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ABSTRACT: Theranostic nanoagents are promising for precision medicine. However,
biodegradable nanoagents with the ability for photoacoustic (PA) imaging guided
photothermal therapy (PTT) are rare. We herein report the development of
biodegradable semiconducting polymer nanoparticles (SPNs) with enhanced PA and
PTT efficacy for cancer therapy. The design capitalizes on the enzymatically oxidizable
nature of vinylene bonds in conjunction with the polymer chemistry to synthesize a
biodegradable semiconducting polymer (DPPV) and transform it into water-soluble
nanoparticles (SPNV). As compared with its counterpart SPN (SPNT), the presence of
vinylene bonds within the polymer backbone also endows SPNV with the significantly
enhanced mass absorption coefficient (1.3 fold) and photothermal conversion efficacy
(2.4 fold). As such, SPNV provides the PA signals and the photothermal maximum
temperature higher than SPNT, allowing to detect and photothermally ablate tumor in
living mice in a more sensitive and effective way. Our study thus reveals the general
molecular design to enhance the biodegradability of optically-active polymer
nanoparticles meanwhile to dramatically elevate their imaging and therapeutic

capabilities.
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Theranostic nanoagents that integrate real-time diagnosis with therapeutic capability
can accurately target diseased tissues and optimally exert therapy,' 2 representing a way
for cost-effective precision medicine.>* In comparison with radioactive,” ® magnetic’
and ultrasound® ? imaging agents, optical nanoagents that only utilize light to generate
diagnostic signals and trigger therapeutic process have attracted more attention for
cancer therapy.'%!? In particular, photothermal nanotheranostics not only can induce
localized hyperthermia in tumor to directly eradicate cancer cells but also could
potentially generate anti-tumor immunological effects.!® Till now, most photothermal
nanotheranostic systems rely on fluorescence as the signal readout, and thus share the
drawbacks of shallow penetration and tissue autofluorescence, partially compromising
imaging sensitivity.!* > In contrast, photoacoustic (PA) nanoagents that detect
ultrasound after light excitation overcome such limitations and thus offer deeper tissue
penetration and higher spatial resolution to guide photothermal therapy (PTT).!% 17
Different from fluorescent nanotheranostics that has two competing process
(fluorescence vs nonradioactive decay), both PA signals and PTT effect are related to
photothermal conversion, making PA/PTT nanotheranostics easier to design in
principle.'$-2!

Many near-infrared (NIR) light absorbing nanaoagents including small molecule

dyes,?> 2 porphysomes,* > peptide-/protein-based nanomaterials,?®?° metallic

30, 31 32,33

nanoparticles, carbon nanotubes,** ** and two-dimensional materials (TDMs)?® 3
have been used for PA imaging or PTT. Among many other issues in their translation

research, biodegradability of these nanoagents is one of the most essential concerns.*



In fact, there are some inorganic nanoparticles have been designed to undergo stimuli-
responsive degradation.’®* However, the metal ions released from degradation of
inorganic nanoparticles could still be a threat to biological systems. Thus, development
of organic nanoagents with biodegradability is highly desired for PA/PTT
nanotheranostics.

Semiconducting polymer nanoparticles (SPNs) have emerged as a class of optical
agents for molecular imaging*® and phototherapy.*'** They are made of completely
organic ingredients including semiconducting polymers/oligomers and amphiphilic
polymers, and thus naturally bypass the toxicity issue induced by heavy metal ions.**

Dependent on the molecular structures of SPs, SPNs have been diversified for NIR

1, 45, 46 47, 48 49, 50

fluorescence,’ chemiluminescence, photoacoustic and afterglow
imaging’! as well as photodynamic® and photothermal applications.?!: 334 In particular,
SPNs can convert photo energy into heat with the photothermal conversion efficacy
higher than carbon nanotubes and gold nanorods.>* > Despite their great potential in
PA/PTT nanotheranostics, SPNs with high biodegradability have not been reported.
Although biodegradable polymers such as polyesters and polyamides are available,>®
simple introduction of these hydrolyzable units (ester, carbonate, amide et al.) into the
backbone of SPs will certainly hamper electron delocalization and thus compromise the
optical properties of SPNs. Thereby, the design for biodegradable SPNs remains to be
revealed.

