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Multifunctional TA-Zn-Gen NPs were developed for improved sepsis treatment.
The TA-Zn-Gen NPs exerted their anti-sepsis activity by: (1) binding cfDNA with
high affinity and inhibiting cfDNA-induced activation TLRs and nuclear factor
kappa B signaling; (2) inhibiting macrophage recruitment; (3) scavenging reactive
oxygen species (ROS) and reducing ROS-induced DNA damage and cell death; (4)
inhibiting nitric oxide production induced by bacterial lipopolysaccharides; and (5)
providing potent antibacterial activity, greater than that of an equivalent dose of

free gentamicin.
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SUMMARY

Treatments that target single mediators of sepsis have failed to
reduce its high mortality rate. Here we developed multifunctional
tannic acid-Zn?*-gentamicin nanoparticles (TA-Zn-Gen NPs) that
target multiple mediators of sepsis to improve sepsis treatment.
TA-Zn-Gen NPs with lower gentamicin content possessed net nega-
tive surface charge but still bound cell-free DNA (cfDNA) with high
affinity. The TA-Zn-Gen NPs exhibited five modes of anti-sepsis ac-
tivity: (1) scavenged cfDNA and inhibited cfDNA-initiated activation
of toll-like receptors and NF-kB signaling; (2) inhibited activated
macrophage-induced macrophage recruitment; (3) scavenged reac-
tive oxygen species (ROS) and reduced ROS-induced DNA damage
and cell death; (4) inhibited nitric oxide production induced by lipo-
polysaccharides; and (5) potent antibacterial activity. The NPs
reduced multiple organ damage and increased the survival rate of
mice with severe sepsis. Together, the results demonstrate the po-
tency of targeting multiple mediators for sepsis treatment, and sup-
port the development of multifunctional NPs for treating other
intractable inflammation-related diseases.

INTRODUCTION

Sepsis is a life-threatening systemic inflammatory response to fungal, bacterial, or viral
infection.”” Despite advances in sepsis treatment, the mortality rate of sepsis remains
high, and over eight million people die annually due to sepsis.” Recent efforts to develop
more effective treatments of sepsis have focused on its pathogenesis, > and multiple me-
diators of sepsis that are essential to its onset and progression have been identified.*™
During the progression of sepsis, damage-associated molecular patterns (DAMPs)
released by host cells and pathogen-associated molecular patterns (PAMPs) initiate in-
flammatory reactions that can cause a “cytokine storm,” multiple organ failure, and
death.”"? Inflammatory circulating cell-free DNA (cfDNA)}—nuclear or mitochondrial
DNA released by damaged host cells—is one such DAMP, and activates immune cells
via toll-like receptor (TLR) activation, eliciting a sterile inflammatory response.1 =13
Cationic nanoparticles (NPs) have been explored for scavenging inflammatory anionic
cfDNA to treat cfDNA-associated diseases,'""” but their potential systemic cytotoxicity
would limit their clinical use.'® Other mediators of sepsis include lipopolysaccharides
(LPSs) released from the membranes of infectious bacteria. LPSs are potent PAMPs that
activate immune cell TLRs, stimulating the production of nitric oxide (NO) and inflamma-
tory cytokines.'”?" Antagonists of TLR activation can reduce inflammation in sepsis, but

Progress and potential
Recent research points to the
pathogenic role of cell-free DNA
(cfDNA) as damage-associated
molecular pattern molecules in
activating the toll-like receptor
(TLR) pathways and inducing
inflammation. We, and others,
have been using cationic
nanostructures to scavenge
cfDNA molecules as a new
strategy to modulate sepsis. To
reduce toxicity, we hypothesize
that the incorporation of
antibacterial and antioxidation
components into an anion
nanostructure can offer the
multifunctionality of cfDNA
scavenging, antibacterial effect,
and antioxidation to improve
therapeutic efficacy while
reducing side effects. We
screened a number of
nanoparticle (NP) compositions
and showed that the tannic acid-
Zn**-gentamicin NPs (TA-Zn-Gen
NPs) with multiple anti-sepsis
activity could reduce multiple
organ damage and achieve a 60%
survival rate in a severe sepsis
animal model. Our study suggests
a new strategy of treating
inflammatory diseases with
anionic nanomaterials.
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excessive TLR inhibition and systemic loss of TLR function can cause immune suppression
and increase the risk of infection.””** Excessive production of reactive oxygen species
(ROS) such as hydroxyl radicals (+OH) and superoxide anion radicals (O,™) also plays an
important role in sepsis.”>?® Increased ROS levels cause DNA damage resulting in loss
of cell function, cell death, and release of cfDNA,”’ perpetuating systemic inflammation
and leading to organ failure and death. Reducing ROS levels is thus critical in sepsis
treatment.

Therapies that target only a single mediator of sepsis have failed to reduce its mortality
rate.”*' Since multiple factors contribute dynamically to cause systemic inflammation
during sepsis,*” we hypothesized that a multifunctional NP that targeted multiple fac-
tors simultaneously could achieve a greater anti-sepsis therapeutic effect. Here, we
developed multifunctional TA-Zn-Gen NPs that consist of tannic acid, Zn?*, and genta-
micin for improved sepsis treatment. We synthesized a series of TA-Zn-Gen NPs with
different gentamicin contents in a simple, low-cost, scalable, one-pot process at
ambient temperature (Figure 1A), and characterized the NPs in terms of their physico-
chemical properties and anti-sepsis therapeutic activity in vitro and in vivo, with a focus
on five mechanisms of anti-sepsis therapeutic activity (Figures 1B and 1C): (1) binding
and scavenging inflammatory cfDNA and inhibition of cfDNA-induced TLR activation
and NF-kB signaling; (2) inhibition of activated macrophage-induced macrophage
recruitment; (3) scavenging of ROS and inhibition of ROS-induced DNA damage and
cell death; (4) inhibition of bacterial LPS-induced NO production; and (5) antibacterial
activity and inhibition of bacteria-induced inflammation.

