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Abstract

Multiply responsive protein nanoparticles are interesting for a variety of applications. Herein, we
describe the synthesis of a vault nanoparticle that responds to both temperature and pH.
Specifically, poly(N-isopropylacrylamide-co-acrylic acid) with a pyridyl disulfide end group was
prepared by reversible addition-fragmentation chain transfer (RAFT) polymerization. The polymer
had a lower critical solution temperature (LCST) of 31.9 °C at pH 5, 44.0 °C at pH 6 and above 60
°C at pH 7. The polymer was conjugated to human major vault protein (hMVP), and the resulting
nanoparticle was analyzed by UV-Vis, dynamic light scattering (DLS) and electron microscopy.
The data demonstrated that poly(N-isopropylacrylamide-co-acrylic acid)-vault conjugate did not
respond to temperatures below 60 °C at pH 7, while the nanoparticles reversibly aggregated at pH
6. Furthermore, it was shown that the vault nanoparticle structure remained intact for at least three
heat and cooling cycles. Thus, these dually responsive nanoparticles may serve as a platform for
drug delivery and other applications.
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1. Introduction

The development of stimuli-responsive nanoparticles is at the forefront of research in the
diagnosis and treatment of tumors.1=® There have been numerous reports of nanoparticles
engineered to respond to external stimuli such as temperature,-8 pH,%-11 light,12 magnetic
field,13: 14 and reducing conditions.15 18 Furthermore, therapeutic nanoparticles have been
developed that respond to two or more of these stimuli.1’~24 In one example, Li and
coworkers reported the development of doxorubicin loaded polymer nanoparticles and
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polymersomes, composed of a block copolymer containing segments of poly(ethylene
oxide) and poly(trans-N-(2-ethoxy-1,3-dioxan-5-yl) acrylamide), which assemble at
physiological temperatures and disassemble in acidic conditions.23 Such acid-sensitive
nanoparticles may be useful for applications in intracellular drug delivery due to acidic
conditions found in endosomes and lysosomes. To date, all of the previously reported
multiply stimuli responsive nanoparticles have been prepared by synthetic means, through
the use of synthetic polymers and inorganic materials.

Naturally occurring protein cages, such as virus capsids, ferritin, and vault nanocapsules,
can serve as scaffold for complex hybrid protein-polymer nanoparticles. Protein cages offer
precise architectures, which can be genetically engineered and synthetically modified.25-2°
We, and others, have developed functionalized protein cages by modification with synthetic
polymers.28-39 For example, Xi and coworkers have modified ferritin with cell-binding
RGD peptides and demonstrated the encapsulation of doxorubicin within these ferritin
nanoparticles. These nanoparticles were shown to inhibit tumor growth in mouse models.4°
We have previously reported the preparation of vault-poly(N-isopropylacrylamide)
(pNIPAAmM) conjugates, which were shown to undergo a reversible thermally triggered
aggregation at 35.9 °C.38 Vault nanoparticles, first reported by Kedersha and Rome in 1986,
are natural ribonucleoprotein particles weighing 13 MDa and measuring 45 x 45 x 75 nm in
dimension, with an interior measuring 5 x 107 A3.41-45 \/aults are non-immunogenic, and
are present in most eukaryotes, including humans.#2 Recombinant vaults are hollow protein
shells, each composed of 78 copies of a single ~100 kDa protein called major vault protein
or MVP. These stable particles are currently being pursued as templates for the development
of drug delivery vehicles. Vaults have been engineered to target specific cell types and have
been modified to encapsulate hydrophobic drugs.#647: 48 Herein, we report the development
of dual pH- and temperature-responsive vault nanoparticles. These multiply responsive vault
nanoparticles have been prepared through the conjugation of poly(N-isopropylacrylamide-
co-acrylic acid) (pNIPAAmM-co-AA) to human recombinant vaults (nMVP vaults).
Compared to pNIPAAm, which has an LCST of approximately 32 °C, pNIPAAmM-co-AA
undergoes much higher LCST transitions in basic conditions and much lower LCST
transitions in acidic conditions.#?: 0 This is due to the presence of the AA monomer units,
which are deprotonated in basic and neutral conditions making the copolymer more soluble
in water. In acidic conditions the AA monomer units are protonated, which makes the
copolymer more hydrophobic. Thus, we envisioned that this polymer would provide dually
responsive nanoparticles when conjugated to the vault.

