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A B S T R A C T   

Effective treatment of Parkinson’s disease (PD), a prevalent central neurodegenerative disorder particularly 
affecting the elderly population, still remains a huge challenge. We present here a novel nanomedicine formu
lation based on bioactive hydroxyl-terminated phosphorous dendrimers (termed as AK123) complexed with 
fibronectin (FN) with anti-inflammatory and antioxidative activities. The created optimized AK123/FN nano
complexes (NCs) with a size of 223 nm display good colloidal stability in aqueous solution and can be specifically 
taken up by microglia through FN-mediated targeting. We show that the AK123/FN NCs are able to consume 
excessive reactive oxygen species, promote microglia M2 polarization and inhibit the nuclear factor-kappa B 
signaling pathway to downregulate inflammatory factors. With the abundant dendrimer surface hydroxyl ter
minal groups, the developed NCs are able to cross blood-brain barrier (BBB) to exert targeted therapy of a PD 
mouse model through the AK123-mediated anti-inflammation for M2 polarization of microglia and FN-mediated 
antioxidant and anti-inflammatory effects, thus reducing the aggregation of α-synuclein and restoring the con
tents of dopamine and tyrosine hydroxylase to normal levels in vivo. The developed dendrimer/FN NCs combine 
the advantages of BBB-crossing hydroxyl-terminated bioactive per se phosphorus dendrimers and FN, which is 
expected to be extended for the treatment of different neurodegenerative diseases.   

1. Introduction 

Neurodegeneration refers to the progressive loss of neuronal struc
ture and function, resulting in cognitive impairment, neuronal death, 
and imbalanced glial cell activity. An a representative degenerative 
disease in the central nervous system [1], Parkinson’s disease (PD) is 
characterized by symptoms of resting tremor, bradykinesia, myotonia, 
kyphosis, postural instability, and accompanied psychiatric manifesta
tions [2]. The primary causes of PD include the degeneration or 
apoptosis of dopaminergic neurons in the substantia nigra, the mis
folding and aggregation of α-synuclein (α-syn), as well as formation of 
Lewy bodies in the striatum [3,4]. The development of these PD 

pathologic conditions has been considered to be attributed to the 
oxidative stress, neuroinflammation, mitochondrial dysfunction, and 
other related pathological mechanisms [5–8]. Current treatments of PD 
primarily rely on drugs that modulate dopamine levels, anticholinergics, 
and glutamate antagonists. Surgical interventions, such as neuronal 
nuclei destruction and deep brain stimulation, are also employed as 
alternatives [9]. However, chemotherapy is often limited by the pres
ence of the blood-brain barrier (BBB) and lack of targeted drug delivery 
systems, and surgical procedures always generate the risk of triggering 
inflammation and potential brain damage [10,11]. 

The BBB is a dynamic and highly selective physical barrier in the 
brain that shields the brain from the influence of toxic substances 
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circulating in the blood and maintains its fundamental stability [12–14]. 
However, the protective nature of the BBB poses a significant challenge 
for traditional drugs used in the treatment of brain diseases, as they 
struggle to reach the site of brain injury [15]. Consequently, achieving 
desired intracerebral drug concentration often necessitates a high dosing 
of drugs, which may lead to substantial drug resistance and undesirable 
toxic side effects [16]. Thus, the development of a drug delivery system 
capable of penetrating the BBB and targeting brain lesion are crucial for 
effective treatment of neurodegenerative diseases. 

During the progression of PD, the integrity of the BBB becomes 
compromised [17]. In a recent study, polyethylene glycol-decorated 
poly(amidoamine) (PAMAM) dendrimers with dense surface hydroxyl 
groups have been demonstrated to be capable of traversing the 
compromised BBB and target the activated microglia and inflamed re
gion within the affected area and to exert anti-inflammatory and anti
oxidant therapeutics [18]. Besides PAMAM dendrimers, phosphorus 
dendrimers not only exhibit the highly branched, symmetrical structure 
and uniform molecular weight, but also possess distinctive biological 
characteristics due to the existence of phosphorus [19]. Phosphorus 
dendrimers have also emerged as promising carriers, owing to their 
advantageous attributes such as efficient synthesis, cost-effectiveness, 
and good biocompatibility, which are promising for applications in 
neurodegenerative disorders. In earlier studies, Majoral and coworkers 
demonstrated the effect of phosphorus dendrimers with different gen
erations to inhibit α-syn fibril formation [20,21], suggesting their po
tential as inhibitors of α-syn aggregation. Therefore, we assume that 
low-generation phosphorus dendrimers with terminal hydroxyl groups 
can play their role in permeating the damaged BBB and inhibiting α-syn 
aggregation for enhanced PD treament. 