We herein report the synthesis of a biodegradable SPN with enhanced PA and PTT

efficiencies for cancer therapy. The molecular design involves the incorporation of



vinylene bond as a structural unit into the backbone of SP. Because we recently found
that the vinylene bonds tend to undergo n - w2 cycloaddition with oxidants followed
by hydrolysis,’! the SPNs can be gradually broken down into small fragments in the
biological environment abundant of oxidative species. In addition, the presence of
vinylene bonds not only facilitates chain packing but also increases the mass absorption
coefficients, leading to enhanced photothermal conversion and thus amplified PA and
PTT efficiencies. In the following, the synthesis of the SPNs is described first, followed
by studies of their optical and photothermal properties. Then, the biodegradability of
the SPNs is studied under the in vivo mimetic conditions. At last, the proof-of-concept
application of these SPNs as PA/PTT nanotheranostic agents is demonstrated in

xenograft tumor mouse model.

RESULTS AND DISCUSSION

The biodegradable SP, poly{2,2'-[(2,5-bis(2-hexyldecyl)-3,6-diox0-2,3,5,6-
tetrahydropyrrolo[3,4-c]pyrrole-1,4-diyl)dithiophene]-5,5'-diyl-alt-vinylene} (DPPV),
was synthesized through palladium-catalyzed Stille polymerization between 3,6-bis(5-
bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5 H)-dione
(monomers 1) and trans-1,2-bis(tributylstannyl)ethene (monomers 2) (Figure 1a). In
comparison, its  analog  poly{2,2'-[(2,5-bis(2-hexyldecyl)-3,6-diox0-2,3,5,6-
tetrahydropyrrolo[3,4-c]pyrrole-1,4-diyl)dithiophene]-5,5'-diyl-alt-thiophen-2,5-diyl}
(DPPT, Figure 1b) without vinylene bonds was also synthesized according to the

previous report. DPPV and DPPT were respectively co-precipitated with a



biodegradable amphiphilic polymer, poly(ethylene glycol) methyl ether-block-
poly(lactide-co-glycolide) (PLGA-PEG), to endow the nanoparticles with good water
solubility without interfering their biodegradability (Figure 1c). The nanoparticle core
was formed by the hydrophobic interaction between the PLGA segments and DPPV or
DPPT, while the nanoparticle surface was covered by the PEG segments. The resulting
nanoparticles (SPNV&SPNT) showed similar average hydrodynamic diameters of ~36
nm and spherical morphologies, as indicated by dynamic light scattering (DLS) and
transmission electron microscope (TEM), respectively (Figures 1d, e). After storage in
the dark at 4 °C, the sizes of SPNV and SPNT remained almost the same for the first
15 days and slightly reduced by ~8 nm on day 22 (Figure S1, Supporting Information),
which should be attributed to the hydrolysis of PLGA-PEG in aqueous solution.’’
Nevertheless, the solutions of both SPNV and SPNT remained transparent and the sizes

did not further change (Figure 1f, Figure S1 in the Supporting Information).
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Figure 1. Synthesis and characterization of SPNs. (a) Synthetic route of DPPV. (i)
Pd>(dba)s and tri(o-tolyl)phosphine, toluene, 100 °C, 24 h. (b) Chemical structure of
DPPT. (¢) Chemical structure of PLGA-PEG and schematic illustration of the
preparation of SPNs. DLS profiles (d), TEM images (e), photographs of the solutions
(f) and absorption spectra (g) of SPNV and SPNT. (h) PA spectra of SPNV, SPNT and
PBS. (i) PA intensities at 810 nm as a function of the concentrations of SPNV and SPNT
from 0 to 100 pg mL™! (R? = 0.992 and 0.995 for SPNV and SPNT respectively). The
SPN solutions used in characterization were prepared in PBS buffer (pH 7.4). The
solutions with the concentration of 60 pg mL™! were used in photography and PA spectra
measurements. A single laser pulse with energy of 100 mJ pulse™! (duration of 5 ns) and
a pulse repetition rate of 10 Hz was used for PA intensity. Error bars were based on the
standard deviations (SD) of three parallel samples. *Statistically significant difference
in PA intensities for SPNV and SPNT with the concentration ranging from 0 to 80 pg
mL! (p<0.01,n=3).

