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Purpose: Recombinant human gelatins with defined molecular weights were modified with 

cholesterol to make them amphiphilic in nature. We investigated the feasibility of these modified 

human gelatins acting as a carrier of antigenic proteins for inducing cellular immunity. The aim 

of this study was to synthesize novel and effective compounds for vaccine delivery in vivo.

Methods: Two types of cholesterol-modified gelatin micelles, anionic cholesterol-modified 

gelatin (aCMG) and cationic-cholesterol modified gelatin (cCMG), were synthesized using 

different cholesterol derivatives such as the cholesterol-isocyanate (Ch-I) for aCMG and amino-

modified cholesterol for cCMG. One was anionic and the other cationic, and therefore they 

differed in terms of their zeta potential. The aCMG and cCMG were characterized for their 

size, zeta potential, and in their ability to form micelles. Cytotoxicity was also evaluated. The 

modified human gelatins were then investigated as a carrier of antigenic proteins for inducing 

cellular immunity both in vitro in DC 2.4 cells, a murine dendritic cell line, as well as in vivo. 

The mechanism of entry of the polymeric micelles into the cells was also evaluated.

Results: It was found that only cCMG successfully complexed with the model antigenic 

protein, fluorescein-isothiocyanate ovalbumin (OVA) and efficiently delivered and processed 

proteins in DC 2.4 cells. It was hypothesized that cCMG enter the cells predominantly by a 

caveolae-mediated pathway that required tyrosine kinase receptors on the cell surface. Animal 

testing using mice showed that the cationic cholesterol-modified gelatin complexed with 

OVA produced significantly high antibody titers against OVA: 2580-fold higher than in mice 

immunized with free OVA.

Conclusion: Conclusively, cCMG has shown to be very effective in stimulating an immune 

response due to its high efficiency, stability, and negligible cytotoxicity.

Keywords: recombinant human gelatin, cholesterol, micelle, protein delivery, caveolae pathway, 

receptor-mediated endocytosis

Introduction
Vaccine administration has always been an attractive option in the treatment of a 

broad range of infectious diseases or even cancers by inducing effective immune 

responses. Delivering antigenic proteins to dendritic cells (DCs), which play a pivotal 

role in immunology, helps in activating antigen-specific cytotoxic T lymphocytes by 

processing antigenic proteins to the peptides that are important in achieving target-

specific immunity by eliminating infected cells and pathogens directly from the body.1 

Nanocarriers show great potential in their efficiency to deliver proteins and induce 

an optimal immune response safely. Several groups have worked on various antigen-

delivery carriers.2–4 Polymer-derived nanoparticles are used extensively for vaccine 

delivery and have been approved for human use.5
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Although many synthetic polymers are being used for 

biomedical applications, natural polymers have always 

remained an attractive choice because they have good 

biocompatibility, low toxicity, and can be fabricated readily 

by simple chemistry. Among the strategies used to synthesize 

polymeric nanocarriers by natural polymers, researchers 

have introduced hydrophobic segments such as cholesterol,6 

tocopherol,7 and deoxycholic acid,8 thus making the polymers 

amphiphilic in nature. Such amphiphilic polymers have the 

ability to self-aggregate and hence act as efficient carriers. 

Thus, it is possible to design nanocarriers made of only natural 

materials by choosing natural hydrophobic segments.

Among the many natural polymers, gelatin represents 

a good raw material as a delivery system because of its 

affinity to cells.9–12 However, there are some drawbacks. 

Cross-linking with chemical compounds that are usually 

toxic is needed typically to prepare a gelatin nanocarrier.13 

Transmittable diseases or allergic reactions such as 

anaphylaxis have been reported from gelatins originating 

from animal sources.14,15 Lastly, nanoparticles prepared 

from conventional gelatins pose a significant challenge to 

analytical characterization because of their heterogeneous 

nature, as they are made up of a mixture of differently sized 

peptides that are heterogeneous in molecular weight (MW).16 

However, of the many nanoparticles developed, only a few 

possess properties that allow them to be used further in vivo 

to test their therapeutic abilities.

In this study, we used recombinant human gelatin (rhG) 

derived from human collagen. This overcomes the above 

limitations as it is homogeneous in MW, nontoxic, and is 

being considered as an alternative to conventional gelatin 

extracted from bovine or porcine sources.17,18 We report 

the synthesis of two types of rhG derivatives by using two 

kinds of cholesterol derivatives. They have the ability to 

form micelles but differ in terms of their zeta (ζ)-potential. 

They are referred to here as anionic cholesterol-modified 

gelatin (aCMG) and cationic cholesterol-modified gelatin 

(cCMG).

Material and methods
Materials
Recombinant human gelatin (MW 89.8 kDa) was 

purchased from Neosilk (Hiroshima, Japan). 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC) 

was obtained from Dojindo Laboratories (Kumamoto, Japan). 

