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Abstract

Clinicians prescribe hundreds of millions of β-lactam antibiotics to treat the majority of patients 

presenting with bacterial infections. Patient outcomes are positive unless resistant bacteria, such as 

Pseudomonas aeruginosa (P. aeruginosa), are present. P. aeruginosa has both intrinsic and acquired 

antibiotic resistance, making clinical management of infection a real challenge, particularly when 

these bacteria are sequestered in biofilms. These problems would be alleviated if, upon the initial 

presentation of bacterial infection symptoms, clinicians were able to administer an antibiotic that 

kills both susceptible and otherwise resistant bacteria and eradicates biofilms. As the most 

common class of antibiotics, β-lactams could be used in a new drug if the leading causes of β-
lactam antibiotic resistance, permeation barriers from lipopolysaccharide, efflux pumps, and β-
lactamase enzymes, were also defeated. Against P. aeruginosa and their biofilms, the potency of β-
lactam antibiotics is restored with 600 Da branched polyethylenimine (600 Da BPEI). 

Checkerboard assays using microtiter plates demonstrate the potentiation of piperacillin, cefepime, 

Meropenem, and erythromycin antibiotics. Growth curves demonstrate that only a combination of 

600 Da BPEI and piperacillin produces growth inhibition antibiotic resistant P. aeruginosa. 

Scanning electron microscopy (SEM) was used to confirm that the combination treatment leads to 

abnormal P. aeruginosa morphology. Data collected with isothermal titration calorimetry and 

fluorescence spectroscopy demonstrate a mechanism of action in which potentiation at low 

concentrations of 600 Da BPEI reduces diffusion barriers from lipopolysaccharides without 

disrupting the outer membrane itself. Coupled with the ability to overcome a reduction in 

antibiotic activity created by biofilm exopolymers, targeting anionic sites on lipopolysaccharides 
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and biofilm exopolysaccharides with the same compound provides new opportunities to counter 

the rise of multidrug-resistant infections.

GRAPHICAL ABSTRACT

Keywords

Pseudomonas aeruginosa; antibiotic resistance; biofilm; piperacillin; potentiation; branched 

polyethylenimine

Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative bacterium for which antibiotic 

therapy is useful, but resistant strains often result in severe chronic infections. It poses a 

great risk to public health because its outer membrane, composed of lipopolysaccharides 

(LPSs), is a barrier to antibiotic influx (Figure 1). P. aeruginosa causes severe pneumonia, 

blood-stream infections, respiratory tract infections (RTIs), urinary tract infections (UTIs), 

skin infections, and eye infections. Prominent in burn units, P. aeruginosa is of particular 

concern in wound healing1–3 because it produces biofilms that are impenetrable to 

antibiotics, leading to chronic infections.4–6 Biofilms sequester bacterial pathogens and 

protect them from antimicrobial attack. They are associated with ear infections, chronic 

sinus infections, abrasions, wound infections, burns, or chronic health problems. For 

example, infections of diabetic wounds and foot ulcers often become chronic because they 

stall in the suboptimal inflammatory phase of healing perpetuated by biofilms.7–10 P. 

aeruginosa infections and their biofilms create serious health issues, and the threat to patient 

survival increases when the bacterium is multidrug-resistant P. aeruginosa (MDR-PA).11–14

Biofilms and antibiotic resistance create substantial technological hurdles to patient 

treatment.15 This presents a significant and critical need for a way to counteract them. 

Existing drugs and regimens are coupled with potentiators that overcome antibiotic 

resistance or biofilms.16 However, it is possible to develop a single compound that disables 

biofilms and combats antibiotic resistance. As a multipurpose potentiator, 600 Da branched 

polyethylenimine (BPEI) can disable resistance and dissolve biofilms. We have used 600 Da 

BPEI to confront the biofilm directly and disrupt the protective exopolymer substance (EPS) 

network of methicillin-resistant staphylococci while simultaneously counteracting β-lactam 
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resistance mechanisms.17–20 In this report, we show that 600 Da BPEI also disables MDR 

mechanisms and biofilms in P. aeruginosa obtained from the American Type Culture 

Collection (ATCC) and antibiotic resistant clinical isolates.

RESULTS AND DISCUSSION

While examining BPEI potentiation of β-lactams against multidrug-resistant P. aeruginosa, 

checkerboard assays demonstrated synergistic effects between 600 Da BPEI and β-lactam 

antibiotics against two laboratory strains of P. aeruginosa, ATCC 27853 and ATCC 

BAA-47,21 and several multidrug-resistant (MDR) clinical isolates from patients at the 

University of Oklahoma College of Medicine. The minimum inhibitory concentrations 

(MICs) of 600 Da BPEI and piperacillin against these strains were determined and used to 

calculate the fractional inhibitory concentration index (FICI).18,22 An FICI lower than 0.5 

indicates synergy, while an FICI between 0.5 and 1 represents additivity. The 600 Da BPEI 

MICs against P. aeruginosa ATCC 27853 and ATCC BAA-47 and 5 clinical isolates varied 

from 8 to 64 μg mL−1 (Table 1 and Figure 2). For the β-lactam antibiotic piperacillin, 

resistance in P. aeruginosa is defined by USCAST as a minimum inhibitory concentration 

(MIC) ≥ 8 μg/mL.23 As shown in Table 1, the ATCC strains were susceptible to piperacillin, 

yet the clinical isolates exhibited strong piperacillin resistance. Using checkerboard assays 

(Figure 2), the presence of 600 Da BPEI lowered the MIC of piperacillin against MDR-PA 

isolate OU1 and the other tested strains (Figures S1 and S2). The clinical isolates are 

multidrug-resistant, and all were rendered susceptible to piperacillin with the exception of 

OU15. Fortunately, we were able to restore susceptibility of OU15 to cefepime, whose 32 

μg/mL MIC (resistant) is lowered to 0.5 μg/mL with 16 μg/mL 600 Da BPEI (Figure S3). 

