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ABSTRACT: Nanoparticle-mediated cancer drug delivery remains
an ineflicient process. The protein corona formed on nanoparticles
(NPs) controls their biological identity and, if optimized, could
enhance cancer cell uptake. In this study, a hyperbranched
polyester polymer (HBPE) was synthesized from diethyl malonate
and used to generate NPs that were subsequently coated with
normal sera (NS) collected from mice. Cellular uptake of NS-
treated HBPE-NPs was compared to PEGylated HBPE-NPs and
was assessed using MDA-MB-231 triple-negative breast cancer
(TNBC) cells as well as endothelial and monocytic cell lines. NS-
treated HBPE-NPs were taken up by TNBC cells more efficiently
than PEGylated HBPE-NPs, while evasion of monocyte uptake was
comparable. NS coatings facilitated cancer cell uptake of HBPE-

ANCER

¥

S ¥y

O S I

NPs, even after prior interaction of the particles with an endothelial layer. NS-treated HBPE-NPs were not inherently toxic, did not
induce the migration of endothelial cells that could lead to angiogenesis, and could efficiently deliver cytotoxic doses of paclitaxel
(taxol) to TNBC cells. These findings suggest that HBPE-NPs may adsorb select sera proteins that improve uptake by cancer cells,
and such NPs could be used to advance the discovery of novel factors that improve the bioavailability and tissue distribution of drug-

loaded polymeric NPs.

B INTRODUCTION

Advances in nanotechnology hold promises for improving anti-
cancer drug efficacy by delivering therapeutic cargo specifically
to disease sites. However, achieving effective local accumu-
lation of nanocarriers in tumors remains a challenge. Various
strategies are ongoing to enhance the intratumoral concen-
tration of nanomedicines. Taking advantage of the enhanced
permeability and retention (EPR) effect, due to abnormal
leakage of tumor vessels, is one approach for the passive
targeting of nanomedicines." However, gaps between endo-
thelial cells may not be responsible for the movement of
particles from the vasculature into tumors,” in part explaining
why current approaches for nanoparticle drug delivery to
cancer cells result in efficiencies as low as 0.0014%.”" The
rapid removal of circulating NPs by the reticuloendothelial
system (RES) is another factor that reduces tumor
accumulation of systemically introduced nanomedicines.’
Antifouling approaches like the use of poly(ethylene glycol)
(PEG) to modify the surface of NPs are used to enhance
biocompatibility and increase circulation time.® But the
repeated administration of PEG-modified NPs could cause
production of anti-PEG antibodies as part of the host immune
response against PEGylated nanomedicines.” The PEG density
and chain length are also factors that could hinder cancer cell
© 2021 The Authors. Published by
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uptake.® Hence identifying novel antibiofouling coatings that
are not immunogenic is needed to overcome the limitations of
current nanocarriers.

An emerging strategy for targeting NPs to tumors is
modifying the nanoparticle surface to promote interactions
with biological components that naturally target specific cells.
In the presence of fluids like blood or cell culture media, NPs
adsorb biomolecules forming what has been termed a
“corona”.” This corona is composed of proteins and possibly
other biological molecules like lipids. A protein corona is likely
formed by two distinct layers: a hard corona made from
proteins with a strong affinity for the nanoparticle surface and a
soft corona consisting of proteins that may transiently interact
with NPs. The formation of a protein corona remodels the
nanobio interface and is thus a major factor in defining the
pharmacological profile of nanomedicines.'® Key parameters
such as blood circulation time, tissue biodistribution,
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Scheme 1. Synthesis Schematic for HBPE Polymer”
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“(A) BBA, DEM, and K,COj reactants were dissolved in acetonitrile in molar ratios of 1, 1.1, and 1, respectively. After 36 h under reflux, the 2-(4-
Acetoxybutyl) malonic acid diethyl ether product (compound 1) was purified by separatory funnel extraction, rotary evaporation, and vacuum
distillation. Oxygen-bound end groups were deprotected with NaOH and protonated with HCL. The monomer product (compound 2) was purified
through vacuum distillation and rotary evaporation. The monomer was then polymerized with a (PTSA) acid catalyst in a DMSO solvent under an
inert nitrogen atmosphere. For polymerization, the monomer was dispensed in solution with a syringe pump at a 0.1 mL per hour rate. (B) For
seed-based polymerization, all synthesis steps were identical to non-seed HBPE polymerization apart from the following. After compound 2
purification, the monomer was then polymerized with the PTSA catalyst and a terephthalic acid seed in the DMSO solvent under an inert nitrogen

atmosphere.

biodegradation, hemocompatibility, toxicity, and others are
affected by the biomolecules that form a protein corona on
NPs.'” Such findings are the foundation for strategies to
produce biomimetic NPs that integrate biological elements in
nanoformulations. As an example, use of cell membrane-coated
NPs was first examined using membranes from red blood cells
(RBCs)."" Unlike PEGylation that is a “bottom-up” approach,
coating NPs with cell membranes utilizes a “top-down”
approach that is more facile and endows NPs with the
characteristics of the cell membrane donor cell.'" In addition
to RBCs, various other cell types can provide membranes to
coat NPs, such stem cells, leukocytes, platelets, or cancer cells.
Despite advantages in immune evasion, improved biodistribu-
tion and circulation time, enhanced natural targeting, and
being eco-friendly, the translation of cell membrane coating
nanotechnology from the lab to the clinic remains challeng-
ing.l4_16
membrane source cells and large-scale production. The
identity of the essential membrane proteins that improve
tumor targeting of coated NPs is poorly characterized, which
impedes reproducibility. Additionally, inherent problems exist
with the use of RBCs and platelets, such as the lack of tumor
targeting and the need for donor blood, and carcinogenic risk
associated with cancer cells or exosomes."”

There are unresolved issues with standardization of
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An ideal solution would be coating NPs with an optimal
combination of proteins that confer a biological identity to the
nanomedicines that is amenable to tumor accumulation.
However, the knowledge needed to create such a nanoparticle
coating is lacking. Increasing our understanding of the
interaction of NPs with biomolecules is essential to advance
the clinical application of biomimetic approaches for nano-
medicines. The NPs themselves may be a key to achieve this
end. If NPs selectively adsorb proteins and other biomolecules
from surrounding fluid, these particles can enrich for high and
low abundance factors important in the manipulation of the
biointerface that can be used to improve the targeting of
nanomedicines to disease sites. This rational is supported by
the reported use of NPs as probes to detect disease."®"'
Moreover, the physio-chemical features of NPs such the size,
shape, or hydrophobicity can be further modified to modulate
corona formation and thereby lead to the identification of
novel proteins that enhance the tumor targeting of nano-
medicines.”’

In this study, we use NPs formulated with a novel aliphatic
and malonate-based synthetic polymer termed HBPE*'~** to
investigate the effect of a serum-based protein corona on breast
cancer cell uptake and drug delivery as compared to
PEGylation. We previously found that the three-dimensional
(3D), globular HBPE polymer forms amphiphilic polymeric

https://dx.doi.org/10.1021/acsomega.0c05998
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cavities for effective encapsulations of hydrophobic drug
cargos. In the intracellular environment (e.g., esterases, acidic
pH), the presence of ester linkages in the polymeric backbone
yields small chain (2—S carbon) length alcohols and weak
acids. Such degradation byproducts are easily excluded from
the body by the renal system as shown for other degradable
polymers.”* This results in minimal toxicity and higher
biocompatibility when HBPE-NPs are used in vivo. A synthetic
polymer such as HBPE is also preferable to polymers formed
using natural sugars, like chitosan,™ since synthesis is more
reproducible and less likely to stimulate the immune system.
Unlike other hyperbranched aliphatic polyesters, such as
poly(glycolide) (PGA) that lacks functional groups on the
polymer backbone,”**” the HBPE polymer forms carboxylated
(COOH)-functionalized NPs that can be further function-
alized using carbodiimide chemistry. Importantly, the HBPE
polymer, unlike dendrimers, can be synthesized in one-pot and
does not need multiple iterative steps.z‘)”28 In aqueous
solutions, the HBPE polymer self-assembles, with the hydro-
phobic areas internalizing, while exposing the hydrophilic areas
containing the polar carboxylic acid groups. This property,
unlike micro-emulsion methods, enables encapsulation of
hydrophobic drug cargos using a water-based solvent diffusion
method and is an advantageous feature of the HBPE polymer
along with the capacity for surface functionalization, solubility
in common polar solvents, and selective biodegradability at
low-pH or under enzymatic conditions.

