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Injectable hydrogels have emerged as a promising strategy for stroke and neurodegenerative diseases, but their effectiveness depends on 
precise injection, defect filling, and long-term retention at the target site. While MRI can help visualize hydrogels, distinguishing them from 
fluid-filled spaces, like post-stroke cavity at chronic stage, is challenging due to their high water content and similar MR properties. In this 
study, a T1 MRI detectable hyaluronic acid (HA) hydrogel, that is injectable and self-healing, was developed for in vivo tracking after 
intracerebral injection in stroke. The HA hydrogel was functionalized with a thermodynamically stable and kinetically inert Gadolinium(III) 
complex for monitoring its long-term fate in the brain with T1-contrast enhanced MRI. The dynamic covalent cross-links based on boronate 
ester bonds in the hydrogel network ensured precision injection and instantaneous self-healing. The HA network did not induce adverse 
tissue response and was biocompatible with therapeutic cells (human adipose stromal/stem cells). This labeling strategy enabled accurate 
tracking of hydrogel distribution and degradation in stroke condition, allowing a better assessment of efficacy and safety. This MRI-visible 
hydrogel offers significant potential as a scaffold for stem cells, growth factors, and/or drugs, paving the way for more effective treatments 
for brain disorders.

Introduction
Injectable hydrogels have become a popular scaffolding 
treatment option for brain disorders, such as stroke, and 
neurodegenerative diseases.1-4 Many of these disorders lead 
to progressive degeneration and/or death of neurons, 
severe disabilities and have no cure. Due to their high water 
content and mechanical similarity to native tissue, 
hydrogels, used alone or loaded with therapeutic agents or 
cells, provide an effective scaffold for neural tissue growth in 
areas of brain damage.5-9 The outstanding advantage of 
injectable hydrogels is that they can be administered into the 
target sites via minimally invasive procedures, such as 
stereotactic injections. However, the beneficial effect of 
injectable hydrogel scaffolds is closely linked to the precision 
in injection, ability to fill irregular tissue defects and 
retention at the target site over a long time span. Such 
information can be achieved by using noninvasive imaging 
tools to visualize hydrogels.10 Magnetic resonance imaging 
(MRI) is ideally suited for this application in both pre-clinical 
and clinical studies, owing to its safety and penetration 
depth.11 Besides, MRI may provide the ability to track in real-

time the whole procedure of injection.12, 13 Yet, while non 
contrast-based MRI may be used to visualize hydrogels 
based on intrinsic differences in the MR properties (i.e., T2 
relaxation) between the injected hydrogel and surrounding 
tissue, it is often hard to distinguish them within the fluid-
filled spaces, like post-stroke cavity at chronic stage, due to 
their high water content.8 To overcome these issues, 
hydrogels must be labeled with MRI contrast agents. 
Gadolinium(III) (Gd(III)) complexes are widely used in clinics 
to enhance the signal of a T1-weighted MRI.14 Several 
examples of hydrogels incorporating Gd(III)-based contrast 
agents (GBCAs) have been reported.11, 15-20 The most 
straightforward approach for labeling hydrogels with Gd(III) 
is to covalently conjugate Gd(III)-chelates to the 
(macro)molecular building blocks used for hydrogel 
preparation.10, 21 This strategy offers two advantages. First, it 
avoids rapid leakage of the GBCA from the hydrogel, which 
would compromise its specific visualization11. Second, it 
contributes to increasing the T1-relaxivity (r1) and so, the 
contrast11, 17, 18. Yet, stability of the Gd(III)-chelate is also a 
key property to consider when designing Gd(III)-labeled 
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scaffolds for long-term MRI follow-up. Indeed, Gd(III)-
chelate structures have been carefully engineered to tightly 
bind Gadolinium and prevent the release of this toxic ion.14, 

22 Therefore, the modification of the Gd(III)-chelate structure 
for its selective grafting on a macromolecular carrier should 
not affect its stability.
As a primary component of the brain extracellular matrix, 
hyaluronic acid (HA) is an attractive material for engineering 
injectable scaffolds for brain repair.9, 23 Previously, we 
reported on a new injectable HA hydrogel with dynamic 
covalent crosslinks, suitable for cell delivery in a minimally 
invasive process.24 The hydrogel is formed simply by mixing 
two solutions of HA partners (HA modified with 
phenylboronic acid (PBA) and a fructose derivative (Fru)) in 
physiological conditions. The dynamic covalent crosslinks 
(boronate ester bonds) in this hydrogel network makes it 
moldable and able to rapidly recover its normal solid-like 
state after injection (self-healing). This property suggests 
that it can be injected with precision to target sites. 
In the current study, we modified this dynamic HA hydrogel 
with a Gd(III)-chelate to investigate its long-term behavior 

after intracerebral injection in vivo (Figure 1). Among Gd(III)-
chelates, Gadolinium-1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (GdDOTA) is recognized as one of 
the most stable GBCAs currently used in MRI.25, 26 For 
hydrogel labeling, our strategy was to selectively 
functionalize one of the HA gel precursors with a GdDOTA-
like complex with high thermodynamic stability and kinetic 
inertness27. In this report, the synthesis and characterization 
of the Gd(III)-labeled HA hydrogel are described. T1-contrast 
enhancement due to Gd(III) labeling and prolonged 
retention of the hydrogel after injection in the brain of 
healthy rats were then verified by MRI. Moreover, for further 
uses as scaffolds of stem cells for combined cell therapy in 
regenerative studies, we assessed in vitro biocompatility 
with human adipose-derived stromal cells (hASCs). Finally, 
we conducted a proof-of-concept study to demonstrate for 
the first time the ability to selectively visualize the Gd-
labeled hydrogel after intracerebral injection in a rat model 
of stroke.

Fig. 1 Schematic presentation of the design and study of the T1-MRI traceable hyaluronic acid (HA) hydrogel. The hydrogel is produced by mixing solutions of two 
HA derivatives modified respectively with fructose (Fru) and Gd(III)-chelate (GdDOTA) moieties, and phenylboronic acid (PBA) molecules. The dynamic covalent 
character of crosslinks (boronate ester bonds) in this hydrogel network makes it injectable and able to self-heal almost instantly. The in vivo examination of the 
HA-GdDOTA hydrogel showed ability to monitor its fate up to 31 days in healthy rat brains and to selectively visualize it in the cerebral lesion in a rat model of 
ischemic stroke. This figure was created with BioRender.com.

Materials and methods
Materials. 
HA, sodium salt, possessing a weight-average molar mass 
(Mw) of 390 kg/mol was purchased from Contipro France. 1-
Amino-1-deoxy-D-fructose hydrochloride (fructosamine) 
was supplied by Biosynth. 3-Aminophenylboronic acid 
hemisulfate salt (APBA), adipic acid dihydrazide (ADH), 4-

(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium 
chloride (DMTMM), 1-[bis(dimethyl-amino)methylene]-1H-
1,2,3-triazolo(4,5-b)pyridinium 3-oxide hexafluoro-
phosphate (HATU), 1-ethyl-3-[3-(dimethylamino)propyl] 
carbodiimide (EDC), phosphate-buffered saline (PBS), 2,2-
dimethoxyethylamine, Gadolinium(III) chloride hexahydrate 
(GdCl3·6H2O), diisopropylethylamine (DIEA), picoline borane 

Page 2 of 16Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
4/

20
25

 1
0:

36
:0

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4TB02722A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb02722a


ARTICLE Journal Name

Please do not adjust margins

Please do not adjust margins

complex (PicBH3), agarose (Reference A9539), and other 
chemicals were purchased from Sigma-Aldrich and were 
used without further purification. (R)-5-(tert-butoxy)-5-oxo-
4-(4,7,10-tris(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10-tetraaza-
cyclododecan-1-yl)pentanoic acid (DOTAGA(OtBu)4) was 
purchased from CheMaTech (Dijon, France). Therapeutic 
grade hASCs used in this study were isolated from human 
adipose tissues of healthy donors (cell stock from French 
Blood Company, EFS “Etablissement Français du Sang”, St 
Ismier). Platelet lysate and heparin 5000 U/mL, beta 
fibroblast growth factor (βFGF), Dulbecco’s phosphate 
buffer saline (DPBS), and ⍺-MEM (⍺-Minimum Essential 
Media) were purchased from ThermoFisher Life Science. 

