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ABSTRACT: Multispectral photoacoustic (PA) imaging holds great Q0 0, g1
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an atomic-precision AuspAg,-based nanoagent via dimerization and
engineering of Au,s nanocluster. The dimerization achieves a PA
spectral red-shift from 680 to 710 nm, a S.1-fold amplification of PA
sensitivity, and an enhancement of photothermal conversion efficiency
from 33.9 to 47.1%, which is further increased to 54.7% upon
hydrophobic-to-hydrophilic transfer. After targeted derivation, this
nanoagent shows specific PA contrast in cell pellets and accurate
spectral unmixing with endogenous chromophores (deoxyhemoglobin
and oxyhemoglobin) in solid tumors, which leads to a precise protocol  Au,Ag,PEG-Ab  Deoxyhemoglobin  Oxyhemoglobin

of three-dimensional multispectral PA imaging. This protocol can

unveil spatiotemporal heterogeneities of tumor-associated events, such as blood oxygenation, blood volume, and nanoprobe delivery,
providing a visualized understanding of nanoprobe—tumor interactions. This work establishes atomic-precision dimerization as a
generalizable paradigm for engineering contrast agents, thus bridging the gap between nanocluster design and multispectral PA
imaging applications.
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B INTRODUCTION Therefore, there is an urgent need to develop new perspective
nanoagents with excellent properties for advancing the
practical applications of in vivo precise multispectral PA
imaging.

Atomically precise metal nanoclusters (NCs), a new type of
nanomaterial characterized by its atom packing structure and
strong quantum confinement effects, display adjustable optical
characteristics owing to their tunable electronic configura-
tions.'°~*" Among metal NCs, Au NCs have been extensively
applied in bioimaging due to their photoluminescence,
intrinsic photostability, and biocompatibility.21_24 They also
exhibit optically excited acoustic vibrations,” and have been
employed for in vivo PA imaging of metabolic processes.””’
However, the PA performance of Au NCs is greatly limited by
the attenuated absorption characteristics in the NIR region,
which hinders their application for multispectral PA imaging.
Several strategies have been proposed to enhance the PA

Multispectral photoacoustic (PA) imaging allows spectral
differentiation of distinct chromophores (i.e., contrast agents)
within target tissues with high resolution (down to several
micrometers) and deep tissue penetration (from several
millimeters to centimeters).”” It can simultaneously reveal
the three-dimensional (3D) physiological and molecular
information with endogenous chromophores (such as
hemoglobin) and exogenous contrast ;1gents3_6 and thus
holds promising potential in preclinical research and clinical
translation.”® Ideal contrast agents to achieve these functions
should meet the following photophysical requirements as
much as possible: (1) characteristic near-infrared (NIR)
absorption, (2) sufficiently intense PA effect, typically
associated with high extinction coefficient, strong photo-
thermal conversion, and low quantum yields, and (3) high
photostability.”~'> Gold nanocrystals (for example, gold
nanorods) usually exhibit strong NIR absorption and efficient
photothermal conversion owing to the localized surface
plasmon resonance effect, enabling them to be widely used
as PA nanoagents.'>"* Although they possess spectral flexibility
suitable for multispectral imaging, the relatively uncontrollable
regulations of characteristic spectral shape and absorption
wavelength and limited photostability remain tricky issues.”"

Received: May 17, 2026
Revised:  July 8, 2026
Accepted: July 8, 2026

© XXXX The Authors. Co-published by . .
Nanjing University and American https://doi.org/10.1021/cbmi.6c00115

W ACS Pu bl ications Chemical Society A Chem. Biomed. Imaging XXXX, XXX, XXX—=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ying+An"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xu+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yiran+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kun+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaiyu+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Jia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chaoyi+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yunlong+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huangxian+Ju"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/cbmi.6c00115&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.6c00115?ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.6c00115?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.6c00115?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.6c00115?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.6c00115?fig=tgr1&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/cbmi.6c00115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ChemBioImaging?ref=pdf
https://pubs.acs.org/ChemBioImaging?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/

Chemical & Biomedical Imaging

pubs.acs.org/ChemBiolmaging

Scheme 1. Schematic Illustration of Nanocluster Dimerization and Engineering for In Vivo 3D Multispectral PA Imaging®
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“(a) Ag'-triggered dimerization of Au,s into Aus,Ag, with PA and photothermal changes. (b) Nanocluster engineering from hydrophobic Aug,Ag,
to hydrophilic AugyAg,—PEG (phase transfer) and AusyAg,—PEG-Ab nanoagent (bioconjugation with antibody). (c) Tumor-targeted delivery of
AugAg,—PEG-Ab in tumor-bearing mice for 3D multispectral PA imaging of tumor-associated events (e.g., Aus,Ag,—PEG-Ab, DeoxyHb, OxyHb).

