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ABSTRACT: Methicillin-resistant Staphylococcus aureus (MRSA)
infections pose a serious threat worldwide. MRSA is the
predominant species isolated from medical-device-related biofilm
infections and chronic wounds. Its ability to form biofilms grants it
resistance to almost all antibiotics on the market. Answering the
call for alternative treatments, our lab has been investigating the
efficacy of 600 Da branched polyethylenimine (BPEI) as a f-
lactam potentiator against bacterial biofilms. Our previous study showed promise against methicillin-resistant Staphylococcus
epidermidis biofilms. This study extends our previous findings to eradicate a more virulent pathogen: MRSA biofilms. Microtiter
minimum biofilm eradication concentration models, crystal violet assays, and electron microscopy images show synergistic effects
between BPEI and ampicillin as a two-step mechanism: step one is the removal of the extracellular polymeric substances (EPS) to
expose individual bacteria targets, and step two involves electrostatic interaction of BPEI with anionic teichoic acid in the cell wall to

potentiate the antibiotic.
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he threat posed by antimicrobial resistance (AMR) on

human health is well-known. We recently reported that
600 Da BPEI eliminates f-lactam resistance in methicillin-
resistance Staphylococcus aureus (MRSA) by preventing the
essential localization of PBP4 enzyrnes.1 However, the sinister
nature of AMR infections is amplified when the pathogens are
sequestered in biofilms that shield them from effective
antimicrobials and/or the innate immune system. According
to a systematic review and meta-analysis,” the prevalence of
biofilms in chronic wounds is almost 80%. Many of the
predominant species found in chronic wounds are from the
genus Staphylococcus (~60%).” In addition to compromising
wound healing,4 Staphylococcus aureus contributes a high
percentage to biomedical device infections.” Bacterial biofilms
are resilient because their self-produced matrix of extracellular
polymetric substances (EPS) grants them protection against
host defenses and antibiotics.””® The EPS matrix contains
hydrated carbohydrate polymers, proteins, and extracellular
DNA (eDNA) in a complex architecture to provide nutrients,
promote the transfer of genetic material, and protect the
biofilm against harsh conditions. Only the outermost layers of
cells in a biofilm are metabolically active, while the persistent
inner-layer cells remain dormant, thereby evading antibiotics.”
First-line -lactam antibiotics, such as ampicillin, are the most
commonly prescribed drugs for bacterial infections. In many
developing countries, these antibiotics are sold over the
counter, and their use in livestock is poorly regulated. Lack of
regulation can lead to overexposure, thereby encouraging
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acquired antimicrobial resistance. As the most common
agricultural pathogens in developing countries, AMR has a
convenient means of spreading to humans.” According to the
Centers for Disease Control and Prevention (CDC), MRSA
infections pose a grave threat to the society and economy.10
One out of seven severe cases of MRSA results in death.'" Its
resistance has been documented within all available antibiotic
classes, including the last-resort antibiotics.'> With a dwindling
collection of new antibiotics and in the absence of antibiofilm
drugs on the market, alternative treatments that combine
existing drugs with potentiators have become a central line of
research. Here, we demonstrate the ability of 600 Da branched
polyethylenimine (BPEI) to eradicate MRSA biofilms. Our
previous studies have shown that this low-molecular-weight
BPEI exhibits low in vitro cytotoxicity on human cells'® and
strong potentiation with fS-lactam antibiotics against planktonic
MRSA cells.">'* Strong synergy was also found against
methicillin-resistant Staphylococcus epidermidis (MRSE) and
its biofilms.">'® Thus, we hypothesize that BPEI would
potentiate ampicillin against MRSA biofilms using similar
biochemical mechanisms.
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Table 1. Synergistic Effects between BPEI and Ampicillin against MRSA Biofilms

BPEI (4g/mL)

ampicillin (#g/mL)

strain MICcp MBEC MICcp
MRSA 43300 64 >256 128
MRSA OU6 >256 >256 256
MRSA OU11 >256 >256 128

MBEC MBEC + 64 ,ug/ mL BPEI FICI synergy?
>256 2 0.13 yes
>256 64 0.25 yes
>256 32 0.19 yes

