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Subcutaneous Administration of a Zwitterionic
Chitosan-Based Hydrogel for Controlled Spatiotemporal
Release of Monoclonal Antibodies

Thomas Gréa, Guillaume Jacquot, Arthur Durand, Clélia Mathieu, Adeline Gasser,
Chen Zhu, Mainak Banerjee, Elyse Hucteau, Joris Mallard, Pedro Lopez Navarro,
Bogdan V. Popescu, Eloise Thomas, David Kryza, Jacqueline Sidi-Boumedine,
Giuseppe Ferrauto, Eliana Gianolio, Guillaume Fleith, Jérôme Combet, Susana Brun,
Stéphane Erb, Sarah Cianferani, Loïc J. Charbonnière, Lyne Fellmann, Céline Mirjolet,
Laurent David, Olivier Tillement, François Lux, Sébastien Harlepp, Xavier Pivot,
and Alexandre Detappe*

Subcutaneous (SC) administration of monoclonal antibodies (mAbs) is a proven strategy for improving therapeutic out-
comes and patient compliance. The current FDA-/EMA-approved enzymatic approach, utilizing recombinant human
hyaluronidase (rHuPH20) to enhance mAbs SC delivery, involves degrading the extracellular matrix’s hyaluronate to in-
crease tissue permeability. However, this method lacks tunable release properties, requiring individual optimization for
each mAb. Seeking alternatives, physical polysaccharide hydrogels emerge as promising candidates due to their tunable
physicochemical and biodegradability features. Unfortunately, none have demonstrated simultaneous biocompatibility,
biodegradability, and controlled release properties for large proteins (≥150 kDa) after SC delivery in clinical settings. Here,
a novel two-component hydrogel comprising chitosan and chitosan@DOTAGA is introduced that can be seamlessly
mixed with sterile mAbs formulations initially designed for intravenous (IV) administration, repurposing them as novel
tunable SC formulations. Validated in mice and nonhuman primates (NHPs) with various mAbs, including trastuzumab
and rituximab, the hydrogel exhibited biodegradability and biocompatibility features. Pharmacokinetic studies in both
species demonstrated tunable controlled release, surpassing the capabilities of rHuPH20, with comparable parameters
to the rHuPH20+mAbs formulation. These findings signify the potential for rapid translation to human applications,
opening avenues for the clinical development of this novel SC biosimilar formulation.
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1. Introduction

Monoclonal antibodies (mAbs) are widely used in oncology, but
their intravenous (IV) administration poses substantial clinical
and financial challenges,[1] such as the need for dedicated infu-
sion facilities, aseptic preparation of infusion batches, and diffi-
culties with IV catheter placements.[2,3] To overcome these chal-
lenges, subcutaneous (SC) administration was proposed as an
attractive alternative technique.[4–6] However, direct SC admin-
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istration resulted in heterogeneous adsorption because of diffu-
sion of mAbs through the extracellular matrix (ECM), uptake of
mAbs by the blood and/or lymphatic capillaries, and presystemic
catabolism of mAbs by macrophages.[7,8] The extent to which
these factors influence mAbs adsorption, as well as both the rate
and extent of mAb adsorption, is affected by the site of SC ad-
ministration. Moreover, pain at the SC administration site limits
clinical tolerability to drug volumes of no more than 1–2 mL and
therefore limits the dose of injected mAbs.[9]

To overcome these limitations, recombinant human
hyaluronidase, which transiently opens the interstitial space
of the SC matrix, was developed to enable the injection of
volumes up to 15 mL at a slow flow rate (1.5 to 2 mL min−1).[10,11]

The clinical application of SC formulations of trastuzumab and
rituximab in combination with rHuPH20 has demonstrated the
equivalence of this SC approach to the traditional IV route in
terms of therapeutic efficacy and safety with an overwhelming
preference from >90% of patients due to its reduced pain
and discomfort and improved convenience.[12–14] More recent
development of SC formulations of trastuzumab+pertuzumab
with rHuPH20[15] confirmed the trend toward applying the SC
route of administration despite the signs of immunogenicity
observed in ≈20% of patients treated with SC trastuzumab and
≈15% of patients treated with SC rituximab.[16] Nevertheless,
SC administration of rHuPh20+mAbs has been limited in
terms of administration site the thigh of the patient due to the
heterogeneous adsorption observed when SC administration is
performed in areas with an abundance of adipose tissue.[7,10] To
date, only one enzymatic formulation, rHuPH20 (ENHANZE,
Halozyme) has been clinically approved for SC mAb administra-
tion, despite the increasing shift from IV-administered biologics
toward SC-administered biologics.[17] Consequently, there is a
pressing need to explore alternative solutions to the enzymatic
approach for SC mAbs administration which may substantially
improve patient care management.[17]

As an example of alternative strategy, chemistry-based ap-
proaches such as hydrogels have been developed pre-clinically
to overcome the limitations of the enzymatic approaches; they
offer the possibility of finely controlling the release kinetics
of therapeutics ranging from small to large molecules.[18–20]

