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1. Cancer vaccination: promise and challenges 

Since developed in the early stage of last century, live attenuated and inactivated vaccines 

have made an important contribution to preventing infectious diseases, such as 

poliomyelitis, measles, rubella and mumps.
1
 After nearly a century of debate on whether the 

immune system can also target tumors, now it has become clear that the immune system 

can indeed be activated against tumors.
2-4

 With an increasing number of identified tumor 

associated antigens, much effort has been directed to the use of tumor antigen based 

vaccines for active immunization against growing tumors.
2, 4-6

 Tumor associated antigens 

are usually proteins that are overexpressed in tumor cells but minimally expressed in 

normal tissues.
2
 Many approaches involve administration of these tumor associated 

antigens and targeting them to antigen presenting cells (APCs) for further activation of the 

immune system to induce antigen specific responses against these tumors.
2, 7

  

The aimed mechanism of cancer immunotherapy is to raise a specific cellular or humoral 

immune response against tumor cells. Cellular and humoral immune responses can be 

activated via two different pathways. An antigen is often taken and processed by a 

specialized cell known as the dendritic cell (DC), which are considered to be the most 

efficient APCs.
8
 Subsequently, the processed antigenic peptides can be presented either to 

CD8
+
 T cells in major histocompatibility complex (MHC) class I pathway, or to CD4

+
 T 

cells in MHC class I pathway. The activated CD8
+
 T cells can differentiate and proliferate 

into antigen specific cytotoxic T lymphocytes (CTLs), while CD4
+
 T cells can produce 

cytokines that help CD8
+
 T cells to fully mature and further activate B cells to produce 

antigen specific antibodies. A cellular immune response, which results in the formation of 

antigen specific CTLs, is considered to be crucial for the treatment of tumors (Figure 1).
9
 

For vaccination, in the first step, tumor antigens should be delivered to and taken up by 

DCs. With suitable activation and/or maturation signals, DCs process tumor antigens and 

migrate to a local lymph node where they present processed epitopes to activate CD4
+
 or 

CD8
+
 T cells. Subsequently, CD8

+
 T cells, with assistance of T helper (TH) cells, 

differentiate and expand to large numbers of CTLs, which traffic to the circulation, and 

recognize and eliminate tumor cells. 

However, several challenges persist to generate an effective antigen specific T cell response 

against an established tumor. Firstly, these tumor overexpressed proteins are exogenous 

antigens with poor immunogenicity, therefore, they are not efficiently recognized and 

captured by DCs.
10

 Additionally, there is a lack of suitable maturation signals to stimulate 

DCs, which could lead to T cell anergy or production of regulatory T cells that suppress 
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effector T cells.
11, 12

 Further, to induce high numbers of tumor specific CTLs, the antigen 

needs to be processed and loaded into MHC class I molecule of DCs, which can then be 

subsequently presented to CD8
+
 T cells.

13, 14
 Usually, antigenic peptides, which are 

processed in the cytosol of APCs from endogenous antigens, associate with MHC class I 

molecules. These peptide-MHC class I complexes are subsequently exported to the cell 

surface to be recognized by CD8
+
 T cells for presentation (Figure 2).

15
 In contrast, 

exogenous antigens are generally taken up into lysosomes, degraded by lysosomal 

proteolysis, and subsequently linked to MHC class II molecules followed by CD4
+
 T cell 

presentation.
16

 Therefore, cancer vaccines based on tumor antigens need to be designed to 

overcome this conventional pathway and allow DCs to present these exogenous antigens 

through MHC class I molecules to activate anti-tumor cytotoxic CD8
+
 T cell responses 

(referred to as ‘cross-presentation’). Moreover, these vaccines preferably also provide the 

inflammatory signals to fully maturate T cells and avoid immune tolerance.
17-19

 

 

2. Nanogels as vaccine delivery systems 

Nanogels are nanometer-sized hydrogels consisting of hydrophilic three dimensional 

polymer networks that can retain large amounts of water and incorporate diverse classes of 

bioactive compounds within their networks.
20, 21

 Hydrophilic or amphiphilic polymers are 

Figure 1. Schematic overview of a cellular immune response against tumor associated antigen. 

Reproduced from ref.9 
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commonly used to form nanogels, which can be classified into two types: natural 

biopolymers, such as polysaccharides and proteins, and synthetic polymers, like e.g. 

polyamides and water-soluble polyphosphazenes.
22

 Dextran is a neutral hydrophilic 

polysaccharide, which is composed of glucose units predominantly coupled  via  

α-1,6-glucosidic linkage with some degree of 1,3-branching.
23

 Because of its good 

biocompatibility and derivatization possibilities exploiting its hydroxy groups, dextran has 

found broad applications, particularly in the tissue engineering and drug delivery fields.
24-26

  

Many approaches to prepare nanogels have been described, including physical 

self-assembly of polymers via electrostatic or hydrophobic interactions, polymerization of 

monomers and macromers by reverse mini emulsion, and crosslinking of functional 

polymers after their self-assembly into nanocomplexes or micelles.
22

 

Nanogels are considered as promising delivery systems for vaccination because they 

possess several favorable properties including biocompatibility, tunable network structure, 

flexible nanosize, high loading capability, and ability to protect their content from 

enzymatic degradation.
20, 21, 27

 Moreover, the physicochemical characteristics of nanogels 

can be tailored by modification with functional groups or surface conjugation of homing 

devices to achieve responsiveness to environmental factors or targeted delivery to specific 

cells or subcellular compartments to enhance immunomodulatory properties.
28, 29

 With 

Figure 2. MHC class I and class II antigen processing pathways. Reproduced from ref.20 
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rational design, these nanogel delivery systems do not only deliver sufficient amounts of 

tumor antigens to DCs, but also facilitate antigen cross-presentation in the MHC class I 

pathway.
30-32

 Furthermore, some studies showed that certain nanogels as such were able to 

direct the activation and maturation of DCs.
33, 34

 The adjuvant properties of these nanogels 

stimulating DCs can be an additional advantage for their potential as vaccine delivery 

systems. 

Following the route of nanogels as delivery systems for antigens, the initial step is their cell 

internalization followed by release and processing of the encapsulated antigens and their 

subsequent loading into MHC class I and/or MHC class II molecules for further induction 

of cellular and/or humoral immunity. Endocytosis is the main internalization pathway of 

nanogels into DCs and the efficiency of uptake can be modulated by the properties of the 

nanogels, e.g. size, charge, composition, etc.
35

 For nano-scaled vaccine systems, the 

particles with large sizes (>500 nm) stayed at the administration sites, whereas small 

particles (<10 nm) are rapidly diluted in the interstitium due to their high diffusivity.
36, 37

 

Particles with sizes below 200 nm, in particular between 40 to 80 nm, have shown to be 

effectively endocytosed by DCs and have better ability to promote CD8
+
 T cell immunity, 

while larger particles (>500 nm) are mainly taken up by local macrophages and tend to 

present antigens to CD4
+
 T cells and induce antibody responses.

38-43
 It has further been 

shown that cationic nanogels are more efficiently endocytosed by DCs due to electrostatic 

interactions between the positively charged nanogels and negatively charged cell 

membranes as compared to nanogels with a neutral or negative surface charge. However, 

cationic particles have a tendency to get stuck at the injection site and are therefore not 

transported to the regional lymph nodes.
44, 45

 Importantly, the cationic charge of 

nanoparticles also plays an important role as the maturation signal to activate DCs.
45-48

 

Besides exploiting electrostatic attractions between cationic nanogels and cell membranes, 

endocytosis can be enhanced by surface modification of nanoparticles with ligands that 

bind to DCs’ surface receptors, such as DEC-205, FIRE/CIRE, DC-SIGN, and toll-like 

receptors.
49, 50

 

To increase antigen uptake and facilitate cross-presentation of antigens loaded in nanogels, 

the antigen needs to be encapsulated or associated with the particles until their 

internalization by DCs. A burst release or leaking of loaded antigens from nanogels can lead 

to DC internalization of empty or low antigen loaded nanogels resulting in a weak antigen 

specific immune response. In recent studies it has indeed been shown that a low-burst 

release of antigens from carriers is crucial for a strong immune activation.
51, 52

 Therefore, 

responsive systems can be exploited to minimize the leakage of the antigens in the 



Chapter 1 

14 
 

1 

extracellular environment and to release them once taken up by DCs. In this way, a 

sufficient dose of the antigen can be internalized into DCs with nanogels and subsequently 

released intracellularly for further processing and presentation.
30, 31, 53, 54

 

 

3. Intracellular delivery strategy utilizing reversible disulfide linkages 

The intracellular space is known for its reducing properties because of the presence of low 

molecular weight redox couples (e.g., glutathione/glutathione disulfide (GSH/GSSG), 

cysteine/cystine) and macromolecular reductive enzymes (e.g., protein disulfide isomerase 

(PDI) and gamma interferon-inducible lysosomal thiol reductase (GILT)).
55, 56

 It is well 

known that the reductive microenvironment of the cytosol is caused by a hundred fold 

higher GSH concentration (approximately 2-10 mM) than that in extracellular fluids 

(approximately 2-20 μM).
57

 It should be noted that the redox potential of endocytic 

compartments is modulated mainly by a specific reducing enzyme GILT and it has also 

been reported that the redox potential differs in various cell lines.
55, 58

 APCs have the ability 

to unfold antigenic proteins in both their cytosol and endocytic compartments for 

subsequent antigen processing and presentation, suggesting that the endocytic 

compartments have disulfide cleaving activity mainly derived from GILT.
59-62

  

Disulfide bonds are readily cleavable in reducing environments and converted to thiols. 

This rather simple chemistry has inspired researchers to design of novel and versatile 

responsive delivery systems for intracellular release of antigens. Reduction responsive 

nanoparticles crosslinked with disulfide linkages and  loaded with therapeutic molecules 

(including antigens) keep, when properly designed, their payloads stably encapsulated in 

the extracellular space and subsequently release the encapsulated molecules after 

internalization by DCs.
63-65

 Studies have shown that, compared to non-reduction responsive 

delivery systems, disulfide modified delivery systems can present antigens through both 

MHC I and MHC II pathways for CD8
+
 and CD4

+
 T cell activation in vitro and more 

importantly enhanced vaccine induced antibody production and CD8
+
 T cell mediated 

tumor cell lysis in vivo.
31, 66, 67

 Hence, modulating the reductive sensitivity of delivery 

systems is an effective strategy to develop vaccines requiring CD8
+
 T cell activation. 

 

4. Aim and outline of the current thesis 

An attractive approach to induce a strong immune response against a certain tumor antigen 
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is targeting it to DCs with a nano-sized carrier that keeps the antigen encapsulated or 

associated with the particles until the carriers are internalized by DCs. Given the superior 

properties of nanogels as delivery systems and the responsiveness of disulfide bonds 

crosslinked systems, reduction sensitive nanogel delivery systems based on dextran and 

crosslinkers/polymers containing disulfide bonds were developed in this thesis as potential 

carriers for antigens. The main emphasis was on the preparation of nanogel delivery 

systems in which a protein antigen is reversibly conjugated to nanogels via disulfide bonds 

or entrapped in nanogels coated with disulfide crosslinked networks. The antigens should 

be stably encapsulated in the nanogels in the extracellular space, but should be released in 

the reducing environment inside DCs. Additionally, this thesis focusses also on obtaining a 

better insight into the role of the formulation of particulate delivery systems in enhancing 

antigen specific CD8
+
 T cell activation in vitro and in vivo for tumor vaccination.  

Chapter 2 provides a literature overview of nanogels for intracellular delivery of 

biotherapeutics. This review analyzes and discusses the use of biologically responsive (e.g. 

redox and pH) nanogels for intracellular delivery of biomolecules, such as proteins, 

antigens and genes. 

In Chapter 3, the feasibility of cationic dextran nanogels loaded with disulfide conjugated 

ovalbumin (OVA) as a model vaccine was investigated. The antigen, thiol-modified OVA, 

was loaded in cationic dextran nanogels via electrostatic interaction and subsequently 

conjugated to the nanogel networks via disulfide bonds. Reversible immobilization of OVA 

in the nanogels was investigated by studying the release of the protein in buffer with or 

without glutathione. Furthermore, the intracellular release of the conjugated antigen from 

these nanogels in DCs was visualized by confocal microscopy, and the enhancement of 

MHC class I antigen presentation due to intracellular antigen delivery by reduction 

sensitive nanogels was studied. 

Chapter 4 further investigates the influence of nanogels size and surface charge on their 

uptake by DCs and capability to maturate DCs. Moreover the intracellular delivery, 

transportation and processing of conjugated OVA in reduction sensitive nanogels by DCs 

was studied in vitro. The potential use of nanogels with disulfide conjugated antigens as 

cancer vaccines for prophylactic and therapeutic vaccination in vivo was studied in 

tumor-bearing mice. The production of antigen specific antibodies and the expansion of 

antigen specific CD8
+
 T cells in vivo were measured after vaccination, and the animals were 

monitored for tumor growth and survival after tumor inoculation. 

To develop a nanogel delivery system in which chemical modification of biotherapeutics is 
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not necessary, nanogels coated with a reduction sensitive polymer shell were developed for 

intracellular delivery of antigens in Chapter 5. The cationic nanogels loaded with native 

OVA were coated alternately by electrostatic interactions with polyanions and polycations 

containing disulfide crosslinkers. After the layer-by-layer coating, the polymer shells were 

crosslinked by disulfide bonds. These crosslinked shells are impermeable for the 

encapsulated OVA, whereas importantly release of the antigen only occurs due to the 

disintegration of the polymer shells under reducing environments. Furthermore, the ability 

of these core-shell nanogels to deliver antigens intracellularly and to boost the MHC class I 

antigen presentation were investigated. 

Finally, Chapter 6 gives a summarizing discussion of the achievements described in this 

thesis, and possible optimization and perspectives. 
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Abstract. Many biomolecules, such as proteins, antigens and genes, are presently used as 

therapeutics. However, their delivery to target sites inside cells is challenging because of 

their large molecular size, difficulties to pass cellular membranes and their susceptibility for 

enzymatic and chemical degradation. Nanogels, three-dimensional networks of hydrophilic 

polymers, are attractive carrier systems for these biotherapeutics because they protect the 

biologicals against degradation and, importantly, facilitate cell internalization. Furthermore, 

the development of responsive nanogel delivery systems has resulted in particles that 

release their payloads due to a certain physiological trigger inside cells. This paper reviews 

and discusses the use of nanogels, with special emphasis on biologically responsive systems, 

for intracellular delivery of biotherapeutics. 
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1. Introduction 

Many biotherapeutics (e.g. proteins, antigens, and nucleic acids) have their targets inside 

the cells
1-4

. However, delivery of biotherapeutics to these intracellular targets is challenging 

due to their unfavorable biopharmaceutical properties (hydrophilic molecules with a high 

molecular weight), which make them prone to both enzymatic and chemical degradation 

and prevent them to cross cellular membranes by Fickian diffusion
5-7

. Nanoparticle delivery 

systems have been shown to be effective in protecting drugs from degradation, overcoming 

biological barriers, and controlling the rate and duration of drug release
7-13

. Moreover, 

nano-sized particles can after e.g. intravenous administration accumulate in sites of high 

vascular permeability (sites of inflammation in e.g. tumors) via the enhanced permeability 

and retention (EPR) effect
13-15

, and nanoparticles can also be rendered cell-specific by 

coupling of targeting ligands to their surface
16, 17

. So far, various types of nanoparticle 

systems have been developed and applied for (targeted) drug delivery, among which 

polymer based nanoparticles, micelles, liposomes, as well as inorganic particles
18-24

.  

Hydrogels are crosslinked networks of hydrophilic polymers that retain a large content of 

water and can be used for loading and release of biotherapeutics because of this feature
25-27

. 

Since their discovery and application in the biomedical field, macroscopic systems of 

hydrogels have been developed and investigated for the design of tissue engineering 

scaffolds and for local delivery of biotherapeutics
28-31

 Nanogels are nano-sized hydrogel 

particles, which in contrast to macroscopic hydrogel particles, can be injected in the 

circulation to reach target tissues and deliver their payloads locally and also 

intracellularly
32-37

. The hydrophilicity of nanogels contributes to some of their desirable 

features including biocompatibility and high loading capacity for hydrophilic 

biotherapeutics, and their network protects the encapsulated molecules against degradation 

because enzymes cannot penetrate into the particles
34-38

. Importantly, the characteristics of 

nanogels can be tailored by altering their size, crosslink density, and surface properties 

(PEGylation and surface decoration with targeting ligands)
36, 37, 39

. However, it is difficult to 

load and retain molecules with a size that is smaller than the pore meshes in nanogels 

because the loaded molecules will be released from the particles during their preparation. 

This can be solved by increasing the crosslink density of nanogels to stably entrap their 

payloads during gel formation. However, once the bioactives are loaded in hydrogel 

particles during preparation, this might result in chemical modification of the loaded 

molecules
40-43

. In some methods, strongly charged biotherapeutics, such as nucleic acids, 

can be stably immobilized in oppositely charged nanogels under physiological 

conditions
44-48

. For both approaches, the entrapped biotherapeutics can subsequently be 
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released by hydrolytic degradation of the gel network
46-50

. However, this sustained release 

in turn will result in low concentrations of the released biotherapeutics for prolonged times 

in the extracellular as well as intracellular environment, which is particularly not wanted for 

drugs that have their sites of action inside cells. Fast intracellular release of therapeutics can 

be established by the design of nanogels that are taken up by cells and subsequently 

degrade rapidly in a triggered manner because of physiological differences between the 

intracellular environment and the extracellular space. Particularly the low pH of the 

endo/lysosomes as well the low reduction potential in cells have been exploited to develop 

nanogels that release their payload in a triggered manner, as discussed in the next sections 

of this review. 

 

2. The needs and challenges for intracellular delivery of biotherapeutics  

Over the last decades, biotherapeutics have evolved as attractive agents for the treatment of 

various diseases
1, 3, 51, 52

. Pharmaceutical peptides and proteins as well as nucleic acid based 

drugs are developed to interfere with key pathways of the target cells to treat both chronic 

and acute pathologies
1, 3, 53

. Besides, vaccination with specific antigens provides 

immunological protection and treatment against different types of cancer and infectious 

diseases
54, 55

. Many peptides and proteins, including antibodies, exert their effect by 

interactions with cell surface receptors
1, 56

. However, a significant number of peptides and 

proteins have their therapeutic actions inside cells, e.g. in the cytoplasm and specific 

cellular compartments
2, 53, 57

. Various forms of RNA based drug (siRNA, mRNA, and 

miRNA) need  to be delivered into the cytoplasm where the cellular translation machinery 

is located, while pDNA must also cross the nuclear membrane to enable expression of the 

target genes
3
. In the case of vaccine delivery to induce antigen specific humoral or cellular 

immune responses, the antigen needs to be translocated in lysosomes or the cytosol of 

antigen presenting cells (APCs), where it is processed and presented to T cells
58-60

. 

Biotherapeutics in their free form have some unfavorable pharmaceutical properties. Firstly, 

these complex molecules are often rapidly eliminated from the circulation by renal filtration 

(for biotherapeutics ~< 60 kD) or by scavenger cells in the liver (for larger biotherapeutics) 

and/or inactivated by enzymatic degradation. Secondly, they do not spontaneously pass 

biological barriers such as lipid membranes of cells. For these reasons, appropriate delivery 

systems of biotherapeutics are essential to prevent their fast degradation and renal clearance, 

and to render their intracellular delivery possible. Therefore, in recent years various 

nano-sized delivery carriers have been developed for encapsulation of biotherapeutics to 
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increase their stability, improve their efficacy by assisting their intracellular delivery to 

reach to intracellular target sites
5, 35, 61

. Besides that biotherapeutics need to be retained by 

the carriers until they reach their target sites, intracellular delivery of these biomolecules 

with nano-carriers is another key step. These nano-carriers can enter cells from the 

extracellular space by cell uptake processes including endocytosis and phagocytosis to 

result in their localization of these particles in endo/lysosomes
62, 63

. To reach the aimed 

intracellular target sites in the cytoplasm or nucleus, the particles and/or the released 

payload have to undergo endo/lysosomal escape
64-66

.  

 

3. Biologically responsive nanogels as delivery systems 

As pointed out in the previous sections, biotherapeutics can be stably encapsulated either in 

highly crosslinked nanogels or by strong electric interactions with nanogels to minimize 

their premature leakage. Such nanogels mostly slowly release the encapsulated 

biomolecules due to hydrolytic degradation of (crosslinks in) the polymer network. 

However, this sustained release may also lead to too low concentrations of the 

biotherapeutics at their site of action. Therefore, in recent years, nanogels have been 

designed with crosslinks that can be broken by extrinsic stimuli such as temperature, light, 

and ultrasound, or by biological triggers, such as differences in pH and/or reduction 

potential that might result in rapid swelling and/or degradation which in turn is associated 

with release of the payload 
35, 36, 67, 68

. For nanogels that respond to extrinsic stimuli, highly 

functionalized equipment is required to provide the external trigger after the nanogels reach 

their targets, which is not always feasible. Therefore, in the following subsections, the focus 

is on the triggered release of biotherapeutics from responsive nanogels by biological 

stimuli. 

3.1 Reduction responsive nanogels 

The intracellular environment is characterized by a reducing environment which is due to 

the fact that the glutathione (GSH) levels in the cytosol and nucleus (approximately 2-10 

mM) are hundred-fold higher than that in the extracellular fluids (approximately 2-20 μM)
69

. 

This substantial difference in GSH concentration can be exploited as a potential stimulus 

for cytosolic release of biotherapeutics from internalized carrier systems. Particularly 

disulfide linkages are readily cleavable in reducing environments and converted to thiols
70

, 

which can be exploited for the design of intracellular degradable nanogels. However, as 

mentioned in section 2, nanogels and nanoparticles in general enter cells mostly via 
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endocytic pathways
39, 71-73

. Therefore, these reduction responsive nanogels are likely to be 

entrapped in endo/lysosomes in which the GSH concentration is much lower than in the 

cytosol
74, 75

. This means that the nanoparticles need to escape from the endo/lysosomes to 

access GSH
64-66

. It should be noted that endocytic compartments also provide reducing 

environments for disulfide reduction by other means
76

. To mention, it has been reported that 

redox enzymes expressed on cell surfaces or secreted by cells, such as protein disulfide 

isomerase (PDI), are transported into endosomes during the invagination process
77

. 

However, PDIs loses their catalytic activity at low pH of the late endo/lysosomes
76

. Thus, 

the activity of PDI is likely restricted to the early endosomes. The redox potential in 

endocytic compartmentsis mainly modulated by a specific reducing enzyme called gamma 

interferon-inducible lysosomal thiol reductase (GILT), which has its optimal enzymatic 

activity at a low pH (4.5–5.5)
78

. Furthermore, the reductive activity of GILT has been 

reported to be maintained by cysteine and GSH
79-81

. Taken together, disulfide crosslinks 

may also be reduced in the endocytic compartments. 

Biotherapeutics can be reversibly immobilized in nanogels via reduction sensitive disulfide 

bonds exploiting mainly two approaches. Firstly, therapeutics can be covalently conjugated 

via disulfide linkages to nanogel networks and in this way burst release of the conjugated 

molecules is avoided
82-84

. The release requires a reductive trigger in the cells to cleave the 

link between the carrier and therapeutic molecules. For example, DeSimone et al.
82

 

synthesized siRNA coupled via a degradable disulfide linkage to a polymerizable acrylate 

(Figure 1A). Subsequently, the derivatized siRNA was copolymerized with PEG 

dimethacrylate, PEG acrylate and 2-aminoethyl methacrylate to prepare cationic nanogels 

in which siRNA was covalently incorporated via a disulfide linkage. Triggered release of 

siRNA was indeed observed in a reducing environment while the therapeutic retained in the 

nanogel particles under physiological conditions. Furthermore, dose-dependent silencing of 

luciferase expression was elicited for the Hela cells incubated with disulfide-conjugated 

siRNA nanogels, while the control nanogels loaded with free/non-degradable-conjugated 

siRNA did not show significant gene silencing effects (Figure 1B). It should be mentioned 

that for this strategy, the biotherapeutics lacking free thiol groups need to be chemically 

modified with functional groups, which is not always feasible because the conjugation 

reaction might lead to lower biological activity or loss of function 
70, 85

.  

In another approach, biotherapeutics are physically entrapped in disulfide-crosslinked 

nanogel networks. The release of the encapsulated molecules occurs due to the reductive 

response to break the structure of the nanogels and allowing subsequent release of the 

payload
47, 48, 86-89

. Physical entrapment of the biotherapeutics adds versatility to a reduction 
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Figure 1. (A) Structures of degradable and nondegradable siRNA macromers as well as native siRNA 

(a) and illustration of nanogels with disulfide-conjugated siRNA behavior under physiological and 

intracellular conditions (b). (B) Cellular uptake (a) and luciferase expression (b) in HeLa/luc cells 

after incubation with nanogels loaded with various modified siRNA. Reproduced with permission 

from ref 82. 

 

 

Figure 2. Preparation of disulfide-crosslinked DNA/PEG nanogels. Reproduced with permission 

from ref 90. 

