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Highlights

A novel pre-labeling strategy integrates metabolic glycoengineering with
copper-free click chemistry to covalently anchor gold nanostars onto BMSC
membranes.

This bioorthogonal method achieves rapid and highly efficient stem cell
labeling, thereby overcoming the limitations of traditional endocytosis-based
approaches.

The Au-star-DBCO labeling exhibits excellent biocompatibility, and pre-
serves cell viability and the multi-lineage differentiation ability of BMSCs.
Labeled BMSCs generate strong, stable photoacoustic signals enabling sen-
sitive, longitudinal in vivo tracking for at least 72 hours post-transplantation
in a rat model.
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In brief

This study combined metabolic gly-
coengineering with  bioorthogonal
click chemistry to anchor gold nanos-
tars onto BMSC membranes, thereby
establishing a platform for rapid and
non-invasive photoacoustic imaging.
This strategy enables efficient stem
cell labeling while preserving cell via-
bility and differentiation ability. The
platform facilitates sensitive, longi-
tudinal tracking of transplanted cells
in vivo. This powerful new tool ena-
bles real-time monitoring and precise
assessment in stem cell therapy.
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Rapid and Specific Cell-Surface Anchoring
of Gold Nanostars for Photoacoustic

BMSC Imaging

Renhao Xu'2*, Yanmei Cai'?, Xiaobin Dong', Xuezhi Wang', Wenyi Zheng', Ning Zhang', Yanni He'?* and

Hongmei Liu'2*

Abstract

Background: Bone marrow mesenchymal stem cell (BMSC) therapy holds great promise for regenerative
medicine, but its clinical translation is hindered by the lack of non-invasive, real-time methods to track
transplanted cell fate in vivo. Although photoacoustic (PA) imaging offers deep-tissue penetration and high
sensitivity, existing cell-labeling strategies relying on endocytosis of contrast agents have drawbacks of pro-
longed incubation times and variable efficiency, thus potentially compromising cell viability and function.
Methods: To address these limitations, we developed a rapid, bioorthogonal pre-labeling strategy. Azide
(N,) groups were first metabolically engineered onto BMSC surfaces. Subsequently, dibenzocyclooctyne
(DBCO)-functionalized gold nanostars (Au-star-DBCO) were conjugated to the cells via a highly efficient,
copper-free click reaction, thereby enabling covalent membrane anchoring.

Results: This approach achieved rapid and specific stem cell labeling within 3 h, with an efficiency of 83.1%
+ 0.67. The labeling process did not impair BMSC viability or multilineage differentiation potential. The
Au-star-DBCO-labeled BMSCs generated strong, concentration-dependent PA signals both in vitro and in a
rat subcutaneous model, and enabled dynamic monitoring for at least 72 h post-transplantation. The speci-
ficity of the bioorthogonal reaction provided a significantly higher signal-to-noise ratio than passive uptake
methods.

Conclusions: We successfully established a biocompatible and efficient platform for stem cell tracking by
integrating metabolic glycoengineering, bioorthogonal chemistry, and nanostar-enhanced PA imaging. This
strategy overcomes key limitations of traditional endocytosis-based labeling, and offers a rapid, specific, and
functional cell-compatible tool for sensitive, longitudinal in vivo monitoring. This platform may advance

precise assessment of cell therapies and facilitate their clinical application.
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Introduction

Cell therapy has emerged as a cutting-edge
direction in regenerative medicine and
disease treatment [1, 2]. By transplanting
functional cells to repair or replace dam-
aged tissues, cell therapy offers novel ther-
apeutic strategies for a variety of refrac-
tory diseases [3, 4]. Notably, bone marrow
mesenchymal stem cells (BMSCs) have
demonstrated substantial potential in pre-
clinical research and early-stage clinical
trials for numerous conditions, including
bone and joint diseases, neurodegenera-
tive diseases, myocardial injury, and auto-
immune diseases [5, 6]. This promise has
been attributed to their advantages includ-
ing multipotent differentiation capability,
potent paracrine functions, and low immu-
nogenicity [7, 8]. However, the successful

clinical translation of stem cell therapy
faces a critical bottleneck in methods
for tracking the fate of transplanted cells
non-invasively, in real time, and longitu-
dinally within living organisms, including
cell distribution, migration, survival, and
differentiation behaviors [9, 10]. The lack
of such tracking capability severely limits
understanding of therapeutic mechanisms,
dosage optimization, and safety assess-
ment. Therefore, developing efficient, sen-
sitive, and biocompatible cell labeling and
in vivo tracking technologies will be cru-
cial for advancing the precision and stand-
ardization of cell therapy.

