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A central paradigm in nanomedicine is that when synthetic nanoparticles (NPs) enter the body, they are
immediately cloaked by a corona of macromolecules (mostly proteins) that mediates the role of the physico-
chemical properties in the NP biological functions (the “coronation paradigm™). In this work, we focused on
the assessment of the “coronation paradigm” for cationic NPs (cNPs) used as rheumatoid arthritis (RA) drugs due
to their ability to scavenge cell-free DNA (cfDNA). We fabricated series of cNPs uniformly coated with single or
di-hydroxyl groups and different types of amino groups and showed that hydroxylated nanoparticles displayed a
prolonged retention in inflamed joints and greater anti-inflammatory effect in collagen-induced arthritis (CIA)
rats than the non-hydroxylated analogues. Especially, the cNPs with secondary amines and a di-hydroxyl shell
showed the best performance among the tested cNPs. Proteomic analysis showed that the cNPs with a di-
hydroxyl shell adsorbed less opsonin proteins than the cNPs carrying mono hydroxyl groups and non-
hydroxylated ones, which may provide a mechanistic explanation for the different biodistribution profiles of
cNPs. Thus, this study suggests that the protein corona mediates the effects of the surface chemistry on the fate

and functions of cNPs as anti-RA drugs.

1. Introduction

Rheumatoid arthritis (RA), an autoimmune and systemic inflam-
matory disease characterized by chronic synovitis and persistent infil-
tration of inflammatory cells, is a serious health problem that affects
about 1% of the worldwide population [1,2]. The pathophysiology of RA
is coupled to an imbalance of the immune system, for example, cyto-
kines, including TNF-q, IL-6, and IL-1p, are recruited to inflamed joints,
triggering a cascade of events that would lead to the erosion of the
bones, joints, and cartilages [3,4]. Thus, RA patients experience joint
swelling and articular cartilage/bone destruction [5]. Current anti-RA
drugs are mainly divided into four categories: disease-modifying anti--
rheumatic drugs (DMARDs), glucocorticoids (GCs), non-steroidal anti--
inflammatory drugs (NSAIDs), and biological agents [6]. However, the
therapeutic effect of these drugs is still unsatisfactory because of the
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severe side effects and risk of immune suppression-mediated infections
[71.

Recent studies have shown that cell-free DNA (cfDNA) released by
dying cells are causative agents of RA [8-11]. For instance, it has been
observed that cfDNA levels in the plasma of RA patients were much
higher than those of osteoarthritis (OA) patients [12]. Additionally, the
cfDNA levels in the joint cavity of RA patients were nearly 100 times of
those of OA patients [13]. Sequencing of the molecular patterns of
cfDNA in the synovial fluid of RA patients revealed that the oligonu-
cleotides with hypomethylated CpG-motif sequences can provoke
autoimmune responses [13]. As one of the damage-associated molecular
patterns (DAMPs), cfDNA can bind to Toll-like receptor 9 (TLR9), a
pattern recognition receptor (PRR) located on the endosomal membrane
of immune cells, and activate innate immunity [14]. In general, cfDNA
does not elicit inflammation due to its rapid degradation as well as its
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inability to access intracellular DNA sensors. However, the immune
complexes (ICs) formed by the combination of cfDNA and self-nucleic
acid antibodies/proteins (HMGB1, TFAM, LL37, and IL-26) can greatly
avoid cfDNA degradation by nucleases [15-18]. After endocytosis by
cells, ¢fDNA, or ICs, could interact with TLR9, or other nucleic acid
receptors in the cells such as DNA-dependent activator of IFN-regulatory
factor 1 (DAI) or retinoic acid-inducible gene (RIG) family members, and
elicit the secretion of pro-inflammatory factors and induce immune
cascades [19-21]. Thus, inhibiting the abnormal activation of nucleic
acid receptors by eliminating cfDNA is an artful and feasible method for
the treatment of inflammatory diseases.

Cationic materials that interact with negatively charged nucleic
acids through electrostatic interactions may inhibit abnormal immune
activation by cfDNA or their ICs. This assumption has been proven in
some investigations, including acute liver failure, systemic lupus ery-
thematosus, bacterial sepsis, psoriasis and RA [14,22-26]. Recently, we
have illustrated that cationic nanoparticles (cNPs) formed by the
self-assembly of poly(lactic-co-glycolic acid)-b-poly(2-(diethylamino)
ethyl methacrylate) (PLGA-b-PDMA) had superior DNA binding affinity,
co-localization with endosomes and in vitro blockade of inflammation
than the soluble poly(2-(diethylamino) ethyl methacrylate) (PDMA)
[25]. Additionally, we showed that cNPs could accumulate in the
inflamed joints and paws and lead to a greater inhibition of joint
swelling and restoration of destructed bone and cartilage in
collagen-induced arthritis (CIA) rats than their soluble analogue [25]. In
a follow-up study, we fabricated a library of cNPs with different charge
densities by incorporating PEG segments into PLGA-b-PDMA with
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different block ratios. The introduction of PEG chains efficiently reduced
the toxicity of cationic materials and prolonged the retention of cNPs in
the joints, while preserving the ability to inhibit inflammation [27]. In
this study we further explore cNPs by taking in consideration a crucial
aspect of the behavior of NPs in the biologic milieu.

When NPs enter the biologic milieu, their surface is immediately
cloaked by a corona of macromolecules (mostly proteins, but also lipids
and carbohydrates), commonly referred to as “protein corona”, which
imparts a new “biologic identity” to the NPs. A central paradigm in
nanomedicine is that the biologic identity mediates the effects of the
physico-chemical properties (the “synthetic identity”) on the biologic
functions of the NPs (the “coronation paradigm”). Although this para-
digm has been validated for several types of NPs used in the develop-
ment of anti-cancer approaches [28], it has not been addressed for any
type of NPs developed for the treatment of rheumatoid arthritis (RA).
The application of the “coronation paradigm” to cNPs would suggest
that, as soon as the nanoparticles are intravenously introduced in the
body, plasma proteins adsorb onto their surface and impart a new bio-
logic identity that affects their biologic functions, for instance, by
hampering their ability to bind c¢fDNA and tagging them for removal
[29]. Thus, it would be crucial to investigate the role of the protein
corona in the inflammation inhibition by cNPs in vivo.

