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It is still challenging to develop nanomedicines with full-active and simple components to tackle os-
teoarthritis (OA) through restoration of inflammation and cartilage homeostasis. Here, we report the
synthesis of a bioactive asymmetric phosphorus dendrimer bearing an azabisphosphonate (ABP) group,
termed as GO.PD-ABP, by a divergent method for intracellular bromelain (Bro) delivery. The formed
G0.PD-ABP/Bro nanocomplexes (NCs) exhibit a uniformly dispersed spherical shape with a mean size of

Keywords: 148.4nm and can achieve more significant intracellular Bro delivery than symmetric phosphorus den-
Phosphorus dendrimer drimer (GO.PD) without ABP via the clathrin-mediated endocytosis pathway. Importantly, the NCs effi-
Bromelain ciently block the activation of inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and nu-

Macrophage M2 polarization
Anti-inflammation
Osteoarthritis

clear factor kappa-B (NF-xB) by amplifying the anti-inflammatory function of Bro and synergizing with
the immunomodulatory activity of dendrimers, thereby facilitating the polarization of macrophages to-
wards M2 phenotype and down-regulating inflammatory cytokine secretion to lead to suppressed chon-
drocyte apoptosis. Compared with GO.PD/Bro NCs, an OA mouse model treated with GO.PD-ABP/Bro NCs
demonstrates more remarkable alleviation of pathological features such as cartilage degradation, bone
erosion, and synovial inflammation. This study emphasizes the positive contribution of structural asym-
metry of phosphorus dendrimers in protein delivery and provides a viable strategy for the treatment of

OA or other inflammatory diseases through enhanced immune modulation of macrophages.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Osteoarthritis (OA), a chronic degenerative disease, is distin-
guished by persistent inflammation and cartilage deterioration, ul-
timately culminating in cartilage lesions and subchondral bone ab-
normalities [1]. Pharmaceutical interventions advocated by clinical
guidelines predominantly include analgesic and anti-inflammatory
drugs, such as paracetamol and nonsteroidal anti-inflammatory
drugs (NSAIDs) [2]. However, these interventions exhibit limited
efficacy in slowing down the progression of OA and possess
the potential gastrointestinal toxicity [3,4]. Total joint-replacement
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surgery, as a common clinical surgical treatment of advanced OA,
may be risky due to various postoperative complications and lead
to a heavy personal financial burden [5]. Therefore, there is an ur-
gent requirement to develop safe and efficient management strate-
gies for OA.

Articular cartilage tissue in OA patients undergoes uncontrolled
malignant degradation. Therefore, various therapeutic strategies
with the function of inhibiting chondrocyte apoptosis [1,6], im-
proving chondrocyte anabolism [7], maintaining chondrocyte phe-
notype [8], inducing chondrogenic differentiation of bone mar-
row mesenchymal stem cells [9], and reducing cartilage wear [10]
have been developed to protect or regenerate cartilage tissue.
However, synovitis triggered by continuous inflammation is an-
other crucial pathologic characteristic that should not be neglected.

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Macrophages, the most abundant immune cells in the synovium,
influence various cellular responses and biological processes by
switching immune phenotypes between M1 and M2 [11]. In this
case, overactivated synovial macrophage (M1-type) dominate the
secretion of many proinflammatory cytokines and catabolic factors,
including tumor necrosis factor-o (TNF-«t), cyclooxygenase-2 (COX-
2), inducible nitric oxide synthase (iNOS), prostaglandin E2 (PGE2),
and matrix metalloproteinases (MMPs) at the joint site [12]. The
production of these mediators exacerbates OA progression by in-
ducing the extracellular matrix (ECM) degradation and chondro-
cyte dysfunction [13]. Consequently, comprehensive treatment of
OA may be achieved by polarizing activated macrophages to re-
duce inflammatory cytokine secretion through immune microenvi-
ronment modulation [14,15].

