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ABSTRACT: When nanoparticles interact with their environ-
ment, the nature of that interaction is governed largely by the
properties of its outermost surface layer. Here, we exploit the
exceptional properties of a common disaccharide, trehalose,
which is well-known for its unique biological stabilization
effects. To this end, we have developed a synthetic procedure
that readily affords a polymer of this disaccharide, poly-
(methacrylamidotrehalose) or “poly(trehalose)” and diblock
copolycations containing this polymer with 51 repeat units
chain extended with aminoethylmethacrylamide (AEMA) at
three degrees of polymerization (n = 34, 65, and 84). Two
series of experiments were conducted to study these diblock
copolymers in detail and to compare their properties to two
control polymers [PEG-P(AEMA) and P(AEMA)]. First, we demonstrate that the poly(trehalose) coating ensures colloidal
stability of polyplexes containing siRNA in the presence of high salt concentrations and serum proteins. Poly(trehalose) retains
the ability of trehalose to lower the phase transition energy associated with water freezing and can protect siRNA polyplexes
during freeze-drying, allowing complete nanoparticle resuspension without loss of biological function. Second, we show that
siRNA polyplexes coated with poly(trehalose) have exceptional cellular internalization into glioblastoma cells that proceeds with
zero-order kinetics. Moreover, the amount of siRNA delivered by poly(trehalose) block copolycations can be controlled by the
siRNA concentration in cell culture media. Using confocal microscopy we show that trehalose-coated polyplexes undergo active
trafficking in cytoplasm upon internalization and significant siRNA-induced target gene down-regulation was achieved with an
IC, of 19 nM. These findings coupled with a negligible cytotoxicity suggests that poly(trehalose) has the potential to serve as an
important component of therapeutic nanoparticle formulations of nucleic acids and has great promise to be extended as a new
coating for other nanobased technologies and macromolecules, in particular, those related to nanomedicine applications.

® serum , © -
X = 4 Albumin )
Glycopolymer -« % e | & o )

Trehalose coating promotes
stability and lyoprotection

| sSIRNA Polycation Complex |}
|

e

B INTRODUCTION hypersensitivity reactions,”® antibody generation,” and accel-
erated blood clearance.’™” In addition, questions with regard to
the long-term oxidative stability® and thermal stability'® of
PEG and challenges in the patent landscape have contributed to
heightened interest in new stealth materials for macromolecules
and nanosystems.'

Nature offers creative and sustainable alternatives to promote
nanosystem stabilization, through the use of carbohydrates.
Indeed, the disaccharide, a-a-p-trehalose, is endowed with
special properties ideal for use in stealth materials research and
development. This nonreducing disaccharide is composed of
two a-1-linked glucose units and is very stable to acidic
hydrolysis, even at high temperatures.11 Trehalose is bio-
synthesized in many organisms but not in humans; however,
the enzyme trehalase is expressed in humans, which promotes
metabolism into glucose. Trehalose has been found in many

Materials that promote the stabilization of macromolecules and
nanosystems from nonspecific interactions and colloidal
aggregation, while still retaining function on the nanoscale,
are of high general interest to many fields. For over 40 years,
poly(ethylene glycol) (PEG) has served as the gold standard
for surface coating due to its solubility in both organic and
aqueous media, large hydration volume, conformational
flexibility, and general low level of immunogenicity and toxicity,
supporting its use in medical applications." Various nano-
medicine carrier systems are routinely stabilized with PEG to
prevent aggregation, nonspecific interactions, and premature in
vivo clearance, promoting “stealth”-like properties." For these
reasons, PEG is the primary polymer for use in current drug,
protein, and nucleic acid bioconjugates that have been FDA
approved. However, the ubiquitous use of PEG in personal care
and pharmaceutical products has shed new light on possible
drawbacks of this material." For example, adverse events have Received: May 16, 2013

been found in some cases of PEGylated nanosystems such as Published: October 1, 2013
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Figure 1. Schematic of polyplex formation with siRNA and poly(trehalose) block copolycations, cellular internalization, and gene knockdown.

organisms and protects cells during oxidative stress'> and
freezing'>'* and is known to aid in cryptobiosis. Trehalose is
also found and accumulated under stress in a number of plants,
animals, and insects with cryptobiotic ability (e.g, tardi-
grades''®). For example, exposure of a desiccated resurrection
plant, Selaginalla lepidophylla, to water leads to a remarkable
restoration of normal metabolism that occurs within hours;
about 90% of the total plant sugar in this species is trehalose.'”

