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Developing effective lymph-node (LN) targeting and imaging probes is
crucial for the early detection and diagnosis of tumor metastasis to improve patient
survival. Most current clinical LN imaging probes are based on small organic dyes (e.g.,
indocyanine green) or radioactive **™Tc-complexes, which often suffer from limitations,
such as rapid photobleaching, poor signal contrast, and potential biosafety issues.
Moreover, these probes cannot easily incorporate therapeutic functions to realize beneficial
theranostics without affecting their LN-targeting ability. Herein, we have developed dual-
ligand-/multiligand-capped gold nanoclusters (GNCs) for specific targeting, near-infrared
(NIR) fluorescence imaging, diagnosis, and treatment of LN cancer metastasis in in vivo

mouse models. By optimizing the surface ligand coating, we have prepared

Auys(SR,),(SR,) 15, (where SR; and SR, are different functional thiol ligands)-type GNCs, which display highly effective
LN targeting, excellent stability and biocompatibility, and optimal body-retention time. Moreover, they can provide
continuous NIR fluorescence imaging of LNs for >3 h from a single dose, making them well-suited for fluorescence-guided
surgery. Importantly, we have further incorporated methotrexate, a chemotherapeutic drug, into the GNCs without affecting
their LN-targeting ability. Consequently, they can significantly improve the efficiency of methotrexate delivery to target LNs,
achieving excellent therapeutic efficacy with up to 4-fold lower hepatotoxicity. Thus, the GNCs are highly effective and safe
theranostic nanomedicines against cancer lymphatic metastasis.

gold nanoclusters, cancer metastasis, lymph-node targeting, fluorescence imaging, imaging-guided surgery, theranostics

umor metastasis is the leading cause of mortality in

cancer patients”” and is responsible for ~90% of

cancer-related deaths worldwide.”" Tumor metastasis
normally begins from the lymph nodes (LNs) closest to a
tumor.”® Cancer cell diffusion through LNs, particularly in
highly metastatic melanoma and breast cancer, is critical to
cancer metastasis.” Thus, lymphatic-based tumor imaging is
vital for diagnosing tumor progression® and guidin% surgical
removal of LN to control the spread of metastasis.”'® Current
clinical LN metastasis imaging mainly relies on preoperative
contrast agents, e.g, *""Tc-complexes and small organic dyes
(isosulfan blue, indocyanine green (ICG), etc.)."" Unfortu-
nately, these imaging agents often suffer from drawbacks,
including biosafety issues, non-real-time imaging, short in vivo
half-life, rapid photobleaching, and poor signal contrast.
Moreover, the combined use of two or more of such imaging
agents does not offer any advantages over their individual
use.'"> Furthermore, it is extremely difficult to incorporate
therapeutic functions in such imaging agents to convert them
into effective theranostic probes without affecting their LN
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imaging properties. Thus, there is an urgent need to develop an
effective LN-targeting agent that can provide robust, high-
resolution, real-time fluorescence imaging of LNs for early
diagnosis and imaging-guided surgery of cancer meta-
stasis.”'”'* In addition, it would be highly beneficial to
integrate imaging and therapeutic functions in one probe to
improve theranostics of tumor-LN metastasis.

Gold nanomaterials have been widely employed in broad
biomedical applications owing to their excellent size tunability,
biocompatibility, and versatile gold—thiol chemistry that
facilitates surface functionalization.””™"” Gold nanoclusters
(GNCs) containing a few to approximately hundreds of gold
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Figure 1. Synthesis and characterization of single-ligand-capped gold nanoclusters (GNCs). (A) Schematic of the study process. Optimal
GNCs preferentially accumulate in the lymph nodes (LNs) of mice. Under 808 nm laser irradiation, the NIR-II fluorescence of GNC can
provide a high-contrast image to distinguish LNs with and without metastatic foci, thereby guiding LN surgical removal. The right panel
shows the chemical structures of the thiolated C5 and anionic ligands used in this study. (B) UV—vis spectra of the GNCs prepared with
100% thiolated zwitterionic ligand (CS5), 11l-mercaptoundecanoic (MUA), 11-mercaptoundecylphosphonic (MUP), and 11-
mercaptoundecylsulfonic (MUS) ligands. All samples show characteristic absorption peaks of the Au,;(SR);s GNC (marked with dotted
lines). (C) Near-infrared (NIR) fluorescence excitation and emission spectra of the GNCs capped with 100% CS, MUA, MUP, or MUS
ligand. The maximum emission peak for all the GNCs is similar and consistent with that of the Au,;(SR),s-type GNC. (D) Representative
figure of 100% CS5-capped GNC and (E) box chart of particle sizes for the 100% C5-, MUA-, MUP-, and MUS-capped GNCs, analyzed with a
double spherical aberration-corrected transmission electron microscope (DSAC-TEM). The size of the single-ligand-capped GNCs is around
1.2 nm. No notable size differences are observed for the four groups.

atoms have recently emerged as a highly attractive biomedical were mostly prepared through the reduction of Au(III) salt in
probe because of their high stability, low toxicity, facile the presence of thiolate ligands, while such GNCs are mostly
synthesis, and renal clearing ability.”"">* Moreover, they coated with a single type of thiolated ligand, making it difficult
display robust fluorescence in the second near-infrared region to tailor their surface properties for effective in vivo biomedical
of the biological window (NIR-II, e.g, 1000—1700 nm), applications. For example, to access LNs for specific targeting,
making them well suitable for bioimaging because they offer GNCs must carry some net negative charges because they need
deep tissue penetration, high sensitivity, high-resolution to navigate through interstitial spaces filled with intertwined
imaging, and minimal autofluorescence background.”*~*’ collagen fibers and negatively charged glycosaminoglycan
Indeed, NIR-II-fluorescent GNCs have been widely employed (primarily hyaluronic acid) matrix.”>~* Thus, the charge
for bone imaging,28 tumor diagnosis,zg’?’O angiographyf'1 and, density on GNCs is critical as too high or too low surface
more recently, LN imaging.> However, recent GNC probes charge can result in undesirable nonspecific accumulation or
comprise mixed nanoclusters with a varying number of gold rapid renal elimination.”*™** Thus, preparing GNCs with
atoms, making precise quality control difficult—a highly optimal charge density and excellent stability while minimizing
significant requirement for potential clinical translation and nonspecific interactions with nontarget biomolecules is

approval. To date, high-purity and atomically precise GNCs essential for effective LN targeting. However, those GNCs
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Figure 2. Characterizations of the size distribution and ligand ratio of dual-ligand GNCs. (A) UV—vis spectra (left) and representative
DSAC-TEM images (right) of dual-ligand GNCs capped with an increasing ratio of MUA, MUP, or MUS (SR,) ligand to CS (SR,). The
absorbance curve gradually becomes smoother with increasing SR, ligand proportion. (B) Size statistic box chart of dual-ligand GNCs
capped with 50%-50% of C5-MUA, C5-MUP, or C5-MUS ligands. The sizes for the GNCs capped with different ligands are similar, with an
average diameter of ~1.25 nm. (C) Fourier transform infrared (FTIR) spectra of the mono-ligand- and dual-ligand-capped GNCs. The
spectra confirm the coexistence of the corresponding negatively charged ligands and CS on the surface of GNCs. (D) Relationship between
the zeta potential and anionic ligand feed percentages of GNCs showing that the GNCs become increasingly more negatively charged with
increasing anionic ligand proportion in feeding, confirming the capping of both ligands on the surface of GNCs. (E) XPS data showing the
relationship between the yielded percentage of MUA on the dual-ligand GNC and the percentage of MUA in feeding. Compared with CS, the
MUA ligand appears to have a higher binding affinity to the Au,; kernel over the range of 0—60% in feeding (points above the theoretical
line). Further increasing the MUA ligand feeding percentage, the MUA ligand ratio in the product gradually matches that of its feeding ratio.

capped with a single type of thiolated ligand cannot readily
meet such requirements. Hence, coating GNCs with two or
more types of functional ligands is necessary to impart suitable
surface properties for effective LN targeting.

Herein, we report the synthesis of dual-functional/multi-
functional ligand-capped and NIR-II-fluorescent
Au,y(SR),(SR,)15_n-type GNCs for targeting and effective
theranostics of cancer lymphatic metastasis. For specific LN
targeting, we have fine-tuned the surface charge group and
density of GNCs by varying the feed ratio of anionic to neutral
zwitterionic ligands (CS) during the GNC synthesis.””*’ We
have selected three anionic alkylthiol ligands with the same
C11 chain length but different terminal acidic groups to
control their ionization, e.g, 1l-mercaptoundecanoic acid
(MUA), 11-mercaptoundecylphosphonic acid (MUP), and 11-
mercaptoundecylsulfonic acid (MUS, see Figure 1 for the
chemical structures). We found that only the MUA-CS-dual-
ligand-capped GNCs can effectively accumulate in LNs and
offer high-contrast fluorescence images for sensitive cancer
LN-metastatic diagnosis and surgical guidance (Figure 1A).
We have further incorporated methotrexate (MTX), a potent
cancer chemotherapeutic drug with significant toxicity as a free
drug,*" into the optimal GNC for investigating its potential as
a LN-targeted theranostic nanomedicine (Supporting Informa-
tion (SI), Scheme S3 and Figure S1). The GNC can offer
efficient, targeted delivery and excellent therapeutic efficacy
against cancer-LN metastasis with dramatically reduced
toxicity compared to free MTX in in vivo mouse models,
thus demonstrating its potential as a highly effective
theranostic nanomedicine against cancer lymphatic metastasis.