intensity of Au NCs. For instance, Nieh et al. encapsulated
Au,(SC¢Hy3) 13 in lipid nanodisks to induce a 3-fold
enhancement in PA signal by the aggregation of NCs.”* Xie’s
group realized ethanol-triggered aggregation of Au,s(Cys);s
NCs, which enhanced the PA intensity by ~3.3-fold.””
However, these strategies retain the weak NIR absorption
properties of Au,;(SR);s NCs, since the aggregating behavior
does not alter the electronic structures of the original NCs,
which leads to the limited enhancement of PA intensity, thus
impeding the application of Au NCs in multispectral PA
imaging. Therefore, it is necessary to seek novel solutions to
substantially strengthen the PA intensity and improve the NIR
absorption characteristics of Au NCs by structural modu-
lations.

Recently, we synthesized a dimer Aus,Ag,(PET);s NC
(abbreviated as AugoAg,) by assembling two Au,s(PET) g
monomers (hereafter Au,s) bridged with two Ag'.”’ The
dimerization process resulted in the red-shift of the maximum
absorption peak from 675 to 700 nm with an increase of molar
extinction coefficient from 2.3 X 10* M™' ecm™ to 9.6 X 10*
M~ cm™, as well as a significant decrease in photo-
luminescence intensity. Inspired by these findings, this work

systematically investigates the photothermal conversion
efficiency (PCE) and PA effects of the AusyAg, dimer and
Auyy; monomer and proposes an engineering strategy to
facilitate hydrophobic-to-hydrophilic transfer and bioconjuga-
tion of AusyAg,, which achieves the modulation of the PA
sensitivity and PCE for constructing a novel high-performance
PA contrast agent (Scheme la,b). Dimerization enhances the
PA sensitivity by S.1 folds, along with a distinct PA spectral
red-shift from 680 to 710 nm and PCE change from 33.9 to
47.1%. The phase transfer can be realized by encapsulating
AuspAg, with amphiphilic 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy (polyethylene glycol)-2000]
(DSPE-PEG2000), which further red-shifts the characteristic
PA peak and increases PCE. Using the tumor-specific
antiepidermal growth factor receptor (EGFR) antibody (Ab)
as an exemplary antibody conjugate, the developed AuspAg,—
PEG-Ab nanoagent exhibits superior PA contrast and accurate
spectral unmixing with endogenous deoxyhemoglobin (Deox-
yHb) and oxyhemoglobin (OxyHb) in tumor-bearing mice
(Scheme 1c), indicating an excellent contrast agent and a
precise protocol to achieve 3D multispectral PA imaging of a
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Figure 1. Optical properties of AuspAg, dimer versus Au,s monomer in the organic phase. (a) Schematic dimerization of two Au,s nanoclusters by
two Ag" to AugeAg, dimer. C and H atoms are omitted for clarity. (b) Vis—NIR absorption spectra of Au,5 and AugyAg, in THF (17 yuM). The
inset shows the photographs of Au,; (left) and Aug,Ag, (right). (c and d) Temperature changes of (c) Au,s and (d) AugyAg, in THE (17 uM)
under 690 nm laser (1.0 W cm™2), and plots of cooling time versus In € obtained during cooling. (e) PA spectra of Au,s and AugeAg, in THF (66
uM). (f) PA images of Au,s and Aug,Ag, in THF at indicated concentrations at 710 nm, and (g) plots of PA intensity versus the concentration.
Data are presented as mean + standard deviation (SD), n = 3. (h) Excited-state decay dlagrams of Auys and AugpAg,. The molar extinction
coefficients and radiative decay (i.e., photoluminescence) changes are from our previous report.”” (i) PA intensity of Au,5 and AugyAg, in THF (17
uM) during 5360 laser pulses at 710 nm.

tumor for unveiling the spatiotemporal heterogeneities of
tumor-associated events.

higher than that of the Au,s monomer. Specifically, the THF
solution of AugyAg, showed a temperature increase (AT) of
31.7 °C after exposure to 690 nm irradiation, ~2-fold higher

