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ABSTRACT
Polycations that absorb protons in response to the acidification of endosomes can theoretically disrupt these vesicles via the “proton sponge”
effect. To exploit this mechanism, we created nanoparticles with a segregated core —shell structure for efficient, noncytotoxic intracellular

drug delivery. Cross-linked polymer nanoparticles were synthesized with a pH-responsive core and hydrophilic charged shell designed to
disrupt endosomes and mediate drug/cell hinding, respectively. By sequestering the relatively hydrophobic pH-responsive core component
within a more hydrophilic pH-insensitive shell, nontoxic delivery of small molecules and proteins to the cytosol was achieved in dendritic
cells, a key cell type of interest in the context of vaccines and immunotherapy.

Many potentially powerful therapeutic strategies for the partments carrying the degradation machinery of the cell at
treatment of disease require the delivery of drugs into the a pH as low as 4.5)1% often leads to rapid destruction of
cytosolic or nuclear compartments of cells. Examples include therapeutic molecules with little or no release into the cytosol.
gene therapy mediated by plasmid DNZ&,gene silencing  Cytosolic delivery of membrane-impermeable molecules into
or RNA interference via oligonucleotidésantitumor toxin - dendritic cells (DCs), immune cells critically involved in the
delivery?~" and therapeutic protein delivety Each of these jnjtiation of adaptive immune respons@s!S is of particular
examples requires the delivery of membrane-impermeableinterest. DCs bind peptides derived from pathogens to their
molecules into the cytosol. Cells may take up macro- major histocompatibility complex (MHC) molecules, and

molecular drugs via endocytosis, macropinocytosis, _Orcfresent these pepti®IHC complexes at their surface for
phagocytosis, but these processes confine the internalize ecognition by nae T cells. Importantly, presentation of

Svtilmfm:rr:ds t|(_)| ?Ios?d \;esmzi/esi (eln\c/jvosrozjnfs %ggf‘g%somes}mtigens to cytotoxic T cells is greatly amplified (up to 1000-

ere the pH 1S progressively fowered to ' € fold) by delivery of antigens to the cytosol, where the DC
fusion of these vesicles with lysosomes, intracellular com- . . .

intracellular machinery can load them efficiently onto class
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Figure 1. Schematic structure and chemical composition of pH-responsive-sbedl nanoparticles. At extracellular/cytosolic pH, tertiary

amines of DEAEMA repeat units in the particle cores are largely uncharged, and the particles are collapsed; at endolysosomal pH, the core
tertiary amines ionize, and the particles swell. Surfactant-free polymerization of DEAEMA or MMA formed the core structure of hydrogel
nanopatrticles, crosslinked by PEGDMA; AEMA was polymerized in a second stage to form a thin shell structure rich in primary amines.