These hydrogels are composed of crosslinked hydrophilic poly-
mer chains within an aqueous environment and exhibit a wide
range of adjustable physical and chemical properties.[21–23] A di-
verse range of naturally sourced and synthetic polymers have
been utilized to produce hydrogels through chemical covalent
crosslinking.[24,25] Hydrogels have been further tailored to inte-
grate chemically and biologically active recognition moieties such
as stimulus-responsive molecules for controlled and sustained
drug release properties.[26,27] The hydrogel design facilitates drug
release through various mechanisms, such as direct diffusion
within the hydrogel matrix, expansion of the network’s mesh size
due to its swelling properties, or degradation of the hydrogel en-
abling the release of the drug.[28] However, to date, no hydrogel
has successfully been applied in the clinic to provide a controlled
release system for large proteins such as mAbs. This can be ex-
plained, in part, by their lack of full biodegradability properties
after administration and/or their potential lack of complete bio-
compatibility, which may lead to inflammatory events and/or the
difficulty of injecting large volumes without pain to the patient.
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To achieve this aim, we selected chitosan to prepare a new
type of hydrogels with tunable mAb release properties, as chi-
tosan is known to be biodegradable, biocompatible, compar-
atively inexpensive, easily chemically modified, and possesses
shear-thinning properties as solutions for injectability.[29,30] Here,
we report a novel zwitterionic two-component hydrogel com-
posed of chitosan and chitosan@DOTAGA polymers, designed
for tunable and controlled SC release of mAbs in mice and non-
human primates (NHPs). We demonstrated in mice and in NHPs
the biodegradability and biocompatibility of this hydrogel formu-
lation. Furthermore, we validated that the pharmacokinetic char-
acteristics of the hydrogel+mAb formulations were comparable
to the clinically-approved rHuPH20 enzymatic approach. Addi-
tionally, we extended our investigation by developing multiple
SC trastuzumab (anti-ErbB2) biosimilar formulations, showcas-
ing the versatility of this platform as an alternative strategy for
SC mAbs delivery. Moreover, in mice, we demonstrated the capa-
bility to modulate the release rate of mAbs by adjusting the ratio
between chitosan and chitosan@DOTAGA, thereby providing a
long-term delivery strategy that is currently unachievable with the
enzymatic approach. Overall, our findings highlight the potential
of this zwitterionic two-component hydrogel as an innovative and
promising system for enhancing the SC administration of mAbs.

2. Results and Discussion

Monoclonal antibody-loading strategy, formulation and characteriza-
tion of the hydrogel: Chitosan is soluble in acidic aqueous environ-
ments due to the protonation of the amine groups of glucosamine
residues. Increasing the pH of such solutions above the apparent
acid dissociation constants (pKa) of the amine groups results in
neutralization and the subsequent formation of a hydrogel, fa-
cilitated by hydrogen bonds and hydrophobic interchain interac-
tions if the concentration of the polymer is chosen above a critical
value.[31] Within the gelation process of chitosan solutions, the
interplay between neutralization and chain disentanglement sig-
nificantly influences the microstructure and strength of the re-
sultant hydrogels.[32] Furthermore, like in many polyelectrolyte
solutions, electrostatic repulsions between chitosan chains can
be partially mitigated by increasing the ionic force. This phe-
nomenon enables the formation of gels even at high ionic forces
with polyelectrolyte complexes between a polyanion and the chi-
tosan polycation.[33] In light of these aspects, we developed a dual-
responsive chitosan-based injectable hydrogel formulation sensi-
tive to both pH and ionic concentration, allowing for controlled
release of mAbs.

Synergistic response to both stimuli increases the selectiv-
ity of the gelation process to the physiological environment.
Specifically, we sought to develop an SC formulation that could
be prepared minutes prior to administration to the patient by
rapid sterile mixing with an IV-ready mAb formulation. The
sterile polymers composed of highly deacetylated (94%) chi-
tosans, one of which was also functionalized by DOTAGA
(chitosan@DOTAGA, with a DOTAGA substitution degree of
≈17%), were mixed to form a hydrogel under physiological con-
ditions. In the pH range relevant to this study, DOTAGA is a
macrocyclic tetra-carboxylic molecule with protonation constants
as follows: pKa1 = 1.71 (H6L2+/H5L+), pKa2 = 1.88 (H5L+/H4L),
pKa3 = 4.18 (H4L/H3L−), pKa4 = 4.24 (H3L−/H2L2−): pKa1 =