16021

First, we synthesized GNCs separately with each of the four
thiolated ligands (CS, MUA, MUP, or MUS) and recorded
their UV—vis spectra. All monoligand-capped GNCs showed
prominent characteristic absorption peaks of the Au,s(SR);s-
type GNC at ~695 and 790 nm (Figure 1B).* Electrospray
ionization mass spectrometry (ESI-MS) analysis of the GNCs
showed clustered MS peaks that matched those expected for
the corresponding Au,5(SR),s-type GNCs (SI, Figure S2 and
Table S1).** All GNCs exhibited extremely similar fluores-
cence spectra (Figure 1C)*° with emissions in the wavelength
range of 1000—1100 nm (Agx = 808 nm)—all within the
biological second near-infrared optical transmission window
(NIR-II).*” Double spherical aberration-corrected transmission
electron microscope (DSAC-TEM) images collected with a
high-angle ring dark-field detector (HADDF)-STEM mode
revealed an average diameter of ~1.2 nm for all GNCs (Figure
ID and E). These results confirm the successful synthesis of
the Au,5(SR)g-type GNCs capped with each of the CS, MUA,
MUP, and MUS ligands. Moreover, these GNCs exhibit similar
sizes and optical properties. This provides a solid foundation
for the subsequent synthesis of atomically precise, dual-ligand-
capped GNCs.

We further tuned the feed ratios of MUA-, MUP-, and MUS-
to-CS for preparing various dual-ligand-capped GNCs. All
mixed-ligand-capped GNCs showed similar characteristic UV—
vis absorption peaks as their monoligand counterparts. In
addition, increasing the feed proportion of the negatively
charged ligands reduced the intensity of the UV—vis
characteristic peak at ~690 nm (Figure 2A) as well as the
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NIR fluorescence brightness of the GNCs (S, Figure S3). This
result is similar to that reported by Aldeek et al."* Considering
this, the fluorescence intensity of each GNC was normalized
and adjusted in subsequent experiments for the direct
comparison of the content of GNCs. In addition, the DSAC-
TEM images further confirmed a narrow size distribution of
~1.25 nm, comparable to their single-ligand-capped counter-
parts (Figure 2A and B). Further, ESI-MS tests were
conducted to confirm the configurations of the
Au,y5(SR),(SRy)15_ntype GNCs with different ligand feed
proportions. The MS analysis revealed that the MUA exhibited
a higher binding affinity to gold kernels than CS, where feeding
of 20% MUA vyielded Au,s(MUA)g(CS);, as the main product.
Further increasing the proportion of MUA in feeding, the
ligand composition of the main product gradually matched the
ligand feed ratio (Table 1 and SI, Figure S4). Fourier

Table 1. Summary of the Primary and Secondary Formulas
of the Au,;(MUA),(CS),s_, Products Prepared under
Different Feed Proportions of MUA Ligand

MUA ligand Primary product Secondary product(s)
proportion (%) (n/18-n) (n/18-n)
0 0/18 -
20 8/10 9/9
40 10/8 11/7 and 9/9
60 13/5 12/6 and 14/4
80 16/2 15/3
100 18/0

transform infrared (FTIR) spectroscopy analysis confirmed
that all ligands were incorporated into the GNCs, as they
showed the characteristic IR peaks of the corresponding MUA,
MUP, or MUS ligands. The S—H stretching peak at ~2500
cm™! for free ligands completely disappeared, suggesting that
the thiolated ligands were bonded to the GNCs via the Au—S
bond, as expected (Figure 2C).* The zeta potential of the
dual-ligand GNCs became progressively negatively charged
with the increasing feed proportion of anionic ligands. This
provided a fine control over the negative charge density on the
GNC for screening the charge-dependent bioaccumulation
(Figure 2D). To illustrate the capping efficiency, X-ray
photoelectron spectroscopy (XPS) was also applied to analyze
the dependence of the MUA percentage on the surface of
produced GNCs as a function of the MUA feed percentage.
The N 1s (~402.67 eV) and S 2p;,, (~162.70 eV) orbitals
were analyzed to measure the abundance of the quaternary
ammonium group in CS and the total Au—S bond. By plotting
the MUA percentage in feeding and product, a similar trend to
the MS data was observed and reaffirmed a slightly higher
affinity for MUA to the Au,; kernel than CS. For example, with
20% of MUA in feeding, it accounts for 31% of the total
ligands on the GNC surface. However, as the feed percentage
of MUA increased to over 60%, this advantage gradually
became less obvious, and the MUA percentage in the product
gradually matched its feed percentage (Figure 2E). Since the
change of ligand feed ratios has an influence on its surface
charge, before the subsequent in vivo experiments, we studied
the stability of different GNCs in the simulated body fluid
environment to rule out differences in their own in vivo
stability. Taking MUA-CS as an example, after incubating dual-
ligand GNCs prepared with the MUA feed ratio of 0 to 100%
with human serum for 1 week, the fluorescence intensity and

solution properties did not change (Figure SS). The results for
MUP-CS and MUS-C5 GNCs are also the same, which
provides a guarantee for our follow-up in vivo experiments.

To study the biodistribution of the GNCs, we intravenously
injected them into mice through the tail vein to achieve a rapid
whole-body distribution. Next, we anesthetized the mice and
used a NIR-II fluorescence animal imager to photograph the
supine and prone positions of the mice at different time points
for 6 h, taking full advantage of the NIR-II fluorescence of the
GNCs for in vivo imaging. We first studied the in vivo
distribution of the 100% CS$ ligand-capped GNC (Figure 3A).
Being a zwitterionic neutral ligand, introducing CS to the GNC
coating can dilute its surface charge density and impart
excellent antifouling and antiadsorption properties by forrnin%
a strong hydration layer on its sulfobetaine terminal group.***
Therefore, the GNCs capped with 100% CS should have
minimal protein corona formation in vivo, yielding a hydro-
dynamic size well below the renal clearance threshold (~6.4
nm);**** hence, rapid renal clearance with short body
retention was expected. Indeed, strong NIR-II fluorescence
was observed in the bladder shortly after intravenous injection
(LV.), whereas the fluorescence signals in other body parts
faded quickly, indicating a rapid renal clearance of the GNCs
as expected.

Subsequently, the biodistribution of the GNCs capped with
mixed C5-MUA ligands was studied. As shown in Figure 3A,
increasing the MUA proportion from 0 to 20% could slightly
increase the GNC body retention and renal clearance time (to
~2 h), accompanied by higher liver and kidney accumulations,
although its overall in vivo biodistribution still resembled that
of the pure CS5-capped GNC. As the MUA proportion was
increased to 40%—60%, noticeable fluorescence signals were
found in the LNs at 2 h post-1.V,, as indicated by an intense
and lasting signal in the sacral part of the prone position,
suggesting high lymphatic accumulation. Further increasing the
MUA proportion to >60% led to the disappearance of
lymphatic accumulation, where the GNCs were mainly
retained in the liver and spleen, as indicated by prominent
fluorescence. Moreover, urine samples collected hourly post-
LV. further supported the GNC renal clearance results
observed in NIR-II fluorescence imaging (SI, Figure S6).
The hydrodynamic size of GNCs in vivo was strongly affected
by protein corona formation, which was closely related to the
negative charge density of GNCs.*® Thus, the ability of GNCs
with 40%—60% MUA to accumulate in LNs was attributed to
the anionic charge-induced size changes in vivo, as confirmed
by the zeta potential result.

To illustrate how the surface negative charge density of the
GNCs may affect their size in vivo, we performed a gel
electrophoresis study of the GNCs prepared with different
MUA proportions with and without human serum. Figure S7
(SI) shows that with increasing MUA proportion, the gap
between the electrophoresis bands of the GNCs with and
without human serum became wide. Particularly, in the
presence of human serum, the tailing effects became more
obvious. This result indicates that the MUA ligand leads to the
observed nonspecific interactions between GNCs and serum
proteins due to electrostatic interactions. The strength of the
interactions increased with increasing MUA proportion,
leading to extensive protein corona formation on the GNCs
that increases their overall size. Previously, organ distribution
tropism of lipid nanoparticles (NPs) was achieved by tuning
the overall surface charge.50 In addition, the size of lipid NPs
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Figure 3. In vivo distribution of dual-ligand-capped GNCs with different proportions of anionic ligands. (A) Time- and MUA feed
percentage-dependent NIR-II fluorescence images showing the in vivo distribution of GNCs in mice after the intravenous injection (L.V.) of
GNC (5 mg kg™") for 6 h (S, supine position; P, prone position; the same as below). Dual-ligand GNCs with 40%—60% MUA in feeding are
effectively accumulated in the LNs located in the sciatic area (labeled with green ovals, 30 ms, 20 mW cm™?). (B) Distribution map of some
LNs in the middle and lower body of mice. Different pairs of LNs are marked with different colors. GA, gastric LN; LA, lumbar aortic LN;
M]I, medial iliac LN; PD, pancreatic oduodenal LN; PO, popliteal LN; SC, sciatic LN; and SI, sub iliac LN. (C) NIR-II fluorescence image
showing the accumulation of the GNCs within the lower-body LNs of mice under 808 nm laser excitation. Six hours after 1.V., the GNCs
with 50% MUA in feeding are effectively accumulated in the LNs near the spine. Even for gastric LNs that are far away from the injection
site, the GNCs can provide a strong fluorescence contrast for guiding surgical resection (left, prone position; right, supine position; 20 ms,
20 mW cm2). (D—F) Plots of the GNC fluorescence intensity in sciatic LNs and renal clearance time against the anionic ligand feed
proportions of (D) MUA, (E) MUP, and (F) MUS.

renal clearance and increased LN accumulation observed
herein. Because the size of the GNC-—protein corona

was found to strongly affect their biodistribution, with smaller
NPs (~30 nm) offering higher LN accumulation.”® Further,

the size of the GNCs was found to be a critical factor in
determining their renal clearance due to excess glomerular

barriers.”” These literature reports can explain the reduced

16023

complexes increased with increasing anionic charges, the in
vivo clearance of the GNCs shifted from the urinary to the
hepatic pathway, accompanied by reduced distribution within
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Figure 4. In vivo distribution of the dual-ligand GNCs with different anionic ligand proportions administered through a right footpad
injection (F.P.). (A) NIR-II fluorescence images showing the distribution of GNCs with different MUA proportions after F.P. over 10 h.
GNCs prepared with <20% MUA proportion demonstrated renal clearance times of up to 6 h, whereas those prepared with 40%—60% MUA
feeds displayed a high retention rate in popliteal and sciatic LNs (labeled with green ovals; S, supine position; P, prone position; the same as
below; 25 ms, 20 mW cm2). (B) NIR-II fluorescence image showing the in vivo distribution of the GNCs prepared with 50% MUA
proportion under 808 nm laser irradiation at 10 h after F.P.; GNCs accumulated in unilateral lower-body LNs, including popliteal and sciatic
LNs. Some LNs stained during L.V. were also visible in the F.P. result (left, prone position; right, supine position; 20 ms, 20 mW cm2). (C)
NIR-II fluorescence images of major organs harvested from mice 10 h post-administration of GNCs with 50% MUA proportion via different
administration methods (B, brain; G&I, gastrointestinal tract; H, heart; K, kidneys; Li, liver; Lu, lungs; Sp, spleen; T, thymus; U, uterus; 20
ms, 20 mW cm™2). Plots of the relationship between fluorescence intensity in popliteal LNs and renal clearance time against the anionic
ligand feed proportion for (D) MUA, (E) MUP, and (F) MUS ligands.

