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Double Cross-Linked Hydrogel for Intra-articular Injection as
Modality for Macrophages Metabolic Reprogramming and

Therapy of Rheumatoid Arthritis

Yutong Song, Valentin A. Milichko, Zigiao Ding, Wen Li, Bei Kang, Yunsheng Dou,

Sona Krizkova, Zbynek Heger,* and Nan Li*

Rheumatoid arthritis (RA) is a chronic inflammatory disease associated with
abnormalities of the immune system. Recently, the metabolic disorder of
immune cells and imbalance within their microenvironment are delineated as
key factors triggering the initiation and progression of RA. Therefore, in the
present study, injectable hydrogel (hereinafter referred to as siHPTs@ZA
hydrogel) assembled through Zn?*-mediated ionic cross-linking of alginate
further cross-linked with hyperbranched poly(f-amino ester) loaded with
TNF-a siRNA. The resulting siHPTs@ZA hydrogel is successfully employed to
induce metabolic reprogramming of macrophages toward regulating the ratio
of M1/M2 polarization. In the hypoxic microenvironment, administration led
to downregulation of the GLUTT expression consequently suppressing
pro-inflammatory M1 macrophages relying primarily on glycolysis. In
addition, exposure to an acidic environment triggered the degradation of
siHPTs@ZA hydrogel resulting in the release of Zn?* that activated
expression of PPARy accelerating fatty acid oxidation, subsequently inducing
anti-inflammatory M2 macrophage polarization. Taken together, under a
hypoxic microenvironment, the presented injectable hydrogel is able to induce
reprogramming of immunometabolism, thus being a promising platform for

approved modalities for RA therapy in-
volve traditional disease-modifying an-
tirheumatic drugs, synovectomy, and
nonpharmacological interventions, such
as exercise, diet, and others.’*] During
RA progression, the synovium is the pri-
mary tissue, in which pathogenic events
such as inflammation, oxidative stress,
and hypoxia initiate joint destruction.’!
Together, these phenomena induce a
unique hypoxic/inflammatory RA microen-
vironment, leading to dysfunction and
imbalance of immune cell homeostasis,
resulting in markedly higher needs for
energy supplies required for metabolic
reprogramming./®7]

It has been shown that the activation and
function of macrophages are influenced
by altered cellular metabolism, involved
in the pathogenesis of RA, subsequently
affecting the immune microenvironment
as well as the production and differenti-

next-generation, highly efficient treatment of RA.

1. Introduction

Rheumatoid arthritis (RA) is a chronic, inflammatory autoim-
mune disease that causes progressive joint destruction, dis-
ability, and substantially reduced quality of life."?! Currently,

ation of immune cells.”® In addition, a

higher ratio of M1-to-M2 macrophages in

RA promotes the production of proinflam-

matory cytokines such as interleukin-14
(IL-p) and tumor necrosis factor-a« (INF-a), further wors-
ening the progression of RA. Therefore, it could be ex-
pected that targeted intervention/regulation of relevant immune
metabolism pathways might be a promising strategy for RA
therapy.

Y. Song, Z. Ding, W. Li, B. Kang, Y. Dou, N. Li

Tianjin Key Laboratory of Drug Delivery & High-Efficiency
School of Pharmaceutical Science and Technology
Faculty of Medicine

Tianjin University

Tianjin 300072, China

E-mail: linan1985@tju.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202502880

© 2025 The Author(s). Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits
use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

DOI: 10.1002/adfm.202502880

Adv. Funct. Mater. 2025, 35, 2502880 2502880 (1 of 16)

V. A. Milichko

School of Physics and Engineering
ITMO University

St. Petersburg 197101, Russia

S. Krizkova, Z. Heger

Department of Chemistry and Biochemistry
Mendel University in Brno

Brno 61300, Czech Republic

E-mail: zbynek.heger@mendelu.cz

Z.Heger

Center of Advanced Innovation Technologies
Faculty of Materials Science and Technology
VSB —Technical University of Ostrava
Ostrava 70800, Czech Republic

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH


http://www.afm-journal.de
mailto:linan1985@tju.edu.cn
https://doi.org/10.1002/adfm.202502880
http://creativecommons.org/licenses/by-nc/4.0/
mailto:zbynek.heger@mendelu.cz
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202502880&domain=pdf&date_stamp=2025-03-10

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

Glucose and lipid metabolisms are the main metabolic path-
ways differentiating phenotypes of immune cells. It has been
shown that classically activated macrophages prefer glycoly-
sis; however, during alternative macrophage activation, their
metabolism tends to utilize fatty acid oxidation (FAO).”) Thus,
it is not surprising that several studies have discussed metabolic
dysregulation as a possible therapeutic target for specific patholo-
gies including RA,"%") and it is therefore plausible that dereg-
ulated metabolism may play a crucial role in the pathological
action of macrophages. Glucose metabolism is one of the pri-
mary metabolic pathways, including glycolysis, aerobic oxida-
tion, and pentose phosphate metabolism, fundamental for a
variety of physiological processes.'”] Thereby reprogramming
toward blockage of glycolysis and inhibition of M1 polariza-
tion leads to downregulation of cytokines production.3] In
the RA microenvironment, hypoxic conditions activate hypoxia-
inducible factor-la (HIF-1la) expression. Noteworthy, HIF-1a
also participates in driving M1 polarization by upregulat-
ing the expression of glycolysis-related glucose transporters
GLUT1/GLUTS3 particularly in chondrocytes, and several gly-
colytic enzymes in cartilage.l'*'¢] In particular, GLUT1 is a crit-
ical inducible factor for glucose metabolism to fuel the gly-
colytic pathway.'’-1% Therefore, the therapeutic strategy for
macrophage metabolic reprogramming must be designed to
first inhibit this part of glycolysis to efficiently stop ATP
production.

As stated above, lipid metabolism, another crucial cellular
pathway of energy production, stimulates the activation of M2
macrophages.[?°! In sharp contrast with the metabolic charac-
teristics of inflammatory macrophages, hypoxia impairs anti-
inflammatory macrophages’ FAO pathway by downregulating
FAO-driving enzymes.[?!-23] Thus, promoting macrophage fatty
acid catabolism by FAO could attenuate inflammation associated
with metabolic disorders.!*>] Peroxisome proliferator-activated re-
ceptor (PPAR) is a pivotal factor for the transport and catabolism
of fatty acids. PPAR also plays a metabolic immunomodula-
tory role in immune cells.?*) Among them, PPARy, primes
macrophages into M2 phenotype and is a ligand-activated nu-
clear receptor controlling FAO pathway and the inflammatory
response of M2 macrophages.|?>2°l Taken together, based on glu-
cose and lipid metabolism as the primary activation types of
immune cells, inhibiting glucose metabolism while stimulating
lipid metabolism seems to be a logical approach for RA treat-
ment.

Currently, intra-articular injection is one of the preferred
administration routes in RA therapy. This is due to in-
creased bioavailability and reduced toxicity compared to systemic
administration.[?”-28] Injectable biomaterials for intra-articular
administration thus represent a highly promising approach to
developing next-generation RA therapeutic modalities.!?) This
statement is further supported by the fact that anti-RA drugs
are characterized by short half-lives and rapid clearance from
joints.[?% Injectable hydrogels possessing 3D, cross-linked archi-
tecture, act as drug reservoirs, thereby increasing the residence
time of the drug and allowing for sustained drug release.3!]

