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Macrophage-Targeting Poly(lactide-co-glycolic acid)
Nanoparticles Decorated with Multifunctional Brush

Polymers

Stephanie Christau, Aida Lépez Ruiz, Nahal Habibi, Judith Witte, Mark S. Bannon,

Kathleen McEnnis,* and Joerg Lahann*

This study examines the potential of poly(lactic-co-glycolic acid) (PLGA)
nanoparticles functionalized with poly(zwitterion)-mannose brushes to target
macrophages. Uptake studies with RAW 264.7 macrophages indicate that
multiple mannose-binding sites in the grafted brushes facilitate interaction
with the mannose receptor of the macrophages, resulting in approximately
four times higher cellular uptake than nanoparticles with mannose
monolayer coatings. To test the feasibility of the nanoparticles as long-
circulating drug delivery vehicles, their multicomponent aggregation in blood
plasma is analyzed using nanoparticle tracking analysis and compared to
poly(ethylene glycol)-coated (PEGylated) particles, which are known to reduce
aggregation. There is no significant difference in the aggregation behavior

of the poly(zwitterion)-mannose grafted particles and the PEGylated control
particles (=760 particles in aggregates per 105 particles). In addition, the
particle size in blood plasma is compared, which includes the protein corona,
after 0, 8, and 15 h. Whereas there is no significant difference at longer time
scales, the overall particle size of the poly(zwitterion)-mannose brush-grafted
nanoparticles is <130 nm smaller than that of the PEGylated nanoparticles

at shorter time scales, suggesting a smaller protein corona. All these results
suggest that poly(lactic-co-glycolic acid nanoparticles functionalized with
poly(zwitterion)-mannose brush grafts may be excellent candidates for
targeted drug delivery to macrophages.

nanosensors for diagnostics, nanorobots,
or drug-encapsulating mnanocarriers.l
In nanoparticle-based drug delivery,
nanoscale materials are employed to
deliver certain therapeutic agents to spe-
cific targeting sites. A major benefit of
this approach lies in the ability to control
the parameters of the nanocarrier, such
as size, shape, density, or surface coating,
which allows for a controlled and sus-
tained delivery of therapeutics.” Several
types of nanocarriers to encapsulate drugs
of interest have been developed for effi-
cient drug delivery to the targeting site,
including lipid nanoparticles,?®! inorganic
nanoparticles,! protein-based nanopar-
ticles,” and polymeric nanoparticles.%!
The appropriate carrier type is selected
based on the desired drug release pro-
file and also depends on the interactions
between the drug and the carrier particle;
drugs might be encapsulated by means
of covalent bonding, hydrogen bonding
interactions, electrostatic interactions,
or van der Waals interactions.ll Poly-
ester-based nanoparticles (NPs), such as
poly(lactic-co-glycolic acid) (PLGA) NPs,

1. Introduction

Nanomedicine is an emerging field, which employs nanomate-
rials to either prevent or treat disease; these materials include

combine chemical versatility with degradability, and they are
thus often studied as potential drug delivery vehicles.”# PLGA
is an FDA-approved, biocompatible polymer, and PLGA NPs
have been extensively studied for biomedical applications due
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to their tunable biodegradability, which allows for controlled
and sustained release of encapsulated therapeutics.®'! In addi-
tion, the NP surface can be decorated with functional groups,
such as targeting ligands, which allows for efficient delivery of
therapeutics to a specific target. However, despite the advanta-
geous properties of PLGA NPs, the therapeutic efficiency of
nanoparticle-based drug delivery depends greatly on their sta-
bility in the bloodstream. Once injected, blood proteins adsorb
onto the nanoparticle surface to form a protein corona that
promotes opsonization and results in nanoparticle aggregation;
this leads to rapid clearance of the nanoparticles from circula-
tion via phagocytosis by the mononuclear phagocyte system.!!?!
The clearance mechanism involves receptor-mediated endocy-
tosis of the opsonized nanoparticles by the cells of the liver and
spleen. Thus, blood protein adsorption plays a crucial role in
nanoparticle clearance by the liver. Protein adsorption leads to
nanoparticle aggregation, which, due to the larger size of the
particle clusters compared to the individual nanoparticles, facil-
itates their removal from the bloodstream. To prevent opsoniza-
tion, aggregation and the resulting rapid clearance by the liver,
the adsorption of blood proteins to the nanoparticle surface
should therefore be avoided; one way to reduce protein adsorp-
tion and improve the blood circulation time is to decorate the
nanoparticle surface with “stealth” groups such as poly(ethylene
glycol) (PEG).l'214

