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Fig. 1 Schematic illustration of the thermosensitive phase change nanoprobes AuNR@PNIPAM for dynamic contrast-enhanced

photoacoustic imaging of tumors, where an external near-infrared optical stimulus (980 nm) dynamically modulates

photoacoustic signals
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Fig. 2 Characterization of AuNR@PNIPAM microgels. (a) Feature of temperature-responsive size and morphology change of

AuNR@PNIPAM microgels analyzed by TEM, the images are arranged from left to right and include: the photographs of

AuNR@PNIPAM aqueous solution at different temperatures (50 ‘C and 25 °C), TEM image of AuNR@PNIPAM microgels

prepared at 50 °C and TEM image of AuNR@PNIPAM microgels prepared at 25 °C; (b) hydrodynamic size of AuUNR@PNIPAM

microgels at different temperatures (50 °C and 25 “C ) analyzed by DLS, the inset is Zeta potentials of AuNR and

AuUNR@PNIPAM; (c) absorption spectra of AUNR@PNIPAM microgels at different temperatures; (d) absorption at 1064 nm of

AuNR@PNIPAM microgels varies with temperature; (e) reversibility in absorption of AUNR@PNIPAM microgels at 1064 nm
during heating cycles above and below AuNR@PNIPAM microgels’ phase transition midpoint
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Fig. 3 Temperature-responsive property of AuNR@PNIPAM microgels. (a) Peak to peak value projection of the photoacoustic signal

of AuUNR@PNIPAM microgels at different temperatures at the position of the solid line in Fig. 3(c); (b) photoacoustic signal

amplitude statistics of AuUNR@PNIPAM microgels at different temperatures; (¢) two-dimensional photoacoustic images of
AuNR@PNIPAM microgels at different temperatures; (d) PA difference image of AuUNR@PNIPAM microgels and AuNR
samples ( 37 °C and 45 °C)
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Photothermal property of AuUNR@PNIPAM microgels. (a) Temperature rise versus time for 1 mg/ml. AuNR@PNIPAM

microgels irradiated by 980 nm laser with different laser power densities; (b) temperature rise versus time for different mass

Fig. 4

concentrations of AUNR@PNIPAM microgels under 980 nm laser irradiation (1.5 W/cm®, 20 min); (c) photothermal stability
of 1 mg/mL AuNR@PNIPAM microgels under 980 nm laser irradiation (1.5 W/cm?, 20 min); (d) photothermal images of
subcutaneous tissue of mice injected with PBS or AUNR@PNIPAM (1 mg/mL) under 980 nm laser irradiation (1.5 W /cm?);
(e) real-time recording of the temperature rise curve of subcutaneous tissue of mice injected with PBS or AuUNR@PNIPAM

(1 mg/mL) under 980 nm laser irradiation (1. 5 W/cm®, 30 min)
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Fig. 5 In wivo photoacoustic imaging verification of AuUNR@PNIPAM microgels. (a) Schematic diagrams of photoacoustic imaging of
subcutaneous tissue of mice injected with PBS, PNIPAM microgels and AuUNR@PNIPAM microgels; (b) 2-z tomography at the
position of the corresponding dotted line in Fig. 5(a), these photoacoustic images of mice with 30 min laser irradiation are
arranged from left to right according to three experimental conditions: injection of PBS (980 nm laser on), PNIPAM (980 nm laser
on), AuNR@PNIPAM (980 nm laser off) and AuNR@PNIPAM (980 nm laser on); (c) photoacoustic difference images of
subcutaneous tissue of mice with injection of AUNR@PNIPAM under the conditions of 980 nm laser off or on; (d) peak to peak
value projection of the photoacoustic signal amplitude at the position of the dotted line of subcutaneous tissue of mice with injection
of AUNR@PNIPAM (980 nm laser on)
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Fig. 6 In vitro cytotoxicity assay of AuUNR@PNIPAM microgel. (a)(b) CCK-8 kit assays for cellular activity of HepG2 after co-
incubation with different mass concentrations of AUNR@PNIPAM microgels for 12 h and 24 h; (c) H&.E-stained images of
different organs of mice after 1 d intravenous injection with PBS, AuNR@PNIPAM microgels (1 mg/mL, 980 nm laser off), and
AuNR@PNIPAM (1 mg/mlL, 980 nm laser on); (d) blood hematology analyses of healthy mice after 1 d of intravenous
injection with PBS, AuNR@PNIPAM (1 mg/mL, 980 nm laser off), and AuUNR@PNIPAM (1 mg/ml., 980 nm laser on)
(RBC: red blood cells; WBC: white blood cells; HGB: haemoglobin; HCT: haematocrit; MCH: mean corpuscular hemoglobin;
MCHC: mean corpuscular haemoglobin concentration; PLT: platelets; MPV: mean platelet volume); (e) serum biochemistry
analyses of healthy mice after 1 d of intravenous injection with PBS, AuNR@PNIPAM (1 mg/mL, 980 nm laser off), and
AuNR@PNIPAM (1 mg/mL, 980 nm laser on) (ALT: alanine transaminase; AST: aspartate transaminase; TP: total protein;

