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The emergence of antibiotic resistance makes the therapeutic effect of traditional antibiotics far from
satisfactory. Here, chiral gold nano-bipyramids (GBPs) with sea cucumber-like morphology are reported,
and used in the fight against bacterial infection. Specifically, the dipeptide of b-/L-Cys-Phe (CF) caused
the nano-bipyramids to form a spike shape with an optical anisotropy factor of 0.102 at 573 nm. The
antibacterial effects showed that p-GBPs and L-GBPs could efficiently destroy bacteria with a death ratio
of 98% and 70% in vitro. Also, both in vivo skin infection and sepsis models showed that the chiral GBPs
could effectively promote wound healing and prevent sepsis in mice. Mechanistic studies showed that
the binding affinity of b-GBPs (1.071 + 0.023 x 10% M™% was 12.39-fold higher than 1-GBPs (8.664 +
0.251 x 10° M} to protein A of Staphylococcus aureus, which caused further adsorption of b-GBPs

onto the bacterial surface. Moreover, the physical destruction of the bacterial cell wall caused by the
Received 20th June 2022

Accepted 22nd July 2022 spike chiral GBPs, resulted in a stronger antibacterial effect for b-GBPs than L-GBPs. Furthermore, the

excellent PTT of p-/L-GBPs further exacerbated the death of bacteria without any side-effect. Overall,

DOI: 10.1039/d2sc03443¢ chiral nano-bipyramids have opened a new avenue for improved antibacterial efficacy in the treatment
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Introduction

Bacterial infection is one of the most serious threats to public
health and although traditional antibiotic therapy is effective,
drug-resistant bacteria"® have become a serious global health
problem due to the wide and excessive use of antibiotics. In
particular, common microorganisms such as Staphylococcus
aureus, Klebsiella pneumoniae, Klebsiella pneumoniae, Acineto-
bacter baumannii, Pseudomonas aeruginosa and Enterobacter can
cause intractable nosocomial infection, leading to high levels of
antibiotic resistance. When bacterial infection occurs in the
body, the host immune system is activated to eliminate the
invading bacteria, but uncontrolled and excessive inflammatory
responses may lead to sepsis, multiple organ failure and even
death.® Therefore, there is an urgent need to develop novel
innovative technologies to combat bacterial infections.*
Antibacterial nanomaterials>® are becoming effective alter-
native treatments against drug-resistant bacteria.”® They have
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many excellent properties including adjustable physicochem-
ical properties®® (such as shape, particle size, and surface
charge, composition) and their surfaces can be easily modified,
which shows great potential for the treatment of diseases such
as implantable bacterial infection.'"'> Researchers have devel-
oped a series of antibacterial nanomaterials, such as nano
enzymes,”** silica nanoparticles, metals”™*® and metal
oxides.® The strong interaction between nanoparticles and
the biological host is key to bacterial inhibition.** Through
surface modification of nano materials, interaction with the
biological interface can be produced.?* Photothermal therapy
(PTT) is a new and effective sterilization method**** and during
this process, the materials convert light energy into heat energy,
which can effectively kill planktonic bacteria.*»?® PTT irradiated
by near infrared (NIR) light has been widely studied because it
further improves its tissue penetration and remote-control
ability.>”?®

Recently, chiral nanomaterials have been developed exten-
sively and by adjusting their optical properties, their chiral
optical signal can be adjusted to the visible and near-infrared,
which has been exploited in any fields.*?*" Through the
screening of chiral ligands, metal nano materials with different
chiral structures can be constructed. For chiral ligands, the use
of peptide sequences with a chiral conformation has become
a means of controlling the growth and optical properties of
nanomaterials.**** At the same time, it also provides more ways
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and wider applications for the study of surface plasma proper-
ties.*»* Among noble metal nanomaterials, gold nano-
bipyramids (GNPs) represent a slender gold nanocrystal with
an adjustable longitudinal plasma resonance wavelength
(LSPR).*® Due to its excellent photothermal conversion perfor-
mance, good biocompatibility and photostability, GNPs have
great potential for the treatment of bacterial infections.*”