Cefepime resistance in OU19 and OU22 (MIC = 64 and 128 μg/mL, respectively) is also 

eliminated with 16 μg/mL 600 Da BPEI (MIC lowered to 8 μg/mL for both strains, Figure 

S3).

The data in Table 1 were collected without tazobactam, a β-lactamase inhibitor, suggesting 

that enzymatic activity cannot maintain this form of β-lactam resistance. Perhaps the 

intracellular piperacillin concentration is sufficient to overcome losses from β-lactamase 

hydrolysis. Sublethal concentrations of piperacillin become bacteriostatic when combined 

with sublethal concentrations of 600 Da BPEI (Figure 3). Within 24 h, the untreated control 

group grew to an OD600 of 2, as did the individual treatment of either 600 Da BPEI or 

piperacillin alone, indicating that these concentrations are insufficient to kill the bacteria. 

Only the combination 600 Da BPEI + piperacillin treatment could effectively stop its 

growth, highlighting the restorative value of 600 Da BPEI on β-lactam antibiotic efficacy.

As described below, 600 Da BPEI does not inhibit efflux pumps. However, there are 

concentration dependent effects of 600 Da BPEI, which has antibiotic properties at high 

concentrations. At lower concentrations used for β-lactam potentiation, the mechanism of 

action likely involves creating new avenues of access through the LPS layer to increase 

intracellular antibiotic concentrations and overcome β-lactamase enzymes and efflux pumps. 

At slightly higher concentrations needed to potentiate erythromycin, 600 Da BPEI causes 

slight perturbations to the outer membrane. However, previous data collected with 
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fluorescence microscopy show that sub-MIC concentrations of 600 Da BPEI do not 

accumulate within E. coli cells.18

The ability of improve β-lactam efficacy at low concentration occurs because the cross-

linked network of LPS presents a barrier to the free diffusion of antibiotics. The outer 

membrane of P. aeruginosa contains numerous β-barrel proteins among the alkyl chains of 

the phospholipid and LPS leaflets. These porins allow for the influx of β-lactam 

antibiotics24 between the extracellular milieu and the periplasmic space.25 However, the 

inner-core, outer-core, and O-antigen regions of LPS slow the uptake of β-lactams.26 Ca2+ 

and Mg2+ ions stabilize these anionic regions, and we posit that 600 Da BPEI also binds to 

these sites causing localized reduction in the diffusion barrier. This was evaluated by 

determining if 600 Da BPEI binds to LPS and by performing permeation assays that monitor 

the intracellular concentration of probe molecules.

Isothermal titration calorimetry (ITC) directly measures the enthalpy of molecular binding 

interactions. Here, it was used to confirm interactions between 600 Da BPEI and P. 

aeruginosa LPS. The raw thermogram data obtained when 600 Da BPEI was titrated into 

LPS are shown in Figure 4. The peaks resulting from each injection were exothermic and 

gradually became smaller, suggesting that the LPS became increasingly saturated with 600 

Da BPEI. These titration data are converted to an isotherm (Figure 4). The negative ΔH 

values indicate exothermic binding. This binding profile indicates that there was an 

interaction between 600 Da BPEI and LPS, which is likely through electrostatic interactions 

between cationic amines of 600 Da BPEI and anionic phosphates and carboxylate groups of 

LPS molecules. The x-axis of the thermogram is used to reveal the molar ratio of each 

species if their respective molecular weights are known. Using an LPS molecular weight of 

20 kDa,27 the molar ratio of ~2.5 indicates several molecules of 600 Da BPEI can bind to a 

single LPS molecule. In the bacterial outer membrane environment, this would allow for 

multiple 600 Da BPEI binding events with the inner-core, outer-core, O-antigen, and lipid A 

regions. The inner-core and outer-core polysaccharides of LPS contain phosphate and 

carboxylate groups that attract metal ions. These binding sites, and the corresponding metal 

ions, are located 1–2 nm away from the membrane.26,28,29 Likewise, the LPS O-antigen 

region contains carboxylates that bind metal ions.30,31 The metal ions form bridges between 

adjacent LPS molecules, and this network presents a barrier to the passive diffusion of 

hydrophilic compounds, including β-lactam antibiotics. However, the ITC data show that 

cationic 600 Da BPEI binds with these anionic sites of LPS. This would cause localized 

disruption of the LPS-metal network and creates new avenues of access for β-lactams to 

reach porin transporters imbedded in the membrane lipid tails. In this manner, 600 Da BPEI 

increases intracellular concentration of β-lactam antibiotics but does not need to cross the 

membrane itself to be effective (Figure 5).

Although 600 Da BPEI may increase antibiotic influx, it may also hinder efflux pumps. This 

can be tested with a fluorescence assay. Using a P. aeruginosa PAO1 strain that is multidrug-

resistant,32 bacterial cells were exposed to the fluorescent probe H33342 that is also a 

substrate for efflux pumps. Fluorescence spectroscopy data measure its accumulation within 

the cells (Figure 6). The fluorescence intensity of H33342 is significantly enhanced when 

bound to the cell membranes and bacterial DNA, leveling off at the maximum intracellular 
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cellular concentration of H33342. The addition of 600 Da BPEI increased its fluorescence 

intensity 4-fold. The increase of H33342 intracellular concentration suggests that 600 Da 

BPEI either enhanced the passive diffusion or inactivated the active efflux system. Using this 

strain’s efflux-deficient mutant, PaΔ3,32 the fluorescence intensity increases further. This 

shows that 600 Da BPEI is not blocking efflux processes. If BPEI was blocking efflux, the 

intensities would be the same because the efflux pump target is absent in PaΔ3 cells and 600 

Da BPEI would not influence the intracellular concentration in this mutant strain. However, 

the probe concentration does increase in the presence of 600 Da BPEI, and thus, the effect is 

attributed to increased drug influx that allows Pseudomonas cells to take up more of the 

fluorescent molecule.