Due the described features of HBPE-NPs, these particles
could potentially be an ideal platform for the enrichment and
subsequent identification of biomolecules that facilitate tumor
accumulation. In support, our published studies demonstrated
that HBPE-based NPs delivered a hydrophobic peptide called
CT20p in vitro and in vivo to tumor cells that led to cancer cell
killing and tumor regression.u’zz’zc’)_31 Thus, we surmise that
HBPE-NPs form a corona containing critical proteins that
enhance the tumor accumulation of particles. To investigate
this, we performed comparisons of the uptake of NS-treated
HBPE-NPs and PEGylated (PEG) HBPE-NPs using mono-
cytic, endothelial, and cancer cell lines. A novel endothelial
cell-based transwell assay was used to determine whether a
preformed protein corona on HBPE-NPs could modulate
interactions with an endothelial layer and then be subsequently
taken up by cancer cells. Findings support that HBPE-NPs
adsorb select sera components that enhance delivery of anti-
cancer agents to tumor cells. Hence, HBPE-NPs can serve as a
source for the discovery of new factors that, when used to coat
NPs, will optimize the biological behavior of nanomedicines by
positively influencing cancer cell-targeting capacity.

B RESULTS

Optimization of Synthesis of HBPE Polymer and
Characterization of HBPE-NPs. To address challenges with
the delivery of cancer drugs to tumors, we synthesized the
HBPE polymer (Scheme 1A) based on the work reported by
Santra et al.”>*®** An advantageous feature of the HBPE
polymer is its aliphatic nature, consisting of hydrophilic
carboxylic acids on its surface and hydrophobic hydrocarbons
in its core. This property permits hydrophilic and hydrophobic
drug encapsulation within the polymer’s inner pores,
facilitating solubility in aqueous environments. The AB,
monomer is designed to grow in three dimensions during
polymerization, to form a highly branched polymer. The
degree of polymerization of the HBPE monomer, and in turn
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its diameter and branching, can be altered through changes in
reaction time during the synthesis, allowing for adjustment in
the polymer pore size to optimize drug encapsulation. In
previous studies, we employed HBPE-NPs for delivery of a
theral;z)eutic peptide to regress breast and prostate tumors in
mice.”>?”*' However, these studies also showed that our
particles, even when PEGylated, were also taken up by the liver
and spleen, which reduced bioavailability (Figure 1). Since
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Figure 1. PEGylated HBPE-NPs accumulate in liver, spleen, and
tumor, respectively. Shown are bar graphs for total organ fluorescence
quantification (upper panel) and organ imaging (lower panel) 7 h
post-treatment of tumor-bearing mice intravenously injected with DiR
dye-loaded PEGylated HBPE-PEG-NPs. Nu/Nu nude mouse was
orthotopically injected with 8 X 10° MDA-MB-231 TNBC cells in the
mammary fat pad. Images were taken with an IVIS Lumina S5 and
quantified with Living Image software. Images represent HBPE-PEG-
NP uptake (DiR fluorescence) in the spleen, kidneys, lungs, heart,
tumor, and liver.

NPs of uniform size and shape are ideal for cargo delivery to
cells,”® we optimized HBPE polymer synthesis to achieve a
uniform nanoparticle diameter and dispersity in several ways.
First, in the monomer synthesis steps, column chromatography
was replaced by vacuum distillation to reduce the synthesis
time and increase the product yield of compounds 1 and 2
(Scheme 1A). Second, the hydrochloric acid (HCI) concen-
tration and dispersion rate were reduced to improve
compound 2 recovery. Lastly, for polymerization, the solvent
volume was increased, and the monomer was added dropwise
to the solvent through a syringe pump at specific amounts and
time intervals. Variants of this approach were tested to
optimize branching of the polymer, which controls the polymer
molecular weight (MW) and resulting particle size and cargo-
loading capacity. Two methods were evaluated: the slow
addition of monomer’™* and the use of terephthalic acid

https://dx.doi.org/10.1021/acsomega.0c05998
ACS Omega 2021, 6, 5591-5606
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Figure 2. HBPE polymer forms monodispersed NPs. (A, B) Hydrogen nuclear magnetic resonance ("H NMR) spectra of (A) monomer
(compound 2) and (B) HBPE polymer. (C) Schematic of the solvent diffusion method for producing HBPE-NPs and encapsulating cargo. (D)
TEM images of COOH-HBPE-NPs to assess dispersity and morphology. Images were acquired with a JEOL TEM-011 microscope.

(1:296ratio to monomer) as a seed for polymerization (Scheme
1B).

Nuclear magnetic resonance ('H NMR) results for the
HBPE monomer and polymer showed expected findings based
on previously reported data® (result for the slow addition
method shown, Figure 2A,B). Distinct peaks were observed
with the correct number of segmentations and chemical shifts
(ppm) for each hydrogen type, indicating successful monomer
synthesis. After polymerization, NMR peaks widened and peak
segmentation reduced, signifying monomer branching. To
track NPs in cells or in vivo, fluorescent hydrophobic probes,
1,1'-dioctadecyl-3,3,3",3'-tetramethylindocarbocyanine per-
chlorate (Dil) or 1,1’-dioctadecyl-3,3,3’,3'-tetramethylindotri-
carbocyanine iodide (DiR) was encapsulated within the
HBPE-NPs as appropriate for detection. For dye encapsula-
tion, the solvent diffusion method was used (schematic, Figure
2C). We confirmed that all NPs had equivalent loading of dye
by fluorometry (Figure S1A). After dye-encapsulated NPs were
formed, nanoparticle morphology, dispersity, and diameter
were evaluated to ensure that NPs of uniform size and shape
were produced. To examine this, transmission electron
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microscopy (TEM) was performed (Figure 2D). Anhydrous
NPs displayed a spherical and monodispersed nature and
ranged in a diameter between 100 and 160 nm, demonstrating
that syringe pump-mediated control over polymerization was
achieved. To evaluate the hydrodynamic nanoparticle diame-
ter, dynamic light scattering (DLS) was performed (Table 1).

Table 1. DLS Data for NPs Made from HBPE Polymer”

particle size {-potential

nanoparticle (nm =+ o) PDI + ¢ (mV + o)
COOH-HBPE-NPs 160.1 + 2.5 0.14S + 0.068 =39.1 £ 0.9
COOH,)-HBPE-NPs 159.0 + 2.7 0.147 + 0.040 —40.2 + 1.5

“(s) terephthalic acid seed-based polymer; PDI, polydispersity index.

