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Abstract

The past decade has seen a significant increase of interest in the use of

nanocarrier-mediated drug delivery for medical applications. Compared to

conventional drug delivery, nanocarrier-mediated drug delivery has showed higher

therapeutic effect and less detrimental side effects to normal cells and tissues.1

However, low drug encapsulation efficiency, drug leakage and clearance by immune

system, and potential toxicity resulting from the nanocarriers structure restrict their

applications.2, 3 The development of new nanocarriers with high drug encapsulation

efficiency, stealth effect, and targeting features is very important for the enhancement

of therapeutic efficiency.4, 5

In the first chapter of this thesis, an overview about polyprodrugs, protein based

nanocarriers, and nanocarriers with stealth effect is given. Firstly, the types and

stimuli-responsive ability of polyprodrugs as drug delivery systems are introduced.

Secondly, we describe protein-based nanocarriers, including protein-based

nanoparticles, hydrogels, and nanocapsules. Methods for preparing these nanocarriers

are also discussed. Finally, we discuss the stealth effect in drug delivery, including the

composition of protein corona, the parameters affecting the protein corona, and the

nanocarriers with stealth effect.

In the second chapter, the results produced in the frame of this PhD thesis are

reviewed and discussed. This chapter is divided into three parts. Firstly, a

pH-responsive hydrophilic polydexamethasone was synthesized via the

polycondensation of dexamethasone with adipic acid dihydrazide. The polymer was
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then encapsulated in silica nanocontainers. Then the pH-dependent drug release

behavior in vitro was studied. Finally, the anti-inflammatory effects of encapsulated

polydexamethasone in liver macrophages were investigated.

In the following part, ovalbumin-based nanocapsules (OVA NCs) encapsulating

resiquimod (R848) and muramyl dipeptide (MDP) were synthesized. We investigated

the superadditive stimulatory potential derived from the combination of R848 and

MDP. The second step was to evaluate ovalbumin-based nanocapsule as suitable

antigen source for the induction of antigen-specific T cell responses. Finally, the

immunostimulatory potential for dendritic cells of OVA NCs encapsulating dual

adjuvant was measured.

In the third chapter ovalbumin-based nanocapsules modified with poly(ethylene

glycol) (PEG) was synthesized. The stealth effect of polystyrene (PS), hydroxyethyl

starch (HES) and ovalbumin nanoparticles was compared. Then, ovalbumin

nanocapsules modified with different PEG density and molecular weight were

synthesized. Finally, the correlation between PEG conformation, protein corona, and

stealth effect of nanocarriers was investigated.

In the following chapters, experimental details are described and main

conclusions of the results of this thesis are given.
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1. State of the art

1.1 Polyprodrugs for cancer therapy

1.1.1 Prodrugs for cancer therapy

Compared with small drug molecules, nanocarrier-mediated drug delivery has

shown therapeutic advantages due to an increased bioavailability of the drug at

diseased sites.6 However, low drug loading capacity, unexpected drug leakage in the

blood due to non-covalent bonds between carrier and drug molecules, and potential

toxicity limit the applicability of drug delivery.7, 8 Key rationales for the

performance of nanocarrier-mediated delivery are firstly the ability of nanocarriers to

overcome biological barriers, which can be achieved by functionalizing their surface,

9-12 and an effective encapsulation and protection of therapeutics from degradation

during circulation in blood. Furthermore, a selective release of payloads in targeted

tissues shall be achieved so that no adverse effects occur due to exceeding minimum

toxic concentration of the drug.13-17

Among the different available methods to improve the selectivity of

chemotherapy drugs, polymer-drug conjugates are promising approach for high

therapeutic effect. In the mid-1970s, Ringsdorf first proposed the idea of covalently

attaching chemotherapeutic agents to a water-soluble polymer.18 In this model, it was

envisioned that the pharmacokinetics of the drug attached to the polymer could be

modulated and active targeting could be achieved after a homing moiety was

introduced to the same polymer. Since then, polymer-drug conjugates have developed

rapidly and until now nearly a dozen polymer conjugates have entered clinical trials.19
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For example, poly(L-glutamic acid) (PG)-paclitaxel (PG-TXL) (CT-2103, Xyotax®)

for cancer therapy has entered Phase III clinical trials.19 The early clinical trials of

these polymer-drug conjugates have exhibited advantages of enhanced therapeutic

efficacy, fewer side effects, and ease of drug administration over the corresponding

parent drugs.20 The systems can be designed to: i) enhance drug solubility in an

aqueous solution; ii) selective delivery of drugs upon change of external environment;

iii) reduce irritation or pain, unacceptable taste, toxicity and pre-systemic

metabolism.21

The drug-polymer conjugate is generally designed as shown in Figure 1. It can

contain four parts: i) the original drug or the drug derivative with biological activity; ii)

a metabolically labile chemical bonds such as ester, amide, disulfide and oxime,

which links the functional group (carboxylic, hydroxyl, carbonyl and amine bonds,

etc.) of the parent drug to the rest of the prodrug designated as the “promoiety”; iii) a

polymer spacer, or an enzymatically cleavable spacer that can release the parent drug

in the presence of a tumor-specific enzyme; iv) a targeting agent for specific drug

delivery to cancer cells.21-25
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Figure 1. General structure of drug-polymer conjugates.

Aryal et al. designed a polymer-cisplatin conjugate by covalently attaching a

levulinic acid modified cisplatin analogue Pt(IV) prodrug to poly(ethylene

glycol)-block-poly(L-lactide) (PEG-PLA) via a hydrazone linkage. The

cisplatin-based conjugate formed nanoparticles with a diameter of less than 100 nm

(Figure 2). The drug release experiment showed acid-responsive drug release kinetics

for the polymer-cisplatin conjugate nanoparticle. In vitro cellular cytotoxicity

measurement showed that the nanoparticle had higher cancer therapeutic efficiency

than for free cisplatin.26

Figure 2. Schematic illustrations of the formation of cisplatin-based nanoparticles by

the cisplatin-based prodrug conjugate and pH-responsive release of cisplatin.
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(Reprinted with permission from reference26. Copyright 2013 American Chemical

Society).

1.1.2 Polyprodrugs for cancer therapy

In the cases of drug-polymer conjugates, the location of conjugation sites and

density cannot be precisely controlled, hence yielding potential batch-to-batch

variations of encapsulation efficiency of drug, the mechanism of drug release and

physiochemical properties of the resulting polyprodrugs.27 To address these issues,

new polyprodrugs with a drug that is chemically incorporated into the polymer

backbone through stimuli-cleavable linkages were developed.28 Normally, three

characteristics can be implemented to enhance the anticancer efficacy of polyprodrugs

systems: (1) high drug content by a modifying drug monomer for polymerization; (2)

responsive or degradable ability to release active drug; (3) tumor targeting ability.29-31

Good biocompatibility of polyprodrugs and possibility for combination therapy can be

also added in polyprodrug systems.32, 33

1.1.2.1 Types of polyprodrugs

Polyprodrugs can be classified into two types according to their structures as

shown in Figure 3: (a) Polyprodrug with drug in the polymer backbone; (b)

polyprodrug with drug in the side chain of the polymer.
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Figure 3. The two types of polyprodrugs.

1.1.2.1.1 Polyprodrug with drug in the polymer backbone

Drug molecule into the polymer backbone can also be described as using drug

molecules as building blocks to form the backbone of polymers. The ultimate purpose

of introducing the drug molecule into the polymer backbone is to reduce drug leakage

and enhance therapeutic effect in vivo.34 In Uhrich’s study, it was shown that

introducing the drug molecule into the polymer backbone could reduce the clearance

of drug by the immune system in the body.35, 36

Xu et al. designed a polyprodrug with 10-hydroxycamptothecin (HCPT) drug in

the polymer backbone (Figure 4). The polyprodrug platform contained five key

elements (a) incorporated HPCT as building block of polymer backbone; (b)

redox-responsive behavior; (c) chain-breakage ability for releasing HCPT; (d) PEG as

a hydrophilic segment for prolonging the circulation time in vivo; (e)

arginylglycylaspartic acid peptide as targeting ligand on the surface for achieving

tumor targeting. In the tumor microenvironment, glutathione-responsive

(GSH-responsive) bond in the repeating unit could lead to the chain-breakage

functionally for the hyper-fast release of the HCPT and biodegradable of the
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backbone.27

Figure 4. Synthetic route of HCPT-based polyprodrugs and their redox-responsive

degradation. (Reprinted with permission from reference27. Copyright © 2015

Elsevier).

Another approach to introduce the drug molecule into the polymer backbone is

the “drug-initiated” method.37 In this method, the polymerization initiator is a

modified drug. The drug can be directly used as polymerization initiator via its native

functional groups. This method is always applied for ring-opening polymerization.38-42

Another method to obtain drug-initiators needs functionalization of the original drugs,

which involves reversible deactivation radical polymerization techniques.43-47

Cladribine (CdA) shows cancer therapy ability in vitro. Bao et al. synthesized

CdA-polyisoprene polyprodrug using CdA-based initiator (Figure 5). The

hydrodynamic size and the release behavior of CdA-polyisoprene polyprodrug can be

controlled by adjusting the length of polyisoprene chain. The chain length also

affected the stability and anticancer efficacy of polyprodrug.48
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Figure 5. Synthetic route for two types of CdA-polyisoprene polyprodrugs.

(Reprinted with permission from reference48. Copyright © 2016, American Chemical

Society).

Compared with prodrug systems, polyprodrug with the active drug component in

the polymer backbone exhibited enhanced drug content, less unexpected side effects

in human body by avoiding using non-drug structure and the increased blood

circulation time of drugs in the body.33, 49, 50 Meanwhile, drug molecules in polymer

backbone are not leaking in the external environment during blood circulation. This

advantage reduces the cytotoxicity of drug to normal tissues in the human body and

increases the therapeutic effect.34, 51, 52

1.1.2.1.2 Polyprodrug with drug in the side chains of polymers

Drugs can be attached to the side chain of polymers, for example by amidation

reaction or click reaction. Besides, it is necessary to effectively release the drug from

the polyprodrug when the polyprodrug reaches the desire site. An on-demand release

behavior can be realized by introducing stimuli-responsive bonds such as reductive-,
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oxidative bonds.53, 54

Hu et al. reported a camptothecin (CPT)-based polyprodrug, using modified

poly(ethylene glycol) (PEG) as macro-reversible addition-fragmentation transfer

(RAFT) agent, with > 50 wt% CPT loading content via direct RAFT polymerization

of the reduction-cleavable CPT prodrug monomer (Figure 6). Controlled and

sustained release of CPT in response to biological milieu is activated by the

intracellular reduction environment because of the presence of disulfide bond.

Compared with CPT-based prodrug systems, the advantages of this polyprodrug

included high encapsulation efficiency of drug and stimuli-responsive release of the

biologically active drug.28

Figure 6. Synthetic route of a reduction-responsive CPT-based polyprodrug

amphiphile and proposed mechanism of reduction-responsive CPT release from the

polyprodrug amphiphiles.
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Phenylboronic acid and phenylboronic ester can react with H2O2 to form phenol

derivative. In vivo, H2O2 is one of the reactive oxygen species (ROS). Qiu et al.

synthesized a new kind of oxidation-responsive polyprodrug conjugates. The pendant

Naproxen molecules were conjugated to PEG via phenylboronic ester linker to

construct this polyprodrug (Figure 7). Spherical nanoparticles were prepared by the

Naproxen-based polyprodrug. The formed nanoparticles were stable to ester

hydrolysis but disrupted rapidly in the presence of a pathologically relevant

concentration of H2O2. The hydrolysis resulted in the release of Naproxen.55

Figure 7. Synthetic route of a Naproxen-based polyprodrug. (Reprinted with

permission from reference55).

1.1.2.2 Stimuli-responsive polyprodrugs

The responsive polymer chains within designed nanocarriers will undergo

structural transformation or directly disassemble into smaller pieces once exposure to

stimuli, which could obviously enhance site-specific drug release and boost

therapeutic efficacy by increasing local concentration at the desired site, no matter

through passive or active targeted delivery.55-57 It is critical to achieve a responsive
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release of the drug. According to the characteristics of tumor tissue and tumor cell

environment, there are many mechanisms for responsive drug release, such as light,

acid, redox, enzyme responsive.32, 51, 58, 59

1.1.2.2.1 A pH-sensitive polyprodrug platform

Change of pH value as a trigger was especially interesting because local pH

value in the body is highly dependent on stress conditions experienced in the cells.

For example, the pH of blood and normal tissues is around 7.4, while the pH of

tumor’s extracellular environment is 6.5 and the local pH value in inflammatory sites

often decreases to pH 5.5 or below owing to immunological responses.60 Moreover,

while cytoplasmic pH value is ~ 7.0, the endosomal and lysosomal lumen pH values

are typically below 6.5 due to the activity of adenosine triphosphate dependent proton

pumps.61-65 Covalent conjugation of drugs to materials can be achieved via the

introduction of chemical linkages such as hydrazone, orthoester, imine, and acetal

bonds, as summarized in Table 1, which can be cleaved in mildly acidic conditions.13,

66-71 Poly(N-(2-hydroxypropyl)methacrylamide)-dexamethasone conjugates (P-Dex)

were synthesized for treating rheumatoid arthritis. Dexamethasone was conjugated to

the copolymer via a hydrazone linkage, which allowed a specific drug release at pH

5.0. First, pH-sensitive dexamethasone-containing monomer was synthesized.

Afterwards, the monomer was conjugated to N-(2-hydroxypropyl)methacrylamide via

RAFT polymerization. The therapeutic effect of P-Dex was evaluated on AIA rats in

comparison with free Dex, saline and healthy controls. The result showed contrary to

the free Dex treatment, single P-Dex treatment strongly suppressed the ankle joint
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inflammation during the entire course of the treatment. The endpoint bone mineral

density (BMD) test showed the mean BMD of the P-Dex treated group was higher

than the group treated with free Dex group. It suggested that the prolonged

suppression of inflammation by P-Dex offers better protection to the bone. Histology

grading from in vivo evaluations proved a strong and long-lasting anti-inflammatory

and joint protection effects of the macromolecular prodrug.72 The same group

demonstrated that a monthly administration of the prodrug with a dose equivalent to

free dexamethasone was equally effective, but was not associated with systemic bone

loss, which is a major adverse side effect of glucocorticoids.73

Table 1. Common pH-responsive groups.

pH-responsive group Chemical structure References

Hydrazone 52, 74

Orthoester 75, 76

Imine 77, 78

Acetal 79, 80

Poly(vanillin oxalate) (PVO) as a polymeric prodrug of vanillin was developed

to covalently incorporate vanillin in its backbone.81 PVO contains both

H2O2-responsive peroxalate ester bonds and acid-cleavable acetal linkages in its main
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chain, therefore it released vanillin monomers during its hydrolytic degradation in

cells with oxidative stress (Figure 8).

