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ARTICLE INFO ABSTRACT

Keywords: A therapeutic nanocarrier capable of cell targeting has the potential to reduce off-target effects of otherwise
Nanoparticles effective drugs. Nanoparticle surface modification can be tailored for specific cells, however multistep surface
Heparin modification can prove slow and difficult for a variety of cell types. Here, we designed drug carrying poly-
Dextran

saccharide based nanoparticles with a layered structure for clickable surface modification. The center of na-
noparticle was composed of cationic macromer (e.g., poly-L-lysine) and anionic polysaccharide (e.g., heparin).
Furthermore, a ‘clickable’ polysaccharide was installed on the surface of the nanoparticles to permit a wide range
of bioconjugation via norbornene-tetrazine click chemistry. The utilities of these layered nanoparticles were
demonstrated via enhanced protein sequestration, selective cell targeting (via PEGylation or altering poly-
saccharide coating), as well as loading and release of chemotherapeutic. The drug-loaded nanocarriers proved
cytotoxic to J774A.1 monocytes and MOLM-14 leukemia cells.

Norbornene-tetrazine reaction
Cell targeting

1. Introduction

Nanoparticles have been widely used in a variety of biomedical
applications. Depending on the intended applications and desired
properties, nanoparticles can be fabricated with organic materials (e.g.,
polymers, liposomes, proteins) and/or inorganic elements (e.g., iron
oxide, silica, gold). Polymeric nanoparticles are especially advanta-
geous for drug delivery and cell/tissue targeting applications owing to
the diverse arrays of natural and synthetic polymers available for bio-
medical applications. For example, Doxil®, a PEGylated liposomal
doxorubicin formulation, was the first US Food and Drug
Administration (FDA)-approved nanomedicine for cancer therapy
(Tran, DeGiovanni, Piel, & Rai, 2017). While only a few dozens of na-
nomedicines have been approved by the FDA for clinical use (Bobo,
Robinson, Islam, Thurecht, & Corrie, 2016), more than one hundred
nanoparticular formulations are currently at different stages of clinical
trials (Data available in Clinicaltrials.Gov).

Among the various routes to produce functional nanoparticles,
electrostatic complexation is attractive for its simplicity in synthesis
and diversity in materials selection. For example, positively charged
polyethyleneimine (PEI) can complex with negatively charged DNA to
form polyplexes for non-viral gene delivery (Zhang et al., 2018). On the
other hand, conjugating PEG (i.e., PEGylation) on the surface of na-
noparticles has several benefits, including extension of plasma circu-
lation time, improvement of Enhanced Permeability and Retention
(EPR) effect of nanoparticles for accumulation at the tumor site, and
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enhancing diffusion in mucus (Huckaby & Lai, 2018; Suk, Xu, Kim,
Hanes, & Ensign, 2016). Polyelectrostatic complexes can be formed by
simply mixing or vortexing positively and negatively charged polymers.
For example, Chen et al. utilized simple stirring to fabricate nano-
particles composed of anionic heparin (Hep) and cationic poly-1-lysine
(PLL) (Chen, Li, Liu, Ma, & Yan, 2016). However, this method can
create nanocomplexes with high polydispersity index (PDI) that may
not be ideal for translational applications (Danaei et al., 2018). Alter-
natively, ultrasonication can be employed to produce nanocomplexes
with narrower size distribution and robust repeatability. Liu et al. used
this approach to improve the fabrication of Hep/PLL nanoparticles (Liu
et al.,, 2017). While ultrasonication may rapidly degrades fragile mo-
lecules (e.g., proteins or RNAs) (Phua, Nair, & Leong, 2014), this ap-
proach may be appropriate for rapidly generating synthetic drug loaded
nanoparticles for drug delivery applications.

PEGylation has been used on many FDA-approved therapeutics,
such as PEGylated interferon (Dumitrescu, Constantinescu, &
Tanasescu, 2018). On the other hand, modifying nanoparticle surface
with receptor-targeting ligands are essential in targeted delivery of
nanoparticles to the desired site of action. For example, Okamoto et al.
modified siRNA loaded lipid nanoparticles with antibodies for targeting
breast cancer cells, which over-express heparin-binding epidermal
growth factor (EGF) (Okamoto et al., 2018). Peng et al. modified he-
parin-cisplatin based nanoparticles with single-chain antibodies to re-
cognize EGF receptor to successfully target and reduce lung cancer
tumor volume (Peng et al., 2011). Labeling nanoparticle surface with a
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Fig. 1. (A) Schematic of ultrasonication-in-
duced nanoparticle synthesis. (B) Zeta poten-
tial of NPs formed with varying [Hep]l/[PLL]
weight ratios. [PLL] =0.25 mg/mL. (C) Zeta
potential of NPs formed with varying [Hepl/
[ChO] wright ratios. [ChO] =0.25 mg/mL. (D)
Size distribution of [Hep]/[PLL] NPs with
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Table 1

Characterization of polysaccharide NPs with varying weight ratios of polyanion
(Hep) and different polycation (A: PLL; B: ChO). [PLL] and [ChO] were fixed at
0.25 mg/mL.