LNs.>® Thus, the optimal balance of the clearance and LN appeared not only in LNs close to the injection site, such as

distribution can be achieved by tuning the feed proportion of
the anionic and zwitterionic ligands during GNC preparation.

The lower body and hind limbs of the mouse have abundant
lymphatics and LNs, including popliteal, sciatic, inguinal,
lumbar, gastric, and iliac LNs (Figure 3B).”*™>” We conducted
anatomy studies and found that the fluorescence signals

sciatic LNs (first-draining), but also in remote sites, such as
gastric LNs (Figure 3C). The quantum yield (QY) of the GNC
prepared with 50% MUA proportion was 1.48%, higher than
most water-soluble NIR-II fluorescent GNCs and comparable
to some small molecular NIR fluorescent dyes.”*?">®
Combining the advantageous properties of high QY and
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Figure S. Comparison of the photostabilities of the MUA-GNC and indocyanine green (ICG) and application of the MUA-GNC for imaging
in an in vivo mouse footpad tumor model. Relative intensity bar charts of GNC and ICG on exposure to (A) direct laser irradiation (808 nm,
20 mW cm™?) and (B) indoor light irradiation. The fluorescence of ICG was rapidly photobleached by an 808 nm laser with a short half life
of ~0.5 h, whereas the fluorescence of GNC remained unaffected. (C) NIR-II fluorescence images showing the use of the MUA-GNC in the
direct imaging of LN metastasis with in situ tumor models administered through LV. (left) and F.P. (right). Both methods could detect the
abnormal size of metastatic LNs, although F.P. showed a higher fluorescence contrast in LNs next to the injection site and lower background
away from the injection site (tumor marked with white arrows, 20 ms, 20 mW cm™2). (D) Hematoxylin and eosin (H&E) staining of the LN
section revealed tumor metastasis in the first-draining LNs, confirming the ability of the MUA-GNC to detect LN metastasis. The dotted line
indicates the boundary between the normal LN and tumor tissues. (E) Recognition process of body outline and lower-body LNs with the
help of the home-developed image-analysis program. (F) Screenshot showing the automatic drawing of the mouse outline and the
recognition of LNs in the user interface of the program. (G) Box chart showing the distribution of the LN fluorescence areas between the
tumor-bearing and normal legs. There is a statistical difference between the two groups of data. The threshold was set to be 130 pixels (**,
0.01 < P < 0.05).

excellent LN-targeting ability, this GNC offered a high signal- developing lymphatic targeting probes. In this regard, a weakly
to-background ratio of approximately 60 in the LN region. ionizable ligand (e.g., MUA, terminal CO,H pK, = ~4.95) is
Such high-contrast fluorescence images are extremely more suitable than the strongly ionized ones, e.g., MUS (pK, =

beneficial for noninvasive diagnosis and imaging-guided ~ —1) or MUP (pK, = ~ 2.1).°” Notably, the pK, values of the
surgeries of LNs. Unexpectedly, the dual-ligand GNCs GNC bond ligands are expected to be higher than those of the
prepared with varying proportions of the MUP or MUS corresponding free ligands.

ligands showed an insignificant accumulation in LNs, as To study how the administration methods affect the LN-
evidenced by substantially lower fluorescence signals in LNs targeting properties of GNCs, we further compared the
than those for the MUA-capped GNCs (SI, Figure S8). This footpad injection (F.P.) outcome with the LV. data. F.P. is a
result indicates that the LN-accumulation property of the common technique for lymphatic dosing because the hind limb
GNCs is dependent on the density and the type of negatively region of mice has abundant lymphatics and LNs." Generally,
charged groups decorated on their surface. lymphatic accumulation away from blood circulation is poor

We plotted the renal clearance duration and LN because the epithelial cell gap of lymphatic vessel capillaries is
fluorescence intensity 6 h after LV. against the ligand feed substantially higher than that of blood vessels.”> Besides, the
proportion (Figure 3D—F). A clear trade-off was observed blood flow rate is approximately 100—S5S00 times that of
between the GNC lymphatic accumulation and renal clearance lymphatic flows, which can hinder the GNC transportation
time, which could be controlled by the anionic ligand type and within lymphatics.”> However, E.P. could directly drain GNCs
feed proportion.'”>” This result implies that tuning the surface to lymphatics through the interstitium to increase their contact

negative charge density of the GNCs is an effective way of with the lymphatic system. Thus, F.P. can increase the LN-
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accumulation efficiency of GNCs while reducing accumulation
in other organs.”” Due to the relatively slow process of crossing
the interstitial space, we extended the observation time to 10 h.
As shown in Figure 4A, the entirely zwitterionic-ligand-capped
GNCs exhibited a relatively fast renal clearance time of ~2 h.
As the MUA ligand feed increased to 60%, popliteal and sciatic
LNs in the injection site showed intensive fluorescence and
were easily distinguished from the surrounding tissues.
Consistent with the LV. results above, the LN-targeting ability
of the MUA-capped GNCs was better than that of the GNCs
capped with MUP or MUS ligand (Figure 4A and SI, Figure
S9). Through these studies, we concluded that the GNCs
prepared with 40%—60% MUA proportions can provide
effective LN targeting. Thus, we used 50% MUA as the
optimal ligand feed for the GNC preparation in all further
experiments (denoted as MUA-GNC hereafter). The MUA-
GNC administered through F.P. was restrained in LNs close to
the injection site, including popliteal (first-draining), sciatic,
subiliac, and medial iliac LNs (Figure 4B). Moreover,
pathology analysis confirmed that F.P. resulted in less overall
GNC accumulation in the main organs than LV, particularly in
the liver and kidneys, potentially reducing the toxic side effects
caused by nondesirable hepatic and renal accumulation (Figure
4C). For all three anionic ligand-capped GNCs, the relation-
ship between the LN accumulation and ligand feeds for the
F.P. and LV. was similar. Moreover, the relationship between
the GNC-surface negative charge density and renal clearance
time, as shown above, was also similar for MUP- and MUS-
capped GNCs (Figure 4D—F).

To find the relationship between the GNC concentration in
the lower-body LNs and the exposure time of the NIR imager,
we injected an equal volume of serially diluted GNC solutions
into the mouse footpad and optimized the exposure time to
give similar fluorescence intensities (SI, Figure S10A). Using
the MUA-GNC at doses as low as 1.2 mg kg™, we could still
acquire a low-latency video with high contrast. However,
because the common frame rate of videos is 30 frames per
second, the delay time should be <33 ms to avoid
inconsistencies between the video and operation. Thus, a
dose of 5 mg kg™' of the MUA-GNC was deemed optimal for
recording real-time videos. It could provide a short exposure
time of 17 ms and avoid waste of materials.

As one of the most common NIR bioimaging fluorophores,
ICG has been widely used for lymphatic imaging and
fluorescence-guided surgery.”’ Unfortunately, ICG-based in
vivo imaging suffers from several apparent limitations,
including high hemoglobin affinity, short plasma half-life (2—
4 min), low hydrophilicity, and difficulty in chemical
modification.”*®> Moreover, it suffers from rapid photo-
bleaching, limiting its effective imaging time to 30 min,*®
which is insufficient for deep LN-related surgeries that often
last for several hours.”® Besides, its narrow absorption and
small Stokes shift require a matching laser source for excitation
and optical filters for imaging.67’68 Thus, developing capable
probes for sensitive, long-lasting NIR fluorescence imaging is
urgently needed. We first compared the photostability of the
MUA-GNC and ICG under an 808 nm laser irradiation (20
mW cm?) (Figure SA and SI, Figure S10B). The fluorescence
of ICG rapidly decreased upon exposure to irradiation, losing
~50% of the initial intensity within 30 min and becoming
almost completely photobleached at 2.5 h, indicating poor
photostability. In contrast, the MUA-GNC showed no
observable changes in fluorescence during the entire 2.5-h

laser radiation period, demonstrating highly robust photo-
luminescence. We also compared their fluorescence stabilities
upon exposure to a household incandescent lamp (15 W,
~1125 Im) (Figure SB and SI, Figure S10C). Similarly, the
ICG fluorescence decreased continuously and retained just
~10% of the initial intensity at 24 h, indicating poor
photostability and aqueous stability.”” However, the fluo-
rescence of the MUA-GNC remained almost constant
throughout the 24-h exposure, reaffirming its excellent
photostability and aqueous stability. Thus, the use of GNCs
for bioimaging would not require strict light-shielding, making
it more convenient for in vivo imaging. Furthermore, the MUA-
GNC was excited efficiently using a white light from an LED
lamp (12 W, ~1200 Im) to emit strong NIR fluorescence,
whereas ICG was completely nonfluorescent under such
conditions (SI, Figure S10D). This is another significant
feature of MUA-GNC-based bioimaging, which can be
efficiently excited by various exciting light sources without
affecting the emission. In addition, the MUA-GNC effectively
retained its NIR fluorescence after lyophilization, which is
convenient for storage and transportation and is important for
practical applications (SI, Figure S10E).