 

responsive nanogel system because a variety of different molecules can be entrapped into 

the same nanogel particles. Reduction responsive nanogels containing disulfide linkages in 

their crosslinks keep their payloads stably encapsulated in the extracellular space provided 

that the hydrodynamic size of the entrapped compounds is greater than the mesh sizes of 
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the hydrogel network. The release of the encapsulated molecules can subsequently occur 

after internalization of the nanogels and reduction of the disulfide crosslinks which results 

in an increased hydrogel mesh size or complete disintegration of the nanogel structure 

allowing diffusion of the payloads into the intracellular space. Park et al.
90

 reported that 

DNA/thiol-functionalized six-arm branched PEG complexes were crosslinked through the 

formation of disulfide linkages between the thiol groups, resulting in stable DNA/PEG 

nanogels (Figure 2). Because the hydrodynamic size of DNA was greater than the meshes 

of the crosslinked PEG nanogels, DNA release only occurred in presence of GSH due to the 

cleavage of disulfide crosslinks. Moreover, the transfected cells exhibited appreciable green 

fluorescent protein (GFP) protein expression once incubated with the DNA-loaded 

reducible PEG nanogels, but the level of GFP transfection efficiency was lower than that of 

commercially available transfection agents (Lipofectamine or polyethylenimine 

(PEI)-based formulations). This might be due to entrapment of the DNA/PEG nanogels in 

the endocytic compartments preventing DNA translocation into the nucleus. Beside 

physical entrapment of biotherapeutics in strongly disulfide-crosslinked nanogels, another 

approach to stably immobilize actives, particularly long chain nucleic acids with highly 

negative charges, in cationic disulfide-crosslinked nanogels is by strong electrostatic 

interaction. Under reductive conditions, cleavage of disulfide linkages resulted in 

breakdown of the nanogels and release of the payloads.
47, 48, 91

 Hollinger et al. 
92

 prepared 

cationic nanogels with disulfide crosslinks for the delivery of two types of siRNA (against 

GAPDH or GFP) for gene silencing. Nanogels were prepared by copolymerizing dimethyl 

aminoethylmethacrylate, oligo(ethylene oxide) methacrylate, and a water soluble disulfide 

methacrylate crosslinker using a poly(ethylene glycol 2-bromoisobutyrate) initiator via 

electron transfer atom transfer radical polymerization. SiRNA was encapsulated in these 

cationic nanogels by electronic interaction with a high efficiency. The expressing of 

GAPDH was inhibited by reduction responsive nanogels-mediated GAPDH siRNA 

delivery to MC3T3 cells. Further, it was demonstrated that these GFP siRNA loaded 

nanogels facilitated the knockdown of GFP in a GFP expression mouse model after 

intramuscular administration. Our group reported on decationized disulfide-crosslinked 

nanogels for intracellular gene delivery
93-95

. Cationic polyplexes were prepared by the 

transient presence cationic groups coupled to the polymer backbone to allow electrostatic 

driven condensation with pDNA. After condensation, cationic nanogels were formed by 

disulfide crosslinking of polymer chains in which pDNA was thus entrapped. Finally, the 

labile cationic groups were removed by hydrolysis at pH 9, yielding neutral nanogels with a 

core of disulfide crosslinked poly(hydroxypropyl methacrylamide) and a shell of 

poly(ethylene glycol). pDNA was stably entrapped in the disulfide crosslinked core of 
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decationized nanogels under physiological conditions, and released from the nanogels 

triggered by intracellular reducing environment due to cleavage of the disulfide crosslinks. 

Furthermore, forced introduction of the nanogels into the cytosol of HeLa cells by 

electroporation resulted in a high level of gene expression similar as naked pDNA, 

demonstrating intracellular disassemble of the nanogel and release of entrapped pDNA. 

These decationized nanogels exhibited excellent cytocompatibility, an increased circulation 

time and higher tumor accumulation when compared to their cationic precursors. 

Furthermore, histological analysis of tumors sections showed that decationized nanogels 

were able to induced transgene expression in vivo. 

Most of reported reduction responsive nanogels increased the efficacy of the loaded 

biotherapeutics likely due to the relative higher amount of biomolecules that are delivered 

and released into cells compared to those from their non-reducible counterparts. Although 

the observed effects with the reduction sensitive formulations are conclusive, at present no 

convincing paper has been published in which the intracellular trafficking and fate of 

disulfide containing carriers and/or their payloads were visualized, probably because of 

limitations of confocal imaging technologies. Nam et al. 
83

 developed an approach in which 

thiol-terminated siRNA was grafted onto thiol-functionalized linear PEI (LPEI) via 

disulfide bonds to form stable siRNA/PEI nanogels (referred to as MCN, Figure 3A). As 

control, unmodified siRNA loaded LPEI nanogels (referred to as CN) only with the 

crosslinking between LPEI chains were used, and uncrosslinked siRNA/LPEI polyplex 

(referred to as UC) using naked siRNA and unmodified LPEI were also prepared. Confocal 

images of Cy5-labeled LPEI carriers incubated with MDA-MB-435-GFP cells showed that 

MCN was internalized to a greater extent than the other two controls (CN and UC, Figure 

3B). Furthermore, the red fluorescent dots observed in the cytoplasm suggested that a 

considerable number of the internalized particles were entrapped in the lyso/endosomes. 

Nevertheless, MCN showed excellent gene silencing activity as compared to CN and UC. 

In another approach, Dai et al.
91

 coupled two amine groups of L-cystine with acetaldehyde 

to form disulfide bond-linked double Schiff-bases, aldehyde-L-cystine, which possesses 

autofluorescence based on the n → π* electron transition (-N=C-). Subsequently, the two 

carboxyl groups of aldehyde-L-cystine can be further used to crosslinked branched PEIs via 

amine coupling reaction to generate cationic nanogels with disulfide crosslinks. These 

cationic nanogels showed high pDNA loading due to strong electrostatic interactions. The 

release of pDNA occurred upon degradation of the nanogels via cleavage of the disulfide 

bonds in the reductive intracellular environment. Meanwhile, cleavage of disulfide bonds 

also led to loss of autofluorescence of aldehyde-L-cysteines, which enabled tracking the  
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Figure 3. (A) Schematic illustration of the preparation and intracellular processing of siRNA/LPEI 

nanogels (MCN), naked siRNA loaded LPEI nanogels (CN) and uncrosslinked siRNA/LPEI 

complexes (UC), respectively. (B) Confocal microscopy images of MDA-MB-435-GFP cells after the 

cellular uptake of Cy5-labeled carriers. High magnification confocal image of the cell treated with 

MCN. Reproduced with permission from ref 83. 

 

intracellular degradation of the nanogels. Confocal images of HeLa cells exposed to these 

pDNA loaded nanogels during the first 6 h of incubation showed that fluorescent signals 

increased within endo/lysosomal membrane, indicating cellular uptake and internalization 

of the nanogels by endocytosis. The decrease of fluorescence was observed after 6 h likely 

because disulfide bonds were cleaved and subsequently aldehyde-L-cysteines lost their 



Nanogels for intracellular delivery of biotherapeutics 

31 

 

2 

autofluorescence, indicating degradation of the nanogels. However, due to the loss of 

fluorescence after degradation, no direct evidence of cytosolic release can be obtained. To 

prove that reductive degradation of nanogels contributed to pDNA transfection in CHO 

cells, a GSH inhibitor (duroquinone) was used to deplete GSH during the cell transfection 

process and it was observed that transfection efficiency decreases by ~50% in the presence 

of this GSH inhibitor. This observation suggests that the reduction responsiveness of these 

nanogels indeed plays an important role in the transfection process. 

The release of loaded biotherapeutics from reduction sensitive nanogels and their biological 

effects do not only depend on the design of the carriers, but is also dependent on the 

reducing potential of the intracellular environment, which differs for various cell types. 

Park et al.
96

 synthesized thiolated heparin-pluronic firstly by coupling carboxylated 

pluronic (F127) to the hydroxyl groups of heparin. Subsequently, amino groups of 

cystamine were conjugated to carboxyl groups in heparin and the disulfide bonds of 

cystamine were cleaved to form thiol groups. RNase A is an enzyme that can hydrolyze 

single stranded RNA without sequence specificity in the cytosol and the nucleus and 

thereby inducing cytotoxic effect. However, this enzyme is not able to pass cellular 

membranes by diffusion. RNase A has a high pI and therefore binds at neutral pH to 

thiolated heparin-pluronic via electrostatic interaction to yield nanogels. Subsequently, 

stable nanogels were obtained by oxidation of the thiol groups of thiolated heparin-pluronic 

to form disulfide crosslinks. The release of RNase A from these disulfide crosslinked 

nanogels was much slower than that from non-crosslinked nanogels. A sustained release of 

~40% RNase A from disulfide-crosslinked nanogels was observed during 20 h in a 

non-reducing environment, while ~80% was released under reductive conditions in the 

presence of 10 mM GSH during same time period. However, the cytotoxicity results 

showed no improved effect of RNase A loaded disulfide-crosslinked heparin-pluronic 

nanogels after incubation with NIH3T3 cells compared to drug-free nanogels.  

Nevertheless, in another paper 
97

, the same authors reported that the cytotoxicity of RNase 

A loaded non-crosslinked heparin-pluronic nanogels was significantly increased as 

compared to free RNase A. It should be noted that the cytotoxicity study of RNase A loaded 

disulfide-crosslinked heparin-pluronic nanogels was performed on NIH3T3 cells. The 

NIH3T3 cell line is a fibroblast cell line that is known for its non-reductive endo/lysosomal 

compartments with relatively low levels of intracellular GSH
81, 98, 99

, which might explain 

the low effects observed in this study.  Some tumor cell lines have been shown 

upregulated expression of GILT, which increases the reducing potential of lysosomes
100, 101

. 

Zhong et al.
102

 developed reduction sensitive degradable nanogels based on poly(ethylene 
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glycol)-b-poly(2-(hydroxyethyl) methacrylate-co-acryloyl carbonate) block copolymers and 

tested them on HeLa cells. These copolymers formed disulfide-crosslinked nanogels in the 

presence of cystamines via ring-opening reaction with pendant cyclic carbonate groups 

(Figure 4). Cytochrome C is a membrane-impermeable protein, which initiates the caspase 

mediated apoptosis cascade in the cytoplasm that results in programmed cell death
103

. 

Cytochrome C was encapsulated in the disulfide crosslinked network during formation of 

nanogels with high loading efficiency. It was shown that ~30% of the loaded cytochrome C 

was released in 22 h in non-reducing environment, while ~ 95% was released in same time 

period under reductive conditions in the presence of 10 mM DTT. Cytochrome C 

encapsulated in these reduction sensitive nanogels were more cytotoxic than cytochrome C 

loaded in reduction-insensitive control nanogels as well as free cytochrome C after 

incubation with HeLa cells. 

 

 

Figure 4. Illustration of in situ forming reduction-sensitive nanogels for loading and triggered release 

of proteins. Reproduced with permission from ref 102. 

 

In addition to the delivery of nucleic acid based drugs and therapeutic proteins as discussed 

so far, nanogels have also been used for the delivery of protein and peptide antigens in 

antigen presenting cells (APCs) for vaccination purposes. GILT is constitutively expressed 

in APCs and plays an important role in exogenous antigen processing and presentation via 
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the endocytic pathway by cleavage of the disulfide bonds for protein unfolding
104-106

. In 

addition, GILT is considered to facilitate transfer of disulfide containing antigens into the 

cytosol, thereby enhancing their cross-presentation in the MHC (major histocompatibility 

complex) class I pathway for cellular immune response
107, 108

. Ma et al.
109

 developed 

bioreducible cationic nanogels by the electrostatic interaction of negatively charged 

alginate with branched PEI, followed by crosslinking with a disulfide linker, 

3,3’-dithiobis(sulfosuccinimidyl propionate). A model protein antigen, ovalbumin (OVA), 

was loaded in these nanogels by electrostatic interactions. The stability of OVA 

encapsulation in these nanogels in reducing and non-reducing conditions was not studied. 

However, confocal images showed that more OVA as reduction sensitive nanogel 

formulation was processed by dendritic cells (DCs) as compared to their non-reducible 

counterparts. Furthermore, the percentage of DCs that have detectable antigen fragments in 

the cytosol was ~2 fold higher than those incubated with of non-reducible nanogels. 

Moreover, compared with non-reducible nanogels, the bioreducible nanogels enhanced both 

MHC class I and II antigen presentation in vitro and in vivo. Our group developed cationic 

dextran based nanogels containing thiol-reactive groups
84

. Thiolated OVA was absorbed in 

these particles exploiting electrostatic interactions between the negatively charged protein 

and the positively charged network and subsequently covalently linked via disulfide bonds. 

The release of OVA only occurred in reducing environments in the presence of 2.5 mM 

GSH. Furthermore, MHC class I antigen presentation was substantially enhanced by 

intracellular delivery of disulfide conjugated OVA as compared nanogels that were only 

physically loaded with the same protein. 

3.2 pH responsive nanogels 

After endocytosis of carriers by cells, an acidification process causes a decrease in pH 

values to as low as 5.5 or even 4.5 in endosomal and/or lysosomal compartments, 

respectively
110, 111

. This relatively low pH in endo/lysosomes can be exploited to design 

nanogels for intracellular delivery of biotherapeutics. One strategy for development of pH 

responsive nanogels is to use materials having acid-labile functional groups within the 

polymer backbone or crosslinks
111-113

. The triggered degradation of these nanogels is based 

on cleavage of acid-labile bonds within the nanogel networks upon lowering the pH. The 

release of encapsulated biomolecules in turn results from the rapid degradation of nanogels 

at low pH. Therefore, pH sensitive nanogels can retain the loaded biotherapeutics in 

physiological conditions, and release their payloads in acidic cellular compartments after 

their internalization
114-120

. Thayumanavan et al.
118

 prepared pH degradable nanogels by 

copolymerizing tetraethylene glycol methacrylate with a crosslinker containing 
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β-thiopropionate, which is cleavable at low pH. Acid α-glucosidase, an enzyme which is 

essential for the conversion of glycogen to glucose in lysosomes and which has its highest 

activity at low pH, was loaded in the nanogels during gel formation. It is hypothesized by 

the authors that the enzyme would be less available to the substrate when encapsulated, and 

therefore would have a lower activity. No enzymatic activity was detected when exposing 

the non-pH-degradable control nanogels to pH 5 buffer. However, enzymatic activity was 

observed after incubation of the degradable nanogels for 30 mins with the same buffer, 

indicating release of the enzyme due to nanogel degradation. Lu et al.
116

 reported a pH 

triggerable delivery system based on single protein nanogels. Polymerizable vinyl groups (5 

to 20 per protein) were covalently coupled to Caspase-3, an essential protein involved in 

apoptosis by cleaving cellular proteins involved in DNA repair and cell structure. 

Subsequently, the derivatized protein was loaded in a pH degradable crosslinked polymer 

shell by copolymerizing it with acrylamide, 2-dimethylaminoethyl methacrylate and an acid 

cleavable glycerol dimethacrylate crosslinker. These Caspase-3-nanogels were broken 

down and the Caspase-3 was released after cellular internalization in HeLa cells. Moreover, 

the labelled nanogels showed colocalization with early endosomes and lysosome after 30 

min, with gradual release to the cytosol, which suggested endo/lysosomal escape. These 

Caspase-3-nanogels showed significantly higher cytotoxicity than their non-degradable 

counterparts after incubation with HeLa cells, confirming that the protein was indeed 

released in the cells. 

Another frequently applied strategy for the design of pH responsive nanogels concerns the 

use polymer with functional groups that ionize at low pH, such as amines.
111, 121, 122

 Given 

the pH difference that exists between the extracellular environment/cytosol on the one hand 

and endo/lysosomal vesicles on the other hand, polymers with a pKa between 5.0 and 8.0 

show changes in their physicochemical properties. Protonation of these groups in the 

intracellular acidic compartments can cause swelling or disassembly of the nanogels, which 

leads to triggered release of the encapsulated biomolecules
111, 112

. Most importantly, 

protonation of the polymers/nanogels not only provides a trigger for the release of their 

payloads at low pH, but can also facilitate escape from the endo/lysosomal compartments 

by the so-called proton sponge effect
64

. The proton sponge mechanism relies on the 

buffering effect of polymers undergoing protonation that consumes protons, which in turn 

induces an influx of protons and counter- ions into the endo/lysosomal compartments to 

maintain their desired pH. Subsequently, the high ion concentration in the endo/lysosomes 

causes water inflow from the cytosol, which eventually leads to osmotic swelling and 

rupture of the endo/lysosomal membrane and thereby  releasing  the entrapped 
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components into the cytoplasm
66

. PEI is frequently used for gene delivery because of its 

proton sponge effect upon protonation of the amine groups present in its structure
123-125

. 

Park et al.
126

 synthesized catechol grafted branched PEI for siRNA delivery. These 

polymers self-assembled in acidic and neutral aqueous solutions, and subsequent 

self-crosslinking under basic conditions by Michael addition between quinones of the 

oxidized catechol group and amines of PEI occurred to yield cationic PEI nanogels. SiRNA 

silencing GFP expression was loaded in the nanogels and stable siRNA/nanogel complexes 

were formed by electrostatic interactions. The hydrodynamic diameter of the nanogels 

gradually increased with decreasing pH, suggesting that the amine groups were protonated 

causing absorption of significant amount of water in the gel structure at reduced pH values. 

Although endosomal escape was not clearly seen by confocal imaging, the siRNA/nanogel 

complexes exhibited enhanced cellular uptake and promoted gene silencing efficiency 

when incubated with GFP over-expressing MDAMB-435 cells. Besides PEI, other 

polyamines have shown to be susceptible for the proton sponge effect as well. Tasciotti et 

al.
127

 described a one-pot synthesis method to produce nanogels based on free radical 

co-polymerization of the cationic monomer 2-(diethylamino)ethyl methacrylate and the 

monomeric silica coupling agent vinyltrimethoxysilane in the presence of polyethylene 

glycol methacrylate and triethylene glycol dimethacrylate linkers (Figure 5A). Nanogels 

with a crosslinked 2-(diethylamino)ethyl methacrylate hydrogel shell around silica 

nanoparticle cores were obtained, and siRNA was loaded in the cationic hydrogel shell via 

electrostatic interactions. When the pH changed from 7 to 5, the tertiary amine groups of 

the poly (2-dimethylamino) ethyl methacrylate shell were protonated, which resulted in 

swelling and in a ~16-fold increase in hydrodynamic volume (diameter increased from 100 

to 250 nm). Further, the ability of these nanogels to escape endo/lysosomal compartments 

was evaluated using a human breast cancer cell line (MDA-MB-231) by transmission 

electron microscopy (TEM). TEM images (Figure 5B) showed that untreated and 

non-responsive nanogels treated cells maintained distinguishable vesicles with compact 

borders, while cells incubated with the pH responsive nanogels showed subcellular 

structures with an irregular shape and a non-continuous borders. Moreover, the pH 

responsive nanogels were scattered throughout the cytoplasm, indicating that these 

nanogels indeed escaped from endo/lysosomal vesicles. Furthermore, CXCR4 siRNA 

delivered by these pH sensitive nanogels in MDA-MB-231 cells showed reduced protein 

expression of CXCR4 with an efficacy comparable to that of a commercial HiPerFect 

transfection reagent. Moreover, mice that received intravenously injected siRNA-loaded pH 

sensitive nanogels showed a reduction of CXCR4 expression at the tumor site as compared 

to mice treated with free siRNA and non-responsive nanogels. 
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Figure 5. (A) Schematic representation of the preparation of pH responsive nanogels based on free 

radical polymerization of the cationic monomer 2-(diethylamino)ethyl methacrylate (DEAEM) and 

the monomeric silica precursor vinyltrimethoxysilane (VTMS) in the presence of polyethylene glycol 

methacrylate (PEGMA) and triethylene glycol dimethacrylate (TEGDMA) linkers. (B) TEM images 

of MDA-MB-231 cells 3 h after treatment with pH responsive nanogels (HNP), non-responsive 

nanogels (SNP) and untreated (CTRL). The black arrows show the border of endo/lysosomes. 

Reproduced with permission from ref 127. 

 

In other studies, pH-dependent charge-reversal nanogels were designed to maintain a 

negative surface charge to increase their stability under physiological conditions (pH 7.4), 

and subsequently reverse their surface charge to enhance cell uptake at the tumor site due to 

decrease of pH value
128, 129

. For example, Liu et al.
129

 synthesized pH responsive charge 

conversional chitosan-agmatine conjugates (Figure 6A). Chitosan was reacted with 

dimethylmaleic anhydride to convert its primary amines into amides with a carboxylic 

functional group. This amide could be hydrolyzed quickly at a slightly acidic pH value 

(<pH 6.8) to result in the re-formation of the primary amines and thus charge reversal. The 
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modified chitosan was subsequently coupled to agmatine. Vascular endothelial growth 

factor (VEGF) is a protein that is essential for tumor growth, progression, and metastasis
130

. 

The chitosan-agmatine conjugates condensed VEGF suppressing siRNA into the cationic 

agmatine core to form stable nanogels with an acid responsive charge-reversal anionic shell. 

Chitosan/VEGF siRNA complexes were prepared as a control and had the same particle 

size as VEGF siRNA nanogels (around 150 nm). These nanogels were stable in the 

presence of serum at physiological pH (7.4) owing to their negatively charged surface, 

whereas chitosan/VEGF siRNA nanogels rapidly aggregated in the presence of serum 

proteins. The zeta potential of the nanogels reversed rapidly within 30 min from -12 to +9 

mV when the pH was decreased from 7.4 to 6.5. VEGF suppressing siRNA loaded charge 

conversional nanogels were administered to Hela tumor-bearing nude mice by intravenous 

administration to investigate their therapeutic effects (Figure 6B). It was shown that these 

siRNA loaded charge-conversional nanogels effectively suppressed VEGF expression and  

  

 

Figure 4. (A) Synthetic procedure of chitosan-agmatine conjugates. (B) Schematic illustration of the 

formation of VEGF siRNA complexes by the pH responsive charge conversional chitosan-agmatine 

conjugates (CS-DM-Agm), the change of surface charge property in response to the tumor acidity, 

and the hypothesized mechanism for tumor suppression of the siRNA complexes. Reproduced with 

permission from ref 129. 
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microvessel growth, and also inhibited tumor cell proliferation as compared to 

chitosan/VEGF siRNA complexes. This better efficacy is likely because the initial negative 

surface charge prolonged the blood circulation kinetics and as consequence a higher 

number of particles deposited in the tumor due to the EPR effect. Moreover, the exposed 

cationic amine groups after charge reversal at the tumor provided the nanogels a higher 

affinity for the negatively charged cell membrane and facilitated cellular uptake and 

endo/lysosomal escape via the proton sponge effect. 

Besides nucleic acid based therapies, there is also a growing interest in development of pH 

sensitive nanocarriers that can enhance cytoplasmic entry of antigenic peptides and proteins 

in APCs. To improve the efficacy of vaccines against tumors, the antigen specific cellular 

immune response is considered to be crucial
131-133

. The delivery of antigens to the cytosol of 

APCs is essential, in order to facilitate antigen processing and loading into MHC class I 

molecules to generate a CD8
+
 T cell response

134, 135
. Irvine et al.

136
 developed pH 

responsive nanogels for endosomal escape and cytosolic delivery of an antigen (OVA). The 

nanogels were synthesized by a two-stage polymerization reaction to yield particles with a 

pH sensitive crosslinked core containing poly(2-dimethylamino)ethyl methacrylate) and a 

pH insensitive hydrophilic shell layer of poly(2-aminoethyl methacrylate) (Figure 7A). 

OVA was electrostatic adsorbed to the cationic surfaces of the core-shell particles. These 

nanogels swelled abruptly due to protonation of tertiary amines in the core between pH 7.0 

and 6.8, corresponding to a ~22-fold volume change. Calcein, a membrane-impermeable 

fluorophore, was used to monitor the integrity of endosomes/phagosomes following particle 

uptake. DC2.4 cells were co-incubated with labeled pH sensitive nanogels, calcein and 

lysotracker Red DND-99 for 1 h to label endo/lysosomal compartments. The confocal 

images (Figure 7B) revealed that a significant fraction of the internalized pH sensitive 

nanogels did not colocalize with endo/lysosomal vesicles while calcein fluorescence was 

observed throughout the cytosol and nucleus. However, cells treated with non-responsive 

nanogels exhibited a punctuate distribution of the nanogels and calcein fluorescence, which 

both colocalized with lysotracker. These observations suggest that the pH sensitive 

nanogels indeed facilitate endo/lysosomes escape. To obtain more direct evidence of 

endo/lysosomal escape, TEM images of cells treated with nanogels were taken (Figure 7B). 

These images showed that pH-insensitive nanogels were localized within membrane-bound 

compartments, while pH sensitive nanogels were observed both within membrane-bound 

vesicles as well as within the cytosol. Ma et al.
137

 reported that galactosyl dextran-retinal 

(GDR) pH sensitive nanogels enhanced MHC class I antigen cross presentation of OVA and 

anticancer immunity. Amphiphilic pH sensitive GDR was synthesized by conjugating 
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Figure 7. (A) Schematic structure and chemical composition of pH responsive and non-responsive 

nanogels based on two-stage polymerization reaction to yield particles with either a pH sensitive core 

of poly(2-dimethylamino)ethyl methacrylate) or a pH insensitive core of poly(methyl methacrylate) 

with a pH insensitive shell layer of poly(2-aminoethyl methacrylate). (B) Endosomal escape of pH 

responsive nanogels. DC2.4 cells were co-incubated with LysoTracker Red DND-99 (red), calcein 

(green), and either pH responsive (A-C) or non-responsive (D−F) nanogels (blue). TEM images of 

cell sections with non-responsive nanogel in membrane-bound compartments (G) and pH responsive 

nanogels either in membrane-bound compartments (H) or in the cell cytosol without a clear binding 

membrane structure (I). Reproduced with permission from ref 136. 

 

all-trans retinal (a metabolite of vitamin A) to dextran through a pH sensitive hydrazone 

bond, followed by galactosylation of dextran. Upon dissolving in water in the presence of 

OVA as a model antigen, GDR self-assembled into pH sensitive nanogels loaded with OVA. 

The cleavage of the hydrazone bond at pH 5 led to release of retinal from the GDR 

nanogels, which in turn caused disassembly of the nanogels and release of OVA. GDR 
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nanogels were shown to promote antigen uptake after incubation with DCs for 2 h as 

compared to free antigen, and the labeled antigen did not colocalize with lysotracker. The 

authors hypothesized that the cleavage of hydrazone bonds in the endo/lysozymes 

consumed a considerable amount of protons leading to lysosomal escape; however, no 

evidence is presented. Antigen loaded pH sensitive GDR nanogels enhanced both MHC I 

and II antigen presentation in vitro and evoked stronger anticancer immune responses in 

vivo than the free antigen. 

