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Reduction-Sensitive Dextran Nanogels Aimed for
Intracellular Delivery of Antigens

Dandan Li, Neda Kordalivand, Marieke F. Fransen, Ferry Ossendorp, Koen Raemdonck,
Tina Vermonden, Wim E. Hennink, and Cornelus F. van Nostrum™

Targeting of antigens to dendritic cells (DCs) to induce strong cellular
immune response can be established by loading in a nano-sized carrier and
keeping the antigen associated with the particles until they are internalized by
DCs. In the present study, a model antigen (ovalbumin, OVA) is immobilized
in cationic dextran nanogels via disulfide bonds. These bonds are stable in
the extracellular environment but are reduced in the cytosol of DCs due to the
presence of glutathione. Reversible immobilization of OVA in the nanogels is
demonstrated by the fact that hardly any release of the protein occurred at pH
7 in the absence of glutathione, whereas rapid release of OVA occurs once
the nanogels are incubated in buffer with glutathione. Furthermore, these
OVA conjugated nanogels show intracellular release of the antigen in DCs
and boost the MHC class | antigen presentation, demonstrating the feasibility

of this concept for the aimed intracellular antigen delivery.

1. Introduction

Many peptides and proteins have been used as antigens for the
generation of antigen-specific immune responses. Protein anti-
gens are in their soluble form usually safe and well tolerated;
however, they induce low levels of immune responses because
of their poor uptake by antigen presenting cells.!! A promising
strategy to enhance protein and peptide vaccine potency is to
incorporate them into particulate carriers.'4?! Nanoparticulate
delivery systems (e.g., liposomes, polymeric carriers) have been
used for vaccination as they offer advantages in many aspects.
They protect the antigen against degradation, and encapsula-
tion of antigen in particles results in an increased uptake by
dendritic cells (DCs) and delivery of relative large quantities of
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antigens into DCs.’l Moreover, particles
enable co-delivery of the antigen and an
adjuvant.3*4 Overall, these features result
in an increased immunogenicity of the
antigen. A vaccine delivery vehicle needs to
be designed to target the immune system,
particularly DCs. It has been shown that
the size of vaccine delivery systems is
a critical parameter affecting immuno-
genicity. Small nanoparticles (<200 nm)
can after, e.g., subcutaneous administration
traffic to the draining lymph nodes where
they are then internalized by antigen-
presenting cells (APCs), whereas large
particles (500-2000 nm) are taken up by
local APCs at the injection site. However,
large particles are predominantly internal-
ized and digested by local macrophages.!
Smaller sized particles (<500 nm), in particular <50 nm, are
taken up more efficiently than large particles by DCs and have
better ability to promote CD8" T-cell immunity, which is crucial
for immunotherapy against cancer and viral infectious diseases.
In contrast, larger particles (>500 nm) tend to present antigens
to CD4* T-cells and induce antibody responses for bacterial
infectious diseases.’4¢ Another important factor to enhance the
immune response is keeping the antigen encapsulated or asso-
ciated with the particles until their internalization by DCs, and
it has been shown that low-burst release is crucial for a strong
immune activation.”]

One of the most attractive nanosized delivery systems for pro-
teins is nanogels because of their 1) tunable chemically or physi-
cally crosslinked structures, 2) high water content (resulting in
good protein/antigen compatibility), and 3) high loading capacity
for water-soluble proteins/peptides.®l Physically crosslinked gels
are mechanically weak and prone to rapid dissociation in the
body.’! Therefore, chemically crosslinked nanogels are preferred
for drug delivery applications. However, a disadvantage of chemi-
cally crosslinked nanogels is the instability of proteins due to expo-
sure to crosslinking agents. This exposure may cause unwanted
chemical modification of the protein, or the protein may be grafted
to the network, which could lead to incomplete release.®>1% To
avoid this, post-loading after nanogel fabrication is a good alterna-
tive; however, such an approach may suffer from burst or prelimi-
nary release before the particles are internalized by cells due to the
gel's high water content and often large pore sizes.!'!

Depending on the pH of the medium, above or below the
iso-electric point (pl), a protein is electrostatically charged, so it
can be post-loaded into oppositely charged nanogels exploiting
electrostatic interactions between protein and particle as the
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Scheme 1. Schematic representation of the preparation of dextran nanogels

driving force, thereby avoiding protein damage during hydrogel
formation.['%12] In this work, to control the protein release after
their uptake by cells, we have designed dextran nanogels in which
proteins are reversibly immobilized via disulfide bonds after elec-
trostatically driven post-loading. A designed disulfide-containing
linker is used to couple the protein derivatized with succinimidyl
S-acetylthioacetate (SATA) groups to the nanogels. This method
was recently used by Verheyen et al. with bulk hydrogels and by
Matsumoto et al. with nanogels.'*l The disulfide bonds between
proteins and nanogels are stable in the extracellular environment
but are degraded in the cytosol of cells, because of relatively high
intracellular levels of glutathione as compared with the extracel-
lular space,* so that triggered release of the loaded antigen can
be achieved after their internalization by DCs (Scheme 1). This
study focuses on developing antigen-nanogel conjugates, using
ovalbumin (OVA) as the model protein antigen, which show trig-
gered release of their payload in a reductive environment.