A.

[Hep]/[PLL] Size (nm) PDI

0.2 152.1 = 2.6 0.172 + 0.022
0.5 127.0 = 1.3 0.208 + 0.023
0.7 1295+ 7.4 0.166 + 0.007
1.0 114.6 = 4.2 0.176 *+ 0.016
1.3 126.0 = 6.5 0.199 + 0.012
1.5 123.8 = 5.8 0.220 * 0.026
1.7 119.8 = 4.5 0.174 + 0.004
2.0 1189+ 0.4 0.173 = 0.012
B.

[Hepl/[ChO] Size (nm) PDI

0.25 323.5+8.3 0.210 + 0.023
0.50 261.4 + 14.0 0.174 = 0.016
0.75 283.2 + 14.0 0.239 + 0.021
1.00 258.7 + 20.7 0.267 + 0.024
1.50 2629 + 14.2 0.176 = 0.013
2.00 249.8 + 3.9 0.187 + 0.006

‘self-peptide’ can also provide a camouflage against recognition by
macrophages (Rodriguez et al., 2013). Various conjugation chemistries
have been used to achieve robust functionalization of nanoparticle
surface. For example, Tian et al. utilized carbodiimide chemistry to
functionalize surface of heparin-quercetin based nanoparticles with
LyP-1 peptide to target p32-overexpressing breast cancer cells (Tian
et al., 2018). Surface modification of nanoparticles can also be achieved
by ‘Click Chemistry’. For instance, Han et al. utilized tetrazine-nor-
bornene click reaction to label quantum dots with antibodies for in vivo
single cell labeling (Han et al., 2010).

In this contribution, we report a modular approach for ultra-
sonication-based synthesis of layered nanoparticles composed of

weight ratios of 0.7x and 1.3 X . (E) Size dis-
tribution of [Hep]/[PLL] NPs (1.3x) at days 0,
15, and 29.
[Hep)/[ChO]
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— Day 15

== Day29

T 1
1000 10000
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anionic Hep and cationic PLL at the center and additional poly-
saccharide was layered on the surface. The feed ratio of the core
macromers (e.g., Hep and PLL) was adjusted to afford tunable surface
charge. A second ultrasonication step was added to complex an addi-
tional layer of polysaccharide with an opposite charge. The modularity
of the layered nanoparticles was demonstrated using anionic Hep,
dextran sulfate (DS), as well as cationic PLL and chitosan oligo-
saccharide (ChO). Dynamic light scattering (DLS) was used to char-
acterize surface charge and size distribution of the nanoparticles. The
incorporation of Hep on nanoparticle surface was verified by di-
methylmethylene blue (DMMB) assay. To afford modular labeling of
nanoparticle surface (e.g., PEGylation or conjugation of other func-
tional motif), Hep was modified with tetrazine or methyltetrazine (i.e.,
Hep-Tz or Hep-mTz). (methyDtetrazine motif is a click chemistry
handle that readily reacts with a norbornene-modified molecule.
J774A.1, a monocyte/macrophage cell line was used to test the cyto-
compatibility and intracellular uptake of the nanoparticles formed by
Hep/PLL and DS/PLL. Finally, the ability of these nanoparticles to serve
as drug delivery carriers was evaluated with cytarabine, a standard
chemotherapeutic agent used in treating acute myeloid leukemia.

2. Materials & methods
2.1. Materials

Poly-1-lysine hydrobromide (PLL, 120 kDa) was purchased from
Polysciences Inc. Heparin sodium (Hep, 16.3 kDa) and chitosan oligo-
saccharide (ChO) were purchased from Celsus Laboratories and TCI
America, respectively. Norbornene-2-carboxylic acid and diethyl ether
were purchased from Sigma-Aldrich. Eight-arm PEG-OH (20 kDa) was
purchased from JenKem Technology, USA. Derivatives of tetrazine
were purchased from Click Chemistry Tools. Lipopolysaccharide (LPS)
was purchased from Cell Signaling Technology. Saponin was purchased
from Chem-Impex International Inc. 4”,6-Diamidino-2-phenylindole,
dihydrochloride (DAPI) was purchased from Anaspec Inc. Sulfo-Cy5-
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Fig. 2. (A) Schematic of layered NP fabrication. Starting
materials in methods i & ii: 2 mg/mL Hep, 1.538 mg/mL
PLL. Starting materials in method iii: 1.077 mg/mL Hep,
1.538 mg/mL PLL. Additional Hep (0.923 mg/mL) was
added during the first cool-down period. (B-D) DLS
characterization of NPs, including (B) PDI, (C) averaged
size, and (D) Zeta potential. Single and double asterisks
represent p < 0.05 and p < 0.001, respectively.
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Table 2

