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ABSTRACT: Controlling the uptake of nanomaterials into phagocytes is a
challenging problem. We describe an approach to inhibit the cellular uptake 4
by macrophages and HeLa cells of nanoparticles derived from bacteriophage N
QJp by conjugating negatively charged terminal hexanoic acid moieties onto
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its surface. Additionally, we show hydrazone linkers can be installed between
the surface of Qf and the terminal hexanoic acid moieties, resulting in a pH- @ Scaffold

responsive conjugate that, in acidic conditions, can release the terminal

@ pH Trigger

hexanoic acid moiety and allow for the uptake of the Q/ nanoparticle. The g phibits Cell Uptake
installation of the “pH switch” did not change the structure—function
properties of the hexanoic acid moiety and the uptake of the Qf conjugates by macrophages.
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B INTRODUCTION

Nanoparticles have played a key role in various fields of
biomedical research in the last few decades for a wide array of
applications.' > While the amount of research in this area has
been significant, the specific mechanisms behind the cellular
uptake of nanoparticles and the particular parameters required
to modulate uptake are still not fully understood.”* It has been
widely demonstrated®”°™"> that factors, including the size,
shape, charge, and hydrophobicity of nanoparticles, significantly
affect the uptake of nanoparticles by cells. Specifically, the
surface charge of nanoparticles has been considered a critical
factor for applications involving imaging and drug delivery.”
The surface charge of nanoparticles has been shown to affect
nanoparticle uptake by cells largely, but not solely, through
nonspecific electrostatic interactions between the charged
moieties on the nanoparticle and phospholipid head groups
or protein domains on the membrane of the cell.”"'*"” The
implication of this view is that nanoparticles with positive
surface charges are more favored for uptake by cells, while
nanoparticles with negative surface charges are less favored for
uptake. This fact has been exploited elegantly by a number of
researchers to alter cell uptake in a variety of mammalian cell
types.'"'""** Although different cell lines react to surface
charges of nanoparticles in varying degrees, the previous
statement generally holds true across cell types with the
exception of phagocytes. Macrophages have been shown to
favor the uptake of negatively charged nanoparticles to that of
positively charged particles.””* This observation has been
explained by fact that macrophages are known to phagocytose
negatively charged cells, such as bacteria, and are thus expected
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to favor the uptake of negatively charged particles.”
Consequently, reports on controlling the uptake of nano-
particles in macrophages are rare and would be of considerable
value for researchers. Macrophages are a type of phagocytic cell
that is responsible for clearing foreign materials from the body
by shunting them into the organs of the mononuclear
phagocyte system, like the liver and kidneys for excretion.
Consequently, this recognition and disposal system can
potentially reduce the circulatory half-life of nanotherapeutics
preventing them from reaching their targets. On the other
hand, selective stimulation of the immune system in the context
of vaccine development, wound treatment, or targeting
infections by controlling when and where the innate immune
system is active would be of significant therapeutic interest for
researchers in areas from wound treatment to cancer
immunotherapy.

Modulating the uptake ability of nanoparticles by switching
the surface charge from negative to positive has been an
approach to controlling their uptake until a specific stimulus is
triggered.lg'lg’26 This charge inversion strategy holds potential
for increasing the safety and efficacy of existing payload delivery
systems by increasing the selectivity of nanoparticle uptake by
the intended cells. We set out to utilize this strategy using the
virus-like particle (VLP) Qf as a scaffold for which charged
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small molecules could be conjugated to reversibly modify cell
uptake properties in macrophage models. Our charge inversion
strategy relies on acidic environments as a trigger, but we are
not pursuing the use of this system in tumor microenviron-
ments, which are not sufficiently acidic. Instead, we are focusing
or;_itiggue injuries, where the extracellular pH can be as low as
4.7~

In this article, we highlight our investigations regarding the
uptake of our Qf conjugates by RAW 264.7 macrophages and
HeLa cells. We show that we can reversibly alter the uptake
properties relative to unfunctionalized Qf when the terminal
moiety is hexanoic acid. We also demonstrate that the
hydrazone linker in our hydrazone-based Qf conjugates
hydrolyze when incubated in acidic conditions, allowing for
the pH-mediated cell uptake of those conjugates. Our findings
suggest that when the size and shape of Qf nanoparticles are
controlled for, the conjugation of a negatively charged terminal
hexanoic acid moiety onto the surface of Qf significantly affects
its uptake characteristics by both macrophages and cancer cells.