2. Results and Discussion

OVA (43 kDa), due to its pI of 4.9,°] is negatively charged at pH
7. Therefore, cationic dextran nanogels were prepared by inverse
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and loading/triggered release of protein.

mini-emulsion photo-polymerization of methacrylated dextran
(dex-MA),'%l trimethyl aminoethyl methacrylate (TMAEMA),
and a pyridyldisulfide-containing methacrylamide monomer (see
Scheme 1). Free radical polymerization of the methacrylate groups
of dex-MA in the aqueous solution provides a stable hydrogel.
Dextran gels have been used as protein delivery systems, and its
biocompatibility has been shown previously.'”l The network den-
sity of the formed gel can be tuned by the degree of methacrylate
substitution (DS, the number of methacrylate groups per 100 sac-
charide moieties) of dex-MA and/or by its concentration.!'® Intro-
ducing TMAEMA, a cationic methacrylate monomer, provides
the nanogels with positive charges, whereas the {-potential of the
nanogel particles depends on the amount of charged monomers
per surface area.l'”! The charge density of the networks (reflected
by the {-potential), in turn, influences the absorption behavior of
the loaded protein including loading amount and distribution.[22]
A specially designed linker containing a methacrylamide unit and
a pyridinedisulfide unit was synthesized (Scheme 2). This linker
was copolymerized with dex-MA and TMAEMA in the nanogel
networks to allow subsequent conjugation with thiolated OVA
through a thiol-disulfide exchange reaction so that the modi-
fied antigen is chemically linked to the nanogels via disulfide
bonds.13")

Adv. Funct. Mater. 2015, 25, 2993-3003
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Scheme 2. Synthesis of N-(4-(2-(pyridine-2-yldisulfanyl)ethyl)-amidobutyl) methacrylamide. a) acetic acid, CH;OH, b) NaOH/H,0, HCl, ¢) EDC, HOBt,

TEA, CH,Cl.

2.1. Influence of Network Density and Surface Charge
on OVA Loading

We prepared eight dextran nanogel formulations with variable
network density and {-potential to investigate the effect of dex-
tran DS, dextran concentration, and {-potential on the OVA
loading in nanogels (Table 1). All nanoparticles had a mean par-
ticle size around 200 nm with a polydispersity index of =0.15
(dynamic light-scattering analysis). The {-potential of the nano-
gels increased with increasing feed of TMAEMA, and neutral
nanogels were prepared without charged monomers. The nano-
gels were incubated with an OVA solution in an HEPES buffer
of low ionic strength, and the loading capacity was determined
by the UPLC analysis of the remaining protein concentration
of the supernatant. OVA was not absorbed by the nanogels
without TMAEMA because of the lack of electrostatic attrac-
tion between the protein and neutral nanogels. In contrast, all
cationic nanogels showed rapid absorption and high loading
of OVA. It is remarked that loading efficiency reached up to
97% and was similar for different incubation times (1, 24, and
48 h), demonstrating that OVA could be quantitatively absorbed
into the gel network within 1 h. Table 1 also shows that the
{-potentials of the OVA-loaded nanogels were close to zero
(from =5 to 45 mV), demonstrating that the protein neutralized
the charge of the nanogels. The maximum loading capacity

for each nanogel formulation depended on the charge density
of the empty nanogels and accordingly nanogels with higher
C-potential had higher maximum loading capacity (Table 1).
The properties of the different nanogel formulations only dif-
fered in maximum loading capacity, which illustrates that the
mesh size of the gel network is big enough to allow OVA mole-
cules penetration regardless of DS and content of dex-MA. The
high maximum loading capacity of these nanogels is likely
because of their porous structure, which is also observed for
the loading capacity of porous silicon dioxide and porous cal-
cium silicate materials.?% In further experiments, we focused
on dextran nanogels prepared using DS 8, 20% w/w dex-MA,
and 13 molar ratio of TMAEMA to MA in dex-MA.

2.2. Modification of OVA with SATA

For covalent immobilization of OVA in the gel networks, the
antigen was modified with protected thiol functions using
SATAIY for subsequent coupling with the linker present in
the particles. OVA has 20 amine groups in the form of lysine
units.2!) Varying numbers of thiol groups were introduced by
incubating OVA with SATA at different molar ratios (Table 2).
It is shown that 12 amine groups were available for modifi-
cation (TNBS assay), likely because the other eight lysine

Table 1. Characterization of nanogels used in this study. Z-average hydrodynamic diameter (Z,,.) and {-potential (before and after OVA loading) of
nanogels with variable degree of methacrylate substitution of dextran (DS), content of dex-MA, and molar ratio of TMAEMA to MA in dex-MA, and
the maximum loading capacity (LC) of OVA for the nanogel formulations. The nanogels were dispersed in HEPES buffer (20 x 107 v, pH 7.4). Mean

values with corresponding standard deviations are shown (n = 3).

DS Content?) TMAEMA:MA Zave {-Potential before loading Max LCP {-Potential after max loading
[w/w] [nm] [mV] [wt%e] [mV]

4 20% 25 203 £5 23.0+0.9 745+£55 -33+0.7
20% 13 186+ 2 22.4%0.6 753+1.9 09£0.8

10 20% 10 185+3 223+0.3 75.0+3.1 -5.1+0.4

8 25% 13 198+ 6 22.6+0.4 76.1+1.7 22+0.3

8 20% 0 213+38 -0.2+0.1 ND9 —0.6£0.1

8 20% 2 193+£9 11.6+£0.2 39.3+£9.5 -3.3+0.2

8 20% 4 180+2 16.3+£0.3 60.1+6.2 -5.1+0.4

8 20% 21 2077 26.2+1.2 80.7+1.6 55%0.5

Adex-MA/water weight ratio; Y’ Maximum loading capacity (loaded OVA/dry nanogels plus loaded OVA weight x 100%) by measuring the OVA remaining in the superna-
tant of nanogels suspension when incubated the nanogels with a sufficient amount of OVA; 9Not detectable, no OVA (within the experimental error) was loaded in the

neutral nanogels.
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Table 2. Number of free NH, groups and ATA groups after modification
of OVA with zero to six equivalents of SATA (OS,) determined by the
TNBS assay (n=3).