DLS Measurements of layered nanoparticles (0.25 mg/mL PLL at the core).
Shell Polysaccharide Zeta Potential (mV) Size (nm) PDI
Hep —50.6 + 0.6 123.2 £ 5.2 0.149 + 0.011
DS —-50.2 +1.2 130.6 = 2.0 0.144 + 0.003
Hep-Tz —46.8 £ 1.1 133.4 + 3.2 0.136 + 0.006
Hep-mTz —42.6 + 2.5 137.6 = 2.1 0.126 + 0.004

tetrazine was purchased from Santa Cruz Biotechnology. Lysozyme
(purified, salt free) was obtained from Worthington Biochemical
Corporation. All other chemicals were purchased from Fisher Scientific.

2.2. Macromer modification and synthesis

mTz/Tz modified heparins were synthesized via standard carbo-
diimide chemistry using 1-ethyl-3-(-3-dimethylaminopropyl) carbodii-
mide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) as cou-
pling reagents. Modified heparin was purified via dialysis (3500 Da
MWCO) at room temperature for 48 h in ddH,O and the resulting
material was lyophilized. Substitution was determined via measuring
mTz/Tz absorbance at 523 nm using a microplate reader (Synergy HT,
BioTek). 5(6)-Carboxyflourescene modified PLL was also synthesized
via the same carbodiimide crosslinker chemistry in ddH,O. The product
was purified by dialysis (6 —8 kDa MWCO) at room temperature for two
days in ddH,O and then lyophilized. Photoinitiator Lithium Phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP) was synthesized according to
previously reported method (Fairbanks, Schwartz, Bowman, & Anseth,
2009). Methyl-PEG-NB, linear PEG-diNB (6 kDa), and 8-arm PEG-NB
(20 kDa) were synthesized as reported previously (Fairbanks, Schwartz,
Bowman et al., 2009; Fairbanks, Schwartz, Halevi et al., 2009). 'H NMR
(Bruker Advance 500) was used to determine the degree of NB func-
tionalization. Linear Cy5-PEG-NB was synthesized by mixing PEG-diNB
with Cy5-Tz for 1 h. A NB/Tz ratio of 20 was used to ensure conjugation
of Cy5-Tz to PEG-diNB.

i

i

2.3. Nanoparticle preparation & characterization

PLL and heparin were dissolved in filtered double distilled water
(fddH»O, pH 7.1) and sonicated in an ice bath using a Bronson Digital
Sonifier (19.95 + 0.10 kHz, 10 % amplitude) for an initial five minutes.
For pulse sonication, a 10 min cool down period was added after the
initial 5 min sonication, followed by an additional 2.5 min sonication, 2
min cool down, and 2.5 min sonication. The resulting solution was
analyzed by dynamic light scanning (DLS) with Malvern Zetasizer Nano
7S90. For layered NP fabrication, the core NPs were prepared using PLL
(0.25 mg/mL) and heparin (0.175 mg/mL) at a Hep/PLL ratio of 0.7.
The surface polysaccharide was added during the first cooling step. The
final weight ratio of polyanion/polycation was 1.3 X . Dimethyl me-
thylene blue (DMMB) reagent was prepared by adding 16 mg DMMB
zinc chloride into 1 L of double distilled water containing 3.04 g gly-
cine, 1.6 g sodium chloride, and 95 mL of 0.1 M acetic acid (Farndale,
Buttle, & Barrett, 1986). Heparin content in the solution was quantified
by measuring DMMB absorbance at 523 nm. To quantify Tz-NB reac-
tion, methyl-PEG-NB and mTz-heparin were separately dissolved in
deuterium oxide. The solutions were mixed together at a 3:2 mTz:NB
ratio and added to an NMR tube. The reaction was characterized by 'H
NMR (Bruker Advance 500).

