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Ligand engineering of Aus4 nanoclusters for NIR-II
luminescent and photoacoustic imaging-guided
cancer photothermal therapyT
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Developing a high-performance noninvasive probe for precise cancer theranostics is very challenging but
urgently required. Herein, a novel Au nanoclusters (NCs)-based probe was designed for cancer theranostics
via ligand engineering by conjugating photoluminescent (PL) Aus4 NCs in the second near-infrared window
(NIR-1l, 1000-1700 nm) with aromatic photoacoustic (PA)/photothermal molecules through click
chemistry. This design bypasses the incompatibility dilemma between photoluminescence (PL) attributes
and PA/photothermal properties because the rigidity of the PA/photothermal molecules can lead to
aggregation-induced emission (AIE) of the Au()-ligand shell of the Au NCs by constraining their
nonradiative relaxation. Benefiting from strong NIR-Il PL with emissions at 1080 and 1240 nm, high
photothermal conversion efficiency (65.12%), low cytotoxicity, appropriate renal clearance, and
enhanced permeability and retention (EPR) effect, the as-designed Au NC-based theranostic probe
achieves ultradeep NIR-II PL/PA imaging-guided cancer photothermal therapy (PTT). Remarkably, 16
days after photothermal treatment guided by NIR-II PL/PA imaging, mice were all healed without tumor

recurrence, while the average life span of the mice in the control groups was only 17-21 days. This study
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Introduction

Noninvasive yet precise theranostics for cancer (NPTC) is
desired for both cancer patients and therapists because of its
avoidance of physical trauma, low cost, and real-time feedback-
mediated higher therapeutic efficacy." However, developing
a high-performance NPTC probe is a great challenge due to the
following aspects: (1) neither noninvasive disease diagnosis
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may add fundamentally and methodologically to noninvasive imaging-guided disease therapy.

with deep tissue penetration and high spatiotemporal resolu-
tion nor tumor therapy with high tumor selectivity and few side
effects are easy tasks;* (2) simply integrating the diagnostic
entity and a therapeutic counterpart into one probe usually
results in incompatibility of the constructed NPTC probe, such
as the mutual energy competition between the photo-
luminescence (PL) imaging and the photothermal therapy (PTT)
based on the Jablonski energy spectrum theory;® (3) the thera-
nostic probe should also be renal clearable (i.e., a hydrodynamic
size of =5.5 nm is the kidney filtration threshold) with benign
biocompatibility.* Overall, tackling any one of such issues
presents a challenge, let alone simultaneously solving all these
issues in designing NPTC probes, which further reflects the
difficulties and significance in the construction of high-
performance NPTC probes.

Recently, ultrasmall Au nanoclusters (NCs) with a core size
of =3 nm have emerged as a novel class of functional nano-
materials in the biomedical field due to their atomic-precision
size,” rich yet tailorable surface chemistry, and unique
molecule-like properties, such as strong PL signal,” chirality,*
and highest occupied molecular orbital-lowest unoccupied
molecular orbital (HOMO-LUMO) transitions.” Such
intriguing physicochemical properties allow Au NCs to be
biocompatible,' surface engineerable,*”'* and renal clearable
(i.e., hydrodynamic size of =5.5 nm),**** making their

© 2023 The Author(s). Published by the Royal Society of Chemistry
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application possible for disease diagnosis or therapy.'* For
example, several recently developed types of Au NCs with PL
emission in the second near-infrared window (NIR-II, 1000-
1700 nm) have shown overwhelming advantages in bioimaging
in terms of deep tissue penetration (>1 cm) and high spatio-
temporal resolution (approximately 10 pm, and 4 ms)
compared with NIR-I emitting NC-based probes (650-900 nm),
which have a limited in vivo signal-to-noise ratio."* We thus
hypothesize that if we can design atomically precise NIR-II
emitting Au NCs as a molecular matrix for delicate engi-
neering, we may develop a high-performance NPTC probe to
achieve NIR-II PL imaging-guided tumor therapy. For proof-of-
concept purposes, here a noninvasive PTT modality was
chosen as the therapy function of the NPTC probe because it is
advantageous in cancer treatment with high tumor selectivity
and few side effects.’*'* More importantly, the photothermal
attributes may endow the NPTC probes with an additional PA
signal for improving diagnostic efficacy due to the thermo-
elastic expansion-induced PA emission of the treated tis-
sues.>*'® In addition, the NIR-II PL properties of the NPTC
probes may in turn remedy the limitations of the poor light
absorption of conventional PTT probes in deep tissues,
expectedly achieving dual-mode NIR-II PL/PA imaging-guided
cancer PTT. However, it is still a major challenge to design
NIR-II emitting Au NCs with atomic precision. Moreover,
several other issues may also arise, e.g., how to engineer NIR-II
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emitting Au NCs to concurrently achieve NIR-II PL/PA imaging
with excellent PTT, can the NIR-II PL imaging proceed
synchronously with PA imaging, how the NIR-II PL imaging
affects the PTT in vivo, and what are the theranostic efficacy
and pharmacokinetic behavior of the Au NC-based probe for
NPTC like after engineering.

