgroup alone (Figure 1d). A strong structure-activity relationship was
observed with the most hydrophobic polymers (P6-P9) demonstrating highest membrane
perturbation activity against bacteria (Figure 1b).
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After establishing the membrane perturbing ability of the polymers, we tested these
polymers (P4-P9) for synergistic therapy in combination with colistin antibiotics against
bacteria. We evaluated the minimal inhibitory concentrations (MIC) for polymers and
colistin using broth dilution methods as reported in Figure 2d.[17] Next, we performed
checkerboard titrations for varied combinations of polymers and colistin and evaluated their
FICI (Fractional Inhibitory Concentration Index) scores. A FICI score of < 0.5 is defined

as a synergistic interaction, whereas an additive interaction has FICI score between 0.5

and 4.118] Interactions are additive if the effect of the combination is approximately the
independent contribution of the individual components. In contrast, synergistic interactions
are when the combined effect is greater than that of the individual components administered
individually.[9 Polymers (P7-P9) with higher membrane-sensitizing ability exhibited
synergistic response in combination with colistin antibiotic (FICI scores ranging from 0.375
—0.5) as shown in Figure 2. Moreover, an 8- to 16-fold reduction in colistin dosage

was observed when used in combination with P7-P9 (Table S1). While polymers (P4—P6)
with lesser membrane permeation ability showed additive response (0.5 < FICI < 1, SI
Figure S3). We further investigated the cytotoxicity of the most potent polymers (P7-P9)
by performing cytotoxicity assays on human fibroblast cell line.[23] We determined the
ICsq (half-maximal inhibitory concentration) of the cells to calculate therapeutic selectivity
of polymers (ability to kill bacteria while causing minimal toxicity to mammalian cells).
Least hydrophobic polymer P7 demonstrated an ICsq of ~22 uM, providing a therapeutic
selectivity (IC5o/MIC) of ~360. While polymer P8 and P9 demonstrated an ICsg ~ 20 and
2.5 UM, generating a therapeutic selectivity of ~160 and ~20, respectively.

After establishing synergistic interaction between PNPs and colistin antibiotic against

E. coli, we tested PNP-colistin combination against multiple uropathogenic clinical

isolates to determine their broad-spectrum applicability. P7 PNPs showed synergistic

effect against Gram-negative clinical isolates of P, aeruginosa, E. cloacae complex,

MDR E. coliand Acinetobacter species (Figure 3), yielding up to 16-fold reduction

in colistin dosage to combat the resistant bacteria. Similarly, other analogues of PNPs

(P8) also demonstrated synergistic response with colistin against Gram-negative strains

of AP aeruginosa (S| Figure S5). On the other hand, PNP-colistin combination tested

against Gram-positive strains (methicillin-resistant S. aureus, B. subtilis and S. epidermidis)
exhibited additive interactions (SI Figure S7). These results indicate that using membrane-
sensitizing polymeric nanoparticles can be used as a general strategy to generate synergistic
antimicrobial therapy against Gram-negative MDR bacteria.

We hypothesized that PNP-colistin combination disrupted Gram-negative bacterial
membranes at sub-inhibitory dosages, owing to the strong cationic and hydrophobic
nature of the PNPs.[150] Qur claims were supported by staining assays using membrane
impermeable crystal violet (CV) dye where PNP-colistin combination showed increased
CV accumulation inside cells as compared to PNPs and colistin alone (Figure 3f).[20]
Additionally, bacterial membrane disruption was further monitored by measuring the zeta
potential of bacterial surface. Bacteria treated with PNP-colistin combination (at sub-lethal
dosages) showed sharp shift towards neutral charge as compared to the controls, indicating

increased membrane disruption and decreased bacterial viability (Figure 3g, SI Figure S8).
[20a,21]
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2.3. Combination therapy for penetration and treatment of biofilms

After establishing the ability of PNP-colistin combination against planktonic “superbugs”,
we investigated the combination against resistant biofilms. Biofilms are three-dimensional
micro-colonies of bacteria embedded inside an extra polymeric substance (EPS) matrix that
prevents the penetration of antibiotics inside the biofilms.[56:7] Limited biofilm penetration
plays a major role in rendering antibiotics ineffective against biofilm-associated infections.
On the other hand, amphiphilic PNPs have shown excellent ability to penetrate biofilms.
We hypothesized that using colistin in combination with PNPs would be able to enhance
the penetration and accumulation of colistin inside the biofilms, thereby increasing the
overall therapeutic effect of the combination therapy.[22] We treated DsRed-expressing

E. colibiofilm with Rhodamine Green-tagged colistin in presence and absence of PNPs
and examined using confocal microscopy. As shown in Figure 4, antibiotic accumulation
inside biofilms increased by ~4-fold in presence of polymers as compared to the controls.
Furthermore, fluorescent-tagged colistin was homogenously distributed throughout the
biofilms when used in combination with PNPs, whereas in absence of PNPs colistin was
confined to the top layer of the biofilm. These results demonstrate that cationic PNPs can
increase the accumulation of antibiotics inside the biofilms.

