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Abstract

Introduction—The surface modification of nanoparticles
(NP) with a dense layer of polyethylene glycol (PEG) has
been widely used to improve NP circulation time, bioavail-
ability, and diffusion through biological barriers [e.g. extra-
cellular matrix (ECM), mucus]. While linear PEG coatings
are commonly used, branched PEG coatings have not been
widely explored as a design parameter for NP drug delivery
systems.

Methods—NPs were densely coated with either linear 2, 5,
10 kDa linear PEG or with 10 kDa star-shaped, 4-arm
branched PEG. NP cellular uptake was evaluated in HEK-
293T and AS549 cells. NP stability was evaluated in fetal
bovine serum over 24 h using dynamic light scattering.
Diffusion of NPs within a Matrigel ECM model and sputum
(mucus) collected from individuals with cystic fibrosis (CF)
lung disease were analyzed through multiple particle track-
ing.

Results—PEG-coated NPs appeared more stable in serum
compared to uncoated NPs, but the reduction in total protein
adsorbed was most significant for branched PEG coated NP.
All PEGylated NPs had similar cellular uptake in HEK-293T
and A549 cells. Interestingly, branched-PEG coated NPs had
the largest diffusion coefficient and moved most rapidly
through Matrigel. However in CF mucus, linear 2 and 5 kDa
PEG coated NPs had the largest fraction of rapidly diffusing
particles while branched PEG coated NPs had less hindered
mobility compared to linear 10 kDa PEG coated NPs.
Conclusion—Branched PEGylation may have the potential to
increase NP efficiency in reaching target cells based on an
apparent increase in diffusion through an ECM model while
maintaining NP stability and uptake in target cells compa-
rable to their linear PEG counterparts.

Keywords—Nanomedicine, PEGylation, Extracellular ma-
trix.
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INTRODUCTION

Nanoparticle (NP) drug delivery systems have pro-
ven useful in enhancing the efficacy of small molecule
and nucleic acid-based drugs. Encapsulation of thera-
peutics in NPs increases the bioavailability of drugs
with poor solubility, prevents their degradation, and
enables their entry into target cells.*'”** However,
from their time of entry into the bloodstream until they
reach their target, NPs encounter several obstacles that
can impede the efficiency of these systems. Some of
these obstacles include clearance by the mononuclear
phagocyte system (MPS) and extracellular barriers
such as the extracellular matrix (ECM) and mucus.®'*
These biological barriers can significantly reduce NP
delivery efficiency leading to both increased costs and
side effects of the intended therapies due to the
necessity of high doses.

Upon entry into the bloodstream, NPs undergo
opsonization which is a process where antibodies,
complement components, and other proteins adsorb
onto the surface of NPs, forming a protein corona.>*
This process enables recognition of the NPs by
phagocytes that are part of the MPS which will then
rapidly clear the NPs from the bloodstream. The de-
gree of opsonization, and therefore clearance time, is
heavily influenced by surface characteristics of NPs
such as charge and hydrophobicity.> Even if NPs are
designed to effectively delay clearance time by the
MPS, the ability of NPs to reach target cells is further
obstructed by extracellular barriers they may en-
counter. An important extracellular barrier is the
ECM, a structural and protective matrix composed of
proteoglycans, fibronectin, elastin, collagens, laminins,
and other glycoproteins”**. Mucus primarily consists
of mucin glycoproteins that form a hydrogel matrix
creating a physical barrier to drug delivery vehicles
that are locally administered to tissues such as the eyes,
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lung, and female reproductive tract.’° Electrostatic
interactions and steric hindrance can prevent NPs from
successfully crossing through the ECM and mucus
layer due to the charged domains, hydrophobic do-
mains, and/or pore size of the matrix.''-*

ECM remodeling is a common feature of many
diseases which can further impede NP transport.''*
For example, increased ECM deposition is a hallmark
of desmoplastic cancers leading to changes in ECM
thickness and porosity.*’ To address this, pre-admin-
istration of pharmacological agents to reduce ECM
production within the tumor microenvironment has
been shown to improve the distribution of nanomedi-
cine in pancreatic cancer models.'**" In addition,
individuals with asthma may exhibit thickening of
ECM within the lung parenchyma and reticular base-
ment membrane in the airway wall which could simi-
larly limit the distribution of NPs to target cells.'"** In
the airways, mucus poses a significant barrier to drug
delivery in lung diseases such as CF lung disease and
asthma. Studies have shown that mucus from CF
patients contains higher concentrations of disulfide
bonds and DNA from lysed immune cells, which both
lead to a higher mucus elasticity and a reduction in
particle diffusion.®*° Mucus samples from asthma
patients have exhibited changes to their biomolecular
composition and increased elastic and viscous moduli
compared to healthy mucus which will likely impair
NP diffusion.'**

