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Inhibition of S. aureus Infection of Human Umbilical Vein Endothelial
Cells (HUVECGs) by Trehalose- and Glucose-Functionalized Gold
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Abstract: Microbial adhesion to host cells represents the initial
step in the infection process. Several methods have been
explored to inhibit microbial adhesion including the use of
glycopolymers based on mannose, galactose, sialic acid and
glucose. These sugar receptors are, however, abundant in the
body, and are not unique to bacteria. Trehalose, in contrast, is
a unique disaccharide that is widely expressed by microbes.
This carbohydrate has not yet been explored as an anti-
adhesive agent. Herein, gold nanoparticles (AuNPs) coated
with trehalose-based polymers were prepared and compared to
glucose-functionalized AuNPs and examined for their ability
to prevent binding to endothelial cells. Acting as anti-adhesive
agents, trehalose-functionalized NPs decreased the binding of
S. aureus to HUVECs, while outperforming the control NPs.
Microscopy revealed that trehalose-coated N Ps bound strongly
to S. aureus compared to the controls. In conclusion, nano-
particles based on trehalose could be a non-toxic alternative to
inhibit S. aureus infection.

Anti-adhesion treatment has emerged as a promising anti-
infection strategy due to the global emergency of antibiotics
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resistance. For pathogenic invasion to occur, pathogens must
first adhere to host cells. Anti-adhesion treatment inhibits the
invasion of pathogens by preventing the adherence of
pathogens with host cells. Unlike conventional antibiotic
treatment, anti-adhesion treatment is less susceptible to
antibacterial resistance.'l Adhesion can often occur via
lectin-glycan interactions. Lectins are a type of protein
located on the surface of cells and functions by binding to
specific glycans.” Glycomimetics have been employed as
anti-adhesive that block interactions with lectins.” In partic-
ular, well-defined macrostructures of the glycomimetics are
attractive. Owing to the rapid development of nanotechnol-
ogy, well-defined glycopolymers can be synthesized with
proper functional groups, sizes and morphologies.™ As
a result, glycopolymers have attracted interest as potent
glycomimetic candidates that could serve as anti-adhe-
sive.?78

A number of factors have been investigated in the
synthesis of anti-adhesives including scaffolds, multivalency
and size.>*! Notably, the glycan specificity to lectins plays
a crucial role in the binding behavior. For instance, the
hemagglutinin of Influenza virus and Cholera toxins are well-
known sialic acid-binding lectins.'"'l FimH of certain strain of
pathogenic E. coli is a mannose-specific lectin." Human
lectin Dendritic Cell-Specific Intercellular adhesion mole-
cule-3-Grabbing Non-integrin (DC-SIGN), the target of HIV,
is capable of specifically binding mannose and fucose.['*!4
Accordingly, numerous glycopolymers employing different
sugars, such as mannose, galactose, sialic acid and glucose,
have been investigated depending on the targeted patho-
gens. 141520 However, diverse sugar receptors are also
abundant in human cells, such as the expression of mannose
receptors in liver and macrophage cells as well as sialic acid
receptor on endothelial cells and leukocytes.""?!! These
sugars on human cells play significant biological roles as
they participate in multiple biological events other than
adhesion. Therefore, promising inhibitors for anti-adhesion
treatments are expected to possess the ability to bind
specifically to bacteria but does not interfere with host
systems.

Trehalose is a non-reducing disaccharide composed from
two D-glucose molecules. As a result of its distinctive
structure, trehalose displays impressive physical and chemical
properties; including having high hydrophilicity and chemical
stability.” Trehalose is able to improve cell tolerance against
extreme conditions, such as temperature and pH change.
Inspired by its bio-functional role, trehalose-based polymers
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have been employed in the effort to protect, stabilize and
even deliver proteins and nucleic acid.***! Notably, trehalose
occurs in prokaryotes, lower eukaryotes, plants and inverte-
brates.” The biosynthesis of trehalose is absent in mammals.
However, the specific hydrolytic enzyme trehalase is
expressed in the microvillus of the intestinal mucosa and
renal brush border membrane in humans.”” Trehalose is
a fundamental carbohydrate in bacteria, not only as energy
source. Trehalose dimycolate is a glycolipid that exists in the
cell wall of Mycobacterium tuberculosis.”® This trehalose
derivative specifically binds to the C-type lectin (Mincle) on
macrophages and mediates bacterial adhesion.”” Accord-
ingly, trehalose-based nanoparticles have been developed to
detect mycobacteria.P”3l As trehalose glycopolymers are
non-toxic to mammalian cells,”*>%! these polymers could
potentially be used in infection treatments, particularly in
anti-adhesion treatment.