We constructed an in situ lymphatic metastasis model by
injecting Hep3B human hepatocarcinoma cells into the
footpad of mice. After LV. and F.P. of the MUA-GNC, we
could distinguish between metastatic and normal LNs from the
NIR-II fluorescence images, where metastatic LNs showed a
significantly increased volume and irregular shapes (Figure
SC). Moreover, we conducted an imaging-guided surgery to
remove sentinel LNs (Supporting Video), where the stained
LNs showed bright NIR-II fluorescence and strong contrast
from surrounding tissues, making surgical resection conven-
ient. Even though not professionally trained in surgery, the
operator could easily judge the location of LNs as well as their
status and perform a resection operation to remove the
metastatic LN entirely. After an operation, LN samples were
stained with hematoxylin and eosin (H&E) to confirm the
existence of the metastatic region mixed with normal tissues
(Figure SD). We further constructed heterotopic tumor
models, including intraperitoneal and subcutaneous models,
to demonstrate the potential of the MUA-GNC in imaging-
guided surgeries. In the heterotopic models, F.P. of the MUA-
GNC yielded high NIR-II fluorescence contrast, allowing for
feasible diagnosis and surgically removing LNs (SI, Figure
S11). These results demonstrate the successful use of the
MUA-GNCs for the noninvasive diagnosis of tumor-LN
metastasis and NIR-II fluorescence-guided surgery.

To further demonstrate the potential of the MUA-GNC for
the diagnosis of tumor-LN metastasis, a self-developed
recognition program was designed and tested. We established
an in situ tumor model on the unilateral footpad of mice. Then,
the GNCs were administrated through bilateral F.P., and after
6 h, the NIR fluorescence was photographed to compare the
size and fluorescence intensity of bilateral sentinel LNs (PO
LNs). The LNs in the left and right legs of a single mouse were
used as self-control. By inputting the NIR images, our program
could automatically recognize the body outline of mice and
distinguish the LN position (Figure SE and F). The GNC-
aided identification of the size differences between the
experimental and control groups showed statistical differences.
The accuracy of recognition was >65.5% (Figure SG). These
results confirm the potential of the MUA-GNC to act as an
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Figure 6. Investigation of the effect of subcapsular sinus (SCS) macrophage depletion on the distribution of MUA-GNC in LNs through
tissue sections. (A) Bright-field, NIR-II fluorescence and silver-stained optical images of LN harvested from mice after treatment with MUA-
GNC for 10 h. GNC was mainly distributed in the cortex region around the capsular region of LNs. It could also enter the deeper cortex and
distribute in the lymphatic follicles (labeled with red arrows; scale bar: 200 gm). (B) TEM images of the MUA-GNC-treated LN tissue after
silver staining to show its distribution in LNs. The silver staining signals are marked with red arrows. A GNC signal was found in follicles and
the B cell cluster region, indicating its ability to pass through cortical lymphatic vessels and reach the follicular area (CLV, cortical lymphatic
vessel; scale bar: § ym). (C) Confocal images showing the effect of macrophage suppression on the GNC distribution within the LNs. The
macrophage-inhibited group showed significantly reduced SCS macrophages with the enhanced infiltration of MUA-GNCs compared to the
control group (Alexa 647, CD169-SCS macrophages; Alexa 555, GL7-Geminal center; scale bar: 200 gm). (D) Bright-field and NIR-II
fluorescence images of the LN section showing that GNC was no longer restricted to the subcapsular lymphatic sinuses and penetrated
deeply into the paracortex layer for the macrophage-inhibited group (scale bar: 200 gm).

effective surgical guidance and LN metastasis diagnostic deposition was monitored by silver staining (Figure 6C).
reagent. Comparing the SCS macrophage and GNC locations in the
To examine the penetration depth of the MUA-GNC in control group, we found extensive colocalization of both in
LNs, we prepared 20-pm-thick frozen sections of LNs (6 h subcapsular regions, indicating that SCS macrophage plays an
after F.P.) and monitored the GNC fluorescence on a NIR important role in the retention of GNCs within LNs.”?
microfluorescence imaging system. Compared with the bright- Macrophage suppression was confirmed by the disappear-
field image, the fluorescence signal appeared either near the ance of red fluorescence in the SCS area, accompanied by a
afferent lymphatics and lymphatic sinuses or in a deeper cortex higher germinal center formation, possibly resulting from
region. To locate the MUA-GNC position within the LN, we higher retention of MUA-GNCs within the follicles without
prepared S-pum-thick LN sections and applied silver staining to SCS macrophage obstruction. The silver staining result also
amplify the GNC signals for easy confirmation. Consistent revealed a different GNC distribution pattern compared to that
with the NIR fluorescence image, the optical image of silver- of the control, where the former exhibited substantially lower
amplified GNCs was found to accumulate mainly near the retention in the subcapsular area and deeper distribution in the
afferent lymphatics, subcapsular sinus, and follicular area cortex and paracortex layers than the latter. Additionally, the
(Figure 6A, marked by red arrows). The corresponding LN GNC NIR-II fluorescence was also different from that of the
TEM images further revealed that GNCs had penetrated the control, showing reduced surface interception and deepened
lymphatic sinus into the follicles and interacted with B distribution. This result agreed well with that of the silver

lymphocytes (Figure 6B).”° These results suggest that the staining, indicating that SCS macrophages hinder GNC LN
MUA-GNCs are widely distributed within LNs and have distribution and accumulation (Figure 6D). Together, these

extensive contact with several LN-residue immune cells. results revealed that removing SCS macrophages at the
Besides the dispersed macrophages in lymphatics and entrance to the follicles led to higher overall accumulation
antigen-presenting cells in follicles, the subcapsular sinus and deeper penetration of GNCs in LNs, as confirmed by a
(SCS) macrophages in LNs also play an important role in stronger MUA-GNC fluorescence. The function of SCS
antigen capture and presentation, although their role in macrophages in GNC accumulation discovered herein can
nanomaterial distribution remains unclear.”’ Previous studies provide useful guidance for the design of LN-targeting
have shown that SCS macrophages obstruct nanoparticles from nanomaterials.
entering LN follicles by capturing and endocytosing them.” The elimination process is a vital indicator for the biosafety
To probe the role of SCS macrophages in the MUA-GNC of bioimaging agents.”* The MUA-GNC pharmacokinetic
distribution in LNs, we treated mice with GdCl; (a profile in the blood and main organs in mice was analyzed by

macrophage inhibitor) 3 days before GNC application and measuring the Au content. The plasma halflife (T,
compared the GNC distribution with that of the phosphate distribution half-life) of the MUA-GNC was measured to be
buffer saline (PBS) control.”> We prepared $-um-thick LN ~0.83 h, which is significantly higher than the plasma half-life

sections and stained the germinal center (B Iymphocyte of ICG (e.g., 3—4 min), meaning that there is sufficient time
clusters) and SCS macrophages with anti-GL7 (green) and for the MUA-GNC to accumulate within the peripheral LNs
anti-CD169 (red) antibodies, respectively, and the GNC before clearance (SI, Figure S12). In addition, the Au contents
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Figure 7. Structure of MTX-loaded triligand GNC and characterization of its antitumor effect in vitro. (A) Schematic diagram of triligand
MTX-GNC. The MTX molecule was covalently linked to an amino PEG chain through formation of a highly stable amide bond, and all three
ligands are attached to GNC through the Au—S bond. Under normal physiological pH (7.35—7.45), the a-carboxylic acid (pK, = ~2.9) of
the HS-MTX ligand will be fully deprotonated, while the N in the pteridine ring (pK, = ~5.7) will be nonprotonated to give an overall one
net negative charge. (B) In vitro antiproliferation effect of MTX-capped GNC on the HUH-7 cell line, wherein ~100% inhibition of tumor
cell growth was achieved at ~20 pg mL™". (C) Summary of the scratch-healing results for treatments with different MTX-capped GNC
concentrations. (D) Cell staining results showing the apoptosis rate of HUH-7 cells after a 24 h treatment of PBS and 10 or 20 ug mL™'
MTX-GNC. The apoptosis rate was analyzed by staining with terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling
(TUNEL) and propidium iodide (PI), which can be used to detect early and late apoptosis, respectively.

in the main organs in mice, including the heart, lungs, liver,
kidneys, and spleen, were also measured (SI, Figure S13).
Consistent with the renal clearance results (SI, Figure S6), the
Au content in the kidney decreased rapidly within the first 4 h
and then gradually leveled off. In contrast, the Au content in
the liver, spleen, and lungs showed a gradual increase from 2 h
to the end of the experiment (12 h). A gradual increase of the
Au content in the reticuloendothelial system (RES) organs
after the reduction of renal clearance indicated that the RES
organs were the main clearance pathways for the remaining
GNCs. We further extended the observation time to
investigate the thorough clearance time of the MUA-GNC.
Due to a small size and moderately negative surface charge, the
body-retention time of the MUA-GNC was found adequate for
in vivo imaging: its fluorescence signal in the liver and LNs
decayed gradually and became almost invisible 96 h after LV.
administration (SI, Figure S14A). Thus, a single injection of
the MUA-GNC can satisfy the requirement of imaging-guided
surgery, avoiding the need for repeated injections of ICG for
the same purpose due to its short in vivo half-ife.”” For F.P,,
the retention within the injection site was approximately 144 h.
To verify the biosafety of the MUA-GNC, we conducted an in
vitro live—dead staining of human umbilical vein endothelial
cells using Calcein-AM and propidium iodide after a 24-h
treatment with PBS (control) or 100 or 200 ug mL™' GNC
(SL, Figure S14B). There was no obvious difference in the
number of dead cells for the control and MUA-GNC-treated
groups. Further, an in vivo safety test was conducted by
injecting 40 mg kg™' GNC (eight times the dosage used in the
imaging above) into the tail vein or footpad, and biochemical
indices, including blood routine and liver and kidney function
indexes, were measured 3 days after injection. Even at such a
high dosage, pathological examination of organs confirmed no
apparent histopathological changes (SI, Figure S14C). The
biochemical indices of both GNC groups showed no
significant differences from those of the control group, and
all of these were within the normal range (SI, Figure S15).
Together, these results demonstrate that the MUA-GNC has

high biosafety and can be safely used in various bioimaging
applications.

