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1. Introduction

Multifunctional stealth chitosan nanogels with
improved relaxivity and photoacoustic contrast
for dual MRI-MSOT imaging
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The development of imaging probes capable of addressing both resolution and sensitivity remains a
major challenge in diagnostic imaging, as no single modality can meet these requirements alone. Here, we
introduce a stealth bimodal imaging platform based on chitosan/tripolyphosphate nanogels (CS/TPP
nanogels) engineered to combine magnetic resonance imaging (MRI) and photoacoustic imaging (PAI)
capabilities. The nanogels are formed through ionic gelation and incorporate GADOTA chelates for MRI
contrast enhancement together with ZW800, a near-infrared absorber covalently grafted onto chitosan (CS-
ZW800), to enable photoacoustic detection. The addition of pegylated chitosan (CS-PEGpgpo) confers
stealth behavior and stabilizes the nanosuspensions. A systematic study of the influence of the CS-PEGa,000
degree of substitution enabled the optimization of (CS-PEG,000)/TPP nanogel formation, followed by the
preparation of (CS-PEG,000/CS-ZW800)/TPP nanogels and their final loading with GADOTA. NMRD curves
demonstrated a markedly enhanced longitudinal relaxivity at 1.5 T - approximately six times higher than free
GdDOTA - and confirmed efficient MRI contrast at 3 T. In parallel, photoacoustic spectral measurements
revealed that GADOTA-loaded nanogels generated a significantly stronger PAI signal than ZW800 alone, as
well as a higher signal intensity than gadolinium-free (CS-PEG,q00/CS-ZW800)/TPP nanogels. Together,
these findings show that encapsulating GADOTA within CS-PEG,000/CS-ZW800 nanogels not only improves
MRI efficiency but also enhances PAI performance. This work highlights a simple route to multifunctional
nanogels capable of synergistically boosting both magnetic and acoustic contrast.

are often multimodal and, of course, biocompatible." Indeed, it
is rare for a single imaging modality to combine resolution and

The sophistication of medical imaging protocols in terms of
diagnostic support, staging pathologies or monitoring medical
treatments increasingly relies on the combination of imaging
techniques. From a chemical perspective, this requires the
design of high-performance exogenous imaging probes that
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sensitivity. In this context, it is necessary to consider the
imaging modalities to combine and how to proceed to make
the resulting probes biocompatible. To obtain good resolution
and good soft-tissue contrast, Magnetic Resonance Imaging
(MRYI) is the technique of choice. MRI is a non-invasive, non-
ionizing imaging technique that offers both very good spatial
resolution (sub-millimeter) and unlimited penetration depth.
The signal obtained in MRI relies on the abundance of water in
tissues and on the response of its protons immersed in a
magnetic field to the application of a radiofrequency field.
However, its low sensitivity has led to the use of paramagnetic
contrast agents to enhance image contrast. These systems are
constituted of paramagnetic cations strongly chelated by
ligands for which the nature of the donor atoms is conditioned
by the nature and the coordination numbers of the cations.
While it is possible to use ions such as Mn** or Fe*" to develop
MRI contrast agents, all contrast agents used in injection are
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currently Gd*" contrast agents (Gadolinium Based Contrast
Agents or GBCAs).> GBCAs are used to improve the MRI images
by reducing the longitudinal relaxation times (T;) of the water
protons which lead to a bright contrast of the tissues or organs
where the agent is accumulated. The effectiveness of GBCAs’
action is measured by their relaxivity r;, which corresponds to
the selective reduction of the water proton’s relaxation times
brought by a 1 mM concentration of Gd ions (r; unit: [Gd]*
s’j). GBCAs are classified as T; contrast agents and their
relaxivity therefore reflects their brightening power. For a long
time, the safety of GBCAs was not questioned, but concerns in
renal failure patients about the retention of certain GBCAs and
their potential toxicity have emerged over time.* This has
stimulated the development of strategies to amplify the relax-
ivity of GBCAs to reduce the injected doses. We and others have
demonstrated that one solution is to embed gadolinium che-
lates in nanogel-type structures. Nanogels (NGs) are nanoscale
hydrophilic polymer networks able to retain huge amounts of
water. These three-dimensional structures held together by
supramolecular interactions or covalent linkages are also able
to entrap large quantities of active substances. In the case of
GBCAs encapsulation, natural polymers such as chitosan (CS)
and hyaluronic acid (HA) were used to build the polymer matrix
of the nanogel.> CS is a positively charged and biocompatible
polysaccharide composed of N-acetylglucosamine and glucosa-
mine residues. HA is a natural, non-toxic and negatively charged
polymer composed of glucuronic acid and N-acetylglucosamine
residues. Nanogels were then obtained by ionic gelation
between both polymers in the presence of tripolyphosphate
(TPP) as an ionogenic cross-linker.” Due to the internal viscosity
of the nanogels, confinement of Gd(u) chelates within them has
the consequence of restricting their tumbling motions. Since
this parameter, characterized by the rotational correlation time
Tg, predominantly controls the relaxivity, its restriction results
in a huge gain in relaxivity.” Finally, the various toxicological
assessments carried out on these nanogels have demonstrated
the biocompatibility of these structures.>® To sum up, these
CS-TPP/HA nanogels are not only easily accessible but also
highly effective solutions to turn clinical widely-used and safe
GBCAs such as GADOTA, into hypersensitive MRI probes.