for vaccines or immunotherapy However, transfection of  predefined size. We found that these nanoparticles promoted
DCs is notoriously inefficientd22 highly efficient cytosolic delivery of both small molecules
To enable delivery of membrane-impermeable molecules and macromolecules in dendritic cells in vitro.
into the cytosol of cells (as an endpoint destination or as a The particles were synthesized by a two-stage surfactant-
first step prior to trafficking to the nucleus), much research free emulsion polymerization in water. In the first stage,
has been directed at the development of synthetic chaperone&-diethylamino ethyl methacrylate (DEAEMA), which pos-
that can facilitate transport of hydrophilic molecules to the sesses a tertiary amine with &gpof 7.0-7.33"4° was
cytosol?® Approaches include the use of membrane-penetrat- polymerized fo 3 h with poly(ethylene glycol) dimethacry-
ing peptideg*2>pathogen-derived pore-forming protefi§g? late (PEGDMA, MWseo = 200 g/mol) as a crosslinker to
and “endosome escaping” polymers or lipids that disrupt the form the pH-sensitive core of the particles (Figure 1; a
endosomal membrane in response to the pH reduction, whichdetailed synthesis protocol is provided in the Supporting
occurs in these compartmerts3® While many of these  Information). Control particles were synthesized by replacing
approaches show promise, strategies that can promote highhDEAEMA with the nonionizable monomer methyl meth-
efficient delivery of molecules into the cytosol while avoiding acrylate (MMA). In the second stage, 2-aminoethyl meth-
unacceptable cytotoxicity are still sought. In addition, many acrylate (AEMA) was added to the stirring latex suspension
of the chaperone molecules that efficiently aid transport of to polymerize a pH-insensitive hydrophilic shell layer rich
macromolecules into the cytosol are formulated with drug in primary amines (Figure 1). The polymerization was
cargos by physical complexation of the chaperone and drugstopped after another 1.5 h, and the particles were purified
(e.g., polyplexes or lipoplexes of cationic polymers/lipids by extensive dialysis and centrifugation/washing. To enable
with DNA), forming nanoparticles whose size, stability, and tracking of the nanoparticles by fluorescence microscopy,
properties are highly dependent on formulation parametersthe fluorochrome cy5 succinimidyl ester was covalently
including the identity of the drug cargo, the drug-to- conjugated to the primary amines available in the particle
chaperone weight ratio, and the characteristics of the shells. As expected, the emulsion polymerization yielded
surrounding environment (pH, ionic strength, and presence/highly monodisperse particles. The particles used in our cell
absence of serum proteiri&¥°Lack of control over chaperone/  studies were 205 5 nm in diameter as observed in cryoEM
drug particle size and stability is of concern because particle (Figure 2A), which was in good agreement with the diameter
size is a critical determinant of cellular uptake in vitro and of 208+ 4 nm determined by dynamic light scattering (DLS,
biodistribution and toxicity in vivg® Brookhaven 90Plus instrument) at 3€ in aqueous phos-
We tested here an alternative strategy for cytosolic phate buffer at pH 7.4 and physiological ionic strength
delivery, using monodisperse crosslinked hydrogel nanopar-(Figure 2B).
ticles as chaperones for delivery of molecules to the cytosol. The group of Armes has shown that PDEAEMA-contain-
The chemical structure and proposed action of these nano-ing latex particles exhibit sharp swelling transitions near
particles is illustrated in Figure 1. We pursued a eeskell neutral pH#“2 analogous to bulk hydrogels composed of
particle structure to physically and compositionally segregate weak polybase network chaifsTo characterize the pH
the functions of the particle into an endosome-disrupting pH- sensitivity of our core-shell nanoparticles, the hydrodynamic
responsive core that would absorb protons at endolysosomalliameters (determined by DLS) were measured for particles
pH and a shell whose composition could be separately tunedequilibrated in physiological ionic strength phosphate buffers
to facilitate particle targeting, cell binding, and/or drug with pH ranging from 4.9 to 9.5 at 25 or 3T (Figure 2B).
binding. We utilized emulsion polymerization for the syn- Particle swelling/deswelling equilibrated within 10 min and
thesis of these nanoparticles, which enables (1) a broadwas reversible in response to changes in buffer pH. As shown
palette of chemical groups to be easily incorporated and (2)in Figure 2B, PDEAEMA coreshell nanoparticles were
controlled fabrication of monodisperse nanoparticles of a largely deswollen at elevated pH but swelled abruptly
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Figure 2. Morphology and pH-responsive swelling of cerghell nanoparticles. (A) CryoEM image of PDEAEMA-core/PAEMA-shell
nanoparticles. Scale bar 200 nm. (B) Hydrodynamic diameters of the nanoparticles equilibrated in 100 mM phosphate buffers of different
pHs, determined by DLS a®) 25 or @) 37 °C. (C, D) CLSM fluorescence images of PDEAEMA-core/PAEMA-shell nanoparticles with

cy5 fluorophore conjugated to the shell of the particles at pH 7.5 (C) or pH 4.5 (D) in 100 mM phosphate buffé€Cat2ale bars am.

between pH 7.0 and 6.8 at 3T. The particles exhibited a  with HCI revealed that the PDEAEMA-core particles had a
2.8-fold change in diameter (by DLS) on moving from the substantial buffering capacity near neutral pH (Figure S1,
extracellular/cytosolic pH of 7.4 to an endolysosomal pH of Supporting Information). At 25C, the PDEAEMA cores

5, corresponding to a-22-fold volume change. Similar  of nanoparticles bound up to 0.46 mol"Her mole of
swelling trends were observed by measuring the swelling DEAEMA units, buffering acidified solution near a pH

ratio (hydrated mass/dry mass, data not shown). Note that7.1.