COOH-HBPE-NPs showed an average diameter, dispersity
(polydispersity index (PDI)), and zeta ({) potentials of 160
nm, 0.146, and —39 mV, respectively, indicating a desired
diameter, stability, and dispersity consistent with our labs’
previous studies.”*”'

Protein Corona Formation and Inherent Toxicity of
HBPE-NPs. An important factor influencing the biological

https://dx.doi.org/10.1021/acsomega.0c05998
ACS Omega 2021, 6, 5591-5606
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Table 2. DLS Data for HBPE-NPs Treated with NS“

nanoparticle particle size (nm =+ o) PDI + ¢
COOH-HBPE-NPs 1622 + 3.8 0.185 + 0.034
COOH-HBPE-NPs + anti-IgG 146.7 + 3.9 0.182 + 0.022
PEG-HBPE-NPs 224.6 + 8.1 0.237 + 0.004
PEG-HBPE-NPs + anti-IgG 206.1 £ 0.5 0.208 + 0.025
COOH-HBPE-NPs + 5% NS 152.7 + 3.0 0.123 + 0.040
COOH-HBPE-NPs + §% NS + anti-IgG 1874 £ 1.8 0.095 + 0.015
“PDI, polydispersity index.
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Figure 3. HBPE-NPs that form sera-derived protein corona are non-toxic. (A) TEM images of NS-treated COOH-HBPE-NPs (left panel) and NS
alone (right panel). NPs were incubated with sera in a 20:1 volumetric ratio for 1S min. Images were acquired with a JEOL TEM-011 microscope.
(B) TNBC MDA-MB-231 cells (left panel), endothelial HUVECs (mid panel), and monocytic THP-1 cells (right panel) were treated with a
vehicle (water), COOH-HBPE-NPs, and NS-coated COOH-HBPE-NPs for 24 h of treatment. Cell viability was assessed using an MTT assay.

Data in graph displays mean + standard deviation (n = 3).

identity of NPs is the formation of the protein corona. NPs can
adsorb distinct proteins from biological fluids like cell culture
media or sera, which in turn affect biodistribution when
systemically applied. To study this, we evaluated the coronae
formed on HBPE-NPs treated with mouse NS. A 5% volume-
to-volume (or 20:1) ratio of NS to nanoparticle was used to
coat HBPE-NPs. The sera-to-nanoparticle ratio and incubation
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time were determined by assessing the minimum sera volume
and incubation time that allowed for a noticeable change in
DLS diameter values upon sera addition to HBPE-NPs.””** To
verify the presence of a protein corona, the nanoparticle size
was measured before and after NS exposure using DLS (Table
2). COOH-HBPE-NPs and PEGylated (PEG-HBPE-NPs)

https://dx.doi.org/10.1021/acsomega.0c05998
ACS Omega 2021, 6, 5591-5606
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Figure 4. Pretreatment with NS improves cancer cell uptake of HBPE-NPs. (A) Representative confocal microscopy nanoparticle uptake images
(single cell plane) of MDA-MB-231 cells (left column), HUVECs (middle column), and THP-1 cells (right column) treated with Dil dye-
encapsulated COOH-HBPE-NPs (top row), PEG-HBPE-NPs (middle row), and NS-treated COOH-HBPE-NP (bottom row). Scale bar
represents 50, 200, and SO pm for MDA-MB-231, HUVEC, and THP-1 cells, respectively. Images were taken with a Zeiss LSM 710 microscope at
40x (MDA-MB-231 and THP-1 cells) and 20X (HUVECs) magnification. (B—D) Bar graphs represent average Dil fluorescence per cell. MDA-
MB-231 cells (B), HUVECs (C), and THP-1 cells (D) were treated with COOH-HBPE-NP, PEG-HBPE-NPs, or NS-treated COOH-HBPE-NP
(HS) for 24 h. Imaging was performed with a Cytation $ cell imaging multi-mode reader (see Figure S3 for representative images). MDA-MB-231
and HUVEC fluorescence data was acquired from 100 cells. THP-1 fluorescence data was acquired from a total of 50 cells. Fluorescence was
quantified using ZEN blue software. Data represents mean + standard deviation. *p-value <0.0001 relative to PEG-HBPE-NPs. Representative data

from three replicates is shown.

NPs were compared to assess the difference in nanoparticle
surface modification upon corona formation.

After NS treatment, COOH-HBPE-NPs decreased in
average diameter by ~5.8%. The size reduction of the
HBPE-NPs could be due to proteins in the NS interacting
with the particle hydrophobic core and causing the branching
of the HBPE polymer to constrict.’””** To confirm that
diameter changes in HBPE-NPs were due to adsorption of
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coronal proteins from NS, anti-IgG antibodies were employed
using a protocol adopted from Zheng et al. to detect the
immunoglobulin IgG associated with NPs.”” In principle, when
HBPE-NPs capture sera proteins, such as IgG, antibodies to
IgG will bind to the serum protein, increasing the size of the
HBPE-NPs, which can be detected by DLS. After anti-IgG
antibody addition, NS-treated COOH-HBPE-NPs increased in
average diameter by ~22.7%, respectively, as compared to NS-
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Figure 5. NS-treated HBPE-NPs do not promote endothelial cell migration. (A) Schematic for the CTEM protocol using the IncuCyte live-cell
analysis system. (B) HUVECs (Cyto-Light Green) were plated at 80% confluency and treated with Dil-encapsulated HBPE-NPs. Imaging was
performed at 0.5 h intervals for 24 h detecting the green fluorescent (cells) and red fluorescent (nanoparticles) channels. Time course videos were
made using the IncuCyte’s chemotaxis software and select videographs analyzed for movement of red fluorescent particles. Red circles show the
initial nanoparticle target site at time 0 and yellow circles show the location of the nanoparticle target after 20 h. (C, D) Total green fluorescence
graphs of HUVEC cells (Cyto-Light Green) treated with Dil-encapsulated COOH-HBPE-NPs (COOH-NPs), PEG-HBPE-NPs (PEG-NPs), and
NS-treated HBPE-NPs are shown. Graphs track the migration of HUVEC cells above (C) or below (D) the insert through 48 h (1 h increments).
(E) Representative top and bottom views of insert for fluorescent HUVEC cells at 18 h posttreatment with PEG-NPs, HBPE-NPs, or HBPE-NPs

(NS).

treated HBPE-NPs not incubated with the anti-IgG antibody.
Since the diameters of NS-treated HBPE-NPs increased upon
the anti-IgG antibody addition, but not the untreated COOH-
HBPE-NPs (Table 2), it is suggestive that HBPE-NPs formed
a protein corona when exposed to NS. To confirm, we
determined that HBPE-NPs could concentrate serum proteins

by analyzing the protein content of HBPE-NPs treated with
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NS at a 20:1 or 5:1 volume-to-volume ratio by gel
electrophoresis and staining with Coomassie Blue (Figure S2).

After DLS data confirmed the capacity of HBPE-NPs to
form a protein corona with NS, we visualized corona formation
by TEM. NS-treated HBPE-NPs resulted in observable
nanoparticle agglomeration that was not seen with NS alone
(Figure 3A), confirming the presence of NS-treated HBPE-
NPs. Our data suggests that HBPE-NPs can form a protein

https://dx.doi.org/10.1021/acsomega.0c05998
ACS Omega 2021, 6, 5591-5606


http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c05998/suppl_file/ao0c05998_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05998?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05998?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05998?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05998?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05998?ref=pdf

ACS Omega http://pubs.acs.org/journal/acsodf

>
v )

_ S

s

(v 8
Q

e ;

O

Q

[}

e

=]

3

ENDOTHELIAL LAYER JIONES 3
©

(upper o

MEMBRANE chamber) L

I
o
=]

w
°
o

@ ' MDA-MB-231
(CANGERGELLS)  (bottom
chamber)

a
o
=]

Total fluorescence (a.u.) )
S

° =
D T D T D
E E E £ E
N T N n
2 &4 ¢ g
e s © s =
e T v
HBPE-NPs

MDA-MB-231

COOH-HBPE-NPs PEG-HBPE-NPs COOH-HBPE-NPs
(NS)

Average fluorescence (a.u.)