9.23 (H2L2−/HL3−), and pKa2 = 11.08 (HL3−/L4−).[34] Thus, chi-
tosan@DOTAGA is a zwitterionic derivative with an isoelectric
point of 6.9 (i.e., in close proximity to neutral pH) (Figure S1, Sup-
porting Information), likely to form polyelectrolyte complexes
with chitosan chain portions baring negative charges. A one-
pot process was used to synthesize chitosan@DOTAGA by di-
rectly adding DOTAGA anhydride to a hydroalcoholic chitosan
solution (see supporting information for synthesis details). The
successful amidation between chitosan and DOTAGA anhydride
was confirmed by Fourier transform infrared spectroscopy (FT-
IR), nuclear magnetic resonance spectroscopy (NMR), and cop-
per titration (see the supporting information for full character-
ization of the polymer). Chitosan-DOTAGA alone could form
a hydrogel after injection of an acidic solution in PBS, acting
both on pH and ionic force; however, the stability of this hydro-
gel in physiological conditions can be improved by the addition
of chitosan and the different mass ratio of chitosan@DOTAGA
to chitosan (chitosan@DOTAGA:chitosan) to modulate the gela-
tion kinetics as well as the viscoelastic properties of the result-
ing hydrogel formulation. Thus, we preliminarily selected three
chitosan@DOTAGA:chitosan polymer mass ratios (100:0; 67:33;
50:50) to study their impact on the viscosity and injectability of
the precursor solutions and the viscoelastic properties of the for-
mulated hydrogels when loaded with mAbs. The structure of
the mAb-free hydrogel observed after CO2 critical drying with
scanning electron microscopy (SEM) revealed a fine microstruc-
ture with a tightly interconnected network and micron-sized
pores with arrangements of porosity at different length scales
(Figure 1A).

Functionalization of chitosan with DOTAGA and mixing with
(unmodified) chitosan led to the rapid formation of a physi-
cal hydrogel in physiological conditions at a pH of 7.4 and an
ionic force of 300 mOsm L−1. By precomplexing 70% of the
grafted polymer’s DOTAGA sites with trivalent cations such as
gadolinium (Gd3+), no gelation could be observed in these con-
ditions (See supporting information). These results confirmed
that the gelation process of this hydrogel is initially driven
by polyelectrolyte interactions between negatively charged chi-
tosan@DOTAGA and the positively charged chitosan. We further
hypothesized that gelation is initiated through the diffusion of
salts, which partially screen the electrostatic interactions and in-
troduce flexibility to the polyelectrolytes, thereby prompting their
association into polyelectrolyte complexes (PECs). Subsequently,
pH-induced gelation serves as the relay for the initial effect of
the salts. When the injectable preparations, formulated in a mild
acidic medium at pH 5.5, were placed in PBS to mimic physiolog-
ical conditions, a pH shift from 5.5 to 7.4 was observed. This shift
induced the neutralization of the protonated amine NH3

+ groups
(with pKa ≈6.2), leading to the formation of hydrogen bonds, hy-
drophobic interactions, and the crystallization of chitosan. As a
result, a semicrystalline hydrogel was formed wherein the crys-
tallites act as physical crosslinks with high functionality.[35] After
the neutralization of amine groups, the interactions established
from PECs still contributed to hydrogel formation, since weaker
bonds (H-bonds) are known to form in polysaccharide PECs[36]

and serve as secondary interactions to stabilize the interchain
nanostructure.

To generate a hydrogel+mAbs formulation, the IV-ready mAbs
formulation is minute-mixed with the hydrogel at the desire
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Figure 1. Characterization of the chitosan-based hydrogel formulation. A) Schematic representation of the hydrogel formulation and mixing process
for the entrapment of mAbs. Pore sizes of the hydrogel are highlighted by SEM imaging and mAbs homogeneous distribution by confocal imaging.
B) Evolution of apparent viscosity with the shear rate reflecting (left) the impact of polymer concentration at a trastuzumab concentration of 100 mg kg−1

and a 67:33 chitosan@DOTAGA to chitosan ratio, (middle) the impact of the chitosan composition mass ratio at a total chitosan concentration of
50 g kg−1 polymer and a trastuzumab concentration of 100 mg mL−1, and (right) change in the concentration of trastuzumab at a chitosan concentration
of 50 g kg−1 polymer and a chitosan@DOTAGA to chitosan ratio of 67:33. C) Time evolution of storage (G′) and loss (G′′) with and without entrapment
of trastuzumab (100 mg mL−1) within the hydrogel. D) Dynamics of hydrogel stabilization observed over 85 h by SAXS measurements. Gelation is
concomitant with an increase in the scattered intensity in the low-q range. The inset displays a constant structure for the 100:0 hydrogel formulation,
which does not form a stable hydrogel over time. E) Evolution of the hydrogel structure at the nanoscale level by SAXS analysis in function of the mAbs
loading. Inset represents the diffraction peaks of the hydrated allomorph of chitosan with (020) and (200) diffraction lines.

