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Ball milled glyco-graphene oxide conjugates
markedly disrupted Pseudomonas aeruginosa
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The engineering of the surface of nanomaterials with bioactive molecules allows controlling their biologi-
cal identity thus accessing functional materials with tuned physicochemical and biological profiles suited
for specific applications. Then, the manufacturing process, by which the nanomaterial surface is grafted,
has a significant impact on their development and innovation. In this regard, we report herein the grafting
of sugar headgroups on a graphene oxide (GO) surface by exploiting a green manufacturing process that
relies on the use of vibrational ball mills, a grinding apparatus in which the energy is transferred to the
reacting species through collision with agate spheres inside a closed and vibrating vessel. The chemical
composition and the morphology of the resulting glyco-graphene oxide conjugates (glyco-GO) are
assessed by the combination of a series of complementary advanced techniques (i.e. UV-vis and Raman
spectroscopy, transmission electron microscopy, and Magic Angle Spinning (MAS) solid-state NMR
(ssNMR) providing in-depth insights into the chemical reactivity of GO in a mechanochemical route. The
conjugation of monosaccharide residues on the GO surface significantly improves the antimicrobial
activity of pristine GO against P. aeruginosa. Indeed, glyco-GO conjugates, according to the monosac-
charide derivatives installed into the GO surface, affect the ability of sessile cells to adhere to a polystyrene
surface in a colony forming assay. Scanning electron microscopy images clearly show that glyco-GO
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Introduction

Biofilm-associated infections represent the majority of chronic
infections including nosocomial ones." Specifically, biofilms
are composed of bacterial communities that are embedded in
a self-produced matrix of extracellular polymeric substances
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conjugates significantly disrupt an already established P. aeruginosa biofilm.

(EPSs).” Here, the lifestyle of pathogens is clearly distinct from
that of free-living (planktonic) bacterial cells. Indeed, while
bacteria belonging to the superficial layers can leave the
biofilm and colonize new sites, cells of the deeper layer slow
down their metabolism. Microorganisms organized in biofilms
are more resistant to antimicrobial agents as the results of

$Consorzio Interuniversitario Risonanze Magnetiche Metalloproteine Paramagnetiche
(CIRMMP), Via Luigi Sacconi 6, 50019 Sesto Fiorentino, FI, Italy

"Department of Chemistry and Industrial Chemistry, University of Pisa, Via Moruzzi
13, 56132 Pisa, Italy

‘Department of Chemical Sciences, University of Padova, Via Marzolo 1, 35131
Padova, Italy

JCentre for Mechanics of Biological Materials - CMBM, Via Marzolo 9, 35131
Padova, Italy

T Electronic supplementary information (ESI) available: Protocols for the prepa-
ration of compounds 4-6, 12, 13, 15, 16, 18, and 19; methods for TGA, ICP-AES,
and IR, UV-vis, Raman and NMR spectroscopy of glyco-GO conjugates 1-3. See
DOI: https://doi.org/10.1039/d2nr02027k

{These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2022


http://rsc.li/nanoscale
http://orcid.org/0000-0002-4078-0254
http://orcid.org/0000-0003-4066-4031
http://orcid.org/0000-0003-1511-6762
http://orcid.org/0000-0002-9780-7059
http://orcid.org/0000-0002-9448-4776
http://orcid.org/0000-0002-7042-2335
http://orcid.org/0000-0001-8967-560X
http://orcid.org/0000-0002-4913-6414
http://orcid.org/0000-0001-7093-9513
https://doi.org/10.1039/d2nr02027k
https://doi.org/10.1039/d2nr02027k
http://crossmark.crossref.org/dialog/?doi=10.1039/d2nr02027k&domain=pdf&date_stamp=2022-07-18
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr02027k
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR014028

Open Access Article. Published on 21 June 2022. Downloaded on 1/18/2026 1:46:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

multifactorial mechanisms® and, as more recently discovered,
of the presence of peculiar phenotypic sub-populations (i.e.
persister and viable but non-culturable (VBNC) cells).*®
Therefore, the discovery of efficient anti-biofilm formulations
is a top priority in the current health context.’

P. aeruginosa is a multidrug-resistant Gram negative oppor-
tunistic bacterium capable of causing lung and bloodstream
infections including sepsis and it is now listed as a “priority
pathogen” by the World Health Organization.’® The persist-
ence of P. aeruginosa is attributed to its ability to form, under
moist conditions, biofilms on almost all inert materials
including medical devices (i.e. catheters, ventilator tubes, pros-
theses) and biotic surfaces, making the biofilm the main viru-
lence factor in most chronic infections.™* The establishment of
a chronic infection is determined by the different properties
displayed by the P. aeruginosa biofilm.>">'? In particular, resis-
tance to antibiotics of P. aeruginosa biofilm-associated cells is
related to multifaceted factors, such as the production of the
polysaccharide alginate in the matrix and of filamentous
phages that might also contribute to slowing the antibiotic
diffusion through the biofilm,"® mutations in the regulators of
efflux pumps, and the acquisition of resistance determinants
through horizontal gene transfer.'

