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ABSTRACT: Polymeric nanoparticles have been extensively

explored for biomedical applications, especially as framework

mfterials for the construlc)tlzon of funcIt)ionalynanostructures. ‘ ° . e '~—/ IC?
However, less attention has been paid to the inherent biological ;&};{i’/x o f/! Derftenacin
activities of those polymers. In this work, one of the commonly el

used polymers in gene and protein delivery, polyethylenimine— el

Cgkxax

Solifenacin

s
@Qﬁ,

Cevimeline

poly(lactic-co-glycolic acid), (PEI-PLGA), was discovered by _.-
accident to be able to mediate the nanoparticles to target the |
submandibular salivary glands of mice after intravenous injection. E
PEI-PLGA nanoparticles with an unmodified PEI surface ' TSN
selectively accumulated in submandibular salivary glands with ex | foiomme  seeciiconang w3 recoptor
vivo and in vitro study, suggesting that a ligand—receptor

interaction between PEI and muscarinic acetylcholine receptor subtype 3 (M3 receptor) contributed to this affinity. Docking
computation for the molecular binding mode between PEI segments and M3 receptor indicated the way they interacted was similar
to that of the FDA-approved specific M3 receptor antagonist, tiotropium. The key amino acids mediated this specific interaction
between PEI-PLGA nanoparticles and M3 receptor were identified via a simulated alanine mutation study. This work demonstrates
the unique characteristic of PEI-PLGA nanoparticles, which may be useful for the development of muscarinic receptor targeted
nanomedicines and should be taken into consideration when PEI-based nanoparticles are applied in gene delivery.

B INTRODUCTION clinical use.””"" Meanwhile, intrinsic properties of commer-
cially applied nanoparticles require more detailed exploration.

The tissue-specific targeting of drug delivery systems has
Hesspedt gevng & e Sy, In response to this challenge, an emerging direction in

become a central challenge in drug delivery and nano- T ) s ) :
L1 . i . nanomedicine designed to exploit unmodified nanoparticles
medicines.” During the past decades, increasing efforts have

been dedicated to improving the selectivity of conventional with intrinsic biological activities has been proceeding in order
nanomedicines and to developing new targeting strategies.' to reduc'e‘ the furth.er processing needed for the final
To date, most of the nanomedicines devised for tissue-specific nanonlledlar.l.e to .achlleve some favorable features. sucb a8
delivery apply targeting ligands to recognize receptors on tissue tgrgetmg ablh_ty, stlmuh—lieﬁponsweness, or therapeutic actlv%ty.
specific cells or extracellular components. Numerous novel Since sud‘] 1nnat.e aCFWlty. Oftén depends on a specific
ligands, including antibodies, peptides, DNA/RNA aptamers, molec'ular %nteractlon with biological systems, n}ater;als base'd
and polysaccharides, have been reported either covalently on. b;ollzolg;cal rnacr.oméolecules such as peptides, .nuclelc
conjugated or noncovalently attached onto a nanoparticle aqu’l " or proteins” are often seen as ready choices for
surface.*”® While this common practice allows great versatility this t?'Pe of strategy. In rec'ent years, it has come to our
in nanomedicine design and functionalization, such incorpo- aFtent{on that s§veral synthetic po}ymers also possess useful
ration of additional ligands, often biological macromolecules biological functions or can acquire them through precise
themselves, into a delivery system also introduces additional ——
complexity with high cost. In fact, most of the heretofore Received: September S, 2021 il Pt
commercially available nanomedicines have used simple Published: November 4, 2021
polymeric or liposomal vehicles without any introduction of

targeting ligands, and nanomedicines with complicated design

are often related to limited scalability in standardized

production and therefore have a difficult translation into
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Scheme 1. PEI-PLGA Nanoparticles Accumulate in the Submandibular Gland by Targeting the M3 Receptor via the Shared

Triethylamine Group”

i.v. injection of PEI-PLGA nanoparticles

Darifenacin

Solifenacin

Submandibular accumulation

Cevimeline

“The PEI-PLGA nanoparticles strongly accumulate in the submandibular glands of mice after tail vein injection. The abundant tertiary amine
(triethylamine) groups present in the PEI polymer, in common with most of the reported M3 receptor-binding drugs, imply a molecular basis for
this affinity. The molecular structure of several M3 receptor antagonists or agonists is shown.

chemical modification.'* These polymers typically contain
particular moieties that can selectively interact with their
targets to interfere with their function, such as the poly-
(ethylene glycol) functionalization of the fourth generation of
poly(acyl thiourea) dendrimer with antiangiogenesis and
anticancer activities.”'*~'® Given that polymeric nanoparticles
are currently one of the most widely used category of drug
carriers, the development of polymeric nanomaterials with
innate tissue-targeting capacity would certainly be of great
interest, not only for the development of simpler and cheaper
drug delivery systems but also for the possibility to reveal novel
principles and strategies for nanomedicine design in the future.
However, this requires profound understanding about the
interactions of polymeric nanostructures with cells, proteins,
and other biological components of which the current
knowledge and research is still lacking, especially on the
molecular level.