The surface modification of NPs with polyethylene
glycol (PEG) is a commonly used method to address
these concerns. PEG is a biocompatible, hydrophilic,
net-neutrally charged polymer that, when conjugated
to the surface of NPs, confers stealth properties to NPs
by shielding the NP core from adhesion to biomole-
cules which can substantially improve their stability in
the bloodstream.* Several studies have shown that
NPs with high-density PEG coatings avoid clearance
via MPS and can successfully navigate through extra-
cellular barriers.'®*> However, one disadvantage of
this approach is the reduction of cellular uptake for
PEGylated NPs.** As another means to address this,
branched polymer coatings, including branched
PEGylation, have been the subject of several studies
showing enhanced circulation time and decreased im-
mune cell interactions when coated on carbon nan-
otubes and polymeric NPs.>*** It is likely that the
increased NP circulation time can be attributed to
further reduction in protein binding due to the addi-
tional steric hindrance from branched polymer archi-
tecture.*” However, it is not clear how the architecture
of PEG coatings may affect the stability and bioac-
tivity of NP drug delivery systems. To the best of our
knowledge, studies into the role of polymer architec-
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ture in NP penetration through ECM and mucus
barriers to delivery have not been previously reported.

Motivated by this prior work, we investigate whe-
ther combining both high-density PEGylation and
polymer branching can improve upon these advan-
tages. To do this, we compare high-density 4-arm
branched PEG NPs with linear PEG NPs of varying
molecular weights. NP stability in serum is assessed to
determine the shielding capabilities of the PEG coat-
ings. The cellular uptake of the NPs is also evaluated
to determine if branching negatively or positively
influences PEGylated NP internalization. Finally, we
assess NP diffusion through Matrigel, an ECM model,
and sputum (mucus) collected from CF patients to
understand how their properties might influence their
distribution through target tissues.

MATERIALS AND METHODS

Nanoparticle Preparation

Polyethylene glycol (PEG) (Creative PEGWorks;
JenKem Technologies) was coated on 100 nm fluo-
rescent carboxylate-modified polystyrene (PS-COOH)
nanoparticles (Thermo Scientific) via a carboxyl-amine
linkage as described in previous work.”> NPs were
coated with either 2 kDa, 5 kDa, or 10 kDa linear
methoxy PEG-amine (JenKem Technologies) or with
10 kDa 4-arm PEG with 3 arms hydroxyl-terminated
and 1 arm amine-terminated (JenKem Technologies).
Particle size and zeta potential were measured in 10
mM NacCl at a concentration of 0.002% at pH 7 using
a Nanobrook Omni dynamic light scattering (DLS)
instrument (Brookhaven Instruments). Replicate
measurements for size and zeta potential were taken
for three different batches of NPs.

Determination of PEG Coating Density

The grafting density of PEG molecules onto the
NPs was determined using a 1-pyrenyldiazomethane
(PDAM; Thermo Scientific) assay as previously
described.’” Briefly, 1 uL of PEG-coated (PS-PEG)
NPs was added to 20 uL of a 15 mg/mL Pluronic F127
(Sigma Aldrich) solution in a black half area 96-well
plate. 10 uL of a saturated 0.3 mg/mL PDAM solution
in methanol was added to each well. Immediately after,
the PDAM and NP fluorescent intensities were mea-
sured at 340/375 nm and 580/605 nm, respectively. The
PDAM fluorescence for PS-PEG NP samples was
compared to a standard curve of unconjugated PS-
COOH NPs to determine the concentration of the
residual carboxylic groups (Cps.peg)- The density of
the PEG groups conjugated to the NPs was then cal-
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culated as % PEGylation = (CPS-COOH — CPS-PEG)/
Cps.coon X 100%, where Cps.coon is the density of
carboxyl groups on unmodified NPs as calculated
based on information provided by the manufacturer.
The conformational regime for the PEG corona was
determined by calculating the ratio of the Flory radius
(RF) to the distance between the grafted PEG chains
(D).*® For linear PEG, Ry was calculated as Rg = on®
> where o is the size of the monomer (0.35 nm for PEG)
and N is the number of monomers in the polymer
chain.*® Rg for branched PEG was calculated using a
scaling factor (g) for the ratio of the radius of the
branched polymer (Rp) to the radius of the linear
polymer of equal molecular weight (R;) which was

2
obtained as g = (ﬁ—f) f'4/5 where f'is the number of

branches of the polymer (f = 4 for PEG-B10).° The

distance between PEG chains was calculated as D =

2\/% where A4 is the area occupied by a PEG chain

calculated as the inverse of the PEG density.*® PEG
density was determined for 3 separately prepared bat-
ches of NPs.