However, a single treatment does not provide a timely and
effective antibacterial treatment. In order to promote precise
effects, nano metal materials must be capable of intelligent
function and morphologically designed,***° such as hydrophi-
licity and targeted modification.** At the same time, they must
overcome the disadvantages of poor targeting,**** low perme-
ability and weak diffusion in organisms, improve the biocom-
patibility and stability of materials,* and achieve efficient
sterilization effects.*® In addition, the special sharp structure of
nanomaterials can cause physical damage to the bacterial cell
wall and destroy it without any bacterial drug resistance
effects.” Therefore, physical sterilization combined with pho-
tothermal effects could greatly improve their antibacterial
efficacy.

In this work, we synthesized chiral GBPs with sea cucumber-
like morphology through the modification of dipeptides. The
biosafety and stability of the materials were improved by SH-
PEG modification. The GBPs attached to bacteria at the infec-
ted site, played an effective antibacterial role with synergistic
effects of PTT under NIR. It was found that p-type NPs induced
a more robust antibacterial response than r-type NPs, due to the
chirality-dependent difference in cell wall affinity. Moreover, its
therapeutic effect in a mouse skin infection model and a sepsis
model for the treatment of sepsis caused by Staphylococcus
aureus was investigated.

Results and discussion

Characterization and photothermal properties of the p-/1-
GBPs

Chiral GBPs were synthesized by the seed-mediated method
(Fig. 1A).*® Firstly, the biconical seeds (Au NBPs) with edge
lengths of 60-240 nm were synthesized (Fig. 1B and S1f7).
Considering the size of Au NBPs spikes, we finally chose the Au
NBPs of 100 nm as the seeds of subsequent experiments to
further synthesize GBPs. Next, an aqueous growth solution
containing HAuCl, (gold precursor), ascorbic acid (reducing
agent) and chiral peptide Cys-Phe (CF) was prepared and then
mixed with gold seeds. The ascorbic acid reduced Au®" to Au* to
induce Au grow on the surface of the GNPs, resulting in chiral
GBPs with a spike structure on their surfaces.

Then, the synthesis and quality of the chiral GBPs were
confirmed by transmission electron microscopy (TEM), scan-
ning electron microscopy (SEM), circular dichroism (CD)
spectra, ultraviolet-visible absorption (UV-vis) spectra, X-ray
diffraction (XRD), Infrared spectra (IR) and X-ray photoelec-
tron spectra (XPS). TEM and SEM images revealed that the
prepared p-/L-GBPs was approximately 200 & 5.3 nm long and 50
+ 2.8 nm wide (Fig. 1C and D, S27), and had good dispersion
and uniformity. The CD spectrum of 1-GBPs produced multiple
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Fig. 1 Characterization and photothermal properties of the b-/L-
GBPs. (A) Schematic diagram of p-/.-GBPs preparation. (B) TEM

images of biconical seeds (Au NBPs). The (C) TEM and (D) SEM images
of b-GBPs. The (E) CD, (F) g-factor and (G) UV-vis-NIR spectra of b-/L-
GBPs. (H) XRD patterns, and (I) IR of p-/L.-GBPs. (J) The XPS spectrum
of b-GBPs.

CD bands at 505 nm (+), 573 nm (—) and 794 nm (+). The
strongest chiral activity was at 573 nm (Fig. 1E). The CD spectra
of b-GBPs and .-GBPs had mirror symmetry and showed that the
maximum anisotropy factor (g-factor) was 0.102 at 573 nm
(Fig. 1F). The LSPR of the GBPs showed a peak at 536 nm in the
UV-Vis spectrum (Fig. 1G). XRD results confirmed a face
centered cubic structure of gold atoms (Fig. 1H). The stretching
vibration of ~SH absorption peak at 2590 cm ™" in the infrared
spectrum weakened its absorption after binding with the gold

