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ABSTRACT: Aqueous dispersion of polyethyleneimine-modified graphene oxide (PEI-GO) was
prepared via a one-step synthesis through the epoxy ring opening reaction. PEI-GO exhibited the
bacterial growth inhibition activity on methicillin-resistant Staphylococcus aureus (MRSA) with
the minimum inhibitory concentration as low as 8§ pg/mL. Time-kill curves assay and SYTOX
Green assay showed the antibacterial activity and the bacteria cell membrane permeability of
PEI-GO, respectively. Most importantly, when employing PEI-GO at 1-2 pg/mL, a synergistic
effect with daptomycin to resensitize daptomycin-resistant MRSA was revealed. Synergistic
effect between PEI-GO and daptomycin provides a possible way to increase bacterial killing and
reduce the development of daptomycin resistance. The antibacterial activity of the PEI-GO is
attributed to the damaged cell membrane caused by the sharp edge and chain structure of the
PEI-GO nanosheets as well as the high density of amine groups presented in the PEI chains. Our
results indicate that PEI-GO dispersion has a great potential for clinical pathogenic bacteria

treatment.
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INTRODUCTION

The rapid emergence of drug-resistant bacteria!~ has posed a global public health problem. It
has ignited great interest in the novel strategies for combating antibiotic resistance. Infections
caused by drug-resistant bacteria lead to dramatically increasing in death rate, morbidity, and
expenditure regarding to the treatments.* According to a recent report, approximately 700,000
people are dead from drug-resistant bacteria each year, and the number will reach to 10 million
by 2050 unless drastic action is taken.’ With the rising threat of drug-resistant bacteria, it is of
great urgency to explore new antibiotic agents as well as strategy which will be effective to
oppose drug-resistant bacteria.

A relatively new antibiotic agent called Daptomycin has been adopted to treat multidrug-
resistant Gram-positive bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA).5®
Steenbergen et al. proposed an antibacterial mechanism of daptomycin, which involved the
insertion of lipophilic tail of daptomycin into the cell membrane, then led to rapid depolarization
of membrane and efflux of potassium ions.” However, more and more studies have reported the
daptomycin resistance in association with clinical treatment failures in MRSA infections.!*!2 In
order to minimize the emergence of daptomycin resistance, combinatorial therapy of using
daptomycin with other reagents has been proposed. Most of the additional reagents are organic

13-15 and silver nanoparticles'®, which may have the toxicity towards mammal cells.

antibiotics,
Recently, carbon nanomaterials, including carbon nanotubes (CNTs)!""!8 graphene oxide (GO)

and reduced graphene oxide (rGO) !, have been demonstrated to show promising antibacterial



activity and excellent biocompatibility to mammal cells. It was found that carbon nanomaterials
could cause both physical and chemical damages to bacteria. Vecitis et al. proposed a three-step
single-walled CNTs antibacterial mechanism involving initial bacteria contact, cell membrane
perturbation as well as electronic structure-dependent bacterial oxidation.?? Liu et al. proposed
an antibacterial mechanism of GO-based materials caused by membrane and oxidation stress.?’
The interaction between the bacterial cell and the sharp GO nanosheets led to the membrane
stress and bacteria oxidation.”> Pham et al. proved experimentally and theoretically that the
density of graphene edges was the principal parameter that contributed to the antibacterial
activity. They found the pores formed in the bacterial cell walls, which led to the imbalance of
osmotic pressure and the bacteria death.’* However, the antibacterial effect of the carbon
nanomaterials would only be effective with high concentration and prolonged exposure time. It
was demonstrated that GO nanowalls with a concentration of 1 mg/mL could kill 74% of S.
aureus cell in 1 h.?® The bacterial viability of E. coli cell could decrease to 0.5% when the
suspension was exposed to GO for 3 h with a concentration of 200 pg/mL.?! The high dosage
and long exposure time are not desirable and limit the applicability of these nanomaterials for
antibacterial agents. The development of new carbon nanomaterials with potent antibacterial
performance is urgently needed.