In this work, we reported that unmodified polyethyleni-
mine—poly(lactic-co-glycolic acid), (PEI-PLGA) nanopar-
ticles with the hydrophilic PEI fully exposed on the surface
around the aqueous phase were capable of selectively
accumulating in the submandibular salivary glands in mice
through a high affinity with acetylcholine receptors in the
specific tissue, similar to most of the FDA-approved muscarinic

acetylcholine receptor subtype 3 (M3 receptor)-binding drugs
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(e.g., darifenacin, tiotropium, and cevimeline) in the structure
(Scheme 1). With its cationic surface, the PEI-PLGA
nanoparticle is capable of adsorbing many negatively charged
biological molecules including RNA, protein, and DNA and
has already been widely used for delivery of nucleic acid or
protein drugs'’~"? simply via nonselective static electric
attraction. Our study, however, suggests that being mediated
by its triethylamine groups, PEI could interact in a particular
manner with M3 receptor, a type of acetylcholine receptor
abundantly expressed around the outside of the acinus in the
submandibular salivary glands. Using docking computation and
alanine mutation simulation, we have also identified the key
amino acids (including Tyr529, Tyr148 and TyrS06, Aspl47
and TrpS03) in the M3 receptor protein that may have
participated in the interaction with the periphery of the PEI
chain. These findings may provide insights into the biological
application of synthetic polymers and highlight the potential of
polymer—protein computation methods in nanomedicine
design. Moreover, these results may also be useful for the
development of M3 receptor-targeted nanomedicines to treat
related diseases.

B RESULTS AND DISCUSSION

PEI-PLGA Nanoparticles Selectively Accumulated in
Submandibular Salivary Glands of Mice after Intra-

https://doi.org/10.1021/acscentsci.1c01083
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Figure 1. Characterization of PEI-PLGA nanoparticles. (a) Dissipative particle dynamics simulation of the PEI-PLGA nanoparticles using a
coarse-grained PEI-PLGA copolymer model (pink beads: PEI; green beads: PLGA). Branched PEI was presented on the surface of the assembled
PEI-PLGA nanoparticles in the aqueous phase. (b) The morphology (inset image) and size distribution of the PEI-PLGA nanoparticles. (c)
Infrared spectroscopy of the lyophilized PEI-PLGA nanoparticles showed the presence of the typical triethylamine group in branched PEL

venous Administration. The model nanomaterial selected in
this study was the commonly used polyethylenimine—poly-
(lactic-co-glycolic acid),, designated as PEI-PLGA, nano-
particles, prepared by a double emulsion method, which was
similar to our previous study.”’ First, dissipative particle
dynamic simulation was performed to generate a good
knowledge of the PEI-PLGA nanoparticle’s microstructure,
and we found that its surface was dominated by PEI segments
in an aqueous environment (Figure 1a).”' Amphiphilic PEI—
PLGA triblock copolymer molecules were allowed to self-
assemble in a water/oil/water (W/O/W) emulsion into
spherical nanoparticles with the cationic PEI block on the
surface. Under a physiological pH (~7.4) environment, the
product particles had an average hydrodynamic diameter of
approximately 210.1 nm and zeta potential of 44 mV (Figure
1b and Table S1), indicating the protonation of the PEI
termini, and the hydrodynamic diameter remained stable in
PBS within 4 days after preparation (Table S2). Infrared
spectra validated the existence of the triethylamine group in
the PEI-PLGA nanoparticles (Figure 1c). However, the zeta
potential decreased to —15 mV at pH = 10 to guarantee the
complete neutralization of protons on the cationic surface.
PEG—PLGA nanoparticles with a similar structure were also
prepared as the control (Table S1), which exhibited high
structural similarity with the PEI-PLGA nanoparticles and
were also most commonly used for drug delivery.

The tissue distribution profile of both PEI-PLGA and
PEG—PLGA nanoparticles labeled with Rhodamine B in
BALB/c mice after intravenous administration was investigated
by fluorescence imaging. After administration of different
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nanoparticles for 8 h, major organs of the mice were excised for
ex vivo imaging (Figure 2a). Despite the difference in surface
charge, both nanoparticles showed a similar distribution in
most tissues investigated, including notable retention in the
liver, presumably due to clearance by the mononuclear
phagocytic system. However, PEI-PLGA nanoparticles
demonstrated significantly enhanced accumulation in the
submandibular salivary glands of mice compared to PEG—
PLGA particles (Figure 2ab). Ultrathin sections of nano-
particle-treated submandibular glands examined by trans-
mission election microscopy (TEM) further indicated that
the PEI-PLGA nanoparticles were trapped around both the
serous alveoli and mucous alveoli in the tissue (Figure 2c),
confirming this increased accumulation in vivo. In contrast,
hardly any PEG—PLGA nanoparticles were identified in the
submandibular glands.