P. aeruginosa produces two small soluble calcium(u)-depen-
dent homotetrameric lectins, the p-galactose-binding LecA and
the p-mannose/i-fucose-binding LecB.'> These carbohydrate-
binding proteins are key players in the formation of the
P. aeruginosa biofilm matrix as they are involved in the specific
recognition of glycans expressed on the host cell surface.'®"”
In addition, they bind branched side glycan chains of the exo-
polysaccharides in the matrix thus contributing to the bio-
film’s structural integrity and increasing the retention of bac-
terial cells within the biofilm.® Therefore, the identification of
drugs able to interfere with the lectin-sugar interactions is
considered an intriguing approach to overcoming the for-
mation of biofilms and the surge of antibiotic resistance.’®™*
In particular, the conjugation of p-galactose, rL-fucose glyco-
sides and their glycomimetics/analogues to a vast array of
multivalent glyco-constructs (i.e. glycopolymers, glycoclusters,
glycodendrimers and glyconanoparticles) proved to be a puta-
tive therapeutic approach toward the development of antiadhe-
sive agents that by the targeting of either LecA or LecB, inter-
feres with P. aeruginosa adhesion since the early stages of
biofilm formation.?* >

In this context, carbon nanomaterials, thanks to their
peculiar properties and the high surface area, are suitable plat-
forms for the self-assembly and conjugation of carbohydrates
aimed at the creation of versatile nanostructures for appli-
cations in nanomedicine.”** Among them, pristine (or
reduced) graphene and its oxidized form graphene oxide (GO)
are attractive nanomaterials for many applications.”® The graft-
ing of simple and complex saccharides,> ' on the graphene
surface through both covalent and non-covalent interactions,
provides not just stable aqueous glycographene suspensions,
but also enables exploring the biomolecular recognition of
glycans by the creation of bioactive glyconanohybrids.?”-3%33
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However, their combination with carbohydrates is the least
explored compared to the other carbon nanomaterials (i.e. full-
erenes, carbon nanotubes).’*?* Indeed, glycographene conju-
gates have been mainly studied in biomedical applications,
where the molecular recognition of glycans plays a key role,
such as the fabrication of biosensors for the detection of
lectins®**® or carbohydrate binding receptors,*® for bacterial
capture and disinfection,” and also as delivery systems for
cancer therapy.*®***> GO proved to be, in some of these appli-
cations, a better candidate over pristine graphene due to its
potential to be degraded by peroxidase enzymes.*’ Notably,
the accumulation of GO in specific organs is significantly
affected by the thickness of GO sheets and some studies
reported the long-term cytocompatibility of highly dispersed
GO sheets.*® In addition, the covalent chemical functionali-
zation of GO and the aqueous colloidal stability enhance the
rate of biodegradation and thus its biocompatibility.*?

The bactericidal activity of GO has been reported***> and it
was mainly attributed to the combination of physical (i.e. bac-
teria wrapping and nano-knife action)”® and chemical (i.e.
reactive oxygen species production) damages induced by GO
nanosheets which cause the collapse of bacterial cells (the
‘nanoscale dewetting’).’® In particular, some of us have
recently characterized the antimicrobial properties of GO by
evaluating the different mechanisms of action with respect to
the environmental conditions adopted to study the bacteria—
GO interaction, along with other studies regarding the anti-
biofilm properties of GO.***®

In this work, GO was modified by grafting monosaccharides
leading to chemical converted glyco-GO derivatives 1-3 (Fig. 1).

In particular, 1-fucose and p-mannose residues have been
included for the targeting of LecB whereas p-galactose residues
have been included for providing the targeting of LecA.
Notably, monosaccharides have been grafted on the GO
surface by exploiting an unconventional and innovative
approach that we have already employed for the functionali-
zation of structurally different bionanomaterials, and that
relies on the use of a vibrational ball milling apparatus.*®*® In
the mechanochemical approach the reactions are conducted
inside a closed vessel containing the reagents and appropri-
ately sized spheres/balls (i.e. stainless steel, agate or tungsten
carbide spheres). Then, the shaking of the container causes
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Fig. 1 General structure of glyco-GO conjugates 1-3.
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the spheres to collide with each other, transferring energy to
the reactants.>'

In this work, the reactivity of pristine GO with monosac-
charides in the mechanochemical process has been investi-
gated by characterizing the glyco-GO conjugates using comp-
lementary and advanced techniques. The glyco-GO conjugates,
according to the terminal monosaccharide residues, efficiently
provide P. aeruginosa biofilm dispersal, by exploiting both the
intrinsic GO associated ‘nanoscale dewetting’ effect and by
interfering with the lectin-sugar recognition in a synergic way.

Results and discussion

Mechanochemical synthesis and characterization of glyco-GO
conjugates 1-3

We have recently reported on the efficient nucleophilic substi-
tution of primary amine groups on the epoxide residues of the
GO platform by exploiting the ball milling approach.”” This
strategy, which has recently proved to access a wide range of
compounds,**>® allowed us to obtain a functionalized GO con-
jugate using a green and scalable process under organic
solvent-free conditions. In this work, we employed this proto-
col using vibrational ball mills for the synthesis of glyco-GO
conjugates 1-3 (Scheme 1).