In this work, we report the design of a novel Au NC-based
theranostic probe - Auy,MBA,¢-Cy7 (here MBA denotes 4-mer-
captobenzoic acid; Cy7 denotes heptamethine dye) for ultra-
deep NIR-II PL and PA imaging-guided cancer PTT. The
Au, MBA,-Cy7 probe comprises NIR-II emitting Au,,MBA,4
NCs linked with aromatic Cy7 molecules through click chem-
istry (Scheme 1), which not only enhances the NIR-II PL signal
of the Au,, NCs by closing the nonradiative pathway of the inner
Au NCs based on AIE," but also improves the photothermal
conversion efficiency of the outer Cy7 shell. Such intriguing
NIR-II PL/photothermal attributes, together with benign
biocompatibility, good pharmacokinetics, efficient renal clear-
ance, and enhanced permeability and retention (EPR) effect,
make this probe capable of NIR-II PL and PA imaging-guided
cancer therapy with high sensitivity and specificity without
damaging major organs. To the best of our knowledge, this may
be the first successful Au NC probe for NPTC involving simul-
taneous NIR-II PL/PA imaging-based diagnosis and PTT-based
therapy, which would become a promising next-generation
noninvasive theranostics technique for cancer.
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Schemel Schematic illustration of the synthesis of Aus4MBA,6-Cy7 NCs based on the click chemistry-mediated conjugation of Auy4MBA,¢ NCs
with Cy7 molecules, and the application of NIR-1I PL and PA imaging-guided cancer PTT.
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Results and discussion

The synthesis of NIR-II emitting metal NCs with atomic preci-
sion is a long-standing challenge in the cluster community due
to the poor understanding of the correlation between their
precise size/structure and PL mechanism. In this study, NIR-II
emitting AuyyMBA,s NCs were synthesized via an NaOH-
mediated NaBH, reduction method.®*** As shown in Fig. 1a,
three step-like optical peaks at 497 nm, 590 nm and 794 nm are
observed in the UV-vis absorption spectrum of the Au NCs,
indicating the successful synthesis of monodisperse Au NCs.*
While the single band in the native polyacrylamide gel electro-
phoresis (PAGE) results clearly reveals the high monodispersity
of the Au NCs (Fig. S1 in the ESIf), the electrospray ionization
mass spectrometry (ESI-MS) results disclose the synthesis of
high-quality Au,,MBA,¢ NCs, in which two peaks at m/z =
~3162 and ~4216 can be ambiguously assigned as [Au,;MBA,¢-
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addition, the hydrodynamic diameter of the Au,, NCs was
confirmed to be 2.73 nm (Fig. 1c), while their core sizes were all
below 2 nm with an average size of 1.58 nm (Fig. 1d). More
interestingly, the Auy, NCs display two PL emission peaks at
1080 nm and 1280 nm when excited at 808 nm (Fig. 1f), mani-
festing that the Auy, NCs are a promising PL probe for NIR-II PL
imaging. Taking all the characterization results together, the
Au,, NCs exhibit molecular optical absorption, atom-precision
formula, good hydrophilicity, ultrasmall hydrodynamic size
(<3 nm), and strong NIR-II PL intensity, making them an ideal
probe for biomedical applications.