Fibronectin (FN), a protein composed of two subunits connected by 
disulfide bonds, is widely present in various tissues, extracellular 
matrices, body fluids, and blood, and exhibits diverse biological func
tions [22]. As a major non-collagenase protein in the extracellular ma
trix, FN plays a pivotal role in facilitating cell surface interactions and 
participating in essential biological processes, including cell differenti
ation, growth, and adhesion [23,24]. Notably, FN is known to directly 
modulate the behavior of macrophages by recognizing and activating 
integrins via the arginine-glycine-aspartic acid (RGD) sequence on its 
molecular backbone [25]. On the other hand, the microglial membrane 
surface overexpresses α4β1 integrin [26], in particular in the case of 
brain injury [27]. Hence, FN may have a good brain inflammation tar
geting effect due to its RGD motif-containing molecular backbone. Prior 
studies have shown that pre-adsorption or functionalization of FN on 
biological scaffolds can effectively reduce the expression of the macro
phage inflammatory factor IL-1β [28]. Additionally, FN can significantly 
inhibit apoptosis of lipopolysaccharide (LPS)-stimulated mesenchymal 
stem cells-hepatocyte-like cells to improve liver function repair and 
enhance survival rates of LPS-induced severe combined immunodefi
ciency in vivo [29,30]. The anti-inflammatory and protective effects of 
FN are likely achieved through the inhibition of the nuclear factor-kappa 
B (NF-κB) pathway [31]. Furthermore, FN adsorbed on TiO2 surface was 
found to induce macrophage polarization towards the M2 phenotype via 
binding with macrophage integrins [32]. Consequently, FN holds a 
significant potential as a therapeutic protein for treating inflammatory 
diseases by promoting macrophage polarization and reducing the 
expression of inflammatory factors. Previous research has also yielded 
compelling evidence for the anti-inflammatory and antioxidant effects 
of FN, as well as its ability to transform macrophages from M1 

Scheme 1. Schematic illustration of the preparation of AK123/FN NCs for combined treatment of PD via M2 microglia polarization, oxidative stress mitigation, 
inflammatory response suppression and α-syn aggregation inhibition. 
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phenotype to the M2 one after its effective intracellular delivery to 
macrophages through a dendrimer-based carrier system [33,34]. 

In this study, the objective is to investigate the potential of 
combining a hydroxyl-terminated phosphorous dendrimer (AK123, 
Fig. S1) with FN to form nanocomplexes (NCs) for PD treatment by 
targeting microglia and exploiting the anti-inflammatory and antioxi
dant properties of FN and the intrinsic anti-inflammatory activity of 
AK123 (Scheme 1). The created AK123/FN NCs were prepared through 
electrostatic interaction, hydrogen bonding, cation-π and hydrophobic 
interactions [34]. The size, morphology, and zeta potential of 
AK123/FN NCs were investigated. Their effects on reactive oxygen 
species (ROS) scavenging, M2 microglia polarization, and inflammation 
inhibition were evaluated in vitro. The combined 
anti-inflammatory/antioxidant treatment of a PD mouse model in vivo 

using the AK123/FN NCs was also verified. The prepared AK123/FN NCs 
exhibit several advantages: 1) the AK123/FN NCs can be easily prepared 
and are quite stable in aqueous solution with good dispersibility, and the 
FN complexation can readily improve the water dispersibility of AK123; 
2) the terminal hydroxyl groups of the dendrimers confer the AK123/FN 
NCs to penetrate the damaged BBB for targeted delivery of FN and 
AK123 to brain PD lesion site through FN-mediated targeting of 
microglia cells overexpressing integrin α4β1; and 3) the AK123/FN NCs 
can exert collaborative PD treatments through the combined 
anti-inflammatory and antioxidant effects for microglia polarization 
from M1 phenotype to M2 one, inhibition of the NF-κB signaling 
pathway to reduce the expression of inflammatory factors, and inhibi
tion of the α-syn aggregation, thereby impeding the progression of PD. 

Fig. 1. (A) Hydrodynamic size, (B) zeta potential and (C) PDI of free FN or AK123/FN NCs under different AK123/FN mass ratios (0.25, 1, 2, 4, 6, 8, and 10, 
respectively). (D) TEM image and (E) size distribution histogram of AK123/FN NCs at an AK123/FN mass ratio of 4. (F) Viability of BV2 cells after treatment with 
different concentrations of AK123 or AK123/FN ([AK123] = 20.83 μM) for 24 h (n = 6). (G) Flow cytometry histograms and (H) quantification of the fluorescence 
intensity of BV2 cells after treatment with PBS, free FN, or AK123/FN NCs for 12 h. (I) The cellular uptake pathway evaluation of AK123/FN NCs after BV2 cells were 
pre-treated with different inhibitors. For A-C, H–I, n = 3 for each sample or measurement, and for H–I, *** for p < 0.001. 