At first, glycosides 4-6 (Scheme 1), containing respectively
i-fucose (Fuc, compound 4, Scheme 1), p-galactose (Gal,
compound 5, Scheme 1), and p-mannose (Man, compound 6,
Scheme 1) residues and bearing a PEGylated linker at
the anomeric position, have been prepared starting from
the corresponding fully acetylated monosaccharides by modify-
ing previously reported protocols (see the ESI, Schemes
$1-83%).3%%4

Then, we selected the fucose derivative 4 (Scheme 1) to opti-
mize the milling conditions. The mechanochemical reaction

0]
OH A a) OH
1 COOH
HO OH ‘ s
OH O NHE
g\owo{/\ )/\/NHZ & © OH {Aoi\/{ <I)H" B H
HO o — : LA _o
50H 2 a) \ A A H
) .
OH
%
HO
Pdu HO oA
HO o) o NH™ —F
2 iR A LSS

Scheme 1 Synthesis of Fuc-GO 1, Gal-GO 2, and Man-GO 3. Reaction
conditions: (a) Graphene oxide (GO) powder, 10 mL agate jar, agate
spheres @1 cm, 25 Hz, 90 min.
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was performed by grinding GO powder and 4 (in 1:1 ratio in
weight) at 25 Hz for 40 minutes in a 10 mL stainless-steel
mixer mill and using two stainless-steel balls (& = 1.0 cm).
Fucoside 4 is a viscous oil, and thus we performed milling
under wet grinding conditions*® by adding water (450 uL) in a
solvent-volume/reagent-weight ratio (7)*° of 2.25. The product
was easily recovered from the jar using Milli-Q H,O and then,
it was centrifuged (8000 rpm, 30 min, 2 cycles). The solid was
dispersed in methanol (100 mL) and filtered (0.2 um, Nylon
membrane).

Thermogravimetric analysis (TGA) under an air atmosphere
(see the ESI, Fig. S11 Fuc-GO 1a) showed a relevant residual
weight at 500 °C and above, not observed with pristine GO,
whereas both the organic and GO components are expected to
decompose at lower temperatures. In particular, the pyrolysis
of the oxygenated groups on the basal GO plane and of the
sugar is supposed to occur up to about 350 °C, followed by
complete sample combustion.”®> Accordingly, inductively
coupled plasma atomic emission spectroscopy (ICP-AES) ana-
lyses of Fuc-GO 1a (see the ESI, Table S1f) showed the pres-
ence of metallic residues (i.e. iron and chromium), incorpor-
ated during the milling process.’® In order to avoid the acidic
work-up to remove the metallic debris,>® that were non-compa-
tible with the presence of glycosides, we decided to modify the
grinding conditions. Indeed, despite the use of wet conditions,
the viscosity of the monosaccharide derivative resulted in
sticky reaction mixtures, which could have hindered the ade-
quate motion of the balls during the milling process.
Therefore, we decided to include NaCl as an inert milling
auxiliary®® and to work under liquid-assisted grinding (LAG)*®
conditions by reducing the 5 value to 0.46 (200 pL of water),
aiming at improving the homogeneity of the reaction mixture
and the overall mixing. In doing so, GO powder and 4
(Scheme 1) were milled in a ratio of 1:1 in the presence of
NacCl (230 mg) and water (200 pL) using the same milling con-
ditions described before (25 Hz, 40 minutes, 10 mL mixer mill,
two stainless-steel balls @ = 1.0 cm). In this case, only a slightly
lower residual weight was detected by TGA (see the ESI,
Fig. S1,T Fuc-GO 1b). Accordingly, ICP-AES analysis (see the
ESI, Table S11) showed that the amount of metal debris was
slightly reduced under these conditions (% Fe: 13.11 of 1b vs.
16.10 of 1a; % Cr: 2.04 of 1b vs. 3.70 of 1a).

On the basis of these findings, agate milling media (both
jars and balls) were used aimed at avoiding the leaching of
metallic debris and at maintaining the mechanochemical
efficiency of the process. In addition, the amount of inert
milling auxiliary was increased (430 mg vs. 230 mg) whereas
the 7 value was reduced to 0.25 (150 pL of water). Thus, GO
powder and 4 (Scheme 1) were milled in a ratio of 1:1 at 25 Hz
for 40 minutes in a 10 mL mixer mill and using two agate
balls (& = 1.0 cm). In turn, the product was recovered from the
jar using Milli-Q H,O and then centrifuged (8000 rpm, 30 min,
2 cycles). The solid was dispersed in methanol (100 mL) and
filtered (0.2 pm, Nylon membrane). As expected, no trace of
metallic residues was detected by ICP analysis (see the ESI,
Table S1,f Fuc-GO 1). Accordingly, TGA shows the complete

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (A) Thermogravimetric analysis (TGA) under an air atmosphere;

(B) Raman spectra; and (C) TEM images of Fuc-GO 1, Gal-GO 2, Man-
GO 3, GObm (pristine GO milled without monosaccharide derivatives)
and pristine GO.

combustion of the sample with a residual weight close to that
of pristine GO (Fig. 2, Fuc-GO 1), excluding contamination
from the milling process.