We further explored the application of MUA-GNCs in
treating cancer metastasis, taking advantage of their potent LN-
accumulation capacity. Here we incorporated methotrexate
(MTX), a classic cancer chemotherapeutic drug inhibitin
DNA synthesis and cell proliferation, into the MUA-GNC.”*
Despite being highly effective in treating multiple cancer types,
MTX exhibits undesirable whole-body distribution, resulting in
high hepatotoxicity and nephrotoxicity."" Moreover, the
requirement for frequent dosing of MTX due to a short half-
life can further worsen its side effects.” Based on the good LN-
targeting ability of the MUA-GNC, we hypothesized that it
could serve as an effective nanocarrier for the targeted delivery
of MTX into LNs to reduce drug toxicity. Because each MTX
molecule contains two carboxylic acid groups (a- and y-), it
can be conveniently coupled to a thiolated tetra(ethylene
glycol) amine through the formation of an amide linkage to
yield thiolated methotrexate (HS-MTX) (Figure 7A).7778
After coupling, there are two ionizable groups in the HS-MTX
ligand: the free a-CO,H (pK, = ~2.9) and the quaternized
2,4-diaminopteridyl (pK, = ~5.7) group. Under the physio-
logical pH of 7.4 used in our study, the free a-CO,H group will
be fully deprotonated to CO,” while the quaternary
ammonium group should be mostly nonprotonated (~98%)
and, hence, be mostly neutral. Thus, under our experimental
conditions, each HS-MTX molecule should carry one net
negative charge, the same as the MUA ligand.”” We further
adjusted the ligand feed ratio to HS-MTX:MUA:CS = 3:5:5
(proportion of total negatively charged ligand: ~60%) and
prepared the triligand-capped GNC (abbreviated as MTX-
GNC hereafter). The loading efficiency of MTX on the MTX-
GNC was estimated from the MTX amount difference
between that added and that remaining unbonded after
MTX-GNC preparation against a standard MTX-concentra-
tion calibration curve, giving an HS-MTX loading efficiency of
70.5 + 0.7% in a single-batch MTX-GNC synthesis.*” The
MTX-GNC showed the characteristic UV—vis absorption
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Figure 8. Comparison of free MTX and MTX-GNC treatments showing that the MTX toxicity was significantly reduced after capping it onto
MUA-GNC. (A) Experimental flow chart of tumor modeling and treatment. (B) Left: change in the bodyweight of tumor-bearing mice
following different treatment processes. Right: pictures of the tumor-bearing body part (left footpad) and skin appearance. Free-MTX-
treated mice were in an unusually emaciated state with significantly decreased bodyweight, whereas all other groups showed no significant
weight loss or changes in appearance (n = ). (C) Comparison of liver biochemical indices for mice after different treatments. Only the free
MTX treatment group showed abnormally high alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline
phosphatase (ALP) levels, indicating acute liver damage, whereas these indicators in all other groups were comparable and within the
normal range (n = 4; *¥¥% P < 0.001; **¥, 0.01 < P < 0.05; *, P > 0.05). (D) H&E, periodic acid-Schiff (PAS), and Masson staining of liver
and kidney tissues after different treatments: black arrows, degeneration of liver sinusoids and cords; green arrows, hepatocyte necrosis;
azure arrow, hepatic fiber bridging; red arrows, glomerular damage and fibrosis; yellow arrows, brush borders shedding.

peaks of the MTX-free counterparts (SI, Figure S16A). Its size
was also similar to that of the MUA-GNC (S, Figure S16B
and C). Treatment of the MTX-GNC dose-dependently
reduced the viability of HUH-7 cells, a liver cancer cell line,
with an ICs, of ~54 ug mL™', demonstrating a good
anticancer potency (Figure 7B).

An in vitro scratch-healing test was further conducted to
visualize the inhibitory effect of the MTX-GNC on the
proliferation and migration of HUH-7 cells. Cells treated with
>S5 ug mL™" of the MTX-GNC yielded extremely low cell
proliferation efficiency compared to the negative control,
confirming that HS-MTX maintained its antiproliferation
properties after loading onto the GNC (Figure 7C and S],
Figure S17). Free MTX has the strong ability to induce cell
apoptosis.”"*> We thus measured if the MTX-GNC retained
the apoptosis-inducing ability of free MTX. HUH-7 cells were
incubated with 10 and 20 g mL™" MTX-GNCs for 24 h, and
terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick end labeling (TUNEL) and propidium iodide (PI)
staining were applied to distinguish early and late apoptosis
(Figure 7D). Compared with the low TUNEL (1.12%, green-
to-blue ratio) and PI (0.56%, red-to-blue ratio, same below)
signals for the PBS control, the TUNEL and PI signals of the
10 ug mL™" MTX-GNC group were significantly increased to
14.2% and 5.66%, respectively, while those for the 20 pg mL™!
group were further increased to 39.3% and 10.7%, respectively,
indicating that the MTX-GNC retained an excellent ability to
induce apoptosis in a dose-dependent manner. In addition,
under 808 nm laser irradiation, bright NIR fluorescence was
captured in the cytoplasm of HUH-7 cells with a NIR
fluorescence microscopy imaging system after MTX-GNC
treatment (SI, Figure S18), confirming that the MTX-GNC
has successfully delivered MTX into cancer cells to induce cell
apoptosis.

16029

Having good stability under normal physiological environ-
ments is crucial for the MTX-GNC to act as a useful in vivo
imaging reagent. As the MTX molecule is bonded to the GNC
surface by forming a strong Au—S bond via a covalently linked
tetra(ethylene glycol) thiol linker, we expect it to be highly
stable. Consistent with our expectation, the MTX content
released from the MTX-GNC (measured via a competitive
enzyme-linked immunosorbent assay test kit) was found to be
negligible (<0.068%) even after a 48-h incubation in 25%
human serum, confirming a good in vivo stability. Moreover,
the fluorescence of the MTX-GNC in simulated body fluids
(PBS + various human serum contents) also showed no
observable changes after extended storage of 7 days (SI, Figure
S19A). Furthermore, no change in physical appearance or
precipitation was observed after 7 days of storage in human
serum (SI, Figure S19B). These results confirmed the good
stability of the MTX-GNC in the body fluids. We further
studied the stability of the MTX-GNC under environments
with different pH, while apparent agglutination was observed
in strongly acidic environments (e.g, pH < 3); likely due to
the protonation of carboxyl groups that weakened electrostatic
repulsion of GNCs, their NIR-fluorescence was retained (SI,
Figure S19C). However, no aggregation or change of
fluorescence was observed for the MTX-GNC across the
normal physiological pH range (e.g., pH = 5—8) even after 7
days, indicating that the MTX-GNC has high stability under
the in vivo environment.

We then injected the MTX-GNC via F.P. (5 mg kg™', the
same dose as the MUA-GNC above) into mice and found that
its fluorescence intensity and in vivo distributions were similar
to those of the MUA-GNC, indicating that the co-capping of
the HS-MTX has negligible effects on the biophysical
properties of the MUA-GNC (SI, Figure S20A).

We further extended the anticancer studies to in vivo
lymphatic metastasis models. A LN-metastatic mouse model
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Figure 9. Anti-metastasis properties of MTX-GNC, free MTX, and other treatments. (A) Optical images of ipsilateral popliteal LN harvested
from mice after treatments. The size of LNs was reduced after the MTX-GNC treatment in a dose-dependent manner. (B) LN mass statistics
of different treatment groups. (n = 5; **** P < 0.001; **, 0.01 < P < 0.05). (C) K;-67 and TUNEL staining showing the proliferation of
tumor tissue and the degree of cell apoptosis. The significantly lower brown color and high green fluorescence in the 20 mg kg™' of MTX-
GNC indicate a successful control of tumor cell growth. (D) K;-67 staining statistical result of the brown (positive) to blue (negative) ratio.

was constructed by injecting human hepatocarcinoma cell-
Hep3B cells into the left hind limb footpad of mice. Four days
after the injection, the ipsilateral popliteal LN swelled. We then
treated the different groups through F.P. of free MTX (5 mg
kg_l, equivalent to 15 mg kg_1 the MTX-GNC in drug dosage,
positive control), the MTX-GNC (10 or 20 mg kg™'), the
MUA-GNC (20 mg kg™'), or PBS (negative control), once
every 2 days for 12 days. The mice were then sacrificed and
photographed, and their LNs were measured (Figure 8A).
Only the free MTX treatment group showed a sharp decrease
(~30%) in body weight, while all other groups were normal
(Figure 8B). Moreover, the free-MTX-treated mice were
extremely skinny and weak with rough and dull skin, suggesting
severe drug-induced injuries by side effects. These results are
consistent with the systemic toxicity of the administration of
free MTX. In contrast, treatment with a high dosage of the
MTX-GNC resulted in minimal changes in body weight
throughout the treatment, indicating its minimal side effects.
We also measured the liver and kidney function indices of
different groups. For the free MTX group, the alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
and alkaline phosphatase (ALP) levels were ~4-, ~10-, and
~1.5-fold higher than their expected normal ranges, whereas
such indices for all other groups were all within the normal
ranges (Figure 8C and SI, Figure S20B). Notably, a
substantially enlarged AST/ALT ratio indicates severe liver
damage and hepatic fibrosis processes.”’ Here, the AST/ALT
ratio was ~8 for the free MTX group, whereas that for both the
PBS control group and the MTX-GNC-treated group was