Recently, macrophages have emerged as an attractive target
in nanomedicine. Macrophages are phagocytic cells of the
innate immune system; present in all tissues and organs, they
are involved in maintaining tissue homeostasis and regulating
inflammatory responses. There is a spectrum of macrophage
phenotypes; traditionally, macrophages have been classified
according to their activation state as M1- or M2-type macro-
phages.[®! M1-type macrophages, also referred to as classically
activated macrophages, show efficient antigen presentation
and release proinflammatory cytokines; on the other hand, M2
phenotypes, or alternatively activated macrophages, release anti-
inflammatory cytokines and are involved in tissue remodeling
and wound healing, tumor growth, and angiogenesis.'®! Unlike
M1-type macrophages, M2 phenotypes express mannose recep-
tors (CD206), a 175 kDa integral membrane protein, which rec-
ognizes mannose, fucose, and N-acetylglucosamine and has
been utilized by researchers to target M2-type macrophages.’!
Targeting macrophages to intracellularly deliver drugs has
gained recent clinical interest, as macrophages are used as
host cells by pathogens causing intracellular infections, such
as tuberculosis or salmonellosis.'®1°] Previous studies have
designed drug carrier particles for delivering antibacterial
agents to macrophages.'®2% However, inefficient targeting
and insufficient intracellular delivery of antibiotics remains an
issue.l In addition, M2-type macrophages are associated with
tumor growth and the development of fibrosis.”] Efforts have
been made to re-educate these macrophages,?'23l a strategy
that has emerged as a new and promising approach to tackle
these diseases. To efficiently target these macrophages, man-
nosylation of the drug carrier (the conjugation of mannose
moieties) is a commonly applied strategy; mannosylated NPs
are recognized by the macrophage mannose receptor and inter-
nalized through pattern recognition receptor-mediated endocy-
tosis. There is evidence that a multivalent display of mannose
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moieties increases receptor recognition;”?° for example, tar-

geted delivery of antibiotics to macrophages was achieved using
a nanogel with surface-conjugated PEG-mannose arms pre-
senting multiple binding sites for the macrophage mannose
receptor.l?®l Further progress in the field has been hampered
by the lack of well-defined nanoparticle models that efficiently
engage with macrophages.

In addition to their targeting capability, the drug carriers
need to be stable in physiological environment and exhibit an
extended circulation time in the bloodstream. As mentioned
earlier, the fate of nanoparticles in the bloodstream greatly
depends on their interactions with blood proteins, which
often results in aggregation; aggregation effectively causes an
increase in size, resulting in removal of the nanoparticles from
the bloodstream.?’-2%! To avoid rapid clearance of the nanopar-
ticles by the liver macrophages, PEGylation has been widely
employed to prolong the circulation life of the nanoparticles
and decrease their accumulation in the liver.3%32 Other coat-
ings have been investigated as well, and especially zwitterionic
polymers have been shown to improve the NP circulation
time.’337 In this work, we address the above-described chal-
lenges by developing multifunctional nanoparticles that
i) selectively target M2 macrophage phenotypes, while ii)
retaining stability in blood plasma. Importantly, we identify the
molecular architecture of the zwitterionic surface coatings as
key determinant of biological function and derive simple struc-
ture—function relationships.

We first compared the uptake of NPs functionalized with
poly(carboxybetaine)-mannose by RAW 264.7 macrophages
with the uptake of NPs coated with a simple mannose mono-
layer. The uptake of the brush-modified NPs was significantly
higher than that of the monolayer-coated NPs, indicating that
the presence of multiple mannose binding sites increased the
recognition by the macrophages, which may improve the tar-
geting efficacy. Next, we examined the NPs in terms of their
aggregation behavior in blood plasma. An accurate quantifi-
cation of NP aggregation in complex media, such as blood,
is very difficult to achieve with commonly used methods like
dynamic light scattering (DLS) since the components of blood
also scatter light.[“*#] Alternatively, nanoparticle tracking anal-
ysis (NTA), which tracks the motion of particles individually,
can be employed.®l This method has recently been successfully
employed to quantify the aggregation behavior of PEGylated
polystyrene nanoparticles in blood plasma.*! Unlike DLS, NTA
does not require a sample with monodisperse particles!“*>% and
thus allows for analysis of nanoparticle aggregation in blood.
Aggregation in blood can occur between individual nanoparti-
cles (homogeneous aggregation) and between the nanoparticles
and blood proteins (multicomponent aggregation). The advan-
tage of NTA analysis is that it can distinguish between homoge-
neous and multicomponent aggregation, which is important to
make a statement regarding the performance of the drug carrier
particle. In this work, we employed NTA to examine the aggre-
gation behavior of the two mannosylated NP groups (mannose
monolayer vs. poly(mannose) brush coatings) in blood plasma.
In addition to the two mannosylated NP groups, we included
PEGylated NPs, which are considered the “gold standard” for
avoiding NP aggregation and prolonging the blood circulation
time of the injected particles.0>1:52]
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Figure 1. Surface modification of electrojetted PLGA nanoparticles: PEG and mannose monolayers were obtained via reaction with EDC/sulfo-NHS
and amine-PEG; or amine-mannose, respectively. PCBMA brushes were grown by SI-ATRP. PCBMA brushes were post-modified with amine-mannose

via EDC/sulfo-NHS chemistry to obtain PCBMA mannose brush coatings.