© 2022 The Author(s). Published by the Royal Society of Chemistry
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seeds, which proved that the chiral dipeptide was successfully
connected to the seeds (Fig. 1I). The XPS spectrum results are
shown in Fig. 1] and S3t along with the high-resolution spec-
trum of the Au 4f orbit. Due to spin orbit coupling, the contour
was displayed as bimodal. The value of 83.8 eV was regarded as
a neat characteristic for the onset of Au' with metallic-like
properties. The chiral gold nano materials synthesized above
had a stable structure, were well dispersed and a transparent
homogeneous phase. The prepared samples showed no
precipitation after long-term storage at room temperature. The
photothermal properties of the materials was assessed by

View Article Online
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light irradiation (808 nm) through a thermal imager. It was
observed that the temperature of the solution depends on its
concentration, the duration of NIR exposure, and the light
power. When a solution concentration of 55 pg mL ™" was
exposed to NIR (0.8 W cm™?) for 5 min, the solution tempera-
ture quickly reached over 45 °C (Fig. S4-S671), while the
temperature of the PBS solution without materials did not
change significantly. When the GBPs concentration was
consistent (55 pg mL~'), the increase in the light power also
lead to a sharp increase in the GBPs solution temperature.
Excellent photothermal properties as well as good absorption of

recording the temperature of the materials under near-infrared near-infrared light producing temperatures above body
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Fig.2 Antibacterial activity of b-/L-GBPs in vitro. (A) Temperature changes of Staphylococcus aureus solution when the concentration of PBS, Au
NBPs, bL.-GBPs, b-GBPs and L-GBPs was 55 ng mL ™! under 808 nm laser irradiation, respectively. (B) Bacterial viability of Staphylococcus aureus
after treated by different methods. **p < 0.01. (C) Photographs of Staphylococcus aureus colonies after treated by different methods. (D) The
Live/Dead assay of Staphylococcus aureus after processed by different methods (green: live, red: dead, scale: 20 um).
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temperature might lead to severe damage to the bacterial cell
wall and therefore, GBPs have great potential for photothermal
antibacterial therapy.

Next, the cell viability of primary uterine fibroblast (PCS-460-
010) to p-/1-GBPs was determined using a 5-diphenyl-2-H-tetra-
zole bromide (MTT) assay to assess the phototoxicity and cyto-
toxicity of the materials. The cells were incubated with Au NBPs,
pL-GBPs, 1.-GBPs or p-GBPs for 3 h at 37 °C, then irradiated with
NIR (0-1.2 W c¢cm ™) for 10 min. It was found that the cell
viability was higher than 90% of the control group, even when
the light power reached 0.8 W cm™? (Fig. S71), suggesting that
the photo-toxicity produced by the GBPs was weak and could be
used as a candidate for PTT. Also, when the power was constant,
cells incubated with different concentrations of materials and
irradiated with NIR (0.8W cm ™2, 10 min) their activity remained
high even if the concentration of the materials were up to 55 pg
mL " (Fig. S71), indicating that the sample had low cytotoxicity
and maintained good biocompatibility during PTT. Therefore,
in the following antibacterial experiments, we chose a low
power intensity (808 nm, 0.8 W ¢cm ) to eliminate adverse
damage to the surrounding healthy tissues.