One of the important characteristics for carbon nanomaterials is their easy chemical
modification due to the carboxyl, epoxy and hydroxyl groups on their surfaces. They can be
modified with micromolecules, biomacromolecules, polymers and inorganic nanomaterials by
covalent or non-covalent bonds.>>’ Polyethyleneimine (PEI) is a weakly alkaline aliphatic
polymer with the existence of high-density primary, secondary and tertiary amine groups. The

amine groups can be protonated easily. PEI has been widely used to enhance the antibacterial



activities of antibiotics due to its excellent biocompatibility and strong membrane-permeabilizing
effect.?83° Furthermore, PEI can be covalently bonded with GO through the reaction between the
amine groups on PEI and the oxygen functional groups on the surface of GO.>! Huang et al.
prepared a new drug delivery system by cross linking PEI on a GO film.*? Compared with the
original GO film, the stability of the PEI cross-linked film was significantly improved and thus
exhibited an enhanced antibacterial effect.’? It has also been reported that PEI-GO incorporated
polyurethane film exhibited desirable antibacterial property, which was mainly attributed to the
relative high density of amine groups presented in the PEI chains.** The above literature mainly
focused on the study of antibacterial ability of GO-based films. However, the carbon
nanomaterials-PEI hybrid aqueous dispersion with drug-resistant antibacterial behavior has not
been explored. Compared with film, aqueous system is more suitable for biological applications
(such as cell, animal modes) and in-depth study. The aggregation of carbon nanomaterials
usually exists through n-n stacking in the aquatic systems, which has an important impact on the
interaction between nanomaterials and bacteria. It was reported that GO dispersions exhibited
better antibacterial activity than rGO aggregates since bacteria were wrapped by a thin layer of
GO while embedded in large rGO aggregates.'® Therefore it calls necessity to improve the water
dispersity of carbon-based nanomaterials.

In this study, polyethyleneimine-modified graphene oxide (PEI-GO) aqueous dispersion via a
one-step synthesis was prepared through the epoxy ring opening reaction at room temperature.
Branched amine-group-rich PEI was used to simultaneously reduce and functionalize GO. The
resultant PEI-GO aqueous dispersion is stable without precipitation even after one-week of
storage at ambient conditions. PEI-GO exhibited bacterial growth inhibition activity on MRSA

with MIC as low as 8 pg/mL. Furthermore, time-kill curves assay showed the bacterial killing



ability of PEI-GO. SYTOX Green assay illustrated the bacteria cell membrane permeability of
PEI-GO. Most importantly, when employing PEI-GO at 1-2 pg/mL, a synergistic effect with
daptomycin to resensitize daptomycin-resistant MRSA was revealed. The synergistic effect
between PEI-GO and daptomycin provides promising hopes for reducing the development of
daptomycin resistance and increasing bacteria killing power as compared with daptomycin
monotherapy. Our results indicate that PEI-GO dispersion has a great potential for clinical

pathogenic bacteria treatment.

MATERIALS and METHODS

Materials. Graphite powder was bought from Asbury Carbons (USA). Sulfuric acid (H2SOs4,
98 wt%), hydrogen peroxide (H202, 30 wt%), hydrochloric acid (HCI, 10 vol%), sodium nitrate
(NaNO3) and potassium permanganate (KMnOs) were purchased from Sigma-Aldrich (USA).
Branched polyethyleneimine (PEI) with number-average-molecular weight (Mn) of 10000 kg
mol! was purchased from Sigma-Aldrich (USA). Ethanol (ACS grade, 99.9 wt%) was obtained
from Anaqua (Hong Kong).

Characterizations. Scanning electron microscopy (SEM) was performed on JSM-633BF
operating at 10 kV. Atomic force microscopy (AFM) (Digital Instruments Nanoscope 1V)
operating in the tapping mode was used to measure the height of the materials. X-ray diffraction
(XRD) was obtained using Rigaku SmartLab X-ray diffractometer (Cu Ka radiation A =1.54056
A) operating at 45 kV and 200 mA. The Fourier transform infrared spectroscopy (FTIR) spectra
were carried out with Bruker ALPHA FTIR spectrometer and the resolution is 4 cm™. The X-ray
photoemission spectroscopy (XPS) measurements were performed on an AXIS Ultra DLD
spectrometer equipped with a 150 W monochromatic Al Ka X-ray source (1486.6 eV). The

Raman spectra were recorded on a LabRAM HR 800 Raman spectrometer with 488 nm



excitation. The UV-vis absorption spectra were measured on a Shimadzu UV-2550 spectrometer.
Microscopic measurements were performed by Leica TCS SP8 MP.