Methods.
NMR spectroscopy. 1H and 13C spectra were recorded at 
25°C or 80°C using a Bruker AVANCE III HD spectrometer 
operating at 400.13 MHz (1H) and 100.61 MHz (13C). 1H NMR 
spectra were recorded by applying a 90° tip angle for the 
excitation pulse, and a 10 s recycle delay for accurate 
integration of the proton signals. Deuterium oxide (D2O) and 
chloroform-d (CDCl3) were obtained from Euriso-top (Saint-
Aubin, France). Chemical shifts (δ in ppm) are given relative 
to external tetramethylsilane (TMS = 0 ppm) and calibration 
was performed using the signal of the residual protons of the 
solvent as a secondary reference. All NMR spectra were 
analyzed with Topspin 4.3.0 software from Bruker.
Determination of free Gd(III) content. The concentration of 
free Gd(III) was quantified by determination of the ratio of 
absorbance intensity at λ = 573 nm and λ = 433 nm of a 
Gd(III)-xylenol orange complex28 in sodium acetate buffer 
(50 mM, pH 5.8, 0.60 mM xylenol orange) using a Varian Cary 
50 UV-visible spectrophotometer using 1.0 cm quartz 
cuvettes.
Synthesis of HA-PBA and HA-Fru. HA-PBA and HA-Fru were 
synthesized by an amide coupling reaction from APBA and 
fructosamine, respectively.24, 29 To this end, APBA (0.022 g, 
0.12 mmol) or fructosamine (0.024 g, 0.112 mmol) was 
added to a water/DMF (3/2, v/v) mixture containing 
DMTMM (0.207 g, 0.75 mmol) and HA (0.300 g, 0.75 mmol) 
and the pH was adjusted to 6.5 using 0.5 M aqueous NaOH. 
After stirring for 24 h at room temperature, the HA 
derivatives were purified by ultrafiltration using deionized 
water and the products were recovered by freeze-drying. 
The chemical integrity and purity of the final products were 
checked by 1H NMR and 2D HSQC NMR (Figure S1 and S2). 
The degree of substitution (DS, average number of 
substituting groups per HA disaccharide repeating unit) of 
the HA-PBA and HA-Fru derivatives were found to be 0.15 
from 1H NMR analysis and from the reaction kinetics using 
the 2,4,6-trinitrobenzene sulfonic acid (TNBS) method30, 
respectively.
Synthesis of HA-Fru-ADH. HA-Fru-ADH was prepared by 
dissolving HA-Fru (0.250 g, 0.593 mmol) in pure water at a 
concentration of 1 g/L. Adipic acid dihydrazide (0.072 g, 
0.415 mmol) was added to this solution. The pH of the 
reaction was then adjusted to 4.75 using 0.5 M HCl. Next, an 
aqueous solution of EDC (0.016 g, 0.083 mmol) was added 

slowly to the mixture. The pH of the reaction mixture was 
maintained at 4.75 by addition of 0.5 M HCl. The reaction 
was allowed to proceed at room temperature until no 
further change in pH was observed (i.e., 4 h). The reaction 
was stopped by addition of 0.05 M NaOH, raising the pH of 
reaction mixture to 7.5. A concentrated solution of NaCl was 
added to obtain a NaCl concentration of 0.5 M. Then, the 
modified HA was purified by ultrafiltration against water and 
recovered by freeze-drying. The DSADH of the HA-Fru-ADH 
derivatives was found to be 0.05 from 1H NMR analysis 
(Figure S3).
Synthesis of DOTAGA(OtBu)4-CH(OMe)2. DOTAGA(OtBu)4 
(0.050 g, 0.071 mmol) was dissolved in a 9/1 (v/v) mixture of 
anhydrous CH2Cl2/DMF (2.2 mL) under N2. 2,2-
Dimethoxyethylamine (0.009 g, 0.086 mmol), HATU (0.032 g, 
0.086 mmol), and DIEA (0.037 mL, 0.214 mmol) were added 
and the mixture was stirred for 4 h at room temperature. 
Then, the organic phase was evaporated and the oily residue 
was re-dissolved in ethyl acetate (15 mL). The organic phase 
was washed with 1 N HCl (2 x 5 mL), water (2 x 5 mL) and 
brine (2 x 5 mL) and dried over Na2SO4. After evaporation of 
the solvent under reduced pressure, the product was 
recovered as a glassy solid (0.030 g, 53 % yield).
1H NMR (CDCl3) 400 MHz δH = 6.02 (1H, t, NHCO), 4.42 (1H, 
t, CH(OCH3)2), 3.53 (m, 1H, CHN), 3.50-3.25 (8H, m, 
CH2COOtBu, CONHCH2), 3.39 (6H, s, CH(OCH3)2), 3.06-2.70 
and 2.68-2.17 (16H, m, NCH2-CH2N), 2.16-1.91 (3H, m, 
CHbHb’CHaHa’CONH), 1.84 (1H, m, CHbHb’CHaHa’CONH), 1.49, 
1.44 (36H, s, C(CH3)3).
Synthesis of DOTAGA-CHO. DOTAGA(OtBu)4-CH(OMe)2 
(0.030 g, 0.038 mmol) was dissolved in dichloromethane (0.5 
mL). Trifluoroacetic acid (1.5 mL) was added to the solution 
and the mixture was stirred for 19 h at room temperature. 
The solution was evaporated under vacuum, affording the 
desired product as a glassy solid in 99 % yield.
1H NMR (D2O, pD 1) 400 MHz δH = 5.10 (1H, t, CH(OH)2), 4.25-
2.85 (m, 25H, CHN, CH2COOH, CONHCH2, NCH2-CH2N), 2.60 
(2H, m, CH2CONH), 2.04 (2H, m, CH2CH2CONH).
Synthesis of GdDOTAGA-CHO. The ligand DOTAGA-CHO 
(0.029 g, 0.063 mmol) was dissolved in water at pH 5 (2 mL) 
at room temperature. GdCl3·6H2O (0.066 g, 0.25 mmol) was 
dissolved in water (1 mL) and added to the solution drop by 
drop (~ 50-80 µL every 20 min), while maintaining the pH at 
5 with 1 M sodium hydroxide and the reaction medium at 
40°C. The reaction was stirred for 24 h at 40°C. We used the 
xylenol orange test to confirm that complex was fully 
formed. The resulting Gd-DOTA-like complex was then used 
without further purification for coupling with HA-Fru-ADH.
Synthesis of HA-Fru-GdDOTA. To a solution of HA-Fru-ADH 
(0.100 g, 0.233 mmol) in a water/EtOH (5/3, v/v) mixture (40 
mL), GdDOTAGA-CHO (0.009 g, 0.017 mmol) was added, 
followed by PicBH3 (0.012 g, 0.116 mmol). The pH of the 
solution was then adjusted to 5.1 by the dropwise addition 
of a 0.1 M aqueous HCl solution. After stirring for 40 h at 
room temperature, the pH of the reaction was then adjusted 
to 7.5 with aqueous 0.1 M NaOH and the product was 
purified by ultrafiltration, and recovered by freeze-drying. 
The total amount of incorporated Gd(III) complex in the final 

Page 3 of 16 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
4/

20
25

 1
0:

36
:0

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4TB02722A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb02722a


ARTICLE Journal Name

Please do not adjust margins

Please do not adjust margins

product was 3.5 % (mol/mol of disaccharide units), which 
was determined by inductively coupled-mass spectrometry 
(ICP-MS, Perkin Elmer NexION 2000, Waltham, MA, USA). 
Preparation of the Gd-labeled and unlabeled HA hydrogels. 
Hydrogels were prepared by mixing solutions of HA-PBA, HA-
Fru-GdDOTA and/or HA-Fru in DPBS (pH 7.4) with a boronic 
acid/fructose molar ratio of 1/1, using a double-barrel 

syringe equipped with an extruder (MEDMIX, Switzerland). 
The concentrations of HA derivatives used to prepare 
hydrogel formulations for in vitro MR imaging, rheological 
analyses, injection tests and in vivo experiments are given in 
Table 1.