Upon acquiring Au,sMBA,¢ NCs, we introduced azide groups
on the surface of the Auy, NCs via a simple 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC)/N-hydroxysuccinimide (NHS) crosslinking strategy, and
then conjugated the Au,, NCs with aromatic PA/photothermal
alkynylated Cy7 molecules via click chemistry to obtain multi-

2H]*" and [AuyMBA,s-H]*~ species, respectively (Fig. 1b). In  functional AuyMBA,,-Cy7 (Scheme 1, Fig. S2-S6 and
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Fig. 1 (a) UV-vis absorption spectra of pristine AussMBA,¢ NCs and
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Aug4MBA,¢-Cy7 NCs. (b) ESI-MS of AuggMBA,¢ NCs. The inset shows

experimentally acquired (black curve) and simulated (red curve) isotope patterns of the NCs. (c) Dynamic light scattering (DLS) profiles, (d) and (e)
TEM images with inserted size distribution histograms, and (f) NIR-Il photoemission spectra (Aexcitation = 808 nm) of pristine Aus4MBA,¢ NCs and
Aug4MBA,6-Cy7 NCs. The inset in (f) shows the photographs of pristine Aus4sMBA¢ (Upper panel) and Aus4sMBA,6-Cy7 solutions (lower panel)
under visible (left) and NIR light (right) illumination. (g) NIR-1l imaging contrast and corresponding NIR-Il images (inset; taken under 808 nm laser
illumination; upper panel: Aug4MBA,g; lower panel: AugsMBAg-Cy7) of pristine Aus4MBAg NCs and Aus4MBA,6-Cy7 NCs at concentrations of O,
30, 60 and 100 pM. (h) NIR-II PL decay profile and the corresponding fit of pristine Aus4MBA,s NCs. (i) Cyclic voltammogram of pristine
Auy4MBA,¢ NCs (reference potentials, HER: potential of hydrogen evolution reaction at pH = 0).
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Supplementary Note I in the ESIT). After conjugation, the as
obtained Au,,MBA,Cy7 sample displays broad yet intensive
optical absorption in the range of 600-1000 nm in its UV-vis
absorption spectrum (Fig. 1a), which is dramatically different
from that of pristine Au,;;MBA,¢; NCs and was attributed to the
contribution of the Cy7 molecules (Fig. S7af). Furthermore,
while the Cy7 modification did not change the core size of the
Auy4MBA, NCs (Fig. 1d and e), a slight increase in the hydro-
dynamic diameter from 2.73 nm to 3.45 nm of the modified
Au,MBA,; NCs was observed (Fig. 1c), which ensures the good
renal clearance of Au,;;MBA,-Cy7 NCs because their hydrody-
namic diameter is still below the kidney filtration threshold
(~5.5 nm).* In addition, it was confirmed that around 13 Cy7
molecules were conjugated on each Au,,MBA,¢ NC (Fig. S8 and
Supplementary Note II in the ESIt), indicating the good struc-
tural symmetry of AuyyMBA,6-Cy7.

The NIR-II PL emission peaks of the Au,sMBA,s NCs at
1080 nm and 1280 nm were retained after Cy7 modification,
accompanied by partial enhancement in the emission intensity
(Fig. 1f). Indeed, surface engineering has been proven to be an
efficient strategy by which to enhance the PL of metal NCs. For
example, Pyo et al. reported that the PL of Au,,GSH;3 NCs (here
GSH denotes glutathione) was enhanced by more than five
times in water upon surface engineering via conjugating benzyl
chloroformate (CBz-Cl) and pyrene (Py), attributed to the ligand
shell rigidification effect as well as the promoted energy transfer
from the ligands to the metal core.* Inspired by this, we spec-
ulated that the enhanced NIR-II PL of AuyyMBA,¢-Cy7 could be
due to the stronger absorption in the range of 600-1000 nm, the
promoted charge transfer of the Cy7 molecules, and the
resulting aggregation-induced emission (AIE) effect. Specifi-
cally, upon conjugating the Auy,;MBA,s NCs with rigid Cy7
molecules, the high m-electronic delocalization of the 2-(3-
cyano-4,5,5-trimethylfuran-2(5H)-ylidene) malononitrile (TCF)
group in the Cy7 molecules enhanced the charge transfer from
the ligands to the metal core of the NCs."** Moreover, the as-
obtained Au,4sMBA,4-Cy7 NCs showed remarkable AIE effect
(Fig. S9%), i.e., the AuysMBA,,-Cy7 NCs displayed weak PL
emission in N,N-dimethylformamide (DMF) with good solu-
bility, but a more intense PL signal in mixed DMF/H,O with
relatively poor solubility, which is due to the rigidity of the Cy7
shell endowing the Au,4MBA,-Cy7 NCs with AIE properties by
closing the nonradiative pathways of the inner NCs.** It should
be emphasized that the acquisition of AIE properties by
conjugating the Auy,sMBA,s NCs with rigid Cy7 molecules is the
key to the design, which not only enhances the NIR-II PL
intensity via AIE, but also ensures the maintenance of excellent
PA/photothermal signals of the outer Cy7 shell (discussed later),
bypassing the dilemma of the incompatibility between the PA/
photothermal properties and PL attributes. Meanwhile, as
shown in Fig. 1g, both Au,;MBA,s and Au,sMBA,4-Cy7 show
concentration-dependent NIR-II PL imaging contrast, allowing
their usage in NIR-II PL imaging at an extremely low concen-
tration (e.g., 30 uM).

