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Acute kidney injury (AKI) is a heterogeneous, high-mortality clinical syndrome with diverse pathogenesis and
prognosis, but it lacks the effective therapy clinically. Its pathogenesis is associated with production of reactive
oxygen/nitrogen species and infiltration of inflammatory cells. To overcome these pathogenic factors and
improve the therapeutic efficiency, we synthesized triptolide-loaded mesoscale polydopamine melanin-mimetic
nanoparticles (MeNP3") as the antioxidant plus anti-inflammatory therapeutic platform to synergistically scav-

enge reactive oxygen/nitrogen species (RONS), inhibit the activity of macrophages and dendritic cells, and
generate Treg cells for AKI therapy. It was demonstrated that mesoscale size was beneficial for MeNP}’ to
specifically accumulate at renal tubule cells, and MeNP4 could significantly attenuate oxidative stress, reduce
proinflammatory immune cells in renal, and repair renal function in cisplatin-induced AKI mouse model. MeNP3®
might be a potential candidate to inhibit oxidative damages and inflammatory events in AKIL

1. Introduction

Acute kidney injury (AKI) is a heterogeneous, high-mortality clinical
syndrome with diverse pathogenesis and prognosis [1]. AKI usually
presents as renal insufficiency, resulting in the accumulation of meta-
bolic wastes that disrupt water, electrolytes and acid-base dynamics [2].
Importantly, the most AKI will develop the chronic kidney disease and
eventually lead to the kidney failure [3]. The clinical treatment of AKI
mainly relies on kidney dialysis or kidney transplantation, both of which
are expensive to treat, and the mortality rate is still unsatisfactory [4-6].
Therefore, the development of effective AKI treatments is necessary and
urgently needed.

Oxidative stress plays an important role in the AKI pathogenesis [7].
The damaged kidney cells produce a large number of reactive oxy-
gen/nitrogen species (RONS) to cause the oxidative stress [8], which can
activate some cell signaling pathways, such as mitogen-activated protein

kinase (MAPK) and protein 53, leading to the renal tubular cell death
[9]. Moreover, RONS also contribute to the renal fibrosis process by
enhancing inflammation [9]. Elimination of excess RONS can protect
the kidney tissue from oxidative stress. The administration of antioxi-
dants (such as amifostine) has already been used to scavenge ROS in AKI
[10]. However, the side effects limit its wider applications. Inflamma-
tion is a complex biological reaction of the body and also an important
part of the pathophysiology of AKI [7]. The injured kidney cells release
cytokines or chemokines to recruit immune cells to the site of kidney
injury, forming a pro-inflammatory microenvironment [11]. Immune
cells of the innate and adaptive immune systems, such as dendritic cells
(DCs), macrophages, and T lymphocytes, contribute to the development
of AKI by secreting pro-inflammatory factors, chemokines, and adhesion
molecules that cause inflammation in the kidney [12,13]. For these
reasons, inhibiting the function of pro-inflammatory immune cells has
received much attention to regulate the inflammation following AKI. For
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example, adoptive transfer of TCR"™ CD4~ CD8~ (double negative) T
cells can recover the kidney function and structural damage in
cisplatin-induced AKI [14], and polydopamine-coated manganese
ferrite nanoparticles have been used in the treatment of AKI by polar-
izing M1-type macrophages into M2-type macrophages [15]. However,
since various immune cells in the kidney form a complex inflammatory
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regulatory network [13], regulating the function of a single type of
immune cells is insufficient for the treatment of kidney injury. There-
fore, the development of combined therapeutic strategy to simulta-
neously clear RONS and regulate multiple immune cell function will be
effective for treatment of AKI.

The kidney is one of the main filtering organs of the body, so
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nanoparticles have been attempted to naturally accumulate in the kid-
ney to treat AKI. Although small size NPs (<10 nm) can easily cross the
glomerular filtration barrier and accumulate in the kidney, they will be
quickly filtered out by the kidney, also resulting in low renal uptake
[16-18]. Some studies have found that positively charged nanoparticles
are cleared faster than neutral ones, followed by negatively charged
nanoparticles, because nanoparticles with negative surface charge are
more likely to be blocked by the renal filtration barrier [19,20]. How-
ever, the damage of the glomerular filtration membrane caused by AKI
can destroy the surface charge of the renal filter barrier and reduces the
renal accumulation of the nanoparticles [21]. The molecular recognition
moieties that can bind to kidney cells, including antibodies, small mol-
ecules or aptamers, are being used to improve the kidney accumulation
of nanocarriers [22]. However, most of these moieties are not specific to
the kidney and the accumulation in other organs can cause the side ef-
fects. Even the renal tubular-targeting peptide-modified nanocarriers
also have shown the enhanced drug distribution in the heart [23].
Recent studies found that mesoscale nanoparticles formed by poly-
ethylene glycol (PEG)-coated poly(lactic-co-glycolic acid) (PLGA)
polymer could specifically accumulate in the kidney through endocy-
tosis of peritubular capillary endothelial cells after intravenous injection
into the mice circulatory system [24]. This means that the mesoscale size
of nanoparticles without surface modification can implement the
kidney-targeting function. Therefore, the development of mesoscale
drug formulation will be effective for targeted AKI therapy.