Next, we investigated the therapeutic efficacy of the PNP-colistin combination against
biofilms. We evaluated minimum biofilm inhibition concentration (MBIC) and minimum
biofilm eradication concentration (MBEC) for PNPs and colistin using broth dilution
methods as reported in Figure 4.[231 We then performed checkerboard titrations using
PNP-colistin combination against biofilms and evaluated the FICI (Fractional Inhibitory
Concentration Index) scores to evaluate the efficacy of combinations. FICI scores for PNP-
colistin combinations demonstrated synergistic effect as compared to the FICI scores for
the individual components, with ~32-fold decrease in colistin dosage. Similar checkerboard
studies performed using colistin with other PNP analogues (P8) also showed synergistic
effect against biofilms (SI Figure S10). These results further indicate that using cationic and
hydrophobic PNPs can be used a general strategy to increase the accumulation of antibiotics
inside the biofilms, thereby increasing their potency.

3. Conclusion

We have designed bacterial membrane-sensitizing and biofilm penetrating polymeric
nanoparticles that exhibit synergistic interaction with last-resort antibiotic colistin. The
bacterial membrane permeability of these polymeric nanoparticles can be regulated by
incorporating hydrophobic moieties in the polymer structure. PNPs can enhance the potency
of colistin up to 16-fold, owing to the increased susceptibility of bacterial membrane to

the polymers. Moreover, polymeric nanoparticles enhance the accumulation of antibiotics
inside the biofilms, resulting in synergistic effect of PNP-colistin combination in eradicating
biofilms. PNPs render biofilms susceptible to colistin and reduce the antibiotic dosage by
32-fold as compared to antibiotic alone. Taken together, strong membrane permeability

and biofilm penetration ability of PNPs make them promising candidates to enhance the
efficacy of standard antibiotic therapies while circumventing the concerns associated with
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high antibiotic dosage. Moreover, combination therapies using PNPs have the potential to
rejuvenate antibiotics that are rendered ineffective due to antibiotic-resistance.

4. Experimental Section

Membrane permeability assay using N-Phenyl-1-naphthylamine (NPN) assay:

NPN assays were performed using previously established protocols.[1¢] Briefly, bacteria
were grown overnight in LB media at 37 °C and 275 rpm until reached stationary phase.
The bacterial cells were then harvested and washed using 0.85% NaCl solution three times
and then resuspended in PBS. Concentration of bacterial cells was determined by measuring
the optical density at 600 nm. 100 L (0.1 OD) bacterial solution was added to 50 uL of
test materials in a black 96-well plate. After a 30-minute incubation at room temperature,
50 pL of 40 uM NPN was added followed by fluorescence measurement (excitation= 350
nm; emission=420 nm) using a Molecular Devices SpectraMax M2. Cells without treatment
served as the negative control while 100 mg/L colistin was used as the positive control.
%NPN uptake was calculated as follows:

fluorescence sample— fluorescence untreated

— x 100
fluorescence positive control— fluorescenceuntreated

% NPN uptake =

Determination of Minimum Inhibitory Concentrations (MICs):

MIC is defined as the lowest concentration of an antimicrobial agent required to inhibit the
growth of bacteria overnight as observed from the naked eye.[17] Bacteria cell were grown
using the protocol described above. Next, bacterial solutions with concentrations of 1x106
cells/mL were prepared in M9 media. 50 UL of prepared bacteria solution were mixed with
50 pL of polymer/antibiotic prepared in M9 media in a 96-well clear plate resulting in final
bacterial concentration of 5x10° cells/mL. Polymers were tested with half-fold variations
in concentrations as per the standard protocols in concentration ranging from 64,000 nM

— 4 nM. A sterile control group with no bacterial cells present and growth control group
without addition of any polymers were carried out at the same time. The prepared 96-well
plates were incubated for 16 hours. The experiments were performed in triplicates with two
individual runs performed on different days.

Checkerboard titrations for combination therapy:

We performed two-dimensional checkerboard titrations using micro-dilution method to
determine the synergy between antibiotics and polymers.[18] The concentration of Polymers
and colistin were varied using 2-fold serial dilutions. The wells without any visual growth
were considered as a combination that inhibits bacterial growth. For the colistin-polymer
combinations, concentrations of the components were varied according to their MIC against
the respective bacterial strains. The checkerboard titrations were performed in a set of three
independent plates and repeated on different days. A schematic for a checkerboard titration
plate is given in Figure S4. Fractional Inhibitory Concentration Index (FICI) for Colistin-
polymer combination was calculated using FICs of colistin and polymer independently using
the following equation:

Adv Ther (Weinh). Author manuscript; available in PMC 2022 May 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gupta et al.

