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Aggregation is a key factor influencing the function of nano-
particles. Thioproline-modified gold nanoparticles show potent
antibacterial activity, which is compromised by thioproline-
mediated particle aggregation. By tuning the balance between the
exposure and shielding of thioproline, a maximal antibacterial
property of the gold nanoparticles is achieved.

Recently, nanomaterials have received considerable attention
owing to their specific physicochemical properties, such as
high specific surface area,’” tunable size and shape,*” and
multiple modification strategies for applications in various
fields.> ' Monodispersity is a prerequisite to maintain the
specific properties of the nanomaterials. To prevent the particle
aggregation, researchers have used various methods such as
the change of the solvent, the addition of dispersants and pH
value adjustment."’"* However, these methods may affect the
original properties of the nanoparticles and hinder their appli-
cations. Thus, new strategies that can simultaneously optimize
the particle function and maintain an ideal monodispersity of
the nanomaterials are highly desirable, particularly for biome-
dical applications.** ™’

L-thioproline (T) is not only an anti-tumor drug'®*® but also
a starting material for synthesizing pidotimod, an
immunomodulator.>*>* Thus, thioproline is an ideal candidate
for activating gold nanomaterials since an essential require-
ment of antibiotics is that they are nontoxic to human cells.
Here, we use T to modify gold nanoparticles (T-Au NPs) to
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explore their antibacterial activity. The starting materials (T and
Au NPs) of the T-Au NPs have a low toxicity profile. However,
the T-Au NPs tend to aggregate in the physiological environ-
ment, which greatly hampers their antibacterial efficiency. To
achieve monodispersion of the nanoparticles, we use Boc-
protected thioproline (B) to modify the Au NPs (B-Au NPs).
The resulting B-Au NPs, although show good dispersity, display
compromised antibacterial efficacy, demonstrating that the
exposure of an active group of the T is necessary for maintain-
ing the antibacterial activity of the Au NPs. To attain an
optimized antibacterial effect, we present a strategy to co-
modify T and B on Au NPs (TB-Au NPs) with various molecular
ratios. We find that when the ratio of T and B is 1:1, the
corresponding TB-Au NPs (T;B;-Au NPs) have the optimized
antibacterial performance (Scheme 1).

We successfully synthesize T-Au NPs by a one-step reduction
method. The T-Au NPs appear as aggregated small nano-
particles with an average diameter of 51.1 + 3.0 nm under
transmission electron microscopy (TEM) and an average dia-
meter of 71.4 nm under dynamic light scattering (DLS) (Fig. 1).
The shape of the single T-Au NPs is spherical, but the inter-
molecular bonding between the amino groups and the carboxyl
groups causes the aggregation of the particles. Sulfydryl (-SH)
exhibits stronger bonds with gold than amino (-NH,),>>*” so T
anchors Au NPs mainly by -SH, while the amino and carboxyl
groups on T are exposed, which may mediate the
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Scheme 1 Schematic illustration of the synthesis strategy of TB-Au NPs
to tune their antibacterial efficacy.
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A __ T-AuNPs

B-Au NPs

o Diameter (nm)/TEM Diameter (nm)/DLS Zeta (mV) PDI
T-Au NPs 51.1+ 3.0 714 -37.2 0.263
TaB1 456+ 1.4 63.8 -22.0 0.219
T2B4 39.7+3.2 52.9 -14.2 0.372
T1B4 21.7+28 40.5 -13.7 0.295
TiB2 3.8+0.5 226 -7.4 0.394
TiBa 23+02 19.2 -9.1 0.284
B-Au NPs 2401 13.8 -8.9 0.317

Fig. 1 Characterization of T-Au NPs, B-Au NPs and TB-Au NPs. (A) TEM
images of T-Au NPs, B-Au NPs, and TB-Au NPs with different T/B ratios.
(B) Average diameter and Zeta potential of the T-Au NPs, B-Au NPs, and
TB-Au NPs with different T/B ratios.

intermolecular interactions and lead to the aggregation
between the nanoparticles. The aggregation of the T-Au NPs
will inevitably lead to shielding effects for the active groups of
the T and the compromising of the antibacterial efficacy of the
nanoparticles. We attempt to synthesize the T-Au NPs under
different pH conditions to avoid the aggregation. After adjust-
ing the pH value of the synthetic conditions by adding acid
(acetic acid) or alkali (sodium hydroxide), the resulting T-Au
NPs still have an aggregated appearance (ESILt Fig. S1).