In the present study, triptolide (TP)-loaded mesoscale polydopamine
nanoparticles (MeNP4?) were designed for AKI therapy through an in-
tegrated strategy of inhibiting the pro-inflammatory immune cell func-
tion and clearing excessive RONS. Polydopamine nanoparticles (MeNPs)
that possess various reductive functional groups (including catechol,
amine and imine) [25,26] can efficiently capture RONS produced by
AKI. The sizes of MeNPs were finely tuned to 200 nm (MeNP5), 400 nm
(MeNP4) and 600 nm (MeNPg), confirming the best kidney accumula-
tion ability of MeNP4 through a biodistribution study. TP, as an
anti-inflammatory drug, inhibits the maturation and function of immune
cells, such as macrophages, T cells and DCs [27-30]. Considering the
poor water solubility, toxicity and low kidney-targeting ability of TP,
polydopamine nanoparticles potentially can work as carriers for TP
(Fig. 1A) based on the hydrogen bonding interaction between the C-14
hydroxyl group of TP and the catechol group of polydopamine, effi-
ciently inhibiting the function of pro-inflammatory immune cells. The
MeNP4? was prepared by loading TP in MeNP, [31]. Through intrave-
nous injection into cisplatin-induced AKI model mice, MeNP3® could
specifically accumulate at renal tubule cells based on their mesoscale
size, efficiently scavenge RONS based on the antioxidant property of
polydopamine, inhibit the activities of macrophages and DCs and pro-
mote the generation of Treg cells through release of TP (Fig. 1B).
Therefore, MeNP3" exhibited the significant therapeutic effect in AKI,
holding the substantial potential for clinical use.

2. Results and discussion
2.1. Synthesis and characterization of MeNP®

The mesoscale MeNP, with a size of 400 nm were prepared through
the oxidative self-polymerization of dopamine for 24 h in a mixed so-
lution of water, ammonia, and ethanol at pH 10.8. For comparison,
MeNP; and MeNPg with sizes of 200 and 600 nm, respectively, were
similarly prepared through appropriate adjustment of pH condition.
TEM images revealed that MeNPy, MeNP4 and MeNPg had primary sizes
of 192.6 + 5.9, 393.3 + 5.3, and 591.3 + 7.1 nm, and all of them
showed monodispersed spherical morphology (Fig. 2A). Dynamic light
scattering (DLS) analysis showed that MeNP,, MeNP4 and MeNPg had
hydrodynamic sizes of 227.3 + 5.4, 425.6 £+ 4.9 and 626.3 £+ 9.9 nm,
respectively (Fig. 2B). Zeta potential measurement indicated all these
nanoparticles showed the negative surface charges in water (Fig. 2C).
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Kidney-targeting ability of these nanoparticles was first investigated in
AKI mouse model that was established through intraperitoneal injection
of cisplatin in C57BL/6J mouse [32]. The 1,1’-dioctadecylte-
tramethylindotricarbocyanine iodide (DiR)-labeled MeNPs were injec-
ted intravenously into AKI mice at three days post-injection of cisplatin
for the biodistribution assessment. At 24 h post-injection, major organs
were collected for ex vivo imaging. Fig. 2D and E reveal that the mice
treated with DiR-labeled MeNP, presented the most intense fluorescence
intensity in kidneys among various nanoparticles, suggesting the sig-
nificant accumulation of DiR-labeled MeNP4 in the kidney. This result
corroborates the kidney-targeting ability of MeNP,.

Then, MeNP,4 was chosen as carrier to load TP, forming MeNP3F.
TEM image confirmed MeNP}" still remained the mesoscale size of 397.6
=+ 6.7 nm, hydrodynamic size of 425.0 £+ 4.1 nm and negative surface
charge of —29.9 + 0.5 eV (Fig. 2A-C). The TP loading caused little effect
on primary size, hydrodynamic size and morphology of MeNP4 but
weakened its negative surface charge. Considering the toxicity of TP, the
loading capacity of TP in MeNP4® was controlled to be 2.26%, as
determined by high performance liquid chromatography (HPLC) anal-
ysis [33]. This loading capacity is beneficial for controlling the thera-
peutic dose and side effects of TP. The TP release profile of MeNP4® was
also investigated in phosphate buffered saline (PBS) solution containing
10% fetal bovine serum (FBS) by HPLC monitoring. MeNPIP showed a
sustained drug release behavior and the cumulative drug release
reached the maximum value of 77.3 + 1.2 % within 24 h (Fig. S1). Then,
the free radical scavenging capacity of MeNP}® was assessed by a 2,2
diphenyl-1-picryl hydrazyl (DPPH) method [25]. The result showed that
MeNP}® could effectively scavenge free radicals in a
concentration-dependent manner, which was similar to the profile of
MeNP, (Fig. S2). Furthermore, the scavenging capacities of MeNP3® for
hydroxyl radical, superoxide anion radical and peroxynitrite were also
examined by terephthalic acid, pyrogallol and sodium nitrite
(NaNOy)/hydrogen peroxide (H203) assays, respectively. Similarly,
both MeNP, and MeNP}¥ showed significant scavenging abilities for
these ROS/RNS (Fig. 2F-H).