The opportunities for exploiting these properties for
materials research and nanoparticle stabilization have just
begun. Trehalose has enabled freezing, freeze-drying, and
hypothermal storage of various macromolecules including
proteins, antibodies, DNA, liposomes, DNA/lipid complexes,
cells and even organs.'® We have shown that step-growth
cationic polymers containing alternating units of ethylene-
amines and trehalose in their backbones yield high cellular
delivery efficiency of plasmid DNA (pDNA)."” Tseng et al.
have shown that the presence of free trehalose in cell culture
media enhances plasmid DNA (pDNA) delivery by poly-
ethyleneimine (PEI)-based complexes to various cell lines.*’
Polymers of trehalose have been found to induce autophagy in
the brain; its presence has been linked to neuroprotective
effects in cases of Huntington, Parkinson, and prion
diseases.””” Wada et al. have demonstrated that a statistical
copolymer of trehalose and acrylamide inhibits the aggregation
of amyloid § peptide, associated with Alzheimer’s disease.”®
More recently, Mancini et al. reported that lysozyme covalently
attached to p-formylpolystyrene modified with trehalose via an
acetonide moiety is capable of imparting both lyo- and heat
protectant properties to this enzyme.

Herein, we report the synthesis of a methacrylamido
trehalose monomer, its subsequent polymerization to poly-
(methacrylamidotrehalose) or “poly(trehalose)”, followed by
chain extension with aminoethylmethacrylamide (AEMA). We
also demonstrate the exceptional properties of these new
polymers that are used to complex siRNA (into interpolyelec-
trolyte complexes or polyplexes) and promote high cellular
delivery of siRNA (Figure 1). Block copolycations containing
this poly(trehalose) motif are found to stably complex siRNA
exposing a coating of poly(trehalose) on the nanocomplex
surface. We hypothesized that the polymeric nature would
impart an increase in the local viscosity on the particle surface,
thus enhancing vitrification of the surface-bound water and
colloidal stability during lyophilization and resuspension.”® For
the first time, we demonstrate that this poly(trehalose) motif
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enhances colloidal stability of siRNA nanocomplexes in salt,
serum, and during the lyophilization process. We show that an
aqueous solution containing polyplexes is able to be frozen,
lyophilized to dryness (causing physical aggregation), and then
resuspended back into polyplexes with the same size profile,
while control systems lacking poly(trehalose) rapidly aggre-
gated in these conditions. In addition, we have found that
poly(trehalose) polyplexes containing siRNA afford high
delivery efficiency and gene knockdown in ghoblastoma cells,
which are known to overexpress glucose transporter-1.>° We
also reveal that biological efficacy (gene knockdown) does not
change after lyophilization and aqueous resuspension. We
believe that block copolycations containing this poly(trehalose)
motif offer a unique combination of both stabilizing and
targeting potential, which offers an effective and creative
platform to be further developed as a nanoparticle surface
coating for various delivery applications.

B RESULTS AND DISCUSSION

Synthesis of Monomer and Polymers. Our development
of a synthetic scheme to yield a functionalized, trehalose-
containing monomer was guided by two criteria: (i) the linker
length connecting trehalose and a polymerizable functionality
should be small, and (ii) the synthesis should reduce/avoid the
use of lengthy and scale-limiting purification procedures.
However, the C, symmetry of trehalose (1, Scheme 1) poses
an inherent challenge in yielding the desired asymmetrically
functionalized monomer.”” Due to practical considerations for
our study, an approach was taken to monofunctionalize
trehalose modeled from the procedure of Wada et al. with

Scheme 1. Synthesis of 6-Methacrylamido-6-deoxytrehalose
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important improvements (Scheme 1).>* Triphenylphosphine-
iodine was used to produce a mixture of three species, diiodo-,
monoiodo-, and unmodified trehalose. This mixture was
acetylated and the desired per-acetylated monoiodo-trehalose
2 was obtained after column chromatography in 24% yield. The
substitution of the iodide for azide yielded 3 (92%), which was
further deprotected and reduced by hydrogenation, affording 6-
amino-6-deoxytrehalose (4, 96%). The hydroxyl groups in
compound 4 were protected with TMS and the amine was
reacted with methacryloyl chloride. After the aqueous workup
the TMS-ylated methacrylamide derivative was extracted with
hexanes and subsequently deprotected with HCI in methanol to
yield the monomer 5 in 93% yield (see Supporting Information
[SI] for details).