Page 7

FICc = (MICof colistinand polymer combination) + (MIC of colistinalone)

FICp = (MICof colistinand polymer combination) + (MIC o f polymer alone)

FICI=FIC( +FICp

FICI values < 0.5 corresponds to synergistic combination, whereas FICI values between
>0.5 and 4.0 indicates additive effect. FICI values > 4.0 respond to antagonistic effect.[180]

Mammalian cell viability assay:

Cell viability studies performed using the previously established protocols.[3¢] Briefly,
20,000 NIH 3T3 Fibroblast cells (ATCC CRL-1658) were cultured in Dulbecco’s modified
Eagle medium (DMEM, ATCC 30-2002) with 1% antibiotics and 10% bovine calf serum
in a humidified atmosphere of 5% CO, at 37 °C for 48 hours. Media was replaced after

24 hours and the cells were washed (one-time) with phosphate-buffered saline (PBS) before
incubation with polymers. Polymer solution were prepared in 10%serum containing media
(pre-warmed) and incubated with cells in a 96-well plate for 24 hours in a humidified
atmosphere at 37 °C. Alamar Blue assays were performed to assess the cell viability as per
the established protocol of Invitrogen Biosource (manufacturer). Red fluorescence resulting
upon the reduction of alamar blue agent was quantified using a Spectromax M5 microplate
reader (Ex: 560 nm, Em: 590 nm) and used to determine cell viability. Cells incubated with
no polymers were considered as 100% viable. Each experiment was performed in triplicates
and repeated on two different days.

Membrane penetration using crystal violet assay:

Bacteria cells were cultured, and their concentrations were measured using the methodology
reported above. Crystal violet assay were performed using the previously reported protocols.
[20] Briefly, 0.1 OD bacterial solution was prepared in phosphate-buffered saline (PBS)
solution then, incubated with the test material for 30 minutes at 37 °C. Untreated cell which
served as the negative control was prepared similarly without treatment. The cells were
harvested by centrifugation at 9300xg for 5 minutes at 4 °C followed by redispersion in
PBS with 5 pg/mL crystal violet. After incubation at 37 °C for 10 minutes, the bacterial

cell solution was centrifuged at 13,400xg for 15 min. The resulting pellet was resuspended
in 80:20 ethanol: acetone and the OD of the solution was measured at 590 nm using a
Molecular Devices SpectraMax M2. OD value from the normal untreated cell was used as
blank while the OD value of crystal violet solution was considered as 100%. The percentage
of crystal violet uptake was expressed as follows:

OD sample — OD blank

ODCV only — 0D blank < %0

% CV uptake=
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Monitoring zeta potential of bacterial membrane:

Zeta potential for bacteria membrane was monitored using previously reported protocol.
[21] Briefly, bacteria were cultured and harvested as per the above-mentioned protocols.
Next, 0.01 OD of bacteria cells in phosphate buffer (PB) solution (5 mM, pH=7.4) was
incubated with the test materials (colistin only, polymer only and their combinations) at 37
°C for 15 minutes. The cells were harvested by centrifugation (7000xg for 5 minutes, 4
°C), then the resulting pellets were resuspended in PB. Solutions were then subjected to
zeta potential measurements using Zetasizer Nano ZS. Untreated bacteria were used as the
negative control.

Biofilm formation and penetration studies using confocal microscopy:

DsRed-expressing bacteria were inoculated in lysogeny broth (LB) medium at 37 °C until
stationary phase. The cultures were then harvested by centrifugation and washed with 0.85%
sodium chloride solution three times. Concentrations of resuspended bacterial solution
were determined by optical density measured at 600 nm. 108 bacterial cells/mL of DsRed
(fluorescent protein) expressing £. coli, supplemented with 1 mM of IPTG ((isopropy!
B-D-1-thiogalactopyranoside), were seeded (2 mL in M9 media) in a confocal dish and
were allowed to grow.[23¢] After 3 days media was replaced by a combination of 1 mg. L™1
of Rhodamine Green-Colistin and P7 PNPs (150 nM) and incubated for 1 hour. Biofilm
samples incubated with only Rhodamine Green-Colistin (1 mg. L™1) were used as control.
The cells were then washed with PBS three times. Confocal microscopy images were
obtained on a Zeiss LSM 510 Meta microscope by using a 63x objective. The settings

of the confocal microscope were as follows: green channel: A¢=488 nm and Ao,=BP 505-
530 nm; red channel: A¢=543 nm and Am,=LP 650 nm. Emission filters: BP=band pass,
LP=high pass.