Gram-positive bacteria, such as S. aureus and S. epidermidis,
have a thick peptidoglycan layer in their cell walls. For each
division cycle, penicillin-binding proteins (PBPs) are respon-
sible for one of the last stages of cell wall synthesis: cross-
linking the subunits of the peptidoglycan. f-Lactam antibiotics
irreversibly bind to PBPs, preventing them from performing
this vital function. Consequently, the bacteria are unable to
divide and eventually burst from excessive cytoplasmic
pressure. However, in MRSA/MRSE, the enzymes PBP2a
and PBP4 with low binding affinity to p-lactams allow the
bacteria to withstand the antibiotic attack. An important
regulator of PBP2a/4 is wall teichoic acid (WTA) that is
decorated with N-acetylglucosamine, p-alanine, and hydroxyl
on a phosphodiester backbone.'”"® In Gram-positive bacteria,
WTA polymer can be divided in two main components: a
disaccharide linkage unit and a repeating unit. The
disaccharide linkage unit is highly conserved across Gram-
positive bacteria. The repeating unit exhibits structural
diversity and can be divided into four different classes: polyol
phosphate, glycosylpolyol phosphate, glycosyl phosphate
polyol phosphate, and polyol phosphate-glycosylpolyol phos-
phate. p-Alanine content is variable and can be tailored on the
repeating unit hydroxyls, depending on environmental
conditions. Despite their diversity, all WTAs share a total of
negatively charge due to their anionic phosphate backbone.'”
The phosphates impart strong anionic properties to WTA and
consequently WTA attracts essential metal cations to the cell
wall environment.”’~** However, we have shown that the
anionic nature of WTA can be exploited to circumvent the
PBP2a/4 enzymes responsible for f-lactam resistance in
MRSA. The 600 Da BPEI, a small cationic polymer,
electrostatically binds to anionic WTA in the bacterial cell
wall, thus prohibiting WTA from properly localizing PBP2a/4
enzymes. This process effectively potentiates f-lactams against
planktonic MRSA"'*'* and MRSE.'>'® As described below,
we extend the investigation of 600 Da BPEI potentiators to
MRSA biofilms and demonstrate strong efficacy against two
biofilm-forming MRSA clinical isolates (MRSA OU6 and
OUL11) that are strongly resistant to antibiotics (clinical data in
the Supporting Information).

Methods (described in the Supporting Information) were
adapted from previous work.'® Minimum biofilm eradication
concentration (MBEC) assays were utilized on the two clinical
isolates of MRSA (OU6 and OU11) and a lab strain MRSA
ATCC 43300. The MRSA bacteria were used to inoculate a
96-well inoculation plate, where MRSA biofilms were grown
on prongs protruding from the plate lid, known as the MBEC
inoculator lid and based on the Calgary biofilm device. The
inoculator lid was washed to remove unattached MRSA cells
and transferred into a separate 96-well base for treatment with
BPEI and ampicillin combinations arranged in a checkerboard
assay pattern, the so-called challenge plate. The final step is
moving the treated inoculation lid to a third plate (the
recovery plate) containing growth-media only and using
sonication to dislodge the biofilm and recover cells remaining
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in the biofilm. In this manner, we are able to evaluate the
synergy of BPEI and ampicillin against MRSA biofilms.
Standard CLSI (Clinical & Laboratory Standards Institute)
guidelines describe a standard MIC assay using 96-well plates
inoculated with a standard cell density, usually ~10° CFU/mL.
However, the MIC data reported here is nonstandard because,
rather than inoculation via micropipet transfer from an
overnight culture, inoculation of the challenge plate occurs
from the Dbiofilm-coated inoculation lid where treatment
challenge disrupts the protective biofilm EPS matrix. MRSA
cells are dislodged and dispersed into the challenge plate
media. These cells in the challenge plate media are susceptible
to killing by the 600 Da BPEI, ampicillin, or their
combinations, and a minimum inhibitory concentration can
be determined. We refer to this value as MICp to differentiate
it from MIC measurements made with standard methods. The
MBEC is determined from cell growth in the recovery plate
and reflects the ability of 600 Da BPEI, ampicillin, or its
combinations to kill the biofilm remaining attached to the
prongs of the inoculation lid. The MIC.p and MBEC data are
shown for comparison (Table 1).

As shown in Table 1, MRSA 43300s BPEI MBEC (>256
ug/mL) is much larger than its MIC¢p (64 pg/mL). Similarly,
the ampicillin MBEC (>256 ug/mL) is higher than the
corresponding MIC¢p (128 pg/mL). The MBECs for BPEI
and ampicillin against the two clinical isolates, MRSA OU6
and OULI, are greater than the highest amount tested, 256
ug/mL. Although the MBECs exceeded the tested concen-
trations, strong synergy (FICI < 0.5) was found between BPEI
and ampicillin against the biofilms of MRSA 43300, OUl1,
and OUG6 with an FICI of 0.13, 0.25, and 0.19, respectively. For
example, when combined with 64 ug/mL of BPEL the
ampicillin MBECs for MRSA 43300, OU6, and OU11 were
reduced to 2, 64, and 32 pg/mL, respectively. For these strains,
the MIC¢p is higher than previously reported values for
planktonic MRSA cells evaluated with CLSI methods," which
showed that 600 Da BPEI lowers the MIC for the planktonic
cells and renders them susceptible to oxacillin. As described
above, the disparity arises from different methods of
inoculation and the cell density in the challenge plate media
is unknown and likely varies between wells. Nevertheless, the
MIC¢p can be used to show that BPEI and ampicillin
combinations can be used to kill antibiotic-resistant cells
dislodged from the inoculation lid.