2.2. Invitro oxidative stress injury protected by MeNPL’

Excessive RONS can cause the oxidative stress and induce the cell
damage [8]. Considering that renal tubules are vulnerable to the
oxidative stress, human proximaltubular epithelial cells (HK-2 cells)
were used to evaluate the protection ability of MeNP}® against the
oxidative stress. Before investigating the RONS elimination ability of
MeNPZ® in cells, the biocompatibility of MeNPZ? in HK-2 cells and
human umbilical vein endothelial cells (HUVEC) were evaluated using a
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetra-zolium bromide (MTT)
assay. The results showed that MeNP4 had little influence on the cell
viability of HK-2 cells and HUVEC (Fig. S3A) and MeNP}® showed the
slight cytotoxicity against HK-2 cells and HUVEC at the highest con-
centration (Fig. S3B), while free TP exhibited severe cytotoxicity at the
highest concentration (Fig. S3C). These results suggested that MeNP4
significantly reduced the toxicity of TP due to the polydopamine
encapsulation, excellent biocompatibility of polydopamine and slow
release of TP from MeNPZp [34].

Then, the cellular uptake of MeNP}® and MeNP,4 was investigated in
HK-2 cells by fluorescence microscopy and flow cytometry using
rhodamine B (RhB)-labeled nanoparticles. After 3 h of incubation with
RhB-labeled MeNP}® and MeNPy, the cells presented the potent fluo-
rescence intensities (Fig. 3A and S4), which were much higher than that
of cells incubated with free RhB, demonstrating that MeNP}® and MeNP,4
can be efficiently taken up by HK-2 cells. Furthermore, the results of
flow cytometry showed the similar trend (Fig. 3B). Then, the RONS
elimination ability of MeNP3® was investigated in HK-2 cells that were
stimulated by cisplatin to induce

an oxidative stress injury [35]. Then, cisplatin-stimulated HK-2 cells
were incubated with PBS, TP, MeNP, or MeNPL’ for 24 h, while
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Fig. 2. Characterization of MeNPZ". (A) TEM images of MeNP,, MeNP,, MeNPs and MeNP}". Scale bar, 200 nm. (B) Hydrodynamic sizes of MeNP,, MeNP,, MeNP;
and MeNP3". (C) Zeta potential of MeNP,, MeNP,, MeNPg and MeNP2?. (D) Ex vivo fluorescence images of major organs (heart, liver, spleen, lung and kidney)
collected from mice treated with DiR-labeled MeNP,, MeNP4 or MeNPg at 24 h (0.05 mg kg‘1 mouse, according to DiR content). (E) Fluorescence intensity analysis in
Fig. 2D (n = 5, **p<0.01). (F) Hydroxyl radical scavenging capacity of MeNP, and MeNP}". The hydroxyl radical was produced by Hy0, under UV-irradiation. (G)
Superoxide anion radical scavenging capacity of MeNP, and MeNP". The superoxide anion radical was produced by the reaction of pyrogallol and oxygen at pH =
8.2. (H) Peroxynitrite radical scavenging capacity of MeNP, and MeNPJF. The peroxynitrite radical was produced by the reaction between NaNO, and H;0,.
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Fig. 3. MeNP}" protected HK-2 cells from oxidative stress. (A, B) Fluorescent images (A) and flow cytometry analysis (B) of HK-2 cells treated with RhB, RhB-
labeled MeNP}", and RhB-labeled MeNP, for 3 h. (C) DCF fluorescence emission spectra were collected at 500-580 nm with excitation at 488 nm for HK-2 cells
treated with TP, MeNP4 and MeNP}® under cisplatin stimulation. (D) R21 fluorescence emission spectra were collected at 450-650 nm with excitation at 488 nm for
HK-2 cells treated with TP, MeNP, and MeNP}"® under cisplatin stimulation. (E) Flow cytometry analysis for apoptotic HK-2 cells based on Annexin-FITC/PI assay
after treatments with TP, MeNP, and MeNP3" under cisplatin stimulation. (F) Quantification of early apoptotic HK-2 cells (FITC' PI") in Fig. 3E. (G) Quantification of
late apoptotic HK-2 cells (FITC™ PI") in Fig. 3E. Data are expressed as means + SD (n = 3, ***p<0.001; ns, not significant).
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untreated cells served as control. The cellular ROS variation was eval-
uated by a fluorescence microplate reader using a 2’,7’-dichlorodihy-
drofluorescein (DCF) fluorescent probe. Fig. 3C and S5A revealed that
cells treated with PBS presented the high intracellular ROS level ac-
cording to the intense DCF fluorescence, and the treatment with TP
resulted in a slight decrease in DCF fluorescence intensity, suggesting
the weak ROS reduction effect of TP. However, the treatment with
MeNP3¥ or MeNP, could dramatically reduce the DCF fluorescence in-
tensity, demonstrating the efficient ROS scavenging capacity of MeNP3"
or MeNP4. Next, the cellular RNS variation was evaluated by a fluores-
cence microplate reader using a R21 fluorescent probe. The result
showed that the trend of RNS variation in different treatment groups was
the same as that of ROS (Fig. 3D and S5B). Since excessive RONS can
induce the cell apoptosis, the apoptosis profiles of HK-2 cells under
various treatments were further examined by flow cytometry using a
fluorescein isothiocyanate (FITC)-Annexin V/propidium iodide (PI)
assay. The results showed that the percentages of apoptotic cells
including early apoptosis and late apoptosis were slightly decreased
after treatment with TP, but these percentages were significantly
decreased after treatment with MeNP4® or MeNP,, where MeNP3®
showed the more inhibitory effect due to the combined RONS scav-
enging abilities of MeNP4 and TP (Fig. 3E-G). Collectively, all above
results demonstrate that MeNP3" can scavenge the RONS and alleviate
the apoptosis of HK-2 cells induced by cisplatin.