Bromelain (Bro), a natural product derived from pineapple
rhizomes, has been employed to treat different inflammatory
diseases such as OA, rheumatoid arthritis and asthma with ex-
cellent biosafety [16]. Bro possesses powerful anti-inflammatory
effects and macrophage polarization capabilities by inhibiting
nuclear factor kappa B (NF-«B) and mitogen-activated protein
kinases (MAPKs) signaling pathways in macrophages [17]. Mean-
while, Bro can also block the conversion of arachidonic acid into
prostaglandins through the regulation of COX-2 expression to
exert analgesic effect [18]. The biological activity of Bro holds
great promise for the treatment of OA. However, the membrane
impermeability of Bro resulting from its high molecular weight
and hydrophilicity leads to its difficulty to be phagocytosed by
target cells, thereby exhibiting limited activity within organisms.
Nanocarrier-based cytoplasmic protein delivery technologies, in-
cluding dendrimers [19], supramolecules [20], polymers [21,22],
and nanogels [23], offer opportunities for the development of
protein therapeutics. However, these nanocarriers typically in-
corporate high-density positive charges that may raise biosafety
concerns [24], and simultaneously overlook the carriers’ potential
for directly modulating disease processes [25]. Therefore, the ra-
tional design of non-cationic nanocarriers with intrinsic bioactivity
and efficient protein delivery capability is essential for augmenting
disease therapeutic efficacy through the function synergy of the
carrier and delivered substance.

Several non-cationic phosphorus dendrimers with macrophage
polarization and natural killer cell proliferation properties have
been reported to serve as efficient and safe carriers for intracellular
protein delivery [26,27]. Especially, phosphorus dendrimers termi-
nated with phosphonate or hydroxyl groups can amplify the bio-
logical activity of the delivered proteins while synergizing their in-
herent anti-inflammatory activity [15,26,28]. Because asymmetric
cationic phosphorus dendrimers exhibit superior and unimpaired
gene compression and delivery properties [29], we hypothesize
that the structural asymmetry of anionic phosphorus dendrimers
may affect intracellular protein delivery efficiency, thereby improv-
ing disease therapeutic outcomes. As a result, the utilization of
asymmetric bioactive phosphorus dendrimers to deliver Bro may
represent a rational design for enhanced OA treatment.

In this study, we employed an anionic asymmetric phospho-
rus dendrimer as an intracellular delivery carrier of Bro to po-
larize macrophage towards M2 phenotype for enhanced anti-
inflammatory and chondroprotection treatment of OA. Firstly,
asymmetric phosphorus dendrimers bearing with azabisphospho-
nate (ABP) group, termed as GO.PD-ABP, were synthesized using
a divergent method. The differences in anti-inflammatory activ-
ity and protein delivery properties between GO.PD-ABP and GO.PD
(a symmetric phosphorus dendrimer without ABP group) were
investigated. Then, the synergistic anti-inflammation and anti-
chondrocyte apoptosis ability of Bro delivery mediated by GO.PD-
ABP was systematically investigated in vitro and in vivo using an
OA mouse model (Scheme 1). The significant characteristics of this
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Scheme 1. Schematic diagram of GO.PD-ABP/Bro for anti-inflammatory and chon-
droprotective treatment of OA.
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Fig. 1. Anti-inflammatory activity of GO.PD and GO.PD-ABP. (A) Chemical struc-
ture of GO.PD and GO.PD-ABP. (B) mRNA expression levels of TNF-« and IL-10
in activated RAW264.7 cells after treated with GO.PD or GO.PD-ABP for 24h. (C)
Flow cytometry analysis of macrophage polarization in activated RAW264.7 cells
treated with GO.PD or GO.PD-ABP for 24 h. (D) The quantitation of M2/M1 ratio after
RAW264.7 cells were exposed to GO.PD or GO.PD-ABP for 24 h. Data are presented
as mean + standard deviation (n=3). ns, no significance. *P <0.05, **P<0.01,
“**P <0.001.

study are as follows: (1) To elucidate the contribution of structural
asymmetry of phosphorus dendrimers in protein delivery; (2) to
enhance the intracellular delivery efficiency of Bro through the uti-
lization of GO.PD-ABP; (3) to integrate the inherent immunomod-
ulation properties of GO.PD-ABP and Bro to achieve efficient anti-
inflammatory and anti-chondrogenic apoptotic therapy of OA.