~1.9—2.4. Thus, the MTX-GNC can significantly reduce the
hepatotoxicity of free MTX by up to 4-fold. Moreover, the
H&E-stained liver slices revealed that, except for the free MTX
group, all liver cells were arranged radially centered on the
central vein, and the liver lobules were orderly structured
(Figure 8D). The hepatic cords were neatly arranged, and the
liver lobules were intact without apparent pathological
changes. In contrast, in the free MTX group, most of the
hepatocytes in the liver lobules were swollen, and the sinusoids
and hepatic cords disappeared (black arrows). In addition, the
cytoplasm texture was disordered, and local liver cells appeared
in necrosis (green arrows).** Periodic acid-Schiff (PAS)
staining of the glycogen content revealed moderate rose-red
coarse particles (PAS staining positive) in the cytoplasm and
nucleus of hepatocytes in the PBS control group,” and the
glycogen content was abundant and evenly distributed. In the
GNC treatment groups, glycogens were found to be abundant
and mainly distributed in the proximal part of the central vein.
In sharp contrast, the liver glycogen almost disappeared in the
free MTX group. This negative PAS stain indicated a greatly
reduced enzyme activity and glycogen synthesis in the liver.
Moreover, the fibrosis process of liver cells could also
accelerate the consumption of glycogen. Under such chronic
conditions, the glycogen content in the liver cells was gradually
depleted. To characterize the degree of fibrosis in the liver, we
stained liver sections using the Masson staining method to
stain collagen fibers blue. In the free MTX group, severe
fibrosis and extensive fiber bridging between portal areas and
structural disorders in the liver lobules were observed (azure
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arrow), indicating chronic hepatitis fibrosis. However, these
were not observed in all other groups. For kidneys, the H&E
staining results of all other groups showed a normal renal tissue
structure with complete nephrons and no pathological changes
in the glomerular or renal interstitium.*® However, for the free
MTX group, obvious pathology occurred at glomerular
atrophy (red arrows). There were significant increases in the
mesangial matrix, proliferation of the mesangial cells,
thickening of the basement membrane, and accumulation of
red staining material in the lumen.®” Moreover, PAS results
further revealed a structural disorder, brush border loss, and
accumulation of disintegrated cell debris in the lumen (yellow
arrows).”® Together, these results demonstrated that the MTX-
GNC had retained the therapeutic effect of free MTX but
significantly reduced its toxic side effects in vivo.

Due to the fusion of tumor tissue with the footpad, it is
difficult to separate and compare the tumor size in each group.
Alternatively, we measured the cross-sectional size of the
tumor-bearing footpad in each group (S, Figure S20C), and
the corresponding pictures are shown in Figure 8B (insets).
The MTX-GNC-treated groups showed great tumor volume
regression compared to the PBS and MUA-GNC control
groups. We dissected the ipsilateral popliteal LNs next to the
injection site and compared their masses and volumes, which
indicate the extent of metastasis for all treatment groups
(Figure 9A and B,and SI, Figure S20D). The PBS and MUA-
GNC control groups showed significantly swollen LNs,
indicating serious lymphatic enlargement due to the cancer
cell proliferation and immune response.”” In contrast,
treatment with MTX-GNC yielded a substantial, dose-
dependent reduction of the LN size and weight compared to
the controls. The LN size and weight for the 20 mg kg™* MTX-
GNC group were reduced to ~1/7 and 1/5 of that of the PBS
control and MUA-GNC-treated groups, respectively. In
addition, the average LN size in the 20 mg kg_1 MTX-GNC
group was only 1.6 times that of the free MTX group,
indicating a comparable inhibitory effect on lymphatic
metastasis to free MTX. Taking into consideration that the
liver and kidney toxicity of free MTX was greatly reduced by
using MTX-GNC-based targeted LN delivery (as demon-
strated in Figure 8B—D and SI, Figure S20B), the use of the
MTX-GNC for in vivo treatment not only can alleviate the
hepatorenal toxicity issues of free MTX but also can achieve a
good antimetastasis effect.

We further applied K;-67 and TUNEL staining to the tumor-
bearing tissue and compared the cell carcinogenesis (by
analyzing the K-67 content) and apoptosis rate (by analyzing
the broken DNA with TUNEL stain) among all the groups
(Figure 9C and D). Due to high anticancer potency, the free
MTX treatment greatly suppressed cancer cell loading,
resulting in almost no observable apoptotic cells. Importantly,
the MTX-GNC treatment also showed excellent control of
cancer cell growth with significant apoptosis of tumor cells.
Our results have demonstrated that the MTX-GNC not only
can effectively inhibit lymphatic metastasis and tumor growth
but also can greatly reduce the side effects and toxicity of free
MTX toward the liver and kidney. Therefore, the MTX-GNC
is a safe, highly effective theranostic nanomedicine for
targeting, imaging, diagnosis, and treatment of cancer LN
metastasis in vivo. Together, our results confirm that capping
HS-MTX onto the MUA-GNC to form a triligand-GNC-based
LN delivery system can greatly reduce the systemic toxicity of
the free drug while effectively retaining its anticancer efliciency,

making it a potent approach for developing effective
nanomedicines for targeted lymphatic drug delivery and
theranostics of LN-related diseases.

CONCLUSIONS

In summary, we have successfully prepared lymphophilic NIR-
II fluorescent GNCs based on the atomically precise
Auys(SR;),(SR,) 15_n-type GNCs that are capped with mixed
zwitterionic and anionic ligands. By optimizing the anionic
ligand type and feed proportion, our optimal GNC exhibits
highly efficient LN accumulation. Moreover, it also displays
bright NIR-II fluorescence and is far more stable and user-
friendly than ICG—a widely used commercial LN imaging
agent, making it well-suited for LN-metastatic diagnosis and
surgical guidance. The GNCs show good penetration into the
lymphatic follicular area that can be further enhanced via SCS
macrophage depletion. Furthermore, we have successfully
loaded a hepatotoxic chemotherapeutic drug (MTX) onto the
GNC for effective tumor metastasis treatment without onerous
chemical synthesis. Our MTX-loaded GNC not only can
provide excellent antitumor efficacy comparable to free MTX
but also can significantly reduce the liver toxicity of the free
drug. Combining advantageous features such as excellent
photostability, biosafety, ease of synthesis, and high therapeutic
potency, our multifunctional GNC can effectively replace
current commercial bioimaging agents in a wide range of
biomedical research, e.g, targeting, diagnosis, imaging-guided
surgery, and treatment of tumor-LN metastasis, with great
potential for clinical translation.

MATERIALS AND METHODS

Materials. Reagents mentioned below were purchased from
Sigma-Aldrich, except for the following: AcS-PEG,-NH,-HCl
(Tansh-Tech, China); NaOH (Aladdin, China); mercaptoundecyl-
sulfonic acid (MUS) (Prochimia Surfaces, Poland); anhydrous
ethanol (Aladdin, China); ultrathin copper mesh (EMCN, China);
2.5% glutaraldehyde solution (Leagene Biotechnology); phosphate
buffer saline (Gibco, USA); AURION R-Gent SE-EM silver staining
kit and AURION R-Gent SE-LM silver staining kit (Aurion,
Netherlands); 4% paraformaldehyde solution (Alfa Aesar, USA);
Tissue-Tek O.C.T. Compound 4583 (SAKURA, USA); adhesive glass
slide (JIANCHENG Bioengineering Institute, China); Tris-HCl
buffer pH = 7.4 (BIO-RAD, USA); 10% goat serum solution (Boster
Bio, USA); citric acid antigen retrieval buffer pH = 6.0 (Servicebio,
China); 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide
(MTT) (InvitrogenTM, USA); anticoagulant test tubes and
procoagulant test tubes (HARVEYBIO, China); gadolinium chloride
(Alfa Aesar, USA). Sources of antibodies and test kits are illustrated in
the corresponding methods.

Synthesis of Thiolated Methotrexate (HS-MTX). HS-MTX
was synthesized in two steps. Step 1: MTX was covalently coupled to
an actylthiol-PEG,-linker to form acetylthiol-PEG,-modified MTX
(SI, Scheme S1). Briefly, to a solution of dimethylformamide (2 mL)
containing methotrexate (MTX) (94.5 mg, 0.21 mmol), 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) (75.8 mg, 0.20 mmol) and AcS-PEG,-NH,-HCl (33.1 mg,
0.11 mmol) was added, followed by N,N’-diisopropylethylamine (66
4L, 0.4 mmol), and the resulting mixture was then stirred at 25 °C for
12 h. After that, the reaction mixture was purified by semipreparative
high-performance liquid chromatography (HPLC, LC-20AR, SHI-
MADZU) to give the target compound, acetylthiol-MTX, as a light-
yellow powder in 43.7% yield (35.2 mg).

Step 2: Base deacetylation to give the final HS-MTX (SI, Scheme
S2). Briefly, acetylthiol-MTX obtained in the previous step (35.2 mg,
0.048 mmol) was dissolved in 2 mL of water containing 4.0 mg of
NaOH (0.10 mmol) and was then stirred at 25 °C for 12 h. After that,
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the reaction mixture was purified using semipreparative HPLC to
yield the target compound, HS-MTX, in 60.7% yield (20.1 mg).