A noteworthy consideration is that the concentration of BPEI (128 μg/mL) used in 

fluorescence assays is higher than that needed for potentiation or MICs because the cell 

density needed for a detectable fluorescence signal was much higher. All fluorescence 

studies used a cell density of ~6 × 109 CFU/mL, while checkerboard assays only inoculated 

a cell density of 5 × 105 CFU/mL. Therefore, an amount of 128 μg/mL BPEI for 

fluorescence assays is considered sublethal, which is tested and confirmed by resazurin 

assays (Figure S6). The reduction of resazurin to resorufin occurs via cellular metabolism 

and thus is an excellent reporter of cell viability.33 As shown in Figure S6, 128 μg/mL 600 

Da BPEI for this large cell density (~6 × 109 CFU/mL) is not lethal but causes a 12.5% 

reduction in cell viability. However, resazurin fluorescence values for cells treated with 

polymyxin B are near background levels, indicating that these cells are dead. These results 

have several important impacts. First, the cells in the fluorescence assays are viable, and 

thus, drug influx and efflux processes control the intracellular concentration rather than 

widespread disruption of the outer membrane that leads to cell lysis. Second, 600 Da BPEI 

is less toxic to P. aeruginosa BAA-47 cells than polymyxin B, which is also toxic toward 

eukaryotic cells. The biocompatibility of 600 Da BPEI has been demonstrated against mouse 

fibroblast cells,18 immortal human cell lines,17 and primary human kidney epithelial cells.17 

Finally, at sublethal concentrations, 600 Da BPEI is not disrupting cellular energy 

metabolism because resazurin reduction occurs via the conversion of NADH/H+ to NAD+, 

and thus, outer membrane energetics are also likely to be unaffected.

The ability of 600 Da BPEI to increase H33342 influx is concentration dependent (Figure 7). 

In the PAO1 cells, the competition between influx and efflux results in a gradual increase in 

H33342 concentration over time. The data points for H33342 concentration in cells treated 

with 16 and 32 μg/mL 600 Da BPEI overlap, whereas the data for 64 μg/mL 600 Da BPEI is 

slightly higher and 128 μg/mL 600 Da BPEI gives the highest reading (Figure 7A). As 

shown in Figure S6, these concentrations are not lethal toward a high density of P. 

aeruginosa cells. However, the presence of efflux creates a multifactor condition that 

complicates the interpretation of biochemical mechanisms.34 Thus, this experiment was 

repeated with the efflux-deficient mutant PaΔ3 (Figure 7B). Inspection of the data reveals 

that the increase in H33342 concentration over time is not linear but rather exponential in 

nature, in agreement with a recent kinetic analysis.34 By plotting the ln[H33342] versus 

time, it is apparent that the rate of influx is slowest with the lowest concentration of 600 Da 

BPEI (Figure 8). Thus, a faster rate of influx at a higher concentration of 600 Da BPEI is 

due to binding with additional anionic sites of the O-antigen, outer-core, and inner-core 
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regions. As illustrated in Figure S7, low concentrations of 600 Da BPEI limit binding to the 

outermost regions of LPS. As the BPEI concentration is increased, additional binding sites 

are occupied until, at levels approaching the MIC, 600 Da BPEI binds to lipid A. This 

scenario allows sub-MIC concentrations of 600 Da BPEI to open the LPS network and 

facilitate diffusion of the H33342 dye. This model also explains the high MIC of 600 Da 

BPEI (16–64 μg/mL), whereas only a fraction of this amount is required for β-lactam 

potentiation (Table 1). The increased piperacillin MIC in the clinical isolates may be due to 

overexpression and/or novel β-lactamases, deletion or reduced expression of specific porins, 

mutations within the porin channel that hinder β-lactam transport, or efflux pumps that are 

overexpressed. Regardless, 600 Da BPEI can restore piperacillin susceptibility in the clinical 

isolates, causing a considerable reduction of piperacillin MICs.

With regards to other antibiotics, such as Meropenem and erythromycin, the situation is 

more complicated. For the clinical isolates OU15, OU19, and OU22, the Meropenem MIC 

was 16–64 μg/mL, but there was no synergy with 600 Da BPEI, only additivity that caused a 

modest reduction in MIC values (Figure S4). Likewise, the erythromycin MICs were 256 

μg/mL for these 3 isolates, and 600 Da BPEI exhibited synergy but only reduced the 

erythromycin MIC by a factor of 4 (Figure S5). Recognizing that 600 Da BPEI increases the 

influx of H33342 in a concentration dependent manner and that the rate of influx also 

increases with concentration, it is possible to understand the antibiotic potentiation data. 

When 600 Da BPEI at 1/4th of its MIC value is added, the diffusion barrier of LPS is 

reduced. This reduces the piperacillin MIC from over 256 to 1–4 μg/mL. The potentiation 

effect on Meropenem is lower, which may be due to hindered porin transport. For 

erythromycin, reducing the MIC from 256 to 64 μg/mL occurs in the presence of 16 μg/mL 

600 Da BPEI. As with H33342, erythromycin crosses membranes by passive diffusion, and 

thus, at 16 μg/mL, 600 Da BPEI is reducing diffusion barriers from LPS rather than 

disrupting the membrane itself. Membrane disruption occurs at the MIC of BPEI, 64 μg/mL.

The ability of 600 Da BPEI to potentiate β-lactams occurs through electrostatic interactions 

with LPS anionic sites that also attract metal ions. In the absence of metal ions, the anionic 

LPS molecules would repel each other and disperse into the extracellular milieu. Instead, 

Mg2+ ions allow the formation of a stable membrane layer by binding to phosphate groups 

of the lipid A moiety and forming electrostatic bridges between adjacent LPS molecules. 

