N

N

Hybrid nano- and microgels doped with photoacoustic
contrast agents for cancer theranostics
Yu Xiao, Jérome Gateau, Amanda K A Silva, Xiangyang Shi, Florence

Gazeau, Claire Mangeney, Yun Luo

» To cite this version:

Yu Xiao, Jérome Gateau, Amanda K A Silva, Xiangyang Shi, Florence Gazeau, et al.. Hybrid nano-
and microgels doped with photoacoustic contrast agents for cancer theranostics. Re View, 2021,
10.1002/viw.20200176 . hal-03411996

HAL Id: hal-03411996
https://hal.science/hal-03411996

Submitted on 2 Nov 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03411996
https://hal.archives-ouvertes.fr

Received: 21 February 2021

Revised: 12 May 2021

Accepted: 31 May 2021

DOI: 10.1002/VIW.20200176

REVIEW

Gpon dccesy

VIE\X/

Hybrid nano- and microgels doped with photoacoustic
contrast agents for cancer theranostics

Yu Xiao' |

Florence Gazeau®

L1,CBPT, CNRS UMR 8601, Université de
Paris, Paris, France

2 CNRS, INSERM, Laboratoire d’'Imagerie
Biomédicale, LIB, Sorbonne Université,
Paris, France

3 MSC, CNRS UMR 7057, Université de
Paris, Paris, France

4 College of Chemistry, Chemical
Engineering and Biotechnology, Donghua
University, Shanghai, P. R. China

Correspondence

Florence Gazeau, MSC, CNRS UMR 7057,
Université de Paris, 45 rue des Saints-Péres,
Paris, 75006, France.

Email: florence.gazeau@u-paris.fr

Claire Mangeney, LCBPT, CNRS UMR
8601, Université de Paris, 45 rue des Saints-
Peres, Paris, 75006, France.

Email: Claire.mangeney@u-paris.fr

Yun Luo, LCBPT, CNRS UMR 8601, Uni-
versité de Paris, 45 rue des Saints-Peéres,
Paris, 75006, France.

Email: yun.luo@u-paris.fr

Funding information

Agence Nationale de la Recherche,
Grant/Award Number: ANR-18-IDEX-
0001; Region Ile de France

1 | INTRODUCTION

Jérome Gateau’
| Claire Mangeney' |

| AmandaK A Silva®*® | Xiangyang Shi*® |

Yun Luo!

Abstract

Photoacoustic imaging (PAI) is an emerging noninvasive and inexpensive
bioimaging modality, which has stimulated a wide interest in recent years for
cancer theranostics. Hybrid nano- and microgels have been designed as protec-
tive carriers to incorporate PAI contrast agents due to their biocompatibility and
biodegradability, high loading capacity, versatile surface chemistry, and stimuli-
responsive properties. These key features offer unprecedented opportunities for
the design of innovative multifunctional cancer theranostic agents. This review
focuses on the recent development of photoacoustic active nano- and microgels
for biomedical applications in cancer theranostics and cancer hallmark imaging.
The various chemical natures of gels and PAI contrast agents and the elaboration
methods of hybrid matrices are summarized and discussed. Their applications
in multimodal cancer theranostics and cancer hallmark imaging are presented,
highlighting their merits and potential in treatment and diagnosis.

KEYWORDS
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photoacoustic imaging (PAI) has stimulated a wide
interest in the medical imaging community due to its con-

Imaging in medical oncology has recently experienced
major breakthrough with the arrival of new molecu-
lar imaging techniques devoted to the early diagnosis
of cancer and to treatment monitoring. In particular,