RESULTS AND DISCUSSION

Characterization of TA-Zn-Gen NPs

We fabricated a series of TA-Zn-Gen NPs with increasing amounts of gentamicin (Ta-
ble S1). The chemical structures of tannic acid and gentamicin are shown in Figure S1.
As-constructed TA-Zn-Gen NPs displayed spherical morphology (Figure S2). The
size, polydispersity index (PDI), and zeta potential of the NPs increased with
increasing gentamicin content (Figures 2A-2C). Intriguingly, when the tannic acid/
gentamicin (TA:Gen) weight ratio was increased from 1:0.5 to 1:1, the NP size
increased sharply from ~200 nm to over 2 pm in diameter, and the surface charge
flipped from negative to positive. Since anionic NPs are favorable for prolonging
blood circulation time and enhancing accumulation in inflamed sites,*® we selected
the three smaller, anionic NPs for further investigation. Element analysis confirmed
the presence of nitrogen (due to gentamicin) in the NPs (Figure 2D), and inductively
coupled plasma mass spectroscopy (ICP-MS) confirmed the presence of Zn (Fig-
ure 2D). C=0 and C=C characteristic peaks of tannic acid®* were observed in the
Fourier transform infrared spectroscopy (FTIR) spectra of the NPs (Figure 2E), con-
firming the presence of tannic acid. No crystalline peak was observed in X-ray diffrac-
tion (XRD) spectra (Figure 2F), indicating an amorphous structure. Stability analysis
of the TA-Zn-Gen NPs showed no statistically significant change in size after
2 days of incubation in phosphate buffered solution (PBS), Fetal bovine serum
(FBS), or Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS, indi-
cating their stability under physiological condition (Figure S3).

DNA binding affinity of TA-Zn-Gen NPs

In preliminary experiments, we were surprised to observe that TA-Zn-Gen NPs with a
net negative surface charge (NPs 1-3) exhibited concentration-dependent absorp-
tion of Cy5-labeled CpG (a short single-stranded DNA [ssDNA] oligonucleotide
that activates TLR9) (Figure S4). We further evaluated the calf thymus DNA binding
affinity of the NPs in Tris-EDTA (TE) buffer with and without 10% FBS by measuring
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Figure 1. Schematic illustration of preparation of TA-Zn-Gen NPs and using TA-Zn-Gen NPs to treat sepsis

(A) Preparation of TA-Zn-Gen NPs.

(B) Schematic of anti-sepsis therapeutic targets of the NPs.

(C) Mechanistic view of anti-sepsis activity of NPs in a CLP-induced sepsis model. The therapeutic targets (a—e) are defined at the bottom of the figure.

unbound PicoGreen-labeled DNA (Figures 3A and 3B). Despite their net negative
surface charge, TA-Zn-Gen NPs 1-3 exhibited high DNA binding affinity. TA-Zn-
Gen NPs with increasing gentamicin content displayed increasing DNA binding
affinity, possibly due to electrostatic interactions between DNA and gentamicin.
Interestingly, free tannic acid also exhibited DNA binding (Figure 3A), possibly
due to hydrogen bonding between tannic acid and the phosphate backbone of
DNA. The addition of 10% FBS reduced DNA binding in all groups, but the compet-
itive interactions due to serum proteins were overcome by increasing the amount of
NPs (Figure 3B). To investigate whether charged molecules in the cytoplasm of cells
cause dissociation of TA-Zn-Gen/DNA complexes, we performed GFP plasmid
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Figure 2. Characterization of TA-Zn-Gen NPs

20 30
Degree (20)

(A-C) (A) Size, (B) PDI, and (C) zeta potential of TA-Zn-Gen NPs with increasing gentamicin content. TA:Gen weight ratio = (1) 1:0.125, (2) 1:0.25, (3) 1:0.5,
(4) 1:1, (5) 1:2. A sharp increase in particle size and PDI and a change from net negative to positive surface charge occurred between a TA:Gen weight

ratio of 1:0.5 and 1:1.

(D-F) (D) ICP-MS and element analysis, (E) FTIR spectra, and (F) XRD spectra of TA-Zn-Gen NPs 1-3.

transfection experiments using TA-Zn-Gen 3 NPs as a plasmid DNA carrier. A CCK-8
assay was used to determine the cytotoxicity of the NPs to RAW 264.7 murine macro-
phage cells (Figure 3C), and a nontoxic NPs concentration of 100 pg/mL was chosen
for transfection experiments. Following transfection of HEK 293 cells, bright fluores-
cence was observed in the positive control group (using Lipofectamine 3000 as DNA
carrier), but negligible fluorescence was observed when TA-Zn-Gen 3 NPs were used
as the DNA carrier (Figure S5). These results suggest that robust binding between
the NPs and plasmid prevented release of the GFP-encoding plasmid for transcrip-
tion and translation.

Anti-inflammatory effect of TA-Zn-Gen NPs in vitro

Inflammatory circulating nucleic acids such as CpG DNA activate TLR? signaling
following endocytosis, leading to recruitment of MyD88 and NF-kB signaling.*®
Therefore, we investigated the internalization of the TA-Zn-Gen NPs and their ability
to block CpG-induced TLR9 activation in vitro. FITC-labeled TA-Zn-Gen NPs were
internalized with high efficiency by RAW 264.7 cells, as observed by confocal laser
scanning microscopy (CLSM) (Figures 3D and Sé). Colocalization of FITC-labeled
NPs and Cy5-CpG fluorescence was observed in endolysosomal compartments (Fig-
ure 3D), confirming the internalization of TA-Zn-Gen NPs via endocytosis, which
might be beneficial for blocking recognition between CpG and TLR9.

We then measured NP inhibition of nucleic acid-induced TLR activation by using
HEK-Blue human TLR (hTLR) cells and monitoring downstream NF-kB signaling
(Figure S7). HEK-Blue hTLR3, hTLR4, and hTLR9 cells were constructed by
co-transfecting the hTLR gene and an optimized secreted embryonic alkaline
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Figure 3. DNA binding affinity and cytotoxicity

(A and B) DNA binding affinity of NPs at different NP:DNA mass ratios (see legend) in TE buffer without FBS (A) and with 10% FBS (B). [Calf thymus

DNA] = 0.5 ug/mL.
(C) Cytotoxicity of NPs to RAW 264.7 cells.