Additional phosphate and carboxylate groups are found on heptose and 

ketodeoxyoctulosonate units of the core oligosaccharides.25,26,28,30 The O-antigen groups 

are decorated with hydroxyls and the occasional carboxylate group that can attract metal 

ions.30 These anionic LPS sites are critical resistance mechanisms.35 As Hancock and co-

workers found, various compounds (including cationic species) disrupt the LPS’s Mg2+ 

chelation and increase P. aeruginosa’s susceptibility to antibacterial agents.36–38 The 

primary amines on 600 Da BPEI enable it to bind with phosphate and carboxylate groups, 

and its flexible branches facilitate structural reorganization to reach multiple binding sites 

within the inner- and outer-core regions of LPS and span adjacent LPS molecules. The 

ability of 600 Da BPEI to influence membrane permeability, such as the influx of H33342 

(Figure 6), readily occurs at sublethal concentrations (Figure S8). However, there is a 

dependence on divalent metal ions. 600 Da BPEI weakens the LPS network that otherwise 

hinders drug uptake. Conversely, adding Mg2+ and Ca2+ ions stabilize the LPS to strengthen 
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the barrier. This competition is demonstrated in Figure 9. Here, 2 mM Mg2+ ions were 

exposed to BAA-47 cells that were treated with 600 Da BPEI. The lower fluorescence of 

H33342 indicates that its influx has been slowed by metal ions that reverse the weakening of 

the LPS diffusion barrier, but this process is insufficient to completely dislodge 600 Da 

BPEI from the phosphate/carboxylate binding sites and restore the LPS barrier to its full 

strength. Similar effects are observed for Ca2+ ions (Figure S8). For both metal ions, the 

order of addition affects the data. When the cells are treated with 600 Da BPEI first and 

metal ions second, the H33342 intensity reaches a magnitude lower than the BPEI-only data 

but greater than that for cells only (open squares, Figure 9). However, if the metal ions are 

added first, the addition of 600 Da BPEI does not affect the H33342 intensity (closed 

squares, Figure 9). One possible explanation is that the anionic sites of LPS are fully 

occupied by metals, and thus, 600 Da BPEI cannot bind and promote the diffusion of the 

fluorescent dye (Figure S9). The mechanism for 600 Da PBEI is different from other agents 

that weaken the LPS barrier by chelating metal ions, such as ethylenediamine tetraacetic 

acid (EDTA). Using data collected with ITC, 600 Da BPEI will chelate Cu2+ ions (Figure 

S10), but there is no interaction with Mg2+ or Ca2+ ions (Figure S10B,C).

The importance of metal ions in the antibiotic mechanism is well established, and thus, the 

Clinical and Laboratory Standards Institute (CLSI) guidelines for MIC testing specify the 

use of cationic-adjusted MHB (CAMHB).39 These protocols were followed for the growth 

assay experiments, and thus, under standard conditions, metal ions in CAMHB do not 

interfere with potentiation by 600 Da BPEI. These data suggest that, when cells are grown in 

CAMHB, the array of metal binding sites within the outer membrane LPS are not fully 

occupied. This provides an opportunity for 600 Da BPEI to establish its own electrostatic 

interactions with the LPS and create new avenues of access for drugs to reach the 

membrane. This effect is concentration dependent. Lower amounts of 600 Da BPEI facilitate 

the uptake of piperacillin, a 517 g/mol β-lactam antibiotic that is readily transported to the 

cytoplasm by transmembrane porins. However, larger amounts of 600 Da BPEI are needed 

to create the larger avenues of access for erythromycin, a 734 g/mol macrolide that reaches 

the cytoplasm via passive diffusion.

In addition to weakening the LPS barrier to diffusion, 600 Da BPEI could be increasing drug 

influx by changing the permeation properties of the outer membrane and perhaps even 

disrupting the outer membrane lipid bilayer itself. While this hypothesis is not supported 

with the cell viability data in Figure S6, the phenomenon can be tested with the fluorescence 

probe molecule 1-N-phenylnaphthylamine (NPN) that localizes to the lipid membrane and 

fluoresces when bound to phospholipids.40–42 In the absence of agents that disrupt the cell 

membrane, fluorescence is weak from barriers to passive diffusion. However, when the outer 

membrane is breached, NPN can easily reach phospholipids of the inner leaflet and 

fluorescence intensity increases. As shown in Figure 10, NPN fluorescence reaches value of 

about 13 000 units in a sample of ~6 × 109 CFU/mL P. aeruginosa BAA-47 cells. The 

treatment of a similar sample with 64 μg/mL polymyxin B causes a 2.7-fold increase in 

fluorescence intensity, which occurs via insertion of polymyxin B into the membrane via 

self-promoted uptake.36 However, 64 and 128 μg/mL 600 Da BPEI cause a 1.5-fold increase 

in NPN fluorescence, and we know that these concentrations of 600 Da BPEI are nonlethal 

(Figure S6). Thus, we suggest that 600 Da BPEI is weakening the LPS diffusion barrier, but 
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it is not intercalating into the membrane bilayer that otherwise would lead to a higher 

increase in NPN fluorescence intensity (Figure S11).

The ability of 600 Da BPEI to weaken the LPS diffusion barrier without causing widespread 

membrane disruption and cell lysis is shown with scanning electron microscopy (SEM). 

SEM was conducted to examine the morphology and the possible effects of 600 Da BPEI on 

bacterial cell division. P. aeruginosa BAA-47 cells were grown to mid-log phase and 

subjected to four separate treatments: untreated control, sublethal 600 Da BPEI, sublethal 

piperacillin, and a combination of 600 Da BPEI and piperacillin, each at sublethal 

combinations. SEM images of the untreated control sample (Figure 11A) show that all the 

cells have a regular rod shape with a normal size distribution and division septa are clear. 

BPEI treated cells (Figure 11B) are longer, and cell-divided septa show a gradual narrowing 

rather than a sharper interface. The piperacillin treated cells (Figure 11C) are longer, have 

signs of a well-formed division septum, and exhibit signs of cell wall weakening without 

bursting. The combination of BPEI + piperacillin caused the treated cells (Figure 11D) to 

rupture (Figure 11E), and they show extreme distortions in shape (Figure 11F). The extreme 

distortions in both size (~20 times longer than untreated control cells) and shape without 

obvious division septa suggests that the recruiting, activity, and/or competence of bacterial 

divisome43,44 components is hindered. These cellular morphological changes aid in 

explaining the killing properties of the BPEI + piperacillin combination, although the 

concentration of each compound is sublethal on their own.