B RESULTS AND DISCUSSION

Optical Properties of AusyAg, in an Organic Phase

The dimeric Aus,Ag, nanocluster was formed by bridging two
Au,g units with two Ag" in a “hand-in-hand” pattern (Figure
1a). The size of this atomically precise dimer was determined
to be 1.3 nm by transmission electron microscopy (Figure S1).
The spectral results indicated that AusAg, showed NIR
absorption peaking at 700 nm in both tetrahydrofuran (THF)
and CH,Cl,, which red-shifted by 25 nm and was much
stronger compared to Au,; monomer (Figures 1b and S2).
Interestingly, the photothermal effect of the AusyAg, dimer was

than that of Au,s (16.0 °C) (Figure 1lc,d). Meanwhile, the
temperature change of pure THF solvent was negligible upon
exposure (Figure S3). Obviously, the temperature depended
on both concentration and laser power density and approached
a maximum value with increasing exposure time (Figure S$4).
From the plots of cooling time versus In @ (a dimensionless
parameter known as the driving force temperature), the PCEs
(n) of AusAg, and Au,s were determined to be 47.1 and
33.9%, respectively. The 5 value of AuspAg, in THF exceeded
those of conventional atomically precise NCs except for several
recently reported photothermal NCs>'™*° (Table S1). The
high # value led to a much stronger PA peak of Aus,Ag, at 710
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Figure 2. Optical properties of Aus,Ag,—PEG nanoparticles in aqueous solution. (a) Schematic of the preparation of Aug,Ag,—PEG. (b)
Temperature change of Aug,Ag,—PEG (17 uM) under a 690 nm laser (1.0 W cm™2), and plot of cooling time versus In & obtained during cooling,
(c) Photothermal stability of Aus,Ag,—PEG in water (17 uM) and AugyAg, in THF (17 uM) during five cycles of laser irradiation at 690 nm (1.0
W cm™) and cooling. (d) PA intensity of Aus,Ag,—PEG at 715 nm and ICG at 805 nm during 5360 laser pulses. (e) PA spectra of AugyAg,—PEG
and ICG before and after 5360 laser pulses. (f) Plot of PA intensity at 715 nm versus the concentration of Aus,Ag,—PEG. The inset shows the
corresponding PA images. Data are presented as mean + SD (n = 3). (g) PA spectra of AusyAg,—PEG (66 uM) in (1) H,O, (2) PBS, (3) PBS2,

(4) Ham’s F12K medium, and (5) Ham’s F12K medium with 10% FBS.

nm than that of Au,s at 680 nm in both THF and CH,Cl,
(Figures le and SSa). Remarkably, the strong and sharp PA
peak of AuspAg,, with its red-shift into the NIR region,
rendered it highly suitable for in vivo PA applications. At 710
nm, both PA intensities of Au,s and AusyAg, were
concentration-dependent (Figure 1f), indicating the potential
for PA quantitative analysis. From the plots of PA intensity
versus concentration, the slope for Aug,Ag, as its PA
sensitivity, was ~5.1-fold higher than that for Au,; (Figure
lg), demonstrating a superior PA effect of Aug,Ag,.
Furthermore, at the same Au mass concentration, Aus,Ag,
showed a ~2.5-fold higher sensitivity (Figure SS5b), confirming
that the enhancement originates primarily from the dimeric
architecture rather than from a mere increase in gold content.
Overall, the dimerization of Au,s not only red-shifted the
absorption peak with enhanced intensity and reduced photo-
luminescence but also improved the photothermal conversion
and intensified the PA peak along with a red-shift, indicating
attenuated radiative decay and enhanced nonradiative decay
(Figure 1h). Additionally, both Au,; and Aus,Ag, showed
insignificant PA signal change during 5360 laser pulses (Figure
1i), demonstrating the intrinsic photostability of Au NCs.

Optical Properties of Aus;,Ag,—PEG in Aqueous Solution

Water-soluble AuspAg,—PEG nanoparticles were prepared by
mixing hydrophobic Aug,Ag, (dissolved in tetrahydrofuran)

with amphiphilic DSPE-PEG2000 (dissolved in ethanol) in
water under vigorous stirring (Figure 2a). This approach
circumvented the structural alteration of metal NCs, thereby
preserving the intrinsic spectral characteristics inherited from
the organic phase while enabling facile surface functionaliza-
tion”*"*"** for advancing PA bioimaging applications. The
mass ratio of AusyAg, to DSPE-PEG2000 was optimized to be
4.0/10.0 (mg) (Figures S6—S10), at which Aug,Ag,—PEG
exhibited a multicore structure with a hydrodynamic diameter
of ~81.6 nm and the most uniform size distribution (i.e.,
minimal polydispersity index), with almost unchanged
absorption and PA features compared to Aug,Ag, with
sufficient intensities, and excellent freeze-drying and redissolv-
ing stability for long-term storage. Interestingly, this phase
transfer process resulted in a slight red-shift of the Aus,Ag, PA
peak from 710 to 715 nm. In addition, an encapsulation
efficiency of ~100% could be achieved due to the strong
hydrophobicity of Aus,Ag, (Figure S11). The photothermal
results indicated that the AuspAg,—PEG solution exhibited
greater temperature increase (33.8 °C) than AugAg, in THF
(31.7 °C) upon 690 nm irradiation (Figure 2b). From the
negligible temperature variation of pure water (Figure S12),
the 1 value of the AugAg,—PEG solution (17 uM) was
calculated to be 54.7%, higher than 47.1% for Au,Ag, in THF
with the same concentration. The # value of Aus,Ag,—PEG
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Figure 3. Construction of AugAg,—PEG-Ab for cell-targeted PA imaging. (a) Schematic of preparation of AugyAg,—PEG-Ab. (b and c)
Photographs and ultrasonic (US)/PA images of AS49 cell pellets after incubation with Aus,Ag,—PEG-BSA or Aus,Ag,—PEG-Ab (17 uM), and PA
intensity. ***p < 0.00001. (d and e) Photographs and US/PA images of A549, A431 and MCEF-7 cell pellets after incubation with AusyAg,—PEG-
Ab (3.3 uM), and PA intensity. ***p < 0.00003. Blank: cell pellets without any treatment. Data are presented as mean = SD (n = 3).