B RESULTS AND DISCUSSION

VLPs offer the advantages of being monodisperse, highly
functionalizable, and biodegradable when compared to silica,
polymeric, or metallic nanoparticles.’’™*® VLPs are self-
assembled macromolecular structures composed of tens to
thousands of individual protein subunits.”” The particular VLP
utilized in this article is bacteriophage Qf, a 28 nm icosahedral
protein nanoparticle with a capsid composed of 180 identical
coat proteins. These coat proteins self-assemble around ssRNA
and are linked together via disulfide bonds between the Cys74
and Cys80 residues of each coat protein. Each 14.1 kDa coat
protein is composed of 132 amino acids, with four of these
residues, the N-terminus Alal, Lys2, Lys13, and Lys46, being
solvent exposed and featuring Primary amines available for
functionalization (Scheme 1a).”’”** The ease of synthetic
modification and its resilience against heat and solvent have
allowed Qg to emerged as a workhorse in VLP nanotechnology
as a promising candidate in vaccine and immunotherapeutic
applications, making it an excellent model for our study.””**~*!

The exposed primary amines were utilized for the
conjugation of terminal carboxylate moieties to provide a
negative charge to the surface of QB. To keep our analysis
simple, we started with a hexanoic acid derivative. To that end,
6-(prop-2-yn-1-yloxy)hexanoic acid (6X) was conjugated to the
solvent exposed lysine residues on the surface of Q. We also
prepared a trimesic acid (Trim) derivative under the
assumption that two negative charges should be more effective
than one, and both syntheses are illustrated in Scheme 1B.
These two conjugates were characterized by MALDI-TOF
mass spectrometry, transmission electron microscopy (TEM),
and dynamic light scattering (DLS) and were found to have
retained the characteristic morphology of the underlying VLP
(Figure 1). MALDI-TOF revealed that an average of two
modifications per coat protein occurred with both derivatives.
Native agarose gel electrophoresis showed a clear band shift of
the conjugates toward the positive electrode despite being
modestly larger, suggesting that the overall charge of the VLP
had become more negative for both conjugates.

We prepared conjugates using Qp internally loaded with
green fluorescent protein (Qfgrp)) to provide a fluorescent
tag*” for imaging studies. Both conjugates were incubated in the
presence of animal serum with HeLa and RAW 264.7
macrophage cells. To our surprise, the conjugates behaved

Scheme 1. (A) Structure of Qf“and (B) Synthesis of Both
Conjugates Qf-6X and Q-Trim"
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“Red spheres correspond to primary amines. “Blue icosahedron
represents Qf.

quite differently. According to flow cytometry analysis, shown
in Figure 2, the cellular uptake of Qf(ggp)-6X was inhibited
while the uptake of Qf(ggp)-Trim was not, despite trimesic acid
having an additional negative charge. To our knowledge,
hexanoic acid does not have a specific receptor that mediates
the uptake of nanoparticles by cells, though a review of the
literature™* done after our experiment suggested that derivatives
of benzoic acid, which we believe our conjugate most closely
resembles, do.

With these results in hand, we next sought to introduce a
stimuli responsive switch between the capsid and the hexanoic
acid moiety. This would accomplish two objectives: (1) it
would demonstrate that the linkage between the hexanoic acid
and the VLP is amenable to modification without altering the
structure—property relationship, and (2) it would provide a
proof-of-principle example of using “charge flipping” to alter
uptake behavior. To that end, we designed a hydrazone linkage,
which is cleavable under the acidic pH typically found in the
skin or in wounds, where immune activation by a vaccine
adjuvant would likely be most efficacious.”’ >’ Hydrazones
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Figure 1. (A) TEM image of Qp-6X. (B) Native agarose gel
electrophoresis of Qf, Qf-6X, and Qf-Trim. The greater mobility
toward the positive electrode (bottom) suggests an increase in
negative charge. (C) Dynamic light scattering data of QB-6X. (D)
MALDI-TOF mass spectra of Qf and Qp-6X showing observed
masses. ESI-TOF mass spectrum of Qf-Trim showing one, two, and
three functionalized residues per coat protein.
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Figure 2. Representative histogram from flow cytometry studies
corresponding to RAW 264.7 macrophages incubated with their
respective Qf(grp) samples at 40 M. All cells were incubated with the
Qp conjugates for 4 h at 37 °C.

have been frequently used for their ability to hydrolyze in
mildly acidic conditions and, in particular, for cargo release
from nanoparticles inside endosomes.*”**™* These pH ranges

are compatible with the Q8 VLP." In addition, the resulting
terminal hydrazine moiety, after the cleavage of the hydrazone
bond, should form a cationic hydrazinium ion following
protonation in water.