Further investigation revealed a probable affinity of PEI—
PLGA nanoparticles to the muscarinic M3 acetylcholine
receptor, a central mediator of submandibular salivary
secretion highly expressed in both mouse and human
submandibular salivary glands. M3 receptor proteins in the
excised glands were stained with an Alexa Fluor 488
conjugated M3 antibody to determine its colocalization with
nanoparticle-encapsulated Rhodamine B. In the examined
tissues, both the substructures of acinus (bubble shape with
loose nucleus distribution) and ducts (tube shape or bubble
shape with compact nucleus distribution when sliced in cross
sections) showed strong M3 receptor expression around the
surface. Notably stronger colocalization between the Alexa
Fluor 488 and Rhodamine B fluorescent channels was in fact

https://doi.org/10.1021/acscentsci.1c01083
ACS Cent. Sci. 2021, 7, 1938—1948
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Figure 2. PEI-PLGA nanoparticles selectively accumulated in the submandibular salivary glands of mice. (a) Representative ex vivo imaging results
of different organs derived from mice administered with free Rhodamine B dye and Rhodamine B labeled nanoparticles through the tail vein (8 h
postinjection). Sa, submandibular salivary gland; H, heart; Li, liver; Sp, spleen; Lu, lung; K, kidney; B, the whole brain; T, thymus gland. (b)
Fluorescence quantification of CyS.5-labeled nanoparticles in the submandibular gland (n = 3). (c) Representative fluorescence visualization of the
frozen sections of the submandibular salivary gland tissues derived from mice treated as in (a) (scale bar, 20 ym) with quantification of Rhodamine
B intensity (d) in form of relative percentage, n = 3. The results are shown as mean + SD. (e) Fluorescent intensity plot charts derived from the
results in (c) showing the degree of colocalization between nanoparticle-delivered Rhodamine B and M3 receptor staining signals. The parameter
on the top right corner of each plot indicated Pearson correlation coeflicients, which reflect the strength of positive correlation between the two
channels. (f) Representative TEM images of ultrathin sections of submandibular salivary glands showing the serous alveolus and mucous alveolus
areas. G, secretory granules; D, ducts; M, myoepithelium. Scale bar, 1 ym. **p < 0.01; ***p < 0.001.

visualized in the PEI-PLGA nanoparticle treated tissue in
comparison to the PEG—PLGA treated group (Figure 2de).
The Pearson’s correlation coefficient of the PEI-PLGA group
was 0.9095, significantly higher than that of PEG—PLGA
(0.3286), showing the strong colocalization relationship
between the M3 receptor expression and the PEI-PLGA
accumulation, while the PEG—PLGA group showed random
and low distribution among the submandibular salivary
independent of the M3 receptor expression (Figure 2f).
These results further suggested that the specifically enhanced
retention of the PEI-PLGA nanoparticles in the mouse
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submandibular salivary glands was at least partially associated
with the abundance of the M3 receptor therein. Although
submandibular salivary glands were not the only type of organ
with high M3 receptor expression, it was also possible that
their anatomical location and structure was particularly
favorable for the retention of intravenously injected nano-
structures. For example, in an RNA sequencing study of M3
receptor from 20 human tissues, other than the submandibular
salivary gland showing the highest RPKM (reads per kilobase
per million mapped reads) at 1.129, the second highest was the
whole brain (RPKM 1.001).>> This result basically

https://doi.org/10.1021/acscentsci.1c01083
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Figure 3. Enhanced affinity of PEI-PLGA nanoparticles with high M3 receptor expression cell line bEnd.3. (a) Representative confocal images of
bEnd.3 cells after 0.5 h of coincubation with CyS.5-labeled nanoparticles. Darifenacin pretreatment was applied to inhibit M3 receptor function.
Scale bar, 10 ym. (b) Confocal fluorescent intensity quantification of CyS.S-labeled nanoparticles (n = 3). (c) Cellular fluorescence intensity of
bEnd.3 cells after 0.5 h of coincubation with Cy$.5-labeled nanoparticles analyzed by a flow cytometry assay (n = S). **p < 0.01; ***p < 0.001.