W. Dai et al.                                                                                                                                                                                                                                     



Bioactive Materials 38 (2024) 45–54

48

2. Results and discussion 

2.1. Synthesis and characterization of AK123/FN NCs 

The hydroxyl-terminated phosphorus dendrimer (AK123, Fig. S1) 
was synthesized according to the literature [35]. FN was then complexed 
with AK123 at different AK123/FN mass ratios (0.25, 1, 2, 4, 6, 8 and 10, 
respectively) to form NCs likely through electrostatic adsorption, 
hydrogen bonding, cation-π, and hydrophobic interactions. The formed 
NCs display stable dispersions in aqueous solution (Fig. S2) and were 
characterized through dynamic light scattering (DLS) and zeta potential 
measurements (Table S1 and Fig. 1A–C). Free FN shows a hydrodynamic 
size of 383.8 nm, while the hydrodynamic size of AK123/FN NCs in
creases with the increase of the AK123/FN mass ratio. It is noticed that 
the hydrodynamic size of AK123/FN NCs is smaller than that of free FN 
at the AK123/FN mass ratio lower than 6, suggesting the strong 
compression ability of the dendrimers to form relatively compacted NCs. 
Further increase of the AK123/FN mass ratio seems to compromise the 
compacted structure of the NCs with an improved tendency of aggre
gation. It is interesting to note that all NCs formed at different mass 
ratios display negative surface potentials, presumably owing to the fact 
that the negative surface potential of FN does not change after being 
complexed with AK123. Furthermore, by centrifuging the NC solution to 
collect the supernatant for FN concentration quantification using the 
BCA assay kit, we were able to calculate the encapsulation efficiency 
(EE) and loading content (LC) of FN in the formed NCs (Table S2). At an 
AK123/FN mass ratio of 4, the formed NCs showcase a relatively small 
hydrodynamic size (301.5 ± 6.2 nm) and polydispersity index (PDI, 
0.10 ± 0.08), and the EE and LC of FN can be achieved to be 85.2 % and 
16.7 %, respectively. Hence, the NCs formed at an AK123/FN mass ratio 
of 4 was selected for further studies. 

Transmission electron microscopy (TEM) was employed to observe 
the size and morphology of the AK123/FN NCs. As shown in Fig. 1D and 
E, the AK123/FN NCs display a uniform spherical morphology with a 
mean particle size of 223.2 ± 26.2 nm. Additionally, sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) assay was uti
lized to characterize the NCs (Fig. S3). It is clear that the AK123/FN NCs 
show the similar protein bands to FN, further demonstrating the suc
cessful loading of FN by the AK123 dendrimers. We also tested the 
colloidal stability of the AK123/FN NCs through DLS analysis of their 
hydrodynamic size after they were dispersed in water, phosphate buff
ered saline (PBS) and cell culture medium for a time period of one week 
(Fig. S4). Apparently, the NCs display no significant hydrodynamic size 
changes, indicating their desired colloidal stability. For comparison, we 
also prepared AK123/bovine serum albumin (BSA) NCs under the 
AK123/BSA mass ratio at 4: 1. In this case, the EE and LC of BSA can be 
achieved to be 70.8 % and 15.0 % (Table S3), respectively, and the NCs 
display a hydrodynamic size of 285.0 nm and a surface potential of 
− 19.3 mV (Table S4), quite comparable to the AK123/FN NCs. 

To validate the structural integrity and functional preservation of FN, 
circular dichroism (CD) was introduced to analyze the secondary 
structural changes of FN after complexation. As depicted in Fig. S5, the 
CD spectra of free FN and NCs exhibit remarkable similarity, indicating 
that the secondary structure of FN can be maintained after its 
complexation with AK123. This crucial evidence reinforces the potential 
of NCs as an effective delivery vehicle that can not only promise to 
efficiently deliver FN but also retain the biological activity of FN. 

Furthermore, efficient release of FN from NCs is crucial to exert its 
biological functions within cells. To validate the intracellular release 
mechanism of AK123/FN after cellular uptake, we dispersed AK123/FN 
NCs in phosphate buffer solutions of different pHs and monitored the 
changes in their hydrodynamic size using DLS (Fig. S6). The results 
reveal that the uniform size distribution of AK123/FN NCs is disrupted 
at a low pH condition, as manifested by the appearance of two peaks in 
the hydrodynamic size distribution of the AK123/FN NCs at pH 6.5, 
which is different from that at pH 7.4. This implies that the acidic 

environment within the cells can promote the disruption of the NCs, 
thereby facilitating the release FN and AK123 to perform their respec
tive functions after celluar uptake. 

2.2. Cytotoxicity and cellular uptake assays 

The cytotoxicity of AK123/FN NCs was examined by Cell Counting 
Kit-8 (CCK-8) assay of the viability of BV2 cells (a mouse microglia cell 
line). As illustrated in Fig. 1F, under the AK123 concentration up to 100 
μM for free dendrimers, the cell viability still remains above 95 %. 
Additionally, BV2 cells treated with the AK123/FN NCs with an AK123/ 
FN mass ratio of 4 also display non-compromised cell viability, thus 
proving the good cytocompatibility of AK123/FN NCs. To further eval
uate the biosafety of the NCs, we assessed their potential immunoge
nicity through dendritic cells (DCs) maturation assays. The expression 
levels of the maturation markers CD80 and CD86 on DCs after treatment 
with different materials were detected using flow cytometry. As shown 
in Figs. S7A–C, compared to the PBS group, no significant difference in 
the expression levels of CD80 and CD86 can be seen in various treatment 
groups. Additionally, the secretion levels of the pro-inflammatory cy
tokines TNF-α and IL-6 in DCs after different treatments also do not 
change significantly as compared with the PBS treatment, suggesting 
that the formed NCs do not induce dendritic cell maturation 
(Figs. S7D–E). Taken together, the developed NCs possess favorable 
biocompatibility and non-immunogenicity. 