One possible approach is to formulate therapeutic agents
loaded in hydrogel nano/microspheres. These have emerged
as a novel and efficient drug delivery system particularly due
to their excellent biocompatibility, modular combinability, and
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modifiability.[3?] Alginates are natural anionic polymers that are
nontoxic, cheap, and capable of effective control of drug re-
lease due to their pH sensitivity.[>*3%] The most common strat-
egy of alginate hydrogel formation is ionic crosslinking, ex-
ploiting divalent Zn?* as an ionic chelating agent to form an
“egg-box” structure.3¢37] After the intra-articular injection, Zn?*-
cross-linked alginate-based hydrogels degrade in an inflamed
acidic RA microenvironment and release zinc ions.**35 How-
ever, single alginate hydrogels exhibit large porosity, which con-
tributes to rapid dissolution and instability. Therefore, the pro-
duction of double cross-linked hydrogel networks is crucial to
improving the biophysical properties of alginate-based hydrogel
nano/microspheres.8]

Hence, in this work, a double network alginate hydrogel
was formulated through Zn**-mediated cross-linking of algi-
nate further cross-linked with hyperbranched poly(f-amino es-
ters) (HB-PBAEs) loaded with TNF-a siRNA (hereinafter re-
ferred to as siHPTs). The resulting structure (siHPTs@ZA hy-
drogel) was employed to induce the metabolic reprogramming of
macrophages for RA therapy (depicted in Scheme 1). We showed
that upon intra-articular administration of siHPTs@ZA hydro-
gel, the alginate network degrades followed by the release of zinc
ions and siHPTs. Consequently, the proton sponge effect HB-
PBAE promotes endolysosomal escape of TNF-a siRNA to the
cytoplasm.[?*#1 This leads to a down-regulation of proinflamma-
tory TNF-a over-produced within the RA microenvironment and
subsequent inhibition of chronic inflammation via dampening
the energy supplies for M1 macrophages. Furthermore, TNF-a
down-regulation suppresses the GLUT1 expression and inhibits
glycolysis. In addition, released zinc ions act as PPARy agonists
affecting the transcriptional activity of PPARy while boosting
the FAO pathway of anti-inflammatory macrophages. Taken to-
gether, sSiHPTS@ZA hydrogel was found to be able to switch
macrophage metabolism from M1-glycolytic to M2-lipid-based.
Thus, it can be considered as a new generation of therapeutic
modality for RA treatment utilizing macrophage immunoregu-
lation.

2. Results and Discussion

2.1. Design and Characterization of siHPTs@ZA Nanospheres

The dual cross-linked nanospheres were constructed in a mi-
crofluidic chip by rapid mixing of HB-PBAE loaded with TNF-
a siRNA, alginate, and Zn?* (Figure 1A). As demonstrated by
transmission electron microscopy (TEM), the formulation pro-
duced homogeneous spherical particles with an average diame-
ter of ~200 nm as confirmed by dynamic light scattering (DLS)
(Figure 1B; Figure S1, Supporting Information). To achieve this,
we first synthesized cationic HB-PBAE via Michael addition be-
tween poly(ethylene glycol) diacrylate (PEGDA) and cystamine
(Figure S2, Supporting Information). 'H-nuclear magnetic reso-
nance (!H-NMR) spectrum was recorded for both, PEGDA and
cystamine (Figure S3, Supporting Information), and also for HB-
PBAE verifying its successful synthesis. The characteristic pro-
ton peaks at 3.4 and 3.6 ppm attributed to the tertiary hydrogen
group and the acrylate protons on terminal double bond at 5.7
and 6.5 ppm are shown in Figure 1C. In addition, the molec-
ular weight of HB-PBAE was analyzed using gel permeation
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Scheme 1. A) Schematic depiction of the preparation of siHPTs@ZA hydrogel formed by a double cross-linked network for direct intra-articular ad-
ministration. B) Fate of siHPTs@ZA hydrogel in RA microenvironment after intra-articular injection. C) Mechanism of metabolic reprogramming from

glycolysis to lipid metabolism.

chromatography (GPC) and was found to be 8.5 kDa
(Figure 1D). The elemental composition of HB-PBAE is shown
in Figure S4 (Supporting Information). In clinical applications,
the use of siRNA effectors is markedly hampered due to their
low stability and inability to cross cellular membranes and escape
endolysosomal compartments.[*#?1 Thus, in our study, positively
charged HB-PBAE was employed for siRNA loading via electro-
static adsorption. After the interaction, HB-PBAE and siRNA self-
assemble into siHPTs, and the assembly process can be easily
monitored through surface zeta potential analysis (Figure 1E).
To further test the encapsulation efficiency of TNF-a siRNA,
an agarose gel electrophoresis was carried out. As shown in
Figure 1F, large amounts of free siRNA were observable when
the weight ratio was 0.5:1 or 1:1, while there was no obvious dif-
ference in the amount of free TNF-a siRNA for ratios of 5:1 to
10:1. This indicated that at ratios of >20:1, HB-PBAE was able to
encapsulate the majority of siRNA. Considering this, for follow-
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up experiments, 20:1 was chosen as the optimal weight ratio of
HB-PBAE: siRNA.

Alginate is composed of the repetitive f-D-mannuronic acid
(M units) and a-L-guluronic acid (G units) linked by glycosidic
bond. Its inner carboxyl groups are easily chelated with divalent
cations to form the “egg-box” structure.”] Accordingly, we pro-
ceeded to circular dichroism (CD), which confirmed the spatial
structure of alginate (positive peak at 200 nm corresponding to
the M unit, and negative peak at ~215 nm corresponding to the
G unit). Thus, it can be concluded that the Zn?**-mediated cross-
linking did not have any deleterious effects on alginate structure.
In addition, CD spectra revealed that zinc-alginate (ZA) gels ex-
hibited a peak at #190 nm (Figure 1G). To formulate the best
possible alginate nanospheres, different concentrations of zinc
ions were tested (Figure S5, Supporting Information). Since the
use of 0.25% of ZA mixed with siHPTs in a microfluidic chip re-
producibly gained the nanospheres with size 255 nm with the
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Figure 1. Preparation and characterization of siHPTs@ZA nanospheres. A) Schematic illustration of the synthesis of siHPTs@ZA nanospheres
through microfluidics-mediated rapid mixing. B) TEM image of siHPTs@ZA nanospheres (scale bar, 0.5 um). Inserted is the DLS size histogram of
siHPTs @ZA nanospheres. C) "H-NMR spectrum of HB-PBAE. D) GPC of HB-PBAE. E) Zeta potential values of naked TNF-a siRNA, HB-PBAE, and
HB-PBAE loaded with TNF-a siRNA at various weight ratios (0.5:1-20:1). The data are expressed as mean + SD (n = 3) represented by error bars. F)
Agarose gel retardation assay of TNF-a siRNA after elution from siHPTs assembly formulated with various weight ratios of HB-PBAE and TNF-a siRNA.
G) CD spectra of alginate-Zn?* gels (ZA) and sodium alginate (SA). H) EDS spectrum of the siHPTs@ZA nanospheres. 1) Stability of siHPTs@ZA
nanospheres in PBS at 37 °C for 8 days. The data are expressed as mean + SD (n = 3) represented by error bars. |) Raman spectra of PEGDA, HB-PBAE,
ZA, and siHPTs @ZA nanospheres.
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Figure 2. Formulation and characterization of injectable siHPTs@ZA hydrogel. A) SEM micrographs of siHPTs@ZA hydrogel gelated using 8% wt ZA
aqueous solution (scale bars, 100, 30, and 10 um) B) Depiction of sol-gel transition of sSiHPTs @ZA hydrogel to promote further gelation. C) Injectability of
hydrogel using a 1 mm syringe and distribution of FITC-labelled siHPTs@ZA nanospheres observed by confocal microscopy. D) Evaluation of degradation
of siHPTs@ZA hydrogels formulated using differing concentrations of ZA aqueous solution. The data are expressed as mean + SD (n = 3) represented
by error bars. E) Hemolytic properties of siHPTs@ZA hydrogel. The data are expressed as mean + SD (n = 6) represented by error bars. F) Rheological
analysis of siHPTs@ZA hydrogel in strain sweep experiment. G) Viscosity of sSiHPTs@ZA hydrogel. H) siHPTs@ZA hydrogel mass/volume degree of
swelling ratio. The data are expressed as mean + SD (n = 3) represented by error bars. I) In vitro release kinetics of Zn?* from siHPTs@ZA hydrogel

during incubation in buffers differing in pH (7.4, 6.5, and 5.0).

highest homogeneity (lowest PDI), this formulation was used in
subsequent experiments.