To the best of our knowledge, there has been no study to elucidate
the influence of the protein corona on the biologic functions (i.e., cfDNA
scavenging capability) and biocompatibility of cNPs. It has been known
that a hydroxyl-enriched shell can help to improve the biocompatibility
and serum-tolerance of polycations in vivo [30,31]. To take advantage of

Scheme 1. Use of c¢NPs to inhibit immune cell
activation and joint inflammation via cfDNA
scavenging. cNP1-cNP3 had flanking hydroxyl
groups, whereas cNP4, without flanking hydroxyl
groups, was used as control. The cfDNA released from
dying cells induced immune cell activation and joint
inflammation. After intravenous injection into the
CIA rats, cNP2 showed longer retention in the blood
and inflamed paw joints and greater cfDNA scav-
enging than the other particles, which could be
correlated to the lower adsorption of plasma proteins
and different composition of the protein corona of
cNP2. The improved biodistribution profile of cNP2
translated into a better anti-inflammatory effect.

cNP4
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this finding, we synthesized a series of poly(e-caprolactone) (PCL) based
di-block polymers carrying hydroxyl groups and different types of amino
groups, including primary, secondary and tertiary (termed as cNP1,
cNP2, and cNP3, respectively), by O-heterocyclic ring-opening reaction
(Scheme 1). We showed that the presence of di-hydroxyl groups in
PCLgo-b-PGEA; 50 polymers improved the pharmacokinetic profile and
cfDNA scavenging efficacy in joints of CIA rats of cNPs by decreasing
plasma protein adsorption. Proteomic analysis of the cNPs’ protein
corona showed that a lower amount of fibrinogen, immunoglobulins,
complement proteins and apolipoproteins adsorbed onto cNP2, sug-
gesting a possible biologic mechanism mediating how the synthetic
identity affects the fate of ¢cNPs in vivo (Scheme 1).

2. Results
2.1. Fabrication and characterization of cNPs

Polycationic polymers with flanking hydroxyl groups exhibited
lower cytotoxicity and superior gene transfection performances [32,33].
Thus, we fabricated and characterized cNPs carrying hydroxyl groups
and different amine species. The di-block copolymers of poly(glycidyl
methacrylate) (PGMA) with post-modifiable epoxy groups were applied
to prepare hydroxylated cNPs. PCLgo-b-PGMA 59 was prepared via atom
transfer radical polymerization of glycidyl methacrylate (GMA), and
then modified with three types of amines (DMEN: N, N-dimethyl-1,
2-ethanediamine, EA: 2-aminoethanol and EDA: ethylenediamine) to
achieve three different polymers (termed as PCLgo-b-PGDMEN;s5,
PCLgo-b-PGEA;50, and PCLgo-b-PGEDA;50) via epoxy ring-opening of
GMA as described in Fig. S1. These polymers were characterized by
hydrogen nuclear magnetic resonance (*H NMR), Fourier transform
infrared (FT-IR), and size exclusion chromatography (SEC) (Fig. S2 and
Fig. S3). According to the integration ratio of the peaks at 4.04 ppm and
3.22 ppm (Fig. S3C), the ratio of polymerization degrees of PCL and
PGMA was calculated to be 2:5. After post-modification, the disap-
pearance of proton resonances at 3.22 ppm, 2.82 ppm, and 2.62 ppm
(Fig. S4 and Fig. S5C) indicated that the epoxy groups were completely
converted. The appearance of the stretching absorption peak of the
hydroxyl group at 3400 cm™! and the disappearance of the peaks of
epoxy groups at 900 cm ! and 845 cm™! (Fig. S6) in the FT-IR spectra
further validated the complete transformation of the epoxy groups by

w
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the nucleophilic reagents.

Three types of cNPs (cNP1, cNP2 and cNP3) with a hydroxyl shell
were fabricated by the self-assembly of the corresponding block co-
polymers in an aqueous solution. Di-block copolymer PCLgo-b-PDMA; 50
was also synthesized to prepare cNP4 devoid of surface hydroxyl groups
(control). Transmission electron microscopy (TEM) showed that cNP1-
cNP4 were spherical with a size of approximately 40 + 5 nm
(Fig. 1A). Dynamic light scattering (DLS) analysis showed that cNP1-
cNP4 were well dispersed in phosphate-buffered saline (PBS) (1 x ,
pH 7.4) as suggested by the monomodal distribution of hydrodynamic
diameters. Interestingly, the introduction of the hydroxyl shell led to a
slight decrease in the nanoparticles’ hydrodynamic diameter as sug-
gested by the different DLS traces of cNP4 vs those of cNP1-cNP3
(Fig. 1B). Conversely, the zeta potential of cNP1-cNP3 were compara-
ble to that of cNP4, varying from 15 to 18 mV (Fig. 1C), indicating that
the introduction of the hydroxyl shell did not lead to a significant
reduction of the cNPs’ surface charge (Table S2). Thus, three types of
cNPs with shell containing different repeating units, cNP1 with one -OH
group, one tertiary amine and one secondary amine, cNP2 with two ~-OH
groups and one secondary amine, and cNP3 with one ~OH group, one
primary amine and one secondary amine, were obtained.

