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a b s t r a c t

Particulate antigen delivery systems aimed at the induction of antigen-specific T cells form a promising
approach in immunotherapy to replace pharmacokinetically unfavorable soluble antigen formulations. In
this study, we developed a delivery system using the model protein antigen ovalbumin (OVA) encap-
sulated in nanoparticles based on the hydrophilic polyester poly(lactide-co-hydroxymethylglycolic acid)
(pLHMGA). Spherical nanoparticles with size 300e400 nmwere prepared and characterized and showed
a strong ability to deliver antigen to dendritic cells for cross-presentation to antigen-specific T cells
in vitro. Using near-infrared (NIR) fluorescent dyes covalently linked to both the nanoparticle and the
encapsulated OVA antigen, we tracked the fate of this formulation in mice. We observed that the antigen
and the nanoparticles are efficiently co-transported from the injection site to the draining lymph nodes,
in a more gradual and durable manner than soluble OVA protein. OVA-loaded pLHMGA nanoparticles
efficiently induced antigen cross-presentation to OVA-specific CD8þ T cells in the lymph nodes, superior
to soluble OVA vaccination. Together, these data show the potential of pLHMGA nanoparticles as
attractive antigen delivery vehicles.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Immunotherapy aims at the induction or enhancement of
cellular immune responses against the target of interest, and has
the advantage of a high efficacy and less side effects based on
antigen-specificity [1]. One of the challenging aspects in the
development of effective strategies for immunotherapy is to secure
efficient antigen presentation by dendritic cells (DCs) in a targeted
and sustained manner to subsequently result in activation of
antigen-specific T cells [2]. Dendritic cells are professional antigen-
presenting cells (APCs) and have a pivotal role in the initiation and
orchestration of T cell immune responses [3e6]. Immature DCs
endorp), W.E.Hennink@uu.nl
constantly engulf and process soluble and particulate antigens, as
well as necrotic and apoptotic cells via various mechanisms [7].
Upon maturation, DCs migrate to draining lymph nodes and pre-
sent the processed protein antigens in the form of linear peptide
epitopes to CD4þ and CD8þ T cells through major histocompati-
bility complex (MHC) class I and class II molecules to initiate a
proper immune response against the antigens [6,8,9]. The crucial
role of DCs in adaptive immunity makes them an important target
for the development of antigen vaccines.

The weak immunogenicity of soluble protein antigens has led to
the development of carrier systems that aim for DC targeting and
intracellular antigen delivery [2,10e17]. Particulate delivery sys-
tems have several advantages such as protection of antigen against
enzymatic degradation and enhanced uptake by DCs, the possibility
of co-delivery of antigen and adjuvants to DCs, and the possibility of
introducing targeting ligands on the surface of the particle as well
as prolonged antigen delivery for sustained antigen-presentation
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by DCs [2,3,7,15,18e22]. Especially biodegradable polymeric nano-
particles (NPs) have been used extensively as antigen delivery ve-
hicles [3,15,19,23]. In particular, particles based on poly(lactic-co-
glycolic acid) (pLGA), a biodegradable polyester, have been widely
investigated for diverse pharmaceutical applications including
protein and antigen delivery [24e29]. Several studies have shown
the efficacy of antigen-loaded pLGA particulate systems in the in-
duction of immune responses both in vitro and in animal models
[18,30,31]. pLGA particles are far more efficient in generating long-
lasting CD8þ T cell immunity than soluble antigen and antigen in
incomplete Freund's adjuvant (IFA) [32]. Nevertheless, pLGA sys-
tems have several drawbacks as peptide/protein-releasing formu-
lations. Upon degradation, acidification inside the particles results
in aggregation and denaturation of the loaded peptide/protein [33].
Moreover, peptide/protein encapsulated in pLGA are prone to
chemical modifications such as acylation [34,35]. Altogether these
drawbacks lead to incomplete release [36] of the content from the
particles and possible undesired immunogenicity and other
adverse reactions [37]. To overcome pLGA pitfalls, functionalized
polyesters such as poly(lactic-co-glycolic-hydroxymethyl glycolic
acid) (pLGHMGA) and poly(lactic-co-hydroxymethyl glycolic acid)
(pLHMGA) have been developed. These polymers are more hydro-
philic than pLGA and therefore degrade faster, do not show a pH
drop inside the degrading particles [38] and cause much lower
acylation. Moreover, they show complete and faster release in
comparison to pLGA particles [39e41].

The fate of vaccines after administration has been investigated
in several in vivo imaging studies [42e46]. Fluorescence imaging
has received considerable attention during the past few years
because of its advantages such as the ease of translation from
in vitro imaging studies and being non-invasive, fast and cost-
effective [47e51]. Several in vivo near-infrared (NIR) fluorescent
dyes have been developed with excitation/emission maxima be-
tween 700 and 900 nm to minimize tissue absorbance and light
scattering, resulting in increased depth of penetration, low fluo-
rescence background, and high intensity signals [45]. These dyes
can be modified or conjugated to antigens or NPs/polymers [50]. A
considerable number of vaccine tracking studies with NIR fluores-
cent dyes focuses on tracking of DCs rather than the vaccine.
Moreover, the fluorescent dye is often encapsulated in the particles
which brings the risk of dye leakage from the particles [46,52], or is
attached to other contrast agents such as superparamagnetic iron
oxide particles [53,54]. The use of NIR fluorescent dyes coupled
both to the antigen of interest and to the delivery system may
therefore be preferred.