ALB: albumin; GLOB: globulin; CR: creatinine; BUN: blood urea nitrogen; TBIL: total bilirubin)

SR A/ B e O B R T . R e 0 L 56 B R 09 A OB R AR
25 R X W, AUNR@PNIPAM 8 i BoA B 409 44 AuNR@PNIPAM ff 8 Jisg 2 A 0T 3 (%) 7 B mi g 4
AR 72 0 240 L5 28 T IR 7 M 0 PNTP AM 72 Bl 1 T 8 % 2
Lo 455 M4 90 th B3 0 35 20 81— [ 50 R

|t SR TR (L R R A S

B G G TR BE W B R R A 4K B EE OO (R AT L A £0 5 980 nm) FE
AuNR@PNIPAM ] L 7E A= BUE JE (37 °C) B 3T il ok SRSEE . Hea i RN SEEEH T AuNR@PNIPAM

2107104-9



Rt

A7 B S I R R 6T L B G R AR . BB 4h , PNIPAM 1Y
BLEEA T T AuNR (1) 25 ¥4 5302 Mk A0 AR ) A 25 0k
A BT AUNR@PNIPAM 75 A= ) [ 27 4538 11 30F — 4 4
IR

(1]

(2]

(3]

(5]

(6]

(7]

& X #
Bell A G. On the production and reproduction of sound by light[J].
American Journal of Science, 1880, 3(118): 305-324.
Wang L. V. Prospects of photoacoustic tomography[J]. Medical
Physics, 2008, 35(12): 5758-5767.
AR, SRARME, 7 RO AW R AR T O A R B AR T P
FE#OE, 2022, 49(20): 2007208.
Mu G, Zhang Z H, Shi Y J. Photoacoustic imaging technology in
biomedical imaging[J]. Chinese Journal of Lasers, 2022, 49(20):
2007208.
Kobat D, Durst M E, Nishimura N,
multiphoton microscopy using longer wavelength excitation[J].
Optics Express, 2009, 17(16): 13354-13364.
Balu M, Baldacchini T, Carter J L, et al. Effect of excitation
wavelength on penetration depth in nonlinear optical microscopy of
turbid medialJ]. 2009, 14(1):
010508.
EOME, W LA X R 20T YO R ] ot 5ot
FrEit g, 2022, 59(6): 0617002.
Wang S W, Lei M. Near infrared- [l
fluorescence imaging[J]. Laser &. Optoelectronics Progress, 2022,
59(6): 0617002.
WDLES, BU/NAL, BRUEZE A5 O AL T Z0 40 T XN T AR
R0I] WO 5O T2k, 2022, 59(6): 0617010,
Dai H M, Ruan X H, Shao J J, et al. Activatable NIR- || small
molecules for bioimaging[J]. Laser &. Optoelectronics Progress,
2022, 59(6): 0617010.
Li W W, Chen X Y. Gold nanoparticles for photoacoustic imaging
[J]. Nanomedicine, 2015, 10(2): 299-320.
Chen Y S, Frey W, Kim S, et al. Silica-coated gold nanorods as

et al. Deep tissue

Journal of Biomedical Optics,

excited multiphoton

photoacoustic signal nanoamplifiers[J]. Nano Letters, 2011, 11(2):
348-354.

Ng K K, Shakiba M, Huynh E,
photoacoustic nanoswitch for in vivo sensing applications[J]. ACS
Nano, 2014, 8(8): 8363-8373.

Dai Y N, SulJ Z, Wu K, et al. Multifunctional thermosensitive

et al. Stimuli-responsive

liposomes based on natural phase-change material: near-infrared
light-triggered drug release and multimodal imaging-guided cancer
combination therapy[J]. ACS Applied Materials &. Interfaces,
2019, 11(11): 10540-10553.

Xie J, Li A Q, Li J S. Advances in pH-sensitive polymers for
smart insulin delivery[J]. Macromolecular Rapid Communications,
2017, 38(23): 1700413.