Figure 8. Schematic image of fully biodegradable of pH-responsive and

H2O2-responsive PVO Nanoparticles. (Reprinted with permission from reference81.

Copyright © 2013, American Chemical Society).

1.1.2.2.2 A GSH redox-responsive polyprodrug platform

The concentration of GSH in the cytoplasm is 1-10 mM, which is higher than

that of extracellular fluid.82-84 GSH is more abundant in cancer cells than in normal

cells. Hence, disulfide bonds cleaved by GSH is applied in selective release of drug in

cancer treatment.30 The GSH redox-responsive polyprodrug platform is developed for

drug delivery.85, 86

A CPT polyprodrug‐gated crosslinked vesicles (GCVs) for cancer therapy was

designed by Liu’s group.87 The GCVs was fabricated from poly(ethylene

glycol)-camptothecin-3‐(trimethoxysilyl)propyl methacrylate diblock copolymers.

The CPT was conjugated to PEG via disulfide bond. The GCVs realized combination

therapy of CPT and doxorubicin hydrochloride (DOX∙HCl) via loaded with DOX∙HCl.

Figure 9 shows the fabrication of GCVs and GSH-responsive drug release. In

physiological conditions, the DOX‐loaded GCVs was stable and no drug leakage. The

GCVs was cleavage and release CPT by high concentration of GSH once entered to
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cancer cell. Meanwhile DOX was released through permeabilization of the whole

vesicle structures.

Figure 9. Schematic illustration of fabrication of GCVs and GSH-responsive drug

release. (Reprinted with permission from reference87).

In other case, Wei’s group designed a reduction-sensitive amphiphilic

polyprodrugs containing HCPT in the backbone were synthesized with a hydrophilic

PEG moiety as the alternating building blocks in the multi-block copolymer. The

copolymers self-assembled into spherical micelles and exhibited GSH-triggered

degradation for promoted drug release.88 Figure 10 showed the GSH redox-responsive

polyprodrug platform.
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Figure 10. Schematic illustration of fabrication of GSH-responsive polyprodrug

platform composed of (a) HCPT, (b) Reducible Link, and (c) PEG. (Reprinted with

permission from reference88. Copyright © 2018, American Chemical Society).

1.1.2.2.3 A ROS-responsive polyprodrug platform

Hypoxia is one of the unique signs of cancer.89, 90 In vivo, cells produced ROS,

which is a type of oxygen-derived chemical.91 ROS levels in cancer cells (up to 100 ×

10-6 m) is much higher than normal tissues (~ 20 × 10-9 m) because of hypoxia in

cancer cells.92 Compared to redox‐responsive strategy, a ROS‐sensitive approach is

much more tumor‐specific. Because the difference of ROS level is bigger than the

difference of concentration of GSH between cancer cells and normal tissues.93

Polyprodrug platform with ROS-responsive property generally contains boronate ester,

peroxalate ester, polypropylene sulfide, and thioketal.94-100

A near‐infrared‐emitting anticancer drug mitoxantrone (MTO) was used to

fabricate a ROS-responsive polyprodrug platform. The polyprodrug platform

containing thioketal group composed by MTO and PEG could self‐assemble to form



17

nanoparticle (Figure 11). These targeted ROS‐responsive polyprodrug platform

exhibited the ability of significant inhibition of tumor cell growth both in vitro and in

vivo.101

Figure 11. Schematic illustration of the ROS-responsive MTO based polyprodrug

platform. (Reprinted with permission from reference101).

1.2 Stealth effect in drug delivery

Nanocarriers in the body are exposed to proteins in physiological liquids.102-104

The proteins covering the surface of nanocarrier are defined as protein corona. The

protein corona has effects on the surface charge, hydrodynamic size and stability of

the original nanocarriers.105 In addition, the interaction with cell membranes and the

mechanism of cellular uptake of nanocarriers is influenced by the protein corona, 106

compsoed of hard corona and soft corona.107 The hard corona is the inner proteins

irreversible covered on the surface on nanocarriers. The soft corona is outer proteins

with low affinity that are reversibly adsorbed. The hard corona can survive
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endocytosis so that it has more important effect on the biological responses of

nanocarriers.107

1.2.1 Composition of the protein corona

In the blood, there are more than 3700 types of proteins. These proteins have

different concentrations, for example, the concentration of interleukin-6 in the blood

is about 5 pg/mL while the concentration of albumin is about 1012 times more.108 Most

studies refer to the composition of hard coronas owing to the easier isolation.103, 107, 109

Compared to the proteins having high concentration in plasma, apolipoproteins

display a stronger adsorption on nanoparticles.105, 110, 111 These proteins were detected

on the protein coronas of many nanoparticles such as polystyrene, silica,

N‐isopropylacrylamide-N‐tert‐butylacrylamide copolymers particles.104, 109, 112, 113

1.2.2 Parameters affecting the protein corona

There is not yet a universal regular pattern describing the influence of

hydrodynamic size on the protein corona. Cedervall et al. found that the

hydrodynamic size of N‐isopropylacrylamide-N‐tert‐butylacrylamide copolymer

nanoparticles affected the composition of the protein corona.109 In the case of gold

nanoparticles, Schäffler et al. proved that the hydrodynamic size of nanoparticles had

a qualitative effect on the protein composition.114 It is also known that electrostatic

interactions, van der Waals interactions, hydrophobic interactions, and hydrogen

bonding can influence the amount and type of bound proteins.113, 115 The hydrophobic

surface of nanoparticles increases protein adsorption.116, 117 Nanoparticles with

negative charge on the surface have less protein adsorption because of the negative
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charge of abundant proteins in the plasma.118 However, no relationship between

surface charge of nanoparticles and the isoelectric point of the proteins with binding

affinities of proteins was found.113, 119 The protein source also alters the composition

of protein corona.120,107 In addition, Hajipour et al. incubated nanoparticles in human

plasma from different patients and found that the protein coronas was distinct. This

result showed that the composition of protein corona was individual-dependent.121

1.2.3 Stealth effect

Once upon to vivo, nanocarriers are exposed in blood and absorbed by blood

proteins. The complement system and opsonizing proteins tag nanocarriers as foreign

subastance. And then the tagged nanocarriers are clear by the immune system

including monocytes and macrophages. The clearance of nanocarrier by immune

system impedes the nanocarrier to reach the desire site and decreases the therapeutic

effect. Therefore, it is important to develop nanocarriers with stealth effect to decrease

the clearance by immune system and prolong the blood circulation time in vivo.

The nanoparticles with hydrophobic surface are easily covered by proteins in the

blood and have short blood circulation time.122 It is a promising method to modify

hydrophilic molecules on the surface of nanoparticles. PEG, as a hydrophilic

molecule, is the most commonly used to modify the nanoparticles. The mechanism of

stealth effect of PEG modified nanoparticles remains to be studied. The surface of

PEG modified nanoparticles interacts with water molecules by hydrogen bond and

forms water layer between nanoparticles and proteins in the blood. The steric

repulsion might contribute to the stealth effect. The PEG chain length, PEG density
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on the surface of nanoparticles and morphology of PEG have influence on the stealth

effect.123 A PEG modified gold nanoparticle was prepared to study the effect of PEG

modification on the stealth effect. The results showed the proteins adsorbed decreased

after modification with PEG. The protein adsorption decreased with the increase of

PEG density in the surface of gold nonaparticle.124 In the other case of PEG modified

gold nanoparticle, it was found the protein adsorption also decreased when the

molecular weight of PEG increased from 2 to 20 kDa.125 The variation of PEG density

results in different morphology of PEG including mushroom and brush. The

mushroom conformation formed when the PEG density is low. While the brush

conformation obtains by the high PEG density on the surface of nanoparticle.126

PEG modification decreases the adsorption of unspecific proteins such as

complement system and prolong the blood circulation time.127, 128 However there are

still disadvantages for modification with PEG. For example, the accumulation of

non-biodegradable PEG in vivo might result in side effect. Shah et al. found the

hypersensitivity caused by PEG modification.129 Polysaccharides, as a

biodegradable polymer, is also applied in decreasing the unspecial protein

adsorption.122 Fichter et al. synthesized a degradable nanocarrier using hydroxyethyl

starch.130 The starch derivative of HES hydrolyzes by enzyme in vivo. In addition,

HES based nanocapsules was prepared to decrease the unspecial uptake into Hela

cells.131, 132 HES-based nanocapsules prolonged the blood circulation time and

increased the therapeutic effect.133
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The influence between protein corona and the target ability to desire cells is also

studied. Kang et al. synthesized PEG modified hydroxyethyl starch nanocapsules with

different targenting agents and studied the celluar uptake of dendritic cells.134 The

result showed a little effect of the targeting agents on the composition of protein

corona. Salvati et al. designed a PEG modified silica nanoparticles with the targeting

agent of transferrin and found the targeting agent lost the targeting ability for cancer

cells exposed to serum.135 Compared to the case of silica nanoparticle, the protein

corona of PEG modified HES nanocapsules had no effect on the targeting ability for

dendritic cells of the targeting agent.134, 135

Poly(ethylene ethyl phosphate) (PEEP) is also used to modify the surface of

nanoparticles for stealth effect.136 Modification of PEEP on the surface of PS

nanoparticles decreased the protein adsorption and unspecific uptake by macrophages.

And clusterin was found to be important for the stealth effect. The results exhibited

the stealth effect was related to specific proteins. The surface modification needed the

ability to adsorb the specific proteins to obtained stealth effect.
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2. Results and discussion

2.1 Nanoencapsulation of Polyprodrugs for Reducing

Detrimental Side Effects

The work in this chapter is based on the manuscript ‘Encapsulation of

Polyprodrug in Nanocontainers for Controlled Delivery of Water-Soluble Drugs’. The

author synthesized the polyprodrug and the silica nanocarriers encapsulating the

polyprodrug, conducted DLS, GPC, UV-vis, SEM, TEM, and NMR. In-vitro and in

vivo experiments were conducted by collaboration partners, which are acknowledged

after each corresponding contribution.

2.1.1 Motivation

Nanocarrier-mediated drug delivery has shown therapeutic advantages over free

drugs including better efficacy against resistant tumors and less side effects due to an

increased bioavailability of the drug at diseased sites.6 Key rationales for the

performance of nanocarrier-mediated delivery are firstly the ability of nanocarriers to

overcome biological barriers which can be achieved by functionalizing their surface,

9-12 and an effective encapsulation and protection of therapeutics from degradation

during circulation in blood. Furthermore, a selective release of payloads in targeted

tissues shall be achieved so that no adverse effects occur due to exceeding minimum

toxic concentration of the drug.13-17

We show here a new strategy for releasing a water-soluble drug from

nanocontainers that can be easily functionalized. This is realized by encapsulating a

water-soluble and pH-cleavable polyprodrug (polymeric prodrug) in highly versatile
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silica nanocontainers. Dexamethasone was selected as model drug for the proof of

concept and the biomedical performance of the drug-delivery systems were evaluated.

The two main classical approaches for transporting a not free and therefore

shielded drug in blood are either using nanocarriers or polymer-drug conjugates. Both

systems can be designed to provide selective delivery of drugs upon change of

external environment. Change of pH value as a trigger is especially interesting

because local pH value in the body is highly dependent on stress conditions

experienced in the cells. For example, the local pH value in inflammatory sites often

decreases to pH 5.5 or below owing to immunological responses.60 Moreover, while

the cytoplasmic pH value is ~ 7.0, the endosomal and lysosomal lumen pH values are

typically below 6.5 due to the activity of ATP-dependent proton pumps.61-65 Covalent

conjugation of drugs to materials can be achieved via the introduction of chemical

linkages such as hydrazone, cisacotinyl, orthoester, imine, and acetal bonds, which

can be cleaved in mildly acidic conditions.13, 66-71 Aryal et al. designed a

polymer-cisplatin conjugate by covalently attaching a levulinic acid modified

cisplatin analogue Pt(IV) prodrug to poly(ethylene glycol)-block-poly(L-lactide) via a

hydrazone linkage. Nanoparticles of the copolymer prodrugs showed acid-responsive

drug release kinetics and enhanced cytotoxicity against ovarian cancer cells compared

to free cisplatin.26 Poly(N-(2-hydroxypropyl)methacrylamide)-dexamethasone

conjugates were synthesized for treating rheumatoid arthritis. Dexamethasone was

conjugated to the copolymer via a hydrazone linkage, which allowed a specific drug

release at pH 5.0. Clinical measurements, endpoint bone mineral density test, and
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histology grading from in vivo evaluations proved a strong and long-lasting

anti-inflammatory and joint protection effects of the macromolecular prodrug.72 The

same group demonstrated that a monthly administration of the prodrug with a dose

equivalent to free dexamethasone was equally effective, but was not associated with

systemic bone loss, which is a major adverse side effect of glucocorticoids.73

However, in these cases the location of conjugation sites and density cannot be

precisely controlled, hence yielding potential batch-to-batch variations of drug

loading, release kinetics and physiochemical properties of the resulting

polyprodrugs.27

To address this issue, new polyprodrug platforms with a drug that is chemically

incorporated into the polymer backbone were developed. Roselin et al. designed a

polyprodrug that released morphine incorporated in the main chain via cleavage of

anhydride bonds.36 A similar strategy was followed to release ferulic acid, which

displays antioxidant and antibacterial activities, from biodegradable

poly(anhydride-ester).137 This polydrug was applied dermally, but not in blood. PVO

as a polymeric prodrug of vanillin was developed to covalently incorporate vanillin in

its backbone. PVO contains both H2O2-responsive peroxalate ester bonds and

acid-cleavable acetal linkages in its main chain, therefore it can release vanillin

monomers during its hydrolytic degradation in cells with oxidative stress.81 The

polyprodrug platform with precisely controllable and high drug loading properties

was also applied for camptothecine-based anticancer drugs. For example,

reduction-sensitive amphiphilic polyprodrugs containing HCPT in the backbone were
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synthesized with a hydrophilic PEG moiety as the alternating building blocks in the

multiblock copolymer. The copolymers self-assembled into spherical micelles and

exhibited glutathione-triggered degradation for promoted drug release.138 In another

case, reduction-cleavable CPT prodrug monomers were polymerized by RAFT

technique using a PEG-based macro-RAFT agent, yielding an amphiphilic with CPT

moieties as side chains in the hydrophobic block.28 In all these cases, the polymer had

to be specifically designed to be amphiphilic in order to allow control of

self-assembly, so that an application in blood may be possible. Upon contact with

blood the self-assembly may also undesirably change; a functionalization for targeting

is very challenging.