 

3.3 Enzyme responsive nanogels 

An increased expression of a number of certain enzymes (e.g., proteolytic enzymes, 

hyaluronidase, lipase, matrix metalloproteinases and plasmin) is often observed under 

pathological conditions, such as cancer and sites of inflammation
138-142

. Enzyme responsive 

nanogels can take advantage of the altered expression of local enzymes to develop 

enzyme-triggerable drug delivery systems. Most reported enzyme-mediated nanogel 

delivery systems respond to enzymes in the extracellular environment, such as matrix 

metalloproteinases and plasmin
143-146

. Besides, it is also possible to deliver bioactive 

molecules into cells using enzymes present in intracellular compartments, such as 

lysosomal enzymes
147, 148

. Tang et al.
149

 described protein-containing nanogels that are 

degradable upon the digestion by furin, an endoprotease present in various intracellular 

locations. To prepare the protein-containing nanogels, monomers acrylamide and positively 

charged N-(3-aminopropyl) methacrylamide and a peptide crosslinker were first physically 

adsorbed onto the surface of the target anionic protein, which included enhanced green 

fluorescence protein, caspase-3, bovine serum albumin, or the transcription factor Klf4, in 

this study. This was followed by in situ free radical interfacial polymerization to form the 

polymeric shell and to assemble nanogels on the protein, and the size increased from ~5 nm 

to ~10 nm after these proteins were loaded in such nanogels. The peptide crosslinker can be 

specifically recognized and cleaved by furin, which leads to degradation of nanogels and 

subsequent release of the entrapped protein. These nanogels showed increased uptake and 

intracellular release as compared to the free proteins and non-degradable nanogels in 

different cell lines, including CHO, HeLa and MEF cells. Furthermore, cell death was 

observed in HeLa cells incubated with furin-degradable caspase-3 nanogels, while cells 

exposed to free caspase-3 and non-degradable nanogels exhibited minimal apoptotic death, 

confirming the increased uptake and intracellular release of the protein by furin-degradable 

nanogels. 
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4. Conclusion 

Current knowledge provides us the insight that biotherapeutic molecules require not only 

delivery to the site of diseases but often also inside target cells, or even into specific 

subcellular compartments. There is no doubt that nanogels are suitable carriers for 

biomolecules that can protect their payloads from premature degradation and facilitate 

cellular internalization. Furthermore, it is clear from the papers summarized and discussed 

in this review that many biologically responsive nanogels significantly enhance the 

therapeutic effect of biomolecules by their delivery and release in relatively high doses 

intracellularly. For reduction sensitive nanogel systems, many studies have provided 

indirect evidence that disulfide bonds are cleaved and encapsulated therapeutic molecules 

are released intracellularly, as evidenced by significantly enhanced therapeutic efficacy, e.g., 

cytotoxicity, transfection efficiency, and antigen presentation, etc., in comparison to their 

non-reducible counterparts. Nevertheless, it should be noted that little is known about the 

exact intracellular fate of these reduction responsive nanogels, especially within 

endo/lysosomal compartments, due to the lack of direct evidence of breaking of disulfide 

bonds. The use of pH responsive nanogels allows endo/lysosomal release of biotherapeutics 

at low pH and facilitates endo/lysosomal escape for their cytosolic release. Although the 

effect and mechanism of endo/lysosomal escape is often explained by the proton sponge 

effect of the pH sensitive materials, detailed understanding is still lacking. Therefore, the 

further development of responsive delivery systems requires better comprehension of their 

intracellular trafficking and fate. Moreover, the need for targeting biotherapeutics to 

specific sites in vivo is expected to lead to new design requirements for nanogel delivery 

systems. With rational design, responsive nanogels are expected to advance biotherapeutics 

based therapies.  
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Abstract: Targeting of antigens to dendritic cells (DCs) to induce strong cellular immune 

response can be established by loading in a nano-sized carrier and keeping the antigen 

associated with the particles until they are internalized by DCs. In the present study, a 

model antigen (ovalbumin, OVA) is immobilized in cationic dextran nanogels via disulfide 

bonds. These bonds are stable in the extracellular environment but are reduced in the 

cytosol of DCs due to the presence of glutathione. Reversible immobilization of OVA in 

the nanogels was demonstrated by the fact that hardly any release of the protein occurred at 

pH 7 in the absence of glutathione, whereas rapid release of OVA occurred once the 

nanogels were incubated in buffer with glutathione. Furthermore, these OVA conjugated 

nanogels showed intracellular release of the antigen in DCs and boost the MHC class I 

antigen presentation, demonstrating the feasibility of this concept for the aimed intracellular 

antigen delivery. 
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1. Introduction 

Many peptides and proteins have been used as antigens for the generation of 

antigen-specific immune responses. Protein antigens are in their soluble form usually safe 

and well tolerated, however, they induce low levels of immune responses because of their 

poor uptake by antigen presenting cells.
1-4 

A promising strategy to enhance protein and 

peptide vaccine potency is to incorporate them into particulate carriers.
4-10  

Nanoparticulate 

delivery systems (e.g. liposomes, polymeric carriers) have been used for vaccination, as 

they offer advantages in many aspects. They protect the antigen against degradation, and 

encapsulation of antigen in particles results in an increased uptake by dendritic cells (DCs) 

and delivery of relative large quantities of antigens into DCs
.11, 12

 Moreover, particles 

enable co-delivery of the antigen and an adjuvant.
11, 13

 Overall, these features result in an 

increased immunogenicity of the antigen. A vaccine delivery vehicle needs to be designed 

to target the immune system, particularly DCs.  It has been shown that the size of vaccine 

delivery systems is a critical parameter affecting immunogenicity. Small nanoparticles (< 

200 nm) can after e.g. subcutaneous administration traffic to the draining lymph nodes 

where they are then internalized by antigen presenting cells (APCs), while large particles 

(500–2000 nm) are taken up by local APCs at the injection site. However, large particles 

are predominantly internalized and digested by local macrophages.
14-17 

Smaller sized 

particles (< 500 nm), in particular <50 nm, are taken up more efficiently than large particles 

by DCs and have better ability to promote CD8
+
 T-cell immunity, which is crucial for 

immunotherapy against cancer and viral infectious diseases. In contrast, larger particles (> 

500 nm) tend to present antigens to CD4
+
 T-cells and induce antibody responses for 

bacterial infectious diseases.
17, 18 

Another important factor to enhance the immune response 

is keeping the antigen encapsulated or associated with the particles until their 

internalization by DCs and it has been shown that low-burst release is crucial for a strong 

immune activation.
19

 

One of the most attractive nanosized delivery systems for proteins are nanogels because of 

their 1) tunable chemically or physically crosslinked structures, 2) high water content 

(resulting in good protein/antigen compatibility) and 3) high loading capacity for 

water-soluble proteins/peptides.
20, 21 

Physically crosslinked gels are mechanically weak and 

prone to rapid dissociation in the body.
22 

Therefore chemically crosslinked nanogels are 

preferred for drug delivery applications. However, a disadvantage of chemically 

crosslinked nanogels is the instability of proteins due to exposure to crosslinking agents. 

This exposure may cause unwanted chemical modification of the protein, or the protein 

may be grafted to the network, which could lead to incomplete release.
21, 23, 24 

To avoid this, 
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post-loading after nanogel fabrication is a good alternative, however, such approach may 

suffer from burst or preliminary release before the particles are internalized by cells due to 

the gel’s high water content and often large pore sizes.
25

  

Depending on the pH of the medium, above or below the iso-electric point (pI), a protein is 

electrostatically charged, so it can be post-loaded into oppositely charged nanogels 

exploiting electrostatic interactions between protein and particle as the driving force, and 

thereby avoiding protein damage during hydrogel formation.
23, 26, 27

 In this work, in order to 

control the protein release after their uptake by cells, we have designed dextran nanogels in 

which proteins are reversibly immobilized via disulfide bonds after electrostatically driven 

post-loading. A designed disulfide-containing linker is used to couple the protein 

derivatized with succinimidyl S-acetylthioacetate (SATA) groups to the nanogels. This 

method was recently used by Verheyen et al. with bulk hydrogels and by Matsumoto et al. 

with nanogels.
28-30 

The disulfide bonds between proteins and nanogels are stable in the 

extracellular environment but are degraded in the cytosol of cells, because of relatively high 

intracellular levels of glutathione as compared to the extracellular space,
31-35

 so that 

triggered released of the loaded antigen can be achieved after their internalization by DCs 

(scheme 1). This study focuses on developing antigen-nanogel conjugates, using ovalbumin 

(OVA) as the model protein antigen, that show triggered release of their payload in a 

reductive environment.  

 
Scheme 1. Schematic representation of the preparation of dextran nanogels and loading/triggered 

release of protein. 
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2. Results and Discussion 

OVA (43 kDa), due to its pI of 4.9,
36 

is negatively charged at pH 7. Therefore cationic 

dextran nanogels were prepared by inverse mini-emulsion photo-polymerization of 

methacrylated dextran (dex-MA),
37-39 

trimethyl aminoethyl methacrylate (TMAEMA) and a 

pyridyldisulfide containing methacrylamide monomer (see Scheme 1). Free radical 

polymerization of the methacrylate groups of dex-MA in aqueous solution provides a stable 

hydrogel. Dextran gels have been used as protein delivery systems and its biocompatibility 

has been shown previously.
40

 The network density of the formed gel can be tuned by the 

degree of methacrylate substitution (DS, the number of methacrylate groups per 100 

saccharide moieties) of dex-MA and/or by its concentration.
41, 42 

Introducing TMAEMA, a 

cationic methacrylate monomer, provides the nanogels with positive charges while the zeta 

potential of the nanogel particles depends on the amount of charged monomers per surface 

area.
43 

The charge density of the networks (reflected by the zeta-potential) in turn, 

influences the absorption behavior of the loaded protein including loading amount and 

distribution.
26 

A specially designed linker containing a methacrylamide unit and a 

pyridinedisulfide unit was synthesized (scheme 2). This linker was copolymerized with 

dex-MA and TMAEMA in the nanogel networks to allow subsequent conjugation with 

thiolated OVA through a thiol-disulfide exchange reaction, so that the modified antigen is 

chemically linked to the nanogels via disulfide bonds.
29
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Scheme 2. Synthesis of N-(4-(2-(pyridine-2-yldisulfanyl)ethyl)-amidobutyl) methacrylamide. a) 

acetic acid, CH3OH, b) NaOH/H2O, HCl, c) EDC, HOBt, TEA, CH3Cl. 

 

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

We prepared 8 dextran nanogel formulations with variable network density and zeta 

potential to investigate the effect of dextran DS, dextran concentration and zeta potential on 

the OVA loading in nanogels (Table 1). All nanoparticles had a mean particle size around 
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Table 1. Characterization of nanogels used in this study. Z-average hydrodynamic diameter (Zave) and  

zeta potential (before and  after OVA loading)  of nanogels with variable degree of methacrylate 

substitution of dextran (DS), content of dex-MA and molar ratio of TMAEMA to MA in dex-MA, 

and the maximum loading capacity (LC) of OVA for the nanogel formulations. The nanogels were 

dispersed in HEPES buffer (20 mM, pH 7.4). Mean values with corresponding standard deviations are 

shown (n=3). 

DS 
Contenta 

(w/w) 

TMAEMA : 

MA 

Zave 

(nm) 

ζ-potential before 

loading 

(mV) 

Max 

LCb 

(wt %) 

ζ-potential after Max 

loading 

(mV) 

4 20% 25 203±5 23.0±0.9 74.5±5.5 -3.3±0.7 

8 20% 13 186±2 22.4±0.6 75.3±1.9 0.9±0.8 

10 20% 10 185±3 22.3±0.3 75.0±3.1 -5.1±0.4 

8 25% 13 198±6 22.6±0.4 76.1±1.7 2.2±0.3 

8 20% 0 213±8 -0.2±0.1 NDc -0.6±0.1 

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

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

8 20% 21 207±7 26.2±1.2 80.7±1.6 5.5±0.5 

a dex-MA/water weight ratio; b maximum loading capacity (loaded OVA/dry nanogels plus loaded 

OVA weight×100%) by measuring the OVA remaining in the supernatant of nanogels suspension 

when incubated the nanogels with a sufficient amount of OVA; c Not detectable, no OVA (within the 

experimental error) was loaded in the neutral nanogels. 

 

200 nm with a polydispersity index of ~0.15 (dynamic light scattering analysis). The zeta 

potential of the nanogels increased with increasing feed of TMAEMA and neutral nanogels 

were prepared without charged monomers. The nanogels were incubated with an OVA 

solution in HEPES buffer of low ionic strength, and the loading capacity was determined by 

UPLC analysis of the remaining protein concentration of the supernatant. OVA was not 

absorbed by the nanogels without TMAEMA because of the lack of electrostatic attraction 

between the protein and neutral nanogels. In contrast, all cationic nanogels showed rapid 

absorption and high loading of OVA. It is remarked that loading efficiency reached up to 

97% and was similar for different incubation times (1, 24 and 48 hour), demonstrating that 

OVA could be quantitatively absorbed into the gel network within 1 hour. Table 1 also 

shows that the zeta potentials of the OVA loaded nanogels were close to zero (from -5 to 

+5 mV) demonstrating that the protein neutralized the charge of the nanogels. The 
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maximum loading capacity for each nanogel formulation depended on the charge density of 

the empty nanogels and accordingly nanogels with higher zeta potential had higher 

maximum loading capacity (Table 1). The properties of the different nanogel formulations 

only differed in maximum loading capacity, which illustrates that the mesh size of the gel 

network is big enough to allow OVA molecules penetration regardless of DS and content of 

dex-MA. The high maximum loading capacity of these nanogels is likely because of their 

porous structure, which is also observed for the loading capacity of porous silicon dioxide 

and porous calcium silicate materials.
44-46 

In further experiments, we focused on dextran 

nanogels prepared using DS 8, 20% w/w dex-MA and 13 molar ratio of TMAEMA to MA 

in dex-MA. 

 

Table 2. Number of free NH2 groups and ATA groups after modification of OVA with 0-6 

equivalents of SATA (OSx) determined by the TNBS assay (n=3). 

Sample SATA equivalents/OVA Free NH2 groups ATA groups per OVA 

Native 0 11.7±0.2 0 

OS2 2 9.7±0.7 1.9±0.7 

OS4 4 8.9±0.4 2.7±0.4 

OS6 6 8.4±0.0 3.2±0.2 

 

2.2. Modification of OVA with SATA 

For covalent immobilization of OVA in the gel networks, the antigen was modified with 

protected thiol functions using SATA
29

 for subsequent coupling with the linker present in 

the particles. OVA has 20 amine groups in the form of lysine units.
47 

Varying numbers of 

thiol groups were introduced by incubating OVA with SATA at different molar ratios 

(Table 2). It is shown that 12 amine groups were available for modification (TNBS assay), 

likely because the other 8 lysine residues are deeply buried in the protein.
47 

The number of 

introduced SATA groups was ~3 for both OS4 and OS6 (OSx, where x stands for the 

equivalents of SATA used), in accordance with the fact that three of the lysine residues are 

localized on the surface of the protein and are therefore most reactive, while the other 

amine groups are less accessible and thus less susceptible for derivatization.
47

 The structure 

of the modified protein was investigated by spectral analysis (Figure 1). The UV, circular 

dichroism and fluorescence spectra of native and modified protein showed no significant 

differences, which illustrates that neither aggregation nor significant changes in the 
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secondary and tertiary structure occurred. OS4 with an average of 2.7 SATA modifications 

was used for further study. 
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Figure 1. UV-Vis spectra (A), Far-UV CD spectra (B) and fluorescence emission spectra (C) of 

SATA-modified ova samples (ratio SATA/OVA = 2, 4 and 6). Spectra (average of 3) were taken of 

OVA samples at a concentration of 0.5 (UV), 0.25 (CD), and 0.1 (FS) mg mL-1 in PBS (pH 7.4). 

 

2.3. Preparation of OVA Nanogel Conjugates 

Dex-MA nanogels with TMAEMA and different linker contents (linker-containing 

nanogels, LNGx, where x stands for the equivalents of linker present in nanogels, i.e. 1-3 

linker to OVA equivalents were investigated) were prepared to investigate the efficiency of 

chemical immobilization of the modified protein. OVA (15 mg dissolved in 7.5 mL HEPES 

buffer) was mixed with the different nanogels (85 mg freeze dried particles suspended in 

42.5 mL HEPES buffer 20 mM, pH 7.4) for loading. Subsequently, a deacetylation solution 

(hydroxylamine and EDTA in HEPES buffer) was added. As a result, SATA modified 

proteins were deprotected
48

 to allow conjugation of the generated free thiol groups to the 

linkers in the nanogel networks via a thiol-disulfide exchange reaction. No significant 

changes in size and zeta potential of nanogels were observed after OVA loading (Table 3), 

which indicates that no particle aggregation occurred and that the protein was absorbed into 

the nanoparticles rather than adsorbed on the surface. In this respect it should be noted that 

substantial lower OVA loadings were applied (~10-14%, see Table 3), which explains the 

minimal change in zeta potential, in contrast to the previous experiments (Table 1) where 

loading capacities of ~40-80% were obtained and neutral particles were formed after 

maximum protein loading. Native OVA that could not be covalently linked to the nanogels 

because of the absence of free thiol groups, was used in control formulations. Loading 

efficiencies of 98% native OVA in nanogels with and without linkers were obtained after 

washing with HEPES buffer (Table 3). This table also shows that when these nanogels were 

washed with buffer of higher ionic strength (PBS), almost quantitative desorption of the 
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loaded native protein occurred. Also quantitative loading of the modified OVA in the 

nanogels occurred. Importantly, after deprotection of the SATA groups (addition of 

hydroxylamine and EDTA in HEPES buffer) to allow reaction of the formed thiolated 

protein with the linker, only 28% of the loaded protein was desorbed after washing with 

PBS. This strongly demonstrates that the protein was indeed covalently linked to the 

hydrogel network. No significant differences between the loading efficiencies of the three 

nanogels with different linker contents were observed. For LNG1, an approximately 

equivalent number of protein molecules and linker units in the nanogels was present, while 

for LNG2 and LNG3, a two and three-fold excess of linker units was used, respectively. 

Since OS4 has around three SATA groups per molecule (Table 2), the SATA/linker molar 

ratios for these formulations were 3/1, 3/2 and 1/1. By measuring the 2-mercaptopyridine 

released due to the thiol-disulfide exchange reaction, the percentage of reacted linkers was 

determined. The linker units present in LNG1 reacted quantitatively with the modified 

protein, while 87% and 78% were converted for LNG2 and LNG3，respectively. 

 

Table 3. Characterization of OVA loaded nanogels. Z-average hydrodynamic diameter (Zave), zeta 

potential, loading capacity (LC) and loading efficiency (LE) of OVA-loaded nanogels. The nanogels 

were dispersed in HEPES buffer (20 mM, pH 7.4). Mean values with corresponding standard 

deviations are shown (n=3). 

Nanogels 

- OVA 

Zave
a 

before 

loading 

(nm) 

ζ-potential 

before 

loading 

(mV) 

LCb 

Washing 

with HEPES 

(wt %) 

LCb 

Washing 

with PBS 

(wt %) 

LEc 

(%) 

Zave
a 

after 

loading 

(nm) 

ζ-potential 

after 

loading 

(mV) 

LNG0 - 

Native 
192±8 23.7±0.6 14.6±0.1 1.2±0.1 97.4±0.6 189±9 22.1±0.6 

LNG3 - 

Native 
194±7 23.4±0.4 14.7±0.0 1.3±0.1 98.1±0.1 208±6 21.6±0.1 

LNG1 - 

OS4 
186±2 23.7±0.3 14.6±0.1 10.6±0.2 70.9±1.1 193±3 23.2±0.7 

LNG2 - 

OS4 
198±5 22.4±1.2 14.5±0.0 10.7±0.1 71.7±0.7 202±2 22.3±0.2 

LNG3 - 

OS4 
194±7 23.4±0.4 14.7±0.0 10.8±0.1 72.1±0.5 199±1 23.2±0.5 

a Polydispersity index (PDI) was <0.15 for all formulations; b Loading capacity (loaded OVA/dry 

nanogels plus loaded OVA weight×100%); c Loading efficiency (loaded OVA in nanogels/feed OVA 

weight×100%). Loading efficiency for the native OVA are the numbers after washing with HEPES 

buffer, and for the modified OVA are the numbers after washing with PBS. 
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2.4. In Vitro OVA Release from OVA Loaded Dextran Nanogels 

Figure 2 shows that more than 90% of the native OVA desorbed when the gels were 

dispersed in a buffer of physiological ionic strength (PBS, pH 7.4, 37 ºC). The ionic 

strength of PBS (167.2 mM) is much higher than that of HEPES buffer (20 mM, which was 

used for gel preparation and OVA loading), so the release of native OVA was mediated 

only by increase of the ionic strength of the medium. The nanogels in which modified OVA 

was immobilized showed a release of very limited amount of protein during 8 h in PBS (<1% 

of the loading for LNG2 and LNG3, <5% for LNG1) demonstrating that modified OVA was 

indeed stably covalently linked to the particles. Importantly, after addition of glutathione to 

a final concentration that corresponds with intracellular levels (2.5 mM),
31

 more than 80% 

of the covalently bound OVA was released within 1 hour as a consequence of the reduction 

of the disulfide bridges. After 24 h, glutathione was added to a final concentration of 10 

mM, causing further release of the remaining 5 to 10% of protein that was still in the gels 

(Figure 2). 
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Figure 2. OVA release from dextran nanogels in PBS pH 7.4 at 37 ºC; Glutathione was added to 2.5 

mM final concentration at 8h and to 10 mM at 24h. OVA release was measured by UPLC as 

described in the supporting information. 

 

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

Microgels 

To visualize the distribution of OVA in dextran gels and release behavior of OVA by 

fluorescence microscopy, experiments were carried out using FITC-labeled OVA. Because 
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nanogels are too small for microscopy, neutral and cationic microgels instead of nanogels, 

with similar network and charge densities, were prepared using a dextran/PEG 

water-in-water emulsion polymerization method (Table 4).
49, 50 

The microparticles had 

mean sizes of around 4 μm, and the maximum loading capacities were similar to those of 

the corresponding nanogels. The microgels were incubated with FITC-labeled OVA for 2 h, 

to obtain OVA loaded microgels with loading capacities of 15 wt%. The samples were 

analyzed by confocal laser scanning microscopy (CLSM). CLSM images demonstrated that 

no fluorescence could be detected in the neutral particles that were immersed in an 

FITC-OVA solution (Figure 3A). In contrast, FITC-OVA was evenly distributed in the 

different cationic microgels (Figure 3C and D), suggesting that the pore sizes in the 

different gels are big enough to allow absorption of the protein into the particles.
42 

 

Table 4. Size, zeta potential and the maximum OVA loading capacity of microgels (n=3). 

DS Content 

(w/w) 

TMAEMA : 

MA 

da 

(μm) 

ζ-potential before 

loading 

(mV) 

Max 

LCb 

(wt %) 

ζ-potential after 

Max loading 

(mV) 

4 20% 25 2.89±1.58 21.8±0.3 78.4±8.6 2.5±0.4 

8 20% 13 3.21±1.76 21.2±0.6 74.0±2.1 -0.6±0.5 

10 20% 10 2.64±1.12 21.3±0.7 77.2±5.4 2.8±0.2 

8 25% 13 4.38±3.26 22.3±0.2 75.0±0.1 -0.7±0.8 

8 20% 0 4.38±2.98 -1.1±0.2 NDc -3.6±0.8 

8 20% 2 2.45±1.35 11.1±0.7 33.8±3.8 -1.4±0.7 

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

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

a
 Number mean diameter; 

b
 Maximum loading capacity (loaded OVA/dry microgels plus 

loaded OVA weight×100%); 
c
 Not detectable, no OVA was detected in the neutral 

microgels. 

 

CLSM images were recorded in time (1 frame/30 s) to visualize the process of OVA 

penetration into dextran microgels in HEPES buffer (Figure 4A). After addition of 

FITC-OVA solution to a microgel suspension, fluorescence was already detected in the 

particles after 30 seconds. The fluorescence increased in time (not shown) and reached a 

maximum at 5 minutes indicating that the protein was quantitatively absorbed by the 
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particles. It is further noted that fluorescence was homogenously distributed in the particles 

demonstrating that the pores in hydrogel network are bigger than the hydrodynamic 

diameter of the protein. Since in this case FITC-OVA was not covalently linked to the 

network of particles, addition of PBS buffer led to release of OVA within minutes (Figure 

4B). 

 

     

Figure 3. A) CLSM image and B) differential interference contrast image of neutral dextran 

microgels in FITC-OVA solution. C) CLSM image of OVA loaded cationic dextran microgels (DS 8, 

20% w/w, 13 molar ratio TMAEMA, and 15 wt% loading of OVA). D) Corresponding fluorescence 

intensity profile, plotted along a microgel cross-section indicated by the line in image C. 

 

A 

    

B 

    

Figure 4. (A) Confocal snapshots of cationic dex-MA microgels (DS 8, 20% w/w, 13 molar ratio 

TMAEMA) dispersed in a FITC-OVA solution in 20 mM HEPES pH 7.4 at ambient temperature. The 

images shown (upper panels from left to right) were taken at 0, 30, 300, and 600 s while FITC-OVA 

was added at 10s. (B) Confocal snapshots of FITC-OVA loaded dex-MA microgels (DS 8.0, 20% 

w/w, 13 molar ratio TMAEMA) upon addition of PBS at ambient temperature. The images shown 

(lower panels from left to right) were taken at 0, 30, 120, and 1200 s while PBS was added at 10s. 
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FITC-OVA was also modified with SATA and conjugated to microgel particles containing 

the pyridyldisulfide linker. The release behavior was again visualized by CLSM (Figure 5). 

After addition of PBS to the microgel suspension, no significant decrease in fluorescence 

intensity was observed demonstrating that the protein remained immobilized in the 

hydrogel network. However, after addition of glutathione, the fluorescence in the particles 

substantially dropped within 1 min indicating extremely fast release due to cleavage of the 

disulfide bonds. 

    

Figure 5. A and B) Confocal snapshots of FITC-OVA microgels conjugate at ambient temperature. 

The images shown were taken at 0 and 600 s while PBS was added at 10s. After 5 min incubation in 

PBS, the imaging was stopped. C and D) New snapshots of FITC-OVA microgels conjugate 

dispersed in PBS was started and the images shown were taken at 60 and 90 s while glutathione (2.5 

mM) was added at 40s. 

 

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

To show the intracellular release of the conjugated OVA, OVA loaded nanogels were 

double labeled. The nanogels were labeled with Alexa Fluor 488 (AF488), while OVA was 

labeled with Alexa Fluor 647 (AF647). Confocal images were taken after incubation of the 

OVA nanogels with D1 cells for 24 h. Cells incubated with OVA conjugate  nanogels 

showed colocalization of the labels on the surface of the cells (yellow, overlap of green and 

red, in Figure 6A). On the other hand, within the cells only empty nanogels (green) were 

observed, which indicates that the conjugated OVA was released from the nanogels upon 

their internalization. It should be noted that no signal was observed for released 

AF674-OVA likely because the released OVA is diluted in the cells below detection level. 

