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ABSTRACT Despite the deeper tissue penetration of photoacoustic (PA) imaging, its sensitivity
is generally lower than optical imaging. This fact partially restricts the applications of PA imaging
and greatly stimulates the development of sensitive PA imaging agents. We herein report that the
surface coating of semiconducting polymer nanoparticles (SPNs) with the silica layer can
simultaneously amplify fluorescence and PA brightness while maintaining their photothermal
conversion efficiency nearly unchanged. As compared with the bare SPNs, the silica-coated SPNs
(SPNs-SiO2) have higher photothermal heating rate in the initial stage of laser irradiation due to
the higher interfacial thermal conductance between the silica layer and water relative to that
between the SP and water. Such an interfacial effect consequently results in sharp temperature
increase and in turn amplified PA brightness for SPNs-SiO.. By conjugating polyethylene glycol
(PEG) and cyclic-RGD onto SPNs-SiO», targeted PA imaging of tumor in living mice is
demonstrated after systemic administration, showing a high signal to background ratio. Our study
provides a surface engineering approach to amplify the PA signals of organic nanoparticles for

molecular imaging.
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1. Introduction
Photoacoustic (PA) imaging as a hybrid non-ionizing imaging modality that measures the
conversion of photon energy into acoustic pressure waves, which provides deep tissue penetration
as compared with optical imaging due to the minimized scattering of acoustic waves relative to
light [1, 2]. PA imaging has been not only used to understand fundamental biology such as imaging
of diseases biomarkers [3, 4], brain function [5] and angiogenesis [6], but also involved in
preclinical and clinical studies such as cancer diagnostics [7, 8], guided sentinel lymph node biopsy
[9], brain imaging [10] and dosimetry in thermal therapy [11]. However, as PA signals are mainly
determined by the absorption and photothermal conversion of imaging agents, the sensitivity of
PA imaging is generally lower than optical imaging [12]. To advance the applications of PA
imaging in life science, imaging agents with high PA brightness are highly desired, which can also
minimize the dosage required for in vivo studies and in turn alleviate the potential issue of toxicity.
Semiconducting polymer nanoparticles (SPNs) have recently been used for PA imaging in
addition to small-molecule organic dyes [13, 14], fluorescent proteins [15, 16], gold nanoparticles
[17], carbon nanotubes [18-21], two-dimensional materials [22-24], up-conversion nanoparticles
[25] and porphysomes [26-28]. SPNs are made from semiconducting polymers (SP) with -
electron delocalized backbones, which have proved as versatile photonic nanomaterials for a
variety of molecular imaging and theranostic applications [29-39]. In particular, SPNs have been
developed into smart activatable probes for in vivo PA imaging of tumor [40], reactive oxygen
species [41] and pH [42]. SPNs often have higher photostability and PA brightness as compared
with other PA agents such as carbon nanotubes and gold nanorods [41, 43]. These intrinsic merits
in conjunction with their organic and biologically benign ingredients place SPNs at the forefront

of PA imaging.



To improve the sensitivity of SPNs for PA imaging, we not only investigated the relationship
between the structure and PA properties of SPs [44] but also proposed an intraparticle engineering
approach [45]. As compared with massive screening of SPs, the intraparticle doping approach is a
more facile way that avoids time-consuming synthesis. The doping approach incorporates a
secondary component into SPNs that serves as the electron acceptor to create photoinduced
electron transfer (PET) (Figure 1a), that promotes nonradiative decay, quenches the fluorescence
and converts this part of photon energy into extra heat, ultimately augmenting PA signals. In
addition, enhanced heat generation increases maximum photothermal temperature and thus
benefits photothermal therapy [45]. However, this approach can only be applied to fluorescent
SPNs, and after doping, SPNs are no longer light-emitting, which comprises the capability for
complementary fluorescence imaging. Moreover, some other materials such as single-layer MoS;
nanosheets [46] and reduced graphene oxide coated gold nanorods [47] have been used to amplify
PA signals for sensitive PA imaging.

