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Experimental Section

Chemicals and materials

Pluronic F127 was purchased from Sigma-Aldrich. 1, 4-butanedithiol (4C, 98%),
pentaerythritol tetrakis 3-mercaptopropionate (S4, 95%), and gold chloride hydrate
were from Meryer. Sodium borohydride was from Aladdin. These agents were used as
received without further purification. The cellulose membrane dialysis tubing (MWCO,

14 kDa) was from Sangon Biotech.

Animals

The female BALB/C mice and BALB/C nude mice were from Beijing Vital River
Laboratory Animal Technology Co., Ltd., and housed in the Laboratory Animal
Center of Southern University of Science and Technology. All animal experiments
were performed in compliance with the relevant laws and institutional guidelines. All
procedures for animal studies were conducted according to the approved protocols by
the Institutional Animal Care and Use Committee of the Southern University of
Science and Technology (SUSTech-JY2020103058). Informed consent was obtained

for any experimentation with human subjects.

Optical characterization

The absorption spectra were collected using a UV-Vis spectrophotometer (UV-2600,
Shimadzu, Japan). The luminescence spectra were obtained from a luminescent
spectrometer (iIHR320, Horiba, Japan) with an 808 nm laser as the excitation light.
Lifetime measurement was performed from time-resolved photoluminescence
spectroscopy (FLS1000, Edinburgh, UK) using pulsed 808 nm laser diodes as the
excitation source. Ex vivo NIR-II images were carried out by an imaging system

(NIROptics Series 11T 900/1700, Suzhou, China) with an 808 nm laser.

Structural characterization
X-ray photoelectron spectroscopy (XPS) was obtained from a K-alpha instrument

(Thermo Fisher, UK) equipped with an excitation source a Mono Al Ko X-ray
2



radiation (1486.6 eV). Ar* sputtering was employed to identify the in-depth chemical
states of nanomaterials, and C 1s (284.8 eV) was applied as the reference data to
calibrate all the binding energies.

TEM images were collected on a Tecnai F30 TEM (Philips-FEI, Netherlands) at an
accelerating voltage of 300 kV. High angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image and elemental mapping were captured
from a Talos F200X TEM (FEI, USA) equipped with an energy dispersive
spectroscopy (EDS) system at an accelerating voltage of 200 kV. The samples were
diluted 15-fold with water, and then a drop of the samples (4 ul) was put on an
ultrathin carbon grid and naturally dried after being wiped by filter paper. The
ultrathin carbon grid containing the sample was entrapped by a cryo transfer
tomography holder (Fischione, model 2550) for HAADF-STEM and elemental
mapping experiments.

Cyto-TEM images were collected using a Titan Krios G3i instrument (Thermo
Fisher, UK) operating at 300 kV equipped with a Ceta camera. The samples were
diluted 3-fold with water, and a drop of the samples (4 pl) was placed on a freshly
glow-discharged ultrathin carbon grid. After being blotted for 4.5 s at 4 °C with 100
humidity, the grid was flash-plunged in liquid ethane and then transferred to liquid
nitrogen using a Vitrobot Mark IV (Thermo Fisher, UK).

Atomic force microscope (AFM) was carried out from a Multimode VIII AFM
instrument (Bruker, Germany). The samples were diluted 100-fold with water, and
then a drop of the samples (10 pul) was put on a plasma-cleaned Si substrate and dried

at room temperature in a vacuum drier.

Synthesis of necklace-like and spherical AuNHs

For a typical synthesis of necklace-like AuNHs, 0.2 g of Pluronic F127 and 13.6 pl of
4C were dissolved in 8.8 ml water under vigorous stirring. 0.8 ml of 0.1 M HAuCl, was
added dropwise under magnetic stirring, and the mixed solution turned from orange-
yellow to colorless. Then, 1 M NaOH was used to adjust the pH of the mixed solution

to about 10 and 4 ml of 0.1 M NaBH, was added dropwise. After vigorous stirring for
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3 hours, the solution was collected and dialyzed through cellulose membrane dialysis
tubing (MWCO 14 kDa) against ultrapure water for 24 h.