Tableau 1. Composition of hydrogel formulations 

[HA derivatives] (g/L)Hydrogel

HA-PBA HA-Fru-GdDOTA HA-Fru

[Gd3+] (mM) Total polymer 
concentration 

(Cp) (g/L)

[HAeq] (g/L)

HA-refa 5.95 0 6.05 0 12.00 11.5
HA-GdDOTAa 6.63 7.90 0 0.61 14.53 13.4

HA-refb 8.05 0 7.70 0 15.75 15.5
8.05 8.43 0.52 0.65 17.00 15.5
8.05 3.37 5.60 0.26 17.02 15.5HA-GdDOTAb 

8.05 1.69 7.30 0.13 17.04 15.5
aFormulations prepared for rheological analyses, injection tests, in vitro cell viability assays and in vivo experiments. bFormulations prepared for 
in vitro MR imaging to investigate the dose effect of Gd. [HAeq] corresponds to the concentration in HA disaccharide repeating units. 

Agarose gel preparation and injection tests: Agarose gels 
were prepared by solubilizing agarose (300 mg) in 50 mL of 
DPBS (pH 7.4) under stirring at 95 °C for 10 min. The agarose 
solution was then poured in an Eppendorf® tube and the 
sample was kept at 4 °C for 24 h before the injection tests. 
The latter were carried out with a TJ-1A syringe pump 
controller (Aniphy, USA), at a rate of 5 µL/min.
Rheological measurements. Oscillatory shear experiments 
were performed with a cone-plate rheometer (AR2000Ex 
from TA Instruments). The cone used for viscoelastic samples 
has a diameter of 2 cm and an angle of 4°. To prevent water 
evaporation, the measuring system was surrounded with a 
low-viscosity silicon oil (50 mPa.s) carefully added to the 
edges of the cone. Oscillatory frequency sweep (0.01-10 Hz) 
experiments were performed within the linear viscoelastic 
range (strain fixed at 5 %) to determine the frequency 
dependence of the storage (G’) and loss (G”) moduli. 
Oscillatory amplitude sweep experiments at 1 Hz were used 
to determine the linear-viscoelastic range of the hydrogel 
networks and to derive the yield stress. They were 
immediately followed by time sweep experiments at 1 Hz 
and a strain of 5 % (linear viscoelastic region) to monitor the 
recovery of the rheological moduli. 
Cell viability study. The clinical grade human ASCs used in 
this study were obtained from Cell Therapy and Engineering 
Unit of EFS Auvergne Rhone Alps (Saint-Ismier, France). The 
cells were thawed, expanded (using a seeding density of 
2×103 viable cells/cm2) on tissue culture flasks 
(FisherScientific), and maintained in Minimum Essential 
Media-alpha (1X) (MEM-Alpha, Gibco), supplemented with 
3% Human Platelet Lysate and 1% heparin 5000 U/mL with 
5% CO2 at 37 °C. When the cells reached ˃ 90% confluence, 
the hASCs were trypsinized, centrifuged for 10 minutes at 
1250 rpm at room temperature and re-suspended into a 
growth media for cell counting. An aliquot of growth media 
containing hASCs was taken to obtain a final density of 

encapsulated cells in the hydrogels of 5  105 cells/mL. hASCs 
were pelleted and resuspended in a solution of the HA-Fru-
GdDOTA derivative in DPBS (pH 7.4). The HA-PBA solution 
was transferred to Transwell® cell culture inserts (0.4 µm 
porous membrane; Corning®, US) contained in 24-well plates. 
The cell-laden solution of HA-Fru-GdDOTA in DPBS was 
quickly transferred individually to the insert then mixed with 
the HA-PBA to form the cell-embedded Gd-labeled HA 
hydrogel. The cell-laden HA-ref hydrogel based on HA-PBA 
and HA-Fru with a final density of 5  105 cells/mL was 
prepared following the same procedure. The cell-laden 
hydrogels were supplemented with standard growth media 
and incubated for evaluating cell viability over 3 and 7 days 
at 37°C - 5 % CO2. For each hydrogel condition, the 
experiment was carried out in triplicate (n=3) and with three 
different hASCs batches, at different times. To characterize 
viability, hASC-laden hydrogels were cultured in a solution of 
DPBS supplemented with calcein acetoxymethyl and 
propidium iodide solution for 15 min at 37°C (Live/Dead Cell 
Double staining kit, Sigma-Aldrich). The gels were washed 
with DPBS and imaged with an epifluorescence microscope 
(ZEISS Axiovert 200M) equipped with a CoolSnap HQ2 
camera using MetaMorph 3.5 imaging software. Images of 
cells encapsulated in the hydrogels were acquired using a 
10X objective. 2D images were captured from 10 random 
fields of view for each sample. Cells labeled by green 
fluorescent and red fluorescent reactive dyes (live cells and 
dead cells, respectively) were counted using Image analysis 
software, ImageJ (ImageJ v1.43, Bethesda, Maryland, USA). 
For each condition, the experiments were independently 
conducted in triplicate on three separate occasions.
Animal care. All animal procedures were approved by the 
Ethical Committee on Animal Experiments of GIN (1098, 
APAFIS agreement #2015040716522967) and conducted in 
accordance with the European regulations for animal use 
(EEC Council Directive 2010/63/EU, OJ L 276, Oct. 20, 2010). 
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An acclimation period of at least 7 days was observed before 
the start of the study. Because our in vivo and ex vivo studies 
aimed to provide a proof-of-concept of imaging feasibility 
(and not a treatment effect), we did not calculate a priori 
sample size, randomize animals in treatment groups nor 
blind allocation and analysis. All animals were included in the 
studies. Nine adult male Sprague-Dawley rats (age at 
reception: 6-7 weeks, body weight: 250-300 g) were 
purchased from Charles River (Saint-Berthevin, France). The 
animals were housed in a temperature- and humidity-
controlled environment (21 ± 3°C), with a 12-hour light-dark 
cycle. They had free access to standard show and water and 
nest material according to the involved animal welfare units. 
During experimental procedures, rats were anesthetized 
with isoflurane (3 % for induction, 2% for maintenance, in 
0.7 L/min O2)31  using an anaesthesia compact module 
(Minerve, Esternay, France). Then, animals were mounted in 
a stereotaxic apparatus (D. Kopf Instruments) and pre-
medicated with methylprednisolone (0.4 mg/kg). Body 
temperature was maintained 37°C with care.
For in vivo imaging, anesthesia was induced and maintained 
in the same way as during the surgery. The animals were 
placed in an MRI-compatible rats cradle. Respiratory rate 
and body temperature were maintained respectively around 
60 breaths per min and 37°C with care.
At the end of the experimental procedures, the rats 
recovered under supervision in a warmed room and were 
closely observed until they fully regained consciousness, 
ensuring their well-being and recovery.
Hydrogel injection in healthy rat brain. Under general 
anesthesia, after local intradermal injection of 0.1 mL of 
lidocaine 2%, and scalp incision, a small hole was drilled (1 
mm diameter) under saline cooling. Lubricant ophthalmic gel 
was applied on both eyes to prevent ocular dehydration, and 
the surgical site was shaved and disinfected with antiseptic 
solution (i.e. 10 % iodopovidone). All rats had received one 
intracerebral injection in each of their two hemispheres 
(stereotaxic coordinates from bregma (mm): anterior-
posterior (AP), 0; medium-lateral (ML), ± 3.0; dorsal-ventral 
(DV), 6.0 from dura) using a 10 µL microsyringe with a 26G 
(0.4 mm) needle, beveled 40° (Hamilton, 701 N, 
ThermoFischer, USA). The injection speed was calibrated at 
5 µL/min. Treatment consisted in HA-ref hydrogel (10 µL, n=9 
injections) and HA-GdDOTA hydrogel (10 µL, n=9 injections). 
After injection, the needle was staying in place until 2 min 
before withdrawal of the 10 µL-precise syringe to limit the 
backflow. The burr hole was sealed, skin resewn and rats 
were allowed to recover in their home cages in a warmed 
room. 
Induction of focal ischemic lesion in rats and hydrogel 
implantation. Focal ischemic stroke was modeled in the rat 
by the striatal injection of 2 L of a solution of the 
mitochondrial toxin malonate (3 M in PBS, pH 7.4).32 Rats 
(n=4) were anesthetized with isoflurane (3% for induction, 
2% for maintenance, in 0.7 L/min O2), mounted in a 
stereotaxic frame and pre-medicated with 
methylprednisolone (0.4 mg/kg). After local intradermal 
injection of 0.1 mL of lidocaine 2%, and scalp incision, a small 