The protein delivery capabilities and immunomodulatory effects
of phosphorus dendrimers terminated with phosphonate groups
have been extensively verified [30]. However, the impact of the
structural symmetry of phosphorus dendrimers on the efficiency of
intracellular protein delivery and inherent biological functionalities
remain to be investigated since the symmetry of the phosphorus
dendrimers is expected to have direct impact on their molecular
rigidity and protein delivery efficiency. Therefore, an asymmetric
phosphorus dendrimer (GO.PD-ABP) was synthesized using a di-
vergent iterative method (Fig. S1 in Supporting information). The
chemical structures of GO.PD-ABP and the control compound GO.PD
(symmetric phosphorus dendrimer) are shown in Fig. 1A. 'H and
31p nuclear magnetic resonance (NMR) spectra were adopted to
characterize all the intermediates and final products (Figs. S2-S8
in Supporting information).

In anti-inflammation activity profile, GO.PD and GO.PD-ABP all
significantly downregulate the messenger ribonucleic acid (mRNA)
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Fig. 2. Phosphorus dendrimer/Bro NCs improve the efficiency of intracellular Bro delivery. (A) Phosphorus dendrimers complexed with Bro to form the NCs. (B) Hydrodynamic
size distributions and (C) zeta potentials of Bro, GO.PD/Bro, and GO.PD-ABP/Bro. (D) TEM image of GO.PD-ABP/Bro NCs. (E) Viability of activated RAW264.7 cells treated with
Bro, GO.PD/Bro or GO.PD-ABP/Bro at different Bro concentrations (n=>5). (F) Relative fluorescence intensity of activated RAW264.7 cells treated with PBS, Bro, GO.PD/Bro or
GO.PD-ABP/Bro (Bro was labeled with Cy5.5) for 4h. (G) CLSM images of activated RAW264.7 cells after different treatments for 4h. (H) Relative fluorescence intensity of
activated RAW264.7 cells after treatment with GO.PD-ABP/Bro for different time periods. (I) Relative fluorescence intensity of activated RAW264.7 cells treated with GO.PD-
ABP/Bro for 4 h. The cells were pretreated with different inhibitors for 2 h before materials incubation. In panels C, F, H, and I, n=3. Data are presented as mean + standard

deviation. **P < 0.01, ***P <0.001.

expression levels of proinflammatory cytokines TNF-« and upreg-
ulate the mRNA expression levels of anti-inflammatory interleukin
(IL)-10, but the symmetry of the phosphorus dendrimers does not
seem to significantly affect their intrinsic anti-inflammatory activ-
ity (Fig. 1B). Flow cytometry analysis was also performed to in-
vestigate the expression of biomarkers associated with macrophage
polarization in activated RAW264.7 cells following different treat-
ments. Lipopolysaccharide (LPS), as an agonist of Toll-like recep-
tors, can induce macrophage polarization toward M1-phenotype
(Fig. 1C). Since the modification of phosphate on the surface of
phosphorus dendrimer elicits a unique capacity for macrophage
polarization, treatments with GO.PD and GO.PD-ABP exhibit a pro-
found impact on macrophage phenotype, specifically by inhibiting
the expression of M1 biomarker cluster of differentiation (CD) 86
and increasing the population of CD206 positive macrophages (Fig.
S9 in Supporting information). Although GO.PD and GO.PD-ABP sig-
nificantly increase the M2/M1 ratio by 2.32- and 2.38-fold com-
pared with the LPS group (P < 0.05), respectively, no significant dif-
ference is observed between these two types of dendrimers (Fig.
1D). This further suggests that the structural symmetry does not
play a role in enhancing the immunomodulatory activity of phos-
phorus dendrimers.