For the preparation of spherical AuNHs, a similar process was carried out. 0.2 of
Pluronic F127, 0.32 ml of 0.1 M S, tetrahydrofuran solution and 8.8 ml of water were
mixed under vigorous stirring, 0.4 ml of 0.1 M HAuCl, was added into the above
mixture. Then, 200 pl of triethylamine and 1.2 ml of 0.1 M NaBH, were added in
sequence. The mixture solution was kept for 12 h and dialyzed through cellulose

membrane dialysis tubing (MWCO, 14 kDa) against ultrapure water for 24 h.

Determination of Surface PEG Density
The 'H NMR spectra were conducted using Bruker 400 REM instrument. The 1 ml of
AuNHs solutions were lyophilized by an LGJ-12A freezing dryer (Foring Technology,
Beijing) and suspended in 0.5 ml of D,O with 1 wt % 3-(trimethylsilyl)-1-
propanesulfonic acid, sodium salt (DSS), which was used as an internal standard.
Various concentrations of PEGsgy in D,O with 1 wt % DSS (0, 0.02, 0.1, 0.5 %) were
measured to draw a standard curve through the peak area ratios of 95 45 to 8;.99. The
Au atom concentration of the AuNHs was detected by inductively coupled plasma
mass spectrometry (ICP-MS, 7800, Agilent, USA).

For the spherical AuNP, the number of Au atoms in this NP (Ny,) can be
calculated using this equation.
R =r1,"Na,'3, R = NP radius, r, = Wigner-Seitz radius.
For 4C AuNHs, N,,=278, the number of Au atoms in a 4C AuNH (Nyy) was 1738.
For S; AuNHs, N,=110, the number of Au atoms in an S; AuNH (Nyp) was 805.

For 4C AuNHs, a nanohybrid 's surface area (S) could be calculated as follow: S=
0.57W? + tW-L=657.21 nm?.
For S; AuNHs, a nanohybrid 's surface area (S) could be calculated as follow: S =
tD?=530.66 nm?.

The PEG density [I'], showing the number of PEG chains on the nanohybrid

surface per 100 nm? was calculated as following equation.



O'SWPEG "Nyy My,

T]= S Wy Mpgg 100

Where Wpgg and W, were mass concentration of PEG chains and total Au atom;
Mpgc and M, were molar mass of PEG chains and Au atom, respectively. Wpgg was
detected to be 0.0448+0.0010% for the 4C AuNHs and 0.0395+0.0005% for the S,
AuNHs. W, was detected to be 175.9140.53 pg/ml for the 4C AuNHs and
166.90+4.67 ng/ml for the S; AuNHs.

According to previous work,! full surface mushroom coverage [I'*] expressed the
number of unconstrained PEG chains per 100 nm?. The diameter & of the PEG chain
occupying a surface area was calculated as follows.

&=0.076m"> (nm)
Thus, PEGy400 could form an unconstrained area with a diameter of 5.04 nm, and

occupied a surface area of 19.95 nm?, then [I"*] was calculated to be 5.01.

Agarose gel electrophoresis

The two types of the AuNHs solution were mixed with the PBS (pH 7.4) and fetal
bovine serum (FBS) to make the AuNHs solution containing 10% FBS, respectively.
The above solutions were incubated at 37 °C for 30 min. After that, each sample's
solution (30 pl) was mixed with 50% glycerol (3 pl), then carefully loaded into the
additional wells of a 1.5% agarose gel. The gel electrophoresis was conducted at 110
V for 30 min. The NIR-II imaging of the agarose gel was carried out by an imaging
system (NIROptics Series II1 900/1700, Suzhou, China) with an 808 nm laser.