Ethylenediamine was purchased from Tokyo Chemical 

Industry Co, Limited (Tokyo, Japan) and ovalbumin (OVA), 

fluorescein isothiocyanate-labeled OVA (FITC-OVA), 

chlorpromazine, nystatin and cytochalasin D were obtained 

from Sigma-Aldrich (St Louis, MO). 4′,6-Diamidino-2-

phenylindole (DAPI) and Vectashield mounting medium 

were purchased from Vector Laboratories (Burlingame, CA). 

LysoTracker™ Red DND-99 was obtained from Invitrogen 

(Carlsbad, CA). OVA-DQ™ was purchased from Molecular 

Probes (Eugene, OR). Cholesterol, hexamethylene 

diisocyanate, toluene (dry), pyridine (dry), triethylamine 

(TEA), hexane, dimethylsulfoxide (DMSO) (dehydrated), 

dichloromethane, 4% paraformaldehyde in phosphate-

buffered saline (PBS), pyrene, and genistein were obtained 

from Wako Pure Chemical Industries, Ltd (Osaka, Japan).

Cell culture
The immature dendritic cell line DC 2.4 was kindly pro-

vided by Dr Kenji Kono (Osaka Prefecture University, 

Osaka, Japan) with the permission of Dr KL Rock (Harvard 

Medical School, Boston, MA). The cells were cultured 

at 37°C in RPMI-1640 medium with l-glutamine (Gibco 

BRL, Invitrogen) and supplemented with 10% fetal bovine 

serum (FBS), 100 µM nonessential amino acids, 50 µM 

2-mercaptoethanol, and antibiotics.

Mice
Six- to 10-week-old female C57BL/6NCrSlc mice (Japan 

SLC Inc, Shizuoka, Japan) were maintained at the animal 

facilities of RIKEN Brain Science Institute (Saitama, Japan) 

according to the guidelines of the institution. The mice were 

kept in an air-conditioned room and fed standard laboratory 

food and water ad libitum. All experiments were approved 

by the RIKEN Animal Experiments Committee.

Synthesis of cholesterol derivatives
Cholesteryl N-6-(isocyanatohexyl carbamate) or cholesterol 

isocyanate (Ch-I) was synthesized as reported previously.6 

Briefly, cholesterol (7.80 g, 20.12 mmol) was reacted with 

1,6-hexyldiisocyanate (64 mL, 0.39 mol) in 200 mL of dry 

toluene containing 15 mL of pyridine at 80°C for 48 hours. 

The reaction was monitored using thin-layer chromatography 

(TLC). After the removal of solvent in vacuo, 500 mL of 

hexane was added to the residue and kept overnight at −20°C. 

The precipitates thus obtained were then separated and dried 

in vacuo to give a yield of 3.88 g (49.74%). Proton nuclear 

magnetic resonance (1H NMR; 400 MHz, CDCl
3,
 25°C): 

δ = 0.60 (s, 3H, cholesterol-18 H
3
), 0.78–2.30 (m, 40H, 

cholesterol), 1.30–1.56 (m, 8H), 3.09 (m, 2H), 3.22 (t,3J 

(H,H) = 6.8 Hz, 2H), 4.42–4.51 (b, 1H, cholesterol), and 

5.30 (m, 1H, cholesterol).
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Cholesteryl N-6-(3-(2-aminoethyl)ureido)hexyl carbam-

ate or amino-modified cholesterol (Ch-A) was synthesized as 

follows. A solution of Ch-I (200 mg, 0.360 mmol) in dichlo-

romethane (10 mL) synthesized in the previous step was added 

dropwise to a vigorously stirred solution of ethylenediamine 

(0.481 mL, 7.2 mmol) in an excess of dichloromethane 

(25 mL) at room temperature (RT). The disappearance of 

cholesteryl N-(6-isocyanatohexyl)carbamate was monitored 

using TLC. The solvent was removed in vacuo and the com-

pound was extracted using a 1:1 chloroform-to-water ratio 

giving a yield of 144.57 mg (72.2%). 1H NMR (400 MHz, [D
6
] 

DMSO, 25°C, TMS): δ = 0.65 (s, 3H, cholesterol), 0.84–2.33 

(m, 40H, cholesterol), 1.41–1.55 (m, 8H), 1.22–1.23 (m, 2H), 

2.92–3.00 (m, 8H), 4.27–4.32 (m, 1H, cholesterol), 5.34 

(b, 1H, cholesterol), 5.80–5.85 (m, 2H), 7.03 (m, 1H). HR-

ESI-MS: m/z calculated for (C
37

H
66

N
4
O

3
) ([M–H]−) 614.5134; 

found, 614.5208.