was also higher than those of previous NC-based photothermal
agents in aqueous solutions except for the recently reported
photothermal nanomachines’® (Table S2). Particularly,
AusoAg,—PEG exhibited better photothermal stability com-
pared to AugyAg, in THF (Figures 2c and S13), which might
be attributed to the protection of DSPE-PEG2000 layers.
Using classical PA contrast agent indocyanine green (ICG) as
a control, the PA stability of AuspAg,—PEG was examined by
monitoring its PA response under 5360 laser pulses. Aus,Ag,—
PEG displayed relatively stable PA spectral characteristics and
intensities at different concentrations, while ICG exhibited a
drastic decrease of PA intensity along with the change of PA
profile (Figures 2d,e and S14). The superior stability of
AugyAg,—PEG was further proved by its vis—NIR absorption
spectra, which were almost identical before and after laser
pulses, contrary to a 24-fold decrease in ICG absorbance at
780 nm (Figure S1S). In addition, the PA stability of
commercial gold nanorods (Au NRs, 80 nm X 20 nm) was
also evaluated (Figure S16). The PA signal exhibited
significant decay, accompanied by the disappearance of the
PA peak at 825 nm. Absorption spectra revealed a marked
decrease in intensity at 815 nm and an increase at 520 nm
(derived from gold nanospheres), indicating poor photo-
stability of the Au NRs due to fragmentation and shape
transformation under nanosecond-pulse irradiation.”~*' Sur-
prisingly, the phase transfer did not change the positive
concentration-dependent PA tendency or the PA sensitivity of
AusAg,—PEG in aqueous solution relative to those of AuspAg,
in THF (Figure 2f), implying the possibility of Aus,Ag,—PEG
for quantitative analysis applications. In addition, Aus,Ag,—
PEG showed nearly identical PA spectra and intensities in
different physiological media (Figure 2g) and exhibited

remarkable storage stability (Figure S17) and negligible change
of PA intensity during 5360 laser pulses at 715 nm (Figure
S18), suggesting its superiority for biological PA application.
Overall, water-soluble Aus,Ag,—PEG exhibited improved
photothermal conversion and photothermal stability compared
to AugyAg,, and the superior PA stability against laser
irradiation and long-term storage across different physiological
media, which were conducive to accurate multispectral PA
imaging in biological systems for practical applications.