Further, energy dispersive spectroscopy (EDS) confirmed the
presence of Zn, N, O, and S in siHPTS@ZA nanospheres
(Figure 1H). DLS further confirmed that siHPTs@ZA
nanospheres exhibited remarkable stability with no detectable
change in size during 8 days of incubation at 37 °C (Figure 1I).
UV-Vis analyses of siHPTs@ZA nanospheres revealed a strong
absorption of nanospheres at 510 nm, which verified the
presence of the conjugated double bonds and carbon-oxygen
double bonds in alginate intermolecular interactions (Figure S6,
Supporting Information). Similarly, the alginate structure was
confirmed by Fourier-transform infrared (FT-IR) spectroscopy
demonstrating the hydroxyl group at approximately 3000 cm™
and the carboxyl group at 1410 cm™! (Figure S7, Supporting In-
formation). Moreover, Raman spectroscopy revealed a disulfide
bond peak at 520 cm™! corroborating the inherent disulfide-
containing structure of HB-PBAE. After mixing the ZA and
the siHPTs, the final siHPTS@ZA nanospheres exhibited an
alginate peak at 1000-1200, and a peak of 3000 cm™" originating
from PEGDA presence (Figure 1J).

Adv. Funct. Mater. 2025, 35, 2502880 2502880 (5 of 16)

2.2. Formulation of Injectable siHPTs@ZA Hydrogel

The injectable hydrogel formed from siHPTs@ZA nanospheres
was prepared by freeze-drying of siHPTS@ZA nanospheres,
which were subsequently gelated by letting them stand in an
aqueous solution containing dissolved nanospheres (ZA) with-
out siHPTs until the solution fully permeated into the cross-
linked network.*! To optimize the siHPTS@ZA hydrogel ar-
chitecture, three different concentrations of dissolved ZA so-
lution were tested and the morphology of lyophilized hydro-
gels was characterized by scanning electron microscopy (SEM)
(Figure 2A; Figure S8, Supporting Information). SEM mi-
crographs demonstrated that 8% wt siHPTs@ZA hydrogels
formed a highly uniform porous network architecture. The net-
work structure of hydrogel fibers became gradually denser be-
cause of the molecular (chain) interaction enhancement due
to the increasing amount of ZA. Further magnification of the
porous structure revealed plenty of siHPTs@ZA nanospheres
attached to the surface (Figure 2A). In the next step, sol-gel
phase transition was carried out (Figure 2B) to promote further
cross-linking and form hydrogel. As shown in Figure 2C, the
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hydrogel exhibited good injectability, allowing for continuous in-
jection through 1 mm syringe with relatively low extrusion force.
Additionally, by labeling the siHPTs@ZA nanospheres with flu-
orescein isothiocyanate (FITC) and observing the microstruc-
ture of the extruded hydrogel under confocal laser scanning mi-
croscope (CLSM), it was also observed that it contained a large
amount of siHPTs@ZA nanospheres, resembling structures ob-
servable under SEM (Figures S9 and S10, Supporting Informa-
tion). Noteworthy, it was observed that the nanospheres were not
tightly packed but rather loosely bound, with some degree of flow
and sliding freedom. This further supports that the siHPTs@ZA
hydrogel exhibits good biomechanical properties, meeting the
prerequisites for injectable formulations.

It must be noted that in general, alginate hydrogels pos-
sess several advantages over some of the current chemical gel
materials, including complete non-toxicity, elasticity, and good
biodegradability.**] The stability of siHPTs@ZA hydrogels was
further explored and it was found that for siHPTs@ZA hydro-
gel formulated using 8% wt ZA, ~40% degradation occurred af-
ter 8 days of incubation in PBS (Figure 2D). The 8% concen-
tration allows this hydrogel to be degradable while also increas-
ing the retention time of more effective ingredients. In addi-
tion, siHPTs@ZA hydrogel exhibited excellent hemocompatibil-
ity (hemolysis *5.0%) (Figure 2E).

To further understand the biomechanical properties of the
hydrogel, we performed a rheological analysis of viscoelasticity,
which is essential to describe the behavior of a hydrogel follow-
ing injection.*’] It was found that the storage modulus (G’) was
higher than the loss modulus (G”), confirming siHPTs@ZA hy-
drogel solid gelatinous property (Figure 2F). Additionally, its vis-
cosity decreased progressively as shear rates increased during
extrusion, indicating that hydrogel displayed the classic shear-
thinning behavior. After light compression, siHPTs@ZA hydro-
gel possessed good injectability (Figure 2G). Swelling of hydro-
gels is crucial for substance exchange when used as injectable
scaffolds for drug delivery. Figure 2H illustrates that hydrogel ex-
hibited good swelling capacity. The swelling increased rapidly to
the equilibrium and an extremely high swelling mass ratio of over
1000% for ZA and 800% for siHPTs@ZA hydrogel was observed.
Similarly, the swelling volume ratio of over 100% for ZA and 50%
for siHPTs@ZA hydrogel was found. This could be explained by
the architecture of hydrogel, in which the internal -COO~- not
only hydrated with the water molecules, but also stretched the
polymer chain through the water. Further, the pH responsiveness
of hydrogel was investigated by quantifying zinc release kinetics
during hydrogel incubation in buffers differing in pH. As shown
in Figure 2I, exposure to an acidic environment triggered sus-
tained release of zinc from siHPTs@ZA hydrogel (~50% of zinc
ions were released after 1 day in both acidic conditions), while in
neutral buffer, only a neglectable zinc release was found, high-
lighting excellent pH responsiveness of the hydrogel.

2.3. Evaluation of Biological Activity of siHPTs@ZA Hydrogel In
Vitro

Local delivery of siRNA for which siHPTs@ZA hydrogel was for-
mulated, may be employed to overcome severe limitations associ-
ated with enzymatic degradation and rapid clearance of siRNA af-
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ter systemic administration.[*1*2] However, to achieve RNA inter-
ference, siRNA must be released from a delivery vehicle followed
by endosomal escape. Therefore, next, we investigated the up-
take and intracellular fate of FITC-labeled siHPTs@ZA hydrogel
in RAW264.7 macrophages. As demonstrated in Figure 3A, at ex-
amined time points (0, 2, 4, 8, and 12 h), the fluorescence signal of
siHPTs@ZA hydrogel reached its maximum between 2 and 4 h,
verifying successful rapid internalization. Moreover, it was found
that siHPTs@ZA hydrogel exhibited an excellent endosomal es-
cape ability, suggesting subsequent functionality of siRNA. Sub-
sequently, we evaluated the cytotoxicity of siHPTs@ZA hydro-
gel in different RAW264.7 macrophage phenotypes (M0, M1, and
M2) (Figure 3B). Irrespective of phenotype, there was no observ-
able cytotoxicity, confirming excellent biocompatibility of siH-
PTs@ZA hydrogel in vitro. In addition, to understand the cyto-
toxic properties of individual components of siHPTs@ZA hydro-
gel, RAW264.7 macrophages were treated with ZA, Alg-siHPTs,
siHPTs, and siHPTs@ZA hydrogel. The obtained data corrobo-
rated the biocompatibility of the results presented in Figure S11
(Supporting Information).