The applications of water-soluble small molecule drugs face several limitations

including poor bioavailability, rapid blood/renal clearance, and nonspecific targeting,

which lead to low drug efficacy and severe adverse effects on healthy tissues. To

address these limitations, an amphiphilic drug-drug conjugate (ADDC) was

synthesized from a hydrophilic anticancer drug irinotecan (Ir) and hydrophobic

chlorambucil (Cb) via a hydrolyzable ester linkage. The amphiphilic Ir-Cb conjugate

self-assembles into nanoparticles in water and exhibits longer blood retention half-life

compared with the free drugs, which facilitates the accumulation of drugs in tumor

tissues and promotes their cellular uptake.139 Another ADDC was designed by the

same group. The conjugate was synthesized by two-step esterification of hydrophobic

CPT and hydrophilic floxuridine (FUDR) through a linker compound. Unlike the free

drug combination administration, the CPT-FUDR nanoparticles could maintain dose
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ratio for prolonged time and deliver hydrophobic CPT and hydrophilic FUDR

simultaneously to cancer cells.140 Shi group synthesized a conjugate prodrug of

hydrophilic gemcitabine by covalently coupling it to a hydrophobic chlorambucil via

an ester bond. The resulting amphiphilic conjugates self-assembled into nanoparticles

in water and exhibited significant anticancer activity in vitro against a variety of

human cancer cells.141

Herein, we combine the strategies of physical encapsulation and covalent

conjugation by developing a new delivery approach in which depolymerizable

prodrugs are encapsulated in silica nanocontainers with a semipermeable shell.

Compared to nanoparticles formed only by prodrugs or polyprodrugs, silica

nanocontainers entrapping polyprodrug display the advantage to be easily

functionalizable with targeting moieties.142, 143 Silica nanocontainers provide also a

protection of the polyprodrug and silica shells are semipermeable barriers that

regulate further the release of the drug from the nanocontainers. Dexamethasone

(DXM) was selected as model drug which displays vigorous anti-inflammatory

properties. However, systemic administration of DXM causes severe side-effects such

as hyperglycemia, hypertension, and increased risk of intestinal bleeding. Therefore,

targeted delivery of DXM is required.144-147 Moreover, DXM display two ketones

groups that can react with hydrazide moieties to provide molecules with hydrazone

linkages. Such chemistry was advantageously employed for conjugating DXM to

poly(N-(2-hydroxypropyl)methacrylamide) copolymers72 and to peptide nanofiber

gels,148 pluronic P123 micelles,149 and avidin.150
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In this study, we focused on: (i) Polycondensation of DXM with adipic acid

dihydrazide (ADH) to form pH-responsive polydexamethasone (PDXM). (ii)

Controlling encapsulation efficiency and release kinetics of DXM from silica

nanocapsules (SiO2 NCs). (iii) Modulating inflammatory response of liver

macrophages by the nanoencapsulation of polyprodrugs. The concept of the study is

illustrated in Figure 12.

Figure 12. Schematic illustration of pH-responsive delivery of dexamethasone via

nanoencapsulation of polyprodrug within cells.
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2.1.2 Synthesis and characterization of PDXM

The PDXM polyprodrugs were synthesized from dexamethasone phosphate

(DXM) monomer via a condensation reaction between the carbonyl groups of DXM

and acyl hydrazide groups of linker molecule adipic acid dihydrazide (ADH) (Figure

13a). The molecule structure of PDXM was characterized by 1H NMR spectroscopy

(Figure 13b). In the 1H NMR spectrum of ADH, the peak at δ = 1.53 ppm represents

the internal methylene (H2, H3) protons, and the peak at δ = 2.17 ppm represents the

H1 and H4 methylene protons. Upon condensation of ADH with DXM, splitting of

the above two peaks was observed. The H1 and H4 methylene protons of ADH

became distinguishable and shifted to low field as a bundle from 2.27 to 2.37 ppm.

Due to the fact that the reaction of hydrazide with carbonyl groups creates cis and

trans isomers in the copolymer,151, 152 the closer protons like H15, H14, H6, H20, H1,

H2, H3 and H4 were changed in the absorption and their peaks became broader (more

signals) because of the differences in the structure. New signals appeared at 3.2 ppm

and 6.3-7.0 ppm after polymerization (will be discussed later). The total concentration

of DXM in the PDXM polymer is 74 wt%.

PDXM polymers with acid-labile acyl hydrazone bonds in the main chain and

with different molecular weight (Mw) were obtained upon a systematic variation of the

reaction parameters. The apparent Mw of PDXM was determined by gel permeation

chromatography (GPC). Reaction time, temperature, and concentration of catalyst

were varied to obtain different Mw of PDXM (Table 2). First, we extended the

reaction time from 12 h to 96 h by keeping the temperature constant at 50 °C and 1.59
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mmol/mL catalyst, the Mw of PDXM increased from 2,000 g/mol to 133,400

g/mol(Figure 14a). After 144 h, the polymer was not soluble anymore and precipitated.

As shown in the GPC chromatograms of Figure 13c, retention time of the polymers

gradually decreased with increasing of reaction time. The size of obtained PDXM

polymers was measured by multi-angle DLS. The hydrodynamic radius of PDXM7k,

PDXM50k and PDXM100k was 3.0, 4.9 and 6.2 nm, respectively (Figure 15). PDXM

with Mw of ~ 2000 g/mol could not be detected by DLS. Moreover, the Mw of PDXM

increased from 101,100 g/mol to 122,100 g/mol when the temperature was increased

from 50 °C to 70 °C (constant: reaction time 72 h, catalyst concentration 1.59

mmol/mL) (Figure 14b). Increasing the concentration of catalyst from 0.43 mmol/mL

to 0.82 and 1.59 mmol/mL led to an increase of Mw from 10,300 g/mol to 36,400 and

101,100 g/mol, respectively, with temperature kept at 50 °C and reaction time of 72 h

(Figure 14c).

The polyprodrug PDXM7k with a maximum peak at the elution volume of 8.9

mL (Mn = 7150 g/mol) was further studied for the degradation of PDXM at different

pH values. As shown in Figure 13c, the maximum peak of PDXM7k was shifted to an

elution volume of 9.3 mL after incubation at pH 5.4 for 24 h. The peak of degradation

products is identical to the elution volume of pure DXM monomer, which indicated

the degradation of PDXM into DXM monomer at pH 5.4. To confirm the complete

degradation of PDXM instead of the formation of oligomers, we studied the

degradation profile of PDXM by using HPLC. The degraded products

(PDXM@pH=5.4) displayed the same retention time as pure DXM monomer in
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HPLC chromatograms (Figure 13d), showing the complete degradation of PDXM to

the monomers. In contrast, an oligomer, prepared by reacting the DXM with

hexanohydrazide to produce DXM conjugates with mono or di-hexanohydrazide,

showed clearly a delayed retention time compared with DXM monomer and degraded

products of PDXM.

In NMR spectra, additional signals at 3.2 ppm and 6.3-7.0 ppm were

disappearing during the acidifying of the PDXM polymer, which could be explained

as isomer signals from the different cis and trans condensation in the polymer

structure falling back in the monomer structures without cis or trans configuration.

These protons presented the same diffusion coefficient as PDXM7k (Figure 16a),

therefore confirming that these protons belonged to the PDXM polymer. After

degradation, the monomers DXM and ADH were distinguished with different

diffusion coefficients as shown in Figure 16b. The NMR COSY spectra of the

degradation products corresponded well with pure DXM (Figure 16c), indicating the

recovery of molecular structure of DXM drugs after the depolymerisation. The 1H

NMR spectrum of PDXM7k at acidic pH is provided in Figure 13b. The NMR

spectrum of degraded products of PDXM overlapped with the spectra of pure DXM

monomer and linker molecule ADH, indicating its degradation into monomers at

acidic pH values (Figure 13b). We monitored the degradation of PDXM7k in acidic

condition through a kinetic study. The characteristic peaks of DXM at 6.15, 6.35, and

7.45 ppm increased over 10 h (Figure 16d), showing the degradation of PDXM
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polymer into DXM monomers. After 20 h degradation, the DXM and ADH

monomers were found in the solution by DOSY as shown in Figure 16b.

Figure 13. (a) The route of synthesis of PDXM prodrug; (b) 1H NMR spectra of ADH,

DXM, PDXM7k, and the products from the degradation of PDXM7k at pH=5.4. (c)

GPC chromatograms of ADH, DXM, and PDXM with different molecular weights, as

well as degradation products of PDXM7k; (d) HPLC chromatograms of ADH, DXM,
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PDXM100k, 40 mg/mL the degradation products of PDXM100k at pH 5.4, and the

DXM-hexanohydrazide conjugate.

Table 2. Number-average molecular weight (Mn), weight-average molecular weight

(Mw), and molecular weight distribution (MWD) of PDXM obtained at various

temperatures, reaction time, and concentration of catalyst.

Entry

Temperature

[°C]

Reaction

time

[h]

Catalyst

[mmol/mL]

Mn

[g/mol]

Mw

[g/mol]

MWD

PDXM2k 50 12 1.59 2,000 3,100 1.50

PDXM7k 50 24 1.59 7,100 10,000 1.43

PDXM50k 50 36 1.59 50,900 117,100 1.53

PDXM100k 50 72 1.59 101,100 193,800 2.32

PDXM130k 50 96 1.59 133,400 170,800 1.28

PDXM* 50 144 1.59 Precipitation PDXM* PDXM*

PDXM10k 50 72 0.43 10,300 14,200 1.37

PDXM40k 50 72 0.83 36,400 49,700 1.37

PDXM120k 70 72 1.59 122100 151400 1.24
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Figure 14. (a) Number average molecular weight of PDXM synthesized with varied

reaction times at 50 oC with 1.59 mmol/mL catalyst; (b) Number average molecular

weight of PDXM synthesized at varied temperatures by keeping reaction time of 72 h

and catalyst concentration at 1.59 mmol/mL; (c) Number average molecular weight of

PDXM synthesized with varied amounts of catalyst with temperature kept at 50 oC

and reaction time of 72 h.
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Figure 15. Multiangle DLS results of (a) PDXM7k, (b) PDXM50k, and (c)

PDXM100k measured at 20 °C at angles ranging from 30° to 150°.

Figure 16. (a) Overlay of NMR DOSY spectra of PDXM7k polymer (red) and its
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products in D2O after acidifying below pH 5.5 at the kinetic time of 20 h (black); (b)

NMR DOSY spectra of the products of PDXM7k acidified below pH 5.5 at kinetic

time of 20 h; (c) Overlay of NMR COSY spectra of the products of PDXM7k

acidified below pH 5.5 at kinetic time of 20 h (black) in comparison with the spectra

of pure DXM (red); (d) 1H NMR kinetic study of the degradation of PDXM below pH

5.5.

2.1.3 pH-triggered release of drug from PDXM

The pH-sensitivity of PDXM was evaluated at 37 °C in different buffer solutions

for 36 h. PDXM7k powder was first dissolved in PBS at pH 7.4 to avoid

non-controlled degradation. As shown in Figure 17a, the cleavage of PDXM7k was

both time- and pH-dependent. Remarkably, the PDXM7k was stable in aqueous

environment for more than 36 h at pH 7.4. The release of cleaved DXM started slowly

at pH 6.5, which corresponds to the pH of early endosomes.63 Degradation of PDXM

gradually accelerated as the pH value decreased from 6.5 to 3.5. The acid-sensitivity

of PDXM7k around pH 4.5-5.5 was notable. This feature is suitable considering that

the pH values of late endosome and lysosome in cells are around 5.0.63 Moreover, the

cumulative release of cleaved DXM achieved 100% at pH 3.5 in 36 h, hence

confirming the possibility of full conversion of PDXM to DXM. The results were also

plotted against time (Figure 17b) for a better interpretation of the time dependency of

the pH-sensitive degradation.
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Figure 17. (a) Time- and pH-dependent degradation profiles of PDXM7k. The red

background covers the range of pH values in different acidic extra- and intracellular

environments reported in the literature.153, 154 The green background represents

physiological pH values (around 7.4); (b) Time- and pH-dependent release of DXM

from the degradation of PDXM7k in aqueous solutions.

2.1.4 Encapsulation of PDXM

Core-shell SiO2 NCs (see Figure 19a) were synthesized via a sol-gel process in

an inverse (water-in-oil) miniemulsion (see Figure 18). The inverse minemulsion

process, i.e. for producing aqueous droplets dispersed in oil, was selected because

PDXM was highly water soluble (> 40 mg/mL). DXM or PDXM were first dissolved

in an aqueous phase (water/CTAC/ammonia) forming the nanodroplets. CTAC served

as a templating agent to trap the negatively charged silica species at the water/oil

interface to form the silica shells.13, 155 The core-shell morphology of the SiO2 NC was

visualized by TEM as shown in Figure 19b. The average size of SiO2 NCs containing

DXM or PDXM (SiO2 NC-DXM or SiO2 NC-PDXM) with different molecular

weights was ca. 300-350 nm in both cyclohexane and aqueous medium as determined
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by dynamic light scattering (Table 3). No detectable aggregation was observed in the

transferred dispersion, which indicates that the transfer from the oil to aqueous phase

was successful. Aqueous NC dispersions were then freeze-dried for nitrogen

adsorption-desorption measurements. As shown in Figure 19c, the N2

adsorption-desorption isotherm of SiO2 NCs exhibited a type-IV isotherm with a BET

surface area of 139 m2/g, pore volume of 0.55 cm3/g, and pore size of 4.4 nm. The

H3-type hysteresis loops at relative pressure (P/P0) above 0.5 suggested the

adsorption of N2 molecules in the hollow voids. By comparison, the hydrodynamic

diameters of PDXM7k, PDXM50k and PDXM100k were 6 nm, 9.8 nm, and 12.4 nm,

respectively, respectively (Figure 15). Therefore, the polymers could be efficiently

entrapped in the SiO2 NCs. This semipermeable porous shell allows the diffusion of

protons into the aqueous core of nanocapsules that induces the cleavage of acyl

hydrazone bonds in the prodrug as well as the release of depolymerized DXM to the

surrounding environment.

