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Macrophages play a crucial role in initiating, maintaining, and resolving inflammation through the pheno-
typic shift, inducing or inhibiting the production of inflammatory cytokines. Therefore, macrophages are
potential targets for treating inflammatory diseases. Andrographolide (AND) is a potent anti-inflammatory
drug that can reduce pro-inflammatory cytokines and suppress NF-«B /MAPK pathway in activated
macrophages. Although AND has many medicinal properties, its lower water solubility and first-pass ef-

Keywords: fect in the liver have hindered its clinical application. In this context, by using a metal phenolic network
Inflammation as a stabilizer, we designed and prepared highly stabilized AND nanocrystals (AND-MPN Ns) with high
Macrophages drug loading capacity to facilitate the clinical application of AND. Our findings showed that AND-MPN

Andrographolide

Ns could be used to enhance the anti-inflammation in-vitro via macrophage polarization, reducing pro-
Metal phenolic network

inflammatory cytokines IL-6 and TNF-«, and suppressing the NF-«B signaling pathway activation. The

Nanocrystals

results demonstrated the potential of AND-MPN Ns to combat inflammatory diseases effectively.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Inflammation is an essential life process that protects the body
from harmful agent infection; however, chronic inflammation of-
ten worsens various diseases, including atherosclerosis, cancer, and
rheumatoid arthritis [1]. Macrophages play a vital role in regulat-
ing inflammation through phenotypic shifting and the release of
pro-inflammatory cytokines [2].

AND is a di-terpenoid lactone (molecular formula, CyoH3005;
molecular weight, 350.44g/mol) isolated from roots and leaves
Andrographis paniculate [3]. It is a poorly water-soluble drug
(74pg/mL) that belongs to the BCS II class. Stability of AND
is better at low temperature, stable at low pH conditions, and
unstable at alkaline medium [4]. It is reported to have bene-
ficial effects with a variety of medicinal properties [5,6], such
as antiviral, anti-inflammatory, anti-malarial, anti-platelet prop-
erties, and hepatoprotective [7-11]. Moreover, it exhibits po-
tent anti-inflammatory activity via reducing pro-inflammatory cy-
tokines such as TNF-«, IL-6, and IL-18 and suppressing nuclear
factor-« B (NF-kB)/MAPK signaling pathway [12] in LPS-stimulated
macrophages (RAW264.7 cells). It can inhibit the expression of in-
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ducible nitric oxide synthase (iNOS) and enhance the expression
of anti-inflammatory marker CD206 [13]. Due to poor water solu-
bility, first-pass metabolism, limited biodistribution, short biologi-
cal half-life, and poor palatability, the traditional dosage forms of
AND have a low oral bioavailability (2.67%) despite their extraor-
dinary pharmacological activity [14]. For enhancing AND solubility,
many techniques have been used, including solid dispersions [15],
dried nanosuspensions [16], solid lipid nanoparticles (SLN) [17],
nanoemulsions [18], and micelles [19]. Even though AND solubil-
ity and hence bioavailability have increased to some amount, drug
loading is still low. In particular, carrier-free AND nanocrystals (Ns)
have shown a higher drug loading capacity than other nanosys-
tems [20]. In previous studies, it has been reported that drug Ns
could release the drug in a controlled manner which is beneficial
to macrophages targeting treatment of inflammation [21,22]. How-
ever, AND Ns has not been implemented yet to treat macrophage-
mediated inflammation. In this study, we prepared AND-MPN Ns
using a metal phenolic network (MPN) as a stabilizer to alleviate
macrophage-mediated inflammation.