Subsequently, FN was labeled with Cy5.5 dye for cellular uptake 
assays. The FN-Cy5.5 conjugate was characterized by fluorescence 
spectrum (Fig. S8A) to show the similar fluorescence emission feature to 
free Cy5.5 dye. By comparison with the standard curve of the free Cy5.5 
fluorescence emission at 697 nm versus concentration, the number of 
Cy5.5 moieties conjugated to each FN molecule was determined to be 
3.8 (Fig. S8B). Next, the cellular uptake efficiency of AK123/FN NCs in 
BV2 cells was determined by flow cytometry assay of the red fluores
cence signals after treatment with free FN-Cy5.5 or AK123/FN-Cy5.5 
NCs. Compared to the PBS group, BV2 cells treated with free FN-Cy5.5 
exhibit low red fluorescence intensity, indicating a slight phagocytosis 
of free FN by BV2 cells. Notably, a significant increase in red fluores
cence can be observed for BV2 cells treated with the AK123/FN NCs, 
much higher than the PBS and free FN-Cy5.5 groups (Fig. 1G–H, p <
0.001). Moreover, the AK123/FN NCs show a time-dependent uptake by 
BV2 cells as the red fluorescence intensity of cells gradually increases 
over time (Fig. S9). These findings provide strong evidence for the 
excellent intracellular protein delivery ability of AK123/FN NCs. 

Furthermore, confocal laser scanning microscopy (CLSM) was 
employed to investigate the intracellular localization of FN in BV2 cells 
(Fig. S10). In comparison to the PBS group, BV2 cells treated with free 
FN-Cy5.5 exhibit weak red fluorescence signals, whereas those treated 
with the AK123/FN NCs display a substantially increased red fluores
cence intensity in the cytoplasm. This observation is consistent with the 
results obtained from flow cytometry assays, further confirming the 
efficient intracellular FN delivery capacity of the AK123/FN NCs. 

To explore the possible phagocytic pathway of BV2 cells after treated 
with the AK123/FN NCs, different intracellular endocytosis inhibitors 
were selected to pre-treat the BV2 cells, followed by measuring the 
fluorescence intensity of the cells treated with the AK123/FN-Cy5.5 NCs 
through flow cytometry. As depicted in Fig. 1I, cells treated with 
chlorpromazine (inhibitor of clathrin-mediated endocytosis) and ami
loride (inhibitor of macropinocytosis) exhibit significantly lower red 
fluorescence intensity than other groups (p < 0.001), suggesting that the 
AK123/FN NCs are taken up by BV2 cells via clathrin-dependent and 
micropinocytosis-mediated pathways. Further, to confirm the role of 
RGD sequence on the FN in targeting BV2 cells, we pre-treated the cells 
with RGD peptide and subsequently evaluated the fluorescence intensity 
of cells via flow cytometry (Fig. S11). Apparently, the cellular uptake of 
NCs significantly decreases after pre-blocking with RGD peptide, sug
gesting that the FN complexed in the NCs renders them with targeting 
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specificity to microglia with α4β1 integrin overexpression (p < 0.001). 

2.3. In vitro anti-inflammatory and antioxidant activity assays 

In PD, neuronal damage is primarily caused by the interplay of two 
major mechanisms of inflammatory response and oxidative stress [36]. 
We next investigated the anti-inflammatory and antioxidant effects of 
the AK123/FN NCs in vitro. Microglia, immune cells in the central ner
vous system, play a crucial role and can be categorized into both M1 and 
M2 phenotypes [37]. The M1-type microglia exhibit pro-inflammatory 
and neurotoxic effects, while the M2 type ones demonstrate 
anti-inflammatory and neuroprotective properties [38,39]. To explore 
the impact of the AK123/FN NCs on the phenotypic polarization of BV2 
cells, the cells were first activated by LPS to be predominantly present as 
M1 type and subsequently treated with FN, AK123, AK123/FN NCs, or 
AK123/BSA NCs for 24 h. The expression levels of cluster of differen
tiation 206 (CD206, M2-type marker) and CD86 (M1-type marker) in 
BV2 cells were analyzed by flow cytometry. As shown in Fig. 2A–D, the 
CD86 expression levels of BV2 cells treated with LPS alone exhibit a 
notable increase, confirming the activation of BV2 cells by LPS to be 
mostly in M1 phenotype. However, when BV2 cells were treated with 
the AK123/FN NCs, a significant downregulation of CD86, along with a 
remarkable upregulation of CD206 can be seen, suggesting the effective 
repolarization of M1 type BV2 cells to M2 type ones. The repolarization 
of BV2 cells can be further quantitatively proofed through the ratio of 
CD206/CD86 (Fig. 2D), where the highest ratio of CD206/CD86 can be 
achieved in the group of AK123/FN NCs among all groups (p < 0.001). 
Notably, free FN does not seem to have such an immune modulation due 
to the limited FN intracellular delivery, while both free AK123 and 
AK123/BSA NCs display moderate M2 polarization potential of BV2 
cells, presumably owing to the intrinsic anti-inflammatory activity of the 
phosphorous dendrimers [40]. Hence, due to the combinational 
anti-inflammation effect of both AK123 and FN for the NCs with 

improved FN intracellular delivery efficiency, BV2 cells treated with the 
AK123/FN NCs display the most significant BV2 M2 polarization effi
cacy among all materials investigated. 