To prepare poly(trehalose), we employed reversible
addition—fragmentation chain transfer (RAFT) polymerization
because this mechanism offers polymers with low dispersity,
provides control over molecular weight, tolerates the presence
of many reactive functional groups, and allows for synthesis of
multiblock architectures.”* > Polymer syntheses were con-
ducted using 4-cyano-4-(propylthiocarbonothioylthio)-
pentanoic acid (CPP) or propylthiocarbonothioylthio-termi-
nated polytrehalose as the chain transfer agent and 4,4'-
azobis(4-cyanovaleric acid) (V-501) as the initiator (Figure 2a).
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Figure 2. Polymer synthesis and characterization. (a) Synthesis of
polytrehalose and diblock polymers (P1, P2, P3). (b) Monomer
consumption based on integration of the vinyl proton in '"H NMR
experiments in the RAFT polymerization of 5. (c) SEC traces of
polytrehalose (red), P1 (blue), P2 (green), and P3 (purple).
Schematic blocks represent the relative trehalose- and amine-
containing blocks in polymers P1, P2, and P3.

Kinetics were established in a water—methanol mixture
buffered with AcOH/AcONa and used to create poly-
(trehalose) 6 with a degree of polymerization of S1 (Figure
2b). This glycopolymer was then used as macro chain transfer
agent (macroCTA) and chain extended with aminoethylme-
thacrylamide (AEMA) hydrochloride to create three diblock
polymers P1, P2, and P3, that have 34, 65, and 84 AEMA
repeat units respectively. For comparison, two control polymers
were also created to assess the role of poly(trehalose) block

copolycations in stabilization of siRNA polyplexes to a
polycation containing a known stabilizing agent, PEG-
P(AEMA), and a motif lacking a stabilizing polymer, P(AEMA)
(SI). All polymers were analyzed by size exclusion chromatog-
raphy equipped with multiangle light-scattering detector to
reveal narrow peaks and expected shifts in elution times with
increases in polymer molecular weight (Figure 2c). Polymer-
izations were well-controlled, providing the final polymers with
low dispersity (polydispersity indeces were <1.06 for the
poly(trehalose) systems, see SI for details).

Physical Properties of Poly(trehalose) Polymers. The
aforementioned lyoprotective properties of trehalose have been
largely attributed to its ability to decrease water crystallization
around biological membranes and proteins and to decrease the
energy associated with phase transitions of H,O (crystallization
and melting).31 To examine whether poly(trehalose) retained
this property, we analyzed both trehalose and poly(trehalose)
solutions of various concentrations via differential scanning
calorimetry (DSC). Poly(trehalose) exhibited similar properties
to trehalose in depressing both the heat of ice melting (H,,)
and the heat of water crystallization (H,), up to a
concentration of 2.2 mol %, and was even more effective
than trehalose itself at higher solution concentrations (Figures
2b and 3a). At S mol %, poly(trehalose) lowers H,, by an
additional 24 J/g and H,, by an additional 35 J/g compared to
trehalose; that concentration corresponds to about 23 water
molecules per trehalose residue, which is nearly twice as many
water molecules as are present in the hydration sphere of
trehalose alone.”

It is known that high viscosity favors glass formation over
crystallization and the observed enhanced efficiency is likely a
result of the increased viscosity of the poly(trehalose) solution
compared to that of a solution of trehalose.”>** Importantly, it
was also discovered that the poly(trehalose) solution can be
cooled below 0 °C without noticing the onset of crystallization
(Figure 3c). These data pointed towards the promising
attributes of utilizing a poly(trehalose) motif as a barrier to
increase payload stability and decrease nanocomplex aggrega-
tion.