In preparing drug Ns, stabilizers are crucial in preventing the
unstable particles from aggregation and Ostwald ripening [23,24].
Recently, MPN, chelation of polyphenols and metal ions, has shown
potential effect as a stabilizer or coating material [25] owing to
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Fig. 1. Schematic illustration of metal phenolic network-stabilized AND nanocrys-
tals (AND-MPN Ns).

its ability to suppress Ostwald ripening and prevent further parti-
cle growth of the nanocomplex resulting in improved bio-stability,
prolonged circulation half-time, and controlled drug release. MPN
exhibits biocompatibility, high drug loading capability, low im-
munogenicity, and negligible toxicity [26,27]. The adhesive nature
of MPNs enables their coating on various nanomaterials for multi-
functionalities. In addition to adhesiveness, the coordination net-
works of MPNs provide favorable conditions for drug encapsula-
tion, and multiple types of drugs can be incorporated into MPNs
via covalent/non-covalent interactions [28-30]. Interestingly, mul-
tifunctional properties of MPN, including high mechanical [31,32]
and selective permeability [33,34], have attracted widespread in-
terest in present works [35,36]. In our previous study, MPN was
used as a stabilizer in preparing different drug nanocrystals [37].
Therefore, we used MPN as a stabilizer to fabricate AND-Ns (AND-
MPN Ns) to alleviate the macrophage-mediated inflammation
in-vitro.

By determining hydrodynamic particle size distribution, we
can estimate Ns’ surface coating, hydration layer, and homogene-
ity or heterogeneity [38]. Furthermore, the biological behavior of
nanoparticles (NPs) can be predicted by analyzing their surface
charge. The Ns’ size and morphology are the essential factors to in-
vestigate the in-vitro and in-vivo fate [39,40]. Several studies have
evidenced that the small size NPs is more likely to enhance the
penetration on specific site of the disease [41]. Moreover, reduc-
ing the particle size of NPs significantly affects cellular uptake of
the drug [42]. In this study, AND-MPN Ns were prepared to deliver
hydrophobic anti-inflammatory drug and reduce inflammation ef-
ficiently. The significant anti-inflammatory effects of AND could be
achieved by the highly stable and high DL capacity of AND-MPN
Ns. The TA-Fe(Ill) complex (MPN) coats the drug particle and pre-
pares stabilized AND-MPN Ns. First, the AND-MPN Ns were pre-
pared by the general anti-solvent ultrasonication method (Fig. 1).
Formulations were optimized by changing the amount AND drug
(2, 5, 10, 20mg) while maintaining the TA-Fe(Ill) at a constant
value (approx. 2:1 molar ratio). We obtained increased particle size
and PDI with the increased amount of AND (Fig. 2A). Then, we
changed the molar concentration of TA to Fe(Ill) and kept a con-
stant drug concentration (10 mg). Relatively small particle size and
PDI of AND-MPN Ns were observed in the 2:1 TA to Fe(Ill) molar
ratio compared to other TA to Fe(Ill) molar ratio containing AND-
MPN Ns formulations (Fig. 2B). Different ultrasonication power and
time were used and observed a relatively small particle size at
an ultrasonic power of 250 W in 10 min ultrasonication time com-
pared to 200W and 15min (Fig. 2C). After using various param-
eters to optimize the AND-MPN Ns, the parameter measured rela-
tively small particle size, and less PDI value was utilized to prepare
an optimized formulation. Small particle size and PDI value about
210.1 nm and PDI 0.161 were recorded using 10 mg drug loading, TA
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and Fe(Ill) molar ratio 2:1, and ultrasonication power 250 W and
10 min. Fig. 2D showed the DLS particle size measurement of the
optimized AND-MPN Ns. The TEM examination of the AND-MPN
Ns confirmed the spherical morphology of optimized AND-MPN Ns
with a 200-250 nm diameter (Fig. 2E). The blue color of optimized
AND-MPN Ns was observed due to the formation of TA and Fe(III)
the complex (Fig. 2F). After preparing AND-MPN Ns, free TA and
Fe(Ill) present in AND-MPN Ns were removed by the ultracentrifu-
gation method. These results demonstrated that the particle size is
in the nano range, which is beneficial for targeting specific disease
sites. And also, spherical morphology with a homogeneous distri-
bution of drugs in nanosystems could improve the therapeutic effi-
cacy of the drug in treating particular diseases. It has been demon-
strated that Ns formulation compromises 100% drug particles in
the nanosized range [15,43,44]. However, the actual DL capacity of
Ns should be known to confirm an optimal dosage regimen and
reduce dose-related toxicities [41]. The high DL capacity of Ns has
shown a promising strategy to deliver insoluble drugs to the tar-
get sites. Furthermore, it is essential that anti-inflammatory agents
successfully load into Ns to enhance the drug’s anti-inflammatory
efficacy in the macrophages to treat inflammatory diseases. Ac-
cording to the UV-detector results, the DL capacity of the opti-
mized formulation was approximately 87.6% + 1.36%, with an EE
of 99.2% 4+ 0.21%. The high EE% and DL% might be due to the ro-
bust intramolecular organization and adhesive properties of MPN
and AND-MPN interactions. Interestingly, the DL capacity of AND-
MPN Ns was significantly more than previously reported [45,46].