Inspired by the strategy that during the synthesis of pep-
tides, protecting groups are often introduced to shield some
groups of the substrate molecules to control the synthesis
process, we select B as an alternative molecule to modify the
Au NPs to avoid particle aggregation. We measure the minimal
inhibition concentration (MIC) of the bare Au NPs, T, and B,
respectively. Even at a high concentration (128 ug mL™'), the
bare Au NPs, T, or B show no antibacterial effect by themselves
(Table S1, ESIT). As expected, the resulting B-Au NPs display
monodispersity with an average diameter of 2.4 & 0.1 nm under
TEM and 13.8 nm under DLS (Fig. 1). However, the antibacter-
ial efficacy of the B-Au NPs is significantly lower than that of the
T-Au NPs (Table 1), demonstrating that the Boc cap shields the
active groups of the T and compromises the antibacterial
efficacy of the resulting nanoparticles.

To exclude the possible influence of the Boc group on the
dispersity and the antibacterial activity of the Au NPs, we utilize
another protecting group, acetyl, to cap the thioproline. We
synthesize acetyl-thiazolidine (Mw = 175.206)-modified gold
nanoparticles (A-Au NPs) by a one-step reduction method.
The average diameter and the Zeta potential of the A-Au NPs
are 6.4 + 1.4 nm and —27.4 mV, respectively (Table S2, ESIT).
DLS curves indicate that there is no significant aggregation in
the particle solution (Fig. S2, ESIt). The MIC of A-Au NPs
against E. coli and multidrug resistant (MDR) E. coli is
over 64 pg mL ', demonstrating a low antibacterial activity
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Table 1 MIC (ug mL™Y) of different Au NPs and antibiotics against Gram-

negative bacteria. The MIC of TB-Au NPs is the sum of the mass of the gold
core and surface ligands, so it is not an integer value

MIC MDR MDR MDR MDR
(ng mL™ ) E.coli Pa Kp Ab Ecoli Pa Kp Ab
T-Au NPs 28.7 57.4 28.7 28.7 28.7 14.4 287 57.4
T4B, 14.5 29.0 14.5 29.0 14.5 14.5 29.0 58.0
T,B, 11.7 23.4 11.7 23.4 11.7 5.9 234 23.4
TB, 4.8 9.6 4.8 9.6 4.8 4.8 9.6 19.2
T,B, 4.9 98 49 9.8 98 4.9 9.8 19.6
T1By 5.1 10.1 10.1 10.1 10.1 10.1  20.2 20.2
B-Au NPs 39.8 79.6 19.9 39.8 39.8 19.9 39.8 79.6
Polymyxin B 1 2 1 8 1 128 1 2
Gentamicin 4 2 1 8 128 64 128 128
Ampicillin 8 128 32 32 128 128 128 128

(Table S3, ESIt). The results indicate that the capping of the
amino group can indeed avoid the particle aggregation and
simultaneously decrease the antibacterial activity of the T-Au
NPs, highlighting the role of the amino group on the Au NPs.

We explore if the deprotection of Boc-protected thioproline
on the B-Au NPs can expose active sites to improve the
antibacterial activity of the nanoparticles and avoid the aggre-
gation of the nanoparticles. We use hydrochloric acid (HCI) or
trifluoroacetic acid (TFA) to remove the Boc group. After the
reaction, the Au NPs aggregate to different extents (Fig. 2A and
B). The Zeta potentials of the deprotected Au NPs are close to
that of the T-Au NPs (—37.2 mV), indicating the successful
removal of the Boc groups and the change of the B-Au NPs to
T-Au NPs (Table S4, ESIt). The carboxyl group on the T may
dominate the surface potential of the Au NPs, thus, after
deprotecting the Boc group with HCl and TFA, the resulting
T-Au NPs still keep a negative Zeta potential. The MIC of the
deprotected Au NPs exhibits no significant change (Table S5,
ESIT). Thus, the exposure of active sites of the T by deprotection
of Boc can cause the aggregation of the nanoparticles and
cannot improve their antibacterial activity. We synthesize Au