2.4. Evaluation of Transfection Efficiency in RAW264.7
Macrophages In Vitro

To explore the transfection efficiency, we further evaluated var-
ious weight ratios of ZA and siHPTs used for the formula-
tion of siHPTs@ZA hydrogels. A schematic depiction of the ex-
pected knock-down, based on the uptake/intracellular fate re-
sults presented above is shown in Figure 3C. In the first ex-
periment, it was found that changing the mass ratios of ZA
and siHPTs did not exhibit any significant effects on RAW264.7
macrophages (Figure 3D) and that commercial transfection agent
Lipofectamine 2000 (Lipo2000) displayed slightly higher cytotox-
icity compared to siHPTs @ZA hydrogels. Further, the intracellu-
lar distribution of fluorescein amidite (FAM)-labeled siRNA was
explored after transfection with different types of siHPTs@ZA
hydrogels and Lipo2000. Figure 3E demonstrates that the high-
est fluorescence intensity was found Lipo2000 followed by siH-
PTs@ZA hydrogel formulated with 1:8 ZA and siHPTs. This was
further corroborated by quantification of FAM fluorescence in-
tensity (Figure 3F). The data revealed that the siRNA signal is
rather smoothly distributed across the cytoplasm with minimal
granularity, confirming the successful accumulation of siRNA
in the cytoplasm, which is a crucial prerequisite for any follow-
up experiments. Consequently, we further used two represen-
tative ratios of ZA and siHPTs (1:4 and 1:8) and assessed the
TNF-a siRNA knock-down efficiency. As shown in Western blot
and quantified relative expression of TNF-« (Figure 3G,H), siH-
PTs@ZA hydrogel formulated using a 1:8 weight ratio of ZA and
siHPTs reached comparable knock-down as Lipo2000, while 1:4
weight ratio sSiHPTs@ZA hydrogel exhibited only insignificant
TNF-a down-regulation, which is in line with distribution ex-
periments presented in Figure 3E,F. Since siRNA employs the
RISC complex to degrade target mRNA,*) we decided to con-
firm the obtained data by quantitative polymerase chain reaction
(qPCR). Indeed, qPCR data in Figure 3I confirmed the trends in
TNF-a knock-down efficiency as observed at the mRNA expres-
sion level, consistently with the previous immunofluorescence
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Figure 3. A) Confocal micrographs of cellular uptake of FITC-labeled siHPTs@ZA hydrogel (green) by RAW264.7 macrophages. Nuclei were counter-
stained with Hoechst33342 (blue), and lysosomes were stained with LysoTracker (red). Scale bar, 20 um. B) Viability of RAW264.7 macrophages adminis-
tered with siHPTs@ZA hydrogel for 24 h. The data are expressed as mean + SD (n = 3) represented by error bars. C) Schematic illustration of siHPTs@ZA
hydrogel-mediated transfection and subsequent inhibition of TNF-a expression in macrophages. D) Viability of RAW264.7 macrophages treated with
naked TNF-a siRNA (control) and siHPTs@ZA hydrogels formulated with varying weight ratios of siHPTs and ZA. As a positive control, TNF-a siRNA
transfected using the commercial transfection agent Lipo2000 was used. E) Confocal micrographs showing the intracellular distribution of FAM-labeled
siRNA after transfection of RAW264.7 macrophages with various types of siHPTs@ZA hydrogels (ZA:siHPTs ratio) and Lipo2000, respectively. Blue,
nuclei; green, FAM-labeled siRNA. Scale bar, 20 um. F) Quantification of fluorescence intensity of FAM-labeled siRNA based on confocal micrographs
shown in (E). The data are expressed as mean + SD (n = 3) represented by error bars. G) Western blot and H) relative quantification of TNF-a expression
in RAW264.7 macrophages treated with siHPTs@ZA hydrogels and Lipo2000. g-actin, loading control. I) gPCR analysis of TNF-a-encoding mRNA. In
immunoblots and qPCR experiments, naked TNF-a siRNA served as control. The data are expressed as mean + SD (n = 3), **p < 0.01, ***p < 0.001,
wseip < 0.0001.

staining. Taken together, the results underpinned that 1:8 ratio ~ a-based therapies have been found to downregulate GLUT1
of ZA and siHPTs NPs used to formulate siHPTs@ZA hydrogel  expression, which is a ratelimiting enzyme in glycolytic
was the best choice for subsequent experiments. metabolism.[*-% Considering these findings, we next investi-
gated how pro-inflammatory M1 macrophage polarization asso-
ciates with glycolysis (Figure 4A). The scheme shows that glu-
cose is transported by GLUT1 and then converted into lactate,
leading to the accumulation of lactate in the joints, and causing
Based on the hypoxia microenvironment of RA, it has been  pain. In line with this, we confirmed that the LPS/IFNy-induced
demonstrated that lipopolysaccharide/interferon y (LPS/IFNy)-  macrophages displayed a remarkable increase in pyruvate pro-

2.5. Inhibition of Glycolytic Metabolism and M1 Polarization

activated macrophages tend to carry out cellular metabolism
through the aerobic glycolysis pathway. Furthermore, anti-TNF-

Adv. Funct. Mater. 2025, 35, 2502880 2502880 (7 of 16)

duction (+10.8%) and glucose consumption (+18.3%) com-
pared to the control non-induced macrophages. After treatment

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BA1E8.1D) 8|qeotidde ay) Aq peusnob ae seoile VO '8sn JO S|n. o} Akeiq18UIJUO A8]1M UO (SO PUOO-PUE-SWISYW0D A8 | Im AReql Ut |Uo//:Sdy) SUORIPUOD Pue SWIS | 8L 89S * [6202/80/02] U0 A%iqi8uliuo A8|IM ‘Buig ABNZIBAIUN eAOBPUS N A 088205202 WIPE/Z00T 0T/I0P/W0D A8 M ARe.q 1 puljuo’psoueApe//Sdny WO pepeo|umod ‘Z€ ‘SZ0Z '8Z0£9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

Figure 4. Inhibition of glycolytic metabolism and M1 polarization of RAW264.7 macrophages. A) Schematic depiction of the inhibition of glycolysis
pathway and subsequent blocking of M1 polarization. B) Glucose consumption and C) pyruvate production in RAW264.7 macrophages. The data are
expressed as mean + SD (n = 3) represented by error bars. D) Representative immunofluorescence micrographs of GLUT1 and HIF-1a expression in
RAW264.7 macrophages (scale bar, 20 um). E) Western blots of HIF-1a, GLUTT, and PKM2 expression in RAW264.7 macrophages. GAPDH, loading
control. F) Relative expression of M1 macrophage markers detected in RAW264.7 macrophages. The data are expressed as mean + SD (n = 3) represented
by error bars. G) Flow cytometry dotplots of CD86 expression in RAW264.7 macrophages. Groups: I: ZA, II: Alg-siHPTs, IlI: siHPTs, IV: siHPTs@ZA

hydrogel. The data are expressed as mean + SD (n = 3), ****p < 0.0001.

with siHPTs@ZA hydrogel, both pyruvate and glucose amounts
dropped to —11.6% and —14.0%, respectively (Figure 4B,C).
The hypoxic microenvironment of RA is characterized by HIF-
la expression increase in the synovial membrane, which di-
rectly stimulates cell metabolism through anaerobic glycoly-
sis as an adaptation to the hypoxic environment.®!] Hence,

Adv. Funct. Mater. 2025, 35, 2502880 2502880 (8 of 16)

we further investigated how HIF-1a participates in the regula-
tion of M1 polarization by inducing the expression of GLUT1.
As shown in Figure 4D and Figure S12 (Supporting Informa-
tion), LPS/IFNy-activated macrophages displayed stronger HIF-
la expression compared to untreated RAW246.7 macrophages.
Further, in LPS/IFNy-activated macrophages, treatment with
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siHPTs@ZA hydrogel, resulted in nearly complete diminish-
ing of both, HIF-1a and GLUT1 signals. Thus, it can be stated
that siHPTs@ZA hydrogel successfully inhibits hypoxic signal-
ing and glycolytic metabolism of M1 macrophages in vitro. To cor-
roborate this finding, we also carried out Western blotting, which
confirmed that siHPTs@ZA hydrogel (group IV) down-regulated
HIF-1a and GLUT1 expression (Figure 4E; Figures S13 and S14,
Supporting Information), while also down-regulating expression
of pyruvate kinase M2 (PKM2), which is an important glycolytic
enzyme.[>?]

In a consequent effort to delineate the pro-inflammatory
macrophage metabolism, we performed a qPCR analysis of the
influence of siHPTs @ZA hydrogel on the expression of M1 phe-
notype markers (IL-1p, IL-6, and iNOS). In all three cases, siH-
PTs@ZA hydrogel (group IV) exhibited the highest inhibitory ac-
tivity (Figure 4F). A similar trend was observed by flow cytome-
try analysis of M1 surface marker CD86 (Figure 4G), confirming
significant suppression of M1 polarization. In line with the ex-
amination of the expression of HIF-1a, GLUT1, and PKM2, for
IL-1B,1L-6,iNOS, and CD86, we also detected some inhibitory ac-
tivities for individual components of siHPTs@ZA hydrogel [the
highest for siHPTs (group III) and Alg-siHPTs (group II)]. How-
ever, the highest efficiency was always reached only when using
fully optimized siHPTs@ZA hydrogel, which highlights the im-
portance of the whole assembly. Together the results demonstrate
that siHPTs@ZA hydrogel is capable of inhibiting M1 polariza-
tion by blocking the glycolytic pathway.