(]
o
=
w
o
o
= =

(NS)

PEG-HBPE-NPs

T
[o]

COOH-HBPE-NPs

co

Figure 6. NS-treated HBPE-NDPs are taken up by cancer cells after passage through the endothelial layer. (A) Schematic for a transwell plate system
consisting of a HUVEC-seeded insert and an MDA-MB-231-seeded bottom chamber. (B) Bar graph depicts optimization of HUVEC density.
HUVECs were seeded at 60% confluency and proliferated through 8 days. At each timepoint, COOH-HBPE-NPs loaded with Dil were added to
the top chamber and media from the bottom chamber collected for assessment of fluorescence using the Cytation S plate reader. (C) Bar graph
depicts optimization of the COOH-HBPE-NP treatment dose. HUVECs were seeded as in (B) and Dil-loaded COOH-HBPE-NPs added at
increasing concentrations. After 24 h, fluid from the bottom chamber was collected and total fluorescence determined as above. (D) Representative
confocal microscopy images (single cell plane) of the bottom chamber containing MDA-MB-231 cells. HUVECs were treated with Dil-
encapsulated COOH-HBPE-NPs, PEG-HBPE-NPs, and NS-treated COOH-HBPE-NPs. Images of nanoparticle uptake by MDA-MB-231 cells
were acquired 24 h posttreatment. Scale bar represents SO #m. Images were taken with a Zeiss LSM 710 microscope at 40X magnification. (E) Bar
graph of digital images acquired from (D). Average Dil fluorescence per cell is shown (n = 100 cells). Images were taken by a Cytation S cell
imaging multi-mode reader (see Figure S4 for representative images). Data represents mean + standard deviation. *p-value <0.0001 relative to
PEG-HBPE-NPs. Representative data from three replicates is shown.

corona that is based on the HBPE polymer chemical structure. included in all experiments as a control for the nonspecific
To ensure that cellular uptake would not be influenced by any adsorption of proteins from FBS and to demonstrate that the
adverse effects of NS-treated HBPE-NPs on MDA-MB-231, pretreatment of HBPE-NPs with NS, much like PEGylation,
HUVEC, or THP-1 cells, an MTT (3-[4,5-dimethylthiazole-2- alters coronae formation, even in FBS-containing media.

yl]-2,5-diphenyltetrazolium bromide) viability assay was Direct Uptake of NS-Treated HBPE-NPs by Mono-
performed (Figure 3B). Treatment of cells with NS-coated cytic, Endothelial, and Cancer Cells. Once HBPE-NPs
HBPE-NPs after 24 h showed no toxic effects, and viability was were confirmed to form a protein corona using DLS and TEM,
comparable to that of vehicle control (no NPs) or untreated in vitro studies were performed to evaluate whether the protein

HBPE-NPs. Note that these and subsequent experiments were corona affected the ability of HBPE-NPs to be taken up by
performed in standard tissue culture media that contains 10% cells. Human-derived cell lines MDA-MB-231, HUVEC, and
fetal bovine serum (FBS). Hence, untreated HBPE-NPs were THP-1 were used, representing TNBC, endothelial, and
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monocytic cells, respectively. NS-coated HBPE-NPs loaded
with Dil were incubated with MDA-MB-231, HUVEC, and
THP-1 cells for 24 h. PEGylated, Dil-loaded HBPE-NPs were
included as a comparison to a standard in the field, and
untreated Dil-loaded HBPE-NPs used as a control for non-
specific uptake of media-related proteins as indicated above.
Note that nanoparticle preparations all had equivalent loadings
of Dil dye (Figure S1A). To visualize internalization of Dil
loaded HBPE-NPs by individual cells, laser confocal scanning
microscopy was performed. To quantitate total fluorescence in
a microscopic field of cells, digital microscopy coupled to a
plate reader was used. Together, these two methods provide
qualitative and quantitative evaluation of the nanoparticle
uptake by cells. Hence, images were acquired by confocal
(Figure 4A) and digital (Figure S3) microscopy to show mid-
cell plane and total fluorescence, respectively. Fluorescence
quantification was performed on digital images (Figure S3) by
averaging pixel intensity per cell In MDA-MB-231 cells
(Figure 4A,B), NS-treated-HBPE-NPs exhibited a significantly
higher uptake (p < 0.0001) compared to PEG-HBPE-NPs.
With THP-1 cells and HUVECs, comparable uptake was noted
between NS-treated and PEG-HBPE-NPs (Figure 4A,C,D),
suggesting that NS-treatment did not enhance immune cell
recognition or alter endothelial uptake. From these results, we
surmise that NS contains proteins not found in PEGylated
particles that are advantageous for the delivery of HBPE-NPs
to cancer cells while evading monocyte uptake. The non-
specific adsorption of media-derived proteins by untreated
COOH-HBPE-NPs served as a positive control for uptake of
particles by breast cancer cells” and represented optimal
outcomes achievable under in vitro cell culture. It is important
to note that under in vivo conditions such untreated particles
may be rapidly cleared and are not relevant in animal models;
hence, these are only used as controls for the in vitro studies.

Interaction of NS-Treated HBPE-NPs with Cancer
Cells in an Endothelial-Based Transwell System. The in
vivo administration of drug-loaded HBPE-NPs may require
that particles transit in the bloodstream and move through the
vascular endothelium to reach tumor cells.” Hence, it is
important to determine whether NS-treated HBPE-NPs that
transit through endothelial cells can subsequently penetrate
tumor cells. To investigate this, we first used the chemotaxis
transendothelial migration (CTEM) protocol associated with
the IncuCyte live-cell analysis system to study the interaction
of HBPE-NPs with HUVECs. The CTEM is a two-part system
in which an insert is treated with fibronectin, and green
fluorescent HUVECs (for tracking) are seeded up to 9000
cells/well. The insert is placed inside of a reservoir plate with
media (schematic, Figure SA) and loaded into the IncuCyte
instrument, which scans (at 10X magnification) the top and
bottom of the insert membrane over a two-day period at
hourly intervals. Our initial optimization of HUVEC seeding
density showed that, over a 20 h period, dye-loaded HBPE-
NPs (red signal) did not move from the insert plate unless
HUVECs (green signal) were present; hence, free HBPE-NPs
stay in the insert, likely trapped in the fibronectin layer, and
move into the reservoir plate when facilitated by interaction
with HUVECs (Figure SB). These results suggest that
complete confluency of the HUVEC layer may not be needed
to prevent free HBPE-NPs from entering the reservoir plate;
this is further assessed in subsequent figures. To determine
whether HBPE-NPs did not induce the migration of HUVEC:,
which could promote angiogenesis and tumor growth, Dil-
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loaded NS-treated HBPE-NPs and controls, PEG- and
COOH-HBPE-NPs, were added to the insert containing
HUVECs (at ~80% confluency). Cells were imaged, above
and below the insert, at 0.5 or 1 h intervals for 24 or 48 h,
accordingly, for detection of green fluorescence. Total
fluorescence in the green channel (above and below insert
pores) was quantified (Figure SCD). Since total green
fluorescence (indicative of HUVECs presence) for all nano-
particle treatments was comparable above the pore layer and
consistently decreased over time below the pores, this implied
a similar rate of migration irrespective of nanoparticle
presence. Hence, the treatment of HUVECs with HBPE-NPs
(NS-treated or controls) did not enhance migration in a
manner that could promote subsequent tumor growth.
Representative images of green fluorescent HUVECs present
above and below pores of the insert are additionally shown
(Figure SD).