corresponded to the M3 receptor expression level in mouse
tissue (Figure S2) as well as the neurological effects of the M3
receptor.”> > However, the whole brain was likely not
accessible to the injected positively charged PEI-PLGA
nanoparticles through the compact blood brain barrier.””
PEI-PLGA Nanoparticles Showed Specific Affinity
with M3 Receptor Positive Cells. To further investigate the
interaction between the M3 receptor and the PEI-based
nanoparticles, cellular binding tests were carried out for PEI—
PLGA and PEG—PLGA nanoparticles in vitro. bEnd.3 was
selected for the subsequent experiments for its particularly high
M3 receptor expression (Figure S3).”° The cells were
incubated with either PEI-PLGA nanoparticles or PEG—
PLGA nanoparticles for 30 min at 4 °C to slow down their
internalization. Confocal microscopy analysis demonstrated
that, at physiological pH (7.4), the cellular association of the
PEI-PLGA nanoparticles was in fact significantly stronger
compared to that of the PEG—PLGA nanoparticles (Figure
3ab), consistent with their higher submandibular salivary
gland accumulation. However, when PEI-PLGA nanoparticles
were incubated with bEnd.3 cells pretreated (1 h) with
darifenacin, an M3 receptor antagonist, their association with
the cells diminished greatly, presumably due to the
competition binding between darifenacin and the M3
receptors.”” In contrast, no significant change was detected
in the cellular affinity of the PEG—PLGA nanoparticles when
coincubated with darifenacin-treated cells. This selective
blocking effect on the cellular binding of the PEI-PLGA
nanoparticles through M3 inhibition was then confirmed by
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the highly similar trends observed in a flow cytometry assay
(Figure 3c). From these data, we conclude that M3 receptors
may indeed have an important contribution to the enhanced
bEnd.3 cell association of PEI-based nanoparticles over PEG-
based ones. On the basis of the previous studies, the PEI
segments were endowed with a different protonation rate
according to the environmental pH.> Briefly, full deprotona-
tion happens in an alkaline condition (pH ~ 10.0) while all
primary amines of branched PEI are protonated at
physiological pH around 7.4. To exclude the electrostatic
adsorption effect of PEI with the cell membrane, the same
analysis was performed under pH 10.0 in order to deprotonate
the tertiary amine groups on the PEI surface; the cellular
association of PEI-PLGA nanoparticles still remained
significantly higher (~2-fold) than the PEG—PLGA control
and sensitive to the antagonization of the M3 receptor by
darifenacin, even if the total cellular associated signals in each
group became much weaker (Figure 3a—c). It should be noted
that the signals of negatively charged PEG—PLGA particles
were similarly truncated, possibly indicating that the
compromised uptake function of the cells under unfavorable
pH also played a decisive role in this change. In fact, according
to confocal visualization (Figure 3a), at pH 10, almost no
fluorescence signal was observed within the cytoplasm, while at
pH 7.4, both PEI-PLGA and PEG—PLGA nanoparticles
showed strong internalization during the same time period.
When quantified by flow cytometry (Figure 3c), the
association of the PEI-PLGA nanoparticles with darifenacin-
treated bEnd.3 cells was close to that of the PEG-PLGA
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Figure 4. Analysis of the interaction between ligands (tiotropium, PEI segments, and PEG segment) and the M3 receptor. (a) Optimized molecular
structures of tiotropium, PEI monomer, PEI trimer, PEI pentamer, and PEG monomer (atom color: C, gray; H, white; N, blue; O, red; S, yellow).
(b) Predicted binding modes of the M3 receptor with the five compounds in (a). (c) Binding interaction between the five compounds and the
amino acid residues of the M3 receptor, where the green dotted lines represent the H bond interaction. (d) Alanine scanning mutagenesis
simulation results for all 428 amino acids on the M3 receptor monomer, where the mutation energy level was visualized using a heat map. Cluster
analysis with all groups of mutation energy was carried out by the k-means method. The blue-lined cluster indicates the specific amino acids group
with the most significant change in mutation energy. (e) Enlarged presentation of the blue-lined cluster in (d), highlighting the similarity among

mutation energy profiles of the PEI segments and tiotropium.