Nanoparticle Cell Uptake

Human embryonic kidney 293T (HEK-293T) cells
were seeded on plasticat ~ 3000 cells/cm? in high glucose
Dulbecco’s Modified Eagle Medium (DMEM) and
incubated at 37 °C and 5% CO,. A549 human lung
adenocarcinoma cells were seeded on plastic at ~ 3000
cells/cm? in Ham’s F12K Medium and incubated at
37°C and 5% CO,. Cells were passaged upon reaching
70-80% confluency at which time cells were dissociated
from the plate using 0.05% trypsin ethylenediaminete-
traacetic acid (EDTA) for 2-5 min at 37 °C. To quantify
NP uptake in HEK-293T cells, cells were seeded in 24-
well plates at 50,000-cells/cm” and allowed to adhere to
the plate surface overnight. The medium in each well was
then replaced with 1 mL of DMEM containing NPs
(~ 4 x 10'° particles). The dose of NPs was determined
based on fluorescence intensity. A standard curve based
on the fluorescence of serially diluted PS-COOH NPs of
known concentration was used to calculate the concen-
tration of PS-PEG NPs. The cells were then incubated
with the NPs for 2 h after which the media was removed,
and the cells were washed with phosphate-buffered sal-
ine (PBS) 3 times to remove excess NPs. The cells were
dissociated from the wells using 0.05% trypsin EDTA,
collected via centrifugation, and then suspended in 0.1%
Triton X-100 to lyse the cells. A Spark Multimode mi-
croplate reader (Tecan) was used to measure the fluo-
rescence intensity of the samples at an excitation
wavelength at 580 nm and emission wavelength at 605
nm. The amount of cell protein content in each well was

determined using a BCA assay (Thermo Scientific)
according to the manufacturer’s protocol. The standard
curve was obtained using bovine serum albuminin 0.1%
Triton-X 100 (Sigma Aldrich). The cellular uptake effi-
ciency was then calculated as the amount of NPs per ug
of cell protein,® and each of these experiments were
performed in triplicate. To estimate the amount of up-
take due to adhesion of the NPs to the cell membrane,
the cell uptake experiments were repeated with a 2-h
incubation at 4 °C. The percent uptake due to NP
adhesion was calculated as the ratio of measured uptake
at 4 °C due to non-specific adsorption to measured cel-
lular uptake at 37 °C. To visualize the cell uptake, cells
were seeded on plastic coverslips in 6-well plates and
incubated with NPs as described above. After removal
of the medium, the cell nucleus was stained by washing
the cells once with a 1 ug/mL DAPI-methanol working
solution and then incubating the cells in the solution for
15 min. The solution was then removed, and the cells
were washed once with methanol. The coverslip was
then inverted onto a microscope slide using PBS as a
mounting medium.

Nanoparticle Stability Studies

The stability of PS-COOH and PS-PEG NPs con-
jugated with different linear and branched PEG types
was assessed in fetal bovine serum (FBS). The NPs
were sonicated and then added to FBS at a concen-
tration of 0.01%. Upon addition of the NPs to the
FBS, the size of the particles was measured using DLS.
The NPs were then incubated at 37 °C and size mea-
surements were taken at various timepoints over 24 h.
To measure the amount of protein adsorbed onto the
surface of the NPs, NPs were incubated in FBS at
37 °C for 24 h. NPs were then centrifuged at 21,000x g
for 30 min after which the supernatant was removed
and replaced with PBS. The NPs were washed two
more times, and a BCA assay was used to determine
the protein content for the final resuspended NPs. The
final concentration of NPs was also determined by
reading the fluorescence compared to a NP standard
curve using a microplate reader. These studies were
performed in triplicate for each NP tested.

Fluorescent Video Microscopy and Multiple Particle
Tracking (MPT) Analysis

The diffusion of NPs in Matrigel and sputum col-
lected from patients with CF was evaluated as de-
scribed in our previous work."® Briefly, 25 uL of
Matrigel (Corning) was added to a microscopy cham-
ber and allowed to gel at 37 °C for 30 min. After
gelation, 1 uL of 0.002% w/v NPs were added to the
Matrigel and covered with a coverslip. The gels were
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then allowed to equilibrate at 37 °C for 30 min prior to
imaging. The same process was used for the mucus
samples except NPs were added to the gels immediately
after the samples were added to the microscopy
chambers. The diffusion of NPs was imaged in real-
time using a Zeiss 800 LSM microscope with a 63x
water-immersion objective and Zeiss Axiocam 702
camera at a frame rate of 33.33 Hz for 10 seconds. NP
trajectories and diffusion rate were determined using a
MATLAB-based image analysis software to track NP
position over time. The time-averaged mean squared
displacement (MSD; (Ar?(7))) as a function of lag
time, 7, was calculated from these trajectories as
(AR (0)) = (x(t+7) = x(OP + D+ - y(OF). A
representative measure of the diffusion rate was taken
as the logarithm (base 10) of the MSD at a time scale
of 1 = 1 s (log;o[MSD; (]). Matrigel experiments were
performed in triplicate for each particle type and vi-
deos of the NPs were taken in several (=3) distinct
regions of the gel. Mucus from three different CF
patients were used for individual sample replicate, and
videos were taken in multiple regions for each gel.