To examine the surface properties that this poly(trehalose)
motif imparts to nanocomplexes with polynucleotides, several
polyplex formulations between siRNA and each diblock
copolymer P1—P3 were prepared and examined for binding
and polyplex formation via transmission electron microscopy
(Figure S2 in SI), gel electrophoresis (Figure S3 in SI), and
dynamic light scattering (Figure 3d and 3e). In addition, these
techniques were used to assess aggregation. As evident from gel
shift assay data (Figure S3 in SI), P1, P2, and P3 readily bind
siRNA at low N/P ratios (molar formulation ratio between the
number of amines on the diblock copolymer and the phosphate
groups on siRNA) of 3, 3, and 2, respectively. These polyplex
formulations also demonstrated high stability from aggregation
in culture media (both in the absence and presence of serum)
containing physiological salt concentrations. Polyplex hydro-
dynamic diameters were observed between 150 to 200 nm in
OptiMEM and somewhat larger in serum-containing DMEM
(Figures 3d, 3e). The slight increase in size in the presence of
serum is suggestive of interactions between polyplexes and
serum components, likely proteins. These interactions could
result from physical entanglement (entrapment) of proteins>
or via hydrogen bonding.*® However, this interaction is likely
weak®® and, as can be seen from Figure 3d, does not
compromise the stability of nanoparticles. The polyplexes
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Figure 3. Physical properties of polytrehalose and polyplexes formulated with the polytrehalose block copolycations. (a) Depression in heats of ice
melting, H,, and (b) water crystallization, H,, of trehalose and polytrehalose solutions at various concentrations. Data was not obtained for trehalose
solutions above S mol % due to solubility limitations. (c) Differential scanning calorimetry (DSC) of a 2.2 mol % solution of polytrehalose.
Isothermal conditioning was applied for both cool-heat cycles at the lowest temperature for 30 min. The graphical representation of the exothermic
peak does not display a ‘loop’ (*) which results from overcooling. The hydrodynamic diameters determined via dynamic light scattering (DLS) of
polyplexes formed between siRNA and diblock polymers P1, P2, and P3 at N/P ratios of S and 10 in OptiMEM (d), and DMEM containing 10%
FBS (e) (mean + s.d, n = 3). In (d) and (e), labels P-n signify polymer-N/P ratio.

formulated with the control polycations, PEG-P(AEMA) and
P(AEMA) revealed substantial aggregation in these media
(Figures SSc, SSb in SI).

The ability of a nanocarrier system to stabilize various cargo
from degradation and aggregation during storage is an
important feature in designing nucleic acid carriers for clinical
use. For example, Kasper et al. have shown that PEGylated
poly(ethyleneamine) polyplexes containing plasmid DNA can
be stabilized from lyophilization and resuspension by creating
formulations with excipients such as free trehalose.”” To
demonstrate the cryo- and lyo-protective properties that
poly(trehalose) imparts on the polyplexes, lyophilization was
performed followed by resuspension of the polyplex formulas in
aqueous conditions. It should be noted that no excipients, nor
separate cryo- or lyo-protectants were added to the
formulation. After freezing, the polyplex solutions were
completely lyophilized to isolate the polyplexes as a white
solid (this process also physically aggregates the polyplexes).
Interestingly, at both N/P ratios examined (S and 10),
subsequent resuspension of the solid polyplex powder in
water yielded isolated nanoparticles that retained their compact
size and shape, as determined via DLS (Figure S4 in SI) and
transmission electron microscopy (TEM) imaging (Figure 4),
while polyplexes formed with the control polymers, PEG-
P(AEMA) and P(AEMA), revealed substantial aggregation after
lyophilization (Figure SSc in SI). Importantly, the polyplexes
stabilize siRNA from degradation during lyophilization and
reconstitution as biological activity toward siRNA-mediated
gene down-regulation is fully retained (vide infra, Figure 7d).
At both N/P ratios, polymer P1, that has the greatest trehalose
content among the three synthesized polymers, appeared to
yield optimal results for facilitating the stable resuspension of
the polytrehalose-coated polyplexes (Figure 4 and Figure $4 in
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Figure 4. TEM of polyplexes formulated with P1 and siRNA at an N/
P ratio of 10. (a) Image of P1 polyplexes freshly prepared in water
(average core diameter: 22 + 4 nm) and (b) image of P1 polyplexes
that have been lyophilized to a solid powder and resuspended in water
(average core diameter: 31 + 7 nm).