A BAuNPs +HCICE +TFADCM B

— B-AuNPs
g —— B-Au NPSHCICE
| —— B-Au NPSITFADCM N

s \/\/
l v 9
¢°
/\\x“ «? P <P <P <P P“ﬁ w D

J’.’!.-\H ¥ -

Fig. 2 Characterization of B-Au NPs after Boc deprotection by different
methods. (A) Photos of B-Au NPs and the resulting deprotected Au NPs.
(B) DLS analysis of B-Au NPs and the resulting deprotected Au NPs.
(C) Images of T-Au NPs, B-Au NPs, and TB-Au NPs with different T/B
ratios synthesized with a ligand exchange reaction. (D) Average diameter
of Au NPs tested by DLS.
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NPs (Fig. 2C and D) and cap T or B on the Au NPs by ligands
exchange reactions. Still, the Au NPs aggregate to different
extents and the stability of these TB-Au NPs is poor (Fig. 2C
and D), which is not suitable for the antibacterial test.

To optimize the antibacterial property of the Au NPs, a
balance between the particle aggregation and the exposure of
the active groups on the T should be achieved. So we attempt to
co-modify the Au NPs with T and B with different molecular
ratios (T:B from 4:1, 2:1, 1:1, 1:2 to 1:4) and evaluate the
changes in the characterizations of the yielding nanoparticles
(TB-Au NPs). With the increase of the ratio of B, the aggregation
of TB-Au NPs is significantly reduced and the average diameter
of the particles decrease from 51.1 nm (T-Au NPs) to 2.3 nm
(T:B = 1:4, T,B,) under TEM, which is consistent with the
result of the DLS. With the increase of the ratio of B, the
dispersity of TB-Au NPs is significantly improved (Fig. 1A). We
measure the UV-vis absorbance spectra of different Au NPs. The
adsorption peaks of the Au NPs are around 520 nm, which is
the typical surface plasmon resonance of Au NPs (Fig. S3, ESIt).
The characteristic plasmonic absorption peak of gold is wea-
kened due to the aggregation or small particle size. Generally,
Au NPs smaller than 3 nm do not have conspicuous peaks.”®?°
All the Au NPs are negatively charged in the solution, and as the
ratio of B: T increases, the absolute value of the Zeta potential
of the TB-Au NPs decreases from —37.2 to —8.9 mV (Fig. 1B).

We use X-ray photoelectron spectroscopy (XPS) to test the
ratio of sulfur (unique element of T or B) to gold (Au) and
calculate the number of molecules on each Au NPs (Table S6,
ESIT). We explore the MIC of TB-Au NPs with different T/B
ratios against Gram-negative bacteria, including the antibiotic-
sensitive strains and their corresponding MDR strains. For
T;B4-Au NPs, although they have a smaller size than the T;B;-
Au NPs, most of their exposed molecule is B, which covers the
active groups on T. When the ratio of T and Bis 1:1 (T4B,), a
balance between the particle aggregation and the exposure of
the active groups on the T is achieved, so they have the best
antibacterial performance, and we select T;B;-Au NPs to carry
out the following experiments. The bare Au NPs, T, and B show
no antibacterial activity. After T and B modification, the result-
ing TB-Au NPs have potent antibacterial activity (Fig. 3). This
means that T endows the Au NPs with antibacterial activity. T
has an amino and a sulfhydryl group, which can bind to the Au
NPs (mainly by sulfhydryl group) and attach to bacteria (mainly
by amino group), respectively. The MIC of T,B;-Au NPs can be
less than 4.8 pg mL ™" even for the MDR bacteria (Table 1).
Thus, the TB-Au NPs with appropriate T/B ratios could fight
against the MDR bacteria, which are challenging for clinical
antibiotics.

