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ABSTRACT: Effective and non-invasive diagnosis and prompt treatment of early-
stage hepatocellular carcinoma (HCC) is highly demanded to lower its mortality rate.
Herein, the integration of high-resolution diagnostic NIR-II photoacoustic computed
tomography (PACT) and imaging-guided targeted photothermal ablation of orthotopic
small HCC (SHCC) is presented for the first time, which is enabled by a plasmonic
platinum (Pt°) doped polydopamine melanin-mimic nano-agent. As designed, antibody-
modified nano-agent (named as Pt@PDA-c) with plasmonic blackbody-like NIR
absorption and superior photothermal conversion efficiency (71.3%) can selectively
target and kill CXCR4-overexpressed HCC (HepG2) cells, which was validated in the
in vitro experiments. With real-time quantitative guidance by PACT for accurate
diagnosis of intraabdominal SHCC (about 4 mm depth), effective noninvasive
photothermal ablation of SHCCs was successfully implemented on an orthotopic
tumor-bearing mice model without damaging adjacent liver tissues. These results
promise great potential of NIR-II PACT-guided non-invasive photothermal therapy as
an innovative photo-theranostic approach and expand the biomedical applications of

melanin-mimic materials.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the deadliest cancers worldwide with 5-
year survival rate being less than 18%."> Most HCC cases were diagnosed at advanced
stages, leading to malignant tumor growth and metastasis, and high mortality rate.* *
Due to insufficiency in either sensitivity or penetration depth, early diagnosis of small
HCC is still clinically challenging. X-ray computed tomography (CT), magnetic

resonance imaging (MRI), and ultrasound (US) imaging can image solid tumors deep



within tissue. However, their sensitivities are insufficient to detect millimeter-sized
small HCC lesions.>® Optical imaging has attracted tremendous attention for its
biosafety, superior sensitivity, and molecular imaging ability, but cannot offer high
resolution in deep tissue.”"!°

Via combining optical excitation and ultrasonic detection, photoacoustic imaging
(PAI) can acquire high-resolution images in deep tissue with an excellent sensitivity of
endogenous and exogenous contrasts, such as hemoglobin concentration, oxygen
saturation, lipid, DNA/RNA, and various molecular and nano-agents.''"!” Especially,
the second near-infrared (NIR-II, 1000-1350 nm) optical window allows the excitation
laser to reach deeper tissue lesions, significantly increasing the penetration depth of
optical imaging, which is favorable for deep small HCC (SHCC, diameter within 5 mm)
detection.!®?* On the other hand, as some photoacoustic contrast agents have high
photothermal conversion efficiency, photothermal therapy (PTT) can be readily
integrated with real-time photoacoustic guidance, offering a non-invasive and efficient
theranostic approach for SHCC.

That said, limited types of NIR-II agents are available for diagnosis and photothermal
therapy of SHCC. To date, most NIR-II photoacoustic contrast agents, such as
heptamethine or benzothiadiazole dyes, semi-conductive conjugated polymers, or
plasmonic noble metal (Au, Pt, or Pd) nanoparticles, have uncertain long-term
retention-related systemic toxicity, hindering clinical translations.?-** Inspired by label-
free melanoma photo-theranostics, melanin (natural extract or synthetic) derivatives are
proven to be excellent PTT agents and drug delivery nanoplatforms with superior
biocompatibility compared to full-metallic nano-agents.*!** Nonetheless, melanin- or
synthetic polydopamine (PDA)-based agents share an intrinsic defect of low NIR-II
absorption (over 1000 nm) and thus are not suitable for orthotopic tumor diagnosis and
therapy in deep tissue.*>-