In this study, we report a general surface engineering approach to develop multilayered SPNs
with simultaneously amplified fluorescence and PA brightness for in vivo imaging. The
multilayered SPNs contains a hydrophobic SP core coated with an optically inner silica shell
(Figure 1a). Note that although silica-coated nanoparticles composed of small-molecule dyes have
been reported [48], the effect of silica on the PA properties has yet to be revealed. We synthesized
silica-coated SPNs (SPNs-SiO2) and compared their optical, photothermal and PA properties with
the uncoated SPNs. To demonstrate the generality of this approach, both nonfluorescent (SP1) and
fluorescent (SP2) polymers were tested. We found that SPNs-SiO> had higher PA brightness than
the uncoated SPNs. We thus carried out the finite element analysis (FEA) simulation to reveal the

underlying mechanism involved. The results revealed that the photothermal heating rate of SPN-



SiOz is faster than that of the uncoated SPNs due to the higher heat interfacial conductance for the
interface between the silica layer and water as compared with that between the SP core and water.
Such an interfacial effect eventually led to the higher PA signals for SPN-SiO relative to that for
the uncoated SPNs. To demonstrate the proof-of-concept imaging application, SPNs-SiO, were

conjugated with peptide and applied for PA imaging of tumor in living mice.
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Figure 1. Synthesis and characterization of SPNs. (a) Schematic illustration of intraparticle

engineering and surface engineering approaches for amplified PA imaging. (b) Chemical



structures of reagents used for preparation of SPNs, including PDPPCPDT, PCPDTBT, PEG-b-
PPG-b-PEG, TEOS, and APTS. (c) Schematic illustration of the preparation of SPN-SiO,. (d)
Photography of the solutions of SPNs. [SPN] = 20 g mL™. Representative TEM images of SPN1
(e) and SPN1-SiO2 (f). (g) Representative DLS profiles of SPNs in PBS.

2. Results and discussion

Two near-infrared (NIR) absorbing SP analogues, poly(cyclopentadithiophene-alt-
diketopyrrolopyrrole) (PDPPCPDT, SP1) and poly(cyclopentadithiophene-alt-benzothiadiazole)
(PCPDTBT, SP2), were used to synthesize the SPNs (Figure 1b). Different from its analogue SP2,
SP1 had the structure unit of diketopyrrolopyrrole in the backbone, which narrowed down the band
gap and red-shifted the absorption. The uncoated SPNs (SPN1 and SPN2) were synthesized from
nanoprecipitation with the amphiphilic triblock copolymer Polyethylene glycol-b- Polypropylene
glycol-b-Polyethylene glycol (PEG-b-PPG-b-PEG). To prepare the silica-coated SPNs (SPN1-
SiO2 and SPN2-Si03), a THF mixture of SPs and PEG-b-PPG-b-PEG at the weight ratio of 1:100
was first prepared and evaporated to yield a solid thin film. After reconstituting in the HCI solution
under ultrasonication, the silicate condensation of tetraethyl orthosilicate (TEOS) efficiently was
conducted to form a thin silica shell on the surface of SPNs-SiO.. At last, (3-
aminopropyl)triethoxysilane (APTS) was added to the reaction solution to terminate the silicate
condensation and also to generate the amine groups on the nanoparticle surface for post-

bioconjugation (Figure 1c). The resulted solutions of SPNs-SiO> were translucent (Figure 1d).

Transmission electron microscopy (TEM) showed that both SPNs and SPNs-SiO2 had
uniform spherical morphology with the average diameter of ~ 20 and 15 nm for SPN1 and SPN-
SiO; (Figures 1e&1f), respectively. Dynamic light scattering (DLS) further confirmed that the
average hydrodynamic diameters of SPNs-SiO2 were smaller than that of SPNs (Figure 1g), which

were 24, 18, 24 and 21 nm for SPN1, SPN1-SiO, SPN2 and SPN2-SiO., respectively. This is



caused by the fact that after the silicate condensation, SPNs-SiO2 were condensed and became
more compact relative to bare SPNs. The hydrodynamic diameters were slightly larger than the
diameters measured by TEM, probably because the sample preparation of TEM caused the
shrinkage of nanoparticles. The nanoparticles remained stable for months with no obvious size

change (Figure S1, Supporting Information), demonstrating the long-term aqueous stability of

these SPNs.
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Figure 2. Absorption and photothermal characterization of SPNs. (a) Absorption spectra of
SPNs: SPN1, SPN1-SiO2, SPN2 and SPN2-SiO>. (b) Temperatures of SPN solutions as a function
of laser irradiating time. The different temperature increase rates between SPNs and SPNs-SiO;
are indicated with the red dashed circles pointed with the red arrows. (¢) Thermal images of SPNs
solutions at their respective maximum photothermal temperatures. (d) Stability study of SPNs
under the photothermal heating and natural cooling cycles. [SPN] = 20 pg mL™? in 1 xPBS (pH =
7.4). The laser irradiation wavelength was at 808 nm with a power of 1 W cm,



The absorption and photothermal properties of SPNs were studied and compared in
phosphate buffered saline (PBS) (pH = 7.4). For each pair of SPNs, the absorption spectra curves
of SPNs and SPNs-SiO> were similar (Figure 2a), consistent with the fact that absorption of SPNs
was mainly determined by the molecular structures of SPs inside the SPN core. Owing to the
enhanced charge transfer, the absorption maxima of SPN1 (750 nm and (740 nm) SPN1-SiOy)
were red-shifted by ~90 relative to those of SPN2 (660 nm and (650 nm) SPN2-SiO>). The peak
mass extinction coefficients of SPN1 and SPN1-SiO, were 87 cm™mg™ mL, similar to those of

SPN2 and SPN2-SiO2 (90 cm™ mg* mL).