We thus created two hydrazone analogues of hexanoic acid
to test their efficacy as a pH-mediated switch. Conjugation of
the hydrazone switch is shown in Scheme 2. We varied the

Scheme 2. Synthesis of Qf-Z Conjugates”
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“The use of 1-chloropropan-2-one (X = 1) as a starting material results
in Qf-ZX. The use of S-chloropentan-2-one (X = 3) results in Qf-
7X2.
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hydrazone linker length by using both 1-chloropropan-2-one
and 1-chloropentanone. Briefly, an NHS-ester containing
hydrazone and azide functionalities was attached to 6X in situ
via a copper catalyzed azide—alkyne cycloaddition (CuAAC). A
solution of Qff was added and after completion of the reaction,
the resulting conjugate was purified via centrifuge filtration. As
shown in Figures 3a,c and S7, the resulting conjugates maintain
their spherical morphology.

The electrophoretic mobility of proteins can be used to
approximate their relative surface charge given that their size
and morphologies are similar. The effect of the terminal
carboxylic acid moieties on the surface charge of the QB
conjugates was evaluated via native agarose gel electrophoresis.
A representative gel comparing the electrophoretic mobility of
unfunctionalized Qf to QB conjugates, including both the
hexanoic acid-terminated hydrazone (ZX) as well as the
hydrolyzed version of the same (ZX-Hyd), is shown in Figure
3b. Unsurprisingly, all the anionic conjugates show greater
electrophoretic mobility than the unfunctionalized Qf sample.
To test the efficacy of the hydrazone switch, the QB-Z
conjugates were incubated in MES buffer (0.1 M, pH 5.0) for
48 h. The electrophoretic mobilities of the Qf-ZX-Hyd
conjugates were reduced relative to the Qf-Z conjugates that
had not undergone incubation in acidic conditions. It is not
clear why the putatively protonated hydrolyzed hydrazine
conjugates did not retreat to approximately the same position
as the unfunctionalized Qg. ESI-TOF data (Figure SS) show
the predicted mass of the hydrolyzed product.
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Figure 3. (A) TEM micrograph of the Qf(Ggp)-ZX conjugate. (B)
Native agarose gel electrophoresis showing Qf, Qf conjugates, and
the hydrolyzed product QB-ZX-Hyd. (C) DLS measurement of the
QP(grp)-ZX conjugate showing a uniform size distribution. The
measurements were taken in KP buffer (0.1 M, pH 7.4, 25 °C) at
concentrations of ~1 mg/mL.

The kinetics of the hydrazone hydrolysis were investigated
using fluorescence spectroscopy, since the Qf conjugates may
hold potential for therapeutic applications involving the
delivery of payloads to specific targets. Although hydrazones
reliably hydrolyze in mildly acidic conditions, the local chemical
environment may affect the rate of hydrolysis. QB-ZFITC
(Figure 4a), a Qf conjugate containing a terminal FITC moiety
and a hydrazone linker, was synthesized for this study.

The fluorescence of FITC (4, = 450 nm; Ag, = 520 nm)
and other fluorescein derivatives are known to self-quench at
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Figure 4. (A) QB-ZFITC was used for the kinetics studies. (B)
Release profiles of FITC from Qf-ZFITC at pH 7.4 (KP buffer, 0.1 M,
25 °C), pH 6.0 (MES buffer, 0.1 M, 25 °C), and pH 5.0 (MES buffer,
0.1 M, 25 °C).