Syntheses of cholesterol-modified 
gelatins
aCMG was synthesized from Ch-I and rhG as follows. 

rhG (100 mg, 0.0273 mmol, corresponding to the lysine 

moieties and N-terminal) was dissolved in DMSO (15 mL) 

and reacted with Ch-I (7.56 mg, 0.0136 mmol) in DMSO 

(5 mL) containing TEA (1 mL, 7.16 mmol) at 50°C. The 

reaction was monitored using TLC until the disappearance 

of Ch-I was confirmed (developed using chloroform). It was 

then dialyzed against distilled water and freeze-dried to give 

a yield of 66 mg (66%).

cCMG was synthesized using an EDC-coupling method 

wherein Ch-A (23.22 mg, 0.0378 mmol) was reacted with 

rhG (100 mg, 0.0756 mmol, corresponding to the Asp and 

Glu moieties and the C-terminal) in 15 mL DMSO (Ch-A and 

rhG were dissolved separately in DMSO). To this mixture, 

an EDC-HCl solution (144.89 mg, 0.756 mmol), prepared 

freshly in 8 mL of DMSO, was added to the rhG and Ch-A 

mixture to obtain a 10-fold excess in the amounts of Asp 

and Glu. It was then allowed to react at room temperature 

overnight and dialyzed against distilled water to remove 

solvent and excess reagents including any byproducts such 

as isourea formed during the reaction, and lyophilized. Yield 

was 56 mg (56%).

Matrix-assisted laser desorption/
ionization time-of-flight mass 
spectrometry (MALDI-TOF/MS)
The conjugation of cholesterol with rhG was confirmed by 

MALDI-TOF/MS. All mass measurements were performed 

using a microflex MALDI-TOF mass spectrometer (Bruker 

Daltonics Inc, Billerica, MA).

Micelle formation and determination  
of critical micelle concentration (CMC)
Polymeric micelles were prepared by hydration of aCMG 

or cCMG in distilled water or PBS; they dispersed easily to 

give a uniform suspension on vortexing. The CMC values 

were estimated by fluorescence spectroscopy using pyrene as 

the fluorescence probe as described previously.19 Briefly, the 

concentration of pyrene was kept constant at 0.6 µM while 

the concentrations of the polymeric micelles were varied from 

1 × 10−7 to 1 mg/mL. The fluorescence spectra were recorded 

using a fluorescence spectrophotometer (JASCO FP-6500; 

Jasco Corp, Tokyo, Japan) with an excitation wavelength 

of 320 nm. Fluorescent light emissions were monitored at 

372 and 383 nm. The CMC was estimated as the cross-point 

when extrapolating the intensity ratio I
372

/I
383

 at low- and 

high-concentration regions.

Scanning electron microscopy (SEM)
The morphology of the polymeric micelles was analyzed by 

SEM (JEM-6330; JEOL Instruments, Tokyo, Japan). SEM 

measurements were carried out at an accelerating voltage 

of 15 kV. The samples were prepared by dropping 10 µL of 

the micelle solution (1 mg/mL) onto a carbon seal attached 

to a metallic specimen holder, followed by air-drying for a 

day. The samples were then sputter-coated with gold before 

observation.

Cytotoxicity assay
The cytotoxicity of the polymeric micelles was determined 

using a WST cell viability assay. DC 2.4 cells were seeded 

in a 96-well plate at a concentration of 2 × 104 cells/well and 

cultured in complete medium for 24 hours at 37°C under 5% 

humidified CO
2
. The culture medium was then replaced with 

fresh complete medium containing aCMG, cCMG, or rhG at 

predetermined concentrations and incubated under the same 

conditions for 24 hours. Then the cells were washed twice 

with PBS, and complete medium was added to the cells. 

Aliquots of 10 µL of cell counting kit-8 solution (CCK-8; 

Dojindo Laboratories) were then added to the medium and 

shaken for 30 seconds to mix the solution thoroughly and then 

incubated at 37°C for 30 minutes. The absorbance of each 

well was measured using a microplate reader (Model-680; 

Bio-Rad, Hercules, CA) at 450 nm. The percentage of cell 

viability was calculated from the absorbance values.
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Preparation of polymeric micelles  
and FITC-OVA complexes
To prepare the polymeric micelle and protein complexes, 

aqueous solutions of FITC-OVA and polymeric micelles 

were mixed, vortexed gently, and incubated at RT for 

30 minutes. Native rhG served as a control because it does 

not form a complex with OVA.

Size and zeta (ζ)-potential measurements
The mean hydrodynamic size and polydispersity index 

of rhG, aCMG, and cCMG were determined by dynamic 

light scattering (DLS) using a Zetasizer Nano ZS (Malvern 

Instruments Ltd, Malvern, UK). Measurements were carried 

out at 25°C. The ζ-potential (in mV) was also determined 

using the Zetasizer Nano ZS. The size and ζ-potential 

are reported as the mean ± standard deviation (SD) of 

14 subruns.