2. Results and Discussion

Our approach to developing a pH and temperature responsive vault nanoparticle is based on
the conjugation of pNIPAAmM-co-AA to human vaults. RAFT polymerization was used for
the preparation of these polymers due to the precise level of control over polymer molecular
weight and narrow molecular weight distribution afforded by this technique. A cysteine
reactive pNIPAAmM-co-AA was synthesized via RAFT copolymerization of NIPAAm and
AA in the presence of a pyridyl disulfide trithiocarbonate CTA 1 with AIBN
(NIPAAM:AA:CTA:AIBN, 124:6:1:0.1) in DMF at 80 °C (Scheme 1). The polymerization
was stopped after 1 h at 78% NIPAAm conversion and 88% AA conversion by 1H NMR
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spectroscopy. The crude polymerization mixture was purified by extensive dialysis against
MeOH to yield polymer 1. The number-average molecular weight (M) was determined

by 1H NMR to be 14.1 kDa. Analysis of the polymer by gel permeation chromatography
(GPC) gave a similar My, (GPC) of 14.2 kDa The molecular weight dispersity b was 1.21;
however this value may be an under estimation because the polymer elutes close to the GPC
solvent peak. The overall monomer composition of polymer 1 was 94.9 % NIPAAm and 5.1
% AA, calculated from the percent conversions of NIPAAmM and AA.

In previous studies, we found the RAFT trithiocarbonate endgroup to non-specifically react
to thiols present on recombinant rat vaults. The trithiocarbonate endgroup of polymer 1 was
therefore transformed into a non-reactive isobutyronitrile group by radical exchange with
AIBN (Scheme 2).51 After extensive dialysis against MeOH, polymer 2 was obtained.
Complete removal of the trithiocarbonate endgroup was determined by the disappearance of
the 305 nm trithiocarbonate absorption by UV-Vis. Endgroup analysis by 1H-NMR revealed
a M (NMR) of 14.1 kDa and by GPC an M,(GPC) of 14.2 kDa and B of 1.21. Thus, radical
exchange with AIBN did not significantly alter the polymer molecular weight and dispersity.

The pH and temperature dependent thermal aggregation of polymer 2 was evaluated by UV-
Vis turbidity studies at pH 5.0, 6.0, and 7.0 (50 mM PB) (Figure 1). At pH 5.0 the lower
critical solution temperature (LCST) was determined to be 31.9 °C. At pH 6.0 the LCST was
determined to be 44.0 °C. At pH 7.0 there was no measureable LCST until at least 60 °C. As
expected, the LCST of polymer 2 increased as the pH level was increased, and the polymer
became more hydrophilic.