Considering that the NIR-II PL signal of the AuyyMBA,¢-Cy7
NCs originates from the Au,sMBA,s NCs instead of the Cy7
molecules that exhibit emission at 931 nm (Fig. S7b¥), we may

© 2023 The Author(s). Published by the Royal Society of Chemistry
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uncover the NIR-II PL mechanism of the Au,,MBA,4-Cy7 NCs by
investigating Au,sMBA,s. On this basis, both the NIR-II PL
lifetime and the highest unoccupied molecular orbital-lowest
unoccupied molecular orbital (HOMO-LUMO) transition of
the Au,,MBA,s NCs were analyzed. As shown in Fig. 1h, the NIR-
II PL decay profile of the Au,sMBA,s NCs reveals that the NCs
are composed of microsecond lifetime components (1.44 ps:
57.17%;j 14.48 us: 42.83%). The long PL lifetime and a large
Stokes shift (>200 nm) indicate that the NIR-II PL emission of
the Au,4MBA,s NCs most probably results from ligand-to-metal
charge transfer or ligand-to-metal-metal charge transfer and
subsequent radiative relaxation. In addition, we conducted
cyclic voltammetry (CV) tests to assess the HOMO-LUMO gaps
of the Auy,sMBA,s NCs that may correlate to their PL properties*
(Fig. 1i). The results show a reduction potential of 0.29 V and
two oxidation potentials at 0.68 V and 0.85 V (vs. the reversible
hydrogen electrode, RHE). Of note, such reduction and oxida-
tion peaks have been used to determine the positions of the
LUMO and HOMO.?* On this basis, two energy transition gaps
of the Au,;MBA,; NCs were identified to be 0.97 eV (i.e., the first
transition) and 1.14 eV (i.e., the second transition), which are
consistent with the NIR-II PL emissions at 1080 nm and
1280 nm shown in Fig. 1f. However, it is still difficult to estab-
lish the precise correlation between the NIR-II PL properties
and the structure of the Auy,;MBA,s NCs, although the
Au,MBA,s NCs may share the same crystal structure as the
reported Augyy(2,4-dimethylbenzenethiol),s NCs.** Such correla-
tion may be established with additional efforts on theoretical
simulations.

The AuysMBA,¢-Cy7 NCs exhibit excellent photothermal
properties. As shown in Fig. 2a, the temperature of the aqueous
Auy4MBA,6-Cy7 solution (10 pM) elevates dramatically from 30 ©
C to 70 °C within 10 min of 808 nm laser irradiation, out-
performing the photothermal efficacy of pristine Au,sMBA,¢
NCs, which only cause a temperature increase of up to 43 °C
under the same conditions (Fig. S107). It should be emphasized
that such an excellent photothermal trait of the Au,sMBA,4-Cy7
NCs guarantees their high-efficiency killing of tumor cells, and
could overcome the challenges caused by the high expression of
heat shock proteins (HSPs).>* HSPs are a class of heat-stress
proteins that are widespread, from bacteria to mammals, and
could modulate the tumor cell response to heat-induced cyto-
toxicity.> In addition, the temperature response of the
Au,,MBA,-Cy7 NCs under NIR laser irradiation exhibits good
correlation with their concentration (Fig. 2a) and laser power
(Fig. 2b). In order to study the photothermal stability of the
Au,,MBA,6-Cy7 NCs, we carried out repeated radiation-cooling
experiments. As shown in Fig. 2c, while both the Au,;yMBA,¢-
Cy7 NCs and pristine AuyyMBA,¢ NCs show good photothermal
stability in these five radiation-cooling cycles, the photothermal
activity of the AuyyMBA,¢-Cy7 NCs is much higher than that of
pristine Au,,MBA,s NCs with the same concentration. In terms
of the photothermal conversion efficiency,"**** the Au,,MBA,¢-
Cy7 NCs (65.12%) also perform better than pristine Au,;MBA
NCs (34.96%) based on the heat transfer time constant and
maximum steady-state temperature results (Fig. 2d), which
reveal the major role of Cy7 conjugation in enhancing the
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photothermal conversion efficiency of the Au,;;MBA,6-Cy7 NCs.
Of note, the conjugation of rigid Cy7 with the Au,sMBA,s NCs
not only endows the Au,sMBA,4-Cy7 NCs with AIE properties to
avoid the possible energy competition between the PL attributes
and PA/photothermal signals, but also creates a highly localized
concentration of Cy7 molecules that is more favorable for high
photothermal efficiency than that of unconjugated analogues,
providing a paradigm in the design of a multifunctional probe
for NPTC.