siderable capabilities for cancer physiological and molec-
ular imaging. PAI is a hybrid imaging technique, based on
the photoacoustic effect, which combines optical excita-
tion and ultrasound detection. The PA mechanism, which
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was firstly observed by A. G. Bell in 1880,!'] is based on the
local absorption of an incident nonionizing light pulse, fol-
lowed by the rapid and transient heating of the surround-
ing biological tissues and its thermoelastic expansion.
This expansion generates ultrasound waves that originate
from the optical absorbers inside the tissue and propagate
outwards to the tissue surface where they can be detected
and then analyzed using image reconstruction techniques
to yield optical absorption maps. As a multiwave imaging
technique, PAI offers two key advantages over single-
wave methods.!>*! First, compared to purely optical
imaging techniques, it offers large imaging depth (up to
4-5 cm in vivol®! and 11-12 cm in vitro) and high spatial
resolution (depth-resolution ratio approximately 200,
approximately 100 um at cm depth). This is achieved
thanks to the combination of the relatively high tissue
penetration of near infrared (NIR)!7) excitation (from
650 to 1700 nm) and the low scattering of the acoustic
waves (in the MHz range) in tissue. Second, compared
to ultrasound imaging, PAI offers a high and rich optical
contrast, which enables to separate absorbing structures
from the background and to distinguish absorbers based
on their absorption spectra.l®! Endogenous absorbing
molecules, such as oxy- and deoxy-hemoglobin and
melanin, have been efficiently used for the visualization
of vessel structures, the quantification of blood oxygena-
tion and the detection of melanoma.l®!°) However, only
few types of endogenous biomolecules can be exploited
for intrinsic PAI, limiting its range of applications. To
overcome these barriers and boost PAI specificity, many
efforts have been devoted to the development of exoge-
nous contrast agents. These materials, usually based
on NIR absorbing dyes or nanomaterials, are able to
extend the application of PAI in cancer theranostics. For
example, metallic, carbon, or semiconducting polymer
nanoparticles (NPs), and molecular dyes (eg, indocyanine
green, fluorescent proteins) have been reported for in
vivo PA tumor imaging.!"!! Nevertheless, it remains a
great challenge to efficiently deliver PA contrast agent to
their targets, owing to their unstable chemical properties
and short circulation lifetime.['?) To overcome these
issues, biocompatible, hydrophilic, and protective delivery
vehicles with prolonged blood circulation lifetimes are
highly desirable. Cross-linked hybrid nano- and microgels
can fulfill the demands thanks to their: (i) high loading
capacity (eg, imaging agent, drugs, etc.); (ii) versatility
for surface modification (eg, by targeting molecules) and
rapid response to external stimuli (eg, pH, temperature,
etc.). These merits favor the targeting and controlled
release of guest agents,!*] efficiently improving cancer
diagnosis and therapy (Figure 1). Besides, hybrid nano-
and microgels exhibit prolonged blood circulation time,
which is highly suitable for theranostic agent delivery.

Theranostic hybrid nano- or
microgel

)
S,
’QDP Y Cancer

® Drug Targeting agents

+ Therapeutic agent: PTT, PDT, etc. Imaging agent: PAI, FLI, MRI, etc.

FIGURE 1
microgel encapsulating imaging and therapeutic agents for cancer

Tllustration of theranostic agent based on hybrid

diagnosis and therapy. FLI, fluorescence imaging; MRI, magnetic
resonance imaging; PAI, photoacoustic imaging;
PDT, photodynamic therapy; PTT, photothermal therapy.

For example, poly(N-isopropylacrylamide-co-acrylic acid)
nanogels loaded with Fe;O, NPs and conjugated with
Cy5.5-labeled lactoferrin, designed for targeted glioma
imaging, exhibited longer blood retention time (half-life
period = 5.3 h) with respect to free contrast agent (half-life
period = 2.2 h) in rat models.!"*] In another example, zwit-
terionic poly(phosphorylcholine) based nanogels could
largely prolong the blood circulation time of anticancer
drug (Cys)."*] Forty eight hours after the first intravenous
injection in BALB/c mice, more than 20% of Cy5 injection
dose could be detected in the blood for the nanogel-Cy5
composite, whereas only less than 5% was found for free
Cy5. Similar results were observed 48 h after the second
intravenous injection. Therefore, nano- or microgels
(10-200 nm) carriers have attracted lots of interests, due to
their longer circulating time in blood, allowing more ther-
anostic agents to be passively delivered and accumulate in
tumor tissue after intravenous injection.!'°!