Determination of Minimum Biofilm Eradication Concentration (MBEC):

MBEC is defined as the minimum concentration of an antimicrobial agent at which there
is no bacteria (biofilm) growth. We used previously established protocols to determine
the MBECs for the polymers and antibiotics.[23] Briefly, bacterial cells from an overnight
culture were diluted to 1/5™ using tryptic soy broth (TSB) and incubated at 275 rpm, 37
°C until they reach mid-log phase. 150 pL of bacteria solution was added to each row of a
96-well microtiter plate with pegged lid. Biofilms were cultured by incubating the plate for
6 hours in an incubator-shaker at 37 °C at 50 rpm. Then, the pegged lid was washed with
200 pL PBS for 30 seconds and transferred to a plate containing the test material prepared
in a separate 96-well plate using M9 minimal media. The plate was incubated at 37 °C for
24 hours. Then, the biofilms on the peg-lid were washed with PBS and transferred to a
new plate containing only M9 minimal media. The plate was further incubated at 37 °C to
determine the Minimum Biofilm Eradication Concentration (MBEC).

Checkerboard titration for synergy testing: Eradication of Biofilms:

Two-dimensional checkerboard titrations similar as described above were used testing
synergy against biofilms. The concentration of Polymers and colistin were varied using
2-fold serial dilutions and MBEC was determined using the above-mentioned protocol.[8]
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The 96-well plates for the combinations were prepared using the layout described in Figure
S4. The wells without any visual growth were considered as a combination that eliminates
biofilm formation. For colistin-polymer combinations, concentrations of the components
were varied according to their MBEC against the respective bacterial strains.

Statistical Analysis:

The data in checkerboard experiments are representative of at least two biological replicates.
For all membrane permeability and fibroblast viability experiments, data are presented as
mean + standard deviation of at least three replicates. Statistical analysis was carried out
using one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test. A p

value < 0.05 is considered as statistically significant. GraphPad Prism was used to perform
statistical analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a) Molecular structures of oxanorbornene polymer derivatives. Log P represents the
calculated hydrophobic values of each monomer. (b) Membrane permeability induced by
different polymer derivatives measured as (%) uptake of N-phenyl-1-napthylamine (NPN)
plotted vs overall hydrophobicity of the polymer derivatives. (¢) Schematic representation
showing self-assembly of polymer derivatives (n=9) into polymeric nanoparticles.
Characterization of polymer nanoparticles (P7) using TEM. (d) Bar graphs demonstrating
membrane disruption as a function of polymer nanoparticles with different alkyl chain
length bridging polymer backbone and cationic headgroup. Values are expressed as mean +

standard deviation of

= 3 replicates.
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Checkerboard broth microdilution assays between colistin and polymer derivatives (a)

P7, (b) P8 and (c) P9 against uropathogenic £. coli (CD-2). Dark cells represent higher
bacterial cell density. Checkerboard data are representative of >2 biological replicates. (d)
Table showing Minimum inhibitory concentrations (MICs) of colistin and different polymer
derivatives. FIC indices were calculated using checkerboard broth microdilution assays as
described in the methods section. (e) Cell viability of 3T3 fibroblast cells after treatment
with PNPs. Values are expressed as mean + standard deviation of at =3 replicates.
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Colistin Polymer NP Combination

Bacteria Colistin Polymer Combination

Checkerboard broth microdilution assays between colistin and P7 PNPs against
uropathogenic (a) P, aeruginosa (CD-1006), (b) En. cloacae complex (CD-1412), (c) MDR
E. coli (CD-549), (d) Acinetobacter species (CD-575). Checkerboard data are representative
of at =2 biological replicates. (e) Table showing MICs (Minimum Inhibitory Concentration)
and FICI (Fractional Inhibitory Concentration) scores obtained for PNP-colistin combination
against different strains of bacteria. Change in bacteria membrane permeability assayed by
() crystal violet uptake and (g) zeta potential in presence of PNP, colistin and PNP-colistin
combination. Values are expressed as mean * standard deviation of at least threee replicates.
* p<0.05, *** p<0.001.
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(a) Representative 3D projection of confocal images stacks of DsRed (Red Fluorescent
Protein) expressing £. coli DH5a biofilm after 1-hour treatment with Rhodamine Green-
tagged colistin (1 mg. L™1) in presence and absence of PNP. The panels are projection at
90° angle turning along X axis. Scale bars are 20 um. (b) Integrated intensity of Rhodamine
Green and DsRed biofilm where 0 pm represents the top layer and ~8 um the bottom

layer. Checkerboard broth microdilution assays between colistin and P7 PNPs against
uropathogenic biofilm (c) 2. aeruginosa (CD-1006), (d) E. coli (CD-2). Checkerboard data
are representative of =2 biological replicates. (e) Table showing MBECs (Minimum Biofilm
Eradication Concentration) and FICI (Fractional Inhibitory Concentration) scores obtained
for PNP-colistin combination against biofilms.
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