Naturally, we assessed the in vitro PTT effect as well as
cytotoxicity of the Au,sMBA,¢-Cy7 NCs by conducting both live/
dead staining and 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) assays using HeLa cells as
a model. As shown in Fig. 2e, the live/dead staining results
show that the HeLa cells treated with the Au,yMBA,,-Cy7 NCs
but without exposure to laser irradiation are almost all alive
(green color), which suggests that the Au,sMBA,s-Cy7 NCs
exhibit very low cytotoxicity. By contrast, upon laser irradiation
for 6 min, the HeLa cells treated with the Au,y;MBA,¢-Cy7 NCs
were all dead (red color, Fig. 2e), which is very different from
those treated with the pristine AuyyMBA,s; NCs, where only
a small number of dead HeLa cells stained in red were
observed (Fig. Sl1lat). These results indicate that the
Au, MBA,6-Cy7 NCs have excellent in vitro PTT effect. In
addition, MTT assay provides quantitative data on the PTT
effect. As shown in Fig. 2f, the Auy,;MBA,sCy7 NCs display

4312 | Chem. Sci, 2023, 14, 4308-4318

neglectable cytotoxicity, which is evidenced by the fact that no
apparent reduction in the HeLa cell viability is observed even
upon increasing their concentration to 5 pM without laser
irradiation. In comparison, obvious necrosis of HeLa cells with
55.2% viability could be detected for the sample treated with as
low as 0.3 uM Auy4MBA,,-Cy7 NCs under 808 nm laser irradi-
ation, and <10% HeLa cells survived when treated with =2.5
uM of the AuyyMBA,s-Cy7 NCs under the same conditions,
while the pristine AuyyMBA,s NCs began to show PTT activity
for cell killing when their concentration was higher than 10 uM
(Fig. S11bt). Taken together, both live/dead staining and MTT
assays clearly demonstrate that the Auy4MBA,-Cy7 NCs not
only exhibit good biocompatibility, but also show excellent in
vitro PTT effect. Besides this, we also performed confocal PL
microscopy to uncover the uptake behavior of the HeLa cells
for the Au,;MBA,-Cy7 NCs. As shown in Fig. 2g, the HeLa cells
show red PL in the cytoplasm after incubation with the
Au,yMBA,-Cy7 NCs. To determine the subcellular distribu-
tion, the lysosome-specific staining probe LysoTracker Green
and mitochondria-specific staining probe MitoTracker Green
were used for co-staining the Au,sMBA,4-Cy7 NCs. The green
PL of LysoTracker green is strongly correlated with the red PL
channel (Rr = 0.8), indicating that most of the Au,;MBA,¢-Cy7
NCs are located within the lysosome (Fig. 2g). Therefore, the
above results manifest that the Au,sMBA,¢-Cy7 NCs enter the
cells through endocytosis.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In addition to the remarkable in vitro photothermal prop-
erties, the AuysMBA,¢-Cy7 NCs also display prominent perfor-
mance in noninvasive in vivo NIR-II PL and PA imaging. The
strong NIR-II PL signal of the Au,;MBA,¢-Cy7 NCs allowed high-
contrast, real-time NIR-II vessel imaging under 808 nm laser
irradiation to be achieved. As shown in Fig. 3a, the hindlimb
vessels in mice could be observed with an ultrahigh contrast in
the NIR-II window. Specifically, the vessels of the mice were
visible at 30 s from the intravenous injection of the Au,;MBA,¢-
Cy7 NCs, and extremely clear at 120 s. The cross-sectional
intensity profile of the mice's hindlimb at 300 s also revealed
the intense NIR-II PL signal in the vessels (Fig. 3b). Taken

© 2023 The Author(s). Published by the Royal Society of Chemistry

together, one may conclude that the Au,;MBA,-Cy7 NCs with
ultrasmall size exhibit molecule-like pharmacokinetics, pos-
sessing great potential in ultradeep NIR-II PL imaging for
medical diagnosis.