On this basis, we decided to extend the protocol for the
grafting of the galactose (compound 5, Scheme 1) and
mannose (compound 6, Scheme 1) glycosides on the pristine
GO surface. TGA analyses in air (Fig. 2A and see the ESI
Fig. S21) and ICP-AES data (see the ESI, Table S1}) of the
resulting Gal-GO 2 and Man-GO 3 conjugates confirmed that
contamination was avoided, as for the case of Fuc-GO 1.
Thermograms from the glyco-GO conjugates 1-3 (Fig. 2A) show
a lower combustion temperature (centered at about 420 °C)
than pristine GO (about 460 °C). This effect can be ascribed to
the mechanical action of ball milling, inducing fragmentation
of GO as also evidenced by TEM (vide infra), and making oxyge-
nated groups more exposed. In fact, the same temperature low-
ering is observed with a GO sample subjected to the milling
procedure, but without sugar (Fig. 2A, named GObm deriva-
tive). The weight loss ascribed to the organic moiety is sup-
posed to occur in a range of temperatures partly superimposed
to the weight losses due to the pyrolysis and combustion of
oxygenated groups and the basal plane of GO, centered at 180
and 400 degrees respectively. By comparing the weight losses
of the three glyco-GO conjugates with that of GObm in the

This journal is © The Royal Society of Chemistry 2022
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intermediate region (230-330 °C), less affected by the two
main decompositions, a relative (underestimated) evaluation
of sugar loadings is obtained for Fuc-GO 1 (3.1%), Gal-GO 2
(5.1%), and Man-GO 3 (3.2%). TGA data are in agreement with
the trend obtained by elemental analysis (see the ESI,
Table S27).

Then, all the conjugates were further characterized by
means of a series of complementary techniques such as UV-vis
spectroscopy, Fourier-transform infrared (FTIR) spectroscopy,
transmission electron microscopy (TEM), Raman spectroscopy
and solid-state NMR aiming at an in-depth evaluation of the
chemical reactivity of pristine GO in the milling process.

FT-IR spectroscopy has been reported as a useful method-
ology for defining the chemistry involved in the reaction of
GO.* In particular, the change in the intensity of the epoxide
peak at 1230 cm™' was monitored in order to evaluate GO
functionalization by epoxide ring opening. However, as pre-
viously reported,*® such a band is usually small and can be
overlapped by other bands, thus making the comparative ana-
lysis of the spectra difficult. This is the case of IR spectra of
the glyco-GO conjugates 1-3 which were compared with the IR
spectrum of pristine GO (see the ESI, Fig. S3t). Therefore,
FT-IR spectroscopy cannot be used to confirm the outcome of
the reaction. The UV-Vis absorption spectra of GO glycoconju-
gates 1-3 (see the ESI, Fig. S41) showed a broadening in the
GO absorption peak at 230 nm and as expected no other
absorption bands are introduced upon functionalization with
the monosaccharide moieties.

Then, Raman spectroscopy was employed to acquire the
Raman spectra of all the conjugates, as well as of the pristine
GO and GObm. Fig. 2B shows the Raman spectra acquired at a
laser excitation wavelength A.,. = 532 nm in the frequency
range 102-3203 cm™ ', while Table 1 summarizes the most sig-
nificant spectral parameters for the different samples.

The Raman spectra of all compounds (Fig. 2B) show three
main diagnostic bands, marked as D, G, and 2D, which are
typical of graphene-based materials.”” Specifically, the high
intensity D and G bands result from the presence of defects in
the material, and the in-plane vibration of the sp> hybridized
carbon atoms, respectively. The 2D band, of lower intensity, is
related to the number of graphene layers. The positions of the
D and G band maxima are related to the hybridization of
carbon atoms, while the ratio between their intensities (Ip/Ig)
accounts for the degree of order within the material.*® From
Table 1, no major variations in the Ip/I; ratio emerge between
different samples, indicating that both the ball milling process
and the conjugation with monosaccharides do not signifi-

Table 1 Raman analysis results of GO, GObm, Fuc-GO 1, Gal-GO 2,
and Man-GO 3

Sample GO GObm Fuc-GO 1 Gal-GO 2 Man-GO 3
D(em™) 1347 1352 1367 1350 1354
G (Cm_l) 1594 1590 1590 1586 1591
I/l 0.93 0.91 0.88 0.92 0.94