In this review, we introduce the basic concepts for the
design of hybrid microgels in the domain of PAI. The
methods to synthesize hybrid assemblies are described and
their applications in cancer-related PAI and biomedicine
are summarized focusing on two main orientations: (i)
multimodal cancer theranostics including PAI or/and syn-
ergistic therapy; and (ii) cancer hallmark detection and
microenvironment investigation using PAI.

2 | CHEMICAL NATURE OF HYBRID
MICROGELS FOR PA IMAGING
2.1 | Polymer nano- and microgels

Various polymer nano- or microgels have been used
to load contrast agents for PAI in oncology. They can
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be classified into two categories: (i) biopolymers or (ii)
synthetic polymer particles, as listed Tables 1 and 2. For
example, engineered polypeptide (PC;yA) expressed on
Escherichia Coli has been purified and loaded with PAI
contrast agents.['”"°l Hyaluronic acid derivatives,[*°!
chitosan,!?'! gelatin,??] and polyglutamic acid,!'>?**! have
been used for the design of multimodal cancer theranostic
platforms. Biopolymers exhibit excellent biodegradability,
biocompatibility, and low immunogenicity. However,
some of them (eg, engineered polypeptide) require
complex preparation and purification processes, with
potential risk of batch-to-batch variation. Moreover, some
natural polymers possess a few types of terminated
functional groups, such as dextran, which has only -OH
termini. This might limit the diversity of their possible
postfunctionalization or conjugation reactions. Alterna-
tively, synthetic polymers based on polyethylenimine,2*!
polyethylene glycol,[2>?7! polypyrrole,?8] poly(acrylic
acid),[?'l and polyglycerol*?] have been reported as
scaffolds for PAI contrast agent delivery. The advantages of
synthetic polymers are their controllable physicochemical
(eg, size, shape, etc.) and surface properties (eg, surface
charge, functional groups for conjugation, etc.), favoring
the elaboration of multifunctional and multimodal sys-
tem for bioimaging and therapy. Nevertheless, synthetic
polymers might be nonbiodegradable, as for example,
PHPMA (poly (N-(2-(hydroxypropyl) methacrylamide),
even though it has been applied in prototype anticancer
treatment.l*334] Therefore, one should carefully design
and select proper synthetic polymers for drug delivery.

2.2 | Synthesis of hybrid nano- and
microgels for PAI

The elaboration of hybrid nano- and microgels for PAI can
be achieved by three main approaches (cf. Figure 2): (i)
the in situ synthesis of contrast agents inside the hydro-
gel microparticle matrix; (ii) the formation of gel parti-
cles from PA active monomers/initiators/crosslinkers; (iii)
the ex situ self-assembly of microgels and contrast agents.
In the first method, the precursors are mixed with nano-
or microgels, followed by contrast agent’s generation pro-
cess. For example, CuS NPs could be in situ synthesized
in theranostic microgels by mixing Cu?* precursors with
gels, followed by reaction with Na,S.I?*] Another exam-
ple is the in situ polymerization of polyaniline (PANTI) in
microgels from preloaded aniline monomers.!'?! Besides,
nanogels made of copper methacrylate crosslinkers can act
as precursors to generate in situ CuS NPs.[?7] In the sec-
ond approach, PA active monomers, such as pyrrole, ?%]
were used for the formation of microgels. Monomers could
be also prefunctionalized by PA dye molecules, such as

VIEW 1
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FIGURE 2
designing hybrid nano- and microgels loaded with PAI contrast

Ilustration of the various elaboration strategies for

agents

oxyphor G2,1*°! for the in situ generation of gel matrix.
In the third method, hybrid nano- and microgels can be
prepared by the ex situ self-assembly of gel matrix and
contrast agents, relying on attractive interactions such as
electrostatic forces, -7 stacking, H-bonding, or covalent
grafting. For example, Ag,S NPs could be encapsulated
into polypeptides.!'®!°] Methylene blue was loaded into
cisplatin-modified gelatin nanogels.[??! Indocyanine was
loaded to polydopamine-coated PEGylated polypyrrole
nanogels.[** The first and second approaches described
above are rapid and offer a simple way to generate hybrid
gels. However, the morphology and properties of contrast
agents (for the first method) and gel particles (for the sec-
ond method) are hard to control. Regarding the ex situ
generation approach (third method), it requires distinct
stages to prepare separately the contrast agents and gels,
and assemble them into hybrid particles, which can lead
to longer procedures. Yet the size, shape and surface prop-
erties of each separate component can be defined and con-
trolled more accurately.