2.3. In vitro immunosuppression promoted by MeNPL’

Innate and adaptive immune responses are involved in mediating
tubular cell injury and recovery of AKI. Overactivation of all the mac-
rophages, DCs and T lymphocytes contribute to kidney injury. In
contrast, M2 macrophages, inhibitory DCs and Treg cells are critical in
inhibiting inflammation, tissue remodeling, and repair after kidney
injury [36]. To determine whether MeNP}® can regulate immune cells
function, the macrophage reprogramming ability of MeNP® was firstly
evaluated in RAW 264.7 cells by flow cytometry using FITC-F4/80,
PE-CD86 and APC-CD206 antibodies. RAW 264.7 cells were pretreated
with lipopolysaccharide (LPS) for 24 h to obtain M1 phenotype, fol-
lowed by treatment with TP, MeNP4 or MeNPZ” for another 24 h. Fig. 4A
and S6A show that LPS could induce the vast majority of RAW 264.7
cells into M1 phenotype in PBS group, which had much higher expres-
sion of CD86 than control group that was without LPS treatment. The
expression of CD86 was decreased and the expression of CD206 was
increased in RAW 264.7 cells after treatment with TP, MeNP4 or
MeNP4?, where MeNP3® was more effective than TP and MeNP, (F ig. 4A
and $6). To further demonstrate the role of MeNP}" in inhibiting mac-
rophages to acquire a pro-inflammatory phenotype, TNF-a (typical
M1-type cytokine) and IL-10 (typical M2-type cytokine) secretions from
the treated macrophages were also assessed by enzyme-linked immu-
nosorbent assay (ELISA). As shown in Fig. 4B and C, all the treatments
with TP, MeNP,4 and MeNP4" could induce the higher levels of TNF-a and
lower levels of IL-10 compared with those of PBS, where MeNP3®
exhibited more potent repolarization ability than others, consistent with
the results of flow cytometry. All above results demonstrate that MeNP3®
can transform macrophages from a proinflammatory M1 phenotype to
an anti-inflammatory M2 phenotype.

Immature DCs contribute to immune tolerance, however, mature
DCs induce immune activation [37]. Then, the effect of MeNPIP on DCs
maturation was assessed through examining the expression of CD80 and
CD86 which were the markers of DCs maturation by flow cytometry.
Immature DCs separated from the bone marrow cells of normal
C57BL/6J mice were incubated with LPS for 24 h to induce the cells
maturation and further incubated with TP, MeNP, or MeNP4’® for
another 24 h. The treatment with LPS could increase the CD80 and CD86
levels in DCs, indicating DCs maturation. After the treatments with TP,
MeNP, or MeNP3?, the levels of CD80 and CD86 were significantly
decreased, where the treatment with MeNP}® induced the lowest levels
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(Fig. 4D and S7), demonstrating that MeNP4® has excellent ability to
inhibit DCs maturation in an inflammatory microenvironment.

Treg cells (CD4" FOXP3™) that make up one subset of CD4" lym-
phocytes suppress immunologic damage in AKI [38]. Thus, the effect of
MeNPZ® on T cells activation was also detected. The spleen cells of
C57BL/6J mice were treated with TP, MeNP4 or MeNPZ® in the presence
of CD3/CD28 for 48 h. Then, the percentage of Treg cells in CD4"
lymphocytes was analyzed by flow cytometry using PE-CD4 and
FITC-FOXP3 antibodies. Fig. 4E and S8A show that there was no
noticeable change in the percentage of total CD4" lymphocytes, but the
percentages of Treg cells were obviously increased in TP, MeNP4 and
MeNP3? groups, and MeNP}? still showed the largest increase (Fig. 4E
and S8B). The above results confirm that MeNPEP promoted immuno-
suppression in vitro, which is probably because TP can inhibit immune
cells to acquire a pro-inflammatory phenotype and polydopamine
nanoparticles can scavenge RONS to decrease pro-inflammatory stimuli.

2.4. Therapeutic efficacy of MeNPY' against cisplatin-induced AKI

Encouraged by above in vitro results, the in vivo therapeutic efficacy
of MeNP}? was then taken further investigation. To determine whether
MeNP}® can restore the renal function, the cisplatin-induced AKI mice
were intravenously injected with PBS, TP, MeNP,4 or MeNP;" for 3
consecutive days, respectively. After treatments, kidneys were collected
from each group and sectioned for hematoxylin and eosin (H&E)
staining. The result revealed that severe tubular dilation, tubular ne-
crosis, cast formation and inflammatory cell infiltration were observed
in PBS group (Fig. 5A). However, after the treatment with TP, MeNP4 or
MeNP}?, these pathological responses were decreased, where MeNP}?
group could more remarkably decrease the pathological responses than
TP and MeNP,4, which is ascribed to the abilities of promoting immu-
nosuppression and scavenging RONS (Fig. 5A). Moreover, the levels of
serum creatinine (CREA) and blood urea nitrogen (BUN), the key in-
dicators of kidney function, were assessed in each group. Fig. 5B and C
showed that the treatment with TP, MeNP4 or MeNP4’ decreased CREA
and BUN levels compared with PBS group, where the treatment with
MeNP}” exhibited the most potent effect among all these groups. Kidney
injury molecule-1 (Kim-1) and neutrophil gelatinase-associated lip-
ocalin (Ngal) are the important biomarkers of AKI [39]. Similar results
were also achieved that the treatment with MeNP4’ induced the lowest