To examine the antioxidant activity of the developed NCs, we used 
an ROS fluorescence probe (2, 7-dichlorofluorescin diacetate) to eval
uate the ROS scavenging effect in BV2 cells (Fig. 2E). In comparison with 
the LPS positive control group, the ROS-derived fluorescence in BV2 
cells treated with the AK123/FN NCs significantly reduces. The quan
titative results reveal that the group of AK123/FN NCs exhibits the 
lowest ROS-associated fluorescence intensity among all groups except 
for the negative PBS control group (Fig. S12, p < 0.01), indicating the 
excellent antioxidant activity of AK123/FN NCs owing to the combined 
effects of anti-inflammation activity of AK123 and enhanced intracel
lularly delivered FN. Free FN displays moderate antioxidant activity due 
to its limited intracellular delivery, while free AK123 and AK123/BSA 
NCs have the same moderate antioxidant activity likely due to the 
cooperative anti-inflammation activity of AK123 to polarize the BV2 
cells to M2 phenotype. 

Then, the expression of inflammatory cytokines in cell culture me
dium was measured through enzyme-linked immunosorbent assay 
(ELISA). As shown in Fig. 2F–H, cells treated with free AK123 or free FN 
display downregulated pro-inflammatory factors including IL-6, IL-1β, 
and TNF-α, which could be attributed to the ability of AK123 and FN to 
promote microglia polarization to anti-inflammatory M2 type. More
over, the lowest level of inflammatory factors can be achieved in the 
group of AK123/FN NCs among all groups, indicating the excellent anti- 
inflammatory activity of the NCs. This could be due to the fact that the 
AK123/FN NCs have improved intracellular delivery efficiency, greatly 
exerting the anti-inflammatory and antioxidant functions of both AK123 
and FN to inhibit the inflammatory response. 

Previous study has confirmed that FN delivered by PAMAM den
drimer can achieve anti-inflammatory effects by inhibiting the NF-κB 
signaling pathway [33]. Western blot assay was next applied to 

Fig. 2. (A) Flow cytometry analysis of the expression levels of CD86 and CD206 in LPS-activated BV2 cells treated with AK123, free FN, AK123/FN or AK123/BSA. 
(B, C) Mean fluorescence intensity of (B) CD86 and (C) CD206 expression in BV2 cells obtained from (A). (D) Ratio of CD206/CD86 and (E) CLSM images of ROS in 
LPS-activated BV2 cells after incubated with FN, AK123, AK123/FN or AK123/BSA for 24 h. ELISA analysis of (F) IL-6, (G) IL-1β and (H) TNF-α expression in LPS- 
activated BV2 cells treated with FN, AK123, AK123/FN or AK123/BSA for 24 h. For A-G, LPS and PBS were used as positive and negative control, respectively, and 
the [FN] was 20 μg/mL (n = 3 for each group or measurement). In B-D and F-G, ns for no significance, * for p < 0.05, ** for p < 0.01, and *** for p < 0.001, 
respectively. 
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investigate the effect of AK123/FN NCs on the NF-κB signaling pathway 
regulation. As shown in Fig. S13, the expression level of NF-κB after 
treated with LPS is significantly higher in the cell nucleus and signifi
cantly lower in the cytoplasm than that of cells treated with PBS. When 
BV2cells were treated with AK123 and free FN alone, the NF-κB 
expression level shows a slight decrease in the cell nucleus and a slight 
increase in the cytoplasm. It is noticed that in the group of AK123/FN 
NCs, the NF-κB expression in the nucleus significantly reduces, while 
remarkably increases in the cytoplasm, almost close to that of cells in the 
PBS control group. This indicates that the AK123/FN NCs could inhibit 
the translocation of NF-κB protein from the cytoplasm to the nucleus to 
downregulate the expression of pro-inflammatory factors. 

2.4. In vivo biodistribution and pharmacokinetics 

An in vitro BBB transwell system was firstly established to assess the 
ability of AK123/FN NCs to cross the BBB (Fig. S14A). The bEnd.3 cells 
were cultured in the upper chamber until the transendothelial electrical 
resistance (TEER) reached 200–300 Ω cm2 to mimic the BBB endothelial 
monolayer, while BV2 cells were seeded in the lower chamber, repre
senting the brain parenchyma. Fresh culture medium containing 
different materials (PBS, FN-Cy5.5, or AK123/FN-Cy5.5, [FN] = 20 μg/ 
mL) was respectively introduced into the upper chamber and cells were 
incubated for 6 h. TEER measurements confirm that the incubation of 
various materials does not affect the integrity of the bEnd.3 monolayer 
(Fig. S14B). Subsequently, the BBB permeability was evaluated by 
monitoring the fluorescence intensity of cells (Figs. S14C–E). The 

AK123/FN-Cy5.5 group exhibits a relatively lower fluorescence in
tensity in bEnd.3 cells in the upper chamber than the FN-Cy5.5 group. In 
contrast, more significant fluorescence can be observed in BV2 cells in 
the lower chamber with AK123/FN-Cy5.5 treatment than with FN-Cy5.5 
treatment (p < 0.001). Quantitative data reveal that the BBB penetration 
efficiency of AK123/FN-Cy5.5 (25.9 %) is 1.8 times higher than that of 
FN-Cy5.5 (p < 0.001, Fig. S14F), indicating that the AK123/FN NCs 
possess an enhanced ability to cross the in-vitro BBB model, and the 
hydroxylated AK123 enables effective brain delivery of FN (see below). 

