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5. the Core of Immunostimulatory Nanoparticle Makes a Difference

5.1 Introduction

Immunotherapy exploits natural defensive mechanisms available in the body to

fight cancer, for example, by targeting cells and biomolecules to facilitate and/or

redirect the immune response towards the malignant process.[1] Unmethylated

cytosine-phosphate-guanine (CpG) motifs, frequently present in bacteria and

virus DNA, are long recognized as being able to activate mammalian immune

cells, such as dendritic cells (DCs), macrophages, B cells etc. This activation is

depending on its interactions with Toll-like receptor 9 (TLR9)[2, 3] followed by

production of proinflammatory cytokines (interleukin (IL)-6, IL-12, IFNs, TNF-

α) and upregulation of major histocompatibility complexs and co-stimulatory

molecules, like CD80, CD86 and CD40. As CpG activates both innate and adap-

tive immune response, synthetic CpG oligodeoxynucleotides (CpG ODN) holds

tremendous promise as an immunotheraputic reagent for treatment of many dis-

eases, including cancers, allergies and infectious diseases.[4] Nevertheless, CpG

ODN has to enter intracellular vesicles to function well because TLR9 receptors

are exclusively expressed on the endoplasmic reticulum, endosomes, lysosomes

etc.[5] Electrostatic repulsion is believed to limit the cellular uptake efficiency of

free CpG ODN since cell surfaces are also negatively charged.[6] Short retention

time in the body due to relatively small size further limited application of free

CpG ODN. To address these problems, various nanoparticles (NPs) have been

used as their delivery carrier. It was found that NPs can increase DNase-resistant

property of CpG ODN,[7, 8] prolongs its in vivo retention time,[9] decreases the

administered amount as a result of enhanced internalization efficiency,[10] and

permits a sustained release of CpG ODN over a long period of time.[11]

Among these NPs, gold nanoparticles (AuNPs), micelles and liposomes are heavily

investigated. AuNPs are attractive CpG ODN carrier because they are biocom-

patible and their synthesis[12] and surface DNA conjugation methods have been

well established.[13, 14] Thiolated DNA can form a densely packed DNA shell

around AuNPs hence they are more resistant to DNase degradation.[7] Micelles

are typically in the size range of several tens of nanometer with narrow distribu-

tion, allowing them to penetrate tissue efficiently thus quantifying them as good

nanocarrier for drug delivery.[15] DNA with hydrophobic tail, termed lipid DNA,
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5.1. Introduction

can easily form micelle structures by self-assembly.[16] By incorporating the CpG

segment, lipid DNA could be used to deliver CpG ODN for in vitro activation,[17]

in vivo spleen dendritic cell activation[18, 19] and tumour inhibition.[20] Similar

as micelles, liposomes possess properties like easy synthesis, low immunogenic-

ity and high biocompatibility[21]. The conventional way of loading CpG ODNs

is to encapsulate them inside cationic liposome.[22] Novel methods have been

exploited to load CpG ODN on liposome membrane by either chemical conjuga-

tion to liposome lipids[23] or anchoring them to the liposome membrane by the

hydrophobic effect.[24, 25]

Particle size is a key structural feature for immunostimulatory response.[26] It

has been suggested that NPs with different sizes reach antigen presenting cells

via different routes. Small sized NPs migrate to and accumulate in lymph nodes

where immune cells are heavily populated. Whereas, large nanocarriers are more

difficult to infiltrate lymph nodes and perhaps more likely to be captured by

phagocytes elsewhere.[27] Moreover, NPs composed of different materials can

i.e. generate different stimulation of the immune response.[28] Above mentioned

CpG ODN nanocarriers, AuNPs, micelles and liposomes, possess distinct chemi-

cal and physical properties. Thus we hypothesize that they may exhibit specific

immunostimulatory activity as opposed to the suggestion that these NPs are

similar irrespective of core material.[24] To test this hypothesis, in this study, we

synthesized CpG ODN coated NPs, namely, sub-10 nm micelle, 13 nm AuNPs

and 100 nm liposomes. CpG ODN 1826 was linked to AuNPs surface by thiol

conjugation. As for micelle and liposome, on the grounds of established methods

in our group, CpG ODN 1826 can be conveniently hybridized to NPs surfaces.