Cytotoxicity test

Human umbilical vein endothelial cells (HUVEC) were used to assess the cytotoxicity
of the two types of AuNHs using Calcein AM and propidium iodide (PI) protocol.?
Briefly, HUVEC lines were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS and 1% penicillin/streptomycin. The cell lines
were transferred into a 24-well plate with 2.5%105 cells/well and cultured at 37 °C in a

humidified atmosphere containing 5% CO, for 12 h. The medium turned to DMEM
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containing different concentrations of the AuNHs, such as 0, 40 pg-ml! 4C AuNHs
and 40 pg-ml! S, AuNHs and the cell lines continued to be cultured for another 24 h.
According to the standard Calcein AM /PI protocol, the live and dead cells were
stained, respectively. With the appropriate bandpass filters, fluorescence images were

performed on Nikon A1R SI confocal microscopy.

Hemolysis experiments

Hemolysis experiments were performed to study the erythrocytic lysis of the AuNHs
and assess their biologic safety. Fresh blood was collected from female BALB/C mice
(4-5 weeks old), centrifuged at 1500 rpm for 15 min and then washed three times
using 0.9 % saline. The obtained erythrocyte was dissolved in 0.9 % saline to make a
4 % cell suspension. Then, different concentrations of AuNHs solution (25, 50, 100,
200 and 400 pg-ml") were mixed with 4 % erythrocyte suspension by equal volume.
Water was used as a positive control. After centrifuging at 12000 rpm for 15 min, the
picture was captured, and the absorbance of the supernatant at 540 nm was also

measured by a microplate reader (BioTek, USA).

Brain vascular imaging

The female BALB/C mice (4-5 weeks old) were narcotized with isoflurane and fixed
on a holder for the brain NIR-II images. After i.v. injection with the 4C AuNHs (5
mg-kg!), S4 AuNHs (5 mg-kg!) or ICG (5 mg-kg!), NIR-II images of mice brain were
collected on a MARS in vivo imaging system (Artemis Intelligent Imaging, Shanghai,
China) equipped with 1100 nm long pass (LP) filter and excitation light source 808 nm
laser at different time points (5 min, 0.5, 1, 3, 5 h). The images processing was carried

out on an image J software (open source).

Pharmacokinetics and bio-distribution
To estimate the pharmacokinetics of the two types of AuNHs, the female BALB/C mice
(4-5 weeks old, n=3) were i.v. injected with the 4C AuNHs (5 mg-kg!) or S; AuNHs

(5 mg-kg). The blood samples were collected through the venous sinus of eye-orbit in
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the mouse at 2, 5, 8, 15, 30 min, 1, 3, 5, 11, 24, 48 h p.i., respectively. We then
accurately weighed these collected blood samples and digested them with fresh aqua
regia. After that, we measured the concentrations of gold (percentage of injection dose
per gram of blood, %ID-g!) by ICP-MS. To study the bio-distribution of the two types
of AuNHs, we i.v. injected with the 4C AuNHs (5 mg-kg™!) or S; AuNHs (5 mg-kg!)
into female BALB/C mice (4-5 weeks old, n=3). The mice were then sacrificed at 1 h
p.i., and major organs and tissues were collected and digested with fresh aqua regia.

Then, we measured the concentrations of gold (%ID-g!) by ICP-MS.

Carotid thrombosis and the NIR-II imaging of thrombolysis process

The FeCls-induced vascular injury method was introduced to establish the carotid
thrombosis model.? Briefly, the female BALB/C nude mice (10-12 weeks old) were
anesthetized with an intraperitoneal injection of ketamine (100 mg-kg-')/xylazine (10
mg kg!), and vet ointment was wiped on their eyes. A midline incision was carefully
performed below the jaw, soft tissue was wiped out, and a left and right carotid artery
fragment was isolated, respectively. The left carotid artery was used as control, while
the right was covered by filter paper (5 mm x 1 mm) soaked with 6 % FeCl; for 4 min.
The filter paper was removed, and PBS was used to rinse carotid arteries. For
pathological analysis, the left and right carotid arteries were collected and fixed in 4%
paraformaldehyde in phosphate buffer for 48 h. The fixed carotid arteries were
dehydrated and embedded with paraffin and then sectioned in an orthogonal direction
of the carotid arteries. The carotid arteries sections were stained by hematoxylin and
eosin (H&E) for pathological analysis.