(D) Colocalization of FITC-labeled TA-Zn-Gen NPs and Cy5-labeled CpG in lysosomes (CLSM images). Scale bar, 10 pm.

phosphatase (SEAP) reporter gene into HEK 293 cells. An IFN-B minimal promoter
fused to five NF-kB and AP-1 binding sites was designed to control the expression
of SEAP reporter gene. TLR agonist treatments initiate the expression of NF-«xB
and AP-1, which induce production of SEAP, which is detected by using Quanti-
Blue reagent and measuring the optical density (OD) at 620 nm. We tested three
TLR agonists: (1) CpG Bw006 ssDNA oligonucleotide, a TLR? ligand; (2) Poly (1:C),
a synthetic double-stranded RNA analog that activates TLR3 signaling; and (3)
LPS, a TLR4 ligand. The NPs alone did not activate the TLRs (Figure S8). Consistent
with the previous nucleic acid binding results, the NPs inhibited CpG-induced acti-
vation of HEK-Blue hTLR9 cells and inhibited Poly (I:C)-induced activation of HEK-
Blue hTLR3 cells in a NP dose-dependent manner, regardless of the presence or
absence of FBS (Figures 4A, 4B, 4D, 4E, and S9). However, the NPs did not inhibit
LPS-induced HEK-Blue hTLR4 activation (Figures 4C and 4F). Together, these results
demonstrate that the TA-Zn-Gen NPs specifically inhibit nucleic acid (DNA or RNA
but not LPS)-induced TLR activation and downstream NF-kB signaling.

To our surprise, tannic acid alone also inhibited nucleic acid-induced activation of
TLR9 and TLR3. We then performed a further experiment to prove that the anti-
inflammation activity of TA-Zn-Gen NPs was derived from the nucleic acid scav-
enging capability instead of the function of tannic acid. In this experiment, we mixed
each agonist (CpG, Poly (I:C), or LPS) with TA-Zn-Gen NPs at different NPs concen-
trations for 1 h, then centrifuged the mixture to precipitate TA-Zn-Gen/agonist
complexes, and used the supernatant to treat HEK-Blue hTLR cells. When a high
NP concentration was used, the supernatant treatment resulted in lower levels of
HEK-Blue hTLR9 and hTLR3 cell activation (Figure S10). This result indicated that
NP inhibition of TLR activation was derived from nucleic acid scavenging (Figure 4G).

Activation of TLR9 by inflammatory circulating cfDNA has been suggested to play a
critical role in the progression of sepsis.’*® We next used CpG Bw006 to initiate
TLRY activation in RAW 264.7 cells and evaluated the anti-inflammation effect of the
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Figure 4. Inhibition of nucleic acid-induced TLR activation and activated macrophage-induced macrophage migration

(A-F) Activation of HEK-Blue (A) hTLRY, (B) hTLR3, and (C) hTLR4 cells in the absence of FBS after different treatments for 24 h. Activation of HEK-Blue (D)
hTLRY, (E) hTLR3, and (F) hTLR4 cells in the presence of FBS after different treatments for 24 h. The legend indicates NPs:agonist mass ratios.

(G) Schematic of inhibition of nucleic acid-induced TLR activation by TA-Zn-Gen NPs.

(H and ) (H) TNF-oo mRNA and (I) TNF-a cytokine generated by macrophages after different treatments for 24 h.

(J) Inhibition of activated macrophage-induced macrophage migration, measured using a transwell assay. Data are expressed as mean + SD. Statistical
comparisons of groups were performed using a Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).

TA-Zn-Gen NPs in terms of tumor necrosis factor alpha (TNF-a) transcription and trans-
lation. TA-Zn-Gen NP treatment reduced transcription and translation of TNF-a (Figures
4H and 4l), indicating NPs inhibition of nucleic acid-induced inflammation in vitro.

Inhibition of activated macrophages-induced macrophages recruitment
Macrophage accumulation in inflamed sites aggravates inflammation, and reducing
activated macrophage-induced macrophage recruitment is a promising strategy for
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alleviating inflammation in sepsis.”” CpG Bw006-activated RAW 264.7 macrophages
recruited a large number of macrophages from the upper side of a transwell cham-
ber to the lower side (Figures 4J and S11) due to chemotaxis induced by release of
attractants by activated macrophages. When TA-Zn-Gen NPs were added, macro-
phage migration was sharply reduced. Thus, the TA-Zn-Gen NPs not only inhibit
nucleic acid-initiated TLR activation but also inhibit activated macrophage-induced
macrophage migration once macrophages are activated.

ROS scavenging and protection from ROS-induced cell damage

ROS have emerged as an important factor in the pathophysiology of sepsis.*® Since
tannic acid is a natural antioxidant that has been explored for use as an ROS scav-
enger, we examined the ROS scavenging ability of TA-Zn-Gen NPs. The -OH scav-
enging capability of the TA-Zn-Gen NPs was assessed by monitoring the absorption
kinetics at 650 nm of oxidized 3,3',5,5'-tetramethylbenzidine (TMB) generated from
the oxidation of TMB by -OH. A Fenton reaction between Cu®* and H,O, was used
to produce +OH. The TA-Zn-Gen NPs markedly reduced the generation of oxidized
TMB by +OH in a NPs dose-dependent manner (Figures 5A and S12), indicating that
the NPs scavenge hydroxyl radicals. Next, the oxidation of xanthine by xanthine ox-
idase was used to produce O, ™, and the O, scavenging ability of the TA-Zn-Gen
NPs was characterized by measuring the fluorescence of ethidium, the product of hy-
droethidine oxidation by O,™ at 610 nm.*" The fluorescence intensity decreased
with increasing NP concentration (Figure 5B), indicating the elimination of O, by
the NPs. The intracellular ROS level was then evaluated by using cell-permeant
2',7'-dichlorodihydrofluorescein diacetate (H,DCFDA) as an indicator. Bright green
fluorescence was observed in tert-butyl hydroperoxide (TBHP)-treated cells upon
stimulation (Figures 5C and 5D), demonstrating the successful induction of oxidation
pressure. With the introduction of the TA-Zn-Gen NPs, the fluorescence intensity in
cells decreased significantly, indicating ROS scavenging by the NPs in vitro, which
was further confirmed by detecting the 2’,7'-dichlorofluorescein (DCF) fluorescence
at 520 nm with multiwell plate reader via excitation at 490 nm (Figure S13).