To evaluate whether the hydroxyl shell can improve the biocom-
patibility of cNPs, the cytotoxicity of cNPs to RAW 264.7 cells was
evaluated by MTT assay (Fig. 1D). The IC75 of cNP1-cNP3 were 240 pg/
mL, 209 pg/mL, and 230 pg/mL, respectively, whereas that of cNP4 was
62 pg/mL, which was significantly smaller than that of cNP1-cNP3. The
low cytotoxicity of cNP1-cNP3 was attributed to the shielding effect of
the hydroxyl shell, which reduced the exposure of cationic moieties to
the cell membrane.

2.2. c¢fDNA scavenging efficacy of cNPs

Next, we investigated whether the addition of hydroxyl groups and
different amine species affected the affinity of cNPs to cfDNA by eval-
uating the binding efficiency (BE) of cNP1-cNP4 to calf thymus DNA
(ctDNA) by ethidium bromide (EtBr) competition assay. The amount of
cNPs mixed with ctDNA was normalized based on the N/P ratio, i.e.,
nitrogen atoms of cNPs to phosphorus of DNAs. The N/P ratio resulting
in 50% of cNPs-DNA binding by EtBr competition assay was defined as
BE50. Lower values of BES0 corresponded to a higher binding ability.

Fig. 1. Characterization of cNP1-cNP4. (A) Trans-
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The BE50 of ¢cNP1 and cNP3 in PBS were 0.56 and 0.54, respectively
(Fig. 2A). These two cNPs differ in the terminal amines and showed a
slight difference in the efficiency of ctDNA binding. Conversely, the
BE50 of ¢cNP2 and cNP4 were 0.17 and 0.28, respectively. cNP2 and
cNP4 contained a secondary and tertiary amine group, respectively, but
cNP2 had also two hydroxyl groups. These results suggest that the sec-
ondary amine group had the highest efficiency of ctDNA binding under
the same N/P ratio: despite the introduction of the two hydroxyl groups,
the efficiency of ctDNA binding of cNP2 and cNP4 was not significantly
different. Consistent results could be also seen by means of gel electro-
phoresis (Fig. S7). cNP1 and cNP3 efficiently bound CpG oligodeox-
ynucleotides at a N/P ratio of 8, showing a similar binding capability,
whereas ¢cNP2 and ¢cNP4 bound CpG at a N/P ratio of 4 and 6, respec-
tively. Thus, cNP2 with a secondary amine and two hydroxyl groups
exhibited the best CpG binding affinity.

To mimic the in vivo scenario, 10% FBS was added to evaluate the
BE50 between the cNPs and ctDNA in presence of serum proteins
(Fig. 2B). The results showed that the BE50 of the cNPs increased due to
the formation of a protein corona in serum, which weakened the elec-
trostatic interactions between cNPs and ctDNA. It was noteworthy that
the BE50 of cNP4 increased from 0.28 in PBS to 1.8 in presence of FBS
(~6.5 fold increase), whereas, the BES0 of cNP1-cNP3 in 10% FBS were
~3, ~3.8 and ~3.7 times higher than those in PBS, suggesting that the
affinity to ctDNA was more greatly influenced by the protein corona of
cNP4 than that of cNP1-cNP3. Thus, the introduction of flanking hy-
droxyl groups may have tailored the adsorption of serum proteins onto
the cNPs’ surface in a way that did not significantly affect the nano-
particles’ affinity to ctDNA. Significantly, cNP2 also showed the stron-
gest ctDNA binding efficiency among the four cNPs in 10%FBS.

cfDNA generally combines with antibodies/proteins, including
HMGBI1, TFAM, LL37, and IL-26, in the tissue fluids to form immune
complexes (ICs), which induce inflammation via the activation of TLR9
in immune cells [15]. To investigate whether the scavenging ability of
cNPs is strong enough to extract cfDNA from ICs, we conducted
competitive binding assay according to a procedure described previ-
ously [24]. First, FAM-labeled CpG was incubated with LL37 to form
CpG-LL37 ICs. Then, cNPs with the same nitrogen content were added to
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the system and incubated for 30 min. The unbound LL37 and CpG-LL37
ICs could be separated through ultrafiltration. The ¢cNP-CpG binary
complex and cNP-CpG-LL37 ternary complex, if formed, were retained
in the upper layer of the partition and quantitated by measuring FAM
fluorescence intensity. As shown in Fig. 2C (solid line), the presence of
cNP-CpG complexes increased with the nitrogen content, indicating a
stronger interaction between cNPs and CpG. Among the four cNPs we
tested, cNP2 showed the best binding ability to CpG. To confirm the
presence of cNP-CpG-LL37 ternary complexes, the partition of LL37 was
also evaluated by using FITC-labeled LL37. We found that the LL37 in
the upper layer was less than 7% at low nitrogen contents (Fig. 2C dotted
line), indicating that the cNP-CpG-LL37 complexes found in the upper
layer were in a much less amount than the cNP-CpG complexes. These
results implied that the interaction between cNPs and CpG outperformed
that between LL37 and CpG, namely, the cNPs can extract CpG from the
ICs with LL37 and could inhibit the activation of the TLR pathway. As
shown in Fig. 2C, the LL37 binding efficiency of cNP4 was higher than
that of cNP2 at all nitrogen contents, while cNP2 performed the best in
extracting CpG from the ICs. These results agreed with the ethidium
bromide (EtBr) competition assay between cNPs and ctDNA, indicating
that, in the presence of proteins or ICs, cNP2 performed the best among
the tested cNPs.

Then, we assessed the inhibition of CpG-induced TLR9 activation by
cNPs with the same nitrogen content was assessed in Ramos Blue™ re-
porter cells (Fig. 2D). The results showed that all cNPs inhibited the
activation of TLR9 by CpG in a dose dependent manner, demonstrating
that cNPs could block the activation of TLR9 by CpG. Notably, cNP2 and
cNP4 inhibited the activation of TLR9 to ~30% at a nitrogen content of
1.25 pg/mL, whereas cNP1 and cNP3 only to ~65%. These results
agreed with the ethidium bromide (EtBr) competition assay between
cNPs and ctDNA in PBS. Therefore, the cNP2 exhibited the most efficient
inhibition of inflammatory among the cNPs we tested.