nanoparticles, which further implied that the nonspecific
adsorption of the PEI-based particles due to their surface
charge could not fully account for their observed high cell
affinity. Finally, another cell line with positive but lower M3
receptor expression (Figure S3), human umbilical vein
endothelial cells (HUVECs), was also subjected to the same
experiments for comparison. The results demonstrated the
trends very similar to those in the case of bEnd.3 cells, but the
impact of darifenacin on PEI-PLGA internalization became
weaker (statistically nonsignificant in confocal image quanti-
fication analysis) (Figure S4a—d). This may provide another
implication to the participation of the M3 receptor in the
interaction with the PEI-based nanoparticle surface.
Theoretical Computation Identified Specific Modes
of Interaction between PEIl Polymer Segments and the
M3 Receptor. Due to their critical roles in basic physiological
processes, the muscarinic acetylcholine receptors have long
been developed as targets for small molecule drug design.
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Several antagonists and agonists of the M3 receptor have
already been approved by the FDA for treating diseases related
to tissues with abundant M3 receptor expression, such as the
submandibular salivary gland, bladder, or the respiratory
system.”’ These drugs include M3 receptor antagonists
darifenacin and tiotropium, both used as bladder relaxants,
and agonist cevimeline, a drug for dry mouth syndrome.””~>* A
key element that mediates their binding with the M3 receptor
has been identified through the tertiary amine moiety in their
molecular structure,® which is also present in abundance in
the structure of the branched PEI chain (Figure 1). In fact,
tertiary amine nitrogen-containing molecular templates have
already been used to generate potential muscarinic antago-
nists.*® Using molecular dynamics simulation, a previous study
has investigated the interaction between the M3 receptor and
small molecule drug tiotropium and has identified multiple
amino acids as being critical for such binding, including
Tyr529, Tyr148, and Tyr506, which together form an aromatic
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cage surrounding the ligand, together with Aspl47 and
Trp503, which interact with the ligand amine group.””

To explore whether the affinity of PEI-based nanoparticles
to M3 receptor-expressing cells and tissues was also related to a
similar molecular basis, we investigated the binding modes
between PEI-PLGA nanoparticles and the M3 receptor
through theoretical simulations. When the complexity of the
whole nanoparticles used for the molecular docking
simulations was considered, PEI monomer, trimer, and
pentamer were used as a simplification for the outer or
superficial moieties on a branched PEI-based nanoparticle
surface, while the PEG monomer (ethylene glycol) and small
molecule M3 antagonist tiotropium were also studied for
comparison. Here, the predicted tiotropium-M3 receptor
binding mode resembles the experimental crystal structure,”
which proves the reliability of the molecular docking
simulation.

The predicted binding modes by the molecular docking
simulation between the studied compounds and the M3
receptor revealed a notable difference among PEI segments
and PEG monomer while interacting with the protein (Figure
4a,b). All the three PEI segments (monomer, trimer, and
pentamer) were shown to prefer to dock into the orthosteric
binding pocket of the M3 receptor, which is actually the same
binding site reported for tiotropium. When its stronger
hydrophilicity was considered, the PEG monomer was
predicted to interact with the M3 receptor more likely at its
hydrophilic surface rather than being “inserted” into the buried
orthosteric binding site. The identification of the amino acid
residues of the receptor that commonly interact with these PEI
segments, especially trimer and pentamer, showed a strong
overlap with those that have been suggested to be critical in the
M3 receptor binding with tiotropium, such as Asp147, Tyr529,
TyrS06, and Ala23S (Figure 4c). None of these amino acids
have been predicted to interact with the PEG monomer. The
binding energy of the PEG fragment was still lower than that of
the PEI fragment. The monomer, trimer, and pentamer of PEI
interact with the M3 receptor at a binding energy of —2.99,
—3.82, and —4.04 kCal/mol, respectively, while the PEG
monomer only had a small binding energy of —1.78 kCal/mol.
We speculated that, while the PEG polymer tended to form
random coils under physiological conditions, a similar process
was greatly hindered for PEI due to the weaker N—H--N
intramolecular hydrogen bonding compared to O—H--O and
the electrostatic repelling between positively charged quater-
nary ammonium groups. Therefore, the functional groups on a
PEI-based nanoparticle surface, even if not at the terminal of
the polymer chains, are expected to be more accessible than
those on a PEG surface, where terminal groups are often
buried in the coiled polymer. This difference, which cannot be
reflected in our approximations described above, may further
contribute to the disparity between the protein-binding
abilities of the PEI and PEG nanoparticles in the experiment.

The strength of the interactions between the PEI segments
and each of the amino acid residues in the M3 receptor were
turther investigated using in silico alanine-scanning mutagenesis
(428 residues in total; Figure 4d,e). Using k-means centered
cluster analysis (Figure 4d,e), it could be demonstrated that
the mutation energy profiles of the three PEI segments were all
grouped with that of tiotropium while being quite different
from that of the PEG monomer. As shown in the destabilizing
mutation energy heat map (Figure 4d), hardly any particularly
strong interaction was identified between the PEG monomer
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and the amino acids in the M3 receptor, indicating a weak
molecular docking. Instead, most of the residues that had the
strongest binding with tiotropium were also predicted with
high mutation energy (0.5 kCal/mol) in the interactions
between PEI segments and the protein, including Asn507,
Trpl99, Trp503, Aspl47, Tyrl48, and Tyr506, implying a
strong interaction of the protein with these oligomers as well as
a binding mode similar to that of tiotropium-M3 receptor
binding. The key amino acids in the identified PEI oligomer—
M3 receptor interactions were also consistent with molecular
docking predictions. As we hypothesized, these computation
results agreed well with our animal and cell experiments and
suggested a possible molecular basis of the M3 receptor affinity
with PEI-PLGA nanoparticles.