Next, the effect of TA-Zn-Gen NPs on ROS-induced cell DNA damage was evaluated
through a plasmid nicking assay.*” In this experiment, 2,2'-azobis(2-amidinopro-
pane) dihydrochloride (AAPH) was used as an ROS source to convert supercoiled
DNA into the nicked form. Supercoiled DNA and nicked DNA possess different elec-
trophoretic mobilities and can be separated by agarose gel electrophoresis. The
supercoiled plasmid DNA strand was damaged by AAPH treatment, and a high frac-
tion of the nicked form was observed in a gel electrophoretogram (Figures 5E and
S14). In contrast, the formation of the nicked form decreased dramatically when
TA-Zn-Gen NPs were added, demonstrating protection from ROS-induced DNA
damage by the NPs. Next, NP protection against cellular DNA damage was deter-
mined by measuring the amount of phosphorylation of the histone variant H,AX.*?
TA-Zn-Gen NP-treated cells exhibited lower amounts of phosphorylated H,AX
(YH2AX) than untreated cells (Figures 5F, S15, and S16), demonstrating the protec-
tive effect of the NPs on DNA integrity. Next, the protective effect of the TA-Zn-Gen
NPs from ROS-induced cell death was investigated. The NPs reduced ROS-induced
cell death in a dose-dependent manner (Figure 5G). Collectively, these results show
that the TA-Zn-Gen NPs scavenge intracellular ROS and prevent ROS-induced DNA
damage and cell death. This blocking of ROS-related inflammatory macrophage
signaling is an important anti-sepsis activity.
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(Aand B) (A) +OH and (B) O, scavenging capability of the TA-Zn-Gen NPs. (A) 1, HT; 2, HTC; 3, HTC/gentamicin; 4, HTC/tannic acid; 5, HTC/TA-Zn-Gen
1; 6, HTC/TA-Zn-Gen 2; 7, HTC/TA-Zn-Gen 3. T, TMB; H, H,O,; C, Cu®".

(C) Intracellular ROS imaging of macrophages after treatments. BF, bright field. Scale bar, 100 pm.
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(D) Semi-quantitative fluorescence intensity of images in Figure 5C evaluated by Image J.

(E) NPs protection from ROS-induced DNA damage assessed using a plasmid nicking assay and agarose gel electrophoresis. The positions of lanes
from gels were rearranged to make them easy to compare.

(F) Phosphorylated histone variant H,AX imaging of macrophages following different treatments. Scale bar, 100 pm.

(G) Protective effect of NPs on ROS-induced cell death (CCK-8 assay). Data are expressed as mean £ SD. Statistical comparisons of groups were
performed using Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).

Inhibition of LPS-induced nitric oxide generation

LPS are potent PAMPs that are released from the outer membrane of bacteria and
activate TLR4 on immune cells, eliciting the production of NO. Macrophage-derived
NO plays a critical role in immune system protection against pathogenic infection.
However, overexpression of NO by inducible nitric oxide synthase (iNOS) contrib-
utes to an excessive inflammation in sepsis.** Therefore, reduction of NO is an alter-
native strategy for mitigating inflammation in sepsis. Although the TA-Zn-Gen NPs
did not specifically bind LPS and inhibit LPS-induced TLR4 activation, they did
reduce LPS-stimulated iNOS mRNA expression and NO production in RAW 264.7
cells (Figures 6A and 6B).
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(A) Expression of INOS mRNA in macrophages following different treatments.

(B) Level of NO generated by macrophages following different treatments.

(C and D) Antibacterial effect of TA-Zn-Gen NPs 1-3 after treatment for 6 h (C) and 12 h (D).

o
w

o
[N}

o

o
=}

0.5
0.4
0.3
0.2
0.1
0.0

¢? CellPress

~o= TA-Zn-Gen 1
TA-Zn-Gen 2
TA-Zn-Gen 3

20 40 60 80
Concentration (ug/mL)

Zn2+

~~ ;LRErlnic acid
Gentamicin

TA-Zn-Gen 3
20 40 60 80

Concentration (ug/mL)
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mean + SD. Statistical comparisons of groups were performed using Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).

Antibacterial effect

To examine the direct effect of the TA-Zn-Gen NPs on pathogenic bacteria, we
tested the effect of the NPs on Escherichia coli. TA-Zn-Gen NPs 1-3 (which have
increasing gentamicin content) displayed increasing antibacterial activity at the
same NPs concentration, indicating a gentamicin concentration-dependent antibac-
terial effect (Figures 6C, 6D, and S17). Since TA-Zn-Gen 3 NPs exhibited the
strongest antibacterial activity, we selected these NPs for comparisons with the
free components of the NPs. Free tannic acid exhibited slight antibacterial activity
ata high concentration, and free gentamicin showed a potent concentration-depen-
dent antibacterial effect (Figures 6E and 6F). Interestingly, TA-Zn-Gen 3 NPs ex-
hibited greater antibacterial activity than free gentamicin and free tannic acid at
the same dose, possibly due to a synergistic effect of gentamicin and tannic acid.

Anti-sepsis therapeutic activity of TA-Zn-Gen NPs in CLP-induced sepsis model

We selected the TA-Zn-Gen 3 NPs for in vivo studies because they showed the great-
est DNA scavenging effect and antibacterial capability in vitro. We compared the
anti-sepsis activity of the TA-Zn-Gen 3 NPs with that of a soluble mixture of the com-
ponents of the NPs (TA/Gen/Zn) with an equivalent dosage of each component as in
the NPs. A cecal ligation and puncture (CLP) procedure was implemented to estab-
lish polymicrobial peritonitis-induced sepsis (Figure 7A) due to this model’s massive
TLR9 activation, similar to clinical sepsis. CLP-induced severe sepsis was established
in C57 mice as described previously.*> The clinical score, survival rate, and body
weight of mice were recorded for five consecutive days post CLP. Clinical score
criteria are listed in the supporting information, in the section “treatment of CLP-
induced sepsis model.” The TA/Gen/Zn and TA-Zn-Gen 3 NP treatment groups ex-
hibited significantly diminished clinical score (Figure 7B), indicating recovery of
physical state after treatment. No mice in the CLP group without treatment survived
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Figure 7. Therapeutic effect on CLP-induced sepsis

(A) Schematic of CLP-induced sepsis model and treatment schedule.