SI). TEM imaging, used to visually evaluate the effect of
lyophilization on the size and shape of the poly(trehalose)
containing polyplexes made from P1, revealed visual images of
the polyplexes supporting the DLS data above (Figure 3).
Following lyophilization and reconstitution, these polyplexes
did not change in size and shape (Figures 4a and 4b,
respectively), supporting the DLS data in Figure S4 in SI It
has been reported that polyplexes composed of block
copolymers can form “core—shell” structures in solution.***’
The difference in size measured in the TEM images as
compared to that observed via DLS could be due changes in the
corona structure caused by dehydration in TEM sample
preparation (DLS measures hydrodynamic radius).*® Addition-
ally, the negative stain, uranyl acetate, is known to bind to
phosphate moieties on nucleic acids, which may allow
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Figure S. (a) Cell viability assessed by MTT assay after the incubation with various concentrations of polytrehalose (mean + s.d., n = 3). (b) Cellular
uptake by U-87 cells at siRNA concentration of 100 nM (mean + s.d, n = 3). (c) Dependence of cellular uptake by U-87 cells on siRNA
concentration using polymer P1 at N/P of 10 in (c) OptiMEM (mean + s.d., n = 3) or (d) DMEM with 10% FBS (mean + s.d., n = 3). (e) The rate
of the uptake of P1—P10 polyplexes at 100 nm siRNA concentration in (¢) OptiMEM (mean =+ s.d., n = 3) or (f) DMEM with 10% FBS (mean +
s.d, n = 3). Red lines indicate Mean Cy$ intensity data; blue lines denote CyS-positive cells (%).

visualization of the core only, resulting in observing a smaller
polyplex size via TEM.*'

Cytotoxicity. For siRNA down-regulation to be effective, it
is very important for the polyplexes to exhibit little to no
cytotoxicity. Poly(trehalose) was found to be nontoxic with U-
87 cells up to a concentration of 10 mg/mL (Figure Sa).
Moreover, siRNA polyplexes formulated with P1, P2, and P3
polymers show no significant cytotoxicity at all N/P ratios
tested (Figure S6 in SI) whereas the control polymers PEG-
P(AEMA) and P(AEMA) exhibited toxicity (Figure S21 in SI).
The low toxicity granted further biological evaluation of these
polymers.

Cellular Uptake. Upon administration and biodistribution,
cellular internalization is the first barrier that polyplexes
encounter during the delivery process. To a large degree, this
is defined by the interactions between the nanoparticle surface
and cell membranes. We have reported previously, that
incorporation of another glycopolymer with a poly(glucose)
motif into nanoparticle formulations improves cellular uptake
by glioblastoma cells.*” It is also known that glioblastoma cells
not only overexpress GLUT-1® but also that this glucose
transporter can be employed by viruses (biological nano-
particles) for cellular entry.*> Therefore, the ability of
poly(trehalose)-coated polyplexes to undergo cellular internal-
ization in glioblastoma cells was studied in detail.

Polyplexes were formulated with fluorescently labeled siRNA,
and the extent of their internalization by U-87 glioblastoma
cells was measured with flow cytometry. All three polymers
yielded efficient delivery of siRNA to cells and did so
homogeneously across the cell population. More than 90% of
the cells tested positive for siRNA with all formulations studied
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(Figure Sb). polymer P1 was the most efficient among the
three polymers tested, delivering the greatest number of siRNA
copies per cell (as indicated by the greatest mean cellular
fluorescence). It is important to note that polyplexes formed
with each of the three polymers at N/P of 20 have similar sizes
and (-potentials (Figure S4 in SI). However, the primary
difference between the formulations is the poly(trehalose)
content. Polymer P1 contains 83% of poly(trehalose) by mass,
whereas P2 and P3 contain 71% and 66%, respectively, which
suggests that poly(trehalose) could have a positive impact on
the efficiency of U-87 uptake of these nanoparticles. On the
basis of these initial uptake results, polymer P1 at N/P ratio 10
was chosen for further investigations.

The influence of siRNA concentration (dose) in the
transfections media on cellular uptake was assessed (Figures
S5c and 5d). It was observed that the number of siRNA
molecules that are internalized by cells is linearly proportional
to the concentration of siRNA in serum containing DMEM
(Figure Sd), and with nearly perfect linearity (R* > 0.99) in
serum-free OptiMEM (Figure Sc). The deviation from the
linear dependence in serum containing DMEM is likely due to
uptake in the presence of serum having slower kinetics. This
finding shows that the amount of siRNA delivered to the cells
can be controlled by altering the siRNA concentration in the
media. Importantly, delivery is not saturated even at 100 nM
siRNA concentration, meaning that higher doses of siRNA
containing polyplexes could be used, if necessary.