Nanoscale, 2022, 14,10190-10199 | 10193
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cantly alter the degree of order present in the original GO. In
contrast, significant shifts in the positions of the G and D
bands with respect to the pristine GO are observed for GObm,
Fuc-GO 1, Gal-GO 2, and Man-GO 3, i.e., a 3-8 cm ™" blue shift
and a 3-20 cm™" red shift for the G and D bands, respectively.
The shifts of G and D peaks recorded for GObm suggest the
possible presence of additional effects, likely related to the
modifications of pristine GO occurring during the ball milling
process. Indeed, TEM analyses (Fig. 2C) of both ball-milled
glyco-GO conjugates 1-3 and GObm provided insights into the
effect of milling on the morphology of the GO. As expected,
pristine GO is highly dispersible in water, and only few layer
GOs have been identified in the TEM images. In particular, GO
sheets are characterized by crinkles and folded regions, due to
the overlay of multiple sheets, with a lateral size of a few
microns. The TEM analysis of the GObm (Fig. 2C) showed that
the milling caused fragmentation of the pristine GO sheets
reducing the lateral size. However, their dispersibility in water
seems to be not affected, as proved by the complete absence of
aggregates in the sample. After functionalization with the
monosaccharide derivatives the sheets became more con-
trasted (Fig. 2C, Fuc-GO 1, Gal-GO 2, and Man-GO 3). The
increase of contrast might be due to an increase in the surface
defects of the material. In addition, the TEM images of ball
milled glyco-GO conjugates 1-3 also confirmed the absence of
contamination of the samples due to the leaching from the jar
surface.

The ball-milled glyco-GO conjugates 1-3 and GObm were
investigated also through Magic Angle Spinning (MAS) solid-
state NMR (ssNMR) (Fig. 3).

3C MAS ssNMR spectra allow us to monitor the different
functionalities present on the GO surface, monitoring either
the effective presence of the monosaccharides on the GO

Man-GO

Fuc-GO

Gal-GO /
. - N’

\ LA\ /“\\. -

M/\'W

“C Chemical Shift (ppm)

Fig. 3 C CP MAS spectra of the glyco-GO conjugates 1-3, and
GObm. Spectra are acquired at 20.0 T (850 MHz *H Larmor frequency,
213.8 MHz 3C Larmor frequency) and 20.0 kHz MAS frequency. The
glyco-GO conjugates 1-3 show a clear shoulder at around 55-70 ppm
(light blue arrow) that corresponds to the resonances of the saccharide
units and it is not present in the GObm spectrum, and other saccharide
resonances fall at 70-85 ppm but overlap with the GO resonances.
Additional resonances of the saccharide linkers are visible from 20 to
45 ppm (orange arrows). Spectra were acquired with 40 960 scans and
with a CP contact time of 100 ps. Further experimental details are
reported in the ESIL.}

10194 | Nanoscale, 2022, 14,10190-10199

View Article Online

Nanoscale

surface or the transformation in GO upon the ball milling
process.>™®* In Fig. 3, we report the comparison of the **C 1D
Cross-Polarization MAS spectra (CP-MAS) for glyco-GO conju-
gates 1-3 and GObm. Ball milled GO (GObm) shows a charac-
teristic band at 65-80 ppm, which is usually attributed to the
epoxide (C-O-C) and C-OH groups present on the GO
surface.®®®* In Fig. 3 the CP-MAS spectrum is recorded with a
very short contact time of 100 ps, in order to selectively detect
the resonances of protonated carbon atoms, and in particular
of the sugar functionalities. For this reason, the resonances of
the epoxide carbons and the aromatic C=C quaternary
carbons at around 59 and 129 ppm, respectively, are weak and
essentially broadened below detection.®:%*

Another band at around 30 ppm can be attributed to ali-
phatic carbons already present in the material before
functionalization, and probably formed during the ball milling
procedure; similar resonances are observed in highly oxidized
GO.%® We report in Fig. S5 (see the ESIT) the spectrum of Gal-
GO 2 acquired with direct "*C excitation (without CP) where all
the carbon resonances are observed. Nevertheless, this spec-
trum does not profit from the enhanced sensitivity of CP and
the resonances of the monosaccharide and aliphatic function-
alities are barely observed. In CP-MAS the **C magnetization is
increased by transferring polarization from the neighboring
protons, not necessarily protons bound to *C carbons but in
close proximity to them (coupled with a dipolar interaction).
With the short contact time used in spectra in Fig. 3, the weak
intensity of carbon signals can reflect the distance of these aro-
matic carbon atoms from functionalities bearing protons and
only carbons a few A from protons are essentially observed.
The lack of resolution in the carbon resonances reflects the
heterogeneous structure of the GO surface, which has no well
defined structure, and is typical of these nanomaterials. Upon
functionalization, glyco-GO conjugates 1-3 show additional
resonances, corresponding to the methylene groups of the
short PEG chain and the monosaccharide resonances. These
are responsible for the new resonance observed in the range of
20-45 ppm (orange arrows in Fig. 3) and from 55 to 70 ppm
(light blue arrow), these correspond to the saccharide-linker
and the saccharide unit, respectively. The resonances of the
saccharide unit are clearly observed in all glyco-GO conjugates
1-3 and not observed on GObm, and the additional saccharide
resonances fall from 70 to 85 ppm but overlap with the C-OH
GObm resonances and cannot be distinguished.