UV-spectrum results confirmed the formation of the TA and
Fe(Ill) complex surrounding the AND Ns. As shown in Fig. S1A
(Supporting information), optimized AND-MPN Ns and TA-Fe(III)
complex showed a small peak at 556 nm, which proved that the
strong interaction occurred between the TA and FeCl;-6H,0 and
confirmed the formation of MPN around the surface of Ns of AND.
However, TA did not show any peak at 556 nm. This MPN forma-
tion onto the AND Ns prevented them from particle size growth
and Ostwald ripening so that the AND-MPN Ns could be stable
for the long term. PXRD experiment was performed to analyze
the crystallinity of the drug in the AND-MPN Ns. The pure AND
XRD pattern demonstrated sharp Bragg peaks at 26 equal to 9.88°,
14.8°, 19.86°, indicating the crystalline state of AND. In contrast, no
noticeable peaks were appeared for the TA-Fe(Ill) complex, indicat-
ing the amorphous nature of the MPN. The freeze-dried AND-MPN
Ns formulations showed peaks at 11.95° and 15.67° and a simi-
lar XRD pattern to pure AND powder but weakened intensity (Fig.
S1B in Supporting information). Therefore, the PXRD record of the
AND-MPN Ns preparations confirmed the microcrystalline state of
AND in AND-MPN Ns. In the stability study, AND-MPN Ns were
kept at 4 °C for a month, then particle size and PDI were exam-
ined at a pre-determined time interval. As seen in Fig. S1C (Sup-
porting information), it was observed that particle size and PDI
values of AND-MPN Ns were from 185.2+2.2nm to 190+ 1.02 nm
and 0.152 £+ 0.021 to 0.159 4 0.023, respectively after 28 days. These
results demonstrated that the AND-MPN Ns were stable at 4 °C.
In the in-vitro release study, the most widely used released media
similar to physiological fluid 1% SDS containing PBS with different
pH values were used. As shown in Fig. S1D (Supporting informa-
tion), AND-MPN Ns reached release equilibrium after 48 h under
different pH conditions. Approx. 70.16%, 86.1%, and 89.64% of AND
were released within 48 h, at pH 5.5, 6.8, and 7.4, respectively, with
an initial burst of 39.2%, at pH 5.5, 52.1% at pH 6.8, and 68.18%
at pH 7.4 within 12h. Additionally, the highest release of AND
was recorded at 72h with about 73.2%, 86.12%, and 90.2% at pH
5.5, 6.8, and 7.4, respectively. The results indicated that the drug
release from AND-MPN Ns was pH-dependent due to the good
solubility of AND at high pH compared to other low pH release
media.
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Fig. 2. (A) Formulation optimization of AND-MPN N, the effect of drug concentration, (B) effect of TA and Fe(Ill) molar ratio and (C) effect of the ultrasonication time power
on particle size and PDI (n=3). (D) Size distribution graph of optimized AND-MPN Ns. (E) TEM image of optimized AND-MPN Ns. (F) Optical image of AND-MPN Ns.