In this study, we evaluate the feasibility of polymeric pLHMGA
nanoparticles as a protein antigen delivery system. The particulate
antigen showed a superior ability to induce antigen cross-
Fig. 1. Synthesis of poly(lactic-co-hydroxymethylglycolic acid) (pLHMGA) in two steps; s
polymerization of BMMG and D,L-lactide, followed by removing the benzyl group by hydro
presentation to antigen-specific T cells compared to soluble anti-
gen, both in vitro and in vivo. Using NIR dyes covalently linked to
both the nanoparticle and the model protein antigen, we visualized
the delivery system and its content in real-time, showing gradual
relocation from the injection site to the draining lymph nodes. This
shows the potential of pLHMGA nanoparticles as an efficient anti-
gen delivery system for the induction of antigen-specific cellular
immune responses and suggests its experimental application in
cancer research.

2. Materials and methods

2.1. Materials

Ovalbumin Low Endo™ (OVA, batch X2N13844) was purchased from Wor-
thington, USA. IRDye680RD and IRDye800CW N-hydroxysuccinimide ester (NHS
ester) were purchased from LI-COR Biosciences, USA. Alexa647-labeled ovalbumin
was obtained from Molecular probes, the Netherlands. 5-Hexyn-1-ol, polyvinyl
alcohol (PVA; Mw 30,000e70,000; 88% hydrolyzed), palladium on carbon (Pd/C;
10% wt. loading dry support), tin(II) 2-ethylhexanoate (Sn(Oct)2), copper(I) acetate,
dimethyl sulfoxide (DMSO) and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
(TBTA) were obtained from SigmaeAldrich, USA. Benzyl alcohol, sodium dihydrogen
phosphate (NaH2PO4) and disodium hydrogen phosphate (Na2HPO4) were obtained
from Merck, Germany. D,L-Lactide was from Purac, the Netherlands. N,N-
dimethylformamide (DMF), chloroform, dichloromethane (DCM), n-propanol,
methanol, tetrahydrofuran (THF) and toluene were from Biosolve, the Netherlands.
Sodium azide (NaN3, 99%), sodium hydroxide (NaOH) and sodium dodecyl sulfate
20% (SDS) were purchased from Fluka, the Netherlands. Micro-BCA protein assay kit
was obtained from Thermo Fisher Scientific Inc., (USA). Pyrogen-free water was
purchased from Carl Roth, Germany. Phosphate buffered saline (1.8 mM NaH2PO4,
8.7 mM Na2HPO4, 163.9 mM Naþ, 140.3 mM Cl�) (PBS) was obtained from B Braun,
Germany. Toluene and DMF were dried on 3Å molecular sieves prior to use.
Chemicals were used as received without further purification, unless otherwise
stated. Azide-functionalized water-soluble near-infrared fluorescent dye 10 (azide-
NIR10) (Supplementary Figure S1) was prepared as described elsewhere [55]
(Experimental details are provided in supporting information).

2.2. Synthesis of polymers

2.2.1. Synthesis of copolymers of 3S-(benzyloxymethyl)-6S-methyl-1,4-dioxane-2,5-
dione with D,L-lactide (pLHMGA)

3S-(benzyloxymethyl)-6S-methyl-1,4-dioxane-2,5-dione (benzyloxymethyl-
methylglycolide) (BMMG) was synthesized as described before [56]. A copolymer of
D,L-lactide and BMMG (50:50 M ratio) was synthesized via ring opening polymer-
iztion at 130 �C using benzyl alcohol as initiator with a 100/1 monomer-to-initiator
molar ratio and Sn(Oct)2 as catalyst (Fig. 1) [39,56]. In a typical procedure, vacuum
dried monomers (BMMG (2840 mg, 11.35 mmol) and D,L-lactide (1630 mg,
11.35 mmol)) were introduced into a dry schlenk tube under a nitrogen atmosphere.
Next, benzyl alcohol (24.5 mg, 0.226 mmol; 223.1 mL from a 109.8 mg/mL stock
solution in toluene) and Sn(Oct)2 (45.9 mg, 0.113 mmol; 409.8 mL from a 112 mg/mL
stock solution in toluene) were added. Toluene was evaporated under vacuum for
2 h, the tube was closed and immersed into a preheated 130�C oil bath for 16 hwhile
stirring. Next, the obtained polymer was dissolved in 10 mL chloroform and sub-
sequently precipitated in 500mL coldmethanol to remove the unreactedmonomers
and to precipitate the polymer, which was collected by filtration and vacuum dried
to yield 4.5 g (90%) poly(D,L-lactic-co-benzyloxymethylglycolic acid) (pLBMGA).
Subsequently, pLBMGA was dissolved in 500 mL THF, and 5 g of 10% w/w Pd/C
catalyst was added. The flask was filled with hydrogen in three consecutive steps of
ynthesis of poly(lactic-co-benzyloxymethylglycolic acid) (pLBMGA) via ring opening
genation to yield pLHMGA.
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subsequent evacuation and refilling with H2 and the reactionmixturewas stirred for
16 h under a H2 pressure. Next, Pd/C was removed using a glass filter and THF was
removed by evaporation. The obtained polymer was then dissolved in 5 mL chlo-
roform and precipitated in 200 mL n-propanol and vacuum dried after filtration to
yield 3 g of pLHMGA (84%).