To explore the contribution of the structural symmetry of
phosphorus dendrimers to intracellular protein delivery efficiency,
GO.PD or GO.PD-ABP dendrimers were respectively complexed with
protein Bro to obtain stable GO.PD/Bro or GO.PD-ABP/Bro nanocom-
plexes (NCs) (Fig. 2A). Dynamic light scattering (DLS) analyses
reveal that both GO.PD/Bro and GO.PD-ABP/Bro NCs exhibit uni-
form hydrodynamic size distributions with the mean sizes of 190.7
and 217.5nm, respectively (Fig. 2B), which are smaller than naked
Bro (298.2nm). Moreover, the surface potentials of GO.PD/Bro

and GO.PD-ABP/Bro NCs decrease from —4.9mV of Bro to —16.1
and —27.7mV, respectively (Fig. 2C). This implies that the two
phosphorus dendrimers achieve effectively complexation with Bro
through simple physical interactions. However, the protein encap-
sulation efficiency of GO.PD-ABP (72.3%) with asymmetric struc-
ture is higher than that of symmetric GO.PD (53.0%), reflect-
ing an enhancement in protein complexation ability of phospho-
rus dendrimer upon the introduction of ABP cap. This is fur-
ther corroborated by the deeper Bro characteristic bands observed
in the sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) image of the GO.PD-ABP/Bro group than that of the
GO0.PD/Bro group (Fig. S10). The stronger protein binding capac-
ity of GO.PD-ABP than that of GO.PD may be due to the pres-
ence of an additional phosphate group and a nitrogen atom in the
GO0.PD-ABP dendrimer, which enhances the electrostatic and hydro-
gen bonding interactions between GO.PD-ABP and Bro [31,32]. Ad-
ditionally, transmission electron microscopy (TEM) image reveals
that the sizes of the GO.PD/Bro and GO.PD-ABP/Bro NCs are about
137.4 and 148.4nm, respectively (Fig. 2D and Fig. S11 in Support-
ing information). Notably, the GO.PD-ABP/Bro NCs exhibit a more
uniformly dispersed and compact spherical morphology than the
GO.PD/Bro NCs, further indicating that the structural asymmetry
may impart improved protein compression and packing effects to
phosphorus dendrimers. Isothermal titration calorimetry (ITC) re-
sults reveal the presence of two binding sites between GO.PD-ABP
and Bro (Table S2 and Fig. S12 in Supporting information). The sig-
nificantly higher binding constant (K,) of site 1 than that of site 2
indicates a stronger binding affinity at site 1. This interaction at site
1 is mainly an exothermic process driven by electrostatic interac-
tion, hydrogen bonding, and van der Waals force as evidenced by
the thermodynamic parameters exhibiting enthalpy change (AH)
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< 0 and entropy change (AS) < 0 [33,34]. Conversely, positive
thermodynamic parameters suggest that the interaction at site 2
is mediated by hydrophobic interaction [35]. Taken together, the
complexation between the GO.PD-ABP and Bro represents a multi-
faceted process involving multiple physical interactions.

The cell counting kit (CCK)-8 experiment reveals that the
GO0.PD/Bro and GO.PD-ABP/Bro NCs possess outstanding cytocom-
patibility and the viability of LPS-activated macrophages treated
with the NCs remains above 90% even at a Bro concentration of
50 pg/mL (Fig. 2E). It seems that the cytocompatibility of free Bro is
not compromised when complexed with both types of dendrimers.
Considering the favorable anti-inflammatory activity of Bro against
activated macrophages at concentrations ranging from 20pug/mL to
40pg/mL [17], 30pg/mL of Bro was selected as the effective con-
centration for subsequent in vitro experiments. Subsequently, we
explored the effects of intracellular Bro delivery of both NCs us-
ing flow cytometry and confocal laser scanning microscopy (CLSM).
The inadequate membrane permeability of Bro significantly im-
pedes its effectiveness in cytoplasmic delivery (Fig. 2F). Conversely,
the robust protein delivery capability of phosphorus dendrimers
facilitates an augmented Bro delivery efficiency, which is visually
demonstrated by a uniformly dispersed red fluorescent signal ob-
served in both the GO.PD/Bro and GO.PD-ABP/Bro groups (Fig. 2G).
Furthermore, the fluorescence intensity of RAW264.7 cells treated
with GO.PD-ABP/Bro NCs is significantly higher than that of the
GO.PD/Bro group (Figs. 2F and G), potentially attributed to the
structural asymmetry induced by the incorporation of ABP to facil-
itate enhanced binding efficacy between dendrimers and proteins.