2. Results and Discussion
2.1. Nanoparticle Fabrication and Characterization
2.1.1. Fabrication and Characterization of PLGA NPs

The PLGA nanoparticles used in this study were fabricated by
electrohydrodynamic jetting and subsequently surface-mod-
ified. We have used electrohydrodynamic jetting extensively
in the past to prepare polymeric nanoparticles.***#l The NPs
used in this study were prepared from a mixture of carboxy-
terminated PLGA (for postmodification with PEG and mannose
monolayers) and bromoisobutyrate-terminated poly(lactic acid)
(PLA(BiBB)) (for postmodification with poly(carboxybetaine)
brushes). Using this approach allowed us to prepare the dif-
ferent particle types from the same particle batch, which is cru-
cial because different batches may exhibit slightly different size,
or zeta potential, which will ultimately also affect the aggrega-
tion behavior. To functionalize the PLGA NP surface with PEG
or mannose monolayers, amine-PEGy or amine-mannose,
respectively, were reacted with the carboxy group of the PLGA/
PLA(BiBB) via sulfo-N-hydroxysuccinimide/1-ethyl-3-(-3-di-
methylaminopropyl) carbodiimide hydrochloride (sulfo-NHS/
EDC) chemistry (Figure 1). To obtain the brush coating, we
employed surface-initiated atom transfer radical polymerization
(SI-ATRP) to grow poly(carboxybetaine) methacrylate (PCBMA)
brushes, which were further reacted with amine-mannose,
resulting in PCBMA-mannose brushes (Figure 1). The reason
for this approach was twofold: we speculated that the presence
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of the zwitterionic polymers may not only allow for postmodifi-
cation, but it may also be beneficial for preventing NP aggrega-
tion in the bloodstream, as poly(carboxybetaine) coatings have
been proven effective in prolonging the blood circulation time
of drug delivery vehicles.l33>43-4]

Fabrication of nanoparticles with tunable PLGA/PLA(BiBB)
ratios allows for synthesis of brushes with varying grafting den-
sities; specifically, increasing the PLA(BiBB) amount should
result in a higher brush grafting density on the nanoparticle
surface (however, an evaluation of different grafting densities
was not the scope of the current study). We hypothesized that
the PLGA/PLA(BiBB) ratios might not only affect the resulting
brush grafting density, but also influence the electrohydrody-
namic jetting process due to the different solubilities of PLGA
and PLA(BiBB) in the solvent mixture. Indeed, we found that
increasing the amount of PLA(BiBB) in the formulation reduced
the particle yield, as evident from the scanning electron micros-
copy (SEM) images of the PLGA nanoparticles doped with 5%
PLA(BiBB) (Figure 2). Decreasing the PLA(BiBB) amount from
5% to 2.5%, or 1% resulted in higher yields compared with the
formulation with 5% PLA(BiBB).

SEM images provide a first examination of the nanoparticles
with respect to their size and shape (Figure 2). At a first glance,
the nanoparticles appear spherical regardless of the formulation
used, and they appear to be of similar size with a certain degree
of polydispersity. A more detailed analysis of the SEM images of
the as-electrojetted nanoparticles was conducted with FIJI (a dis-
tribution of Image] v1.53c). For each nanoparticle formulation,
multiple SEM images were analyzed (for a total of 500 particles)
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Figure 2. A) SEM images of nanoparticles consisting of PLGA/PLA(BiBB) ratios (wt%) of 7.5:2.5, 5:5, and 9:1. The table shows the nanoparticle diam-
eter, PDlsgy, anisotropy, circularity, and roundness obtained from SEM image analysis (Image]). B) Hydrated nanoparticle size measured by DLS after

nanoparticle collection in PBS and centrifugation at 12 700 RCF for 1 min.

to obtain their size distribution and an SEM-based polydis-
persity index (PDI) value (PDIggy), which was generated as
described previously.>?! In addition to the size distribution of
the nanoparticles, we determined secondary geometric fac-
tors including nanoparticle circularity, roundness, and ani-
sotropy. The average diameters of the PLGA NPs containing
5, 2.5, and 1 w/w% PLA(BiBB) were =79, =125, and =107 nm,
and the corresponding PDIggy values were 0.202, 0.308, and
0.269, respectively. Statistical analysis found that the diameters
were significantly different for all formulations (see Supporting
Information). The analysis of the above-mentioned secondary
geometric factors determined anisotropy values ranging from
1.59 to 1.82, circularity values ranging from 0.69 to 0.76, and
roundness values ranging from 0.65 to 0.72. There were sta-
tistical differences in the anisotropy, circularity, and round-
ness values between the formulations with 1 w/w% PLA(BiBB)
and 2.5 or 5 w/w% PLA(BiBB). There was no statistical differ-
ence between the formulations with 2.5 w/w% PLA(BiBB) and
5 w/w% PLA(BiBB) (see Supporting Information).

To evaluate the particle characteristics in their hydrated state,
the nanoparticles were collected in PBS containing 0.1 v/v%
Tween20 with a razor blade. As indicated by the SEM image anal-
ysis, there is a certain degree of polydispersity (0.202-0.308) of
the as-electrojetted nanoparticles. In polydisperse samples, larger
particles can be recovered using shorter centrifugation times,
while the smaller particles require longer centrifugation times.
In this study, we were only interested in NPs with =400-600 nm
hydrated diameter due to the detection limit of fluorescent
samples in NTA. We found that centrifugation of the collected
nanoparticles at 12 700 elative centrifugal speed (RCF) for 1 min
yielded the desired particle size; the smaller NPs remaining in
the supernatant were discarded. The hydrated size of the NPs
after this centrifugation step was measured by DLS (Figure 2),
and values of 383, 472, and 415 nm diameter were obtained for
the PLGA NPs doped with 5%, 2.5%, and 1% PLA(BiBB).