2.2.2. Synthesis of hexyn-poly(D,L-lactide) (hexyn-pDLLA) to couple to azide-NIR10
via click chemistry

Hexyn-pDLLA was synthesized via ring opening polymerization similar to the
method described in section 2.2.1. Briefly, vacuum dried D,L-lactide (396 mg,
2.75 mmol) was transferred into a dry schlenk tube under a nitrogen atmosphere.
Next, the initiator, 5-hexyn-1-ol (monomer-to-initiator molar ratio was 70 to 1,
3.85 mg, 0.039 mmol; 75.5 mL from a 51 mg/mL stock solution in toluene) and
Sn(Oct)2 (7.9 mg, 0.020 mmol; 71.2 mL from a 112 mg/mL stock solution in toluene)
were introduced into the schlenk tube. The tube was evacuated for 2 h, sealed, and
immersed in an oil bath thermostated at 130 �C. The polymerizationwas performed
for 16 h and the formed polymer was purified by dissolution in chloroform and
precipitation in n-propanol followed by filtration and vacuum drying to yield
370 mg of hexyn-pDLLA (Supplementary Figure S2) (Yield: 92%).

2.3. Conjugation of azide-NIR10 to hexyn-pDLLA by click chemistry

Conjugation of the azide-NIR10 to hexyn-pDLLA was performed using copper
catalyzed azide-alkyne cycloaddition [57e60] (Supplementary Figure S3). In a
typical procedure, 30.4 mg hexyn-pDLLA (1.84 mmol) and 2 mg azide-NIR10
(1.84 mmol) were transferred into a vial. Then copper (I) acetate (0.2 mol per mole
of polymer) and TBTA (0.05 mol per mole of polymer) were added to the vial from
their stock solution in dried DMF and the volume was adjusted with DMF to 250 mL.
The systemwas flushed with nitrogen for 20 min and the reactionwas performed at
40 �C overnight. The obtained conjugate (NIR10-pDLLA) was purified by precipita-
tion in water. The obtained precipitate was washed with water and freeze-dried
at �50 �C and 0.7 mbar overnight (Chris Alpha 1e2 freeze-drier, Germany). The
conjugation efficiency was calculated using GPC analysis by dividing the area under
the curve of the conjugated polymer using UV detection by the area under the curve
of reaction mixture (Yield: 76%).

2.4. Polymer characterization

2.4.1. NMR spectroscopy
A Gemini 300 MHz spectrometer (Varian Associates Inc., USA) was used to

conduct 1H NMR measurements at 298 K. Chemical shifts are reported in ppmwith
reference to the solvent peak (d) 7.26 ppm for CDCl3.

2.4.2. Gel permeation chromatography (GPC)
Molecular weight and molecular weight distribution (polydispersity index

(PDI); weight average molecular weight/number average molecular weight) of the
synthesized pLHMGA was measured by using a Waters Alliance system (Waters,
USA) with a Waters 2695 separating module equipped with Waters 2414 refractive
index detector. Fifty mL of 5 mg/mL sample was injected onto two PL-gel 5 mm
mixed-D columns fitted with a guard column (Polymer Laboratories, Mw range
0.2e400 kDa). Polystyrene standards were used to calibrate the columns and AR
grade THFwas used as eluent at a flow rate of 1mL/min and a run time of 30min. For
hexyn-pDLLA and NIR10-pDLLA, DMF containing LiCl 10 mM was used as eluent and
a Waters 2478 UV detector was connected to the system and the UV absorbance of
the dye was measured at 700 nm. Polyethylene glycol (PEG) standards were used to
calibrate the column. The flow rate was set at 0.7 mL/min with a run time of 40 min.
The results were analyzed using Empower software v. 2 (Waters, USA).

2.4.3. Differential scanning calorimetry (DSC)
The thermal properties of the polymers were established by using differential

scanning calorimetry (Discovery DSC, TA instrument, USA). Two to five mg of
polymer sample was loaded into an aluminum pan which was subsequently heated
from room temperature to 120 �C, with a heating rate of 5 �C/min, followed by
cooling down to �50 �C. Thereafter, the sample was heated to 120 �C with a tem-
perature modulation of ±1 �C and a ramping rate of 2 �C/min. The glass transition
temperature (Tg) was recorded as the midpoint of the heat capacity change in the
second heating run.

2.5. Labeling OVA with NIR fluorescent dyes

OVA was labeled with either IRDye680RD (IR680) or IRDye800CW (IR800) by
coupling the NHS ester of the dyes to the protein. In a typical procedure, 20 mg of
OVA was dissolved in 1 mL PBS (B Braun, Germany) pH 7.4 and the pH was adjusted
to 8.5 by adding 0.1 mL of K2HPO4 1 M pH 9. The IRDye680RD NHS ester was dis-
solved in DMSO (4 mg/mL) and 0.25 mL of the stock solution containing 1 mg of the
dye was added to the OVA solution at a 2:1 molar ratio. The reactionwas carried out
at room temperature for 2 h. The unreacted dye was subsequently removed with
pyrogen-free water by using Zeba™ spin desalting columns equilibrated with
pyrogen-free water in two consecutive steps and IR680-OVA was collected after
freeze drying (yield: 85%). IR800CWwas conjugated and purified by using the same
procedure with a dye/OVA feed molar ratio of 1.7 to 1 (yield: 79%).

2.6. Characterization of labeled OVA

IR680-OVA was characterized by GPC using a Waters UPLC Acquity system
equipped with a fluorescence detector. Two channels were used: channel 1 for
detection of the protein (excitation at 280 nm and emission at 340 nm) and channel
2 for detection of the IR680 signal (excitation at 672 nm and emission at 694 nm).
Seven and a half mL of IR680-OVA (10 mg/mL in PBS) was injected onto a BEH450 SEC
2.5 mm column (Waters, USA). PBS was used as elution buffer and the flow rate was
set at 0.25 mL/min.