Here, we develop a new targeted plasmonic-modified melanin-based nano-agent for
NIR-II photoacoustic guidance and photo-theranostics of early primary HCC (Scheme
1). Via encapsulation of doping amount (2.7%) of plasmonic Pt® into PDA
nanoparticles, a blackbody-like novel NIR-11 photothermal agent was obtained with an
outstanding photothermal conversion efficiency of 71.3% (at 1064 nm optical
wavelength). Further by surface modification of sulphydryl polyethylene glycol (PEG-
SH) and CXCR4 antibody, an HCC targeting melanin mimic nano-agent was obtained
(namely Pt@PDA-c). CXCR4 is associated with microvascular invasion (MVI) during



the development of HCC with highly carcinoma cell-specific expression, which
promises the selectivity of HCC targeting. Pt@PDA-c-mediated NIR-II photoacoustic
computed tomography (PACT) has deep tissue penetration and high spatial resolution,
and can accurately locate orthotopic SHCC lesions. After treatment, Pt@PDA-c can be
excreted from the metabolic organs within 48 hours. In vivo experiments show that PTT
can ablate SHCC with no reoccurrence and minimal damage to healthy liver tissue.
Besides real-time guidance for PTT, PACT with high tumor-selectivity and accuracy
can also verify the metabolic clearance of Pt@PDA-c from mean organ and regression
of tumor lesion. For the first time, we successfully achieved a noninvasive diagnosis by
NIR-II high-resolution PACT and targeted ablation by PTT against SHCCs on
orthotopic tumor-bearing mice model, which reveals a novel and potent theranostic

approach towards SHCC treatment.
METHODS AND EXPERIMENTS
Synthesis of Pt@PDA-c NPs

First, an aqueous solution of dopamine hydrochloride (5 mg mL™!, 3 mL) was added
into 0.2 M NaHCO3-HCI buffer (25 mL, pH 8.2). After 5 min, 5-mL K,PtCls solution
(1 mg mL") was injected into the above solution and kept at room temperature for 8
hours. Then, the solid product was collected via centrifuging at 10,000% gravity and
washed 3 times with deionized (DI) water. The obtained nanoparticles were dispersed
in 2-mL DI water via sonication, then injected into 10-mL PEG-SH solution (2 mg mL"
1, and kept for PEG capping for 24 hours. After that, anti-CXCR4 (20 pg mL!) was
added to the latest particle suspension, and stirred for 12 hours in dark. At last, the
dispersion was centrifuged and washed with DI water several times, and then
lyophilized to obtain black solid powder of Pt@PDA-c nanoparticles. To analyze the Pt
amount, 4.5-mg freeze-dried sample was fully digested. The Pt amount was tested with

ICP-OES and calculated to be 2.71+£0.08 %.
MTT dark toxicity assay

Methyl thiazolyl tetrazolium (MTT) cell viability assay was performed to evaluate
the dark cytotoxicity of Pt@PDA-c NPs. HepG2 cells and LO2 cells (5,000 cells per
well, 200 puL) were seeded in a respective 96-well plate and cultured for 24 hours. The
medium was then replaced with a mixture of culture medium containing varying

concentrations of NPs (0, 0.06, 0.13, 0.25, and 0.5 mg mL™") and incubated in the dark



for another 24 hours. The MTT was added (150 pL per well) into each test well after
removing the mixture and incubated for 3 hours, then the MTT in each well was
replaced with 150 pL dimethyl sulfoxide (DMSO). The absorbance in each well at 570
nm was measured by a microplate reader (Molecular Devices, USA). All experiments

were repeated three times and the results were averaged.
Cellular Targeting Uptake of Pt@PDA-c NPs

To verify the targeted uptake of Pt@PDA-c NPs by HepG2 cells, a lab-built optical-
resolution photoacoustic microscopy (OR-PAM) system (Figure S2, Supporting
Information) was used to conduct the PA imaging of the HepG2 and LO2 cells.*
Moreover, a laser scanning confocal microscope (Leica, Germany) was applied to
further verify the active targeting uptake by human HCC cancer cells. Detailed
experimental procedures of PA imaging and cell confocal imaging are shown in the

Supporting Information.