2.4. Characterization of clickable NPs and NP-laden hydrogels

PEGylation of NPs was demonstrated by clicking Cy5-PEG-NB to Tz-
heparin coated NPs. Tz:NB ratio was fixed at 1 and the components
were mixed for 24 h, followed by separating the unreacted Cy5-PEG-NB
via centrifugation (25 min at 14,000 rpm). The NP pellet was re-
suspended in ddH,O and the process was repeated twice. Cy5-PEG-NPs
(7.3 wt%) were encapsulated in hydrogels formed by PEG8NB (3 wt%),
DTT (at a thiol/ene ratio of 0.9), and photoinitiator LAP (1 mM).
Gelation was initiated by 365 nm light (5 mW/cm?) for 2 min. Resulting
gels were transferred to PBS, kept from light, and allowed to swell prior
to confocal imaging. For SEM imaging, hydrogels were fabricated and
cut in half with a razor blade and affixed to the stub via magnetic tape.
The samples were gold coated via a Denton Vacuum Desk V sputter. The
surface of the cut gel was imaged using a JOEL JSM-7800f Field
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Fig. 3. (A) Synthesis of mTz-Hep. (B) Reaction between mTz-Hep and mPEGNB. (C) Overlay of 1TH NMR chromatographs of mTz-Hep and mPEGNB. (D) Correlation of

mTz and NB consumptions.

Table 3
DLS measurements of DS coated layered nanoparticles pre and post ara-C loading (PLL 0.25 mg/mL at the core).
Ara-C Loading Zeta Potential (mV) Size (nm) PDI
DS-coated NPs Pre —48.5 0.7 127.0 £ 2.5 0.143 + 0.002
Post —43.4 25 109.8 + 2.9 0.113 * 0.022
Hep-coated NPs Pre —45.2 4.1 127.2 £ 25 0.142 + 0.001
Post —-322 %51 106.8 = 2.0 0.109 + 0.015

Emission SEM.

Lysozyme was used as a model protein for assessing enhanced
protein loading in NP-laden hydrogels. Layered NPs with heparin on the
surface were prepared as described above and loaded in hydrogels at
7.3 wt%. NP-loaded hydrogels were swelled in PBS overnight and wa-
shed twice to remove unreacted material, followed by drying in a de-
siccator. Next, dried hydrogels were transferred to lysozyme solution
(0.25 pg/mL) and placed on a shaker in a 4 °C refrigerator. Samples
aliquots were collected and stored in —80 °C freezer until all materials
were ready for protein quantification using a Micro BCA Protein Assay
Kit (Thermo Scientific).

2.5. Nanoparticle cytotoxicity and intracellular uptake

Cytotoxicity of PLL, Hep, DS, and 1.3x Hep/PLL NPs with equal
concentration of PLL in solution and NPs was tested using J774A.1
cells. Cells were seeded at 5,000 cells per well in a 96 well plate. After
reaching near 80 % confluence, cells were treated with the materials for
3 h, followed by MTT assay (0.4 mg/mL thiazolyl blue tetrazolium

bromide dissolved in serum free DMEM high glucose). After 2 h of MTT
incubation, precipitates were dissolved by adding DMSO MTT absor-
bance at 570 nm was obtained with a microplate reader and normalized
to negative controls. To assess intracellular uptake of NPs, 75,000
J774A.1 (or 100,000 NIH 3T3 cells) were seeded on a 35 mm tissue
culture plate. To activate J774A.1 cells, 1 pg/mL lipopolysaccharide
(LPS) was added to the culture 1 day before adding NPs. DS, Hep, or
Hep-Tz coated layered NPs were prepared with 0.25 mg/mL of PLL-
FAM. Hep-Tz layered NPs were further reacted with methyl-PEGNB at
(mPEGNB, 5.5x NB:Tz molar ratio) for 24 h. All NPs were diluted 10-
fold with cell culture media (high glucose DMEM supplemented with 10
% fetal bovine serum and 1 % antibiotic-antimycotic) and added to cell
culture for four hours. After which, the cells were fixed with 4 % par-
aformaldehyde, permeabilized with saponin, and counterstained with
DAPI. Images were taken with a confocal microscope (Olympus
Fluoview FV100 laser scanning microscope) and analyzed by ImageJ.
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Fig. 4. (A) Schematic of NP PEGylation using Tz-NB click chemistry. (B) Confocal image of Cy5-PEGylated NPs entrapped in a hydrogel (Scale: 200 pm). (C) SEM
images of PEG8NB-DTT hydrogel without (C) or with (D) layered NPs (Scales: 1 um). (E) Shear Modulus on PEG8NB-DTT hydrogels with or without NPs. (F)

Lysozyme loading of PEG8NB-DTT hydrogels with or without NPs.
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Fig. 5. Effect of Hep/PLL NPs and soluble PLL on J774A.1 cell viability. Soluble
PLL at 0.25 mg/mL was used as negative control.