Construction of an Aus,Ag,—PEG-Ab Nanoagent for
Cellular PA Imaging

To achieve targeted PA imaging, Aus,Ag,—PEG-NH, was first
synthesized by rapidly mixing the THF dispersion of Aus,Ag,
with the ethanol solution of DSPE-PEG2000-NH, and DSPE-
PEG2000, which also showed an encapsulation efficiency of
~100% (Figure S19). Then, Aus,Ag,—PEG-NH, was reacted
with a heterobifunctional linker NHS-PEG4-MAL to obtain
maleimide-functionalized AuspAg,—PEG-MAL for covalently
conjugating anti-EGFR antibody via maleimide—thiol click
chemistry (Figure 3a). Compared to Aus,Ag,—PEG, AugyAg,—
PEG-NH, showed a similar hydrodynamic diameter and better
dispersity in H,O due to the presence of the —NH, group,
which also attenuated the negative {-potential (Figures S7f and
S20a,b). Nevertheless, the conjugation of protein molecules to
AusyAg,—PEG-NH, decreased the {-potential and increased
the hydrodynamic diameter of Aus,Ag,—PEG-Ab to ~98.2 nm
and that of Au,Ag,—PEG-BSA to ~93.8 nm (Figure
S20a,c,d). Under physiological conditions (i.e., PBS), although
the hydrodynamic diameter of Aus,Ag,—PEG-Ab (~110.2
nm) and Aus,Ag,—PEG-BSA (~104.2 nm) slightly increased
(Figure S20e/f), the intrinsic PA spectral profile and PA
sensitivity of AugyAg,—PEG-Ab remained unchanged (Figure
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Figure 4. In vivo 3D multispectral PA imaging of three components in tumors upon s.c. injection. (a) PA spectra of AugpAg,—PEG-Ab (green),
DeoxyHb (blue), and OxyHb (red) in the AS49 tumor after the s.c. injection of Aus,Ag,—PEG-Ab. (b) Representative 3D volume and US image,
and multispectral PA images of tumor before (0 h) and after the injection of Aus,Ag,—PEG-Ab (17 uM, 100 uL) for different times. (c) 3D PA
intensity of Aus,Ag,—PEG-Ab, DeoxyHb, and OxyHb, and the relative changes of sO, and HbT at different times. Data are presented as mean +
SD (n = 3 mice). (d) Representative 3D volumes and US images, and multispectral PA images of different tumors after the s.c. injection of
AugyAg,—PEG-Ab (17 uM, 100 uL) for 7 h. (e) 3D PA intensity of Aus,Ag,—PEG-Ab, DeoxyHb and OxyHb, sO, and HbT in different tumors.
Data are presented as mean =+ SD (n = 4 mice). (f) Correlation analysis among the PA signals of AusyAg,—PEG-Ab, DeoxyHb, and OxyHb, and the

values of sO, and HbT in 20 mice. **p < 0.001.

S21), suggesting its physiological availability. Using human
lung adenocarcinoma cell line AS49 with high EGFR
<e)(pr<ession42_44 as a model, we found that Aus,Ag,—PEG-Ab
exhibited negligible cytotoxicity, similar to AusyAg,—PEG-BSA
(Figure S22). In addition, the efficient cellular uptake and
lysosomal accumulation of Aug,Ag,—PEG-Ab in A549 cells
were demonstrated by fluorescence imaging with CyS.5-labeled
AugyAg,—PEG-Ab (Aus,Ag,—PEG-Ab/CyS.S) (Figures S23—
S25). As for PA imaging, after incubating AS49 cells with
different concentrations of AugyAg,—PEG-Ab, the PA signal of
the resulting cell pellets showed a linear increase (R* = 0.991)
(Figure $26), indicating the feasibility of AugyAg,—PEG-Ab for
cellular PA quantitation. Using Aus,Ag,—PEG-BSA as a
nontargeted control agent, the AS49 cell pellet treated with
either Aus,Ag,—PEG-Ab or Aug,Ag,—PEG-BSA showed a
significantly higher PA signal than the blank, while the PA
intensity of the Aus,Ag,—PEG-Ab group was much stronger
(Figure 3b,c), indicating the benefit of active targeting. This
superiority was further validated by examining the PA imaging
signals from human epidermoid carcinoma cell line A431 with
high EGFR expression”>*® and human breast cancer cell line
MCE-7 with low EGFR expression.””"” As expected, MCE-7
cell pellets exhibited weak PA intensity, while the PA signal of
A431 cell pellets was significantly stronger due to the EGFR-
mediated endocytosis (Figure 3d,e), similar to that of AS49
cell pellets. In summary, Aus,Ag,—PEG-Ab represented an

efficient contrast agent enabling targeted and sensitive PA
imaging in cells, which was beneficial for subsequent in vivo PA
imaging.