high local concentrations™*** while conjugated to the capsid. As

the hydrolysis proceeds, releasing FITC into the solution, the
increase in fluorescence can be monitored over time. We
tracked the release of FITC from the VLP into solutions at a
pH of 7.4, 6.0, and 5.0. The maximum fluorescence was seen
after 24 h at pH 5.0, while very small increases in fluorescence
were observed over the same time period for the conjugates
incubated at pH 7.4 and 6.0 (Figure 4b). When the
fluorescence values were fit to a pseudo-first-order reaction
model, the half-lives of hydrazone hydrolysis at pH 7.4, 6.0, and
5.0 were 21.3, 9.6, and 6.4 h, respectively. The observed kinetics
results are consistent with the expected hydrolysis properties of
the hydrazone linker. While these half-lives are likely too long
for therapeutic use, we have confirmed the chemistry works.
The question of the extent of hydrolysis is still pending, but it is
obvious that hydrolysis is occurring by the change in
fluorescence, the identification of the predicted mass by
MALDI-TOF, and the difference in electrophoretic mobility.
Finally, we turned to in vitro studies to determine the efficacy
of our strategy. Flow cytometry and fluorescence microscopy
were used to evaluate the cell uptake efficiency of the Qf
conjugates. Phagocytic cells have been shown to favor the
uptake of negatively charged nanoparticles, so their use in
probing the uptake characteristics of the different Qf
conjugates could advance the understanding of the mechanisms
behind the uptake selectivity of phagocytic cells. RAW 264.7
macrophages and HeLa cells were incubated in cell media
containing 10% serum with their respective Qf conjugates for 4
h. The concentrations of the Qf conjugates ranged from 10 to
50 uM relative to the coat protein. A comparison of the cell
uptake efficiency by flow cytometry of the QB-ZX conjugate
and its hydrolyzed form, QB-ZX-Hyd, is shown in Figure Sa,b.
When both cell lines were incubated with the Qf conjugates at
10 uM, no significant changes in the fluorescence intensities of
the cells were observed, even for the unfunctionalized Qf(ggp)
positive control. This result suggests that the concentration of
Qpf conjugates used for incubation were too low for the
detection of fluorescence. When both cell lines were incubated
with the Qf conjugates at S0 M, significant differences in the
fluorescence intensities of cell populations were observed. The
RAW 264.7 macrophages incubated with 50 yuM Qp-ZX-Hyd
displayed a noticeable increase in fluorescence intensity, while
the macrophages incubated with 50 yuM Qp-ZX did not. This
suggests that the macrophages have internalized the positively
charged QB-ZX-Hyd conjugate. We wanted to see if these
results were specific to the macrophages, so we tested them on
HeLa cells, which were incubated with Qf conjugates at 50
uM. Although HeLa cells incubated with 50 yM Qp-ZX-Hyd
displayed a clear increase in fluorescence intensity while the
cells incubated with 50 yuM QpB-ZX did not, the magnitude of
the increase in fluorescence intensity is far lower than what is
observed for the RAW 264.7 macrophages. This is expected
because macrophages are commonly known to internalize a
wide array of foreign materials due to their role as
phagocytes.””' %" These results are further illustrated in
Figure 5c,d by fluorescence imaging, showing the internal-
ization of the Qp-ZX-Hyd conjugates yet zero internal
fluorescence of QB-ZX. We repeated these tests on the Qp-
ZX2 conjugate, which has a longer linker between the VLP and
the hexanoic acid (see Scheme 2), and found the same results
from flow cytometry. This result also corroborates our
hypothesis that the linker between the VLP and the hexanoic
acid moiety can be altered without changing the structure—
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Figure S. Representative histograms from flow cytometry studies corresponding to (A) RAW 264.7 macrophages and (B) HeLa cells incubated with
their respective Qf samples. Epifluorescence microscope images of (C) RAW 264.7 macrophages and (D) HeLa cells incubated with their respective
Qg samples (50 uM). Blue: DAPI; red: WGA-AlexaFluor 555; and green: GFP. Scale bar represents SO ym. All cells were incubated with the QB

conjugates for 4 h at 37 °C.

function properties. We anticipate that other linker designs, for
instance, ones that are cleavable by enzymatic activity or light,
are likely also able to be tolerated and, as such, expand on the
generalizability of this approach.

B CONCLUSIONS

We have shown that conjugating terminal hexanoic acid
moieties onto the surface of VLP Qf inhibits the uptake of
the conjugate by RAW 264.7 macrophages and HeLa cells.
Installing hydrazone linkers between the surface of Qf and the
terminal alkyl carboxylate moieties results in a pH-responsive
conjugate that, in acidic conditions, can release the terminal
hexanoic acid moiety and allow for the uptake of the Qp
nanoparticle. Importantly, the installation of the “pH switch”
did not change the structure—function properties of the
hexanoic acid linker. Collectively, these findings are a helpful
reminder that, even when the size and shape of nanoparticles
are controlled for, charge alone does not always account for its
uptake characteristics by both macrophages and HeLa cells. In

addition, these findings highlight the need for further studies to
advance the understanding of the requirements necessary to
design effective nanoparticle-based systems for the delivery of
payloads into cells.
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