After administered to mice, they were internalized by endocytosis and their in

vivo DCs activation was evaluated and compared (Fig. 5.1).
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5. the Core of Immunostimulatory Nanoparticle Makes a Difference

Figure 5.1 | Schematic illustration of in vivo immunomodulatory NP delivery. Different formulations
of immunomodulatory NP are administered to mice intraperitoneally. Upon reaching dendritic cells
in spleen, interaction of CpG ODN on NP surfaces with TLR9 inside endosomal vesicles transduces
a series of activation signals followed by cytokines release.

5.2 Results and Discussions

5.2.1 Nanoparticle Characterization

A previous reports from our group showed that alkyl modified DNA could form

micelles and trigger robust immune response.[18] Hence, here we used the same

method to synthesize immunostimulatory micelles. Micelles were prepared by

dissolving lipid DNA (U4T) in PBS buffer at a concentration above its critical

micelle concentration. TEM measurements (Fig. 5.2a) evidenced their structure

formation. Immunostimulatory micelles were further prepared by hybridizing

U4T micelles with their complementary sequence extended with the CpG segment

(eCpG). An increase of particle size (Fig. 5.2b) and surface negative net charge

(Fig. 5.2c) proved the successful hybridization of eCpG and thus the formation of
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5.2. Results and Discussions

immunostimulatory micelles.

Figure 5.2 | Characterization of micelle nanoparticles. (a) TEM image of U4T micelles. (b) DLS
histogram of U4T micelles. Grey: U4T micelles; Red: U4T micelles hybridized with eCpG; (c) Zeta
potential of micelle NPs. U4T: U4T micelles; eCpG: U4T micelles hybridized with eCpG.

Next, the preparation of AuNPs coated with the CpG motif is described. Citrate

capped AuNPs with a diameter of 13 nm were synthesized as reported.[29] UV-

Vis absorption spectra of synthesized AuNPs showed a characteristic surface

plasmon resonance at 520 nm for the 13 nm sized particles (Fig. 5.3a). DLS

revealed a diameter of 15 nm ± 2 nm (Fig. 5.3b). TEM results (Fig. 5.3c) confirmed

the spherical shape of synthesized AuNPs. Immunostimulatory AuNPs were

obtained by conjugating thiol modified CpG (thiol-CpG) to their surface with

a 20 thymine (T) nucleotides spacer. The increase of surface zeta potential of

AuNPs[30, 31] suggested the replacement of sodium citrate by thiol-CpG (Fig. 5.3d).

Each particle was estimated to host 100 thiol-CpG strands as quantified by DTT

displacement.
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5. the Core of Immunostimulatory Nanoparticle Makes a Difference

Figure 5.3 | Characterization of AuNPs. (a) UV-Vis absorption spectra of AuNPs; (b) DLS histogram
of AuNPs; (c) TEM image of AuNPs; (d) Zeta potential of AuNPs. Bare: AuNPs; eCpG: AuNPs after
conjugation with thiol-CpG.

To prepare immunostimulatory liposomes, U4T was first anchored to 100 nm

liposome (Fig. 5.4a) membranes and was then hybridized with eCpG. Gradual

decrease of liposome surface zeta potential (Fig. 5.4b) was indicative of success-

ful U4T anchoring and eCpG hybridization. To quantify surface CpG content,

fluorophore labelled eCpG (ATTO590- eCpG) was hybridized with U4T liposomes.

Liposomes anchored with a non-hybridized lipid DNA (CLR) was included as a

control to exclude any nonspecific interactions of ATTO590-eCpG with liposomes.