Synthesis and Characterization of GNCs Capped with
Different Ratios of Anionic Ligands. The Au,;(SR)s-type GNC
capped with a single type of ligand was synthesized by following our
established procedures.”® Briefly, an aqueous solution of chloroauric
acid tetrahydrate (20 mM, 250 yL) was mixed with the target ligand
(S mM, 2 mL in H,0). The mixed solution quickly turned golden
yellow, indicating the formation of the Au(I)-SR intermediate
complex. After that, a varying volume of 1 M NaOH aqueous
solution (e.g,, 80, 50, S0, and 15 uL for CS, MUA, MUP, and MUS,
respectively) was added to the above reaction mixture and then
followed by ethanol addition to give a final volume% of 20% for CS,
MUA, and MUS and 10% for MUP. Here, a mixed ethanol/water
solvent system was used to increase the solubility of the ligand and
GNC to avoid precipitation. After that, NaBH, dissolved in a 0.2 M
NaOH aqueous solution (50 L, 100 mM) was added dropwise to the
above reaction mixture under continuous and vigorous stirring. After
stirring for 3 h, the GNC product was purified by using Amicon
Ultrafiltration Units (MW 3 kDa cutoff) and washed with deionized
water until the pH of the filtrate was neutral.

The dual-ligand GNCs were synthesized under identical con-
ditions, except where the ligand used above was replaced by a mixture
of two target ligands (e.g,, CS mixed with MUA, MUP, or MUS) in
predefined feed ratios, while the total ligand-to-Au ratio was always
kept the same as above. Moreover, the amount of NaOH and ethanol
added to the reaction was also adjusted according to the weighted
average of each ligand.

For MTX-GNC synthesis, the MUA/CS dual-ligand system was
replaced by a HS-MTX-MUA-CS triligand system at a ligand molar
ratio of 3:5:5 while keeping the total ligand concentration and volume
the same. All other conditions were the same as that used in the
preparation of the MUA/CS dual-ligand GNC (SI, Scheme S3).

FTIR Sample Preparation. The GNC solution was lyophilized to
a loose brown powder and dried using an infrared dryer to remove the
water content. 1—2 mg of the GNC was ground with KBr into a fine
powder, transferred to a mold, and pressed into flakes with a hydraulic
oil press under 5 X 107 Pa. A Thermo Scientific Nicolet iS$ infrared
spectrometer was used to measure the FTIR absorption spectroscopy.

Zeta Potential Analysis. The zeta potential of GNCs was
measured using a Zetasizer Nano ZS 90 (Malvern Panalytical)
equipped with a DTS1070 disposable folded capillary cell. The
samples were properly diluted to a light-brown solution (final
concentration around 200 yg mL™") and loaded directly into the
equipment.

UV-Vis Spectrophotometer and Near-Infrared Fluores-
cence Spectrum Test. The GNC solution was properly diluted
(final concentration of ~250 ug mL™") before being tested via a UV—
vis spectrophotometer (UV-2600i, SHIMADZU), steady-state/
transient fluorescence/phosphorescence spectrometer (FLS980,
Edinburgh Instruments), or near-infrared fluorescence spectrometer
(iHR320 equipped with an InGaAs detector, HORIBA). Origin 2018
was used to process the data.

ESI-MS Characterization of the GNC. The ESI-MS analysis was
performed by diluting the freshly prepared GNC stock solution with
water 3—5-folds to achieve a final concentration of ~200 pg mL™".
The samples were injected directly into the atomization system
without mobile phase dilution (Q Exactive Plus Hybrid Quadrupole-
Orbitrap Mass Spectrometer, Thermofisher). The raw data were
further deconvoluted with Thermofisher Protein Deconvolution
Software with MH+ mode. The resolution at 400 m/z was set to
50000, and the S/N threshold was set to 3, with the Min Num
Detected Charge set to 2.

XPS Characterization of the GNC. For XPS analysis, the GNCs
with different ligand feed ratios were prepared following the previous
methods and lyophilized as brownish powders. The powder was then
placed on a foil with conductive tape attached, pressed into a flake by
a tableting machine, cropped to fit, and pasted on a clean sample
stage. The samples were then analyzed with an X-ray photoelectron
spectrometer (K-Alpha+, Thermo Fisher Scientific) with a mono-

chromatic Al Ka X-ray source. The applied energy is 1486.6 eV, 6 mA
X 12 kV (72 W) with beam spot size 30—400 ym. The scan mode is
constant analyzer energy. The pass energy for full-spectrum scanning
is 100 eV, and the step size is 1 eV; for narrow-spectrum scanning, the
pass energy is 30 eV, and the step size is 0.1 eV. Binding energies were
calibrated against surface contamination C 1s (284.8 eV). The
acquired raw data were processed with Avantage, and N 1s (~402.67
eV) and S 2p;;, (~162.70 eV) orbitals were analyzed as the
representatives for the quaternary ammonium group in CS$ and total
thiols, respectively. The ratios of quaternary ammonium N-to-S were
calculated and used to determine the percentages of CS and MUA
ligands capped on the GNC surface.

TEM Sample Preparation. The TEM samples of all GNCs were
prepared by diluting the stock solution with ultrapure water (18.2
MQ, Milli-Q Advantage A10, Millipore) to a final concentration of
~0.1 ug mL™', and then a 10 uL sample was deposited onto the
ultrathin copper mesh. The copper mesh was dried and observed
using a Titan Themis G2 double spherical aberration-corrected
transmission electron microscope in HADDF-STEM mode.

For tissue sampling, freshly dissected LNs were fixed in 2.5%
glutaraldehyde overnight at 4 °C. The sample was rinsed twice with
PBS for 15 min each time and then gradiently dehydrated with
ethanol solution (including 30%, 50%, 70%, 80%, 90%, and 95%,
every 15 min) and 100% ethanol for 20 min. Acetone was used as a
solvent replacement for 20 min. The sample was then incubated with
a mixture of embedding agent and acetone (v/v=1/1)for 1 h,v/v=
3/1 for 3 h, and the pure-embedding agent. After maintaining a
constant temperature of 70 °C overnight, the sample was sliced on the
LEICA EM UC?7 ultrathin microtome to obtain 70—90 nm slices.
After drying, the sample was captured with copper mesh and observed
on a biological electron microscope (HT7700, HITACHI).

For silver staining, the prepared copper mesh was treated with an
AURION R-Gent SE-EM silver staining kit following the instructions.
The incubation time was set to ~25 min to obtain an appropriate
contrast signal.

Frozen Section and Immunostaining. The LN tissue was fixed
with a 4% paraformaldehyde solution overnight and then washed and
soaked in 20% and 30% sucrose solution, respectively, until it sank to
the bottom. After that, the sample was removed and frozen in the
embedding agent (Tissue-Tek O.C.T. Compound 4583). The frozen
slice. was made with a Leica CM19S50 cryostat, and the section
thickness was S pm. The sections were placed onto a glass slide
coated with 3-aminopropyltriethoxysilane (APES), naturally dried,
and stored at 4 °C.

The GNC NIR-II fluorescence within sections was monitored
directly using a NIR-II microscopic imaging system with 10X
magnification via 808 nm laser excitation. The laser power was
adjusted to SO mW cm™.

The gold signal was enhanced with silver staining before
immunostaining. The glass slides were treated with an AURION R-
Gent SE-LM silver staining kit following the instructions. The
incubation time was controlled at ~35 min under room temperature.
The silver staining can be observed with a normal upright biological
microscope (DM750, Leica, equipped with an ICCSOW camera).

The sections were rinsed with Tris-HCI buffer saline + Tween 20
(TBST) thrice before immunofluorescence staining. The samples
were incubated in a 10% goat serum solution for antigen blocking.
After removing excess liquid, the primary antibodies were added, and
the sections were incubated overnight at 4 °C and rinsed with TBST,
followed by the addition of secondary antibodies. After a 1 h
incubation at room temperature, the sections were rinsed and
incubated with a ready-to-use 4’,6-diamidino-2-phenylindole (DAPI)
staining solution for S min and rinsed again. The sample was mounted
with the antiquenching agent and was observed using a Nikon AIR
laser scanning confocal microscope. The SCS macrophage cells were
stained using rabbit anti-CD169 antibody (ab183356, Abcam; 1:200)
followed by goat antirabbit IgG H+L (Alexa Fluor 647) (ab150079,
Abcam; 1:400). The germinal center was stained with purified rat
anti-GL7 antibody (144602, Biolegend; 1:300), followed by goat
antirat IgG H+L (Alexa Fluor 555) (ab150158, Abcam; 1:400). For
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the terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick
end labeling (TUNEL) assay, the positive apoptosis cells were
characterized with a TUNEL assay kit (green fluorescence, Servicebio,
G1501) and labeled with fluorescein isothiocyanate (FITC) according
to the kit instructions.

For the immunohistochemistry assay, the paraffin-embedded
sections were sequentially treated in xylene I 15 min—xylene II 15
min—xylene III 1S min—anhydrous ethanol I S min—anhydrous
ethanol IT 5 min—85% alcohol S min—75% alcohol 5 min and distilled
water to rinse. Then the dewaxed sections were placed in an antigen
retrieval box filled with citric acid antigen retrieval buffer, heated for 8
min to boiling, stopped for 8 min, and turned to medium and low heat
for 7 min. After natural cooling, the slides were placed in PBS (pH =
7.4) and washed 3 times with shaking on a decolorizing shaker, S min
each time. The sections were placed in 3% hydrogen peroxide
solution, and incubated at room temperature for 25 min, and the
slides were placed in PBS and washed 3 times with shaking on a
decolorizing shaker to block the endogenous peroxidase. After that,
3% BSA was added dropwise to cover the tissues evenly and sealed at
room temperature for 30 min. Then, the blocking solution was
gradually removed, and PBS was added with a certain ratio of Anti-
Ki67 Rabbit pAb (GB111499, Servicebio; 1:500) to the slices and
placed in a humidified box at 4 °C and incubated overnight. The
slides were placed in PBS and washed 3 times, S min each time.
Horseradish peroxidase (HRP) conjugated goat antirabbit IgG (H+L)
secondary antibody (GB23303, Servicebio; 1:500) was added to cover
the tissue, and the slices were incubated at room temperature for 50
min. The substrate of HRP, 3,3’-diaminobenzidine tetrahydrochloride
(DAB), was used for color development, with a positive signal
indicating brown color. The slides were placed in PBS and washed 3
times with shaking, 5 min each. A freshly prepared DAB color
developing solution (G1211, Servicebio) was added after the sections
were slightly dried, and the color development time under the
microscope was controlled. The sections were rinsed with distilled
water to stop the color development. Subsequently, the slides were
counterstained with hematoxylin (G1004, Servicebio) for ~3 min,
rinsed, differentiated for a few seconds with hematoxylin differ-
entiation solution (G1039, Servicebio), rinsed, blued with hematox-
ylin blue solution (G1040, Servicebio), and rinsed with running water.
The slides were immersed in 75% alcohol 5 min—85% alcohol S
min—anhydrous ethanol I 5 min—anhydrous ethanol II § min—n-
butanol S min, and xylene S min for dehydration and transparency.
The slices were mounted with neutral balsam.