However, in some cases, the released OVA had a sufficient high concentration in the 

cytosol, and the released OVA could be visualized (see supporting information, Figure S1). 

In contrast, Figure 6B shows only green spots, indicating that the non-conjugated OVA 

nanogels released the protein before they were taken up by cells. After 24h incubation, 

neither free OVA nor neutral nanogels were internalized by D1 cells (Figure 6C and D).  
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A 

   
B 

   
C 

   
D 

   

Figure 6. Intracellular release of OVA nanogels was studied by confocal microscopy. The nanogels 

were labelled with AF488 (green), and AF647 (red) labelled OVA was loaded. D1 dendritic cells were 

incubated with nanogels for 24h at 37 ºC and the images were taken (left: AF 488-nanogels, middle: 

AF647-OVA, right: merged image of AF488, AF647 and differential interference contrast image). A) 

Conjugated OVA nanogels, B) non-conjugated OVA nanogels, C) free OVA and D) neutral nanogels. 
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2.7. MHC Class I Antigen Presentation 

The ability of OVA conjugated particles for antigen presentation by DCs and subsequent 

activation of CD8
+
 T cells was tested in vitro. An MHC class I antigen presentation assay

51 

was performed with DC incubated with both OVA nanogels and microgels (Table 5) and 

compared with soluble OVA and H-2Kb-restricted OVA class I epitope SIINFEKL (the 

OVA fragment which is presented by the class I MHC molecule
52

). D1 cells were incubated 

for 24 h with titrated amounts of OVA and particles before CD8
+
 T cell hybridoma B3Z 

cells were added, followed by 24 h incubation at 37 ºC. The hybridoma B3Z cells produce 

β-galactosidase after activation by DCs that present SIINFEKL, thus allowing measurement 

of MHC class I antigen presentation by a colorimetric assay using chlorophenol 

red-β-D-galactopyranoside (CPRG). As shown in Figure 7, D1 cells incubated with soluble 

OVA or a mixture of OVA and empty neutral nanogels were not able to activate T cells, 

which indicates that free OVA is inefficiently taken up by DCs and/or processed in the 

MHC class I pathway. In contrast, the OVA nanogel/microgel conjugates showed 

significantly (a factor of 2.5) higher extent of T cell activation compared to their 

non-conjugated counterparts, and we showed that OVA nanogels were more efficient in 

stimulating B3Z CD8
+
 T cells than microgels. This is presumably because of the smaller 

size and better uptake of the OVA nanogels by D1 cell
14, 16, 18

. It should be noted that for 

positively charged nanogels and microgels, the highest concentration of OVA led to lower 

T cell activation than lower concentrations likely due to cytotoxicity (Figure 8). Therefore, 

we also included in this study a nanogel preparation with a lower excess of cationic charge 

(ζ-potential of 12 mV). The extent of T cell activation stimulated by these lowly charged 

 

Table 5. Z-average hydrodynamic diameter (Zave), polydispersity index (PDI), zeta potential, and 

loading capacity (LC) of OVA loaded particles used in antigen presentation studies. 

OVA loaded particles Zave 

 

PDI ζ-potential 

(mV) 

LC 

(wt %) 

Non-conjugated OVA nanogels 198±6 nm 0.13±0.02 20.6±0.3 11.1±0.1 

Conjugated OVA nanogels 207±3 nm 0.07±0.01 20.6±0.7 11.7±0.1 

Conjugated OVA nanogels-Lowly charged 225±7 nm 0.12±0.04 12.2±0.6 10.5±0.3 

Non-conjugated OVA microgels 2.75±1.72 μm  20.8±0.7 14.0±0.1 

Conjugated OVA microgels 2.54±2.19 μm  22.3±0.2 14.3±0.2 

Conjugated OVA microgels-Bigger size 8.55±8.33 μm  22.4±0.1 14.2±0.1 
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Figure 7. CD8+ T cell activation of SIINFEKL-specific CD8+ T cells (B3Z) after co-culturing with 

DCs. DCs were incubated with SIINFEKL (1 μg mL-1, positive control), soluble OVA, soluble OVA 

mixed with empty neutral nanogels and various OVA loaded particles (Table 5) for 24h with titrated 

amounts of OVA. Data are shown as means of triplicate measurement ± SD. Representative results 

from one out of three experiments are shown. 
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Figure 8. Viability of D1 cells, incubated for 24 h with soluble OVA, neutral particles and OVA 

loaded particles. The colorimetric reading at 490 nm of non-treated cells was set at 100% and all data 

are shown as mean ± SD (n=4). Representative results from one out of three experiments are shown. 

The neutral nano/microgels do not contain OVA. The concentrations of particles were equal to those 

of the OVA-loaded nano/microgels. 
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OVA conjugated nanogels did show dose dependency meaning that in the dose range 

investigated the lowly charged nanogels have a good cytocompatibility and are therefore 

the preferred formulations. The improved MHC class I antigen presentation by OVA 

conjugated nanogels demonstrates that a high amount of OVA was delivered and released 

into the D1 cells and the nanogels facilitated  processing and presentation of extracellular 

antigens in MHC class I molecules to CD8
+
 T cells (cross-presentation). 

 

3. Conclusion 

In conclusion, we have developed dextran nanogels in which a model antigen (OVA) was 

covalently linked via disulfide bonds. An important advantage of this system is that the 

protein remained stably entrapped in a non-reducing environment, however triggered and 

rapid release in the presence of glutathione occurred. Furthermore, high loading capacities 

were obtained, which enables delivery of large quantities of antigen into DCs to maximize 

exposure of antigen to the immune system. Finally, these particles show intracellular 

delivery and release of antigens in DCs and efficiently facilitates the MHC class I antigen 

cross-presentation. This technology can be broadly applied for encapsulating a wide variety 

of therapeutics that can be modified with a thiol group, thus making it a promising system 

for intracellular antigen delivery. 

 

4. Experimental 

Synthesis of N-(4-(2-(pyridine-2-yldisulfanyl)ethyl)-amidobutyl) methacrylamide: a) 

Synthesis of pyridine dithioethylamine hydrochloride: Methanol (25 mL) was used to 

dissolve 2,2'-dithiodipyridine (11.0 g, 50 mmol, Sigma) and mixed glacial acetic acid (2 mL, 

35.0 mmol)  under nitrogen. Cysteamine hydrochloride (2.86 g, 25.0 mmol, Sigma) 

dissolved in 20 mL methanol was added slowly to the mixture. The reaction mixture was 

stirred for 48 h at room temperature. The product was precipitated by dropping the reaction 

mixture into cold ether (200 mL), and purified by redissolving in methanol (15 mL) and 

precipitating in cold ether (200 mL) until a white powder (4.54g, 82% yield) was obtained. 

b) Synthesis of N-methacryloyl aminobutanoic acid: Aminobutyric acid (8.2 g, 80 mmol, 

Sigma) and NaOH (6.4 g, 160 mmol) were dissolved in water (15 mL) at 0 
o
C. A spatula tip 

of hydroquinone monomethylether was added to the mixture to prevent polymerization.  

Next, methacryloyl chloride (8.4 g, 80 mmol, Sigma) was slowly added to the mixture 

which was subsequently stirred overnight. HCl was added after the reaction to adjust to pH 
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3. The reaction mixture was extracted three times with chloroform. The combined organic 

layers were washed with water, dried with MgSO4 and filtered. The filtrate was 

concentrated by rotary evaporation to obtain the product (11.1 g, 81% yield) as a colourless 

oil. c) N-(4-(2-(pyridine-2-yldisulfanyl)ethyl)-amidobutyl) methacrylamide: Pyridine 

dithioethylamine hydrochloride (4.0 g, 18 mmol),  N-methacryloyl aminobutanoic acid 

(5.8 g, 36 mmol), HoBt (5.8 g, 43 mmol) and TEA (3.5 mL, 26 mmol) were dissolved in 

dry DCM (70 mL) under nitrogen. The reaction mixture was cooled on ice and EDC (8.1 g, 

43 mmol) was subsequently added to the mixture. The reaction mixture was allowed to 

warm to room temperature and stirred for 24 h. The reaction mixture was washed with 5% 

NaHCO3 and brine. Most of the solvent was evaporated and the remaining was purified on a 

silica gel column (ethyl acetate / acetone, 3:2 (v/v), Rf: 0.37). The product (3.4 g, 55% yield) 

was obtained as a white powder (purity: 99.5%, which is determined by HPLC).  

Modification of OVA with succinimidyl S-acetylthioacetate: SATA (10 mg mL
-1

, dissolved 

in dry DMSO, Sigma) was added to OVA solutions (2.5 mg mL
-1

, dissolved in PBS, Serva 

Electrophoresis GmbH) with molar ratios of 2:1, 4:1 and 6:1. The mixtures were incubated 

for 30 minutes at room temperature. The modified OVA was dialyzed against distilled water 

for 24 h at 4℃. The number of modified lysine residues was determined by using the TNBS 

assay. 

Spectral analysis of SATA modified OVA: a) UV-vis absorption spectra of 0.5 mg mL
-1

 

native and modified OVA in PBS buffer were measured in the range of 250-350 nm by a 

Shimadzu UV-2450 UV/Vis spectrophotometer (Shimadzu Corporation, Kyoto, Japan). b) 

Far UV-CD spectra of 0.25 mg mL
-1

 native and modified OVA in PBS buffer were recorded 

from 250 to 195 nm by a dual beam DSM 1000 CD spectropolarimeter (On-Line 

Instruments Systems, Bogart, GA) using cuvettes with a path length of 0.20 mm. c) 

Fluorescence measurements were carried out with Horiba Fluorolog fluorometer FL3-21 

(Horiba Jobin Yvon, Longjumeau Cedex, France). The excitation wavelength was set at 280 

nm and the emission spectra were recorded in the range of 300-350 nm. Native and 

modified OVA were measured at a concentration of 0.1 mg mL
-1

 in PBS at pH 7.4. 

Preparation and characterization of empty dextran nanogels: Dex-MA (120 mg) was 

dissolved in distilled water without or with a known amount of the cationic methacrylate 

monomer TMAEMA (e.g., 160 μL TMAEMA solution for 13 molar ratio of TMAEMA to 

dextran formulation, Sigma) and without or with linker solution (e.g., for LNG3 formulation: 

40 μL linker solution of 120 mg mL
-1

 in 50:50 v/v DMSO/H2O) to a final volume of 360 μL. 

Subsequently, photoinitiator solution (irgacure 2959, 10mg mL
-1

 in water, 120 μL, Ciba) 
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was added. This dextran solution was emulsified in the external phase (light mineral oil 

(Sigma), containing 10% v/v ABIL EM 90 surfactant (Goldschmidt)) by vortexing and 

ultrasonication for 2 mins (cycle-1, amplitude 60%, Labsonic Tip Sonifier, Braun, 

Melsungen, Germany). The emulsified nanodroplets were polymerized by UV irradiation 

(15 minutes, Bluepoint UV source, Hönle UV technology, Germany). The crosslinked 

nanoparticles were purified by 5 times washing with acetone/hexane (50:50 v/v), then 

rehydrated and lyophilized (Yield: ~90%). The average size and zeta-potential of the 

nanogels was measured using DLS (Malvern ALV/CGS-3 Goniometer, Malvern 

Instruments, Malvern, UK) and Zetasizer (Zetasizer Nano, Malvern instrument, USA). The 

linker content of nanogels was determined by incubating the nanogels (10 mg) with DTT (5 

mM in PBS, 1 mL), and then measuring 2-mercaptopyridine in the supernatant which was 

cleaved and released from the linker present in nanogels.  2-Mercaptopyridine was 

determined by HPLC (Waters, USA) equipped with a Sunfire C18 column 5 μm (4.6×150 

mm) (Waters) and tunable ultraviolet/visible light detector (Waters) set at 280 nm. A 

gradient elution was applied with mobile phase A being a 10% ACN aqueous solution and 

mobile phase B being 100% ACN. The gradient was from 100% to 60% mobile phase A 

over a period of 6 min with a flow rate of 1 mL min
-1

. The 2-mercaptopyridine calibration 

curve was linear between 1 and 50 μg mL
-1

. 

Preparation and characterization of empty dextran microgels: PEG (2.77 g), dex-MA (81.6 

mg), known amounts of TMAEMA and linker solutions (500 mg mL
-1

 in DMSO) were 

added in HEPES buffer (100 mM pH 7.4) to final 20 g in a 50 mL tube. The mixture was 

flushed with nitrogen and vortexed for 2 minute at maximum intensity. A water-in-water 

emulsion was formed and then allowed to stabilize for 10 min. Next, a sodium bisulfite 

solution (720 μL, 20 mg mL
-1

) and a KPS solution (720 μL, 50 mg mL
-1

) were added to the 

mixture. The formed droplets were allowed to crosslink overnight at room temperature. The 

polymerized particles were purified by 3 times washing with water and then lyophilized 

(Yield: ~80%). The particle size distribution and zeta-potential of the microgels were 

measured using AccuSizer (PSS-Nicomp, Sta Barbara, CA, USA) and Zetasizer (see above), 

respectively. The linker content was determined by HPLC as described in the previous 

paragraph. 

Determination of loading capacity and loading efficiency of the gels: The concentration of 

OVA solution was fixed at 2 mg mL
-1

 in 20 mM HEPES buffer pH 7.4. Different 

nanogels/microgels suspensions (0.5 mg mL
-1

 in 20 mM HEPES buffer, pH 7.4) were 

mixed with this OVA solution at a volume ratio of 1:1. Samples were taken at different time 

points (1h, 24h and 48h) and the particles were centrifuged at 15,000 rmp for 60 min 
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(nanogels) or 30 min (microgels). The concentration of OVA in the supernatant was 

measured by BCA protein assay (25-2000 μg mL
-1

). Loading capacity (LC) and loading 

efficiency (LE) were calculated as follows: LC= loaded OVA / dry nanogels plus loaded 

OVA weight *100% and LE= loaded OVA in particles / feed OVA weight *100%.  

Preparation and characterization of 15 wt% OVA loaded nanogels/microgels: OVA 

solution (native or SATA modified, FITC-labeled or non-labeled, 2 mg mL
-1

, 7.5 mL) was 

mixed with particles suspension (without or with varying amount of linker, 2 mg mL
-1

, 42.5 

mL) in HEPES buffer (20 mM, pH 7.4).  The mixture was incubated at room temperature 

for 1 hour to allow OVA loading into the particles. Subsequently, a deacetylation solution 

(1.72 g hydroxylamine 50% water solution, 0.365 g EDTA in 50 mL HEPES buffer, 5 mL) 

was added and the mixture was incubated for 2 h. The OVA loaded particles were collected 

and purified by multiple washing and centrifugation steps (thrice with PBS for modified 

OVA or with HEPES buffer for native OVA, 60 min, 15,000 rpm), and then lyophilized 

(Yield: ~70% for nanogels and ~80% for microgels). The size and zeta-potential of the 

nanogels/microgels before and after OVA loading were measured by DLS/AccuSizer and 

Zetasizer as described above. The loading capacity and loading efficiency were determined 

by measuring the OVA concentration in the washing fluids with a UPLC system (Waters, 

USA) equipped with an Acquity BEH C4 column 1.7 μm (2.1×50 mm) (Waters) and a 

fluorescence detector (FLR, Waters). The mobile phase consisted of 0.1% TFA in 10% 

ACN aqueous (mobile phase A) and 0.1% TFA in 100% ACN (mobile phase B). The 

gradient elution was from 100% to 70% mobile phase A in 5 min. The flow rate was 0.25 

mL min
-1

 and the analyses were performed at 50 ± 1 °C. The OVA calibration curve was 

linear between 10 and 1000 μg mL
-1

. 

In vitro OVA release from OVA loaded dextran nanogels: OVA loaded nanogels were 

dispersed in PBS (150 mM, pH 7.4) to 4 mg mL
-1

. Glutathione was added at 8 h at a 

concentration of 2.5 mM and again at 24 h to a final concentration of 10 mM for triggered 

release of conjugated OVA. The release of OVA was monitored at 37°C by taking samples 

at different time points, spinning down the particles (60 min, 15,000 rpm) and analyzing the 

supernatant for OVA concentration (see previous paragraph). 

Confocal images of distribution, penetration and release of OVA dextran microgels: a) 

Microgels were incubated with FITC-labeled OVA (Invirogen) for 24h and confocal images 

were taken by confocal laser scanning microscopy (CLSM, Confocal Leica SPE-II, Leica 

Microsystems, Wetzlar, Germany). b) FITC-labeled OVA (0.25 mg mL
-1

, 15 μL) was added 

to empty dextran microgel suspensions (0.25 mg mL
-1

, 85 μL) in 20 mM HEPES buffer 
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(pH 7.4) and immediately visualized with CLSM (1 frame/30 s) to record OVA penetration 

into the dextran microgels. c) Release of FITC-OVA (non-conjugated and conjugated to the 

microgels) was monitored via CLSM. First, the loaded particles were dispersed in 20 mM 

HEPES buffer (0.25 mg mL
-1

, 100 μL), then PBS (100 μL) and glutathione (up to a 

concentration of 2.5 mM) were added subsequently. Confocal micrographs were taken 

every 30 s. 

Cell lines and Culture Conditions: D1 cells, a long-term growth factor-dependent immature 

myeloid dendritic cell line of splenic origin derived from a female C57BL/6 mouse, was 

cultured. Culture medium was IMDM (Lonza) containing 10% heat-inactivated FBS 

(Sigma), 2 mM GlutaMax (GIBCO), 50 μM β-mecaptoethanol (in IMDM) and fibroblast 

supernatant (SN) from NIH/3T3 cells which was collected from confluent cultures and 

filtered. B3Z cells, a T cell hybridoma expressing a T-cell receptor that specifically 

recognizes H-2Kb-restricted OVA MHC class I epitope SIINFEKL which carries a lacZ 

construct, was cultured. Culture medium was IMDM containing 10% heat-inactivated FBS, 

2 mM GlutaMax, 50 μM β-mecaptoethanol (in IMDM). 

Cytosolic release of OVA from nanogels: OVA loaded nanogels were double labeled. The 

dextran nanogels were labeled with Alexa Fluor 488 dye (Invitrogen), while Alexa Fluor 

647 labeled OVA (commercially available from Invitrogen) was modified with SATA and 

loaded in the nanogels. D1 cells were incubated with OVA loaded nanogels at final OVA 

concentration of 5 μg mL
-1

 for 24 h at 37 ℃. Subsequently, confocal images were taken by 

CLSM. 

MHC class I antigen presentation assay: D1 cells (50,000 cells/well) in a 96-well plate 

were incubated with H-2Kb-restricted OVA class I epitope SIINFEKL, soluble OVA, 

soluble OVA with empty neutral nanogels and various OVA loaded nanogel/microgel 

formulations at titrated amounts of OVA for 24 h at 37 ℃. Subsequently, B3Z cells (50,000 

cells/well) were added to D1 cells and co-incubated with D1 cells for 24 h at 37 ℃. The 

hybridoma B3Z cells produces β-galactosidase after being activated by DCs that present 

SIINFEKL, thus allowing measurement of MHC class I antigen presentation by a 

colorimetric assay using CPRG. β-Galactosidase activity of B3Z cells was measured by 

incubating the cells with 100 μL of CPRG buffer for 1 h. The β-galactosidase converted the 

yellow-orange substrate CPRG into the red chromophore chlorophenol red absorbing at 590 

nm, and the absorbance was read by SPECTROstar (BMG Labtech, Germany). 

Cytotoxicity of nanogels/microgels towards D1 cells: D1 cells (50,000 cells/well) in a 

96-well plate were incubated with soluble OVA, empty neutral nanogels/microgels and 
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various OVA loaded nanogel/microgel formulations at titrated amounts of OVA for 24 h at 

37 ℃. The relative cell viability was quantified by CellTiter 96 AQueous One Solution Cell 

Proliferation Assay (Promega). 
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Supporting Information 

 

 

Figure S1. Intracellular release of conjugated OVA nanogels. The nanogels were labelled with AF488 

(green), and AF647 (red) labelled OVA was loaded. D1 dendritic cells were incubated with nanogels 

for 24h at 37 ºC and the images were taken (left: AF 488-nanogels, middle: AF647-OVA, right: 

merged image of AF488, AF647 and differential interference contrast image). 

 



 

 

 

Chapter 4 
 

 

 

Strong in vivo antitumor responses induced 

by antigen immobilized in nanogels via 

reducible bonds 

 

Dandan Li
 a
, Feilong Sun

 a
, Meriem Bourajjaj

 a
, Yinan Chen

 a
, Ebel H. Pieters

 a
, Jian Chen

 a
, 

Joep B. van den Dikkenberg
 a
, Bo Lou

 a
, Marcel G. M. Camps

 b
, Ferry Ossendorp

 b
, Wim E. 

Hennink
 a
, Tina Vermonden

 a
, and Cornelus F. van Nostrum

 a
 

 

aDepartment of Pharmaceutics, Utrecht Institute for Pharmaceutical Sciences, Utrecht University. 

bDepartment of Immunohematology and Blood Transfusion, Leiden University Medical Center. 

 

Nanoscale, 2016, DOI: 10.1039/C6NR05583D 

 

 



Chapter 4 

80 

 

4 

Abstract: Cancer vaccines are at present mostly based on tumor associated protein 

antigens but fail to elicit strong cell-mediated immunity in their free form. For 

protein-based vaccines, the main challenges to overcome are the delivery of sufficient 

proteins into the cytosol of dendritic cells (DCs), the processing by, and the presentation 

through the MHC class I pathway. Recently, we developed a cationic dextran nanogel in 

which a model antigen (ovalbumin, OVA) is reversibly conjugated via disulfide bonds to 

the nanogel network to enable redox-sensitive intracellular release. In the present study, it 

is demonstrated that these nanogels, with the bound OVA, were efficiently internalized by 

DCs and capable to maturate them. On the other hand, when the antigen was just physically 

entrapped in the nanogels, OVA was prematurely released before the particles were taken 

up by cells. When combined with an adjuvant (polyinosinic-polycytidylic acid, poly(I:C)), 

nanogels with conjugated OVA induced strong protective and curative effect against 

melanoma in vivo. In a prophylactic vaccination setting, 90% of the mice vaccinated with 

nanogels with conjugated OVA + poly(I:C) did not develop a tumor. Moreover, in a 

therapeutic model, 40% of the mice cleared their established tumors and survived for the 

duration of the experiment (80 days) while the remaining mice showed substantial delay of 

tumor progression. In conclusion, our results demonstrate that conjugation of antigens to 

nanogels via reducible covalent bonds for intracellular delivery is a promising strategy to 

induce effective antigen-specific immune responses against cancer. 
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1. Introduction 

With increasing interests of immunotherapy as a potential strategy against cancers, specific 

subunits, such as protein antigens, are used to develop safe and well-defined vaccines.
1-3

 

Moreover, these subunits are suited for GMP production. However, because of their poor 

immunogenicity, these protein antigens on their own often evoke weak and short-lived 

humoral and cellular immune responses, and particularly fail to elicit a CD8
+
 cytotoxic T 

cell response.
4-7

 Currently, there is still a lack of efficacious vaccines against many types of 

cancer and infections that require both humoral and cellular immunity for proper 

therapeutic effects. Soluble protein antigens are endocytosed by APCs (antigen presenting 

cells) and subsequently degraded into antigenic peptides in endo/lysosomal 

compartments.
4-7

 Those antigenic peptides in lysosomes can be presented by MHC (major 

histocompatibility complex) class II molecules to CD4
+
 T-helper cells, which can induce 

both cellular and humoral immunity i.e. helping B cells to produce antibodies.
4
 However, 

for effective vaccination against cancer, it is crucial that APCs present antigenic peptides 

through the MHC class I pathway to CD8
+
 cytotoxic T cells (CTLs), and these activated 

CTLs in turn attack tumor cells that express the same antigenic peptide determinants.
8, 9

 

The key challenges for optimal vaccine design are to deliver antigens to the correct APCs, 

which are known as dendritic cells (DCs),
9-11

 and transport antigenic peptides to the cytosol 

of DCs resulting in subsequent presentation in MHC class II and class I pathway (so-called 

cross-presentation).
12-14

 

Recent efforts to make effective and safe vaccines against cancer have focused on 

developing particulate delivery systems for antigens to induce robust CTL responses. 

Among the nano/micro particulate vaccines, they all showed more or less increase of 

immune efficacy of the loaded antigen.
15-25

 To achieve effective vaccination, the first step is 

to ensure that the antigen remains associated with the carrier and that sufficient antigen 

loaded particles are taken up by DCs. After internalization, the second required step is the 

release and processing of the loaded antigen. Particulate carriers are usually internalized by 

APC and end up in compartments such as endo/lysosomes in which the antigens are mostly 

degraded and subsequently enter the MHC class II antigen presentation pathway. To enable 

MHC class I antigen presentation, some delivery systems have been designed to escape 

from endosomes (pH-responsive polymeric particles and particles modified with fusion 

peptides) to facilitate antigen cross-presentation.
26-28

 In addition, some carriers, such as 

virus-like particles and cationic particles, display excellent adjuvant properties.
29-32

 They 

provide sufficient danger signals to alert DCs and are capable to induce both innate and 

cognate immune responses.  
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In our previous study,
33

 we designed and synthesized reduction-sensitive cationic dextran 

nanogels to control antigen release after their uptake by APCs. A protein antigen 

(ovalbumin, OVA) was reversibly immobilized in the nanogels via disulfide bonds with 

relative high loading capacity. An important advantage of this system is that the antigen 

remained stably entrapped in a non-reducing environment, whereas triggered release in 

reductive environments occurred. These nanogels showed intracellular release of the 

antigen in DCs and boost MHC class I antigen presentation. In the present paper, we will 

show the results of the influence of nanogel size and surface charge on the uptake by DCs, 

the capability of the nanogels to maturate DCs, the intracellular delivery, transportation and 

processing of antigen by DCs in vitro, and therapeutic and prophylactic vaccination with 

nanogels with conjugated antigen in vivo. 