Safety Statement. No unexpected or unusually high safety
hazards were encountered.

B CONCLUSION AND PERSPECTIVES

In this work, we discovered the innate targeting property of the
PEI-PLGA nanoparticles toward the submandibular gland via
a specific receptor—ligand interaction. Investigations on the
cells further suggested this intrinsic affinity was mediated by
the M3 receptor, a subtype of the acetylcholine muscarinic
receptor critical to the normal function of several organs.
Possible modes of molecular interaction between PEI polymer
and M3 receptor have been predicted by the molecular
docking simulation, implying strong binding at the orthosteric
binding site of the receptor protein.

In the current study, the unique targeting property of the
PEI-PLGA nanoparticles toward the submandibular gland was
attributed to the specific binding affinity of the triethylamine
groups toward the M3 receptor. Our results indicated the M3
receptor is also overexpressed in other organs such as brain
(Figure S2). However, few PEI-PLGA nanoparticles were
observed in brain (Figure 2a). The possible reason is that the
intact blood—brain barrier hinders the penetration of the PEI—
PLGA nanoparticles into brain. On the other hand, other
muscarinic receptor subtypes (mainly M1 receptor) are also
overexpressed in the submandibular gland. The selectivity of
the PEI-PLGA nanoparticle toward these subtypes could also
be further studied. Since the triethylamine groups on the
surface of the PEI-PLGA nanoparticles are also indispensable
parts in both agonists (e.g,, darifenacin and solifenacin) and
inhibitors (e.g, cevimeline) of the M3 receptor, the down-
stream signaling pathway changes of the M3 receptor after the
interaction with the PEI-based nanoparticles should be
clarified in the future. As reported, salivary secretion in the
submandibular gland can be significantly influenced by the
activation of the M3 receptor, which is regulated by the
endogenous ligand of the M3 receptor, acetylcholine.
However, in our preliminary experiment, no obvious change
in salivary secretion was found in PEI-PLGA nanoparticle
treated mice within 24 h (data not shown). Further ingenious
experiments could be designed to demonstrate the influence of
the PEI-PLGA nanoparticles on the M3 receptor involved
signaling pathways as well as its biological function.

This discovery inspires us to explore the innate properties of
commonly used nanobiomaterials, such as liposomes consist-
ing of various lipid components,3’7 nature protein nanostruc-
tures,”® polymeric nanoparticles,39 etc. Compared to the well-
designed nanomaterials with targeted modification, these
commonly used nanobiomaterials have long been favored in
the pharmaceutical industry for their good pharmaceutical
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performance and super cost-effectiveness. The deep under-
standing of their innate biological properties could also provide
mechanism explanations on their in vivo bioactivity and side
effects as well as offer guidance on further optimization of
nanomedicine design. For example, nanoparticles with a
cationic surface have been widely used for protein®™ or
gene*' delivery. Although the cationic surface of the nanoma-
terials is usually associated with high toxicity, e.g, hepatic
damage and proinflammatory response,”” a variety of cationic
nanoparticles have come into the clinic for their reliability in
drug loading capacity'® and cellular endocytosis. In practice,
fine-tuning the surface charge on these nanoparticles by
optimizing parameters such as tail saturation and pK, could
minimize their toxicity.”” Although the biological impact of
this muscarinic receptor affinity of PEI-based nanoparticles is
still to be fully evaluated, this study has provided an example
that probing the molecular interactions between polymers and
proteins may help us to construct polymeric nanoparticles with
intrinsic biological activities and therefore extends the
application potential in nanomedicine. Such strategies may
help to deepen our knowledge about nano—bio interactions
and provide new inspirations for the rational design of
nanomedicine.

B MATERIALS AND METHODS

Materials. PEI-PLGA (A—B—A triblock copolymer; PEI
M, = 25000 (1° N: 2° N: 3° N = 4:3:4); PLGA M,, = 36 000
Da; molar ratio of p,L-lactic to glycolic acid 75:25) and
mPEG—PLGA (PEG M, = 5000; PLGA M,, = 15 000, molar
ratio of p,L-lactic to glycolic acid 75:25) copolymers were
purchased from Nuodepaisen Medical Technology (Suzhou,
China). Fluorescent dyes CyS.S and Rhodamine B were
purchased from Solarbio (Beijing, China) and Sigma-Aldrich
(St. Louis, USA) respectively. Umbilical vein endothelium
(HUVEC) and cerebral cortex microvascular endothelium
(bEnd.3) cells were purchased from the Type Culture
Collection Committee of the Chinese Academy of Sciences
(Shanghai, China).