levels of Kim-1 and Ngal in the serum and urine of AKI mice
(Figs. S9A-D), further confirmed the therapeutic effect of MeNP4®
against cisplatin-induced AKI. Cisplatin can also cause weight loss in
mice. As showed in Fig. 5D, the body weights of AKI mice in PBS group
were severely reduced when compared with the healthy mice, however,
the treatment with TP, MeNP, or MeNP3" alleviated the reduction in the
body weight, and the body weight in MeNP3® group showed the least
reduction. Consistently, the survival analysis showed that the MeNP3"
group displayed the highest survival rate (80%), while the survival rate
of PBS, TP and MeNP,4 group was 20, 30 and 50% at day 10, respectively
(Fig. S10). The above results demonstrate the potential of MeNPEP in
restoring the renal function in AKI mice. The major organs (heart, liver,
spleen and lung) were sliced and stained with H&E for histology analysis
after different treatments. The results in Fig. S11 showed that there was
no noticeable tissue damage in any of the main organs of different mice
groups, indicating that MeNP}" did not cause the obvious toxicity.

2.5. RONS scavenging and inflammation alleviation in the kidney by
MeNPY?

Oxidative stress and pro-inflammatory immune cell infiltration play
important roles in the AKI pathogenesis. After the treatment, the level of
RONS and the change in inflammatory cell phenotypes in the kidneys of
AKI mice were further examined, respectively. Firstly, the ROS pro-
duction in the kidneys were examined using a DCF probe. Compared
with healthy mice, the ROS levels in the kidney of PBS-treated AKI mice
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Fig. 4. MeNP2? promotes the immunosuppression in vitro. (A) Flow cytometry analysis for the expression of CD86 and CD206 in RAW 264.7 cells. The cells were
pretreated with LPS (100 ng mL™!) for 24 h, then treated with TP, MeNP4 or MeNP4" (equivalent to 20 ng mL ™' TP or 1 pg mL~* MeNP,) for another 24 h and and
then stained with CD86-PE and CD206-APC antibodies. (B, C) ELISA analysis of the level of TNF-a (B) or IL-10 (C) in the medium as described in Fig. 4A. (D) Flow
cytometry analysis for DCs maturation. The cells were pretreated with LPS (100 ng/mL) for 24 h, and then treated with TP, MeNP, or MeNP}" (equivalent to 20 ng
mL~! TP or 1 pg mL~! MeNP,) for another 24 h, followed by staining with CD80-FITC and CD86-PE antibodies. (E) Flow cytometry analysis for the percentage of Treg
cells. The cells were incubated with CD3/CD28 (5 pg mL ') and TP, MeNP, or MeNP}" (equivalent to 20 ng mL~! TP or 1 pg mL~" MeNP,) for 48 h, and then stained

with CD4-PE and FOXP3-FITC antibodies. Data are expressed as means + SD (n = 3, **p<0.01, ***p<0.001).
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interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

were dramatically increased. For TP-, MeNPy4- or MeNP3"-treated mice,
the ROS levels in kidneys were gradually reduced, where the treatment
with MeNPZ{P resulted the largest reduction (Fig. 6A and S12A). Simul-
taneously, the RNS levels of the kidneys in different groups were
examined using a O52 probes, showing the similar trend occurring in
RNS levels (Fig. 6B and $12B). These results suggest that MeNP3" could
effectively scavenge free radicals in the kidney of AKI mice. Further-
more, the changes in inflammatory cell phenotypes including macro-
phages, DCs and CD4" T cells in the kidneys of the treated mice were
analyzed by flow cytometry. The percentages of M1 type macrophages
(F4/80" CD86™) and mature DCs (CD80" CD86™) in the kidneys were
decreased (Fig. 6C and D, S13A and S13B) and the percentage of M2
type macrophages (F4/80" CD206™) was increased in TP, MeNP, and
MeNP}-treated mice compared with that of PBS-treated mice, and the
decrease induced by MeNP}® was the most significant (Fig. 6C and
$13C). Moreover, there was no significant variation in the percentage of
CD4™ T cells in the kidneys of mice treated with TP, MeNP,4 or MeNP3?
compared with those treated with PBS, however, the percentage of Treg
cells in CD4™ T cells was increased after treatment with TP, MeNP,4 or
MeNPZ¥, where the treatment with MeNP4® led to the most increase
(Fig. 6E and S14). All the above results confirm that MeNPIP inhibited
the accumulation of proinflammatory cells and promoted the recruit-
ment of anti-inflammatory cells in the kidneys of AKI mice. Further-
more, the inflammatory factor levels including IFN-y, IL-18, TNF-a and
IL-10 in the serum of the mice were detected by ELISA. The results

showed that MeNP} had the best performance in decreasing IFN-y, IL-
1p and TNF-a levels and increasing IL-10 level (Figs. SI5A-D). The result
indicated that the kidney microenvironment was in immunosuppressive
state after the treatment of MeNP3". Therefore, MeNP5" could treat AKI
through modifying the inflammatory microenvironment of kidney
injury by RONS scavenging and inflammation alleviation in the kidney.