Sample SATA equivalents/OVA  Free NH, groups  ATA groups per OVA
Native 0 11.7+£0.2 0

oS, 2 9.7+0.7 1.9+0.7

oS, 4 89+0.4 2.7+04

OS¢ 6 8.4+0.0 32102

residues are deeply buried in the protein.?!l The number of
introduced SATA groups was =3 for both OS, and OS¢ (OS,,
where x stands for the equivalents of SATA used) in accord-
ance with the fact that three of the lysine residues are local-
ized on the surface of the protein and are therefore most
reactive, whereas the other amine groups are less accessible
and thus less susceptible for derivatization.?!] The structure
of the modified protein was investigated by spectral analysis
(Figure 1). The UV, circular dichroism and fluorescence
spectra of native and modified protein showed no significant
differences, which illustrates that neither aggregation nor
significant changes in the secondary and tertiary structures
occurred. OS, with an average of 2.7 SATA modifications was
used for further study.

2.3. Preparation of OVA Nanogel Conjugates

Dex-MA nanogels with TMAEMA and different linker con-
tents (linker-containing nanogels, LNG,, where x stands for
the equivalents of linker present in nanogels, i.e., 1-3 linker
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to OVA equivalents were investigated) were prepared to inves-
tigate the efficiency of chemical immobilization of the modi-
fied protein. OVA (15 mg dissolved in a 7.5 mL HEPES buffer)
was mixed with the different nanogels (85 mg freeze-dried
particles suspended in 42.5 mL HEPES buffer 20 x 1073 m
pH 7.4) for loading. Subsequently, a deacetylation solution
(hydroxylamine and EDTA in HEPES buffer) was added. As
a result, SATA-modified proteins were deprotected?? to allow
conjugation of the generated free thiol groups to the linkers in
the nanogel networks via a thiol-disulfide exchange reaction.
No significant changes in size and {-potential of nanogels
were observed after OVA loading (Table 3), which indicates
that no particle aggregation occurred and that the protein
was absorbed into the nanoparticles rather than adsorbed on
the surface. In this respect, it should be noted that substan-
tial lower OVA loadings were applied (=10-14%, see Table 3),
which explains the minimal change in {-potential in contrast
to the previous experiments (Table 1), where loading capaci-
ties of =40-80% were obtained and neutral particles were
formed after maximum protein loading. Native OVA that
could not be covalently linked to the nanogels because of the
absence of free thiol groups was used in control formulations.
Loading efficiencies of 98% native OVA in nanogels with and
without linkers were obtained after washing with the HEPES
buffer (Table 3). This table also shows that when these nano-
gels were washed with buffer of higher ionic strength (PBS),
almost quantitative desorption of the loaded native protein
occurred. Also, quantitative loading of the modified OVA
in the nanogels occurred. Importantly, after deprotection of
the SATA groups (addition of hydroxylamine and EDTA in
the HEPES butffer) to allow reaction of the formed thiolated
protein with the linker, only 28% of the loaded protein was

0.03 =

Native

0.02+

0.01 -

Elipticity

-0.01 =

-0.02+
wavelength(nm)

Native
- 08,
- 0S8,
0Sg

350

T 1
400 450

wavelength(nm)

Figure 1. UV-vis spectra A), far-UV CD spectra B), and fluorescence emission spectra C) of SATA-modified ova samples (ratio SATA/OVA = 2, 4,
and 6). Spectra (average of 3) were taken of OVA samples at a concentration of 0.5 (UV), 0.25 (CD), and 0.1 (FS) mg mL™" in PBS (pH 7.4).
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Table 3. Characterization of OVA-loaded nanogels. Z-average hydrodynamic diameter (Z,,.), {-potential, loading capacity (LC), and loading efficiency
H

(LE) of OVA-loaded nanogels. The nanogels were dispersed in HEPES buffer (20 x 103w, p

tions are shown (n = 3).

7.4). Mean values with corresponding standard devia-

Nanogels—-OVA Z,,.” before loading {-potential before loading LC® washing with HEPES LC® washing with PBS ~ LE9)

Z,.c2) after loading {-Potential after loading

[nm] [mV] [wi%] [wisé] [%] [nm] [mV]

LNGy—Native 192+8 23.7+£0.6 14.6 £0.1 1.2+£0.1 97.41+0.6 189+9 22.1+0.6
LNG;- Native 194+7 234104 14.7+0.0 1.3+£0.1 98.1+0.1 208+ 6 21.6+0.1
LNG,-0OS, 186+ 2 23.7+£03 14.6 £0.1 10.6 £0.2 70.9+1.1 19313 23.2+£0.7
LNG,-OS, 198 5 224+1.2 14.5+0.0 10.7+0.1 71.7+£0.7 202+2 22.3+0.2
LNG;-0OS, 19417 234104 14.7+0.0 10.8 0.1 72.1£0.5 199 +1 23.2+0.5

3polydispersity index (PDI) was <0.15 for all formulations; ?Loading capacity (loaded OVA/dry nanogels plus loaded OVA weight x 100%); 9Loading efficiency (loaded
OVA in nanogels/feed OVA weight x 100%). Loading efficiency for the native OVA is the numbers after washing with HEPES buffer, and for the modified OVA is the num-

bers after washing with PBS.

desorbed after washing with PBS. This strongly demonstrates
that the protein was indeed covalently linked to the hydrogel
network. No significant differences between the loading
efficiencies of the three nanogels with different linker con-
tents were observed. For LNG, an approximately equivalent
number of protein molecules and linker units in the nano-
gels was present, whereas for LNG, and LNG;, a twofold and
threefold excess of linker units was used, respectively. Since
OS, has around three SATA groups per molecule (Table 2),
the SATA/linker molar ratios for these formulations were 3/1,
3/2, and 1/1. By measuring the 2-mercaptopyridine released
due to the thiol-disulfide exchange reaction, the percentage
of reacted linkers was determined. The linker units present
in LNG1 reacted quantitatively with the modified protein,
whereas 87% and 78% were converted for LNG, and LNG;,
respectively.