In vitro antibacterial activity of the p-/L-GBPs

Staphylococcus aureus was used as a model strain to study the
antibacterial behavior of p-/1-GBPs. Au NBPs, pi-GBPs, 1-GBPs
and p-GBPs; these were incubated with bacteria under NIR
(808 nm, 10 min) irradiation, and their temperature changes
were recorded. It was found that the rise in temperature after
treatment with p-/1-GBPs was more obvious than bacteria
treated with Au NBPs, and the temperature with p-GBPs treat-
ment was higher than seen with 1-GBPs (Fig. 2A and S87).
Therefore, the results showed that p-/1-GBPs had significant
antibacterial effects. Moreover, results were much more signif-
icant in the presence of NIR irradiation, which could reduce
bacterial activity by 98 + 1.5% (Fig. 2B) and the antibacterial
activity after treatment with p-GBPs was significantly higher
than that of L.-GBPs. The antibacterial effect of pL.-GBPs and Au
NBPs was not as obvious however. In addition, standard plate
counting results showed that o-GBPs under NIR irradiation was
most effective at inhibiting Staphylococcus aureus, and almost
no bacterial colonies were found in the plate, and this was
consistent with the above results (Fig. 2C). The bacterial colo-
nies treated with p-GBPs alone decreased by 79 £ 2.3%, indi-
cating that p-/t-GBPs alone could not completely destroy the
bacterial cells in this study. These results confirmed that p-/-
GBPs under NIR irradiation could strongly inhibit bacterial
growth through the synergistic effect of PTT. To further evaluate
the antibacterial effects, in vitro antibacterial activity was
assessed using a Live/Dead two-color kit (Fig. 2D). Under the
confocal fluorescence microscope, the live bacteria with intact
cell membranes showed green fluorescence, and the dead
bacteria with damaged cell membranes showed red fluores-
cence. When treated with PBS and Au NBPs alone, most bacteria
survived (green), while treatment with b-/i-GBPs caused
a certain number of bacteria to die, and a small number of
bacteria were stained with red fluorescence. In contrast, the
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proportion of dead bacteria (red) increased significantly when
treated with p-/L-GBPs under NIR irradiation, and the red
increased significantly in the p-GBPs treated group. However,
no significant increase in red fluorescence was observed in the
PBS + NIR and Au NBPs + NIR treatment groups, indicating that
they could not significantly increase their antibacterial effect
through PTT and these findings are consistent with the results
of plate counting. The above results showed that the synergistic
antibacterial behavior of bp-/.-GBPs can be used to treat
implantable infectious bacteria effectively.

Antibacterial mechanism of p-/L.-GBPs

The interaction between different configurations of chiral
materials and bacteria was tested using fluorescence imaging
(Fig. 3A). The Cy5.5-labeled chiral nanomaterial was used to
investigate the interactions with bacterial walls. The experiment
showed that when the materials were incubated with bacteria,
the red fluorescence of p-GBPs overlapped well with the blue
fluorescence of Staphylococcus aureus (Hoechst 33342), indi-
cating that p-GBPs could adsorb onto the bacteria and penetrate
their cell wall. At the same time, it was found that although the
red fluorescence intensity of 1-GBPs and pi-GBPs did not
weaken, the fluorescence of their overlapping areas with
Hoechst 33342 was relatively weak, most of them were free
outside the bacteria or on its outer wall and could not penetrate
the bacterial cell wall effectively. These results demonstrated
that o-GBPs had stronger interaction with bacteria than L-GBPs