3. Conclusion

In summary, we successfully prepared MeNP3® as the antioxidant
plus anti-inflammatory therapeutic formulations to modulate the in-
flammatory microenvironment of the kidney for AKI therapy. In AKI
mice model, MeNP® exhibited the significant accumulation at the kid-
ney due to their mesoscale size, and decreased the oxidative damage
based on the ROS/RNS scavenging property of MeNPs, and their
released TP modulated the renal microenvironment into an immuno-
suppressive state by inhibiting the accumulation of proinflammatory
macrophages and mature DCs as well as increasing the proportion of
Treg cells, which were beneficial for attenuation of AKI. These results
revealed the potential of MeNP4® for AKI therapy.
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4. Materials and methods
4.1. Materials

Dopamine hydrochloride, 2,2 diphenyl-1-picryl hydrazyl (DPPH), TP
and ammonium hydroxide were obtained from Sigma-Aldrich Corp (St.
Louis, MO, USA). DiR, NaNO,, hydrochloric acid (HCl), sodium hy-
droxide (NaOH), H,0», terephthalic acid, tri(hydroxymethyl) amino
methane hydrochloride (Tris-HCl), anionic surfactant sodium dodecyl
sulfate (SDS), ethylenediaminetetraacetic acid disodium salt
(NagEDTA), pyrogallol, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) and dimethyl sulfoxide (DMSO) were ob-
tained from Aladdin Co. Ltd. (Shanghai, China). PI and Annexin-FITC
assay kit were acquired from Yuanye Bio-Technology (Shanghai, China).

4.2. Synthesis of MeNPy,, MeNPX? and DiR-labeled MeNP5, MeNP, and
MeNPg

MeNP, were synthesized following the previous method with slight
modification [25]. Briefly, 1 mL of ammonium hydroxide (28-30%) was
added to a mixed solution containing 40 mL of ethanol and 90 mL of
ultrapure water. The solution was magnetically stirred at room tem-
perature for 30 min. 0.5 g of dopamine hydrochloride in 10 mL ultrapure
water was dropwise added into the above solution. The solution was
magnetically stirred for another 24 h MeNP4 were collected by centri-
fugation and purified three times with ultrapure water. To synthesize
MeNP4?, the similar process was performed except adding 1 mg TP
during the addition of dopamine hydrochloride. To synthesize MeNPy
and MeNPg, the similar process was performed except the volume of
ammonium hydroxide (28-30%) was adjusted to 2 and 0.5 mlL,
respectively. To synthesize DiR-labeled MeNPy, MeNP4 and MeNPg, the
similar process was performed except 8.4 mg of DiR in 5 mL ethanol was
added after addition of dopamine hydrochloride.

4.3. Characterization of MeNPs

Surface charge and hydrodynamic size of different MeNPs were
determined by dynamic light scattering Malvern Zetasizer (Nano ZS,
Malvern, USA). TEM image of different MeNPs were captured by
transmission electron microscope (JEM-2010) with 200 kV of acceler-
ating voltage. The UV-Vis absorption spectra of different MeNPs were
measured by a Shimadzu UV-3600 spectrophotometer. The fluorescence
spectra of different MeNPs were measured by a fluorescence microplate
reader (BioTek Instruments, USA).

4.4. ROS and RNS scavenging analysis

The free radical scavenging capacity was analyzed by DPPH method
[25]. The test was carried out in a 96 well plate using a total volume of
200 pL of methanol containing 0.02 pg mL ™! DPPH and 0, 6.25, 12.5, 25,
50 or 100 pg mL~! MeNP4 or MeNP3" for 30 min. Then, the absorbance
at 520 nm was read by a Shimadzu UV-3600 spectrophotometer. Radical
scavenging % of a certain concentration = (1- Ax/A)*100%, where A is
the absorbance at 520 nm of 0 pg mL ™! and Ax is the absorbance of 520
nm at a certain concentration.

For hydroxyl radical scavenging analysis, hydroxyl radicals were
produced by 200 pL of ultrapure water containing 5 mM H305 and 10
mM FeCls under UV-irradiation of 5 min. 200 pL of the resulting solution
was mixed with 150 pL of terephthalic acid (625 pM), and added 50 pL
of MeNP,, (200 pg mL 1), MeNP3” (200 pg mL™1) or 50 pL of deionized
water (as control) in the dark at 37 °C for 1 h. Terephthalic acid was
employed to trap the hydroxyl radical and generate 2-hydroxytereph-
thalic acid, quantifiable via fluorescence. The fluorescence spectrum
of the resulting solution was then examined by a fluorescence microplate
reader (BioTek Instruments, USA, Ex = 315 nm), in which the intensities
were proportional to the hydroxyl radical levels in solution.
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For superoxide radical scavenging analysis, 50 pL of MeNP,4 or
MeNPS® (1.5 mg mL™) or 50 pL of deionized water (as control) was
mixed with 2900 pL of Tris-HCI buffer (0.05 M, pH 8.2, 37 °C) con-
taining 1 mM NaEDTA and added 50 pL of pyrogallol (60 mM, 37 °C).
Then, the mixed solution was shaken at 37 °C for 30 min. The UV ab-
sorption spectrum from 280 to 400 nm was read by a Shimadzu UV-3600
spectrophotometer.

For peroxynitrite scavenging analysis, NaNO5 (10 mL, 50 mM) and
H20; (10 mL, 50 mM) were mixed in ice water bath under quick stirring.
Then, HCI (5 mL, 1 M) and NaOH (5 mL, 1.5 mM) were added into the
mixture under the stirring, respectively. 10 pL of the resulting solution
was mixed with 90 pL of deionized water and 20 pL of MeNP4 or MeNP}®
(150 pg mL™Y) or 20 pL of deionized water (as control) for 30 min. The
UV absorption spectrum from 250 to 450 nm was read by a Shimadzu
UV-3600 spectrophotometer.