Biofilms are accumulations of microorganisms embedded in a polysaccharide matrix known 

as extracellular polymeric substance (EPS), which protects the bacteria from antimicrobial 

agents.9,10 Current in-patient treatments include cleansing the wound, debridement, 

maintaining a moist tissue environment, and when possible, eliminating the underlying 

factors that contributed to poor wound healing.45 BPEI confronts the biofilm directly by 

disrupting the protective EPS. As shown in Figure 12, biofilms of P. aeruginosa BAA-47 

create additional barriers that require 256 μg/mL piperacillin to kill the bacteria. This 

minimum biofilm eradication concentration (MBEC) is significantly higher than the MIC of 

4 μg/mL. Likewise, the MBEC of 600 Da BPEI is 512 μg/mL, compared to its MIC of 32 

μg/mL. A combination treatment results in biofilm eradication with 16 μg/mL BPEI and 8 

μg/mL piperacillin. As with the planktonic checkerboard assays, this data was collected 

without a β-lactamase inhibitor. The mechanism of action for disrupting the biofilm relies on 

the ability of cationic 600 Da BPEI to interact with anionic targets. Instead of binding with 

LPS in the planktonic cells, the biofilm targets are extracellular DNA, anionic 

polysaccharide Psl, and anionic polysaccharide alginic acid.46–56 The presence of the 

cationic polysaccharide Pel in P. aeruginosa biofilms would repel BPEI, but this effect does 

not prevent 600 Da BPEI from disrupting the biofilm matrix; thus, piperacillin can access 

the underlying cells (Figure 13). The data in Figure 12 also confirms the paradigm that 

antibiotics effective against planktonic P. aeruginosa are nearly inert against biofilms and 

resistant strains. When 600 Da BPEI binds to EPS, the biofilm disperses because the 

intermolecular network of exopolymers, protein, and metals ions is disrupted.20 As a result, 

quiescent bacteria are released into solution where they become metabolically active, and 

thus, the antibiotic can kill the bacteria after additional BPEI molecules reduce LPS barriers 

to drug influx.
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The antimicrobial properties of cationic compounds are well-documented, including 

polyethylenimines (PEIs). An important caveat in considering this previous work is that 

PEIs, whether linear or branched, are available in a wide range of sizes, from 600 to 1 000 

000 Da. The MW range correlates with the ability to disrupt membranes and cause toxicity 

toward eukaryotic cells. Fortunately, 600 Da BPEI has low toxicity, is nonmutagenic, and 

has high biocompatibility,58 and the low likelihood of causing red blood cell hemolysis has 

been demonstrated.59 Khalil et al. reported the synergy of PEI with various antibiotics.60 

However, this work used 10 kDa PEI, which has a high toxicity, at a concentration of 250 

μg/mL, which is 25 μM rather than the reported concentration of 250 nM. Nevertheless, the 

potentiation of antibiotics varied across different classes, with modest potentiation of β-
lactams and no potentiation of erythromycin. Helander et al. reported that 50 kDa PEI 

causes catastrophic damage to the outer membrane of Salmonella typhimurium cells at 10 

μg/mL.61 This work was followed by a study of increased NPN uptake in Escherichia coli, 

S. typhimurium, and P. aeruginosa from citrate that chelates metal ions and the restoration of 

the diffusion barrier by excess Mg2+ ions.62 Hancock and co-workers published an elegant 

summary of ways to overcome resistance mechanisms.37 The strategy described by Hancock 

and Wong involves disrupting Mg2+ chelation by LPS in the outer envelope.63 Cationic 

oligo-acyl-lysyls have 3 primary amines that potentiate rifampicin against K. pneumoniae, 

but this approach did not lower the MIC of penicillin G.64 Recently, Fleeman et al. reported 

that small polyamines with benzene functional groups were found to be efflux-pump 

inhibitors,65 but using the efflux deficient mutant PaΔ3, our data show that 600 Da BPEI 

does not inhibit efflux pumps but instead functions by increasing antibiotic permeation. 

Synthetic diamines are reported to have antibacterial and antibiofilm properties against P. 

aeruginosa PAO1 via membrane depolarization and disruption.66 Kwon and Lu found that 

spermine exhibited synergy with antibiotics against Staphylococcus aureus and P. aeruginosa 

PAO1.67 Although spermine increased the MICs of cationic peptides, aminoglycosides, and 

quinolone antibiotics, there was a decrease in the MICs of β-lactams, chloramphenicol, and 

polymyxin B after the addition of 1 mM spermine. In contrast, 600 Da BPEI produces 

superior results where the piperacillin MIC is lowered to 1 μg/mL with only 13.5 μM (8 

μg/mL) 600 Da BPEI.

Generally regarded as safe and effective, β-lactams are the #1 option for treating infections. 

β-Lactams are favored as antibacterial agents.68–71 Clinicians prescribed 118 million courses 

of β-lactam antibiotics in 2011.72 The recommended treatment of pediatric infections is 

amoxicillin.73,74 These options disappear for infections resistant to β-lactams, which arise 

from the presence of β-lactamase enzymes that function via hydrolytic cleavage of the 

lactam ring. Combinations of β-lactams with β-lactamase inhibitors (amoxicillin + 

clavulanic acid or piperacillin + tazobactam) are used against Gram-negative bacteria.75,76 

Here, 600 Da BPEI targets LPS-mediated resistance in MDR-PA and restores piperacillin 

efficacy without the need for β-lactamase inhibitors. Additionally, 600 Da BPEI will be 

attracted to anionic components of the bacterial biofilm, resulting in disruption of the 

extracellular matrix that dissolves the biofilms to enable antibiofilm activity of piperacillin. 