To study the effect of vinylene bonds on optical properties, the absorption and PA
7



spectra of SPNV and SPNT were measured and compared under physiological
conditions. Both SPNs showed broad absorption in the NIR region ranging from 600 to
900 nm (Figure 1g), allowing NIR light to generate both PA and photothermal signals.
Due to the presence of vinylene bonds, the absorption maximum of SPNV was located
at 819 nm, which was similar to that of SPNT at 828 nm. Besides, because the repeat
unit of DPPV had the lower molecular weight (803.31 g mol™') than DPPT (859.39 g
mol™!), the mass absorption coefficient of SPNV at 819 nm (40 cm™! mg™! mL) was 1.3-
fold higher than that of SPNT (30 cm™ mg! mL at =828 nm). Based on the molecular
weight of the repeat unit, SPNV (32.1 cm™ mol! mL) also showed 1.2-fold higher
molar extinction coefficient than SPNT (25.8 cm™ mol! mL). This was due to its more
planar conformation in the presence of vinylene bonds that facilitated the electron
delocalization.>® The PA spectra of SPNs were acquired at the same concentration (60
ng mL™) by pulsed laser irradiation ranging from 680 to 900 nm (Figure 1h). Overall,
the PA signals of SPNV were stronger than those of SPNT. Particularly, the PA signal
of SPNV at 810 nm was 2.2-fold higher than that of SPNT. The good linear correlation
between the PA signals and the concentrations of SPNs was observed for both SPNs
(Figure 11), indicating the feasibility for signal quantification. Note that the PA signal
of SPNV was oversaturated above 80 ug mL!. These data confirmed that the presence
of vinylene bonds in SPNV led to the higher mass absorption coefficient and stronger

PA signals as compared to SPNT.
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Figure 2. Photothermal characterization of SPNs and in vitro PTT cell experiments. (a)
Photothermal heating and natural cooling cycles under the 808 nm laser irradiation with
power density of 0.3 W cm™. [SPN]= 60 ug mL™! in PBS buffer (pH 7.4). (b) Thermal
images of SPNV, SPNT and PBS at their respective maximum temperatures. The
maximum temperature values and photothermal conversion efficacies are indicated
below the respective images. Relative viabilities of 4T1 cells after incubation with
different concentrations (20, 60, 100 pg mL™") of SPNV (¢) or SPNT (d) and irradiation
under the 808 nm laser with different power densities (0.3, 0.5 W cm™) for 8 min. Error

bars were based on the standard deviations (SD) of three parallel samples.

The photothermal properties of SPNV were studied and compared with SPNT at the
same concentration under the NIR laser irradiation at 808 nm with the power density
of 0.3 W cm™, which was lower than the maximum permissible exposure (MPE) for
skin (0.33 W cm™). The temperatures of both SPN solutions gradually increased upon

under laser irradiation and reached maximum at t=480 s (Figure 3a). However, the

temperature of SPNV was higher than that of SPNT at each time point, while PBS
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buffer just showed maximum temperature change by 1 °C because of the low power
density applied. The maximum photothermal temperature of SPNV was 53 °C, 1.2-fold
higher than that of SPNT (43 °C) (Figure 3b). The photothermal conversion efficacy of
SPNV was calculated to be 71 2%, 2.4-fold higher than that of SPNT (29 £ 1%) and
also significantly higher than other inorganic photothermal agents such as gold
nanorods, phosphorus quantum dots and TDMs.?° The better photothermal performance
of SPNV relative to SPNT should be ascribed to the presence of vinylene bonds within
DPPV which resulted in more planar chain conformation and thus more compact chain
packing within the nanoparticles.”® Both SPNs had good photothermal stability as
verified by the nearly unchanged maximum temperatures after 5 circles of heating and
natural cooling (Figure 3a).