CF Sputum Sample Collection

CF sputum samples from patients at the adult CF
clinic at Johns Hopkins (n = 3) were collected after
receiving written informed consent and approval from
the Johns Hopkins Institutional Review Board (study
NA_00046768). Sputum samples were stored at —80°C
and thawed on ice prior to MPT experiments.

Statistical Analysis

Statistical analysis and graphing of the data were
performed using GraphPad Prism 9 (GraphPad Soft-
ware). A one-way analysis of variance (ANOVA) with
a Tukey or Dunnet post hoc correction was performed
for analysis between groups. For groups with non-
Gaussian distributions, Kruskal-Wallis with Dunn’s
correction was used. Bar graphs show mean and
standard deviation and box and whiskers plots show
median value and 5th percentile up to 95th percentile.
Statistical significance was assessed at p < 0.05.

RESULTS

Formulation of High-Density Branched PEG
Nanoparticles

To determine the possible combined effects of high
density PEGylation and PEG branching on the sta-
bility, cellular uptake, and diffusion of NPs
through extracellular barriers, we coated NPs with ei-
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ther 10 kDa branched 4-arm PEG (PEG-B10), 10 kDa
lincar PEG (PEG-L10), 5 kDa linear PEG (PEG-L5),
or 2 kDa linear PEG (PEG-L2). EDC-NHS chemistry
was used to obtain a high density of PEG molecules
conjugated to the NPs. We then measured their size
and zeta potential to compare branched and linear
PEG-coated NPs. We hypothesized that the PEG-B10
particles would have similar size and surface charge to
the PEG-L5 particles due to the attachment of a single
2.5 kDa PEG arm to the surface with the remaining 2.5
kDa arms forming the outer PEG corona (Fig. 1a). As
expected, we found NP size increased when grafted
with higher molecular weight linear PEG (Fig. 1b). The
size of NPs coated with branched 4-arm PEG fell
between that of PEG-L10 and PEG-L5 NPs. The
surface charge of all PEGylated NPs fell within a near-
neutral range (£5 mV) with PEG-B10 particles and
PEG-L5 particles registering surface charges of
~ 0 mV (Fig. lc¢).

We next characterized the PEGylation density of the
NPs to ensure that we were able to formulate the linear
and branched PEGylated NPs within the dense brush
regime. To do this, we measured the number of car-
boxyl-functional groups on NPs remaining after
PEGylation to determine the number of PEG mole-
cules per surface area of the NPs. No significant dif-
ference in PEGylation density was noted between any
NP types (Figs. 1d and le). To determine the confor-
mational regime of the different PEG coatings, we
calculated the ratio of the Flory radius (Rf) to the
distance between the PEG molecules (D). All PEGy-
lated NPs tested were well within the dense brush re-
gime, as indicated by an Rg/D > 2.8, where we predict
a transition from a globular coil to extended brush
conformation of PEG within the layer due to crowding
on the NP surface.”® Rg/D also increased significantly
as a function of molecular weight for the linear PEG
coatings (Fig. 1f). It is worth noting that Ry for PEG-
B10 was approximated using scaling relations for
branched star polymers.” As a result of its more
compact structure, PEG brush density for NPs coated
with PEG-B10 is predicted to be most similar to that of
densely coated PEG-L5 NPs.

Nanoparticle Stability in Serum

Previous studies using branched polymer coatings
on NPs observed an increase in NP stability and cir-
culation time in vivo.’>** We investigated whether
these same advantages might be noted for NPs with
branched, high density PEG coatings by assessing the
stability of the NPs in FBS over a 24-h period. The
stability was assessed by measuring NP size over time
using DLS (Fig. 2a). Overall size change was expressed
as the difference between the NP size at 24 h and the
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FIGURE 1. Physicochemical characterization of PEGylated NP. (a) Schematic of NP coated with linear (left) or branched (right)
PEG. (b) Size (diameter) of NPs conjugated with linear 2 kDa (PEG-L2), 5 kDa (PEG-L5), 10 kDa (PEG-L10) and branched 10 kDA
PEG (PEG-B10). (c) Zeta potential of NPs with PEG coatings. (d, e) PEGylation density for each NP type characterized as (D) the
percent of carboxylic acid groups conjugated to PEG and (e) the number of PEG per unit surface area of the NPs. (f) Ratio of the
Flory radius (Rg) to the distance between PEG chains on NP (D) where the dense brush regime is defined as R/D > 2.8. *p<0.05 by
one-way ANOVA, **p<0.005 by one-way ANOVA, **p<0.001 by one-way ANOVA, ****p<0.0001 by one-way ANOVA. The
comparison group is indicated by the color of the asterisk. Data represents the average of 3 replicates from separately prepared

batches of PEGylated NPs.