Under continuous laser irradiation at 808 nm, all the SPNs showed gradually increased
solution temperatures and all the nanoparticles reached plateau before t = 360 s (Figure 2b). The
superficial silica layer of SPNs-SiO. did not affect the maximum photothermal temperature of
SPNs (Figure 2c): the maximum photothermal temperatures of each pair of SPNs were nearly the
same (75.8 vs 76.8 °C for SPN1 and SPN1-SiO2, and 51.7 vs 51.9 °C for SPN2 and SPN2-SiO,
respectively). The photothermal conversion efficiencies of SPN1, SPN1-SiO,, SPN2, and SPN2-
SiO2 at 808 nm were calculated to be 19.7, 18.9, 27.5, and 28.1%, respectively. The photothermal
stability was studied by reversibly heating and cooling the nanoparticle solutions (Figure 2d). The
maximum temperatures of SPNs remained nearly the same for at least 5 cycles, demonstrating that

all the SPNs had good photothermal stability.

The maximum photothermal temperatures and conversion efficiencies of SPNs were mainly
determined by the molecular structures of SPs used for preparation of SPNs but not affected by
the surface structures. However, the temperature of SPN1-SiO. was higher than that of SPN1 at
each time point before t = 240 s (Figure 2b), meaning that the photothermal heating rate of SPN1-

SiO2 was larger than that of SPN1 in the initial stage of laser irradiation. Thus, SPN1-SiO; required



only 240 s to reach the maximum photothermal temperature, which took additional 120 s for SPN1
(360 s in total) to reach the maximum temperature (Figure 2b). Similar trend was observed for
SP2-based nanoparticles. These results demonstrated that the silica layer affected the photothermal
heating rate for SPNs-SiO». As silica was optically inert, it should only be able to facilitate the
heat diffusion from the optically active SP core to the surrounding water environment. Thus, the
increased heating rates for the silica coated SPNs vs the uncoated SPNs indicated that the interface
silica to water had a lower interfacial resistance as compared with that of the SP core to water.

This phenomenon was also observed for silica-coated gold nanoparticles [49-51].
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Figure 3. Fluorescence and photoacoustic properties of SPNs. (a) Fluorescence spectra of SPNs
in 1 <PBS (pH = 7.4). Inset: Representative IVIS fluorescence images of SPNs in 1<PBS (pH =
7.4). [SPN] = 2 g mLL. (b) PA spectra of SPNs in 1xPBS (pH = 7.4). (c) Comparison of PA
amplitudes of SPN1 and SPN1-SiO, at 760 nm, and SPN2 and SPN2-SiO. at 680 nm under the
same concentration, respectively. [SPN] = 20 pg mL™ (*p <0.01, n = 5). (d) PA signals of SPN1



and SPN1-SiO; at 760 nm (top) and SPN2 and SPN2-SiO, at 680 nm (down) in the same optical
concentration. (e) The PA amplitudes at 760 nm as a function of concentrations of SPN1 and
SPN1-SiO; (top) and at 680 nm as a function of concentrations of SPN2 and SPN2-SiO (down).
(F) The PA images of SPN1 and SPN1-SiO> (top) and SPN2 and SPN2-SiO> (down) at different

concentrations.

The fluorescence and PA properties of SPNs were studied and compared in PBS at pH = 7.4.
SPN1 and SPN1-SiO, were nearly non-fluorescent, while SPN2 and SPN2-SiO. showed the
emission maximum at 835 and 820 nm, respectively (Figure 3a & Figure S2, Supporting
Information). With the silica coating, SPN2-SiO> had the fluorescence quantum yield (1.46 %)
that was 5.22-times higher than SPN2 (0.28 %) (Figure 3a). This is consistent with our and others
previous studies that silica coating often increases the fluorescence of organic dye-doped
nanoparticles, because it can effectively reduce the interaction between the fluorescent component
and water molecules and provides a relatively hydrophobic environment [52, 53].