Heat maps of the average checkerboard results are shown in
Figure 1. Data used to determine MICp in the challenge plate
containing MRSA planktonic data are shown on the left
(Figure 1Ai, Bi, and Ci), and the corresponding biofilm data
are on the right (Figure 1Aii, Bii, and Cii). As expected, the
MBECs are larger than the respective MIC¢p values. This
demonstrates the intrinsic protective nature of biofilms against
antimicrobial agents. The staircase pattern found in the heat
maps indicates that multiple combinations of BPEI and
ampicillin are effective against both planktonic and biofilm
forms of MRSA 43300, OU6, and OU11 strains. As BPEI
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Figure 1. Synergy between BPEI and ampicillin against MRSA 43300
(A), MRSA OU6 (B), and MRSA OU11 (C). Checkerboard assay
data on planktonic bacteria are shown on the left (Ai, Bi, and Ci), and
corresponding biofilm data are shown on the right (Aii, Bii, and Cii).

concentration increases, the required MICp and MBEC values
of ampicillin decrease to achieve high inhibition percentage,
highlighting the potentiating ability of BPEI against pathogenic
biofilms.

To better elucidate the antibiofilm activity of BPEI, biofilm
disruption assays were conducted along with a comparison
study using the common cationic antibiotic polymyxin B.
Briefly, MRSA OUG6 biofilms were grown on the bottom of a
96-well plate for 24 h. After repeated washing, the biofilms
were stained with crystal violet for semiquantitative analysis.
The biofilms were then treated to investigate the ability of
BPEI or polymyxin-B to disrupt the biofilm. As shown in
Figure 2, the negative control of water only had no impact on
disrupting the MRSA biofilms because the biofilm layer
remained intact in the bottom (top-down photographic
image in Figure 2A). On the other hand, 600 Da BPEI (64
and 128 pg/mL) completely dispersed the MRSA biofilms into
its solution in a manner similar to that of the positive control,
acetic acid. However, exposure to polymyxin B, a U.S. Food
and Drug Administration (FDA)-approved cationic polypep-
tide antibiotic, resulted in a slight dissolution in biomass,
although 128 pg/mL was more effective than 64 pg/mL. The
biofilm-disrupting properties are quantitatively reported as
ODg;, measurements of the amount of biofilm dislodged
(Figure 2B). This demonstrates BPEIs ability to eradicate
MRSA biofilms by forcing them to detach and disperse its
bacterial cells into planktonic culture, where they transition
from a persistent quiescent state into a metabolically active
realm and thus become vulnerable to antibiotics.

To better characterize the effect of BPEI on MRSA biofilms,
morphological analysis was performed using scanning electron
microscopy (SEM). Twenty-four hr-established MRSA bio-
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Figure 2. Established MRSA OUG6 biofilms stained with crystal violet
were treated with polymyxin B (PmB) and 600 Da BPEI for 20 h as
well as the negative control (water only) and positive control (30%
acetic acid). The dissolved biofilm solutions were transferred to a new
plate, and the biofilm remainders are shown in a top-down view (A).
The mean ODj;, of the dissolved biofilm solution was measured (B).
Error bars denote standard deviation (n = 10).

films on glass coverslips were treated with 128 yg/mL of BPEL
An untreated control and the BPEI-treated samples were then
fixed and imaged with SEM. As shown in Figure 3A and 3C,

Figure 3. SEM images of MRSA OU11 biofilms on glass coverslips.
Untreated control biofilms are shown to be covered and wrapped
around in the matrix of EPS (A and C). BPEI-treated samples have
much less EPS with many cells being exposed (B and D). Scale bars in
(A) and (B) = 2 um. Scale bars in (C) and (D) = 1 pum.

the untreated control MRSA biofilm is enclosed in a thick coat
of EPS. Like all biofilm-forming bacteria, the EPS is their self-
made protection against harsh environments and antibiotics.
With BPEI treatment, the preformed MRSA biofilm lost most
of its EPS coat (Figure 3B). At higher magnification (Figure
3D), the lack of EPS in the treated sample rendered the inner
layers of the bacteria, which were hidden in the untreated
control, visible. To mimic a wound environment, MRSA
biofilms were grown on polycarbonate (PC) membrane filters
(0.1 pm pore size) placed directly on tryptic soy agar. The
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membrane pores allow for nutrient absorption and we found
that these biofilms are more robust than those grown on glass
slides. In the untreated control sample (Figure 4A), the EPS is