Preparation and Characterization of the Nano-
particles. PEI-PLGA nanoparticles were prefared by a
double emulsion method as described previously.” Briefly, 20
mg of PEI-PLGA was fully dissolved in 1 mL of CH,CI, to
which 0.2 mL of dd H,O was added. For fluorescence imaging
studies, water-soluble CyS.5 or Rhodamine B was dissolved in
this inner aqueous phase. After sonication at 35 W power for §
min, 2 mL of an aqueous solution containing 2% poly(vinyl
alcohol) was added to the mixture. The emulsion was
sonicated for another 5 min and then dispersed into a 0.6%
poly(vinyl alcohol) solution under stirring. The remaining
organic solvent was removed by rotary evaporation. Nano-
particles were collected by centrifugation at 13 000g for 10
min, washed twice, and resuspended in water or saline for
further use. The same method was also applied for the
preparation of the PEG—PLGA nanoparticles. The hydro-
dynamic size and zeta potential of the prepared nanoparticles
were measured by a ZetaSizer Nano series Nano-ZS (Malvern
Instruments). The morphology of the nanoparticles was
characterized using an HT-7700 transmission electron micro-
scope (Hitachi) after 1% uranyl acetate staining for 4 min on
copper 200-mesh grids.

Animal Maintenance. All animal uses were approved by
the Committee on the Institutional Animal Care and Use
Committee of the National Center for Nanoscience and

1945

Technology. Male BALB/c mice (18—20 g, 6—8 weeks) were
purchased from Vital River Animal Laboratories and kept
under a SPF (specific pathogen free) environment with food
and water ad libitum.

Ex Vivo Imaging of PEI-PLGA Nanoparticles. Free
Rhodamine B, Rhodamine B-labeled PEI-PLGA nano-
particles, and Rhodamine B-labeled PEG—PLGA nanoparticles
were intravenously injected into BALB/c mice (n = 3). The
fluorescence intensities (552 nm excitation and 588 nm
emission) of the three formulations were adjusted to be the
same on a spectrophotometer (F-4600 FL spectrophotometer,
Hitachi, Japan). All the mice were sacrificed at 8 h post-
injection. Submandibular salivary glands and other major
organs, including liver, kidney, spleen, lung, heart, thymus
gland, and brain, were dissected and imaged using a
fluorescence imaging system (Spectrum CT, PerkinElmer).

Immunofluorescence Assay. The submandibular salivary
gland tissues derived from mice administered with free dye or
PEI-PLGA and PEG—PLGA nanoparticles as described above
was fixed in 4% paraformaldehyde, dehydrated in 15% sucrose,
embedded in OCT embedding medium (cat#4583, Sakura),
and cut into 8—10 pm thick slices by a freezing microtome
(CRYOSTAR NXS50, Thermo. with Leica 819 blades). Frozen
sections were subsequently immunostained with antimuscar-
inic acetylcholine receptor M3 antibody (cat# ab126168,
Abcam) and with fluorescence-conjugated secondary antibody
(cat# GB25303, Alexa Fluor 488). The sections were also
stained with 4’,6-diamidino-2-phenylindole (DAPI) to visual-
ize the nucleus. Fluorescent images were obtained using a
confocal laser scanning microscope (Lumencor light engine,
Lumencor, Inc.).

Ultrathin Sections for Transmission Electron Micros-
copy. Submandibular salivary glands were dissected into
pieces with a volume < 1 mm® and fixed in 2.5% glutaraldehyde
overnight. The specimen was then washed 20 times with
phosphate buffer, followed by postfixation with 1% osmic acid
for 2 h. After washing the specimen with phosphate buffer
again for 20 times, gradient dehydration was performed with
50%, 70%, 80%, 90%, and 100% alcohol solutions in ddH,0, a
50% alcohol solution in acetone, and 100% acetone for 20 min
per solution. After that, the specimen was sequentially
permeated in gradient dilutions (1:1 to 1:2) of acetone and
embedding reagent for 2 h, respectively, at room temperature.
Then, the embedding reagent was transferred into a higher
concentration for another 3 days at 4 °C. The samples were
then incubated at increasing temperatures from 37 to 60 °C for
3 days using a program and maintained at 60 °C for another
day. Ultrathin sections with a thickness of ~50—100 nm were
obtained by a slicer. After uranyl acetate and lead citrate
staining on copper 200-mesh grids, samples were subject to
HT-7700 TEM visualization.