In vitro PA imaging

The Pt@PDA-c NPs aqueous solution at different concentrations (0, 0.1, 0.2 0.3, 0.4,
0.5 and 0.6 mg mL!) were sealed into different rubber capillary tubes beforehand. Then
a lab-built photoacoustic computed tomography (PACT) system (Figure S1, Supporting
Information) was used to detect and quantify the PA signal for each sample at 1064
nm.*’ Meanwhile, a capillary tube filled with Pt@PDA-c (0.5 mg mL") was prepared
to perform the PA imaging at different optical wavelengths (664, 764, 864, 964, 1064,
and 1100 nm). To measure the penetration depth of PA imaging at NIR-I (764 nm) and
NIR-II (1064 nm) window, few pieces of sliced chicken breast tissue samples were
covered onto a polyethylene tube filled with Pt@PDA-c (0.25 mg mL™") and the PA

signals were collected from the top of the tissue.

In vitro NIR-11 PTT

The Pt@PDA-c NPs aqueous solution in different concentrations (0, 0.06, 0.13, 0.25
and 0.33 mg mL') were loaded to quartz cuvettes. The sample in each tube was
irradiated by 1064-nm laser (1 W-cm2) for 10 minutes, and the temperature change was
detected by a FLIR thermal camera. The sample dispersions were irradiated with the

1064-nm laser until the temperature reached equilibrium, then the laser was turned off



and the sample naturally cooled to the room temperature. This procedure was repeated
by 3 cycles. The temperature variation was recorded every 30 seconds. The HepG2 cells
(5,000 cells per well) were seeded in a 96-well plate and cultured for 24 hours (37°C,
5% COz). The culture medium was replaced with NPs-containing medium (0, 0.06, 0.13,
0.25,0.33 and 0.5 mg mL™!, 150 pL per well), and the cells were incubated for 4 hours.
The cells were irradiated by 1064-nm laser at 1 W-cm™ for 10 minutes and then
incubated without irradiation for another 4 hours. The cell viability was tested by MTT
assay. Meanwhile, following the same cell culture process, the HepG2 cells (1x10° cells
per dish) were seeded in four confocal dishes and set up laser groups (NPs +laser and
PBS +laser) and no laser groups (NPs and PBS). Subsequently, in the laser groups, the
cells were irradiated with 1064-nm laser at 1 W-cm™ for 10 minutes and then incubated
without irradiation for another 4 hours. The in vitro PTT outcomes was examined with
a fluorescence microscope after staining the sample with Calcein-AM and PI for 15

minutes.
In vivo and ex vivo NIR-II PA imaging

Orthotopic tumor-bearing BALB/c nude mice were used in in vivo PA imaging. After
anesthesia, the Pt@PDA-c NPs (30 mg kg body weight) were injected into the tumor-
bearing mice via the tail vein. To detect the accumulation time of Pt@PDA-c NPs in
the orthotopic tumors, the PACT system at 1064 nm was applied to image the mice at
different times after injection (0, 1, 3, 4, 5, 6, 12, and 24 hours). To confirm the
accumulation of Pt@PDA-c NPs in the orthotopic tumors, a laparotomy was carried
out in mice, and the tumors and major organs (heart, liver, spleen, lungs, and kidneys)
were excised at the time point above. Then the excised tumors and organs were imaged
by the PACT system at 1064 nm. Moreover, to assess the sensitivity of NIR-IT PA
imaging for tumor therapy, the PA imaging of the tumor was performed at the previously
confirmed NPs accumulation time before and after the tumor resection. To verify the
clearance ability of Pt@PDA-c NPs in mice, the ex vivo quantification of PA signals
(1064 nm) of the major organs in the experimental group were detected by the PACT
system after tail vein injection of NPs (30 mg kg body weight) at different time points
(24, 36, and 48-hours post-injection).

In vivo NIR-I1 PTT

Orthotopic tumor bearing mice were used to complete the NIR-II PTT experiments



in vivo. The mice were categorized to laser treatment groups (L +NPs and L +PBS) and
no laser groups (NPs and Control). In the laser treatment groups, the Pt@PDA-c NPs
(30 mg kg* body weight) or PBS (200 uL) were injected intravenously before laser
irradiation. In the no laser groups, the same amount of Pt@PDA-c was injected into the
NPs group while the Control group had no injection. The location of the tumor was
confirmed with bioluminescence imaging and the NIR-II PA imaging. Then the 1064-
nm laser was used to irradiate the tumor site of the laser groups (1 W-cm™, 10 minutes)
and the temperature was recorded using a FLIR thermal camera during irradiation. The
bioluminescence imaging in the laser treatment group was detected by a Bruker in vivo
Xtreme live animal imaging system on days 8 and 16 post-treatment. The body weights
in all groups were measured and recorded every other day. After 17 days post-treatment,
all mice were executed by cervical dislocation, and the tumors and major organs were

harvested for further analysis.