The next step is to gather within the same nanogels, comple-
mentary imaging modalities in terms of resolution and sensitivity.
It is therefore possible to take advantage of the ease with which CS
can be modified by functionalizing its deacetylated amine func-
tions. Among all imaging modalities recognized for their sensi-
tivity, photoacoustic imaging (PAI), also known as optoacoustic
imaging (OAI), is emerging as a new opportunity.” Photoacoustic
imaging is a hybrid imaging modality that combines optical
excitation and ultrasound (US) detection. With an optical input
signal, photoacoustic imaging benefits from the high molecular
specificity of optical imaging. Absorption of light by the target
(endogenous tissue chromophore or exogenous chromophore)
causes a transient temperature rise, resulting in a rapid thermo-
elastic expansion of the surrounding tissues and the emission of
ultrasonic waves (output signal). Due to the low scattering and
absorption of ultrasonic waves in tissues, PAI provides high
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spatial resolution in depth. Detection sensitivities ranging from
nanomolar to picomolar, with spatial resolutions ranging from 50
to 500 micrometers, can be achieved with this technique. There-
fore, the MRI/PAI alliance would be of great benefit to combine
sensitivity, resolution, and penetration depth. To achieve this,
GBCAs must be combined with optical absorbers that absorb light
in the tissue’s optical transparency window, ie. in the near-
infrared range.® This is where biopolymers come into their own,
as they can be readily functionalized with optical absorbers. We
have recently described the synthesis of bimodal MRI/PAI nanop-
robes that ally within nanogels (i) encapsulated GADOTA as the
MRI probe, and (ii) an heptamethine cyanine dye, namely ZW800,
as the NIR optical absorber, grafted on the chitosan nanogel
backbone (CS-ZW800).” Indeed, GADOTA is chosen as the encap-
sulated MRI contrast agent because of its thermodynamic stability
and kinetic inertness. As a result, it is recognized as a low-risk
MRI contrast agent regarding gadolinium loss in vivo.'® ZW800 on
the other hand shows very interesting properties for PAI since it
exhibits a high molar extinction coefficient, a moderate quantum
yield and good photostability in serum.'* Proofs of concept in
MRI and PAI (by means of multispectral optoacoustic tomography
experiments, MSOT), as well as biocompatibility assays were
carried out on these nanogels and proved to be conclusive. The
disadvantage encountered with these nanogels is their very high
positive surface charge. Indeed, this could be a drawback for
future in vivo applications, since high positive charges of nano-
materials are associated with aggregation problems, and non-
specific interactions with biological cells and circulating proteins
or activation of the complement system."* To alleviate the surface
charge problem, the idea was to seek a new formulation enabling
nanogels to be obtained with a lower zeta potential, thanks to the
partial masking of their surface charge by poly(ethylene glycol)
(PEG) chains. The resulting PEGylation is indeed widely used to
prevent the formation of protein corona at the nanoparticle
surface and their subsequent clearance by the mononuclear
phagocyte system."® In this work, we intend to obtain bimodal
MRI/PAI pegylated nanogels combining GADOTA for the MRI part
and the exogenous luminophore ZW800 for the PAI part. To this
end, we have attempted to obtain nanogels with all the desired
functionalities by combining ZW800-functionalized chitosan (CS-
ZW800) with pegylated chitosan (CS-PEG,o) and performing
ionic gelation with hyaluronic acid in the presence of tripolypho-
sphate (TPP) as an ionogenic cross-linking agent (GdDOTA < (CS-
ZW800/CS-PEG,0o)-TPP/HA nanogels). Unfortunately, all our
attempts to synthesize nanogels under these conditions have
led to flocculation. We have therefore decided to revisit existing
nanogel formulations, taking inspiration from similar protocols
developed by Fan'* and Mehata."

These formulations avoid the use of hyaluronic acid and by
strictly controlling pH, CS, TPP concentrations, and tempera-
ture, it is possible to obtain nanogels whose sizes are compa-
tible with intravenous injection'* and whose surface charge can
be satisfactorily reduced by the presence of PEG."” Following a
systematic evaluation of the impact of the level of PEG synthons
grafted onto CS chains on (CS-ZW800/CS-PEG,0,)/TPP surface
charge, an optimized formulation combining the ZW800 optical
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absorber, PEG chains, and GdDOTA was developed. After char-
acterizing the resulting GADOTA < (CS-ZW800/CS-PEG2000)/
TPP nanogels, their photophysical and magnetic properties
were evaluated, and their improved MRI and photoacoustic
contrasts were subsequently demonstrated.

2. Materials and methods
2.1. General

Chitosan (CS, from shrimp shells, 51 kDa, viscosity = 33 mPa s
in 1% acetic acid at 20 °C, with a deacetylation degree (DD) of
86%) was purchased from Sigma-Aldrich. Sodium tripolypho-
sphate (TPP) was obtained from Acros Organics. Sodium hydroxide
(NaOH) was sourced from Merck. GADOTA (Gadolinium(in)-
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate) was synthe-
sized following a published procedure.”® PEGy000-COOH was
synthesized according to a published procedure.'® ZW800 was
synthesized based on the protocol established by Choi.'* Sterile
water for injections (Laboratoire Aguettant, Lyon, France) was
used throughout for preparing both polymers and nanogels
(NGs), as well as for performing analyses.

The native and functionalized polymers (CS, CS-PEG,0o and
CS-ZW800) were characterized by FT-IR (Nicolet IS 5 spectro-
meter equipped with an ATR ID5 module), "H NMR (Bruker
Avance III 500 MHz NMR spectrometer, 318 K, in D,O/DCl (700/
1, v/v) and UV-Visible spectroscopy (Varian Cary 5000 Shimadzu
UV-2401 PC). The diffusion coefficients of different materials
(PEG3009-COOH, CS-PEG,0p9, CS-ZW800, and CS) were deter-
mined by DOSY experiments (Diffusion Ordered SpectroscopyY)
on an Avance II 500 spectrometer (Bruker). Centrifugation
experiments were performed with an Alegra X-30 centrifuge
(Beckman-Coulter).