Li H M, Jiang H, Zhao M N, et al. Intracellular redox potential-
responsive micelles based on polyethylenimine-cystamine-poly(e -
caprolactone) block copolymer for enhanced miR-34a delivery[J].
Polymer Chemistry, 2015, 6(11): 1952-1960.

Peng W L, Zhang Z P, Rong M Z, et al. Core-shell structure
design of hollow mesoporous silica nanospheres based on thermo-
sensitive PNIPAM and pH-responsive catechol-Fe*" complex[J].

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

(27]

[28]

[29]

[30]

2107104-10

2% 50% &£ 21 #1/2023 £ 11 B/ E#*x

Polymers, 2019, 11(11): 1832.

Gliozzi A S, Miniaci M, Chiappone A, et al. Tunable photo-
responsive elastic
2020, 11: 2576.
Li R C, Yang P P, He F, et al. A yolk-like multifunctional
platform for multimodal imaging and synergistic therapy triggered
by a single near-infrared light[J]. ACS Nano, 2015, 9(2): 1630-
1647.

Huang P, Rong P F, Jin A, et al. Dye-loaded ferritin nanocages

metamaterials[J]. Nature Communications,

for multimodal imaging and photothermal therapy[J]. Advanced
Materials, 2014, 26(37): 6401-6408.

Lin L S, Yang X Y, Niu G, et al. Dual-enhanced photothermal
conversion properties of reduced graphene oxide-coated gold
superparticles for light-triggered acoustic and thermal theranostics
[J]. Nanoscale, 2016, 8(4): 2116-2122.

Topete A, Alatorre-Meda M, Villar-Alvarez E M, et al.
Polymeric-gold nanohybrids for combined imaging and cancer
therapy[J]. Advanced Healthcare Materials, 2014, 3(8): 1309-
1325.

Meyer D E, Shin B C, Kong G A, et al. Drug targeting using
thermally responsive polymers and local hyperthermia[J]. Journal of
Controlled Release, 2001, 74(1/2/3): 213-224.

Drake P, Cho H J, Shih P S, et al. Gd-doped iron-oxide
nanoparticles for tumour therapy wia magnetic field hyperthermia
[J]. Journal of Materials Chemistry, 2007, 17(46): 4914-4918.

Cao Y X, Zhang C, Shen W B, et al. Poly(N-
isopropylacrylamide) -chitosan as thermosensitive in situ  gel-
forming system for ocular drug delivery[J]. Journal of Controlled
Release, 2007, 120(3): 186-194.

Schild H G. Poly(N-isopropylacrylamide): experiment, theory and
application[J]. Progress in Polymer Science, 1992, 17(2): 163-249.
Jones C D,
multiresponsive core-shell microgels[J]. Macromolecules, 2000, 33
(22): 8301-8306.

Ye X C, Zheng C, Chen J, et al. Using binary surfactant mixtures

Lyon L A. Synthesis and characterization of

to simultaneously improve the dimensional tunability and
monodispersity in the seeded growth of gold nanorods[J]. Nano
Letters, 2013, 13(2): 765-771.

Contreras-Caceres R, Pastoriza-Santos I, Alvarez-Puebla R, et al.
Growing Au/Ag nanoparticles within microgel colloids for
improved  surface-enhanced Raman scattering  detection[J].
Chemistry— A European Journal, 2010, 16(31): 9462-9467.

Link S, Mohamed M B, El-Sayed M A. Simulation of the
optical absorption spectra of gold nanorods as a function of their
aspect ratio and the effect of the medium dielectric constant[J].
The Journal of Physical Chemistry B, 1999, 103(16): 3073-
3077.

Pamies R, Zhu K Z, Kjoniksen A L, et al. Thermal response of
low molecular weight poly- (N-isopropylacrylamide) polymers in
aqueous solution[J]. Polymer Bulletin, 2009, 62(4): 487-502.
Toma M, Jonas U, Mateescu A, et al. Active control of SPR by
thermoresponsive hydrogels for biosensor applications[J]. The
Journal of Physical Chemistry C, 2013, 117(22): 11705-11712.
Philipp M, Kyriakos K, Silvi L,
dehydration to excess volumes of phase-separating PNIPAM
solutions[J]. The Journal of Physical Chemistry B, 2014, 118(15):
4253-4260.

et al. From molecular



% 50% £ 21 #1/2023 £ 11 B/ E#*x

Temperature-Responsive Phase-Change AuNR@PNIPAM Nanoprobe for
the Second Near-Infrared Region Tumor-Contrast Photoacoustic Imaging