concentration. As such, we generated various proof-of-concept
formulations that were prepared by combining this hydrogel
with different FDA/EMA-approved IV-ready mAbs which are al-
ready being translated and clinically-approved as SC formula-
tion with the rHuPH20 enzyme in addition to be also available
as IV-biosimilars (i.e., trastuzumab, rituximab, and a combina-
tion of trastuzumab+pertuzumab) (Figure 1A). Further, we con-
firmed by physical observation of the hydrogel formation that
the polymer solution with 100% chitosan@DOTAGA resulted
in a fast-gelling system followed by short-term resolubilization
of the formed hydrogel, while the 50% chitosan@DOTAGA
and 50% chitosan formulation (50:50 ratio) underwent a very
slow gelling process (Figure 1B), resulting in an almost pre-

cipitated solid in solution due to continuous disentanglement
of the system prior to effective gelation. As a result, the vis-
cosity of the hydrogel was found to be influenced by both
the mass ratio of chitosan@DOTAGA:chitosan and the con-
centration of chitosan used. Specifically, the use of more chi-
tosan@DOTAGA resulted in a lower viscosity, likely due to
the tighter conformation of the zwitterionic polymer chains re-
sulting in fewer entanglement knots. Such entanglements are
known to impact the properties of a hydrogel when the gela-
tion process is favorable to their preservation.[37] Thus, the ini-
tial viscosity of the precursor solution should be related to the
mesh size of the hydrogel and its ability to retain the entrapped
mAbs.
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The formation of the hydrogel at ratios of both 67:33 and 50:50
was not hindered by mAb loading, as evidenced by rheology mea-
surements where the elastic modulus G’ is higher to the plas-
tic modulus G’’ over a 20-day period. However, the 100% chi-
tosan@DOTAGA formulation (100:0) did not form a stable hy-
drogel under physiological conditions (Figure 1C). Small angle
X-ray scattering (SAXS) allowed to monitor the temporal evolu-
tion over the first 85 h post-formulation of the hydrogel formu-
lations with varying ratio of chitosan@DOTAGA to chitosan and
with/without entrapment of trastuzumab. The scattered inten-
sity variation demonstrated a structural relaxation of the hydrogel
over time (Figure 1D). We observed that the gelation is not instan-
taneous and mAbs are diffusing out of the chitosan network. Fur-
ther, replacing trastuzumab by rituximab confirmed the previous
results and supposed the versatility of this hydrogel platform to
entrap any type of mAbs with reproducible patterns (Figure 1E,
Supporting Information).

In vitro identification of the lead candidate formulation:
Trastuzumab was chosen as the primary candidate for loading
into the hydrogel during its development. This decision was pri-
marily based on the well-defined biotherapeutic activity thresh-
old of this mAb.[38] Consequently, the development process could
proceed without the requirement to evaluate the therapeutic
activity of trastuzumab after release, provided that there were
no modifications to the biologic. As a result, the addition of
trastuzumab at 100 mg mL−1 led to a thicker and coarser network
with larger pores (Figure S2, Supporting Information), while
confocal imaging confirmed the homogeneous distribution of
trastuzumab within the hydrogel polymer network after fluores-
cent labeling of both the hydrogel and the mAb (Figure 1A; Figure
S3, Supporting Information).

To investigate the impact of the chitosan@DOTAGA:chitosan
ratio, we screened the three abovementioned chitosan ratios at a
fixed total polymer concentration (50 g kg−1, 5% w/w) and fixed
mAb concentration (100 mg mL−1 trastuzumab). The release pro-
files of mAbs were quantified longitudinally by Bradford assay
and were consistent with the hydrogel viscosity/viscoelasticity
results; the formulation containing 100% chitosan@DOTAGA
exhibited the fastest trastuzumab release rate, with 77.5% ±
1.2% of trastuzumab released after 4 h. On the other hand, the
50:50% formulation displayed the slowest in vitro release rate,
with 55.5% ± 5.2% of trastuzumab leaked after 4 h. Full re-
lease was achieved after seven days for the 100:0 formulation
and after ten days for the 67:33 formulation, and ≈80% of the
mAb had been released by day 10 for the 50:50 formulation
(Figure 2A).

Statistically, we observed a significant difference between the
67:33 and 50:50 to 100:0 ratios (P-value = 0.04 and 0.03, respec-
tively, Mann-Whitney tests, N = 3). where both formulations al-
lowed the mAb to diffuse from the hydrogel at a slower pace.
However, we did not observe a statistical difference between the
67:33 and 50:50 ratios (P-value = 0.62, Mann-Whitney tests, N =
3). These findings confirm that the mass ratio of chitosans can
tailor the release of the mAbs (67:33 ratio vs 100:0 ratio – P-value
= 0.04; 50:50 ratio vs 100:0 ratio – P-value = 0.03; 67:33 ratio vs
50:50 ratio – P-value = 0.62, Mann-Whitney tests, N = 3); an in-
creased proportion of unmodified chitosan leads to slower drug
release kinetics.[39] Temperature variations did not influence the
release kinetics of the mAbs from the hydrogel, as illustrated by

the superimposable curves observed at 20 and 37 °C (Figure S4,
Supporting Information).