H&E Staining. The fixed tissue specimen was cut out and put in
the embedding box. Then, 70%, 75%, 80%, 95%, and 100% alcohol
were used for gradient dehydration, followed by paraffin wax
embedding. After embedding, the samples were sectioned with
Leica 2235 microtome, with a section thickness of 4 ym. The paraffin
sections were dewaxed thrice, 15 min each, and rehydrated with
gradient alcohol (from high to low concentration 100%, 95%, 90%,
80%, 70%, every 2 min) and put in hematoxylin dye solution for S
min, rinsed with running water, and put in 0.5% hydrochloric acid
alcohol solution for differentiation for S s, rinsed with running water
again, and put in 1% eosin dye solution for 3 min. After gradient
dehydration again, xylene was added to transparent samples for 20—
30 min. The slices were mounted with resin and scanned with a digital
pathology scanner (Pannoramic MIDI, 3D HISTECH).

PAS Staining. The paraffin-embedded sections were dewaxed
according to the above process and stained with a PAS staining kit
(G1008, Servicebio). The sections were immersed in PAS staining
solution B for 10—15 min, washed with tap water, and distilled water
twice. The sections were immersed in PAS staining solution A for 25—
30 min with light-shielding and rinsed with running water for S min.
Subsequently, the sections were stained with PAS staining solution C
for 30 s, washed with tap water, differentiated with HCI solution,
washed with water, blued with ammonia solution, and rinsed with
running water. Finally, the sections were dehydrated and mounted
with neutral resin. After PAS staining, the glycogen and tissues
containing polysaccharides are purple-red, and the cell nucleus is light
blue.

Masson Staining. The paraffin-embedded sections were dewaxed
according to the above process and stained with a Masson staining kit
(G1006, Servicebio). The slices were immersed in Masson A solution
overnight and washed with tap water. Then, the mixed solution of
Masson B and C in equal proportions was added onto sections and
soaked for 1 min. The slices were washed with tap water,
differentiated with 1% hydrochloric acid and alcohol, and washed
again and then immersed in Masson D and E solutions for 6 and 1
min each. The slices were then dipped into Masson F solution for
20—30 s, rinsed and differentiated with 1% glacial acetic acid, and
dehydrated in two tanks of absolute ethanol. The slices were placed
into the third tank of absolute ethanol for S min, made transparent
with xylene for S min, and mounted with neutral balsam.

In Vitro Wound-Healing Assay. A wound-healing assay was
conducted to investigate cell migration and proliferation visually.
HUH-7 cells (ATCC PTA-4583) were inoculated 5 X 10° mL™" into
a 24-well plate and cultivated for 16 h to almost cover the bottom of
the wells. After cell adhesion, a pipet tip was used to make a straight
scratch on the cell layer along the ruler, and each well was washed
with PBS thrice. PBS and different concentrations of MTX-GNCs
were added to each well, and the plate was incubated and removed
after a 12-, 24-, or 36-h incubation for gap width measurement and
photographing. The images were processed with Image].

Cell Viability Test. After treatment with the GNC, the cell
viability of HUVECs (ATCC PCS-100-010) was measured using the
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT)
method and characterized with cell living and death staining.
Specifically, the HUVECs were preincubated 5 X 10° mL™" overnight
in a 96-well plate. The GNC was added to each well of the 96-well
plate, and the plate was further incubated for 1 day. After that, the
working solution containing MTT (5 mg mL™") was used to replace
the original medium. After 4 h, the solution was absorbed by a thick
stack of napkins, and purple sediment was dissolved in 150 uL of
DMSO. The mixture was pumped several times with a pipet and
placed on a shaker for 10 min to dissolve the crystals fully. The
absorbance at 570 nm was measured with a microplate reader
(Synergy H1, BioTek).

Animal Experiments. All animal experiments were conducted in
compliance with the relevant laws and institutional guidelines and the
Institutional Animal Care and Use Committee (IACUC) ethical
requirements for animal experiments, with animal experiment welfare
and ethical approval (No: TOP-IACUC-2021-0063). The mice
(BALB/c, female, 6—8 weeks old, ~18 g) were purchased from
Charles River and temporarily housed in a barrier facility in the
animal center. Specifically, the temperature was controlled from 20 to
26 °C. The relative humidity was between 40% and 70%. The air flow
in the cages was controlled at 0.2 m s™', and the minimum static
pressure difference was 10 Pa. The animals were fed once a day with
water renewed. All the images taken were viewed with PSLViewer.

In Vivo LN Imaging Effect Comparison. GNCs were
administered (100 uL; 1 mg mL™; ~ 5 mg kg™") through the tail
vein or hind limb footpad and detected with a NIR-II animal imager
(NIROPTICS, Series III 900/1700) equipped with 808 nm laser
source. A 1020 nm long-pass filter (same below) was used for
bioimaging and surgical operations. The photos of the supine and
prone positions were taken separately. The metabolic procedure was
checked every 2 days. The urine sample was collected every hour post
intravenous administration by placing a group of three mice in each
metabolic cage.

After 3 days of administration with 40 mg kg™' the MUA-GNC, the
mice were sacrificed for blood routine and liver and kidney function
tests. The blood samples were collected with anticoagulant or
procoagulant test tubes with serum separating gel for each group. The
latter ones were centrifuged at 2500 rpm for 1S min to promote
serum separation. The entire blood samples were sent to an animal
blood cell analyzer (DFS5Vet, DYMIND) for analysis, while the
serum samples were sent to a fully automatic bioanalysis machine
(MS480, MedicalSystem) for biochemical index analysis.

For the photostability test, the initial ICG concentration was set as
~200 uM, and the fluorescence brightness of the GNC was adjusted
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to be similar to that of ICG (~32 ug mL™'). The photostability
comparison was performed by exposuse to an 808 nm laser irradiation
(20 mW cm™2) or natural light irradiation.

Pharmacokinetic Test. Mice were randomly divided into six
groups and received at injection of ~20 mg kg™’ the MUA-GNC (Au
content: 10 mg kg™') via the tail vein. At certain defined time points
(e.g, 0.5, 1,2, 4, 8 and 12 h), the blood samples were collected from
mice in each group, accompanied by the sacrifice of individuals for
organ collection. The organs were then weighed and ground into
tissue homogenates with a tissue grinder (KZ-III-FP, Servicebio). The
blood samples (200 uL each) were sent for thorough digestion with
freshly prepared aqua regia and boiled together with the tissue
homogenates. Aqua regia was continuously added and evaporated
until only white ash and salt remained. The samples were then
dissolved with 2% nitric acid solution and diluted 10 times to 3 mL
and then sent to an ICP-MS (7700X, Agilent) for Au element
analysis. Finally, the measured Au contents (taking into account the
dilution factor) were divided by the original organ weights to obtain
the weighted average Au content values.

Macrophage Inhibition Model Construction. Macrophage
inhibition was achieved by dissolving GdCl; with normal saline to
prepare a 4 mg mL™' GdCl; solution.”” Three days before the
experiment, a 100 4L GdCl; solution was injected into the hind limb
footpad of mice, and PBS was used as the negative control.

Surgical Guiding and Metastatic LN Removal. The tumor-
bearing model was constructed by injecting a human hepatic
carcinoma cell Hep 3B cell suspension (ATCC HB-8064, 1 X 10’
mL™!, 100 uL) on the left hind limb footpad subcutaneously or
intraperitoneally. The GNC was injected from the ipsilateral footpad
after the tumor diameter had reached ~6 mm, and the LN
accumulating effect was monitored for 6 h. The mice were then
sacrificed, and abnormal LNs were removed from the body via
surgery, guided with a NIR imager (25 ms, 20 mW cm™2).

In Vivo LN Metastasis Treatment. Mice were randomly divided
into five groups, with five mice in each group. The tumor LN
metastatic model was constructed by injecting a Hep3B cell
suspension (ATCC HB-8064, 1 X 10’ mL™", 100 uL) into the left
hind footpad and then incubated for 4 days to construct the LN
metastatic model in the ipsilateral popliteal LN of the injection
position. Different groups were treated with 100 yL of PBS, MUA-
GNC, MTX-GNC, or free MTX. Each dose of free MTX, the MUA-
GNC, or the MTX-GNC was 5, 20, 10 (low), or 20 mg kg™" (high),
respectively, for these in vitro tests. Mice were administered the above
dose once every 2 days, and their body weights were tracked. After 12
days, we anesthetized the mice for weighing, collected the blood
samples, sacrificed them to collect the main organs, and dissected the
ipsilateral popliteal LN on the injection site.

Software Open Access. The code of the self-developed program
is Open Access and uploaded onto GitHub (https:/ /github.com/
Yangjie-SUSTC/Lympha_segmentation).
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