Polymer 2 was conjugated to human MVP (hMVP) vaults by incubation with the purified
particles at a ratio of 100: 1 polymer : vaults to yield conjugate 1 (Scheme 3). The
conjugate was analyzed by SDS-PAGE, to observe a shift in molecular weight of the hMVP-
pNIPAAmM-co-AA conjugates as compared to unmodified hMVP. Conjugation is apparent in
the SDS-PAGE (Figure 2). Under non-reducing conditions, SDS-PAGE stained with
coomassie blue shows a shift to a higher molecular weight of the conjugate (Figure 2, Lane
5) when compared to the hMVP (~100 kDa) (Figure 2, Lane 4). The non-reduced conjugate
appears (Figure 2, Lane 5) appears much fainter than the hMVP (Figure 2, Lane 4), which is
a discreet band. This is because the conjugate band is spread out due to multiple polymer
attachments per protein. This data shows that conjugation was highly efficient, as there is no
free hMVP protein visible in the SDS-PAGE. Under reducing conditions with dithiothreitol
(DTT), SDS-PAGE stained with coomassie blue shows no difference in molecular weight of
the conjugate compared to the unmodified hMVP due to the disulfide bond between the
polymer and hMVP of the conjugate being reduced (Figure 2, Lane 3). This provides better
evidence that the polymer conjugate was made. The exact polymer conjugation sites on the
vault structure are unknown. However, due to the presence of free cysteine residues on the
vault interior and exterior, we expect that there is polymer conjugated on both the vault
interior and exterior. We have previously conducted a number of experiments to determine
precise conjugation sites of polymer attachment to vaults, but these attempts were
unsuccessful.38
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The pH and temperature responsive properties of the pNIPAAmM-co-AA-vault conjugates
were investigated by UV-Vis turbidity measurements in 20 mM 2-(N-
morpholino)ethanesulfonic acid (MES) at pH 6.0 and 7.0 (Figure 3 C-D) and compared to
unmodified vaults at those pHs (Figure 3 A-B). At pH 7.0 the conjugate did not display
LCST behavior below 60 °C, similar to the polymer itself (Figure 3.C). However, at Ph 6.0
the conjugate aggregated upon heating and was determined to have an LCST of 41.8 °C
(Figure 3.D). This is slightly lower than the LCST of the polymer itself at that pH (44.0 °C).
Typically, conjugation of a protein to pNIPAAmM increases the temperature slightly. The
discrepancy is likely do to inaccurate measurement of the LCST of the conjugate. At higher
temperatures (>45 °C) in pH 6.0 buffer, the conjugate precipitated from solution to form
macroscopic aggregates; so the curve did not plateau confounding determination of the
LCST, which is defined as 10% absorbance change. Unmodified hMVP vaults did not
exhibit LCST behavior at pH 7.0 or 6.0, although at the latter pH close to 60 °C, the vault
itself started to precipitate (Figure 3. A-B).

The pH and temperature dependent aggregation of the pNIPAAmM-co-AA vault conjugates
were next investigated by dynamic light scattering (DLS) in 20 mM MES at pH 6.0 and 7.0.
At pH 7.0, the conjugate remained the same diameter at 25 °C (39.7 + 13.7 nm) and 45 °C
(40.4 £ 12.7 nm). However, when the conjugate was in pH 6.0 buffer, there was a shift in
conjugate size from 41.3 £ 11.6 nm at 25 °C to large aggregates (~300 nm) at 45 °C. The
aggregation was reversible, and the conjugate returned to 39.3 + 13.0 nm when cooled to 25
°C. At both pH 6.0 and 7.0 there was almost no change in the unmodified vault size when
the temperature was elevated from 25 to 45 °C. Together, the UV-Vis turbidity studies, as
well as the DLS size measurements indicate that the polymer is conjugated to the hMVP
vaults and that pH- and temperature-responsiveness is due to the conjugated polymer.
Unmodified vaults remain intact and in solution when heated close to 60 °C, suggesting that
the pH- and temperature-responsiveness of the conjugate is solely due to the conjugated
polymer.

To confirm the reversibility of the aggregation and ascertain the integrity of the vault
structure after temperature cycles at various pH’s, hMVP vaults and the pNIPAAmM-co-AA
conjugates were visualized by electron microscopy before and after heating above 45 °C,
which is above the LCST of the conjugate at pH 6.0 (Figure 4.5). At pH 6.0 (20 mM MES)
the vault conjugate was found to remain intact throughout the thermally triggered
aggregation process. At pH 6.5 (20 mM MES), the hMVP vaults, as well as the conjugate,
were not damaged by heating. Furthermore, the conjugates were able to withstand three
heating cycles without damaging the vault structure (Figure 4.5.H-I).