The rate of the uptake was studied at 100 nM siRNA
concentration and revealed interesting phenomena (Figures Se
and Sf). First, it is clear that poly(trehalose)-coated nano-
particles internalize homogeneously across the cell population:
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more than 80% of U-87 cells are transfected with siRNA within
the first 30 min. More importantly, the amount of siRNA
delivered is linearly dependent on time in both serum-free and
serum-containing media, with R* values of 0.99 and 0.97,
respectively. Thus, the rate of internalization is constant with
time (zeroth order). In addition, in serum-free media, the
fluorescence reaches a plateau after 2 h, the cell has reached an
uptake equilibrium early in the transfection process. At this
point, we are speculating specific receptor involvement in the
uptake of the poly(trehalose)—coated polyplexes. It is worth
noting that GLUT-1 operates in a saturated mode at
physiological conditions,** it is overexpressed in glioblastoma
cells,*® and as mentioned is used by viruses for cellular entry.*
Considering the obtained uptake results and the known
correlation between GLUT-1 and poor response to treatment
in several types of cancer® " further investigation into
poly(trehalose)-promoted cellular entry is warranted.

Efficient uptake was also observed with confocal microscopy
using CyS-labeled siRNA and FITC-labeled polymer P1
(Figure 6). After the first hour of incubation, the punctate

0 hours 1 hour 3 hours

FITC

Overlay

DIC Overlay

Figure 6. Confocal microscopy of U-87 cells transfected with CyS-
labeled siRNA (magenta) and FITC-labeled P1 (green) at N/P ratio
10. Cells were images at 0, 1, and 3 h after transfection (the time point
of 0 = cells only).

nature of the fluorescence was observed in both CyS and FITC
distributed throughout the cytoplasm. Distribution of the
polyplexes inside the whole cell, rather than near the cellular
membrane, indicates that trafficking of the particles is a rapid
process. To visualize this polyplex trafficking, live cell imaging
was used to compile a time-lapse video of P1 polyplexes
(formulated at N/P 10) trafficking in U-87 cells for 6 min, at a
time point of 2 h after transfection (see SI video). The video
reveals that the polymer and siRNA are associated as discrete
polyplexes and active trafficking appears to take place as the
polyplexes are shuttled around the cytoplasm.

Gene Down-Regulation. The major goal of the biological
investigation was to establish the cellular internalization
properties of the poly(trehalose)-containing nanoparticles and
the ability of these systems to down-regulate a target gene. The
evaluation was performed in U-87 glioblastoma cells that stably

express luciferase. The extent of gene down-regulation was
assessed by the decrease in light production via luciferase assay.
All three polymers promoted significant gene knockdown in
OptiMEM (Figure 7a). The efficiency of gene down-regulation
increased with an increase in N/P ratio and, at an N/P of 20,
was at 80% gene knockdown (similar to lipofectamine). In
serum-containing DMEM only polymer P1 was capable of
promoting gene knockdown. The variation in gene silencing
efficiency in OptiMEM vs DMEM containing 10% serum
(Figures 7a and 7b) is likely due to biotransformation. It has
been reported that, in serum, proteins may bind to the polyplex
and form a layer on the surface, thus inhibiting polyplex binding
to the cell membrane and/or destabilizing polyplexes via
competitive interactions.** We also investigated the dose
response of the gene down-regulation. In contrast to the
uptake response, which was linearly dependent on siRNA
concentration (Figures Sc and Sd), the dependence of the
extent of gene knockdown exhibited a logarithmic dependence
on siRNA concentration (Figure 7c). The ICg, value for
luciferase gene down-regulation promoted by P1 at N/P 10
with siRNA was calculated to be 19 nM. With the control
polyplexes formulated with PEG-P(AEMA) and P(AEMA),
gene knockdown was found, which increased with N/P ratio.
However, a significant off-target effect was noticed where
polyplexes formulated with siCON also showed significant gene
knockdown, signifying toxicity of the control formulations.