To evaluate the suitability of the hydrogel formulations for clin-
ical translation, we then evaluated the pressure required to inject
these three formulations with a 25G needle designed for SC ad-
ministration. The pressures required for all three formulations
loaded with 100 mg mL−1 mAbs were below the clinical pres-
sure threshold of 60 N with such needle[40] (Figure 2B), indicat-
ing that these three formulations were potential candidates for
further translational applications. However, since the pure chi-
tosan@DOTAGA (100:0 ratio) formulation exhibited a burst re-
lease of >50% of mAbs by one hour after formulation and no per-
sistence of a gel over time, this formulation was not considered
optimal for further experiments. Rather, we selected the 67:33
formulation as the lead candidate because of its adequate release
of the mAbs and because it required a lower force for SC admin-
istration than the 50:50 formulation.

The impact of the total polymer concentration at a fixed com-
position ratio (67:33) and fixed concentration of trastuzumab
(100 mg mL−1) resulted in a kinetic release profile dependent
of the polymer concentration with 63.6 ± 1.5%, 55.5 ± 5.2%
and 58.2%±6.5% of trastuzumab leaked at 24 h post-formulation
in phosphate buffer saline (PBS) for the 30, 40, and 50 g kg−1

polymer concentration formulation respectively (50 g kg−1 vs
40 g kg−1 – P-value = 0.02; 50 g kg−1 vs 30 g kg−1 – P-value <

0.001; 40 g kg−1 vs 30 g kg−1 – P-value= 0,7, Mann-Whitney tests,
N = 3). (Figure 2C). At a fixed polymer concentration (50 g kg−1)
and fixed ratio (67:33), the loading of trastuzumab did not im-
pact the release rate with similar kinetic of release (Figure 2D). A
similar approach was then performed with various mAbs (ritux-
imab (anti-CD20), bevacizumab (anti-VEGF) and a combination
of mAbs (pertuzumab-trastuzumab (both anti-ErbB2) doublets)
confirming the observed pattern of mAb release and hence val-
idating the suitability of the hydrogel formulation for the con-
trolled release of various types of mAb (Figure 2E). The above
results demonstrate that this straightforward formulation pro-
cess, which involves sterile mixing of chitosan-based polymer
solutions with sterile clinical batches of IV mAbs, can be ap-
plied to almost any type and combination of mAbs. Finally, by
utilizing the Ritger-Peppas equation[41] (Figure S5, Supporting
Information), we determined that the primary mechanism of
mAb release from the hydrogel was diffusion. Importantly, we
validated that the in vitro release of trastuzumab from the hy-
drogel did not induce any changes in its physicochemical and
biological attributes. This was achieved by comparing the re-
leased trastuzumab with reference trastuzumab (trastuzumab IV
freshly prepared in PBS). Notably, both samples displayed identi-
cal amino acid sequences, primary structures, levels of purity, im-
purity profiles, charge distributions, total protein concentrations,
conformational arrangements, N-glycan configurations, and car-
bohydrate structures (Figures S6 and S7, Supporting Informa-
tion).

Preclinical degradation profile, tolerability, and biocompatibil-
ity of the hydrogel ± trastuzumab. We then evaluated the ca-
pacity of chitosan@DOTAGA-chitosan hydrogels loaded with
trastuzumab (hydrogel+trastuzumab) to ensure patient safety by
reducing adverse reactions and long-term tissue damage. Achiev-
ing these parameters, along with the controlled release proper-
ties of the polymer, remains a primary objective for successful

Adv. Mater. 2024, 36, 2308738 2308738 (5 of 10) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Characterization of the release profiles of the hydrogel formulations. A) Influence of the chitosan@DOTAGA:chitosan ratio on the release of
trastuzumab in PBS buffer solution. B) Pressure needed to apply to eject the formulation outside the clinically-used 25 G needle for SC administration.
The maximal threshold force of 60 N is highlighted by a dashed line. C) Influence of the total chitosan polymer concentration on the release kinetics
of trastuzumab in PBS buffer solution. D) Release rate of trastuzumab from the 67:33 ratio, 50 g kg−1 polymer concentration formulation. E) Release
kinetics of various monoclonal antibodies or combinations of antibodies routinely used in clinics loaded at 100 mg mL−1 from the 67:33 ratio, 50 g kg−1

polymer concentration formulation. All the data are represented as mean ± standard deviation and experiments were performed in three biological
replicates. P-values were calculated using Mann-Whitney tests and are reported as *: p < 0.05, **: p < 0.01, ***: p < 0.001.

translational applications in the field. Hence, the biodegradabil-
ity and biocompatibility of hydrogel formulations prepared with
the 67:33 chitosan@DOTAGA:chitosan ratios were evaluated in
vivo in healthy nude mice through SC administration with and
without 15 mg of trastuzumab (Figure 3A) in 40 or 200 μL in-
jectates (Figure S8, Supporting Information). Longitudinal mon-
itoring of the hydrogel degradation kinetics was achieved using
fluorescence imaging of Cy5.5 fluorescent dye-labeled chitosan
(Figure 3B), and complete degradation of both the 67:33 hydrogel
and the 67:33 hydrogel+trastuzumab at day 27 post-SC adminis-
tration was confirmed through ex vivo anatomopathological ex-
amination of hematoxylin and eosin (H&E) staining (Figure 3C).
Interestingly, the kinetic degradation profile remained consis-
tent regardless of the volume injected, exhibiting two distinct
regimes: an initial phase with fast degradation of the majority
(>90%) of the hydrogel during the first day, followed by a sec-
ond phase with slow degradation over time until complete degra-
dation was achieved (Figure S8, Supporting Information). The
degradation of the hydrogel was further confirmed by induc-
tively coupled plasma-mass spectrometry (ICP‒MS) measure-

ments post-labeling of the DOTAGA with Gd3+ cations, resulting
in a renal clearance and liver degradation of the fragments of the
hydrogel (Figure 3D).