2.3. Therapeutic efficacy of cNPs in CIA rats

The above results showed that cNP2 exhibited a remarkable affinity
with ¢fDNA and ability in extracting cfDNA from ICs, and a significant

Fig. 2. Characterization of the DNA-
binding ability and inhibition of TLR9
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inhibition of inflammation in vitro. To evaluate its therapeutic effects in
vivo, CIA rats were randomly divided into four groups (n = 5) and
intravenously injected with the four types of cNPs (the nitrogen content
of the cNPs was kept equal to 1.69 mg/kg) and PBS, respectively.
Healthy rats were used as negative control. The schedule of arthritis
induction and treatment regimen was shown in Fig. 3A. After a single
injection, all rats in the cNP4 group died, while the rats in the cNP1-
cNP3 groups all survived, clearly suggesting that the cNPs with a hy-
droxyl shell had a better biocompatibility than cNP4, in agreement with
the cellular cytotoxicity data. For the cNP1-cNP3 groups of rats, the
arthritis severity was daily assessed by measuring the hind paws
swelling volumes before the injections and ranked by the clinical score.
As shown in Fig. 3B (i), the swelling volume of the hind paws rapidly
increased from 1.5 mL to 3.3 mL in PBS-injected CIA rats due to disease
progression, while almost no increase of swelling was observed for the
hind paws of the rats in the cNP1 and cNP2 groups. The volume of the
hind paws of the rats in the cNP3 group slightly increased from 1.5 mL to
1.8 mL. The more comprehensive clinical scoring system was applied to
further evaluate the therapeutic efficacy of the cNPs. This evaluation
system showed that cNP2 had the best therapeutic performance among
the tested cNPs (Fig. 3B (ii)). A similar conclusion could be directly
reached by analyzing the photographs of the hind paws of CIA rats
treated with cNP1-cNP3 (Fig. 3C). Notably, the CIA rats in the cNP2
group showed no swelling, as in normal rats, while there was a signifi-
cant swelling and a strong tendency to relapse for CIA rats treated with
cNP3. In terms of forepaws, no incremental score was observed in all
cNP-treated groups during the whole course (Fig. 3B (iii)).

The study of hematoxylin-eosin (H&E)-stained histological slides of
the knees, ankles, digits, and wrists revealed the infiltration of inflam-
matory cells, pannus formation, and severe damage of bone and carti-
lage in PBS-treated CIA rats (Fig. 3D). Compared with the control, the
pathological changes of arthritis were reduced in the CIA rats treated
with cNP1-cNP3. Although c¢NP3 had a certain therapeutic effect and
prevented cartilage erosion, there was still a significant infiltration of
inflammatory cells. The rats in the ¢cNP1 group showed a reduced
inflammation damage in the joints, whereas the CIA rats treated with
cNP2 exhibited the lowest histologic scores among the treatment groups.
We also found that cNP2 could protect bone and cartilage from damage
and restore the synovial area of the joints.

Consistently, we found that all ¢cNPs could reduce the content of
cfDNA in the synovia (Fig. 3E). The content of cfDNA in the inflamed
knee joints significantly decreased from 6.1 pg/mL to 2.2 pg/mL in the
cNP1 and cNP2 groups, while no significant decrease was found in the
cNP3 group. It is remarkable to observe that the content of cfDNA in the
cNP2-treated group was close to that of the normal group. We also
measured the levels of pro-inflammatory cytokines (TNF-a, IL-6, and IL-
1p) in the joints of CIA rats. For the model group, the levels of the three
pro-inflammatory cytokines were highly elevated. In contrast, the
treatment with cNP1-cNP3 led to a significant decline of TNF-a, IL-6,
and IL-1p levels. Still, cNP2 outperformed c¢NP1 and cNP3, and the
content of the three pro-inflammatory factors was 177 pg/mL, 761 pg/
mL, and 459 pg/mL for TNF-q, IL-6, and IL-1p, respectively, which were
close to the levels exhibited by the normal group. These data indicated
that the treatment of CIA rats with ¢cNP2 can significantly inhibit the
progression of arthritis.

2.4. Biodistribution of ¢NPs in CIA rats

Although c¢NP1-cNP3 all carried hydroxyl groups to increase the
biocompatibility, cNP2 showed the best therapeutic efficacy in the CIA
rat model of arthritis. This result might be partly explained by consid-
ering the high affinity of cNP2 to cfDNA in vitro. The distribution of the
nanoparticles in vivo could have been another key factor influencing
their therapeutic effect. Thus, Near Infrared Fluorescence (NIRF) im-
aging was used to monitor AF750-labeled cNP1-cNP3 in CIA rats. As
shown in Fig. 4A, the fluorescence intensity of the forepaw and hind
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joints was different in treated CIA rats with the order
cNP2>cNP1>cNP3. The ex vivo NIRF images of the main organs and
joints showed a similar trend of fluorescence distribution (Fig. 4B and
C). At 48 h, the liver and kidneys of rats in the cNP3 group showed a
lower fluorescence signal than the organs of rats in the cNP1 and cNP2
groups, suggesting that cNP3 might be cleared by renal excretion more
rapidly than cNP1 and cNP2. Notably, the animals in the cNP2 group
showed a stronger fluorescence intensity in paw joints and extracted
organs, whereas the fluorescence significantly decreased in rats treated
with cNP3, demonstrating that cNP2 had the longest blood circulation
time among the tested cNPs.