hole was drilled (1 mm diameter) under saline cooling. 
Malonate was injected using a 10 µL microsyringe with a 26G 
(0.4 mm) needle, beveled 40° (Hamilton, 701 N, 
ThermoFischer, USA) connected to a micro-pump (TJ-1A 
Syringe Pump Controller, Aniphy, USA) with an injection rate 
of 0.33 μL/min). The stereotaxic coordinates targeted, were: 
AP, -1.5 mm; ML, +3.4 mm; DV, -7 mm (adapted from Cirillo 
et al.32). After the injection, the needle was left in place for 
additional 2 min to avoid backflow. The burr hole was sealed, 
skin resewn and rats were allowed to recover in their home 
cages. Following malonate injection, on the same day, live 
brain imaging was performed to monitor the striatal 
injections of malonate by MRI on a preclinical 4.7T MR-
system (Bruker BioSpec 47/40, Avance III, Germany). Six days 
after malonate injection, all rats underwent live brain 
imaging to characterize the ischemic lesion (presence, 
location and volume), and to determine its stereotaxic 
coordinates from MR images. Lesion volumes ranged from 
10 to 43 mm3 from analysis of the T2-weighted MR images. 
These values are in the range of lesion volumes previously 
measured on larger groups of rats (5-60 mm3, n = 20) at 
7-days post-stroke in our laboratory. After exclusion of one 
animal with no lesion, the remaining 3 rats received 
intracerebral injection of the HA-GdDOTA hydrogel 
according to the stereotaxic coordinates of the ischemic site 
for each rat following the hydrogel injection procedure 
described above (10 μL, injection rate of 5 μL/min with an 
additional pause of 2 min before the withdrawing of the 
needle). 
MR imaging and measurements of relaxation times. MRI 
measurements on hydrogel phantoms and on animals were 
performed on a 4.7T MR-system (Bruker BioSpec 47/40, 
Avance III, Germany) using a quadrate 1H volume coil with a 
diameter of 86 mm. Images of solutions of HA-Fru-GdDOTA 
and hydrogels in DPBS at 25°C were measured at room 
temperature directly after preparation, inside Eppendorf® 
tubes that were placed in a custom-made sample holder. 
T1W images were acquired by using a T1-FLASH sequence 
(TR = 300 ms, TE = 3.5 ms, flip angle = 40°, bandwidth = 
34,091 kHz, resolution between 0.117 x 0.117 x 1.0 (rat) and 
0.156 x 0.156 x 1.0 (tubes) mm3). T2W images were acquired 
by using a T2-TurboRARE sequence 
(TR = 2200 ms, TE = 36 ms, flip angle = 180°, bandwidth = 
28,846 kHz, resolution = 0.117 x 0.117 x 1.0 (rat) and 0.312 x 
0.312 x 1.0 (tubes) mm³). Multi-repetition time (TR) rapid 
acquisition with relaxation enhancement (RARE) sequence 
was applied for each sample to measure the T1 (longitudinal 
relaxation time) saturation recovery. The scan parameters 
were: echo time (TE) = 5.89 ms; 24 TRs from 80 to 7000 ms; 
1 slice with a thickness of 
1.0 mm, image resolution = 0.46 × 0.46 mm and RARE factor 
= 2. The total scan time was 19 min, 42 s.
For T2 (transverse relaxation time) signal decay estimation, 
multi-slice and multi-echo (MSME) spin echo sequence was 
used for each sample with 96 TEs (i.e., 5–480 ms increased 
by 5 ms each). Other scan parameters were TR = 4000 ms, 1 
slice with a thickness of 1 mm, and image resolution = 0.46 × 
0.46 mm. The total data acquisition time was 8 min 32 s.
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Image processing and analysis. 
The maps of relaxation time (T1 and T2) were performed 
using a program written in Python and the relaxometry 
parameters were estimated by fitting the data using a non-
linear curve fit according to the Levenberg-Marquardt 
algorithm. The T1 saturation recovery curve was fit at 
different TRs using the following equation:
 Mz (TR) = M0 × (1-exp [−TR / T1]) + C. 
The T2 signal decay was estimated at different TEs using a 
mono-exponential model : 
Mz (TE) = M0 × exp (−TE / T2) + C with the exclusion of the first 
TE point for accurate fitting33. 
The specific relaxivities (r1 and r2) were calculated from the 
measured T1 and T2 values based on the following equations 
where T1(0) and T2(0) are the T1 and T2 values without contrast 
agent: 

  1/T1 = 1/ T1(0) + r1 [Gd3+] (1)

  1/T2 = 1/ T2(0) + r2 [Gd3+] (2)

The volume and mean T1 measurements were carried out 
with ImageJ by tracing ROIs ‘left’ and ‘right’. T2-weighted and 
T1-weighted images were used for volume measurement, 
and T1 maps for mean T1.
Laser-Induced Breakdown Spectroscopy. LIBS elemental 
imaging was performed at room temperature on rat brain 
cryosections (10 μm-thick) mounted onto plastic slides. The 
samples were analyzed to detect and localize sodium and 
gadolinium in the biomedical samples. The LIBS instrument 
for this experiment is a high performance imager (ELM-XS, 
Ablatom, France) based on microLIBS setup dedicated to 
biomedical samples. The laser used was a Nd:YAG operating 
at 100 Hz repetition rate with an laser energy of 1 mJ Images 
were acquired with a 40 µm lateral spatial resolution, using 
a laser scan with a single laser shot measurement per site. 
The light emitted by the plasma was collected and analyzed 
by a Czerny-Turner spectrometer equipped with an 
intensified charge-coupled device camera. With this 
configuration, the gadolinium and sodium were 
simultaneously and well detected respectively at Gd (I) 342 
nm and Na (I) 330 nm. On each pixel of tissue section image, 
the net intensity of a given emission line was obtained by 
subtracting the emission background from the line intensity. 
LIBS images of single thin sections were 420 x 300 pixels wide 
and were acquired in 20 min. The experiments and the data 
treatment were performed by Ablatom S.A.S (Lyon, France).
Histological observation. After MRI analyses, the hydrogel-
bearing rats were euthanized via decapitation. Their brains 
were promptly removed, frozen at -40°C, and subsequently 
stored at -80°C for histological analysis. The frozen brains 
were sectioned using a cryotome to obtain coronal slices of 
10 µm thickness. Haematoxylin and eosin (H&E), cresyl violet 
(CV), GFAP and Collagen-IV (ColIV) stainings were performed 
at the CIQLE (Quantitative Imaging Center of East Lyon, 
https://ciqle.univ-lyon1.fr/).
For immunohistochemistry, sections were fixed in 
paraformaldehyde (Fluka Chemie AG, Buchs, Switzerland). 