the primary amines of the AEMA groupsKp~ 11) in the As expected based on the incorporation of chemically
particle shells should remain highly ionized across this entire stable PEGDMA cross-links, we found that the particles were
pH range; only the tertiary amines of the particle cores will stable at least one week in neutral saline; the particles swelled
respond to the changes in pH. The swelling response ofslightly over a week but retained a narrow size distribution
DEAEMA-containing nanoparticles showed modest temper- (Figure S2, Supporting Information). The dry weight of the
ature sensitivity: at 25°C, the swelling transition was particles was essentially unchanged after one week in PBS
detected at pH- 7.4, while at 37°C, the swelling transition (1.5 + 0.7% weight loss, based on triplicate samples). In
moved to pH~ 7.0. Control nanoparticles with pH- addition, the particles exhibited a nearly identical size
insensitive PMMA cores and PAEMA shells (diameter of distribution in pH 7.4 serum-free medium containing 10 mM
284 + 11 nm as determined by DLS at pH 7.4) exhibited glutathione (GSH) to mimic the reducing environment of
no size/swelling change in aqueous phosphate buffers havinghe cytosol (Figure S2, Supporting Information).

pH 4.5-9.5 (data not shown). The morphology of PDE- We hypothesized that the pH sensitivity of these eore
AEMA-core nanoparticles with fluorophore-labeled shells shell nanoparticles would facilitate endosome/phagosome
was also directly observed at extracellular/cytosolic and disruption. Buffering polymers are thought to disrupt acidify-
endolysosomal pH using confocal laser scanning microscopying endosomes via an osmotic pressure buildup associated
(CLSM). At pH 7.5 in the deswollen state (Figure 2C), the with chloride accumulation (the proton sponge efféetf.
shell-labeled particles appeared as punctuate spheres, whilén addition, membrane disruption might further be aided by
particles incubated in pH 4.5 phosphate buffer swelled, with swelling of the particles in situ. Because of our interest in
the fluorescent shell of the swollen nanoparticles clearly delivering membrane-impermeable molecules into dendritic
resolved (Figure 2D). The swelling measurements indicated cells for vaccines and antiviral drug delivery, we investigated
a sharp onset of particle core ionization at endosomal pH, the uptake of the nanoparticles by a dendritic cell clthe,
but the proton sponge mechanism of endosomal escape relie®C2.4. DCs are highly sensitive to the presence of li-
on the buffering capacity of polymers undergoing ioniza- popolysaccharide (LPS, also known as endotoxin), which can
tion.* Titration of initially basic aqueous particle suspensions trigger activation of these cells through Toll-like receptor-
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4. Nanoparticles were thus prepared using endotoxin-freefor at least 1 day (Figure S5, Supporting Information). The
water/buffers. We confirmed that the endotoxin contamina- cytosolic delivery of calcein triggered by cershell nano-
tion in these particles was below levels reported to stimulate particles was not limited to dendritic cells, as we observed
DCs*®¥%0 (0.0027 EULg nanoparticles, or 0.068& 0.001 similar results in murine embryonic fibroblasts (Figure S6,
EU/mL at the concentrations of nanoparticles used in our Supporting Information).