To calculate the dye/OVA molar ratio, the UV spectrum of the freeze-dried
labeled OVA was recorded (Shimadzu 2450, Japan) and the absorbance values at
280 nm (A280) and 672 nm (A672) were used to calculate the degree of conjugation
according to the following formula:

Dye
OVA

¼ EA672

εDye F ÷ EA280 � 0:07� A672

εOVA F
Dye/OVA is the molar ratio of IR680 to OVA and the molar extinction coefficient

of IR680 (εDye) is 165,000 M�1 cm�1 (according to the manufacturer) and the molar
extinction coefficient of OVA (εOVA) is 30590 M�1 cm�1 [61].

IR800-OVAwas characterized similarly by using the corresponding wavelengths
suitable for IR800.

2.7. Preparation of nanoparticles

OVA-loaded nanoparticles (NPs) were prepared by using a double emulsion-
solvent evaporation method essentially as described before [62]. In brief, 50 mL of
30 mg/mL OVA solution in pyrogen-free water was emulsified by sonication (30 s,
20 W-ultrasonic homogenizer (Labsonic P, B. Braun Biotech, Germany)) in a solution
of 50 mg of pLHMGA in 1 mL of DCM to obtain awater-in-oil emulsion (W1/O). Next,
2 mL of PVA 1% w/v solution in pyrogen-free water (filtered through a 0.2 mm filter)
was added to this first emulsion and a water-in-oil-in-water emulsion was formed
by a second round of sonication for 30 s. The double emulsion (W1/O/W2) was then
added dropwise to 25 mL of PVA 0.3% w/v in pyrogen-free water at 40 �C while
stirring for rapid removal of DCM. After 1 h, the particles were collected by centri-
fugation for 30 min at 20,000 g, washed with PBS and consecutively with water,
resuspended in pyrogen-free water, and freeze-dried overnight. Dual labeled NPs
containing NIR10-labeled pLHMGA and IR680-OVA were prepared using the same
method by addition of 4 mg of NIR10-pDLLA to 50 mg of pLHMGA and using IR680-
OVA (20 mg/mL) as internal water phase. For preparation of empty NPs or NPs
loaded with Alexa 647-OVA, 50 mL pyrogen-free or 50 mL of Alexa 647-OVAwas used
as internal water phase.

2.8. Nanoparticle characterization

2.8.1. Size and morphology analysis

2.8.1.1. Dynamic light scattering. The size of NPs was measured with dynamic light
scattering (DLS) on an ALV CGS-3 system (Malvern Instruments, Malvern, UK)
equipped with a JDS Uniphase 22mWHeeNe laser operating at 632.8 nm, an optical
fiber-based detector, and a digital LV/LSE-5003 correlator. Freeze-dried NPs were
suspended in deionized water (RI ¼ 1.332 and viscosity 0.8898 cP) and measure-
ments were done at 25 �C at an angle of 90� .

2.8.1.2. Transmission electron microscopy (TEM). The size and morphology of NPs
were analyzed by using transmission electron microscopy (TEM, Philips-FEI Tecnai
T10, USA). A droplet of nanoparticle suspension in water was placed on a carbon
coated copper grid and the sample was stained with 2% uranyl acetate. NPs were
visualized with 7e73 k fold magnification and analyzed by MeasureIT software.

2.8.2. OVA content and loading efficiency of NPs
OVA loading efficiency of the NPs was determined by measuring the protein

content of digested NPs essentially as described before [63]. In short, about 5 mg of
particles (accurately weighed) was dissolved in 0.5 mL of DMSO followed by addi-
tion of 2.5 mL of 50mMNaOH containing 0.5% (w/v) SDS. After complete degradation
of the particles, the resulting solution was analyzed by using the Micro-BCA Protein
Assay Kit, a calorimetric method that quantifies protein concentration based on
peptide bonds and specific amino acid residues. Calibration was done by using
2e40 mg/mL of OVA solution in DMSO:NaOH 50 mM/SDS 0.5% (1:5). Loading effi-
ciency (LE%) is defined as the amount of OVA encapsulated in the nanoparticles
divided by the amount of protein added� 100%. Loading percentage (L%) is reported
as the amount of OVA entrapped in the particles per total dry mass of the
nanoparticles � 100%. In case of dual labeled NPs (containing IR680-OVA) the so-
lution containing the degraded particles was analyzed for its OVA content based on
the NIR label by using an Odyssey™ scanner (LI-COR Biosciences, USA) at the 700 nm
channel for IR680-OVA and the calibration was done by using IR680-OVA.
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2.8.3. In vitro release of OVA from NPs
About 5 mg of freeze-dried dual labeled NPs (containing IR680-OVA) was

accuratelyweighed and suspended in 5mL phosphate buffered saline (pH 7.4, 49mM

NaH2PO4, 99 mM Na2HPO4, 6 mM NaCl and 0.05% (w/v)). The particle suspensionwas
incubated at 37 �C under mild agitation. At different time points, 300 mL was
removed and centrifuged at 24,000 g for 15min. The amount of protein released and
present in the supernatant was quantified by using an Odyssey™ scanner using the
700 nm channel for visualization of IR680-OVA. Calibration was done by using
IR680-OVA in PBS.