The brain sections were then incubated overnight at 4°C with 
rabbit anti-GFAP (1:1000, DAKO, 70334) or rabbit anti-Iba1 
(1:500, Abcam, ab108539) antibodies. Subsequently, 
sections were incubated with goat anti-rabbit (1:1000, 
Invitrogen, A11008) or donkey anti-mouse (1:1000, Thermo 
Fisher, A31540) secondary antibodies. After rinsing in PBS-
Tween 0.1%, coverslips were applied to the slides with the 
nuclear marker DAPI (Thermo Fisher).
Images were digitized using the Axioscan scanner (Zeiss, 
Oberkochen, Germany) at the PIC-GIN platform 
(https://neurosciences.univ-grenoble-alpes.fr/en/research
/technological-platforms/pic-gin-platform) and analyzed 
using ZEN 3.10 software (Zeiss, Oberkochen, Germany).

Results 
1. Synthesis of the HA-GdDOTA hydrogel precursors

Our strategy for the synthesis of the HA-GdDOTA hydrogel 
relied on the modification of one of its precursors, HA-Fru, 
with a GdDOTA-like complex (Figure 2). HA-Fru was 
preferably chosen as it gives less viscous solutions than HA-
PBA. Both HA-Fru and HA-BPA were prepared by reacting HA 
with fructosamine and 3-aminophenylboronic acid, 
respectively, via amide bond formation using DMTMM as a 
condensing agent (Figure 2).24, 29 Using DMTMM/HA and 
amine/HA molar ratios of 1 and 0.16-0.15, respectively, we 
obtained HA derivatives with a DS of 0.15. The final amount 
of PBA modification was confirmed by 1H NMR (Figure S1, 
Supporting Information). In the case of HA-Fru, the DS was 
estimated from the reaction kinetics performed using TNBS 
to quantify the free primary amines in the reaction medium 
as a function of time24, 29 and successful grafting was 
confirmed by 2D HSQC NMR analysis (Figure S2). 
DOTA can be grafted to targeting moieties through amide 
bond formation with one of its carboxylic acids.14, 34 
However, the change of a coordinating carboxylate to an 
amide reduces the stability of the GdDOTA complex.34, 35 To 
overcome this problem, we selected the DOTAGA (GA= 
glutaric acid) derivative as a Gd(III)-chelating agent as it 
contains four coordinating acetate pendant arms even after 
its conjugation to a biomolecule thanks to the GA side 
chain.27, 36 The GdDOTA-like complex was thus expected to 
be highly stable and extremely inert to gadolinium loss after 
conjugation to HA-Fru.  As HA-Fru also contains carboxylic 
acid groups, we employed a reductive amination strategy for 
the chemoselective coupling of the GdDOTA-like complex, 
where hydrazide groups introduced on HA-Fru can 
selectively react with GdDOTAGA modified with an aldehyde 
function (referred to as “GdDOTAGA-CHO”). Of note, Gd(III) 
was first complexed with modified DOTAGA-CHO prior to 
conjugation to HA-Fru to avoid competitive binding of Gd(III) 
to the numerous carboxylate groups of the HA backbone 
conjugate37. As interaction between HA carboxylates and 
Gd(III) ions are weak, it became important to prevent release 
of these highly toxic ions after in vivo implantation due to 
undesired complexation with the HA backbone.
HA-Fru modified with hydrazide groups was synthesized by 
reaction of HA-Fru with ADH in the presence of EDC following 
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conditions described in a previous work38 (ADH/HA and 
EDC/HA molar ratios of 0.7 and 0.14). The DSADH of the HA-
Fru-ADH conjugate was controlled by the amount of EDC 
used and, under such conditions, it was found to be 0.05 
from 1H NMR analysis (Figure S3).
GdDOTAGA-CHO, was synthesized in three steps starting 
from the tert-butyl ester protected DOTAGA intermediate 
(DOTAGA(OtBu)4, Scheme S1). The free carboxylic acid was 
reacted with 2,2-dimethoxyethylamine in the presence of 
HATU and DIEA, followed by treatment with trifluoroacetic 
acid, to afford the TFA salt of the desired deprotected 
product in 99 % yield. The crude DOTAGA-CHO ligand was 
then chelated with GdCl3 (GdCl3/DOTAGA-CHO molar ratio of 
0.9) at pH 5 prior to coupling with HA-Fru-ADH. The absence 

of free Gd(III) in the product was confirmed with the xylenol 
orange test28. The GdDOTAGA-CHO chelate was then 
coupled with HA-Fru-ADH in a water/ethanol mixture at pH 
5.1, in the presence of picoline borane complex as a reducing 
agent, affording HA-Fru-GdDOTA. This procedure was 
previously shown to occur cleanly to give the desired 
product in very high yields.38 After purification by 
ultrafiltration, the ICP-MS results demonstrated that the 
content of Gd(III) in HA-Fru-GdDOTA was 4 % as mol 
percentage of repeating disaccharide unit. Structural 
characterization of HA-Fru-GdDOTA by NMR was impossible 
as it showed a broad unresolved spectrum due to enhanced 
relaxation caused by Gd(III) labeling (Figure S4).

Fig. 2 Synthesis of the HA hydrogel precursors. Fructosamine and 3-aminophenylboronic acid (APBA) are introduced on HA by an amidation reaction to yield 
HA-Fru and HA-PBA, respectively. The Gd(III) chelate modified with an aldehyde function (GdDOTAGA-CHO) is covalently grafted on HA-Fru functionalized with 
adipic acid dihydrazide (ADH) by a reductive amination reaction to yield HA-Fru-GdDOTA. 

2. Hydrogel preparation, rheological characterization, and 
cytocompatibility studies

HA-Fru-GdDOTA and HA-PBA were easily solubilized in DPBS 
(pH 7.4) and quickly crosslinked to form a hydrogel (total 
polymer concentration, Cp = 14.5 g/L), when mixed using a 
dual-barrel syringe. 
The dynamic mechanical properties of the HA-GdDOTA 
network crosslinked by dynamic boronate ester bonds were 
analyzed by rheometry using a frequency sweep test (Figure 
3). As shown in Figure 3A, the network exhibits an elastic 
behavior (G′ > G′′) within the frequency window explored, 
similar to the non-labeled HA hydrogel (referred to as “HA-
ref hydrogel”) prepared by mixing HA-Fru and HA-PBA (Cp = 
12 g/L). The storage moduli (G’) at 1.0 Hz of both HA-
GdDOTA and HA-ref hydrogels (Figure 3B) fell into the range 
of brain tissue stiffness (i.e., 200-2000 Pa),39 indicating their 
potential for brain applications. The dynamic covalent 
nature of the crosslinks should impart the networks with the 
ability to be extruded under an application of shear (needle 
injection) and rapidly recover the gel state when the applied 
stress is removed (self-healing ability). To assess this 
property, the hydrogel networks were subjected to 