 

2. Experimental section 

2.1 Materials. 

Egg albumin (OVA) was obtained from Worthington (USA). Trimethyl aminoethyl 

methacrylate 80% aqueous solution (TMAEMA), 2-aminoethyl methacrylate hydrochloride, 

ethylenediamine tetraacetic acid (EDTA) and hydroxylamine were purchased from Sigma 

Aldrich. Methacrylated dextran (dex-MA, Mw 40,000 Da, degree of methacrylate 

substitution=8) and N-(4-(2-(pyridine-2-yldisulfanyl)ethyl)-amidobutyl) methacrylamide 

were synthesized as previously reported.
33-35

 All the fluorescent dyes and markers were 

provided by Invitrogen. 

2.2 Cell line, cell culture, and animals. 

The D1 cell line,
36

 a long-term growth factor-dependent immature myeloid dendritic cell 

line of splenic origin derived from a female C57BL/6 mouse, was cultured in IMDM 

(Iscove's Modified Dulbecco's Medium, Lonza) containing 10% heat-inactivated FBS 

(Sigma), 2 mM GlutaMax (GIBCO), 50 μM β-mercaptoethanol and 30% supernatant from 

R1 cells (mouse fibroblast NIH/3T3 cells transfected with mouse GM-CSF gene), which 

was collected from confluent cultures and filtered. The B16-OVA cell line,
37

 a stable 

OVA-transfectant derived from the murine melanoma cell line B16, was maintained in 

RPMI 1640 medium (Sigma) supplemented with 10% fetal bovine serum (Sigma) and 1 

mg/mL of G418 (Sigma). Inbred, 5-7-week old female C57BL/6 mice were obtained from 

Charles River Laboratories (Maastricht, Netherlands). All mice were housed at the 

Laboratory Animal Facility of the Utrecht University and treated according to the 

regulations of animal ethics committee of the Netherlands. All experiments were approved 
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by the animal experimental committee of Utrecht University, the Netherlands. 

2.3 Preparation and characterization of OVA-loaded nanogels.  

The cationic dextran nanogels were prepared by inverse mini-emulsion 

photo-polymerization of methacrylated dextran (120 mg), trimethyl aminoethyl 

methacrylate (160 μL) and a pyridyldisulfide-containing methacrylamide monomer, 

N-(4-(2-(pyridine-2-yldisulfanyl)ethyl)-amidobutyl) methacrylamide (5 mg), as previously 

reported.
33

 To label the particles, amino groups were introduced by preparing them in the 

presence of 2 mol% (of dextran and TMAEMA) 2-aminoethyl methacrylate 

hydrochloride.
38

 The latter particles (20 mg) were incubated with Alexa 488 dye (Alexa 

Fluor 488 NHS Ester (succinimidyl ester), 1 mg/ml, 15 μL) in sodium bicarbonate solution 

(100 mM, pH 8.4) for 2 h. Subsequently, the particles were washed with water and spun 

down until no free dye was found in the supernatant (determined by FLUOstar OPTIMA 

(BMG LABTECH), and the washing was repeated 3 times). OVA solution (native or 

derivatized with SATA (on the average 2.7 modifications on one OVA molecule as 

previously reported),
33

 2 mg/mL, 7.5 mL) was mixed with nanogels suspension (2 mg/mL, 

42.5 mL) in HEPES buffer (20 mM, pH 7.4). The mixture was incubated at room 

temperature for 1 h to allow OVA loading into the particles. Subsequently, a deacetylation 

solution (1.72 g hydroxylamine 50% aqueous solution, 0.365 g EDTA in 50 mL HEPES 

buffer (20mM, pH 7.4), 5 mL) was added and the mixture was incubated for 2 h at room 

temperature. The OVA loaded particles were collected and purified by multiple washing 

(with 20 mM HEPES for native OVA or PBS for SATA-derivatized OVA) and 

centrifugation steps, and then lyophilized. Size and zeta-potential of the nanogels were 

measured in HEPES (20 mM) using DLS (Malvern ALV/CGS-3 Goniometer, Malvern 

Instruments, Malvern, UK) and Zetasizer (Zetasizer Nano, Malvern instrument, USA), 

respectively. The loading capacity was determined by measuring the OVA concentration in 

the washing fluids with a UPLC system (Waters, USA) as described.
33

 

2.4 Interaction between OVA loaded particles and DCs.  

Nanogels loaded with native or SATA-modified DQ-OVA (OVA labeled with BODIPY 

(boron-dipyrromethene) dyes, Invitrogen) were prepared as described above. D1 cells 

(70,000 cells in 200 μL medium per well) were incubated with the DQ-OVA loaded 

nanoparticles (final concentration of nanogel-associated OVA was 2.5 μg/mL), or with 

Alexa-labeled dextran particles (as shown in Table 1, having a final concentration of 25 

μg/mL) for various times (2, 5, or 24 h at 37 or at 4 ºC). The viability of D1 cells incubated 

with these dextran particles were reported previously and no cytotoxicity was observed at 
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the particle concentration used in this study.
33

 Subsequently, images were taken by confocal 

laser scanning microscopy (CLSM, Confocal Leica SPE-II, Leica Microsystems) before 

and after quenching with trypan blue (1 mg/mL, 30 μL per dish, confocal images were 

taken within 30 min after addition of trypan blue to cells).
39

 For lysosome staining, 

lysotraker-red was added 1 h before imaging.  

For quantification of the uptake, the D1 cells were detached (with 2 mM EDTA PBS buffer) 

after incubation with particles for 24 h, and detected for fluorescence intensity with or 

without quenching with trypan blue using flow cytometry (BD FACSCANTO II, BD 

Biosciences). To measure the maturation level of D1 cells after incubation with different 

particles for 24 h, the cells were washed with FACS buffer and subsequently stained with 

anti-CD40-FITC and anti-CD86-PE antibodies (2 μg/mL, 25 uL per well, eBioscience) for 

30 min on ice. These D1 cells were subsequently analyzed by flow cytometry after being 

washed with FACS buffer. The cell culture supernatant was diluted (from 250 up to 32000 

times) for analysis for interleukin 12 (IL-12 p40) with a cytokine-specific ELISA kit 

(NOVEX).
40

 

2.5 Prophylactic vaccination.  

For the prophylactic treatment study, 8 groups of mice (n=10) were immunized twice 

(prime and boost) at an interval of 2 weeks s.c. in the left flank with different vaccine 

formulations, comprising 50 μg of OVA (and 20 μg of poly(I:C)) in 100 uL PBS. These  8 

groups included mice treated with 1) PBS only, 2) empty cationic nanogels, 3) native OVA, 

4) native OVA+ poly(I:C), 5) nanogels with native OVA, 6) nanogels with native OVA + 

poly(I:C), 7) nanogels with conjugated OVA, and 8) nanogels with conjugated OVA+ 

poly(I:C). Two weeks after the last vaccination, 1.5*10
5
 OVA-expressing melanoma cells 

(B16-OVA) suspended in 100 μL PBS were inoculated s.c. on the opposite flank.
41, 42

 The 

tumor size was measured every other day using a caliper in two vertical dimensions, and 

tumor size (mm
3
) was calculated by (length × width2 /2). Mice were euthanized when the 

volume reached 2000 mm3 according to ethical guidelines. One week after prime and boost 

vaccination, blood samples were collected via submandibular bleeding in heparinized tubes 

for detecting OVA specific CD8
+
 cells and in Eppendorf tubes for measuring OVA-specific 

antibody.
17, 37, 43

 

2.6 Therapeutic vaccination.  

For therapeutic immunization, 1.5*10
5
 B16-OVA tumor cells (in 100 μL PBS) were first 

injected s.c. into the mouse right flank.
44, 45

 Tumors were monitored every other day for 
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tumor onset and upon the appearance of palpable tumors (~2×2 mm, around day 6), the 

various formulations were injected s.c on the opposite flank (groups and doses are as 

mentioned in prophylactic vaccination). Ten days after prime, mice within each group 

received boost injections with the same formulation as the prime. The tumor size of each 

mouse was measured every other day and tumor volumes were calculated as described 

above. Mice were sacrificed when humane end-points (tumor volume >2000 mm
3
) were 

met. One week after prime and boost vaccination, blood was taken via submandibular 

bleeding for measuring OVA specific CD8
+
 cells and OVA-specific antibody. 

2.7 Tetramer staining.  

Blood samples collected via submandibular bleeding in heparinized tubes were analyzed 

for OVA specific CD8
+
 T cells.

44, 45
 Red blood cells were lysed by red blood cell lysis 

buffer (Roche) and the remaining cells (mainly leukocytes) were washed with 2% BSA in 

PBS (FACS buffer) and spun down. T cells then were stained with APC-conjugated 

SIINFEKL/H2-Kb tetramers (Leiden University Medical Center, the Netherlands) and 

PE-conjugated anti-mouse CD8a mAb (BD Bioscience) for 1 h on ice. After tetramer 

staining, cells were washed with FACS buffer and suspended in 100 μL of FACS buffer. 

Data were acquired using flow cytometry. Gating strategy for analysis of % H-2Kb OVA 

tetramer CD8
+
 T cells is described in supporting information Figure S2. 

2.8 Determination of anti-OVA antibody titers in serum.  

For the detection of anti-OVA antibody titers in immunized mice, serum was separated 

from clotted blood after overnight storage at 4 °C and subsequent centrifugation (2000×g, 

10 min). The titers of OVA specific antibodies in the different serum samples of the mice 

were quantitatively determined by ELISA. Briefly, microtiter plates (Maxisorp, Nunc) were 

incubated with OVA solution in PBS (10 μg/mL, 100 μL) and incubated overnight at 4 °C. 

Subsequently, the plates were blocked with 4% milk (elk-milk, Campina, the Netherlands) 

and 0.1% Tween20 in PBS solution (blocking buffer). Serial dilutions of serum (100 μL) 

from each mouse were loaded on the OVA-coated plates. Then, 100 μL of goat anti-mouse 

total lgG-HRP conjugate (1:4000 dilution, Invitrogen) was added to each well after washing. 

The plates were incubated for 60 min at room temperature, washed with blocking buffer 

and subsequently incubated  with 100 μL of 3,3’,5,5’- tetramethylbenzidine substrate 

solution (Sigma) in the dark for 10 min at room temperature. The enzyme reaction was 

stopped by adding 100 μL of 0.18 M H2SO4 to each well, and the absorbance was measured 

at 450 nm using SPECTROstar (BMG Labtech).  
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2.9 Statistical analysis.  

Graph Pad Prism software version 6 (GraphPad Software, Inc.) was used for statistical 

analysis. Comparison between groups was conducted with Student’s t test. Differences in 

animal survival were calculated using Log-rank (ManteleCox) test. Statistical significance 

was considered when p < 0.05. Statistical analyses were done by comparison with the 

untreated group unless specified with markings. 

 

3. Results and discussion 

3.1 Preparation of OVA-loaded dextran particles and their interaction with DCs in 

vitro. 

Dextran-based cationic nanogels containing a pyridyldisulfide linker were prepared by 

inverse mini-emulsion photo-polymerization (as described in Materials and Methods 

section, Figure 1).
33

 When OVA, either native or derivatized with succinimidyl 

S-acetylthioacetate (SATA) groups, was incubated with a dispersion of the cationic 

nanogels in aqueous buffer of low ionic strength (HEPES, 20 mM, pH 7.4), the protein was 

almost quantitatively absorbed in these particles due to electrostatic interactions. 

Subsequently, SATA-derivatized OVA after deprotection of the SATA groups using 

hydroxyl amine, was conjugated to the linker units in the nanogel via a thiol-disulfide 

exchange reaction. Non-reacted OVA was removed by washing with a high (physiological) 

ionic strength buffer (PBS, 167 mM, pH7.4). Indeed, it was shown in our previous study 

that nanogels loaded with native OVA released the protein rapidly when the particles were 

dispersed in PBS. However, by conjugating OVA to the nanogels via disulfide bonds, the 

release of OVA in PBS only occurred in the presence of a reducing agent such as 

glutathione.
33

 To get insight into the interaction between dextran gels and DCs, particle 

with various surface charge density (zeta potential) and size (around 0.2 and 2.5 

micrometer diameter) were prepared (Table 1). While the microgels had a rather broad size 

distribution, the nanogels had a relatively low PDI. 

It is known that DCs play a crucial role in activating the immune response because of their 

ability to take up and process antigens and subsequently present antigenic peptides to T 

cells.
9, 13

 In light of these DC functions, the capability of DCs to internalize Alexa 488 

labeled dextran nanoparticles was visualized with confocal microscopy (Figure 2A) and 

quantified using FACS (fluorescence-activated cell sorting, Figure 2B). The binding and 

uptake studies were performed by incubation of labeled particles (and covalently loaded 
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Figure 1. Schematic representation of reduction-sensitive cationic dextran nanogels and conjugation 

of SATA-modified OVA. 

 

Table 1. Characterization (Z-average hydrodynamic diameter (Zave), polydispersity index (PDI), zeta 

potential, and loading capacity) of dextran particles dispersed in HEPES buffer (20 mM, pH 7.4). 

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

Dextran particles 
Zave 

(nm) 
PDI 

Size (µm) 

± SD 

ζ-potential 

(mV) 

Loading 

capacity 

(wt%) 

Nanogels with conjugated OVA 207±3 0.07±0.01  20.6±0.7 11.7±0.1 

Nanogels with native OVA 198±6 0.13±0.02  20.6±0.3 11.1±0.1 

Nanogels (low charge) with 

conjugated OVA 
225±7 0.12±0.04  12.2±0.6 10.5±0.3 

Nanogels (neutral) 213±8 0.17±0.03  -0.2±0.1 - 

Microgels with conjugated OVA   2.5±1.4 22.3±0.2 14.3±0.2 

 

with modified OVA) with D1 dendritic cells for 24 h at 4 or 37 C. Subsequently, the cells 

were treated with trypan blue (TB) to quench the Alexa488-labeled particles that were 

surface associated with the cells (TB can quench green fluorescence and does not penetrate 

through cell membranes
39, 46, 47

). As shown in Figure 2A, negligible binding and uptake was 

detected for (empty) neutral nanogels. On the other hand, positively charged nanogels and 

microgels, both loaded with conjugated OVA, showed strong association with the D1 cells. 

After incubation of D1 cells with TB, no significant decrease of fluorescence was found for 

nanogels with conjugated OVA, which indicates that they were internalized by D1 cells. 

However, both for nanogels of low charge and for microgels, the fluorescence signals on 

the cell surface was quenched by TB which demonstrates that although these cationic 

particles were associated with the cells, they were not internalized as efficiently as the 

nanogels likely because of the lower charge and bigger size.
48-51

 Interestingly, images of the 
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Figure 2. Binding and internalization of Alexa 488 labeled particles (25 μg/mL) to DCs for 24h at 4 

or 37 C before and after quenching with trypan blue (TB). (A) Confocal images of D1 cells after 

incubation with various Alexa 488 labeled particles. Nuclei were stained by Hoechst. (B) Binding and 

uptake of various Alexa 488 labeled particles to D1 cells quantified by flow cytometry at a) 37 C and 

b) 4 C. 
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cells incubated with the microgel formulation showed only small punctuate spots inside the 

cells, suggesting that only a fraction of smallest particles were taken up by the cells 

(keeping in mind the broad size distribution, Table 1), while the fluorescence of the larger 

particles was quenched outside the cells. Flow cytometry data (Figure 2Ba) showed that the 

cationic nanoparticles were indeed associated with almost all cells whereas only ~5% of the 

cells showed binding of neutral nanogels. After quenching with TB, the percentage positive 

cells previously incubated with nanogels with conjugated OVA did not change while these 

percentages dropped to 70% and 17 % for cells incubated with low charged nanogels and 

microgels, respectively. These data are consistent with the confocal images of Figure 2A. 

At 4 C (Figure 2A), binding on the surface of the cells was clearly seen for all cationic 

particles, but only limited signals were detected intracellularly after quenching with TB 

demonstrating that at this temperature the particles are not internalized by DCs. The 

combined results of figure 2A and B demonstrate that the uptake of the particles at 37 C 

requires energy as previously shown for the uptake of different types of nanoparticles and 

nanomedicines by living cells.
51

 Taken together, these results are in agreement with other 

reports showing that relatively highly cationic and small sized particles are efficiently taken 

up by DCs.
31, 50-55

 It should however be noted that the D1 cell line used for this uptake 

study is one subpopulation of DCs. The influence of particle size on the cell uptake may be 

varied in other DC populations with different properties. 

The capture and internalization of an antigen by DCs is the first step to trigger an immune 

response, while maturation of DCs is necessary to enhance T-cell response and prevent 

immune tolerance in vivo.
56-58

 The maturation of DCs is characterized by upregulation of 

co-stimulatory molecules (such as CD40, CD80, and CD86) on their membrane and 

secretion of cytokines (such as IL-12, a T-cell growth and stimulating factor).
40, 59, 60

 

Cationic particles are able to mature DCs although the exact mechanism is unknown at 

present.
31

 To monitor DC maturation, D1 cells were incubated with and stimulated by the 

different dextran nanoparticles for 24 h and subsequently analyzed for cell expression of 

activated markers (CD40 and CD86) and cytokine production (IL-12). All samples used in 

this study were tested by limulus amebocyte lysate (LAL) assay, and the endotoxin contain 

was below detection level (0.1 EU/mL, supporting information Table S1). Poly(I:C) (1 

μg/mL), a known immunostimulant of DCs,
61, 62

 was used as a positive control. Flow 

cytometry data presented in Figure 3 (Aa and Ab) show that D1 cells incubated with 

cationic particles upregulated expression of both CD40 and CD86 and the percentage of 

matured DCs increased with the surface charge of the particles. Meanwhile, soluble OVA 

and neutral nanogels did not upregulate the expression of these markers on DCs. Taken 
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Figure 3. Flow cytometry analysis of DC maturation and cytokine secretion upon incubation with 

dextran particles. (Aa, Ab) Quantification of CD40 and CD86 expression after 24 h incubation with 

various particles. (B) Secretion of IL-12. Poly(I:C) was used as positive control. Statistical analyses 

were done by comparison with the untreated group (D1 only). ns, not significant. 

 

together, the maturation of DCs is due to the charge of the particles. Moreover, relatively 

highly cationic particles demonstrated increased IL-12 secretion when compared to 

neutral/low charge nanogels, though not as efficiently as poly(I:C) (Figure 3B). 

Further studies were focused on the localization of the best performing nanogels (i.e. with 

conjugated OVA) in DCs and the subsequent processing of OVA from these nanogels. 

Nanogels with conjugated OVA and labeled with Alexa 488 were incubated with D1 cells 
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for 2, 5 and 24 h before taking confocal images, and lysotracker-red was used to label 

lysosomes. Already after 2h, most of the nanogels were bound or taken up by D1 cells and 

the internalized nanogels colocalized with lysotracker (Figure 4A, yellow spots). Signals 

from the nanogels inside the cells still overlapped with lysotracker at 5 and 24 h, which  
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Figure 4. In vitro uptake and processing of OVA loaded nanogels by D1 cells. Confocal images of 

D1 cells incubated with, respectively, (A) Alexa 488 labeled nanogels (green) and (B) nanogels with 

conjugated DQ-OVA (green) for 2, 5 and 24 h. Lysosomes (red) were labeled by incubation with 

lysotracker-red 1h before taking images and nuclei were stained by Hoechst in blue. (C) a) Nanogel 

uptake and b) DQ-OVA processing after 24h incubation with D1 cells measured by flow cytometry. 

ns, not significant. 
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indicates that internalized nanogel particles remained in the lysosomes. To investigate the 

processing of the antigen by DCs, DQ-OVA was conjugated in the nanogels and 

subsequently incubated with D1 cells. DQ-OVA is heavily labeled with BODIPY 

(boron-dipyrromethene) dyes which leads to strong fluorescence quenching.
63

 Once 

DQ-OVA is processed by DCs into single, dye-labeled peptides, the quenching is relieved 

resulting in bright fluorescence signals. Figure 4B shows that barely any green fluorescence 

signal from DQ-OVA was observed after 2h. However, fluorescence signals of this label 

were detected but not colocalized with lysotracker-red after 5 h and the signals became 

stronger after 24 h. These signals were homogenously distributed, which demonstrated that 

DQ-OVA was digested by D1 cells into small peptides which localized in the cytosol. 

Taken together, these images indicate although the nanogels were trapped in the 

endo/lysosomes, the released and processed antigen was transported to the cytosol, which is 

crucial for MHC class I antigen presentation to activate a T cell response.
4, 12, 13, 26

 It is also 

revealed (Figure 4Ca) that nanogels were equally taken up no matter if OVA was 

conjugated or just physically loaded. However, the processed fragments of DQ-OVA were 

dramatically enhanced by nearly 5-fold when modified DQ-OVA was conjugated to 

nanogels via disulfide bonds compared to when native DQ-OVA was encapsulated but not 

conjugated (Figure 4Cb). This indicates that a higher amount of OVA was delivered 

intracellularly to DCs by conjugation to the reduction-sensitive linkers. 

The results presented above suggest that OVA is efficiently delivered into DCs by 

reduction-sensitive nanogels and that OVA or the antigenic peptides can be transported to 

the cytosol of DCs. Moreover, the cationic nanogels have the ability to stimulate and 

maturate DCs. From the above we selected nanogels with conjugated OVA for in vivo 

studies and used nanogels with native OVA as a control. 

3.2 Preventive antitumor effect of nanogels with conjugated OVA by prophylactic 

vaccination. 

To investigate the protective efficacy of the nanogels with conjugated OVA against cancer, 

we tested formulations (details of the particulate formulations see supporting information 

Table S2) in a prophylactic vaccination setting using the B16-OVA melanoma model 

(expressing OVA antigen).
45

 It has been shown that the specific T cell immune response 

induced by tumor antigen recognizes antigenic peptide determinants presented by MHC 

molecules of the tumor and attack and kill tumor cells. In this study, the mice were 

immunized with nanogels with conjugated OVA and other 7 control groups to prove the 

feasibility of intracellular delivery of antigen. C57BL/6 mice (10 per group) received 
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various formulations subcutaneously (s.c.) on day 0 and 14 as prime and boost, and mice 

were challenged with 1.5 × 10
5
 B16-OVA cells s.c. at 14 days post boost (Figure 5A). 

OVA specific CD8
+
 T cells and antibodies were measured 7 days after prime and boost, 

and the volume of the developing tumor was monitored in time after challenge. 
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Figure 5. (A) Prophylactic vaccination scheme for OVA loaded nanogels formulations as 

prophylactic tumor vaccines in mice. Female C57BL/6 mice (n=10 per group) were immunized with 

various formulations (50 μg OVA (and 20 μg poly(I:C)) per mouse) according to the scheme A. (B) 

Tumor growth shown as mean (n=10) over 52 days post tumor challenge. SEM (standard error of the 

mean) are shown in the supporting information, Figure S1A. When one mouse was sacrificed, its 

end-point tumor size remained included in the calculations of the mean sizes after sacrificing. (C) 

Survival of mice (n=10). One week after (D) prime and (E) boost, blood samples were analyzed for 

OVA specific CD8+ T cells by tetramer staining using FACS. OVA specific total IgG was measured 

in the serum of diluted blood samples collected after (F) prime and (G) boost. Statistical analyses 

were done by comparison with the untreated group unless specified with markings. ns, not significant. 

 

To assess the capacity of the various OVA formulations to raise specific CD8
+
 T cell levels, 

blood samples of the mice 7 days after prime and boost vaccination were analyzed ex vivo. 

OVA specific CD8
+
 T cells were identified with flow cytometry after tetramer staining 

using APC-conjugated SIINFEKL/H2-Kb tetramers and PE-conjugated anti-mouse CD8a 

mAb.
44, 45

 Gating strategy for analysis of the percentage of H-2Kb-SIINFEKL tetramer 

CD8
+
 T cells is described in the supporting information Figure S2. Figure 5D shows that 

prime vaccination with soluble OVA and nanogels with native OVA did not result in more 

antigen specific T cells than observed for the control groups. On the other hand, soluble 

OVA and nanogels with native OVA formulated with poly(I:C) did enhance the cellular 

response, and the number of antigen specific CD8
+
 T cells detected in the blood was 

significantly higher than those in the non-adjuvanted group. Vaccination with nanogels with 
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conjugated OVA reached the same level of OVA specific CD8
+
 T cells as the soluble OVA 

nanogels with native OVA supplemented with poly(I:C), which is in line with the above 

presented antitumor effect. The mice that were immunized with nanogels with conjugated 

OVA + poly(I:C) had the highest average number of OVA specific CD8
+
 T cells. As shown 

in Figure 5E, also the boost vaccinations led to the highest level of OVA specific CD8
+
 T 

cells. Overall, the conjugated OVA enhanced vaccine-induced CTLs responses more 

effectively than the other formulations did. The antitumor immunity observed in different 

groups correlated with the level of OVA specific CD8
+
 T cells. 

Whole protein is capable of inducing both CD8
+
 and CD4

+
 antigen-specific responses 

because it contains multiple epitopes which can be presented in both MHC class I and II 

pathways.
64

  Since the whole protein was used as the antigen, we also evaluated the effect 

of the conjugates on the induction of a humoral immune response. OVA specific IgG 

antibodies were measured in the serum of the mice one week after prime and boost. In 

Figure 5F and G, the serum anti-OVA IgG titers shown for mice that received the same 

dose of OVA delivered with various formulations, and for the negative controls. No 

antibodies were detected in the blood of mice immunized with free OVA and negative 

controls. Nanogels with native OVA induced the production of IgG at notably low levels, 

while other formulations elicited higher levels of anti-OVA IgG with a similar trend as for 

the specific CD8
+
 T cells; nanogels with conjugated OVA + poly(I:C) induced the highest 

levels of antibodies. The concentrations of OVA specific IgG measured in serum after the 

boost substantially increased except in serum of mice that received the negative controls 

and soluble OVA. Moreover, even though nanogels with native OVA produced remarkable 

higher antibody titers than soluble OVA after boost, the tumors of mice in these two groups 

showed similar growth after challenge. This indicates that antigen specific antibodies are 

not the determinant factor for antitumor immunity.  This is in agreement with publications 

in which it is shown that T cells are considered to be the major immune cells involved in 

tumor clearance, and therefore an effective strategy for cancer immunotherapy is to activate 

specific T cells that recognize tumors.
12, 44, 56, 65

 

3.3 Tumor growth inhibition of established melanoma by nanogels with conjugated 

OVA therapeutic vaccination.  