2.4. In Vitro OVA Release from OVA-Loaded Dextran Nanogels

Figure 2 shows that more than 90% of the native OVA des-
orbed when the gels were dispersed in a buffer of physiological

120 = lGSH(Z.S mM)lGSHUO mM)
100 =
2
- 80 =
)
o —o— LNG, - Native OVA
o 60 =
° == LNG; - Native OVA
; 40 = -+— LNG, -0S,
(o] =¥— LNG,-0S,
20 -
—+— LNG,;-0S,
0 = T T T Ll g
0 10 20 30 40 50
Time (h)

Figure 2. OVA release from dextran nanogels in PBS pH 7.4 at 37 °C;
glutathione was added to 2.5 x 1073w final concentration at 8 h and to
10 x 107 m at 24 h. OVA release was measured by UPLC as described in
the Supporting Information.
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ionic strength (PBS, pH 7.4, 37 °C). The ionic strength of PBS
(167.2 x 1073 m) is much higher than that of the HEPES buffer
(20 x 107 M, which was used for gel preparation and OVA
loading), so the release of native OVA was mediated only by
increase of the ionic strength of the medium. The nanogels
in which modified OVA was immobilized showed a release
of very limited amount of protein during 8 h in PBS (<1%
of the loading for LNG, and LNG;, <5% for LNG,), demon-
strating that modified OVA was indeed stably covalently linked
to the particles. Importantly, after addition of glutathione to a
final concentration that corresponds with intracellular levels
(2.5 x 1073 m),l'* more than 80% of the covalently bound OVA
was released within 1 h as a consequence of the reduction of
the disulfide bridges. After 24 h, glutathione was added to a
final concentration of 10 X 1073 m, causing further release of the
remaining 5-10% of protein that was still in the gels (Figure 2).

2.5. Confocal Images of Distribution, Penetration, and Release
of OVA Dextran Microgels

To visualize the distribution of OVA in dextran gels and release
behavior of OVA by fluorescence microscopy, experiments
were carried out using FITC-labeled OVA. Because nanogels
are very small for microscopy, neutral and cationic microgels
instead of nanogels, with similar network and charge densities,
were prepared using a dextran/PEG water-in-water emulsion
polymerization method (Table 4).23] The microparticles had
mean sizes of around 4 pm, and the maximum loading capaci-
ties were similar to those of the corresponding nanogels. The
microgels were incubated with FITC-labeled OVA for 2 h to
obtain OVA-loaded microgels with loading capacities of 15 wt%.
The samples were analyzed by confocal laser scanning micros-
copy (CLSM). CLSM images demonstrated that no fluorescence
could be detected in the neutral particles that were immersed
in an FITC-OVA solution (Figure 3A). In contrast, FITC-OVA
was evenly distributed in the different cationic microgels
(Figure 3C,D), suggesting that the pore sizes in the different
gels are big enough to allow absorption of the protein into the
particles. 8"

CLSM images were recorded in time (1 frame/30 s) to visu-
alize the process of OVA penetration into dextran microgels in
the HEPES buffer (Figure 4A). After addition of the FITC-OVA
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Table 4. Size, {-potential and the maximum OVA loading capacity of microgels (n = 3).

DS Content TMAEMA: MA d¥ [um] {-Potential before loading Max LCP) {-Potential after max loading
[w/w] [mV] [wie] [mV]

4 20% 25 2.89+£1.58 21.8+£0.3 78.4+8.6 25+0.4
20% 13 3.21+£1.76 21.2+£0.6 74.0+2.1 -0.6£0.5

10 20% 10 2.64+£1.12 21.3+0.7 77.2+£5.4 2.8+0.2

8 25% 13 4.38+3.26 223+0.2 75.0£0.1 -0.7£0.8

8 20% 0 4.38+£298 -1.1+£0.2 ND®) -3.6%£028

8 20% 2 245+1.35 11.1+£0.7 33.8+£3.8 -1.4%£0.7

8 20% 4 4.07 £2.68 16.1+0.4 55.7£9.3 -3.8%£0.2

8 20% 21 3.25+£1.83 25.4%0.3 80.0+4.4 1.2+£0.7

A Number mean diameter; ® Maximum loading capacity (loaded OVA/dry microgels plus loaded OVA weight x 100%); 9 Not detectable, no OVA was detected in the neutral

microgels.

solution to a microgel suspension, fluorescence was already
detected in the particles after 30 s. The fluorescence increased
in time (not shown) and reached a maximum at 5 min indi-
cating that the protein was quantitatively absorbed by the par-
ticles. It is further noted that fluorescence was homogenously
distributed in the particles, demonstrating that the pores in the
hydrogel network are bigger than the hydrodynamic diameter
of the protein. Since in this case FITC-OVA was not covalently
linked to the network of particles, addition of PBS buffer led to
release of OVA within minutes (Figure 4B).

FITC-OVA was also modified with SATA and conjugated to
microgel particles containing the pyridyldisulfide linker. The
release behavior was again visualized by CLSM (Figure 5). After
addition of PBS to the microgel suspension, no significant
decrease in fluorescence intensity was observed demonstrating
that the protein remained immobilized in the hydrogel net-
work. However, after addition of glutathione, the fluorescence
in the particles substantially dropped within 1 min indicating
extremely fast release due to cleavage of the disulfide bonds.