We next evaluated cancer cell uptake of NS-treated HBPE-
NPs utilizing a modified transwell system. The transwell
system consists of an upper chamber containing a layer of
HUVEC cells (initially plated at ~80% confluency), a
membrane that separates the chambers, and a lower chamber
in which MDA-MB-231 cells are plated (schematic, Figure
6A). In this way, aspects of the distribution behavior of HBPE-
NPs moving through an endothelial layer into tumor tissue
could in part be simulated in vitro. While this system does not
replicate the fluid dynamics of blood, it enables the evaluation
of the cellular interactions involved in transendothelial
movement and cancer cell uptake of particles. To confirm
that HUVECs were needed for the movement of HBPE-NPs
between chambers, HUVECs were seeded in equal numbers
per well and allowed to proliferate up to 8 days. HPBE-NPs
were introduced into the top chamber from each (day 1 to 8),
and fluid was collected from the bottom chamber for detection
of fluorescent particles by digital imaging. Controls included
phosphate-buffered saline (PBS), HBPE-NPs alone (negative
control), and HBPE-NPs directly introduced into the bottom
chamber (positive control). Few of the HBPE-NPs introduced
into the upper chamber were detected in the lower chamber in
the absence of HUVECS, which confirmed results observed
with the CTEM protocol (Figure SB). In the presence of
HUVECs, 3—5-fold higher amounts of fluorescent HBPE-NPs
were detected in the bottom chamber, a result that was
independent of cell proliferation (Figure 6B).

After confirming that, in the absence of HUVECs, HBPE-
NPs did not move effectively through transwell pores and
determining that HUVECs were sufficiently confluent by 24 h
after seeding to promote the movement of NPs into the
bottom chamber; these conditions were used for subsequent
transwell experiments. Note that post-day 8, HUVECs began
to die under these culture conditions, further supporting that
live HUVECs were needed for the movement HBPE-NPs
between chambers. We next determined the optimal nano-
particle dose to detect the movement of HBPE-NPs through a
layer of HUVECs. A dose range of 0.005, 0.01, 0.025, 0.05, and
0.1 mg (based on HBPE polymer concentration) was used to
treat HUVECs for 24 h. An amount of 0.1 mg served as a
reference dose that was used in the previous in vitro
experiments. Following treatment, NPs were collected in the
bottom chamber, and Dil dye total fluorescence was measured.
We observed that an increase in bottom chamber fluorescence
was directly proportional to the nanoparticle treatment dose
listed above (Figure 6C). After determining a limit of detection
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Representative images of MDA-MB-231 cells treated as in (A) using the Cytation S cell imaging multi-mode reader.

of approximately 0.005 mg of the nanoparticle, a 0.1 mg
nanoparticle dose was chosen for subsequent transwell studies.

After optimizing the transwell experimental protocol, we
determined whether NS-treated HBPE-NPs that initially
interacted with endothelial cells could still be taken up by
cancer cells. Controls included PEG-HBPE-NPs as a standard
for comparison and untreated HBPE-NPs to capture the
optimal uptake in culture media. After HBPE-NPs were
incubated with HUVECs (upper chamber) for 24 h, uptake of
particles by individual MDA-MB-231 cells (bottom chamber)
was visualized by confocal microscopy (Figure 6D) and total
fluorescence in a microscopic field of cells quantitated by
digital microscopy coupled to a plate reader (Figure S4 and
Figure 6E). A statistically significant increase in the uptake of
NS-treated HBPE-NPs by TNBC cells was observed as
compared to PEGylated HBPE-NPs. These results suggest
that the protein coronae formed on HBPE-NPs after treatment
with NS still facilitated uptake by cancer cells, even after a prior
interaction with the endothelial cell monolayer.

Drug Delivery to Cancer Cells Is Enhanced by NS-
Treated HBPE-NPs. To evaluate the capacity of the NS-
treated HBPE-NPs to deliver drug cargo to breast cancer cells,
we encapsulated HBPE-NPs with taxol and determined that
NPs were equivalently loaded with drug cargo (Figure S1B;
~0.5—0.6 ug taxol loaded per 0.01 mg HBPE polymer). We
established the ICS0 dose of free taxol to be ~50 nM (43 ug).
We then compared the capacity of NS-treated HBPE-NPs to
deliver taxol to breast cancer cells as compared to PEGylated
HBPE-NPs, using a 0.01 mg dose of HBPE-NPs to observe
relative differences in viability. All taxol-loaded nanoparticle
preparations caused increased death of cancer cells as
compared to drug-free HBPE-NPs (Figure 7A,B), showing
that HBPE-NPs could be effectively loaded with drug cargo.
Based on our previous uptake data (Figures 4B and 6E), we
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anticipated that NS-treated HBPE-NPs would more efficiently
deliver taxol to cancer cells. This was observed after 24 h of
treatment of MDA-MB-231 cells with taxol-loaded NS-treated
HBPE-NPs. A statistically significant decrease in viability was
noted as compared to taxol-loaded, PEGylated HBPE-NPs,
and taxol-loaded COOH-HBPE-NPs (Figure 7A). This was
confirmed microscopically using digital imaging (Figure 7B).
Moreover, HBPE-NPs achieved taxol-mediated killing at doses
of taxol that were significantly than free drug.

B DISCUSSION

The formation of the protein corona on polymeric NPs is a
critical parameter that affects the performance of these particles
when loaded with clinically relevant drugs like taxol.
Characterization of this protein layer is thus important when
developing new nanomedicines. While more is known on
coronal formation using metallic NPs, much less is known
about the protein corona that forms with polymeric NPs,*""**
and no information is available on the proteins that associate
with NPs made using the malonate-based HBPE polymer
described herein. This is the first study revealing that HBPE-
NPs can enrich for select sera proteins that enhance the uptake
of particles by cancer cells over PEGylated HBPE-NPs, even
after an initial interaction with an endothelial layer, and deliver
cytotoxic doses of a hydrophobic drug like taxol. Hence,
HBPE-NPs are a promising platform for new discovery that
advances the generation of biomimetic NPs.

Taxanes (e.g., paclitaxel, docetaxel, cabazitaxel) are a widely
used class of antimitotic drugs for cancer treatment, but their
application is characterized by severe off-target effects that
include hypersensitivity reactions, peripheral neuropathy, and
other toxicities. As a result, in some patients, the beneficial use
of taxanes is limited. Nanocarriers solve this problem. An
example is BIND-014, a polymeric nanoparticle loaded with
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docetaxel that targets tumors through PSMA.*> In clinical
trials, the toxicity profile of BIND-014 was found to be similar
to free docetaxel and showed patient benefit in prostate
cancer."* Other drug delivery systems for taxanes include
liposomes that are PEGylated” to generate stealth nano-
carriers. However, such particles could be subject to
accelerated blood clearance and have issues with batch-to-
batch reproducibility. Polymeric micelles encapsulating taxanes
have also reached clinical trials (NANT-008"° and NK105"")
and display increased tumor accumulation in preclinical studies
and positive outcomes in clinical trials with varying degrees of
adverse effects including hypersensitivity. Of the polymeric
NPs, poly(lactic-co-glycoic acid) (PLGA) is most commonly
used but other natural (e.g, albumin) or synthetic polymers
are also employed. Nab-paclitaxel (Abraxane) is the only FDA-
approved albumin-based nanoparticle that delivers paclitaxel
likely via albumen-driven transcytosis (e.g., transcellular
transport).”® Despite preclinical and clinical trial successes,
clinical evidence that use of NPs leads to increased tumor
accumulation of taxanes is lacking. Part of the reason could be
the need for a better understanding of the interface between
NPs and the surrounding biofluids and how this affects
biodistribution and cancer cell uptake. We show that NPs,
formed using HBPE, can have different cellular uptake
outcomes, based on whether a particle is PEGylated or pre-
treated with NS, and this impacts the delivery and subsequent
cytotoxicity of taxol.