Figure 18. Schematic illustration of the synthesis of SiO2 NCs by miniemulsion

polymerization.
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Figure 19. (a) Schematic illustration of the encapsulation of DXM and PDXM

prodrug in SiO2 NCs; (b) TEM micrographs and SEM micrographs of SiO2

NC-PDXM100k; (c) Nitrogen adsorption–desorption spectrum of SiO2 NCs (control

sample); (d) Encapsulation efficiency of DXM/PDXM in SiO2 NCs after the different

steps of purification. The lines are a guide for the eyes.

Table 3. Hydrodynamic diameters of SiO2 NCs.

Entry
Diameter (PDI) (nm)

In cyclohexane In water

SiO2 NC-DXM 342 (0.32) 357 (0.40)

SiO2 NC-PDXM2k 317 (0.41) 331 (0.36)

SiO2 NC-PDXM50k 350 (0.39) 325 (0.50)

SiO2 NC-PDXM100k 303 (0.50) 338 (0.41)
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An effective encapsulation and protection of therapeutics from leakage and

degradation during blood circulation is essential for in vivo applications of

nanocarriers. Premature leakage of drug may indeed result in potential detrimental

effects to healthy tissues as well as a lower bioavailability of the drug at targeted

tissues and cells. Thus, we investigated the influence of molecular weights of PDXM

on its encapsulation efficiency in silica nanocapsules. For this purpose, the

synthesized SiO2 NCs containing DXM/PDXM were repeatedly purified in water with

a centrifugal filter in order to remove non-encapsulated drug. As shown in Figure 19d,

the encapsulation efficiency of the cargoes increased as their molecular weight

increased. During each purification step, some amount of cargo was lost. The loss was

inversely proportional to the molecular weight of PDXM. Indeed, SiO2 NC-DXM lost

27% of its payload after five purification steps whereas only 13% drug was lost in the

case of PDXM with a molecular weight of 100 kDa.

2.1.5 Release of drug from nanocarriers

The in vitro pH-responsive release profiles of DXM from SiO2 NC-DXM/PDXM

were studied at pH 7.4 and 5.4 to mimic the physiological pH condition as well as the

acidic microenvironments, respectively.156 The pH-responsive release mechanism is

shown in Figure 20a. In the case of SiO2 NCs containing DXM (non-reacted drug),

100% DXM was released from SiO2 NC-DXM after 6 h (Figure 20b). No obvious

difference was observed for the release profiles at pH 7.4 and 5.4. In this case, the

release of DXM is mainly dominated by the diffusion of entrapped DXM across the

silica shell. In contrast, at pH 7.4, less than 10% of DXM from PDXM was released in
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36 h. This was attributed to the fact that the larger PDXM are entrapped in silica and

cannot diffuse through the shell. The low amount of released DXM is probably from

the low molecular weight fraction of the polymers as well as the product of the very

slow hydrolysis of PDXM at neutral pH value. When the pH value was lowered to 5.4,

the release of DXM from SiO2 NC-PDXM was dramatically accelerated due to the

cleavage of acyl hydrazone linkage in PDXM under acidic condition. To investigate

the release mechanism of DXM from nanocapsules, the release profiles were fitted

with different mathematical models including zero-order, one-order, and Higuchi

kinetics.157-159 The best fitting release kinetics model was the one-order kinetics model

with a correlation coefficient R2adjusted close to 1 (Table 4). The release rate of DXM

decreased linearly with the decrease in the concentration of encapsulated drug. Since

we measured the concentration of released DXM, the curves were plotted against the

concentration in the release media (Figure 21a).
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Figure 20. (a) Schematic illustration of the mechanism; (b) Release profiles (at 37 ℃,

mean ± SD, n = 3); (c) Selectivity ΔRt defined as difference between cumulative

release of DXM from nanocapsules at pH 5.4 and 7.4; and (d) Half-time t1/2 of the

pH-responsive release of DXM from SiO2 NC-DXM and SiO2 NC-PDXM.
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Figure 21. (a) The release rate of DXM as a function of its concentration in the

release medium; α is the slope of linear function; (b) Release profiles of DXM from

PDXM and SiO2 NC-PDXM (at pH 5.4 and 7.4, 37℃, mean ± SD, n = 3).

Table 4. First order kinetics for the release of DXM from of SiO2 NCs at different pH

values. In this one-order kinetic equation of Mt = M ∞ (1-e-kt), Mt is the DXM

concentration at time t, M ∞ is the final DXM concentration outside the dialysis

membrane and k is the release rate.

Entry

First-order:Mt= M∞(1-e
-kt)

R2adjusted t1/2 [min]

M
∞ k

SiO2 NC-DXM (pH=7.4) 99.09±0.86 0.007±0.0004 0.987 86±5

SiO2 NC-DXM (pH=5.4) 98.93±0.89 0.007±0.0007 0.985 90±9

SiO2 NC-PDXM2k (pH=5.4) 98.81±1.49 0.005±0.0005 0.986 132±13

SiO2 NC-PDXM7k (pH=5.4) 97.54±0.81 0.004±0.0005 0.992 158±20

SiO2 NC-PDXM50k (pH=5.4) 97.18±0.81 0.003±0.0004 0.994 212±30

SiO2 NC-PDXM100k (pH=5.4) 97.96±1.08 0.002±0.0003 0.989 247±41
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Another important advantage of the encapsulation of polyprodrugs over

encapsulation of DXM is the increase of release selectivity (Figure 20c). We defined

the selectivity ∆Rt as the difference of release of DXM from nanocapsules at pH 5.4

and 7.4. This value gives therefore a relative quantity reflecting the selectivity of the

release system - the part of the performance in the release that is only dependent on

the pH-responsive property of the system. The selectivity of the SiO2 NCs containing

PDXM with different molecular weights was found to be around 90%. In contrast,

there was almost no selectivity for the release of DXM from the sample SiO2

NC-DXM in response to pH changes. The half-life t1/2 was calculated from the

equation t1/2 = (ln2)/k. Increasing the molecular weight of PDXM resulted in a larger

half-time and therefore a prolonged release of DXM as shown in Figure 20d. In

summary, the polymerization of DXM dramatically increased the encapsulation

efficiency of the drug and enabled the selective and sustained release of DXM in

response to change of pH values.

We also compared release profiles of DXM from PDXM (Mw = 7k and 100k) and

SiO2 NC-PDXM in the same conditions (pH 5.4 and 7.4, temperature at 37 °C). Both

PDXM7k and PDXM100k showed a hindered release of less than 10% in 36 h at pH

7.4 (Figure 21b). Accelerated release of PDXM was observed at pH 5.4 due to the

cleavage of acyl hydrazone linkages. The release of DXM was faster from PDXM7k

than from PDXM100k. Over 90% of DXM were released from PDXM7k after 4 h,

while 6 h was needed to achieve 90% release from PDXM100k. After encapsulation

in the silica nanocontainers, the release from both polyprodrugs was delayed due to
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the diffusion process across the silica shell. The release rate of DXM from SiO2

NC-PDXM100k is slower than for SiO2 NC-PDXM7k because of the lower molecular

weight of the latter PDXM.

2.1.6 Stability of SiO2 NCs in blood plasma and influence of protein

adsorption on the release profile of PDXM prodrugs

The stability of SiO2 NC-PDXM100k in blood plasma was studied by using

multiangle DLS. Figure 22 displays the autocorrelation function for the plasma/SiO2

NC-PDXM100k mixture at different angles. The results indicated that no sizes larger

than the largest size of either plasma or SiO2 NCs were formed in the mixture,160

which indicated that the NCs were colloidally stable in blood serum.

Furthermore, to mimic an in vivo situation and explore the effect of protein

corona formation on drug release, SiO2 NCs were incubated with human citrate

plasma for 1 h at 37 °C. Protein corona coated NCs were isolated and hard corona

proteins were analyzed by liquid chromatography coupled to mass spectrometry

(LC-MS). All identified proteins were classified according to their biological

functions (Figure 23a). The 20 most abundant corona proteins (values shown in %)

for both nanocapsules are summarized (Figure 23b). For both nanocapsules types, the

protein corona was strongly dominated by proteins involved in the coagulation

cascade (~ 70%). Fibrinogen was the most abundant corona protein (~ 60%) followed

by Apolipoprotein A-I (~10%). In literature, both proteins have also been identified in

the protein corona of silica nanoparticles161 and other nanomaterials.162, 163 The effect

of protein corona on the drug release profiles was investigated. The release of DXM
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at pH = 5.4 from the SiO2 NCs incubated with human citrate plasma was compared

with nanocapsules incubated in PBS as control group (Figure 24). The PDXM

encapsulated in nanocapsules were still addressable by the protons after the protein

corona formation. In both cases of SiO2 NC-PDXM7k and SiO2 NC-PDXM100k, the

release profiles were delayed with the protein coating. This delayed release was

attributed to the increased diffusion barrier for depolymerized DXM molecules

generated by the protein corona, as previously observed with other nanocarriers.163

Figure 22. Dynamic light scattering analysis of SiO2 NC-PDXM100k incubated

in 100% citrate plasma. Upper graphs: exemplary autocorrelation functions g1(t)

(black dots) of the mixture of plasma/NCs at a scattering angle of (a) 30°, (b) 60°,

and (c) 90° . Temperature for the measurement was 20 ℃. The blue line represents

the fit of the sum of the individual components with an additional aggregation

function. Lower graphs: corresponding residuals resulting from the difference
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between the data and the two fits.

Figure 23. (a) Hard corona proteins were analyzed by LC-MS and classified into

seven different groups depending on their biological function. (b) List of the 20 most

abundant corona proteins for both nanocapsules types and their relative amounts.

Figure 24. Release profiles of DXM from SiO2 NC-PDXM7k and SiO2

NC-PDXM100k without and with protein corona (at 37 ℃, at pH = 5.4, mean ± SD, n

= 3).
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2.1.7 In vivo biodistribution and cellular uptake of SiO2 NCs

SiO2 NCs were covalently labelled with the fluorescent probe Cy5 for in vivo

biodistribution and cellular uptake studies. As shown in Figure 25a, a strong

fluorescence signal detected in the liver 5 min after intravenous injection of the

Cy5-SiO2 NCs. The fluorescence intensity slightly declined within the next 2 h

probably due to dye degradation within the cell after intracellular uptake. After the

animal was sacrificed, all organs were isolated and imaged. Fluorescence imaging for

Cy5-SiO2 NCs showed a strong accumulation in the liver after 2 h post-injection

(Figure 25b, c). In the mediation of a hepatic inflammation like hepatitis B and C,

non-parenchymal cells (NPCs) of the liver are important.164 This heterogeneous group

of cells consists of endothelial cells, stellate cells, monocytes and macrophages

among others.165 The macrophages play a major role in enhancing inflammatory

responses by secretion of inflammatory factors. Especially the population of resident

macrophages, such as Kupffer cells, matter for the pathogenesis of hepatic

inflammations.164 CD68 is a pan marker for macrophages and monocytes and is

expressed by Kupffer cells.166 The immunofluorescent staining (Figure 25d) indicates

that CD68 expressing cells are associated with an accumulation of Cy5-SiO2 NCs.

While uptake into parenchymal cells was not seen on the confocal images (Figure 26).

For studying cellular uptake in macrophages, the tissues of liver and spleen was

prepared for flow cytometry analysis. We measured the cell populations by using

different markers (see Figure 25e, 27, 28). Figure 5f shows that 87%, 87% and 44% of

the populations of Kupffer cells (KC), monocytes (Mono) and macrophages (MO),
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respectively, took up the Cy5-SiO2 NCs in vivo. The high median fluorescence

intensity of KC and Mono illustrates the high loading of Cy5-SiO2 NC into these cells

compared to the other presented populations of liver and spleen (Figure 25g). Uptake

into splenic macrophage subpopulations and dendritic cells was apparently lower

(Figure 25f, 25g and 29). As a control experiment, an equivalent amount of Cy5-NHS

ester (free dye) showed a much weaker signal both in the liver and within the

respective cell populations (Figure 30). The preferential accumulation of

nanocapsules in the liver and, more specifically, in the Kupffer cells, substantiates the

benefits of an encapsulation of prodrug in the nanocarriers for an efficient drug

delivery.
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Figure 25. (a) In vivo imaging spectrum (IVIS) of Cy5-SiO2 NCs treated mice at

different time points. Cy5-SiO2 NCs dispersions were injected intravenously to a final

concentration of 300 µg/mL in the blood. (b) Ex vivo fluorescence images of organs

after intravenous injection of Cy5-SiO2 NCs at a blood concentration of 300 µg/mL

for 2 h. (c) Radiance efficiency of organs from the mice sacrificed at 2 h post injection

with 300 µg/mL of Cy5-SiO2 NC in blood. The graph shows the mean ± SD of

Radiance efficiency for three animals obtained (grey balks and blue points). The red
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points represent the background intensity counts of two control animals injected with

PBS. (d) CLSM images of Cy5-SiO2 NC and CD68 on liver sections. The image

shows the overlay (yellow) of Cy5-SiO2 NC (red) and CD68 (green). Nuclei were

stained with DAPI (blue). The big image was acquired using the 10× objective, the

inset (upper left) was taken using the 63× oil immersion objective at a different spot.

(e) Definition of cell populations. The table summarizes the gating strategy (Figure 27,

28) for cell populations of interest in liver and spleen. The table details the naming of

cell population, the abbreviation and the expression markers for defining the

population by flow cytometry. (f) Percentage of Cy5-SiO2 NC positive cells. The

graph shows the mean ± SD of Cy5 positive cells of each population described in (e).