Together this data demonstrates the development of a dual pH- and temperature-responsive
vault nanoparticle. All experiments with this vault conjugate were conducted in 20 mM
MES buffer, however it may be possible to further control aggregation behavior by altering
the salt concentration of the buffer.52 These dual-responsive vault-pNIPAAM-co-AA
conjugates can be tuned to specific LCST values by the incorporation of more or less AA
monomer units to the polymer. This suggests that we will be able to tune the LCSTs of
future vault-pNIPAAmM-co-AA conjugates for specific applications such as intracellular drug
delivery, where endosome and lysosome pH levels are known to be 5-6 and 4-5,
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respectively.>3 Furthermore, this technology may be applicable to solid tumor delivery as
some tumors are known to have pH levels as low as 5.7.%4

As previously demonstrated with the vault-pNIPAAm conjugates,3® conjugation of
pNIPAAmM-co-AA does not interfere with the vault structure, which is important for
potential future applications of this pH- and temperature-responsive vault conjugate.
Hydrophobic molecules, chemotherapeutics, proteins, and inorganic nanoparticles have all
been packaged into the vault interior.6 These vault loading techniques should be compatible
with polymer conjugation to the vault, enabling multiple-responsive loaded vault conjugates.

3. Experimental

3.1. Materials

Chemicals were purchased from Sigma-Aldrich, Fisher Scientific, and Acros. AIBN was
recrystallized twice from acetone. NIPAAm was recrystallized twice from hexanes. The
pyridyl disulfide trithiocarbonate CTA 1 was prepared according to previous literature.5®

3.2. Analytical Techniques

NMR spectra were obtained on Bruker 500 MHz DRX spectrometer. Proton NMR spectra
were acquired with a relaxation delay of 30 sec for all polymers. UV-Vis spectra were
obtained on a Biomate 5 Thermo Spectronic UV-Vis spectrometer and a Hewlett-Packard
HP8453 diode-array UV-Vis spectrophotometer with Peltier temperature control
spectrometer with quartz cells. Gel Permeation Chromatography (GPC) was conducted on a
Shimadzu HPLC system equipped with a refractive index detector (RID-10A), one Polymer
Laboratories PLgel guard column, and two Polymer Laboratories PLgel 5 um mixed D
columns. LiBr (0.1 M) in DMF at 40 °C was used as an eluent (flow rate: 0.80 mL/min).
Calibration was performed using near-monodisperse PMMA standards from Polymer
Laboratories. SDS-PAGE was performed using Bio-Rad Any kD Mini-PROTEAN-TGX
gels. Dynamic light scattering (DLS) was conducted on a Malvern Zetasizer Nano-S. TEM
was conducted on a JEOL JEM1200-EX transmission electron microscope. Images were
taken using a Gatan BioScan 600W 1x1K digital camera and Digital Micrograph acquisition
software.

3.3. Methods

Copolymerization of NIPAAmM and AA in the presence of pyridyl disulfide CTA
to afford a-pyridyl disulfide pNIPAAmM-co-AA (polymer 1)—The pyridyl disulfide
CTA 1 (45 mg, 0.11 mmol), NIPAAm (1.6 g, 14.1 mmol), AA (47 uL, 0.62 mmol), and
AIBN (1.9 mg, 0.011 mmol), were added to a Schlenk tube containing a magnetic stir bar.
DMF (2.28 mL) was added to dissolve the solids. Freeze-pump-thaw cycles were repeated
four times and the reaction was performed at 80 °C in an oil bath. The reaction was stopped
after 1 h at 78% NIPAAmM conversion and 88% AA conversion by cooling with liquid
nitrogen and exposing the reaction to atmosphere. Polymer 1 was purified by dialyzing
against MeOH (MWCO 3,500 g/mol). 1H NMR (500 MHz, MeOD) &: 8.39 (m, Py), 8.18—
7.25 (NH, pNIPAAm), 7.214 (m, Py), 7.26 (m) 4.27 (m), 4.12-3.73 (CH, pNIPAAm), 3.06
(s), 2.35-1.80 (CH5, pNIPAAM), 1.79-1.45 (CH,, pNIPAAm), 1.25-0.92 (NCH3,
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pNIPAAmM). The signals corresponding to AA are unidentifiable by 1H NMR of the purified
polymer. The incorporation of AA was calculated from the % conversion of the AA in the
crude INMR of the polymer at 1 h. My, by 1H NMR was 14,100 g/mol (targeted 12,000 g/
mol). M,(GPC) was 14,200 g/mol and the B was 1.21.