2.3 | PAI contrast agents
Different types of PAI contrast agents have been loaded
within polymer micro- or NPs. They can be divided into
three main categories (Figure 3): (i) molecular dyes; (ii)
inorganic nanomaterials; (iii) semiconducting polymers.
Molecular dyes have been widely used in PAI due to their
low toxicity and commercial availability. Commonly used
dyes include cyanines, Evens blue and methylene blue,
136-39] Nevertheless, major limitations hinder their appli-
cation in clinics, such as their poor aqueous solubility and
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PAI contrast agents
Molecular Dyes: Inorganic nanoparticles: Semiconducting polymers:
Cyanine 5,5 and 7 Polyaniline
Indocyanine Polypyrrole
Methylene blue Au cluster DPPF
SNARF®-5F Carbon quantum dots PCPDTBT
Terrylenediimmide
FIGURE 3 PAI contrast agents for multimodal cancer theragnostic and cancer hallmark imaging. SNARF®), seminaphtharhodafluor;

DPPF, poly|3-(5-(9-hexyl-9-octyl-9H-fluoren-2-yl)

thiophene-2-yl)-2,5-bis(2-hexyldecyl)-6-(thiophene-2-yl)pyrrolo[3,4-c|pyrrole-1,4(2H,5H)-dione];
PCPDTBT, poly|[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta|2,1-b;3,4-b’ |dithiophene)-alt-4,7(2,1,3benzothiadiazole))

short circulation time in vivo. To overcome these barriers,
small molecular dyes were loaded within microgels, act-
ing as carriers to increase the PAI contrast agent availabil-
ity and improve targeting efficacy. For example, Zhai and
colleagues designed multifunctional nanovesicles (MPV)
based on cell membrane shells and gelatin nanogel cores
to coload methylene blue and cisplatin (Pt).!22] Core-shell
silica-polyethylene glycol NPs were doped with Cyanines
5.5 and 7 to provide fluorescent, photoacoustic, and pho-
tothermal capabilities in vitro on MDA-MB-231 cancer
cells.[?®] Indocyanine functionalized polypyrrole NPs have
been designed for PAI and PTT on HeLa tumor bearing
nude mice.[12]

Inorganic nanomaterials based on plasmonic NPs have
also stimulated a wide interest for PAI due to their remark-
able optical properties arising from localized surface
plasmon (LSP). In particular, their optical absorption
cross-sections are several order of magnitude larger than
those of small molecular dyes.[*’] Therefore, these NPs
can release heat energy upon LSP excitation, resulting in
light-to-heat conversion, which was exploited for PAI and
photothermal therapy applications. However, it is still a
great challenge to apply plasmonic colloids (eg, Au NPs
and Ag NPs) in clinics because the LSP resonance of sim-
ple spherical gold or silver NPs can be only excited in the
visible range (400-600 nm), where the strong absorbance
of the hemoglobin limits the penetration depth to the mil-
limeter range. Fortunately, LSP properties can be adjusted
by modifying NP morphology, structure, and coupling in
order to shift the excitation wavelength to the NIR region.
For example, Chen et al. designed nanocomposites based
on thermoresponsive poly(N-isopropylacrylamide) (PNI-
PAM) nanogels embedding gold nanorods (AuNR) and
CuS NPs as nanoheaters.[*!] In another example, densly
packed sub-5 nm Au NPs were encapsulated into reactive
oxygen species (ROS) sensitive polyphosphazene nanogels

for ROS imaging in cancer microenvironment.[*]
NIR-absorbing Ag,S and CuS loaded gel matrix have
been applied for cancer PAI and PTT.I'8}127] Besides,
carbon-based nanomaterials, such as carbon quantum
dots, carbon nanotubes and graphene, have been also
reported for PAL[?'H43-45] Although they exhibit lower
molar extinction coefficients compared to plasmonic
NPs, carbon-based nanomaterials offer valuable advan-
tages for PAI including ease of fabrication and surface
functionalization.