Being able to anticipate or predict how the formation of a
protein corona on NPs will affect in vivo biological processing
is a pressing need. In general, the major proteins found in the
protein corona formed on NPs exposed to sera can either
promote clearance by the RES (e.g,, opsonins like comple-
ment), which is reduced by PEGylation, or have less affinity for
cell surfaces and improve blood circulation (e.g., dysopsonins
like serum albumin). Nano-liquid chromatography—tandem
mass spectrometry revealed that the adsorbed proteins from
normal human plasma on PLGA-NPs changed based on the
size, charge, and composition of particles and showed positive
and negative correlations between dysopsonins and opsonins.
Common and unique proteins were identified such as albumin
and immunoglobulins, respectively.*” HBPE-NPs in our study
were also able to enrich for common proteins and unique
immunoglobulins, as shown by gel electrophoresis and DLS
experiments with anti-IgG antibodies, suggestive of comparable
results. To more directly assess the effectiveness of a protein
corona derived from healthy sera, transferrin (Tf)-modified
polystyrene NPs were treated with the plasma from normal
individuals as compared to lung cancer patients and uptake by
AS549 lung cancer cells determined. Tf-NPs coated with normal
sera were more effectively internalized by lung cancer cells.
The negative effect of exposure to disease-derived biofluid was
reversed by precoating these Tf-NPs with sera from healthy
mice.*? Similarly, we found that HBPE-NPs pretreated with
NS from mice improved the delivery of taxol-loaded HBPE-
NPs compared to PEGylated HBPE-NPs. Characterizing the
proteome enriched on Tf-NPs exposed to normal plasma
compared to lung cancer patient plasma revealed differences in
major proteins: less albumin and more complement proteins in
lung cancer plasma-derived NPs and higher levels of alpha-2
macroglobulin (A2M) in normal plasma-derived NPs.** These
results, together with our findings, suggest that protein coronas
derived from healthy biofluids could improve the clinical
applications of nanomedicines.
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Further studies of the protein coronas of NPs are needed to
investigate the dynamics of the nanoparticle proteome and
fully develop new technologies to improve cancer drug
delivery. One challenge is accurately assessing the composition
of protein coronae given that the configuration of the
nanoparticle-host serum interface may be a complex arrange-
ment of different macromolecules or aggregations.”® This
could lead to over or underestimation of the actual protein
content adsorbed by NPs. Studies showed that composition of
proteins bound to NPs may depend on the nanoparticle to sera
concentration.”’ Plasma variance among individuals is another
factor that influences the interaction of NPs and could lead to
the generation of personalized biomolecular coronas to control
nanoparticle targeting.”> To this end, the physio-chemistry of
HBPE-NPs could lead to the discovery of novel sera-derived
factors as indicated by our findings. This was the case with NPs
formed using other polymers like PLGA or polycaprolactone
(PCL) in which unique nano-proteome fingerprints were
detected depending on the polymer used.”® PLGA-NPs bound
human sera proteins with lower affinity compared to PCL-NPs,
which adsorbed distinct proteins. The concept that NPs can be
functionalized with natural materials, such as by protein
adsorption,”* is emerging as a viable approach for improving
bioavailability. Moreover, identifying coronal proteins could
help trace the transport pathways of particles through epithelial
and endothelial layers and help reveal mechanisms of
transcytosis.”> Using particles like HBPE-NPs to enrich for
and discover both the high and low abundance proteins”” from
sera or other relevant biofluids, as demonstrated in our data, is
an important step to advance novel precoated NPs for
therapeutic and diagnostic uses in the treatment and detection
of cancer.

B CONCLUSIONS

Utilizing NPs to improve drug delivery to tumors is a
promising approach for enhancing the efficacy of cancer
therapies. To this end, the capacity of NPs to selectively adsorb
proteins from biofluids, like normal mouse sera, can be used
for discovery of novel factors to functionalize nanodrug carriers
for testing in preclinical cancer studies. We investigated
whether NPs formed using the HBPE polymer could adsorb
components from NS that would endow the particles with
cancer cell uptake capacity that was as good, if not better, than
a standard antifouling approach like PEGylation. Using a
TNBC cell line, as well as endothelial and monocytic cells, we
found that NS-treatment increased the uptake of HBPE-NPs
by cancer cells, as compared to PEG-HBPE-NPs, while not
enhancing monocyte uptake. Hence, the coating on HBPE-
NPs provided by treatment with NS could facilitate the
internalization particles by cancer cells without augmenting
immune clearance. NS-treated HBPE-NPs were inherently
nontoxic and did not stimulate the migration of endothelial
cells. The NS-derived corona formed on HBPE-NPs improved
cancer cell uptake, even after an initial interaction with
endothelial cells. Loading NS-treated HBPE-NPs with taxol
revealed that these particles could efficiently deliver drug cargo
to cancer cells, as compared PEGylated particles. These
findings support the further investigation of sera-derived
components enriched by HBPE-NPs to generate the next
generation of biomimetic nanomedicines.
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B MATERIAL AND METHODS

Materials. For nanoparticle synthesis and preparation, 2-
(N-morpholino)ethanesulfonic acid (MES) $X buffer (pH
7.4) was purchased from Alfa Aesar (Haverhill, MA, USA).
Acetone, dimethyl sulfoxide (DMSO), ethyl acetate, hydro-
chloric acid (HCI), isopropanol, methanol, petroleum ether,
sodium sulfate (Na,SO,), and other chemicals were obtained
from Fisher Scientific (Waltham, MA, USA). Dil dye and DiR
dye were purchased from Life technologies (Carlsbad, CA,
USA). 4-Bromobutyl acetate (BBA), acetonitrile, diethyl
malonate (DEM), 1l-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC), iodine crystals, N-hydroxysuccinimide
(NHS), poly(ethylene glycol) 2-aminoethyl ether acetic acid
10,000 MW, potassium carbonate (K,COj;), p-toluenesulfonic
acid (PTSA), silicone oil, sodium hydroxide (NaOH), and
terephthalic acid were obtained from MilliporeSigma (Bur-
lington, MA, USA). Purified deionized water was acquired
through a Milli-Q_purification system from MilliporeSigma.

For nanoparticle characterization, methyl sulfoxide-dg
(DMSO-ds) was purchased from Acros organics (Geel,
Belgium) and anti-mouse IgG (Fab-specific) goat antibody
was purchased from MilliporeSigma.

For cell studies, Ham’s F-12K (Kaighn’s) medium, HUVEC
(CRL-1730) cells, THP1 (TIB-202), and MDA-MB-231
(HTB-26) cells were obtained from ATCC (Manassas, VA,
USA). Neutral buffered formalin (10%) was obtained from
Azer Scientific Inc. (Morgantown, PA, USA). Dulbecco’s
modified Eagle medium (DMEM), endothelial cell growth
supplement (ECGS), L-glutamine, PBS, penicillin—streptomy-
cin solution (10,000 U/mL), and 0.25% trypsin (0.1% EDTA
in HBSS) were purchased from Corning (Corning, NY, USA).
FBS was obtained from Gemini Bio-Products (Sacramento,
CA, USA). Heparin sodium salt from porcine intestinal
mucosa was purchased from MilliporeSigma. 3-(4,5-Dime-
thylthiazolyl-2)-2,5-diphenyl tetrazolium bromide (MTT) was
obtained from MP Biomedicals (Santa Ana, CA, USA). 4/,6-
Diamidino-2-phenylindole (DAPI), 10% neutral buffered
formalin, and fibronectin bovine protein were purchased
from ThermoFisher Scientific (Waltham, MA, USA). Paclitaxel
(taxol equivalent) was obtained Thermofisher Scientific.

For gel electrophoresis, Mini-PROTEAN TGX polyacryla-
mide gels and Precision Plus protein dual-color standard
protein ladder were purchased from Bio-Rad Laboratories
(Hercules, CA, USA). -Mercaptoethanol was obtained from
Millipore Sigma. Coomassie Brilliant Blue was purchased from
ThermoFisher Scientific.