Thus, 600 Da BPEI may improve patient care outcomes by restoring potency to existing 

antibiotics with a single potentiator. An advantage of 600 Da BPEI is that it does not need to 

cross the membrane itself to be effective. By targeting the anionic inner-core and outer-core 
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polysaccharides35,77 and biofilm EPS, 600 Da BPEI creates new avenues of access for 

antibiotics to reach their targets. Thus, BPEI does not have to traverse the membrane for 

potentiation. This contrasts with other cationic antimicrobial agents, such as cationic 

peptides, aminoglycosides, and polymyxins, whose hydrophobic properties are required for 

membrane disruption. The delicate balance between potentiation at low concentration and 

antimicrobial properties at high concentration are possible because we are using 600 Da 

BPEI, in contrast to PEIs over 10 kDa that cause widespread membrane disruption and do 

not have potentiation properties.17 Nevertheless, the data support the premise that 600 Da 

BPEI increases the influx of fluorescence dyes (Figure 7A) and does not block efflux pumps 

(Figure 7B). There is a strong correlation between increased dye uptake and 600 Da BPEI 

concentration. The presence of efflux pump processes in the WT strain prevents a clear 

delineation of the trends. However, using the data for the efflux-pump deficient mutant 

(Figure 7B), the trend is clear. 64 μg/mL 600 Da BPEI (circles in Figure 7B) causes an 

increase in H33342 intensity. However, this amount has a negligible effect on cell viability, 

as determined from the resazurin assay (Figure S6). This is in stark contrast to polymyxin B 

that is lethal to the cells at 64 μg/mL (Figure S6). Thus, we believe that it is appropriate to 

discuss the 600 Da BPEI MOA, reducing drug diffusion barriers from LPS, as it is different 

than the well-established membrane disruption MOA of polymyxin B. This interpretation is 

also supported by the NPN assay data in Figure 10.

CONCLUSION

We envision 600 Da BPEI as a topical agent applied to acute and chronic wounds. Instead of 

taking 3–6 weeks to heal, chronic wounds persist for 3–6 months,10 in large part due to 

infections with bacteria exhibiting antimicrobial resistance (AMR) and their associated 

biofilms.4,5 Each year, chronic wounds arise from the hundreds of millions of acute skin and 

soft-tissue infections (SSTIs)7 because anti-infective therapeutics work against many but not 

all SSTIs. The estimated 4.5 million chronic wound infections78–81 increase the risk of 

recurrent infection and tissue necrosis82,83 and are a major problem in healthcare and 

community settings.2,82,83 Because 600 Da BPEI + antibiotic combinations can kill 

susceptible and resistant bacteria in their biofilm and planktonic environments, this strategy 

can reduce the bacterial burden in wound infections and speed healing before acute SSTIs 

become chronic, complicated infections.7 Topical use reduces problems of matching 

pharmacokinetics (PK) and pharmacodynamics (PD) with those of antibiotics. There is a 

strong likelihood of developing a topical agent for wound treatment because the water-

soluble hydrophilic properties of 600 Da BPEI enable easy drug delivery to directly attack 

AMR and biofilms in the wound environment. There are minimal protein binding effects that 

would prevent activity in the wound environment, demonstrated with antibiotic potentiation 

assays using fetal bovine serum (FBS).17 Growth media were prepared with 50% FBS, 

which did not change the oxacillin MIC.17 Likewise, when 600 Da BPEI was subsequently 

added, serum proteins did not hinder potentiation. This is not surprising as 600 Da BPEI is 

very hydrophilic and would only bind with protein anionic groups that are accessible and not 

chelated with a metal or other protein residues. We reported minimal in vitro cytotoxicity17 

in studies that were serum-free in order to obtain a more accurate evaluation of toxicity 

without serum proteins preventing contact with the eukaryotic cells. The low cytotoxicity 
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differentiates 600 Da BPEI from polymyxins.38 In vivo toxicity issues are paramount, which 

will be the subject of future research investigations.

METHODS

Materials.

In this study, Pseudomonas aeruginosa bacteria were purchased from the American Type 

Culture Collection (ATCC BAA-47 and 27853). Additional MDR-PA strains were obtained 

from clinical isolates from the University of Oklahoma Health Sciences Center using 

appropriate IRB protocols and procedures. Wild-type P. aeruginosa PAO1 and its efflux 

pump deficient mutant, PaΔ3, were kindly provided by Prof. Helen Zgurskaya, University of 

Oklahoma. Chemicals were purchased from Sigma-Aldrich (DMSO, growth media, and 

electron microscopy fixatives). Antibiotics were purchased from Gold Biotechnology. 600 

Da BPEI was purchased from Polysciences, Inc. MBEC Biofilm Inoculator with 96-well 

base plates was purchased from Innovotech, Inc.

Checkerboard Assays and Growth Curves.

Checkerboard assays followed the methods of Lam et al.20 to determine the synergistic 

effect between 600 Da BPEI and antibiotics against the P. aeruginosa strains growing in 

cation-adjusted Mueller-Hinton broth (CAMHB). Bacterial growth curves were obtained 

using CAMHB media augmented with various amounts of 600 Da BPEI and/or piperacillin 

inoculated with P. aeruginosa BAA-47 cells from an overnight culture (5 × 105 CFU/mL). 

Cells were grown at 35 °C with shaking. The OD600 (optical density at 600 nm) was 

monitored and recorded for each sample over 24 h. Each checkerboard trial was done in 

triplicate using sterile Greiner CellStar flat bottom polystyrene plates, catalog #655180. 

Each growth curve was done in duplicate.

MBEC Assay.

The MBEC assay is adapted from previous literature reports.22,57

Inoculation and Biofilm Formation.

A subculture of P. aeruginosa BAA-47 was grown from the cryogenic stock on an agar plate 

overnight at 35 °C. The MBEC plate was inoculated with 150 μL of CAMHB/well plus 1 μL 

of a stock culture made from 1 colony/mL P. aeruginosa BAA-47 in CAMHB (~5 × 105 

CFU/mL). The MBEC inoculator plate was sealed with Parafilm and incubated for 24 h at 

35 °C with 100 rpm shaking to facilitate biofilm formation on the prongs. Following biofilm 

formation, the lid of the MBEC inoculator was removed and placed in a rinse plate 

containing 200 μL of sterile PBS for 10 s.