GO preparation. GO was prepared by the modified Hummers’ method***>. 23 mL of 98%
H>SO4 was firstly added to the mixture of 1.0 g graphite powder and 0.5 g NaNOs. The mixture
was cooled to 4 °C using an ice bath and stirred for 1 h. Add 3.0 g KMnO4 to the mixture. Keep
the reaction temperature at 5 °C and stir for 2 h. Then increase the temperature to 35 °C and stir
for 30 min. Add 80 mL DI water to the reaction and slowly increase the temperature to 90 °C and
react for 30 min. Then the reaction was cooled and followed by adding 60 mL DI water and 15
mL 30 wt% H>O: and stirred for 15 min. At last, 40 mL 10 vol% HCI was added and stirred for
10 min to end the reaction. After the reaction, the powder was obtained through centrifugation,
washing with DI water and drying in a vacuum oven at 60 °C overnight.

Modification of GO with PEIL. The GO (10 mg) was dispersed in 5 mL ethanol to form a
stable suspension. Then 20 mg of PEI was added and mixed with the as prepared GO solution.
The mixture was stirred for 24 h at room temperature. At last, the solid product, denoted as PEI-
GO, was obtained through centrifugation, washing with DI water and drying in an oven.

MIC test. Susceptibility to PEI-GO was performed on S. aureus and E. coli strains by the
standard broth dilution method according to the Clinical and Laboratory Standards Institute
(CLSI)*%*7 and MICs were obtained by CLSI guideline™.

Time-kill curves assay. The S. aureus strain ATCC29213 was cultured overnight and was
diluted 1:100 in Mueller-Hinton Broth and incubated at 37 °C with aeration at until ODsoo of 0.3.
Bacteria were then treated with PEI-GO at different concentrations (64 and 128 pg/mL) at 37 °C

and 250 r.p.m. At intervals, colony counts were performed.



SYTOX Green assay. The S. aureus strain ATCC29213 was cultured overnight and diluted
1:100 in MHB and incubated at 37 °C with aeration at until ODgoo of 0.3. Bacteria were then
treated with PEI-GO at different concentrations (16, 32 and 64 ug/mL) at 37 °C and 250 r.p.m.
After 30 min, colony counts were performed and aliquots were removed, washed three times
with sterile saline. 200 pL of bacteria suspension were incubated with 1 uM SYTOX Green for
10 min at room temperature. Fluorescence was measured by CLARIOstar microplate reader at
523+5 nm upon excitation at 50445 nm. Microscopic measurements of membrane permeability
were performed similarly as described above while 1mL of cell pellet was used instead.
Fluorescence was measured by Leica TCS SP8 MP at 523+20 nm upon excitation at 504+20 nm.

The signals were quantified by the LasX.

RESULTS AND DISCUSSION
Synthesis and characterization of PEI-GO

GO was firstly prepared by a modified Hummers’ method, which is a relative fast and
convenient method to produce GO with a relative high oxygen concentration. Then PEI was
covalently linked to GO through the epoxy ring opening reaction under room temperature. As
illustrated in Scheme 1, the reaction between the epoxy groups on GO and amine groups on PEI
results in the formation of hydroxyl groups and PEI grafted on GO via C-N bond. Compared
with GO aqueous dispersion, the resultant PEI-GO is stable without precipitation even after one-

week of storage at ambient conditions (Figure S1), which is essential for biological applications.
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Scheme 1. Schematic illustration of PEI-GO synthesis.