To study real-time imaging during the thrombolysis process under different doses of
the thrombolytics (recombinant tissue plasminogen activator, rt-PA), the mice were
placed on a holder of the imaging system and narcotized with isoflurane. First, the mice
were i.v. injected with the 4C AuNHs (5 mg-kg™') to show the location of the thrombus,
and then the low dose of rt-PA (100 ul, 0.015 mg-ml™") was i.v. injected into the mouse,
real-time NIR-II imaging of carotid arteries was carried out to observe the thrombus

state. To increase the thrombolytic effect, another dose of rt-PA (100 pl, 0.15 mg-ml ™)
7



was 1.v. injected into the mouse, real-time NIR-II imaging was applied. The real-time
NIR-II imaging of carotid artery was performed by a MARS in vivo imaging system
(Artemis Intelligent Imaging, Shanghai, China) equipped with 1100 nm long pass (LP)
filter and excitation light source 808 nm laser at a power density of 0.145 W/cm?. Image
J software was utilized to adjust the contrast and brightness of the NIR-II imaging

photographs and fabricate the time-lapse videos.

Additional Figures and Tables
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Fig. S3 AFM images of the 4C AuNHs (a) and S; AuNHs (b), (c) showed the tip size
and lateral size distribution of the nanohybrids. The 4C AuNHs presented a linear
structure with a width (lateral size) of 9.6 = 2.0 nm and height (tip size) of 2.4 £ 0.5
nm, while the S; AuNHs showed a spherical shape with a lateral diameter of 20.5 + 6.9
nm and height (tip size) of 4.3 £ 0.8 nm. Although the lateral diameters were
overestimated due to the AFM tip convolution,* these AuNHs were flattened upon
deposition on the Si substrate. This structural deformation could be attributed to several
factors, including the tip force during the AFM measurement, the partial dehydration

of the template, or a reconfirmation of the AuNHs on the Si substrate surface due to the

hydrophobic effect.>’

ot i

Fig. S4 TEM images of AuNHs using 1,5-pentanedithiol (5C, a) and 1,8-octanedithiol
(8C, b).
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Fig. S6 Cls (a) and Au4f (b) XPS spectra of the 4C AuNHs before and after Ar*
sputtering. The amount of Au (I) species was calculated to be 23.02 % through the

peak areas’ comparison.
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Fig. S7 Cls (a) and Au4f (b) XPS spectra of the S; AuNHs before and after Ar*
sputtering. The amount of Au (I) species was calculated to be 7.4 % through the peak

areas’ comparison.
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Fig. S8 Contact angle image of the 4C AuNHs and S; AuNHs. These particle
suspensions were spined on a glass substrate to form “particle films”, and then static
contact angles were measured. The contact angle result thus depended on particle size
and state of aggregation of NP in the films and the PEG content.® Meanwhile, the
contact angle was only sensitive to surface chemistry with a 0.2—-0.5 nm detection
depth,’ and the PEG chain was a long chain with a molecular weight of 4400.