Histopathology test

After the PTT treatment, the tumors from all groups were stained with Hematoxylin
and Eosin (H&E) for histopathology examination. The major organs, including heart,
liver, spleen, lung, and kidney, were stained with H&E for histopathology examinations

to further evaluate biosafety of Pt@PDA-c.

RESULTS AND DISCUSSION

As illustrated in Scheme 1, via doping of Pt and surface modification of CXCR4-
antibody, the synthetic polydopamine-based melanin-mimic nano-agent was obtained
for photoacoustic and photothermal applications. The TEM image shows that the size
of Pt@PDA-c is around 150 nm (Figure 1A), which is close to the size of 140.5 +31.7
nm tested via DLS (Figure 1B). The changes in the zeta potential of PEG-modified
Pt@PDA (-38.4 +6.2 mV) and Pt@PDA-c (-33.5 £5.4 mV) indicate successful
electrostatic adsorption of the positively charged CXCR4 antibody (Figure S3,
Supporting Information), which can be also validated by fluorescence spectra because
the antibody was labelled with FITC (Figure S4, Supporting Information). The UV-Vis-
NIR spectra of PDA and Pt@PDA-c (Figure 1C) indicates that Pt@PDA-c is a typical
plasmonic blackbody-like material with a broadband absorption from 500 to 1100 nm

without specific absorption peak and follows linear concentration-absorption



relationship (Figures 1D and S5 in Supporting Information), while PDA exhibits a
drastic decrease of absorption with increased wavelength. Different from the reaction
between HAuCls and dopamine, the Pt doping amount was controlled below 3%, even
with a further increase of mass feeding ratio of KoPtCls to dopamine (from 1:3 to 1:2 or
1:1).3® This phenomenon is attributed to the relatively lower redox potential of KoPtCls
(+0.758 V vs SHE) than that of HAuCls (+0.93 V vs SHE) precursors, which limits the
reaction progress and leads to the doping of Pt in PDA nanostructure.*! The size of
Pt@PDA-c NPs remains stable in 2 weeks for long-term storage at room temperature
(Figure S6, Supporting Information). The NPs disperse well in physiological conditions
(DMEM and FBS) and shows excellent stability for 2 weeks of incubation (Figure S7,
Supporting Information). In summary, Pt@PDA-c has proper particle size, broadband
NIR-II absorption, and excellent stability.

The NIR-II photothermal performance of Pt@PDA-c NPs was further investigated.
With laser irradiation, the temperature (Figure le and 1g) of NPs aqueous solution
changes with different concentrations (0, 0.06, 0.13, 0.25 and 0.33 mg mL™"). For the
solution with a concentration of 0.33 mg mL"!, the temperature increases from 25 °C to
52.5 °C after irradiation for 10 minutes (1064 nm, 1 W-cm?). By contrast, the
temperature of water only increases by 6.9 °C under the same irradiation condition.
Besides, the photothermal stability of NPs (0.25 mg mL™') was confirmed by the
heating-and-cooling stability test (Figure 1f). Pt@PDA-c NPs presents great stability,
and its temperature change has no noticeable attenuation over three cycles of heating
and cooling. As presented in Figures 1h, the photothermal conversion efficiency (PCE)
of Pt@PDA-c was 71.3 % (calculated from a reported method in Supporting
Information) and was superior among the state-of-the-art organic and inorganic
materials (Figure S8, Supporting Information).?3%4>3% Therefore, Pt@PDA-c with a
high PCE and excellent photothermal stability encourage further in vitro and in vivo
PTT assays.