Semiconducting polymers have emerged prominently
in PAI due to their high absorption coefficient, strong
photostability, adjustable optical properties, and con-
trollable size.l[***’] This kind of contrast agent is
mainly made of semiconducting polymers composed
of biologically inert components, thus, exhibiting good
biocompatibility.[*?] For example, PANI functionalized
nanogels have been reported for PAI-guided PTT of
tumors.[’?] Terrylenediimide-based polymeric NPs with
high photothermal conversion effect have been studied
in PAI and PTT.[?! Polypyrrole-loaded nanogels could
enhanced PA intensity, favoring tumor photothermal
ablation.[**]

3 | APPLICATIONS IN THERANOSTICS
AND CANCER HALLMARK IMAGING

3.1 | Multimodal cancer theranostics
Most PAI contrast agents exhibit photothermal effect, con-
verting the absorbed light into heat. As a result, the sur-
rounding temperature can be increased and cause cell
death or/and tissue ablation. The treatment based on pho-

tothermal effect is called photothermal therapy or hyper-
thermia in clinical setting.[*] It is a minimally invasive
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sion, and metastasis. Additional characteristic features of
cancers are related to the tumor microenvironment, %]
such as reprogramming energy metabolism, evading
immune response, extracellular matrix remodeling,
aberrant vascularization, hypoxia, and genome instability
and mutation.!>%] Imaging techniques offer unique
opportunities to investigate most of these tumor-related
characteristics and provide a noninvasive anatomic, phys-
iologic, and molecular assessment of tumor biology for
clinical practice and disease treatment. Therefore, great
efforts have been devoted to the detection and imaging of
cancer hallmarks. In this section, we will focus on the use
of PAI for assessing cancer hallmarks such as pH, oxygen
changes, oxidative stress, and ROS production (as summa-
rized in Table 2). The detection of these traits are usually
based on MRI,!%*%] PET,[907] and fluorescent optical
imaging.[°*7°l However, MRI and PET are expensive
techniques, and are not recommended for patients with
pregnancy, breastfeeding, or with metal implants. In
alternative, optical imaging and ultrasound techniques
are noninvasive, low cost, and easy to use. Nevertheless,
fluorescence imaging measurements are not suitable for
deep tissue analysis due to the strong optical scattering
in tissue, limiting spatial resolution for in vivo imaging.
As ultrasound scattering is 100 to 1000 times weaker than
optical scattering, PAI allows improving spatial resolution
deeply in tissue.

pH value changes occur in tumor due to altered
metabolic state, from aerobic glycolysis to anaerobic
glycolysis.[n] This metabolic pathway produces excess lac-
tic acid, leading to acidic microenvironment, which can
be related to local recurrence, metastasis, and failure of
chemotherapy.l”>7*! Therefore, it is very important to
establish applicable clinical tools to obtain quantitative pH
information in tumor.

The use of PAI for pH sensing has been reported,!
using molecular pH-indicators, exhibiting pH-dependent
absorption spectra in NIR. However, this approach does
not allow accurate in vivo tumor pH imaging because
the free molecular contrast agents may also interact
with various biomolecules (eg, proteins, enzymes, etc.),
that could modify their optical properties. Moreover,
the strong presence of hemoglobin in biological tis-
sues and its absorption spectra may prevent a simple
amplitude-based discrimination of the contrast agent in
the image, calling for the use of additional spectral dis-
crimination. Wang and coworkers reported the design
of polyacrylamide (PAA) NPs encapsulating molecular
contrast agents (eg, SNARF®-5F) for PA pH imaging
(Figure 4A).’!] The PAA served as a matrix to load
SNARF-5F, improving biocompatibility*! and preventing
interaction between biomolecules and dyes.l*'! The NPs
were also functionalized by tumor targeting F; peptides