Among various in vivo imaging modal-
ities, ultrasound imaging is widely used
in clinical settings and has been explored
for tracking microbubble-labeled cells,
because of its advantages of real-time
capability, high spatiotemporal resolution,
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lack of radiation, and low cost [11, 12]. Previous studies,
including work from our team, have confirmed that loading
nanobubbles into stem cells or immune cells via biosyn-
thetic or physical methods can achieve ultrasound contrast
enhancement and tracking [13, 14]. However, because it
typically requires prolonged incubation times (often exceed-
ing 24 h) for effective cellular uptake, this approach has low
efficiency. More importantly, microbubbles undergo acous-
tic cavitation and rupture under ultrasound exposure, thus
leading to irreversible signal loss and precluding long-term,
repeated imaging monitoring.

In recent years, photoacoustic (PA) imaging has emerged as
a promising hybrid imaging technique combining the contrast
of optical imaging with the deep penetration of ultrasound
[15, 16]. Unlike conventional ultrasound imaging, which
relies on mechanical acoustic properties, PA imaging gener-
ates images by detecting ultrasound signals produced when
tissues absorb pulsed laser light, thereby providing molecu-
lar and functional information based on optical absorption.
Importantly, some nanomaterials with strong near-infra-
red absorption, such as Prussian blue nanoparticles, gold
nanorods, and gold nanostars (Au-stars), serve as excellent
PA contrast agents [17, 18]. Via cellular endocytosis, these
nanomaterials have been used for PA labeling and tracking of
stem cells [19]. For stem cell tracking, probe biocompatibil-
ity is critical. The biosafety of gold-based nanomaterials has
been well established in previous studies [20, 21]. Au-stars
offer substantial advantages, because they can be rapidly
synthesized with only Good’s buffers, which serve as both
reducing and capping agents, thereby avoiding the need for
toxic surfactants such as Cetyltrimethylammonium bromide
(CTAB) [22]. However, because existing strategies rely pre-
dominantly on the passive biological process of phagocyto-
sis, labeling efficiency is highly dependent on cell type and
state, and lengthy incubation times (typically 1248 h) are
necessary. The prolonged labeling process not only affects
cell viability and function but also prevents application of this
technology in clinical scenarios requiring rapid preparation
of cellular products. Consequently, an urgent need exists to
develop a rapid, efficient PA labeling method that does not
compromise cell viability, to broaden the application scope
of stem cell PA imaging and accelerate its clinical translation.

Bioorthogonal chemical reactions offer a highly promis-
ing tool to address these challenges [23]. These reactions
can proceed efficiently and specifically under physiologi-
cal conditions without interfering with inherent biochemi-
cal processes, and they exhibit excellent biocompatibility
[24]. Among them, the copper-free click reaction between
dibenzocyclooctyne (DBCO) and azide groups has been
widely applied in bioconjugation and cell labeling [25]. In
addition, Au-star materials are considered ideal nanoprobes
for PA imaging, because of their small size (typically <50
nm), large near-infrared absorption cross-section, high pho-
tothermal conversion efficiency, strong PA signal, simple
synthesis, and high reproducibility [22]. Consequently, this
study was aimed at developing a novel pre-labeling strategy
in which azide groups (N,) were first introduced onto the
surfaces of BMSC membranes via metabolic glycoengineer-
ing technology, and a subsequent rapid bioorthogonal click
reaction with DBCO-modified Au-stars (Au-star-DBCO)

achieved efficient, covalent membrane-surface labeling of
stem cells (Figure 1). This method was designed to over-
come the limitations of traditional endocytosis-dependent
labeling, substantially shorten labeling time, and enhance
labeling specificity and stability. This efficient, versatile,
and rapid PA labeling platform was demonstrated to have
minimal effects on cell function. Therefore, this platform has
promise in enabling sensitive, dynamic, and long-term mon-
itoring of cell therapy processes in vivo, and providing pow-
erful technical support for optimizing cell therapy protocols
and advancing their clinical evaluation.