After purification from excess strands, U4T liposomes exhibited a significant

amount of ATTO590-eCpG as compared with the CLR control (Fig. 5.4c). A

comparison with the calibration curve of free ATTO590-eCpG (Fig. 5.4c, inset)

indicated an almost full hybridization efficiency.
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5.2. Results and Discussions

Figure 5.4 | Characterization of liposome NPs. (a) DLS histogram of the liposome; (b) Zeta po-
tential of the liposome. Bare: liposome only; U4T: U4T anchored liposome; eCpG: U4T liposome
hybridized with eCpG; (c) Quantification of hybridized ATTO590-eCpG on liposomal membrane.
Black curve: U4T liposome incubated with ATTO590-eCpG; Red curve: CLR liposome incubated
with ATTO590-eCpG. Inset: calibration curve of ATTO590-eCpG in PBS buffer. Black: experimental
data; Red: fitted data.

5.2.2 Activation of DCs in Vivo

To determine if different formulations of NPs have different effects on the immune

response, NPs were intraperitoneally (i.p.) injected to the 6-week-old C57BL/6

mice. After 18 h, lineage−CD11c+ cells in live leukocytes were identified as spleen

DCs (Fig. 5.5a). Administration of CpG loaded micelles led to increase in the

number of the spleen DCs (Fig. 5.5b) and robust DCs activation as evidenced by

elevated surface expression of CD40, CD80 and CD86 (Fig. 5.5c). The injection

of liposomes with CpG increased the expression of CD80 compared to free CpG

control. Whereas for AuNPs, the level of CD40 and CD86 was lower than that of

free CpG control.
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5. the Core of Immunostimulatory Nanoparticle Makes a Difference

Figure 5.5 | Spleen DCs activation in vivo after administration of immunostimulatory NPs. Three
different CpG NPs (AuNPs, liposome and micelle) were injected i.p. to C57BL/6 mice with 100 µL
eCpG (40.8 µM) doses and waited for 18 h. (a) Definition and the percentage of spleen DCs, defined
as lineage−CD11c+ in live leukocyte population, was analysed by flow cytometry. (b) Absolute
number of the lineage−CD11c+ cells within live cells. (c) Expression levels of CD40, CD80 and
CD86 on spleen DCs were measured by flow cytometry. The mean fluorescence intensity (MFI) of
the related antibody is shown. Mean ± SEM (n = 6). * p < 0.05; ** p < 0.01 by Student’s t test. Data
are representative of six independent samples (n = 6, total two independent experiments).

Another aspect of DCs activation is the secretion of pro-inflammatory cytokines.

Therefore, we further determined their production by measuring serum concen-

tration after 18 h immunostimulatory NPs injection. Consistent with surface ac-

tivation markers, immunostimulatory micelles induced larger production of TNF-

α and IL-6 as compared to free CpG ODN. In the same context, liposomes showed

less production of these cytokines and AuNPs treatment resulted in no detectable

amount (Fig. 5.6).

Distinct surface CpG density might be one possibility why these different NPs ex-

hibited varied immunostimulatory response. Surface crowding of CpG on AuNPs

was the highest (0.19 molecules /nm2) as compared with that on the liposomes

(0.01 molecules /nm2) and micelle structures (0.07 molecules /nm2). Crowded

CpG molecules on AuNPs might give rise to insufficient binding of CpG with TLR9

receptor after entering endosome. Although a 18-T sequence was employed as

spacer between CpG segment and AuNP surface, the steric hindrance of CpG was
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5.2. Results and Discussions

Figure 5.6 | Serum concentration of pro-inflammatory cytokines promoted by immunostimulatory
NPs. Cytokines were measured after 18 h injection. (a) TNF-α concentration in serum; (b) IL-6
concentration in serum.

probably still too high to achieve binding to the receptors. A more flexible TEG[32]

or PEG[24] spacer might be needed to provide greater flexibility and mobility of the

protruding CpG strands on AuNPs surface. Another difference between the AuNPs

and liposomes as well as CpG micelles is the liberation of the CpG motif from the

nanocarrier. It is anticipated that the covalent attachment of CpG sequence to

the AuNPs surface prevents uptake of the nucleic acid while the lipid DNA-CpG

hybrid can disintegrate easier and uptake into dendritic cells might be enhanced

by interaction with the cell surface. In previous chapters, it was shown that DNA

micelles disintegrate and lipid DNA molecules pierce into the membrane of cells.