2.6. Intracellular Release of OVA from Nanogels in
D1 Cells (DCs)

To show the intracellular release of the conjugated OVA, OVA-
loaded nanogels were double labeled. The nanogels were
labeled with Alexa Fluor 488 (AF488), whereas OVA was labeled

with Alexa Fluor 647 (AF647). Confocal images were taken after
incubation of the OVA nanogels with D1 cells for 24 h. Cells
incubated with OVA conjugate nanogels showed colocalization
of the labels on the surface of the cells (yellow, overlap of green
and red, in Figure 6A). On the other hand, within the cells only
empty nanogels (green) were observed, which indicates that the
conjugated OVA was released from the nanogels upon their
internalization. In contrast, Figure 6B shows only green spots,
indicating that the nonconjugated OVA nanogels released the
protein before they were taken up by cells. It should be noted
that no signal was observed for released AF674-OVA likely
because the released OVA is diluted in the cells below detection
level. However, in some cases, the released OVA had a suffi-
cient high concentration in the cytosol, and the released OVA
could be visualized (see Figure S1 in Supporting Information).
As controls, free OVA and empty neutral nanogels were not
internalized by D1 cells after 24 h incubation (Figure 6C,D).

2.7. MHC Class | Antigen Presentation

The ability of OVA conjugated particles for antigen presenta-
tion by DCs and subsequent activation of CD8" T cells was
tested in vitro. An MHC class I antigen presentation assay!?
was performed with DC incubated with both OVA nanogels
and microgels (Table 5) and compared with soluble OVA and
H-2Kb-restricted OVA class I epitope SIINFEKL (the OVA
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Figure 3. A) CLSM image and B) differential interference contrast image of neutral dextran microgels in FITC-OVA solution. C) CLSM image of OVA-

loaded cationic dextran microgels (DS 8, 20% w/w, 13 molar ratio TMAEMA, and 15 wt% loading of OVA).

D) Corresponding fluorescence intensity

profile, plotted along a microgel cross-section indicated by the line in image (C).
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Figure 4. A) Confocal snapshots of cationic dex-MA microgels (DS 8, 20% w/w, 13 molar ratio TMAEMA) dispersed in an FITC-OVA solution in
20 x 1073 m HEPES pH 7.4 at ambient temperature. The images shown (upper panels from left to right) were taken at 0, 30, 300, and 600 s, whereas
FITC-OVA was added at 10 s. B) Confocal snapshots of FITC-OVA-loaded dex-MA microgels (DS 8.0, 20% w/w, 13 molar ratio TMAEMA) upon
addition of PBS at ambient temperature. The images shown (lower panels from left to right) were taken at 0, 30, 120, and 1200 s while PBS was

added at 10 s.

fragment that is presented by the class I MHC molecule.l?]
D1 cells were incubated for 24 h with titrated amounts of OVA
and particles before CD8* T cell hybridoma B3Z cells were
added, followed by 24 h incubation at 37 °C. The hybridoma
B3Z cells produce B-galactosidase after activation by DCs that
present SIINFEKL, thus allowing measurement of MHC class
I antigen presentation by a colorimetric assay using chlo-
rophenol red-B-D-galactopyranoside (CPRG). As shown in
Figure 7, D1 cells incubated with soluble OVA or a mixture of
OVA and empty neutral nanogels were not able to activate T
cells, which indicates that free OVA is inefficiently taken up by
DCs and/or processed in the MHC class I pathway. In contrast,
the OVA nanogel/microgel conjugates showed significantly (a
factor of 2.5) higher extent of T cell activation compared with
their nonconjugated counterparts, and we showed that OVA
nanogels were more efficient in stimulating B3Z CD8" T cells
than microgels. This is presumably because of the smaller
size and better uptake of the OVA nanogels by D1 cell.ba<6l
It should be noted that for positively charged nanogels and
microgels, the highest concentration of OVA led to lower T cell
activation than lower concentrations likely due to cytotoxicity
(Figure 8). Therefore, we also included in this study a nanogel

00:00:00.000 **

o

00:00:59.999

preparation with a lower excess of cationic charge ({-potential of
12 mV). The extent of T cell activation stimulated by these
lowly charged OVA conjugated nanogels did show dose
dependency, meaning that in the dose range investigated the
lowly charged nanogels have a good cytocompatibility and are,
therefore, the preferred formulations. The improved MHC
class 1 antigen presentation by OVA-conjugated nanogels
demonstrates that a high amount of OVA was delivered and
released into the D1 cells and the nanogels facilitated pro-
cessing and presentation of extracellular antigens in MHC
class I molecules to CD8* T cells (cross-presentation).

3. Conclusion

In conclusion, we have developed dextran nanogels in which
a model antigen (OVA) was covalently linked via disulfide
bonds. An important advantage of this system is that the
protein remained stably entrapped in a nonreducing environ-
ment; however, triggered and rapid release in the presence
of glutathione occurred. Furthermore, high loading capaci-
ties were obtained, which enables delivery of large quantities

00:01:30.001

Figure 5. A,B) Confocal snapshots of FITC-OVA microgels conjugate at ambient temperature. The images shown were taken at 0 and 600 s whereas
PBS was added at 10 s. After 5 min incubation in PBS, the imaging was stopped. C,D) New snapshots of FITC-OVA microgels conjugate dispersed in
PBS were started and the images shown were taken at 60 and 90 s whereas glutathione (2.5 X 107 m) was added at 40 s.
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Figure 6. Intracellular release of OVA nanogels was studied by confocal microscopy. The nanogels were labeled with AF488 (green), and AF647 (red)
labeled OVA was loaded. D1 dendritic cells were incubated with nanogels for 24 h at 37 °C and the images were taken (left: AF 488-nanogels, middle:
AF647-OVA, right: merged image of AF488, AF647 and differential interference contrast image). A) Conjugated OVA nanogels, B) nonconjugated OVA

nanogels, C) free OVA, and D) neutral nanogels.