Pt@PDA-c NPs have enhanced NIR absorption and are ideal for NIR-II PA imaging.
To verify this, the PACT system was used to image Pt@PDA-c NPs in vitro. Figure 2a
presents the PA intensity of NPs aqueous solution samples with gradually increased
concentrations (0~0.6 mg mL™). Quantitative analysis proves that the PA magnitude is
proportional (R?>= 0.9829) with the NPs concentration at 1064-nm wavelength and 8
mJ-cm™ fluence (Figure 2b). Meanwhile, the NPs (0.5 mg mL™) present excellent

photostability with no obvious PA signal or absorption spectrum changes after intensive



exposure with a 1064-nm laser (20 pulses per second, 8 mJ-cm™ fluence) for 1000
seconds (Figures 2c¢, 2d and S9 in Supporting Information). To verify the PA
performance of Pt@PDA-c at different wavelengths in the NIR window, the PA imaging
was performed at different wavelengths (664, 764, 864, 964, 1064, and 1100 nm) at an
intensity of 8 mJ-cm? (Figures 2e and 2f). With superior PA signal and photostability,
Pt@PDA-c is a promising biological imaging contrast agent in vivo.

To demonstrate that NIR-II PA imaging has deep penetration, the NIR-I (764 nm)
and NIR-II (1064 nm) PA penetration depths were compared with the same surface
fluence of 9.5 mJ-cm™. PA signals were collected from the top of the polyethylene tube
covered with different thicknesses of chicken breast tissue (setup presented in Figure
S10 in Supporting Information). As shown in Figure 2g, the PA signal can be distinctly
detected at the thickness of 36 mm at 1064 nm, but scarcely detected at 764 nm.
Quantitative PA signal at 1064 nm is significantly higher than the one at 764 nm with
various thicknesses of chicken breast (Figure 2h). Similar conclusions were made in
other reports, suggesting that NIR-II PA imaging possesses great potential to be further
applied to the orthotopic HCC tumor model at depths in vivo.!319!

As reported,®?>* the CXCR4 protein was highly expressed on cell membranes and
cytoplasm of human HCC cell lines, including HepG2 cells, but of very low expression
level in normal human hepatocyte LO2 cells, which was also verified by confocal laser
scanning microscopy (CLSM) experiment (Figure S11, Supporting Information).
Therefore, CXCR4 modified Pt@PDA-c can be actively ingested by HepG2 cells,
rarely by LO2 cells. Figure 3a presents the carcinoma cell-targeted uptake ability of
Pt@PDA-c NPs imaged with optical-resolution photoacoustic microscopy (OR-PAM).
After incubating with the cells for 4 hours, obvious PA signals were detected from the
aggregated NPs in the HepG2 group, but not from the LO2 group. Quantitative data
displayed in Figure 3b indicates that the HepG2 cells have a higher PA intensity than
the LO2 cells, and the difference is statistically significant (p-value =0.00015). For
further confirmation, the CLSM imaging was performed to verify the targeted cellular
uptake ability of Pt@PDA-c NPs, which presents an identical result with OR-PAM
(Figure 3c). The OR-PAM and CLSM imaging of the HepG2 cells were also carried out
after incubation with Pt@PDA-c NPs for 1 and 2 hours (Figures S12 and S13 in
Supporting Information). The result indicates a gradually increased uptake of NPs in
the cells with longer incubation time. These results show that Pt@PDA-c has a superior

uptake efficiency by HepG2 cells and thus is suitable for PA detection and theranostics



of SHCC.