2.1.2. Characterization of Surface-Modified PLGA NPs

Since we did not notice any significant differences in the
electrohydrodynamic jetting process of PLGA nanoparticles
doped with 1% or 2.5% PLA(BiBB), we chose the formulation
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containing 2.5% PLA(BiBB) to prepare the PLGA NPs for post-
modification with monolayers and brushes. To fluorescently
label the nanoparticles for the NTA experiments, a polymeric
green dye (ADS133YE) was added to the solution containing
PLGA, PLA(BiBB), and CTAB before electrohydrodynamic jet-
ting. The incorporation of the dye did not affect the hydrated
size of the resulting PLGA NPs, which was determined after
centrifugation at 12 700 RCF for 1 min by DLS as 497 nm. Next,
this batch of the PLGA NPs was divided into three parts to
postmodify the NPs with either PCBMA brushes, mannose, or
PEG. An increase in NP size from 497 to 539 nm was observed
after functionalization with PCBMA. The zwitterionic PCBMA
polymer chains can associate through inter- and intramolecular
electrostatic interactions, which prevents the polymer from
adapting a stretched conformation; upon further postmodifi-
cation of PCBMA with amine-mannose, some of those zwitte-
rionic associations are broken up, apparent from an increase
in the thickness of the brush layer, resulting in a final NP size
of 678 nm. The sizes of the NPs functionalized with PEG and
mannose monolayers were 562 and 580 nm, respectively. Fur-
thermore, we conducted electrophoretic light scattering (ELS)
measurements to determine the zeta potential after postmodi-
fication of the PLGA particles (Figure 3). An increase in zeta
potential was observed in all cases. Compared with unmodified
PLGA nanoparticles, the zeta potential of the PCBMA-coated
NPs increased from —33.6 to —19.2 mV. After conjugation of
mannose to the PCBMA brushes, the zeta potential further
increased to —14.2 mV because some of the carboxy-groups
in the CBMA unit were used to bind amine-mannose, thus
reducing the number of negative charges and increasing the
zeta potential. Only a slight zeta potential increase from —33.6
to —26.4 mV was observed for NPs modified with PEG mon-
olayers. In case of NPs functionalized with mannose mon-
olayers, the zeta potential increased to —17.2 mV.

2.2. Cellular Uptake

When designing a macrophage-targeting nanoparticle drug
delivery platform, it is essential to evaluate the macrophage-
targeting ability of the NPs as well as their circulation life in
the bloodstream. Since the main premise of the developed
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Figure 3. Hydrated nanoparticle size of fluorescently labeled PLGA NPs and the same NPs after postmodification with PEG and mannose monolayers
(Mannose mono), PCBMA brushes and PCBMA mannose brushes (PCBMA mannose) measured by DLS (left), and zeta potential values measured by
ELS (right). The table summarizes the size and zeta potential values of the particle groups.

nanoparticle platform is the efficient targeting of macrophages,
high NP uptake by the macrophages is critical and should be
evaluated first and foremost. Therefore, we assessed the uptake
of the different NP groups (NPs functionalized with PEG or
mannose monolayers, or PCBMA mannose brushes) by RAW
264.7 macrophages. The PEGylated particles were included in
this study as a baseline for nonspecific NP uptake. The main
goal of this experiment was to determine whether the mannose
brush coating would result in higher NP uptake levels than the
mannose monolayer coating. The cells were incubated with the
respective formulation in 96-well plates (108 particles per well)
for 30 min and 5 h, and the NP uptake was analyzed by flow
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Figure 4. Uptake of fluorescently labeled PEG monolayer-, mannose mono-
layer-, and PCBMA mannose brush-modified nanoparticles (described
in Figure 3) by RAW 264.7 macrophages after 30 min (left) or 5 h (right)
incubation. The uptake values (MFI) were obtained by flow cytometry.
Mean values were obtained from triplicates, and the data were analyzed
by one-way ANOVA, followed by Tukey’s post-test; p-values of <0.05 were
considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, and
*ikp < 0.0001), and p-values of >0.05 were considered not significant (ns).

Part. Part. Syst. Charact. 2022, 39, 2100284 2100284 (5 of 10)

cytometry (Figure 4). The mechanisms of particle internaliza-
tion have been established in literature, and it was found
that the primary uptake mechanism of nanoparticles (<1 um
size) by macrophages occurs via endocytosis; nanoparticles
in the size range 300-500 nm (similar to the size range of
the nanoparticles in our study) were more readily internal-
ized by murine macrophages than particles with sizes below
150 nm.>! Surprisingly, the mannose monolayer coatings did
not improve the uptake of the NPs compared with PEG mono-
layer coatings; there was no significant difference between the
uptake of PEG or mannose monolayer-coated nanoparticles
by the macrophages, likely due to a low density of mannose
groups. A significantly higher NP uptake (approximately four
times higher) by the macrophages was observed in case of the
PCBMA mannose-coated nanoparticles; the uptake was high
regardless of the incubation time (30 min, 5 h). We assume that
this higher uptake is an effect of a higher density of mannose
groups in case of the brush coating when compared to the
monolayer coating. The improved uptake of the PCBMA man-
nose-coated nanoparticles compared with that of the PEGylated
nanoparticles suggests that targeting of the macrophage man-
nose receptor plays a role.