2.9. Mice and cells

WT C57BL/6 (CD45.2/Thy1.2; H2-Kb) mice were obtained from Charles River
Laboratories (France). Albino BL/6 mice (B6(Cg)-Tyrc�2J/J tyrosinase-deficient
immunocompetent BL/6 mice) were bred in the animal breeding facility of the
Leiden University Medical Center, the Netherlands. All experiments were approved
by the animal experimental committee of Leiden University, the Netherlands. D1
cells are a dendritic cell line of BL/6 background [64], and B3Z is a CD8þ T cell hy-
bridoma specific for the SIINFEKL epitope from OVA and carrying the lacZ (Escher-
ichia coli b-galactosidase) reporter gene induced by NFAT (nuclear factor of activated
T cells) [65]. Antigen-specific activation of B3Z cells leads to T cell receptor-mediated
triggering of NFAT, and the subsequent production of b-galactosidase can be quan-
tified by addition of CPRG, a substrate for the b-galactosidase, as a measure of an-
tigen cross-presentation [66]. Cells were cultured in Iscove's Modified Dulbecco's
Medium (IMDM, Lonza) containing 8% fetal calf serum (FCS, Greiner), supplemented
with 2 mM GlutaMax (Gibco) and 80 IU/mL sodium-penicillin G (Astellas, the
Netherlands) for D1 cells, or supplemented with 100 IU/mL penicillin/streptomycin
(Gibco), 2 mM glutamin (Gibco), 25 mM 2-mercaptoethanol and 500 mg/mL
Hygromycin B (AG Scientific) for B3Z cells. OT-I * Thy1.1 mice are TCR-transgenic
mice on B6 background whose CD8þ T cells recognize the OVA epitope SIINFEKL
presented in H2-Kb, crossed to Thy1.1 mice to obtain a congenic marker for
distinction from endogenous CD8þ Tcells in transfer experiments. Naïve OT-I CD8þ T
cells were obtained by creating single-cell suspensions from spleens and lymph
nodes of OT-I * Thy1.1 mice and subsequent purification of CD8þ cells.

2.10. Dendritic cell viability assay

D1 dendritic cells (50,000 cells/well in 96-well plates) were incubated with
dispersions of unlabeled and labeled NPs (7.8e1000 mg/mL) overnight at 37 �C, and
cell viability was measured by flow cytometry using the DNA-binding fluorescent
dye 7-amino-actinomycin-D (7-AAD) to stain the dead cells.

2.11. Analysis of cellular uptake

D1 cells (100,000 cells/well in 96-well plates) were incubated with Alexa 647-
OVA nanoparticles (final concentration of OVA in the medium was 6 mg/mL) over-
night. D1 cells were subsequently transferred onto a confocal slide without washing
or fixation. The intracellular localization of NPs was studied by confocal laser
scanning microscopy imaging using inverted Leica SP2 confocal microscope and the
samples were analyzed using the corresponding Leica confocal software in DIC
mode.

2.12. In vitro antigen cross-presentation assay

In vitro cross-presentation of OVA by DCs was studied by incubating titrated
amounts of OVA encapsulated in NPs or in soluble formwith 50,000 D1 cells (100 mL
of OVA 0.2e25 mg/mL in PBS corresponding to 0.12e1.5 mg/mL of NPs) for two hours
at 37 �C followed by addition of 50,000 B3Z cells and incubation overnight at 37�C in
96-well plates. The cells were then incubatedwith a lysis buffer containing the CPRG
substrate for lacZ (PBS þ1% 9 mg/mL CPRG þ 0.9% 1M MgCl2 þ 0.125% NP40 þ 0.71%
14.3M b-mercaptoethanol) at 37 �C until the color reaction had progressed suffi-
ciently for readout in a plate reader measuring the optical density at 590 nm. The
direct MHC-binding minimal epitope SIINFEKL (100 ng/mL in PBS) was used as a
positive control, and unstimulated D1 cells were negative controls.

2.13. In vivo tracking of labeled NPs

Albino BL/6 mice were vaccinated subcutaneously with 50 mg OVA encapsulated
in dual labeled NPs dispersed in 100 mL PBS or 50 mg/100 mL PBS IR800-OVA. Vaccine
kinetics were then studied at several time points after administration by using the
IVIS spectrum preclinical in vivo imaging system (PerkinElmer). Kinetics were
measured by quantifying the fluorescent intensity in pre-set regions of interest (ROI)
at the injection site and the two vaccine-draining inguinal lymph nodes, expressed
as the total radiant efficiency in [p/s]/[mW/cm2]. The fluorescent signal in the in-
jection site at each time point is presented as the as percentage of the maximum
recorded value, to show percentual decrease in time. In the lymph nodes the data is
presented as the signal to background ratio and it is calculated by dividing the
fluorescence signal of the lymph nodes by the background signal at each time
point [67].
2.14. In vivo antigen cross-presentation

To establish antigen presentation in vivo, BL/6 mice were vaccinated with OVA
encapsulated in NPs or in its soluble form. Mice were injected subcutaneously with
200 mL of a 2 mg/mL suspension of NPs in PBS containing 50 mg of encapsulated OVA
or 50 mg of soluble OVA. One day after vaccination, 500,000 OVA-specific OT-I CD8þ T
cells were injected intravenously in the tail vein in 200 mL PBS. Mice were sacrificed
4 days after T cell transfer to analyze the expansion of the transferred OVA-specific T
cells caused by presentation of the OVA antigen. Vaccine-draining inguinal lymph
nodes and the spleen were taken out, mashed on 70 mm cell strainers (Becton
Dickinson) and the cells were stained with fluorescently labeled antibodies for CD8b
and the OT-I congenic marker CD90.1 (Thy1.1), and analyzed by flowcytometry. T cell
expansion is expressed as the number of transferred (OT-I) T cells as a percentage
from total CD8þ T cells [68].