The PTT efficacies of both SPNs were firstly studied in vitro. 4T1 cells were
incubated with different concentrations of SPNs for 3 hours before exposed to NIR laser.
Then the cells were irradiated at 808 nm with the different power densities for 8 min
and the cell viabilities were measured after incubation for another 12 h. With no laser
irradiation, both SPNs did not affect the cell viabilities even at the concentration up to
150 pg mL!, indicating their good cytocompatibility (Figure S2, Supporting
Information). Generally, for both SPNs, the cell viabilities decreased with increasing
the nanoparticle concentrations or illumination power densities, while irradiation alone
without SPN treatment had little effect on the cell viabilities (Figures 3c, d). However,
SPNV was more effective in cell ablation than SPNT. When comparing at the

concentration of 60 pg mL™!, SPNV-mediated laser irradiation led to the cell viability
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as low as 13%, which was 4.3-times lower than SPNT (57%). These data further
confirmed SPNV was a better PTT agent than SPNT as a result of its higher

photothermal conversion efficacy.

Biodegradability of both SPNs was studied under the solution conditions that mimic
in vivo environment (Figure 2a). Myeloperoxidase (MPO), a peroxidase enzyme
abundantly expressed in immune cells with the concentration as high as ~82.6 pg mL!
in blood,® was chosen to study if SPNV and SPNT could be digested. In living animals,
the reaction of MPO and hydrogen peroxide (H20O2) can generate strong oxidant,
hypochlorous acid (HC10).*! Upon incubation with MPO and H>O,, the absorption of
SPNV gradually decreased (Figure 2b), while it remained the same without MPO
(Figure 2c). After incubation for 48 h, the absorption peak of SPNV at 819 nm
completely disappeared, indicating the full scission of n-conjugated backbone (Figure
2b). In contrast, SPNT could not be broken down by MPO as witnessed by the
unchanged absorption (Figure 2c). These data demonstrated that the presence of
vinylene bonds within DPPV made SPNV much easier to be degraded as compared to
SPNT.

The biodegradability of SPNV was further verified in macrophage RAW264.7 cells.
As the expression of MPO enzyme in RAW?264.7 cells can be induced by stimulation
with lipopolysaccharides (LPS), %> the RAW264.7 cells were treated with LPS after
incubation with SPNV. After stimulation with LPS for 30 hours, the cells were washed
with PBS to remove the free SPNV nanoparticle and then harvested. The concentrations

of SPNV inside cells were measured by absorption. The absorption maximum of SPNV
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at 819 nm (276, 000 cells /mL) were 0.081, which was only 12% of that without LPS
treatment (0.674) (Figure 2d). This further demonstrated the biodegradability of SPNV

at cellular level.
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Figure 3. In vitro biodegradability study of SPNs. (a) Schematic illustration of the
degradation of SPNV in the presence of MPO and H>0.. (b) Absorption spectra of
SPNV in the presence of H,O2 (300 uM) and MPO (50 pg mL™!) at 37 °C for 0, 24, and
48 h in phosphate buffer (50 mM, pH = 7.0) containing NaCl (150 mM). (c¢) Absorption
decrease (Abs/Absop) of SPNV at 819 nm and SPNT at 828 nm in the absence or
presence of MPO (50 pg mL") and H>O> (300 uM) as a function of incubation time.
[SPNs]= 3 ng mL!. (d) Absorption pf SPNV at 819 nm of 1 mL of the extracted
solutions from 276, 000 macrophage RAW?264.7 cells uptaking SPNV and treated with
or without LPS. Error bars were based on the standard deviations (SD) of three parallel
samples. *Statistically significant difference in cells treated with or without LPS (p <

0.005, n = 3).

The PA imaging capability of SPNV was studied and compared with SPNT in living
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mice bearing xenograft 4T1 tumors. After systemic administration of SPNV or SPNT
into the mice through tail vein, the PA images were longitudinally recorded and
quantified under the excitation of pulse laser at 810 nm. The PA intensities gradually
increased for both SPNs treated mice and reached its maxima at 6 h post-injection. At
this time point, the PA intensity for SPNV-treated mice was 1.5-fold higher than that
for SPNT-treated mice (Figures 4a, b). The real-time in vivo PA spectra extracted from
the tumor regions for both SPNs showed the similar profiles to those in solutions
(Figure 4c), confirming that the increased PA signals were generated from the
nanoparticle accumulation. Because SPNV and SPNT had the same surface structure
and size, their biodistribution were similar (Figure S3, Supporting Information). Thus,
the stronger signals from the SPNV-treated mice relative to SPNT should result from