Aqueous dispersions of the GO and PEI-GO were then dropped onto silicon wafers, and SEM
images were taken randomly. Figures 1a and e show the SEM images of the GO and PEI-GO.
Image J software was used to determine the size distribution of the GO and PEI-GO samples.
After PEI functionalization, the lateral size of GO decreases from 2.7 um (Figure 1b) to 0.3 um
(Figure 1f). Figures 1c and g show AFM images of the GO and PEI-GO. The thickness of the
PEI-GO is around 1 nm (Figure 1h), lower than the GO (Figure 1d), indicating the GO sheets

with single layer are formed, which is probably due to the insertion of PEI into the GO layers.
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Figure 1. Representative SEM images by drying (a) GO and (e) PEI-GO dispersions on clean

silicon wafers. Lateral size distributions of (b) GO and (f) PEI-GO. The size distribution was



obtained by measuring at least 100 particles for each sample. AFM images of (¢) GO and (g)

PEI-GO on clean silicon wafers and (e, f) the corresponding height profiles of the AFM images.

The UV-vis spectrum of GO (Figure 2a) shows an absorption band at 270 nm with a shoulder
band at 320 nm, which are respectively attributed to n-n* transitions (C=C bonds) and n-r*
transitions (C=0O bonds). The PEI-GO UV-vis spectrum reveals PEI peak, which has a sharp
absorption increase near 200 nm, superimposing with the absorption curve of GO, suggesting the
successful conjunction of PEI onto GO. The XRD patterns of GO as well as PEI-GO are showed
in Figure S2a. The XRD curve of GO exhibits a sharp diffraction peak at 11.7° and a typical
blunt peak in the range of 20-30°, indicating graphite has been completely converted into GO.*
In the PEI-GO curve, the peak at 11.7° disappeared, indicating that the aggregation of GO sheets
is partialy prevented by PEI conjunction.*’ Raman spectra of GO and PEI-GO (Figure S2b) both
exhibit G band at 1592 cm™ and D band at 1340 cm™!, corresponding to sp? carbon domains and
disordered structural defects respectively.

We firstly used FTIR to identify the reaction between PEI and GO. Figure 2b shows the FTIR
spectra of GO, PEI and PEI-GO. Comparing with the individual GO and PEI, the peak of PEI-
GO exhibits the typical signal of C-N stretch (1462 cm™) and weak signal of N-H band (760 cm™
1. At the same time, the C-O-C peak at 1041 cm™ became weaker. This result proves that the
PEI is successfully modified on the GO by the reaction between C-O-C groups on the GO and
the amine groups on the PEI.

We further analyzed the chemical bonding of the PEI-GO using XPS. As shown in Figure 2c,
the N peak appeared in the XPS spectrum of PEI-GO clearly indicates the incorporation of PEI
onto GO. The oxygen content in GO is estimated to be 28 at%, whereas the percentage of

oxygen is decreased to 12 at% after PEI modification (Table S1). High-resolution Cls spectra of



the GO (Figure 2d) can be fitted into four fitted curves which are corresponding to sp?> C (284.5
eV), sp> C (285.2 eV), C-O (286.5 eV), and O=C-O (288.5 eV), respectively. The appearance of
the C-N peak at 286.0 eV in the Cls spectrum of the PEI-GO (Figure 2¢) confirms that PEI
chains are covalently linked to GO. The Nls spectrum of PEI-GO can be fitted into two
components: one at 399.0 eV representing the C-N peak, the other at 400.8 eV corresponding to
the partial protonation of C-N bond (Figure 2f).

We assume that the amine groups on PEI mainly reacted with the epoxy groups (C-O-C) on
GO surface and results in the formation of hydroxyl groups and PEI grafted on the surface of GO
via C-N bond as shown in Scheme 1. If C-O-C completely reacts with PEI, the number of
containing C-O will be reduced by half after the reaction. At the same time, the number of
COOH on the surface should not change before and after the reaction. Therefore, we could use
the peak area ratio of C-O-C to COOH to estimate the amount of C-O-C consumed during the
reaction. From the XPS Cls spectrum of GO (Figure 2d), the peak area ratio of C-O-C to COOH
was 7.8. After the reaction with PEI, this peak area ratio changed to 3.5, which was about half of
the previous ratio. This result indicates most C-O-C on GO has been grafted with amine groups

on PEI
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Figure 2. (a) UV-vis spectra of GO, PEI and PEI-GO. (b) FTIR spectra of GO, PEI and PEI-GO.
(c) Full range XPS spectra of GO and PEI-GO. XPS Cls spectra of (d) GO and (e) PEI-GO. (f)

XPS N1s spectrum of PEI-GO.