The therapeutic potential of nanogels with conjugated OVA was evaluated according to the 

vaccination scheme of Figure 6A. B16-OVA cells were injected at day 0 and palpable 

tumors (~2×2 mm) were detected approximately 6 days post injection. Mice were then 

vaccinated with various formulations by giving prime and boost s.c. injections at day 6 and 
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16, respectively. As soon as palpable tumors appeared, tumor volumes increased rapidly in 

mice of the control groups (injected with PBS or empty nanogels) (Figure 6B). This figure 

also shows that no beneficial effect on tumor growth was found for mice receiving soluble 

OVA and nanogels with native OVA as compared to those of the control groups. Soluble 

OVA + polyI:C, nanogels with native OVA + polyI:C and nanogels with conjugated OVA 

slightly retarded the growth of the tumors when compared to the control groups. 

Importantly, we observed that following tumor onset, the mean tumor size of mice 

vaccinated with nanogels with conjugated OVA + poly(I:C) remained relatively small and 

it took a relatively long time for tumors to grow, so that the overall survival of this group 

(>80 days) was significantly better compared to all other groups (36 days when all mice 

were sacrificed). Although the mean tumor size increased continuously, the tumor growth 

was not the same for each mouse in the nanogels with conjugated OVA + poly(I:C) group 

(Figure 6D). Two mice out of ten displayed rapid tumor growth despite the treatment, while 

four mice showed a significant delay in tumor growth (i.e. the tumors started growing 

rapidly just after day 29). Strikingly, four mice completely eliminated these aggressive 

tumors and remained tumor free until the end of the 80-day study showing the potency of 

this vaccine formulation. 

To analyze the antigen specific response raised by the vaccines in mice carrying established 

tumors, antigen specific CD8
+
 T cells (Figure 6E and F) and antigen specific antibodies 

(Figure 6G and H) in blood were measured one week after prime and boost, respectively. In 

agreement with observations of the prophylactic experiment, soluble OVA and nanogels 

with native OVA raised similar levels of T cells and antibodies as observed for the negative 

control groups after prime and boost. Soluble OVA+ poly(I:C) and nanogels with native 

OVA + poly(I:C) vaccines induced stronger proliferation of antigen specific CD8
+
 T cells 

and resulted in higher OVA specific antibodies, while nanogels with conjugated OVA + 

poly(I:C) showed substantially higher activation and proliferation of T cells and antibodies 

production. Interestingly, antigen specific T cells and IgG reached significantly higher 

levels (~4 times) than those detected in the prophylactic model after prime. This is in 

agreement with those reported in literature,
29, 66, 67

 and it is likely because the immune  
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Figure 6. (A) Therapeutic vaccination for OVA-loaded nanogels in a tumor model. (B) Tumor 

growth in an established B16-OVA tumor model following treatment with various vaccine 

formulations. The mean tumor size was calculated from 10 mice in each group, SEM (standard error 

of the mean) are shown in supporting information Figure S1B. When one mouse was sacrificed, its 

end-point tumor size remained included in the calculations of the mean sizes after sacrificing. (C) 

Survival following treatment. (D) Tumor growth of each individual mouse treated with (a) PBS and 

(b) nanogels with conjugated OVA + poly(I:C). The black arrow (Figure Db) points out the curves of 

four mice in the base line which are tumor-free. Expansion of OVA specific CD8+ T cells in the 

blood (E) 7 days after prime and (F) 6 days after boost. Anti-OVA IgG concentrations in sera after 

(G) prime and (H) boost. Different numbers of mice in each group were sacrificed before the second 

blood sampling and the data are collected from the remaining mice. Statistical analyses were done by 

comparison with the untreated group. ns, not significant. 

 

response was already activated by the presence of antigen-expressing tumor cells in these 

mice and reactivated by the vaccines. It should be noted that B16-OVA is an aggressive 

cell line and efficient treatment at early stage is needed. 
42, 65, 68

 Among all 8 groups, only 

mice immunized with nanogels with conjugated OVA + poly(I:C) showed reduction of 

tumors, likely because the antigen specific T cell levels in these mice were significantly 

higher than those other groups which is sufficient to inhibit the tumor growth already after 

the first vaccination. 

 

4. Conclusion 
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This study demonstrates that cationic dextran nanogels are efficiently internalized by DCs, 

and able to maturate DCs in vitro. They facilitated the disulfide-linked OVA to be delivered 

to DCs, and subsequently processed and transported to the cytosol of the cells. Furthermore, 

these OVA-nanogel conjugates increased antigen specific T cell levels and antibody 

production, and thus induced strong protective and curative effect against melanoma in 

vivo. 4/10 mice showed complete regression of the aggressive melanoma tumor and 

remained tumor free for a period of at least 80 days. Collectively, the investigations 

presented in this paper demonstrate that intracellular delivery of antigens by the novel 

nanogels is a promising strategy to induce effective antigen specific immunity against 

cancer. 
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Abstract. Nowadays, layer-by-layer assembled microsized particles receive great interest 

as drug delivery systems. In the present study, we report nanosized hydrogels loaded with a 

protein antigen that are coated with a disulfide crosslinked polymer shell. These disulfide 

bonds are stable in the non-reducing extracellular environment, but are reduced in the 

intracellular environment. This in turn leads to disintegration of the polymer shell and 

subsequent intracellular antigen release. Furthermore, we demonstrate the ability of these 

core-shell nanogels to boost the MHC class I antigen presentation by dendritic cells to 

CD8
+
 T cells. 
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Layer-by-Layer (LbL) technology has been used for the design of drug delivery systems 

with an appropriate coating for controlled release.
1, 2

 Multilayer shells can be assembled 

based on almost any type of interaction, including electrostatics, hydrogen bonding and 

receptor-ligand interactions.
1-5

 The LbL assembly process is usually performed in aqueous 

conditions and is well suited to maintain the biological activity of sensitive compounds. 

The major benefit of LbL assembly is its versatility in terms of materials that can be chosen 

as layer component to engineer colloidal objects with a wide variety of surface properties. 

However, most LbL assembled drug delivery systems developed thus far have micrometer 

dimensions.
5-8

 Moreover, nanoscale systems have mainly been prepared by LbL coating of 

solid drugs or colloidal particles of silica, gold, metal oxides, etc, and removable core 

templates.
1, 2, 5, 9, 10

 

An issue of LbL-based drug delivery systems is that the release rate of the encapsulated 

drugs is mainly governed by the shell thicknesses and prone to burst release due to rapid 

swelling and/or disintegration under physiological conditions.
11-13

 Importantly, there is a 

need for nanocarriers that selectively release their payload at the site of action. To achieve 

triggered release of an encapsulated payload, the LbL shell should remain intact and 

impermeable under physiological conditions, but readily disassemble in response to a 

specific stimulus, preferably physiological triggers.
14-16

 The reduction-sensitivity of 

disulfide bonds has received great attention for intracellular drug delivery.
17-20

 Disulfides 

possess excellent stability in a non-reducing extracellular environment, but are prone to 

cleavage under reductive conditions in intracellular space. This phenomenon has been 

exploited by a variety of drug carriers including disulfide-crosslinked LbL films and 

microcapsules.
21-23

 

Polymeric nanogels are known for their overall biocompatibility and can encapsulate 

relatively high amounts of hydrophilic compounds, such as biotherapeutics, within 

their polymeric mesh network.
24, 25

 In the present paper, we report on a strategy that 

allows loading of protein antigens into nanogels followed by LbL coating with a 

reducible disulfide-crosslinked polymer shell. This shell keeps loaded antigen stably 

entrapped in nanogels in the non-reducing environment. In response to reductive 

conditions, this polymer shell can disassemble, resulting in the release of the protein 

payload (Scheme 1). 

In the first step, cationic dextran nanogels with a diameter of approximately 200 nm 

and a zeta-potential of 22.6 mV were prepared from methacrylated dextran and  
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Scheme 1. Schematic representation of the LbL coating of protein loaded nanogels. Preformed 

cationic nanogels are first loaded with anionic proteins. After removal of the unbound protein, 

nanogels are coated with alternating layers of anionic and cationic polymers that will 

subsequently be cross-linked. Reduction-triggered disassembly of the coating induces release 

of the protein payload. 

 

trimethyl aminoethyl methacrylate (TMAEMA) by inverse mini-emulsion 

photo-polymerization.
26

 The model antigen ovalbumin (OVA) was subsequently 

post-loaded into the nanogels in a low ionic strength buffer (HEPES, 20 mM, pH 

7.4) via electrostatic interaction as previously reported.
26

 The nanogels maintained a 

positive surface charge of 21.3 mV and similar size of 200 nm after OVA loading. 

Subsequently, oppositely charged polymers were used for LbL coating of the 

nanogels via electrostatic attraction.
27, 28

 For this purpose, firstly, the polymers used 

for the LbL coating should not penetrate into the nanogel core as this would result in 

desorption of the loaded protein due to competition for binding sites. Secondly, the 

LbL coating should be impermeable for the loaded protein after crosslinking and 

thirdly, when non-crosslinked, the LbL coating should disassemble under 

physiological conditions. Therefore, polyanions and polycations with different 

molecular weights were prepared by free radical polymerization of respectively 
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methacrylic acid (MAA) or TMAEMA, and a neutral hydrophilic co-monomer, 

N-(2-hydroxypropyl) methacrylamide (HPMA) to tune the charge density (Scheme 

2A-B, and Table S1 and S2, ESI†). The positively charged OVA loaded nanogels 

were alternately coated with the polyanion and polycation, and the zeta-potential and 

OVA loading during the coating process were monitored (Table S3, ESI†). The 

nanogels incubated with the homopolymers of MAA and TMAEMA showed 

substantial release of OVA during the coating process, whereas the copolymers with 

pHPMA of high molecular weight and with reduced charge density retained most of 

the protein in HEPES buffer. pHPMA-co-MAA reversed the surface charge to -22.7 

mV, and to +31.8 mV after coating with pHPMA-co-TMAEMA, indicating the 

successful coating of the charged polymers on the nanogels. When the nanogels with 

non-crosslinked shell were exposed to physiological ionic strength (PBS, 164 mM), 

more than 98% of the encapsulated OVA was released within 1 hour (Table S3, 

ESI†). In conclusion, PHPMA-co-MAA (molar ratio 1:1, Mn=539kD, PDI=1.8) and 

pHPMA-co-TMAEMA (molar ratio1:1, Mn=302kD, PDI=2.2) were found suitable 

for the LbL coating. 

 

Scheme 2. Synthesis route of anionic and cationic polymers for LbL assembly. 
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In the next step, pyridyldisulfide groups were introduced in both the polyanion and 

polycation to enable oxidative crosslinking of the LbL coating and consequently 

retain the OVA stably entrapped within the nanogels at physiological ionic strength, 

while also enabling to trigger dissociation of the polymer shell and subsequently 

release of the OVA antigen under reducing conditions. pHPMA-co-MAA-co- 

PDTEMA (N-[2-(2-pyridyldithio)] ethyl methacrylamide) with 11 mol% of 

pyridyldisulfide containing units and pHPMA-co-TMAEMA-co-PDTEMA  with 

15 mol% of pyridyldisulfide units were prepared (Scheme 2c and 2d) and alternating 

layers of these polymers were adsorbed onto the OVA loaded nanogels. Next, 

dithiothreitol (DTT) corresponding to 0.5 molar equivalent of pyridyldisulfide 

groups of the coating polymers was added to cleave half of the pyridyldisulfide 

groups to yield thiol groups. Subsequently, these thiol groups reacted with the 

remaining 0.5 molar equivalent of pyridyldisulfide groups by thiol disulfide 

exchange, resulting in a disulfide-crosslinked LbL coating. The crosslinking 

efficiency was checked by measuring the released 2-mercaptopyridine, which 

corresponded to 99% of reacted pyridyldisulfide groups. OVA loaded nanogels 

coated with 1, 2 and 3 disulfide-crosslinked polymer layers were prepared and 

nanogels with 2 non-crosslinked layers (with positive surface charge) were used as a 

control. The coating of each layer resulted in reversal of the ζ-potential (Table 1). 

The size of nanogels increased from 200 to 263 nm after coating of the first layer and 

no significant increase of size was found upon deposition of the second and third 

layer. This could be attributed to a larger mass of polymer that is adsorbed as the 

first layer (Table 1). As listed in Table 1, more than 90 % of the loaded OVA 

remained in the nanogels after coating and crosslinking of the polymer shell.  

The release of OVA from disulfide-crosslinked LbL coated nanogels was examined 

under physiological conditions (PBS, 164 mM, pH 7.4, 37︒C) and thereafter under 

reducing conditions (2.5 mM of DTT in PBS). Figure 1A shows that nanogels with a 

non-crosslinked shell release their payload rapidly within 1 h after incubation in PBS. 

In contrast, only ~10% of the loaded OVA was released from nanogels with a 

disulfide-crosslinked LbL coating upon incubation in PBS for 8 h. This means that 

the crosslinked coating is indeed impermeable for OVA. Interestingly, these 

nanogels showed a triggered release of OVA upon incubation in PBS containing 

DTT (2.5 mM), due to the reduction of the disulfide bridges and desorption of the 

polymers. No significant difference of OVA release was found for nanogels coated 

with 1, 2, or 3 crosslinked layers. To visualize the coating layers on the cationic gels  
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Tabel. 1 Z-average hydrodynamic diameter (Zave), zeta potential, mass of coated polymers, loading 

capacity (LC) and loading efficiency (LE) of OVA-loaded nanogels (n=3). 

Nanogels coated with 
Zave

[a] 

(nm) 

ζ-potential 

(mV) 

Mass of polymer 

(mg/1 mg nanogels)[b] 

LE 

(wt %) 

LC 

(wt %) 

1 disulfide-crosslinked layer 263±5 -18.8±0.5 0.35±0.00 99.2±0.1 22.6±0.1 

2 disulfide-crosslinked layers 271±9 22.2±0.9 0.38±0.01 93.8±0.6 21.2±0.2 

3 disulfide-crosslinked layers 278±9 -27.0±0.5 0.42±0.01 92.2±2.1 20.4±0.1 

2 non-crosslinked layers 265±8 27.0±1.0 n.d. 83.3±3.0 19.3±0.1 

[a] PDI for all formulations was <0.16. [b] The method of quantification of the amount of polymers 

coated on nanogels is described in the supporting information. 

 

and the triggered release of OVA, confocal laser scanning microscopy (CLSM) 

experiments were performed using microgels rather than nanogels to avoid 

diffraction limitated resolution. Note that these microgels exhibit, apart from a larger 

size, similar properties as the nanogels.
26

 The FITC-OVA loaded microgels were 

coated with either a 2 layer crosslinked or a 2 layer non-crosslinked LbL coating 

labelled with rhodamine B, followed by incubated in respectively HEPES, PBS 

with(out) DTT (2.5 mM in PBS). CLSM images (Figure 1Ba and Bc) demonstrate 

that microgels with both crosslinked and non-crosslinked shell show a clear ring of 

red fluorescence (originating from the rhodamine B-labelled polycation) surrounding 

the OVA (green fluorescence) loaded microgel, indicating a stable LbL coating onto 

the microgels in HEPES buffer of low ionic strength. When the particles were 

incubated with PBS, the higher ionic strength of this medium resulted in 

destabilisation of the non-crosslinked LbL coating and the release of OVA from the 

microgels (Figure 1Bb), while the crosslinked LbL coating remained intact upon 

exposure to PBS (Figure 1Bd). Importantly, incubation of these particles in the 

presence of 2.5 mM DTT led to destabilisation of the crosslinked LbL coating and 

triggered the release of OVA (Figure 1Be). 

To visualize the intracellular delivery of entrapped OVA, Alexa Fluor 647 (AF647) 

labelled OVA was loaded in nanogels that were labelled with Alexa Fluor 488 

(AF488), and coated with rhodamine B labelled polymer. CLSM images were taken 

after incubation of the particles with D1 cells, a growth factor dependent immature  
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Figure 1. A) OVA release from nanogels coated with polymer shell in PBS pH 7.4 at 37 ºC; 

DTT was added to 2.5 mM final concentration at 8h. B) Confocal snapshots of FITC-OVA 

loaded microgels with 2 non-crosslinked layers and with 2 disulfide-crosslinked layers in 

HEPES, PBS and DTT (2.5 mM). 

 

murine dendritic cell line, for 2 and 24 h (Figure 2). Images of cells incubated with 

nanogels coated with 2 disulfide-crosslinked layers having a positive surface charge 

showed colocalization of AF488-nanogels, AF647-OVA and rhodamine 

B-polycation after 2 h. After 24 h, barely any signal of AF647-OVA was observed 
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compared to the signal after 2 h incubation, while AF488-nanogels and rhodamine 

B-polycation were seen and overlapped.  Likely, the entrapped OVA was released 

from the nanogels in reductive cellular compartments and subsequently processed by 

DCs.
29, 30

 On the other hand, no fluorescence of OVA was observed in the pictures of 

nanogels with non-crosslinked shell after 2 and 24 h (Figure 2B), and the polycation 

was not colocalized with nanogels in the same compartments of cells, indicating that 

the coating polymers were disassociated from the nanogels (and subsequently taken 

up), while the protein was released before the nanogel particles were taken up by 

cells. 

 

Figure 2. Intracellular release of OVA was studied by CLSM with AF647-OVA (red) loaded 

AF488-nanogels (green) coated with rhodamine B-polymer (magenta). The images were taken 

after D1 dendritic cells were incubated with nanogels coated with A) 2 layers of 

disulfide-crosslinked shell, and B) 2 layers of non-crosslinked shell for 2 and 24 h. 
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The ability of OVA loaded nanogels with disulfide-crosslinked shell to activate 

OVA-specific CD8
+
 T cells (B3Z cells) was tested in vitro by an MHC class I 

antigen presentation assay (Figure 3, for cytotoxicity see Figure S3, ESI†). The 

nanogels with crosslinked shell activated OVA-specific CD8
+
 T cells to a higher 

extent (factor of 2) than their non-crosslinked counterparts and bare nanogels. 

Non-crosslinked and non-coated nanogels enhanced T cell activation to the same 

extent similarly as cells incubated with soluble OVA. Noteworthy, nanogels with 1 

crosslinked layer were less efficient in stimulating CD8
+
 T cells presumably because 

of the negative surface charge, which resulted in low uptake by D1 cells.
31

 The 

improved MHC class I antigen presentation by nanogels with crosslinked shell and 

cationic top layer indicates that relative high quantities of OVA were delivered and 

released into D1 cells and furthermore processed and presented in MHC class I 

molecules to CD8
+
 T cells. 
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Figure 3. Activation of SIINFEKL-specific CD8+ T cells (B3Z) after co-culturing with DCs. 

DCs were incubated with various formulations for 24h with titrated amounts of OVA (n=3). 

SIINFEKL (1 μg/mL) was used as positive control. Representative results from one out of 

three experiments are shown. 
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To conclude, we have developed nanogels in which a protein antigen (OVA) was 

entrapped followed by deposition of a disulfide-crosslinked LbL coating. The 

antigen remained stably encapsulated under non-reducing conditions, but was readily 

released in response to a reductive environment. Furthermore, these particles showed 

intracellular release of the encapsulated antigen and boost the MHC class I antigen 

presentation in vitro. This technology can be broadly applied for encapsulating a 

wide variety of native biotherapeutics, thus making it a versatile drug delivery 

system. 
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Supporting Information 

 

Experimental Details  

 

Materials 

Egg albumin (OVA) was obtained from Worthington (USA). Methacrylic acid (MAA), 

trimethyl aminoethyl methacrylate 80% aqueous solution (TMAEMA), 4-(4,6-dimethoxy- 

1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM), 4,4’-Azobis(4-cyanovaleric 

acid) (ABCPA), 2-Aminoethyl methacrylate hydrochloride (AEMA), HEPES, 

2-mercaptopyridine, sodium bisulfite, potassium persulfate  (KPS), light mineral oil, 

dithiothreitol (DTT), rhodamine B isothiocyanate, β-mercaptoethanol, IGEPAL CA-630, 

chlorophenol red-β-D-galactopyranoside (CPRG), and H-2Kb-restricted OVA class I 

epitope SIINFEKL were purchased from Sigma Aldrich. Methacrylated dextran (dex-MA, 

Mw 40,000 Da, degree of methacrylate substitution=20),
1
 N-(2-hydroxypropyl) 

methacrylamide (HPMA),
2
 pyridine dithioethylamine

3
 and N-[2-(2-pyridyldithio)]ethyl 

methacrylamide
3
 were synthesized as previously reported. ABIL EM 90 was provided by 

Goldschmidt (France). Irgacure 2959 was purchased from Ciba Specialty Chemicals (USA).  

Ovalbumin fluorescein conjugate (FITC-OVA), Alexa Fluor 647 ovalbumin conjugate and 

Alexa Fluor 488 NHS ester were obtained from Invitrogen (The Netherlands). CellTiter 96 

AQueous One Solution Cell Proliferation Assay (MTS) was purchased from Promega 

(USA). 

 

Cells 

D1 cells, a long-term growth factor-dependent immature myeloid dendritic cell line of 

splenic origin derived from a female C57BL/6 mouse,
4
 were cultured in IMDM (Iscove's 

Modified Dulbecco's Medium, Lonza) containing 10% heat-inactivated FBS (Sigma), 2 

mM GlutaMax (GIBCO), 50 mM β-mercaptoethanol and fibroblast supernatant (SN) from 

NIH/3T3 cells, which was collected from confluent cultures and filtered.  

B3Z cells, a T cell hybridoma expressing a T-cell receptor that specifically recognizes 

H-2Kb-restricted OVA MHC class I epitope SIINFEKL, which carries a lacZ construct, 

were cultured in IMDM medium (Lonza, The Netherlands) containing 10% heat-inactivated 



Reduction-sensitive polymer shell coated nanogels for intracellular delivery of antigens 

119 
 

5 

FBS (Sigma, Germany), 2 mM GlutaMax (GIBCO, The Netherlands), 50 mM 

β-mercaptoethanol (in IMDM).
5
 

 

Preparation and characterization of nanogels/microgels 

Cationic nanogels were prepared by inverse mini-emulsion photo-polymerization adapted 

from a previously published procedure.
3, 6

 In short: 150 mg dex-MA was dissolved in 100 

TMAEMA was added. Subsequently, 120 μL photoinitiator solution (Irgacure 2959, 10 

mg/mL in water) was added. This dextran solution was emulsified in the external phase (5 

mL of light mineral oil, containing 10% v/v ABIL EM 90 surfactant) by ultrasonication for 

2 minutes (cycle-0, amplitude 10%, Sonopuls HD 2200, BANDELIN). The emulsified 

nanodroplets were exposed to UV irradiation (15 minutes, Bluepoint UV source, Hönle UV 

technology) to polymerize dex-MA and TMAEMA. The crosslinked nanoparticles were 

purified by 5 times washing with acetone/hexane (50:50 v/v), then rehydrated and 

lyophilized (Yield: ~95%). The average size and zeta-potential of the nanogels dispersed in 

HEPES buffer (20mM, pH 7.4) was measured using DLS (Malvern ALV/CGS-3 

Goniometer, Malvern Instruments) and Zetasizer (Zetasizer Nano, Malvern Instruments). 

Microgels were obtained by dextran/PEG water-in-water emulsion polymerization.
3, 7, 8

 

Briefly, PEG (3.22 g), dex-MA (146 mg), and 1 mL of TMAEMA were added to 20 mL 

HEPES buffer (100 mM pH 7.4). After dissolution of PEG and dex-MA, the solution was 

transferred into a 50 mL tube and vortexed for 2 minutes at maximum intensity. A 

water-in-water emulsion was formed and then allowed to stabilize for 5 minutes. Next, a 

sodium bisulfite solution (720 μL, 20 mg/mL in HEPES buffer (100 mM pH 7.4)) and a 

KPS solution (720 μL, 50 mg/mL in HEPES buffer (100 mM pH 7.4)) were added to the 

mixture. Dex-MA and TMAEMA in the formed droplets were allowed to crosslink 

overnight at room temperature. The polymerized particles were purified by 3 times washing 

with water and then lyophilized (yield: ~80%). The particle size distribution and 

zeta-potential of the microgels dispersed in HEPES buffer (20mM, pH 7.4) were measured 

using AccuSizer (PSS-Nicomp, Santa Barbara) and Zetasizer, respectively. 

 

Synthesis of pMAA, pHPMA-co-MAA, pTMAEMA and pHPMA-co-TMAEMA 

Polymers were synthesized by free radical polymerization as follows. For the 
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polymerization, MAA (30-120 mg) or TMAEMA (91-363 mg), with or without HPMA 

(100-150 mg), and ABCPA (2-20 mg) were dissolved in water (1-10 mL) and transferred 

into glass vials. The composition of polymer, ratio of momomer and initiator, and 

concentration of monomer for synthesis of various polymers are described in table S1 and 

S2. Oxygen was removed by application of three vacuum purge/nitrogen flush cycles. Next 

the vials were incubated at 70 °C for 15 hours and the synthesized polymers were dialyzed 

(molecular weight cutoff of dialysis tubing 14 kDa) against water for 2 days to remove low 

molecular weight impurities. Polymers were obtained after lyophilization.  

Molecular weights and molecular weight distribution of polymers were determined by 

Viscotek TDAmax (equipped with RI, light scattering and viscosity detectors, Malvern 

Instruments Ltd., UK) with a Shodex OH pak® SB-806M HQ column (Waters). A 0.1 M 

sodium hydrogen phosphate buffer (pH 9) for pMAA/pHPMA-co-MAA or a 0.5 M sodium 

acetate buffer (pH 2) for pTMAEMA/pHPMA-co-TMAEMA were used as eluents with a 

flow rate of 0.7 mL/min. Samples were dissolved in the mobile phase and injected onto the 

column (injection volume 50 μL). Results were analyzed by OmniSEC software (Malvern 

Instruments Ltd., UK) with poly(ethylene oxide) (Mn: 19 kDa, PDI: 1.04, Malvern 

Instruments Ltd.) as calibration standard. This method was checked by measuring a 

standard pMAA (Mw=483, PDI=1.12, Sigma). The measured molecular weight and PDI of 

standard pMMA were Mw=487 and PDI=1.12. The results are shown in table S1 and S2, 

and the chromatograms of various polymers in table S1 and S2 are shown in figure S1. It 

should be noted that the high molecular weight of the polymers can be explained by the free 

radical polymerization in aqueous solution.
9-12

 

 

Table S1. Synthesis and characterization of pMAA and pHPMA-co-MAA. 