Considering that GO.PD-ABP has better intracellular Bro deliv-
ery effect, we then investigated the phagocytic pathways of GO.PD-
ABP/Bro in LPS-activated macrophages. As illustrate in Fig. 2H and
Fig. S13A (Supporting information), the GO.PD-ABP/Bro NCs can be
phagocytosed by activated macrophages in a time-dependent man-
ner. Meanwhile, pretreatments with methyl-8-cyclodextrin (m-
B-CD) and filipin only modestly reduce the cellular uptake of
GO.PD-ABP/Bro NCs, exhibiting substantially weaker inhibitory ef-
fects compared to the chlorpromazine (CP) and amiloride (Ami)
pretreatment groups (Fig. 2I). This indicates that most of NCs
are internalized predominantly via clathrin- and micropinocytosis-
mediated endocytosis pathways, rather than lipid raft- or caveolae-
mediated mechanisms. Additionally, low temperature exerts an in-
hibitory effect on the phagocytic capability of macrophages against
GO.PD-ABP/Bro, suggesting that an adequate energy supply is in-
dispensable for the cellular internalization of GO.PD-ABP/Bro NCs
(Fig. S13B in Supporting information).

Abnormal activation of synovial macrophages is an important
factor involved in the progression of OA [36]. Considering the in-
herent immunomodulatory properties of both Bro and GO0.PD-ABP,
we subsequently embarked to elucidate the potential of GO.PD-ABP
to amplify the anti-inflammatory activity of Bro by enhancing the
intracellular Bro delivery (Fig. 3A). Despite a significant increase in
the proportion of CD86 positive macrophages (M1) following LPS
challenge, treatment with GO.PD/Bro or GO.PD-ABP/Bro triggers a
significant reduction in the percentage of M1 macrophages, with
the reduction being superior to that achieved by free Bro (Fig.
3B, P<0.001). Importantly, the GO.PD-ABP/Bro group exhibits a
markedly elevated proportion of CD206-positive macrophages (M2,
15.7%) compared to the GO.PD/Bro group (11.6%, P<0.01). This
finding indicates that the GO.PD-ABP/Bro NCs display a powerful
macrophage M2-type polarization ability by synergizing the im-
proved Bro delivery with the immunomodulatory activity per se of
dendrimers (Fig. 3C).

Next, the expression levels of typical inflammatory cytokines
(including TNF-cr, IL-18, and IL-6) were evaluated to reflect
the anti-inflammatory response of NCs in activated macrophages.
An intensive inflammatory response is observed in LPS-treated
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RAW264.7 cells with the dramatically enhanced IL-1p, IL-6, and
TNF-o¢ levels (Fig. 3D and Fig. S14 in Supporting information).
However, Bro alone has limited efficacy in reducing the expres-
sion of LPS-induced proinflammatory cytokines due to its poor
membrane permeability. Fortunately, the GO.PD-ABP/Bro NCs sig-
nificantly suppress the expression of various pro-inflammatory
cytokines while concurrently promote the secretion of anti-
inflammatory cytokine IL-10, thereby highlighting their potent in-
flammatory modulation efficacy (Fig. 3D). The downregulation of
TNF-o mRNA and the upregulation of IL-10 mRNA mediated by
the GO.PD-ABP/Bro NCs further support the contention that in-
tracellular Bro delivery facilitated by GO.PD-ABP exerts synergis-
tic anti-inflammatory properties (Fig. S15 in Supporting informa-
tion). Subsequently, we identify that GO.PD-ABP/Bro NCs possess
the capability to interfere with the synthesis process of intracel-
lular nitric oxide (NO) (Fig. 3E), a mediator implicated in the dis-
ruption of mitochondrial respiration and exacerbation of inflamma-
tory response [37,38]. This inhibitory effect is predominantly as-
cribable to the ability of GO.PD-ABP/Bro to suppress the expression
of inducible nitric oxide synthase (iNOS) (Fig. 3F and Fig. S16A in
Supporting information). Moreover, Bro blocks prostaglandin pro-
duction by inhibiting COX-2 expression to relieve inflammation
and reduce OA patients’ sensitivity to pain (Fig. 3F). Importantly,
both dendrimers, particularly GO.PD-ABP, significantly amplify the
inhibitory effect of Bro on COX-2 through improved intracellular
Bro delivery (Fig. S16B in Supporting information). Since phospho-
rus dendrimers modified with phosphate are widely reported to
suppress nuclear factor-kappa B (NF-xB) inflammatory signaling
pathway [39], we show that the GO.PD-ABP/Bro NCs significantly
down-regulate the expression of p-p65 (Fig. S16C in Supporting
information). This observation may elucidate an important molec-
ular mechanism underlying the potent anti-inflammatory activity
of GO.PD-ABP/Bro NCs. Specifically, GO.PD-ABP/Bro NCs intervene
in the activation of intracellular key inflammatory signaling path-
ways (including iNOS, COX-2, and NF-«B) by enhancing the in-
tracellular Bro delivery and synergistically integrating the intrinsic
immunomodulatory activity of both Bro and the GO.PD-ABP den-
drimer.