2.2. Preparations of CS-PEG,, with different CS degrees of
substitution, and of CS-ZW800

2.2.1.  CS-PEGgg0. CS-PEG,00-COOH was obtained by peptide
coupling between PEG;00-COOH and CS following published
procedures.'® Briefly, CS (300 mg, 1.5 mmol) was dissolved in 15
mL of acetic acid 1% (v/v). After complete CS dissolution, the pH
was adjusted to 5 with NaOH (1 M). The resulting solution was
stirred for 1 hour before the addition of PEG,yy,-COOH and 2
equivalents of EDC.HCI. To vary the CS degree of substitution by
PEG,000 Synthon (DSge”), several initial (PEG000-COOH/NH,-CS)
molar ratios (expressed as % mol (COOH/NH,)iniia) have been
used (% mol (COOH/NH,)iniiar Of 10%, 20%, 35%, and 50%,
corresponding respectively to 0.3 g, 0.6 g, 1.05 g, 1.5 g of
PEG,(00-COOH). Each solution was stirred at room temperature
for 24 h. At the end of the reaction, each CS-PEG,, preparation
was purified first by dialysis (Spectrum, Spectra/Por® 6.0, MWCO
25 kDa) against water for injection and then by ultrafiltration
(Vivaspin 20, PES membrane, cutoff 10 000 MWCO) before freeze-
drying. All CS-PEG,qo, samples obtained were recovered as
white foams. They were characterized by "H NMR spectroscopy
(Fig. S1). In addition, all DS¢s were determined by a combination
of 'H NMR and DOSY experiments (see procedure in SI, Fig. S2,
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and Table S3), as described elsewhere."® In this procedure, the
diffusion coefficients of CS and PEG,o were fixed after being
measured at 5 x 107" m®> s and 1.4 x 10" m? s’
respectively.

2.2.2. CS-ZW800. CS-ZW800 was prepared and character-
ized according to the protocols described in ref. 9. This
previous study has shown that an initial (ZW800/NH,-CS) molar
ratio (expressed as % mol (COOH/NH,)initial) Of 5% was suffi-
cient to generate an interesting MSOT signal. Consequently in
this work, this initial ratio was also chosen for CS-ZW800
preparation. After CS-ZW800 synthesis and purification, a
final DSZY%%° of 0.78% was determined by a combination of
UV-visible spectroscopy (¢767nm (ZW800) = 108652 L mol " ecm ™)
and DOSY, as previously described.’

2.3. Preparation and characterizations of (CS-PEG,q,)/TPP,
(CS-PEG;00/CS-ZW800)/TPP and corresponding GADOTA <
(CS-PEG.000)/TPP and GADOTA < (CS-PEG 000/CS-ZW800)/TPP
nanogels

2.3.1.  (CS-PEG,00)/TPP and GADOTA < (CS-PEG o)/ TPP
nanogels. CS-PEG,q, of different DSgg- were solubilized in an
aqueous solution of acetic acid 0.2 M (CS-PEGy0, concentration of
15 mg mL ™). The pH of the solution was adjusted to 5.0 with a few
drops of an aqueous solution of NaOH (5 M). TPP (2 mg mL ") was
dissolved in ultrapure water, and the pH of the solution was
adjusted to approximately 5.0 by adding acetic acid (17 M). The
TPP solution (2.5 mL) was then quickly added to the CS-PEG,gg0
solution (2 mL). The mixture was stirred at room temperature for
45 minutes. The solution was then sonicated for 30 s (750 W,
amplitude 32%). Nanogels purification was carried out by tangen-
tial filtration (MicroKros hollow fiber modules, pores of 0.1 pm)
with 3 cycles of dilution-concentration by a factor of 2.

Gadolinium-loaded nanogels GADOTA < (CS-PEGyo)/TPP
were synthesized following the same procedure using CS-
PEG 000, for which the degree of substitution DSEE® is 5.4%
see conditions for choosing this ratio in the text). GADOTA
(15.24 mg, 0.02 mmol) was incorporated in the CS-PEG,g0
solution before adding TPP.

2.3.2. (CS-PEG,00o/CS-ZW800)/TPP and GADOTA < (CS-
PEG 000/CS-ZW800)/TPP nanogels. To synthesize (CS-PEG g0/
CS-ZW800)/TPP nanogels, a blend of CS-PEG,q, with a DSgg° of
5.4% and CS-ZW800 with a DSZ% *°° of 0.78% (ratio CS-PEG 000/
CS-ZW800 of 70/30 w/w corresponding to 21 mg and 9 mg of each
polymer, respectively) was used. The protocol is, in all respects,
similar to that used to obtain the previous (CS-PEG,gn,)/TPP
nanogels, except that the synthesis was carried out in the dark.
The corresponding gadolinium-loaded nanogels GADOTA <
(CS-PEG000/CS-ZW800)/TPP were obtained in the same way,
with GdDOTA (15.20 mg, 0.02 mmol) incorporated in the
chitosan phase.

2.3.3. Nanogel characterizations

2.3.3.1. Production yield. The nanogel production yield was
determined using a gravimetric method. A known volume of
nanosuspension (3.5 mL) was centrifuged for 1 h 15 at 4 °C at
23200 g (Beckman Avanti™ J-E Centrifuge, France). After separa-
tion of the supernatant, the nanoparticle pellet was recovered,
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dried overnight to remove all water traces, and weighed. The
production yield was expressed as:

dried

llet
pete x 100
Z Mpolymers + mTPP("”nGdDOTA)

m

Production yield(%) =

where ) mpolymers corresponds to the mass of polymers used in
the formulation (7cs.prc2o00 OF Mcs-pEG2000 + Mcszwsoo, fOr (CS-
PEG000)/TPP or (CS-PEG;000/CS-ZW800)/TPP nanogels, respec-
tively). Depending on whether the nanogels incorporate GADOTA
or not, the mass of gadolinium chelate used in the formulation
must also be considered. Production yields of 53% were obtained
for (CS-PEG000)/TPP and GADOTA < (CS-PEG,00)/TPP nanogels
while production yields of 46% and 40% were obtained for
(CS-PEG000/CS-ZW800)/TPP and GADOTA < (CS-PEG 000/CS-
ZW800)/TPP nanogels respectively.

2.3.3.2. DLS and ELS analyses. The average hydrodynamic
diameters of the nanogels (Z-ave) were determined by dynamic
light scattering (DLS) with a Zetasizer Nano ZS (Malvern Zeta-
sizer Nano ZS, Malvern Instruments, Worcestershire, UK). Each
sample was analyzed in triplicate at 20 °C under a scattering
angle of 173°, after a 1/20 dilution in water. Water was used as
the reference dispersion medium. (-(zeta) potential data were
collected by electrophoretic light scattering (ELS) at 20 °C and
150 V, in triplicate for each sample, after a 1/20 dilution in
water. The instrument was calibrated with a - 68 mV Malvern
standard before each analysis cycle.