(B-D) (B) Clinical score, (C) survival rate, and (D) body weight of mice in different treatment groups recorded for five consecutive days.

(E and F) (E) Ex vivo fluorescence imaging and (F) quantitative assessment of distribution of Cy7-labeled TA-Zn-Gen 3 NPs in major organs and cecum at
different times following CLP.

Data are expressed as mean t SD. Statistical comparisons of groups were performed using a Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).

after 2 days. Repetitive intraperitoneal administration with TA/Gen/Zn at 1 h and
12 h post CLP resulted in a notable survival rate (40%) (Figure 7C). The same admin-
istration of TA-Zn-Gen 3 NPs further delayed CLP-induced lethality and produced
the highest survival rate (60%). This result may be due to the scavenging of multiple
mediators of sepsis by the NPs and their prolonged circulation and tissue retention
time, improving their protection from organ damage. Increased mouse body weight
was observed after 2 days of treatment with TA/Gen/Zn or TA-Zn-Gen 3 NPs (Fig-
ure 7D), further indicating an anti-sepsis therapeutic effect. The biodistribution
and retention time of the TA-Zn-Gen 3 NPs was assessed by using fluorescent
Cy7-labeled TA-Zn-Gen 3 NPs and ex vivo fluorescence imaging. The NPs were in-
jected at 1 h after CLP, and the major organs and cecum were harvested at4 h, 12 h,
and 24 h post CLP for fluorescence imaging. TA-Zn-Gen 3 NPs showed long reten-
tion in major organs and inflamed cecum (Figures 7E and 7F), a promising result for
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Figure 8. Effect on multiple meditators of sepsis in vivo
A) Level of cfDNA in serum at 24 h post CLP.
B) Activation of HEK-Blue hTLR9 cells in different treatment groups.
C) M1 polarization ratio of macrophages.
D) Cells with high ROS level in peritoneal cavity at 24 h post CLP, characterized by flow cytometry.
E and F) (E) Bacteria CFU and (F) bacterial colony image from peritoneal cavity of mice in different treatment groups.
G and H) Proinflammatory cytokines TNF-a (G) and IL-6 (H) in serum.
land J) TNF-a (I) and IL-6 (J) in peritoneal cavity. Data are expressed as mean + SD. Statistical comparisons of groups were performed using Student’s t
test (*p < 0.05, **p < 0.01, ***p < 0.001).
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prolonged protection from inflammatory mediators of sepsis and multiorgan
dysfunction.

We further examined the effects of the NPs on multiple meditators of sepsis in vivo:
cfDNA, activated macrophages, ROS, bacteria, and inflammatory cytokines. The un-
treated CLP group exhibited a sharply elevated cfDNA level in plasma and signifi-
cantly increased activation of HEK-Blue hTLR9 cells by cfDNA extracted from serum
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(Figure S$18), in contrast to control and sham groups. Notably, treatment with TA-Zn-
Gen 3 NPs reduced cfDNA to the non-CLP level (Figure 8A), demonstrating cfDNA
scavenging by the NPs in vivo. To our surprise, treatment with the mixture of free
components, TA/Gen/Zn, also reduced the cfDNA level in serum, possibly due to
reduced release of cfDNA from damaged cells following the therapeutic effects of
gentamicin and tannic acid. We used HEK-Blue hTLR? cells to examine the inhibition
of cfDNA-induced TLR9 activation by the NPs in vivo. The serum of TA-Zn-Gen 3 NP-
treated mice showed the lowest TLR9 activation (Figure 8B), indicating reduction of
cfDNA-induced TLR9 activation, consistent with the reduced cfDNA level in serum. A
reduced fraction of M1 polarized macrophages was observed in both TA-Zn-Gen 3
NPs and TA/Gen/Zn treatment groups (Figure 8C), indicating inhibition of macro-
phage activation. We next assessed ROS levels in the treatment groups. In compar-
ison with the untreated CLP group, TA-Zn-Gen 3 NPs and TA/Gen/Zn treatments
reduced the fraction of cells with a high ROS level in the peritoneal cavity (Figures
8D, S19, and S20), indicating alleviation of inflammation at this site. The TA-Zn-
Gen 3 NP treatment caused greater reduction in ROS than TA/Gen/Zn. The number
of bacteria in the abdominal cavity was also evaluated. The fewest bacteria in the
peritoneal cavity were observed in the TA-Zn-Gen 3 NP treatment group (Figures
8E and 8F), demonstrating the outstanding antibacterial effect of the NPs in vivo.
Since cytokine release is a main consequence of TLR activation, the proinflammatory
cytokines interleukin 6 (IL-6) and TNF-a, which are predominantly secreted by acti-
vated immune cells, were investigated. Large quantities of TNF-a and IL-6 were de-
tected in the serum and peritoneal cavity of mice in the untreated CLP group (Figures
8G-8J). In contrast, both TA-Zn-Gen NPs and TA/Gen/Zn treatments showed
decreased TNF-a.and IL-6 levels in serum and peritoneum. The NPs caused a greater
reduction of TNF-a and IL-6 than the mixture of components, possibly due to scav-
enging of cfDNA by the NPs.

Since multiple organ failure due to a .”cytokine storm is a primary clinical manifesta-
tion of severe sepsis, we examined the effects of the NPs on multiple organ injury by
histopathological and biochemical analysis.*® As shown in H&E staining images (Fig-
ure S21), typical characteristics of multiple organ injuries such as tissue destruction
and leukocyte infiltration appeared in the heart, liver, lung, and kidney of mice in
the untreated CLP group. Treatment with the TA/Gen/Zn mixture showed limited
protective effect on organ damage, although this treatment alleviated inflammation.
In contrast, and in agreement with the survival data, the TA-Zn-Gen 3 NPs appeared
to reduce multiple organ injury as suggested by histological analysis. Consistently,
blood biochemical analysis validated the protective effects of the TA-Zn-Gen 3
NPs in preventing major organ failure (Figure S22). No detectable side effect was
observed in the organs of mice at 5 days after injection with the TA-Zn-Gen 3 NPs
(Figure S23), indicating the low systemic toxicity of the TA-Zn-Gen 3 NPs. Collec-
tively, the TA-Zn-Gen NPs displayed a more favorable therapeutic effect than the
soluble mixture of components, demonstrating the importance of scavenging in-
flammatory cfDNA and prolonging retention time in inflamed tissues, and showing
the potential for using multifunctional NPs that target multiple mediators of sepsis to
improve sepsis treatment.