Materials and methods

Key reagents

DBCO-PEG-SH (M.W. 2000 Da) was purchased from
JinXinBio (Guangzhou, China). Chloroauric acid (HAuCl)
and 4-(2-hydroxyethyl)piperazine- 1-ethanesulfonic acid
(HEPES) were obtained from Aladdin (Shanghai, China).
DBCO-Cy5, rhodamine-PEG-SH (M.W. 3400 Da), and
Peracetylated N-azidoacetylmannosamine (Ac,ManNAz)
were purchased from MedChemExpress (Shanghai, China).
All cell culture media were acquired from Gibco (Rockville,
USA). A Cell Counting Kit-8 (CCK-8), alizarin red stain-
ing kit, alcian blue staining kit, Oil Red O staining kit, and
Hoechst dye were purchased from Beyotime Biotechnology
(Shanghai, China). Osteogenic, adipogenic, and chondro-
genic induction differentiation media were obtained from
Cyagen (Suzhou, China).

Preparation of Au-star, Au-star-DBCO,
and rhodamine-Au-star-DBCO

Au-stars were synthesized with a seedless method, as pre-
viously described [22]. Briefly, 750 pL of 1 M HEPES
buffer (pH 7.4) was added to 9.05 mL ultrapure water, and
0.2 mL 10 mM HAuCI, was subsequently added. A stir bar
was immediately introduced, and the mixture was stirred for
30 s at 1000 rpm, then left undisturbed for 2 h. The result-
ing Au-stars were centrifuged and washed three times at
8000 rpm. For quantification, 100 pL Au-star solution was
digested with aqua regia and analyzed with inductively cou-
pled plasma mass spectrometry (Optima 2000 DV).

For the synthesis of Au-star-DBCO, 10 mL 10 mM
Au-star solution was mixed with 1 mM DBCO-PEG-SH and
stirred at room temperature for 6 h at 600 rpm. The prod-
uct was then centrifuged, washed with ultrapure water, and
resuspended in 1 mL PBS.

Rhodamine-labeled Au-star-DBCO (rhodamine-Au-
star-DBCO) was prepared similarly, by the addition of 1
mM DBCO-PEG-SH and 200 pM rhodamine-PEG-SH
to 10 mL 10 mM Au-star solution, followed by stirring
at room temperature for 6 h at 600 rpm. The product was
centrifuged, washed with ultrapure water, and resuspended
in I mL PBS.
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Figure 1

Characterization of Au-star and
Au-star-DBCO

The morphology of Au-star and Au-star-DBCO was
examined with transmission electron microscopy (TEM)
(JEM-1400Flash; JEOL, Tokyo, Japan). UV-vis spectro-
photometry (Cary 5000 spectrophotometer; Agilent, Santa
Clara, CA, USA) and infrared spectroscopy (Nicolet iS10;
Thermo Fisher Scientific, Waltham, MA, USA) were used
to confirm the successful conjugation of DBCO groups
onto the Au-star surface. Subsequently, Au-star-DBCO
(100 uM) was mixed with Ac,ManNAz (100 uM), and the
reaction was continuously monitored with UV-vis spectro-
photometry for 2 min.

Biocompatibility of Au-star-DBCO

The hemocompatibility of Au-star-DBCO was evaluated at
concentrations of 50, 100, 200, and 400 uM. Fresh rat blood
was collected in heparinized tubes and centrifuged to isolate
red blood cells (3000 rpm, 10 min). The purified red blood
cells were diluted to 10% (v/v) in PBS, and 200 pL aliquots
were mixed with 1 mL test solutions. After incubation at
37°C for 5 h, the samples were centrifuged (3000 rpm, 10
min), and 100 pL supernatant was transferred to a 96-well
plate. Absorbance was measured at 540 nm with a microplate
reader. The hemolysis percentage was calculated as follows:
[(OD -0D )/(OD -0D )] x 100%.

sample negative positive negative

Schematic diagram of rapid nanogold labeling via bioorthogonal reactions for stem cell photoacoustic imaging.