To test the possibility of NIR-II PL imaging-guided tumor
therapy, we further established a metastatic tumor model in
which 4T1 cells were inoculated into the right hind paw of nude
mice, and checked the usefulness of the Au,4MBA,4-Cy7 NCs for
the real-time NIR-II PL imaging of tumors. As shown, after
intravenously injecting Au,4sMBA,4-Cy7 NCs into the 4T1 tumor-
bearing mice, the NIR-II PL signal under 808 nm laser irradia-
tion could be recognized at 20 s (Fig. 3c). Benefiting from the

Chem. Sci., 2023, 14, 4308-4318 | 4313


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05729h

Open Access Article. Published on 08 March 2023. Downloaded on 1/27/2026 9:59:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

(@) Omin 2min 4 min 6 min

Saline
+Laser

Au,,MBA,
+Laser

Au,,MBA,-Cy7
+Laser

(e) DO D4 D8 D12 D16 D20
"B A
Saline Q E ; : :
A7 v ':" 3 -
2 2T = s -
Saline " g ; ¥
+Laser o 3 ' § a3
)’V- - . = W L =
"Q 2 ~ W ‘_': g g
Au, ,MBA '
+Laser \% . - - &)
Yo . e ) ‘\ 3 .
P ,f"”’ vid .

AuyMBA,-Cy7

.,#‘, N,
; 8
8 3

. |

o’ F - - 4 <
Au,,MBA-Cy7 £ ; :
+Laser : . 1 : ;
- e t = e PETy

8 min 10 min

View Article Online

Edge Article
b
( )6 0T —Saline+Laser
& |=Auy,MBA,+Laser
© 601+ Au,MBA,-Cy7
= +Laser
o
o 501 *
Q.
QE> 401 —3—F—3—3
=
2_ 4 6.8 10
() Time (min)
—=— Saline
251, Saline+Laser ,,
20 Au MBA +Laser J
- AuyMBA,-CYyT . 3,
D24 an' — AugMBA,-Cy7 3 & 1
1 > 10 +Laser ] /I,{/I/I *
- 5 | i
”‘; 04 é g : - :
" 0 5 1?) 15 20 25
) a
> @D 0 4
L
. &\180‘
g T 601
53 8 ™" saline I
E 40{— Saline+Laser LU:
f 4 S — Au,MBA, +Lase ]
" ? 20{— Au,MBA,-Cy7 Ll
‘! 0 — Auy,MBA-Cy7+Laser

0 5 10 15
Day

20 25

Fig. 4 PTT in vivo. (a) Representative IR thermal images of 4T1 tumor-bearing mice injected intravenously with the Aus4sMBA6-Cy7 NCs,
Au44MBALe NCs, or saline with 10 min of laser irradiation (808 nm, 1.0 W cm™2). (b) Irradiation time-related temperature elevation curves of the
tumor sites. Error bars indicate the mean + SD (n = 5), *P < 0.05. (c) The tumor growth curves of 4T1 tumor-bearing mice in different treatment
groups. Error bars indicate the mean + SD (n =5), *P < 0.05. (d) The survival plot of the 4T1 tumor-bearing mice in the different treatment groups.
(e) Photographs of 4T1 tumor-bearing mice 0, 4, 8, 12, 16, 20, and 24 days after treatment with saline, Aug4MBA,g NCs, and Auy4MBA,¢-Cy7 NCs

in the dark or under laser irradiation.

continuous accumulation of the Au,;MBA,Cy7 NCs at the
tumor site via the EPR effect, the NIR-II PL intensity in the
primary tumor tissues gradually increased within 8 min, and
was five times greater than that in the healthy tissue (Fig. 3c and
d), indicating that the Auy4MBA,-Cy7 NCs have tumor targeting
ability and possess significant advantages in NIR-II PL imaging
for tumor diagnosis with deep-tissue penetration (Fig. 3e).
Furthermore, the NIR-II PL signal of the Au,;MBA,4-Cy7 NCs in
primary tumor tissues remained after 4 h with a high resolution
(Fig. 3c and d), which suggests their long-lasting imaging
ability, supporting their application in long-period NIR-II PL
imaging-guided tumor therapy.