the relatively higher PA brightness of SPNV.
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Figure 4. In vivo PA imaging of tumor in living mice. (a) PA images of living mice

bearing xenograft 4T1 tumors at 0, 6 and 24 h after systemic administration of SPNV
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or SPNT (6 mg kg™! body weight). The PA images were acquired at 810 nm. The tumors
are indicated with the white dashed circles. (b) Quantification of PA intensities of tumor
regions as a function of post-injection time of SPNV or SPNT (n = 3). (¢) Real-time in
vivo PA spectra of tumors at the post-injection time of 6 h. Error bars were based on the
standard deviations (SD) of three parallel samples.

The PTT capability of SPNV was tested and compared with SPNT. Because the PA
signals reached maximum at 6 h post-injection of SPNs (Figure 4b), laser irradiation at
808 nm was conducted at this time point for 5 min with the power of 0.3 W cm™. The
thermal images of mice and surface temperatures of tumors were recorded as a function
of laser irradiation time (Figures 5a, b). The tumor temperatures gradually increased
along with laser irradiation and reached plateau after irradiation for 4 min. At each time
points, the maximum tumor temperatures of SPNV-treated mice were significantly
higher than that of SPNT- or saline-treated mice. In particular, the maximum tumor
temperature of SPNV-treated mice was 50 °C, 1.2-fold and 1.3-fold higher than that of
SPNT- (42 °C) and saline-treated (39 °C) mice, respectively. Such a higher tumor
temperature for SPNV-treated mice relative to SPNT-treated mice was consistent with

the solution data, which was due to the higher photothermal conversion efficacy of

SPNV.
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Figure 5. In vivo photothermal therapy of tumor. (a) IR thermal images of 4T1 tumor-
bearing mice under laser irradiation at 808 nm with the power of 0.3 W cm™ after
systemic administration of saline, SPNV, or SPNT (6 mg kg™! body weight) at the post-
injection time of 6 h. The tumors are indicated with the white dashed circles. (b) Mean
tumor temperature as a function of laser irradiation time after systemic administration
of saline, SPNV or SPNT at the post-injection time of 6 h. (¢) Tumor growth curves of
mice after systemic treatment with saline, SPNV or SPNT with laser irradiation. (d)
Body weight data of mice after systemic treatment with saline, SPNV or SPNT with
laser irradiation. Error bars were based on the standard deviations (SD) of three parallel

samples (*p > 0.05, **p < 0.005).

To evaluate the antitumor effect, the tumor volumes of SPNV- or SPNT-treated mice
were continuously monitored for 16 days after laser irradiation. The tumors of SPNT-
treated mice grew as fast as that of saline-treated mice (Figure 5¢), which was caused
by the fact that the tumor temperature was below the threshold temperature (43 °C) to
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induce cell apoptosis. In contrast, the tumor growth for SPNV-treated mice was
effectively inhibited during the whole tested period, indicating the effective in vivo
ablation of cancer cells. The body weights for all groups of mice were measured at the
same time and no obvious weight loss was observed, suggesting the low toxicity of all

SPN treatments (Figure 5d).

SPNV SPNT Saline

Liver Kidney

Spleen

Figure 6. Histological H&E staining for kidney, liver, spleen and tumors at day 16 after
the photothermal treatment with saline, SPNV or SPNT. The tumor regions with
necrosis are indicated with the dashed circles and arrows.

To further verify the enhanced therapeutic outcome of SPNV, all the mice treated

with SPNs or saline were sacrificed and different organs and tumors were collected for

histological analysis using hematoxylin and eosin (H&E) staining. No significant
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histopathological abnormalities or lesions were observed for kidney, liver and spleen of
all the groups (Figure 6). In contrast, different extent of necrosis was observed for the
tumor tissues of SPN-treated mice followed by PTT treatment. Large areas of necrosis
were found on the tumor slides for SPNV-treated mice, which were not that obvious for
SPNT-treated mice. The percentage of neurosis area on the tumor slide for SPNV-
treated mice was calculated to be 54%, 9-times higher than that for SPNT-treated mice
(6%). The histological analysis again proved the superior PTT outcome of SPNV over

SPNT, which was consistent with the in vivo antitumor data.