Although there are in vitro reports demonstrating immunostimulation (TNF-α

secretion) of AuNPs with CpG motifs and a 15 nucleotides spacer,[33] in vivo

application of the carriers might be more complex than the in vitro situation.

Another explanation for the different immunostimulatory response might be

the different targeting ability to lymph nodes where immune cells locate. As

suggested by Liu et al., CpG micelle structure can fall apart upon interaction

with serum proteins after in vivo injection.[20] The exposed hydrophobic part

could be trapped by serum albumin and then target CpG molecules to lymph

nodes where CpG motifs could trigger immune response. This disassembly and

trapping by albumin should not be the case for liposome NPs as we noticed very

strong anchoring of lipid DNA to liposome membranes over several days under

dialysis. The stable interaction between hydrophobic segment of lipid DNA and

membranes composed of phosphate lipids is also true in cell culture medium

119
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as a very slow loss of membrane anchored lipid DNA was noticed.[34] The exact

mechanism of why different immunostimulatory NPs showed different immune

triggering ability still needs further study.

5.3 Conclusion

In this study, we synthesized different nanoparticles and coated CpG ODN on

their surfaces. Administration of these immunostimulatory NPs in vivo resulted

in different spleen dendritic cells activation. Immunostimulatory micelles can

effectively promote activation while liposomes and gold nanoparticles showed

negligible or no effects. These data suggested that the core material has to be

taken into consideration when choosing an antigen carrier.

5.4 Experimental Section

5.4.1 Materials

Unless otherwise noted, all chemicals and reagents were purchased from commer-

cial suppliers and were used without further purification. 1,2-dioleoyl-sn-glycero-

3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),

cholesterol (plant derived) and polycarbonate membranes with diameter of 100

nm were purchased from Avanti Polar lipids. HAuCl4, sodium citrate, dithiothre-

itol (DTT) and Histopaque®-1077 were purchased from Sigma Aldrich. Fetal

bovine serum and PBS were received from Gibco. Antibody CD40 (3/23), CD80

(16-10A1) and CD86 (GL-1) were received from eBioscience™. DAPI and ELISA

kit were purchased from BioLegend Inc. All oligonucleotides without lipid mod-

ification were purchased from biomers. They were obtained as HPLC purified

samples.

5.4.2 Mice

C57BL/6 mice were obtained from Orient Bio (South Korea). Mice were housed

under pathogen free environment and used under appropriate institutional guide-

lines.
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5.4. Experimental Section

5.4.3 DNA Used

Lipid DNA was synthesized and characterized as described in Chapter 2. Their

sequences and other oligonucleotides used in this work are listed in Table 5.1 .

Name Sequence (5´ to 3´)

U4T UUUUGCGGATTCGTCTGC

CLR UUUUGTGATGTAGGTGGT

thiol-CpG T*C*C*A*T*G*A*C*G*T*T*C*C*T*G*A*C*G*T*
T*T*T*T*T*T*T*T*T*T*T*T*T*T*T*T*T*T*T-thiol C6

eCpG T*C*C*A* *G*A*C*G*T*T*C*C*T*G*A*C*G*T*T*
GCAGACGAATCCGC

ATTO590-eCpG ATTO590-TCCATGACGTTCCTGACGTTGCAGACGAATCCGC

CpG T*C*C*A*T*G*A*C*G*T*T*C*C*T*G*A*C*G*T*T

Table 5.1 | Details of DNA sequences used in this chapter. U represents dodecyne modified de-
oxyuridine nucleotide. * represents phosphorothioate (PS) modified nucleotide.

5.4.4 Micelle Preparation and Characterization

U4T was dispersed in PBS at a concentration of 40.8 µM in low binding eppendorf

tubes and eCpG was added at equivalent amount and hybridized using a thermal

gradient (90 °C, 30 min; -1 °C/min utill 25 °C).