2.3.3.3. AFM in liquid mode. The nanosuspensions (50 puL)
were deposited onto freshly cleaved muscovite mica disks and
kept at room temperature for 15 minutes. Then the samples
were rinsed with milliQ water and imaged in PeakForce QNM™
mode with a Bioscope Catalyst™ (Bruker, Billerica, USA). Prior
to the experiment, the AFM (ScanAsyst FLUID having a nominal
spring constant of 0.7 N m ") probes were calibrated on a non-
compliant surface to determine the deflection sensitivity and
the real spring constant in MilliQ water. A minimum of 3 (5 x
5 pm) images were captured by sample type. The average
particle diameter was extracted by using the particle analysis
feature of Nanoscope Analysis (Bruker, Billerica, USA). The
depth feature of the same software determined the Derja-
guin-Muller-Toporov (DMT) Young’s modulus.

2.3.3.4. Gd loading. Gadolinium nanogel loading was deter-
mined on purified nanosuspensions by Inductively Coupled
Plasma - Optical Emission Spectroscopy (ICP-OES). The non-
encapsulated complexes were separated from the nanogels by
high-speed centrifugation for 1 h 15 min at 4 °C and 23200 g
(Beckman Avanti™ J-E Centrifuge, France). The resulting nanogel
pellet was then incubated overnight in a 1: 3 (v/v) mixture of HCI
(37%) and HNO; (69%) to extract Gd from both the nanogel
matrix and the complexes. After the nanogel destruction, volu-
metric dilutions were carried out to achieve an appropriate Gd
concentration within the detection range of the method. Similar
procedure was implemented to determine Gd content in super-
natants. Samples were analyzed using ICAP Duo 6300 (Thermo
Fisher) ICP-OES spectrometer. Counts of Gd were correlated to a
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Gd calibration curve generated by mixing Gd,O; standard with
unloaded nanogels incubated under the same acidic conditions.

2.3.3.5. Invitro cytotoxicity evaluation

2.3.3.5.1. Cell culture and treatment conditions. Endothelial
SVEC 4-10 cells (ATCC CRL-2181) were cultured in complete
Dulbecco’s Modified Eagle Medium (DMEM; Gibco/Invitrogen,
Carlsbad, CA, USA), supplemented with 10% fetal bovine serum
(FBS; Gibco/Invitrogen) and 1% antibiotic-antimycotic solution
(Sigma-Aldrich, USA). Cells were maintained at 37 °C in a
humidified atmosphere containing 5% CO,. For experiments,
cells were seeded at a density of 3 x 10 cells per mL in 96-well
plates and exposed to various concentrations (2.5, 5, 10, and 25
uM) of nanogels for 24 and 48 hours. Untreated cells served as
the control group. Cell viability and cytotoxicity were assessed
at both time points using the MTT assay and lactate dehydro-
genase (LDH) release assay.

Cell viability was assessed using the MTT assay with 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT;
Sigma-Aldrich, USA). Following nanogel treatment, the culture
medium was removed, and cells were incubated with MTT
solution (1 mg mL™") for 2 hours at 37 °C in a 5% CO,
atmosphere. The resulting formazan crystals were solubilized
in isopropanol, and absorbance was measured at 595 nm using
a FlexStation 3 microplate reader (Molecular Devices, USA).

Lactate dehydrogenase (LDH) activity released into the cul-
ture medium was assessed using the Cytotoxicity Detection Kit
(LDH) (Roche, Basel, Switzerland) in 96-well plates. After 24 and
48 hours of exposure to 2.5, 5, 10, and 25 pM concentrations of
the different nanogel formulations, 50 pL of culture medium
from treated and untreated cells was mixed with 50 pL of
reaction mixture (catalyst and dye solution) provided in the
kit. The samples were then incubated for 15 minutes at room
temperature in the dark, and the absorbance was measured at
490 nm using a microplate reader (Molecular Devices, USA).

The level of nitric oxide (NO) into the culture medium was
quantified to evaluate the potential inflammatory response of
the formulations on endothelial cells, using the Griess reagent.
After exposing SVEC 4-10 cells to 2.5, 5, 10, and 25 uM of the
tested nanogels for 24 and 48 hours, 80 pL of culture medium
was mixed with 80 L of Griess reagent. The absorbance was
read at 540 nm, and the results were expressed as percentages
relative to untreated control cells.

All experiments were performed in triplicate. Data are
presented as relative values compared to the untreated control
(set as 100%) and expressed as mean =+ standard deviation (SD).
Statistical analyses were conducted using GraphPad Prism (version
8; GraphPad Software, La Jolla, CA, USA). Differences between
groups were evaluated using two-way ANOVA, followed by Tukey’s
multiple comparisons test to assess significance between treated
samples and controls. Statistical significance was considered at
p < 0.05(*),p < 0.01 (*),and p < 0.001 (***).

2.3.3.5.2. NMRD profiles and 3 T MR imaging. "H NMRD
profiles were measured on a Stelar Spinmaster FFC fast field
cycling NMR relaxometer (Stelar, Mede, Pavia, Italy) over a
range of magnetic fields extending from 0.48 mT to 0.7 T and
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corresponding to 'H Larmor frequencies from 0.02 to 30 MHz
using 0.5 mL samples in 7.5 mm o.d. tubes. The temperature
was kept constant at 37 °C. An additional relaxation rate at 60
MHz was obtained with a Bruker Minispec mq60 spectrometer
(Bruker, Karlsruhe, Germany). The diamagnetic contribution of
Gd-free nanogels was measured and subtracted from the
observed relaxation rates of the Gd-loaded nanogels to determine
the nanosuspension relaxation rate R;. The relaxivity r; is then
calculated by dividing the obtained relaxation rate R; by the
gadolinium concentration (see Gd concentration in Table 3 —
column Total subcolumn b - after purification).