initial measurement (Fig. 2b). There was no significant
difference in the overall size change for the different
types of PEGylated NPs. PEG-coated NPs had a rel-
atively small change in size when compared to NPs
without any PEG coating (Fig. 2b). Non-PEGylated
NPs also had visible flocculation after 20 h for one of
the replicates. These larger aggregates quickly settle
and are unlikely to be detected in our measurements.
With the aim of determining whether stability was di-
rectly correlated to protein adsorption, we estimated
the amount of protein adhered to NP surfaces
(Fig. 2c). Of note, only PEG-B10 NPs exhibited a
statistical difference in protein adsorption compared to
unPEGylated NPs.

Nanoparticle Cellular Uptake In Vitro

We next investigated whether branched polymer
coatings influenced cellular uptake as compared to
NPs formulated with dense linear PEG coatings. We
hypothesized PEG branching may reduce cellular up-
take due to its resistance to adhesion to biomolecules
which in turn would reduce its association to the cell

surface and internalization. We evaluated the uptake
of our NPs in two different cell lines, HEK-293T and
AS549 cells, as it has been reported that cellular uptake
of PEGylated NP may vary dependent on the type of
cells tested.?’ Overall, we found a higher uptake of NPs
in the A549 cell line compared to the HEK-293T cell
line for all conditions. In the HEK-293T cell line, the
PEG-L5, PEG-L10 and PEG-B10 NPs had a higher
average cell uptake compared to the unPEGylated NPs
(Figs. 3a, 3b). However, these differences were not
statistically significant. The uptake of the NPs was also
verified qualitatively via cell staining and imaging. We
observed that the PEG-B10 NPs were associated with
the HEK-293T cells, and few to no NPs were observed
outside of the cell regions (Fig. 3c). Unlike in the
HEK-293T cell line, the non-PEGylated and PEGy-
lated particles had a similar uptake compared to the
rest of the coated NPs (Fig. 3d and 3e). There was no
statistical difference between any of the conditions for
uptake in the A549 cell line, and no discernable trend
was noted. Association and/or uptake of PEG-B10 NP
was also apparent based on fluorescent micrographs in
A549 cells (Fig. 3f). To determine whether uptake
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FIGURE 2. Stability of nanoparticles in fetal bovine serum
(FBS) over a 24-h period. (a) Size of unPEGylated NP (No PEG)
and NP conjugated with 2 kDa (PEG-L2), 5 kDa (PEG-L5), 10
kDa (PEG-L10) and branched 10 kDa PEG (PEG-B10) in FBS
over a 24-h period. (b) Overall change in size of NPs in FBS
over a 24-h period. (c) Protein adsorption onto NP surface
over a 24-h period. *p<0.05 by one-way ANOVA with Dunnet
Correction. Replicates (n = 3) were NPs incubated in serum 3
separate times.

measurements were appreciably affected by NP
adsorption to cell membranes, we measured the uptake
of NPs after a cold (4 °C) incubation period (Fig. 3g).
We found that less than 10% of the uptake was due to
membrane adhesion for all types of NPs (Fig. 3h).
There was no statistical difference between membrane
adhesion for any NP types. However, non-PEGylated
NPs had the highest percentage of membrane adsorbed

NP.
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Diffusion of Nanoparticles in an ECM Model

Increased PEGylation density is known to increase
NP diffusion through extracellular barriers such as the
ECM and mucus.'®*> We hypothesized that a densely
PEGylated NP with a branched PEG coating would
have enhanced diffusion capabilities in comparison to
NPs with a similarly dense linear PEG coating. We
reasoned this would result from the effective increase
in PEG arms per unit NP surface area, enhancing the
stealth properties of the NPs. We chose Matrigel,
which is a mouse basement membrane matrix, as an
in vitro ECM model to investigate whether PEG
branching had any effect on NP diffusion properties.
We measured and analyzed the trajectories of the dif-
ferent NP types in the Matrigel model which were used
to calculate the MSD and effective diffusion coeffi-
cients (D) of the different NPs (Fig. 4). Qualitatively,
the non-PEGylated NPs seemed completely motionless
within the matrix while there was more noticeable
mobility for the linear PEG NPs and significant dif-
fusion was apparent for the PEG-B10 NPs (Fig. 4a).
The MSD and D values were significantly different
between all types of NPs (Figs. 4b and 4c). Overall,
PEG-B10 NPs had the highest Dgs values while the
non-PEGylated NPs had the lowest (Fig. 4d). Among
the linear PEG NPs, the PEG-L5 NPs had significantly
higher Dy values than the PEG-L2 and PEG-L10
NPs, and the PEG-L10 particles had a higher D¢ than
the PEG-L2 NPs. Considering only motion in 1
direction (e.g. vertical or z—direction) and assuming
standard (Brownian) diffusion, we calculated the time
it would take for uncoated and PEGylated NPs to
cross 1 um-thick basement membrane based on our
MPT results. Comparing across cases, PEG-B10 NPs
are predicted to cross the same thickness of ECM > 30
times faster than all other NPs tested (Fig. 4e).