If the population included less than 50 cells, the value was excluded from the analysis

because of susceptibility to errors. In the brackets the number of animals analyzed is

given. (g) Median fluorescence intensity (MFI) of Cy5 positive cells shown in (f).
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Figure 26. CLSM images of Cy5-SiO2 NCs and CD68 on liver sections. Presented

are two magnifications of liver sections of a Cy5-SiO2 NC treated animal as well as a

PBS treated one ((a) 63× oil, (b, c) 10×, at different spots). The combination shows

the image of an immune fluorescent staining of CD68 (green), the tissue distribution

of Cy5-SiO2 NC (red), Dapi (blue), as well as the overlay of all named channels.

Colocalization appears in yellow on the merged image. The unspecific binding of the

secondary antibody was evaluated in the control staining (c).
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Figure 27. Flow cytometry of the liver. (a) Gating scheme. Dead cells were excluded

by live/dead staining. Doublets were excluded upon a high FSC-W. For all following

gates, the region of interest was chosen according to the FMO (fluorescence minus

one) control. Lineage negative cells were gated for CD11c and defined as dendritic

cells (DCs). The CD11c negative population was gated for CD163, which is a marker

expressed on Kupffer cells (KC).166 The negative population was gated for Ly6C, a

marker for monocytes (Mono). The pan-macrophage marker CD68 was used to
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determine a further macrophage population (MO). (b) Cy5-SiO2 NC uptake into NPC

population. The histogram represents the distribution of Cy5 intensity of the defined

cell populations (in (a)) for a representative Cy5-SiO2 NC treated (red) and PBS

treated mouse (black).
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Figure 28. Flow cytometry of the spleen. (a) Gating scheme. Dead cells were

excluded by live/dead staining. For following gates, the region of interest was adapted

to the FMO (fluorescence minus one) control. Doublets were excluded upon a high

FSC-W. CD11c high expressing cells were defined as the dendritic cells (DC)
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population. CD11c low/negative cells were separated into CD11b positive and CD11b

negative cells. CD11b positive cells were gated for Ly6C, determining a monocyte

(Mono) population. The Ly6C negative cells, were gated for co-expression of CD68

and F4/80 and classified as red pulp macrophages (RPM). The CD68 negative/F4/80

positive population was gated for expression of CD209b and assigned as marginal

zone macrophages (MZM). In order to obtain the population of white pulp

macrophages (WPM), the CD11b negative population was gated for Ly6C negative

and following gated for CD68 positive and F4/80 negative cells. The gating strategy is

based on Borges da Silva et al. and Shawn Rose et al.167, 168 (b) Cy5-SiO2 NC uptake

in spleen cell populations. The histogram represents the distribution of Cy5 intensity

of the defined cell populations (in (a)) for a representative Cy5-SiO2 NC treated (red)

and PBS treated mouse (black).

Figure 29. Confocal microscopy of Cy5-SiO2 NC and CD68 on spleen sections.
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Depicted is a confocal image (10×) of a representative section of the spleen of a

Cy5-SiO2 NC treated and PBS-treated animal, stained for CD68. The images show:

CD68 (green, left column), Cy5-SiO2 NC (red, middle column) and the overlaid

channels (right column). Using the same laser settings for the Cy5 channel as for the

liver-staining (Figure 26), the distribution of Cy5-SiO2 NC in the spleen is by this

image representatively depicted and appears significantly lower than on the liver

section (Figure 26).
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Figure 30. In vivo biodistribution of Cy5-NHS ester and Cy5-SiO2 NCs in organs

and cell populations. (a) Ex vivo fluorescence images of organs after intravenous

injection of Cy5-NHS ester (free dye, 9.7 µg/mL) and Cy5-SiO2 NCs at a blood

concentration of 300 µg/mL for 2 h. The same fluorescence intensity of Cy5 for the

free and conjugated formulation was used. Parts of the figure are presented in figure

25b. (b) Radiance efficiency of organs from the mice sacrificed at 2 h post injection.

Data are partly presented in Figure 25 for the conditions “PBS” and “Cy5-SiO2 NC”.

(c) Percentage of Cy5-NHS ester positive cells compared to the Cy5-SiO2 NC positive
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ones. The graph shows mean ± SD of the percentage of Cy5 positive cells of the cell

populations of interest (described in Figure 25e, 27 and 28). If the population included

less than 50 cells, the value was excluded to reduce susceptibility to errors. In each

group 3 animals were analyzed. (d) Confocal microscopy of Cy5-NHS ester and

CD68 on liver sections. The image shows the overlay of Cy5-NHS ester (red) and

CD68 (green), as well as Dapi (blue). For the acquisitions the same laser settings as

for the liver sections (Figure 25d, 29) has been used.

2.1.8 Functional analysis of PDXM and SiO2 NC-PDXM

Having shown the preferential uptake of the nanocapsules into liver macrophages,

we then studied the anti-inflammatory effect of PDXM and SiO2 NC-PDXM. Firstly,

the NPCs were stimulated with lipopolysaccharide (LPS). Furthermore, the potential

of various polyprodrug formulations for decreasing LPS-induced secretion of

pro-inflammatory cytokine interleukin-6 (IL-6) was evaluated.169 Cell culture

supernatants were analyzed by using an IL-6 ELISA test. As shown in Figure 31a,

PDXM prodrugs significantly suppressed the secretion of IL-6 by NPCs in a

dose-dependent manner, regardless of the molecular weight of PDXM. The PDXM

showed a similar activity compared with DXM used as a positive control. When

PDXM was formulated into SiO2 NCs, the same level of IL-6 reduction was reached

at a very low concentration (SiO2 NCs + PDXM) of 0.1 µg/mL. The

anti-inflammatory effects of PDXM and SiO2 NC-PDXM were compared in Figure

31c. The SiO2 NC-PDXM formulations showed a higher efficiency for suppressing

the IL-6 secretion. To achieve an 80% reduction of IL-6 secretion, only 10 ng/mL of
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active substance was required when formulated into the nanocapsules. In comparison,

10 µg/mL of free DXM or PDXM was required to achieve a comparable effect. The

efficient downregulation of IL-6 by the SiO2 NC-PDXM was attributed to the delivery

of DXM from PDXM encapsulated in SiO2 NCs. The acidic pH conditions in

endosomes and lysosomes triggered the degradation of PDXM to DXM (Figure 12).

DXM subsequently diffused through the endosomal and lysosomal membranes into

the cytoplasm to bind to glucocorticoid receptors, leading to a transcriptional

blockade of pro-inflammatory cytokines including IL-6 in the nucleus.170-172 As a

control sample, empty SiO2 NCs did not induce a decrease of IL-6 expression on

LPS-treated cells (Figure 31b).
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Figure 31. (a) The effect of PDXM on IL-6 secretion. Relative IL-6 secretion of

NPCs after stimulation with different PDXM formulations at different concentrations

and with or without 2.5 µg/mL LPS. Given is the mean ± SD of 3 replicates. The IL-6

expression was normalized on the untreated, LPS stimulated condition (black). (b)

The effect of SiO2 NC-PDXM on IL-6 secretion. Relative IL-6 secretion of NPCs
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after stimulation and treatment with SiO2 NC-PDXM formulations at 10 µg/mL, 1

µg/mL and 0.1 µg/mL. The IL-6 expression was normalized on the LPS-stimulated

control, without treatment (black). Data are represented as the mean ± SD of three

independent experiments (n = 3). All conditions were compared to the control group

(LPS stimulated, without drug treatment) and significance is given with P < 0.001 (*)

(One-way ANOVA). (c) The relative IL-6 expression from Figure 31a and 31b was

plotted against the applied final concentration of PDXM in the cell culture medium.

2.1.9 Conclusion

Herein, we proposed an effective prodrug delivery strategy featuring an

encapsulation of pH-responsive depolymerizable polyprodrugs in semipermeable

silica nanocontainers for efficient liver anti-inflammatory therapy. In this prodrug

system, water-soluble drug can be encapsulated efficiently and released in a

controllable manners under acidic conditions. SiO2 NCs accumulated at liver sites,

taken up by NPCs cells, promoting inflammation efficacy and achieving targeting

profiles. SiO2 NC-PDXM efficiently reduced the expression of pro-inflammatory

cytokine IL-6, while the similar anti-inflammatory effect required 1000-fold higher

DXM dosage. Therefore, we strongly believe such formulations provide guidance for

developing targeting therapy in suppression of inflammatory response.
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2.2 Antigen-protein nanocapsule loaded with dual adjuvant for

immunotherapy

The work in this chapter has been published in Journal of Controlled Release

(Paßlick, David, et al. "Delivering all in one: Antigen-nanocapsule loaded with dual

adjuvant yields superadditive effects by DC-directed T cell stimulation." Journal of

Controlled Release 289 (2018): 23-34.). The author synthesized the ovalbumin

nanocapsules encapsulating the dual adjuvant, conducted the DLS, zeta potential,

SEM, TEM, quantification of encapsulated MDP and R848 in the nanocapsules. The

in-vitro experiments were conducted by the collaboration partners, which are

acknowledged after each corresponding contribution.

2.2.1 Motivation

Vaccination enables the induction of antigen-specific immune responses, and

when applied prophylactically, is able to prevent infections, and even virus-induced

tumors.173 However, therapeutic vaccination aimed to eradicate ongoing infections or

tumors in a patient has proven more challenging.174, 175 Only in the last decade it has

been demonstrated that immunotherapeutic approaches can effectively treat

established tumors in a remarkable proportion of patients.176 This has been achieved

by blocking so-called check-point inhibitors which encompass cell surface receptor

pairs that limit immune cell activation.177 This strategy is intended to overcome

tumor-induced tolerance and thereby support anti-tumor immune responses.178

Nonetheless, more than half of accordingly vaccinated patients do not mount an

effective response against their tumors. Therefore, additional treatment with vaccines

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/virus-carcinogenesis
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/virus-carcinogenesis
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/cell-surface-receptor


63

consisting of tumor antigens and suitable adjuvants to boost the patients' immune

system appears to be the logical next step.179 In this regard, the type and application

route of adjuvants influences the character of the elicited immune response.180

Dendritic cells (DCs) which in activated state constitute the most potent

antigen-presenting cell population are in the focus of vaccine development.181 They

are equipped with a variety of distinct pattern recognition receptors (PRR) to sense

invading pathogens, endogenous inflammatory mediators, and molecules released by

necrotic cells.182 By now, for each type of receptor the downstream signaling

pathways triggered by receptor engagement have been elucidated. This knowledge

can be exploited to combine adjuvants which bind different danger receptors, and

yield superadditive DC stimulation.183 Thereby, parallel stimulation of NOD and of

TLR receptors may synergistically enhance DC activation.184, 185

For this, codelivery of two corresponding adjuvants is necessary. In conventional

vaccines, antigen and adjuvant are coapplied. Depending on how these components

diffuse from the site of injection, some antigen-presenting cells will not have taken up

enough antigens or may have not been exposed to the adjuvants. Antigen uptake

without concomitant adjuvant-dependent activation could result in tolerization,

whereas adjuvant-mediated activation in the absence of antigen may lead to the

induction of autoimmune responses.186, 187 Nanocarriers that are endocytosed by

antigen-presenting cells substantially improve vaccination by 1) codelivering adjuvant

and antigen, 2) protecting the cargo from extracellular degradation, 3) allowing the

use of potent, but cell membrane-impermeable ligands of intracellular danger

https://www.sciencedirect.com/topics/materials-science/antigen
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/adjuvants
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/pattern-recognition-receptor
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nanocarriers
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receptors. Taken together, such a nanovaccine could mimic in several respects an

attenuated pathogen and thus constitutes a promising delivery system for vaccine

components. In this regard, particularly antigen-nanocapsules, hollow nanocarriers

with a liquid core and a shell consisting of an antigenic protein, feature with a high

modifiability, biodegradability and loading capacity combined with a very low

cytotoxicity.188

The main goal of this study was to construct and test such a nanocapsule that

encapsulates two adjuvants, which target intracellular PRR and trigger distinct

signaling pathways in a superadditive manner. Due to its outstanding suitability as

drug delivery system, such a formulation could serve as novel platform for the

development of improved DC-directed nanovaccines for the therapeutic treatment of

cancer. Adjuvant encapsulation into the liquid core enables a protected transport

without a need for covalent coupling and a potential loss of function. Moreover, it is

well-known that DC stimulation reduces their endocytic activity.189, 190 By the

encapsulation of adjuvants that target intracellular PRR, the DC is only stimulated

after successful intracellular capsule degradation. A reduction of nanocarrier uptake

and thus of DC activity due to a too early stimulation, for instance by adjuvants that

target extracellular PRR, can be prevented this way.

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nanocapsules
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/capsule
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nanocarrier
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2.2.2 Synthesis and characterization of Dex-NPs

Dextran-nanoparticles (Dex-NPs) were synthesized as previously published.191

The diameter of the prepared Dex-NPs was on average 150 nm (Table 5). There was

not much difference in the diameter before and after loading the drugs.

Table 5. The diameter of Dex NPs.

Sample
Diameter (nm)

SD value (nm)
Mean Mode

Dex-NP 156 ± 2 135 ± 3 53 ± 3

Dex-MDP NP 144 ± 3 122 ± 6 53 ± 1

Dex-R848 NP 148 ± 1 126 ± 4 54 ± 2

Dex-MDP/R848 NP 152 ± 2 132 ± 5 53 ± 1

2.2.3 Synthesis and characterization of OVANCs

OVA NCs were synthesized via a polyaddition reaction between the isocyanate

groups of the cross-linker 2,4-toluene diisocyanate (TDI) and the amines groups of

the albumin in the inverse miniemulsion as previously published. The characteristic

core-shell morphology was confirmed by TEM and SEM (Figure 32). The diameter of

the capsules was approximately 300 nm in cyclohexane. After transferring them to

water the size increased by about 50 nm (Table 6). The zeta potential was -30 mV on

average (Table 6).
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Figure 32. The capsule morphology was visualized by TEM (left) and SEM (right)

images (lower panel).

Table 6. The characterization (diameter and zeta potential) of OVA NC.