experiments; see Supporting Information). The intracellular distribution of calcein observed in the
Calcein, a membrane-impermeant fluorophore, was usedpresence of PDEAEMA-core/PAEMA-shell nanoparticles
as a model drug molecule and tracer to monitor the stability could arise either due to the particles causing disruption of
of endosomes/phagosomes following particle uptakeC2.4 endosomes that contain calcein or via nanoparticles perme-
cells (1.2x 1 cells/well) were plated in Lab-Tek chambers ablizing the cell surface plasma membrane (note that calcein
for 18 h, and then calcein was added to the cells (2§0 that reaches the cytosol is also able to freely enter the nucleus
mL, 0.24 mM) with or without 25«g/mL of PDEAEMA- by diffusior??). Although proton-absorbing polymers and
core/PAEMA-shell or PMMA-core/PAEMA-shell nanopar- lipids have been proposed to cause escape of molecules into
ticles in complete medium (RPMI 1640 with 10% fetal the cytosol following endocytosis and endosome acidification
bovine serum (FBS)) fol h at 37°C. After three washes via the proton sponge effett,it has also been shown that
with medium to remove extracellular calcein/particles, the polycations such as polyethylenimine (PEI) and polysine
cells were imaged live by CLSM at 37C. As shown in (PLL) have the ability to directly interact with the plasma
Figure 3A,D,G, cells treated with calcein alone showed a membrane (the exterior cell surface), generating nanoscale
punctuate distribution of fluorescence indicative of endoly- transient pores that allow leakage of molecules into and out
sosomal compartmentalization of the dye. In contrast, cells of the cytoplasn®® To examine the mechanism of cytosolic
co-incubated with calcein and PDEAEMA-core/PAEMA- delivery of calcein by the coreshell nanopatrticles, we tested
shell nanoparticles exhibited calcein fluorescence throughoutcalcein uptake by DC2.4 cells under additional conditions.
the cytosol and nucleus (Figure 3B,E,H). Calcein entry into First, to confirm that endocytosis of the nanoparticles/calcein
the cytosol triggered by the presence of nanoparticles was required for calcein delivery to the cytosol, DCs were
required the pH-sensitive core, as calcein remained in anequilibrated at 4°C for 30 min to block endocytosis and
endosomal distribution in cells co-incubated with calcein and then calcein alone or calcein and nanopatrticles were added
PMMA-core/PAEMA-shell nanoparticles (Figures 3C,F,l). to the cells (same calcein and nanoparticle concentrations
As shown in the confocal images (Figure 3E,F,H,l), both as described in Figure 3). Neither calcein nor nanoparticles
PDEAEMA and PMMA core-shell particles were taken up  were internalized by cells following incubations up3 h at
by the phagocytic DC2.4 cells, and treatment of cells with 4 °C, although some particles bound to the plasma membrane
0.04 wt %/vol trypan blue to quench extracellular fluores- of cells (Figure S7, Supporting Information), suggesting that
cencé’5 following particle incubation confirmed that par- calcein/nanoparticle uptake and calcein entry into the cytosol
ticles associated with cells were in fact internalized (data of DCs required the active process of endocytosis. Second,
not shown). Optical sectioning of cells treated with PDE- to test whether acidification of endolysomes is necessary for
AEMA-core/PAEMA-shell nanoparticles also provided fur- the pH-sensitive nanoparticles to facilitate calcein delivery
ther evidence that particles in cells exhibiting cytosolic to the cytosol, we incubated DCs with the"{ATPase
calcein fluorescence were localized within cells rather than inhibitor bafilomycin A1 (80nM¥*>5*for an hour at 37°C
simply bound to the plasma membrane (Figure S3, Support-before adding calcein and nanoparticles. Consistent with the
ing Information). Particles prepared with PDEAEMA cores proton sponge mechanism, bafilomycin inhibition of endo-
but lacking the PAEMA shell also triggered cytosolic entry some acidification blocked nanoparticle-mediated calcein
of calcein (Figure S4, Supporting Information), suggesting delivery to the cytosol (data not shown). Next, as a test of
that the non-pH-responsive cationic amine groups in the plasma membrane integrity during the incubation of DCs
shells are not required for the calcein distribution seen in with core-shell nanoparticles at 37C,%> we loaded DCs
Figure 3E,H. Figure 3J summarizes the frequency of cells with the fluorescent dye fura-2AM (Invitrogen) according
observed by CLSM exhibiting endosomal vs cytosolic/ to the manufacturer’s instructions. Fura-2AM enters cells as
nuclear calcein distributions afté h incubation under the a membrane-permeable acetomethoxy ester but is cleaved
three experimental conditions. Fewer than 5% of cells by intracellular esterases following loading into the cell to
incubated with calcein alone or calcein together with PMMA form a membrane-impermeable product that is trapped in
core—shell nanoparticles exhibited a cytosolic/nuclear calcein the cytosol. We incubated fura-loaded DCs with cesiell
distribution, while~90% of cells incubated with PDEAEMA  nanoparticles and imaged the fluorescence from fura over 3
core—shell particles had calcein distributed throughout the h at 37 °C by videomicroscopy in 1 min intervals to
cytosol. Experiments performed with different incubation determine if fura escaped to the surrounding medium. Fura
times showed that the cytosolic delivery of calcein occurred fluorescence photobleached uniformly in cells over time,
within 45 min and was observed for more than 95% of cells equally in the control fura-only and fura/nanoparticle co-
incubated with calcein and PDEAEMA corsghell nano- incubation experiments; no sign of fura loss driven by the
particles by 90 min. DCs treated with nanoparticles for 1 h, nanoparticles was detected (data not shown). On the basis
washed, and then cultured for an additional 24 h showed of these experiments, we conclude that the nanoparticles
that most or all of the nanoparticles remain within the cells deliver calcein to the cytosol of cells by co-endocytosis of
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Figure 3. pH-responsive coreshell nanoparticles chaperone the delivery of the membrane-impermeable dye molecule calcein into the
cytosol of dendritic cells. (AI) CLSM images at 4&. (A—C) bright-field images. (B-1) Fluorescence overlays (red, nanopatrticles; green,
calcein). (A,D,G) Cells were treated with calcein alone. (B,E,H) Cells were co-incubated with calcein and PDEAEMA-core/PAEMA-shell
nanoparticles. (C,F,l) Cells were co-incubated with calcein and PMMA-core/PAEMA-shell nanopatrticles. Scale bds2QAm; (G—