The PA spectra of SPNs were acquired at the same mass concentration of SPs by pulsed laser
irradiation ranging from 680 to 950 nm (Figure 3b). Similar PA spectra profiles with the peak at
760 and 680 nm were observed for SP1- and SP2-based SPNs, respectively. This was consistent
with their absorption spectra, showing that silica coating did not change the PA spectral file for
SPNs. However, the PA amplitudes of the silica-coated SPNs were ~1.4 higher than the
corresponding uncoated SPNs (Figure 3c&3d). Such a silica coating amplified PA signals were
observed regardless of the nanoparticles concentrations (Figure 3e). Different from our previous
intraparticle PET approach wherein the PA signals were enhanced along with the decreased
fluorescence (Figure 1a), the surface coating of SPNs with a silica layer not only enhanced the

fluorescence but also amplified the PA brightness of SPNs.
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The PA signal depends on the following factors: i) the account of incident photons be
absorbed and converted to heat, and ii) the rate of the generated heat diffusing out from the
nanoparticles during thermoelastic expansion and wave generation [51]. In this study, the
maximum photothermal temperatures of SPN and SPN-SiO> were almost the same (Figure 2c),
demonstrating that the same amounts of photons can be absorbed and converted into heat (Factor
1). Thus, this implies that the rate of the generated heat diffusing out from the SP core (Factor ii)
plays an important role in determining the PA signals of SPNs and SPNs-SiO.. By virtue of the
silica layer in the surface, the heat diffusion from the SP core of SPNs-SiO; to the surrounding
fluid is faster than that for SPNs. This was witnessed by the fact that the temperature of SPNs-

SiO; increased faster than that of SPNs at the beginning of continuous laser irradiation at 808 nm

(Figure 2b).
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Figure 4. Simulation of photothermal and PA properties of SPNs. (a) Schematic illustration of
the COMSOL simulation for nanoparticles. (1 and 2 are the two test points for measuring
temperature and photoacoustic signal) (b) Simulation of the temperature near the surface of the
SPNs (Point 1) after a temporal laser pulse. (¢) Simulation of PA signals near the surface of SPNs

(Point 1) after a temporal laser pulse. (d) Simulation of the temperature 7 nm away from the center
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of SPN (Point 1) after a continuous laser pulse. (e) Simulation of the temperature 20 nm away

from the center of SPN (Point 2) after a continuous laser pulse.

To investigate the detailed mechanism that governs the different photothermal and PA
properties of silica-coated and uncoated SPNs, a finite element analysis (FEA) simulation was
conducted in COMSOL multiphysics (COMSOL Inc, USA). In the simulation, the cores of both
nanoparticles (SPN-SiO2 and SPN) were set to have a semidiameter of 6 nm (Figure 4). According
to the literature [54], the PEG-b-PPG-b-PEG templated coating of nanoparticles usually resulted
in a thin silica shell, and thus the silica coating layer of SPN-SiO was set to have the thickness of
1 nm (Figure 4a). The surrounding fluid environment was set to be water. For PA simulations, the
laser heating pulse was set to 1 ns; whereas for photothermal simulations, the laser heating was set
to be continuous. The temperatures of water at the distance that is 7 nm away from the centre of
SPN and SPN-SiO; (Point 1) were compared after 1 ns laser heating (Figure 4). SPN-SiO; showed
sharper increase but lower peak temperature than that of SPN (Figure 4b). This was due to the
fact that the interface between the silica layer and water had the higher heat interfacial conductance
relative to that of the SP core and water, which was consistent with the experimental photothermal
results (Figure 2b). The reduced interfacial resistance accelerated the heat dissipation from SPN-
SiO> to the surrounding water, leading to the sharper temperature increase as compared to that for
SPN as well as a lower peak temperature at the interface of SPN-SiO; based on the formula of AT
= RQ (where Q is the heat flux through the interface and R is the interfacial resistance) [55, 56].
The PA simulation were performed in two steps: in the first step, the heat transfer simulation was
conducted using the heat transfer module in COMSOL,; in the second step, the heat transfer
simulation results were coupled to the acoustic module to obtain the final PA signals. The

separation into two steps could be justified by the wave equation of PA:
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v2p<r,t>—ci2§T p(r.t) =25 ANS H) &)

in which p(r,t) and c represent the PA pressure and speed of sound, respectively. I" signifies the
Grueneisen parameter of water. A(r) and H(t) denote the heating function’s spatial distribution and
temporal characteristics, respectively. The wave equation could be solved by using the Green’s

function method as:

p(r. )= SO |r_r| @

r-ret
r and r’ denote the position where the PA waves are to be detected and the position inside the
material, respectively [57]. From the analytic solution, it is observed that the PA signal could be
obtained numerically once one have the solution for the heating function (A(r) and H(t)). The
analytic equation also indicates that the PA amplitude is proportional to the derivative of
temperature (heating function). Thereby, the higher interfacial heat conductance of SPN-SiO>
resulted in a sharper temperature increase, and consequently led to a larger PA signal. As a result
of such a silica-induced interfacial effect, the PA signals generated by SPN-SiO2 was calculated
to be 1.2 times higher than that of SPN (Figure 4c), consistent with the experimental observation

(Figure 3c).