Sun Xiaodong"“, Shi Yujiao"”
'MOE Key Laboratory of Laser Life Science, College of Biophotonics, South China Normal University, Guangzhou
510631, Guangdong, China;
‘Guangdong Provincial Key Laboratory of Laser Life Science, College of Biophotonics, South China Normal
University, Guangzhou 510631, Guangdong, China

Abstract

Objective  The considerable potential of temperature-responsive nanomaterials as contrast agents has driven research and
development in the field of photoacoustic imaging in recent years. However, the temperature-sensitive nanoprobes currently reported
have response temperatures that exceed the tolerable range of humans, and their reversibility is low, which are two serious problems
that hinder imaging and long-term monitoring in practical applications. Molecular photoacoustic imaging has emerged as a noninvasive
imaging modality for cancer diagnosis, which couples superb optical absorption contrast and an excellent ultrasonic spatial resolution.
However, research on molecular photoacoustic imaging has focused on optical wavelengths in the visible and near-infrared (NIR) part
of the spectrum between 550 and 900 nm, with a relatively low sensitivity and limited imaging depth. Of note, the characteristic
molecules of many major diseases—particularly in the early stage—exhibit no obvious photoacoustic contrast in the optical window of
biological tissue (NIR- T , 650-950 nm; NIR-II , 950-1700 nm). Moreover, most of the current photoacoustic contrast agents are
“always-on” probes, which can only provide invariable imaging contrast and struggle to eliminate the inherent background effect of
biological tissues. In contrast, activable photoacoustic contrast agents can respond to a given cancer biomarker and emit signals.
Therefore, there is an urgent need to develop a stimulus-responsive photoacoustic probe for the second NIR region. In this paper, a
reversible temperature-responsive phase-change AuNR@PNIPAM nanoprobe is proposed that can dynamically modulate the
temperature field through an external NIR optical switch to obtain contrast-enhanced photoacoustic images.

Methods When the temperature-sensitive AuNR@PNIPAM microgel is delivered to tumor tissue under 980 nm laser irradiation,
the gold nanorod core absorbs NIR light energy, triggering a phase transition of the PNIPAM shell. As the temperature exceeds the
volume phase transition temperature (VPTT) of PNIPAM, the PNIPAM hydrogel undergoes a sol-gel phase transition, which
increases the refractive index around the gold nanorod, inducing a redshift of the localized surface plasmon resonance band and an
increase in the absorption-peak intensity of the microgel. Therefore, these microgels exhibit enhanced and switchable NIR absorption

in the physiological temperature range, allowing high-contrast imaging of tumors.

Results and Discussions  The authors characterized the morphology and temperature response of the synthesized
AuNR@PNIPAM microgel. It was observed that PNIPAM was successfully compounded onto AuNR, and when the temperature
exceeded the VPTT of PNIPAM, the volume change of the PNIPAM hydrogel resulted in a change in the refractive index,
enhancing the absorption in the second NIR region, as illustrated in Fig. 2. Furthermore, the microgel exhibited a high and stable
photothermal conversion efficiency in in vitro and in vivo photothermal experiments, as shown in Fig. 4. The experimental results in
Fig. 5 confirmed that the prepared AuNR@PNIPAM microgel could enhance the photoacoustic imaging contrast when an external
NIR optical switch was used to trigger the temperature phase transition. Therefore, owing to their excellent photoacoustic imaging

contrast ability, AuNR@PNIPAM microgels have considerable potential for early cancer diagnosis and hyperthermia detection.

Conclusions In this study, the photoacoustic signal of AuNR@PNIPAM microgels was amplified near the physiological
temperature, indicating their feasibility for high-contrast photoacoustic imaging of tumors. AuNR@PNIPAM microgels exhibited
improved NIR- Il absorption under 980 nm laser irradiation, because of a redshift of the localized surface plasmon resonance band and
an increase in the absorption-peak intensity. Furthermore, the prepared AuUNR@PNIPAM microgels exhibited reversible temperature-
responsive characteristics and an efficient and stable photothermal conversion effect; hence, they could modulate the temperature field
through the NIR optical switch to realize the reversible switching of NIR-II absorption. Thus, these microgels could control the
turning on/off of the photoacoustic signal to suppress the unwanted background signals. This work proposes a strategy for achieving
high-contrast imaging of tumors by dynamically responding to temperature stimuli, providing guidance for the development of

temperature-responsive smart photoacoustic probes for enhancing imaging contrast.

Key words bio-optics; temperature response; phase change; poly(N-isopropylacrylamide); contrast enhancement
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