2.15. Statistical analysis

GraphPad Prism software was used for statistical analysis. Two groups were
compared by unpaired two-tailed Student's t-test with alpha ¼ 0.05. Statistical
significance was considered when p < 0.05.

3. Results and discussion

3.1. Synthesis and characterization of pLHMGA

A random copolymer of BMMG and D,L-lactide was synthesized
by using BnOH and Sn(Oct)2 as initiator and catalyst, respectively,
via ring opening polymerization in themelt (Fig.1) and the polymer
was obtained in high yield (~100%). The protective benzyl groups
were subsequently removed overnight by hydrogenation to yield
pLHMGA (83%). The structures of the synthesized polymers were
confirmed by 1H NMR spectroscopy and this analysis showed that
the molar ratio of BMMG and D,L-lactide in pLBMGA (protected
polymer) was 48/52, which is close to feed ratio (50/50). Both
pLBMGA and pLHMGAwere amorphous with Tg values of 39 �C and
57 �C, respectively, which were similar to values reported earlier
[39] and confirmed the random structure of the polymers. GPC
analysis showed that the number average molecular weight of
pLHMGA (16.2 kDa) was close to the aimedmolecular weight based
onmonomer-to-initiator molar ratio (15.8 kDa) and the PDI was 1.6
(Supplementary Table S1). Based on previous studies using the
same polymers, we selected a polymer with a relatively low mo-
lecular weight in order to achieve small nanoparticles with high
loading and fast release.

3.2. Synthesis and characterization of hexyn-pDLLA and NIR10-
pDLLA

An alkyne-bearing homopolymer of D,L-lactide (hexyn-pDLLA)
was synthesized by using 1-hexyn-6-ol as initiator and Sn(Oct)2 as
catalyst. The alkyne functionality in this polymer provides the
possibility to conjugate azide-bearing molecules via click chemis-
try. The obtained polymerwas amorphouswith a Tg of 50 �C, similar
to values reported in the literature [69]. GPC analysis showed that
the number average molecular weight of hexyn-pDLLA (11.0 kDa)
was close to that of the aimed molecular weight based on
monomer-to-initiator molar ratio (10.1 kDa) (Supplementary
Table S2).

To obtain a NIR fluorescent-labeled polymer, the azide-NIR10
was coupled to hexyn-pDLLA by click reaction. Analysis of the re-
action mixture after 16 h by GPC with UV detection confirmed the
presence of labeled polymer at a retention time of 20 min corre-
sponding to that of the polymer, while a peak was also observed at
23.5 min, which corresponds to the retention time of the free dye.
From the chromatogram a coupling efficiency of 85% was calcu-
lated. After purification, GPC analysis showed that the polymer
contained 8% of free dye. GPC analysis of the freeze-dried particles
containing NIR10-pDLLA showed that only a negligible amount of
free dye was present in the particles indicating that most of the free



Table 1
Characteristics of NPs. Representative data are presented as average ± SD (N ¼ 3).

NPs Size (nm)
(DLS)

PDI
(DLS)

Loading (L) % LE%
(Loading efficiency)

Empty NPs 364 ± 40 0.22 ± 0.08 e e

OVA NPs 340 ± 4 0.19 ± 0.04 1.71 ± 0.01 57.4 ± 0.4
Dual labeled NPs 293 ± 3 0.15 ± 0.02 1.38 ± 0.01 69.0 ± 0.4
Alexa-OVA NPs 384 ± 20 0.33 ± 0.05 1.15 ± 0.02 57.6 ± 0.4
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dye was removed during particle preparation process
(Supplementary Figure S4, and supplementary Table S3).
Fig. 3. In vitro release of IR680-OVA from pLHMGA NPs. Dual labeled NPs were
dispersed in PBS (1 mg/mL) and kept at 37 �C under mild agitation. Following a low
burst release of about 5%, IR680-OVA was release in a sustained manner in 30 days up
to 70%.
3.3. Characterization of IR680-OVA and IR800-OVA

In order to prepare a traceable OVA for in vivo imaging, the NHS
ester of IRdye680RD was conjugated to OVA and the obtained
IR680-OVAwas analyzed by GPC. Overlapping peaks corresponding
to OVA (excitation 280 and emission 340 nm) and IR680 (excitation
672 and emission 694 nm) in the GPC chromatogram of the purified
IR680-OVA confirmed that the IR680 was indeed conjugated to
OVA (Supplementary Figure S5). No additional peaks (fluorescence
detection) were observed, indicating that the free dye was
completely removed by purification. Conjugation efficiency calcu-
lated by UV measurements showed an average molar dye/protein
ratio of 1.7. IR800-OVA was successfully prepared and purified as
described for IR680-OVA. The average molar dye/protein ratio was
1.0 (Supplementary Table S4).
3.4. Preparation and characterization of empty and OVA-loaded NPs