2.6. Ara-C loading to NPs & cell studies

Cytosine-beta-p-arabinofuranose hydrochloride (ara-C) was loaded
to NP surface through ionic complexation. Briefly, to a solution of Hep
and DS-coated NPs, ara-C was added at a ratio of ten ara-C to one he-
parin or DS subunit. The resulting solution was stirred at 75 °C for 1 h,
centrifuged at 14,000 rpm (4 °C) for 25 min to remove excess ara-C,
whose concentration was measured spectrophotometrically (272 nm)
and used to determine the drug loading by mass balance calculation. To

assess cell killing ability of ara-C loaded NPs, J774A.1 (25,000 cells per
well) and MOLM-14 cells (200,000 cells per well) were seeded into a 48
well plate and treated with NP, ara-C, and ara-C loaded NPs. Cells were
incubated for 44 h followed by MTT assay as described above.

2.7. Statistical analysis

Quantitative results are reported as mean + SEM. Two-tailed t-tests
and two-way analysis of variance ANOVA with a Bonferroni post-test
were utilized in determining of significance. Significance was con-
sidered with a p values < 0.05, < 0.01, and < 0.001, corresponding to
single, double, and triple asterisks respectively. Experiments were
performed in an independent fashion, at least in duplicate.

3. Results & discussion
3.1. Polysaccharide nanoparticle synthesis and characterization

To fabricate polysaccharide nanoparticles (NPs), we first mixed
Hep, a polyanion, and PLL, a polycation, at various weight ratios, fol-
lowed by continuous ultrasonication for 5 min (Fig. 1A). NP sizes and
surface charges characterization results showed that the NPs became
negatively charged at Hep/PLL weight ratio of 1 or above (Fig. 1B). In
addition to using PLL, we tested whether other positively charged
polysaccharide (e.g., ChO) could also be used to form NPs with the
same method. When ChO was used, the minimum polyanion-polycation
ratio needed to generate negatively charged NPs was about 0.75x
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(Fig. 1C). We characterized the sizes of Hep/PLL NPs and found that
they had narrow size distribution (averaged to ~120 nm, except at the
lowest Hep content) and PDI (~ 0.17-0.22) regardless of surface charge
(Fig. 1D, Table 1A). Replacing PLL with ChO significantly increased the
sizes of the NPs from ~120 nm to ~260 nm (Table 1B), potentially due
to the bulky p-glucosamine backbone structure of ChO. PLL was used as
the core polymer in the remaining studies since it afforded NPs with
smaller sizes.

The NPs were highly stable, as demonstrated by the largely over-
lapping size distribution on day O to day 29 post-synthesis (Fig. 1E). In
addition to DLS data, we adapted DMMB assay, a method for quanti-
fying glycosaminoglycan content (e.g., heparin), to evaluate the stabi-
lity of the polysaccharide nanoparticles. Initial measurements of the
NPs with 0.7x [Hep]l/[PLL] showed undetectable heparin (data not
shown), suggesting that DMMB was not able to diffuse into the core of
the polysaccharide NP. As such, DMMB assay offers another method for
measuring the stability of the NPs, since any degradation/disintegration
of NPs would result in liberation of heparin into the solution. Over the
course of a month, there was no measurable heparin in the solution
incubated with the 0.7x NP (data not shown), suggesting the NP did not
disintegrate for at least a month. DMMB results were in agreement with
the DLS measurements.

3.2. Pulse sonication for layered nanoparticle fabrication

One of the benefits of using electrostatic interactions for biofabri-
cation is that multiple species with different charges can be layered
sequentially to form a layered structure. This approach also affords
modular assembly of multiple functional motifs to the surface of NPs.
To this end, we have developed a sequential pulse sonication protocol
to facilitate layered NP fabrication. Fig. 2A illustrates the steps of the
continuous/undisrupted ultrasonication (method i) and a pulse ultra-
sonication procedure (method ii) to form the central NPs, as well as the
procedure to form layered NPs (method iii). The two ‘pulse ultra-
sonication’ methods composed of alternating sonication and cool down
steps. With continuous ultrasonication (method i), we obtained nega-
tively charged NPs with relatively high PDI (~0.22, Fig. 2B) and an
averaged size of ~160 nm (Fig. 2C). Note that in this NP fabrication
where Hep/PLL weight ratio was kept at 1.3x, higher concentrations of
Hep (2.0 mg/mL) and PLL (1.54 mg/mL) were used in order to scale up
NP fabrication. As a result, both NP size and PDI were significantly
increased from the previous study where lower Hep and PLL con-
centrations were used (0.325 mg/mL and 0.25 mg/mL, respectively).
We reasoned that increasing ultrasonication time would reduce size and
PDI of the NPs. However, continuous ultrasonication passing 5 min
caused the vessel to heat up drastically even with the use of an ice bath.
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Therefore, we added additional ‘cool down’ steps in between ultra-
sonication steps (method ii, Fig. 2A). As shown in Fig. 2B and C, pulse
ultrasonication method yielded NPs with significantly lower size and
PDI, two indices critical for endocytosis, drug loading efficiency and
release rate.