Cellular uptake efficiency of polymeric 
micelles measured by flow cytometry
Dual-color fluorescence-activated cell sorting (FACS) 

analysis was performed to quantify the uptake of FITC-OVA 

by the polymeric micelles in DC 2.4 cells. The cells were 

seeded at a concentration of 1 × 106, cultured in RPMI-

1640 medium supplemented with 10% FBS and incubated 

with the samples for 1 hour at 4°C and 37°C. The cells were 

then washed with PBS and collected in PBS containing 

0.25 µg/mL of 7-amino-actinomycin D (7-AAD) to stain the 

dead cells. Uptake of FITC-OVA was analyzed using a BD 

FACSCalibur (Becton-Dickinson, Tokyo, Japan). Results are 

expressed as the mean fluorescence intensity. Specific uptake 

was assessed by subtracting the mean fluorescence intensity 

of the cells incubated at 4°C from that recorded at 37°C.

Fluorescence microscopy
For fluorescence microscopy, the DC 2.4 cells were seeded at 

a concentration of 1 × 105 cells and cultured for 24 hours in a 

35-mm glass-bottomed dish containing RPMI-1640 medium 

supplemented with or without 10% FBS. For analyzing the 

cell uptake and subcellular location of FITC-OVA, free 

FITC-OVA (15 µg) or test samples (80 µg) complexed 

with FITC-OVA (15 µg) were used. For evaluating antigen 

processing, cCMG (80 µg) complexed with OVA-DQ™ 

(15 µg) was added gently to the cells and incubated at 37°C. 

For cellular uptake and antigen processing, after incubation 

for the indicated time periods, the cells were washed with 

PBS and fixed with 4% paraformaldehyde for 30 minutes 

at room temperature, after which the nuclei were stained 

with DAPI. For the subcellular localization of FITC-OVA, 

after incubation for the required time periods, LysoTracker 

Red™ (50 nM) was added 20 minutes before fixation. The 

cells were observed using a fluorescence microscope (Carl 

Zeiss, Göttingen, Germany).

Inhibition studies
To investigate the mechanism of uptake of the polymeric 

micelles, DC 2.4 cells were seeded at a concentration 

of 1 × 105 cells in a 35 mm culture dish and cultured for 

48 hours. The cells were then incubated with four endocytosis 

inhibitors: nystatin (25 µg/mL), genistein (300 µM), 

chlorpromazine (15 µg/mL) and cytochalasin D (10 µg/mL) 

for 1 hour at 37°C, after which cCMG (80 µg) complexed 

with FITC-OVA (20 µg) was added and incubated for 

4 hours. Cells incubated with only cCMG complexed with 

FITC-OVA served as controls. The cells were washed twice 

with PBS, collected in 1% bovine serum albumin (BSA) 

in PBS and the inhibition of FITC-OVA fluorescence was 

analyzed by flow cytometry (Cytomics™ FC500; Beckman-

Coulter, Miami, FL). Results are expressed as the percentage 

of fluorescent positive cells.

Immunization and isolation of blood 
samples and spleens
To test the efficiency of in vivo antigen delivery, 6-week-old 

female C57BL/6 mice were administered with 3.3 mg/kg of 

free OVA or polymeric micelles complexed with OVA on 

days 0 and 14 by intraperitoneal injection. Blood samples 

were collected from the tail vein on days 7 and 21 for antibody 

titration. On day 28, whole blood samples were collected by 

heart puncture with the animal under deep diethyl ether 

anesthesia and the spleens were harvested before allowing the 

mouse to succumb. The spleens were prepared individually 

as single-cell suspensions in 3 mL RPMI 1640 supplemented 

with l-glutamine, 10% FBS and 100 µg/mL each of 

penicillin, streptomycin, and gentamycin. The erythrocytes 

were removed by suspension in a lysis buffer (0.15 M NH
4
Cl, 

1 mM KHCO
3
, and 0.1 mM EDTA-2Na). Splenocytes were 

washed with complete RPMI medium and live cells counted 

using a trypan blue exclusion method.

Antibody titration
Specific antibody titers against OVA were determined by 

performing an endpoint enzyme-linked immunosorbent 

assay (ELISA). NUNC MaxiSorp 96-well ELISA plates 

(Nalge Nunc International, Roskilde, Denmark) were coated 

with 5 µg/mL of OVA in 0.1 M NaHCO
3
 (Nacalai Tesque, 
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Kyoto, Japan), incubated overnight at 4°C and washed with 