MR imaging of gadolinium nanogels (1.5 mL of nanosus-
pension diluted in water with gadolinium concentrations tested
in the 25-200 uM range) were performed using 3.0 T MRI device
(Skyra, Siemens Healthcare, Erlangen, Germany) with a 20-channel
receive head/neck coil. T;-weighted images were obtained with a
3D fast spin-echo T} sequence (TR = 700 ms, TE = 12 ms, FOV = 201
x 201 mm, matrix= 256 x 256, voxel size = 0.78 x 0.78 X 2 mm).
The fast spin echo sequence was implemented as a turbo spin
echo (TSE) sequence with an echo train length (turbo factor) of 38
and an echo train duration of 160 ms. A variable refocusing flip
angle scheme (7; var) was used rather than a constant 180°
refocusing pulse. The refocusing flip angles were therefore 120°,
following a Siemens-implemented variable flip angle evolution to
reduce SAR at 3 T while preserving signal and contrast.

2.3.3.5.3. MSOT experiments. MSOT data were acquired
using a InVision 256-TF scanner (iThera Medical, Germany)
equipped with tunable Nd:YAG laser that provides 9 ns excitation
pulses with a peak energy of 90 mJ at 720 nm at a repetition rate
of 10 Hz. Laser generates light of wavelengths ranging from 660
to 1300 nm that is carried by 10 optical fibers to provide 360°
uniform illumination of the phantom. Ultrasound waves are
detected by 256 toroidally focused ultrasound transducers with
a center frequency of 5 MHz, organized in a concave array that
provides 270-degree angular coverage to produce cross-sectional
images. In vitro sample measurements were performed using the
durable and scattering phantom iThera Medical. The right well
was filled with 200 pL of sample suspension, while the left well
was filled with water as a reference. Photoacoustic (PA) spectra
were collected by scanning from 660 nm to 850 nm wavelength
range with 5 nm increments at 25 °C, with an average of 3
recordings. Data were analyzed using viewMSOT 4.0 software
(iThera Medical); a circle region of interest (ROI) was drawn in
the center of wells to quantify the optoacoustic signal intensity
(arbitrary units, a.u.) and obtain the MSOT spectra.

3. Results and discussion

To obtain CS nanogels that combine a low-positive surface charge
with stealth, magnetic, and photoacoustic properties, we have
developed a new formulation based upon ionic gelation between
functionalized CS and TPP anions. CS and TPP concentrations
were optimized (Scheme 1) and remain constant throughout the
development phase of the functionalized nanogel. The pH of CS
and TPP phases is adjusted to 5. In this type of formulation,
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Scheme 1 lonic gelation specific conditions used herein between CS
chains and TPP anions.

controlling pH is essential because, while CS must be soluble due
to the protonation of most of its amine groups (CS is a weak
polyelectrolyte with a pK, near 6.5), the hydroxide ions in the
solution should also be kept in relatively small amounts to
prevent CS deprotonation and competition with the cross-
linking TPP anions (HP;0,,"~ and H,P;0,,°  at pH 5).

Initially, the first step was to determine the optimal
DSEEC grafting ratio to obtain monodisperse and stable nano-
suspensions of pegylated nanogels (CS-PEG,00)/TPP NGs). In a
second step, based on these results, nanogels with both stealth
properties and photoacoustic imaging activity ((CS-PEG,g00/
CS-ZW800)/TPP NGs) were synthesized.

3.1. Preparation of (CS-PEG,)/TPP nanogels

Several CS-PEG,g0, copolymers with a DSgeC comprised

between 0.8 and 10.5% (Table S3) were subjected to an ionic
gelation process with TPP anions. Table 1 depicts the charac-
teristics of (CS-PEGs000)/TPP nanogels prepared under these
conditions.

Regardless of the degree of substitution of CS, nanogels were
produced. Their average hydrodynamic diameters were measured
using dynamic light scattering (DLS, Table 1), as well as the
polydispersity indexes (PdI) of the nanosuspensions. Before
purification, the nano-objects have average hydrodynamic dia-
meters ranging from 175 to 207 nm (Table 1). The polydispersity
index of the samples ranges between 0.2 and 0.3, indicating
relatively uniform nanoparticle populations. Purification through
tangential filtration causes a slight increase in NP sizes, a trend
consistently observed with nanogels.>® It is also noticeable that
higher DS correlates with greater swelling. Compared to nanogels
obtained from native CS, pegylated nanogels have a smaller
average diameter. This can be explained by the steric hindrance
exerted by the PEG chains, which force the CS chains to adopt an
extended conformation, thereby increasing the number of cross-
linking points with TPP. To be thorough, it should also be noted
that if DSgg° is 10.5%, then fewer nano-objects are present in
solution, as indicated by the increasing attenuator value observed
in DLS. Additionally, their zeta potential ({) drops below + 14 mV,
implying reduced repulsion between nanoparticles, which over
time can lead to nanosuspension instability and flocculation
(data not shown). The most significant effect of PEG chains is
the reduction in nanogel surface charge as the DSge- increases.
Specifically, the ( potential of CS- PEG 2000/TPP nanogels

decreases steadily with DSga°, reaching +15 mV which is
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Table 1 Intensity-weighted (Z-average) diameters, polydispersity index (Pdl) and zeta potential ({) of (CS-PEG,000)/TPP nanogels, according to different

chitosan degree of substitution (DSZEC)

Z-ave (nm) PdI { (mv)
Nanogels DSEEC [%] a b a b a b
CS-PEG 000/ TPP 0.8 175 + 10 190 + 18 0.21 + 0.03 0.21 + 0.04 3241 37+4
2.2 199 + 7 204 + 12 0.30 £+ 0.05 0.25 4+ 0.03 25+ 2 31+3
5.4 134 £ 2 207 + 15 0.22 4+ 0.04 0.27 4+ 0.02 13+ 1 17 £ 2
10.5 207 + 3 294 + 38 0.19 + 0.01 0.28 + 0.01 1 +1 15+1
CS/TPP 0 304 + 38 387 + 29 0.30 &+ 0.07 0.31 4+ 0.04 38+2 46 + 3

a - before purification and b - after purification

approximately 30 mV less than the zeta potential of unmodified CS
nanogels. By the end of this step, the optimal grafting percentage
for producing nanogels with desirable size, surface charge, and
suspension stability appears to be 5.4%. Consequently, CS-PEGyg0o
with a grafting rate of 5.4% will be used in the subsequent study.