Herein, we explored the potential role of trehalose-based
nanoparticles as an anti-adhesive, to prevent adhesion of
bacteria to endothelial cells. Three glyco-gold nanoparticles
(glyco-AuNP) and their performance as inhibitors of bacterial
infections is described and investigated. As trehalose is
a disaccharide based on two a-glucose, connected by 1,1-
glycosidic bond, we choose to use glycopolymers based on
glucose as control. In these glycopolymers, the glucose was
conjugated to the polymer backbone either in C1 or C6
position. While other glycopolymers can be used as control,
we try to specifically answer the question if the disaccharide
structure is essential or if one glucose unit is sufficient.
Therefore, AuNPs were coated with different glycopolymers
(Scheme 1) and the resulting glyco-AuNPs were evaluated in
regard to their cell toxicity, action as anti-adhesives and their
binding to bacteria.

The synthetic strategy to the glycopolymers and detailed
discussed on the synthesis can be found in the supporting
information. Protected C1 and C6 functionalized glucoside
monomers and trehalose monomer were synthesized based
on previously published procedures,*° (ESI, Figure S1-54).
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Scheme 1. a) Schematic illustration of the synthesis of glyco-AuNPs
and b) schematic representation of anti-adhesion function of glyco-
AuNPs.
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Acrylate-based monomers were polymerized via RAFT
polymerization resulting in homoglycopolymers with similar
degree of polymerizations (DP) of 30 (ESI, Table S1, Fig-
ure S9), followed by deprotection (ESI, Figure S6-S8).

AuNPs were synthesized via the seeded-growth method
based on previous work.””! To evaluate the effect of nano-
particle (NP) size on inhibition of adhesion, AuNPs of two
different sizes, 62 nm (Aug,NP) and 16 nm (Au(NP), were
prepared and analyzed with transmission electron microscopy
(TEM) (Figure 1a and b, ESI, Figure S10). The resulting
AuNPs were coated with the prepared glycopolymers via
thiol-gold interaction by mixing glycopolymers with AuNPs in
water. UV/Vis analysis revealed a red shift (from 537 nm to
539 nm) confirming the successful polymer grafting (Fig-
ure 1¢). The increase of the AuNP size after coating was
observed by dynamic light scattering (DLS) measurement
(Figure 1d, ESI, Table S2), and the zeta potential of all
AuNPs ranged between —25 mV and —30 mV, most likely due
to the carboxylic group of the R-group of the RAFT agent.
The negative charge can assist in repelling the adsorption of
blood proteins. In addition, thermal gravimetric analysis
(TGA) was employed to measure the grafting density of
glyco-AuNPs (ESI, Figure S11 and Table S3). In general, the
measured grafting densities ranged from 0.17 to 0.37 chain per
nm’ with PGlu-6 displaying the highest grafting density whilst
PTre displayed the lowest grafting density. Although the chain
lengths of the three glycopolymers were similar, the molec-
ular weights of the glycopolymers were different and hence
the bulkier side groups led to a reduced grafting density.

Endothelial cells function as a physical barrier between
blood and tissue and the ability of microbes to adhere to them
plays a significant role in a number of infection patho-
genesis.’¥ For example, bacterial adhesion to endocardial
surfaces results in acute infective endocarditis.*”) Therefore,
HUVECs were chosen as the host cells in this project.

Prior to studying the ability of nanoparticles to prevent
adhesion, the cytotoxicity of three 62 nm glyco-AuNPs were

(a) . ®) ..."_ 2oe vzp

1 ® " 0% ®,
-3:0:::0 ) 3, ' .. " -
. .'. *. A c‘o'o
2% 02 -5‘ 'o' 085 2P
® o % g .:"."-'.!' o]

. e-'..-.:....; .,?;."'. 1.
¢ ..:i.