of antigen into DCs to maximize exposure of antigen to
the immune system. Finally, these particles show intracel-
lular delivery and release of antigens in DCs and efficiently
facilitate the MHC class I antigen cross-presentation. This
technology can be broadly applied for encapsulating a wide
variety of therapeutics that can be modified with a thiol group,
thus making it a promising system for intracellular antigen
delivery.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4. Experimental Section

Synthesis of N-(4-(2- (Pyridine-2-yldisulfanyl) ethyl)-amidobutyl)
methacrylamide: a) Synthesis of pyridine dithioethylamine hydrochloride:
methanol (25 mL) was used to dissolve 2,2-dithiodipyridine (11.0 g,
50 mmol, Sigma) and mixed glacial acetic acid (2 mL, 35.0 mmol)
under nitrogen. Cysteamine hydrochloride (2.86 g, 25.0 mmol, Sigma)
dissolved in 20 mL methanol was added slowly to the mixture. The
reaction mixture was stirred for 48 h at room temperature. The
product was precipitated by dropping the reaction mixture into cold

Adv. Funct. Mater. 2015, 25, 2993-3003
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Table 5. Z-average hydrodynamic diameter (Z,,.), polydispersity index (PDI), {-potential, and loading capacity (LC) of OVA-loaded particles used in

antigen presentation studies.

OVA-loaded particles Zae PDI C-potential LC
(V] wt%]

Nonconjugated OVA nanogels 198 £ 6 nm 0.13£0.02 20.6 0.3 11.1+£0.1
Conjugated OVA nanogels 207+3 nm 0.07 £0.01 20.6 0.7 11.7+0.1
Conjugated OVA nanogels, lowly charged 225+ 7 nm 0.12£0.04 12.2+0.6 10.5+0.3
Nonconjugated OVA microgels 2.75+1.72 pm 20.8+0.7 14.0£0.1
Conjugated OVA microgels 2.54£2.19 ym 223+0.2 143+0.2
Conjugated OVA microgels, bigger size 8.55+£8.33 ym 224%0.1 14.2+0.1

ether (200 mL), and purified by redissolving in methanol (15 mL) and
precipitating in cold ether (200 mL) until a white powder (4.54 g, 82%
yield) was obtained. b) Synthesis of N-methacryloyl aminobutanoic
acid: aminobutyric acid (8.2 g, 80 mmol, Sigma) and NaOH (6.4 g,
160 mmol) were dissolved in water (15 mL) at 0 °C. A spatula tip of
hydroquinone monomethylether was added to the mixture to prevent
polymerization. Next, methacryloyl chloride (8.4 g, 80 mmol, Sigma)
was slowly added to the mixture that was subsequently stirred overnight.
HCl was added after the reaction to adjust to pH 3. The reaction mixture
was extracted three times with chloroform. The combined organic layers
were washed with water, dried with MgSO,, and filtered. The filtrate
was concentrated by rotary evaporation to obtain the product (11.1 g,
81% yield) as a colorless oil. ¢) N-(4-(2-(pyridine-2-yldisulfanyl)ethyl)-
amidobutyl) methacrylamide: pyridine dithioethylamine hydrochloride
(4.0 g, 18 mmol), N-methacryloyl aminobutanoic acid (5.8 g, 36 mmol),
HoBt (5.8 g, 43 mmol), and TEA (3.5 mL, 26 mmol) were dissolved in
dry DCM (70 mL) under nitrogen. The reaction mixture was cooled on
ice and EDC (8.1 g, 43 mmol) was subsequently added to the mixture.
The reaction mixture was allowed to warm to room temperature and
stirred for 24 h. The reaction mixture was washed with 5% NaHCO;
and brine. Most of the solvent was evaporated and the remaining was
purified on a silica gel column (ethyl acetate/acetone, 3:2 (v/v), R¢ 0.37).
The product (3.4 g, 55% yield) was obtained as a white powder (purity:
99.5%, which is determined by HPLC).
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Modification of OVA with Succinimidyl S-Acetylthioacetate: SATA
(10 mg mL™", dissolved in dry DMSO, Sigma) was added to OVA
solutions (2.5 mg mL™", dissolved in PBS, Serva Electrophoresis GmbH)
with molar ratios of 2:1, 4:1, and 6:1. The mixtures were incubated for
30 min at room temperature. The modified OVA was dialyzed against
distilled water for 24 h at 4 °C. The number of modified lysine residues
was determined by using the TNBS assay.

Spectral Analysis of SATA Modified OVA: (a) UV-vis absorption
spectra of 0.5 mg mL™" native and modified OVA in PBS buffer were
measured in the range of 250-350 nm by a Shimadzu UV-2450 UV-
vis spectrophotometer (Shimadzu Corporation, Kyoto, Japan). (b) Far
UV-CD spectra of 0.25 mg mL™" native and modified OVA in PBS buffer
were recorded from 250 to 195 nm by a dual-beam DSM 1000 CD
spectropolarimeter (On-Line Instruments Systems, Bogart, GA) using
cuvettes with a path length of 0.20 mm. (c) Fluorescence measurements
were carried out with Horiba Fluorolog fluorometer FL3-21 (Horiba
Jobin Yvon, Longjumeau Cedex, France). The excitation wavelength
was set at 280 nm and the emission spectra were recorded in the
range of 300-350 nm. Native and modified OVA were measured at a
concentration of 0.1 mg mL™" in PBS at pH 7.4.