Empty and OVA-loaded NPs particles were prepared by a double
emulsion-solvent evaporation method, which is a well-known
procedure and has been used frequently for encapsulation of hy-
drophilic drugs as well as biotherapeutics [70e73]. Empty and
OVA-loaded NPs with NIR fluorescent dyes on the polymer and/or
the protein antigen had comparable characteristics in terms of
morphology and size. DLS analysis showed that the mean hydro-
dynamic diameter of the NPs ranged from 290 to 370 nmwith a PDI
of 0.15e0.33 (Table 1). The particle preparation procedure was
optimized in order to obtain nanoparticles with a size of around
300 nm because nanoparticles of this size were most efficient in
activation of dendritic cells and inducing a systemic immune
response as compared to bigger particles [74]. Analysis of freeze-
dried samples with TEM showed spherical NPs with a size
ranging from 150 to 250 nm (Fig. 2), which is smaller than the sizes
obtained with DLS. This is due to the fact that DLS reports the hy-
drodynamic diameter of the particles based on scattering intensity
which is proportional to the 6th power of the particle diameter, and
therefore in polydisperse samples, relatively low scattering
Fig. 2. TEM images of NPs a) Empty NPs, b) unlabeled OVA N
intensities of small particles are overshadowed by high scattering
intensities of big particles, resulting in a skewed average size
[75,76]. The loading efficiency of unlabeled as well as labeled OVA
in NPs was about 60%. The in vitro release of OVA from pLHMGA
particles was studied by using dual labeled NPs (containing IR680-
OVA). Fig. 3 shows that the particles had a low burst release of
about 5%, followed by sustained release up to 70% for 30 days. These
data are in line with previous studies of pLHMGA particles with the
same copolymer composition and loaded with bovine serum al-
bumin [77]. Considering slight variations in the loading efficiency
of the nanoparticles and in order to allow a fair comparison in
functional experiments, a fixed amount of OVAwas used in various
in vitro and in vivo studies.

3.5. Cytocompatibility of empty and OVA-loaded NPs

To assess the cytocompatibility of NPs, dendritic cells were
incubated with empty and OVA NPs as well as dual labeled NPs for
16 h at 37 �C. Dead cells were quantified by using 7-AAD, a DNA-
binding fluorescent dye which stains cells that have lost mem-
brane integrity [78]. Dendritic cells incubated with LPS and soluble
OVA corresponding to the amounts of OVA in the loaded nano-
particles were used as controls. Cell viability was about 90% for
dendritic cells incubated with empty and OVA-loaded nano-
particles (concentration of NPs ranging from 7.8 to 1000 mg/mL).
These data show the cytocompatibility of these particles.

3.6. Nanoparticle uptake by dendritic cells

To verify that OVA NPs are taken up by dendritic cells, D1 cells
were incubated with Alexa647OVA NPs overnight and the
Ps, c) dual labeled NPs. The bar scale indicates 500 nm.
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fluorescent Alexa647 signal was visualized by confocal microscopy.
As shown in Figure S6, DCs efficiently take up nanoparticles car-
rying OVA protein.

3.7. Antigen cross-presentation in vitro

Subsequently, wewanted to test whether the uptake of OVA NPs
by DCs leads to processing and cross-presentation of the OVA an-
tigen to OVA-specific T cells. To this end, DCs were incubated with
OVA NPs and co-cultured with OVA-specific B3Z hybridoma T cells.
Fig. 4 shows that OVA NPs induced antigen-specific T cell activation
in a dose-dependent manner, while soluble OVA failed to activate T
cells even at high doses. Since this assay is based on the immu-
nological principles of antigen-specificity of T cells, any T cell acti-
vation is the result of uptake, processing and cross-presentation of
the antigen by DCs to T cells. Furthermore, the dual labeled NPs
were equally efficient in T cell activation as the unlabeled NPs (data
not shown), showing that labeling did not affect the ability of NPs to
induce in vitro cross-presentation.

3.8. In vivo tracking of labeled NPs

As our aim was to develop an antigen delivery system that en-
sures a prolonged supply of antigen to the immune system, we
visualized the presence of OVA NPs in the injection site and in the
draining lymph nodes, where immune responses are initiated. The
tail-base injection site was chosen as it drains specifically to the
inguinal lymph nodes which are located at sufficient distance in the
mouse to be able to distinguish the injection site from the lymph
nodes, and to visualize and quantify their respective signals accu-
rately. Using a dual-color in vivo imaging setup based on two
distinct NIR fluorescent dyes, we were able to visualize the antigen
and the delivery vehicle simultaneously. The NIR fluorescent dye
IR680 (excitation 675 nm, emission 720 nm) was coupled to the
OVA antigen and the dye NIR10 (excitation 745 nm and emission
840 nm) was coupled to the polymer to track the delivery vehicle.
Fig. 5(a) shows the presence of the double-labeled OVA NPs at the
Fig. 4. In vitro protein cross-presentation of OVA-encapsulated NPs. DCs were incu-
bated with 0.2e25 mg OVA/mL encapsulated in NPs or in soluble form, and co-cultured
with OVA-specific B3Z hybridoma T cells overnight. The B3Z cells contain a construct in
which triggering of the T cell receptor, by cross-presentation of their specific OVA-
epitope SIINFEKL by DCs, leads to the production of the enzyme b-galactosidase that
mediates a color reaction upon addition of the substrate CPRG. This color reaction,
measured as the optical density (OD) at 590 nm, therefore forms a measure for antigen
cross-presentation by DCs to specific T cells. The SIINFEKL minimal peptide epitope
(100 ng/mL in PBS) was used as a positive control, and unstimulated DCs with B3Z cells
formed the negative control. N ¼ 3 samples per condition, representative graph of 5
independent experiments.