3.2 Preparation of (CS-PEGy0/CS-ZW800)/TPP, GADOTA <
(CS-PEG 000)/TPP and GADOTA < (CS-PEG 00,/CS-ZW800)/TPP
nanogels

A mixture of CS-PEGygo (DSEEC of 5.4%) and CS-ZW800
(DSZYE° of 0.78%, see Materials and Methods 2.2 for the
determination of this value) in combination with TPP anions
was used to obtain (CS-PEGy0o/CS-ZW800)/TPP nanogels in a
single step (Scheme 2).

Nanogels analyzed after tangential filtration have a mean
diameter of 298 nm, a surface charge of +27 mvV, and a

on
Ny

o:

—
o AV

" CS-PEGig

CS-ZW800
= DSE®0 =0.78%

W W DSEC=54%

—NH,

polydispersity index of 0.23 (Table 2). Similar characteristics are
observed for GADOTA(CS-PEG,0o/CS-ZW800)/TPP nanogels after
incorporating the MRI contrast agent GADOTA into the chitosan
phase (Table 2). A slight increase in size is observed after incorpor-
ating GADOTA into the nanoparticles. For comparison, nanogels
without optical absorbers but containing GADOTA have also been
produced (GADOTA(CS-PEG2000)/TPP NGs. Their morphological
features are similar to those of GADOTA(CS-PEG2000/CS-ZW800)/
TPP nanogels. Compared to the reference (CS-PEG2000)/TPP, the
size increase following the contrast agent’s incorporation is
also noted.

3.3. Determination of ZW800 and Gd concentrations within
the nanogels

ZW800 concentrations within (CS-PEGy/CS-ZW800)/TPP and
GdDOTA < (CS-PEG;00/CS-ZW800)/TPP nanogels were determined

—NH,

(CS-PEGa¢/CS-ZW800)/TPP and
GdDOTAC (CS-PEGygg /CS-ZW800)/TPP
nanogels

GdDOTA

Scheme 2 (CS-PEG,000/CS-ZW800)/TPP and GADOTA < (CS-PEG;000/CS-ZW800)/TPP nanogel syntheses.

Table 2 Intensity weighted (Z-average) diameters, polydispersity indexes (Pdl) and zeta potential ({) of (CS-PEG,000/CS-ZW800)/TPP, GADOTA < (CS-
PEG2000/CS-ZW800)/TPP, and GADOTA < (CS-PEGzq00)/TPP, nanogels (DSEEC = 5.4%, DSEY80 = 0.78%)

Z-ave + sd (nm) PdI + sd € + sd (mV)
Nanogels a b a b a b
(CS-PEG 0¢/CS-ZW800)/TPP 222 + 14 289 £ 21 0.21 £ 0.03 0.21 £ 0.01 19+ 2 27 £3
GdDOTA < (CS-PEG,000/CS-ZW800)/TPP 252 + 45 298 + 58 0.25 + 0.06 0.23 + 0.04 20+3 2745
GdDOTA < (CS-PEGy¢)/TPP 142 + 34 231 + 24 0.31 £+ 0.07 0.37 £+ 0.09 14 £2 21 +£3
(CS-PEGa000)/TPP 134 + 2 207 + 15 0.22 + 0.04 0.27 £ 0.02 13+1 17 £2

a - before purification, b - after purification
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Table 3 ZW800 concentrations and Gd loadings of (CS-PEG2000/CS-ZW800)/TPP, GADOTA < (CS-PEG2000/CS-ZW800)/TPP, and GADOTA < (CS-

PEG2000)/TPP, nanogels (DSEEC = 5.4%, DSZYE00 = 0.78%)

[Gd] (mol L™Y)

[zwW800] (mol L") Pellet

Supernatant Total

Nanogels a b a

b a b a b

(CS-PEG,000/CS-ZW800)/TPP 6.94 X 10°° 6.78 x 107 ° —

GADOTA < (CS-PEG000/CS-ZW800)/TPP 6.51 x 10™° 5.26 x 10°° 6.39 x 10~ * 5.26 x 10 5.12 x 10> 1.32 x 10 ® 5.76 x 10> 1.85 x 10°

GdDOTA < (CS-PEG,0)/TPP — —

a - before purification, b - after purification

by UV-visible spectroscopy (Fig. S4 and Table 3). Comparison of
ZW800 concentrations before and after purification shows a slight
decrease in ZW800 concentration, which can be attributed to the
(minimal) loss of polymer during the purification process. After
purification, these concentrations are close to 6 x 10™° mol L™,

Gadolinium concentrations within the nanogels were deter-
mined by ICP-OES titrations (Table 3). Before purification, 11%
and 24% (in concentration) of Gd chelates are present in the
nanoparticle pellet for GADOTA < (CS-PEGy00/CS-ZW800)/TPP
and GADOTA < (CS-PEG;000)/TPP nanogels, respectively. After
purification, the concentration of Gd chelates in pellets for both
types of nanogels is virtually the same (5.26 x 10"* mol L' and
4.27 x 10~ * mol L™ ', which represents a percentage of Gd in the
nanoparticle pellets of 28% and 33% for GADOTA < (CS-PEG;0/
CS-ZW800)/TPP and GADOTA < (CS-PEGy00)/TPP nanogels,
respectively), while the concentration in the supernatant is
significantly reduced, as has already been observed for this type
of purification.’ It should also be noted that the concentration
of Gd in CS/TPP nanogels is higher than that obtained in
nanogels combining CS and HA (average value after purification
of 5.26 x 10~ * mol L™" for GADOTA < (CS-PEG00/CS-ZW800)/
TPP nanogels vs 1.25 x 10~ * mol L™ for GADOTA = CS-ZW800-
TPP/HA nanogels®).