5.4.5 AuNPs Preparation and Characterization

Briefly, 225 mL of 1 mM HAuCl4 (88.61 mg) in Milli-Q water was loaded into a

round bottom two-neck flask. Then the solution was heated to reflux. Afterwards,

25 mL of 38.8 mM sodium citrate (285 mg) was quickly added and allowed to

reflux for 30 min with strong agitation. Subsequently, heating was stopped and

the system was cooled down to room temperature under stirring. Concentration

of AuNPs solution was determined by absorption at 520 nm with a corresponding
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5. the Core of Immunostimulatory Nanoparticle Makes a Difference

extinction coefficient of 2.33×108 M−1cm−1.

To conjugate thiol-CpG to AuNPs surface, 300 µL AuNPs solution was mixed

with 40 µL thiol-CpG (200 µM in Milli-Q water) for 10 min at room temperature.

Then 108.3 µL 100 mM tris buffer (pH 3) was quickly added and incubated at

room temperature for further 60 min. After that, the solution was subjected to

30 min centrifugation at 15000 rpm. Supernatant was removed and fresh PBS

buffer was added. Afterwards, the AuNP pellet was rinsed 3 times to remove any

unconjugated thiol-CpG. After purification, the AuNP pellet was re-dispersed in

1 mL PBS buffer. To quantify the amount of thiol-CpG on the AuNPs surface, 5

µL AuNPs solution was diluted with 90 µL Milli-Q water and then mixed with 5

µL DTT solution (1 M in Milli-Q water). After incubation at 60 °C for 1 hour, the

solution was centrifuged again for 30 min at 15000 rpm and the absorbance of

supernatant at 260 nm wavelength was measured to quantify conjugated thiol-

CpG sequences. Roughly 100 strands of thiol-CpG were conjugated to the surface

of each AuNP. Final concentration of thiol-CpG in AuNPs solution was adjusted to

40.8 µM with PBS buffer for animal injection.

5.4.6 Liposome Preparation and Quantification

For quantification of eCpG that was loaded to the liposome surface, 400 µL a

mixture of DOPC, DOPE and cholesterol (2:1:1) in ethanol (DOPC and DOPE

total concentration is 10.08 mM) was mixed with 32.9 nmol dry U4T. The molar

ratio between liposome lipids (DOPC and DOPE) and U4T was 123. Ethanol

were evaporated by a dry N2 stream. Dried lipid film was rehydrated with PBS.

Afterwards, lipid emulsions were sonicated for 5 min, then subjected to 5 freeze-

thaw cycles and 21 times extrusion through a 100 nm polycarbonate membrane

by a Mini Extruder (Avanti Polar lipids). As a control, liposome anchored with

CLR sequence was also prepared. After extrusion, 100 µL U4T liposome and

100 µL CLR liposome was respectively mixed with 4.08 µL ATTO590-eCpG (1

mM) and hybridized using a thermal gradient (40 °C, 30 min; -1 °C/min utill 4

°C). After hybridization, liposomes were transferred to Vivaspin column (viva

6, 300k Mw cutoff) and rinsed for 3 times with PBS buffer to remove any non

hybridized ATTO590-eCpG from liposome solutions. Then 4 mL PBS was added
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to each liposome solution and the fluorescence intensity of liposome solution was

recorded (SpectraMax® M3 Multi-Mode Microplate Reader). Calibration curve of

ATTO590-eCpG was plotted by measuring the fluorescence intensity of different

concentration of ATTO590-eCpG in PBS buffer. The amount of ATTO590-eCpG

in liposome solution was derived from its calibration curve and compared with

input amount to calculate the hybridization efficiency.

For animal experiments, eCpG was added to the liposome solution to hybridize

with all anchored U4T and the final concentration of eCpG in the solution was

adjusted to 40.8 µM with PBS buffer.

5.4.7 TEM Measurement

5 µL AuNPs or U4T micelles solution was deposited on a glow-discharged holey

carbon coated grid. The excess of solution was blotted off with a filter paper. For

micelle solution, the grid was further stained with 2% uranyl acetate solution.

After drying overnight, samples were examined using a Libra 120 Transmission

Electron Microscope (Carl Zeiss, Germany) with 120 kV accelerating voltage.