Body weight variation in the mice treated with the
hydrogel+trastuzumab formulation was demonstrated to be
similar to that observed with an FDA/EMA-approved Herceptin
SC formulation (Roche – rHuPH20+trastuzumab) (Figure 3E).
The low level of proinflammatory cytokines (IL-6, IL-10, TNF𝛼)
measured by flow cytometry (Figure S9, Supporting Infor-
mation) and the low level of expression of Mub40 obtained by
immunofluorescence (Figure 3F) confirmed that implantation of
the hydrogel+trastuzumab formulation did not cause an adverse
inflammatory response in the SC tissue, hence confirming the
biocompatibility of these formulations.

Controlled subcutaneous release of trastuzumab from our devel-
oped hydrogel in mice. We then investigated the release kinetics
of trastuzumab from our developed hydrogel (ratio 67:33,
50 g kg−1 of polymer, 100 mg mL−1 of trastuzumab), using
IVIS imaging (Figure 3G) and compared the pharmacokinetic
(PK) profiles, PK parameters, and bioavailabilities (F) to the
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Figure 3. Preclinical evaluation of the hydrogel formulations subcutaneously implanted in mice. A) Representative fluorescence images of the degra-
dation kinetics of the hydrogel and hydrogel+trastuzumab formulation following SC administration of 150 μL of hydrogel and B) quantification of
trastuzumab release over time. N = 6/group, formulation 67:33, 50 g kg−1 polymer concentration, 100 mg mL−1 trastuzumab. C) Hematoxylin & eosin
(H&E) staining of the SC tissue at day 5 and day 30 post-SC administration of the hydrogel+trastuzumab. Complete degradation of the hydrogel was ob-
served. The dashed line represents the injection site. Scale bar represents 200 μm. D) Biodistribution analysis of the hydrogel and hydrogel+trastuzumab
formulation using Gd3+-chelated chitosan@DOTAGA, performed 17 days after SC administration. N = 8/group. E) Body weight variation after admin-
istration of the hydrogel+trastuzumab formulation (67:33, 50 g kg−1 polymer concentration) or the rHuPH20+trastuzumab combination administered
with the same trastuzumab concentration (100 mg mL−1). N = 6/group. F) Pro-inflammatory immunofluorescence staining (Mub40) of the tissue
where the hydrogel+trastuzumab formulation were implanted at days one and five post-SC administration of the hydrogel-trastuzumab confirm the
biocompatibility of the formulation in mice. Scale bar represents 50 μm. G) Representative fluorescence imaging of the release kinetics of fluores-
cent trastuzumab from the hydrogel over time. N = 9/group. H) Pharmacokinetic profiles of the hydrogel+trastuzumab, 67:33 ratio; the formulation
rHuPH20+trastuzumab; and IV trastuzumab determined by IgG-FLISA. All formulations were administered at 100 mg mL−1 trastuzumab. N = 9/group.
I) Ratio plot comparing the pharmacokinetic parameters of the hydrogel+trastuzumab formulation and the rHuPH20+trastuzumab formulation to the
IV trastuzumab formulation. Data are represented as the mean ± SD. J) Pharmacokinetic profiles of the hydrogel+trastuzumab at different composition
ratios. By modifying the mass ratio of chitosan@DOTAGA to chitosan, controlled tunable release of trastuzumab was achieved. The dashed line repre-
sents the biotherapeutic activity threshold of trastuzumab. K) Ratio plot comparing the pharmacokinetic parameters of the IV formulation to those of
the 3 SC formulations. All the data are represented as mean ± standard deviation.