To further confirm the presence of monosaccharide and
PEG functionalities on the GO surface, we also performed a
'H-"*C 2D FSLG (Frequency-Switched Lee-Goldberg) experi-
ment. In this sSNMR correlation experiment the resonances of
the *C spins are correlated with protons present in close
proximity, either bound protons or the C-OH proton of the
sugar or eventually strongly adsorbed water in contact with the
surface. The proton resolution in the indirect dimension is
enhanced by the simultaneous use of the Lee-Goldberg
sequence (at 100 kHz radio-frequency power) and the high
magnetic field (20.0 T, 850 MHz 'H Larmor frequency). To
ensure the selectivity in the correlation, the CP contact time in

This journal is © The Royal Society of Chemistry 2022
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the 'H to >C magnetization transfer was set to 100 ps. The 2D
spectrum of Gal-GO 2 is reported in Fig. S6:} it clearly shows
sugar resonances at 60-70 ppm that are partially overlapped
with the unresolved GO C-OH resonances. These sugar reso-
nances that are visible as a shoulder in the 1D spectrum in the
2D are more clearly distinguished. Additionally, the reso-
nances of the saccharide linker can be clearly recognized as
peaks from 40 to 20 ppm in carbon and around 3-4 ppm in
the proton dimension. This spectrum confirms the effective
functionalization of the GO surface.

Antimicrobial and antibiofilm activity of glyco-GO conjugates
1-3
The bactericidal effect of glyco-GO conjugates 1-3 was
assessed by measuring the minimal bactericidal concentration
(MBC, the lowest concentration of drug that kills more than
99% of the bacterial population) values against P. aeruginosa
(see the ESI, Table S37). All the MBC values against planktonic
cells were in the pg mL™" range. In particular, Fuc-GO 1 and
Gal-GO 2 conjugates showed a lower MBC (32 pg mL™") com-
pared to pristine GO (64 pg mL™'). Then, Fuc-GO 1 was
selected as a sample conjugate and planktonic cells were
treated with a sub-MBC concentration (16 pg mL™"). Scanning
electron microscopy (SEM) revealed an evident effect on the
cell morphology (Fig. 4A and B). After overnight incubation,
the SEM images showed P. aeruginosa deflated cells (Fig. 4B),
with an evident alteration of the cell wall. Although the bac-
teria are not lysed and still alive, cellular suffering appeared
evident.

To confirm our hypothesis, a live/dead assay was performed
using a LIVE/DEAD® BacLight™ bacterial viability kit. This
assay discriminates between viable (alive) colored in green and

Fig. 4 SEM representative images of P. aeruginosa cells: untreated cells
(A) and after treatment with Fuc-GO 1 (B). Magnification: 3000x; scale
bar 1 ym. Representative fluorescence images of untreated cells (C) and
after treatment with Fuc-GO 1 (D) P. aeruginosa cells obtained with a
Cytation 5 cell imaging multi-mode reader. Green indicates live cells,
and red indicates dead cells. Yellow bar: 100 ym.
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non-viable (dead) colored in red bacterial cells.®® Specifically,
two nucleic acid binding fluorescent dyes, SYTO 9 and propi-
dium iodide, stain bacteria with intact cell membranes in
green and bacteria with damaged cell walls in red. Fig. 4C and
D show that planktonic P. aeruginosa treated with Fuc-GO 1
maintains high viability compared to untreated cells (Fig. 4C),
in the presence of a low percentage of dead cells.

Then, the ability of the glyco-GO conjugates 1-3 to disrupt
the P. aeruginosa biofilm was evaluated. Specifically, a colony
forming unit (CFU) is a parameter that shows the ability of a
compound to detach sessile cells from a specific surface.
Thus, P. aeruginosa cells were treated with selected glyco-GO
conjugates 1-3 and then were allowed to adhere to a poly-
styrene surface. CFUs per mL of bacterial cells adhered to the
polystyrene surface were calculated (Fig. 5).

Data obtained showed a significant reduction in CFUs per
mL of the P. aeruginosa biofilm treated with all glyco-GO conju-
gates compared with the untreated biofilm (CRT) and the
biofilm treated with pristine GO (Fig. 5). In particular, the
fucose bearing conjugate 1, and to a slightly lesser extent the
galactose bearing conjugate 2, turned out to be most effective
in disrupting cell adhesion. The glyco-GO conjugate 3 showed
significantly lower activity according to the known lower-
affinity of p-mannose vs. LecB.®”°® Then, the morphological
and structural changes on the microbial biofilm were analyzed
by SEM. Accordingly, SEM images showed that the treatment
with Fuc-GO 1 and Gal-GO 2 heavily affected the P. aeruginosa
biofilm ultrastructure (Fig. 6).

Both the untreated biofilm (CRT) and biofilm treated with
pristine GO maintained a cellular density and organization
typical of a mature biofilm. Biofilm demolition by glyco-GO
conjugates appeared clearly based on the reduction of bac-
terial cells with a decrease in their three-dimensional organiz-
ation (Fig. 6).