CONCLUSIONS

We have developed an organic nanoagent (SPNV) with good biodegradability and
enhanced PA and PTT efficacies relative to its counterpart. Our design took advantage
of the oxidizable nature of vinylene bonds to endow SPNV with the ability to be
efficiently digested in the presence of peroxidase meanwhile without comprising the
optical and photothermal properties. In fact, because of the low molecular weight and
planar conformation of vinylene bonds, SPNV showed mass absorption coefficient, and
photothermal conversion efficacy (71%) that are respectively 1.3- and 2.4-fold higher
than its counterpart nanoparticle without vinylene bonds (SPNT). It should be
emphasized that the photothermal conversion efficacy of SPNV was also significantly
higher than most reported photothermal agents. Thus, SPNV acted as a much better
PA/PTT theranostic nanoagents than SPNT, providing amplified PA signals and

maximum photothermal temperature in living mouse. Moreover, both in vivo tumor
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growth data and ex vivo histological data validated the superior antitumor efficacy of
SPNV over SPNT. By virtue of its good biodegradability and organically benign
composition, SPNV should hold great promise for translational medicine.

In summary, our study provides a molecular design approach to enhance the
biodegradability of optically-active polymer nanoparticles meanwhile dramatically
elevating their photothermal capability. Such a design can be generalized for other SPs
with different structures and applied for other imaging and therapy applications such as

NIR fluorescence imaging guided photodynamic therapy.

METHODS

Chemicals. 3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)pyrrolo[3,4-
c]pyrrole-1,4(2H ,5SH )-dione was purchased from Luminescence Technology Corp. All
chemicals were purchased from Sigma-Aldrich unless otherwise declared.

Materials Characterization. TEM images were obtained on a JEM 1400 transmission
electron microscope with an accelerating voltage from 40 to 120 kV. DLS and zeta
potential were carried out on the Malvern Nano-ZS Particle Size. Ultraviolet (UV)-Vis
spectra were conducted on a Shimadzu UV-2450 spectrophotometer. Infrared (IR)
thermal images were captured by the photothermal camera F30W from Nippon
Avionics Co., Ltd.. An 808 nm high power NIR Lasers (operating mode: CW, output
power after fiber: 2.5 W, LED display: diode current, multimode fiber, fiber core
diameter: 400 um, fiber connector: SMA905, with tunable laser driver module:

0—100%) purchased from CNI Co. Ltd. was used for photothermal measurements of
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SPN solutions and PTT in vivo. The laser spot size was 1 cm?. Nuclear Magnetic
Resonance (NMR) spectroscopy was recorded on a BRUKER Avance 300 NMR ('H:
300MHz) system with CDCIl3 as the solvent. The spectra were internally referenced to
the tetramethylsilane signal at 0 ppm.

Synthesis of DPPV. 3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione (75 mg, 0.083 mmol), trans-1,2-
bis(tributylstannyl)ethene (50 mg, 0.083 mmol), Pdx(dba)s (0.6 mg, 0.00065 mmol),
and tri(o-tolyl)phosphine (1.2 mg, 0.0039 mmol) were placed in a Schlenk tube (50
mL). The Schlenk tube was then sealed, degassed and refilled with nitrogen by three
vacuum-nitrogen cycles. Chlorotoluene (3 mL) was then injected into the tube. The
mixture was degassed by three freeze-pump-thaw circles. The Stille polycondensation
reaction was subsequently conducted at 100 °C by vigorous stirring under N>
atmosphere for 24 h. The resulted dark viscous mixture was precipitated and washed
three times by excess methanol. The residue was collected by centrifugation and then
dried under vacuum to obtain the final product. 'H NMR (300 MHz, CDCl3, §): 9.29 —
8.64 (m, 4H), 6.83 — 6.59 (m, 2H), 4.30-3.85 (m, 4H), 2.72-2.47 (m, 2H), 1.46-1.08 (m,
41H), 0.90-0.73 (m, 19H).