Compound 1: Synthesis of 2-(4-Acetoxy-butyl)-
malonic Acid Diethyl Ester. To a 2000 mL round bottom
flask containing 1000 mL of acetonitrile were added
sequentially K,CO; (155.72 g), DEM (45.13 g), and BBA
(50 g) at molar equivalents of 1, 1.1, and 1, respectively, and
mixed under stirring for 10 min at room temperature. The
solution was refluxed for 36 h to synthesize compound 1. A
500 mL separatory funnel was used to extract excess DEM and
compound 1 in ethyl acetate and discard K,CO; and
acetonitrile through deionized water. Excess DEM and
compound 1 were filtered through Na,SO, to remove water
carryover. Rotary evaporation under vacuum was used to
remove ethyl acetate at 70 °C. Vacuum distillation was
employed to remove excess DEM at 90 °C. Thin-layer
chromatography (TLC) silica gel plates (MilliporeSigma) in a
developing chamber solution of 10% ethyl acetate in petroleum
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ether were used with an iodine crystal chamber to verify
compound 1 purification. NMR was performed to confirm
compound 1 synthesis.

Compound 2: Synthesis of 2-(4-Hydroxy butyl)-
malonic Acid. Purified compound 1 (S g) was added to
200 mL of methanol and 110 mL of NaOH (2 M) in a 250 mL
round bottom flask under stirring for 10 min at room
temperature. The mixture was refluxed for 18 h. Subsequently,
200 mL of HCI (1 M) was added drop wise, 10 mL at a time,
under stirring, to the refluxed solution until an acidic solution
(pH 1) was achieved. The solution underwent vacuum
distillation for 18 h at 90 °C to synthesize compound 2. To
the distilled solution was added 35 mL of isopropanol,
followed by centrifuging at 3000Xg for 10 min. The precipitate,
containing sodium chloride (NaCl), was discarded. The
supernatant was extracted and put through rotary evaporation
under vacuum to purify compound 2 from isopropanol and
methanol. TLC was performed to verify compound 2
purification. NMR was carried out to confirm compound 2
synthesis.

Compound 3: Synthesis of HBPE Polymer. Compound
2 (monomer, 120 mg) was diluted to 90 mg/mL in DMSO
and subsequently aspirated through a 3 mL BD Luer-Lok
syringe (Fisher Scientific) using an 18-gauge syringe needle
(Fisher Scientific). The syringe was placed vertically on a NE-
300 syringe pump (New Era Pump Systems Inc., Farmingdale,
NY, USA) and positioned within a rubber-capped neck of a S0
mL double-necked round-bottom flask. To the 50 mL double-
necked flask, 4.75 mL of DMSO and 250 uL of PTSA at S mg/
mL were added prior to syringe insertion. The monomer-to-
PTSA molar ratio was 100:1. The syringe pump was set to
dispense the monomer solution at a 0.1 mL per hour rate. The
reaction was run for 15 h at 130 °C under a nitrogen
atmosphere. The polymer (compound 3) was dissolved in
DMSO at 20 mg/mL. DMSO was removed through
lyophilization to dissolve polymer in DMSO-ds for NMR
preparation. NMR was used to verify the polymer synthesis.
The procedure for seed-based HBPE polymer synthesis was
adopted from the HBPE polymer synthesis method above with
some modifications. All synthesis steps were identical for seed-
based and nonseed-based HBPE polymers with the following
exceptions. To the 50 mL double-necked flask, 4.75 mL of
DMSO, 250 uL of PTSA at S mg/mL, and 500 uL of
terephthalic acid at 12 mg/mL were added prior to syringe
insertion. The monomer to PTSA molar ratio was 100:1. The
monomer-to-terephthalic acid molar ratio was 20:1.

Nanoparticle Synthesis, Drug/Dye Encapsulation,
and PEG Functionalization. HBPE-NPs were formed and
encapsulated with dye or drug as follows. For dye-loaded NPs,
0.001 mg of Dil or DiR dye in 100 yL of DMSO (HBPE-Dil/
DiR NPs) was added to 10 mg of HBPE polymer. For drug-
loaded NPs, 2 mg of taxol was added to 10 mg of HBPE
polymer. The mixture was then added dropwise, 10 uL at a
time, to 4 mL of deionized water under vortex at 2000 rpm.
For PEG functionalization, EDC (1.5 mg), NHS (0.5 mg), and
PEG (1 mg) were weighed. Subsequently, EDC and NHS were
dissolved in 100 uL of 1X MES buffer, while PEG was
dissolved in 100 uL of deionized water. EDC, NHS, and PEG
solutions were added individually to COOH-HBPE-Dil/DiR-
NPs and incubated for 10 s, 3 min, and 4 h, respectively, using
a Rotamix (ATR biotech, Laurel, MD, USA). A Sephadex G-25
PD-10 desalting column (GE Lifesciences, Chicago, IL, USA)
was used to remove excess dye, drugs, EDC, NHS, or PEG.
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NPs were then filtered through a 0.22 ym polyethersulfone
(PES) membrane (MilliporeSigma). Afterward, NPs were
concentrated to 10 mg/mL, using an Amicon Ultra-4
centrifugal filter unit (MilliporeSigma) at 1600xXg for 15 min
cycles. All encapsulation and functionalization procedures were
performed at room temperature.

To verify uniform dye and taxol encapsulation in NPs,
fluorescence and absorbance quantifications for Dil and taxol,
respectively, were performed. To assess Dil encapsulation, a
calibration curve was established with serial dilutions of Dil
(Figure SIA). Then, 10 ug of COOH-or PEGylated Dil-
encapsulated NPs was dispensed in an HCl-acidified PBS
solution (pH = 4) and incubated for 6 h at room temperature
to release encapsulated Dil upon HBPE polymer ester
hydrolysis. Dil fluorescence was measured with a Cytation 5
cell imaging multi-mode reader at 531 nm excitation and 593
nm emission wavelengths. To assess taxol encapsulation, a
calibration curve was established with serial dilutions of taxol
(Figure S1B). Then, 10 ug of COOH or PEGylated taxol-
encapsulated NPs was incubated in an HCl-acidified PBS as
above to release taxol and absorbance (UV/Vis) was read at a
250 nm wavelength using a Beckman Coulter DU 800
spectrophotometer (Brea, CA, USA).”® Trendline equations
of the serial dilutions for estimation of encapsulated Dil or
taxol concentration in the NPs were performed, except the
trendline’s y-axis value being absorbance for taxol and
fluorescence for Dil.

HBPE Polymer and Nanoparticle Characterization.
Nuclear Magnetic Resonance (NMR). NMR spectra were
recorded on Bruker Avance III 400 MHz and Varian VNMRS
500 MHz spectrometers with solvent signal used as an internal
reference. Samples in DMSO-dg were calibrated with the
solvent, and samples in D,O calibrated with the CH; peak of
residual undeuterated acetic acid. The following abbreviations
were used to explain the multiplicities: t = triplet, q = quartet,
quint = quintet, br = broad singlet or broad multiplet.

HBPE monomer, 'H NMR (400 MHz, D,0, § ppm) § =
347 (t, ] = 6.6 Hz, 2H), 3.07 (t, ] = 7.2 Hz, 1H), 1.69 (q, ] =
7.7 Hz, 2H), 1.44 (quint, ] = 7.2 Hz, 2H), 1.20 (quint, ] = 7.8
Hz, 2H).

HBPE polymer, '"H NMR (500 MHz, DMSO-dg, § ppm) 6 =
4.87 (br, 1H), 3.60 (br, 2H), 3.34 (br, 1H), 1.70 (br, 2H), 1.52
(br, 2H), 1.24 (br, 2H).