One salient feature of the Au,sMBA,4-Cy7 NCs is their dual-
mode noninvasive imaging of deep tissues with mutual signal
correction. Aside from NIR-II PL imaging, the Au,,MBA,4-Cy7
NCs could simultaneously achieve in vivo PA imaging. It should

4314 | Chem. Sci, 2023, 14, 4308-4318

be mentioned that the generation of the PA signal is related to
thermal expansion. While an Au,;MBA,6-Cy7 NC solution with
a low concentration of 2 M showed strong PA signals (Fig. 3f),
the same was not realized by the pristine Au,;MBA,s NC solu-
tion, although it generated a PA signal when the concentration
was increased by =10 times (Fig. S127). This preliminary result
implies the capability of the Au,sMBA,-Cy7 NCs of real-time PA
imaging. To further check the applicability for in vivo PA
imaging, the Au,sMBA,4-Cy7 NCs were injected into 4T1 tumor-
bearing mice via the tail vein. Owing to the EPR effect, the
Au,4sMBA,-Cy7 NCs accumulated continuously at the tumor
site, enabling the successful PA imaging of the tumor with
a rapidly increasing signal intensity until a maximum was
reached at 4 h (Fig. 3g and h), which demonstrated the excellent
in vivo PA imaging ability of the Au,,MBA,,-Cy7 NCs. Based on
the quantitative analysis of the time-related relative PA

© 2023 The Author(s). Published by the Royal Society of Chemistry
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intensities of the Auy,MBA,s-Cy7 NCs at the tumor sites
(Fig. 3h), we can deduce that 4 h from NCs injection is the
optimal time point for in vivo PTT. More importantly, the
Auy4MBA,6-Cy7 NCs could simultaneously implement NIR-II PL
and PA imaging for tumors with both deep-tissue penetration
and high spatial resolution at 4 h from NC injection, which may
guide cancer PTT in terms of providing precise tumor location
and real-time feedback. It is worth noting that the PL and PA
attributes with a competitive relationship were successfully
integrated into one material in this study, highlighting the
strong designability of the Au,;yMBA,s-Cy7 NCs via ligand
engineering.

With the guidance of in vivo NIR-II PL and PA imaging, we
further investigated the in vivo PTT of the AuysMBA,-Cy7 NCs
for 4T1 tumor-bearing mice. As shown in Fig. 4a and b, the
infrared radiation (IR) thermal mapping images of 4T1 tumor-
bearing mice treated with the Au,,MBA,s-Cy7 NCs show that
the tumor temperature increases rapidly, and reaches the
highest temperature of 61.3 °C with 808 nm laser irradiation for
10 min. This result is better than the treatment of the
Au,yMBA, NCs and saline with temperature elevations of 9.5 °C
and 6 °C, respectively. Consequently, the tumors in mice treated
with the AuysMBA,-Cy7 NCs were successfully ablated upon
laser irradiation, and burn scars were generated at the tumor
site.

After 16 days, 4T1 tumor-bearing mice treated with the
Au,,MBA,6-Cy7 NCs were all healed without tumor recurrence
(Fig. 4c and e). In addition, all mice in this group were alive and

© 2023 The Author(s). Published by the Royal Society of Chemistry

had to be euthanized (Fig. 4d). By contrast, the tumor of mice
treated with the Au,sMBA,¢ NCs initially showed a slight
decrease, but then began to grow rapidly from the 4th day
(Fig. 4c and e). A worse situation was observed in the control
groups (i.e., tumor-bearing mice treated with only laser irradi-
ation or Au,yMBA,-Cy7 NCs) where tumors continued to grow
rapidly (Fig. 4c and e). In comparison to the recovered health
status of mice treated with PTT using the Au,yMBA,4-Cy7 NCs,
the average life span of mice in the other four groups was only
17-21 days (Fig. 4d). Such excellent PTT efficacy of the
Au,yMBA,6-Cy7 NCs is expected considering their outstanding
photothermal efficiency, decent molecular pharmacokinetics,
good tumor selectivity (due to the EPR effect), and benign
biocompatibility. On this basis, we can conclude that the
Au,yMBA,6-Cy7 NCs have been demonstrated to be efficient in
NIR-II PL and PA imaging-guided cancer PTT, realizing the first
successful attempt in designing an Au NC-based molecular
theranostic probe for noninvasive NIR-II PL and PA imaging-
guided cancer PTT.