2.5. Systemic toxicity of cNPs in CIA rats

Next, since the potential toxicity of cNPs is a major obstacle to their
use for the treatment of RA via cfDNA scavenging, we assessed if the
presence of the hydroxyl shell alleviates the cNP toxicity. As we have
previously described, the CIA rats died the day after the first injection
with cNP4 at the dose of 1.69 mg/kg. Conversely, the animals survived
when treated with cNP1-cNP3 at the same equivalent nitrogen dose
(Fig. 5A), suggesting that the systemic toxicity of c¢cNP1-cNP3 was
significantly reduced by the addition of the flanking hydroxyl groups.
We also assessed the changes in the biochemical indexes in CIA rats after
15 days of a single intravenous treatment with cNP1-cNP3. The levels of
ALP, ALT, AST, creatinine, urea, and uric acid in the rats of the cNP1-
cNP3 groups were within the normal range (Fig. 5B), indicating that
the nanoparticles had no side effects on the liver and renal functions of
CIA rats. Additionally, H&E-stained histologic slides of the CIA rats’
organs (Fig. 5C) showed that the main organs (heart, liver, spleen, lung,
and kidney) did not display any significant damage.

Taken together, our results suggested that the better therapeutic ef-
ficacy of cNP2 respect with the other tested cNPs was due to a combi-
nation of a greater affinity to cfDNA in the presence of a protein corona
and more favorable pharmacokinetic and biocompatibility profiles and
joint retention time.

2.6. Assessment of the cNPs’ protein corona

Finally, we assess the protein corona formed on the cNPs’ surface to
shed light on the possible biologic mechanisms modulating how the
chemical properties of cNPs affect their biodistribution and biocom-
patibility profiles and therapeutic efficacy. The ability to resist protein
attachment is highly required for polycationic scavengers. To prove this
point, BSA was used as a model protein to simulate the interaction be-
tween cNPs and proteins in vivo. Fig. S8 showed the results of the protein
adsorption assays. After 1 h of incubation of cNPs with BSA at physio-
logical pH, ~1 mg/mg of BSA adsorbed onto ¢cNP4 and the solution
turned from clear to milky white (Fig. S9). Conversely, much less BSA
adsorbed onto ¢NP2 (Figs. S8 and S9). The superior ability of cNP2 to
resist BSA adsorption was attributed to the hydroxyl groups flanking the
amino group, which might explain the greater stability in blood and
cfDNA scavenging efficiency of cNP2 respect with the other tested cNPs.

To further characterize the cNPs’ protein corona, cNP1-cNP4 were
incubated in either 80% fetal bovine serum (FBS) or rat plasma for 1 h,
respectively. Then, 10% sodium dodecyl sulfate (SDS) was used to
remove the adsorbed proteins and the isolated proteins were separated
by 1D gel electrophoresis. The 1D gel electrophoresis showed that the
amount of proteins in the coronas of cNP3 and cNP4 were higher than
that of cNP1 and cNP2 (Figs. S10 and S11). Furthermore, label-free
quantitative technique (LFQ) was used to identify and quantify pro-
tein corona on cNPs. Proteomic analysis showed that the plasma pro-
teins with a 30-60 kDa molecular weight constituted the majority of the
adsorbed proteins (Fig. 6A) and the proteins bearing a net negative
charge (pI < 7) were significantly enriched in all ctNPs’ protein corona,
irrespective of the type of nanoparticle (Fig. 6B).

Then, we divided the isolated proteins into different groups
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Fig. 3. Therapeutic efficacy of cNPs in CIA rats. (A) Experimental schedule of the CIA model rats. After immunization with collagen type II and Freund’s adjuvant
twice (at day 0 and day 7), the CIA model was developed in rats. Then CIA rats were intravenously injected with cNP1-cNP3 from day 13 to day 28. Photos were
taken regularly during therapy. Further study was performed after the rats were sacrificed on day 28. (B) (B-i) Volume change of hind paws, clinical scores of the (B-
ii) hind paws, and (B-iii) forepaws of CIA rats. n = 5 for each group. Data are presented as the mean + SD. (C) Photographs of hind paws swelling of cNP1-cNP3
treatment groups at day 15 (treatment for 2 days), day 19 (treatment for 6 days), and day 22 (treatment for 9 days). (D) Histological analysis with H&E staining of the
knee, ankle, digital, and wrist joints of cNP1-cNP3 treatment groups at day 28 ( x 200). The single arrows indicate inflammatory cell infiltration in the synovium,
double arrows indicate the erosion of cartilage, and the asterisks indicate bone erosion. (E) The levels of ¢cfDNA and pro-inflammatory cytokines (TNF-«, IL-1p, and IL-
6) in knee joints of cNP1-cNP3 treatment groups at day 28. Statistical significance was calculated by one-way ANOVA with the LSD post-test, ** 0.001 < P < 0.01,
***P < 0.001 versus model. # 0.01 < P < 0.05, ## 0.001 < P < 0.01, ###P < 0.001 between two groups. Data are presented as the mean + SD.