1) 10 um. (J) Average percentage of cells observed by CLSM exhibiting endosomal vs cytosolic/nuclear calcein distributibrisfedta

three independent experiments: calcein alone (gray bar), calcein with PDEAEMASsiwel particles (white bar), or calcein with PMMA
core=shell particles (black barn(= 350-700 cells scored per condition in each experimshgwn are mea+SD).

calcein and particles, followed by particle disruption of indicator LysoTracker Red DND-99 (iM, Invitrogen) was
endosomes and escape of the dye into the cytosol/nucleusadded together with 0.24 mM calcein andi@BmL of core-

To obtain more direct evidence for escape of the eore shell nanoparticles to DC2.4 cellsrfth h at 37°C in order
shell nanoparticles from endosomes into the cytosol, we to label endolysosomal compartments during calcein uptake.
performed confocal fluorescence imaging of cells incubated After washing, cells were imaged by CLSM at 3Z. The
with nanoparticles in the presence of a fluorescent marker CLSM images (Figure 4A,B,C) revealed that a significant
of endolysosomal compartments as well as transmissionfraction of the internalized PDEAEMA-core/PAEMA-shell
electron microscopy (TEM) on fixed thin sections of cells nanoparticles (blue) failed to co-localize with endolysosomal
incubated with nanoparticles. The pH-sensitive fluorescent vesicles (red) while delivering calcein (green) to the cytosol.

3060 Nano Lett, Vol. 7, No. 10, 2007



Skgte g s 8 STt J o N
CIFR N S kS & AR

\?-g;“i.{a”“:’g;: rfilabd 1ok "‘Q 4

L R As s 1 1 T t %
RS g Y AR 4

Figure 4. Endosomal escape of pH-responsive eeskell nanoparticles. (AF) DC2.4 cells were co-incubated with LysoTracker Red
DND-99 (to label endolysosomes), calcein, and either PDEAEMA-core/PAEMA-shelC(for PMMA-core/PAEMA-shell nanoparticles
(D—F). Confocal images were taken at 20@ollecting bright-field images (A,D) as well as fluorescence (B,C,E,F) from calcein (green),
LysoTracker Red (red), and cy5-labeled nanoparticles (blue). Scale bars 18,B,D,E) and 5um (C,F, zoomed views of boxed areas

in B,E showing overlaid lysotracker and nanoparticles fluorescence)l)(GEM images of nanoparticle localization within DC2.4 cells:
(G) Cell sections with PMMA-core/PAEMA-shell particles revealed the particles internalized in membrane-bound compartmdhts. (H

Cell sections with PDEAEMA-core/PAEMA-shell particles showed particles internalized either in membrane-bound compartments (H) or

in the cell cytosol without a clear binding membrane structure (I). Scale bars 500 nm.