We next conducted in vivo fluorescence imaging to verify the ability 
of the AK123/FN NCs to penetrate the damaged BBB in a mouse PD 
model. Before that, a hemolysis experiment was carried out to evaluate 
the hemocompatibility of the AK123/FN NCs (Fig. S15). Clearly, the 
hemolysis rates of the mouse red blood cells treated with the NCs at 
different dendrimer concentrations up to 100 μM are all below 2 %, 
suggesting the great hemocompatibility of the developed AK123/FN 
NCs. 

Afterwards, the PD mice were intravenously injected with AK123/ 
FN-Cy5.5 NCs or FN-Cy5.5, and in vivo imaging was carried out at 
different time points postinjection (Fig. 3A). Mice in the AK123/FN- 
Cy5.5 group exhibit evident red fluorescence signals in the brain re
gion, and the fluorescence intensity gradually increases, reaching its 
peak at 4 h, and then begin to decrease at 6 h postinjection (Fig. S16). In 
contrast, only slight fluorescence signals can be seen in the mouse brain 
in the FN-Cy5.5 group. This suggests that the AK123/FN-Cy5.5 NCs 
could successfully penetrate the BBB to accumulate at the brain region 
over time, thanks to the hydroxyl groups of the AK123 dendrimers. Ex- 

Fig. 3. (A) Fluorescence imaging of live mice at 0.5, 1, 2, 4, and 6 h post tail vein injection of AK123/FN-Cy5.5 NCs and FN-Cy5.5, respectively. Ex-vivo fluorescence 
imaging of main organs including heart, liver, spleen, lung, kidneys, and brain of mice at 6 h postinjection of (B) AK123/FN-Cy5.5 NCs or (C) FN-Cy5.5. (D) Average 
radiant efficiency of heart, liver, spleen, lung, kidneys, and brain of mice at 6 h postinjection of FN-Cy5.5 and AK123/FN-Cy5.5 NCs, respectively. Biodistribution of 
AK123/FN NCs in (E) main organs and (F) brain at 6 h, 12 h, 3 days and 5 days postinjection as determined by fluorescence imaging. For D-F, n = 3 for each group or 
measurement. In D and F, *** for p < 0.001. 
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vivo fluorescence imaging of the extracted organs including the heart, 
liver, spleen, lung, kidney and brain at 6 h postinjection was also per
formed. As observed in Fig. 3B–D, a more prominent red fluorescence 
can be observed in the mouse brain in the AK123/FN-Cy5.5 group than 
in the FN-Cy5.5 group (p < 0.001), in good consistence with the in vivo 
imaging results. Furthermore, significant red fluorescence signals in the 
liver, lung and kidney can be seen in both groups, suggesting that the 
majority of AK123/FN-Cy5.5 NCs and FN-Cy5.5 can be accumulated and 
cleared in these reticuloendothelial system (RES) organs. An extended 
tissue biodistribution of the AK123/FN NCs in mice was further studied 
through in-vivo fluorescence imaging of the major organs (Fig. 3E and F). 
The mice treated with the AK123/FN NCs show significantly high 
fluorescence intensity in the brain at 6 h postinjection than at 5 days 
postinjection (p < 0.001), which is close to the control mice treated with 
PBS (normal group). It can be observed that except for the liver site, the 
fluorescence signals of AK123/Cy5.5-FN NCs in the heart, spleen, kid
ney, and brain is almost indistinguishable from those of normal mice on 
day 5. Along with peak fluorescence intensity in the liver at 12 h post
injection and gradual decrease of the fluorescence intensity, these re
sults suggest that the developed AK123/FN NCs can cross the damaged 
BBB and be slowly metabolized with the time through RES organs. 
Furthermore, pharmacokinetics data show that the FN concentration in 
the blood decreases for both free FN and AK123/FN NCs within 24 h 
postinjection, and the AK123/FN NCs exhibit a longer half-decay time 

(1.137 h) than free FN (0.976 h) in vivo (Fig. S17). 

2.5. Combined treatment of PD in a mouse model 

The PD mouse model establishment, treatment, behavioral training 
and behavioral testing procedure are shown in Fig. 4A. Firstly, the 
healthy mice and PD mice were divided into five groups: (1) healthy 
group (Normal); (2) PD mice injected with normal saline (PD); (3) PD 
mice injected with free FN group (PD + FN); (4) PD mice injected with 
AK123/BSA NCs (PD + A/B); and (5) PD mice injected with AK123/FN 
NCs (PD + A/F). As shown in Fig. 4B, PD mice treated with AK123/FN 
NCs can persist on the rotary stick for a long time about 142 s in the 
rotary test, quite similar to the normal mice. For the grip test (Fig. 4C), 
the grip strength of mice in the AK123/FN group can recover to the best 
level among all treatment groups except the negative PBS control group 
(p < 0.001), similar to that of normal mice. In addition, in tail suspen
sion test (Fig. 4D) and forced swimming test (Fig. 4E), the immobility 
time and floating immobility time of mice after treated with the AK123/ 
FN NCs are much shorter than those of PD group, and are close to the 
level of normal group. From the Videos S1 and S2, it can be observed 
that in the early stages of the tail suspension and forced swimming ex
periments, all mice start struggling when faced with extreme conditions. 
With the time progressing, the PD mice tend to give up struggling 
earlier, while the PD mice treated with the AK123/FN NCs remain 