 

HPMA:MA 
(molar 

ratio) 

Monomer: 
initiator 

(molar 

ratio) 

Concentration 
of monomers 

(M) 

Yield 

(%) 

Mn 

(kDa) 

Mw 

(kDa) 
PDI dn/dc 

pMAA_high MW 0:1 200:1 1.4 96.9 466 817 1.8 
0.184 

pMAA_low MW 0:1 20:1 0.14 94.3 132 299 2.3 

pHPMA-co-MAA_high 

MW 
1:1 200:1 1.4 96.5 539 986 1.8 

0.163 
pHPMA-co-MAA_low 

MW 
1:1 20:1 0.14 98.8 134 317 2.4 

pHPMA-co-MAA_3:1 3:1 100:1 1.4 98.3 186 371 2.0 0.155 
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Table S2. Synthesis and characterization of pTMAEMA and pHPMA-co-TMAEMA.  

 

HPMA: 
TMAEMA 

(molar 

ratio) 

Monomer: 
initiator 

(molar 

ratio) 

Concentration 
of monomers 

(M) 

Yield 

(%) 

Mn 

(kDa) 

Mw 

(kDa) 
PDI dn/dc 

pTMAEMA 

_high MW 
0:1 200:1 1.4 97.7 382 731 1.9 

0.132 
pTMAEMA  

_low MW 
0:1 20:1 0.14 87.2 173 446 2.6 

pHPMA-co-TMAEMA 

_high MW 
1:1 200:1 1.4 99.1 294 663 2.3 

0.157 
pHPMA-co-TMAEMA 

_low MW 
1:1 20:1 0.14 86.6 94 186 2.0 

pHPMA-co-TMAEMA 

_3:1 
3:1 100:1 1.4 93.7 240 496 2.1 0.163 

 

pMAA standard from Sigma  

 

 

Polyanion Polycation 
pMAA_high MW pTMAEMA_high MW 

  
pMAA_low MW pTMAEMA _low MW 

  

pHPMA-co-MAA_high MW pHPMA-co-TMAEMA_high MW 
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pHPMA-co-MAA_low MW pHPMA-co-TMAEMA _low MW 

  
pHPMA-co-MAA_3:1 pHPMA-co-TMAEMA _3:1 

  

Figure S1. Chromatograms of standard pMAA and various polymers in table S1 and S2. 

Chromatogram of polymers showing the refractive index (red), right angle light scattering (green), 

low angle light scattering (black), and viscosity (blue) detector signals. 

 

Preparation and characterization of OVA loaded nanogels/microgels with non-crosslinked 

LbL coating  

An OVA solution (FITC-labelled, 2 mg/mL in HEPES buffer (20 mM, pH 7.4), 0.2 mL) 

was mixed with a particle suspension (2 mg/mL in HEPES buffer (20 mM, pH 7.4), 0.5 mL) 

and incubated at room temperature for 2 h to allow OVA loading into the particles. 

Subsequently, 0.4 mL of pMAA or pHPMA-co-MAA (2 mg/mL in HEPES buffer (20 mM, 

pH 7.4)) was added and the mixture was incubated for 10 min, followed by centrifugation 

(20000 g, 30 min) to remove non-coated/free polymers. The pellet after centrifugation was 

resuspended in 1 mL of HEPES by ultrasonication for 10 secs (cycle-0, amplitude 10%) 

and 0.4 mL of pTMAEMA or pHPMA-co-TMAEMA (2 mg/mL in HEPES buffer (20 mM, 

pH 7.4)) was added. Next, the coated particles with 2 layers were collected by 

centrifugation. The zeta-potential of the obtained coated nanogels (dispersed in HEPES 

buffer (20 mM, pH 7.4)) was measured by Zetasizer. After each centrifugation step, 200 μL 

of the supernatant was collected and placed in a 96-well plate. The OVA concentration in 



Reduction-sensitive polymer shell coated nanogels for intracellular delivery of antigens 

123 
 

5 

the supernatant was determined by FLUOstar OPTIMA (BMG LABTECH) using 

FITC-OVA as the standard and the loading efficiency (LE) was calculated by (feed OVA- 

OVA in the supernatant)/feed OVA weight*100%. The FITC-OVA calibration curve was 

linear between 5 and 400 μg/mL. The release of FITC-OVA from the nanogels coated with 

non-crosslinked polymers was measured after 1 h incubation in PBS (Table S3). 

For imaging, FITC-OVA loaded microgels coated with 2 layers of 

pMAA/pHPMA-co-MAA and rhodamine B labelled pTMAEMA/pHPMA-co-TMAEMA 

were prepared as described above. To label the pTMAEMA/pHPMA-co-TMAEMA, amine 

groups were introduced by adding 2 mol% of AEMA during polymerization. The 

pTMAEMA/pHPMA-co-TMAEMA with amine groups (20 mg dissolved in 1mL of sodium 

bicarbonate buffer (100 mM, pH 8.5), containing 114 μmol of amine groups) was incubated 

with rhodamine B isothiocyanate (10 mg/mL in DMSO, 35 μL, 0.65 μmol) for 2 h. The free 

dye was removed by PD-10 desalting column (GE Healthcare Life Sciences). After 1 h 

incubation of these FITC-OVA loaded microgels coated with various polymers (1 mg/mL) 

in HEPES (20 mM, pH 7.4) and PBS (164 mM, pH 7.4), CLSM images (Figure S2) were 

taken by confocal laser scanning microscopy (CLSM, Confocal Leica SPE-II, Leica 

Microsystems). 

The table S3 shows that after coating with the first layer of pMAA or pHPMA-co-MAA, 

the ζ-potential of the nanogels reversed except the one coated with pHPMA-co-MAA_3:1, 

indicating that the charge density of this polyanion is not sufficient either to coat on the 

nanogels or to reverse the surface charge. Further, except nanogels coated with 

pHPMA-co-MAA_3:1 and pHPMA-co-TMAEMA_3:1, only nanogels coated with 

pHPMA-co-MAA_high MW and pHPMA-co-TMAEMA_high MW maintained most OVA 

encapsulated. Moreover, most of the encapsulated OVA was released within 1 hour when 

these nanogels were incubated in physiological ionic strength buffer (PBS). In agreement 

with these data, microgels coated with pHPMA-co-MAA_high MW and 

pHPMA-co-TMAEMA_high MW showed in CLSM a clear ring of red fluorescence of 

rhodamine labelled polycations (without polymer penetrating into the particles) in HEPES 

buffer of low ionic strength (Figure S2). When the particles were incubated with PBS, the 

higher ionic strength of this medium resulted in destabilisation of the non-crosslinked LbL 

coating and the release of OVA from the microgels (Figure S2). Based on the OVA loading 

and release data (Table S3) and confocal images (Figure S2) of particles coated with 

various polymers of table S1 and S2, pHPMA-co-MAA (molar ratio 1:1, Mn=539kD, 

PDI=1.8) and pHPMA-co-TMAEMA (molar ratio1:1, Mn=302kD, PDI=2.2) of optimized 

charge density and molecular weight were selected for further study. 
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Table S3. Characterization of OVA loaded nanogels coated with various polyanions/polycations 

(n=3). The nanogels were dispersed in HEPES buffer (20 mM, pH 7.4).  

First coating layer Second coating layer 

ζ-potential 
after first 

coating 
layer 

(mV) 

ζ-potential 
after second 

coating layer 

(mV) 

LE 

(%) 

Release of 
OVA in 

PBS 
in 1 h 

(%) 

pMAA_high MW pTMAEMA_high MW -29.0±2.0 34.9±1.3 56.1±0.9 86.5±3.8 

pMAA_low MW pTMAEMA _low MW -23.9±0.6 28.7±1.2 34.7±1.3 95.6±2.3 

pHPMA-co-MAA_high 

MW 

pHPMA-co-TMAEMA_high 

MW 
-22.7±1.7 31.8±1.4 87.2±1.3 98.9±2.0 

pHPMA-co-MAA_low 

MW 

pHPMA-co-TMAEMA _low 

MW 
-22.4±0.8 26.3±1.1 43.9±0.5 98.2±0.6 
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Figure S2. CLSM images of FITC-OVA loaded microgels coated with various polyanions 

/rhodamine B labelled polycations. 

 

Synthesis of pHPMA-co-MAA-co-PDTEMA and pHPMA- co-TMAEMA-co-PDTEMA 

To modify pHPMA-co-MAA with functional pyridyldisulfide groups, PDA (70 mg) and 

pHPMA-co-MAA (100 mg) were dissolved in 10 ml of water. DMTMM (50 mg) was 

added to the mixture and the amine groups of PDA were coupled to the carboxylic groups 
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of the pHPMA-co-MAA through DMTMM coupling. The reaction was performed at 50 °C 

for 15 hours and the modified polymer (pHPMA-co-MAA-co-PDTEMA) was dialyzed 

against water for one day and collected after lyophilization (yield 96%).  

For the synthesis of pHPMA-co-TMAEMA-co-PDTEMA, HPMA (100 mg), TMAEMA 

(182 mg), PDTEMA (80 mg), and ABCPA (8 mg) were dissolved in 2 ml of 50% methanol 

in water, and O2 was removed by application of three vacuum purge/nitrogen flush cycles. 

The polymerization was performed at 70 °C for 15 hours and subsequently the solution was 

transferred into a dialysis tube (molecular weight cutoff 14 kDa) and dialyzed against water 

for 2 days. pHPMA-co-TMAEMA-co-PDTEMA was obtained after lyophilization (yield 

94%). 

The content of pyridyldisulfide units in the synthesized polymers was determined by 

incubating the polymers (0.5 mg/mL) in DTT (10 mM in PBS) for 2 h at room temperature 

and then measuring the formed 2-mercaptopyridine by HPLC (Waters). The HPLC was 

equipped with a Sunfire C18 column 5 μm (4.6×150 mm, Waters) and tunable 

ultraviolet/visible light detector (Waters) was set at 280 nm. Elution was performed with a 

10% ACN aqueous phase and ACN phase with the following gradient: 0-6 min, from 100% 

to 60% of 10% ACN aqueous phase. The flow rate was 1.0 mL/min and the injection 

volume was 20 μL for polymer samples and 2-mercaptopyridine standard solutions. The 

2-mercaptopyridine calibration curve was linear between 5 and 100 μg/mL. The content of 

pyridyldisulfide units in the polymer was calculated by (the mol of PDTEMA incorporated 

in polymer)/the mol of polymer*100%. 

 

Preparation and characterization of OVA loaded nanogels with disulfide crosslinked 

polymer shell 

As described above, OVA (0.2 mL, 2 mg/mL) was loaded into the nanogels (0.5mL, 

2mg/mL), and subsequently the nanogels were coated with alternating layers of 

pHPMA-co-MAA-co-PDTEMA (0.4 mL, 2 mg/mL) and pHPMA-co-TMAEMA-co- 

PDTEMA (0.4 mL, 2 mg/mL). To quantify the amount of each coating layer, DTT (10 mM, 

1 mL) was added to cleave and release 2-mercaptopyridine from pyridyldisulfide units of 

the coating polymers after each absorption and centrifugation step. After 2 h incubation 

with DTT, the particles were spun down. The released 2-mercaptopyridine in the 

supernatant was measured by HPLC as described above and the mass of polymers coated 

on nanogels was determined. To crosslink the polymer layers, DTT of 0.5 molar equivalent 
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of pyridyldisulfide groups of the coating polymer was added after each adsorption and 

centrifugation step. The DTT cleaved the disulfide bonds of pyridyldisulfide groups and the 

exposed thiol groups reacted with the remaining 0.5 molar equivalent of pyridyldisulfide 

groups by thiol disulfide exchange reaction subsequently to yield the crosslinked network. 

The crosslinking efficiency was checked by measuring the released 2-mercaptopyridine, 

from which we calculated that 99% of pyridyldisulfide groups were reacted. After the 

coating and crosslinking of the last layer, the particles were spun down and washed once 

with water to remove reacted DTT and released 2-mercaptopyridine. OVA loaded nanogels 

coated with 1, 2 and 3 disulfide crosslinked polymer layers were prepared. The size and 

zeta-potential of these coated nanogels were measured by DLS and Zetasizer. The released 

OVA was measured in the supernatant after the coating and crosslinking process and 

loading efficiency (LE) and loading capacity (LC) were calculated as follows: 

LE= (feed OVA- OVA loss in supernatant after coating and crosslinking) / feed OVA weight 

*100% 

LC= loaded OVA / (loaded OVA + dry nanogels + coated polymer) weight *100% 

 

In vitro OVA release from coated nanogels/microgels  

Particles were dispersed in PBS (164 mM (containing 164 mM of Na
+
, 140 mM of Cl

-
. 8.7 

mM of HPO4
2-

, and 1.8 mM of H2PO4
-
), pH 7.4) to 1 mg/mL and incubated for 8 h. DTT 

was added at 8 h to a final concentration of 2.5 mM to reduce the crosslinked LbL coating 

and release the entrapped OVA. The release of OVA was monitored at 37°C by taking 

samples at different time points, spinning down the particles (20,000 g, 30 min) and 

analyzing the supernatant for OVA concentration (see previous paragraph). 

To visualize the coating and triggered release, FITC-OVA loaded microgels coated with 

crosslinked rhodamine B labeled polymer shell were prepared as described above. The 

CLSM images were taken after incubation of the microgels in HEPES (20 mM, pH 7.4), 

PBS (164 mM, pH 7.4), and DTT (2.5 mM in PBS) for 8h. 

 

Intracellular release of OVA from nanogels with disulfide-crosslinked polymer shell 

To visualize the internalization of particles and intracellular release of OVA, nanogels were 

labelled with Alexa Fluor 488 dye as described previously.
3, 13

 Alexa Fluor 647 labelled 
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OVA (commercial available, Invitrogen) was loaded in labelled nanogels , and subsequently 

coated with various rhodamine B labelled polycations as described above. D1 cells (50,000 

cells in fluorodish) were incubated with particles at a final concentration of 15 μg/mL for 2 

and 24 h at 37 ℃. Subsequently, confocal images were taken by CLSM after washing cells 

with medium once. 

 

Cytotoxicity of nanogels towards D1 cells 

D1 cells (50,000 cells/well) in a 96-well plate were incubated with OVA loaded nanogels 

with various coating layers at titrated amounts for 24 h at 37 ℃. The relative cell viability 

was quantified by Cell Titer 96 AQueous One Solution Cell Proliferation Assay (MTS).
14

 In 

short, after 24 h incubation, the medium was aspirated, and 20 µL of Cell Titer 96 AQueous 

One Solution Reagent in 100 µL of culture medium was added into each well of the 96-well 

plate. The plate was incubated for 1-2 h at 37°C. After centrifugation (4000 g, 10 min), 100 

µL of the reaction solution of each well was transferred to a new well plate and the 

absorbance was measured at 490 nm. 
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Figure S3. Viability of D1 cells, incubated for 24 h with particles. The colorimetric reading at 490 

nm of non-treated cells was set at 100% and all data are shown as mean ± SD (n=3). Representative 

results from one out of three experiments are shown. 

 

MHC class I antigen presentation assay 
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D1 cells (50,000 cells/well) in a 96-well plate were incubated with H-2Kb-restricted OVA 

class I epitope SIINFEKL, soluble OVA, and OVA loaded nanogels coated with various 

polymer layers at titrated amounts of OVA for 24 h at 37 ℃. SIINFEKL was used as a 

positive control.
15

 Subsequently, B3Z cells (50,000 cells/well) were added to D1 cells and 

co-incubated with D1 cells for 24 h at 37 ℃ . The hybridoma B3Z cells produce 

β-galactosidase after being activated by DCs that present SIINFEKL, thus allowing 

measurement of MHC class I antigen presentation by a colorimetric assay using CPRG.
16

 

β-Galactosidase activity of B3Z cells was measured by incubating the cells with 100 μL of 

CPRG buffer (9.6 mL of PBS (164 mM (containing 164 mM of Na
+
, 140 mM of Cl

-
. 8.7 

mM of HPO4
2-

, and 1.8 mM of H2PO4
-
), pH 7.4), 100 μL of CPRG (9 mg/ml freshly 

prepared in PBS), 90 μL of MgCl2 (1 M), 125 μL of 10% IGEPAL CA-630 and 71 μL of 

β-mercaptoethanol). The β-galactosidase converted the yellow-orange substrate CPRG into 

the red chromophore chlorophenol absorbing at 590 nm, and the absorbance was measured 

by SPECTROstar (BMG Labtech, Germany). 
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1. Summary 

Cancer immunotherapy aims to activate the immune system to fight cancer.
1-3

 Protein-based 

cancer vaccines have emerged as a promising approach of cancer immunotherapy, which 

evoke specific anticancer immunity against tumor cells.
4, 5

 However, tumor associated 

protein antigens are poorly immunogenic due to the fact that they are not efficiently taken 

up by immune cells combined with a lack of so-called danger signals to stimulate the 

immune system. Furthermore, for effective anticancer therapy, cancer vaccines should be 

able to trigger CD8
+
 T cells and activate anticancer cytotoxic T lymphocyte (CTL) 

responses, which require MHC class I pathway antigen presentation.
6
 Dendritic cells (DCs) 

are professional antigen presenting cells (APCs) that initiate and regulate innate and 

adaptive immune responses, and therefore they are extremely relevant target cells for 

anticancer vaccines.
7, 8

 The main function of DCs is to capture and process antigens into 

antigenic peptides, and present them to T cells. It should be noted that tumor associated 

protein antigens are usually processed in the endo/lysosomal compartments of DCs, which 

generally favors MCH class II rather than MHC class I antigen presentation.
9-11

 Hence, 

enhancing MHC class I antigen presentation of tumor antigens (so called cross-presentation) 

is highly desirable to improve the anticancer efficacy of cancer vaccines.
12

 

Nanogels have been reported as potent vaccine delivery systems.
13, 14

 Due to their 

pathogen-like size, nanogels are readily taken up by APCs, especially DCs.
15

 Tuning 

particle size and surface charge can further enhance uptake efficiency.
16-18

 Nanogels can be 

loaded with tumor associated protein antigens, and therefore effectively enhance uptake of 

the loaded antigen by DCs. Certain nanogels can also facilitate DC maturation and 

activation resulting in enhanced antigen presenting capability and avoidance of 

immunological tolerance.
6, 16, 19

 More interestingly, nanogels have been reported to promote 

antigen cross-presentation both in vitro and in vivo.
6, 20-22

 Therefore, the main aim of this 

thesis was to develop vaccine delivery systems based on nanogels using ovalbumin (OVA) 

as a model antigen, and evaluate their efficacy in vitro as well as in vivo. 

In Chapter 1, the principles of tumor vaccination are introduced including the poor 

immunogenicity of tumor associated antigens, and the need to deliver them to APCs for 

anticancer immunity. Nanogels as effective carriers for delivery of tumor associated 

antigens and the influence of their properties on modulation of the immune response are 

discussed. Furthermore, the intracellular antigen delivery strategy utilizing reducible 

disulfide linkages is discussed as promising method to boost both MHC class I and MHC 

class II antigen presentation. 
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Chapter 2 gives reviews the current literature of nanogel carrier systems for intracellular 

delivery of biotherapeutics (e.g. proteins, antigens, and genes), focusing on biologically 

responsive nanogels. The needs and challenges for intracellular delivery of biotherapeutics 

are discussed. Nanogels can be designed to rapidly release encapsulated biotherapeutics in a 

triggered manner by physiological differences between the intracellular environment and 

the extracellular space. Most of the biologically responsive nanogels discussed in this 

review showed a significantly enhanced therapeutic effect by delivery and release of higher 

doses of biotherapeutics intracellularly as compared to their non-responsive counterparts. 

Overall, this chapter highlights the current insights that biologically responsive nanogels 

are highly promising formulations for intracellular delivery of biomolecules including 

tumor vaccination applications. 

The feasibility of using reduction-sensitive nanogel carrier systems for intracellular antigen 

delivery was evaluated in Chapter 3 by conjugating a model antigen OVA to the network 

of cationic dextran nanogels. OVA is negatively charged at pH 7 because of its pI of 5.0. 

Therefore, cationic dextran nanogels also containing thiol-reactive groups were prepared 

from methacrylated dextran, trimethyl aminoethyl methacrylate and N-(4-(2- 

(pyridine-2-yldisulfanyl)ethyl)-amidobutyl) methacrylamide by inverse mini-emulsion 

photo-polymerization. OVA, derivatized with succinimidyl S-acetylthioacetate groups 

(SATA), was almost quantitatively absorbed in these nanogels exploiting electrostatic 

interactions in low ionic strength buffer (HEPES, 20 mM, pH 7.4). Subsequently, 

SATA-OVA was covalently conjugated to the gel network via disulfide bonds by a reaction 

of the thiolated OVA with pyridyldisulfide groups present in the nanogels. Control 

experiments showed that physically loaded OVA was released rapidly from the nanogels 

under physiological conditions (PBS, 164 mM, pH 7.4). In contrast, the nanogels in which 

OVA was chemically immobilized showed only a limited amount of released protein during 

8 hours in PBS. More than 80% of the loaded amount of OVA was released within 1 hour 

under reducing conditions because of the cleavage of the disulfide bridges. To visualize the 

intracellular release of the conjugated OVA, this protein and the nanogels were labeled with 

Alexa Fluor 647 and Alexa Fluor 488, respectively. Confocal images showed that double 

labeled nanogels were efficiently taken up by DCs after 24 hours incubation at 37°C. The 

conjugated OVA was released from the nanogels upon their internalization by DCs, while 

non-conjugated OVA was already released before being taken up. Subsequently, the ability 

of the nanogels facilitating conjugated OVA to be cross-presented to CD8
+
 T cells was 

evaluated in vitro using OVA-specific B3Z hybridoma T cells. The obtained results showed 

strong CD8
+
 T cell activation induced by OVA conjugated nanogels, while free OVA and 
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non-conjugated OVA nanogels were not able to activate T cells. Taken together, the 

potential of reduction-sensitive nanogels as an antigen delivery system for inducing cellular 

immune responses in vitro is shown in this chapter. 

Encouraged by the promising results obtained by the study discussed in chapter 3, we 

further investigated the influence of nanogel size and surface charge on the uptake by DCs, 

the capability of the nanogels to maturate DCs, and the intracellular delivery, transportation 

and processing of antigen by DCs in vitro in Chapter 4. Importantly, prophylactic and 

therapeutic vaccination with antigen conjugated nanogels in vivo was performed in this 

chapter. The binding and uptake studies showed that the nano sized gels with relatively high 

cationic surface charge were most efficiently taken up by DCs. Moreover, these highly 

cationic charged gel particles were also able to induce DCs maturation, which is 

independent of the size of the particles (200 to 2500 nm). Flow cytometry analysis showed 

that a higher amount of OVA was delivered and processed intracellularly in DCs by the 

nanogels with conjugated OVA as compared to nanogels that were physically loaded with 

OVA after 24 h incubation. Next, the fate of the nanogels and conjugated OVA in DCs was 

studied. Confocal images showed that the internalized nanogels were entrapped in the 

lysosomes of DCs during 24 h, while the processed fragments of the released antigen were 

transported to the cytosol, which is crucial for MHC class I antigen presentation. Next, we 

tested their efficacy in vivo in both a prophylactic and a therapeutic tumor model using 

B16OVA melanoma (expressing OVA antigen). C57BL/6 mice (10 animals per group) 

received various formulations subcutaneously (s.c.) before (prophylactic vaccination) or 

after (therapeutic vaccination) inoculation with s.c. administered tumor cells. Mice 

immunized with OVA conjugated nanogels effectively provoked an antigen specific T cell 

immune response as well as increased antigen specific antibody production, and thus 

induced a strong protective and curative effect against melanoma in vivo. In the 

prophylactic model, 90% of the mice vaccinated with OVA conjugated nanogels + poly(I:C) 

as adjuvant were protected against tumor formation for 55 days. In the therapeutic model, 

40% of the mice eliminated their tumor cells, which was remarkable compared to other 

groups in which none of the mice showed tumor cell killing. In summary, the nanogels 

described in this study are promising formulations to induce antigen specific immunity 

against cancer in an animal model. 

The potential of conjugating protein antigens to nanogels via reducible disulfide bonds for 

intracellular antigen delivery to boost anticancer immune response is addressed in Chapter 

3 and 4. As described in these chapters, the antigen was covalently linked to the nanogel 

network which requires chemical modification of the OVA protein. In Chapter 5, we 
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therefore developed nanogels coated with a disulfide crosslinked polymer shell in which a 

native protein antigen was entrapped. For this technology, the chemical modification of the 

antigen is not necessary, making the delivery system more versatile. Native OVA was first 

loaded into cationic dextran nanogels via electrostatic interactions. Subsequently, 

oppositely charged polymers (anionic poly(N-(2-hydroxypropyl) methacrylamide-co- 

methacrylic acid) and cationic poly(N-(2-hydroxypropyl) methacrylamide-co-trimethyl 

aminoethyl methacrylate) carrying pyridyldisulfide groups were coated onto the nanogels in 

a layer-by-layer fashion exploiting electrostatic interactions. Next, dithiothreitol (DTT) 

corresponding to 0.5 molar equivalent of pyridyldisulfide groups of the coating polymers 

was added to cleave half of the pyridyldisulfide groups to yield thiol groups. Subsequently, 

these thiol groups reacted with the remaining 0.5 molar equivalent of pyridyldisulfide 

groups by thiol disulfide exchange, resulting in a disulfide-crosslinked polymer coating. 

Confocal images of the formulations coated with fluorescently labelled polymers showed a 

clear ring of the polymer shell surrounding the OVA loaded microgels. As expected, the 

disulfide-crosslinked shell was stable in non-reducing environment preventing leakage of 

OVA from the nanogels. Importantly, rapidly cleavage of these disulfide bonds under 

reducing conditions led to disintegration of the polymer shell and subsequent release of the 

loaded antigen. Furthermore, we demonstrated the ability of these core-shell nanogels for 

intracellular delivery of antigens to enhance the MHC class I antigen presentation as 

compared to their non-crosslinked counterparts. 