3.4. Cytotoxicity evaluation of GADOTA < (CS-PEG;gg0/
CS-ZW800)/TPP, GADOTA < (CS-PEG00)/TPP, and
(CS'PEGzooo/CS'ZWSOO)/TPP nanOgelS

A prerequisite for the evaluation of nanogels’ performance in
MRI and MSOT imaging is an assessment of their cellular toxicity.
To investigate the biological effects of GADOTA < (CS-PEGypo/
CS-ZW800)/TPP, GADOTA < (CS-PEG000)/TPP, and (CS-PEG 00/
CS-ZW800)/TPP nanogels, endothelial cells—being the first cells to
encounter intravenously injected nanoparticles—were exposed to
varying concentrations of nanogels (2.5, 5, 10, and 25 pM) for 24
and 48 hours. Cell viability and cytotoxicity were then evaluated
using the MTT assay and lactate dehydrogenase (LDH) release,
both quantified by spectrophotometric methods. Following 24 and
48 hours of treatment, no significant changes in cell viability or
cytotoxicity are observed compared to untreated controls (Fig. S6),
indicating that the nanogels do not exert cytotoxic effects on
endothelial cells. A slight reduction in viability is noted for the
(CS-PEG;000/CS-ZW800)/TPP nanogels, with or without gadoli-
nium, at the highest concentration (25 uM). This is accompanied
by a modest increase in LDH release (Fig. S6) and NO production

This journal is © The Royal Society of Chemistry 2026

7.82 x 107* 4.27 x 10™* 2.45 x 10™® 8.47 x 10 * 3.23 x 107> 1.27 x 103

(Fig. S7) after 48 hours, suggesting a dose-dependent cellular
response without substantially affecting the overall safety pro-
file. In conclusion, GADOTA < (CS-PEG;(,/CS-ZW800)/TPP,
GADOTA < (CS-PEG 00)/TPP, and (CS-PEG,0,/CS-ZW800)/TPP
nanogels demonstrate a favorable biocompatibility profile on
the SVEC 4-10 cell line, maintaining cell viability and
membrane integrity, with minimal cytotoxic effects observed
even at the highest concentrations tested.

3.5. In vitro imaging experiments with GADOTA <
(CS-PEG;400/CS-ZW800)/TPP, GADOTA < (CS-PEG;¢¢)/TPP,
and (CS-PEG(0/CS-ZW800)/TPP nanogels

3.5.1. Magnetic properties. The Nuclear Magnetic Reso-
nance Dispersion (NMRD) profile of GADOTA < (CS-PEG,gg0/
CS-ZW800)/TPP nanogels which corresponds to the longitudinal
relaxivity as a function of the proton resonance frequency, was
recorded at 37 °C (Fig. 1a) and compared to the NMRD profile of
GdDOTA < (CS-PEG;000)/TPP nanogels (Fig. 1b).

These profiles are characterized by a great relaxivity
enhancement in the range 20-60 MHz. and for GADOTA <
(CS-PEG000/CS-ZW800)/TPP nanogels, a maximum in relaxivity
at 20 mM " s is reached at 40 MHz. This value is similar to
that obtained for GADOTA < (CS-PEGy400)/TPP nanogels
(23 mM ' s at 40 MHz). These values are both much higher
than those measured in solution for the contrast agent
GdDOTA. Moreover, the shape of these NMRD profiles is very
close to that obtained for nanogels in which the gel matrix
consists of chitosan and hyaluronic acid. Indeed, GADOTA <
CS-ZW800-TPP/HA nanogels exhibit the same bump in relax-
ivity in the same proton frequency range, with a maximum in
relaxivity at 30 mM~" s '.° This result obtained for CS/TPP
nanogels is therefore interesting, as it shows that the presence
of hyaluronic acid is not a sine qua non condition for obtaining
such relaxivity enhancement. The important issue is to create
an aqueous environment around the gadolinium chelates to
have a positive impact on their relaxivity.'” This is made
possible by the hydrophilic nature of chitosan. It should also
be noted that relaxivity improvement had already been
observed for hyaluronic acid-free nanogels obtained by chito-
san nanoprecipitation,”” even if for these latter, the relaxivity
exaltation is lower than that observed in CS/TPP nanogels. It
can be assumed that the stronger relaxivity gain observed for
gadolinium CS/TPP nanogels may be correlated with a more
cross-linked inner structure.'® As a result, the tumbling motion
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Fig. 1 (a) NMRD profiles of (a) GADOTA < (CS-PEGy000/CS-ZW800)/TPP (IGd] = 1.85 x 10> mol L™, (b) GADOTA < (CS-PEG2000)/TPP nanogels
(IGd] = 1.27 x 10* mol L™), at 37 °C, pH 5.5 (solid line = HGADOTA at 37 °C), (c) 3 T Ty- weighted images of GADOTA < (CS-PEG2000/CS-ZW800)/TPP

and GADOTA < (CS-PEG;000)/TPP nanogels.

of gadolinium chelates within the gel matrix must be largely
restricted, which, as predicted by Solomon-Bloembergen-
Morgan theory,” and related modeling,* results in a signifi-
cant amplification of the GdDOTA magnetic properties.
Another point of interest is the steadiness of NMRD curves
for (GADOTA < (CS-PEG00o/CS-ZW800)/TPP and GdDOTA <
(CS-PEG00)/TPP nanosuspensions over time (Fig. 1a and b).
This demonstrates the stability of these nanogels as well as
their ability to contain their Gd loading over time. Finally, to
check how this signal amplification translates into MRI, T;-
weighted MR images were recorded on a 3 T clinical imager
(Fig. 1c). They show that on the same concentration scale, a
more intense contrast is observed when GADOTA is present in
the nanogels than when it is free in solution.

3.5.2. Photoacoustic properties. The photoacoustic proper-
ties of GADOTA < (CS-PEGy00o/CS-ZW800)/TPP and (CS-
PEG,000/CS-ZW800)/TPP nanogels were determined by the inVi-
sion 256-TF imaging device (iThera Medical). These PA profiles
obtained by scanning over a wavelength range from 660 nm to
930 nm have the same appearance, with a broad, intense band
centered at 770 nm (Fig. 2).