Preparation and Characterization of Empty Dextran Nanogels: Dex-MA
(120 mg) was dissolved in distilled water without or with a known amount
of the cationic methacrylate monomer TMAEMA (e.g., 160 pL TMAEMA
solution for 13 molar ratio of TMAEMA to dextran formulation, Sigma)

and without or with linker solution (e.g., for LNG;
formulation: 40 pL linker solution of 120 mg mL™" in
50:50 v/v DMSO/H,0) to a final volume of 360 pL.

_— 50 y/mi Subsequently, photoinitiator solution (irgacure 2959,
25 yg/ml 10 mg mL™" in water, 120 pL, Ciba) was added. This
%% . 12:5 /i dextran solution was emulsified in the external phase
6.2 pg/ml ) : 0 I, P
== 31 gl (light mineral oil (Sigma), containing 10% v/v ABIL
064 = 1.5 yg/ml EM 90 surfactant (Goldschmidt)) by vortexing and

ultrasonication for 2 min (cycle-1, amplitude 60%,
Labsonic Tip Sonifier, Braun, Melsungen, Germany).
The emulsified nanodroplets were polymerized by UV
irradiation (15 min, Bluepoint UV source, Hénle UV
technology, Germany). The crosslinked nanoparticles
were purified by five times washing with acetone/
hexane (50:50 v/v), and then rehydrated and
lyophilized (yield: =90%). The average size and
C-potential of the nanogels were measured using

S « & o DLS (Malvern ALV/CGS-3 Goniometer, Malvern

?@6\'\\ 50\"0\0 \i@\(@\o qu@‘\o O\W& \,o\ﬁ\‘!o‘\a o « QP“(\\O \655\996 Instruments, Malvern, UK) and Zetasizer (Zetasizer
oW Q\x& '\Q,a'@é .\Q,a\eé £ g 200 s % Nano, Malvern Instruments, USA). The linker
© «00‘\\ oo® e «oo"‘\ o ot content of nanogels was determined by incubating

W ° W o the nanogels (10 mg) with DTT (5 x 107 m in PBS,

o oo® 1 mL) and then by measuring 2-mercaptopyridine in

Figure 7. CD&" T cell activation of SIINFEKL-specific CD8* T cells (B3Z) after co-culturing with
DCs. DCs were incubated with SIINFEKL (1 pg mL™", positive control), soluble OVA, soluble
OVA mixed with empty neutral nanogels and various OVA-loaded particles (Table 5) for 24 h
with titrated amounts of OVA. Data are shown as means of triplicate measurement £ SD. Rep-

resentative results from one of three experiments are shown.
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the supernatant that was cleaved and released from
the linker present in nanogels. 2-Mercaptopyridine
was determined by HPLC (Waters, USA) equipped
with a Sunfire C18 column 5 pm (4.6 x 150 mm)
(Waters) and tunable ultraviolet/visible light detector
(Waters) set at 280 nm. A gradient elution was
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Figure 8. Viability of D1 cells, incubated for 24 h with soluble OVA, neutral particles and OVA-loaded particles. The colorimetric reading at 490 nm of
nontreated cells was set at 100% and all data are shown as mean £ SD (n = 4). Representative results from one of three experiments are shown. The
neutral nano/microgels do not contain OVA. The concentrations of particles were equal to those of the OVA-loaded nano/microgels.

applied with mobile phase A being a 10% ACN aqueous solution and
mobile phase B being 100% ACN. The gradient was from 100% to 60%
mobile phase A over a period of 6 min with a flow rate of 1 mL min~".
The 2-mercaptopyridine calibration curve was linear between 1 and 50 pg
mL.

Preparation and Characterization of Empty Dextran Microgels: PEG
(2.77 g), dex-MA (81.6 mg), known amounts of TMAEMA, and linker
solutions (500 mg mL™" in DMSO) were added in HEPES buffer
(100 x 107 m pH 7.4) to final 20 g in a 50 mL tube. The mixture was
flushed with nitrogen and vortexed for 2 min at maximum intensity. A
water-in-water emulsion was formed and then allowed to stabilize for
10 min. Next, a sodium bisulfite solution (720 pL, 20 mg mL™") and a KPS
solution (720 pL, 50 mg mL™") were added to the mixture. The formed
droplets were allowed to crosslink overnight at room temperature. The
polymerized particles were purified by three times washing with water and
then lyophilized (yield: =<80%). The particle size distribution and {-potential
of the microgels were measured using AccuSizer (PSS-Nicomp, Sta
Barbara, CA, USA) and Zetasizer (see the above), respectively. The linker
content was determined by HPLC, as described in the previous paragraph.

Determination of Loading Capacity and Loading Efficiency of the Gels:
The concentration of the OVA solution was fixed at 2 mg mL™" in
20 x 10 m HEPES buffer pH 7.4. Different nanogels/microgels
suspensions (0.5 mg mL™" in 20 x 107 m HEPES buffer, pH 7.4) were
mixed with this OVA solution at a volume ratio of 1:1. Samples were
taken at different time points (1, 24, and 48 h), and the particles were
centrifuged at 15 000 rmp for 60 min (nanogels) or 30 min (microgels).
The concentration of OVA in the supernatant was measured by BCA
protein assay (25-2000 pyg mL™"). Loading capacity (LC) and loading
efficiency (LE) were calculated as follows: LC = loaded OVA/dry nanogels
plus loaded OVA weight X 100% and LE = loaded OVA in particles/feed
OVA weight x 100%.