PBS–Tween (PBS-T). The plates were blocked with 3% 

BSA in PBS for 1 hour at room temperature and washed with 

PBS-T. After serial dilution in 1% BSA in PBS beginning 

at a 40-fold dilution, serum samples (100 µL) were added 

into the wells and the plates were incubated for 1 hour at 

room temperature. The plates were washed with PBS-T 

and 100 µL of peroxidase-conjugated goat anti-mouse IgG 

(heavy chain- and light chain-specific, diluted 32000-fold 

in 1% BSA in PBS; Jackson ImmunoResearch Laboratories 

Inc, West Grove, WA) was added to each well. The plates 

were incubated for 1 hour at room temperature and then 

washed with PBS-T. Finally, colorimetric signals were 

generated using 1 Step Ultra TMB-ELISA solution (Pierce 

Biotechnology Inc, Rockford, IL). The reaction was stopped 

with 1 N H
2
SO

4
 after 15 minutes and the absorbance at 

450 nm was measured using a Wallac ARVO counter (Perkin 

Elmer, Norwalk, CT). The antibody titer was determined as 

the highest dilution below the cutoff value indicated by the 

mean optical density value of the background ±2 SD.

Statistical analysis
All the animal experimental data are expressed as the 

mean ± SD. Multiple comparisons were performed using one-

way analysis of variance (ANOVA) with post hoc analysis 

followed by Bonferroni’s test.

Results and discussion
Synthesis of cholesterol derivatives  
and cholesterol-modified gelatins
The aCMG and cCMG were synthesized as described 

in Figures 1 and 2 and conf irmed by MALDI-TOF 

data (Figure 3A). Compositions, MW, and the exact amount 

of substituted cholesterol in these derivatives are listed in 

Table 1. In the case of aCMG, the NH
2
 groups of 36 lysine 

residues and one N-terminal in rhG were targeted for 

modification by Ch-I, of which 6.7 residues were modified 

(Table 1). Table 1 also shows the mean hydrodynamic size 

of formed polymeric micelles (485 nm) and a net increase 

in the negative charges resulting in a ζ-potential of −2 mV. 

It was expected that aCMG would have both hydrophobic 

cholesterol-modified and hydrophilic-unmodified regions 

in forming micelles and would attain an overall negative 

charge as a result of the ionization of the remaining COOH 

groups in rhG. On the other hand, in the case of cCMG, 

COOH groups of 78 residues of Asp and Glu and one 

C-terminal were targeted for modification by Ch-A resulting 

in 9.99 modified residues. The hydrodynamic size of formed 

polymeric micelles was 350 nm and there was a net increase 

in the positive charges resulting in a +6 mV ζ-potential. It 

was also expected that cCMG would have both hydrophobic 

cholesterol-modified and hydrophilic-unmodified regions 

in forming polymeric micelles and would attain an overall 

positive charge from ionization of the remaining NH
2
 groups 

in rhG.

Characteristics of polymeric micelles
The CMCs of aCMG and cCMG were estimated to be 

1.7 × 10−2 mg/mL and 2.0 × 10−3 mg/mL, respectively. The 

native rhG did not have the ability to form micelles and so 

no CMC was observed (Figure S1). It is known that the 

hydrophobic nature of cholesterol increases its propensity to 

form strong hydrophobic interactions.20,21 The introduction 

of cholesterol allows polymeric micelles to be generated and 
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Figure 1 Synthetic scheme of (1) aCMG – (a) 1,6-hexamethylene diisocyanate, toluene, and pyridine at 80°C; and (b) rhG (targeting NH2 groups of Lys), triethylamine, and DMSO 
at 50°C, and (2) cCMG – (c) ethylenediamine and dichloromethane at RT; and (d) rhG (targeting COOH groups of Asp and Glu), using the EDC coupling agent, DMSO at RT.
Abbreviations: aCMG, anionic cholesterol-modified gelatin; cCMG, cationic cholesterol-modified gelatin; DMSO, dimethyl sulfoxide; EDC, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride; rhG, recombinant human gelatin; RT, room temperature.
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+ groups to attain an overall positive charge.
Abbreviations: aCMG, anionic cholesterol-modified gelatin; cCMG, cationic cholesterol-modified gelatin; rhG, recombinant human gelatin.
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used in biological fluids,20,21 which makes them amphiphilic 

in nature, and thus preventing gelatin from being dissolved 

rapidly in an aqueous environment.

SEM images further elucidated the formation of micelles. 

Figure 3B shows the SEM images of anionic and cationic 

polymeric micelles. The hydrodynamic size of the polymeric 

micelles by DLS was larger than that observed by SEM. This 

discrepancy in size can be attributed to the shrinking of the 

particles during air-drying prior to SEM analysis.

It was also found that aCMG as well as cCMG showed no 

cytotoxicity at a maximum concentration of ∼1 µM (80 µg) 

(Figure 3C).