Diffusion of Nanoparticles in Mucus

As noted, coating NPs in PEG has been shown to
increase NP mobility in mucus, but higher MW PEG
can become entangled with the mucus mesh, impeding
benefits of the coating.”> However, previous studies
have shown that densely coating NPs in PEG can in-
crease their mobility in mucus even with PEG of higher
MW.'¢ Based on our studies in Matrigel, we hypoth-
esized that NPs with a dense branched PEG coating
would have improved diffusion profiles in mucus
compared to NPs coated with linear PEG of a similar
coating density. To test this, we measured and ana-
lyzed the trajectories of the different NP types in mu-
cus samples collected from three individuals with CF
lung disease (Fig. 5). Qualitatively, the non-PEGylated
NPs seemed completely immobile within the gel while
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FIGURE 3.

In vitro cellular uptake of linear and branched PEG coated nanoparticles. NP uptake was evaluated in HEK-293T (a—c)

and (d—f) A549 cells. Uptake was quantified based on NP fluorescence and number of NPs per cell protein content in (a, b) HEK-
293T and A549 (d, e) cells. Fluorescent micrographs of HEK-293T (c) and A549 (f) cells after a 2-h incubation with NPs where the
NPs are visualized in red and the cell nucleus in blue. Scale bar = 20 um. (g) NP uptake in A549 cells at 4 °C representing NPs
adsorbed to the cell surface. (h) Percent of total uptaken NPs adsorbed to cell membrane surface. n = 3 for all uptake experiments.

there was more noticeable mobility for the PEGylated
NPs and significant diffusion was apparent for the
PEG-L2 and PEG-L5 NPs (Fig. 5a). To quantitatively
compare PEG types, we looked at the distribution of
MSD and the proportion of particles that rapidly
penetrated mucus defined as those with MSD > 1 um?
or log;oMSD 2> 0 at 1 second. Considering motion only
in the vertical direction, we would predict this popu-
lation would transport through a mucus layer of
physiological thickness, ranging from 10 to 50 um, in
under an hour and avoid removal from the lung via
mucociliary clearance.?®*° The vast majority (~ 99%)
of non-PEGylated NP are predicted to be immobilized

by the mucus barrier and cleared from the lung before
reaching target cells (Fig. 5b). Comparing across PE-
Gylated NPs, PEG-L2 and PEG-L5 NPs were found
to have the largest fraction of NPs, 49% and 40%,
respectively, that rapidly penetrate CF mucus (Figs. 5c
and 5d). There was a larger amount of variance in
individual particle diffusion for PEG-L10 (Fig. 5e) and
PEG-B10 NPs (Fig. 5f). However, PEG-B10 NPs had
a greater fraction (~ 32%) of NPs that rapidly pene-
trate the mucus barrier as compared to PEG-L10 NP
(23%).
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FIGURE 4. Diffusion of nanoparticles coated with linear and branched PEG through a Matrigel ECM model. (a) Representative
trajectories of unPEGylated and PEGylated NPs in Matrigel. Traces show 10 seconds of motion with a color scale to indicate time.
The scale bar represents 1 um. (b) Calculated log based 10 of MSD at = =1 s (log1,[MSD;]) of NPs in Matrigel. (c) Average MSD over
time for NPs. (d) Measured diffusion coefficients (D.t) for different NP types. (e) Estimated time to cross 1 um thick basal lamina as
calculated from Deg. ***p<0.001 by Kruskal-Wallis with Dunn’s correction, ****p <0.0001 by Kruskal-Wallis with Dunn’s correction.
The comparison group is indicated by the color of the asterisk. At least three videos in different regions of the gel were acquired
and analyzed in each experiment. An average of > 160 particles were tracked per sample tested.