The photothermal responses of SPN-SiO2 and SPN under continuous laser heating at 7 (Point
1) and 20 nm (Point 2) away from the absorbing nanoparticle centre were compared, respectively
(Figures 4d&4e). As compared with SPN, SPN-SiO, with the higher interfacial heat conductance
indeed displayed slightly lower temperature at point 1 under continuous laser heating (Figure 4d);
however, SPN-SiO> displayed slightly higher temperature at point 2 than that of SPN under

continuous laser heating (Figure 4e). This should be attributed to the fact that the same heat were
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generated from SPN-SiO2 and SPN. With more heat transferred into the far field (Point 2),
relatively less heat left at the near field (Point 1) for SPN-SiO- relative to that of SPN. The
experimental observation and simulation results demonstrated that the higher heat interfacial
conductance for the interface between the silica layer and water relative to that of the SP core and
water is the origin of increased photothermal heating rate and amplified PA brightness for SPN-

SiO; as compared to SPN.
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Figure 5. In vivo PA imaging of xenograft 4T1 tumors in living mice. (a) Synthesis of SPN1-
SiO2-PEG and SPN1-SiO2-RGD. (b) Representative PA images of subcutaneous tumor after
intravenous administration of SPN1-SiO2-RGD or SPN1-SiO2-PEG (150 jg/mL, 0.2 mL) through
tail vein injection for 0, 8 and 24 h, respectively. The representative PA maximum imaging
projection (MIP) images with axial view for the tumors of SPN1-SiO2-RGD or SPN1-SiO2-PEG-
injected mice. (c) Quantification of PA intensities at 760 nm of tumor as a function of post-
injection time of SPN1-SiO2-RGD or SPN1-SiO2-PEG.*P < 0.05, in comparison between PA
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intensities at 760 nm of tumor of 2, 4, 6, 8, and 24 h of SPN1-SiO,-RGD and SPN1-SiO,-PEG. (d)
In vivo real-time PA spectra extracted from the tumor areas of living mice after intravenous
administration of SPN1-SiO2-RGD or SPN1-SiO2-PEG for 24 h. (e) Ex vivo PA quantification at
760 nm of major organs of mice 24 h after intravenous administration of SPN1-SiO>-RGD or
SPN1-SiO2-PEG (*p <0.01, n = 3).

SPN1-SiO2 was developed into targeted probes for in vivo PA imaging of tumor in living
mice, as it has the longest PA maximum and highest PA brightness among all SPNs. To reduce
the reticuloendothelial system (RES) uptake and prolong the circulation time in vivo, SPN1-SiO-
were conjugated with NHS-PEG via nucleophilic substitution reaction between the amine group
of SPN1-SiO2 and NHS group (Figure 5a), leading to SPN1-SiO,-PEG. To afford the targeting
capability, SPN1-SiO,-PEG were further conjugated with a cyclic-RGD via a N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) coupling reaction between the
amino group on the nanoparticle surface and the carboxyl group of cyclic-RGD, affording SPN1-
SiO2-RGD. No obvious difference in size (21.3 1.2 and 20.2 0.8 nm for SPN1-SiO>-RGD and
SPN1-SiO2-PEG, respectively) was observed as compared with SPN1-SiO, (18.8 = 2.2 nm)
(Figure S3, Supporting Information). In addition, no obvious cytotoxicity was detected for both
SPN1-SiO2>-RGD and SPN1-SiO.-PEG against human breast cancer 4T1 cells (Figure S4,
Supporting Information), confirming the suitability of SPN1-SiO>-RGD and SPN1-SiO,-PEG for

biological applications.

The imaging capability of SPN1-SiO>-RGD and SPN1-SiO.-PEG were tested in the mouse
model of subcutaneous 4T1 xenograft tumor. After systemic administration of SPN1-SiO,-RGD
or SPN1-SiO2-PEG into the tumor-bearing living mice through tail vein, the PA images were
longitudinally recorded and quantified (Figure 5b). The PA signals in tumor regions gradually

increased for both nanoparticles over time and reached maximum at 8 h post-injection for both
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SPNs (Figure 5c¢). In particular, SPN1-SiO»-RGD injected mice had much higher PA intensities in
tumor region as compared to those for SPN1-SiO,-PEG at each post-injection time point. This was
attributed to the presence of cyclic-RGD in SPN1-SiO.-RGD, which targeted the avps integrin
receptors overexpressed on the surface of 4T1 cells and subsequently promoted the tumor uptake
of nanoparticles [58, 59]. At 8 h post-injection, the PA signals of tumors reached its maximum for
both SPNs. At this time point, the intensity for SPN1-SiO>-RGD injected mice was 1.60-fold
higher than that for SPN1-SiO.-PEG injected mice, and also 3.85 higher than that of the tumor
background. Such a PA intensity difference could be obviously visualized in the PA images, and
the enhanced PA signals permitted clear visualization of tumors using SPN1-SiO>-RGD (Figure
5b).