71,[75-77]

to target cancer cells. As shown in Figure 4B, the absorp-
tion band of SNARF-PAA NPs shifted in the visible range
from 565 nm at pH = 6 to 600 nm at pH 8 (pK,, = 7.278]),
providing an easy means to use the ratio of the PA absorp-
tion intensities at the two absorption wavelengths for pH
measurement at millimeter depths. Interestingly, a ratio-
metric method was proposed to discriminate the contri-
butions of hemoglobin and the SNARF®-PAA NPs with
as few as four excitation wavelengths. From Figure 4C,
PA signal can be clearly distinguished at different pH in
the presence of 1% whole blood, regardless the concen-
tration of SNARF®-PAA loading, in the concentration
range of 2-20 mg/mL. In vivo PA pH imaging performed
75 min after injection, showed that, the pH value was
lower in tumor (Figure 4D) with respect to normal tissue
(Figure 4E), evidencing a pH contrast between the center
area (solid line) of the tumor and the peripheral part (dash
line).

Low oxygen concentration (hypoxia) is also a charac-
teristic of tumor microenvironment, associated with can-
cer pathologies.!”” !l PA oxygen imaging can firstly be
based on endogenous hemoglobin, which absorption band
changes upon binding/unbinding to oxygen.!*2] However,
hemoglobin gives only blood oxygen levels which pro-
vides an indirect information on the oxygen level in
extravascular tumor tissues. Therefore, new PA contrast
agents are desired to achieve direct tumor oxygen map-
ping. Recently, Kopleman and coworkers reported a PA
life time (PALT) method for tumor oxygen imaging based
on PAA nanogels doped with oxyphor G2 dye,*>! noted
as G2-PAA NPs in Figure 5A. The hydrogels, functional-
ized by tumor-homing peptides, allowed the transport of
the dye molecules to the target while protecting them from
the interferences with biological species (such as proteins).
The phosphorescent G2 molecules act as light absorbers
whose absorbance decays over time with an exponential
decay rate proportional to the oxygen concentration, after
they have been excited with a pump laser pulse. The decay
is evaluated with PAI by probe laser pulses at a differ-
ent wavelength than the pump pulse. Varying delay times
between pump and probe laser pulses (Figure 5B and C)
allowed to assess the transient absorption and its decay
rate and thereby the oxygen concentration. As shown in
Figure 5D, the linear fit of the decay rate was similar
for 2, 5, and 20 mg/mL of G2-PAA NPs with/without
human serum albumin, indicating that the oxygen concen-
tration measurements is independent of NPs concentra-
tion and surrounding biological species. In mouse model,
the PA images showed that NPs accumulate in the tumor
region after 60 min of injection (Figure 5E). The PALT oxy-
gen imaging showed low oxygen concentration in tumor
(dashed cycle, Figure 5F) compared to normal tissue, as
shown in Figure 5G.
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pH = 6.6, 7.0, and 7.4, using 2, 10, and 20 mg/mL of NPs in presence of 1% whole blood. In vivo pH imaging in mouse model 75 min after
injection of SNARF-PAA (20 mg/mL) for (D) tumor and (E) normal tissue. Reprinted with permission from Ref. [*!l. Copyright (2017) Spinger

Nature

Oxidative stress, is another hallmark of cancer,!8384]
related to damaging effects caused by the production of
ROS through disturbed redox state of cells. The forma-
tion of protein sulfonic acid (R-SOH), based on thiol oxi-
dation in cell, is an indicator of damage caused by ROS.
The detection of protein sulfonic acid is usually based on
its interaction with a chemical probe, such as derivatives
of dimedone (5,5-dimethyl-1,3-cyclohexanedione), which
can be monitored by fluorescence spectroscopy, for in vitro
detection.[°}155] py et al. developed a PA method for the
detection of R-SOH in vivo.l®°] In this work, a core-shell
nanocomposite (rSPN) was prepared using PA active poly-
mers (SP2) cores coated by silica shells, functionalized by
a chemical probe (Dyn-2, dimedone derivatives), which
allow chemical binding to R-SOH, as shown in Figure 6A.
The PA signal of rSPN2 (composite based on SP2 contrast
agent) was maximal at 680 nm in the range 680 to 860 nm