Complex formation of the polymeric 
micelles with ovalbumin
FITC-OVA was used to form a complex with the polymeric 

micelles. Table 1 shows the changes in ζ-potential. In the 

case of cCMG, at a polymer-to-protein weight ratio (w/w) 

of 1.0, the polymeric micelle–protein complex was negatively 

charged. On increasing the concentration of cCMG with 

respect to protein, the ζ-potential became more positively 

charged. Here, the anionic protein interacted with cCMG 

through electrostatic interactions, which are considered to 

be the main driving force for the binding of the protein. The 

positively charged amino groups in cCMG appeared to be 

very effective in the formation of a complex with FITC-

OVA. On the other hand, the ζ-potential of aCMG remained 

constant even in the presence of FITC-OVA. Similarly, the 

ζ-potential of rhG remained constant at all proportions with 

FITC-OVA. The formation of complexes was elucidated 

further by measuring size distributions using DLS (Table 1). 

The mean hydrodynamic size of cCMG complexed with 

FITC-OVA increased significantly from 350 to 483 nm 

whereas the size of aCMG as well as rhG remained the 

same, which can be attributed to their failure in forming 

a complex with the protein. Strong complex formation of 

cCMG was also demonstrated by native polyacrylamide gel 

electrophoresis analysis (Figure S2).

Uptake of antigenic protein by immature 
dendritic cells
Following treatment of DC 2.4 cells with cCMG, flow 

cytometry analysis revealed a large population of cells with 

intense fluorescence whereas few cells were positive for 

fluorescence among the free FITC-OVA, rhG- and aCMG-

treated cells (Figure 4A). Cells incubated with cCMG at 

4°C revealed a much lower uptake than at 37°C (Figure S3), 

as is known for polymer-based nanoparticles.22 This result T
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Cytoplasmic delivery of antigenic protein 
by polymeric micelles
To investigate whether the proteins had escaped lysosomal 

degradation, the DC 2.4 cells were stained with LysoTracker™ 

Red, which accumulates in late endosomes and lysosomes. 

In the case of DC 2.4 cells treated with rhG and aCMG 

(Figure 5A), after 24 hours the protein was detected along 

with the lysosomes that were obvious in the colocalization 

signals of FITC-OVA (green) and LysoTracker™ (red) that 

together appeared yellow. In contrast, DC 2.4 cells treated 

with cCMG showed strong green as well as red fluorescence. 

Thus, the protein delivered by cCMG was not trapped in 

lysosomes. Except for some locations (partial colocalizations 

indicated by white circles in Figure 5A), there was no 

colocalization of signals, confirming that FITC-OVA and 

lysosomes were present at different locations. This showed 

that the proteins had been released efficiently into the cell 

cytosol.

OVA-DQ™ was employed to visualize the processing 

of antigen into peptides. This is a self-quenching ovalbumin 

conjugate that emits bright green fluorescence upon enzymatic 

degradation into single peptides. Figure 5B shows that there 

was bright green fluorescence after 5 hours of incubation with 

cCMG. This became more diffuse and spread throughout 

the cell after 24 hours. This result indicates the efficient 

processing of OVA into peptides by DC 2.4 cells.

Uptake mechanism
To investigate the mechanism of uptake of cCMG by 

the DC 2.4 cells, we used four chemical inhibitors that 

block endocytosis pathways. These were: chlorpromazine, 

a potent inhibitor of clathrin-mediated endocytosis;23 

nystatin and genistein, which both block caveolin-mediated 

endocytosis;24 and cytochalasin D, an actin inhibitor that 

blocks the macropinocytosis pathway.25 Of these inhibitors, 

chlorpromazine and genistein reduced the uptake to about 

67% and 40%, respectively, when compared with the control 

untreated cells and showing 98% fluorescent positive cells 

(Figure 6A). The result from chlorpromazine inhibition 

demonstrated that cCMG was internalized into the DCs 

via a clathrin-mediated pathway and ultimately entered the 

lysosomal compartments (partial colocalization; Figure 5A).26 

To enter efficiently via this pathway, it is important for 

the compound to possess properties that can escape 

lysosomes efficiently, as in the case of N-[1-(2,3-dioleyloxy)

propyl]-N,N,N-trimethylammonium methyl-sulfate (DOTAP) 

lipids.26 In addition to this pathway, the result from genistein 

inhibition indicated the presence of a caveolin-mediated 
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Figure 4 (A) FACS analysis of DC 2.4 cells incubated with rhG, aCMG and 
cCMG complexed with FITC-OVA for 1 hour at 37°C. Results are expressed as 
mean fluorescence intensity of the specific uptake of protein. This was assessed 
by subtracting the mean fluorescence intensity of cells incubated at 4°C from the 
value obtained at 37°C. (B) Fluorescent images show the cell uptake of FITC-OVA 
(green) in dendritic (DC 2.4) cells treated with FITC-OVA alone, or with rhG, 
aCMG, or cCMG at 37°C for 4 hours in RPMI-1640 medium supplemented with 
10% fetal bovine serum. 
Notes: After incubation, the cells were washed with phosphate-buffered saline 
(PBS) and fixed in 4% paraformaldehyde. Cells were stained with DAPI for nuclear 
DNA (blue). Scale bars = 20 µm.
Abbreviations: aCMG, anionic cholesterol-modified gelatin; cCMG, cationic 
cholesterol-modified gelatin; DCs, dendritic cells; FACS, fluorescence-activated cell 
sorting; FITC-OVA, fluorescein isothiocyanate-labeled ovalbumin; rhG, recombinant 
human gelatin.

demonstrated that the cellular uptake was caused by an 

active process of internalization and not by a passive one. 