Preparation of SPNs. DPPV, DPPT and PLGA-PEG (Mn=4500) were dissolved in
THEF to prepare stock solutions individually. Then the THF solution (1 mL) containing
DPPV or DPPT (0.25 mg) and PLGA-PEG (10 mg) were mixed and rapidly injected
into the homogeneous mixture of distilled-deionized water and THF (11 mL) at the ratio

of 10:1 under sonication. After sonication for additional 10 min, THF was evaporated
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under nitrogen atmosphere. The aqueous solution was filtered through a
polyethersulfone (PES) syringe driven filter (0.22 um) (Millipore) and washed three
times using distilled-deionized water and centrifugal filter units (Millipore, MWCO 50
kDa) with the speed of 3,500 rpm for 15 min. The SPN solutions were diluted in 1x
PBS buffer (pH 7.4) and the concentrations were determined by UV-Vis absorption
according to the mass absorption coefficient. The SPN solutions were finally
concentrated by ultrafiltration and stored in dark at 4 °C.

In vitro PA Instrumentation. In vitro PA spectra were measured by an optical
parametric oscillator, OPO (Continuum, Surelite), generating pulses with duration 5 ns
and pulse energy 100 mJ pulse™ at 10 Hz repetition rate, which was pumped by a Q-
switched 532 nm Nd:YAG laser. The output wavelength was tuned from 680 to 900
nm. The SPNV or SPNT solution was placed inside a low-density polyethylene (LDPE)
tube with an inner diameter (ID) of 0.59 mm and outer diameter (OD) of 0.78 mm.
After irradiation with laser wavelengths ranging from 680 to 900 nm with 10 nm
increment, the PA signals produced in LDPE tube was coupled to the single-element
ultrasound transducer, UST (V323-SU 2.25 MHz!, 13 mm active area, and 70%
nominal bandwidth, Panametrics). Both the tube and UST were immersed in aqueous
medium. PA signals at individual wavelength were acquired using the UST, which were
subsequently amplified with a gain of 50 dB. Band pass was filtered (1-10 MHz) by a
pulser/receiver unit (Olympus-NDT, 5072PR) and the output was digitized with a data
acquisition card (GaGe, compuscope 4227) operated at 25 MHz. Peak-to-peak voltages

of the PA signals for each wavelength were then normalized relative to the laser power.
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The normalized signals were plotted as a function of wavelengths to generate the PA
spectra. The PA signals with different concentrations of SPNs were measured in the
same way at the laser wavelength of 810 nm.

In vitro Biodegradability Studies. SPNV or SPNT solutions (3 pg mL™) were
incubated with H,0 (300 M) in the present or absent of MPO (50 g mL™) at 37 T
in phosphate buffer (50 mM, pH 7.0) with NaCl (150 mM). The absorption spectra of
SPNs were measured after the incubation for 0, 24 and 48 h until the peak of SPNV at
819 nm disappeared. The MPO enzyme was purchased from Bio-Techne China Co.
Ltd. with specific activity >50,000 pmol min* pg . The average MPO concentration in
neutrophils was reported to be 5.9%10" U per neutrophil.®° There are around 3000-7000
neutrophils L in blood. The specific activity of MPO enzyme we used is 5x102 U
Lo L. Subsequently the average MPO concentration can be translated to be 35.4-82.6 |y
mL™,

In vitro Photothermal Characterizations. The 1 x PBS solution (pH 7.4) of SPNV or
SPNT with the concentration of 60 pg mL! and the same amount of PBS buffer were
exposed to laser irradiation at 808 nm. The temperatures were recorded every 20 s and
the laser was turned off until the temperature reaching plateau (8 minutes here). Then
the temperatures were continuously monitored every 20 s for another 8 min. The heating
and cooling process were repeated five times to test the photothermal stability of SPNV
or SPNT. The photothermal conversion efficiencies were calculated according to our
previous report.>*

Cell Culture. 4T1 and RAW264.7 cells were purchased from the American Type
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Culture Collection (ATCC). 4T1 cells were cultured in RPMI-1640 medium
supplemented with fetal bovine serum (FBS, 10%) and Penicillin/Streptomycin
antibiotics (1%). RAW264.7 cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM)  supplemented with fetal bovine serum (FBS, 10%) and
Penicillin/Streptomycin antibiotics (1%). The cells were maintained in an atmosphere
of 5% CO2 and 95% humidified air at 37°C.