Trithiocarbonate endgroup removal by radical exchange with AIBN to yield
polymer 2—Polymer 1 (112 mg, 0.008 mmol) and AIBN (26.3 mg, 0.160 mmol) were
added to a Schlenk tube containing a magnetic stir bar with DMF (1.56 mL). Freeze-pump-
thaw cycles were repeated three times, and polymerization was then initiated by submerging
the Schlenk tube in an oil bath at 80 °C. Polymer 2 was obtained after dialyzing the crude
reaction mixture against MeOH (MWCO 3,500 g/mol). Complete removal of the
trithiocarbonate end group was observed by monitoring the UV-Vis absorption at 305

nm. IH NMR (500 MHz, MeOD) &: 8.39 (m, Py), 8.19-7.26 (NH, pNIPAAM), 7.23 (m, Py),
7.26 (d), 4.28 (M), 4.10-3.76 (CH, pNIPAAM), 3.06 (S), 2.48-1.79 (CH,, pNIPAAM),
1.79-1.44 (CH,, pNIPAAM), 1.32-0.92 (NCHs3, pNIPAAmM). The signals corresponding to
AA are unidentifiable by IH NMR. M,, by H NMR was 14,100 g/mol (targeted 12,000 g/
mol). Mp(GPC) was 14,200 g/mol and the B was 1.25.

Expression and Purification of hMVP Vaults—Vaults were isolated from insect
larvae produced by Chesapeake PERL, Inc. using its PERLXpress system, a protein
expression platform that combines recombinant baculovirus technology with mass oral
infection of synchronous Trichoplusia ni larvae. Larvae were infected with a recombinant
baculovirus encoding the human MVP cDNA, which included a CP peptide at the MVP N-
terminus. This peptide has been shown to stabilize recombinant vaults.56 After 96 hours
larvae were harvested and frozen, and later homogenized in a pH 7.4 buffer (50 mM Tris, 1
M NaCl, 1 mM MgCl,) containing protease inhibitors. The homogenate was clarified by
low speed centrifugation for 30 min and the vaults precipitated with 3% PEG6000. The
pellet was collected after a low speed centrifugation, washed and solubilized by re-
suspension in 30 mM Tris, 1 mM MgCl,, pH 7.4 with protease inhibitors and 0.05% Triton
X-100 was added after filtration through a 0.22 micron filter unit (Millipak 40). The sample
was then fractionated on a Fractogel® EMD TMAE ion exchange column. We achieved
~99% purity after passage over this single column. A second polishing gel filtration
chromatography column (Superdex 200) resulted in hMVP Vaults with an estimated purity
>99%.

pNIPAAmM-co-AA conjugation to hMVP—A pH 6.5 20 mM MES buffer was degassed
by bubbling argon gas through the buffer for 30 min. hMVP (0.50 mg, 0.05umol) in 250 pL
buffer was treated with triscarboxylethylphosphine (TCEP) resin for 2 h at 4 °C, then
filtered through a 0.22 um syringe filter. Polymer 2 (6.20 mg, 5.00 pmol) was dissolved in
250 pL of buffer. The filtered hMVP vault solution was added to the solution containing
polymer 2. The reaction was incubated at 4 °C for 24 h before purification by ultrafiltration
(MWCO 100,000 g/mol) to give the conjugate.