254



X. Liu et al.

A

7 b
A I N
6

- KIKAGEICHL S
- [ ALALAFIEAL S
PILALS

Bioactive Materials 13 (2022) 249-259

Fig. 4. Biodistribution of cNPs in CIA rats. (A) In
vivo and (B) ex vivo near-infrared fluorescence (NIRF)
imaging of CIA rats at various time points after
intravenous treatment with cNP1-cNP3. Legend: (1)
thymus; (2) heart; (3) lung; (4) liver; (5) and (6)
kidneys; (7) pancreas; (8) spleen; (9) bladder; (10)
and (11) forelimbs; (12) and (13) hind limbs. (C)
Average percentage of cNPs in forepaws, knees, and
the hind paws of CIA rats were calculated by NIRF
intensity (n = 3, means + SD). Statistical significance
was calculated by one-way ANOVA with the LSD
post-test, **0.001 < P < 0.01, ***P < 0.001.
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according to their physiological functions and displayed the quantity of
proteins contained in each group (Fig. 6C and Fig. S12). This analysis
showed that the differences in the composition of the cNPs’ protein
corona were driven by a combination of the nanoparticles’ surface
functional groups and the proteins’ physiological function. Apolipo-
protein was the most abundant plasma proteins in the protein corona of
all the tested cNPs, whereas the complement proteins were found in high
abundance in the protein corona of cNP1 and cNP3. The protein corona
of cNP1 showed a high abundance of coagulation proteins and tissue
leakage proteins, while the corona of cNP3 showed a high abundance of
acute phase proteins (Fig. 6C). We further identified and semi-
quantitatively analyzed the 20 most abundant proteins among the
approximately 100 different of proteins isolated from the corona of
cNP1-cNP4. The results were summarized in a heat map in Fig. 6D. The
heat map showed several aspects of the cNPs’ protein corona. Notably,
the coronas of all four cNPs contained relatively small amounts of serum
albumin (10% or less) which is the most abundant protein in plasma
(more than 50%) [34,35]. As serum albumin has a structure similar to
surfactants (hydrophobic core and hydrophilic shell), serum albumin is
considered to be more stable in water than on the ¢cNPs’ surface [30].
Therefore, the serum albumin content in the cNPs’ protein corona was
much less than that in plasma. Macroglobulin, the second most abun-
dant plasma protein [35], was only the 7-11th most abundant protein
detectable on the corona of cNP1-cNP3. Instead, the cNPs’ protein
corona contained proteins that are not abundant in plasma, for example,
complement C3 and C4 which play the major role in the opsonization
process. Vitronectin, a multifunctional adhesive glycoprotein [36], had
high affinity with the positively charged cNPs [37], and it was enriched
in the protein corona of the cNPs we tested. Another plasma protein
highly enriched in the cNPs’ protein corona was apolipoprotein (15% or
above) which associates with lipid and cholesterol transport and meta-
bolism [29]. Particularly, apolipoprotein E, A-I and B-100 were also
enriched in the cNPs’ protein corona. In addition to the high quantity of
apolipoproteins, vitronectin, serum albumin, complement proteins and
macroglobulin on the surface of all four cNPs, the amount of other
abundant proteins was different for each type of particle (Table S3).
These findings illustrated that cNP1-cNP3 decorated with a hydroxyl
shell and different types of amino groups showed different selectivity for
the proteins in rat plasma, as shown by the composition of their protein

Knee
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corona (Table S4).

3. Discussion

In this work, we successfully synthesized hydroxyl-rich polycationic
PCLgo-b-PGDMEN/EA/EDA;50 by post-modification with different
amines on PCLgy-b-PGMA159. Then, cNPs with a hydroxyl shell were
fabricated by self-assembly of PCLgo-b-PGDMEN/EA/EDA;5¢ and used
as cfDNA scavengers. Except for the different amine species (primary,
secondary and tertiary amines), all the fabricated ¢cNPs had a hydroxyl
shell, which eventually decreased the side-effects to both cells and CIA
rats without decreasing the ability to scavenge cfDNA. Protein adsorp-
tion assay and proteomic analysis were carried out to demonstrate that
the cNPs decorated with a hydroxyl shell could reduce the adsorption of
a protein corona in comparison with the non-hydroxylated nano-
particles. Moreover, we found that the protein corona of the fabricated
cNPs were enriched in apolipoproteins and immunoglobulins, as well as
complement, acute phase, tissue leakage and coagulation proteins
(Fig. 6C and Fig. S12A). Apolipoproteins accounted for ~20% of the
total proteins in the ¢cNPs’ corona. The amphiphilic characteristics of
apolipoproteins enabled them to firmly adhere to the surface of cNPs
and possibly form a hard corona. Particularly, apolipoprotein E, A-I and
B-100, members of the dysopsonin family, were the three kinds of
apolipoproteins with the most abundance in the cNPs’ protein corona
(Fig. S12B). These apolipoproteins have been reported to facilitate the
entry of NPs into endothelial cells [38-40]. In contrast, it has been re-
ported that the presence of p-2-glycoprotein (Apo H) in the protein
corona may play a role in the clearance of NPs by phagocytic cells of the
reticuloendothelial system (RES) [41,42]. We found that Apo H was
~2.4 times more enriched in the corona of cNP1 than cNP2 (Table S4).
Immunoglobulins (Ig) are globular glycoproteins with antibody activity.
As important immune effector molecules, Ig play a critical role in the
activation of the immune system and induce phagocytosis. According to
the amino acid sequences of the heavy chain region, Ig could be divided
into five categories, namely IgG, IgA, IgM, IgD and IgE [42]. IgM
accounted for 50% of the immunoglobulin component of the protein
corona of cNP1-cNP4 (Fig. S12C), and the fractions of IgM in the protein
corona of ¢cNP1, cNP3 and cNP4 were ~1.1, ~1.4 and ~1.5 times,
respectively, higher than that of ¢cNP2 (Table S4). In addition to Ig,
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Fig. 5. Toxicity of cNPs in CIA rats. (A) Survival curves of rats treated with cNP1-cNP4. The initial number of rats was 5 for each group. (B) ALP, ALT, AST,
creatinine, urea, and uric acid analysis of CIA rats at day 28 (treatment for 15 days). The normal ranges of ALP, ALT, and AST are 84-162, 34.6-64.0 and 96-200 U/L,
respectively. The normal ranges of creatinine, uric acid, and urea levels in rat serum are 63.5-137.1 pmol/L, 71.4-133.3 pmol/L and 3.33-8.33 mmol/L, respectively.
Data were presented as the mean + SD. (C) H&E staining of heart, liver, spleen, lung, and kidney samples extracted from normal, PBS-treated and cNP-treated rats (

x 200).