For a same ZW800 concentration (5 uM), a PA signal of
higher intensity is observed for nanogels by comparison to the
pure dye. This enhancement, already observed in GADOTA <
CS-ZW800-TPP/HA nanogels, was associated with a fluores-
cence quenching of ZW800 within these nanogels.” Under these
conditions, ie., in nanogels, the radiative de-excitation of
ZW800 is limited, thereby enabling the conversion of light into
sound waves and, consequently, the photoacoustic mechanism.
It is also worth noting that GADOTA < (CS-PEG,o-CS-ZW800)/
TPP nanogels incorporating gadolinium chelates display a
more intense photoacoustic spectrum than the non-metalated
(CS-PEG3000-CS-ZW800)/TPP nanogels. However, GADOTA <
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Fig. 2 PA spectral scans of GADOTA < (CS-PEG,000-CS-ZW800)/
TPP (A), (CS-PEGy000-CS-ZW800)/TPP (@) nanogels, and ZW800 ()
([zw800] = 5 uM and B NaCl control).

(CS-PEG000-CS-ZW800)/TPP and the (CS-PEG,000-CS-ZW800)/
TPP nanogels exhibit identical optical absorption between 400
and 900 nm, for the same optical absorber concentration ([ZW800]
= 5 puM, Fig. S5). In comparison with other bimodal Gd/ZW800
molecular systems,””" the improved PA properties of Gd nanosus-
pensions must therefore be attributed to the nanoparticles them-
selves, and this increase may be due either to the size of the
nanoparticles or to their stiffness. From a morphological point of
view, it has been demonstrated for ultrasonic contrast agents such
as non-porous polydopamine nanoparticles, that the intensity of
the acoustic signal they generate increases with the size of the
nanoparticles.”” Here, the size of GADOTA < (CS-PEGyp0o-CS-
ZW800)/TPP particles (298 nm) is slightly greater than the one of
(CS-PEGy009-CS-ZW800)/TPP particles (289 nm) (Table 2), which
may partly account for the improved echogenic effect of particles
incorporating Gd chelates. Moreover, from a morphological per-
spective, the study of the photoacoustic properties of microbubbles
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Fig. 3 MSOT phantoms of (a) GADOTA < (CS-PEG,000-CS-ZW800)/TPP
nanogels and (b) (CS-PEG000-CS-ZW800)/TPP nanogels ([ZW800]nanogets =
5 pM) in the right well. Water reference in the left well, highlighted in dotted
lines.

has demonstrated a positive correlation between the rigidity of the
microbubble shell and their photoacoustic response.** To examine
the influence of nanogel rigidity on echogenic properties, it is
therefore necessary to be able to evaluate their Young’s modulus.
In a previous study, we established that the Young’s moduli of
nano-objects suspended in liquid nanosuspensions can be
estimated using atomic force microscopy (AFM) in Peak Force
Tapping (PFT) mode.* Extending this approach to GADOTA <
(CS-PEG,009-CS-ZW800)/TPP nanogels, a Young’s modulus of
approximately 9 MPa is determined, in contrast to a value of about
3 MPa for analogous nanogels lacking gadolinium chelates. These
results, which should be interpreted in relative terms, indicate that
the incorporation of gadolinium chelates into the nanohydrogel
matrix induces increased nano-object stiffness, therefore inducing
an amplified acoustic signal. The in vitro phantoms of ZW800
loaded nanoparticles were then spatially scanned at 770 nm, which
corresponds to the maximum intensity of the PA signal in the
spectral scans (Fig. 3).

MSOT spectra of the two types of nanosuspensions show
that the signal obtained with gadolinium nanogels is more
intense, thus confirming the photoacoustic profiles previously
obtained.

4. Conclusion

This work establishes stealth PEGylated chitosan/TPP nanogels
as a robust and adaptable platform for multimodal MRI/PAI
imaging. Combining CS-ZW800 and CS-PEG2000 with TPP
yielded stable, reproducible nanoassemblies whose colloidal
behavior, surface charge, and hydrodynamic size could be finely
tuned through controlled PEGylation. This optimized design
enabled the preparation of distinct nanogels capable of carrying
MRI agents, PAI dyes, or both within a single nano-object. Our
results highlight two major advances. First, encapsulating Gd
chelates within a purely chitosan-based nanogel—without relying
on hyaluronic acid or more complex matrices—leads to a pro-
nounced relaxivity enhancement, demonstrating that this sim-
plified formulation is sufficient to generate well-defined water
pockets around the chelates. Second, the nanogels exhibit rein-
forced photoacoustic responses compared to free PAI probes,
with an additional and unexpected amplification arising from the

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

presence of Gd chelates within the matrix. Together with their
tunable mechanical properties and excellent cytocompatibility,
these features position PEGylated chitosan/TPP nanogels as a
powerful and streamlined platform for integrated MRI/PAI
diagnostics.

Future efforts will explore how the loading and identity of
paramagnetic metal chelates modulate echogenic behavior,
and will aim to translate this formulation toward microfluidic
production, which will likely require adapting the synthetic
conditions established here.
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CS) initial ratios (expressed as % mol (COOH/NH,)initial)
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various concentrations of nanogels (NGs). Cell viability assessed
by MTT assay after 24 h and 48 h of treatment. Cytotoxicity
evaluated by lactate dehydrogenase (LDH) release in the culture
medium after 24 h and 48 h of exposure (Fig. S6) — Nitric oxide
(NO) production by SVEC4-10 endothelial cells after exposure to
nanogels (NGs). NO levels were measured in the culture med-
ium using the Griess assay after 24 h and 48 h of treatment with
increasing NG concentrations (Fig. S7). The determination of
Gd loading is provided in Section S8, while the procedure
used to determine the relaxivity of Gd nanogels is detailed in
Section S9. See DOI: https://doi.org/10.1039/d5tb02722e.
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