5.4.8 DLS Measurement

Nanoparticle solutions were filtered by 0.45 µm syringe filters and their size were

measured by Zetasizer Ultra (Malvern Panalytical) at 25 °C and diameters were

averaged from number distribution by three measurements.

5.4.9 Zeta Potential Measurement

500 µL nanoparticle solution in PBS was added to zeta cell and measured by

Zetasizer Ultra (Malvern Panalytical) at 25 °C and surface Zeta potential was

averaged from three measurements.

5.4.10 Surface Coverage Calculation

The number of lipids per liposome Ntotal was estimated as outlined below:
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Ntotal = 4π

(
d
2

)2 +
(

d
2 −h

)2

α
(5.1)

where d is the diameter of the liposome (outer surface), h is the thickness of the

bilayer about 5 nm, and α is the lipid head group area. For phosphatidylcholine,

α is about 0.71 nm2. For unilamellar liposomes, it can be simplified as

Ntotal = 17.69×
[(

d

2

)2

+
(

d

2
−h

)2]
(5.2)

For liposomes with a diameter of 100 nm, Ntotal is estimated to be 8x104. For U4T

and lipid ratio of 122.5, there are 327 U4T molecules on each liposome surface.

Thus, there are 327 eCpG motifs on average on the surface of each liposome at a

density of 0.01nm−2.

The CpG coverage of per AuNPs is roughly 100 CpG strands. Thus the surface

density is 0.19 nm−2 .

Aggregation number of micelles was estimated[35] to be 23. Thus the surface

density is 0.07 nm−2.

5.4.11 in Vivo Treatment

6 week old mice were injected with 100 µL nanoparticle solution intraperitoneally.

The mice were then sacrificed 18 h after injection.

5.4.12 Analysis of Spleen DCs

Spleens were cut into small fragments and digested with 2% FBS containing

collagenase IV for 20 min at room temperature. Digested cells were centrifuged

and the pellet was re-suspended in 5 mL Histopaque®-1077. An additional 5 mL

of Histopaque®-1077 was upper layered below, and FBS was layered above the cell

suspension, which was then centrifuged at 1700 g for 10 min. The light density

fraction (<1.077 g/cm3) was collected and incubated for 20 min with the following

FITC-conjugated monoclonal antibodies (mABs) for lineage staining: anti-CD3

(17A2), anti-Thy1.1 (OX-7), anti-B220 (RA3-6B2), anti-Gr-1 (RB68C5), anti-CD49b
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(DX5), and anti-TER-119 (TER-119). The lineage−CD11c+ cells in live leukocytes

were defined as spleen DCs. Analysis was carried out on a Novocyte instrument

(ACEA Bioscience, San Diego, CA, USA).

5.4.13 Flow Cytometry Analysis

Cells were washed with PBS containing 0.5% bovine serum albumin, pre-incubated

for 15 min with unlabelled isotype control ABs, and then labelled with fluores-

cently labelled ABs by incubation on ice for 30 min followed by washing with

PBS. Cells were analysed on a Novocyte instrument (ACEA Bioscience, San Diego,

CA, USA) and with NovoExpress software (ACEA Bioscience, San Diego, CA, USA).

Cellular debris was excluded from the analysis by forward- and side-scatter gat-

ing. Dead cells were further excluded by DAPI staining and gating on the DAPI-

negative population. As a control for nonspecific staining, isotype-matched irrele-

vant mABs were used.

5.4.14 ELISA

TNF-α and IL-6 concentration in serum were measured by using standard en-

zyme linked immunosorbent assay (ELISA, BioLgend, San Diego, CA, USA) kit in

triplicate.

5.4.15 Statistical Analysis

All the date from nanoparticle characterization are expressed as the mean ±
standard deviation (SD). All the data from animal experiments are expressed

as the mean ± standard error of the mean (SEM). The statistical significance

of differences between experimental groups was calculated using analysis of

variance with a Bonferroni post-test or an unpaired Student’s t-test. All p-values <

0.05 were considered significant. All the data from animal experiments are the

mean ± SEM. *p < 0.05, **p < 0.01 versus PBS group.
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