2.6. Promotion of Lipid Metabolism and M2 Polarization

In contrast to the above-explored metabolic properties of M1
macrophages, FAO pathway represents the main metabolic path-
way in anti-inflammatory M2 macrophages.**! Notably, zinc ions
are known to act as an essential PPARy agonist driving tran-
scriptional functions of PPARy through PPAR’s DNA-binding
domain ([55]), thus up-regulating the lipid metabolism of M2
macrophages (Figure 5A).5°71 Considering the fact that mito-
chondria are crucial for FAO pathway, we first determined the
content of ATP in IL-4-induced M2 macrophages. As shown in
Figure 5B, IL-4-mediated M2 polarization resulted in an increase
in ATP content, which was further increased by treatment with
siHPTs@ZA hydrogel. Then, we explored the fatty acid accumu-
lation in intracellular lipid bodies, whose processing is a signal
of ongoing FAO metabolism. For this purpose, lipid bodies were
stained using BODIPY 493/503 and as shown in Figure 5C, siH-
PTs@ZA hydrogel exposure resulted in highly efficient stimu-
lation of FAO resulting in the disappearance of lipid bodies in
M2 macrophages. As stated above, zinc ions stimulate PPARy ex-
pression. Thus, we hypothesized that due to a sustained release of
zinc, siHPTs@ZA hydrogel could be able to promote PPARy ex-
pression. Indeed, it was found that PPARy expression increases
in M2 macrophages treated with siHPTs@ZA hydrogel (group
1V) (Figure 5D; Figures S14 and S15, Supporting Information),
indicating that the hydrogel efficiently affects the storage and pro-
cessing of fatty acids. Subsequently, we sought to confirm the M2
polarization of macrophages exposed to siHPTs@ZA hydrogel.
Figure S5E demonstrated the qPCR data showing the expression
of mRNA encoding M2 polarization markers ARG-1, CD206, and
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IL-10. Indeed, it was found that compared to untreated control,
siHPTs@ZA hydrogel stimulates the expression of M2 polariza-
tion markers. Increased surface expression of CD206 was sub-
sequently confirmed at the protein level using flow cytometry
(Figure S5F). Overall, in vitro experiments provided a solid basis
indicating that siHPTs @ZA hydrogel efficiently inhibits glycoly-
sis and M1 polarization while stimulating FAO and M2 polariza-
tion of anti-inflammatory macrophages.

2.7. Evaluation of In Vivo Biodistribution of siHPTs@ZA
Hydrogel

To assess the long-term performance of the siHPTs@ZA hy-
drogel in vivo, we conducted biodistribution and targeting ex-
periments, both in healthy and collagen-induced arthritis (CIA)
rats. We hypothesized that the acidic microenvironment devel-
oped at the ankle joints of CIA rats could effectively trigger the
biodegradation of siHPTs@ZA hydrogel promoting the release
of zinc ions and TNF-« siRNA. As shown in Figure 6A, after the
intra-articular injection, in both groups, the FITC-labeled siH-
PTs@ZA hydrogel exhibited strong in situ fluorescence 12 h
postadministration. Due to ongoing biodegradation and elimi-
nation, the fluorescence signal gradually weakened and nearly
disappeared at day 8. ex vivo imaging further confirmed no
bioaccumulation in extracted organs, confirming no observable,
unwanted diffusion from the administration site, and slightly
higher fluorescence signal in joints of CIA rat, which could
be plausibly explained by altered metabolism due to ongoing
inflammation.

2.8. In Vivo Therapeutic Efficacy of siHPTs@ZA Hydrogel

For consequent assessment of the in vivo therapeutic efficacy
of the siHPTs@ZA hydrogel, we again employed CIA rat. It
is worth noting that CIA rats displayed classical RA symptoms
such as cartilage degradation, bone erosion, and synovial fibro-
sis. For experiments, the CIA rat was randomly divided into 5
groups, which were separately treated with PBS (G2), ZA (G3),
Alg-siHPTs hydrogel (G4), siHPTs (G5) or siHPTs@ZA hydro-
gel (G6) all via intra-articular injection (schematically depicted
in Figure 6B). In all experiments, G1 describes healthy non-
arthritic rats. Figure 6C summarized the comparative evaluation
of the progression of inflammation in CIA rats versus the state of
healthy rats between day 25 (first intra-articular administration)
to day 37 (termination). Digital photographs clearly show visible
swelling of the hind paws of CIA rats at day 25, which was not
observable for healthy rats. The photographs demonstrate that
after the last administration of sSiHPTs@ZA hydrogel (G6), the
hind paws’ visual appearance did not indicate any signs of in-
flammation and resembled the hind paws of the healthy rat. One
of the features of ongoing inflammation is the temperature in-
crease. Thus, we monitored the temperature of hind paws us-
ing a near-infrared imaging system, which confirmed that at the
experimental end-point, the local temperature of siHPTs@ZA
hydrogel-administered rate decreased to approx. 33 °C, which is
comparable to the local hind paw temperature of a healthy rat, in-
dicating the elimination of synovial inflammation. Importantly,
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Figure 5. Promotion of lipid metabolism and M2 polarization in RAW264.7 macrophages. A) Schematic depiction of the FAO pathway in M2
macrophages. B) ATP production in RAW264.7 macrophages. The data are expressed as mean + SD (n = 3) represented by error bars. C) Repre-
sentative micrographs of intracellular lipid droplets stained with BODIPY 493/503 in RAW264.7 macrophages (scale bar, 20 pm). D) Western blot of
PPARy in RAW264.7 macrophages. GAPDH, loading control. E) Relative expression of M2 macrophage markers detected in RAW264.7 macrophages.
The data are expressed as mean = SD (n = 3) represented by error bars. F) Flow cytometry dot plots of CD206 expression in RAW264.7 macrophages.

Groups: I: ZA, II: Alg-siHPTs, I11: siHPTs, IV: siHPTs@ZA hydrogel.

siHPTs@ZA hydrogel not only decelerated RA progression but
caused complete remission, which was not observable for the rest
of the treatment groups. These retained some extent of hind paws
swelling and redness. This might be attributed to the rapid elim-
ination of G3-G5 treatments from the joints through systemic
diffusion, confirming the superb properties of siHPTs@ZA hy-
drogel. The average arthritis clinical scoring of individual groups
is shown in the heat map in Figure 6D. In addition, we also
recorded hind paw thickness and body weight (Figure GE,F). It
was found that at the experimental end-point, the paw thick-
ness (15.466 mm) of siHPTs@ZA hydrogel-administered rat de-
creased to 8.53 mm, which was the closest to the healthy rat.
Moreover, during the treatment with siHPTs@ZA hydrogel, the
body weight of the rat gradually increased, whereas the body
weight of the CIA rat decreased due to the ongoing inflamma-
tion.

Adv. Funct. Mater. 2025, 35, 2502880 2502880 (10 of 16)

To further understand the therapeutic process, we evaluated
the bone erosion and calculated bone mineral density (BMD)
of hind paws using micro-computed tomography (micro-CT)
Figure 7A. The 3D reconstructed micro-CT images revealed a
rough surface of obvious ankle erosion and bone loss in G2-
G5 groups. In contrast, siHPTs@ZA hydrogel-treated group pre-
sented a smoother joint surface, revealing that bone erosion
was significantly relieved. Further, the joints were examined us-
ing histopathological analysis to evaluate typical RA-associated
pathological features, including, extensive pannus formation and
severe bone destruction. As shown in Figure 7B hematoxylin and
eosin (H&E) staining of joints of CIA rat, confirmed severe tis-
sue deterioration not observable in siHPTs @ZA hydrogel group.
To examine the cartilage fitness, we further stained the tissues
with Safranin-O (Figure 7C), which revealed extensive cartilage
destruction, presented as a rough and irregular pattern in PBS,