4 2 ':.:;:iéj’-;. ::ﬂ

®a¥. o 92,50

3

— AugNP
AugyPGIu-1
Aug,PGlu6
AugyPTre

— AugNP

— AugPGIu-1

— AugPGIL6
AugPTre

@

&
N 2 2 @

Nomalized Intensity (%) .
»

Nomalized Intensity (%)

400 500 600 700 10 100 1000
Wavelength (nm) Size (nm)

Figure 1. TEM images of a) Aug,NP and b) Au,¢NP. c) UV/Vis spectra
of uncoated Aug,NP and coated glyco-AuNPs. d) Size increase of
uncoated Aug,NP and coated glyco-AuNPs as measured by DLS.
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evaluated by WST-1 assay using two healthy cell lines: mouse
macrophage RAW 264.7 and human umbilical vein endothe-
lial cells (HUVECs). After 48 h incubation with glyco-
AuNPs, the cytotoxicity against RAW 264.7 and HUVECs
was determined (ESI, Figure S12). At concentrations up to
0.75mgmL~!, none of the tested glyco-AuNPs displayed
significant toxicity to these cell lines. In fact, glyco-AuNPs
appeared to enhance the proliferation of RAW 264.7 cells in
the range from 0.19 mgmL™" to 0.75mgmL~". Although
glycopolymers, including trehalose-based polymers, are often
considered non-toxic,**“*#! high levels of toxicity is occa-
sionally observed by trehalose-based materials such as nano-
particles prepared from trehalose 6,6'-dimycolate.*” Based
upon the cytotoxicity results, the highest concentration of
glyco-AuNPs used in the following bio-work was set to
0.6 mgmL .

Gram-positive bacteria Staphylococcus aureus 38 served
as the infecting bacteria, as S. aureus is known to strongly
adhere to HUVECs.¥ The Gram-negative bacteria Pseudo-
monas aeruginosa PAO1 was used as a further model. To
better understand the efficiency of glyco-AuNPs as anti-
adhesives, flow cytometry was used as a quantitative tech-
nique.™ In this established technique, the host cells and
bacteria are stained separately to determine their co-local-
ization. HUVECs and bacteria were stained with Hoechst
33342 and Vybrant™ DiD, respectively, before co-incubation
for 2 h with nanoparticles. Afterwards, unbound bacteria and
nanoparticles were removed from the HUVECs by washing
with Hank’s balanced salt solution (HBSS). The monolayer of
cells was trypsinized and collected for flow cytometry. The
measured median fluorescence intensity (MFI) of DiD was
correlated directly to the level of bacterial infection. A
sample that was not treated with nanoparticles and a sample
containing only HUVECs were employed as control and
background, respectively. The MFI of the background was
subtracted from the MFI of the control sample, and this was
regarded as 100 % infection. The presence of nanoparticles is
expected to decrease the MFI if they inhibit infection. A
multiplicity of infection (MOI), the ratio of bacteria to
HUVECs, was kept at 50:1.

All three 62 nm glyco-AuNPs were evaluated at concen-
trations of 0.15 mgmL ™, 0.3 mgmL ! and 0.6 mgmL " using
the S. aureus—HUVEC system. It is evident from Figure 2a
that the percentage of co-associated cells decreased with an
increasing amount of nanoparticles (ESI, Table S4). Most
notable is the inhibition by Aug,-PTre which reduced the
association to 549+109% at a concentration of
0.6 mgmL™". Interestingly, Au-PGlu-6 and Au-PTre were
both capable in inhibiting infection, however, the underlying
mechanism as to how this occurs remains unclear. Bacteria
use carbohydrates in a range of ways and also have means of
taking up trehalose.! In the case of S. aureus this bacterium
has a large amount of carbohydrate transporters, including
several phosphotransferase system (PTS) transporters, ATP-
binding cassette (ABC) transporters and others, which
distinguishes it from other Staphylococcus types.***”! These
transporters make it possible to metabolize an array of sugars
as many transporters are not specific to one type of sugar.
Therefore, a possible mechanism for the observed inhibition
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Figure 2. Inhibition of adhesion of bacteria to HUVECs by glyco-
AuNPs. a) Inhibition of S. aureus 38 infection with 62 nm glyco-AuNPs
at 0.15, 0.3, 0.6 mgmL™". b) Inhibition of P. aeruginosa PAO1 infection
by 62 nm glyco-AuNPs at 0.15, 0.3, 0.6 mgmL™". c) Inhibition of