Therefore, the PEG density had little effect on the water contact angle.
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Fig. S10 HAADF-STEM image and the elemental mapping for the S; AuNHs.
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Fig. S11 'H NMR spectrum of Pluronic F127 suspended in D,O with 1 wt % 3-
(trimethylsilyl)-1-propanesulfonic acid, sodium salt (DSS). Inset showed the enlarged

view of the dashed line area.
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Fig. S12 Photographs of the 4C AuNHs (left) and S; AuNHs (right) through different

long pass (LP) filters using 808 nm laser as excitation light source.
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Fig. S13 NIR-II emission spectra of the AuNHs prepared by altering the different molar
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Fig. S14 TEM images of the AuNHs prepared by altering the different molar ratios of
Au to 4C ligand. (a) 1:0.35; (b) 1:0.7; (c) 1:1.4; (d) 1: 2.8; (e) 1:5.6. (f) The size
distribution of AuNP core of the AuNHs prepared by altering the different molar ratios
of Au to 4C ligand.
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Fig. S15 TEM images of the AuNHs prepared by changing the concentrations of

Pluronic F127.
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Fig. S16 NIR-II emission spectra of the AuNHs prepared by changing the
concentrations of Pluronic F127.

The effects of Pluronic F127 and 4C concentrations on their NIR-II emission and
assembled shape were studied. We synthesized a series of AuNHs by altering the
different molar ratios of Au to 4C ligands. As shown in Fig. S13, an obvious NIR-II
emission was observed only at the molar ratio of Au to 4C ligand of 1:1.4, while no
NIR-II signal occurred for other molar ratios. TEM images (Fig. S14) showed that
assembled shape could remain necklace-like when the molar ratio of Au to 4C ligand
was less than 1:1.4. Otherwise, the formed AuNPs were large, and the assembled
nanostructures changed into disorganized. As the concentrations of Pluronic F127
changed, their assembled shape remained necklace-like (Fig. S15), and the emission
spectrum, including spectral shape and peak, also stayed the same except for the
emission intensity. The NIR-II emission decreased as the concentrations of Pluronic

F127 increased (Fig. S16). These results further demonstrated the thiol ligands 4C and
16



Pluronic F127 were essential in assembled shape and NIR-II emission.
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Fig. S17 Photographs of the 4C AuNHs and S; AuNHs in different media, such as
water (i), PBS (ii), Dulbecco's Modified Eagle Medium (DMEM, iii) and DMEM

supplemented with 10% FBS (iv), after being stored for 7 days at room temperature.
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Fig. S18 Photographs in NIR-II region of the 4C AuNHs, S; AuNHs and ICG in

S, AuNHs

water under continuous 808 nm laser irradiation for 150 min with a power density of

0.33 W/cm?.
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Fig. S19 Photographs in NIR-II region (a) and NIR-II emission intensity (b) of the 4C
AuNHs, S; AuNHs, and ICG in blood under continuous 808 nm laser irradiation for
150 min with a power density of 0.33 W/cm?. Similar to that in water, the NIR-II
emissions of the two AuNHs could remain more than 80% even after irradiation for 150
min, while the signal of ICG gradually disappeared within 30 min, indicating that the

two types of AuNHs also showed superior photostability in blood medium.
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Fig. S20 Cell viability assay of the two AuNHs against HUVEC after 24 h of incubation

at different Au concentrations.
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Fig. S21 Hematoxylin and eosin (H&E) staining of major organs including heart (He),
liver (L1), spleen (Sp), lung (Lu), and kidney (Ki) after i.v. injection with PBS, 4C
AuNHs (5 mg-kg!) and S; AuNHs (5 mg-kg!) for 7 days. Scale bar: 100 um.
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Fig. S22 Routine analysis of blood after treatment of 4C AuNHs and S; AuNHs at 7

days post injection.

ICG

Fig. S23 NIR-II imaging of mice brain after i.v. injection with indocyanine green (ICG,
5 mg-kg!) at different time points (0.145 W/cm?, 1100 nm LP, A, = 808 nm, 10 ms).
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Fig. S24 The bioconcentrations of main organs and tissues were collected at 24 h post
i. v. injection of the 4C AuNHs and S; AuNHs. He: heart, Li: liver, Sp: spleen, Lu:

lung, Ki: kidney, In: intestine, Br: brain, Bo: bone, St: stomach.
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Table S1 The quantum yield (QY) of the NIR-II emitting water-soluble AuNPs and

organic dyes.