DISCUSSION

In this study, we designed NPs with dense branched
PEG coatings and explored their potential utility for
drug delivery applications. We demonstrated NPs can
be formulated with 4-arm branched PEG coatings with
a similar PEG density when compared to linear PEG
coatings of various molecular weights. To accomplish
this, we used a 4-arm PEG star polymer with three
non-reactive hydroxyl terminated arms and one arm
functionalized with a reactive amine group. This means
for every functionalized arm conjugated to the NP
surface, an additional three nonfunctionalized arms
were protruding from the polymer core extending out
to form a branched PEG corona. While bulkier, we
found monofunctional 4-arm PEG could be conju-
gated at a high density like that obtained using linear
PEG chains. Furthermore, we expect that branched
PEG coverage on the nanoparticle surface for the
PEG-B10 NPs are underestimated based on our brush
regime (Rg/D) calculations. In effect, we expect that
branching would lead to higher PEG surface coverages
due to the higher number of chains per PEG molecule.
However, additional theoretical models and/or direct
measurements of PEG density profiles are necessary to
fully assess the impact of branching on the PEG
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corona. Previous studies have established a critical R/
D for linear PEG-coated NP that are predictive of
diffusion through mucus.’**® However, such guideli-
nes do not exist for branched PEG and the current
guidelines would need to be revised based on our
current data. In future work, it will be important to
evaluate the performance of branched PEG-coated
NPs with varying surface density to establish these
criteria. Furthermore, we have yet to explore if the
extent of branching (e.g. 2-arm vs. 4-arm vs. 6-arm)
has any functional significance on NP PEGylation.
When examining the effects of the PEG corona on
NP stability, we measured the size change of the
nanoparticles over a 24-h period as a marker of serum
protein adsorption and particle aggregation. We found
that there was no significant size change for linear or
branched PEGylated NPs. The larger average size of
non-PEGylated NPs would indicate a greater extent of
serum protein adsorption on non-PEGylated as com-
pared PEGylated NPs. We did not find a significantly
larger size change indicative of particle instability and
aggregation. However, we note that a set of non-PE-
Gylated NPs exhibited visible flocculation after 20 h,
which was not seen in any PEGylated NP types. Pre-
ncipe et al. showed that PEGylated branched polymers
yielded NPs with increased stability in serum as well as
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FIGURE 5. Diffusion of nanoparticles coated with linear and branched PEG through mucus from individuals with cystic fibrosis
(CF). (a) Representative trajectories of unPEGylated NP (No PEG) and linear 2 kDa (PEG-L2), linear 5 kDa (PEG-L5), linear 10 kDa
(PEG-L10), branched 10 kDa (PEG-B10) PEGylated NPs in CF mucus. Traces show 10 seconds of motion with a color scale to
indicate time. The scale bar represents 1 um. Distribution of log based 10 of MSD at = = 1 s (log;o,[MSDs]) for (b) UnPEGylated NP,
(c) PEG-L2 NP, (d) PEG-L5 NP, (e) PEG-L10 NP, (f) PEG-B10 NP. Data represent the average of three sputum samples, with an
average of > 400 particles tracked per sample tested. Percentage of particles that moved rapidly, defined as log1,MSD = 0 at a time

scale of 1 s, is shown for each particle type (dashed boxes).

a higher blood circulation half-life.”* This led us to
hypothesize that the 4-arm branched PEG nanoparti-
cles would exhibit reduced protein adsorption and
greater stability compared to the other conditions.
While the results did not entirely fit our hypothesis, it is
worth noting that PEG-L10 and PEG-B10 NPs
exhibited minimal size change (< 3 nm) over the 24-h
period. PEG-L2 and PEG-L5 NPs exhibited
detectable changes (> 7 nm) in size over 24 h indica-
tive of protein adsorption.

To confirm our hypothesis that protein adhesion
was causing the increase in NP size measurements, we
also measured the adsorption of proteins onto NPs.
We found a higher amount of protein for the un-
PEGylated NPs compared to the PEGylated NPs ex-
cept with respect to the PEG-L10 NPs. However,
differences were only significant between the un-
PEGylated and PEG-B10 NPs. Our measurements of
protein adsorption indicate a significantly lower
adsorption for PEG-B10 NPs compared to un-
PEGylated NPs, fitting our initial hypothesis. Al-

though PEG-L10 NPs exhibited minimal size change
over 24 h, they exhibited comparable protein adsorp-
tion to unPEGylated NPs. This is counter-intuitive as
it would be expected longer PEG chains would sig-
nificantly limit protein adsorption.”® This may suggest
differences in protein corona conformation (e.g. hard,
irreversible vs. soft, exchangeable protein coronas®')
for the PEG-L10 NPs, but further analyses is required
to determine if this is the case. It is possible that
branched polymer coatings, independent of surface
density, are sufficient to prevent protein adhesion and
serum opsonization, which may in part explain the
long (~ 22 h) circulation half-life of branched PEG
coated carbon nanotubes reported in previous work.*
However, further work is required to compare serum
stability of branched PEG with varied surface density.