S. aureus 38 infection by 16 nm glyco-AuNPs at 0.15, 0.3, 0.6 mgmL™".
d) Inhibition of S. aureus 38 infection using glyco-AuNPs and uncon-
jugated glycopolymers with equivalent glycopolymer contents (PGlu-6,
1.8 uM; PTre, 0.8 uM). (C represents control sample containing
HUVEC and bacteria.) Data shown as mean + SD; ****P < 0.0001. All
P values were from one-way ANOVA followed by Turkey's multiple
comparisons tests.

may be the interaction of transporters in the surface of S.
aureus. This may include ABC permease LpqY/SugABC
which is specific to trehalose,*! or other trehalose PTS
permease (TreB) which also act as trehalose transporters in
Gram-positive bacteria.”>"! Moreover, some surface-associ-
ated enzymes involved in the carbohydrate metabolism!! can
interact with trehalose.”>

Similarly, the effects of glyco-AuNPs on inhibiting adhe-
sion were studied on Gram-negative bacteria, using P,
aeruginosa PAO1 as a model (Figure 2b). In this case, no
signs of inhibition were observed for any nanoparticles at
concentrations up to 0.6 mgmL~'. This implies a lack of
nanoparticle binding interaction with P. aeruginosa. While it
can only be speculated as to why P. aeruginosa does not
respond to the presence of glyco-AuNPs, there are significant
differences in the structure of transporter molecules between
Gram-negative and Gram-positive bacteria. For example, the
trehalose-specific LpqY/SugABC transporter has a substrate
binding protein (SBP), LpqY, on the bacterial surface. In
Gram-positive bacteria Mycobacterium smegmatis (M. smeg-
matis), the arrangement of LpqY (SBP) is significantly
different relative to the rest of the transporter and to the
SBPs found on Gram-negative E. coil.®* Furthermore, Gram-
negative bacteria possess an outer membrane in the cell wall,
a feature which is not displayed by Gram-positive bacteria.
This outer membrane may also be suspected to hinder the
interaction of nanoparticles with certain transporters.’”! The
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outer membrane proteome of P. aeruginosa PAO1 has
a glucoside-sensitive porin but there is no evidence of
surface-associated enzymes involved in carbohydrate metab-
olism. !

Next, the inhibitory effect of S. aureus adhesion by the
16 nm glyco-AuNPs was studied to evaluate the effect of the
nanoparticle size (Figure 2¢). Interestingly, Au,-PGlu-6 and
Au,-PTre led to similar inhibition effects (43.2+1.2% and
36.94+4.4% infection) at 0.6 mgmL' while Auy-PGlu-
1 resulted to weak inhibition (71.0+1.8% infection). Au-
PGlu-6 and Au,s-PTre clearly showed a trend in concentra-
tion-dependent inhibition. This result confirmed that the
activity of the inhibitors is dependent on the substitution
position of sugar. Glycopolymers with glucose modified on
the C6 position is significantly more effective as inhibitors
than the analogues based on substitution at the C1 position.

Furthermore, at same NP concentrations, the smaller NPs
Au-PGlu-6 and Au,-PTre appear to display stronger
inhibition capacity than their larger-sized counterparts. This
is however deceiving as the size of the NPs are now smaller,
and therefore more nanoparticles and a higher fraction of
glycopolymers are present at the same concentration in
mgmL~" (Table 1). Also, variations in grafting densities need
to be taken into account that may lead to different amounts of
sugar per AuNP. Although Au-PGlu-6 and Au-PTre were
similar in performance at the same working concentration,
the amount of trehalose was lower in these samples as the
bulky PTre allowed less glycopolymer attachment onto the
nanoparticle. It can therefore be argued that PGlu-6 is a less
effective inhibitor.