We evaluate the morphological change of different Gram-
negative bacteria treated by T;B;-Au NPs by scanning electron
microscopy (SEM). After T;B;-Au NP treatment, the bacteria
merge together and the cell wall structure collapses apparently,
indicating the significant bacteria disruption (Fig. 3A). Com-
pared with the control bacteria with an intact cell wall, the cell
wall structure of the T;B;-Au NP-treated (8 pg mL™") bacteria
becomes blurred (Fig. 3B). As the concentration of T;B;-Au NPs
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Fig. 3 The antibacterial effect of T,;B;-Au NPs on different bacteria
in vitro. (A) SEM images and (B) TEM images of the bacteria treated with
T1B1-Au NPs. Scale bars, 1 pm.

increases (16 pg mL "), the cell wall of the treated bacteria ruptures
completely and the bacterial lysis is significant (Fig. 3B). We stain
bacteria (P.a, MDR P.a) with SYTO9/PI to investigate the perme-
ability changes of the bacterial cell membrane in the presence of the
T;B;-Au NPs. The bacterial cells treated with T;B;-Au NPs show
sharp membrane damage (Fig. S4, ESIT). Hence, T;B;-Au NPs can
induce the increase of the cell membrane permeability to kill the
bacteria. Although the negative charge of T;B;-Au NPs may hinder
their interaction with the negatively charged bacteria, the carboxylic
acid groups of T ligands can compete for the hydrogen bonding
interactions with lipopolysaccharides/peptidoglycans on the surface
of bacteria.**" This process may lead to the disruption of the
hydrogen bonding within the cell wall and cause the instability and
rupture of the cell wall structure, which is a possible mechanism for
the antibacterial activity of T;B;-Au NPs.

We evaluate the biocompatibility of T;B;-Au NPs because the
biological safety is a critical property of the biomaterials in
further clinical applications. Human fibroblast (HAF) cells
treated with T;B;-Au NPs show intact morphology and good
proliferative conditions, indicating that the Au NPs have no
cytotoxicity (Fig. 4A). The cell viability of human umbilical
vascular endothelial cells (HUVECs) treated by different con-
centrations of T;B;-Au NPs is similar to those in the control
group (P > 0.05, t-test, Fig. 4B), indicating that T;B;-Au NPs
could serve as a safe agent for mammalian cells. Compared
with the control group, the cell density treated by T;B;-Au NPs
shows no significant decrease for different incubation times
(P > 0.05, t-test, 24 h and 48 h), which means that the T;B;-Au
NPs could not block the proliferation of the HUVECs (Fig. 4C).
We also evaluate the toxicity of the starting materials (T, B and
Au NPs) on HUVECs. Even when the concentration of starting
materials increases to 64 pg mL™', the cell viability is still
higher than 85% (Fig. S5A, ESIt), indicating that the starting
materials are safe for the mammalian cells. Moreover, the
morphology and cell number of HAFs cultured with the starting
materials (concentration, 64 g mL ", 48 h) are similar to those
of the control group (Fig. S5B, ESIt), indicating that T, B and Au
NPs have negligible adverse effects on cell viability and
proliferation.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Biocompatibility of the T-Au NPs, B-Au NPs, and TB-Au NPs with
different T/B ratios. (A) Morphologies of HAF incubated with various Au
NPs. Scale bars, 50 um. (B and C) Cytotoxicity evaluation of HUVECs
treated by various concentrations of T;B;-Au NPs.
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In this study, we use a chemical protecting group commonly
used in organic reactions, Boc, to modulate the aggregation of Au
NPs to achieve a maximal antibacterial property of the nano-
particles. The protection group strategy is thus insightful for
exploring the potential of many existing nanomaterials or nanosys-
tems which face the problem of particle aggregation. We believe
that this strategy can dramatically open up the potential applica-
tions of many types of nanoparticles that are hard to disperse in
aqueous solutions. Moreover, other issues such as the toxicity of
nanomaterials may be overcome by replacing or shielding certain
groups on the nanomaterials while still retaining or even enhancing
their biochemical functions. This strategy could also be extended to
other fields such as the shielding of foreign groups to avoid
immunological attack and spatiotemporally controlled drug release.
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