The specific recognition of carbohydrates by bacterial
lectins governs critical host-microbe interactions. Lectins
further mediate the colonization of bacteria helping to develop
biofilms. Our findings support the hypothesis that the mono-

107 -

CFU/mi

Fig. 5 Mean colony-forming unit (CFU) values obtained after treatment
of a mature P. aeruginosa biofilm with different glyco-GO conjugates
1-3. The CFU from an untreated biofilm is reported as a control (CTR).
** = 0.002; * = 0.048.
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GAL-GO 2 FUC-GO 1

MAN-GO 3

Fig. 6 SEM images of the P. aeruginosa biofilm treated (72 h) with
different glyco-GO conjugates 1-3 and pristine GO at 256 pg ml™.
Magnification: 3 K and 10 K.

saccharide headgroups on the graphene surface are able to
target P. aeruginosa lectins by interfering with the lectin-sugar
recognition events that regulate biofilm formation.

Experimental
Materials and methods

All reagents, whose synthesis is not described, were commer-
cially available and were used without any further purification,
if not specified otherwise. GO powder was purchased from
Nanesa. Ball milling was carried out with a Powtech GT
300 mixer mill, using a 10 mL agate mixing mill and agate
balls (@ 1 cm). Filtration was carried out using a glass vacuum
filter with a 0.2 um Nylon membrane (Sartorius). UV-vis
spectra were recorded with a Varian Cary 4000 UV-vis spectro-
photometer using a 1 cm cell. Potassium bromide (KBr) pellets
were prepared using 100 mg of potassium bromide and 1.0 mg
of sample. The spectra were recorded under an inert atmo-
sphere and a pure potassium bromide pellet was used as the
background. TEM micrographs were acquired using a JEOL
100 SX, operating at 100 kV. Samples were prepared by drop
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drying a dilute suspension of GO in water (after 10 minutes of
sonication) onto 200 mesh carbon-coated copper grids. The
NMR spectra of glycoside derivatives were recorded using an
Inova 400 instrument.

Synthesis of Fuc-GO 1. To a stirred solution of 4 (80 mg,
0.27 mmol) in methanol (10 mL), 430 mg of NaCl were added.
The mixture was stirred for 5 min and then it was concentrated
under vacuum. A 10 mL agate mixing mill, equipped with two
agate balls (@ 1 cm), was charged with 100 mg of graphene
oxide (GO), the solid 4 previously absorbed on NaCl and Milli-
Q H,0 (150 pL). Then, the mixture was milled for 40 min at 25
Hz (1500 rpm). The powder was recovered, dispersed in Milli-Q
H,O0 (100 mL), then sonicated (10 min, 59 Hz) and centrifuged
(30 min, 15 °C, 8000 rpm). The solid was collected and dis-
persed in Milli-Q H,O (100 mL), then sonicated (10 min, 59
Hz) and centrifuged (30 min, 15 °C, 8000 rpm). Thus, the solid
was recovered and dispersed in MeOH (100 mL). The dis-
persion was filtered using a glass vacuum filter with a 0.2 pm
Nylon membrane (Sartorius) and the solid was washed with
Milli-Q H,O0 (2 x 30 mL). The powder was recovered and dis-
persed in water, sonicated for 5 min at 59 kHz and lyophilized
to obtain 74 mg of Fuc-GO 1 as a black powder.

Synthesis of Gal-GO 2. To a stirred solution of 5 (80 mg,
0.26 mmol) in methanol (10 mL), 430 mg of NaCl were added.
The mixture was stirred for 5 min and then it was concentrated
under vacuum. A 10 mL agate mixing mill, equipped with two
agate balls (@ 1 cm), was charged with 100 mg of graphene
oxide (GO), the solid 5 previously absorbed on NaCl and Milli-
Q H,O0 (150 pL). Then the mixture was milled for 40 min at 25
Hz (1500 rpm). The powder was recovered, dispersed in Milli-Q
H,O (100 mL), then sonicated (10 min, 59 Hz) and centrifuged
(30 min, 15 °C, 8000 rpm). The solid was collected and dis-
persed in Milli-Q H,O (100 mL), then sonicated (10 min, 59
Hz) and centrifuged (30 min, 15 °C, 8000 rpm). Thus, the solid
was recovered and dispersed in MeOH (100 mL). The dis-
persion was filtered using a glass vacuum filter with a 0.2 pm
Nylon membrane (Sartorius) and the solid was washed with
Milli-Q H,O0 (2 x 30 mL). The powder was recovered and dis-
persed in water, sonicated for 5 min at 59 kHz and lyophilized
to obtain 81 mg of conjugate Gal-GO 2 as a black powder.