Figure 3B also shows a marked increase in the uptake of 

the protein by cCMG, caused by interactions between the 

cationic charges on the surface of the polymeric micelles 

and the anionic domains present on the cell surface. 

The appearance of strong fluorescence at certain points 

after 2 hours and its distribution throughout the cytosol 

after 24 hours was observed by fluorescence microscopy 

(Figure S4).

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5444

Kadengodlu et al

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2012:7

pathway, which is known to avoid the lysosomes.27 This was 

considered to be the major uptake mechanism (strong green 

fluorescence, Figure 5A). Interestingly, treatment with nystatin 

failed to inhibit the endocytosis of cCMG. It has been reported 

that the uptake of polyethyleneimine, a well-studied cationic 

polymer that utilizes the caveolin pathway for endocytosis, is 

inhibited by nystatin28 as well as by genistein.26 Nystatin is a 

sterol-binding drug.24 Hence, when cells are pretreated with it 

there is a depletion of cholesterol. It is known that treatment 

with cholesterol-depleting drugs cannot block Kirsten Ras 

(KRas)-mediated activation,29 which results in an efficient 

uptake of cCMG even after treatment. Considering that 

genistein inhibits the protein tyrosine kinases,24 we conclude 

that the uptake of cCMG was mediated by a caveolin-mediated 

Lysotracker + DAPI
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cCMG

0 h 5 h 24 h

FITC + DAPI Merge

20 µm 20 µm 20 µm
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20 µm20 µm20 µm
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Figure 5 (A) Fluorescent images of DC 2.4 cells treated with rhG, aCMG, or cCMG complexed with FITC-OVA (green) in complete medium at 37°C for 5 hours. After 
5 hours, the medium was replaced with fresh complete medium and incubated for an additional 19 hours. LysoTracker™ Red was added 20 minutes before fixing the 
cells with 4% paraformaldehyde to visualize acidic cell compartments: late endosomes and lysosomes (red). Cells were stained with DAPI for nuclear DNA (blue). Scale 
bars = 20 µm. (B) Processing of OVA was analyzed using OVA-DQ™. 
Notes: DCs were incubated with OVA-DQ™ complexed with cCMG for 0, 5, and 24 hours and fixed. The figures are an overlay of green fluorescence (OVA-DQ™) and 
blue fluorescence (DAPI). Scale bars = 10 µm.
Abbreviations: aCMG, anionic cholesterol-modified gelatin; cCMG, cationic cholesterol-modified gelatin; rhG, recombinant human gelatin; DC, dendritic cell; FITC-OVA, 
fluorescein isothiocyanate labeled-ovalbumin; DAPI, 4’,6-diamidino-2-phenylindole.
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pathway through specific interactions with tyrosine kinase 

receptors (Figure 6B).

Antigen-specific antibody production  
in vivo
The induction of humoral immune responses by cCMG-

OVA was investigated using mice. Serum samples were 

collected once a week from C57BL/6 mice immunized 

intraperitoneally with OVA or cCMG-OVA and OVA-

specific antibody titers were measured using an endpoint 

ELISA. A high antibody titer in mice immunized with 

cCMG-OVA was observed as early as 7 days after the first 

immunization. On day 21, the OVA-specific antibody titer 

in these mice was .2580-fold higher than that in mice 

immunized with free OVA (Figure 7). Antigen doses as 

low as 1 µg were sufficient to induce immunity (data not 

shown). These results are consistent with our in vitro data. 

They illustrate the stability of the micelles, which is another 

important factor to consider when delivering proteins via 

nanoparticles in vivo. If there had been no significant 
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Figure 6 (A) Inhibition study by flow cytometry using various inhibitors of endocytosis. Results are expressed as the percentage of fluorescent positive cells. Control cells 
were treated with cCMG complexed with FITC-OVA only; **P , 0.01. (B) OVA-specific antibody titers after an intraperitoneal injection of free OVA and cCMG complexed 
with OVA in mice on day 7 after the first vaccination and day 21 after the first booster dose, by endpoint ELISA. 
Notes: The results are expressed as the mean ± SD of three independent experiments. Significant differences between the groups: **P , 0.01.
Abbreviations: cCMG, cationic cholesterol-modified gelatin; FITC-OVA, fluorescein isothiocyanate-labeled ovalbumin; OVA, ovalbumin; rhG, recombinant human gelatin; 
SD, standard deviation.