Fig. 5. In vivo tracking of NPs and OVA antigen. Quantification of the fluorescent signal
of IR680 and NIR10 in dual labeled NPs (containing NIR10 dye on the polymer and
IR680 on the OVA), and IR800 signal of soluble antigen (IR800-OVA in PBS) after s.c.
injection of 50 mg OVA in NPs or in soluble form. a) Fluorescent signal at the injection
site expressed as a percentage of maximum signal. b) Fluorescent signal in the draining
lymph nodes expressed as signal to background ratio. Statistical significance is indi-
cated by asterisks comparing IR680 signal in NPs vs soluble IR800-OVA. Statistical
analysis was performed by unpaired Student's t-test, * ¼ p < 0.05, ** ¼ p < 0.01. N ¼ 3
mice per group.
injection site in time, compared to a soluble formulation of NIR-
labeled OVA protein in PBS. As expected, the vast majority of sol-
uble OVA antigen leaves the injection site within the first day,
leading to a short peak presence in the lymph nodes immediately
after injection that rapidly decreases (Fig. 5(b)). In contrast, OVA
encapsulated in NPs was cleared from the injection site more
gradually, corresponding with gradual accumulation in the drain-
ing lymph nodes and remaining there for several days. Fig. 6 shows
examples of the presence of NP OVA at the injection site and in the
draining lymph nodes. Interestingly, the signals from the NP vehicle
and its OVA content show similar patterns in the injection site and
lymph nodes, suggesting that the OVA antigen arrives in the lymph
nodes in encapsulated form. The increasing fluorescent signal of
encapsulated IR680-OVA in the first day after injection may be
caused by initial quenching of the signal, for example by the hy-
drophobic environment in the NPs or by self-aggregation and



Fig. 6. In vivo visualization of OVA NPs in the injection site and draining lymph nodes. Presence of OVA NPs in a) the injection site and b) the right inguinal draining lymph node,
based on quantification of the fluorescent signal of NIR10 coupled to the NP polymer. Repeated measurements in time plotted on the same scale of fluorescence. The lymph node
(LN) is indicated by an arrow. All images are overlays of grayscale photographs with fluorescence intensity measurements indicated on the color scale. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

S. Rahimian et al. / Biomaterials 37 (2015) 469e477 475
stacking of the dye at high concentrations [79]. Hydration of the
NPs and a decreased stacking of NPs at the injection site during the
first day would relieve the IR680 dye from both these quenching
effects.

3.9. In vivo antigen cross-presentation

The efficient and prolonged delivery of antigen to the draining
lymph nodes by OVA NPs led us to test their ability to induce an-
tigen cross-presentation in vivo. To test this hypothesis, we
administered OVA NPs to mice, followed after one day by an
adoptive transfer of OVA-specific CD8þ T cells (OT-I cells). By
transferring these high numbers of OT-I T cells, we increase the
precursor frequency of OVA-specific Tcells to artificially high levels,
which allows us to detect subtle effects in terms of cross-
presentation of OVA antigen. Four days after T cell transfer, the
proliferation of these transferred OT-I T cells as a result of in vivo
cross-presentation of the OVA antigen was assessed in the vaccine-
draining lymph nodes and the spleen (Fig. 7 and Supplementary
Figure S7). A strong expansion of OT-I cells was found in the
lymph nodes and spleen of mice treated with OVA NPs, which
proved far superior to the administration of soluble OVA. The
absence of T cell proliferation after injection of equal amounts of
empty NPs shows that the delivery system itself plays no role and
emphasizes the antigen-specific nature of T cell activation. These
results correspond with the superior ability of OVA NPs over sol-
uble OVA to induce in vitro antigen cross-presentation to OVA-
specific CD8þ T cells (Fig. 4).

4. Conclusion

We developed an antigen delivery system based on pLHMGA
nanoparticles encapsulating the model protein antigen OVA. The
nanoparticles showed sustained release of antigen in vitro andwere
able to induce in vitro antigen cross-presentation by DCs to antigen-
specific T cells. Using our non-invasive double-label approach, we
visualized the delivery vehicle and the antigen simultaneously in
real-time, and showed that the antigen is carried to the lymphoid
organs by the delivery vehicle. This finding is in linewith the results
of in vivo antigenpresentation in the lymph nodes, where the OVA



Fig. 7. In vivo cross-presentation of OVA antigen to OVA-specific CD8þ T cells. Expansion of TCR-transgenic OVA-specific CD8þ T cells (OT-I) in the draining lymph nodes and spleen,
4 days after transfer into recipients mice. One day before the OT-I transfer, mice were treated subcutaneously with 50 mg OVA either in soluble form or in 400 mg of NPs or with
400 mg of empty NPs. In vivo expansion of the transferred OT-I T cells was quantified by ex vivo flow cytometry and expressed as the percentage of the total CD8þ T cell pool (CD8b
staining). N ¼ 3e4 mice per group, representative of 2 independent experiments. Unpaired Student's t-test showed significant difference in OT-I T cell expansion between mice
treated with OVA NPs versus soluble OVA, ** ¼ p < 0.01, *** ¼ p < 0.001. N ¼ 3e4 mice per group.
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NPs exhibited a strong capacity to induce antigen-specific CD8þ T
cell proliferation through cross-presentation of the antigen. In
conclusion, pLHMGA nanoparticles are attractive vehicles for pro-
tein antigen delivery for effective stimulation of the cellular im-
mune system.
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