Antimicrobial Challenge.

A challenge plate was made in a new presterilized 96-well plate in a checkerboard-assay 

pattern to test the synergistic activity of 600 Da BPEI + antibiotic combinations. 

Antimicrobial solutions were serial-diluted and added to the 96-well plate, which contained 

200 μL of CAMHB per well. After the rinsing step, the preformed biofilm prong lid was 
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immediately transferred into the prepared antimicrobial challenge plate and incubated at 35 

°C for 20–24 h.

Recovery and Quantitative MBEC.

After the challenge period, the MBEC inoculator lid was washed and transferred into a 

recovery plate containing 200 μL of CAMHB per well, sonicated on high (Branson B-220, 

frequency of 40 kHz) for 30 min to dislodge the biofilm, and then incubated at 35 °C for 20–

24 h to allow the surviving bacterial cells to grow. After incubation, the OD600 of the 

recovery plate was measured using a Tecan Infinite M20 plate reader to determine the 

MBEC of the antimicrobial compounds tested. A change in OD600 greater than 0.05 

indicated growth. Likewise, the OD600 for the base of the challenge plate was measured to 

determine the MICs of the antimicrobial compounds. The fractional inhibitory concentration 

index (FICI) calculated on the basis of the established equation23 was used to determine 

synergy (FICI ≤ 0.5), additivity (0.5 < FICI < 1), and no synergy (FICI ≥ 1).

Scanning Electron Microscopy.

P. aeruginosa BAA-47 cells were inoculated from an overnight culture (5 × 105 CFU/mL) 

and grown at 35 °C with shaking. The bacteria were grown in four separate sublethal 

treatments: 600 Da BPEI (4 μg/mL), piperacillin (1 μg/mL), combination (4 μg/mL 600 Da 

BPEI + 1 μg/mL piperacillin), and untreated control. Growth was stopped at late-lag phase. 

Samples were collected by centrifugation and fixed with Karnovsky fixative (2% 

glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer) for 30 min. The cells 

were then fixed with 1% OsO4 for 30 min in the dark. The cells were washed with water 

three times. A couple drops of each sample were placed on clean, poly-L-lysine coated 

coverslips and air-dried for 30 min. The samples were dehydrated by going through a series 

of ethanol solutions (20%, 35%, 50%, 70%, and 95%), spending 15 min in each solution. 

Afterward, the samples were dried with hexamethyldisilazane (HMDS). They were then 

mounted on aluminum stubs with carbon tape and sputter coated with AuPd. A Zeiss NEON 

SEM was used to image the samples at 5 kV accelerating voltage.

Isothermal Titration Calorimetry (ITC).

An isothermal titration calorimeter (MicroCal PEAQ-ITC, Malvern Inc., Malvern, U.K.) was 

used to assess P. aeruginosa lipopolysaccharide (LPS) binding with 600 Da BPEI. Solutions 

of BPEI (0.64 mg/mL) and L8643 P. aeruginosa LPS (5 mg/mL) were prepared in 50 mM 

Tris-HCl (pH 7) buffer at 25 °C. Titrations were carried out at 25 °C using injections of 2 μL 

that lasted 4 s and were separated by 150 s time intervals. For each experimental setup, 

controls were performed in which the titrant was injected into pure buffer, buffer was 

injected into the cell, and buffer was injected into pure buffer. The experiment was done in 

duplicate.

H33342 Bisbenzimide and NPN Accumulation Assays.

An overnight culture of P. aeruginosa BAA-47 was used to inoculate fresh CAMHB media 

for another 5 h at 35 °C with shaking. Bacterial cells were collected by centrifugation at 

6000 rpm for 40 min and resuspended in PBS. The OD600 of the cell suspension was 
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adjusted to ~1.0 and kept at room temperature during the experiment. Aliquots (180 μL/

well) of the cell suspension were transferred to a 96-well flat-bottom black plate in the 

format of column 1, PBS blank; column 2, untreated control cells BAA-47; column 3, cells 

BAA-47 + BPEI (sublethal concentration). Five technical replicates of each group were 

conducted. Fluorescent probes40–42 Hoechst 33342 bisbenzimide (H33342) or 1-N-

phenylnaphthylamine (NPN) were added (20 μL) to each well with a final concentration of 5 

μM. Fluorescence was read immediately after the addition of H33342 or NPN by a Tecan 

Infinite M20 plate reader with the excitation and emission filters of 355 and 460 nm for 

H33342 or 350 and 420 nm for NPN, respectively. Fluorescence data were normalized to the 

emission before cells were added in the PBS control, and they were plotted against time to 

show the cellular uptake of H33342 or NPN over 10 min. Fluorescence emission values 

obtained from the control experiments of dye + 600 Da BPEI were the same as those of dye 

only.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

MDR multidrug-resistant

BPEI branched polyethylenimine

EPS extracellular polymeric substance

SEM scanning electron microscopy

DMSO dimethyl sulfoxide

PBS phosphate-buffered saline

MIC minimum inhibitory concentration

MBEC minimum biofilm eradication concentration

AuPd gold palladium

PIP piperacillin

PmB polymyxin B
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HMDS hexamethyldisilazane

OD600 optical density at 600 nm

CAMHB cation-adjusted Muller-Hinton broth

TSB tryptic soy broth

Da Dalton
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Figure 1. 
Illustration of the P. aeruginosa outer membrane in which metal ions stabilize the LPS O-

antigen, outer-core, inner-core, and lipid A moieties. This presents a barrier to the passive 

diffusion of a β-lactam antibiotic to porin transports. Many other compounds, such as 

erythromycin, rely on passive diffusion to reach the periplasm.
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Figure 2. 
Checkerboard assay data demonstrating that sublethal amounts of 600 Da BPEI lower the 

piperacillin MIC against a clinical isolate of P. aeruginosa, OU1, that exhibits multidrug 

resistance against aztreonam, cefepime, ceftazidime, ciprofloxacin, Meropenem, and 

piperacillin/tazobactam (see the Supporting Information). The MIC of piperacillin (64 