and pL-GBPs, and it was easier to adsorb and penetrate bacterial
cell wall. To further explore the reason for the different inter-
actions between b-/1.-GBPs and bacteria, we measured the
affinity of p-/L-GBPs for protein A in the cell wall of Staphylo-
coccus aureus by isothermal titration calorimetry (ITC) (Fig. 3B-
D, S97). The absolute K, value for o-GBPs binding to protein A
was (1.071 £ 0.023) x 10° M, the absolute K, values of 1.-GBPs
and pL-GBPs were (8.664 + 0.251) x 10° M " and (1.575 + 0.159)
x 10° M, respectively. Therefore, the affinity of p-GBPs for
protein A was 12.39-fold or 68-fold higher than 1.-GBPs or pr-
GBPs. These data sufficiently explain the different adsorption
capacity of the chiral configurations for the surface of Staphy-
lococcus aureus. Therefore, a greater number of p-GBPs entered
the bacteria, while 1-GBPs and pL-GBPs were less adsorbed on
the bacterial surface and most were unbound outside the
bacteria due to their weaker affinity for protein A, which was
consistent with our fluorescence results above. The difference
in affinity made their numbers different when entering the
bacteria, which further explains their difference in bacterial
lethality. Next, the morphology of the bacteria was observed by
SEM to further evaluate the antibacterial activity of p-/L.-GBPs
(Fig. 3E). The results showed that in the absence of NIR irra-
diation, the bacterial structures were damaged after treatment
with the different materials, which might be due to the physical
destruction of the bacterial cell wall caused by the sharp ends of
the materials and the spike structure on their surfaces, resulting
in the breakdown of the bacterial cell wall producing irregular
holes. Among them, the structure of bacteria treated with p-
GBPs appeared obviously damaged, which was consistent with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Evaluation of antibacterial mechanism of p-/L-GBPs. (A) After material treatment, confocal fluorescence imaging was performed on
Staphylococcus aureus and GBPs. The white dotted line part is the enlarged area of each bacterial image. Scale bar: 5 um and 500 nm. The
integrated heat data with respect to time for the titration of (B) b-GBPs, (C) L-GBPs and (D) oL-GBPs to protein A in the cell wall of Staphylococcus
aureus. (E) SEM images of Staphylococcus aureus after various treatments. Scale bar: 1 pm. (F) The nucleic acid and (G) protein leakage of
Staphylococcus aureus were treated by different methods by measuring the optical density. ***p < 0.001, **p < 0.01 and *p < 0.05.
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our previous results showing that p-GBPs had higher penetra-
tive efficiency for bacterial cell wall than 1-GBPs and pi-GBPs.
Moreover, the bacteria damage caused by the PTT effect of p-/t-
GBPs further exacerbated the destruction of the bacterial cells
and more bacteria lost their structural integrity under NIR
irradiation. Furthermore, the degree of bacterial fragmentation
was greatest in the NIR + p-GBPs treatment group. Whereas the
bacteria in the control group (PBS) maintained normal shape
with clear a boundary and the membrane integrity was intact
with or without near-infrared light irradiation. We also
measured the nucleic acid and protein leakage from Staphylo-
coccus aureus (Fig. 3F and G) and the results showed that the
nucleic acids and proteins in the cytoplasm and cell wall of the
p-/L-GBPs treated bacteria were released into the surrounding
milieu. Consistent with our previous results, the leakage of
nucleic acids and protein from Staphylococcus aureus treated
with NIR + bp-GBPs increased significantly which further
promote bacterial cell death and accelerate the destructive
effect of GBPs on the bacteria.