Activated macrophages can proliferate rapidly in pathologi-
cal environments and release inflammatory mediators, resulting
in chondrocyte apoptosis and cartilage destruction [40]. Conse-
quently, the ability of GO.PD-ABP/Bro NCs to inhibit inflammation-
induced death of chondrocytes was evaluated by co-culture chon-
drocytes with different conditional media (CM, supernatant from
macrophages treated with different materials). The Annexin V-
FITC/PI co-staining assay confirms that CM from LPS-activated
macrophages results in 18.9% of chondrocytes to undergo apopto-
sis and necrosis. In contrast, CM derived from macrophages treated
with either Bro or GO.PD/Bro significantly decreases the chondro-
cyte apoptosis/necrosis percentage (Fig. 3G). Importantly, the apop-
totic state of chondrocytes induced by inflammatory mediators is
nearly reversed and restored to normal levels following treatment
with CM in the GO.PD-ABP/Bro group (Fig. 3H), which indicates
the effective chondroprotective ability of GO.PD-ABP/Bro by exert-
ing the best anti-inflammatory and macrophage M2 polarization
properties among all studied materials.

To validate the anti-inflammatory and chondroprotective ther-
apeutic effects of GO.PD-ABP/Bro in vivo, BALB/C mice were used
to establish a knee OA model and treated with different mate-
rials (Fig. 4A). All animal experiments were performed in accor-
dance with the approved guidelines of the Committee on Exper-
imental Animal Care and Use of Donghua University (approval
No DWSY202410240146). The in vivo dosage of GO.PD-ABP/Bro
NCs was determined based on our earlier studies using a protein
drug for OA treatment [15]. The knee joint of each mouse was
initially collected to perform safranin O/fast green (SO-FG) stain-
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ing, and healthy mice display intact cartilage tissue with a uni-
form and deep glycosaminoglycan staining (red). Conversely, car-
tilage tissue in OA mice features multiple areas of light or ab-
sent staining, suggesting severe cartilage loss and glycosaminogly-
can degradation occurred in the knee joints of OA mice (Fig. 4B).
Due to the low bioavailability of Bro, the cartilage tissue of Bro
treatment group still exhibits similar unreddened areas, similar to
the OA group. Fortunately, GO.PD/Bro and GO.PD-ABP/Bro groups
have noticeable anti-cartilage apoptotic capacity likely due to the
synergistic effects of both dendrimers and Bro with improved in-
tracellular delivery efficiency, in agreement with the in vitro re-
sults. Notably, the GO.PD-ABP/Bro exhibits a more prominent per-
formance to ameliorate cartilage degradation than the GO.PD/Bro,
as observed by the results of homogeneous staining of cartilage
tissue with safranin O (a dye specific for cartilage binding) and
the attainment of the lowest Osteoarthritis Research Society Inter-
national (OARSI) score (Fig. 4B and Fig. S17 in Supporting infor-
mation). Furthermore, terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining of inflamed joints provides ad-
ditional evidence that GO/PD-ABP/Bro exhibits the strongest capac-
ity to inhibit chondrocyte apoptosis among all materials studied
(P <0.05, Fig. S18 in Supporting information).