μg/mL) is resistant, but 2 μg/mL 600 Da BPEI (3.3 μM) reduces the β-lactam MIC to 4 

μg/mL, which is interpreted as susceptibility.
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Figure 3. 
Growth curves of PA BAA-47 show that sublethal amounts of 600 Da BPEI and piperacillin 

slow bacterial growth but do not kill the culture. However, treating the culture with a 

combination of 600 Da BPEI and piperacillin, each at sublethal concentrations, stops 

growth. Error bars denote standard deviation (n = 2) and, for some data points, are smaller 

than the data symbol.
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Figure 4. 
(A) Raw ITC data of 600 Da BPEI interacting with P. aeruginosa LPS. 600 Da BPEI (0.64 

mg/mL) was titrated into LPS (5 mg/mL) via 2 μL injections in 50 mM Tris-HCl (pH 7) 

buffer at 25 °C. The raw data in (A) indicate an exothermic binding event, which can be 

quantified by conversion to an ITC thermogram (B). The thermogram abscissa is generated 

from the molar ratio of each species. Here, the molecular mass of LPS was estimated to be 

20 kDa in accordance with literature reports.27
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Figure 5. 
Illustration of how 600 Da BPEI binds to LPS and facilitates the passive diffusion of β-
lactams toward porin transporters. Higher concentrations are required to increase the uptake 

of non-β-lactams (such as erythromycin), and at the highest concentration, 600 Da BPEI 

exhibits its own antibacterial properties.
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Figure 6. 
Effect of 600 Da BPEI on the intracellular accumulation of the DNA-binding H33342 in a P. 

aeruginosa PAO1 strain with drug resistance.32 Real-time kinetics of H33342 uptake show 

that 600 Da BPEI significantly increased the H33342 accumulation (closed red circles) into 

the bacterial cells, compared to the untreated control (open red circles). Similar effects are 

seen with the efflux deficient mutant PaΔ3 (open and closed blue diamonds). The 

intracellular concentration of H33342 in the treated cells is higher than the wild-type cells, 

indicating that 600 Da BPEI does not hinder efflux processes. Error bars denote standard 

deviation (n = 5).
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Figure 7. 
(A) Concentration dependence of the H33342 concentration in the wild-type PAO1 cell. 

Competition between influx and efflux processes in the viable cells results in overlapping 

data points. In the efflux-deficient mutant strain (B), higher concentrations of 600 Da BPEI 

result in higher dye concentrations (n = 5).
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Figure 8. 
Uptake of H33342 is a multistep process with exponential kinetics. This phenomenon can be 

identified by plotting the natural logarithm of dye concentration versus time. The increasing 

slope with concentration shows that the rate of influx increases as the passive diffusion 

barriers are lowered from 600 Da BPEI binding to additional anionic sites on LPS molecules 

(see Figure S7).
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Figure 9. 
BPEI binds to LPS through anionic sites on the inner-core, outer-core, and O-antigen 

regions. These sites also bind divalent metal ions. The growth media contains trace amounts 

of metal ions, and thus, the anionic regions of LPS are not fully occupied. This provides an 

opportunity for 600 Da BPEI to bind with LPS and increase H33342 influx (triangles) 

compared to untreated cells (open circles). However, adding 2 mM MgCl2 to BPEI-treated 

cells results in a reduction of dye influx (open squares) as the metals ions occupy the 

remaining anionic sites and restore LPS barriers to diffusion. Likewise, if the metal ions are 

added first (closed squares), all LPS anionic sites are occupied, preventing the binding of 

600 Da BPEI that would otherwise increase dye influx. n = 5.
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Figure 10. 
Dye 1-N-phenylnaphthylamine (NPN) accumulates in hydrophobic regions and fluoresces 

when bound to phosphate groups. Polymyxin B (PmB) allows greater uptake of NPN than 

600 Da BPEI. The sublethal concentrations of 600 Da BPEI allow NPN access to the 

membrane without affecting cell viability, as determined from the resazurin assay data in 

Figure S6. However, polymyxin B kills the bacterial cells (Figure S6) because the cell 

membranes are disrupted. The paradigm of 600 Da BPEI increasing drug influx without 

membrane disruption is illustrated in Figure S11. n = 5.
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Figure 11. 
Scanning electron micrograph images of PA BAA-47. Untreated control cells appear with a 

regular rod shape of about 2–3 μm long (A). 600 Da BPEI treated cells (4 μg/mL) (B) and 

piperacillin treated cells (1 μg/mL) (C) show inconsistency in their size with longer lengths, 

but the rod shape remains. The combination of 4 μg/mL 600 Da BPEI + 1 μg/mL piperacillin 

treated cells (D) show extreme distortions in both size and shape with insets (E) and (F) for 

higher magnifications. Scale bars = 2 μm.

Lam et al. Page 29

ACS Infect Dis. Author manuscript; available in PMC 2020 May 18.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 12. 
Biofilm eradication assay data collected with the Calgary biofilm device.57 EPS creates 

additional barriers to piperacillin efficacy, and thus, 256 μg/mL is required to kill the 

bacteria. However, 600 Da BPEI disrupts the biofilm EPS and increases β-lactam access to 

the cells, reducing the MBEC to 8 μg/mL.
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Figure 13. 
Illustration of 600 Da BPEI binding to and dispersing the exopolymeric substances (EPSs) 

of P. aeruginosa BAA-47 bacteria. The dispersal of the EPSs allows antibiotics, such as 

piperacillin (PIP), to reach the bacteria and kill them. The presence of 600 Da BPEI also 

enables the reduction of the LPS diffusion barrier to potentiate antibiotic efficacy.
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