BMSC isolation and culture

BMSCs were harvested from the bone marrow of 2-week-
old male SD rats (Ruige, Guangzhou, China), as pre-
viously described [7]. Briefly, femurs and tibiae were
aseptically dissected, and bone marrow was flushed with
alpha-MEM supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin. The resulting cell sus-
pension was filtered through a cell strainer and cultured
in an incubator. The medium was replaced every 8 h to
remove non-adherent cells. After 3 days, the cells were
passaged and expanded for three or four passages before
use in subsequent experiments.

Preparation of BMSCs-N,

BMSCs were labeled with azide groups via metabolic
glycoengineering, as previously described, thus yielding
BMSCs-N,. Briefly, BMSCs were seeded in six-well plates
at a density of 2 x 10° cells per well. After 12 h of attach-
ment, the cells were treated with 50 pM Ac,ManNAz for 24 h.
After incubation, the cells were washed three times with
PBS to obtain BMSCs-N.. To verify azide group labeling, we
seeded 5 x 10* BMSCs-N, in confocal dishes and, after 12 h
of attachment, incubated them with 100 uM DBCO-Cy5 for
30 min. The cells were then washed twice with PBS, stained
with Hoechst for nuclei visualization, and imaged with a
confocal microscope (Stellaris, Leica, Germany).

R. Xu et al.: DOI: 10.15212/bi0i-2026-0012
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Cytotoxicity assays

BMSCs were seeded in 96-well plates at a density of 1 x
10* cells per well and treated with various concentrations of
Au-star-DBCO (12.5, 25, 50, 100, 200, 400, 600, 800, or
1000 uM) for 24 h or 72 h. Cell viability was assessed with
CCK-8 assays, and absorbance was measured at 450 nm
with a microplate reader (ELx800, BioTek, USA).
BMSCs-N, were seeded under the same conditions and
treated with Au-star-DBCO at concentrations of 6.25, 12.5,
25, 50, 100, 200, 400, or 600 uM for 24 h, then subjected to
CCK-8 assays and absorbance measurement at 450 nm.

BMSC labeling efficiency assays

BMSCs were seeded in six-well plates at a density of 2 x 10°
cells per well. After 12 h of attachment, the cells were treated
with 50 uM Ac,ManNAz for 24 h to generate BMSCs-N..
The cells were then incubated with 400 uM rhodamine-
Au-star-DBCO for various durations (0.5, 1, 3, 6, or 12
h), washed three times with PBS, and analyzed with flow
cytometry to determine labeling efficiency.

For confocal imaging, 5 x 10* BMSCs-N, were seeded
in confocal dishes and, after 12 h of attachment, were incu-
bated with 400 uM rhodamine-Au-star-DBCO for 3 h. The
cells were washed twice with PBS, stained with Hoechst,
and imaged with a confocal microscope (Stellaris, Leica,
Germany).

Preparation and characterization of
BMSCs-Au-star

BMSCs were seeded in six-well plates at a density of 2 x 10°
cells per well. After 12 h of attachment, the cells were treated
with 50 uM Ac,ManNAz for 24 h to generate BMSCs-N..
The cells were then incubated with 400 pM Au-star-DBCO
for 3 h to obtain Au-star-labeled BMSCs (BMSCs-Au-star).
The cellular morphology and distribution of Au-stars on the
cell surfaces were examined with TEM.

In vitro BMSC differentiation

BMSCs and BMSCs-Au-star were induced to differentiate
toward osteogenic, chondrogenic, and adipogenic lineages
with specific induction media. After 21 days of induction,
Oil Red O staining, alizarin red staining [26], and alcian blue
staining [14] were used to visualize lipid droplets, calcium
deposits, and chondrocytes, respectively.