Consistently, immunofluorescence staining of MMP-13 shows
increased positive expression in the articular cartilage of an OA
mouse model. The GO.PD-ABP/Bro treatment diminishes the ex-
pression of MMP-13 in chondrocytes, which facilitates the block-
ade of ECM degradation to protect cartilage tissue integrity (Fig. 4C
and Fig. S19 in Supporting information). To illustrate the progress
of knee OA clearly after different interventions, the micro com-
puted tomography (Micro-CT) images of the inflamed joint were

collected at the end of treatment (Fig. 4D). Severe bone erosion
and rough cartilage surfaces are observed in the OA group, which
is opposed to the phosphate buffered saline (PBS) group. Fortu-
nately, the degree of bone and cartilage restoration is significantly
improved in the GO.PD-ABP/Bro group, whereas the improvement
in the GO.PD/Bro group is fairly limited, confirming the benefit
of enhanced Bro delivery in alleviating bone erosion. The bone
mineral density (BMD), bone volume fraction (BV/TV), and tra-
becular thickness (Th.Th) were measured to evaluate microstruc-
ture changes of the subchondral bone. As depicted in Figs. 4E-G,
treatment with GO.PD-ABP/Bro results in a remarkable elevation in
BV/TV (from 31.4% to 46.2%), BMD (from 0.4g/cm3 to 0.6 g/cm3),
and Tb.Th (from 0.08 mm to 0.1 mm) compared to OA mice, sur-
passing the results of the GO.PD/Bro-treated group in terms of im-
provement in BV/TV and BMD indices (P < 0.05). This further sug-
gests that the GO.PD-ABP/Bro reestablishes homeostasis between
bone metabolism and bone synthesis within the damaged joints by
improving the bioavailability of Bro and synergizing the immune
activity of dendrimers.

Encouraged by the robust macrophage M2 polarization property
of the GO.PD-ABP/Bro NCs in vitro, we subsequently investigated
the effect of the NCs on macrophage phenotype in synovial regions
of inflamed joints. In Fig. 5A, intense iNOS positive expression in
the OA group implies that synovial macrophages are successfully
polarized to an M1 phenotype, which is detrimental to cartilage re-
pair and inflammatory abatement. Although free Bro treatment is
effective in reducing iNOS expression to some extent but has lim-
ited ability to enhance CD206 expression of synovial macrophages.
Given that GO.PD and GO.PD-ABP enhance the intracellular Bro
delivery while simultaneously modulating the macrophage phe-
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Fig. 4. Evaluation of in vivo therapeutic efficacy of GO.PD-ABP/Bro. (A) Schematic
illustration of the establishment of the OA mouse model and the experimental de-
sign. MIA, sodium iodoacetate. Representative (B) SO-FG and (C) MMP-13 staining
of the knee joint in OA mice after different interventions (black arrows indicate
cartilage tissue with light or absent SO-FG staining, and white arrows indicate car-
tilage tissue with MMP-13 positive expression). (D) Representative Micro-CT images
of inflamed joint in OA mice after different treatments (Red circles represent bone
erosion areas or rough chondrocyte surfaces). Quantitative results of (E) BV/TV, (F)
BMD, and (G) Tb.Th of subchondral bone. Data are presented as mean =+ standard
deviation (n=3). *P<0.05, ***P <0.001.

notype, both GO.PD/Bro and GO.PD-ABP/Bro exhibit much better
efficacy than free Bro in promoting M2 polarization of synovial
macrophage phenotype (P <0.001, Fig. S20A in Supporting infor-
mation). Remarkably, the superior intracellular delivery of Bro by
asymmetric phosphorus dendrimer GO.PD-ABP than the symmet-
ric GO.PD enables the augmented activation of CD206 expression
in the GO.PD-ABP/Bro group (Fig. S20B in Supporting information).
This is quite different from the in vitro data showing that there is
no significant difference between free phosphorus dendrimers in
terms of their ability to exert anti-inflammation and macrophage
polarization efficacy.