oscillatory shear deformations with increasing oscillatory 
strain amplitudes until network disruption, followed by a low 
strain deformation allowing them to recover. The networks 
were found to self-heal immediately after network rupture 
at high strains, showing a recovery of their initial rheological 
properties (Figure 3C). Finally, injection tests of the HA 
networks in an agarose brain phantom40, 41 were carried out 
to verify their suitability for intracerebral injection. To this 
end, the hydrogels (10 L) were injected using a Hamilton 
syringe with a 26G needle and a stereotaxic injector pump, 
similar to conditions used for intracerebral injections in rats. 
As illustrated in Figure 3D, the HA-GdDOTA hydrogel stained 
in blue (methylene blue) could be injected with precision in 
the agarose brain phantom, at a rate of 5 µL/min and re-
formed immediately into a cohesive hydrogel network. 
Preliminary injectability studies, in which the G' modulus of 
the hydrogel was varied by adjusting the concentration of 
hydrogel precursors, demonstrated that formulations 
exhibiting a G' at 1 Hz greater than 450 Pa lost their ability to 
self-heal in the agarose brain phantom (data not shown). A 
similar behavior was observed with the HA-ref network, 
indicating that both HA hydrogel formulations are suitable 
for minimally-invasive injection into brain tissue.
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Fig. 3 Rheological behavior and injectability of HA-GdDOTA and HA-ref 
hydrogels. A) Frequency dependence of the storage modulus (G’) and loss 
modulus (G’’) measured with 5 % strain at 25 °C. B) G’ values at 1 Hz of the Gd-
labeled and unlabeled hydrogels at room and body temperature. C) Variation 
of G’ and G’’ when increasing strain values to 320 % (hydrogel disruption), 
followed by reducing the strain to a constant value of 5 % (linear viscoelastic 
region). D) Photo of injection the HA-GdDOTA hydrogel in an agarose brain 
phantom through a 26G (0.46 mm diameter) needle (methylene blue was 
added to color the hydrogel for visualization only).

Cell compatibility is essential for the Gd-labeled HA hydrogel 
to be applicable in vivo. To evaluate the cytocompatibility, 
we encapsulated hASCs within the hydrogel and investigated 
their viability for 3 and 7 days. The HA-ref hydrogel was used 
as a reference to assess the impact of the grafted GdDOTA-
like moieties. hASCs were used because they are attractive 
cells for therapeutic applications and have already been 
evaluated in Phase I and II clinical trials for ischemic stroke31. 
The two HA scaffolds showed high cytocompatibility over the 
course of 7 days of cell culture (>80% of cell viability, Figure 
4). Moreover, no statistically significant change in cell 
viability was observed for the cells embedded in the HA-
GdDOTA hydrogel compared to the cells in the HA-ref 
hydrogel, indicating that the Gd-labeling has no obvious 
cytotoxic effect. Given the strong toxicity of free gadolinium, 
these data indicate high stability of the Gd(III) chelate.

Fig. 4  Cytocompatibility of the HA-GdDOTA hydrogel ([Gd3+] = 0.61 mM) in 
comparison to that of the HA-ref scaffold after 3 and 7 days of 3D cell culture 
of human adipose derived stromal cells (hASCs). A) 2D microscopy images 
(fluorescence, scale bar = 200 μm) of Live/Dead (green/red) staining of hASCs 
encapsulated in the HA-ref and HA-GdDOTA hydrogels after 3 and 7 days of 
culture. Quantification of cell viability from Live/Dead assay, represented as 
mean ± SD (n = 3). Statistical analysis used the one-way analysis of variance 
(ANOVA); ns: not significant.

3. In vitro MR imaging

The T1 and T2 images of solutions of the Gd-labeled HA-Fru 
partner and the resulting HA-GdDOTA hydrogel in DPBS at 
different concentrations of the HA-Fru-GdDOTA polymer 
(i.e. Gd(III) concentration) are shown in Figure 5A,B. To 
prepare the different hydrogel formulations, HA-Fru-
GdDOTA was replaced by non-labeled HA-Fru to maintain a 
constant crosslinking density (See Table 1, Experimental 
section). For comparison, the commercially available free 
contrast agent Dotarem (GdDOTA) was physically 
incorporated in the HA-ref hydrogel at the highest Gd(III) 
concentration tested (i.e. 0.65 mM). MR images were 
acquired on a 4.7T pre-clinical MRI scanner. 
As expected, the signal intensity in the T1 images increased 
with increasing the Gd(III) concentrations for the HA-Fru-
GdDOTA polymer (Figure 5A) and the HA-GdDOTA hydrogel 
(Figure 5B). Moreover, both T1 and T2 values were shortened 
with increasing Gd(III) concentration resulting in r1 ≈ 6.7 mM-

1 s-1 and r2 ≈ 25 mM-1 s-1 for the HA-Fru-GdDOTA alone in 
DPBS and, r1 ≈ 7.4 mM-1 s-1 and r2 ≈ 34 mM-1 s-1 for the HA-
GdDOTA hydrogel (Figure 5C,D). It is also worthy of note that 
the measured r1 ≈ 4.4 mM-1 s-1 for Dotarem is well in line 
with values reported in the literature.22, 42, 43 We can notice 
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an increase in the relaxivity r1 of the Gd(III)-chelate when the 
chelate is attached to HA compared to commercial 
Dotarem physically mixed in hydrogel, which is due to 
decrease in molecular tumbling. The crosslinking of HA 
chains has also a slight effect on the relaxivity r1 of the 
Gd(III)-chelate grafted on the polysaccharide as can be 
noticed from the value increasing from 6.7 to 7.4 mM-1 s-1. 
These results are in line with previous reports showing that 

incorporation of a Gd(III) chelate in cross-linked HA networks  
resulted in an increase of the relaxivity.44 This was related to 
the altered hydration mechanism of the contrast agent 
confined within the HA network. It should be noted that as 
the hydrogel has a high-water content, the T2-weighted 
signal of the HA network is easily identified with or without 
Gd labeling (Figure 5A,B).

Fig. 5 MR images and relaxation rates at 4.7T of phantoms of HA-Fru-GdDOTA solutions and HA hydrogels. T1W and T2W MR images of A) solutions of HA-Fru-
GdDOTA and B) hydrogels at different Gd(III) concentrations in DPBS at pH 7.4. C) 1/T1 and D) 1/T2 relaxation rates of HA-GdDOTA hydrogels, HA-Fru-GdDOTA 
solutions, commercial Dotarem solutions, and HA-ref + Dotarem hydrogel at different Gd(III) concentrations in DPBS at pH 7.4.

4. In vivo monitoring of non-labeled and Gd-labeled HA 
hydrogels after intracerebral injection in healthy rats

After the initial studies in vitro, we assessed the feasibility of 
long-term in vivo monitoring of the HA-GdDOTA hydrogel 
fate during several weeks after intracerebral injection (10 
L) in healthy rats (n = 9) with T1-MRI. Hydrogels were 
scanned with T1-weighted imaging (T1W) and quantitative T1 
mapping sequences to determine the image features and 
relaxation times, respectively.
T2-weighted (T2W) imaging was also conducted to monitor 
the fate of the HA-GdDOTA hydrogel as well as the HA-ref 
scaffold which was injected as a control in the contralateral 
hemisphere. Indeed, the hydrogels can also be visualized 
with T2-MRI at the injection site in healthy rat brains. Both 
hydrogels were successfully administered in the rat striatum 
as only one injection among the 18 ones failed (one of the 
HA-ref hydrogel).
As can be seen from the MR images in Figure 6A the HA-
GdDOTA hydrogel could be readily visualized by T1 imaging. 
The Gd labeling was found to be stable over a period of 31 