Cell Culture and Western Blot Analysis of M3
Receptor Expression. All cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
heat-inactivated fetal bovine serum and 1% penicillin/
streptomycin at 37 °C and 5% CO,. For protein extraction,
the cells were seeded onto 6-well plates (~10° cells per well)
and grown to ~85% confluence. Subsequently, cells were
washed twice with PBS and harvested with trypsin-EDTA
solution (0.05% trypsin and 0.53 mmol 17! EDTA). RIPA
buffer (Solarbio, Beijing, China) containing 1 mM phenyl-
methanesulfonyl fluoride (PMSF; Solarbio, Beijing, China)
was used as lysis buffer, and the protein extracts were collected
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in the supernatant after centrifugation at 13 000g for 25 min
and collected in the aqueous phase. Proteins extracted from
different cells were then electrophoresed on 12% sodium
dodecyl sulfate-polyacrylamide gels and transferred onto a
poly(vinylidene fluoride) (PVDF) membrane. After blockage
with 5% bovine serum albumin (BSA) solution for 2 h (room
temperature), the PVDF membranes were incubated overnight
at 4 °C with an antimuscarinic acetylcholine receptor M3
antibody (cat# ab126168, Abcam) or a rabbit polyclonal
antibody against GAPDH (cat# 10494-1-AP, Proteintech).
Membranes were washed four times with Tris-buffered saline
containing 0.5% Tween 20 (Solarbio, China) and then
incubated with HRP conjugated goat antirabbit IgG for 1 h
at room temperature. The blots are treated with Super Signal
West Pico Chemiluminescent Substrate (Thermo Scientific,
Rockford, USA) and imaged using a ChemiDoc Touch
Imaging System (Bio-Rad, USA). The bands were quantified
using ImageJ 1.4.3.67 software.

Confocal Microscopy. For confocal microscopy, bEnd.3
or HUVEC cells were seeded onto 6 cm confocal observation
dishes at 1 X 10* cells per dish in 1 mL of DMEM (10% fetal
bovine serum) and incubated for 12 h. For the M3 receptor
inhibition study, the cells were pretreated with 10 uM M3
receptor antagonist darifenacin for 1 h. Then, the medium was
removed, and CyS.5 labeled PEI-PLGA or PEG—PLGA
nanoparticles (1 mg/mL) dispersed in DMEM without serum
(pH 7.4 or 10.0) were added. After 0.5 h of coincubation at 4
°C, the cells were washed three times, fixed with 4%
paraformaldehyde for 30 min at room temperature, and
sequentially labeled with DiO for 1S min and Hoechst 33342
(buffer dsSDNA) for S min. Confocal images were acquired by a
Zeiss LSM 710 confocal microscope.

Flow Cytometry. Cells (bEnd.3 or HUVEC) were seeded
into 12-well plates at 2 X 10° cells per well in 1 mL of DMEM
(10% serum) and incubated for more than 12 h and pretreated
with darifenacin for 1 h if needed. Nanoparticles labeled with
CyS.5 were added in DMEM without serum (1 mg mL™") at
pH 7.4 or 10.0 and coincubated for 0.5 h under room
temperature. The cells were washed three times and
resuspended with 1 mL of PBS for flow cytometry analysis
(BD Accuri C6, BD, USA). A total of 10000 events were
collected for each sample. Each treatment was performed with
four replicates.

DFT Calculation and Molecular Docking Simulation.
For molecular docking simulation, three PEI segments
(monomer, trimer, and pentamer) together with PEG
segments (monomer) and tiotropium were optimized at
CHARMm force field.** All primary amines of PEI were
protonated to model the neutral aqueous environment.’® The
protein structure of the M3 receptor was download from the
Protein Data Bank database (PDB ID: 4DA]J).** The molecular
docking simulation based on the Lamarckian Genetic
Algorithm between these ligands and M3 receptor’” was
performed by Autodock 4.2.6 software.*® Panels of mutants for
in silico alanine-scanning mutagenesis were generated using
BIOVIA Discovery Studio 2018. The mutation energy was
predicted for all the 428 individual amino acid residues of the
monomer of the M3 receptor. Cluster analysis on the mutation
energy of different amino acids was carried out by the k-means
method with Cluster 3.0 (Stanford University) and was
visualized with Java Treeview (Stanford University).

Statistical Analysis. Statistical analysis was performed
using SPSS Statistics 19.0.0. For multiple comparisons, one-
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way analysis of variance followed with a Tukey posthoc test
was performed. For comparison between two groups, Student’s
t test was used. All data are presented as mean + SD in which p
< 0.05 was considered statistically significant (*, p < 0.05; **,
0.001 < p < 0.01; **% p < 0.001).
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