It was of interest to probe the ability of the poly(trehalose)-
containing nanoparticles to retain siRNA-mediated gene down-
regulation after lyophilization and subsequent resuspension. As
previously mentioned, polymer P1 was chosen for these studies
because it contains the largest amount of poly(trehalose)
among three polymers and it was found to promote the optimal
polyplex resuspension after lyophilization. Also, it was revealed
to be the most effective vehicle for siRNA delivery. Therefore,
we hypothesized that it would impart the greatest ability to
preserve the biological activity of polyplexes.

Formulations of P1-siRNA polyplexes were lyophilized, and
the dry powder was resuspended in RNase-free water and then
with cell culture media. Gene down-regulation by the
resuspended polyplexes was compared to freshly prepared
polyplexes made with the same polymer (Figure 7d). The
extent of luciferase gene down-regulation induced by the
lyophilized/resuspended polyplexes was identical to that
observed with the freshly prepared analogs whereas activity
was lost for the control, lipofectamine (Figure 7d), after
lyophilization.

This result shows that this poly(trehalose) motif displayed
on the surface of the polyplexes, promotes protection of
sensitive macromolecules during the freeze-drying process.
Using confocal microscopy, we have investigated fluorescently
labeled polyplexes after uptake into U-87 cells for 48 h, when
gene down-regulation was measured (Figure S7 in SI). Despite
the active trafficking observed immediately following the uptake
as discussed above, the punctuate nature of the fluorescence
remains visually unchanged up to 12 h (Figure S7 in SI). At 24
h, however, there is a sharp drop in CyS5 fluorescence, indicating
that siRNA release takes place between 12 and 24 h post
transfection. At the same time FITC fluorescence that
corresponds to the polymer FITC-P1 is maintained throughout
the microscopy experiment (up to 48 h, Figure S7 in SI) and
remains punctuate.
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Figure 7. Luciferase gene knockdown in luciferase-expressing U-87 cells. Cells were transfected in (a) serum-free OptiMEM or (b) DMEM
containing 10% serum (mean = s.d., n = 3100 nM siRNA). (c) Evaluation of the efficiency of gene down-regulation on siRNA concentration.
Transfections were performed in OptiMEM (mean + s.d., n = 3). (d) Comparison of target gene down-regulation in luciferase-expressing U-87 cells
between freshly prepared P1 polyplexes and previously lyophilized P1 polyplexes. Transfections were performed at an siRNA concentration of 100
nM in OptiMEM (mean =+ s.d., n = 3). Labels signify “polymer name-N/P ratio”, “Lipo” = lipofectamine, “siCon” = siRNA with scrambled sequence
(negative control), “siRNA” = siRNA only (no delivery vehicle), “cells” = cells-only negative control (no siRNA or delivery vehicle treatment).

H CONCLUSION

The field of siRNA-based therapeutics has great potential, yet
advanced materials-based delivery systems still need to be
engineered. The poly(trehalose) motif presented in this report
has many valuable and interesting properties making it a
candidate for inclusion within the outer layer of macro-
molecules and nanosystems. Poly(trehalose) and diblock
polymers containing this motif can be readily synthesized
with a predefined length and low dispersity via RAFT
polymerization without use of protecting groups. It was
demonstrated that poly(trehalose) lowers the energy of phase
transition (liquid to solid, and solid to liquid) of an aqueous
solution and this property allowed us to lyophilize siRNA
polyplexes and resuspend them freely in a solution without loss
of biological function.

Poly(trehalose) was shown to promote polyplex internal-
ization by U-87 glioblastoma cells and did not exhibit
cytotoxicity at all concentrations tested (up to 10 mg/mL).
The cellular uptake had zeroth-order kinetics in both tested cell
culture media and is directly proportional to the concentration
of poly(trehalose)-containing polyplexes in the media. On the
basis of the results of the uptake experiments we speculate that
a carbohydrate-binding receptor could be responsible for the
high efficiency of uptake.

The successful use of poly(trehalose) block copolycations for
siRNA delivery was demonstrated in luciferase expressing U-87
glioblastoma cells. This activity was preserved following the
Iyophilization of polyplexes, potentially enabling the storage of
the therapeutic siRNA formulations as dry powders and
simplifying transportation. Indeed, the remarkable properties
demonstrated by poly(trehalose) make it particularly interest-
ing stabilizing structure for study in macromolecule and
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nanoparticle formulations including micelles, liposomes,
proteins, and various metal-based nanoparticle systems.
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