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BA1E8.1D) 8|qeotidde ay) Aq peusnob ae seoile VO '8sn JO S|n. o} Akeiq18UIJUO A8]1M UO (SO PUOO-PUE-SWISYW0D A8 | Im AReql Ut |Uo//:Sdy) SUORIPUOD Pue SWIS | 8L 89S * [6202/80/02] U0 A%iqi8uliuo A8|IM ‘Buig ABNZIBAIUN eAOBPUS N A 088205202 WIPE/Z00T 0T/I0P/W0D A8 M ARe.q 1 puljuo’psoueApe//Sdny WO pepeo|umod ‘Z€ ‘SZ0Z '8Z0£9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED ADVANCED
SCIENCE NEWS ATERTALS

www.advancedsciencenews.com www.afm-journal.de

Figure 6. A) In vivo fluorescence imaging showing the presence and ongoing biodegradation and elimination of FITC-labeled siHPTS@ZA hydrogel
present in both CIA rats and healthy rats. The right part of the figure shows ex vivo imaging of extracted organs and paws. B) Experimental pipeline of
evaluation of therapeutic efficacy. C) Representative digital photographs and thermal images of healthy and CIA rats’ hind paws during the treatment
course. D) Average arthritis clinical score of individual groups. E) The paw thickness evaluation and F) the variation of body weights. Groups: G1:
Healthy control, G2: RA model, G3: ZA hydrogel, G4: Alg-siHPTs, G5: siHPTs and G6: siHPTs@ZA hydrogel. The data are expressed as mean = SD
(n = 3) represented by error bars, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 7. A) Micro CT imaging of bone erosion of hind paws of rats analyzed at the experimental end-point. Histopathological analysis of extracted
joints stained with B) H&E, C) Safranin-O, and D) Masson ‘s trichrome. Scale bars: 100 um. E) MANKIN scores of individual groups. F) BMD values of
the hind paws. G) Relative expression of M1 (IL-15, IL-6 and iNOS) and M2 (ARG-1, CD206 and IL-10) polarization markers in murine serum. Groups:
G1: Healthy control, G2: RA model, G3: ZA hydrogel, G4: Alg-siHPTs, G5: siHPTs and G6: siHPTs@ZA hydrogel. The data are expressed as mean & SD
(n = 3) represented by error bars, ***p < 0.001, ****p < 0.0001; ns = no significance).

ZA, Alg-siHPTs and siHPTs treated CIA rats. In contrast, the rats
treated with siHPTs@ZA hydrogel displayed smooth cartilages
with only negligible proteoglycan loss. In addition, Masson s
trichrome staining of the CIA rats treated with siHPTs@ZA hy-
drogel showed a remarkable recovery of synovial hyperplasia with
a clear interface (Figure 7D). The overall MANKIN scoring as-
sessing cartilage structure, cellularity, Safranin-O, and tidemark
integrity,1®! was further evaluated and is presented in Figure 7F.
It clearly demonstrates that siHPTs@ZA hydrogel-based therapy
was able to reach MANKIN score of 2.3, which is close to the
normal physiological status (0.0). MANKIN scoring also demon-
strated that while the performance of the rest of the treatment
groups (G3-G5) might look efficient, a complex evaluation of joint
status is needed to fully appreciate the efficacy of siHPTs@ZA
hydrogel. This statement was further corroborated by BMD anal-
ysis confirming a decrease in bone erosion due to siHPTs@ZA
hydrogel administration (Figure 7E).

In addition, we also assessed the efficiency of metabolic re-
programming in extracted joint tissues. As shown in Figure S16
(Supporting Information), siHPTs@ZA hydrogel-treated rats ex-
hibited the lowest expression of GLUT1 and the highest ex-
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pression of PPARy confirming the ability of hydrogel to induce
metabolic reprogramming in vivo. Further, to determine the ef-
fect of siHPTs @ZA hydrogel administration on macrophage po-
larization, levels of serum cytokines were analyzed. As shown in
Figure 7G, the amounts of M1 polarization markers (IL-18, IL-6,
and iNOS) were dramatically reduced after siHPTs @ZA hydrogel
treatment to the amounts close to the healthy animals, confirm-
ing strong suppression of M1 polarization. On the other hand,
the amount of M2 polarization markers (CD206, ARG-1, and IL-
10) was markedly upregulated, highlighting the superior ability
of siHPTs@ZA hydrogel to induce M2 polarization, which was
also observable at the in vitro level. Importantly, we also corrob-
orated the in vitro results and found out that the siHPTs@ZA
hydrogel successfully downregulated TNF-a in rat joints (Figure
S10, Supporting Information).

2.9. Biosafety Evaluation siHPTs@ZA Hydrogel

Although we did not expect side effects due to stable bioaccu-
mulation of siHPTs@ZA hydrogel in joints, which was observed
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in previous experiments, we finally evaluated possible side ef-
fects that could be caused by biodegradation into smaller non-
detected molecules diffusing to the blood circulation. For this
purpose, at the experimental end-point, we collected the selected
organs (heart, liver, spleen, lung, and kidneys) and performed
histopathological examination after H&E staining. As displayed
in Figure S18 (Supporting Information), for all treatment groups,
organ sections showed no histopathological abnormalities, which
corroborated the biosafety of siHPTs@ZA hydrogel even after re-
peated intra-articular injection.

3. Conclusion

In summary, the study demonstrates the preparation and com-
prehensive testing of siHPTs @ZA hydrogel for intra-articular in-
jection for RA therapy. We show that hydrogel is capable of repro-
gramming RA microenvironmental immunometabolism toward
decreased hypoxia, glycolysis, and enhanced FAO pathway and
M2 macrophage polarization. Complex preclinical evaluation in
RA rats confirmed that siHPTs @ZA hydrogel acts as a highly po-
tent therapeutic modality reversing the pathological features of
RA. Considering the biophysical properties of the assembled hy-
drogel, it can be expected that it could be used for loading with
other RNA interference effectors and plausibly with other low-
mass bioactive molecules to further improve the biological prop-
erties of hydrogel toward next-generation therapy of RA.

4. Experimental Section

Materials: PEGDA (Mw = 700) (PEGDA700, 98%) was obtained from
Meryer (China). Liquid paraffin, Span-80, and Tween-80 were provided
from HEOWNS (China). Cystamine and dimethyl sulfoxide (DMSO) were
bought from Sigma-Aldrich (China). Methanol and ethanol (99.5%) were
obtained from Tianjin Yuanli Chemical Co., Ltd. (China). Dichloromethane
(CH,Cl,) was purchased from Macklin Biochemical Technology Co., Ltd.
(China). Fetal bovine serum (FBS) and penicillin/streptomycin were ob-
tained from Procell (China). Primers used for qPCR, TNF-a siRNA,
Lipo2000, and FAM-labeled siRNA were purchased from Sangon Biotech
Co., Ltd. (China). ABScript Neo RT Master Mix and 2XUniversal SYBR
Green Fast qPCR Mix were bought from ABclonal (China). Zinc Colori-
metric Assay Kit, FITC anti-mouse CD86 antibody, and FITC anti-mouse
CD206 antibody were obtained from Elabscience (China). HIF-1a mouse
monoclonal antibody was acquired from Beyotime (China). CCK-8 assay
kit, Hoechst 33342, and LysoTracker Red were provided by Solarbio Life
Science and Technology Ltd. (China). BODIPY 493/503 was obtained from
GlpBio (USA). All materials were used without further purification.