Synovitis is an important feature of OA. Hematoxylin and eosin
(H&E) staining reveals that treatment with GO.PD-ABP/Bro ame-
liorates the symptoms of synovitis at the inflamed joint site in-
cluding reduced hypertrophy and hyperplasia of the synovium, de-
creased thickness of the synovial lining cell layer, as well as in-
hibited infiltration of inflammatory cells (Fig. 5B). In addition, the
excellent macrophage M2 polarization property of GO.PD-ABP/Bro
results in a significant decrease in synovitis scores (Fig. 5C), which
should be attributed to the ability of NCs to downregulate various
proinflammatory cytokines (TNF-« and IL-1f8) and upregulate anti-
inflammatory cytokine (IL-10) mediated by the M2 macrophages
(Fig. 5D). Taken together, the GO.PD-ABP/Bro NCs can achieve out-
standing anti-inflammatory therapeutic effects by polarizing syn-
ovial macrophages towards M2 phenotype and modulating the ex-
pression of inflammatory cytokines in an OA mouse model.

Ultimately, the biosafety of the GO.PD-ABP/Bro NCs was evalu-
ated by monitoring the body weight changes of mice, H&E staining
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Fig. 5. Evaluation of in vivo anti-inflammatory therapeutic effects of GO.PD-ABP/Bro.
(A) Representative immunofluorescence staining of iNOS and CD206 expressions in
the knee joint of OA mice received different treatments. (B) Representative H&E
staining images of the synovium tissue in OA mice received different treatments.
(C) Synovitis score of various treatments based on the H&E staining results (dashed
areas are synovial tissue). (D) Expression levels of TNF-, IL-18, and IL-10 in the
serum of OA mice after various treatments. Data are presented as mean + standard
deviation (n=3). *P <0.05, **P < 0.01, ***P < 0.001.

of major organs, and blood routine and serum biochemical assays.
As illustrated in Fig. S21 (Supporting information), all treatment
groups exhibit a similar trend in weight gain as the PBS group. Af-
ter different treatments, the GO.PD-ABP/Bro and PBS groups show
the normal range of various hematological parameters and the lev-
els of alanine transaminase (ALT), aspartate transaminase (AST),
triglyceride (TG), and uric acid (UA) (Fig. S22 in Supporting infor-
mation) [14,15]. Notably, the serum TG and UA levels in the GO.PD-
ABP/Bro group are lower than those in the PBS group. This dispar-
ity can potentially be ascribed to individual differences among dif-
ferent mice or the nanomaterial-mediated attenuation of systemic
inflammatory response. Such anti-inflammatory characteristic may
influence inflammation-driven lipid metabolism and uric acid pro-
duction, thereby reducing TG and UA levels [41,42]. Additionally,
the GO.PD-ABP/Bro treatment causes negligible damage or inflam-
mation in the main organs of the experimental mice. These results
collectively confirm the excellent in vivo biosafety of the GO.PD-
ABP/Bro NCs (Fig. S23 in Supporting information).

In summary, we developed bioactive asymmetric phosphorus
dendrimers (GO.PD-ABP)/Bro NCs for intracellular Bro delivery to
restore inflammation and cartilage homeostasis in OA. Although
the structural symmetry of phosphorus dendrimers does not po-
tentiate their capacity to regulate macrophage polarization or in-
flammatory cytokine mRNA expression, the asymmetric GO.PD-
ABP exhibits superior Bro delivery efficiency compared to sym-
metric one. Such GO.PD-ABP-enhanced intracellular Bro delivery
augments the inhibitory effect of Bro on multiple inflammatory
signaling pathways and induces macrophage polarization towards
an anti-inflammatory M2 phenotype by synergizing with the in-
trinsic immunomodulatory activity of the phosphorus dendrimer.
The potent anti-inflammatory activity of GO.PD-ABP/Bro NCs leads
to excellent synovitis-relieving therapeutic effects, reestablishing
homeostasis between cartilage anabolism and catabolism in an OA
mouse model.
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