2.3. Protein Corona

As pointed out above, there are two critical parameters that
determine the potential of a macrophage-targeting nanopar-
ticle drug delivery platform: their macrophage-targeting ability
(cellular uptake), and their circulation life in the bloodstream.
After evaluating the NP uptake by the macrophages, the next
step should be an assessment of their behavior in blood. This
is important, because upon injection, blood proteins begin to
adsorb to the NP surface and form a protein corona, which
results in NP aggregation and rapid clearance by the liver.

© 2022 The Authors. Particle & Particle Systems Characterization
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Table 1. Zeta potential values of the functionalized nanoparticles after
a 30 min incubation in HSA (40 g L") and zeta potential difference (A)
obtained from a comparison of the zeta potential values in HSA with the
zeta potential values measured prior to incubation with HSA.

Zeta potential [mV] in HSA Zeta potential difference (A) [mV]

PLGA (no coating) -34 30.2
PEG =54 21.0
Mannose monolayer -37 13.5
PCBMA mannose —4.8 9.3

Therefore, we examined the behavior of the NPs in the pres-
ence of protein. In an initial experiment, we measured the zeta
potential of the NPs in human serum albumin (HSA) to con-
firm the presence of a protein corona. In a second experiment,
we evaluated the size of the different NPs in blood plasma
(PLGA core + protein corona) over a time period of 15 h. Sine
PEGylation is commonly employed to reduce, or even prevent,
the formation of a protein corona, the PLGA NPs modified
with PEG monolayers were used as the “gold standard” in this
experiment.

As mentioned above, we first measured the zeta potential
of the nanoparticles in HSA. The main motivation for this
experiment was to confirm the presence of a protein corona; in
addition, this experiment may provide a better understanding
if (and to which extent) the absorption of protein would be
affected by the different surface coatings. Blood serum con-
tains mainly serum albumin, globulins, and fibrinogen, and
we chose albumin as the most abundant protein in the human
body at a concentration of 40 g L. The zeta potential values
were measured after a 30-min incubation period of the respec-
tive nanoparticle formulation in 40 g L™ HSA (Table 1).

In all cases, an increase in the zeta potential was observed
due to formation of a protein corona around the nanoparticles.
The strongest increase from —33.6 to —3.4 mV (A = 30.2 mV)
was observed for unmodified PLGA nanoparticles, followed
by NPs functionalized with PEG monolayers with a zeta
potential increase of 21 mV. A lower value (A = 9.3 mV) was
observed in case of PCBMA mannose brushes. However,
when comparing the actual zeta potential (instead of the A)
of the different groups, they are very similar with values
between —3.4 and —4.8 mV. The zeta potential values in HSA
indicate that a protein corona is formed regardless of the
surface coating, which was expected. However, the A values
suggest that the surface coating may have an effect on the
extent of protein adsorption to the NP surface. NPs modi-
fied with PCBMA mannose brushes had the lowest A value,
which may indicate fewer albumin molecules attached to the
surface compared with the other NP groups. However, in case
of the PCBMA-mannose brush coating, there is a possible
scenario in which HSA molecules penetrate the brush layer
rather than being adsorbed solely at the interface. Brushes can
serve as 3D matrices allowing for smaller molecules to pen-
etrate and get trapped. Unfortunately, it was not possible to
accurately quantify the NP sizes in HSA by DLS due to for-
mation of non-uniform aggregates. In addition, HSA and HSA
aggregates scatter light; therefore, DLS might not be able to
distinguish between the NPs and HSA aggregates. Among the
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different NPs, the PCBMA-mannose brush-coated nanoparti-
cles showed the smallest change in zeta potential after incuba-
tion in HSA, which may imply that this coating was the most
inert to protein adsorption. However, in reality, proteins other
than albumin absorb onto the nanoparticle surface as well.
And while the zeta potential measurements can provide some
relevant information, they cannot be used to make a statement
about the behavior of the NPs in blood. Additional methods
are needed to more accurately reflect the NP behavior and
protein corona formation in blood and to examine how the
different NP coatings affect the protein-induced nanoparticle
aggregation, as it will have implications for cellular uptake and
targeting. As mentioned above, DLS cannot easily be used to
evaluate the aggregation of NPs in protein-containing media,
which also scatter light. This is not an issue for NTA (when
used in fluorescent mode), as it allows for a visual analysis of
NP aggregation in blood plasma.*l We therefore employed
NTA to further analyze the protein corona. The hard protein
corona consists of blood components that exhibit strong inter-
actions with the NP surface; soft protein coronas are formed
by blood components with weak interactions with the NPs.
Nonspecific binding of protein molecules to form a soft pro-
tein corona cannot be avoided even with PEGylated nanopar-
ticles, which are designed to avoid protein adsorption.l® It
has been suggested that the morphology of the protein corona
resembles an undefined, loose network of proteins, rather than
a dense layer around the NPs.’’l NTA, as it is based on visual
analysis, is therefore a perfect tool for further analysis of this
loosely bound protein corona.

For further protein corona analysis, particles were incubated
in blood plasma to simulate what they would be exposed to
upon injection in the body. Particle size was evaluated using
NTA at 0, 8, and 15 h time points. At 0 h, the size of the PEG
monolayer-modified nanoparticles in plasma was significantly
larger than that of the mannose monolayer- and PCBMA man-
nose-functionalized nanoparticles. Among all the groups, the
size of the PCBMA mannose-modified nanoparticles in plasma
was the smallest, suggesting the smallest protein corona; this
result agrees with the zeta potential values in HSA, where
PCBMA mannose-modified nanoparticles showed the smallest
A (suggesting less protein on the nanoparticle surface). This
result could also explain why the cellular uptake was signifi-
cantly higher for the PCBMA mannose-coated nanoparticles
than the mannose monolayer-modified nanoparticles. Cel-
lular uptake and targeting are strongly affected by the protein
corona;”! the larger protein corona of the mannose monolayer-
modified particles may effectively act as a shield and thereby
reduce, or even prevent, the mannose receptors from “seeing”
the mannose moieties conjugated to the nanoparticle surface.