Bacterial growth inhibition activity of PEI-GO

We further studied the antibacterial activity of PEI-GO using the standard broth dilution
method. MIC refers to the lowest concentration of the antibacterial agent that inhibits the visible
growth of bacteria after incubating overnight.*! The turbidity of the culture dishes indicates the
amount of bacterial growth, meaning that less turbidity of a dish corresponds to a better
antibacterial activity of an agent. We used blank Mueller-Hinton Broth as a control to represent

clear solution. Table 1 and Figure S3 show the Broth microdilution MIC results of GO, PEI and
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PEI-GO towards both Gram-positive (e.g. S. aureus, including MRSA) and Gram-negative (e.g.
E. coli and carbapenem-resistant E. coli, CRA) bacteria. GO and PEI have little effect on the
tested bacteria (Table 1). The S. aureus and E. coli bacteria culture dishes treated with GO at
different concentrations present as turbid compared to the control one (Figures S3). On the
contrary, PEI-GO exhibits inhibition of bacterial growth on Gram-positive bacteria with MIC of
8 ng/mL (Table 1). The photos show that PEI-GO treated S. aureus bacteria culture dishes are
clear (Figure S3). The bacterial growth inhibition activity of PEI-GO is due to the coexistence of
PEI and GO. However, the solutions of E. coli treated with PEI-GO stayed turbid (Figure S3),
illustrating PEI-GO is less effective to Gram-negative bacteria. The different performances of
PEI-GO towards various bacteria are related to the bacterial structures. The out membrane
presented in Gram-negative bacteria forms a permeability barrier against substances and

macromolecules,*” making higher resistance to antibacterial agents.

Table 1. MIC test of PEI-GO on S. aureus and E. coli

MIC (pg/mL)

Gram-positive bacteria Gram-negative bacteria
Sample S. aureus MRSA E. coli CRE
GO >128 >128 >128 >128
PEI >128 >128 >128 >128
PEI-GO 8 8 >128 >128

12



Antibacterial activity of PEI-GO

We further investigated the antibacterial property of the PEI-GO towards S. aureus (ATCC
29213) using time-kill assay, which reflects the killing rate of bacteria by PEI-GO. Figure 3a
shows the viability of S. aureus as a function of incubation time with the PEI-GO at different
concentrations. PEI-GO shows a faster killing rate at higher concentration: at eight times of the
MIC, S. aureus is almost killed after 4 h. The time is reduced to 2 h if 16 times of the MIC is
used. Table S2 summarizes the antibacterial activity of various carbon nanomaterials in
suspension. Previous literature mainly focused on the carbon nanomaterials against Gram-
negative strains such as E. coli while Gram-positive strains were rarely investigated. PEI-GO
shows a higher efficiency in killing the bacteria among the reports, which could completely kill

S. aureus under the concentration of 64 pg/mL in 4 h.

Cell-membrane permeability of PEI-GO

SYTOX Green assay was performed to assess the bacteria cell membrane disruption potential
of PEI-GO. SYTOX Green has a high affinity to nucleic acid. It can easily penetrate the
damaged membrane and fluorescence the dead cells with bright green but not cross the
membrane of the living cells.* With the addition of PEI-GO to S. aureus, the fluorescence
intensity of SYTOX Green exhibits a concentration-dependent increase (Figures 3b and S4),
indicating that the antibacterial activity of PEI-GO is enhanced with the concentration increased.
We also used daptomycin as a positive contrast since it is a widely used anti-Gram-positive
bacterial agent that seriously disrupts the bacterial cytoplasmic membrane.***’ The fluorescence
intensity of PEI-GO at concentration of 64 pg/mL is comparable to daptomycin at concentration

of 16 ng/mL, indicating the high antibacterial performance of PEI-GO.
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Synergistic effect between PEI-GO and daptomycin