Fig. 4. (A) Schematic diagram of the treatment and test schedule of PD mice. (B) Time on rotarod in rotarod test, (C) the peak grip in grip test, (D) the immobility 
time in tail suspension test, (E) floating time in forced swimming test and (F) total time in pole test of mice after different treatments. (G) Representative paths of mice 
from different groups and (H) temporal heat map, (I) percentage of time in central zone, (J) average speed, (K) percentage of immobility time, and (L) rated zone 
crossing in the open field test of mice in different groups. For B–F and I-L, n = 6 for each group or measurement, ns for no significance, * for p < 0.05, ** for p < 0.01, 
*** for p < 0.001, respectively. 
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sustained struggling and a desire to escape in both the tail suspension 
and forced swimming tests, similar to the behavior of the normal group. 
Meanwhile, PD mice treated with the AK123/FN NCs spend the shortest 
time in the pole test among all treatment groups except the normal mice 
treated with PBS (Fig. 4F, p < 0.001). These results indicate that the 
treatment of the AK123/FN NCs can greatly improve the behavioral 
ability of MPTP-induced PD mice to vastly recover the level of fatigue 
resistance and grip strength, as well as exhibit strong desire to struggle 
and survive in the face of a desperate environment. 

In the open field test (Fig. 4G and H), it is noticeable that PD mice 
tend to stay in the corners and edges of the open field. In contrast, the PD 
mice after AK123/FN treatment are capable of exploring more towards 
the center of the open field, similar to that of the normal group. In Video 
S3, we can observe the aforementioned results more directly. The central 
region exploration time of PD mice after AK123/FN treatment signifi
cantly extends and recovers to a level close to that of the normal group 
(Fig. 4I). In addition, the average speed, the immobility time and rated 
zone crossing of PD mice after treatment with the AK123/FN are all 
close to those of the normal group (Fig. 4J-L), suggesting that the 
symptoms of PD are significantly alleviated and successfully restored to 
the normal levels. Based on the above results, we can safely conclude 
that the AK123/FN treatment is a powerful strategy to tackle PD to 
improve the behaviors of mice with mental depression. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2024.04.005 

To further validate the in vivo therapeutic efficacy of AK123/FN NCs 
on PD mice, the immunohistochemistry and immunofluorescence 
staining of brain were performed. As shown in Fig. 5A, the cells in the 
hippocampal region are closely connected and orderly arranged in the 
normal group, while for the PD group, the cells in the hippocampal re
gion show disordered arrangement and the loss of neurons. Compared 
with the PD group, the hippocampal cells of the mice treated with AK- 
123/BSA or free FN alone can be recovered to some extent, however 
there are still some deficiencies when compared with the normal group. 
In the group of AK123/FN NCs, the hippocampal cells of the mice are 
orderly arranged and return to normal conditions, demonstrating the 
effective therapeutic effect of AK123/FN NCs. This indicates that the 
brain damage of PD mice can be alleviated after treatment with the 
AK123/FN NCs. Meanwhile, Nissl staining was used to analyze the state 
of neurons in the brain striatum. Compared with the normal group, the 
PD group shows a large reduction of Nissl bodies. This situation can be 
slightly improved after the treatment of AK123/BSA or free FN, while 
the AK123/FN treatment leads to significantly increased Nissl bodies in 
the striatum, which is close to normal group. These results might be due 
to the enhanced intracellular delivery of AK23/FN NCs, thus exerting 
improved anti-inflammatory and antioxidant effect of both materials to 

Fig. 5. (A) H&E staining images of brain and CA1 region of the hippocampus, and nissl staining of neurons. (B) Immunofluorescence staining of GFAP and α-syn of 
the striatum in different groups of mice. (C) Relative fluorescence intensity of α-syn. (D) The ratio of CD206+/CD86+. (E) Relative fluorescence intensity of TH in 
mouse brain after different treatments. (F) Relative levels of dopamine collected from mouse brains in different groups. For C–F, n = 3 for each group or mea
surement, ns for no significance, * for p < 0.05, ** for p < 0.01, *** for p < 0.001, respectively. 
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greatly reinforce the treatment of PD through neuron protection from 
damage. 

Additionally, the brain of mice in each group was sliced and stained 
with glial fibrillary acidic protein (GFAP)/α-syn antibodies for immu
nofluorescence analysis (Fig. 5B). In contrast to the PD group showing 
significant upregulation of α-syn and GFAP (a marker of astrocyte acti
vation), the treatment of AK123/FN NCs leads to significant down
regulation of α-syn and GFAP, which is quite similar to the normal 
group. Quantitative analysis of the expression of α-syn reveals that the 
treatment of AK123/FN NCs leads to the lowest α-syn expression among 
all groups except the normal group (Fig. 5C, p < 0.05), which may be 
due to the fact that AK123 can inhibit the accumulation of α-syn in the 
brain so as to prevent the deterioration of PD [20,21]. 