Figure 4. SEM images of established MRSA OU6 biofilms on PC
membranes. Very thick coat of the EPS matrix is present in the
untreated control biofilm on the PC membrane which also blocks the
bacterial cells from being captured in the microscope (A). BPEI-
treated sample has a much clearer view as the EPS removed and even
the membrane surface is exposed as many nanosize pores are seen at
the bottom (B). Scale bars in (A) and (B) = 1 um.

so thick that the SEM scan cannot locate the bottom of the PC
membrane filter. In BPEI-treated sample (Figure 4B), many
areas are exposed from the absence of EPS, including the
bottom surface of the membrane filter whose nanosize pores
(tiny white dots through the crack in Figure 4B) are clearly
visible.

The biofilm EPS of S. aureus contains a high fraction of
polysaccharide intracellular adhesin (PIA) and anionic species
that are prime targets for 600 Da BPEI binding, such as eDNA
and extracellular teichoic acid (TA). The latter is a key
component in the biofilm EPS matrix of S. epidermidis™> and S.
aureus.”*® Tt enhances bacterial adhesion to biotic and artificial
surfaces, which is the first step of biofilm formation. TA has a
negative net charge at neutral pH because it contains more
negatively charged phosphates than positively charged b-
alanine residues.” Using nuclear magnetic resonance spec-
troscopy, we found that 600 Da BPEI electrostatically binds
wall teichoic acid, which indirectly hinders the resistance factor
PBP2a/4."* Similarly, BPEI most likely binds extracellular TA
in the EPS matrix, and also eDNA, to disrupt biofilm structural
integrity, as seen in Figures 3 and 4. The exposure of individual
bacteria could enhance their contact with various drugs and
components of the immune system.

Skin or soft-tissue infections (SSTIs) arise from abrasions,
nonsurgical wounds, burns, or chronic health problems.”” For
chronic wound infections associated with MRSA and its
biofilm, treatment options are scarce. Patients afflicted with
these chronic wounds suffer from physical pain and disabilities
in addition to psychological and emotional stresses and poor
quality of life. Current inpatient treatments include cleansing,
debridement, maintaining a moist tissue environment, and,
when possible, eliminating the underlyin§ pathology or factors
that contribute to poor wound healing. % In advanced cases,
amputation may become necessary. Death, especially in elderly
patients, may result from sepsis that can be associated with
chronic wounds. Antibiotics can be used effectively against
susceptible infections. For drug-resistant infections, the best-
practices for effective inpatient intervention are strict sanitary
guidelines and antibiotics, such as intravenous vancomycin
plus piperacillin/tazobactam or IV treatment with new
antibiotics of last resort.”® Nevertheless, biofilms and
antimicrobial resistance create substantial technological
barriers to treating chronic wound infections. This presents a
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significant and critical need for a way to counteract biofilms
and antimicrobial resistance. The 600 Da BPEI is a dual-
function potentiator because it disrupts biofilms that are
otherwise impenetrable to antibiotics, and also it counteracts
f-lactam resistance mechanisms in MRSA. However, success
requires that 600 Da BPEI have low toxicity. In dermal
applications, low-molecular-weight BPEI was shown to have
high biocompatibility and low genotoxic potential.”” We also
confirmed the noncytotoxicity of 600 Da BPEI toward human
kidney, colon, and HeLa cells with ICyy’s of 1090 and 690 ug/
mL on human HeLa cells and HEK293, respectively.
Additionally, lactate dehydrogenase (LDH) assays showed
that 600 Da BPEI gave the lowest nephrotoxicity of 3.5% at 63
ug/mL (even lower than Polymyxin E/Colistin which was
>20% nephrotoxicity at the same concentration tested).'”'*
Additional experiments are planned to determine 600 Da
BPETI’s toxicity levels in dermal and subcutaneous layers. With
bacterial evolution outpacing the discovery of antimicrobial
agents, it is imperative to seek alternative treatment options,
such as coupling existing drugs with potentiators. With a dual-
function mechanism that eliminates antibiotic efficacy barriers
in both planktonic and biofilm-encased bacteria, 600 Da BPEI
has promise as a therapeutic agent for improving wound care
and combating medical device infections. Potency of first-line
antibiotics such as ampicillin can now be restored by the
addition of BPEI against drug-resistant MRSA, as seen by their
strong synergistic effects. Combinations of BPEI and anti-
biotics could be administered to diagnosed or suspected staph-
biofilm infections, which would improve the efficacy of
treatment of resistant, biofilm-forming pathogens.
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