Transmission Electron Microscopy. Uncoated or serum-
coated NPs (0.05 mg) were dispensed onto a 400-mesh copper
grid (Ted Pella Inc., Redding, CA, USA). Excess solution was
removed with a Kimwipe (Kimberly-Clarke, Iriving, TX, USA)
and left to air-dry overnight at room temperature. Grids were
imaged with a JEOL TEM-1011 (JEOL Ltd., Akishima, TYO,
Japan) microscope at 100 kV and 6000 magnification.

DLS Analysis and IgG Detection. NPs (0.1 mg) were
dispersed in 800 uL of deionized water in a folded capillary
Zetacell (Malvern Panalytical, Worcestershire, U.K.). Nano-
particle hydrodynamic diameter and zeta potential were then
measured with a Malvern Zetasizer ZS90 (Malvern Panalyt-
ical) instrument at room temperature. Regarding serum- and
antibody-related experiments, a 20:1 volumetric ratio of 0.1 mg
of NPs to mouse serum, or 2 mg/mL of IgG antibody, was
used. NPs were incubated with either serum alone, or serum
and subsequently antibody, for 15 min each. Incubations were
done under gentle agitation at room temperature. All diameter
and zeta potential values are averages of three replicates.
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Cell Culture. MDA-MB-231 TNBC cells were cultured in
DMEM supplemented with 10% FBS, 2 mM L-glutamine, and
1X penicillin—streptomycin. HUVEC endothelial cells (Cyto-
light Green) (Essen BioScience) were cultured in F-12K media
supplemented with 10% FBS, 2 mM L-glutamine, 1X
penicillin—streptomycin, 56 mg of heparin sodium salt, and
15 mg of ECGS. THP-1 cells were cultured in an RPMI1640
medium supplemented with 2mercaptoethanol 0.05 mM, 10%
FBS, 2 mM L-glutamine, and 1X penicillin—streptomycin. All
cell lines were limited to a low number of passages and
incubated in 5% CO, at 37 °C.

MTT Viability Assay. For cell viability assays, either
deionized water (vehicle) or 0.1 mg of HBPE-NPs was used.
Treatments were dispensed in 96-well culture plates, seeded
with 0.5 X 10* MDA-MB-231, HUVEC, or THP-1 cells at 60%
confluency. Culture plates contained 100 xL of media per well.
After 24 h treatment, 0.05 mg of the MTT reagent was
dispensed in each treated well and incubated for 4 h in 5%
CO, at 37 °C. Media was then removed and replaced with 100
uL of DMSO. Culture plates were shaken for 15 min at 800
rpm. Absorbance was measured at 570 nm using a Cytation 5
cell imaging multi-mode reader (BioTek, Winooski, VT, USA).
Deionized water served as a negative control.

Cell Uptake Studies. 0.5 x 10* MDA-MB-231, HUVEC
or THP-1 cells were seeded in 96-well culture plates containing
100 uL of media per well. For precoating NPs with sera, a 20:1
volumetric ratio of 0.1 mg of NPs to NS was used. NPs were
incubated with NS for 15 min. Incubations were done under
gentle agitation at room temperature. Cells were grown until
60% confluency and incubated with 0.1 mg of NS-treated,
COOH-HBPE-NPs, or PEG-HBPE-NDPs. All NPs were loaded
with Dil dye. Cells were incubated with NPs for 24 h in 5%
CO, at 37 °C. Afterward, cells were washed with PBS, followed
by fixation in 10% neutral buffered formalin for 10 min, and
washed for a second time with PBS. Cells were imaged with a
Zeiss LSM 710 confocal microscope (Carl Zeiss AG,
Oberkochen, Germany). Analysis of intracellular fluorescence
representative of particle uptake per individual cell was
performed with ZEN blue software. To assess cellular uptake
of fluorescent particles in a population of cells, digital imaging
coupled to a fluorescent plate reader was performed with the
Cytation S cell imaging multi-mode reader. Total fluorescence
per field of cells was captured and analyzed with ZEN blue
software.

Chemotactic Transendothelial Migration (CTEM)
Protocol. To evaluate nanoparticle transmigration over time,
an IncuCyte S3 Live-Cell Analysis System (Essen Bioscience
Inc.,, Ann Arbor, MI, USA) was utilized. HUVECs (Cytolight
Green, Essen BioScience) were grown to 80% confluency in
the upper culture plate of a fibronectin-coated ClearView 96-
well chemotaxis plate (Essen BioScience). PBS was dispensed
in the wells of the chemotaxis plate’s bottom culture plate.
Cells were then treated with 0.1 mg of HBPE-NPs, PEGylated,
or HBPE-NPs pretreated with NS as above. Directly after
treatment, cells were imaged at 0.5 or 1 h intervals for 24 or 48
h, respectively, using a phase, green fluorescence, and red
fluorescence channels. Time courses of red fluorescence total
area and green fluorescence total count were quantified and
graphed using IncuCyte’s chemotaxis software (Essen Bio-
Science). Images and time course videos were additionally
created using this software.

Modified Transwell Assay. HUVEC cells (3 X 10*) were
seeded per well in a polycarbonate, 8 ym pore-sized, Millicell-
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24 cell culture insert plate (MilliporeSigma). Wells contained
500 puL of media, and HUVEC cells were incubated for 48 h in
5% CO, at 37 °C. Afterward, the HUVEC culture plate (upper
chamber) was placed over a 24-well glass-bottom culture plate
(lower chamber) (Cellvis, Mountain View, CA, USA),
containing MDA-MB-231 cells, to create an in vitro transwell
system. MDA-MB-231 cells (1.5 X 10*) were seeded and
grown to 60% confluency in 500 uL of media per well. Then,
0.1 mg of HBPE-NPs, PEGylated, or HBPE-NPs pretreated
with NS as above (Dil loaded) was dispensed per well in the
upper HUVEC chamber. Cells were incubated with NPs for 24
h in 5% CO, at 37 °C. MDA-MB-231 cells were then fixed
with 10% formalin, stained with DAPI, and then imaged with a
Zeiss LSM 710 confocal microscope (Carl Zeiss AG,
Oberkochen, Germany). Analysis was performed with ZEN
blue software. To assess total fluorescence, cells were also
imaged with a Cytation § cell imaging multi-mode reader and
analyzed with ZEN blue software.

Mouse Studies. For nanoparticle distribution studies, 8 X
10° MDA-MB-231 luciferase-expressing (Luc) cells were
orthotopically injected into the mammary fat pad of a 6-
week-old Foxl-nu/nu (nude) female mouse. After the mouse’s
tumor reached ~1000 mm?, the mouse was injected with 1 mg
of DiR loaded, PEG-HBPE-NPs through the tail vein. After 7 h
post-injection, the mouse was euthanized, and its organs were
harvested. Organs were imaged for DiR fluorescence using an
IVIS Lumina SS in vivo imaging system (PerkinElmer,
Waltham, MA, USA). Fluorescence was quantified using
Living Image software. For blood collection studies, C57BL/
6 female mice, 2—3 months old, were used. Blood was
collected through a terminal cardiac puncture and harvested in
1.5 mL Eppendorf tubes (Eppendorf, Hamburg, Germany),
left to clot at room temperature for 1 h, and then centrifuged at
13,400 rpm for S min with an Eppendorf Minispin
(Eppendorf). All animal studies were approved by and
performed under the University of Central Florida Institutional
Animal Care and Use Committee (IACUC) guidelines.

Statistical Analysis. Significance was determined conduct-
ing comparisons between two experimental datasets, as
example, using a parametric two-tailed unpaired T test with
Welch’s correction. At a confidence level of 95%, p-values
<0.05 were considered significant as indicated in the figure
legends. Statistical analysis was performed using GraphPad
Prism 8 software.
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