120
In contrast, cells co-incubated with calcein and PMMA-core/ 100 -
PAEMA-shell nanoparticles exhibited strong colocalization o
of nanoparticles (blue), endolysosomal vesicles (red), and 5 8o -
calcein (green), which had a punctuate vesicular distribution § 60
(Figure 4D,E,F). To more directly interrogate the location g 0
of internalized nanopatrticles, TEM images were taken of thin 2
sections (50 nm) from fixed and stained cells following 1 h T 20r /
incubation of DC2.4 cells with nanoparticles (detailed sample 0 o hrs : 24hrs
preparation described in the Supporting Information). €ore Time Post Nanoparticle Treatment

shell nanoparticles with a pH-insensitive PMMA core were
localized within membrane-bounded endosomes/phagosomeg&igure 5. Metabolic rate of nanoparticle-treated cells relative to

; ; untreated controls. DC2.4 were incubated with PMMA-core/
(Figure 4G). However, PPE.AEMA coreshell nanoPamCle_s PAEMA-shell nanoparticles (gray bar), PDEAEMA-core/PAEMA-
were observed both within membrane-bounded vesiclesshell particles (white bar), or PDEAEMA-core/no-shell nanopar-
(Figure 4H) and within the cytosol (Figure 4l1). These trends ticles (black bar) fo 1 h at 37°C, washed, and then acute (0 h)
were consistently observed in imaging 55 particles from three and latent (24 h) effects on cell metabolism were measured by MTT
individual experiments (8 PMMA particles, and 47 PDE- assay. Error bars represent standard deviation of triplicate samples.
AEMA particles in which 10 were in endosomes and 37 were
in the cytosol). Together, these data support the conclusiondo not remain trapped in acidic intracellular compartments
that the pH-sensitive PDEAEMA coreshell nanoparticles  but instead escape to the cytosol following internalization.
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Figure 6. pH-sensitive coreshell nanoparticles deliver OVA to the cytosol of primary dendritic cells and promote" G2l priming.

(A—D) CLSM images at 10Q: (A,C) Bright-field images; (B,D) Fluorescence overlays of OVA (green) and nanopatrticles (red). (A,B)
BMDCs incubated with OVA adsorbed to PDEAEMA cerghell nanopatrticles. (C,D) Cells incubated with OVA adsorbed to PMMA
core-shell nanoparticles. Scale bars afh. (E) BMDCs were incubated with medium alone (no OVA), soluble OVA, OVA-coated
PDEAEMA-core nanoparticles, or OVA-coated PMMA-core nanoparticles, then washed and mixed witlOTal OVA-specific CD8

T cells. IFNy secreted by the T cells in response to antigen presentation by the DCs was measured by ELISA after 72 h. Error bars
represent standard deviation of triplicate samples.

A concern for the design of any intracellular delivery measured either immediately by the standard MTT assay
system is the cytotoxicity of the delivery material. To assess (details in the Supporting Information) to detect the acute
the cytotoxicity of the coreshell nanoparticles, a dimeth- effects of nanoparticles on the cells or after an additional 24
ylthiazolyl diphenyltetrazolium bromide (MTT) assay was h of culture to measure the latent effects of nanoparticle
used to determine the metabolic rate of cells exposed totreatment on cell metabolism (Figure 5). Ceshell particles
nanoparticles vs untreated controls. Herex 5.0* DC2.4 with a pH-insensitive PMMA core had negligible cytotoxicity
cells were plated in triplicate in 96-well plates and incubated up to 24 h post particle incubation. Likewise, ceghell
with or without 25u4g/mL of nanoparticles fiol h at 37°C. nanoparticles with the pH-responsive PDEAEMA core also
The cells were then washed with warm complete medium had very low toxicity: at nanoparticle concentrations of 25
3x. The metabolic rate (expressed as a percentage relativetg/mL that provided efficient intracellular delivery of calcein
to controls that were not exposed to nanoparticles) wasshown in Figures 34, cells had~95% of the metabolic
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activity of controls at either tested time point. Notably,
nanoparticles lacking a PAEMA-rich shell (PDEAEMA core
only) exhibited much higher cytotoxicity than cershell
particles. This may reflect the combined impact of cationic
charge and hydrophobicity in PDEAEMA, which is exposed
in the “core-only” particles but sequestered in the eore
shell structures under the more hydrophilic PAEMA surface
layer; the combination of cationic charge and hydrophobicity
is a common feature of highly membrane-interactive poly-
mers®6:57 Similar viability trends were obtained from a
colony-forming assay, in which the ability of cells to grow
for 3 days was measured after treatment with or without
nanoparticles and replating into fresh culture wells (Figure
S8, Supporting Information).