In vitro photoacoustic imaging of
Au-star and BMSCs-Au-star

A Vevo F2 system (Fuji VisualSonics, Canada) equipped
with a linear array transducer (15-29 MHz frequency) was
used to evaluate the photoacoustic imaging performance
of Au-star at concentrations of 12.5, 25, 50, 100, 200, 400,

and 800 uM. A laser excitation wavelength of 750 nm was
selected. For BMSCs-Au-star imaging, 1 x 10° BMSCs
were seeded in a 10 cm? culture dish and treated with 50 uM
Ac,ManNAz for 24 h to generate BMSCs-N,. The cells were
then incubated with 400 uM Au-star-DBCO for 3 h. Various
groups of cells were diluted to concentrations of 6.25 x 10%,
12.5 x 10,25 x 10%, 50 x 10%, 100 x 10%, or 200 x 10* cells/
mL, then imaged with the Vevo F2 system.

In vivo photoacoustic imaging of
BMSCs-Au-star

All animal procedures were approved by the Ethics
Committee of Guangdong Second Provincial General
Hospital (animal ethics ID 2025-DW-KZ-116-01). Six-
week-old rats were shaved on the thigh area, and 1 x 10°
BMSCs or BMSCs-Au-star were subcutaneously injected
into the thigh. Photoacoustic images were acquired at vari-
ous time points (0, 6, 12, 24, or 72 h) post-injection.

Statistical analysis

All experiments were performed in at least three independent
replicates, and data are presented as mean * standard devi-
ation. Statistical significance between the control and treat-
ment groups was determined at P < 0.05 (****P < 0.0001,
*#*P < 0.001, **P < 0.01, and *P < 0.05).

Results

Design and characterization of
Au-star-DBCO

We synthesized star-shaped Au-stars through a one-pot
method with Good’s buffer (HEPES). Thiolated PEG-DBCO
(DBCO-PEG-SH) was subsequently conjugated to the
Au-stars to successfully prepare Au-star-DBCO (Figure 2A).
UV-vis spectroscopy of Au-star, Au-star-DBCO, and
DBCO-PEG-SH (Figure 2B) revealed that Au-star-DBCO
exhibited the characteristic absorption peak of the DBCO
group in the 300-350 nm range, thus confirming success-
ful conjugation of DBCO-PEG-SH to the Au-star surface.
Furthermore, Au-star-DBCO showed a distinct absorption
peak in the near-infrared region at 750 nm, which was attrib-
uted to strong local field enhancement and a resonance red-
shift caused by the sharp tips of the nanostars. TEM imaging
indicated that DBCO modification did not significantly alter
the morphology of the Au-stars; both Au-star and Au-star-
DBCO maintained their star-shaped structures, with a size
of approximately 30-50 nm (Figure 2C). Further confir-
mation was obtained from the infrared spectrum of Au-star-
DBCO, which showed a characteristic stretching vibration
at 1700-1750 cm™!, corresponding to the C=0O group of
DBCO (Figure 2D). We additionally used UV spectroscopy
to monitor the reaction kinetics between Au-star-DBCO and

R. Xu et al.: DOI: 10.15212/bi0i-2026-0012
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Figure 2 Characterization of Au-starr-DBCO. A) Schematic of the synthesis of Au-star-DBCO. B) UV-vis spectra of DBCO-PEG-SH, Au-star,
and Au-star-DBCO. C, D) TEM images of Au-star and Au-star-DBCO. E) FTIR spectra of Au-star and Au-star-DBCO. F) UV-vis spectroscopic
monitoring of the reaction between Au-star-DBCO and Ac,ManNAz. G, H) Viability of BMSCs incubated with various concentrations of Au-star-
DBCO for 24 h and 72 h. ) Hemocompatibility evaluation of Au-star-DBCO at various concentrations.

peracetylated N-azidoacetylmannosamine [7], thereby fur-
ther confirming the surface reactivity of the DBCO groups
(Figure 2E, F).

We next evaluated the effects of Au-star-DBCO on BMSC
viability. After 24 h or 72 h co-incubation, significantly
greater cytotoxicity was observed with Au-star-DBCO
concentrations of 2600 pM than the PBS control (Figure
2G, H). Hemolysis assays using various Au-star-DBCO
concentrations demonstrated excellent hemocompatibility
(Figure 2I).