To further confirm the source of enhanced PA signals in tumors, the real-time in vivo PA
spectra were extracted from the tumors of SPN1-SiO,-RGD or SPN1-SiO>-PEG-injected mice.
The in vivo spectra resembled that of SPN1-SiO; in solution (Figure 5d vs Figure 3b), validating
that the enhancement of PA signal in tumor regions was originated from the nanoparticle
accumulation. The ex vivo biodistribution of SPN1-SiO,-RGD or SPN1-SiO2-PEG injected mice
were acquired at 24 h using PA quantification (Figure 5e). SPN1-SiO2-RGD and SPN1-SiO2-PEG
have similar dynamic biodistributuion in major organs such as liver and spleen. However, the
targeting capability of SPN1-SiO2-RGD led to 2.45-fold higher particle accumulation in tumor as
compared with SPN1-SiO2-PEG, which was consistent with the real-time PA measurement
(Figures 5¢&5d). These data not only proved the utility of the silica-coated SPNs both actively

and passively targeting probes for in vivo PA imaging of tumor.

3. Conclusions
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In summary, we have designed and synthesized two classes of SPNs with different surface
structures and compared their optical, photothermal and PA properties in details. With surface
coating of SPNs with a silica layer, the fluorescence and PA brightness can be increased 5.2 and
1.4-fold, respectively; whereas, their photothermal conversion efficiency remains nearly the same.
Such a surface-coating induced PA amplification is different from our previous approach, wherein
the fluorescence is quenched via PET process to produce extra nonradiative heat and subsequently
enhanced PA signals. The experimental and theoretical studies reveal that the higher heat
interfacial conductance for the interface between the silica layer and water relative to that for the
interface between the SP core and water leads to increased photothermal heating rate, consequently
amplifying PA brightness for the silica-coated SPNs (SPNs-SiO) as compared to the uncoated
SPNs. The proof-of-concept application of the amplified SPN (SPN1-SiO2) is demonstrated for
targeted PA imaging of tumor in living mice. With conjugation of PEG and cyclic-RGD to the
surface of SPN1-SiOy, it allows for more effective targeting to the 4T1 tumors of living mice as
compared to the non-targeted nanoparticles after systemic administration. Our study thus not only
provides a surface engineering approach to amplify the fluorescence and PA brightness for
polymer nanoparticles but also reveals the important of increasing interfacial heat conductance in

amplified PA imaging.

4. Experimental section

4.1. Chemicals

All chemicals were obtained from Sigma-Aldrich unless otherwise stated. 3-(4,5-
Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt
(MTS) solution were purchased from Promega, USA. Poly(cyclopentadithiophene-alt-

benzothiadiazole) (PCPDTBT, SP2) was purchased from Luminescence Technology Corp.
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Poly(cyclopentadithiophene-alt-diketopyrrolopyrrole) (PDPPCPDT, SP1) was synthesized in
accordance with our previously published synthetic method [60]. Cyclo (RGDyC) was purchased

from GL Biochem (Shanghai) Ltd. mPEG-NHS (MW: 2000) was purchased from Nanocs, USA.
4.2. Instrumentation

TEM images were obtained on a JEM 1400 transmission electron microscope with an
accelerating voltage of 100 kv. Dynamic light scattering (DLS) was performed on the Malvern
Nano-ZS Particle Size. Ultraviolet-visible (UV-Vis) spectra were obtained using a SHIMADZU
UV-2450 spectrophotometer. Fluorescence measurements were carried out on a Fluorolog 3-
TCSPC spectrofluorometer (Horiba JobinYvon). Infrared (IR) thermal images were recorded by
the photothermal camera FLIR T420. 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 pm, fiber connector: SMA905, with tunable laser driver module: 0-100%) purchased from
CNI Co., Ltd. was used for photothermal measurements of SPNs solutions. The laser spot size was
1 cm?. Fluorescence images of SPNs solutions were acquired with the 1VIS spectrum imaging.
Fluorescence images of SPN1 and SPN1-SiO2 were acquired with excitation of 745 £10 nm, and
emission at 820 = 10 nm. Fluorescence images of SPN2 and SPN2-SiO; were acquired with