The effect of the size of NPs was reevaluated maintaining
a constant glycopolymer concentration for the nanoparticles.
Free glycopolymers at the same carbohydrate concentration
were used as controls. The concentrations were set to PGlu-6:
1.8 uM, PTre: 0.8 uM, respectively, which equated to
0.6 mgmL " of the two 62 nm NPs and was adjusted accord-
ingly for the smaller NPs or the free polymers. Upon
comparison of equivalent glycopolymer contents, it became
evident that the inhibition activity of both glyco-AuNPs was
equivalent, whilst the free glycopolymers failed to act as
inhibitors (Figure 2d). This result revealed that the inhibition
is affected by the glycopolymer concentration and not directly
the size of NPs, but the presence of nanoparticles is essential.
Similar results were previously reported where linear gluco-
side polymers showed a lack of binding ability to bacteria,
whereas glucose-based polymeric micelles exhibited a remark-
able affinity to E. coli.” It can be concluded at this stage that

Table 1: Molar concentration of nanoparticles and glycopolymers used in the inhibition assay.
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trehalose-based nanoparticles are promising inhibitors of S.
aureus infection. Nanoparticles based on PGlu-6 still show
remarkable activity although it needs to be taken into account
that the glycopolymer concentration in each particle is higher
due to a higher grafting density.

The measured activity needs to be contrasted to the
activity displayed by mannose containing polymers. Here, to
achieve 50% inhibition, around 600 pgmL™' Aug,-PTre is
required, which equates to a nanoparticle concentration of
0.8 nM or 24.4 uM of trehalose molecules. For comparison,
heptyl o-D-mannoside has been identified as an excellent
mannose-based inhibitors which is a nanomolar antagonist of
FimH.P Bacterial adhesion to epithelial cells was decreased
to 22% in the presence of 1 nM (equivalent to 188 nM)
heptylmannoside-based glycopolymer while this was
decreased to around 70% in the presence of 0.1 nM
glycopolymer (equivalent to 18.8 nM mannose).””! However,
it should be noted the multiplicities of infection (MOI) in our
work was 50 which is higher than the aforementioned work
(MOI =10). Other examples include Gold manno-glycona-
noparticles as an inhibitor of HIV infection that had ICs,
values between 15 and 200 nM per mannose depending on the
architecture,” while small molecule a-mannoside inhibitors
that prevent adhesion of E.coli to HT-29 have ICj, values of
around 1 pM.P”! Although mannose based polymers are still
superior, the disadvantage of mannose-based polymers is the
large number of competing receptors in the body.

In the next step, the inhibitory role of the 62 nm glyco-
AuNPs was investigated by confocal laser scanning micro-
scope (CLSM). To identify the distinctive function of sugar,
particularly trehalose, poly(2-hydroxyethyl acrylate) (PHEA)
was synthesized to coat Aug,NP (ESI, Table S1). As a result of
bearing neutral and non-bioactive hydroxyl groups, Aug,-
PHEA was introduced in the visualization experiments as
negative control. Using the aforementioned infection system,
HUVEUQC:s, labelled with Hoechst 33342, were co-incubated
for 2 h with DiD-labeled S. aureus in the presence of 62 nm
glyco-AuNPs. Unbound bacteria and free NPs were also
removed prior to the measurement by CLSM. Non-infected
HUVECs and non-treated infected HUVECs were involved
as background and control separately. Images were collected
after 2 h of incubation (ESI, Figure S13). NPs were observed
using the reflective light, which allows quantitative analysis of
the interaction of different NPs with cells. Significant cellular
uptake of NPs by HUVECs was observed in the case of Aug,-
PGlu-1, suggesting that the free hydroxyl group on C6 of
glucose facilitated the cellular interaction, which effectively
removed the NPs from exposure to
bacteria. This significantly reduced
the inhibitory efficiency of Aug,-

Sample AuNPs 0.15 mgmL™' 0.3 mgmL™" 0.6 mgmL™' PGlu-1 and provides a reasonable

Chains per  Sugars per [Au] [Polymer] [Au] [Polymer] [Au] [Polymer] explanation for its low perfor-