Sample

Diameter (nm) (PDI)

Zeta potential (mV)In

cyclohexane
In water

OVA NC 256 (0.16) 348 (0.47) -26 ± 5

OVA-MDP NC 268 (0.15) 404 (0.39) -27 ± 6

OVA-R848 NC 331 (0.21) 335 (0.43) -32 ± 6

OVA-MDP/R848 NC 302 (0.21) 338 (0.13) -31 ± 4

2.2.4 Quantification of encapsulated MDP-FITC and R848 in

Dex-NPs nanoparticles and OVA-NCs

The amount of encapsulated MDP or R848 was measured via the measurement

of fluorescence intensity of FITC from MDP-FITC or fluorescence intensity of R848

in Dex-NP loaded MDP-FITC or R848. The loading of the dextran-based
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nanoparticles was determined to be 1.41 μg MDP and 0.42 μg R848 per mg particle

material, respectively (Table 7). For the dual-loaded nanoparticles similar payload

amounts were determined (Table 7).

The amount of encapsulated MDP or R848 was measured via the measurement

of fluorescence intensity of Alexa 488 from MDP-Alexa 488 or fluorescence intensity

of R848 in Dex-NP loaded MDP-FITC or R848. The loading of the OVA

nanocapsules was determined to be 3.83 μg MDP and 1.11 μg R848 per mg

nanocapsule, respectively (Table 8). For the dual-loaded nanocapsules slightly lower

payload amounts were determined. Encapsulation efficiency for MDP was on average

77%, whereas R848 was encapsulated with approximately 68% efficiency (Table 8).

Table 7. Quantification of encapsulated MDP-FITC and R848 in dextran-based

nanoparticles.

Sample
The amount of MDP The amount of R848

nmol/mg NP ug/mg NP nmol/mg NP ug/mg NP

Dex-NP - - - -

Dex-MDP NP 2.86 1.41 - -

Dex-R848 NP - - 1.20 0.42

Dex-MDP/R848 NP 2.90 1.43 1.29 0.45
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Table 8. Quantification of MDP-Alexa 488 and R848 in dextran-based nanoparticle.

Sample

The amount of MDP The amount of MDP Encapsulation

efficiency

(MDP/R848) (%)

nmol/mg

NC

ug/mg

NC

nmol/mg

NC

ug/mg

NC

OVA NC - - - - -

OVA-MDP NC 7.78 3.83 - - 80.2/-

OVA-R848 NC - - 3.16 1.11 -/69.6

OVA-MDP/R848 NC 7.14 3.52 2.85 1.00 73.6/65.9

2.2.5 The superadditive stimulatory potential by the combination of

MDP and R848

First, we needed to investigate an effective adjuvant combination for an additive

stimulatory effect on our bone-marrow derived dendritic cell (BMDC) system from

mice. For this purpose, the stimulatory capacity of L18-MDP, a C18-modified basic

motif of the NOD2 ligand MDP, combined with the TLR3 ligand Poly(I:C), the TLR7

ligand R848 or the TLR9 ligand CpG on BMDC was evaluated on the basis of surface

activation marker expression (Figure 33, 34) and pro-inflammatory cytokine

production (Figure 35). The results indicated that especially the combination of

L18-MDP plus R848 stimulates BMDC in a superadditive manner. The analysis of

the CD80 and CD86 surface expression (Figure 36a, b) as well as the cytokine

secretion measurements (Figure 36c) revealed significantly increased BMDC

maturation and activation induced by this adjuvant combination compared to the

samples incubated with the single adjuvants. Our results are in agreement with

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/toll-like-receptor-3
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/toll-like-receptor-7
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/resiquimod
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/toll-like-receptor-9
https://www.sciencedirect.com/science/article/pii/S0168365918305273
https://www.sciencedirect.com/science/article/pii/S0168365918305273
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/adjuvants
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publications from other groups showing that the combination of MDP and R848

substantially increases the secretion of pro-inflammatory cytokines in human

peripheral blood mononuclear cells and monocyte-derived DC.192, 193

Figure 33. Gating strategy for cytometric analysis of co-stimulatory marker

expression of BMDC. (1) Exclusion of cell debris (and free nanoparticles). (2)

Exclusion of cell doublets. (3) Gating on CD11c+ cells (DC lineage marker). (4)

Further analysis of pre-gated CD11c+ cells for expression of the co-stimulatory

markers (4a) CD80, (4b) CD86, and for (4c) FITC-labeled MDP in Dex-NP. Gates

were defined on the basis of unstained BMDC.
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Figure 34. Comparative analysis of (a) CD80 and (b) CD86 expression in BMDC

after treatment with different TLR ligands and L18-MDP, applied alone or in
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combinations as indicated. BMDC were treated with the TLR ligands CpG (5-500

ng/ml), Poly(I:C) (0.1-10 µg/mL) or R848 (10-1000 ng/mL) and the NOD2 ligand

L18-MDP (1-100 ng/mL) for 24 h and co-stimulatory surface marker expression was

analyzed by flow cytometry. Data denote the frequencies and the MFI of CD80 and

CD86 expression by CD11c+ BMDC in the different groups (mean ± SEM; n = 3).

Figure 35. Comparative analysis of BMDC cytokine profiles after treatment with

different TLR ligands, applied alone or combined with L18-MDP as indicated.

BMDC were treated with the TLR ligands CpG (500 ng/mL), Poly(I:C) (1 µg/mL) or

R848 (100 ng/mL), and with L18-MDP (100 ng/mL) for 24 h, and cytokine contents

were analyzed by flow cytometry (mean ± SEM; n = 3). *p < 0.05, **p < 0.01, ***p <

0.001.
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Figure 36. Superadditive effects of the ligand combination L18-MDP + R848 on

BMDC maturation. BMDC (2 × 105 cells/mL) were treated with L18-MDP (NOD2

ligand, 100 ng/mL) and R848 (TLR7 ligand, 100 ng/mL) applied alone or in

combination (100 ng/mL per adjuvant) as indicated for 24 h. (a) Frequencies of CD80

and CD86 expression in CD11c+ BMDC after in vitro stimulation were assessed by

flow cytometry. The general gating strategy of flow cytometric analysis is shown in

Figure 33. The shown graphs are representative of three independent experiments

each. Frequencies of marker-positive CD11c+ BMDC are indicated. (b)

Quantification of CD80 and CD86 expression of differentially treated BMDC. Data

show the mean fluorescence intensities (MFI) (mean ± SEM; n = 3). (c) Cytokine

(IL-1β, IL-6, TNF-α, IL-12, IL-10) contents in supernatants of differentially treated

BMDC were assessed by CBA (mean ± SEM; n = 3). Treatment with

lipopolysaccharide (LPS, 100 ng/mL) was used as positive control. (b,c) *p < .05,

**p < .01, ***p < .001.

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/resiquimod
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/flow-cytometry
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/tumor-necrosis-factor
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/lipopolysaccharide


73

In general, combinations of NOD and TLR ligands have also been recognized to

enhance pro-inflammatory cytokine secretion in antigen-presenting cells (APC).194-197

In line, LPS in combination with MDP is known to trigger the upregulation of

co-stimulatory surface marker like CD80 and CD86 in human DC.198

2.2.6 The superadditive stimulatory potential of Dex-NP loading with

MDP and R848

Next, we needed to develop a nanocarrier delivery system suitable for

encapsulation of the adjuvants. Acetal-modified Dex-NP are a well-known drug

delivery system for a variety of substances including biologicals and provide

biocompatible properties.191, 199-202 We decided to use this type of NP to incorporate

MDP, as the minimal active NOD2 ligand, which requires a vector for efficient

membrane transfer, and R848.203

The cytometric analysis of BMDC incubated with Dex-NP, which were loaded

with FITC-labeled MDP for detection, confirmed their binding by BMDC (Figure 37).

The generated particles were non-toxic for BMDC (Figure 38) and the formulations

demonstrated a high degree of encapsulated adjuvants with negligible amounts of free

adjuvants (Figure 39). To validate the potential of the adjuvant-loaded Dex-NP to

stimulate BMDC we measured the CD80 and CD86 expression and cytokine secretion

after 24 h of incubation with the different Dex-NP compared to equimolar amounts of

soluble adjuvants.

Dex-NP without payload (Dex-blank) evoked no effect on the immunophenotype

of the BMDC, whereas LPS, as an internal positive control, induced a strong
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upregulation of both co-stimulatory receptors (Figure 40a). As expected, treatment of

BMDC with MDP, which is unable to penetrate cell membranes, did not induce any

stimulatory effect, while soluble R848 stimulated BMDC. The combination of soluble

MDP and R848 did not reveal any advantages compared to R848 alone here.

MDP-loaded Dex-NP (Dex-MDP) induced an increase of CD80 and CD86 activation

marker expression in a dose-dependent manner. Compared to LPS, R848-loaded

Dex-NP (Dex-R848) mediated moderate BMDC stimulation. The latter finding may

be explained by the fact that LPS induces signaling via the MyD88 and TRIF

pathways, whereas the R848 signaling cascade comprises the MYD88 pathway only.

Nonetheless, nanocarrier-encapsulated R848 mediated a stronger upregulation of

CD86, which is more important than CD80 in the murine system, compared to

equimolar amounts of soluble R848.204, 205 Only half the amount of

nanocarrier-encapsulated R848 was thereby needed to reach the maximal stimulatory

effect. Furthermore, the Dex-NP encapsulating MDP and R848 (Dex-MDP/R848)

exhibited the strongest stimulatory effect on surface marker level (Figure 40a).

Additionally, we observed that the Dex-NP, which co-delivered MDP and R848,

induced a strong secretion of IL-1β, TNF-α and IL-6 in a superadditive manner

compared to the single-adjuvant delivering Dex-NP formulations (Figure 40b). IL-12,

an essential cytokine for the Th1 differentiation, was not detectable in this setting (not

shown). These results confirmed that the adjuvant combination of MDP plus R848

exerts superadditive stimulatory character on cytokine level when co-delivered by

Dex-NP. As their receptors are localized in the cytosol and endosome, respectively, it
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also gives a hint that the adjuvants can be released from the nanocarrier into the

endosome and even manages to get out from the endosome into the cytosol.

Figure 37. Binding of Dex-NP formulations to BMDC. Therefore, BMDC were

treated with Dex-MDP and Dex-MDP/R848 nanoparticles at the doses indicated for

24 h. Data denote the frequencies of FITC-MDP+ BMDC as measured by flow

cytometry (mean ± SD; n = 2).
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Figure 38. Viability of BMDC after incubation with different Dex-NP formulations.

BMDC (2 × 105 cells/mL) were treated in parallel with different doses (10-100 µg/mL)

of empty or adjuvant-loaded Dex-NP, and with soluble agents (each 100 ng/mL) for

24 h. Afterwards, the cells were stained with Annexin-V/7-AAD and analyzed by

flow cytometry. Data show the frequencies of living (Annexin-V- 7-AAD-), early

apoptotic (Annexin-V+ 7-AAD-), necrotic (Annexin-V- 7-AAD+), and late

apoptotic/necrotic cells (Annexin-V+ 7-AAD+). BMDC treated with 10% (v/v)

DMSO was used as a positive control.
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Figure 39. Biological activity of supernatants of adjuvant-loaded Dex-NP. To detect

potential free adjuvants (MDP, R848) in the nanoparticle solutions, BMDC (2 × 105

cells) were treated with different types of Dex-NP (100 µg/mL) as indicated, and with

the corresponding volumes of their supernatants for 24 h. Afterwards, the frequencies

of BMDC positive for the co-stimulatory markers CD80 and CD86 were measured by

flow cytometry. The results are displayed relative to the untreated control (mean ± SD;

n = 2).
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Figure 40. Upregulation of DC maturation markers and enhanced cytokine secretion

after stimulation with adjuvant-loaded Dex-NP. BMDC (2 × 105 cells/mL) were

treated in parallel assays with empty or adjuvant-loaded dextran-nanoparticles

(1-100 μg/mL), MDP (sMDP, 66 ng/mL), R848 (sR848, 44 ng/mL), or LPS

(100 ng/mL) as indicated for 24 h. (a) Surface expression of CD80 and CD86 of

differentially treated BMDC was measured by flow cytometry (mean ± SEM; n = 3).

(b) Cytokine contents in supernatants of BMDC treated with adjuvant-loaded Dex-NP

formulations (each 100 μg/mL NP) or adjuvants were analyzed by CBA (mean ± SEM;

n = 3). *p < .05, **p < .01, ***p < .001.

2.2.7 OVA NCs as an antigen source for BMDC to mediate T cell

responses

Consequently, we focused on MDP plus R848, as a promising adjuvant

combination, for our further nanoparticle-based experiments. In agreement with these

results, it was previously described that nanoparticle-based application of an adjuvant

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/resiquimod
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/flow-cytometry
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/adjuvants
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can increase its immunostimulatory capacity by higher local adjuvant concentrations

or an improved delivery,200, 206, 207 and that several TLR ligand combinations maintain

their synergy when applied via nanoparticles.208, 209 Nonetheless, to the best of our

knowledge a combination of NOD ligands,210 TLR ligands211 and antigen,

encapsulated in one nanocarrier, was never used for nanovaccine approaches so far.

Stimulation of dendritic cells needs to be accompanied with the delivery of a

desired antigen. Therefore, we added an antigen in order to induce antigen-specific T

cell responses. More recently, we characterized a polymeric nanocapsule with a shell

consisting of OVA protein crosslinked with TDI.188 We showed that OVA-NC were

efficiently taken up by human monocyte-derived dendritic cells and degraded

intracellularly. Based on these results, we decided to test whether these capsules can

be used as an antigen source for BMDC to mediate T cell responses in our setting, as

already shown in other settings with chronic hepatitis B virus antigens.212, 213 A

protein antigen has to be taken up and degraded intracellularly by the dendritic cell.

Afterwards, the generated peptides are loaded onto MHC-I (CD8+ T cells) and

MHC-II (CD4+ T cells) molecules, which in turn are transported to the cell surface

and present the antigen to the respective T cell population.214

To verify the cell-association of the OVA-NC, BMDC were incubated with

different concentrations of Cy5-loaded OVA-NC (OVA-Cy5-NC) for 24 h.

Frequencies of Cy5+ CD11c+ BMDC and MFI of cell-bound Cy5 were measured by

flow cytometry. Although nearly all BMDC were Cy5-positive even at the lowest

OVA-NC concentrations used (Figure 41a, left upper panel), the MFI revealed that
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the extent of cell-associated OVA-NC increased in a dose- and time-dependent

manner (Figure 41a, left lower panel, 42 and 43).