Preparation and Characterization of 15 wt% OVA-Loaded Nanogels/
Microgels: OVA solution (native or SATA modified, FITC-labeled or
nonlabeled, 2 mg mL™", 7.5 mL) was mixed with particles suspension
(without or with varying amount of linker, 2 mg mL™", 42.5 mL) in
HEPES buffer (20 x 107 wm, pH 7.4). The mixture was incubated at
room temperature for 1 h to allow OVA loading into the particles.
Subsequently, a deacetylation solution (1.72 g hydroxylamine 50% water
solution, 0.365 g EDTA in 50 mL HEPES buffer, 5 mL) was added and the
mixture was incubated for 2 h. The OVA-loaded particles were collected
and purified by multiple washing and centrifugation steps (thrice with
PBS for modified OVA or with HEPES buffer for native OVA, 60 min,
15 000 rpm), and then lyophilized (yield: =70% for nanogels and =80%
for microgels). The size and {-potential of the nanogels/microgels before
and after OVA loading were measured by DLS/AccuSizer and Zetasizer,
as described above. The loading capacity and loading efficiency were

wileyonlinelibrary.com
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determined by measuring the OVA concentration in the washing fluids
with a UPLC system (Waters, USA) equipped with an Acquity BEH C4
column 1.7 pm (2.1 x 50 mm) (Waters) and a fluorescence detector
(FLR, Waters). The mobile phase consisted of 0.1% TFA in 10% ACN
aqueous (mobile phase A) and 0.1% TFA in 100% ACN (mobile phase
B). The gradient elution was from 100% to 70% mobile phase A in
5 min. The flow rate was 0.25 mL min~' and the analyses were performed
at 50 + 1 °C. The OVA calibration curve was linear between 10 and
1000 pg mL™".

In Vitro OVA Release from OVA-Loaded Dextran Nanogels: OVA-loaded
nanogels were dispersed in PBS (150 X 1073 m, pH 7.4) to 4 mg mL™".
Glutathione was added at 8 h at a concentration of 2.5 x 10 m and
again at 24 h to a final concentration of 10 X 1073 m for triggered release
of conjugated OVA. The release of OVA was monitored at 37 °C by taking
samples at different time points, spinning down the particles (60 min,
15 000 rpm) and analyzing the supernatant for OVA concentration (see
the previous paragraph).

Confocal Images of Distribution, Penetration, and Release of OVA
Dextran Microgels: (a) Microgels were incubated with FITC-labeled OVA
(Invirogen) for 24 h and confocal images were taken by confocal laser
scanning microscopy (CLSM, Confocal Leica SPE-II, Leica Microsystems,
Wetzlar, Germany). (b) FITC-labeled OVA (0.25 mg mL™', 15 pL) was
added to empty dextran microgel suspensions (0.25 mg mL™", 85 pL)
in 20 x 107 m HEPES buffer (pH 7.4) and immediately visualized with
CLSM (1 frame/30 s) to record OVA penetration into the dextran
microgels. (c) Release of FITC-OVA (nonconjugated and conjugated to
the microgels) was monitored via CLSM. First, the loaded particles were
dispersed in 20 x 1073 m HEPES buffer (0.25 mg mL™", 100 pL); then,
PBS (100 pL) and glutathione (up to a concentration of 2.5 x 107 m)
were added subsequently. Confocal micrographs were taken every 30 s.

Cell Lines and Culture Conditions: D1 cells, a long-term growth
factor-dependent immature myeloid dendritic cell line of splenic origin
derived from a female C57BL/6 mouse, was cultured. Culture medium
was IMDM (Lonza) containing 10% heat-inactivated FBS (Sigma),
2% 1073 m GlutaMax (GIBCO), 50 x 1073 m B-mecaptopyridine (in IMDM),
and fibroblast supernatant (SN) from NIH/3T3 cells, which was collected
from confluent cultures and filtered. B3Z cells, a T-cell hybridoma
expressing a T-cell receptor that specifically recognizes H-2Kb-restricted
OVA MHC class | epitope SIINFEKL that carries a lacZ construct, were
cultured. Culture medium was IMDM containing 10% heat-inactivated
FBS, 2 x 107 m GlutaMax, 50 X 1073 m -mecaptopyridine (in IMDM).

Cytosolic Release of OVA from Nanogels: OVA-loaded nanogels
were double labeled. The dextran nanogels were labeled with Alexa
Fluor 488 dye (Invitrogen), whereas Alexa Fluor 647 labeled OVA
(commercially available from Invitrogen) was modified with SATA and
loaded in the nanogels. D1 cells were incubated with OVA-loaded
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nanogels at a final OVA concentration of 5 pg mL™' for 24 h at 37 °C.
Subsequently, confocal images were taken by CLSM.

MHC Class | Antigen Presentation Assay: D1 cells (50 000 cells/well) in
a 96-well plate were incubated with H-2Kb-restricted OVA class | epitope
SIINFEKL, soluble OVA, soluble OVA with empty neutral nanogels, and
various OVA-loaded nanogel/microgel formulations at titrated amounts
of OVA for 24 h at 37 °C. Subsequently, B3Z cells (50 000 cells/well)
were added to D1 cells and co-incubated with D1 cells for 24 h at
37 °C. The hybridoma B3Z cells produce B-galactosidase after being
activated by DCs that present SIINFEKL, thus allowing measurement
of MHC class | antigen presentation by a colorimetric assay using
CPRG. pB-Galactosidase activity of B3Z cells was measured by incubating
the cells with 100 pL of CPRG buffer for 1 h. The f-galactosidase
converted the yellow—orange substrate CPRG into the red chromophore
chlorophenol red absorbing at 590 nm, and the absorbance was read by
SPECTROstar (BMG Labtech, Germany).

Cytotoxicity of Nanogels/Microgels Toward D1 Cells: D1 cells
(50 000 cells/well) in a 96-well plate were incubated with soluble OVA,
empty neutral nanogels/microgels, and various OVA-loaded nanogel/
microgel formulations at titrated amounts of OVA for 24 h at 37 °C.
The relative cell viability was quantified by CellTiter 96 AQueous One
Solution Cell Proliferation Assay (Promega).
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