complement proteins also play an important role in the activation of the
immune system. The lowest fractional binding of complement proteins
(C3, C4, C4b, C7, C8 and C9) was found for the protein corona of cNP2
compared with those of cNP1 and ¢cNP3 (Fig. S12 D, Table S4). Fibrin-
ogen (HFG) is a coagulation protein and is associated with inflamma-
tion. The content of HFG in the protein corona of ¢cNP3 and cNP2 showed
no significant difference, but it was ~2.1 and ~1.4 times lower than that
in the protein corona of ¢cNP1 and cNP4, respectively (Fig. S12 G,
Table S4). Overall, the above data indicated that the introduction of a
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hydroxyl shell could assist in reducing the adsorption of those opsonins
(ApoH, IgM, complement proteins and HFG) which negatively affect the
bioavailability of cNPs, while negligibly affecting the inhibition of
dysopsonins (apolipoprotein E and serum albumin) playing a protective
role. Furthermore, the individually distinct protein corona could influ-
ence the transport, retention, and phagocytosis of cNPs, guiding their
fate in the body. Also, the adsorption of proteins with a critical role in
the activation of the immune response may affect the efficacy of cNPs as
a novel RA treatment via cfDNA scavenging, as it has been described in
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heat map.
this work.

4. Conclusions

In this work, we focused on the development of safe cationic mate-
rials to neutralize cfDNA, which is a causative agent for RA. We fabri-
cated cNPs with a hydroxyl shell and they showed excellent serum
tolerance and biocompatibility. Remarkably, the introduction of a hy-
droxyl shell did not affect the DNA binding affinity and the potent
therapeutic efficacy to CIA rat models of the nanoparticles. The intro-
duction of a hydroxyl shell also reduced the adsorption of proteins onto
the cNPs’ surface and, thus prolonged the circulation and site accumu-
lation of the nanoparticles. Our data showed that the composition of the
protein corona formed onto the cNPs in the serum can be modulated by
their synthetic identity, and, in turn, affect the fate and functions of the
cNPs. This work shed light on a novel approach for the preparation of
safe polycationic DNA scavengers.

5. Experimental section
5.1. Synthesis of PCLgp-b-PGMA 50

PCLgo-b-PGMA; 59 was prepared via atom transfer radical polymeri-
zation (ATRP) of glycidyl methacrylate (GMA) in dry anisole using the
macroinitiator PCLgp-Br. In a typical polymerization, GMA (5 g, 35.2
mmol), CuCl (23.23 mg, 0.23 mmol), PCLgo-Br (1.6 mg, 0.23 mol), 2,2-
bispyridine (bpy) (71.85 mg, 0.46 mmol) and 6 mL dry anisole were
introduced to a dry Schlenk tube equipped with a magnetic stir bar. The
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mixture was deoxygenated by three freeze-pump-thaw cycles, then the
polymerization was carried out in a thermostatic oil bath at 50 °C for 24
h. The polymerization was terminated by freezing the reaction mixture
with liquid N3 and exposing to air. The reaction mixture was diluted
with THF and passed through neutral alumina to remove the catalyst as
much as possible and then rotary evaporated to eliminate the solvent.
The solution was poured into a large excess of cold ether. Finally, the
polymers were dried under a vacuum for 24 h. The degree of polymer-
ization of GMA was determined to be ~150 by comparing the areas of
the peaks corresponding to methylene protons (-COOCH,-epoxy, 4.30,
3.80 ppm) in GMA block and methylene protons (-COOCH>(CH3)400C-,
2.30 ppm) of PCL in the 'H NMR spectrum (Fig. S3 C). Yield: 85%. 'H
NMR (400 MHz, CDClg, 8, ppm, Fig. S3 C): 7.30-7.38 (m, 5H, Ar), 5.11
(s, 2H, Ar-CHy-), 4.30 (s, 1H, -COOCHj-epoxy) 4.05 (t, 2H,
—~COOCH>CH2CH,CH>CH>00C-), 3.80 (s, 1H, -COOCH>-epoxy), 3.22 (s,
1H, -epoxy), 2.83 (s, 1H, -epoxy), 2.63 (s, 1H, -epoxy), 2.30 (t, 2H,
-COOCH,CH,CH,CH,CH,00C-), 1.89 (m, 2H, the backbone of PGMA)
1.64 (m, 4H, -COOCH;CH>CH,CH>,CH,00C-), 1.37 (m, 2H,
-COOCH2CH2CH>CH2CH00C-), 0.93-1.08 (d, 3H, the backbone of
PGMA). The molecular weights of PCLgo-b-PGMA 509 was summarized in
Table S1.

5.2. Synthesis Of PCLﬁo-b-PGDMEN/EA150

For preparation of PCLgy-b-PGDMEN/EA;59, 0.5 g of PCLgg-b-
PGMA ;50 was dissolved in 14 mL of DMSO. 5 mL of N,N-dimethyl eth-
ylenediamine for PCLgo-b-PGDMEN75¢ and ethanol amine for PCLgg-b-
PGEA; 50 were then added. The reaction mixture was stirred at 80 °C for



X. Liu et al.

4 h to produce PCLgo-b-PGDMEN/EA;5. The final reaction mixture was
precipitated and washed with excess diethyl ether, prior to be redis-
solved in 15 mL of deionized water and dialyzed against deionized water
with dialysis membrane (MWCO, 3500 Da) at room temperature for 24
h. The final products were freeze-dried. Yield: 90%.

5.3. Synthesis Of PCLso-b-PGEDA15O

The PCLgo-b-PGEDA;59 was synthesized via ring-opening polymeri-
zation of PCLgo-b-PGMA;50 using the N-Boc-ethylenediamine as a
monomer, followed by de-protection of the Boc group in the presence of
trifluoroacetic acid. In briefly, 0.5 g of PCLgo-b-PGMA 50 was dissolved
in 14 mL of DMSO. 5 mL of N-Boc-ethylenediamine were then added.
The reaction mixture was stirred at 80 °C for 4 h to produce PCLgq-b-
PGEDA 50-Boc. The solution was poured into a large excess of cold ether.
Finally, the polymers were dried under a vacuum for 24 h. Yield: 80%.