Method ii was further modified for forming layered NPs consisted of
a core NP with 0.7x [Hep]/[PLL]. Upon the addition of heparin mid-
cooling (method iii, Fig. 2A), the overall [Hep]/[PLL] became 1.3x (i.e.,
negatively charged). DLS characterization results showed that layered
NPs were formed with a small PDI (Fig. 2B), a slightly larger size
(Fig. 2C), and an overall negative surface potential (Fig. 2D). It is worth
noting that NPs formed at 0.7x [Hep]/[PLL] initially exhibited a posi-
tive surface potential (Fig. 1B). After layering additional Hep, the sur-
face charge changed to negative with accompanying increase in NP
size, suggesting that the additional material was successfully layered to

Carbohydrate Polymers 234 (2020) 115901

the surface of the NPs. This fabrication method was used to form dex-
tran sulfate (DS) shell NPs. The size, zeta potential, and PDI were si-
milar between that in Hep shell NPs (Hep and DS groups, Table 2). The
pulse ultrasonication method developed here provides an easy means of
constructing modular NPs with the same core NPs but different surface
polysaccharides.

3.3. Decorating layered NPs with clickable handles

To afford ‘clickable’ modification of layered NP surface (e.g.,
PEGylation, antibody conjugation, etc.), (methyDtetrazine-modified
heparin (i.e., Hep-(m)Tz) was used. (m)Tz group was selected as it
readily react with norbornene (NB)-functionalized molecules through
Tz-NB click chemistry. Tz-Hep and mTz-Hep were first synthesized via
standard carbodiimide chemistry using Tz-amine or mTz-amine
(Fig. 3A). The reactivity of Hep-mTz with NB moiety (in the form of a
linear methyl-PEG-NB, Fig. 3B) was monitored by 'H NMR (Fig. 3C).
Reactions between mTz and NB moieties resulted in shifting of proton
peaks corresponding to the hydrogen atoms of the mTz aromatic ring
(peaks A, A’, B, B”) and reduction of NB associated protons (peaks C and
D). Fig. 3D shows the correlation of mTz and NB consumption, which
yielded linear and quantitative reaction kinetics (R?2 = 0.944). Note
that there was residual NB proton signals left after 24 h of reaction. This
could be attributed to the amount of mTz and NB added were both
based on best effort estimation, resulting in excess NB than mTz motifs
in the starting reaction mixture. The error in the functional group es-
timation could also be attributed to the heterogeneous nature of he-
parin. Regardless, the reaction proceeded spontaneously and was
completed by 24 h. Furthermore, mTz-Hep was used successfully to
form layered NPs through the pulse ultrasonication protocol (Fig. 2A.
Method iii). Compared with using Hep, both Hep-Tz and Hep-mTz
layered NPs still exhibited negatively charged surface but with slightly
larger sizes (likely due to the added Tz/mTz groups) and narrower PDIs
(Hep-Tz, Hep-mTz groups, Table 3). The installation of clickable han-
dles on the surface of nanoparticles facilitates modular modification of
inert (e.g., PEG) or functional/bioactive motifs (e.g., peptides, anti-
bodies, etc.) for desired biomedical applications.

3.4. Click-modification of NP surface and hybrid NP-laden hydrogels

After demonstrating Hep-Tz and Hep-mTz could be used to effec-
tively form layered NPs via pulse ultrasonication, we next sought to
explore the surface-tethered Tz/mTz motifs as clickable handles for
bioconjugation (e.g., PEGylation). To this end, a linear Cy5-PEG-NB
was synthesized and employed for easy monitoring of PEGylation
through simple mixing of Hep-Tz coated NPs with Cy5-PEG-NB
(Fig. 4A). Hep-Tz covered NPs were mixed with Cy5-PEG-NB and in-
cubated for 24 h. After removing unreacted Cy5-PEG-NB, the Cy5-
tagged, PEGylated NPs were further entrapped into a thiol-norbornene
hydrogel for visualization via confocal microscopy (Fig. 4A). The dotty
red Cy5 fluorescence in the images was indicative of successful tagging
of Cy5, and hence PEGylation, on the surface of the polysaccharide
layered NPs. Aggregation was noted and the origin was determined to
be from the centrifugation steps, since repeated studies without con-
centration step showed no aggregation (data not shown). Collectively,
these results have demonstrated that the NB-PEG-Cy5 species were
successfully ‘clicked’ onto the NP surface and demonstrated that the Tz
motif on the NP surface and were available to react with other nor-
bornene modified species. Owing to the modular reactivity of Tz-NB
click reaction, it is possible to click different bioactive motifs simulta-
neously or sequentially to increase the functionality of the clickable
NPs.