AuNP AuNP (nM) (uM) (nM) (M) (nM) (uM) mance. As shown earlier, the treat-

Aug-PGlu-1 3049 97568 0.3 0.6 12 ment with Aug,-PTre led to reduced

Aug,-PGlu-6 4449 124572 0.1 0.4 0.2 0.9 0.4 1.8 adhesion compared to other sam-

Aug,-PTre 2040 61200 0.2 0.4 0.8 ples. To further emphasize the

Auyg-PGlu-1 217 6944 13 2.6 51 importance of trehalose as struc-

Au,6-PGlu-6 269 7532 5.9 1.6 1.7 3.2 235 6.3 tural feature, another CLSM study
Au,e-PTre 147 4410 0.9 1.7 35
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was conducted to compare Aug,-
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PTre with Aug,-PHEA. Infected HUVECs with or without NP
treatments were fixed followed by staining with Wheat Germ
Agglutinin (WGA) and DAPI to label the plasma membrane
and nucleic acid separately (Figure 3a). In this case, the
invading S. aureus were also stained with DAPI, but the
nucleic acid belonging to the bacteria and the one belonging
to HUVECGC:s could be distinguished by the size as shown by
the highlighted bacteria (red circle) in Figure 3a. The DAPI
channels show a large number of small bacteria, coexisting
with HUVEC cells in the case of the control and Aug,-PHEA.
The merged channels highlight the co-localization of both.
Notably, a lower number of bacteria was observed in the
DAPI channel for HUVECs treated with Aug,-PTre. This
indicates successful infection inhibition as the Aug,-PTre
treatment prevented bacterial adhesion, resulting in the
particles and bacteria being washed away prior to analysis.

WGA

Control

Aus2-PTre

Aus2-PHEA

TEM

Aus2-PHEA

Communications

To better understand the mechanism of inhibition of
glyco-AuNPs, S. aureus were fixed onto coverslips and
allowed to incubate with NPs for 20 min prior to SEM and
TEM analysis (see supporting information). The resulting
SEM images (Figure 3b, ESI, Figure S14a) revealed direct
binding of Aug,-PTre to bacteria in comparison to a lack of
interactions for the other nanoparticles. Complementary
TEM imaging provided a close-up showing the nanoparticles
in close vicinity of the surface in the case of Aug,-PTre while
no particles were found with the other NP samples (Figure 3 b,
ESI, Figure S14a). Counting the number of NPs per bacteria
revealed the remarkable binding ability of Aug,-PTre to S.
aureus (Figure 3¢). Next, the HUVECs were infected with S.
aureus and treated with Aug,-PTre and Aug,-PHEA, respec-
tively, for 2 hours (Figure 3d). TEM analysis confirmed that
the number of S. aureus that has invaded HUVEC was
significantly reduced. It was interesting to observe that a few

(©)
SEM Scoring of AuNP labelling

0 Aue-PGlu-1
© Aue2-PGlu-6
Aue2-PTre
© Aue2-PHEA
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Figure 3. a) CLSM images of infected HUVECs with or without treatment of nanoparticles. (Examples of bacteria was highlighted by labelling)
b) SEM and TEM images showing interaction of S. aureus with Aug,-PTre and Aug,-PHEA. c) Quantitative analysis on the binding of nanoparticles
with S. aureus by SEM. d) TEM images of infective HUVECs with treatment of Aug,-PTre and Aug,-PHEA. Scale bars equal to 200 um in (a);

200 nm in (c) and 2 um in (d).
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S. aureus which invaded the cells were still tightly associated
with Aug,-PTre. This is in contrast to the treatment with Aug,-
PHEA as the invading S. aureus is devoid of any associating
Aug-PHEA within HUVECGs. Based on Figure 3d, it is
proposed that trehalose-functionalized NPs adhere to S.
aureus hindering the infection efficiency towards HUVECs.
Although the majority of bacteria surrounded by trehalose-
functionalized nanoparticles were inhibited, a small portion
of the bacteria-nanoparticle assembly was taken up by
HUVEC:s by its arrangement on the plasma membrane. As
a result, some S. aureus may still be able to enter HUVECs,
but most likely in a random, non-specific manner. However,
the partial inhibition of S. aureus by the trehalose-function-
alized NPs remains sufficient in affecting colonization.