excitation of 675 =10 nm, and emission at 820 =10 nm.
4.3. PA Instrumentation

For in vitro measurement, an optical parametric oscillator, OPO (Continuum, Surelite), which
pumped by a Q-switched 532 nm Nd:YAG laser was used as an excitation source. OPO can
generate tunable laser pulses within 680-900 nm wavelength range with 5 ns pulse duration, 100

mJ/pulse energy at 10 Hz repetition rate. The solution containing samples were placed inside a
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low-density polyethylene (LDPE) tube with an inner diameter (ID) of 0.59 mm and outer diameter
(OD) of 0.78 mm. The sample containing LDPE tube, and the single-element ultrasound
transducer, UST (V323-SU / 2.25 MHz, 13 mm active area, and 70% nominal bandwidth,
Panametrics) were immersed into water medium for coupling of PA signals to UST. The LDPE
tube was irradiated with wavelengths ranging from 680 - 900 nm with 10 nm increment. PA signals
were collected using the UST and these signals were subsequently amplified using a gain of 50
dB, and band pass filtered (1-10 MHz) by a pulser/receiver unit (Olympus-NDT, 5072PR). Finally,
the output signals from the pulser/receiver unit was digitized with a data acquisition card (GaGe,
compuscope 4227) operated at 25 MHz and the acquired signals were stored in the computer. Peak-
to-peak voltage of the PA signals was then normalized with the laser energy at each wavelength
and were plotted against the wavelength to generate the PA spectrum. The PA signals at specific
wavelength were measured using the same way. For in vivo measurement, a commercial Endra
Nexus128 PA tomography system (Endra, Inc., Ann Arbor, MI) was used in this study. The system
houses a tunable nanosecond pulsed laser (7 ns pulses, 20 Hz pulse repetition frequency, 9
mJ/pulse on the animal surface, wavelength range (680-950 nm)), 128 unfocused ultrasound
transducers (with 5 MHz center frequency and 3 mm diameter) arranged in a hemispherical bowl
filled with water, animal tray on top of the bowl, data acquisition/reconstruction console, servo

motors for 3D rotation of the bowl, and a temperature monitor of the water bath.

4.4. Preparation of SPNs

SP (1 mg) was dissolved in THF (1 mL) by bath sonication. The resulted solutions were filtered
through a polyvinylidene fluoride (PVDF) syringe driven filter (0.22 m) (Millipore). SPNs-F
were prepared via nanoprecipitation method. Briefly, a THF solution (1 mL) containing SP (0.25

mg) and F127 (25 mg) was used to prepare SPNs-F by rapidly injecting the solution into distilled-
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deionized water (9 mL) under continuous sonication with a bath sonicator Branson 250. After
sonication for additional 120 s, THF was evaporated at room temperature with a gentle nitrogen
flow. The aqueous solution was filtered through a polyethersulfone (PES) syringe driven filter
(0.22 pm) (Millipore) to remove large nanoparticles. The obtained nanoparticle solutions were
stored in dark at 4 <C. SPN-S were synthesized as follow: Briefly, SP (0.5 mg) and F127 (50 mg)
were dissolved in THF (1 mL) in a glass vial (10 mL) and stirred for 3 h at room temperature to
obtain a homogeneous solution. After evaporating the THF solvent with a gentle nitrogen flow, a
solid film was obtained and then redispersed in hydrochloride solution (0.85 M, 1.6 mL) with
untrasonication to form a homogeneous suspension. Then the silica condensation was barked on
by adding tetraethyl orthosilicate (TEOS) (90 pL) and subsequently stirring for 2 h at room
temperature before adding (3-aminopropyl)triethoxysilane (APTS) (50 pL). The termination
should last 24 h at room temperature with stirring. To remove hydrochloride and ethanol (resulted
from the hydrolysis of TEOS and APTS), the product was washed and centrifuged four times at
3500 rpm for 30 min using an ultracentrifuge tube of 50 KDa (Millipore). The aqueous solution
was filtered through a polyethersulfone (PES) syringe driven filter (0.22 pm) (Millipore). The

obtained nanoparticle solutions were stored in dark at 4 <C.
4.5. Synthesis of SPN1-SiO,-PEG and SPN1-SiO.-RGD

SPN1-S (1 mL, 20 pg mLt) was combined with 10 xPBS (110 L, pH = 7.4), followed by the
addition of MPEG-NHS (10 L, 10 mg mL™). The mixture was stirred at room temperature for 2
h. The resulted SPN1-S-PEG were purified by three times washing using an ultracentrifuge tube
of 50 KDa (Millipore) under centrifugation at 3500 rpm for 15 min. After the SPN1-S-PEG
nanoparticles were obtained, EDC (60 L, 5 mg mL?) and Cyclo (RGDyC) (40 L, 1 mg mL™?)