The cytotoxicity of MPN, free AND, and AND-MPN Ns against
RAW264.7 cells was determined by MTT assay. AND-MPN Ns
showed little cytotoxicity with a cell survival rate of 86.1% at
100pug/mL AND concentration. The stabilizer TA-Fe(IlI) complex
did not exhibit any cytotoxicity effect, indicating that the stabi-
lizer is nontoxic to macrophages. While free drug AND showed
a concentration-dependent cell cytotoxicity effect, i.e., at 50 pg/mL
and 100pg/mL with cell viability rate 53.55% and 34.26%, respec-
tively (Fig. S2A in Supporting information). The cellular uptake of
FITC labeled AND-MPN Ns in RAW264.7 cells was observed quan-
titatively and qualitatively. Overall, FITC-AND-MPN Ns were taken
up by the macrophages in a time- and concentration-dependent
fashion. For time-dependent quantitative cellular uptake analysis,
cells were incubated with FITC-AND-MPN Ns at fixed concentra-
tions of FITC (7.5pg/mL) for 0.5, 1, 2, 4, 6, and 8h. For con-
centrations dependent uptake analysis, different concentrations (5,
7.5, 15, and 20pg/mL) of FITC were added to the cultured cells
and incubated for 4h at 37 °C. Then, flow cytometry was used
to determine the quantitative results of cellular uptake of AND-
MPN Ns in cells. As shown in Figs. S2C and D (Supporting infor-
mation), the uptake of AND-MPN Ns in cells was boosted within
1h of treatment, and the uptake of AND-MPN Ns has reached
equilibrium within 1-2h. Figs. S2E and F (Supporting informa-
tion) showed that the cellular uptake of prepared formulations in
cells was depended on the FITC concentrations. Among all con-
centrations, the highest concentration of FITC containing AND-
MPN Ns, i.e., 20pg/mL, showed the highest cellular uptake effect,
which confirmed the cellular uptake AND-MPN Ns was depen-
dent on concentrations of the drug in AND-MPN Ns. CLSM assayed
qualitative uptake of AND-MPN Ns in RAW264.7 cells. From the
CLSM results, the robust intracellular green fluorescence around
the round nuclei was observed within 1h of treatment with AND-
MPN Ns compared to 2h and 4h treatment (Fig. S2B in Support-
ing information). This result indicated that the AND-MPN Ns were
quickly endocytosed into the macrophages. This fast intracellular
uptake of AND-MPN Ns could be due to the small size and spher-
ical shape of the AND-MPN Ns. Therefore, the significant efficacy
of macrophages to FITC-AND MPN Ns uptake within a short pe-

riod could enhance the drug’s therapeutic effectiveness for treating
inflammation.

Two phenotypic proteins CD206 and INOS, are highly expressed
in M2 and M1 phenotype macrophages, respectively [47]. The
phenotypic shift effect of AND-MPN Ns in macrophages was de-
termined by IF assay. Quantitative and qualitative expression of
two proteins CD206 and INOS, in macrophages were detected. As
shown in Figs. 3A and B, AND-MPN Ns produced the prior ef-
fects to increase the M2 phenotype CD206. In contrast, the PBS-
treated cell group showed low phenotype CD206 expression com-
pared with both AND-MPN Ns and free AND treatment. AND-MPN
Ns were enabled a ~2-fold increase in the expression of CD206
over free AND. Furthermore, inflammatory phenotype AND-MPN
Ns significantly downregulated INOS expressions and free AND
drug, compared with PBS treatment (Figs. 3C and D). These results
indicated that AND-MPN Ns exhibited potent anti-inflammatory
activity via a phenotypic shift from macrophage M1 to M2.