Aus,Ag,—PEG-Ab Nanoagent for In Vivo 3D Multispectral
PA Imaging

The in vivo PA imaging ability of Aus,Ag,—PEG-Ab was first
examined at subcutaneous (s.c.) locations of healthy nude
mice. After the s.c. injection, the locations showed concen-
tration-dependent PA signals (Figure S27), indicating the
feasibility of the Aus,Ag,-based nanoagent for in vivo imaging.
With AS49 xenograft tumor-bearing mice as models, the
unmixed PA signals of Aus,Ag,—PEG-Ab, DeoxyHb, and
OxyHD in the tumor were monitored by 3D multispectral PA
imaging after s.c. injection of Aus,Ag,—PEG-Ab (Figures 4a
and S28). The signal of Aug,Ag,—PEG-Ab gradually increased
and reached the maximum at 7 h postinjection, while the
signals of endogenous DeoxyHb and OxyHb, as well as the
oxygen saturation (sO,) and total hemoglobin (HbT) that,
respectively, reflect the local blood oxygenation and blood
volume,™ did not change significantly (Figure 4b,c). The
variation tendency of the Aug,Ag,—PEG-Ab signal was
consistent with that of single-wavelength PA imaging at 715
nm (Figure S29). Compared to the single-wavelength PA
image at 0 h, the unmixed PA image exhibited a lower
background, indicating the enhanced contrast owing to the
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Figure S. In vivo 3D multispectral PA imaging of four components in tumors upon s.c. injection. (a) PA spectra of AugyAg,—PEG-AD (green), ICG
(cyan), DeoxyHb (blue), and OxyHb (red) in AS49 tumor after the s.c. injection of Aus,Ag,—PEG-Ab/ICG. (b) Representative 3D volume and
US image, and multispectral PA images of the tumor before (0 h) and after the s.c. injection of AusAg,—PEG-Ab/ICG (17 uM, 100 uL) for
different times. (c) 3D PA intensity of AusyAg,—PEG-Ab, ICG, DeoxyHb, and OxyHb, and the relative changes of sO, and HbT at different times.
Data are presented as mean + SD (n = 3 mice). (d) Correlation analysis between Aus,Ag,—PEG-Ab and ICG in 3 mice at six time points. **p <
0.001. (e) Representative 2D transverse-, sagittal-, and coronal-view images of the 3D core regions of the Aus,Ag,—PEG-Ab/ICG-treated tumor. (f
and g) 3D PA intensity of AusAg,—PEG-Ab, ICG, DeoxyHb, and OxyHb, as well as sO, and HbT within the (f) core and (g) rim regions of
tumors after the AugyAg,—PEG-Ab/ICG treatment for 1, 7, and 24 h. Data are presented as mean + SD (n = 3 mice). (h) Representative 2D
multispectral US/PA images of the Aus,Ag,—PEG-Ab/ICG-treated tumor at 1, 7, and 24 h. Purple dashed loop indicates the core region. Scale bar:

1 mm.

separation of endogenous DeoxyHb and OxyHb signals.
Further investigations indicated that when the volume was
less than ~100 mm?, the tumor volume did not significantly
affect the PA signals of Aug,Ag,—PEG-Ab, DeoxyHb, and
OxyHb, as well as sO, and HbT in tumors at 7 h post s.c.
injection (Figure 4d,e), although early tumor development
showed growing angiog(enc=.sis,49’SO
attributed to the fixed injected amount of nanoagent. However,
with a further increase in tumor volume, these signals
decreased markedly, which was due to the emergence of
obvious hypoxia induction at greater tumor volume (~100
mm3)51,52
induced by suppressed angiogenesis and increasing interstitial
fluid pressure and solid stress during tumor rapid pro-
gression.””>" Notably, the PA signal of DeoxyHb was stronger
than that of OxyHb in tumors of all volumes, indicating the
hypoxic characteristic of the tumor, and the difference between
DeoxyHb and OxyHb signals increased with decreasing sO,
when the tumor volumes exceeded 200 mm?, similar to the
previous report.”> Pearson correlation analysis demonstrated
the positive correlation between the PA signal of Aus,Ag,—
PEG-Ab and that of DeoxyHb or OxyHb (r = 0.859 or 0.829)
in tumors, and also sO, or HbT (r = 0.732 or 0.795) (Figure
4f).

To reveal the delivery of Aus,Ag,—PEG-Ab to solid tumors
and the nanoprobe—tumor interactions, ICG-labeled
AugAg,—PEG-Ab (Aug,Ag,—PEG-Ab/ICG) was prepared, in