In addition, the possible adverse effects of the Au,;MBA,6-
Cy7 NCs on mice were also examined. Firstly, we checked the
body weights of mice in each group during the whole PTT
process. The results show that no remarkable weight variation
was observed between the different groups of the mice (Fig. 5a),
indicating that Au,sMBA,¢-Cy7 NCs-directed PTT had almost no
adverse effects on the mice. In addition, after 24 h from the
intravenous injection of the Au,yMBA,4-Cy7 NCs, the mice were
sacrificed and dissected in order to evaluate the influence of the

Chem. Sci., 2023, 14, 4308-4318 | 4315
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AuyMBA,.-Cy7 NCs on their major organs (i.e., heart, liver,
spleen, lung and kidney). As shown in Fig. 5b, no NIR-II PL
signal was perceived from the heart, spleen, and lung, while
a moderate PL signal emanated from the kidney and a weak PL
signal from the liver was detected. These results suggest the
good renal clearance of the ultrasmall Au,yMBA,s-Cy7 NCs,
further reflecting their good biosafety in in vivo dual-mode
imaging-guided PTT. Moreover, the haematoxylin and eosin
(H & E) histopathological assessment of the major organs of
mice in each group disclosed that there is no significant
difference in the organs after PTT (Fig. 5¢), which indicates that
the dual-mode imaging-guided PTT with the Au,sMBA,4-Cy7
NCs did not damage the major organs of the mice. Besides this,
the blood and liver function of the tumor-bearing mice treated
with saline, Au,;MBA,s NCs, and Au,sMBA,¢-Cy7 NCs were
further evaluated. Routine blood tests revealed that the white
blood cell, neutrophil and red blood cell counts were all unaf-
fected by the PTT, corroborating the safety and low toxicity of
the Auy4sMBA,¢-Cy7 NCs and PTT (Fig. 5d). Liver function tests
show no significant differences between the three mice groups,
and all parameters, including blood glucose, albumin, alanine,
and total bilirubin, were within the reference range, indicating
that the treated mice exhibited basically normal liver function
(Fig. 5d). All of these results exemplify the perfect biosafety of
PTT using the Auy4MBA,¢-Cy7 NCs.

Conclusions

In this study, we developed a novel Au NC-based theranostics
probe for ultradeep NIR-II PL and PA imaging-guided cancer
PTT. The key to this design is the ligand engineering of NIR-II
emitting AuysMBA,s NCs by rigid PA/photothermal Cy7 mole-
cules via click chemistry. This not only enhanced the NIR-II PL
intensity of the Au,, NCs via AIE, but also elevated their photo-
thermal efficiency to 65.12% by offering a highly localized Cy7
concentration on the NC surface, contradicting the Jablonski
energy spectrum theory that strong PL signal and excellent
photothermal properties cannot be attained simultaneously.
Owing to the EPR effect, the as-synthesized Au,;MBA,; NCs-Cy7
NCs successfully achieved in vivo NIR-II PL and PA imaging of
tumors in real time with deep tissue penetration, high sensitivity
and specificity, which enabled them to be capable of guiding
cancer PTT by offering accurate tumor location and real-time
feedback. In particular, the 4T1 tumor-bearing mice could be
healed without tumor recurrence upon PTT using the
Auy MBA,-Cy7 NCs by efficiently ablating tumors. In addition,
comprehensive studies revealed that the Au,sMBA,s-Cy7 NCs
exhibit neglectable cytotoxicity and good biosafety in terms of
good renal clearance, no damage to major organs, and unaf-
fected blood and liver functions, confirming the feasible appli-
cation of the Auy4sMBA,4-Cy7 NCs for noninvasive NIR-II PL and
PA imaging-guided cancer PTT. This study is interesting because
it provides a paradigm in the design of metal NCs-based multi-
functional biomedicine for disease theranostics. We envision
that the Au,,MBA,¢-Cy7 NCs may have great potential for future
clinical translation, which may stimulate additional research
activities in noninvasive imaging-guided disease therapy.
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