Formulation of siHPTs@ZA Hydrogel—Synthesis of siHPTs:  According
to a previous study, the HB-PBAE was synthesized by the A2+B4 Michael
addition with the molar ratio of diacrylate to amine groups of 2.5:1. The
PEGDA (1.976 g) and cystamine (967.4 mg) were added to the brown vial
and dissolved in 6 mL of DMSO (6 mL). The reaction was carried out
for 24 h in the dark at 95 °C under continuous stirring. Then, the reac-
tion mixture was slowly added to ether and shaken vigorously, centrifuged
(3500 rpm, 5 min) and the precipitate was collected. This process was re-
peated five times to remove residual DMSO and unreacted monomers.
The product was dried under a vacuum. After HB-PBAE synthesis, it was
loaded with TNF-a siRNA through electrostatic adsorption. Briefly, TNF-a
siRNA and HB-PBAE were dissolved in DEPC-treated water at the concen-
tration of 0.1 and 1 mg mL™", respectively. The solution was mixed while
vortex stirring for 90 s. After 1 h of incubation at room temperature, the
siHPTs were acquired.
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Formulation of siHPTs@ZA Hydrogel—Synthesis of siHPTs@ZA
Nanospheres:  Firstly, the aqueous phase was prepared by weighing
1.00 g sodium alginate adding it to 100 mL double-distilled water, and
kept in a water bath at 45 °C for 6 h. After that, it was restored to room
temperature and placed into the refrigerator, where it was kept at 4 °C
overnight to allow for full solubilization. Then, the oil phase was formed
by adding 50 mL liquid paraffin, 0.28 mL Span-80, and 0.15 mL Tween-80
to a 250 mL three-necked flask in a water bath at 40 °C, while stirring
(500 rpm, 30 min). Then the oil phase was completely mixed with the
water phase. For this, the oil phase was stirred at 1000 rpm at 40 °C, and
using the flow rate of 0.75 mL min~! in a microfluidic chip through the
peristaltic pump, it was employed to slowly drip the water phase into the
oil phase. Then, stirring continued for 1 h to allow for full mixing of two
phases. Next, the cross-linking agent was prepared by weighing 0.025 g
of anhydrous zinc chloride and mixing it with siHPTs in 10 mL of 95%
ethanol. 5 mL of the cross-linking agent was then added drop by drop into
the above mixture by the microfluidics (flow rate of 0.25 mL min~"), and
stirred for 1 h. The final emulsion was centrifuged (3800 rpm, 10 min),
and the lower layer of liquid containing siHPTs@ZA nanospheres was
collected and freeze-dried in a lyophilizer and stored at 4 °C prior to
further use.

Formulation of siHPTs@ZA Hydrogel—Synthesis of siHPTs@ZA Hydro-
gel:  Dried siHPTs nanospheres were weighed and placed in a mold, to
which 8% wt of siHPTs@ZA nanospheres solution was added dropwise
until the system fully absorbed water and reached an equilibrium state of
solubility. The resulting assembly was the injectable siHPTs@ZA hydrogel.

Physico-Chemical Characterization of siHPTs@ZA Nanospheres and HB-
PBAE: The morphology and size of the siHPTs@ZA nanospheres were
examined using TEM (JEMT100CXII, Jeol Ltd., Japan) and Zetasizer Nano-
ZS (Malvern Instruments, UK), which was also employed for zeta poten-
tial analyses. HB-PBAE was characterized by "H-NMR (Bruker Advance
400 MHz, Germany) and using GPC (Waters, USA). In addition, the el-
emental composition of siHPTs@ZA nanospheres was analyzed using
EDS (Tecnai G2 F20 U-Twin, FEI, USA). The absorption spectra were
recorded using UV-Vis spectrophotometer (Agilent, USA). FT-IR (TENSOR
27, Bruker, Germany), Raman (Renishow, inVia reflex, UK), and CD spectra
(Biotools, Seyssinet-Pariset, France) were recorded too to describe physic-
ochemical properties of sSiHPTs@ZA nanospheres.

Agarose Gel Electrophoresis:  The loading of siRNA to HB-PBAE was in-
vestigated by agarose gel electrophoresis. For this, 5x loading buffer was
added to 10 uL of analyzed samples. The samples were then loaded onto a
0.8% agarose gel and separation was carried out in 1x TAE running buffer
at 120 V for 30 min. The gels were visualized under UV light at 254 nm
using an Image master VDS thermal imaging system (Bio-Rad, USA).

Physico-Chemical Characterization of siHPTs@ZA Hydrogel: SEM mi-
crographs were obtained using a SU8020 SEM (Hitachi, Japan). The stor-
age modulus, loss modulus, and viscosity of hydrogels were detected by
an advanced rotational rheometer (Anton Paar, MCR302, Austria). To test
degradation, siHPTs@ZA nanospheres were prepared with different con-
centrations of ZA. 1.8 g of each formulation of dry hydrogel was then
added to 18 mL of PBS and placed on a constant temperature shaker.
Then, 3 mL of samples were collected at a fixed point (1, 2, 3, 4, 5, and
8 days) and weighted after vacuum drying to count the degradation rate.
To determine the equilibrium swelling ability, the lyophilized siHPTs@ZA
hydrogels were weighted (m1) and volume was recorded (v1). Then, hy-
drogels were placed into the dish and incubated in PBS at 37 °C. At reached
equilibrium, the solution was removed from the dish. Next, hydrogels were
weighted again (m2) and the volume (v2) was recorded. The mass swelling
ratio was then calculated as (m2-m1)/m1x 100%, while the formula used
to calculate volume swelling was (v2-v1)/v1 x 100%. The release of zinc
ions from siHPTs@ZA hydrogel was in determined in the supernatant us-
ing a Zinc Colorimetric Assay kit (E-BC-K-137-M, Elabscience) according
to the manufacturer’s instruction.

Cell  Culture  Conditions and Macrophages Polarization: Murine
macrophages (RAW264.7) were obtained from Solarbio Technology
Co., Ltd. (China). The cells were cultured in fresh Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% FBS and 1% peni-
cillin/streptomycin at 37.1 °C in a 5% CO,. To induce polarization,
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the M1 macrophages were established by treating RAW264.7 cells
with 2.5 ng mL™" of IFNy and 200 ng mL~! LPS (Sigma, USA). M2
macrophages were obtained by induction using 20 ng mL~" [L-4 (Thermo
Fisher Scientific, USA).

Uptake, Intracellular Fate, and Cytotoxicity Assessment: To evaluate the
siHPTs@ZA hydrogels’ cellular uptake, RAW264.7 macrophages were cul-
tivated on CLSM culture dishes. After reaching a density of ~1 x 10° cells
per well, the culture medium was exchanged with a serum-free medium
containing FITC-labeled siHPTs@ZA nanospheres, and the cells were in-
cubated for another 12 h. At 0, 2, 4, 8, and 12 h time points, cells were fixed,
and washed with PBS, and nuclei and endolysosomes were stained us-
ing Hoechst 33342 and Lysotracker Red, respectively. Then, the cells were
washed and stained with PBS three times and observed under CLSM (Le-
ica SP 8, Leica, Germany).

To investigate the cytotoxicity of siHPTs@ZA hydrogel, a CCK-8 assay
was conducted. First, the cells were seeded into 96-well plates at a density
of 1x 10* cells per well. Then, annotated treatments were added to each
well. After incubation 6, 12, and 24 h), CCK-8 reagent (20 pL) was added
into each well and the cells were cultured for another 4 h.

Evaluation of Transfection and Knock-Down Efficiency: To verify the
siRNA transfection, FAM-labeled siRNA was used to formulate siH-
PTs@ZA hydrogels using various w/w ratios of ZA and siHPTs (1:1, 1:2,
1:4, and 1:8). In all experiments, Lipo2000 and naked FAM-labeled siRNA
were used as positive and negative control, respectively. Next, RAW264.7
macrophages were seeded into the CLSM dishes (1 x 10° cells per well),
followed by incubation in DMEM supplemented with 10% FBS. To evalu-
ate the transfection, DMEM was exchanged with annotated treatments in
Opti-MEM. After 6 h incubation, the medium was discarded, and the cells
were washed with PBS three times. Then, nuclei were counterstained with
Hoechst 33342 and the cells were observed under CLSM. After that, CCK-8
assay was carried out as already described above to assess the cytotoxic-
ity of siHPTs@ZA hydrogels differing in ZA-to-siHPTs ratio for RAW264.7
macrophages. Finally, knock-down efficiency was analyzed by evaluating
the expression of TNF-a at the mRNA and protein levels as described
below.

Evaluation of Glucose, Pyruvate, and ATP In Vitro: To evaluate the
number of energetic metabolites, polarized M1 and M2 RAW264.7
macrophages were seeded in a 6-well plate at a density of &1 x 10° cells
per well and cultured with annotated treatments for 12 h. Then, the cells
were washed using PBS and harvested for analysis of glucose and pyruvate
(for M1 macrophages) using a D-Glucose Content Assay Kit (AKSU001C,
Boxbio) and a Pyruvate Content Assay Kit (BC2200, Solarbio) according to
the manufacturer’s instructions. In M2 macrophages, ATP was quantified
using an ATP Detection kit (50026, Beyotime) according to the manufac-
turer’s instructions.