IV trastuzumab formulation and the commonly employed
clinical treatment rHuPH20+trastuzumab. Both SC formula-
tions extended the circulation time of trastuzumab in mice,
resulting in half-lives of 121 ± 6 h, 101 ± 2 h, and 38 ± 14 h
for the hydrogel, rHuPH20, and IV formulations, respectively,
as determined by IgG-fluorescence-linked immunosorbent
assay (IgG-FLISA). When normalized to the IV formulation,
the half-life was increased by a factor of 3.2 ± 0.2 and 2.6 ±
0.1 for the hydrogel formulation and rHuPH20 formulation,
respectively, confirming the sustained release properties of the
SC route of administration. Importantly, due to the SC approach,
both the hydrogel and rHuPH20 exhibited slightly lower Cmax
values compared to the IV route, with ratios of 0.8 ± 0.1 and
0.7 ± 0.1 for the hydrogel and rHuPH20, respectively. Notably,
the hydrogel formulation demonstrated the ability to release
trastuzumab with a bioavailability comparable to rHuPH20,
without the need to incorporate an enzyme (F = 1.03 ± 0.16 and
F = 0.98 ± 0.18) to enhance their release from the SC matrix
(Figure 3H,I). These findings confirmed that the hydrogel de-
veloped with a 67:33 ratio displayed PK parameters comparable
to those of the rHuPH20+trastuzumab formulation, indicating

its potential for further clinical translation. Importantly, the PK
profile of hydrogel+trastuzumab remained similar regardless of
the administration site (neck vs legs) (Figure S10, Supporting
Information). Moreover, similar PK properties governed by sim-
ilar hydrogel degradation kinetics were further confirmed using
three additional trastuzumab biosimilars, including Trazimera
(Pfizer), SB3 (Samsung Bioepis), and HD201 (PrestigeBio-
pharma) (Figure S11, Supporting Information), which again
showed no significant differences from the results obtained
with the rHuPH20+trastuzumab formulation. Furthermore, we
observed comparable PK profiles for the hydrogel+rituximab
combination and rHuPH20+rituximab (Figure S12, Sup-
porting Information), supporting the versatility of the
system.

We further examined the tunability of the hydrogel formu-
lation for modulable temporal release of mAbs by compar-
ing formulations prepared at ratios of 100:0, 67:33, and 50:50
(Figure 3J,K). Our findings confirmed that it is feasible to mod-
ify the duration of trastuzumab release on demand by develop-
ing either a “softer” hydrogel formulation (100:0 ratio) for short-
term release or a more “rigid” hydrogel formulation (50:50 ratio)

Adv. Mater. 2024, 36, 2308738 2308738 (7 of 10) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Preclinical validation of the chitosan hydrogel-trastuzumab formulation in nonhuman primates (NHPs). A) Timeline of blood draws and ul-
trasound (US) imaging performed to monitor the degradation of the hydrogel+trastuzumab formulation SC administered in the leg of NHPs. A total
of 1 mL of 100 mg mL−1 trastuzumab was administered. B) Representative US imaging depicting the degradation of the hydrogel at the injection site
in the 3 NHPs. Scale bar represents 1 cm. C) H&E, CD68, and CD3 immunohistochemistry of the implantation site at day 20 confirming the ongoing
process of hydrogel degradation. Scale bar represents 300 μm. D) Degradation profile of the hydrogel based on US imaging. E) Comparison of the
change in body weight after SC injection of the hydrogel+trastuzumab formulation in comparison with the rHuPH20+trastuzumab formulation admin-
istered at the same trastuzumab concentration (100 mg trastuzumab). F) PK profiles of trastuzumab in plasma based on the hydrogel+trastuzumab
and rHuPH20+trastuzumab formulations, determined by HER2-FLISA. G) Ratio plot of the PK parameters of hydrogel+trastuzumab compared to the
rHuPH20+trastuzumab formulation. Data are represented as the mean ± standard deviation, N = 3 NHPs per group.

for long-term release, suggesting future development to achieve
long-term release to allow fewer injections for patients. As a re-
sult, the 50:50 ratio hydrogel loaded with trastuzumab led to a
sustained release profile that exceeded the threshold for biother-
apeutic activity (20 μg mL−1 trastuzumab[38]). This sustained re-
lease lasted for more than 16 days in murine subjects, with a
half-life of 224 ± 6 h. This represents a 4.8 ± 0.1-fold increase
compared to the IV route and a 2.2 ± 5.8-fold increase compared
to the rHuPH20 formulation (Figure 3J,K). The hydrogel formu-
lation enabled a controlled release lasting twice as long as the
rHuPH20 formulation, underscoring the need for further refine-
ment of our formulation to achieve prolonged therapeutic effects.
It is worth noting that the modified hydrogel formulations consis-
tently released bioavailable trastuzumab (F = 1 for all 3 evaluated
ratios), affirming the suitability of a chitosan-based hydrogel for
SC administration of mAbs without compromising their tissue
penetration properties. This highlights the potential for advanc-
ing the tunability of our formulation for extended therapeutic
interventions.