Bioorthogonal reaction enables rapid
labeling of BMSCs

BMSCs were selected for this study because of their crucial
roles in tissue repair and regeneration [27, 28]. Co-incubation
of Au-star-DBCO with azide-labeled stem cells enabled
rapid generation of BMSCs-Au-star (Figure 3A). First,
BMSCs were treated with Ac,ManNAz, which is metabol-
ically incorporated into cell surface glycans, thus introduc-
ing azide groups. To confirm successful azide labeling, we
reacted BMSCs-N, with DBCO-Cy5. Fluorescence imaging
revealed distinct red fluorescence on BMSCs-N,, thereby

confirming the bioorthogonal reaction between DBCO and
the cell-surface azide groups (Figure 3B).

We then assessed the effects of various Au-star-DBCO
concentrations on the viability of BMSCs-N,. A concen-
tration of 400 puM significantly inhibited the viability of
BMSCs-N, (Figure 3D). Therefore, a concentration of
200 pM Au-star-DBCO was used for subsequent labeling
experiments. Rhodamine-Au-star-DBCO was incubated
with BMSCs-N, and naive BMSCs for various durations,
and labeling efficiency was analyzed with flow cytometry.
Owing to the highly efficient bioorthogonal reaction between
DBCO and N, 83.9% of BMSCs-N, were labeled after 3h
of incubation (Figures 3E, F and S1). In contrast, naive
BMSCs, relying solely on endogenous phagocytic activity,
showed only 21.7% positive labeling. Further fluorescence
observation confirmed the binding, with distinct red fluo-
rescence surrounding BMSCs-N, (Figures 3C and S2).
Furthermore, cytoskeletal staining (Figure S3) indicated
that the attachment of Au-stars to the surface of BMSCs did
not affect cell morphology or cell spreading. TEM imaging
of various groups (Figure 3G) revealed no Au-star-DBCO
on the cell membranes of the BMSCs + Au-star-DBCO
group. In contrast, the BMSCs-N, + Au-star-DBCO group
clearly showed a high density of Au-star-DBCO on the cell
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Figure 3 A) Schematic diagram of Au-star-DBCO labeling of BMSCs-N,. B) Detection of azide (N,) distribution (red) on the surfaces of
BMSCs with fluorescence microscopy. C) Fluorescence image of BMSCs-N, and BMSCs incubated with rhodamine-Au-star-DBCO (red),
followed by co-staining with Hoechst. D) Influence of various concentrations of Au-star-DBCO on the activity of BMSCs-N,. E) Quantification
of Au-star-DBCO labeling efficiency on BMSCs. F) Flow cytometric analysis of Au-star-DBCO binding to BMSCs via bioorthogonal conjuga-
tion. G) TEM images of BMSCs + Au-star-DBCO and BMSCs-N, + Au-star-DBCO, showing Au-star attachment to BMSC surfaces through the
rapid click response of DBCO and N,. Red arrows indicate Au-star. H) Representative images of BMSCs-N, and BMSCs-Au-star stained with
alizarin red, alcian blue, and Oil Red O, indicating the presence of adipocytes, osteoblasts, and cartilage.
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membrane, thus further confirming that the bioorthogonal
reaction enabled rapid and specific labeling of stem cells
with Au-stars.

To investigate whether Au-star labeling might affect the
pluripotency of BMSCs, we cultured BMSCs-Au-star in
osteogenic, adipogenic, and chondrogenic induction media.
Staining with alizarin red (osteogenesis), Oil Red O (adipo-
genesis), and alcian blue (chondrogenesis) indicated no sig-
nificant impairment in differentiation potential with respect
to unlabeled controls (Figure 3H).

In vitro and in vivo photoacoustic
imaging of BMSCs-Au-star

Given the Au-stars’ unique tip structure and strong near-in-
frared absorption, we explored their PA imaging perfor-
mance and their ability to enable stem cell tracking. First,
PA imaging of Au-star-DBCO and unmodified Au-star at the
same concentration confirmed that DBCO-PEG-SH mod-
ification did not diminish the PA signal (Figure 4A). The
PA signal intensity decreased progressively with decreasing

Au-star-DBCO concentration (Figure 4B, C; change in the
material’s own color in Figure S4). Next, we evaluated the
PA imaging of BMSCs after co-incubation with Au-star-
DBCO under various conditions. No significant PA signal
was detected from naive BMSCs even at high cell concen-
trations (Figure 4D, E). In the Au-star-DBCO + BMSCs-N,
group, a distinct PA signal was detectable at a cell concen-
tration as low as 12.5 x 10* cells/mL, and the signal intensi-
fied with increasing cell concentration. Although a PA signal
was also detected in the Au-star-DBCO + BMSCs group, it
was significantly weaker than that in the Au-star-DBCO +
BMSCs-N, group.