To verify the biosafety of doping amount of Pt within Pt@PDA-c NPs, a dark toxicity
assay was carried out before in vivo experiments. The result indicates that the HepG2
and LO2 cells remained viable above 91.9 % and 94.0 %, respectively, after incubated
for 24 hours with a high concentration of Pt@PDA-c NPs (0.5 mg mL™), indicating
negligible cytotoxicity without laser radiation (Figures 3d and 3e). Then a cell-based
phototoxicity assay was carried out to verify the PTT performance of Pt@PDA-c NPs
under NIR-11 laser irradiation (1064 nm, 1 W €m2, 8 min). As illustrated in Figure 3e,
with increased concentration of Pt@PDA-c, the relative viability of HepG2 cells
gradually decreased, and the cell viability declined to 7.8 % after laser irradiation at the
concentration of 0.5 mg mL™. The Calcein-AM (show in green, indicating live cells)
and propidium iodide (PI, shown in red, dead cells) co-staining tests were performed to
visually present the hyperthermia cell-killing effect by Pt@PDA-c NPs. The results
were presented in Figure 3f. The strong green fluorescence signals are detected in cells
treated with PBS, PBS +laser, and NPs, but strong red fluorescence signals are observed
in the NPs +laser group, indicating the dead cells with a permeable membrane to be
stained with PI. As a result, laser exposure of a safe intensity can induce effective PTT
of HepG2 cells with the help of Pt@PDA-c. Supported by excellent biosafety, and
prompt cancer cell killing via PTT, Pt@PDA-c is proven to be an excellent HCC-
specific PTT agent.

Pt@PDA-c NPs (30 mg kg? body weight) were injected into orthotopic SHCC
bearing nude mice. The mice were monitored in real-time using the NIR-Il PACT
system in the following 24 hours (Figure S14, Supporting Information). As presented
in Figures 4a and 4b, the accumulation of NPs in the tumor peaks at ~4 hours post-
injection. The schematic diagram of the PA imaging setup was shown in Figure S15a
(Supporting Information). The depth of the orthotopic tumors is about 4 mm beneath
the skin of abdomen (Figures S15b and S15¢, Supporting Information). To further
verify the accumulation of the NPs, the resected tumors and other major organs,
including heart, liver, spleen, lungs, and kidneys, were imaged and quantified at the
time point of 4 hours post-injection (Figures 4c and 4d). These results suggest that the
tumor generate much stronger PA signals than that in other major organs do, which
indicates the targeted gathering of the NPs in the orthotopic tumor of mice. The liver
tissue of other normal liver lobes with low-level PA signal indicates the low

accumulation level of NPs in the normal liver region, which proves the excellent active



targeting ability of Pt@PDA-c NPs. Noteworthily, the spleen generates a stronger
signal than other organs. The possible reason is that the NPs were engulfed by
macrophages as a part of the excretion pathway which has been confirmed in other
studies.”->¢ The result indicates that Pt@PDA-c can successfully assist PACT for
sensitive and accurate SHCC detection (in particular, for tumor diameter within 5 mm
and depth about 4mm) through the active tumor homing effect.

Because the tumor edge can be identified by PACT with NPs labeling, surgical
resection guided by PACT can be conducted. To validate the tumor therapy in
orthotopic SHCC bearing mice, the PA images of the tumor region were acquired
before and after surgical resection. As presented in Figures 4e and S16 (Supporting
Information), the NPs accumulation was detected in the tumor region. The tumor
location was also verified by exploratory laparotomy. After tumor excision and
abdominal suture, PA signal disappeared in the original tumor region. H&E staining
results further confirmed the excisional tumor. However, facing the risk of severe
trauma after surgery, non-invasive therapy, i.e., PTT, is preferred for early-stage SHCC
treatment. Pt@PDA-c-assisted PACT is sensitive to guide and evaluate the
effectiveness of PTT for SHCC.

To further verify the metabolic body clearance of NPs in vivo, the biodistribution in
major organs (heart, liver, spleen, lung, and kidney) was detected after intravenous
injection at 24, 36, and 48 hours. As a control, the same amount of saline was injected
to another group of mice to detect the basic PA signals of the organs. Figure 4f shows
that the relative PA signals from major organs gradually decreased after 24 hours post-
injection and vanished in 2 days compared with the control group. With efficient tumor
targeting and metabolic clearance, we conclude that Pt@PDA-c is an effective contrast
agent for PA-guided tumor diagnosis and therapy in vivo.