To further examine the favored binding of trehalose with
S. aureus, a competitive experiment evaluated by SEM was
conducted: S. aureus was pre-incubated with free trehalose
(40 uM and 400 uM; 1000- and 10000-fold of PTre) and free
glucose (400 uM; 10000-fold of PTre) for 20 min prior to
incubation with Aug,-PTre (0.02 nM AuNP; 0.04 uM PTre).
Incubation in PBS without added sugar was employed as
control sample. Figure 4a shows the SEM images of the
resulting interaction between S. aureus and Aug,-PTre,
revealing that decreased binding of nanoparticles to S.
aureus occurred after pre-treatment with free trehalose. A
quantitative analysis based on SEM (Figure 4b) displayed
a trehalose-dose dependent disruption on the binding of Aug,-
PTre to S. aureus (ESI, Table S5), while the pretreatment of
free glucose at concentration up to 10000-fold of PTre had
little effects on disrupting the subsequent binding of Aug,-
PTre to S. aureus. This competitive experiment demonstrated
the distinctive role of trehalose as an anti-adhesive in S.
aureus infection.

While the better activity of PTre is evident, it is still
interesting to see that PGlu-6 has a good performance. It is
intriguing to think that it is not the attachment of trehalose
that causes the anti-adhesive behavior, but simply the
presence of glucose connected at 6-position to the polymer.
This raises the question if the second glucose unit in PTre
might just act as a stiff spacer that directs the binding of

(b)

SEM Scoring of AuNP labelling

Control Au-PTre

Low Conc. Trehalose
High Conc. Trehalose|
Glucose

oo

o

Figure 4. a) SEM images showing S. aureus interaction with Au62-PTre
with pre-treatment. (Left top: pre-treatment with PBS; right top: pre-
treatment with 40 pM free trehalose; left bottom: pre-treatment with
400 uM free trehalose; right bottom: pre-treatment with 400 uM free
glucose.) Scale bar equals to 500 nm. b) Quantitative analysis on the
binding of nanoparticles per S. aureus cell with different pre-treatment
by SEM images.
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glucose. This could be tested in future work that looks at
various glucose-based polymers that contain spacers of
various nature between the carbohydrate and the polymer
backbone.

In summary, we developed three glyco-AuNPs in two
sizes, based on glucose and trehalose glycopolymers. The
resulting 62 nm glyco-AuNPs did not present significant
toxicity against to RAW 264.7 cells and HUVECsS at concen-
tration up to 0.75 mgmL~". The 62 nm NPs were successful to
inhibit the S. aureus infection to HUVECs albeit failed to
inhibit the P aeruginosa infection to HUVECs. Au-PGlu-
1 acted less efficient as inhibitor, comparing with Au-PGlu-6
and Au-PTre. This implied the advantageous substitution
position of sugar as anti-adhesive. Meanwhile, Au-PGlu-6 and
Au-PTre showed the concentration-dependent inhibitory
activity. Small sized Au-PGlu-6 and Au-PTre achieved
stronger inhibition than the larger AuNPs. However, this
difference could be assigned to the presented amount of
glycopolymer on the NPs. In this work, two sized trehalose-
functionalized NPs displayed impressive inhibition to S.
aureus infection, with performance surpassing the two
glucose-functionalized nanoparticles. The preferential bind-
ing of trehalose-functionalized NPs to S. aureus was identified
by SEM and TEM. This study indicated trehalose as
a promising candidate in anti-adhesion treatment. Future
work could involve tests with different pathogenic system. In
addition, it is also worth exploring if and how trehalose-based
therapeutic agents will interfere with the host system.
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Due to increased resistance against anti-
biotics, the fight against bacteria is
becoming increasingly difficult. Here, we
used a sugar that is unique to the bacteria
metabolism, trehalose, and prepared tre-
halose-based polymer-coated gold nano-
particles. These nanoparticles were
shown to inhibit the infection of healthy
cells by S. aureus and could serve as

a non-toxic alternative to prevent adhe-
sion of certain bacteria.
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