which was presumably

and the resistance to nanoparticle penetration

which ICG served as an indirect indicator of the spatial
distribution of Aus,Ag,—PEG-Ab. It exhibited the same
hydrodynamic diameter as Aus,Ag,—PEG-Ab in PBS, and
the characteristic absorption and fluorescence peaks of ICG at
780 and 812 nm, respectively (Figure S30). Then, the unmixed
PA signals of AuspAg,—PEG-Ab, ICG, DeoxyHb, and OxyHb
in the tumor were monitored by 3D multispectral PA imaging
after the s.c. injection of AugyAg,—PEG-Ab/ICG into AS49
xenograft tumor-bearing mice (Figures Sa and S31). Here, the
mice with tumor volumes of ~200 mm?® and low hypoxic levels
were used to distinguish DeoxyHb and OxyHb. As shown in
Figure 5b,c, the unmixed PA signals of Aug,Ag,—PEG-Ab and
ICG showed identical variation tendency, similar to the above
AugoAg,—PEG-Ab-treated results (Figure 4c); meanwhile,
DeoxyHb, OxyHb, sO,, and HbT values basically remained
stable. Moreover, the Pearson correlation coefficient (0.736;
Figure Sd) indicated the relatively strong positive correlation
between the unmixed PA signals of Aug,Ag,—PEG-Ab and
ICG, confirming their spatial colocalization. The dynamic
distributions of these signals were further analyzed by manually
segmenting the entire tumor into a 1 mm thick rim and the
central core’® (Figure Se). The overall PA signals of AusyAg,—
PEG-AD, ICG, DeoxyHb, and OxyHb, as well as the sO, and
HbT values in the core region at different times postinjection
were significantly lower than those in the rim region (Figure
5f—h), which could be attributed to the lower vascular density
and insufficient blood supply at the central zone of tumor
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Figure 6. In vivo tumor-targeted 3D multispectral PA imaging after i.v. injection. (a) Representative 3D volumes and US images, and multispectral
PA images of tumors in the AS49 tumor-bearing mice before (0 h) and after i.v. injection of AusyAg,—PEG-BSA or Aug,Ag,—PEG-Ab (133 uM,
200 uL) for different times. (b—d) 3D PA intensity of (b) AugAg,—PEG-BSA and Aus,Ag,—PEG-Ab, (c) DeoxyHb and OxyHb, and (d) the
relative changes of sO, and HbT at different times. Data are presented as mean = SD (n = 3 mice). **p = 0.0047. (e and f) Representative 2D (1)
transverse-view, (2) sagittal-view, and (3) coronal-view images of the 3D core region of (e) Aus,Ag,—PEG-BSA or (f) Aus,Ag,—PEG-Ab treated
tumor. (g—j) 3D PA intensity of AusyAg,—PEG-BSA, Aus,Ag,—PEG-Ab, DeoxyHb, and OxyHb, as well as sO, and HbT within the (g and h) core
and (i and j) rim regions of tumors after (g and i) Aus,Ag,—PEG-BSA or (h and j) AugAg,—PEG-AD treatment for 0.5, 3, and 24 h. Data are
presented as mean + SD (n = 3 mice). (k and 1) 2D multispectral US/PA images of (k) Aus,Ag,—PEG-BSA-treated or (1) Aus,Ag,—PEG-Ab-
treated tumor at 0.5, 3, and 24 h. An orange or purple dashed loop indicates the core region. Scale bars: 1 mm.

compared to those at the tumor interface,’® indicating the
increasing hypoxia induction at the tumor core.’””” Interest-
ingly, the levels of DeoxyHb, OxyHb, sO,, and HbT at both
the core and rim regions of the tumor remained stable in the
whole observed period, while the PA signals of Aus,Ag,—PEG-
Ab and ICG decreased at 24 h postinjection due to the efflux
of Aus,Ag,—PEG-Ab/ICG from tumor tissues. The increasing
PA signals of Aus,Ag,—PEG-Ab and ICG within 7 h
postinjection indicated that more Aug,Ag,—PEG-Ab/ICG (or

Aug,Ag,—PEG-Ab) entered the core hypoxic region with high-
expression EGFR. The delivery of Aus,Ag,—PEG-Ab/ICG (or
Aug,Ag,—PEG-Ab) into the tumor could probably be
interpreted as the enhanced permeability and retention effect
or the active transport and retention principle.*®

Next, the in vivo delivery of Aus,Ag,—PEG-Ab was examined
via the second near-infrared fluorescence (NIR-II FL) imaging
after intravenous (i.v.) injection of Aug,Ag,—PEG-Ab/ICG
into AS549 tumor-bearing mice. AugyAg,—PEG-Ab/ICG
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showed strong fluorescence from ICG at different exposure
times, while the NIR-II emission of Aus,Ag,—PEG-Ab was
negligible because of the weak photoluminescence of Aus,Ag,
(Figure S32). After injection, bright ICG fluorescence was
observed throughout the body until 12 h, and the FL intensity
in the tumor gradually increased and reached the maximum at
3 h (Figure $33), indicating efficient delivery and tumor
accumulation of Aug,Ag,—PEG-Ab. As for PA imaging, with
Aug,Ag,—PEG-BSA-treated mice as nontargeted controls,
AugyAg,—PEG-Ab-treated mice exhibited stronger PA signals
in tumors after the i.v. injection (Figure 6a,b), demonstrating
the Ab-mediated targeting advantage. Both the unmixed PA
signals of Aus,Ag,—PEG-BSA and Au;,Ag,—PEG-Ab in
tumors gradually increased and reached the maximum at 3 h
(Figure 6b), while the PA signals of DeoxyHb and OxyHb, as
well as the sO, and HbT for Aus,Ag,—PEG-BSA- and
AugyAg,—PEG-Ab-treated mice, exhibited negligible changes
(Figure 6c,d). Noticeably, the time to reach the maximum PA
signal for Aus,Ag,—PEG-Ab-treated mice by the iv. injection
(3 h) was earlier than that by the s.c. injection (7 h), which
presumably resulted from the faster rate of nanoprobe entry
into the bloodstream. The dynamic distributions of these
signals were further analyzed by segmenting Aus,Ag,—PEG-
BSA- and AusyAg,—PEG-Ab-treated tumors in the same way
(Figure 6e,f). The overall PA signals of Aus,Ag,—PEG-BSA or
AugyAg,—PEG-Ab, DeoxyHb, and OxyHb, as well as sO, and
HbT in the core regions, were also significantly lower than
those in rim regions at different times, and the PA intensity of
AugyAg,—PEG-Ab was higher than that of Aus,Ag,—PEG-BSA
in both the core and rim regions (Figure 6g—j). Moreover, the
PA signals of Aus,Ag,—PEG-BSA and AusyAg,—PEG-ADb at 0.5
h were mainly localized in rim vascular regions, while stronger
signals were observed in both rim vascular regions and core
hypoxic regions at 3 h, and the signals decreased in both
regions at 24 h due to the efflux of nanoagents from tumor
tissues (Figure 6k]l), like the above subcutaneous injection
results. Significantly, at 3 h, the PA signal of Aus,Ag,—PEG-Ab
was detected in almost the entire tumor region, which is
markedly different from the incomplete signal distribution of
AugyAg,—PEG-BSA. This indicated that the relatively complete
tissue infiltration of Aug,Ag,—PEG-AD via the target-mediated
pathway, which further led to the observable PA signal of
AusyAg,—PEG-AD in both the core and rim regions at 24 h. In
addition, hematoxylin and eosin staining images of major
organs from PBS and Aug,Ag,—PEG-Ab-treated mice did not
show significant damage after i.v. injection for 2 weeks (Figure
S34), demonstrating the long-term in vivo biosafety of
AugyAg,-based nanoagents.