Release profile and biosafety of the hydrogel in nonhuman pri-
mates. To apply the degradation kinetics observed in the hy-
drogel from the mouse study to humans, it was essential to
investigate whether the degradation kinetics remained con-
sistent across a range of injection volumes in humans (i.e.,
150 μL in mice and up to few mL in human). This evalu-
ation involved studying the degradation kinetics over a spe-
cific mL volume range to ascertain their universality and in-
dependence from the injection volume. To this end, we SC-
administered the formulation prepared at a 67:33 ratio at
a volume of 1 mL (containing 100 mg of trastuzumab) in

NHPs and monitored the degradation kinetics by ultrasound
imaging (Figure 4A,B). The observed degradation pattern of
the hydrogel was similar to that observed in mice, with an
initial rapid degradation followed by gradual degradation un-
til ≈90% of the mass of the hydrogel had disappeared by
day 27 post implantation (Figure 4C,D). Following ex vivo im-
munohistochemistry analysis at the study’s conclusion (27 days
post implantation), hydrogel fragments persisted within the
SC matrix at the injection site as indicated by H&E stain-
ing. The presence of immune cells confirmed however ongo-
ing degradation at day 27, supported by remodeling tissues
and immune cell activity observed through positive CD68 and
CD3 staining (Figure 4C; Figure S13, Supporting Informa-
tion). Encouragingly, this analysis revealed no evidence of fi-
brosis, necrosis, cytosteatonecrosis, or lasting damage to the
SC area in NHPs following hydrogel-trastuzumab formula-
tion injection. Importantly, despite the presence of residual
hydrogel at the terminal study point and ongoing degrada-
tion, our formulation exhibited excellent tolerance with no
macroscopic nor serological changes, similarly to what is ob-
served with the SC rHuPH20+trastuzumab formulation in-
jected at the same concentration (Figure 4E; Figure S14, Sup-
porting Information). Furthermore, the PK parameters deter-
mined by HER2-FLISA of trastuzumab demonstrated similar-
ities, with a half-life of 134 ± 7 h for the hydrogel formula-
tion and 130 ± 11 h for rHuPH20 formulation. The ratio be-
tween the hydrogel and rHuPH20 was 0.97 ± 0.13. Addition-
ally, Cmax values were 74 ± 7% of the injected dose for the hy-
drogel and 75 ± 2% for rHuPH20, resulting in a ratio of 0.98
± 0.13. Altogether, this confirms the potential of the hydrogel
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platform as a comparable method of administration to rHuPH20
(Figure 4F,G).

3. Conclusion

SC administration of mAbs offers several advantages in clinical
routine settings compared to the IV route, including improved
patient convenience, compliance, and resource optimization.
Here, we present preclinical development of a novel injectable
zwitterionic formulation consisting of a functionalized chitosan
hydrogel carrier for the tunable and controlled SC release of
mAbs. We identified in vitro hydrogel candidates with optimal
viscosity, gelation ability, stability, loading capacity, mAb release
profiles, and then achieved preclinical biosafety and biodegra-
dation validation of these candidates in both mouse and NHP
models. The selected candidate exhibited excellent biocompati-
bility in both species without causing residual fibrosis or necro-
sis, which is crucial for future clinical development. Compared
to the rHuPH20 enzymatic approach, our hydrogel-trastuzumab
formulation achieved a comparable PK profile, validating its po-
tential for clinical application, and matching current outcomes.
The zwitterionic nature of our hydrogel may mitigate the limi-
tation of the injection site by interacting with electric charges in
the ECM, which can influence the absorption of biologics, lead-
ing to the possibility to administer in regions abundant in adi-
pose tissues, known to be less painful for clinical injection. More-
over, by varying the chitosan@DOTAGA:chitosan composition,
our hydrogel demonstrated controlled, tunable, and substantially
prolonged mAb release, so the hydrogel may offer new clini-
cal prospects such as reduced injection frequency and improved
patient convenience.

In conclusion, our findings highlight the clinical poten-
tial of our hydrogel formulation for SC mAb delivery. By
addressing the unmet medical need for a less expensive
and more accessible alternative for the tunable SC admin-
istration of mAbs, our advancements hold promise for en-
hanced patient outcomes and improved clinical practices, pre-
senting opportunities for substantial advancements in patient
care.

4. Experimental Section
Preclinical Studies in Mice: All experiments involving animals were re-

viewed and approved by the Strasbourg University and/or the University
of Lyon for Animal Care (A. Detappe – #38306-2022082410083076 and
E. Thomas – #43973-2023051711386841). All hydrogel formulations were
SC administered with a maximum volume of 150 μL in either the flank or
the neck of the animal in accordance with the maximum volume permit-
ted by the committee. IV administration of trastuzumab was performed
by tail-vain administration with a final volume of 100 μL.

Preclinical Studies in NHPs: All experiments involving nonhuman
primates were approved by the Strasbourg University Committee
for Animal Care (L. Felmann – #38464-2022091511095767). The
hydrogel+trastuzumab formulation and rHuPH20+trastuzumab were SC
administered in the leg of the animal with a maximum volume of 1 mL
containing 100 mg of trastuzumab.

Synthesis and Characterization: Details regarding the synthesis and
characterization of the hydrogel and a full description of the methods can
be found in supporting information.

Statistical Analysis: Data are represented as mean ± standard devi-
ation. All results were analyzed using GraphPad Prism 9.5.1. Statistical
analysis was performed using unpaired non-parametric t-test for multiple
groups comparison (Mann-Whitney test). Significance was determined at
the following cutoff points: *p < 0.05, **p < 0.01, and ***p < 0.001.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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