 

2. Perspectives 

This thesis describes nanogel carrier systems in which a protein antigen is either covalently 

conjugated to the nanogel networks via disulfide bonds, or physically entrapped in nanogels 

coated with a disulfide crosslinked polymer shell. Despite that the results obtained show 

that nanogels are promising carriers for tumor vaccination, further optimization and 

research is recommended to bring these formulations closer to clinical vaccination practice.  

2.1 Biodegradable nanogels 

The cationic nanogels used in this thesis were prepared by polymerization of glycidyl 

methacrylate derivatized dextran (dex-MA, Figure 1A), and the formed nanogels are 

non-degradable under physiological conditions.
23

 These non-degradable nanogels were 

selected to avoid the influence of nanogel degradation on the release of their payloads, and 

make sure that the measured antigen release from the nanogels is only due to the cleavage 
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of disulfide bonds. However, a major issue of non-degradable nanoparticles is their limited 

clearance from the body and consequently accumulation in different organs and tissues, 

which may interfere with biological processes and in turn cause toxicity.
24-26

 Therefore, 

biodegradable nanogels are preferred for in vivo and ultimately clinical use. Degradable 

dextran based nanogels can be obtained by polymerization of hydroxyethyl methacrylated 

dextran (dex-HEMA, Figure 1B) in which hydrolysis-sensitive carbonate ester bonds are 

introduced between the dextran backbone and methacrylate side chains.
27-29

 These gels are 

fully biodegradable under physiological conditions. Cationic dex-HEMA nanogels showed 

similar properties as dex-MA nanogels for disulfide-conjugated OVA, including size (~200 

nm), surface charge (~23 mV), loading capacity of conjugated OVA (~12.5 wt%) and 

release profiles under non-reducing and reducing conditions as the Dex-MA nanogels 

(Figure 2). Therefore, by replacing dex-MA with dex-HEMA, biodegradability of 

reduction-sensitive dextran nanogels can be obtained for in vivo application. 

 

2.2 The in vivo fate of cationic nanogels 

The in vivo fate of the cationic nanogels as described in this thesis was not addressed, but it 

is essential to have knowledge about this behavior for future applications. After 

subcutaneous injection to mice, these nanogels are likely stuck at the injection site due to 

their cationic surface charge,
30

 and they may serve as antigen reservoirs.
31, 32

 The epidermis 

and dermis are highly populated by APCs, and DCs display important immunostimulatory 

and migratory activities.
33

 DCs preferentially take up virus-sized particles (20-200 nm), 

whereas macrophages ‘prefer’ larger particles (0.5-5 μm).
34

 The used cationic nanogels are 

likely taken up by both DCs and macrophages due to their electrostatic interaction with  

Figure 1. Chemical structures of dex-MA (A) and dex-HEMA (B). 
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anionic cell membranes of both cells. After their uptake by APCs and subsequent antigen 

release, the APCs need to migrate from injection sites to draining lymph nodes where cells 

of the immune system reside, in particular T cells and B cells.
35, 36

 Lymph nodes enable 

APCs, which reside in the lymph node or have migrated from peripheral tissues, to present 

the processed antigen to T cells and initiate a cellular and/or humoral immune response.
37-39

 

Future studies should address questions regarding the pathways of the antigen/nanogels and 

interaction of nanogels with immune and other cells after injection. Antigen and nanogels 

can be labeled with two distinct near-infrared (NIR) fluorescent dyes, and the presence of 

OVA and nanogels can be visualized and quantified simultaneously both at the injection site 

and in the draining lymph nodes.
40

 This way, the uptake of fluorescently labeled 

antigen/nanogels by different populations of APCs and their migration to lymph nodes can 

be determined by flow cytometry analysis of the draining lymph nodes at different time 

points post injection.
20, 36

 The interaction between nanogels and cells involved in the 

immune system and their in vivo fate affect their immune efficacy. Therefore, a thorough 

understanding of the fate of antigen/nanogels in vivo is required for further optimizing 

nanogel vaccines, which will be discussed in the next subsection. 

 

2.3 Further optimization of OVA loaded nanogels for in vivo cancer vaccination 

In Chapter 4, prophylactic and therapeutic vaccination were performed and nanogels with 

conjugated OVA + soluble poly(I:C) showed impressive antitumor effects, though there are 

Figure 2. OVA release from dex-MA and dex-HEMA nanogels in PBS pH 7.4 at 37 °C. GSH was 

added to concentration of 2.5 mM at 8 h. Anokhee Doshi, master thesis Utrecht University, 2014. 
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certainly possibilities for further improvement of the best performing formulation. In the 

therapeutic model, 8 out of 10 mice that received the nanogels with conjugated OVA + 

soluble poly(I:C) vaccine showed regression after boost. However, among these 8 mice that 

showed regression of the tumors, 4 of them were observed tumor regrowing rapidly ~10-15 

days after the boost vaccination. A second boost might be given to avoid the observed 

re-growing of tumor after regression. In addition, administration of antigen conjugated 

nanogels and a soluble adjuvant can result in delivery of antigen to some DC populations 

and adjuvant to others. Those DCs that take up only the antigen in particulate form in the 

absence of adjuvant may induce immunologic tolerance, thereby inhibiting robust antitumor 

responses. To increase the potential of the vaccines, the antigen and adjuvant could be 

co-encapsulated and reversibly immobilized in the nanogels, which leads to both of antigen 

and adjuvant uptake by the same cell populations likely to result in a more potent immune 

stimulation.
41-43

  

As discussed in section 2.2, antigen presentation of APCs to T cells and their priming 

mainly occur in lymph nodes after subcutaneous injection. Therefore, antigen specific 

immunity depends on the efficacy of the vaccine and/or antigen loaded APCs reaching 

these sites.
44, 45

 Cationic nanogels likely have limited mobility after injection and their 

migration to lymph nodes relies on uptake and transportation by local DCs from the 

injection site.
46, 47

 As a consequence, only a minor fraction of nanogel-loaded antigen 

reaches the lymph nodes and induces an antigen specific immune response. In contrast, 

particles with high mobility can either be taken up by local DCs, or be drained passively 

along the interstitial flow to the lymph nodes.
20, 48, 49

 Once these particles arrive at the 

lymph nodes, they are exposed to a large number of APCs, which can process and present 

antigens and promote antigen specific immune responses.
50-52

 Enhancing vaccine delivery 

into lymphatic systems might more efficiently establish long-term memory responses.
53-55

 

Therefore, a lymph node targeting vaccine can be a promising strategy to improve the 

efficiency of nano-vaccines. To optimize our nanogels for this purpose, the cationic charge 

of the nanogels can be shielded by PEGylation to increase their mobility for lymph node 

draining. Notably, PEGylation of cationic nano-vaccines was shown to affect their 

lymphatic draining, uptake by resident APCs, and consequent vaccine induced immune 

responses.
47, 54, 56

 Zhuang et al. demonstrated that incorporation of PEG on cationic 

liposomes with different densities modulated their drainage from injection site into draining 

lymph nodes, their lymph node retention and biodistribution, and their contribution to 

enhanced vaccine specific immune responses.
47

 When 1 mol% of PEG2000 was 

incorporated into the cationic liposomes, the surface charge of liposomes decreased but still 



Summary and perspectives 

139 

 

6 

retained positive around +15 mV. These liposomes not only accelerated the drainage of 

liposomes into lymph nodes, but also prolonged their lymph node retention and enhanced 

their uptake by resident APCs. On the other hand, the surface charge was fully shielded 

after incorporating 5 mol% of PEG2000 into cationic liposomes, and remarkably, and the 

lymph node retention and uptake by APCs of these liposomes was lower than those of 

formulations with 1 mol% PEG2000. However, liposomes with 5 mol% PEG2000 showed 

prolonged blood circulation and increased splenic accumulation after s.c. injection, which 

in turn led to prolonged antigen presentation, thereby enhancing the secondary (memory) 

responses. For the nanogels described in this thesis, further studies are recommended to 

investigate the influence of PEGylation and its densities on lymph node accumulation and 

biodistribution of PEGylated nanogels, and the resulting immune responses. Furthermore, 

degradable linkages, such as ester bonds, can be introduced in between PEG and the 

nanogels, which can be cleaved after a certain time, ideally after nanogels migration to 

lymph nodes. The positive surface charge will then be exposed, thereby increasing the 

interaction of nanogels with resident APCs.  

 

2.4 Development of the disulfide-crosslinked polymer shell coated nanogels and their 

application for other therapeutics 

In Chapter 5, we developed nanogels coated with disulfide-crosslinked polymer shells in 

which a native protein antigen was stably entrapped. It should be noted that chemical 

modification of the encapsulated molecules is not necessary for this intracellular nanogel 

delivery system. Importantly, lower activity or loss of biological function caused by the 

modification and conjugation reaction can be avoided. Furthermore, the crosslinked shell 

may protect the loaded biomolecules from degradation. Hence, nanogels coated with 

reduction-sensitive polymer shells can be a promising system for intracellular delivery of 

biotherapeutics, such as therapeutic proteins, enzymes and nucleic acid based therapeutics. 

It should be noted that for biomolecules with different size, the crosslinked densities of the 

polymer shell need to be adjusted to ensure impermeability for the encapsulated molecules. 

Another issue to take into account is that the disulfide-crosslinked densities of the shell may 

affect its degradation rate and the subsequent release kinetics of the payloads in various cell 

types varying in redox state of their intracellular environments. In Chapter 5, we showed 

that the entrapped OVA was released from the layer-by-layer coated nanogels and 

subsequently processed by DCs, which enhance MHC class I antigen presentation as a 

consequence. However, direct evidence of cytosolic release of the antigen is still lacking. 
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Therefore, when applying this delivery system to other therapeutic molecules, especially 

those with their target site in the cytosol and nucleus, their fate in target cells and 

subsequent pharmacological and therapeutic effects need to be investigated. 

 

2.5 OVA as a model antigen and other tumor relevant antigens 

OVA is a major protein constituent of chicken egg whites, which is sufficiently large and 

complex to be mildly immunogenic.
57-60

 OVA, containing both MHC class I and II epitopes, 

is widely used as a model antigen to study antigen uptake, processing and presentation in 

vitro and in vivo both in its free form and as nanoformulations.
40, 60-63

 In addition, because 

of its immunogenicity, OVA transgene is often introduced into tumor cell lines to enforce 

expression of this model antigen to study cancer immunology in vivo, such as B16OVA 

cells used in this thesis.
64-66

 Encouraged by the results obtained using OVA as the model 

antigen, other tumor relevant antigens, including tumor lysates, protein antigens and 

synthetic long peptides,
67-71

 can be loaded in the reduction-sensitive nanogel delivery 

systems as described in this thesis to evaluate their immune efficacy on genetically 

unmodified tumor models. Human papillomavirus (HPV) is etiologically linked to the 

development of cervical cancer,
72

 and HPV-encoded proteins are expressed in HPV-induced 

cervical cancer cells.
73-75

 Therefore, HPV-encoded proteins and/or synthetic HPV long 

peptides would be interesting as antigens to investigate the efficacy of reduction-sensitive 

nanogels for inducing specific immune response against such cancer.
76-78

 

 

2.6 Pharmaceutical production of nanogels 

Endotoxin contamination of formulations can maturate DCs and activate the immune 

system.
79

 Therefore, endotoxin free or low endotoxin containing vaccines are used for cell 

and in vivo studies to avoid non-specific immune activation by LPS contamination.
80

 Since 

endotoxins are difficult to remove from a biomaterial,
81

 it is important to prevent its 

contamination in the first place. First of all, clinical grade or low endotoxin raw materials, 

especially biological products, are preferred. Importantly, the use of pyrogen free water and 

buffers is a critical necessity during washing and dialysis procedures to avoid endotoxin 

contamination from laboratory distilled/deionized water. Further, using endotoxin-free 

containers is strongly recommended. Endotoxins can strongly adhere to glassware and 

equipment, which makes them potential sources of endotoxin. Heating at 250 ºC for more 

than 30 min or 180 ºC for more than 3 h will destroy endotoxins on glassware. On the 
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other hand, washing with a 1% alkaline solution will also remove endotoxins deposited on 

surfaces of equipment.
82

 Finally, the production processes should be performed in inspected 

clean conditions with aseptic techniques, and reduce the time of materials exposure to air. 

The formulations used in this thesis were prepared according to the regulations described 

above. The yielded products were analyzed by limulus amebocyte lysate (LAL) test, and 

their endotoxin content was always below detection level (0.1 EU/mL). Therefore, it is 

possible to produce sterile/low LPS nanogel vaccines for clinical use.  

During the production of antigen loaded nanogels in a lab setup, the yield of each step, such 

as nanogel preparation, antigen loading and purification, is above 90%. The size of a lab 

scale batch antigen loaded nanogels is mainly limited by the inverse mini-emulsion 

photo-polymerization step, which produces ~250 mg cationic dextran nanogels for each 

batch. Scaling up of nanogel preparation is still challenging because of ultrasonication and 

UV initiation.
83, 84

 The droplet size of an emulsion-based dispersed phase can be brought 

down into the nanometer range when sufficiently strong shear forces are applied by using 

an ultrasonic homogenizer. To retain the same formulation size after scaling up, it needs to 

maintain the required intensity of the shear forces to process a lot more material per unit of 

time.
85

 Moreover, high volumes of emulsion can prevent efficient light penetration, and 

radicals are only formed near the light sources, leading to low crosslinking efficiency of the 

droplets.
86

 Nevertheless, scaling up of nanogel preparation is possible by using the right 

production-scale equipment. 

 

3. Conclusion 

The results described in this thesis present evidence that reduction-sensitive nanogels can 

be successfully used as systems for intracellular delivery of antigens and stimulate the 

immune system, which can significantly improve cancer vaccination efficacy. 
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Nederlandse samenvatting 

Immunotherapie van kanker, met behulp van kankervaccins op basis van eiwitten, is een 

veelbelovende methode om het immuunsysteem te activeren in het bestrijden van de tumor. 

Tumoreiwit-antigenen zijn echter beperkt immunogeen, omdat ze niet erg efficiënt 

opgenomen worden door de cellen van het immuunsysteem, in combinatie met een gebrek 

aan zogenaamde danger signals om het immuunsysteem te stimuleren. Daarnaast dienen de 

antigenen aan het immuunsysteem gepresenteerd te worden via de MHC klasse I route, om 

CD8
+
 T-cellen en het cytotoxische T-lymfocietrespons (CTL) te activeren. Omdat 

dendritische cellen (DCs) de antigenen presenteren en daarmee het immuunrespons 

initiëren en reguleren, zullen deze cellen het belangrijkste aangrijpingspunt zijn van een 

kankervaccin. De belangrijkste functie van DCs is het opnemen en verwerken van 

lichaamsvreemde eiwitten tot antigen-peptiden, en deze te presenteren aan T-cellen. Daarbij 

moet opgemerkt worden dat eiwitten gewoonlijk verwerkt worden in het endo-/lysosomale 

compartiment van DCs, wat in het algemeen leidt tot presentatie via de MHC klasse II in 

plaats van de gewenste klasse I route. Daarom is het bevorderen van MHC klasse I 

antigenpresentatie (zogenaamde kruispresentatie) zeer gewenst om de antitumorwerking 

van kankervaccins te verbeteren. 

Nanogelen worden sinds kort onderzocht als afgiftesysteem voor vaccins. Omdat nanogelen 

dezelfde grootte hebben als pathogenen, worden ze gemakkelijk opgenomen door APCs, in 

het bijzonder DCs. Het juist instellen van de deeltjesgrootte en oppervlaktelading is 

belangrijk voor de opname-efficiëntie. Nanogelen kunnen worden beladen met 

tumoreiwit-antigenen, en daarmee de opname van het antigen door DCs bevorderen. 

Sommige nanogelen kunnen ook zorgen voor maturatie en activatie van de DCs, 

resulterend in verbeterde antigenpresentatie en het voorkómen van immuuntolerantie. Het is 

ook interessant dat er gerapporteerd is dat nanogelen kruispresentatie van antigenen kunnen 

bevorderen, zowel in vitro als in vivo. Het doel van dit proefschrift is om afgiftesystemen 

voor vaccins te ontwikkelen op basis van nanogelen, met behulp van het ovalbumine (OVA) 

antigen als voorbeeld, en hun in vitro en in vivo effectiviteit te evalueren. 

In Hoofdstuk 1 wordt uitgelegd wat de principes zijn van tumorvaccinatie, en wordt de 

zwakke immunogeniteit van tumorantigenen en de noodzaak om deze aan te leveren aan 

APCs om kankerimmuniteit te verkrijgen nader belicht. Nanogelen worden besproken als 

effectieve dragers voor de afgifte van tumorantigenen, waarbij de invloed van de 

nanogeleigenschappen op modulatie van het immuunrespons wordt uiteengezet. Daarnaast 
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wordt de strategie geïntroduceerd waarbij reduceerbare disulfidebindingen ingezet worden 

om antigenen intracellulair af te geven en daarmee zowel MHC klasse I als II 

antigenpresentatie te bevorderen. 

Hoofdstuk 2 geeft een overzicht van de huidige literatuur op het gebied van nanogelen ten 

behoeve van de intracellulaire afgifte van biotherapeutica (bijv. eiwitten, antigenen, en 

genetisch materiaal), met vooral aandacht voor bioresponsieve nanogelen. De noodzaak en 

uitdagingen op het gebied van intracellulaire afgifte van biotherapeutica worden 

uiteengezet. Nanogelen kunnen zodanig worden ontworpen dat ze ingesloten 

biotherapeutica snel kunnen vrijstellen als gevolg van fysiologische verschillen tussen de 

intracellulaire en de extracellulaire omgeving. De meeste van de beschreven bioresponsieve 

nanogelen vertoonden een significante verbetering van het therapeutisch effect ten opzichte 

van vergelijkbare niet-responsieve nanogelen, als gevolg van de afgifte en het vrijstellen 

van hoge doses biotherapeutica in de cel. Dit hoofdstuk brengt aan het voetlicht dat 

bioresponsieve nanogelen veelbelovende materialen zijn ten behoeve van de intracellulaire 

afgifte van biomoleculen, inclusief de toepassing in tumorvaccinatie. 

De toepasbaarheid van reductiegevoelige nanogel dragersystemen voor de intracellulaire 

antigen-afgifte is geëvalueerd in Hoofdstuk 3, door het voorbeeldantigen OVA te binden 

aan het netwerk van kationische dextraan nanogelen. OVA is negatief geladen bij pH 7 

vanwege zijn pI van 5,0. Daarom werden kationische dextraan nanogelen, die tevens 

thiolreactieve groepen bevatten, bereid uit gemethacryleerd dextraan, trimethyl aminoethyl 

methacrylaat en N-(4-(2-(pyridine-2-yldisulfanyl)ethyl)-amidobutyl) methacrylamide, door 

middel van inverse mini-emulsie fotopolymerisatie. OVA, gederivatiseerd met succinimidyl 

S-acetylthioacetaat (SATA) groepen, werd vrijwel kwantitatief geabsorbeerd in deze 

nanogelen als gevolg van elektrostatische interacties in een buffer met lage ionsterkte 

(HEPES, 20 mM, pH 7,4). Vervolgens werd SATA-OVA covalent geconjugeerd in het 

gelnetwerk via disulfidebindingen, door reactie van het gethioleerde OVA met de in de 

nanogel aanwezige pyridyldisulfide groepen. Controle-experimenten lieten zien dat fysisch 

beladen OVA snel werd vrijgesteld uit de nanogelen onder fysiologische omstandigheden 

(PBS, 164 mM, pH 7,4). Daarentegen gaven nanogelen waarin OVA chemisch vastgezet 

was, slechts een beperkte hoeveelheid eiwit vrij gedurende 8 uur in PBS. Meer dan 80% 

van het beladen eiwit werd vervolgens onder reducerende omstandigheden binnen een uur 

vrijgesteld, ten gevolge van splitsing van de disulfide bruggen. Om intracellulaire 

vrijstelling van het geconjugeerde OVA te visualiseren, werden het eiwit en de nanogelen 

voorzien van respectievelijk Alexa Fluor 647 en Alexa Fluor 488. Confocale afbeeldingen 

lieten zien dat de dubbel gelabelde nanogelen efficiënt werden opgenomen door DCs na 24 
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uur incubatie bij 37 
o
C. Het geconjugeerde OVA werd vrijgegeven uit de nanogelen na 

internalisatie door DCs, terwijl het niet-geconjugeerde OVA al werd vrijgegeven voordat 

het werd opgenomen. Vervolgens werd geëvalueerd of de nanogelen in vitro in staat waren 

tot kruispresentatie van geconjugeerd OVA aan CD8
+
 T-cellen, met behulp van 

OVA-specifieke B3Z hybridoma T-cellen. De verkregen resultaten lieten sterke CD8
+
 

T-celactivatie zien door OVA-geconjugeerde nanogelen, terwijl vrij OVA en 

niet-geconjugeerde OVA-nanogelen niet in staat waren tot T-celactivatie. Samengevat, dit 

hoofdstuk heeft in vitro de toepasbaarheid aangetoond van reductie-gevoelige nanogelen als 

afgiftesysteem voor antigenen, ten behoeve van inductie van een cellulair immuunrespons. 

Bemoedigd door de veelbelovende resultaten uit hoofdstuk 3 hebben we in Hoofdstuk 4 de 

invloed van de grootte en oppervlaktelading van de nanogel op de opname door DCs verder 

in vitro onderzocht, evenals de capaciteit van de nanogel om DCs te matureren, en de 

intracellulaire afgifte, transport en verwerking van het antigen door DCs. Daarnaast is in dit 

hoofdstuk een profylactische en therapeutische vaccinatie uitgevoerd met 

antigen-geconjugeerde nanogelen in vivo. De bindings- en opnamestudies lieten zien dat 

gelen van nano-grootte met relatief hoge kationische oppervlaktelading het meest efficiënt 

opgenomen werden door DCs. Bovendien waren deze sterk kationisch geladen deeltjes in 

staat tot maturatie van de DCs, wat onafhankelijk was van de deeltjesgrootte (200 tot 2500 

nm). Analyse met flowcytometrie liet zien dat na 24 uur incubatie met de nanogelen met 

geconjugeerd OVA, een grotere hoeveelheid OVA intracellulair werd afgegeven en 

verwerkt in DCs ten opzichte van nanogelen die fysisch beladen waren met OVA. 

Vervolgens is bestudeerd wat er met de nanogelen en het geconjugeerde OVA gebeurt in de 

DCs. Confocale afbeeldingen toonden aan dat de opgenomen nanogelen in lysosomen van 

DCs werden ingevangen, terwijl fragmenten van het vrijgegeven antigen werden 

getransporteerd naar het cytosol, wat belangrijk is voor MHC klasse I antigenpresentatie. 

Vervolgens hebben we de in vivo effectiviteit getest in zowel een profylactisch als 

therapeutisch tumormodel gebaseerd op B16OVA melanoma (welke het OVA antigen tot 

expressie brengt). C57BL/6 muizen (10 dieren per groep) kregen diverse formuleringen 

subcutaan (s.c.) toegediend, voor of na inoculatie met s.c. aangebrachte tumorcellen. 

Muizen die geïmmuniseerd werden met OVA-geconjugeerde nanogelen lieten een 

antigenspecifiek T-cel immuunrespons zien en tevens een toename in antigenspecifieke 

antilichaamproductie. Daarmee werd een sterke bescherming en genezing van melanoma 

verkregen. In het profylactische model werd 90% van de muizen, die gevaccineerd waren 

met OVA-geconjugeerde nanogelen en poly(I:C) als adjuvans, gedurende 55 dagen 

beschermd tegen tumorvorming. In het therapeutisch model verdween bij 40% van de 
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muizen de tumor volledig, wat een opmerkelijk verschil was vergeleken met de andere 

groepen, waarbij geen enkele muis dat het geval was. Samengevat zijn de nanogelen, die 

beschreven zijn in deze studie, veelbelovende formuleringen om in een diermodel een 

antigenspecifieke immuniteit tegen kanker te ontwikkelen. 

In Hoofdstuk 3 en 4 is de intracellulaire afgifte van eiwitantigenen bewerkstelligd door 

conjugatie van het eiwit in de nanogelen via reduceerbare disulfide bindingen. De covalente 

binding vereist echter chemische modificatie van het eiwit. In Hoofdstuk 5 hebben we 

daarom nanogelen ontwikkeld die gecoat zijn met een disulfide-verknoopte polymeerschil, 

en waarin het oorspronkelijke eiwitantigen ingesloten is. Voor deze benadering is 

chemische modificatie van het antigen niet noodzakelijk, wat het afgiftesysteem 

veelzijdiger maakt. Ongemodificeerd OVA werd eerst beladen in kationische dextraan 

nanogelen via elektrostatische interacties. Vervolgens werden, middels een laag-voor-laag 

methode via elektrostatische interacties, polymeren aangebracht met een tegenovergestelde 

lading (het anionische poly(N-(2-hydroxypropyl)methacrylamide-co-methacrylzuur) en het 

kationische poly(N-(2-hydroxypropyl)methacrylamide-co-trimethyl 

aminoethylmethacrylaat) welke pyrydyldisulfide-groepen bevatte. Daarna werd 

dithiothreitol (DTT) toegevoegd, corresponderend met 0,5 molequivalent 

pyridyldisulfide-groepen in de coatingpolymeren, om de helft van de 

pyridyldisulfide-groepen te splitsen tot thiolgroepen. Vervolgens reageerden deze 

thiolgroepen met de overgebleven 0,5 molequivalent pyridyldisulfide-groepen via een 

thiol/disulfide-uitwisseling, resulterend in een disulfide-verknoopte polymeercoating. 

Confocale afbeeldingen van OVA-beladen microgelen die gecoat waren met fluorescent 

gelabelde polymeren lieten een duidelijk ring van de polymeerschil zien rondom de 

microgelen. Zoals verwacht was de disulfide-verknoopte schil stabiel in een 

niet-reducerende omgeving, waarmee lekkage van OVA uit de nanogelen werd voorkomen. 

Belangrijk is dat splitsing van deze disulfidebindingen onder reducerende condities leidde 

tot het snel uiteenvallen van de polymeerschil en vervolgens afgifte van het ingesloten 

antigen. Daarnaast toonden we aan dat intracellulaire afgifte van antigen door middel van 

deze verknoopte kern-schil nanogelen, MHC klasse I antigenpresentatie bevorderden ten 

opzichte van de nanogelen waarvan de coating niet verknoopt werd. 
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