A il 4 NIR 808 nm
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Therefore, p-/L-GBPs was adsorbed onto the bacteria by their
interaction with the bacterial cells, and p-GBPs showed higher
penetrating efficiency for the bacterial cell wall when compared
to 1-GBPs due to its higher affinity for protein A, which
destroyed the integrity of the bacterial cell structure and
aggravated the mechanical deformation of the bacteria to
a greater extent than 1-GBPs. Furthermore, leakage of the
bacterial contents was confirmed, causing further rupture and
death of the bacteria. In addition, the PTT effect of p-/.-GBPs
could further damage the bacteria under NIR irradiation.
Through the above synergistic effect, it was found that Staphy-
lococcus aureus was significantly inhibited by chiral materials.

In vivo antibacterial efficacy of p-/.-GBPs

After confirming an in vitro antibacterial role for p-/L-GBPs, two
mouse infection models were applied to further evaluate the
therapeutic effect of p-/L-GBPs in vivo. Here, mice were infected
with 100 pL 10° CFU mL™" Staphylococcus aureus, and then
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Fig. 5 Efficacy of p-/L.-GBPs in septic mice model. (A) Experimental process of sepsis mice model construction and treated with different
materials. (B) PBS, pL-GBPs, b-/L.-GBPs and Au NBPs were used to treat the sepsis model. The number of bacteria in mice (C) lung, (D) heart, (E)
liver, (F) kidney and (G) spleen after different treatment methods. **p < 0.01, ***p < 0.001.
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injected with 100 puL 55 pg mL " p-/i-GBPs solution and irra-
diated with NIR (0.8 W cm™?) for 10 min (Fig. 4A). During this
period, the change of temperature at the wound on the back of
the mice was recorded using a thermal imager (Fig. 4B). The
results showed that after 10 min of irradiation, the temperature
of the infected area injected with p-/L.-GBPs solution generally
increased, and the temperature of the subcutaneous abscess in
the p-GBPs treatment group was the highest, and reached as
much as 60 °C =+ 4.5, indicating that GBPs could effectively kill
bacteria through photothermal effects. At the same time, it was
observed that the temperature of surrounding normal tissues
did not increase, indicating that the hyperthermia did not have
any adverse effect on the normal tissues. This may be due to the
strong interaction between p-/L-GBPs and bacteria, which lead
to its specific adsorption. Next, the mouse wound was photo-
graphed, and the recovery of the wound was recorded. It was
found that under NIR irradiation, no obvious inflammation was
observed on the epidermis of the mice in the p-/.-GBPs treat-
ment group on day 8. In particular, the wounds from the p-GBPs
treatment group almost completely recovered, which was
consistent with the state of the skin before infection (Fig. 4C
and S107), while the wound healing of the mice from the other
groups was not obvious, and the abscesses and inflammation
could still be observed. Our statistical analysis revealed that the
wound area of the mice form the p-GBPs treatment group was
much smaller than that seen in the other groups, and the
wound area became smaller under NIR irradiation (Fig. 4D),
demonstrating that p-/t-GBPs, in coordination with PTT, could
significantly inhibit and kill bacteria in vivo. Next, we quanti-
tatively evaluated Staphylococcus aureus in the skin abscess by
standard plate counting methodology and it could be seen that
the number of bacteria after NIR + p-/.-GBPs treatment was
significantly reduced (Fig. 4E and F), which was consistent with
the previous antibacterial effect in vitro. We then performed
histological analysis of skin sections using hematoxylin and
eosin (H & E) staining to examine the recovery of the infected
skin tissue (Fig. 4G). In the group treated with PBS or NIR alone,
signs of severe infected skin injury and inflammatory cell
infiltration were observed. In contrast, the skin tissue inflam-
matory cell infiltration seen in the NIR + p-GBPs treated group
decreased significantly, showing complete histological charac-
teristics, indicating that this treatment had excellent thera-
peutic effect on skin infection.

Therefore, the antibacterial effect of p-/.-GBPs in a sepsis
model was evaluated (Fig. 5A). Firstly, 100 uL 10’ CFU mL ™"
Staphylococcus aureus was injected intraperitoneally into mice
leading to 90% mortality. Using statistical survival rates
(Fig. 5B), it was found that the untreated infected mice died
within 48 hours, while the mice injected with p-/.-GBPs were
greatly protected, and the survival rate of mice was higher after
NIR irradiation with mice from the p-GBPs + NIR group being in
the best condition when compared to the other groups. Then,
different organs derived from the infected mice were removed,
and their respective bacterial contents were counted. The
results showed that the number of bacteria in each organ (lung,
heart, liver, kidney, spleen) decreased significantly after injec-
tion with p-/L-GBPs under NIR irradiation. Among them, the
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bacterial counts in mice treated with p-GBPs was the lowest and
significantly lower than that of mice treated with r-GBPs
(Fig. 5C-G). Compared with the S. aureus group, the number of
white blood cells counted in mice treated by the different
materials increased gradually, and the number of lymphocytes
and neutrophils in blood gradually decreased (Fig. S11-S137).
The weight of the mice treated by the different materials grad-
ually recovered (Fig. S141). Among them, the recovery level in
the p-GBPs + NIR group was the greatest. In addition, the typical
pathological changes in each organ was also alleviated in the
treatment group (Fig. S157). These results revealed that p-/i-
GBPs had significant antibacterial effect in vivo under NIR
irradiation.

Conclusions

In summary, chiral gold nano materials (p-/L-GBPs) mediated by
dipeptides were synthesized to resist bacterial infection. We
found the chirality-dependent antibacterial effect that p-GBPs
had much stronger at destroying bacteria than 1-GBPs for
Staphylococcus aureus both in vitro and in vivo. This study,
therefore, provides a promising tool to further improve the
therapeutic treatment of bacterial infection, including fatal
bacterial infection, regulating systemic inflammatory responses
and preventing multiple organ failure through chiral
nanomaterials.
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