The AND drug has been approved as traditional Chinese
medicine (TCM), exhibits a potent anti-inflammatory effect. Sev-
eral pro-inflammatory cytokines, such as IL-6 and TNF-c, are re-
leased on the injured artery. Eventually, the large number of
these cytokines leads to the progression of inflammatory diseases
[48]. The anti-inflammatory effects of AND-MPN Ns on reducing
pro-inflammatory cytokines IL-6 and TNF-« levels were observed
by ELISA analysis. After treating different cell groups with AND-
MPN Ns and free drug AND, IL-6 and TNF-o were measured. The
data in Figs. 4A and B indicated that the IL-6 and TNF-« levels
were markedly decreased by high dose (50ug/mL) and low dose
(25pg/mL) AND-MPN Ns compared to other treated groups, includ-
ing high dose and low dose free drug. These results indicated that
the AND-MPN Ns could inhibit IL-6 and TNF-a with high efficacy
and lease the inflammation effectively. These results could be due
to the high DL capacity of AND-MPN Ns, enhanced cellular up-
take by cells, and sustained drug release. AND has shown a sig-
nificant anti-inflammatory property by inhibiting the activation of
the NF-B signaling pathway [49]. To examine the underlying mech-
anism associated with anti-inflammation induced by AND, we per-
formed WB assay. Phospho-NF-xB-p65 protein expression in LPS
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Fig. 3. Phenotypic shift study in-vitro. IF and quantitative analysis of CD206 (A, B) and INOS (C, D) expression on RAW 264.7 cells after treatment (n=3, *P < 0.05 compared
to PBS group; ns, not significant; **P < 0.01 as compared to AND). DAPI (blue) was used to stain the nuclei, and CoraLite-488 conjugated antibody (green) stained CD206

and INOS. The scale bar is 5pm.
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Fig. 4. In-vitro anti-inflammatory activity. (A) IL-6 and (B) TNF-« concentration in RAW264.7 cells determined by ELISA assay. The LPS stimulated RAW264.7 cells were
incubated with free drug (AND) and AND-MPN Ns at AND concentration of 25pug/mL (low dose) and 50ug/mL (high dose) for 12h at 37 °C. Western blot assay (C, D)
evaluating p65 phosphorylation in RAW264.7 cells after treatment with the drug formulations at AND concentration 25pg/mL (low dose) and 50 pg/mL (high dose). n=3,
*P < 0.05, **P < 0.01 and ***P < 0.001 as compared to the control group; ns, not significant; *P <0.05, #*#P <0.01 as compared to AND high dose; *P < 0.05, **P < 0.01,
+++P < 0.001 as compared to AND low dose. The internal control for normalizing protein expression was S-actin. Formulations: 1, Control; 2, AND-MPN NS (50 pg/mL); 3,

AND-MPN NS (25pg/mL); 4, AND (50 pg/mL); 5, AND (25 pg/mL).

induced RAW264.7 cells was measured. WB result demonstrated
that the expression level of phospho-p65 was markedly downreg-
ulated in both high doses (50pug/mL) and low doses (25pug/mL)
in AND-MPN Ns treated RAW264.7 cells (Figs. 4C and D). In con-
trast, the phospho-NF-«B-p65 expression level was reduced at the
deficient level in both high dose and low dose free drug-treated
RAW264.7 cells. These results indicated that AND-MPN Ns could
effectively block the NF-«kB signal pathway activation by downreg-
ulating the overexpressed protein phospho-NF-kB p65 protein in
LPS activated RAW264.7 cells. Overall, these results proved that
the AND-MPN Ns showed potent anti-inflammatory activity over
free AND drugs. This result could be due to the high DL capacity,
good drug release effect of AND-MPN Ns in macrophages. The en-
hanced anti-inflammation could also be ascribed to the sustained
drug release from drug nanocrystals after uptake. Previous intracel-
lular fate studies demonstrated that drug nanocrystals could con-
stantly release drug within several hours after cell entering and,
as a result, improve the effectiveness of an anti-inflammatory drug
[22,44,49].

In this study, AND-MPN Ns were fabricated to deliver hy-
drophobic anti-inflammatory drug (AND) to treat macrophage-
mediated inflammation. The highly stable AND-MPN Ns were ob-
tained by using MPN as a stabilizer. AND-MPN Ns were a blue
in color and homogeneous nanosuspension with 210.1+0.77 nm
particle size, 0.161 +0.001 with spherical morphology. The in-vitro
anti-inflammatory study results demonstrated the potent anti-
inflammation effect of AND-MPN Ns in LPS induced RAW264 cells
via macrophage polarization and reduction of pro-inflammatory
cytokines (IL-6 and TNF-«) and suppression of NF-«B signal path-

way activation. Consequently, AND-MPN Ns revealed excellent
therapeutic effect by enhancing anti-inflammatory action, which
proved to be a potential strategy for alleviating inflammation.
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