days in about half of the rats investigated (n = 4). Partial or 
full hydrogel elimination was observed in the same time-
lapse following administration in the other rats (n = 5). It can 
be noted that elimination started 14 days after implantation. 
In contrast, the HA-ref hydrogel, which is not detectable by 
T1-MRI, was still present in all rats (n = 8) after 31 days in T2 
MR images. 
For each individually segmented rat brain, we computed the 
mean T1 values for the implanted hydrogels over the period 
of 31 days. Figure 6B shows that the T1 value is on average 3-
fold lower for the Gd-labeled HA hydrogel than for the non-
labeled one. The T1 values of the latter hydrogel measured 
at day 2 (2.0 < T1 (s) < 3.5) are in good agreement with the 
T1 value of the HA-ref hydrogel phantom (T1 = 2.3 s, Figure 
5C). With regard to the T1 values of the HA-GdDOTA hydrogel 
at day 2 (0.6 < T1 (s) < 0.95), they are slightly higher than that 
of the HA-GdDOTA hydrogel phantom (T1 = 0.19 s, Figure 5C) 
in which the Gd(III) concentration is slightly higher (0.65 in 
vitro versus 0.61 mM in vivo). 
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It can be noted that for mean T1 values of both hydrogels, 
the largest dispersion is for the Gd-labeled HA hydrogel 14 
days following implantation. This correlates with the 
elimination of the hydrogel in about half of the rats. 
The volumes of hydrogels (Vgel) after implantation were also 
measured from the T2W images as a function of time (Figure 
6C). The volumes determined for the HA-ref hydrogel are 
between 9.4 et 11.3 L, which is in good agreement with the 
injected volume (10 L). Similar values are obtained for the 

HA-GdDOTA hydrogel (10.0 < Vgel (L) < 12.1). There was a 
progressive decline of the HA-ref hydrogel volumes over 
time and at day 31, the volumes are between 6.6 and 9.9 L. 
The trend was different for the HA-GdDOTA hydrogel. 
Indeed, the volumes progressively decreased similar to the 
HA-ref hydrogel for 4 rats while a sharp diminution was 
noticed for the other 5 rats (3.9 < Vgel (L) < 6.7 at day 31). As 
mentioned above, the hydrogel in these rats was hardly 
detectable by T1 imaging at day 31.

Fig. 6 In vivo monitoring of the HA-ref and HA-GdDOTA hydrogels with T1 and T2-MRI at 4.7 T after intracerebral injection in healthy rats (n = 9). A) Representative 
T1W and T2W MR images of a rat brain transplanted with both hydrogels; left (L): HA-ref hydrogel, and right (R): HA-GdDOTA hydrogel ([Gd3+] = 0.61 mM). B) 
Mean T1 values for the implanted HA-ref and HA-GdDOTA hydrogels; note that at day 31, the T1 values for the HA-GdDOTA hydrogel were measured only in rats 
where it was still detected by T1 MRI (n = 5). C) Volumes of the HA-ref and HA-GdDOTA hydrogels measured from the T2W images of brains of rats (n = 8). D,E) 
MR images at day 31 and, F,G) ex vivo LIBS elemental images of two rat brains. Images at left show successful injection of the HA-ref hydrogel (L) and HA-GdDOTA 
hydrogel (R) in rat 1 (same animal as in A); images at right show failed injection of the HA-ref hydrogel (L) in rat 2. The LIBS elemental images show the presence 
of Gd in both brains, which is in line with the high signal intensity observed on T1W MR images (R). LIBS elemental images have been recorded with a spatial 
resolution of 40 μm.

The presence of Gd from the HA hydrogel implanted in the 
brain was confirmed by LIBS analyses post-mortem. LIBS has 
demonstrated its effectiveness as a powerful tool for 
building up elemental chemical maps of biological tissues.45 
The LIBS images (Figure 6F and 6G) show the presence of Gd 
in both rat brains, which is in line with the high signal 
intensity observed on the T1W MR images on day 31 (Figure 
6D and 6E). Worthy of note is that analysis of Na by LIBS 
could also confirm the presence of the HA-ref hydrogel in the 
contralateral hemisphere in rat 1 (Figure 6F and 6D). Since 

Na ions are likely from HA which contains sodium ions as the 
carboxylate counterions, Na was found to be co-localized 
with Gd in the hemisphere of rats which received the HA-
GdDOTA hydrogel. All together, these data demonstrate 
stability of the Gd(III) labeling of the HA hydrogel up to one 
month after intracerebral injection. 

5. Host response to implanted hydrogels

Following the final imaging at 31 days post-injection, 
cerebral tissues were harvested and analyzed to locate the 
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hydrogel and its injection sites (correlating with imaging 
data) and to assess the tissue response to the intracerebral 
hydrogel. Hematoxylin and eosin (HE) staining enabled 
visualization of the injection sites and did not indicate 
pronounced cellular hyperlocalization around these sites, 
suggesting the absence of an intense tissue reaction 
following the injections (Figure 7A, 7B1, 7C1).
Cresyl violet (CV) staining demonstrated high affinity and 
specificity for the hyaluronic acid component within the 
hydrogel, thereby enabling visualization of the hydrogel 
scaffold post-transplantation. At 31 days post-injection, the 
gel was not fully degraded within the healthy tissue, as 
evidenced by the intense staining observed at the injection 
sites. This staining corresponds to the dehydrated hydrogel, 
resulting from various dehydration treatments required for 
staining (Figure 7A, 7B2, 7C2). At the final imaging time point 
on day 31 post-injection in healthy rat brains, GFAP+ 
astrocytes were detected around the hydrogel scaffold 
injection site. Immunohistochemical analysis of GFAP-
stained tissue sections revealed that both control and 

modified gels were associated with low-grade gliosis in the 
adjacent host tissue. Specifically, regardless of the presence 
of Gd in the hydrogel, GFAP+ astrocytes were localized at the 
periphery of the hydrogel, forming a glial scar approximately 
20 μm thick (with a maximum of two cell layers in certain 
regions). The gliosis had developed at and around the 
hydrogel-brain interface and was characterized by tightly 
packed GFAP-positive astrocytes and processes (Figure 7D1).
Staining for astrocytic scarring (GFAP) and microglial 
activation (Iba-1) (Figure 7D2 and Figure S5) revealed no 
significant differences in the inflammatory response 
following gel injection between the two conditions. 
Furthermore, Iba-1+ cells surrounding the injection site 
displayed a stellate morphology, suggesting the presence of 
resting microglia. This mild tissue response was also 
associated with an absence of reactive peripheral 
neoangiogenesis, as evidenced by ColIV staining (Figure 7B4, 
7C4).

Fig. 7 Host response to implanted hydrogel for endogenous in situ brain tissue engeneering. A) Macroscopic visualization of brain tissue reaction and hydrogels 
after implantation by hematosin-eosin (HE), cresyl violet (CV), Collagen-IV (ColIV) and GFAP stainings. Histological assessment at day 31 after steraotaxic 
transplantation into healthy rat brain using HE-CV staining, in which the scaffold appears purple. The lesion cavity is defined by glial scarring (GFAP). 
Immunchemistry staining of vessels (ColIV) in the brain after hydrogels implantation do not reveal proangiogenic reactivity (Ct= control hydrogel; Gd= Gadolinum 
hydrogel). B. and C. Image enlargements of histologic stainings reveal the injection cavity and the tissue reactivity for the control hydrogel (B1-4) and Gadolinium 
hydrogel (C1-4). D1. Glial scarring. A histological comparison between control and gadolinium hydrogels 31 days after implantation reveal a small increase in 
GFAP staining at the border of the cavity. D2. Immunofluorescence staining of microglia (Iba1) in the brain after hydrogels implantation. Blue, DAPI; Green GFAP; 
Red, Iba1.