Figure 41. Cell binding/uptake and degradation of OVA-NC by BMDC. (a) Dose

kinetics of cell association and degradation of OVA-NC by BMDC (2 × 105 cells/mL)

with OVA-Cy5-NC and OVA-DQ-nanocapsules (OVA-DQ-NC), respectively.

Frequencies and MFI of Cy5 and shell-incorporated OVA-DQ for three different

NC-doses were measured in BMDC after 24 h incubation by flow cytometry (n = 2).

(b) Representative confocal images of BMDC treated with OVA-DQ-NC (100 µg/mL)

at 4 and 37 °C for 3 h. Membranes were stained with CellMask Orange (red), nuclei

with DAPI (blue). Nanocapsule degradation was detected by the shell-incorporated

OVA-DQ (green). Scale bar = 5 μm. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Figure 42. Gating strategy for cytometric analysis of BMDC upon incubation with

OVA-NC. (1) Exclusion of cell debris (and free nanoparticles). (2) Exclusion of cell

doublets. (3) Gating on CD11c+ cells (DC lineage marker). (4) Further analysis of

pregated CD11c+ cells for (4a) binding of OVA-Cy5-NP, (4b) and OVA-DQ-NC

degradation via proteolytic cleavage. Gates were defined on the basis of unstained

BMDC.
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Figure 43. Time-dependent binding and degradation of OVA-NC by BMDC. BMDC

(2 × 105 cells/mL) were incubated with OVA-NC formulations (each 100 µg/mL) for

the indicated periods of time (0.5-24 h). Afterwards, cell-associated Cy5 (label of

OVA-NC) signals and fluorescence signals that result from proteolytic cleavage of

OVA-DQ-NC were assessed by flow cytometry (Figure 42). Frequencies (upper

panels) and MFI (lower panels) of encapsulated Cy5 (left panels) and

shell-incorporated OVA-DQ (right panels) are shown (mean ± SEM; n = 4).

For the detection of capsule degradation, DQ-modified OVA protein (OVA-DQ)

was incorporated into the nanocapsule shell (OVA-DQ-NC). Enzymatic degradation

of OVA-DQ induces detectable fluorescence emission. Via flow cytometry we were

able to show that the OVA-DQ-NC degradation by BMDC was also dose- and

time-dependent (Figure 41a, right panels, 43). Additionally, confocal images of

BMDC treated with OVA-DQ-NC at 4 and 37 °C for 3 h confirmed a
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temperature-dependent degradation of the OVA-DQ-NC (Figure 41b, 44), which was

also detected in flow cytometry analysis (Figure 45). These observations confirm

uptake and degradation of the OVA capsule in our system.188

Next, we needed to demonstrate the antigen-directed immune reaction for

OVA-NC. The availability of degraded OVA in the nanocapsules, serving as an

antigen source for BMDC-mediated T cell stimulation, was analyzed by the

proliferation of OVA peptide-specific transgenic OT-I (CD8+) and OT-II (CD4+) T

cells. Aliquots of BMDC pre-incubated with empty OVA-NC (hereafter referred to as

OVA-NC) at different concentrations for 24 h induced a moderate OT-I proliferation

in case of the highest dose of OVA-NC (100 μg/mL) applied (Figure 46a, left panel)

and in a dose-correlating proliferation of OT-II T cells (Figure 46b, left panel).

Figure 44. Tile scan cLSM image of BMDC (3 × 105 cells/ml) treated with

OVA-DQ-NC (100 µg/mL) for 3 h at 37 °C. OVA-DQ degradation is indicated by
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green signals inside the cells (white arrows). Membranes were labeled with CellMask

Orange (red), and nuclei with DAPI (blue).

Figure 45. OVA-DQ-NC degradation in BMDC. BMDC (2 × 105 cells/mL) were

treated with OVA-DQ-NC (37.5-150 µg/mL) in parallel assays at 37 and 4 °C for 24 h.

The MFI of the resulting degradation signals were measured by flow cytometry.

Untreated samples were used as background control (mean ± SD; n = 2).
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Figure 46. BMDC treated with OVA-NC induce OVA-specific T cell proliferation.

BMDC (1 × 106 cells/mL) were incubated with OVA-NC (1-100 μg/mL) for 24 h.

Aliquots were co-treated with LPS (100 ng/mL). Titrated numbers of BMDC (starting

with 105 cells/mL) were co-cultured with OVA peptide-specific (a) OT-I (CD8+) and

(b) OT-II (CD4+) T cells (each 5 × 105 cells/mL) in triplicates in 96 well plates. (a,b)

T cell proliferation was measured by 3H-thymidine incorporation, applied after three

days of BMDC/T cell co-culture for 16 h (mean ± SEM; n = 3). *p < .05, **p < .01,

OVA-NC 100 μg/mL vs. OVA-NC 10 μg/mL.

Taken together, these results indicate that the OVA-NC constitutes a suitable

antigen source for DC to subsequently stimulate antigen-specific T cells. As expected,

a stimulation of OVA-NC pre-treated BMDC with LPS resulted in an increased

https://www.sciencedirect.com/topics/materials-science/t-cells
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proliferation of CD8+ (Figure 46a, right panel) and CD4+ (Figure 46b, right panel) T

cells. Most importantly, the induction of CD8+ T cell proliferation demonstrates that

the OVA-peptides derived from internalized and degraded OVA-NC were

cross-presented via MHC-I. Activated CD8+ T cells are essential for the direct

elimination of malignant and infected cells.215-217

2.2.8 The superadditive effects of antigen-OVANCs loaded with MDP

and R848

Subsequently, we combined the two successfully evaluated nanocarriers –

Dex-MDP/R848 and OVA-NC. We co-treated BMDC with OVA-NC plus

Dex-MDP/R848-NP, again followed by co-cultures with OVA peptide-specific T

cells. BMDC pre-treated with Dex-MDP/R848 plus OVA-NC initiated the strongest

proliferation of OT-I (Figure 47a, upper panel) as well as OT-II (Figure 47b, upper

panel) T cells compared to the samples treated with one of either NP type only.

Nevertheless, BMDC co-treated with OVA-NP plus empty Dex-NP also induced T

cell proliferation, although at lower extent. A DC pre-treatment with Dex-blank and

Dex-MDP/R848 alone, used as control, did not induce any proliferation. These results

indicate that OVA-NC combined with the adjuvant combination MDP plus R848 can

be used to effectively stimulate OVA-specific T cells. Additionally, analysis of the

cytokine pattern of BMDC/T cell co-cultures showed increased levels of the Th1/Tc1

marker IFN-γ in samples containing BMDC pretreated with Dex-MDP/R848 plus

OVA-NC in case of OT-I (Figure 47a, lower panel) and OT-II (Figure 47b, lower

panel), respectively. Tc1 and Th1 cells are essential for antitumor responses.218 In
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contrast to that, the expression of the Th2 marker IL-5 and the dual Th2/Treg marker

IL-10 were scarcely detectable in any co-culture supernatant.

Figure 47. Adjuvant-loaded Dex-NP enhance the T cell stimulatory capacity of

OVA-NC treated BMDC. BMDC were incubated with empty or adjuvant-loaded

Dex-NP as indicated, and OVA-NC (each 100 μg/mL) as indicated for 24 h. Titrated

numbers of BMDC (starting with 105 cells/mL) were co-cultured with (a) OT-I (CD8+)

and (b) OT-II (CD4+) T cells (each 5 × 105 cells/mL) in triplicates in 96 well plates. T

cell proliferation was measured by 3H-thymidine incorporation, applied after three

days of BMDC/T cell co-culture for 16 h. Supernatants of BMDC/T cell co-cultures

were collected after 3 days of co-culture, and cytokines (IFN-γ, IL-5, and IL-10) were

measured by CBA (mean ± SEM; n = 3). *p < .05, **p < .01, ***p < .001,

Dex-MDP/R848 + OVA-NC vs. Dex-blank + OVA-NC.

https://www.sciencedirect.com/topics/materials-science/t-cells
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As the co-application of both particle types mediated a strong, Th1-focused T

cell response, we decided to integrate the highly effective adjuvant combination MDP

plus R848 into the OVA-based NC – hereby creating a fully integrated nanocarrier.

The latter provides a degradable protein shell, which is therefore usable as highly

effective antigen source. Fast degradation of the protein shell also ensures release of

encapsulated adjuvants. We generated OVA-NC with MDP (OVA-MDP-NC), R848

(OVA-R848-NC) or both (OVA-MDP/R848-NC) adjuvants encapsulated. Due to a

limited water solubility of R848, a water/DMSO mixture was used as dispersed phase

for R848 encapsulation. These OVA-NC formulations were nearly non-toxic for

BMDC (Figure 48) and free of non-encapsulated adjuvants (Figure 49).

After incubation of BMDC with the adjuvant-loaded OVA-NC for 24 h, the

CD80 and CD86 expression was measured by flow cytometry, once again compared

to equimolar amounts of soluble adjuvants. Empty OVA-NC and OVA-MDP-NC as

well as the soluble MDP showed no immunomodulatory effect on BMDC, while

OVA-R848-NC (50 and 100 μg/mL) and the corresponding amount of soluble R848

led to comparable, moderate upregulations of the surface activation markers.

Compared to the OVA-NC that encapsulated single adjuvants, the combination of

MDP plus R848 in OVA-NC increased the expression of CD80 and CD86 in a

superadditive manner. In contrast to BMDC treated with OVA-MDP-NC or with

OVA-R848-NC at the highest dose, we detected a significantly higher expression of

either markers using OVA-MDP/R848-NC (Figure 50a). Here the combination of
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equimolar amounts of soluble MDP and R848 did not reveal any advantages

compared to the dual-adjuvant nanocapsule.

Figure 48. BMDC viability after incubation with adjvuant-loaded OVA-NC. BMDC

(1 × 106 cells/mL) were treated with 100 µg/ml of empty or adjuvant-loaded OVA-NC

for 24 h. Afterwards, the cells were stained with Annexin-V/7-AAD and were

analyzed by flow cytometry. BMDC treated with 10% (v/v) DMSO were used as a

positive control. Dot plots show the frequencies of living (Annexin-V- 7-AAD-), early

apoptotic (Annexin-V+ 7-AAD-), necrotic (Annexin-V- 7-AAD+), and late

apoptotic/necrotic cells (Annexin-V+ 7-AAD+). Plots are representative of two

experiments.
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Figure 49. Biological activity of supernatants of adjuvant-loaded OVA-NC. To detect

potential free adjuvants (MDP, R848) in nanoparticle solutions, BMDC (2 × 105 cells)

were treated with different types of OVA-NC (100 µg/mL) as indicated, and with the

corresponding volumes of their supernatants for 24 h. Afterwards, the frequencies of

BMDC positive for the maturation markers CD80 and CD86 were measured by flow

cytometry. The results are displayed relative to the untreated control (mean ± SD; n =

2).
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Figure 50. Upregulation of DC maturation markers CD80 and CD86 and

pro-inflammatory cytokines after stimulation with adjuvant-loaded

ovalbumin-nanocapsules. BMDC (2 × 105 cells/mL) were incubated with

differentially loaded OVA-NC formulations (1-100 μg/mL) or LPS (100 ng/mL) as a

control for 24 h. (a) Surface expression of CD80 and CD86 of differentially treated

BMDC was measured by flow cytometry. In addition, BMDC stimulated with

equimolar amounts of soluble MDP (383 ng/mL), R848 (111 ng/mL) or in

combination were used for comparison (mean ± SEM; n = 3). (b) Cytokine (IL-1β,

IL-6, TNF-α, and IL-12) contents of differentially treated BMDC (100 μg/mL NP)

were analyzed by CBA (mean ± SEM; n = 3). *p < .05, **p < .01, ***p < .001.

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/flow-cytometry
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/resiquimod
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/tumor-necrosis-factor
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The observed upregulation was similar to that induced by LPS, which is specific

for TLR4. TLR4 ligands are the only adjuvants, which activate MyD88 and TRIF in

synergy, and are therefore well accepted as a gold standard for maximal activation. In

this regard, the corresponding Dex-NP formulation exerted weaker BMDC activation

(Figure 40). The potential of OVA-MDP/R848-NC to efficiently stimulate BMDC

was also assessed by cytokine measurements. The supernatants of BMDC treated with

OVA-NC, loaded with MDP or R848, for 24 h did not contain increased cytokine

concentrations compared with unstimulated BMDC. In contrast, BMDC treated with

OVA-MDP/R848-NC secreted high amounts of the pro-inflammatory cytokines IL-1β,

IL-6, TNF-α, and IL-12 (Figure 50b). The detected cytokine profile was thereby

comparable to that of BMDC treated with Dex-MDP/R848 (Figure 40). However,

IL-12, an essential Th1-promoting cytokine, which was not detectable after

Dex-MDP/R848 treatment, was strongly induced by OVA-MDP/R848-NC treatment,

and to a significantly higher extent than evoked by LPS treatment. Equimolar

amounts of soluble adjuvants did not induce any significant differences here (not

shown). Altogether, the adjuvant combination MDP plus R848 encapsulated in

OVA-NC induced a stronger Th1-promoting DC activation than with the use of

Dex-NP. This might be due to a faster uptake and degradation of the OVA-NC by

BMDC compared to Dex-NP resulting in a more efficient cargo release. It is also

possible that the transfer of MDP into the cytoplasm depends on the nanoparticle type.

To characterize the ability of this OVA-NC formulation to mediate OVA specific

T cell responses, we performed T cell proliferation assays. Empty and MDP-loaded

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/toll-like-receptor-4
https://www.sciencedirect.com/science/article/pii/S0168365918305273
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OVA-NC induced a weak OT-I (Figure 51a, upper panel) and OT-II (Figure 51b,

upper panel) proliferation only, whereas prior BMDC incubation with OVA-R848-NC

mediated a moderate proliferation of OT-I, but not of OT-II T cells. BMDC

pre-incubated with OVA-MDP/R848-NC mediated the strongest proliferation rates of

OT-I and OT-II T cells. These results are consistent with the stimulatory effects of the

corresponding adjuvant-loaded OVA-NC formulations on BMDC (Figure 50).