(Figure 6B). The absorption spectrum was in agreement
with free SP2, indicating a good stability of SP2 within the
composite. The PA intensity was not affected after mixing
the composite with proteins while it increased upon bond-
ing with BSA-SOH (bovine serum albumin with sulfenic
acids), confirming efficient detection capacities of oxida-
tive stress (Figure 6C). In xenografted HeLa tumor mouse
model (Figure 6D), the PA signal of rSPN2 reach high
intensity after 36 h of injection, which is 1.3-fold higher
than control (SPN2) and 2.2-fold higher than the PA back-
ground signal of tumor.

Reactive oxygen species (ROS) production is another
trait related to cancer. Cormode et al. have recently
reported the design of hybrid nanogels for ROS
imaging.!*?l As shown in Figure 7A, such a sys-
tem is based on a ROS sensitive nanogel, formed by
poly[di(carboxylatophenoxy)phosphazene] (PCPP) and
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dye molecule is excited by a pump pulse from S, to S; and the energy transferred to the triplet state T,. Subsequently, probe pulses detect the
energy transfer from T, to ambient oxygen at different time points. (C) The phosphorescence decay curve can be established by varying the
delay times between the pump and the probe pulses. (D) The decay rate is linearly correlated to oxygen concentration, as shown by the
quantified decay rates as a function of the oxygen concentration. (E) PA imaging of G2-PAA NPs distribution and (f) PALT oxygen mapping in
tumor area (dashed cycle). (F) Measured average oxygen concentration in tumor and normal (ie, thigh) tissue (* represents P < 0.01).
Reprinted with permission from Ref. [*°1. Copyright (2019) American Chemical Society

arylboronate polyphosphazene derivative (PPB), loading
densely packed ultra-small Au NPs (<5 nm). The scaffold
exhibits ROS-triggered degradation, releasing Au NPs and,
thus, resulting in a significant decrease of the PA signal

due to plasmon band shifting out of the NIR region. By
comparing the PA to CT signal, ratiometric ROS imaging
could be established for in vitro model of inflammation of
LPS-stimulated macrophages (Figure 7B).
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4 | CONCLUSION AND PERSPECTIVES

This article provides an up-to-date review on the devel-
opment of nano- and microgels doped with PA contrast
agents for PAI in cancer theranostics. Thanks to the load-
ing of PA contrast agents, the hybrid microgels possess
the capacity to convert NIR light to heat, a valuable fea-
ture for both PAI and phototherapy. In turn, the micro-
gel network offers a protective matrix to improve the
stability and biocompatibility of the trapped PA contrast
agents. It also prevents their fast clearance by the reticu-
loendothelial system while fostering passive targeting of
tumor by enhanced permeability and retention effect or
active targeting via conjugation to ligands. Moreover, the
stimuli-responsive properties of the hydrogel matrix offer

unprecedented opportunities to achieve smart multifunc-
tional platforms.

Nevertheless, this rapidly expanding research area is
still in its infancy concerning clinical applications. There
remain several challenges that need to be addressed before
contrast agents based on hybrid microgels achieve their
full potential for PAI. From a chemical point of view, there
is still much room for improvement to fully control (i) the
loading capacity of the microgel matrices, (ii) their size
dispersity, and (iii) their biodegradability. It will be also
crucial to get new insights into the stability of the trapped
PA contrast agents within the smart microgel network
to avoid their uncontrolled leakage before reaching the
tumor target tissue. Another important challenge is related
to the optical properties of the hybrid microgels, usually
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settling across the first infrared window NIR-I (650 to
1000 nm). Designing nanocomposites with responsiveness
in the NIR-II window (1000 to 1700 nm) will be the focus
of future research, due to numerous advantages such as
reduced optical absorption and tissue scattering together
with deeper penetration depth. From a practical perspec-
tive, there is still a long way to go from basic research to
clinical applications. This will rely on the design of hybrid
microgel PA contrast agents with long-term stability in
various environments and controlled pharmacodynamics,
pharmacokinetics, and safety properties in vivo.
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