In the second step, 0.5 g PCLgp-b-PGEDA;50-Boc was dissolved in 5
mL DCM containing 5 mL trifluoroacetic acid and the solution was
stirred at room temperature for 12 h. Next, a 10-fold excess of diethyl
ether (30 mL) was added to precipitate the polymer. The precipitated
crude was dissolved in distilled water and dialyzed against deionized
water with dialysis membrane (MWCO, 3500 Da). The PCLgg-b-
PGEDA ;50 was then obtained as white powder after lyophilization. In
the 'H NMR spectrum shown in Fig. S5 C, the signal at 1.37 ppm dis-
appeared, indicating the complete hydrolysis of Boc groups of PCLgg-b-
PGEDA;50-Boc. Yield: 80%.

5.4. Preparation of cNP1-cNP4

PCLeo-b-PGDMEN/EA/EDAls() and PCLeo-b-PDMAlso (20 l'l‘lg) was
dissolved in 1 mL of DMF, respectively. The origin solution was added
dropwise into 9 mL PBS (pH = 7.4) under ultrasound (Sonics VCX105,
20 kHz, 70% power level) in an ice bath. The final solution was dialyzed
against PBS (pH = 7.4) to remove DMF. The cNP1-cNP4 were charac-
terized by dynamic light scattering (DLS), transmission electron micro-
scopy (TEM), and Zeta-Nanosizer as described in instrumentation.

5.5. Cell assays

Cytotoxicity of cNP1-cNP4 was evaluated using the MTT assay in
RAW 264.7 cells. The inhibition of TLR9 by cNP1-cNP4 was conducted
in Ramos Blue™ reporter cell, CpG OND 2006 was used as the extra-
cellular agonist. The details for these assays were provided in Supporting
Information.

5.6. Protein adsorption assay

In brief, 1 mL of cNP1-cNP4 (1 mg/mL) was added to 1 mL BSA
solution (2 mg/mL). After shaking at 37 °C for 1 h and following
centrifugation, the upper layer was carefully collected. The concentra-
tion of BSA in the supernatant was determined from the UV absorbance
(280 nm), using a calibration curve obtained from BSA solutions of
known concentrations. Thus, the protein adsorbed on the c¢cNPs was
calculated by (Ci-C;)V/m, where C; was the initial BSA concentration, Cj
was the BSA concentration of supernatant after adsorption experiments,
V was the volume of the solution (2 mL), and m was the weight of the
cNPs (1 mg).

5.7. Incubation with rat plasma or FBS

cNP1-cNP4 (50 pg) were incubated for 1 h at 37 °C with 400 pL of rat
plasma or FBS in a final volume of 500 pL by adding PBS (80% final
plasma or FBS concentration). The samples were washed four times in 1
mL of PBS by ultracentrifugation at 12,000 g at 4 °C for 30 min, then the
final pellets were resuspended in loading buffer and boiled at 98 °C for 5
min. After 5 min of ultrasonic dispersion, the solutions were run on a
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20% SDS-PAGE gel and stained with Coomassie brilliant blue.
5.8. In-gel digestion and sample preparation for LC-MS/MS analysis

Stained SDS-PAGE bands were cut into 2 mm? pieces, transferred to
an Eppendorf tube, destained by washing with decolorizing agent (the
ratio of acetonitrile (ACN) and 50 mM NH4HCO;3; is 66.7%), and
vacuum-dried. Proteins were reduced with 10 mM dithiothreitol (10 pL
1 M DTT, 990 pL 25 mM NH4HCOs3) at 56 °C for 45 min and alkylated
with 15 mM iodoacetamide (22 pL 1 M IAM, 378 pL 25 mM NH4HCOs3)
in the dark for 15 min prior digestion by 5 ng/pL trypsin in 25 mM
NH4HCOj3 for 5 min on ice followed by additional 12 h at 37 °C. The
reaction was terminated by adding 5% formic acid (FA), and the pH < 4
(FA final concentration was 0.2%-0.5%), then centrifuged.

5.9. Protein identification using LC/MS/MS

LC-MS/MS assays were conducted on nanoLC-Q EXACTIVE (Thermo
Scientific). The digested peptides were separated by a C18 reverse phase
column (75 pm x 20 cm, 3 pm). The solvent A, 0.1% formic acid (FA) in
100% water solution and the solvent B, 0.1% FA in 100% acetonitrile
solution. The gradient was set as 4-8% B, 0-8 min; 8-22% B, 8-58 min;
22-32%, B, 58-70 min; 32-90% B, 70-71 min; 90% B, 71-78 min. The
flow rate was 300 nL/min.

The purified peptides were analyzed on nanoLC-Q Exactive mass
spectrometer (Thermo Scientific). The electrospray voltage was 2.0 kV
and the capillary temperature was 320 °C. The dynamic exclusion time
was 40 s. The MS data were obtained in the mass range of 300-1600 m/
z. The data collection mode is 1-20 (that is, a complete MS1 scan fol-
lowed by a second-order spectrum MS2 analysis of 20 highest abun-
dance ions).

The raw data were analyzed by using Thermo Proteome Discoverer
(version 2.2.0.388) with SEQUEST HT search engine for peptide iden-
tification against Uniprot-proteom-rat (update-20171,001). When
searching, trypsin was selected as enzyme and two missed cleavages
were set; the mass error of precursor ions was less than 10 ppm and the
mass error of fragment ions was less than 20 mDa. Percolator was used
to filter the spectrum, Delta CN was less than 0.1, FDR was set as 1%,
Peptide confidence was selected as High as the filtering parameter, and
FDR of protein level was also set as 1%.

5.10. Statistical analysis

Experiment data were presented as the mean + standard deviation
(SD), and Statistical significance was calculated by one-way ANOVA
with the LSD post-test, *0.01 < P < 0.05, **0.001 < P < 0.01, ***P <
0.001.
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