LCST determination—A solution of polymer 2, conjugate, or unmodified vault at a
concentration of 1.0 mg mL~1 in pH 5.0, 6.0, or 7.0 20 mM MES was placed in a 100 uL
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quartz cuvette. The cuvette was placed in a Hewlett-Packard HP8453 diode-array UV-Vis
spectrophotometer with Peltier temperature control. The following temperature program was
used: temperature was elevated at 0.5 °C min~1 and held for 30 s prior to measuring the
absorbance at 600 nm. The LCST was determined at 10% of the maximum absorbance.

DLS size determination—A solution of unmodified vault or conjugate at a concentration
of 1 mg mL™1 in pH 6.0 or 7.0 20 mM MES was placed in a 40 uL disposable cuvette. The
cuvette was placed in a Malvern Zetasizer Nano-S and heated to 25 or 45 °C. The
temperature was allowed to equilibrate for three minutes before beginning the DLS
measurement. Each measurement was repeated three times, sizes are reported as an average
of three measurements.

Preparation of the TEM sample—A 40 uL aliquot of a 0.2 ug pL~1 solution of h(MVP-
vault-pNIPAAm conjugate in either pH 6.0, 6.5, or 7.0 (20 mM MES) was warmed to 45 °C
incubated for 7 min then cooled to 4 °C. 20 L of the solution was then pipetted onto a
parafilm-coated aluminum surface cooled to 4 °C. A carbon-coated EM grid was floated up-
side down on the sample to allow the conjugate to adsorb to the grid surface. After 5 min,
the grid was removed from the sample and blotted on filter paper to remove excess liquid.
The grid was then floated up-side down in 500 pL of a 1% uranyl acetate solution at the 4
°C. After 5 min, the grid was removed from the uranyl acetate solution and blotted on filter
paper. TEM was then conducted on a JEOL JEM1200-EX transmission electron microscope.

4. Conclusions

Dual pH- and temperature- responsive vault nanoparticles have been prepared through the
conjugation of pNIPAAm-co-AA to human vaults. This conjugate was shown to undergo a
thermally triggered reversible aggregation at 41.8 °C in pH 6.0 buffer, while remaining
stable in solution at pH 7.0. The dual-responsive properties of this conjugate in combination
with reported vault loading strategies, may be useful for intracellular drug delivery and solid
tumor drug delivery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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UV-Vis turbidity experiments of polymer 2 in 50 mM PB at: (A) pH 5.0; (B) pH 6.0; (C)

pH 7.0.
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Figure 2.
SDS-PAGE of hMVP vault and conjugate visualized by coomassie blue staining (Lane 1:

protein marker; Lane 2: hMVP vault reducing conditions; Lane 3: conjugate reducing
conditions; Lane 4: hMVP vault non-reducing conditions; Lane 5: conjugate non-reducing
conditions).
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Figure 3.

UV-Vis turbidity experiments of the hMVP vault in 20 mM MES at: (A) pH 7.0 and (B) pH
6.0 and of the pNIPAAmM-co-AA-hMVP vault conjugate at (C) pH 7.0 and (D) pH 6.0.
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Figure 4.

DLS measurements of: (A.) hMVP vaults; (B.) pNIPAAm-co-AA vault conjugates.
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Figure 5.

Nggative stain TEM of (A.) hMVP vaults, pH 6.5, 4 °C; (B.) Conjugate pH 7.0, 4 °C; (C.)
Conjugate pH 6.0, 4 °C; (D.) hMVP vaults heat cycled once (4 to 45 to 4 °C); (E.)
Conjugate pH 7.0 heat cycled once (4 to 45 to 4 °C); (F.) Conjugate pH 6.0 heat cycled once
(4to 4510 4 °C); (G.) hMVP vaults heat cycled three times; (H.) Conjugate pH 7.0 heat
cycled three times; (I.) Conjugate pH 6.0 heat cycled three times.
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Scheme 1.

RAFT copolymerization of NIPAAmM and AA to yield polymer 1
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Scheme 2.
Endgroup modification of polymer 1 by radical exchange with AIBN to yield polymer 2.
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Scheme 3.
Conjugation of Polymer 2 to hMVP Vaults
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