6. MR imaging of the hydrogel after intracerebral 
injection in a rat model of stroke

At 6 days post-induction, volumetric MRI comparison of 
lesion volumes prior to implantation of hydrogel showed 
no lesion in one animal and lesion volumes ranging from 
10 to 43 L in the other three animals. Upon hydrogel 
injection (10 L) into the lesion core, a T1W signal 
covering the damaged area (T2W signal) was evident post-
injection in 2 of the 3 animals (Figure 8A). The hydrogel 
could thus be successfully injected at the target site in 
animals with the highest lesion volumes pre-implantation 

(26 and 43 L). In these animals, the signal in the T1W 
images due to the hydrogel dramatically decreased within 
the first 4 days post-implantation to reach nearly baseline 
levels 11 days following injection (at 17-days post-stroke). 
As seen from Figure 8B, the T1 value of hydrogel increased 
over time in both rat brains to reach a value of 3.4 and 4.3 
s at 17-days post-stroke. The latter values are of the same 
order of magnitude of the T1 values measured at day 6 
before hydrogel injection  (T1 = 3.6  0.56 s). The gradual 
increase in T1 can be attributed to a decrease in the 
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hydrogel's density and to the removal of Gd-chelate along 
with the hydrogel degradation products

.

 
Fig. 8 In vivo monitoring of the HA-GdDOTA hydrogel with T1 and T2-MRI at 4.7 T after intracerebral injection in 2 rats at 6-days post-stroke. A) T1w and T2w 
MR images of both rat brains transplanted with the HA-GdDOTA hydrogel. B) T1 values for the implanted HA-Fru-GdDOTA hydrogel. 

Discussion
In recent years, self-healing hydrogels have received much 
attention in tissue regeneration and cell delivery.46-50  
Studies in animal models showed their potential for treating 

brain disorders when used alone or as cell/drug carriers.51 
However, their efficacy was determined by examining 
indirect parameters such as brain tissue repair or functional 
recovery, and none of these studies elucidated further on 
the retention and behavior of the hydrogel at the target site 
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over a long time span. This lack of information makes it 
difficult to link the hydrogel content in vivo to the 
therapeutic effect.52 
In this study, we developed an injectable self-healing HA 
hydrogel labeled with a T1 MRI contrast agent for monitoring 
delivery and retention in the brain. The hydrogel 
demonstrated outstanding mechanical properties, 
exceptional elasticity and favorable biocompatibility. The 
biocompatibility of the hydrogel was validated in vitro 
through cell viability assays conducted on hASCs.
HA was utilized to synthesize the hydrogel network as it is 
biocompatible, biodegradable and abundantly found in the 
brain. Some work showed favorable effects of HA scaffolding 
on engrafted cell survival in preclinical models of stroke.53-55 
However, the beneficial effect of cell-supporting HA 
hydrogel scaffolds is closely tied to the precision of injection, 
ability to fill irregular tissue defects and retention of the 
scaffold material within the tissue, which depend on the 
gelation properties of HA. Using chemical exchange 
saturation transfer (CEST)-MRI, Liang et al. showed the 
ability to monitor for several weeks the degradation of a 
covalently-crosslinked hydrogel based on gelatin and HA 
after transplantation in healthy mouse brains.56 In this study, 
quantification of the scaffold degradation rate was realized 
by targeting the gelatin component because of its stronger 
CEST effect compared to HA. Herein, in order to specifically 
track in vivo HA, the only biopolymer component of our 
hydrogel, we used a different approach based on tethering 
to HA a Gd-based contrast agent that generates T1 contrast.  
Previous studies have reported the preparation of injectable 
HA hydrogels modified with a linear-type Gd-chelate agent 
(Gd−diethylenetriaminepentaacetic acid (DTPA))18 and a 
dendronized HA derivative containing cyclic Gd-chelates 
(Gd-tetraazacyclododecane-1,4,7,10-tetraacetic acid 
(DOTA))57. In the latter compound, DOTA was grafted to the 
dendron through amide bond formation with one of its 
carboxylic acids. However, the change of a coordinating 
carboxylate to an amide dramatically reduces the stability of 
the Gd-DOTA complex by ca. 105-fold.58 The resulting value 
becomes even lower than that of Gd-DTPA, whose clinical 
use is currently prohibited or is not recommended in many 
countries due to its low Gd-chelating stability.34, 58

Therefore, in the present work, we modified HA with a 
GdDOTA-like complex which still contains four coordinating 
carboxylates after its conjugation to HA. Chelation of Gd(III) 
to a thermodynamically stable and kinetically inert complex 
grafted to HA was a fundamental requirement for specifically 
monitoring the long-term fate of our HA hydrogel after 
intracerebral administration. After injection in healthy rat 
brains, the HA-GdDOTA hydrogel could be readily visualized 
by T1 MRI up to 31 days, showing stability of the Gd Labeling. 
This was confirmed by post-mortem LIBS analyses which 
demonstrated co-localization of Na ions from HA and Gd. To 
the best of our knowledge, this is the first study showing 
ability to detect Gadolinium by LIBS in brain tissue. 
Moreover, although T2W imaging itself is not specific for the 
hydrogel as the signal is derived from unbound water 
protons in the hydrogel, the volumetric changes calculated 
from the T2W images, revealing a progressive decrease of 
hydrogel volume over time, were found to be consistent with 
the increase of the mean T1 value observed from day 14 post-
administration. At this time point, the Gd-labeled hydrogel 
elimination was seen in 5 of out the 9 rats, while hydrogel 

was only partially eliminated in the other animals. It could 
indeed still be detected at day 31. The unmodified hydrogel, 
or the hydrogel conjugated with Gd, exhibited good 
biocompatibility in vivo within the central nervous system. 
Indeed, its implantation in healthy tissue did not provoke a 
significant reaction in the cerebral tissue. Indeed, the gel 
induced only a minimal tissue response, characterized by 
weak cellular accumulation around the gel and a low glial 
and microglial reaction. The positive in vitro and in vivo 
results further encourage the exploration of combining the 
hydrogel with stem cells as a promising direction for future 
research.
Interestingly, the Gd-labeling of the hydrogel enabled a 
selective visualization of its distribution in the lesion core 
after stroke. T1W MRI revealed higher degradation kinetics 
of the HA network in the hostile stroke microenvironment 
compared to healthy brain. It is important to note that the 
hydrogel was injected within the acute stroke phase, which 
is characterized by rapid cell death, and infiltration of 
immune cells whose job is partly to clear cellular and matrix 
debris in the damaged area31. In spite of these conditions, 
the HA hydrogel remained visible by T1W MRI up to 4 days 
post-implantation. Previous studies showed that 
extracellular matrix (ECM) hydrogels implanted in the lesion 
cavity at 14-days post-stroke underwent degradation at 
rates varying from 2.5 to 6.1 L/day depending on hydrogel 
concentration.59 Considering the injected volume (10 L) 
and the residence time of our HA hydrogel, it can be inferred 
that its degradation rate is of the same order of magnitude, 
in spite of the different time window of implantation. 
Indeed, the ECM hydrogels were implanted in a post-stroke 
period during which the immune response shifts from a pro-
inflammatory to a pro-repair environment.60, 61 

Conclusion
In this study, we designed and characterized a novel Gd-
labeled injectable self-healing HA hydrogel as a T1 MRI-
detectable scaffolding candidate for treating brain disorders, 
such as stroke. Our data demonstrated the ability to 
selectively monitor the fate of the hydrogel in healthy rat 
brains for up to 31 days by MRI. The HA network did not 
induce adverse tissue response and was biocompatible with 
therapeutic cells. Indeed, the hydrogel architecture was 
conducive to cell survival in vitro. Importantly, the labeling 
strategy was shown to be effective for tracking the 
distribution and degradation of hydrogel in stroke 
conditions, allowing a better assessment of efficacy and 
safety. It could enable the detection of differences in the 
degradation rate of the injected scaffolds through T1 
measurements. This must be confirmed in further larger 
studies. This MRI visible hydrogel thus appears as a 
promising candidate as scaffold that can be loaded with stem 
cells, growth factors and/or drugs for achieving effective 
treatments for brain disorders.

Data availability
The data supporting this article have been included as part 
of the ESI.†
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