The SHCC tumor formation was confirmed by bioluminescence 10 days after HepG2
cells implantation. Guided by PA imaging, the PTT was carried out in the orthotopic
HCC bearing nude mice (n=3 in each group) at 4-hours post-injection. The orthotopic
tumors were revealed by PACT and bioluminescence imaging before treatment. Then,
PTT was conducted twice in two days. The detailed procedure of the treatment and
evaluation was illustrated in Figure 5a. As shown in Figures 5b and 5c, the local
temperature of the tumor site in the L +NPs group increased rapidly to 50 T in 5
minutes under 1064-nm laser irradiation (1 W €m) and stayed at this temperature for

5 minutes. This hyperthermia was enough for tumor ablation and meanwhile did not



exceed PTT temperature threshold to cause damage to healthy tissue. For comparison,
the local tumor temperature of the L +PBS group increased to only 40 <C. Distinct
tumor inhibition was observed in the L +NPs group but not in the L +PBS group. As
presented in Figures 5d and S17 (Supporting Information), the PA signal of the tumor
in the L +NPs group significantly decreased on day 8 after treatment and became
obscure on day 16. Meanwhile, the bioluminescence imaging and the quantitative data
also show much reduced bioluminescence from the tumor region in the L +NPs group,
but increased bioluminescence from the L +PBS group (Figures 5e and S18 in
Supporting Information). Because the bioluminescence was directly related to the
viability of cancer cells, the bioluminescence result indicates that photothermal ablation
of SHCC was successful. After PTT, the orthotopic tumors and other major organs were
resected for H&E staining on day 17. Photographs and the H&E staining (Figures 5f
and S19 in Supporting Information) of the tumor from the L +NPs group indicate
remarkable tumor necrosis after PTT treatment, while the tumor in the L +PBS group
shows no change before and after the treatment. Although similar studies have
successfully conducted the PTT of SHCCs in mice, but the untargeted and invasive
PTT may not be recommended in the coming epoch.?*°7-% Targeted, non-invasive and
effective PTT that we’ve implemented for the first time may change the clinical
treatment decisions for SHCCs in the near future.

Minimal systemic damage is important for clinical transformation. In case the PTT
treatment may cause any tissue denaturation or damage of the major organs, the body
weight changes were recorded and H&E staining of the major organs were performed
after treatment. The body weights in all groups were continuously monitored every two
days during the subsequent 16 days (Figure S20, Supporting Information). NoO
significant body weight loss and abnormal behaviors of treated mice (for example
unusual physical movement, anorexia, or being aggressive/depressive) were observed
in all groups throughout the treatment period. As mentioned above, clearance of
Pt@PDA-c in all major organs were confirmed 2 days after injection in vivo. Moreover,
the H&E staining of the major organs (heart, liver, spleen, lung, and kidney) in all
groups were presented in Figure S21 (Supporting Information). No significant tissue
denaturation or damage of the major organs occurred in all the groups, which proves
the safety of Pt@PDA-c NPs and NIR-I1 laser during the whole treatment process. The
encouraging theranostic outcome exhibits great potentials of Pt@PDA-c and the PA-
guided PTT to treat SHCC in clinics.*



CONCLUSIONS

To conclude, plasmonic-doped, melanin-mimic, and polydopamine-based
theranostic nanoparticles (Pt@PDA-c) are developed for early detection of small HCC
with NIR-II PACT and efficient noninvasive photothermal ablation of orthotopic
tumors. Attributed to the superior photothermal conversion efficiency, Pt@PDA-c
exhibits potent cancer cell-killing in vitro and excellent biosafety. Via targeted tumor
binding, PA imaging of SHCC was successfully conducted to detect millimeter-sized
orthotopic HCCs using Pt@PDA-c as the contrast agent. Guided by real-time PA
imaging, Pt@PDA-c-mediated PTT can eradicate SHCC without recurrence. Damage
to health liver tissue was minimized due to the tumor-targeting effect and NIR-II laser
irradiation. These results not only offer a new development of melanin derivative-based
material for NIR-II PA imaging but also demonstrate a promising noninvasive PTT