To further assess the in vivo imaging capability of BMSCs-
Au-stars, we subcutaneously injected BMSCs and BMSCs-
Au-star into the thigh in rats (Figure 4F). PA signals at
the injection site were monitored at 0, 6, 12, 24, and 72 h
post-injection. Compared with the BMSC control group, the
BMSC-Au-star group exhibited a strong, clustered PA sig-
nal, indicating local retention of the labeled stem cells.
Over time, the PA signal at this site gradually decreased but
remained significantly stronger than that in the control group
at all time points (Figure 4G, H).
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In vivo and in vitro photoacoustic imaging of BMSCs-Au-star. A) Photoacoustic images of Au-star before and after modification
-SH. B) Photoacoustic images of Au-sta-DBCO at various concentrations. C) Quantitative photoacoustic intensity of

Au-star-DBCO across various concentrations. D) Photoacoustic images of BMSCs, BMSCs mixed with Au-star-DBCO, and BMSCs-N, labe-
led with Au-star-DBCO at various concentrations. E) Quantitative photoacoustic intensity of BMSCs, BMSCs mixed with Au-star-DBCO, and
BMSCs-N, labeled with Au-star-DBCO. F) Schematic diagram of subcutaneous photoacoustic imaging of BMSCs-Au-star in rat hindlimbs.
G) In vivo photoacoustic images of BMSCs-Au-star under the subcutaneous tissue of rat hindlimbs at various time points. H) Quantitative
analysis of subcutaneous photoacoustic signals from BMSCs-Au-star in rat hindlimbs over time.
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Discussion

In recent years, stem cell therapy has remained a major
research focus, yet its clinical translation has been signifi-
cantly hindered by the limited ability to visualize and quan-
titatively track the fate of transplanted cells in vivo [13]. This
study developed a novel platform based on Au-stars and
bioorthogonal click chemistry. Through integration of meta-
bolic glycan engineering with bioorthogonal click reactions,
near-infrared-absorbing Au-star-DBCO conjugates were
efficiently and covalently anchored onto the BMSC mem-
brane surface, thus enabling highly sensitive photoacoustic
imaging and dynamic monitoring of stem cells. Our results
indicated successful synthesis of DBCO-functionalized
Au-stars, which retained excellent near-infrared optical prop-
erties. Moreover, BMSCs metabolically labeled with azide
groups underwent a highly efficient and rapid bioorthogonal
reaction with Au-star-DBCO and achieved a labeling effi-
ciency of 83.9% within 3 h, with the label primarily local-
ized to the cell membrane. Notably, at effective concentra-
tions, this labeling strategy did not compromise the viability
or multilineage differentiation potential of BMSCs. Finally,
both in vitro studies and a rat subcutaneous transplantation
model confirmed that the BMSCs-Au-star generated strong,
concentration-dependent photoacoustic signals allowing for
longitudinal monitoring for at least 72 h in vivo.

Notably, we provide a novel solution to the longstanding
challenge of in vivo stem cell tracking, by achieving high effi-
ciency, high specificity, and excellent biocompatibility. First,
the highly efficient bioorthogonal reaction between DBCO
and N, served as the basis for specific labeling. Second, the
covalent membrane anchoring, coupled with the superior
near-infrared absorption properties of the Au-nanostar mate-
rial, contributed to a stable and strong imaging signal. Finally,
the favorable biocompatibility of the nanomaterial supports
the applicability of this technique. Notably, we detected a
weak photoacoustic signal (21.7% labeling efficiency) in the
control group without N, labeling, in agreement with expec-
tations based solely on passive cellular uptake mechanisms.
This background signal precisely highlights the specificity
advantage conferred by the bioorthogonal reaction, which
improved the signal-to-noise ratio by approximately four-
fold and required only 3 h. Although the labeling efficiency
decreased after 6 h of incubation, it remained substantially
higher than that observed in the control group. This atten-
uation might be partly attributable to the epitope dilution
effect caused by cell division, given the proliferative activity
of stem cells. Furthermore, the finding that stem cell pluri-
potency was unaffected after labeling crucially indicated
the non-invasive nature of this method, representing a core
advantage that enables robust labeling while maximally pre-
serving the therapeutic functionality of the cells.