Synthesis of Man-GO 3. To a stirred solution of 6 (80 mg,
0.26 mmol) in methanol (10 mL), 430 mg of NaCl were added.
The mixture was stirred for 5 min and then it was concentrated
under vacuum. A 10 mL agate mixing mill, equipped with two
agate balls (@ 1 cm), was charged with 100 mg of graphene
oxide (GO), the solid 6 previously absorbed on NaCl and Milli-
Q H,0 (150 pL). Then, the mixture was milled for 40 min at 25
Hz (1500 rpm). The powder was recovered, dispersed in Milli-Q
H,O0 (100 mL), then sonicated (10 min, 59 Hz) and centrifuged
(30 min, 15 °C, 8000 rpm). The solid was collected and dis-
persed in Milli-Q H,O (100 mL) and then sonicated (10 min,
59 Hz) and centrifuged (30 min, 15 °C, 8000 rpm). Thus, the
solid was recovered and dispersed in MeOH (100 mL). The dis-
persion was filtered using a glass vacuum filter with a 0.2 pm
Nylon membrane (Sartorius) and the solid was washed with
Milli-Q H,O0 (2 x 30 mL). The powder was recovered and dis-
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persed in water, sonicated for 5 min at 59 kHz and lyophilized
to obtain 79 mg of Man-GO 3 as a black powder.

Bacterial strain, media and culture conditions

P. aeruginosa clinical strain was obtained from positive blood
culture of patients hospitalized at the Fondazione Policlinico
Universitario A. Gemelli IRCCS in Rome. The isolate was
rapidly identified by matrix-assisted laser desorption/ioniza-
tion-time of flight mass spectrometry (MALDI-TOF MS) and
tested for purity on MacConkey agar plates. For in vitro biofilm
formation, P. aeruginosa was cultured at a density of 10°
colony-forming units (CFUs) per ml in Brain Heart Infusion
(BHI) broth with 0.25% glucose for 4 days in a 24 well plate
with 13 mm diameter glass coverslips.

MBC evaluation

Minimal bactericidal concentrations (MBCs) were determined
by broth microdilution susceptibility tests, according to the
European Committee on Antimicrobial Susceptibility Testing
(EUCAST) international guidelines. To evaluate MBCs, 5 pL of
the content of each well were seeded on MacConkey medium
agar plates and incubated for 24 h at 37 °C. The MBC was
defined as the lowest concentration determining the death of
99.9% or more of the initial inoculum.

Biofilm demolition assay

Once the biofilms were formed, after 4 days of incubation, the
culture medium was removed, the wells were washed three
times with PBS and the samples were treated with the glyco-
GO conjugates in a final volume of 200 pl of ultrapure water
for 24 h at 37 °C. The demolition activity was measured with a
CFU valuation assay and observed by scanning electron
microscopy (SEM).

SEM evaluation

P. aeruginosa biofilms grown on a 13 mm glass disk and
treated with different glyco-GO derivatives 1-3 were investi-
gated by SEM. Biofilms were fixed with 2.5% glutaraldehyde
and dried using increasing concentrations (from 10 to 100%)
of ethanol. The samples were mounted onto an aluminum
stab using double-sided carbon tape and coated with a gold/
palladium film (80:20) by using a high-resolution sputter
coater (Agar Scientific B7234). A microbial suspension of
P. aeruginosa equal to 5 x 107 cfu ml™" was incubated overnight
at 37° C with a sub-MBC concentration of Fuc-GO 1 corres-
ponding to 16 pg ml~". The bacteria were then centrifuged,
washed 3 times with PBS and deposited on a polyurethane cov-
erslip (Nunc, Thermofisher, USA). For SEM evaluation, the
samples were dehydrated and metallized as described above.
For the live and dead assay, cells were stained using a
BacLight™ bacterial viability kit (Themo Fisher, USA) accord-
ing to the manufacturer’s instructions. Images were then
observed using a Cytation 5 cell imaging multi-mode reader
(Biotek, Agilent Technologies USA), with excitation at 480 nm
and emission at 525 nm for green channel detection and at
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586 nm and 525nm for red channel detection, respectively.
Untreated control bacteria were processed in parallel.

Conclusions

The widespread occurrence of P. aeruginosa biofilms has a sig-
nificant clinical and economic impact.

In this regard, the identification of P. aeruginosa biofilm
dispersal agents able to disrupt an already established matrix
provides an attractive antibacterial strategy against a Gram
negative bacterium, which can be resistant to multiple anti-
biotic agents. In this context, we report the preparation and
comprehensive characterization of glyco-GO nanomaterials
which proved capable of disrupting already established
P. aeruginosa biofilms. Notably, the effect observed with the
glyco-GO conjugates 1 and 2 was much stronger than the
partial effect observed with pristine GO, supporting the key
role of sugar grafting on the GO surface in the antibiofilm
profile of the graphene-based nanomaterials. The control of
surface functionalization of the graphene-based materials is
essential for the design of innovative custom nanomaterials
able to interfere with biological processes. In this regard, we
demonstrated that ball milling is a valuable approach to pre-
paring functionalized GO conjugates and we provided relevant
insights into the chemistry involved in the milling process by
exploiting complementary techniques. Therefore, the outcome
of this work can pave the way for the controlled functionali-
zation of the GO surface by using a green and reliable process.
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