To demonstrate that polysaccharide NPs can act as a reservoir for
protein sequestration, we incorporated Hep-Tz NPs into thiol-norbor-
nene hydrogels crosslinked by 3 wt% PEG8NB and DTT with a thiol/ene
ratio of 0.9. NP-free and NP-laden hydrogels were imaged by SEM
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(Fig. 4C and D, respectively), which showed clear NP presence only in
the NP-laden hydrogels. Rheometry measurement of gel stiffness re-
vealed a significant increase in shear modulus (G’) when NPs are in-
corporated into the hydrogel (Fig. 4E), which might be due to the ad-
ditional Tz-NB click reaction contributing to crosslinking density.
Finally, lysozyme uptake results showed a significant increase in pro-
tein loading in hydrogels with the incorporation of Hep-Tz NPs
(Fig. 4F), suggesting that this material system may be beneficial for
affinity based sequestration and release of therapeutic proteins.

3.5. Cytocompatibility of clickable layered nanoparticles

Cytocompatibility of polysaccharide NPs and their constituent
polymers were evaluated via MTT assays on J774A.1 monocytes. Not
surprisingly, addition of soluble PLL at the NP forming concentration
(i.e., 0.25 mg/mL) almost led to complete cell death after 24 h of cul-
ture (Fig. 5). Addition of soluble heparin at the NP forming con-
centration did not exert any adverse effect of cell growth (data not
shown). Interestingly, layered NPs (with same PLL concentration at the
NP core) added to the cell culture increased J774A.1 cell proliferation.
In spite of the use of a soluble PLL concentration that would have cause
cell death, NPs formed at this PLL concentration actually promoted cell
proliferation as more than 100 % of MTT signals were obtained from
these samples when compared with the control group. It was possible
that these NPs, which were ‘heparinized’ on the surface, sequestered
more serum proteins and resulted in increased uptake by the cells.
Consequently, forming NPs with surface heparin exerted an unexpected
effect on promoting cell proliferation. When dextran sulfate was used as
the shell of the NPs, no cytotoxic effect was observed (data not shown).

3.6. Intracellular uptake of modular layered nanoparticles

Modulation of cellular uptake/recognition of NP is of upmost im-
portance for targeted delivery of therapeutics to cells. When delivered
into the body, NPs can be cleared by macrophages, which is proble-
matic for therapeutic applications of nanoparticle. Strategies to increase
NP circulation time are therefore important as they can increase the
amount of drug getting to the desired location. Modulating uptake/
recognition could also increase interaction of a nanoparticles with a
specific cell type for the treatment. As such, we attempted to modulate
the uptake of our clickable layered NPs using monocyte/macrophage
cell line J774A.1. Building from the same ‘core’ NP (i.e., 0.7x [Hepl/
[PLL]), we fabricated NPs with heparin, Hep-Tz, or dextran sulfate (DS)
at the surface. Hep-Tz was used as it endowed the NPs with a click
chemistry handle for facile PEGylation (through reacting with linear
PEGNB), which 'shields' the NPs from macrophages, thereby increasing
circulation time (Fig. 4A). On the other hand, DS was used because of
its macrophage targeting capability (Heo et al., 2017; Kim et al., 2013).

The studies were performed on naive (non-LPS treated) and LPS-
activated J774A.1 cells since monocytes (e.g., naive J774A.1) and
macrophages (e.g., LPS-activated J774A.1) are both immune cells that
are likely to come in contact with NPs. A non-immune cell type, NIH/
3T3 fibroblast was used as a non-target cell control. To visualize NP
uptake by the cells, PLL was first fluorescently labeled with 5(6)-car-
boxyfluorescein (i.e., PLL-FAM) prior to incorporating into the NPs.
Since macrophages are in tissue, this cell type is likely to come in
contact with NPs, potentially close to the site of treatment. As such, the
NPs were administered to LPS activated J774A.1 macrophages, which
exhibited an M1 phenotype (Bartosh, Ylostalo, Bazhanov, Kuhlman, &
Prockop, 2013; Bartosh & Ylostalo, 2014; Murray & Wynn, 2011). Re-
gardless of LPS treatment, however, there was a clear decrease of 5(6)-
FAM fluorescence in the PEGylated-NPs treated cells (Fig. 6A), whereas
DS-NPs were taken up effectively by the cells. Note that these PEGy-
lated NPs still contained heparin on the surface but the PEG ‘clicked’ to
the NP surface effectively reduced intracellular uptake. LPS treatment
activated J774A.1 cells, as demonstrated by higher degree of cell
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spreading (Fig. 6A). The morphology of the cells treated with PEGy-
lated NPs were more circular, suggesting that the cells remained as
naive monocytes. However, there was more spreading in the cells
treated with either DS or heparin-coated nanoparticles, suggesting that
the cells could have been activated due to the uptake of NPs (Fig. 6A).
To quantify cellular uptake of different NPs, fluorescent intensity was
normalized to cell number (Fig. 6B, C). When comparing cellular up-
take results, two phenomena are worth noting. First, the levels of NP
uptake by LPS-activated J774A.1 cells were higher than that in non-
activated cells. Second, PEGylation of NPs significantly decreased cel-
lular uptake, which is in agreement with previous literature
(Bamberger, Hobernik, Konhauser, Bros, & Wich, 2017; Kaul & Amiji,
2002; Peracchia et al., 1999; Sanchez, Yi, & Yu, 2017; Viard et al.,
2018). Furthermore, comparing NPs coated with Hep-Tz and with he-
parin, there was no significant difference in the amount of NP uptake by
the cells (data not shown). Therefore, it can be concluded that the
surface tetrazine was not responsible for the decrease in cellular uptake
for the PEGylated group. Furthermore, J774A.1 cells clearly uptake
more NPs than 3T3 fibroblasts, regardless of NP formulations (Fig. 6D).
Within the fibroblasts study, there was a small increase in uptake of
Hep-NPs than DS-NPs, potentially due to increase in serum protein
complexation that improved their intracellular uptake. Fig. 6 shows
that DS-NPs can be employed to aid in macrophage targeting, a result
consistent with literature reports (Heo et al., 2017; Platt, Suzuki,
Kurihara, Kodama, & Gordon, 1996).