Conclusions

Here we developed multifunctional NPs consisting of tannic acid, Zn®*, and
gentamicin that attenuate both hyperinflammation and infection to improve sepsis
treatment. The TA-Zn-Gen NPs bind inflammatory cfDNA, inhibit macrophage
recruitment, scavenge detrimental ROS, modulate macrophage activation, and kill
bacteria, thereby effectively eliminating multiple mediators of sepsis, resulting in
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an attenuated inflammatory response. The TA-Zn-Gen NPs yielded 60% survival of
CLP septic mice versus 40% for a soluble mixture of tannic acid, Zn%*, and genta-
micin, and 0% for untreated CLP mice. The NPs significantly ameliorated systemic
inflammation as assessed by cytokine profiling, reduced TLRY activation, and
reduced organ failure. This robust protective effect of the TA-Zn-Gen NPs in a severe
sepsis model suggests that using multifunctional NPs that scavenge or otherwise
target multiple mediators of inflammation might provide a novel effective strategy
for treating sepsis as well as many other inflammation-associated diseases.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Please contact Prof. Kam W. Leong via kam.leong@columbia.edu for further
information.

Materials availability
The materials generated in this study are available from the corresponding author
upon request.

Data and code availability
All data are available upon request to the lead contact.

Materials

Gentamicin sulfate, Zn(NO3),-6H,0, tannic acid, CuSO,-5H,0, H,O, solution,
tert-butyl hydroperoxide (TBHP), 2,2’-azobis(2-amidinopropane) dihydrochloride
(AAPH), xanthine oxidase, xanthine, calf thymus DNA, hydroethidine, and transwell
cell culture plate inserts were purchased from Sigma Aldrich. Cy7-NHS ester was
purchased from Meilun, China. FBS, PBS, and DMEM were purchased from Gibco.
HEK-Blue hTLR cell lines, Quanti-Blue, CpG Bw006, LPS, and Poly (I:C) were pur-
chased from InvivoGen. Quant-iT PicoGreen dsDNA Assay Kit, 4',6-diamidino-2-
phenylindole (DAPI), and LysoTracker Red DND-99 were purchased from Invitrogen.
Lipofectamine 3000, 2-(3,6-diacetyloxy-2,7-dichloro-9H-xanthen-9-yl) benzoic acid
(H.DCFDA), Nitric Oxide Assay Kits, and HCS DNA Damage Kits were purchased
from Thermo Fisher Scientific. Total mRNA extraction kits, TIANScript Il RT Kits,
and SuperReal PreMix Plus (SYBR Green) were purchased from Tiangen, China. A
DNA Blood Mini Kit was purchased from Qiagen, Germany. F4/80-PE-Cy7,
CD11¢c-PE, and CD11b-FITC antibodies were purchased from eBioscience. TNF-a
and glyceradehyde-3-phosphate dehydrogenase (GAPDH) primers were synthe-
sized by Sangon Biotech, China. CCK-8 was purchased from Abcam.

Instruments

NP zeta potential and size were measured using a Malvern Zetasizer. UV-visible ab-
sorption spectra were obtained with a UV-1700 Spectrophotometer (Shimadzu,
Japan). FTIR spectra were recorded using a Nicolet 520 FTIR spectrometer. Powder
XRD (PXRD) spectra were obtained with a D8 ADVANCE X-ray diffractometer (40 kV,
40 mA). Zn content was determined by inductively coupled plasma atomic emission
spectroscopy (ICP-MS, Thermo Scientific Xseries 2, Thermo Fisher Scientific).
Elemental analysis results were measured with a VARIO EL-IIl Elemental Analyzer.

Preparation of TA-Zn-Gen NPs

Tannic acid solution (100 mg/mL), Zn (NO3)2-6H,0 solution (50 mg/mL), and different
volumes (0.125,0.25, 0.5, 1, and 2 mL for TA-Zn-Gen NPs #1-#5, respectively) of genta-
micin solution (100 mg/mL) were continuously added to Milli-Q water to create a final
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volume of 25 mL. The mixture was stirred at room temperature for 10 min, then the pH
was adjusted to 5.2 using 10 M NaOH solution, and stirring was continued for another
20 min. The complex was then centrifuged at 8,000 rpm for 5 min, and the collected pre-
cipitate was washed with Milli-Q water three times. The precipitate was lyophilized with
trehalose as a cryoprotectant for further use.

DNA binding affinity

Quant-iT PicoGreen (12.5 uL) and calf thymus DNA (5 mg/mL, 25 pl) were mixed with
1x TE buffer (10 mL) in the dark. NPs at different concentrations in 100 uL together
with 100 uL of the above solution were added to a 96-well black plate and incubated
at 37°C for 30 min. The fluorescence intensity of the Picogreen-DNA complex at
520 nm was measured with a multiwell plate reader (Bio-Tek, Winooski, VT) via exci-
tation at 490 nm.

ROS scavenging

Hydroxyl radicals were generated by a Fenton reaction of CuSO,4 and H,0,. The
amount of hydroxyl radical scavenged was calculated by measuring the character-
istic absorbance of oxidized TMB (1 mM) at 650 nm in the presence of CuSO,4
(2 mM), H;O, (5 mM), and NPs. Superoxide anions were generated by mixing
xanthine oxidase (0.05 U/mL) and xanthine (0.6 mM) in PBS at 37°C for 40 min.
NPs at different concentrations were added to the above solution and incubated
for another 40 min, followed by adding hydroethidine at 0.5 mg/mL. The amount
of superoxide anion scavenged was determined by measuring the fluorescent inten-
sity of ethidium (oxidation product of hydroethidine by superoxide radical) at
610 nm with a multiwell plate reader via excitation at 470 nm.