Previously published studies have suggested that the ini-
tial protein corona largely consists of albumin, whereas other
proteins begin to adsorb, and potentially replace some of the
albumin, at the nanoparticle surface at later time points.! At
8 h, the particle size increased for all groups, which may indi-
cate that proteins other than albumin begin to adsorb. Over
time, albumin is replaced by other proteins present in blood
plasma;P® this may explain the decrease in the protein corona
sizes at 15 h when compared with the sizes at 8 h. The presence
of the targeting moiety (mannose) did not lead to an increase
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in the particle size in blood plasma; there were no significant
differences between the PEG monolayer-modified nanopar-
ticles and the two mannosylated nanoparticle groups at 8 or
15 h. Similar to PEGylated nanoparticles, it should therefore
be possible to employ the PCBMA mannose-functionalized
nanoparticles as drug delivery vehicles.

2.4. Nanoparticle Aggregation in Blood Plasma

Nanoparticle clearance by the liver is one of the major hurdles
in nanomedicine and one of the reasons for the limited suc-
cess of nanoparticle-based targeted drug delivery. The adsorp-
tion of blood proteins results in nanoparticle aggregation and
this apparent increase in NP size facilitates clearance from the
bloodstream. Having evaluated the NP sizes in blood plasma
(NP core + protein corona), we next aimed to quantify the NP
aggregation in blood plasma. This is an essential experiment, as
the aggregation of the NPs after injection into the bloodstream
leads to their rapid clearance from the bloodstream. The ideal
drug carrier should not aggregate upon injection and exhibit
prolonged circulation in the bloodstream to reach its target.
PEGylated NPs were used as the “gold standard,” as PEGyla-
tion has been widely employed to prolong the NP circulation.
The aggregation of the NPs in blood plasma was assessed using
NTA in fluorescent mode. Videos were recorded after incuba-
tion of the NPs in blood plasma at different time points, and the
analysis was carried out as described in Section 4. The question
we wanted to address by evaluating NP aggregation behaviors in
blood plasma was whether these particles can be used as drug
carriers to target macrophages. Achieving a similar aggregation
behavior as PEGylated nanoparticles is crucial to avoid clearance
from the immune system upon particle injection. The number
of particles in aggregates ranged from =760 to 940 particles
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per 1 x 105 total particles with standard errors ranging from
140 to 250 particles. As shown in Figure 5, we found no signifi-
cant difference in the number of particles in the aggregates of
the evaluated functionalized nanoparticles in blood plasma. The
PCBMA mannose-coated nanoparticles (762 £172 particles per
1 x 105 total particles) showed the same aggregation behavior
as the PEG monolayer-coated nanoparticles (763 + 140 particles
per 1 x 105 total particles); larger aggregates were observed for
the mannose monolayer-modified particles (939 + 250 parti-
cles per 1 x 105 total particles). As mentioned above, the out-
standing circulation properties of PEGylated particles are well
known, and therefore, we would expect the PCBMA mannose-
coated nanoparticles to behave similarly in the bloodstream
after injection. Combined with the high uptake of these par-
ticles by macrophages, we believe that the PCBMA mannose-
modified PLGA nanoparticles are promising candidates for
targeted delivery of therapeutics to macrophages.

3. Conclusion

In summary, PLGA nanoparticles were fabricated by electro-
hydrodynamic jetting and postmodified with either PEG mon-
olayers, mannose monolayers, or PCBMA mannose brushes.
The aim of this work was to evaluate the potential of PCBMA
mannose brush-functionalized particles to deliver therapeutics
of interest to macrophages. We furthermore investigated the
effect of the coating on the protein corona size and the nano-
particle aggregation in blood plasma, and the results were
compared to PEGylated NPs as the “gold standard.” Function-
alization with PCBMA mannose brushes resulted in higher
nanoparticle uptake by the macrophages than functionaliza-
tion with mannose monolayers. In addition, the size of the
PCBMA mannose-modified nanoparticles in blood plasma

ns
B. 8 —

e
& 1200
o
@
[=)
* 1000 ————
=
.
5 -
[-%
o 800 l [
o
©
: J
o 6004
=]
<
£
» 4004
o9
o
5
& 200
-
o
-
8 0 T . .
g PEG mono Mannose mono PCBMA mannose
=z