Immunofluorescence  and  Lipid — Droplet  Staining: RAW264.7
macrophages were seeded onto confocal dishes at a density of 1 x 10*
cells per well and polarized into M1 or M2 phenotype as described above.
Then, the cells were treated with annotated treatment groups (normalized
to 200 ug mL™"). After 12 h incubation, the cells were washed with PBS
and fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton
X-100 for 15 min, and blocked using 4% bovine serum albumin for 30 min
at room temperature. Between each step, cells were rinsed with PBS three
times. Subsequently, cells were immunolabeled using the primary rabbit
anti-GLUT1 antibody (100x, SA0377, Huabio) and mouse anti-HIF-1a
antibody (100x, AG2135, Beyotime) at 4 °C overnight. Then, the cells were
washed with PBS and incubated with horseradish peroxidase-conjugated
secondary goat anti-rabbit 1gG H&L (1000%, iFluorTM 488, HA1121,
Huabio) or anti-mouse 1gG H&L (1000%x, A0216, Beyotime) for 1 h.
Hoechst 33342 was used for nuclei counterstain and the cells were
observed under CLSM. To determine the amount of intracellular lipid
bodies, RAW264.7 macrophages were seeded in confocal cell dishes at a
density of 1 x 10%, and polarized to M2 phenotype as described above.
After reaching ~60%-75% confluence, the medium was removed, and the
cells were washed with PBS twice. Then, 1 mL of BODIPY 593/503 working
solution was added and the cells were incubated at room temperature for
30 min. Nuclei were counterstained using Hoechst 33342 and the cells
were observed under CLSM.
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Western Blotting: For Western blotting, proteins were isolated after
lysis using lysis buffer (RIPA: PMSF = 1000:1) and the concentration
of proteins was quantified using a BCA Protein Assay Kit. Before im-
munoblotting, proteins were separated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and then transferred to poly(vinylidene
fluoride) (PVDF) membranes. Next, membranes were blocked using
BSA and incubated with specific primary antibodies: TNF alpha (1000x,
ER1919-22, HUABIO), GLUT1, HIF-1a, PKM2 (1000x, 1F2-F4-H11, Ori-
Gene), PPARy (5ab209350, Abcam) and GAPDH (1000x, AF3006, Bey-
otime) at 4 °C overnight. Then, the membranes were washed and incu-
bated with appropriate horseradish peroxidase secondary antibodies for
3 h at room temperature. The protein signal was developed using ECL
plus kit (Amersham, USA) and visualized using the Bio-Rad ChemiDoc
MP System (Bio-Rad, USA).

Macrophage  polarization — markers  detection—Flow  Cytometry:
RAW264.7 macrophages were seeded (1 x 10° cells per well) in 6-
well plates and cultured overnight. Each group of M1 or M2 macrophages
polarized as described above was treated with annotated treatments (nor-
malized to 200 ug mL~", 12 h). Afterward, the cells were immunostained
with APC-labeled F4/80 antibodies (20x) and FITC-labeled anti-human
CD86 antibodies (20x) or FITC-labeled anti-human CD206 antibodies
(20x) at room temperature for 30 min without permeabilization. Then, the
cells were collected by centrifugation and washed with PBS. Expression of
polarization markers was carried out using flow cytometry (BD FACSAria
111, USA).

Macrophage polarization markers detection—qPCR:  To evaluate the ex-
pression of MRNA encoding analyzed polarization markers, macrophages
polarized and treated as described above, mRNA was extracted using TRI-
zol, and cDNA was synthesized using ABScript 11l ReverseTranscriptase B
(ABclonal RK26501) according to the manufacturer’s instructions. Then,
Ultra SYBR Green and primers were added qPCR was run using qPCR
cycler (Applied Biosystems) according to the following conditions: pre-
denaturing at 95 °C for 3 min, denaturing at 95 °C for 5 s, 45 cycles, an-
nealing at 60 °C for 30 's, 45 cycles.

Evaluation of siHPTs@ZA Hydrogel Hemolytic Properties: Blood was
collected from healthy rats and centrifuged at 2000 rpm for 10 min four
times to separate erythrocytes. Subsequently, after several washing steps
with 0.9% saline, the erythrocytes were diluted to 10% with PBS. Next,
200 pL of erythrocyte suspension was mixed with 800 pL of PBS (nega-
tive control), deionized water (positive control), and annotated concentra-
tions of siHPTs@ZA hydrogel. Then, erythrocytes were incubated for 2 h
at 37 °C. After that, samples were centrifuged at 12000 rpm for 10 min, fol-
lowed by supernatant collection and analysis of its absorption at 570 nm.
The percentage of hemolysis was calculated according to the following for-
mula: (Asample - AO)/ (A100 - AO) % 100%.

CIA Preclinical Rat Model of RA: Male Sprague-Dawley rats (6-8
weeks old) were sourced from Huafukang Biological Technology Co., Ltd.
(Beijing, China) and kept at the Laboratory Animal Center of the Chi-
nese Academy of Medical Sciences Institute of Radiology in Tianjin. All
animal experiments adhered to the guidelines for the Care and Use of
Laboratory Animals at the institute. The protocols were reviewed and ap-
proved by the animal ethics committee of Tianjin University (approval no.
(SYXK-2019-0002)).

For the first immunization, bovine type Il collagen solution (ClI;
Chondrex, Inc.) mixed with complete Freund’s adjuvant (HY-153808,
MedChemExpress) in 1:1 ratio, was administered subcutaneously via
the tail root. 21 days later, booster immunization was done by in-
jection of incomplete Freund’s adjuvant (HY-153808A, MedChemEx-
press) mixed with bovine type Il collagen into the tail vein result-
ing in to establishment of the CIA model characterized by progressive
RA.

In Vivo and Ex Vivo Fluorescence Imaging: To detect the biodistribu-
tion after intra-articular administration, FITC-labeled siHPTs@ZA hydro-
gels (100 uL, T mg mL~") were injected into the joints of healthy and CIA
rats. Then, time-dependent fluorescence images of hind paws were cap-
tured at various time points (12 h, 24 h, 3 days, 5 days, and & days) using
the IVIS Luminaimaging system (Caliper, USA). After 8 days, rats were sac-
rificed and selected organs including heart, liver, spleen, lung, and kidney
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were excised and ex vivo imaged to determine possible unwanted diffusion
from joints to blood circulation and organs.

In Vivo Therapeutic Efficacy:  To evaluate the therapeutic efficacy of siH-
PTs@ZA hydrogels, rats were randomly divided rat into six groups (G1:
Healthy rat treated with PBS, G2: CIA rat treated with PBS, G3: CIA rat
treated with ZA, G4: CIA rat treated with Alg-siHPTs, G5: CIA rats treated
with siHPTs and Gé6: CIA rats treated with siHPTs@ZA hydrogel) and or-
thotopically injected into the joint cavity with a formula dose of 10 mgkg™".
During the treatment period, each rat was weighted, and paw thickness
and clinical arthritic scores were recorded. The arthritis scoring was as-
sessed based on the following scale: 0 = normal, 1T = mild redness and
swelling confined to the ankle joint, 2 = slight redness and moderate
swelling extending from the ankle to the tarsal region, 3 = erythema and
noticeable swelling spreading from the ankle to the metatarsal joints, and
4 = prominent redness and swelling affecting the ankle, foot, and toes,
or ankylosis of the limb, indicating the highest level of inflammation.[>]
Simultaneously, the temperature of the hind paws was analyzed using
an infrared thermal camera. Moreover, after the experiment termination,
micro-CT images were acquired by a micro-CT scanner (Quantum FX,
PerkinElmer, USA).

Finally, at the experimental endpoint, all rats were euthanized and their
ankle joints and major organs were collected for subsequent analyses. The
ankle joints were decalcified using a 10% EDTA solution, embedded in
paraffin, and then sectioned. Subsequently, these sections were stained
using H&E, Safranin O-fast green assay or Masson’s trichrome staining.
In addition, serum from the rat was obtained after centrifugation and
performed gqPCR evaluation gene expression level of the M1 (IL-6, IL-15,
and iNOS) and M2 (ARG-1, IL-10, and CD206) phenotype markers as de-
scribed above.

Statistical Analysis:  Results are expressed as the mean + standard de-
viation (SD). To evaluate the results, an analysis of variance was utilized.
2-Sample t-test was utilized to calculate the p values. The significant dif-
ference was represented by the probability level of 95%.
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