theranostic strategy for SHCC.
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Scheme 1 Preparation of Pt@PDA-c nanoparticles and their applications in PACT-
guided PTT for orthotopic HCC bearing nude mice.
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Figure 1 a) TEM images of Pt@PDA-c. b) DLS size distribution of Pt@PDA-c NPs
(inset: digital photo of dispersion with typical Tyndall effect). ¢) UV-Vis spectra of PDA
and Pt@PDA-c aqueous solution. Inset: Photographs of PDA and Pt@PDA-c aqueous
solution (from left to right). d) UV-Vis spectra of Pt@PDA-c aqueous dispersions at
different concentrations. Inset: Photographs of the NPs in dispersions of different
concentrations from 0.03, 0.06, 0.13, 0.25 and 0.5 mg mL™' (from right to left). e)
Temperature elevation curves of Pt@PDA-c at different concentrations during laser
irradiation (1064 nm, 1 W-cm?). f) Photothermal heating & cooling cycles of
Pt@PDA-c (0.25 mg mL™") upon 1064-nm laser irradiation (1 W-cm2). g) Infrared
thermal images of Pt@PDA-c (0.33 mg mL™") and DI water in quartz cuvettes upon
1064-nm laser irradiation of 1 W-cm ™2 for 10 minutes. h) Full heating & cooling profile

and linear regression for determination of time constant Ts.
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Figure 2 a) Concentration dependent PA images of Pt@PDA-c dispersions (Laser
energy: 8 mJ-cm 2 at 1064 nm). b) The corresponding linear regression curve of PA
intensity against concentrations of Pt@PDA-c. ¢) PA signal stability test of Pt@PDA-c
under 1064-nm laser irradiation for 1000 seconds. d) Absorption of Pt@PDA-c at 1064
nm with continuous laser irradiation (8 mJ-cm2). e) PA images of a capillary tube filled
with Pt@PDA-c (0.5 mg mL™") under laser irradiation of different wavelengths. f)
Corresponding quantitative curve of PA intensity at different wavelengths. g)
Superimpose images of ultrasound (black & white) and PA signal (red) with varied
thickness of chicken breast tissue coverage under 764 nm (upper row) or 1064 nm
(lower row) (energy density: 9.5mJ-cm2), bar:10 mm. h) The corresponding PA
intensity from (G) as a function of tissue depth.
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Figure 3 a) PA microscopy scanning for HepG2 and LO2 cells treated with Pt@PDA -
c (scale bar: 100 pm). b) Normalized PA intensity of HepG2 and LO2 cells with or
without Pt@PDA-c, ***P<0.001. ¢) CLSM images for Pt@PDA-c uptake in HepG2
and LO2 cells (scale bar: 20 pm). d) Cell viability of LO2 cells after incubation with
Pt@PDA-c NPs of different concentrations in dark for 24 hours. e) Cell viability of
HepG2 cells after incubation with Pt@PDA-c NPs of different concentrations in dark
or with laser irradiation (1064 nm, 1 W-cm™). f) Calcein AM (green, for live cells) and
PI (red, for dead cells) double staining images, (scale bar: 100 um).
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Figure 4 a) /n vivo NIR-II PACT imaging of the tumor at different post injection time
points of Pt@PDA-c (scale bar: 5 mm). b) Corresponding quantification of PA signal
at tumor site. ¢) Ex vivo MAP PA images of the liver tumor and major organs at 4 hours
after injection of NPs. d) Quantification of mean PA signal from c). e). Preoperative
and postoperative PACT imaging of the liver tumor at 4 hours post-injection (scale bar:
5 mm). f) The PA signal from the major organs of tumor-free mice at 24, 36, and 48
hours post-injection.
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Figure S a) The detailed process of NIR-II PACT-guided PTT and efficacy evaluation
for orthotopic tumor bearing nude mice. b) Infrared thermal imaging of HepG2-tumor-
bearing mice treated respectively with PBS and Pt@PDA-c upon 1064-nm laser (1
W-cm?) irradiation for different durations, respectively. ¢) Heating curves of tumor-
site upon laser irradiation. d) PACT for monitoring of orthotopic HCC before and after
treatment (Pre, day 8 and day 16), the scale bar is 5 mm. e) Continuous monitoring of
orthotopic HCC fluorescence signals by bioluminescence imaging before and after
treatment (Pre, day 8 and day 16). f) Photograph of tumors after different treatments
with corresponding H&E staining.
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