B CONCLUSION

This work develops an atomically precise Aug,Ag,-based
nanoagent through the dimerization and engineering of Au,;
nanoclusters for in vivo 3D multispectral PA imaging in tumors.
This dimerization leads to a distinct red-shift from 680 to 710
nm in the PA spectrum, a S.1-fold enhancement in PA
sensitivity, and an increase in PCE from 33.9% to 47.1%. Given
the superior PA performance of the dimeric AuspAg,, a
hydrophobic-to-hydrophilic transfer is implemented to con-
struct AuspAg,—PEG via encapsulation with amphiphilic
phospholipids. This transformation results in an increased
PCE of up to 54.7%, improved photothermal stability, a red-
shifted characteristic PA peak in the NIR region, and an
invariant PA sensitivity. Aus,Ag,—PEG demonstrates superior

PA stability under 5360 laser pulses, remarkable storage
stability in physiological media, and versatile bioconjugation
capability for targeted applications. With an anti-EGFR
antibody as a model conjugate, the AusyAg,—PEG-Ab
nanoagent enables cellular PA quantitation by generating
intense PA contrast in target tumor cell pellets and specific 3D
multispectral PA imaging of multiple chromophores (e.g.,
Aug,Ag,—PEG-Ab, DeoxyHb, OxyHb, ICG) within solid
tumors of tumor-bearing mice after systemic administration.
PA imaging with this nanoagent unveils in vivo spatiotemporal
heterogeneities of tumor-associated events, such as blood
oxygenation, blood volume, and nanoprobe delivery, which
provides unique insights into the interactions between the
nanoagents and solid tumors.

To our knowledge, this work presents the first case of an
atomic-precision metal nanocluster engineered for in vivo
multispectral PA imaging, establishing a generalizable paradigm
for constructing high-performance PA contrast agents.
Compared to conventional PA nanoagents, for example,
carbon nanomaterials™ and gold nanocrystals,”” this nano-
cluster-based nanoagent integrates superior properties of
characteristic NIR absorption, a strong PA response, and
robust photostability, enabling high-fidelity in wvivo multi-
spectral imaging. The integration of spectral resolution, 3D
imaging technique, and targeting specificity further improves
the imaging precision. This programmable agent can be readily
adapted to diverse diseases by changing the recognition
modules. Given the relatively limited tissue penetration depth
of a 715 nm laser, this nanoagent could be particularly well
suited for the superficial diseases, for example, obesity.”” To
extend its imaging utility to deep-seated pathological
conditions, such as gastric cancer® or ischemic stroke,®>
future studies will focus on the development of structural
engineered nanoclusters with higher molar extinction coef-
ficients and broader spectral tunability, especially in the second
NIR region. Nevertheless, we acknowledge the limited sample
size in the current in vivo study, and subsequent preclinical
trials with larger cohorts are warranted to enable more robust
statistical analyses and to further corroborate the clinical
translational potential of this platform. Furthermore, a
comprehensive assessment of the long-term biocompatibility
and metabolic fate of the nanocluster-based agent will
consolidate its foundation for clinical translation.
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