Materials Aem (NM) QY Reference dye Reference
AuysGSig 945/1035  0.05%  IR-26,0.05% 10
CD-AuNPs 1050 0.11%  IR-26, 0.05% i
Au,s5(P12),(C5)15«  ~1100 0.54% a 12

Au-PC 1090 0.38% a 13
LA-sulfobetaine ~1000 0.6% a 14

capped Au NPs

Auy4CuGSg 1120 0.67%  IR-26, 0.05% 15
GSH-AuNPs 1050 0.27%  IR-26, 0.05% 16
MPTMS/PEG- 1070 1.8% IR-26, 0.5% 17

AuNPs

RNase-A@AuNPs 1050 1.9% IR-26, 0.5% 18
FD-1080 1080 0.31%  IR-26, 0.05% 19

CH dyes 1055 0.3% IR-26, 0.5% 20
FNIR-1072 1103 0.12%  IR-26,0.11% 2
Pttc-SeBTa- 1115 0.18%  IR-1061, 0.59% 22
NIR1125 Pdots

Pttc-SeBTa- 1300 0.05% IR-1061, 0.59% 2
NIR1380 Pdots

S, AuNHs 1070 0.11%  IR-1061, 0.59%>  This work
4C AuNHs 1070 0.59% IR-1061, 0.59% This work

a: The QY is measured using an integrated sphere technique.
b: Instead of using IR-26 as the reference dye due to the difference of its QY values
on different reports, we used IR-1061 as the reference because its QY was carefully

corrected for solvent and reabsorption/reemission.?? 23
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Table S2 Lifetime values of the AuNHs obtained through biexponential curve fitting.

Materials T1(Us) To(us) B(%) B,(%) T(Us)
S, AuNHs 1.87 7.43 97.54 2.46 2.00
4C AuNHs 2.50 9.83 94.49 5.51 2.90

For 4C AuNHs, due to the appropriate amount of Au (I) species (23.02 %), the
rigid ligands 1, 4-butanedithiol could build an effective bridge among ultrasmall
AuNPs, which can immobilize the Au core and suppress the nonradiative motions.
Based on the following equations: T = 1/(k; + ky,); QY = k/(k; + knp),?* where k; and k,,
were radiative and nonradiative, respectively, the &, and &, of the 4C AuNHs can be
calculated as 2.03x103 and 3.4x10° s’!. Therefore, the enhanced luminescence of the
4C AuNHs was attributed to an efficient bridge among ultrasmall AuNPs with an
appropriate amount of Au (I) species (23.02 %) and effective protection by the dense
surface PEG in brush configuration.

For S; AuNHs, they had a smaller amount of Au(I) species (7.4%), causing a
deeper color and a higher absorbance at 808 nm at the same Au atom concentration.
Due to the smaller amount of Au(I) species (7.4%), they cannot build an effective
bridge to immobilize the Au core and suppress the nonradiative motions. Based on the
following equations: t = 1/(k; + ky); QY = k/(k; + k), the k. and k,; of the S, AuNHs
can be calculated as 0.55x10% and 5.0x10° s!. Compared with the 4C AuNHs, the
nonradiative decay was enhanced for the S; AuNHs due to the smaller amount of

Au(l) species (7.4%) and the lower surface PEG coverage.
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Table S3 The blood half-life and areas under curves (AUC) of the previous reported

small AuNPs.
Materials blood half- AUC Determination Reference
life (min) (% ID-h-g') method
AuysGSig <2 - ICP-MS 2
AuMHA/TDT 25.8 - ICP-MS 26
AuZwMe, 6.5 - ICP-MS 25
GSH-AuNPs 54 47.2 ICP-MS 27
PEG-AuNPs 56.1 142.8 ICP-MS 27
S, AuNHs 10 114.52 ICP-MS This work
4C AuNHs 206.4 301.66 ICP-MS This work
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