Cytotoxicity assay

The cytotoxicity of NPs was evaluated with a CCK-8 assay. RAW 264.7 cells were
plated into a 96-well plate at a density of 8,000 cells/well and were allowed to adhere
overnight in growth medium at 37°C, 5% CO,. The cells were then treated with NPs
at different concentrations and cultured for another 24 h. The medium was replaced
with medium containing 10% CCK-8 (100 plL), and cell viability was determined with
a multiwell plate reader by measuring the OD at 490 nm.

Colocalization of NPs and CpG in cells

RAW 264.7 cells were seeded on coverslips in a 12-well plate at 5 x 10* cells/well
and were allowed to adhere overnight in growth medium at 37°C, 5% CO,. Next,
1 ng/mL of Cy5.5-labeled CpG 1826 was added for 30 min. Then the cells were
washed with PBS three times and were cultured with FITC-labeled NPs (100 pg/
mL) for another 12 h. The cells were then stained with DAPI and LysoTracker Red
DNA-99, washed repeatedly with PBS, mounted on slides with mounting medium,
and imaged with a Nikon structured illumination microscope.

Transfection of plasmid green fluorescent protein (pGFP) by TA-Zn-Gen 3 NPs
HEK 293 cells were seeded in a 24-well plate at 2 x 10° cells/well and were allowed
to adhere overnight in growth medium at 37°C, 5% CO,. Next, the cells were treated
with a pre-mixed solution of plasmid (1 pg/well) and TA-Zn-Gen 3 at different NPs
concentrations and were cultured for another 24 h. For the positive control group,
Lipofectamine 3000 was used. The effect of the NPs on transfection was determined
by green fluorescence intensity using a fluorescence microscope.
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Inhibition of agonist-induced TLR3, TLR4, and TLR9 activation by NPs
HEK-Blue hTLR cells were cultured and maintained in DMEM with 10% FBS and 1%
penicillin-streptomycin. To evaluate NPs inhibition of TLR activation, HEK-Blue hTLR
cells were seeded in a 96-well plate for 30 min then treated with 2 pl of agonist (CpG
Bw0O06 or Poly (I:C), 1 mg/mL; LPS, 100 ng/mL). After 20 min of incubation, 2 puL of
NPs at different concentrations were introduced in a final volume of 200 pL. After
24 h, the supernatants were collected and mixed with Quanti-Blue. TLR activation
associated with SEAP activity was determined with a multiwell plate reader by
measuring the OD at 620 nm. The cell densities (in a 96-well plate) and agonists
used were 8 x 10* cells/well and CpG Bw006 for HEK-Blue hTLR? cells, 5 x 10*
cells/well and Poly (1:C) for HEK-Blue hTLR3 cells, and 2.5x10* cells/well and LPS
for HEK-Blue hTLR4 cells.

In vitro anti-inflammatory assay

RAW 264.7 macrophages were seeded in a 96-well plate at 2 x 10* cells/well and
after 30 min of incubation were treated with 2 pL of CpG Bw006 (1 mg/mL). After
another 20 min, 2 uL of NPs at different concentrations were added in a final volume
of 200 pL. After incubation for another 24 h, the supernatants were collected and as-
sessed with a TNF-a ELISA kit.

Quantitative real-time PCR assay in vitro

RAW 264.7 cells were seeded in a 6-well plate at 5 x 10° cells/well for 30 min, then
CpG Bw006 or LPS was added (final concentration: CpG Bw006, 1 pg/mL; LPS,
10 ng/mL). The NPs were added at a final concentration of 100 pg/mL after
20 min of incubation. After 24 h, total mMRNA was exacted and reverse transcribed
to cDNA with a total mRNA extraction kit and a TIANScript Il RT Kit, respectively.
gPCR was then performed using SuperReal PreMix Plus (SYBR Green) on a gPCR ma-
chine (Roche Diagnostics Ltd, Lewes, UK). Amplified transcripts were quantified us-
ing the comparative cycle threshold (Ct) method.

Intracellular ROS assay

For imaging ROS levels, RAW 264.7 cells were seeded in 12-well plates (1 x 10°/
well) and were allowed to adhere overnight in growth medium (37°C, 5% CO,).
The cells were then treated with 1 mM TBHP for 4 h. Following three washes with
PBS, the cells were treated with NPs for another 24 h. After staining with H,DCFDA
and DAPI, the cells were washed repeatedly with PBS and were imaged using a fluo-
rescence microscope.

Protection from ROS-induced DNA damage

Supercoiled pGFP plasmid DNA (0.05 pg/mL, 2 pl), NPs (100 pg/mL, 2 pl), AAPH
(10 mM, 4 L), and PBS (2 uL) were mixed and incubated at 37°C for 1 h. After mixing
with 1X loading buffer (2 pL), the samples were analyzed by electrophoresis in 1%
agarose gels stained with ethidium bromide for 1 h (buffer: 45 mM Tris-borate,
1 mM EDTA, pH 8). After electrophoresis, the gels were illuminated with a UV trans-
illuminator and photographed, and band intensities were analyzed using ImageJ
software.

DNA damage imaging

RAW 264.7 cells were seeded on coverslips in a 96-well plate at 2 x 10* cells/well
and were allowed to adhere overnight in growth medium at 37°C, 5% CO,. The cells
were then treated with 50 uM H,O, and NPs (50 pg/mL) for 24 h. For the control
group, no H,O, and NPs were added; for the positive control group, only H,O,
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was added. Following staining with DAPI and HSC DNA Damage Kit, the cells were
washed with PBS and imaged with a fluorescence microscope.

Protection from ROS-induced cell death

RAW 264.7 cells were plated in a 96-well plate at 8,000 cells/well and were allowed
to adhere overnight in growth medium at 37°C, 5% CO,. The cells were then treated
with H,O, (100 uM) and NPs at different concentrations for 24 h. For the control
group, no H;O; and NPs were added; for the positive control group, only H,O,
was added. Next, the medium was replaced with medium containing 10% CCK-8
(100 pl). The viability of cells was determined with a multiwell plate reader by
measuring the OD at 490 nm.