3.7. Drug loading and delivery via NP-complexation

Off targeting toxicity is a major problem for therapeutic adminis-
tration, so employing a nanoparticle carrier could be beneficial for
minimizing off-target cytotoxicity while maximizing the intended
therapeutic efficacy. To demonstrate the therapeutic delivering poten-
tial of our polysaccharide layered nanoparticles, cytosine-beta-p-arabi-
nofuranose hydrochloride (also known as cytarabine or ara-C, a stan-
dard chemotherapeutic used to treat multiple forms of leukemia) was
loaded to NPs and exposed to an acute leukemia cell line (Molm-14)
and J774A.1 cells. Loading of ara-C to Hep-NPs or DS-NPs was achieved
via ionic complexation following an established protocol (Liu et al.,
2014). The loading efficiency was determined to be 13.6 % and 17.7 %
of ara-C for DS-NP and Hep-NP, respectively. Drug loading onto the
surface of DS-NPs or Hep-DS reduced the negative charge (Table 3),
suggesting that ara-C had formed polyelectrolyte complexes with Hep
or DS. Drug-loaded NP size and PDI were also reduced, likely due to
increased compaction of NPs via additional electrostatic interactions.

Prior to testing the effect of ara-C-loaded NPs on cell killing, we
determined the LD50 of ara-C for Molm-14 cells to be 0.3 nM (Fig. 7A).
Hep-NPs were used to load ara-C at LD50, which demonstrated effective
cell killing comparable to that of soluble ara-C (Fig. 7B). The reduction
of cytotoxicity of ara-C loaded Hep-NP may be due to ara-C not being
completely released from the NP upon cell uptake. For targeting mac-
rophages, we used DS-NPs to load ara-C. Soluble ara-C was highly cy-
totoxic to J774A.1 cells for the two concentrations tested, whereas ara-
C-loaded DS-NPs only induced high level of cytotoxicity at high drug
concentration (Fig. 7C). While this in vitro cytotoxicity assay could not
resemble the therapeutic efficacy of ara-C-loaded NPs in vivo, our
current study demonstrated that both Hep-NP and DS-NP can be used to
load ara-C, which induced desired cytotoxic effect. Future work will
focus on exploring the modular Tz-NB click chemistry to conjugate cell-
targeting ligand onto the NP surface, as well as on evaluating the
therapeutic potential of this modular polysaccharide nanoparticle
system.

4. Conclusion

We have developed innovative ‘clickable’ nanoparticles with a
layered structure. The synthesis of nanoparticle was facilitated by a
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pulse ultrasonication methodology and was highly modular, as de-
monstrated by the use of several polysaccharides to create NPs with
modularly tunable surface properties. Furthermore, the installation of a
tetrazine motif on nanoparticle surface permitted facile and modular
conjugation of norbornene-tagged molecules (either inert or bioactive)
to regulate cellular recognition of the functionalized nanoparticles. We
showed that modulating nanoparticle surface properties affected their
in vitro uptake by naive or activated macrophages. Furthermore, this
nanoparticle platform was adapted as a drug carrier based on ionic
complexation. Future work will focus on clicking multiple receptor
binding ligands on the surface of the nanoparticles, as well as em-
ploying this system for drug delivery applications.
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