4.5. TP release analysis

The release profile of TP from MeNPL' was evaluated by HPLC.
Briefly, 2.5 mg of MeNP;? (containing 50 pg TP) suspended in 1 mL of
PBS containing 10% FBS was added to the dialysis bag (MWCO = 3500
Da). Then, the dialysis bag was immersed in a flask containing 200 mL of
PBS and 0.5% SDS at 37 °C. 100 pL of sample was taken at time points for
TP analysis by HPLC.

4.6. Animals

Female C57BL/6J mice (4-6-weeks-old) were purchased from the
Animal Experimental Center of Jilin University (Changchun, China) and
kept under thermo-regulated, humidity-controlled conditions under a
12 h day/night light cycle provided by the experimental and were fed
with standard rat chow and water ad libitum. All animal studies were
carried out in Changchun Institute of Applied Chemistry, Chinese
Academy of Sciences, and the operating procedures of the experimental
animals were carried out in accordance with the protocols approved by
the Committee for Animal Research of Changchun Institute of Applied
Chemistry, Chinese Academy of Sciences China.

4.7. In vivo biodistribution

To establish AKI mice model, the C57BL/6J mice were intraperito-
neally injected with cisplatin at 20 mg kg™!. The AKI mice were intra-
venously injected with DiR-labeled MeNPy, MeNP,4, MeNPg or free DiR
(equivalent to 50 pg DiR kg ™!, 5 mice per group) at 3 days post-injection
of cisplatin. At 24 h post-injection, mice were euthanized and the major
organs (heart, liver, spleen, lung and kidney) were collected for fluo-
rescence imaging using the IVIS® Spectrum system (Caliper, Hopkinton,
MA, USA).

4.8. Cell culture

HK-2 cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% FBS, 100 units mL~! penicillin and
100 units mL™! streptomycin at 37 °C in humidified atmosphere with
5% CO3. The medium was changed every other day.

4.9. Cell viability assessment

Cell viability was determined by MTT assay. 100 pL of culture me-
dium containing 1 x 10* HK-2 cells were plated in each well of a 96-
mutiwell microplate for overnight growth. Then, the culture medium
was replaced with 100 pL of fresh medium containing various concen-
trations of TP, MeNP4 or MeNP}® (equivalent to 0-50 ng mL~! TP or
0-2.5 pg mL~! MeNP,). After 24 h of incubation, the medium was
replaced with 100 pL of fresh medium containing 20 pL of 5 mg mL ™!
MTT solution. After 3.5 h of incubation in the dark, each well was added
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150 pL of DMSO and the absorbance was measured at 490 nm by
microplate reader.

4.10. Cell protection from oxidative stress injury

1.5 x 10° HK-2 cells were cultured in 24-well plate overnight. Then,
the cell medium was changed with fresh medium containing cisplatin (1
mg mL™Y) or cisplatin (1 mg mL™!) with TP, MeNP, or MeNP}"
(equivalent to 20 ng mL~* TP or 1 pg mL~! MeNP,) for 24 h. The fresh
medium without cisplatin was used as control group. For cellular ROS
and RNS detection, the treated cells were washed three times by PBS,
and incubated with 10 pmol L™! of H2DCFDA or R21 fluorescent probe
at 37 °C for 30 min, and analyzed by Shimadzu UV-3600 spectropho-
tometer. For the apoptotic/necrotic cell analysis, the treated cells were
collected, centrifuged at 1000 rpm for 5 min and washed three times
with PBS. Cells were suspended in PBS and stained with 5 pL of 100 pg
mL ™! PI and 5 pL of 100 pg mL~! Annexin-FITC, and analyzed by flow
cytometry.

4.11. Cellular uptake

1.5 x 10° HK-2 cells were seeded in 24-well plate overnight, and
then incubated with 1 pg mL~! RhB-labeled MeNP4 or MeNP}" for 3 h.
Then, the cells were washed with PBS three times. Cell uptake of MeNP4
or MeNP3" in HK-2 cells was determined by flow cytometry (BD Bio-
sciences, AccuriC6) and fluorescence microscopy (Zeiss Axio Vert Al,
Germany).

4.12. Macrophage transformation, DC maturation and T cell activation

1.5 x 10° RAW 264.7 cells were seeded in 24-well plate for 12 h
growth, and then pretreated with LPS (100 ng mL ™) for 24 h to obtain
M1 phenotype, followed by treatment with TP, MeNP4 or MeNP3®
(equivalent to 20 ng mL ™~ TP or 1 pg mL~! MeNP,) for another 24 h and
further incubated with different antibodies: anti-F4/80-FITC (1 pg
mL_l, clone BMS8, Biolegend), anti-CD206-APC (1 ug mL_l, clone
C068C2, Biolegend), and anti-CD86-PE (1 pug mL~!, clone GL-1, Bio-
legend) for 30 min. Flow cytometry (BD Biosciences, AccuriC6) was
applied to analyze the expression of CD206 and CD86 on RAW 264.7
cells. And the supernatant was centrifuged at 3000 rpm for 10 min to
remove cell debris or dead cell, and the TNF-a and IL-10 levels were
assessed by ELISA kit (Biolegend) according to manufacturer’s
instruction.