Biodegradability Studies in cells. The RAW264.7 Cells were subculture in flask.
When the cell confluency reached 60%, the cells were incubated with SPNV (38 ug
mL") for 24 hours. Then the cells were washed with PBS buffer (10 mM, pH 7.4) and
treated with lipopolysaccharides (LPS, 1 pg mL™) for 30 hours. The cells without LPS-
treatment were served as the control group. Then the cells were harvested, counted the
number and broken by ultrasonication. After centrifugation with 4, 000 rpm for 10 min,
the solutions from 276, 000 cells in 1 mL PBS buffer were used to measure the
absorption.

Cytotoxicity Test. Cells were seeded in 96 well plates (3000 cells in 100 pL medium
per well) for 12 h, and then were cultured with fresh medium containing SPNV or SPNT
solutions with different concentrations of 10, 20, 60, 100 and 150 pg mL™" for 24 h.
Next, the per well medium was changed to the mixture of 120 pL fresh medium with
MTS solution (Promega) (20 pL). After incubation for another 4 h, the absorbance
measurement at 490 nm was performed using a SpectraMax M5 microplate/cuvette
reader. Cell viability was expressed as the ratio of the absorbance of the cells treated

with SPNV or SPNT to that of untreated cells.
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In vitro PTT of SPNs. Cells were seeded in 96 well plates (10, 000 cells in 100 pL
medium per well) for 12 h, and followed by incubation with fresh medium containing
SPNV or SPNT solutions with different concentrations of 20, 60 and 100 pg mL™! for
3 h. After it, the cells were irradiated with 808 nm laser with different power densities
of 0.3 and 0.5 W cm™ for 8 min and followed by incubation with fresh medium for
another 12 h. At last, the cell viabilities were measured and calculated as described in
the Cytotoxicity Test section.

Tumor Mouse Model. All animal studies were performed under protocols approved by
Laboratory Animal Center of Soochow University. To establish tumors in eight-week-
old BALB/c, ten to twenty million 4T1 cells were suspended in 1 mL fresh medium and
each mouse was subcutaneously injected with 0.1 mL cell suspension under the armpit.
Tumors were allowed to grow to a single aspect ~7 mm (approximately 10-15 days)
before in vivo experiments.

In Vivo PA Imaging. After mice bearing 4T1 tumors were anesthetized using 2%
isoflurane in oxygen, SPNV or SPNT solutions were systematically injected through
the tail vein using a microsyringe (6 mg kg™ body weight) (n=3). A Multispectral
Optoacoustic Tomography scanner (MSOT, iThera medical, Germany) was used to
acquire the PA images at 810 nm. In vivo PA spectra with excitation light from 680 to
850 nm were acquired from the tumor regions after 6 h systemic administration of
SPNs.

In Vivo PTT. Mice bearing 4T1 tumors were exposed to 808 nm laser with the power

density of 0.3 W cm™ after systemic administration of saline (200 uL) (n=3), SPNV (6

23



mg kg! body weight) (n=3) or SPNT (6 mg kg™! body weight) (n=3) for 6 h. IR thermal
camera was utilized to record the temperature change of the tumor in every 20 seconds
during the laser irradiation of 5 min. The tumor sizes were measured by caliper every
other day and calculated as the volume = (tumor length) x (tumor width)?/2. Relative
tumor sizes were calculated as V/V, (V, was the initial tumor volume).
Biodistribution Method. After 24 h post-injection of SPNV or SPNT, the mice were
sacrificed by CO; asphyxiation. Major organs as indicated were harvested for the PA
measurements.

Histological Studies. The mice treated with saline (200 pl) (n=3), SPNV (6 mg kg’!
body weight) (n=3) or SPNT (6 mg kg' body weight) (n=3) and followed by PTT
treatment were sacrificed. The kidney, liver, spleen and tumor were fixed in 4%
formalin and then conducted with paraffin-embedded section for H&E staining. The
slices were examined by a digital microscope (Leica).

Data Analysis. /n vivo and ex vivo PA intensities were measured by region of interest
(ROI) analysis using post-processing software ViewMSOT. The histological analysis
was carried out using Image J. Results were expressed as the mean+ standard deviations

(SD) unless otherwise stated.
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