Compared with traditional stem cell tracking methods, the
stem cell labeling achieved herein is not only highly efficient
but also enables real-time dynamic imaging [29]. In contrast
to fluorescent protein or dye labeling, the photoacoustic sig-
nal from Au-stars is resistant to quenching and offers greater
tissue penetration, thereby addressing challenges in long-
term tracking and deep-tissue imaging [30, 31]. Compared

with MRI tracking based on superparamagnetic iron oxide
nanoparticles, our photoacoustic imaging approach offers
higher sensitivity [32]. Moreover, the size and surface engi-
neering of Au-stars facilitate specific membrane anchoring
rather than non-specific endocytosis [33]. The key advance-
ment of this work, compared with previous studies using
gold nanoparticles for stem cell labeling, is our introduc-
tion of a pre-targeting bioorthogonal chemical strategy [22],
which transforms labeling from a passive, slow, and incom-
plete phagocytic process into an active, rapid, and thorough
reaction essential for high-efficiency and high-specificity
labeling. Therefore, our study, rather than merely applying a
nanomaterial for cell labeling, integrated three cutting-edge
technologies (metabolic labeling, click chemistry, and
nano-photoacoustic probes) through a sophisticated chemi-
cal biology design, thus providing a synergistic system with
significantly optimized performance.

This study has several limitations that should be addressed in
future work. 1) The validation was performed in only a subcu-
taneous model in healthy rats, which lacked the complexity of
actual disease microenvironments. This simplicity might have
affected stem cell survival, migratory behavior, and nanoparti-
cle stability. 2) Because the current photoacoustic signal anal-
ysis is semi-quantitative, the absolute number of cells in vivo
is difficult to determine accurately. 3) Key practical issues for
future translation remain unresolved. These include whether
the concentration of Ac,ManNAz and its incubation time are
optimal for all stem cell types, as well as the processes required
for large-scale, clinical-grade production of Au-star-DBCO.

On the basis of these findings and limitations, future
research should proceed in the following directions. First,
studies must critically perform systematic evaluation of the
homing, distribution, and therapeutic efficacy of BMSCs-Au-
star in disease models with greater clinical relevance, such
as bone injury, brain injury, or liver injury, and must extend
the observation period to several weeks to comprehensively
assess long-term tracking capability and biosafety. Second,
exploring the development of multimodal probes coupled
with Au-stars could achieve complementary advantages, and
advanced image processing algorithms should be developed
to increase quantitative accuracy. Third, a more detailed
assessment of the effects of membrane modification on stem
cell function from the perspectives of cellular mechanics
and signal transduction is warranted. Finally, to advance
the clinical translation of this technology, the synthesis and
quality control standards of each component (Ac,ManNAz
and Au-star-DBCO) must be optimized, and scalable produc-
tion pathways must be explored. The technological platform
established in this study not only provides a powerful tool for
stem cell biology research but also lays a foundation for the
future development of cell-based theranostic strategies.

Conclusions

In summary, this study integrated the precision of bioorthogo-
nal chemistry, the excellent optical properties of nanomateri-
als, and the deep-tissue penetration of photoacoustic imaging,
to provide an efficient, specific, and versatile solution for the
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dynamic tracking of stem cells in living systems. This plat-
form is expected to not only help elucidate the in vivo biolog-
ical behavior of transplanted stem cells but also offer a robust
tool for the precise assessment of cell-based therapies. Future
research should focus on addressing the stability of long-term
tracking, the reliability of imaging in complex pathological
environments, and systematic safety evaluation before clini-
cal translation, to facilitate the progression of this technology
from basic research to clinical application.
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