To examine the polarization state of BV2 cells in the brain after 
different treatments, immunofluorescence staining of CD206 and CD86 
of the striatum was performed (Fig. S18). BV2 cells in the brain of PD 
group displays decreased expression of M2 marker CD206 (green fluo
rescence) and simultaneous increased expression of M1 marker CD86 
(red fluorescence). After treatment with the AK123/FN NCs, a signifi
cant upregulation of CD206 expression (green) and downregulation of 
CD86 expression (red) can be seen in the mouse brain. Further quanti
tative of the green/red fluorescence intensity ratio reveals that the 
treatment of AK123/FN NCs achieves the highest ratio of CD206/CD86 
among all groups (p < 0.01), indicating that the developed AK123/FN 
NCs could promote the transformation of microglia from M1 phenotype 
to M2 one in the brain of PD mice (Fig. 5D). 

Furthermore, we also analyzed the expression levels of ionized cal
cium binding adaptor molecule-1 (IBA-1, a marker of microglia 
inflammation in the mouse brain) and TH (a marker indicating the 
capability of dopamine synthesis) in the mouse striatum through 
immunofluorescence staining after various treatments (Fig. S19). 
Clearly, the treatment of AK123/FN NCs leads to apparent down
regulation of IBA-1 and upregulation of TH, which can also be proofed 
through quantitative assay of the relative fluorescence intensity 
(Figure S20 and Fig. 5E, p < 0.001 among all groups except the normal 
group treated with PBS). This suggests that the treatment of AK123/FN 
NCs leads to apparent reduction of microglia inflammation and 
improved dopamine synthesis, thus alleviating the PD symptoms. In 
order to further verify the function and therapeutic effect of AK123/FN 
NCs, the brain samples of mice from different groups were collected to 
measure the dopamine levels by ELISA (Fig. 5F). As can be seen, in 
contrast to the positive control group of PD mice with low dopamine 
level, the treatment of AK123/FN NCs leads to a significantly increased 
dopamine level in the brain (p < 0.01 compared to other groups except 
the normal group), which is quite close to the normal group. These re
sults suggest that the effective therapeutic effect of AK123/FN NCs on 
PD treatment can be realized through enhanced anti-inflammatory and 
antioxidant therapy of the mouse brain, thereby protecting the brain 
from inflammation and damage. 

2.6. In vivo biosafety investigation 

The biosafety of the AK123/FN NCs was lastly evaluated by 
hematoxylin-eosin (H&E) staining of the major organ slices of PD mice 
in vivo after different treatments for 48 h. As shown in Fig. S21, all 
treatment materials do not seem to significantly affect the histo
morphology of major organs include heart, liver, spleen, lung and kid
ney of mice, similar to the PBS control group. To verify the long-term 
biosafety of NCs, the major organs (heart, liver, spleen, lung, kidney, and 
brain) of the mice after NCs treatment for 7 days were collected for H&E 
staining analysis (Fig. S22). The results show that the major organs of 
the mice are not impacted, demonstrating the good long-term biosafety 
of NCs. Along with the proven good hemocompatibiliy of the NCs 
through hemolysis assay (Fig. S15) and the pharmacokinetics and the 
biodistribution investigations of AK123/FN (Fig. 3E and Fig. S16), we 
can safely conclude that the developed AK123/FN NCs possess good 

biosafety profile for potential translation applications. 

3. Conclusion 

In summary, we developed an advanced nanomedicine formulation 
based on hydroxyl-terminated bioactive per se phosphorus dendrimers 
complexed with FN for efficient brain delivery to significantly alleviate 
PD. The developed AK123/FN NCs through physical complexation 
possess a spherical morphology with a size of 223 nm and good water 
dispersion stability and cytocompatibility. This unique design not only 
renders the hydroxyl-terminated phosphoropus dendrimers with water 
dispersibility but also facilitates the NCs with effective FN-mediated 
targeting to microglia and hydroxylated dendrimer-enabled BBB 
crossing ability. The bioactive functions of both dendrimer carriers and 
FN drug can be exerted to regulate microglia polarization from M1 
phenotype to anti-inflammatory M2 one, exert remarkable antioxidant 
activity to downregulate inflammatory cytokines such as TNF-α, IL-1β, 
and IL-6, and inhibit NF-κB expression in activated microglia. In a PD 
mouse model, the AK123/FN NCs are demonstrated to efficiently 
penetrate the damaged BBB through fluorescence imaging, and exert 
their anti-inflammatory and antioxidant effects to modulate the brain 
immune microenvironment, resulting in effective alleviation of the 
behavioral symptoms of PD mice through gradual restoration of dopa
mine level, increased expression of TH, as well as decreased expression 
of IBA-1, GFAP, and α-syn. With the proven good biosafety profile, 
extended blood circulation time and excellent metabolizability, the 
developed phosphrous dendrimer/FN NCs not only demonstrate their 
great potential for the clinical treatment of PD, but also hold great 
promise to be used to tackle other neurodegenerative disorders. 
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