Figure 5. Evaluation of the PEG monolayer-, mannose monolayer-, and PCBMA mannose-modified nanoparticles in blood plasma: A) Particle size (par-
ticle + protein corona) in blood plasma after 0, &, and 15 h. B) Aggregation in blood plasma over a 24 h time period plotted as the number of particles
in aggregates per 105 particles. The mean values in (A) were obtained from the data from 9 to 14 videos for each time point. The mean values in (B)
were obtained from the data of four time points measured over a 24 h period (0, 4, 15, and 24 h). All data were analyzed by one-way ANOVA, followed
by Tukey’s multiple comparison test; p-values of < 0.05 were considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001),
and p-values of > 0.05 were considered not significant (ns). Error bars represent the standard error of the data sets. For (B) the standard error was
calculated from the pooled variance of the groups (the calculations can be found in the Supporting Information).
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was smaller than that of the PEG- and mannose monolayer-
coated nanoparticles, suggesting a smaller protein corona;
however, there was no significant difference in the particle size
in plasma at longer time scales. In terms of multicomponent
aggregation in blood plasma, there was no significant differ-
ence between the PCBMA mannose-modified particles and
PEGylated nanoparticles. All these results combined indicate
that the PCBMA mannose brush-coated nanoparticles could
potentially be used as drug delivery vehicles for targeting
macrophages. Future studies will be needed to evaluate the
in vivo performance of these particles, especially their in vivo
targeting efficiency and blood circulation time.

4. Experimental Section

Materials: Poly(p,L-lactide-co-glycolic acid) PURASORB PDLG 5002A
(PLGA) was a kind gift from Corbion and used as received. Poly(L-
lactide)-bromoisobutyryl terminated (PLA(BiBB)) with an average
molecular weight of 10 000-17 000 was obtained from Sigma Aldrich
and used without any further purification. Cetyltrimethylammonium
bromide (CTAB), (2-dimethylamino ethyl) methacrylate (DMAEMA),
[-propiolactone, copper(l)bromide (CuBr), copper(Il)bromide (CuBr,),
2,2"-bipyridyl  (Bipy), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC), ethylenediaminetetraacetic acid (EDTA), Tween20,
methanol (MeOH), ethanol (EtOH), chloroform, dimethylsulfoxide
(DMSO), and dimethylformamide (DMF) were obtained from Sigma
Aldrich and used without further purification. N-hydroxysulfosuccinimide
(sulfo-NHS) was purchased from Thermo Fisher Scientific and used
without further purification. PBS buffer was obtained from Gibco.
ADS133YE  (poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-benzo-(2,1",3)-
thiadiazole)]) was ordered from American Dye Source, Inc. Amine-
PEG;, was obtained from Nanocs. b-mannosamine hydrochloride was
purchased from Sigma Aldrich. RAW 264.7 (ATCC TIB-71) cells were
purchased from ATCC. Whole goat blood with Alsever’s solution (an
anticoagulant) was obtained from Lampire Biological Laboratories
(catalog# 7202503) and was centrifuged when received to separate the
blood plasma from blood cells.

Scanning Electron Microscopy: SEM images were recorded using a
FElI Nova 200 Nanolab SEM/FIB at the Michigan Center for Materials
Engineering at acceleration voltages of 5 kV. Images were processed
using FIJI (a distribution of Image] v1.53c) to obtain the respective
nanoparticle size distribution.

Dynamic/Electrophoretic  Light ~Scattering: Dynamic/electrophoretic
light scattering (DLS/ELS) measurements were carried out using a
Zetasizer Nano ZS (Malvern Panalytical). DLS was employed to measure
the particle size distribution in PBS buffer after particle collection. The
reported average nanoparticle sizes were obtained from Gaussian fits of
the DLS data using Origin8. ELS was employed to determine the zeta
potential of the NPs. Three individual measurements were carried out per
sample and averaged to determine the particle size and zeta potential.

Nanoparticle Tracking Analysis: NTA measurements were carried out
with a Malvern Nanosight NS300 equipped with a syringe pump. NTA
was employed to determine the multicomponent aggregation of the
nanoparticles in complex fluids and the particle size after incubation with
blood plasma. The solutions were analyzed with a 488 nm laser using a
500 nm fluorescent filter (NTA was operated in fluorescence mode). In
fluorescence mode, NTA analyzes only the fluorescent nanoparticles and
avoids mischaracterization due to the proteins present in blood plasma,
as it would occur in scatter mode. Samples were measured under flow
such that particles were visible on the screen for 5-10 s. On this specific
instrument used in this study, that corresponded to a setting of 100 au
on the syringe pump.

Nanoparticle ~ Fabrication: PLGA/PLA(BiBB) nanoparticles were
fabricated by electrohydrodynamic jetting (illustrated in Figure 1).
In the electrohydrodynamic jetting process, the polymer solution is
pumped through a metal capillary connected to a conductive substrate.
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Applying high voltage (=12-15 kV) results in solvent evaporation and
the formation of nanoparticles, which were sprayed onto the conductive
substrate. The distance between the capillary tip and the collector sheet
was adjusted to 30 cm. The polymer solution was prepared by dissolving
the desired amounts of PLGA, PLA(BiBB), and CTAB in 70:30 v/v%
chloroform/DMF. To fluorescently label the particles, the polymeric
green dye ADS133YE was dissolved in chloroform (1 mg mL™) prior to
preparing the polymer solution for electrojetting. Three different batches
of PLGA nanoparticles were fabricated with PLGA/PLA(BiBB) ratios of
5:5, 7.5:2.5, and 9:1 w/w; each formulation contained 2.5 w/w% CTAB.
The electrojetted nanoparticles were stored in vacuum for at least
2 weeks to remove any solvent residues. Then, the nanoparticles were
collected with a razor blade and dispersed in PBS buffer containing 0.1%
Tween20. Centrifugation was employed to separate larger (micron-sized)
particles from the smaller nanoparticles. The nanoparticles were washed
10x with PBS and stored at 4 °C until use.