were then added into the solution. The mixture was then stirred at room temperature overnight.
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The resulted SPN1-S-RGD were purified by three times washing using an ultracentrifuge tube of

50 KDa (Millipore) under centrifugation at 3500 rpm for 15 min.
4.6. In Vitro Photothermal studies of SPNs

The 1>PBS buffer (pH 7.4) of SPNs (0.2 mL, 20 g mL™*) were exposed to laser of 808 nm (1 W
cm). The temperature was monitored using a photothermal camera (FLIR T420) every 20 s until
reaching maxima after approximately 6 min. After the laser exposure, the temperature was
continuously monitored every 20 s for 6 min. The heating and cooling were repeated five times to

test the photothermal stability of SPNs.
4.7. Cell Culture and Cytotoxicity Test

4T1 human breast cancer epithelial cells were purchased from the American Type Culture
Collection (ATCC). 4T1 cells were cultured in DMEM (Dulbecco’s Modified Eagle Medium)
(GIBCO) with 10% FBS (fetal bovine serum) (GIBCO) in a humidified environment containing
5% CO2 and 95% air at 37 <C. Cells were then seeded in 96 well plates (5000 cells in 200 puL per
well) and cultured for 24 h, then SPN1-SiO2-RGD or SPN1-SiO>-PEG (final concentration 10, 25,
50 and 100 g mL™) solutions were added into the cell culture medium separately. Cells were
incubated for 24 h and followed by adding MTS (100 pL, 0.1 mg mL™) for another 4 h. The
absorbance of MTS was measured by using a microplate reader at 490 nm. Cell viabilities were
calculated by the ratio of the absorbance of the cells incubated with then SPN1-SiO-RGD or

SPN1-SiO2-PEG solution to that of the cells incubated with cell culture medium only.
4.8. Finite Element Simulation of PA Signals

The finite element analysis (FEA) simulation was conducted in COMSOL multiphysics

(COMSOL Inc, USA.). For both photothermal and PA simulation, the laser irradiation on a single
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nanoparticle is assumed to be uniform, thus the temperature over the entire nanoparticle is also
uniform and could be treated as heating source. For both nanoparticles in the simulation, the core
has a semidiameter of 6 nm and specifically for SPN-SiO», a silica coating layer of thickness of 1
nm was added. The surrounding environment is set to be water. For photothermal effect simulation,
the heat transfer module was used and the laser heating is continuous with the simulation run time
to be 20 ns. For PA simulations, the laser heating pulse is set to 1 ns and the simulation were
performed in two steps: in the first step, the heat transfer simulation was conducted using the heat
transfer module in COMSOL; in the second step, the heat transfer simulation results were coupled

to the acoustic module to obtain the final PA signals.
4.9 Tumor Mouse Model.

All animal experiments were performed in compliance with the Guidelines established by the
Institutional Animal Care and Use Committee (IACUC), SingHealth. To establish tumor models
in six-week-old female nu/nu mice, two million 4T1 cells which suspended in 50 mL of 50% v/v
mixture of Matrigel in supplemented DMEM (10% fetal bovine serum, 1% pen/strep (100 U mL"
1 penicillin and 100 g mL™ streptomycin) were injected subcutaneously in the shoulders of the
mouse. Tumors were grown until a single aspect was ~7 mm (approximately 10-15 days) before

being used for in vivo imaging experiments.
4.10. In Vivo PA imaging of tumor

Nude mice were anesthetized using 2% isoflurane in oxygen. The mice were placed in the Endra
Nexus128 PA imaging system, and were scanned to determine the endogenous signal of tumors at
760 nm before systemically administration with SPN1-S-RGD (150 pg mL?, 0.2 mL) (n = 3) or

SPN1-S-PEG (150 pg mL™, 0.2 mL) (n = 3) through the tail vein using a microsyringe. Data was
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acquired by a continuous model took 12 s to obtain one data set. Three dimensional PA images
were reconstructed off-line using data acquired from all 128 transducers at each view and a back-
projection algorithm. The algorithm corrects for pulse-to-pulse variations in the laser intensity and
small changes in the temperature that affect acoustic velocity in the water. The reconstructed raw
data is analyzed using OSiriX software. For ex vivo PA imaging, mice were sacrificed by CO-
asphyxiation, organs were harvested and acquired immediately with Endra Nexus128 PA imaging

system.

4.11. Data analysis

PA signal intensities were measured by region of interest (ROI) analysis using OsiriX. Results
were expressed as the mean £ SD deviation unless otherwise stated. All statistical calculations
were performed using GraphPad Prism v. 6 (GraphPad Software Inc., CA, USA).
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