In vitro anti-macrophage migration activity of TA-Zn-Gen NPs

A transwell assay was conducted to investigate the anti-macrophage migration ac-
tivity of the TA-Zn-Gen NPs. RAW 264.7 cells were seeded in a 24-well plate at
2.5 x 10° cells/well and were allowed to adhere overnight in growth medium at
37°C, 5% CO;. Then the cells were treated with CpG Bw006 for 4 h. Following
repeated washes with PBS and adding growth medium without FBS, 8-um pore pol-
ycarbonate transwell chambers containing resuspended RAW 264.7 cells (2.5 x 10°
cells, 0.2 mL) were inserted into the wells. Next, the cells were treated with NPs for 24
h. For the negative control group, no CpG Bw006 or NPs were added; for the pos-
itive control group, only CpG Bw006 was added; for the experimental groups, both
CpG Bw006 and NPs were added. After cells were allowed to migrate for 24 h, cells
on the upper side of each insert were gently removed with a cotton swab. Subse-
quently, the migrated cells on the lower side of each insert were fixed and stained
with 0.1% crystal violet. Then, five images of migrated stained cells per high-power
field fixed on the lower side of chamber were acquired for microscopic analysis.

Inhibition of LPS-induced nitric oxide generation

RAW 264.7 cells were seeded in a 96-well plate at 4 x 10 cells/well and were al-
lowed to adhere overnight in growth medium at 37°C, 5% CO,. The cells were
treated with LPS (10 ng/mL) and NPs (50 ng/mL or 100 pg/mL) for 24 h. For the nega-
tive control group, no LPS and NPs were added; for the positive control group, only
LPS was added. Then the supernatants were collected and mixed with an NO assay
kit, and nitric oxide generation was determined with a multiwell plate reader.

Antibacterial effect of NPs

E. colidiluted in Luria-Bertani liquid medium were seeded in a 96-well plate at a den-
sity of 10%/mL and were treated with NPs at different concentrations. After é h and
12 h of incubation with NPs at 37°C, the proliferation of bacteria was determined
with a multiwell plate reader by measuring the OD at 600 nm.

Establishment of CLP-induced sepsis model

C57 mice (male, 6 or 8 weeks old) were purchased from Liaoning Changsheng
Biotechnology. All animal experiments were conducted according to the guidelines
for laboratory animals established by the Animal Care and Use Committee of Jilin
University. The CLP-induced sepsis model was established as described previ-
ously.*’ Briefly, mice were anesthetized using an isoflurane anesthesia system, fol-
lowed with abdominal hair shaving and disinfection. Next, the cecum was gently
exteriorized after a 1-cm incision at the midline. After ligation with 4-0 silk at the
designated position for severe grade sepsis, the cecum was punctured with a 21-
gauge needle and the cecal content was extruded through the perforation. The
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cecum was then put back into the peritoneal cavity followed by stitching of the
incision.

Treatment of CLP-induced sepsis mice

C57 mice were divided into control, sham, CLP, TA/Gen/Zn, and TA-Zn-Gen 3 NP
groups (10 mice per group). Mice in the CLP group underwent the CLP procedure
described above without further treatment. Mice in the sham group underwent
only the abdominal laparotomy procedure without subsequent CLP. In the TA/
Gen/Zn and TA-Zn-Gen 3 NPs groups, TA/Gen/Zn or TA-Zn-Gen 3 NPs were admin-
istered at 10 mg/kg at 1 h and 12 h after CLP. TA/Gen/Zn is a soluble mixture of tan-
nic acid, gentamicin, and Zn®*, and the dosage of each component is the same as in
the TA-Zn-Gen 3 NPs. The clinical scores, survival rate, and body weight were moni-
tored for five consecutive days. The criteria of clinical score according to a previously
established method were listed as follows: 0, no symptoms; 1, piloerection and hud-
dling; 2, piloerection, diarrhea, and huddling; 3, lack of interest in surroundings and
severe diarrhea; 4, decreased movement and listless appearance; 5, loss of self-
righting reflex. Mice were humanely killed when they exhibited a score of 5.

Ex vivo fluorescence imaging

The mice were injected intraperitoneally with Cy7-labeled TA-Zn-Gen 3 NPs at
10 mg/kg at 1 h post CLP. The major organs and cecum were collected at 2 h, 12
h, and 24 h post CLP and were imaged with an in vivo imaging system.

Fraction of M1 polarized macrophages in peritoneal cavity

The fraction of M1 polarized macrophages in the peritoneal cavity was evaluated by
flow cytometry. Briefly, a peritoneal lavage was performed with 5 mL of PBS contain-
ing 10% FBS, and the cells were collected and stained with anti-CD11b-FITC, anti-
CD11c¢c-PE, and anti-F4/80-PE-Cy7 antibodies at 4°C for 1 h. As previously reported
in the literature, the CD11b and F4/80 dual-positive cells represent the micro-
phages, and the CD11b, F4/80, and CD11c triple-positive cells represent the M1-
polarized macrophages. The X axis (CD11b + F4/80 + CD11c+) in Figure 8C indi-
cated the CD11b, F4/80, and CD11c triple-positive cells. After repeated washes
with PBS, the cells were analyzed with a BD FACS Celesta multicolor cell analyzer.

Fraction of cells with high ROS level in peritoneal cavity

The fraction of cells with a high ROS level in the peritoneal cavity was evaluated by
flow cytometry. Briefly, a peritoneal lavage was performed with 5 mL of PBS contain-
ing 10% FBS, and the cells in lavage were collected and stained with an ROS kit at
4°C for 2 h. After repeated washes with PBS, the cells were analyzed with a BD
FACS Celesta multicolor cell analyzer.

Extraction and quantification of cfDNA
cfDNA from serum and peritoneal lavage fluid was extracted with a QlAamp DNA
Blood Mini Kit and were quantified with a Quant-iT PicoGreen dsDNA Assay Kit.

Number of bacteria in peritoneal cavity

A peritoneal lavage of mice in different groups was diluted and plated on Luria-Ber-
tani solid medium. After 24 h of incubation at 37°C, colony forming units (CFU) were
counted.

Activation of TLR9/MyD88/NF-«kB pathway by serum from treated mice
HEK-Blue hTLR9 cells were seeded in a 96-well plate at 8 x 10* cells/well without
FBS for 30 min and were then treated with 10 pL of serum from mice in different
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groups. After 24 h of incubation, the supernatants were collected and mixed with
Quanti-Blue. The activation of TLR?/MyD88/NF-kB pathway associated with SEAP
activity was determined with a multiwell plate reader by measuring the OD at
620 nm.
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