We assessed the cellular uptake of NPs using two
different cell lines. Our non-PEGylated control were
net-negatively charged, carboxylate (COO—) modified
PS NP used throughout our studies to generate densely
PEGylated NP. Cells generally preferentially uptake
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positively charged NPs since the cell membrane is
negatively charged.?® Furthermore, negatively charged
NPs are generally uptaken through caveolae-mediated
endocytosis whereas positively charged NPs are pref-
erentially uptaken through clathrin-mediated endocy-
tosis.'” Consequently, differences in the uptake
pathway due to the negative charge of the non-PE-
Gylated NPs may explain the comparable uptake to
densely PEGylated NPs.'” It has also been reported
that PEGylation can differentially impact cellular up-
take and that the degree of uptake can also vary
between cell types. Therefore, we studied uptake in two
different cell lines that were previously noted to have
different trends in the extent of cellular uptake and
influence of PEGylation on uptake.”'>'®* The uptake
of the non-PEGylated NPs was lower than all the
PEGylated NPs except for PEG-L2 in the HEK-293T
cell line, however, the differences were not statistically
significant. Nonetheless, our studies would indicate
branched PEGylation does not significantly alter the
uptake of PEGylated NPs as compared to NPs with
linear PEG coatings with similar dimensions.

We found that PEGylation resulted in greater dif-
fusivity of NPs through an ECM model (Matrigel) as
evidenced by a greater MSD and D¢, which is con-
sistent with several previously reported studies.?”**%’
Interestingly, the branched PEG NPs resulted in a
significantly higher rate of diffusion when compared to
all other PEG types. In addition, we measured the
diffusion of PEGylated NPs in sputum collected from
individuals with CF lung disease. Given inhaled na-
nomedicine approaches have been explored for CF, we
felt this would provide initial evidence to support the
use of branched PEGylation for these applications.
Prior work has shown increasing molecular weight of
linear PEG reduces their ability to penetrate CF spu-
tum.”> However, we found PEG-B10 NPs had greater
mobility within mucus layer compared to PEG-L10
NPs. This may be the result of restricted mobility of
PEG chains in the branched conformation as previous
work has shown NPs with ultra-high density, high
MW (> 10 kDa) PEG coatings retain mucus-pene-
trating capabilities.'®

For comparison to prior work on PEGylated NP
diffusion through mucus, low molecular weight PEG
coatings were shown to reduce interactions of the
nanoparticle with the matrix without significant
entanglement, allowing for greater diffusivity.®
Specifically, Wang et al. found that nanoparticles
coated with either 2 or 5 kDa PEG did not adhere to
the mucus mesh with a slightly higher MSD for the 5
kDa PEG NPs while those coated with 10 kDa PEG
had severely limited diffusion due to entanglements
with the mucus mesh.*®> However, it has been noted
that a sufficiently dense PEG coating can prevent these
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entanglements even with higher molecular weight
PEG.'® We observed a similar trend in Matrigel with
our linear PEG coated NPs where the PEG-L5 parti-
cles had the highest MSD presumably due to enhanced
shielding compared to the PEG-L2 particles and less
entanglements with the matrix compared to the PEG-
L10 particles. However, we find the greatest diffusivity
for PEG-L2 coated NP in CF sputum which further
reduces the possibility of entanglements and hydrogen
bonding with the mucus gel network.” Based on the
apparent enhancement in diffusion through Matrigel
for PEG-B10 NP, it is possible that PEG branching
further prevents entanglement with the gel since it is
already very sterically limited. This may have led to an
ideal balance where the PEG-B10 coating is able to
block interactions with the ECM while simultaneously
preventing entanglements, yielding enhanced mobility.
However, the molecular weight of PEG-B10 would
allow for a greater extent of mucin-PEG hydrogen
bonding leading to reduced NP diffusivity compared to
linear PEG of lower molecular weight. Overall, these
results suggest that branched PEG coatings could
potentially benefit NP drug delivery systems to over-
come the ECM barrier that impedes their efficacy
which will be explored further in future work. It will
also be of future interest to evaluate branched PEG
coatings of varied molecular weight (e.g. MW < 10
kDa) to determine if this alters mucus-penetrating
properties of PEGylated NP.

CONCLUSIONS

Our results show that branched PEG can be suc-
cessfully coated onto NPs at a high-density compara-
ble to that of linear PEG-coatings. These high-density
branched PEG coatings provided comparable benefits
to stability of NPs in serum with linear PEG-coated
NPs, suggesting they effectively limit serum protein
adsorption. Branched PEG coatings also did not ad-
versely affect NP uptake in two different cell lines. We
demonstrated that these high-density branched PEG
coatings may significantly increase the diffusion profile
of NPs in ECM compared to linear PEG-coated NPs
and in mucus compared to linear PEG-coated NPs of
the same MW. The findings of this study suggest that
high-density branched PEG NPs may be useful in
addressing obstacles in drug delivery and present an
opportunity to achieve greater accumulation of NPs at
the target site.
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