Nanoparticle Postmodification with PEG and Mannose Monolayers: PEG
and mannose monolayer coatings were obtained by sulfo-NHS/EDC
chemistry (Figure 1). Briefly, the nanoparticles were tip-sonicated in 1 mL
of PBS containing 0.01 v/v% Tween20 to break up aggregates which may
have formed during storage. The particles were then incubated with 20 mg
EDC for 20 min on a rotator to ensure continuous mixing, followed by a
20 min incubation with 20 mg sulfo-NHS. The nanoparticles were then
recovered by centrifugation (12 700 RCF, 1 min) to remove any unreacted
components and redispersed in PBS containing 0.01 v/v% Tween20. Next,
the nanoparticles were tip-sonicated, and 10 mg of amine-functionalized
component (amine-PEGy, or amine mannose) was added. The reaction was
carried out for 2-3 h at room temperature on a rotator. The nanoparticles
were cleaned by centrifuging and redispersing the pellet in PBS buffer 10x.

Nanoparticle Postmodification with PCBMA Mannose Brushes: PCBMA
brush coatings were synthesized by SI-ATRP. Prior to SI-ATRP, CBMA
was synthesized according to literature procedure from DMAEMA and
Bpropiolactone (see Supporting Information).® SI-ATRP was carried out
as follows: The nanoparticles were dissolved in 1.5 mL PBS containing
0.01 v/v% Tween20 in a Schlenk flask. The catalyst solution was prepared
in a second Schlenk flask containing 0.068 g Bipy, 0.004 g CuBr,, and
0.028 g CuBr dissolved in 3.2 mL MeOH. Both Schlenk flasks were
deoxygenated by three freeze—pump-thaw cycles. The nanoparticles were
then transferred to the Schlenk flask containing the catalyst solution under
Argon using a syringe, and SI-ATRP was carried out for 120 min. Afterward,
the polymerization solution was exposed to air to terminate the reaction.
The nanoparticles were recovered by centrifuging the mixture for T min at
12 700 RCF. The resulting pellet was washed with 1 m EDTA three times
to remove any copper residues, then redispersed in PBS and washed
with PBS 10x before use. NPs coated with PCBMA brushes were further
postmodified to obtain the desired PCBMA mannose brush coatings.
First, the pellet was tip-sonicated in 1 mL PBS containing 0.1 v/v%
Tween20. The particles were incubated with 20 mg EDC for 20 min
on a rotator. This incubation was followed by another incubation step
with 20 mg sulfo-NHS for 20 min. The nanoparticles were recovered by
centrifugation at 12 700 RCF for 1 min to remove unreacted components,
redispersed in PBS containing 0.01 v/v% Tween20 and tip-sonicated. Then,
10 mg of amine-mannose was added and the reaction was carried out for
2-3 h at room temperature on a rotator. The nanoparticles were recovered
by centrifugation, redispersed in PBS, and washed with PBS 10x.

Cellular Uptake: Flow cytometry was carried out to evaluate the NP
uptake by RAW 264.7 macrophages. The cells were seeded in a 96-well
plate at a density of 100 000 cells per well in media supplemented with
10% FBS and 1% strep. After a few hours, NP formulations (108 particles
per well) were added. After the desired incubation time (30 min or 5 h),
the cells were washed with PBS three times, trypsinized, washed with
PBS again twice, and stained with DAPI. Next, the macrophages were
analyzed with flow cytometry. A Cytoflex (Beckman Coulter) cell analyzer
located at the flow cytometry core at the University of Michigan was used
for all measurements, and data were analyzed using Flow)o software.

Nanoparticle Aggregation in Blood Plasma: NTA was used to evaluate
NP size and multicomponent aggregation after incubation with goat
plasma. The NPs were incubated with plasma at 37 °C over a period of
24 h on a water bath, and the concentration of the NPs was adjusted to
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achieve 8 X 108 particles mL™' (ideal concentration range for NTA). After
the different incubation periods proposed, the samples were analyzed
with NTA. For each sample, 14 videos of 60 s were recorded. Any video
that contained a “high vibration” error (typically caused by the presence
of a bubble disrupting the flow) was not used for size results. Only data
points where at least four usable videos were collected were used, which
is the recommended procedure for size analysis using the NTA.

For protein corona characterization, the size of particles was measured
at the different time points after incubation with plasma by NTA 3.2
software provided by Malvern and the mean size of the particle was
reported. The size of different particles was compared after incubation
for 0, 8, and 15 h with plasma. For multicomponent aggregation
studies, NTA videos were visualized, and the number of particles in
multicomponent aggregates was counted manually at each time point.
An aggregate was identified as more than one particle center moving
together without Brownian motion on the NTA videos. The number of
particles per aggregate was compared with the total number of particles
in the video. To compare the number of particles in the multicomponent
aggregates, the samples were normalized to 105 particles.

Statistical Analysis: All data were analyzed by one-way ANOVA, followed
by Tukey’s post-test; p-values of <0.05 were considered statistically
significant (*p < 0.05, **p < 0.01, ***p < 0.001; ****p < 0.0001), and
p-values of >0.05 were considered not significant (ns).
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from the author.
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