1.5 x 10° immature DCs separated from the bone marrow cells of
normal C57BL/6J mice were seeded in 24-well plate, and then pre-
treated with LPS (100 ng mL™) for 24 h to induced DCs maturation,
followed by treatment with TP, MeNP, or MeNPEP (equivalent to 20 ng
mL ™! TP or 1 pg mL~! MeNPy) for another 24 h and further incubated
with different antibodies: anti-CD80-FITC (1 pg mL™}, clone BM8, Bio-
legend) and anti-CD86-PE (1 pg mL’l, clone GL-1, Biolegend) for 30
min. Flow cytometer (BD Biosciences, AccuriC6) was applied to analyze
the expression of CD80 and CD86 on DC.

5.0 x 10* spleen cells separated from the spleen of normal C57BL/6J
mice were seeded in 24-well plate, and then treated with TP, MeNP4 or
MeNP}® (equivalent to 20 ng mL™' TP or 1 pg mL™! MeNP,) in the
presence of CD3/CD28 (5 pg mL™ 1) for 48 h. Then, spleen cells were
collected for detection of T cells activation by flow cytometer (BD Bio-
sciences, AccuriC6) through staining with anti-CD4-PE (1 pg mL71,
clone GK1.5, Biolegend) and anti-FOXP3-APC (1 pg mL~!, clone 53-6.7,
Biolegend) for 30 min.

4.13. In vivo therapeutic evaluation
At 3 h after the cisplatin injection, the AKI mice were intravenously

injected with PBS, TP, MeNP, or MeNP}" (equivalent to 0.01 mg kg ™! TP
or 0.5 mg kg~! of MeNP,) for 3 consecutive days, respectively. Blood
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samples, urine samples and renal tissue were harvested after 3 days of
the treatment. Blood was withdrawn retroorbitally and allowed to clot
for 4 h. The serum was separated by centrifugation at 3000 rpm. The
BUN and CREA in the serum were detected using the standard Kkits
(Nanjing Institute of Biological Engineering, China) according to the
manufacturer’s protocol. Kim-1 and Ngal in the serum and urine were
detected using the standard kits (Jianglai Biotechnology, Shanghai,
China) according to the manufacturer’s protocol. And the renal tissues
were sectioned, and stained with H&E, and subsequently studied by a
fluorescence microscopy (Zeiss Axio Vert Al, Germany) to evaluate the
therapeutic effect of MeNP}® in vivo. In addition, the major organs
(including heart, liver, spleen and lung) of the treated mice were also
collected, sectioned and stained by H&E. The images were captured by a
fluorescence microscopy (Zeiss Axio Vert Al, Germany) to evaluate the
toxicity of MeNP4? in vivo.

4.14. In vivo RONS scavenging and inflammation alleviation

For RONS scavenging detection in the kidneys, the above treated
mice were sacrificed to harvest kidneys after 3 days of the treatment. 50
mg of fresh renal tissue was made into homogenate with 1 mL of tissue
lysate, followed by 10 min of centrifugation at 12000 rpm at 4 °C. Then,
190 pL of the supernatant was collected and incubated with 10 pL of DCF
ROS probe (BestBio, China) or 052 RNS probe (BestBio, China) in one
well of a 96-well plate at 37 °C in the dark for 30 min. Fluorescence
intensity that reflects the ROS or RNS level was quantified by fluores-
cence microplate reader (Bio-Tek Instruments, USA).

For inflammation alleviation detection in the kidneys, the above
treated mice were sacrificed to harvest kidneys after 3 days of the
treatment, and the single cell suspension of the kidneys was prepared
and stained with anti-F4/80-FITC (1 pg mL~!, clone BMS, Biolegend),
anti-CD206-APC (1 pg mL™?, clone C068C2, Biolegend), and anti-CD86-
PE (1 pg mL ™, clone GL-1, Biolegend) for 30 min, respectively, to detect
the percentage of M1 and M2 phenotype macrophages, or stained with
anti-FOXP3-APC (1 pg mL ™, clone 53-6.7, Biolegend) and anti-CD4-PE
(1 pg mL™L, 30 min, clone GK1.5, Biolegend) for 30 min, respectively, to
detect the percentage of CD4'T cells and Treg cells (CD4"FOXP3™), or
stained with anti-CD80-FITC (1 pg mL %, clone 16-10A1, Biolegend) and
anti-CD86-PE (1 pg mL™}, clone GL-1, Biolegend) for 30 min, respec-
tively, to detect the DC maturation by flow cytometer (BD Biosciences,
AccuriC6 and FACSCanto II). The serum of the above treated mice was
collected to examine the levels of IFN-y, IL-18, TNF-a and IL-10 using
ELISA kit (Biolegend) according to manufacturer’s instruction.

4.15. Survival analysis

For survival studies, at 3 h after the cisplatin injection, the AKI mice
were divided into 4 groups (PBS, TP, MeNP,4 or MeNPZP) with 10 mice in
each group. Then, the AKI mice were intravenously injected with PBS,
TP, MeNP,4 or MeNP4? (equivalent to 0.01 mg kg™ TP or 0.5 mg kg !
MeNPy) for consecutive 3 days. The treated mice were followed for up to
10 days monitoring survival after the cisplatin injection.

4.16. Statistical analysis

All data analyses were performed using GraphPad Prism 6.0
(GraphPad Software, La Jolla, CA, USA). Data are presented as the mean
+ SD. Student’s t-test was used to analyze differences between two
groups. One-way ANOVA was used to perform the multi-sample analysis
followed by the Tukey post hoc test. Differences at p < 0.05 were
considered statistically significant (*p<0.05; **p<0.01; ***p<0.001;
ns, not significant).
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