We further find the synergistic effect between PEI-GO and daptomycin in anti-Gram-positive
bacterial activity. Three Gram-positive S. aureus including MRSA 1114 strain and S. aureus
ATCC29213, ATCC1717 strains were chosen for the MIC tests. As shown in Figure 4, the MICs
of daptomycin against the three bacterial strains are respectively 2, 0.25 and 0.25 pg/mL. After
combining daptomycin with PEI-GO in different concentrations, the MIC is reduced. The PEI-
GO with the concentration of 2-4 pg/mL reduced the MIC by 2-fold for MRSA and 4-fold for S.
aureus. Most importantly, when employing PEI-GO at 1-2 pg/mL, the MIC against MRSA
decreased from 2 to 1 pg/mL, indicating that PEI-GO has a synergistic effect with daptomycin to
resensitize daptomycin-resistant MRSA (MIC>1 ug/mL). The synergistic effect between PEI-
GO and daptomycin provides promising hopes for reducing the development of daptomycin

resistance and increasing bacteria killing power as compared with daptomycin monotherapy.
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Figure 4. MIC test of daptomycin, daptomycin combined with PEI-GO on S. aureus with three

different strains (1114, ATCC29213 and ATCC1717).

Possible antibacterial mechanism

We then explain the possible anti-Gram-positive bacterial mechanism of PEI-GO. The
antibacterial activity of the PEI-GO could be attributed to the damaged membrane caused by the
sharp edge and chain structure of the PEI-GO nanosheets as well as the high-density amine
groups presented in the PEI chains as shown in Scheme 2. The MIC test of the GO, PEI and PEI-
GO revealed that the GO and PEI showed negligible antibacterial effect, while the PEI-GO
exhibited improved bacteria growth inhibition (Table 1). It has been reported that nanosheets
could serve as “cutters” to damage the membrane.>** As a polymer, individual PEI in aqueous
solution tends to form random-coil configuration.*” After the modification of PEI on GO, PEI

grafted uniformly on GO and formed chain structure, which led to the disturbance of the bacteria
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cell membrane. As verified by AFM (Figure 1), the thickness of the PEI-GO was reduced by
50% as compared with the pristine GO, which increased the sharpness of the edge, making PEI-
GO easier to interact with the membrane. In addition, the COOH group on the pristine GO and
the newly formed OH group on the PEI-GO surface could supply hydrogen ions to protonate the
amine groups on PEI. The protonated amine groups, which was confirmed by the XPS Nls
spectrum (Figure 2f), on the PEI have a relative high binding affinity to the negative charged
bacteria cell membrane.>*> Thus, the protonated amine groups attach to the membrane of the
bacteria, inducing the sharp edge and chain structure in nanosheets to damage the membrane,
which leads to the release of intracellular ingredients and bacterial death. Since daptomycin can
insert into and damage the cell membrane, the addition of the PEI-GO into daptomycin promotes

this process and reduces the dosage of daptomycin for killing bacteria.
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Scheme 2. Schematic illustration of possible antibacterial mechanism of PEI-GO.

CONCLUSIONS

We have prepared stable aqueous dispersion of PEI-GO via a one-step synthesis through the

epoxy ring opening reaction and demonstrated its antibacterial activity. MIC test results show
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that PEI-GO exhibits a significant bacterial growth inhibition activity towards Gram-positive
bacteria with MIC as low as 8 pg/mL. Furthermore, time-kill curves assay shows the bacterial
killing ability of PEI-GO. SYTOX Green assay illustrates the bacteria cell membrane
permeability of PEI-GO. Most importantly, the PEI-GO with the concentration of 1-2 ug/mL
shows synergistic effect with daptomycin to resensitize daptomycin-resistant MRSA. Synergistic
effect between PEI-GO and daptomycin provides a possible way to increase bacterial killing and
reduce the development of daptomycin resistance. PEI-GO with the desirable antibacterial
activity has great potential for clinical pathogenic bacteria treatment. Although a detailed
antibacterial mechanism study of PEI-GO is required in the future work, the bactericidal activity
has been realized by our selection strategy of modifier, which is applicable to other carbon

nanomaterials.
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