PBS OVA

Day 7

O
V

A
 s

p
ec

if
ic

 a
n

ti
b

o
d

y 
ti

te
r/

lo
g

10

cCMG

*

*

0

1

2

3

4

5

6

7

PBS OVA

Day 21

O
V

A
 s

p
ec

if
ic

 a
n

ti
b

o
d

y 
ti

te
r/

lo
g

10

cCMG

**

**

0

1

2

3

4

5

6

7

Figure 7 Specific antibody titers against OVA in murine blood were determined by ELISA after injection of PBS, OVA, or OVA-cCMG.
Notes: The results are expressed as the mean ± SD of three independent experiments. Significant differences between the groups: *P < 0.05; **P < 0.01.
Abbreviations: cCMG, cationic cholesterol-modified gelatin; OVA, ovalbumin; PBS, phosphate-buffered saline.
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increase in the serum IgG levels in mice after immunization 

with cCMG, it could have been attributed to the instability 

of the polymeric micelles upon their interaction with the 

body’s serum proteins and other enzymes, ultimately 

leading to their degradation. This was observed only in 

the case of free OVA, where there was only a minimal 

production of serum antibodies against OVA and not in 

the case of cCMG.

The successful delivery of cCMG as well as the 

efficient production of antibodies in vivo derived from the 

combined effect of size, a strong complex formation with 

protein, efficient release of the protein into the cytoplasm 

by caveolin-mediated endocytosis, and the processing 

of protein for antigen presentation by the DCs. Antigen 

presentation is generally enhanced by antigen carriers that 

lie within the size range of 0.1–10 µm, which apparently 

increases cross-presentation of the antigen to T-cells.30 

Understanding the subcellular localization of an antigen 

by polymeric micelles is crucial for their application in 

drug delivery. Escape of the antigen from lysosomes is 

considered an important step in the success of vaccine 

therapy. An increase in the cytosolic delivery of the protein 

antigen facilitates cross presentation of the antigen loaded 

onto MHC-I molecules to activate T-cells. This is achieved 

when the antigen is processed by proteases present in the 

cytosolic-based proteasomes.31 We believe this to hold true 

in the case of cCMG.

Conclusion
In conclusion, we have shown for the first time the successful 

synthesis of cationic cholesterol-modified gelatin and have 

evaluated its efficiency in inducing humoral immunity in 

mice. We used a simple method of loading protein into 

the polymeric micelles via complex formation through 

electrostatic interaction. The ability of cCMG to deliver 

an antigen with high efficiency, stability, and negligible 

cytotoxicity should open new doors in the field of drug 

delivery, particularly for proteins. This should bring us a 

step closer to translating our work from academic research 

to practical applications.
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Figure S1 Critical micelle concentration (CMC) values of aCMG (1.7 × 10−2 mg/mL) and cCMG (2.0 × 10−3 mg/mL) analyzed by fluorescence spectrometry with the 
fluorescence intensity ratio I1/I3 of pyrene as a function of the concentration of modified gelatin. 
Note: The native rhG does not form micelles and so does not have any CMC.
Abbreviations: aCMG, anionic cholesterol-modified gelatin; cCMG, cationic cholesterol-modified gelatin.
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Figure S2 Confirmation of complex formation with OVA by aCMG or cCMG, as 
determined by native polyacrylamide gel electrophoresis analysis. 
Notes: The gel was stained with Coomassie Brilliant Blue (stacking gel −3% and 
separating gel −12.5%). Lane 1, OVA; Lane 2, aCMG with OVA; Lane 3, cCMG 
with OVA.
Abbreviations: aCMG, anionic cholesterol-modified gelatin; cCMG, cationic 
cholesterol-modified gelatin; OVA, ovalbumin.

Figure S3 FACS analysis of the cellular uptake of free FITC-OVA, rhG, aCMG, and 
cCMG at 4 and 37°C.
Abbreviations: aCMG, anionic cholesterol-modified gelatin; cCMG, cationic 
cholesterol-modified gelatin; FACS, fluorescence-activated cell-sorting; FITC-OVA, 
fluorescein isothiocyanate-labeled ovalbumin; MFI; mean fluorescence intensity; 
rhG, recombinant human gelatin.
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Figure S4 Fluorescence microscopy results of a time-course study on the uptake 
of cCMG by DC 2.4 cells after 2 and 24 hours. 
Note: Intracellular FITC-OVA (green) was observed.
Abbreviations: cCMG, cationic cholesterol-modified gelatin; DCs, dendritic cells; 
FITC-OVA, fluorescein isothiocyanate-labeled ovalbumin.
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