Having observed efficient cytosolic delivery of calcein and
low cytotoxicity of DCs following treatment with the pH-
sensitive coreshell nanoparticles, we finally tested the
ability of these particles to chaperone the cytosolic delivery
of a protein and promote a functional response. For these
experiments, we employed bone marrow-derived dendritic
cells (BMDCs) to determine whether delivery in primary
cells differed from results obtained using the DC2.4 cell line.
We first tested delivery of the model protein antigen
ovalbumin (OVA, 45 KDa). OVA is known to be internalized

enhance the presentation of antigen on MHC | molecules.
To determine whether nanoparticle-mediated transport of
OVA to the cytosol could enhance priming of CD® cells
by DCs, we treated BMDCs with 20g of soluble OVA or
the same quantity of protein adsorbed to either PDEAEMA
core—shell nanoparticles or PMMA coteshell nanoparticles
for 1 h. Antigen/nanoparticle-loaded DCs were then mixed
with naive OT-1 CD8 T cells that specifically respond to a
peptide derived from OV# (details in the Supporting
Information). Interferony (IFN-y) secreted by the T cells
in response to antigen presentation by the DCs was measured
by ELISA after 72 h. As shown in Figure 6E, some IFN-
secretion was triggered by DCs incubated with soluble OVA,
consistent with prior data from our laboratory and others
showing that a small amount of spontaneous cross presenta-
tion can occur when DCs are incubated with this high
concentration of soluble antigéhHowever, DCs loaded
with OVA via pH-responsive nanoparticles elicited 4-fold
more IFN+ from T cells. In contrast, DCs pulsed with OVA
via pH-nonresponsive nanoparticles elicited the same level
of IFN-y as the soluble OVA control.

In conclusion, we synthesized pH-sensitive PDEAEMA-
core/PAEMA-shell nanopatrticles and demonstrated that these
particles are capable of efficient cytosolic delivery of

by cells into endosomal compartments and has also beerMembrane-impermeable molecules such as calcein and OVA

commonly used as an endocytic trag®¥’Fluorescent OVA
(100 ug/mL) was premixed with coreshell nanoparticles
(25 ug/mL) for 5 min to allow electrostatic adsorption of
the protein to the cationic surfaces of the cesbell particles.
The majority of free OVA was removed by centrifugation
and aspiration of supernatant. The OVA-adsorbed particles
were then resuspended in complete medium and added t
BMDCs for 1 h at 37°C, followed by washing and confocal
imaging. Similar to the prior results obtained for calcein,
OVA fluorescence was observed throughout the cytosol an
nucleus in BMDCs co-incubated with OVA-coated PDE-
AEMA core—shell nanopatrticles (Figure 6A,B). The fre-
quency of cells with cytosolic OVA was43% ([ = 150).
When BMDCs were incubated with OVA-coated PMMA
core—shell nanoparticles, the fluorescence was instead
observed with a punctuated distribution in the endosomal
compartments (Figure 6C,D). Similar results were obtained
with DC2.4 cells (Figure S9, Supporting Information).
Notably, because OVA was tightly absorbed on the surface
of the core-shell nanoparticles due to the positively charged
amine groups in the PAEMA shell, a mechanism for
releasing OVA from the nanoparticles may be necessary to
further enhance the frequency of cells exhibiting cytosolically

d

protein to dendritic cells. By sequestering the hydrophobic,
pH-buffering component of the polymer particles within the
core under a more hydrophilic shell composition, these
particles effectively disrupted endosomes and delivered
molecules to the cytosol of cells without overt cytotoxicity.
These materials may be of utility for delivery of membrane

Jmpermeable drug compounds or oligonucleotides to the

cytosol of dendritic cells for immunotherapy, and other cell
types for cytosolic drug therapy. Presently, we are exploring
the extension of this concept to cershell nanoparticles that
quickly dissolve to nontoxic soluble components upon
reaching the cytosol to promote efficient unpacking of drugs
carried to the cytosolic compartments.
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DCs can internalize protein antigens by endocytosis and
break them down into peptides. When incubated with high
concentrations of soluble antigens, dendritic cells have the
ability to load peptides derived from a small fraction of such
exogenously derived antigen onto class | MHC molecules,

a process known as cross presentation. DCs displaying

antigen bound to MHC | molecules on their surfaces can
then activate CD8 T cells. However, direct delivery of
protein antigens to the cytosol of DCs can substantially
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