Additionally, we observed that BMDC induced a Tc1/Th1-biased cytokine pattern in

the corresponding T cell population when stimulated with OVA-MDP/R848-NC as

evidenced by significantly increased IFN-γ levels, while the IL-5 and IL-10

concentrations remained on low to moderate levels (Figure 51a, b, lower panels). This

cytokine pattern largely matches the high activation level of OVA-MDP/R848-NC

pretreated BMDC and their high expression of Th1 promoting pro-inflammatory

cytokines (IL-1β, TNF-α, IL-12).
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Figure 51. T cell stimulatory capacity of BMDC treated with adjuvant-loaded

OVA-NC. BMDC were incubated with empty or adjuvant-loaded OVA-NC (each

100 μg/mL) as indicated for 24 h. Titrated numbers of BMDC (starting with 105

cells/mL) were co-cultured with (a) OT-I (CD8+) and (b) OT-II (CD4+) T cells (each

5 × 105 cells/mL) in triplicates in 96 well plates. (a and b, upper panels) T cell

proliferation was measured by 3H-thymidine incorporation applied for additional 16 h

after three days of co-culture (mean ± SEM; n = 3). (a and b, lower panels)

Supernatants of BMDC/T cell co-cultures were collected after 3 days of co-culture,

and cytokines (IFN-γ, IL-5, and IL-10) were measured by CBA (mean ± SEM; n = 3).

*p < .05, **p < .01, ***p < .001, OVA-MDP/R848-NC vs OVA-R848-NC.
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To demonstrate the advantages of OVA-NC formulations over a soluble

application of the corresponding components, we performed a comparative analysis of

OVA-specific T cell proliferation upon DC pre-treatment with the adjuvant-loaded

OVA-NC against a pre-treatment with equimolar amounts of soluble OVA and

MDP/R848. It turned out that, particularly in case of MDP + R848 but also for MDP

and R848 alone, an encapsulated application via OVA-NC induced a significantly

stronger OT-I and OT-II T cell proliferation compared to the soluble application of

antigen and adjuvants (Figure 52). These results further underlined the benefits of an

encapsulated adjuvant and antigen administration compared to soluble.

As a first step towards in vivo application of OVA-NC formulations for

vaccination purposes, the interaction of adjuvant-loaded OVA-NC with primary

immune cell populations derived from spleen (Figure 53) was analyzed. In agreement

with their profound endocytotic activity, DC as well as macrophages (Mϕ) showed

strong OVA-NC binding, whereas their binding by B cells was rather low (Figure 54).

T cells, which are known to lack considerable endocytotic activity, did not show any

significant NC binding. Additionally, the CD86 expression in DC and Mϕ was

significantly increased following treatment with adjuvant-loaded OVA-NC, and was

highest in case of OVA-NC loaded with both adjuvants. These results are highly

comparable to the results obtained using BMDC. Taken together, our analysis

confirms passive targeting of endocytically active primary splenic DC and Mϕ, which

constitute only 3-5% of all splenic immune cells, and their adjuvant-dependent

activation.



96

Figure 52. OVA-specific T cell proliferation upon soluble and encapsulated

antigen/adjuvant administration. T cell stimulatory capacity of BMDC treated with

adjuvant-loaded OVA-NC compared to BMDC treated with equimolar amounts of

soluble OVA and adjuvants were assessed by T cell proliferation assay. Therefore,

BMDC were incubated with empty or adjuvant-loaded OVA-NC (each 100 µg/mL) as

indicated for 24 h. For comparison, several BMDC samples were treated with soluble

OVA (approximately 100 µg/mL), sMDP (111 ng/mL) and sR848 (383 ng/mL) in

equimolar amounts to the corresponding OVA-NC formulations as indicated for the

same time. Thereafter, titrated numbers of BMDC (starting with 105 cells/mL) were

co-cultured with OT-I and OT-II T cells (each 5 × 105 cells/ml) in triplicates in 96 well

plates. T cell proliferation was measured by 3H-thymidine incorporation applied for

additional 16 h after three days of co-culture (mean ± SEM; n = 3). *p < 0.05, **p <

0.01.
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Figure 53. Gating strategy for cytometric analysis of spleen cells after incubation

with OVA-NC. (1) Exclusion of cell debris and free nanoparticles. (2) Exclusion of

cell doublets. (3) Distinction between MHC-II positive and negative cells. CD11c+

(dendritic cells), CD68+ (macrophages), CD19+ (B cells) and CD3+ (T cells)
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populations were analyzed seperately. Activated DC and macrophages were identified

via CD86 expression, NC positive cells by the encapsulated Cy5. Gates were defined

on the basis of unstained BMDC.

Figure 54. Spleen cell interaction with adjuvant-loaded OVA-NC. Isolated spleen

cells (1 × 106 cells per sample) were incubated with empty or adjuvant-loaded

OVA-NC (each 100 μg/mL) for 24 h. Cellular binding by dendritic cells, macrophages,

B and T cells was assessed by measuring the frequencies of Cy5+ cells. Activation of

DC and macrophages was analyzed via CD86 expression (MFI). Untreated and LPS

(100 ng/mL) treated cells were used as controls (mean ± SEM; n = 3). *p < .05,

**p < .01, sample vs. untreated.

https://www.sciencedirect.com/topics/materials-science/macrophage
https://www.sciencedirect.com/topics/materials-science/t-cells
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2.2.9 Conclusion

We propose a multiple functional protein-based nanocapsule, which act as

antigen and also deliver R848 and MDP adjuvant for immunotherapy. Comparing

with co-applied soluble agent or encapsulated in Dex-NP, co-delivered R848 and

MDP in protein-based nanocapsule exhibited antigen crosspresentation and triggered

antigen-specific adaptive T cell responses effectively. Therefore, we believe the

introduction of antigen nanocapsule offer an insight for the effective delivery of

superadditive adjuvant combinations.
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2.3 Modulating the stealth property of protein nanocarriers by

PEG density and molecular weight

The work in this chapter is based on the manuscript ‘The Conformation of

Grafted Polyethylene Glycol Determines the Stealth Effect of Nanocarriers in the Low

Protein Adsorption Regime’. The author synthesized the PEGylated ovalbumin

nanocapsules, conducted the DLS, zeta potential, SEM, TEM, NMR, quantification of

PEG density on the surface of ovalbumin nanocapsules. The in-vitro experiments and

protein adsorption assay were conducted by the collaboration partners, which are

acknowledged after each corresponding contribution.

2.3.1 Motivation

Modification of nanocarriers with PEG moieties (PEGylation), is one common

approach for reducing non-specific protein and cellular interactions.219 The ‘stealth’

effect of PEGylated nanocarriers, defined as the reduction of recognition and uptake

of nanocarriers by macrophages, is generally explained by the high hydration degree

of the hydrophilic polyether backbone of PEG, which prevents protein adsorption on

hydrophobic surfaces by means of steric repulsion.220-222 Previous studies showed that,

although the overall protein adsorption is reduced by PEGylation, it cannot be fully

suppressed. Indeed, a certain amount of blood proteins is always detected on the

nanocarriers´ surface.223, 224 A recent study revealed that protein adsorption is actually

required for providing a stealth effect to PS NPs. The presence of distinct proteins

such as clusterin is necessary to prevent non-specific cellular uptake.225 By tuning the

surface hydrophilicity of nanocarriers, the composition of protein corona could also
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be modified to regulate the stealth properties of PS NPs.226

Notably, typical PS NPs adsorb relatively high amount of plasma proteins

(~1500 µg per m2 surface),225, 226 which leads to a full coverage of NPs with a thick

protein layer.227 However, the adsorption profile of plasma proteins towards

nanocarriers varies significantly for different particles, due to the diverse

physicochemical properties of the nanocarriers.228, 229 For nanocarriers with low

protein adsorption, the influence of protein corona on cellular uptake needs to be

investigated to design successfully functional nanocarriers for drug delivery.

2.3.2 Comparison of stealth effect of PS, HES and OVAnanoparticles

We first screened different model nanocarriers regarding their protein binding

affinity. Three type of nanocarriers were synthesized from PS as model for synthetic

polymers, or HES and OVA as biodegradable systems. The non-PEGylated and

PEGylated three types of NCs were characterized by standard procedures (Figure 55a:

light scattering, zeta potential, number of PEG chains per nm2, Mw of PEG

chains = 5000 g/mol). The three groups of nanocarriers were incubated with human

plasma and their overall protein adsorption was compared. The absolute amount of

proteins bound to nanocarriers was quantified by Pierce Assay. PS and HES-NCs

adsorbed ~ 1500 and 800 µg protein per m2 surface, respectively (Figure 55b). In

comparison, OVA-NCs exhibited low overall protein adsorption (< 500 µg per m2

surface). PEGylation yielded ~ 67% and ~ 20% reduction of overall protein

adsorption for PS-NCs and HES-NCs, respectively. Remarkably, the overall protein

adsorption of OVA-NCs was not further reduced by PEGylation, indicating that
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OVA-NCs is a suitable system for further studying cellular interactions in the context

of low protein adsorption. Coating protein nanoparticles with ovalbumin has been

reported to reduce the adsorption of serum albumin on the particle.230

Figure 55. (a) Hydrodynamic diameters (Dh), zeta potential (ζ), and PEG density of

non-PEGylated and PEGylated PS, HES, and OVA-NCs. PEG with Mw of 5000 g/

mol was used. The grafting density of PEG was determined by 1H NMR spectroscopy.

(b) The absolute amount of proteins bound to nanocarriers was quantified by Pierce

Assay.

2.3.3 Construction and characterization of PEGylated OVANCs

To precisely investigate the correlation between PEG conformation and stealth

behavior of nanocarriers and understand if and how protein corona influences this

relationship, a well-defined system with well-defined nanocarriers and PEGylation is

essential. The OVA-NCs were synthesized via a polyaddition reaction in water-in-oil

miniemulsions. Amino groups of ovalbumin were crosslinked with toluene

diisocyanate, leading to the formation of a crosslinked polypeptide shell (SEM and

TEM micrographs of OVA-NCs are shown in Figure 56). Fluorescent probe
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Cy5-oligo was encapsulated in the OVA-NCs at a concentration of 20 nmol/mL in the

core for cellular uptake studies.

Figure 56. (a,b) SEM and (c,d) TEM micrographs of OVA-NCs. Samples were

purified by centrifugation in cyclohexane.

Poly(ethylene glycol) isocyanate methyl ether (MeO-PEG-NCO, Mw = 2000,

3400, or 5000 g/mol) was attached to residual amino groups from the purified

OVA-NCs. The resulting NCs are denoted as OVA-PEG2kn, OVA-PEG3.4kn, and

OVA-PEG5kn, where n is the grafting density of PEG (chains per nm2). PEG with

molecular weights larger than 2000 g/mol has been reported to be required for an

effective stealth effect.231 Indeed, grafted short PEG chains display a loss of flexibility.

The grafting density of PEG was controlled by varying the PEG to NC stoichiometry.
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The PEGylated NCs were purified by repeated centrifugation so that non-reacted

polymers could not be detected in the supernatants anymore by 1H NMR spectroscopy

(Figure 57,58). The NCs before and after PEGylation were stable in water and blood

plasma and displayed identical hydrodynamic diameters, ca. 250-300 nm (Table 9), as

measured by dynamic light scattering (DLS). Moreover, the biodegradability of

OVA-NCs was preserved after PEGylation. Indeed, enhanced release of payload

Cy5-oligo was induced upon incubation with a protease trypsin (Figure 59). Besides,

the release of payload from OVA-PEG NCs was slightly slower than the release from

non-PEGylated NCs due to the existence of the hydrophilic polymer shell around the

capsules. The average number of PEG chains per nanocarrier and chains per nm2

surface were measured by 1H NMR spectroscopy of the dispersions in D2O.

Integration of the resonance signals corresponding to ethylene glycol units (δ =

3.5~3.6 ppm) was compared with the signal of dichloromethane used as external

standard (δ = 5.5 ppm) to quantify the number of ethylene glycol units (Figure 60).

The number of NCs in the dispersion was calculated based on solid content of the

dispersion, hydrodynamic diameter of the NCs, density of ovalbumin, and weight

ratio between ovalbumin and water in the NCs with the consideration that the

OVA-NCs display a core-shell structure with a water core. The weight of shell

materials and grafted PEG chains was measured during the determination of solid

content of the dispersions after freeze-drying. Based on the total surface area

calculated from the number and diameter of NCs, the chain number per NC and chain

number per nm2 surface were obtained (Table 10).
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Figure 57. PEG density of OVA-PEG2k2.5, OVA-PEG3.4k0.8, and OVA-PEG5k0.2 after

different purification processes (only dialysis, one centrifugation step after dialysis,

and three centrifugation steps after dialysis).

Figure 58. 1H NMR (250 MHz, 298K) spectra of PEG2k and the supernatant from the

centrifugation of OVA-PEG2k2.5 NC dispersion. The supernatant was freeze-dried and

dissolved in D2O at a concentration of 1 mg/mL for 1H NMR spectroscopy

measurement.
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Figure 59. Release profiles of Cy5-oligo for non-PEGylated and PEGylated

OVA-NCs in PBS buffer without or with 2 mg/mL trypsin. The release experiments

were performed at 37 ℃ in an incubator. Average results of three experiments were

reported. The table shows the first order kinetics for the release of Cy5-oligo from

OVA and OVA-PEG NCs upon the incubation with trypsin. In this first-order kinetic

equation Mt = M∞(1-e-kt), Mt is the Cy5-oligo concentration at time t, M∞ is the final

Cy5-oligo concentration outside the dialysis membrane and k is the release rate

constant.
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Figure 60. (a) Schematic representation of the method used for the quantification of

surface attached PEG chains by 1H NMR spectroscopy in D2O (250 MHz, 298K). A

glass tube containing 5 wt% dichloromethane (DCM) in deuterated DCM was used as

the reference. (b) The standard curve describing the relationship between the

concentration of PEG and the ratio between the integral of -CH2CH2- and the integral

of peak for the reference CH2Cl2.
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Table 9. Characteristics (hydrodynamic diameter Dh in water and in blood plasma,

zeta potential in water) of OVA-NCs PEGylated by grafting PEG chains with defined

molecular weights and densities.

Entry Dh in water -potential Dh in plasma

[nm] PDI mV [nm] PDI

OVA 254 0.5 -19 303 0.3

OVA-PEG2k
0.2 291 0.4 -26 297 0.3

OVA-PEG2k
0.5 261 0.4 -27 259 0.4

OVA-PEG2k
2.5 259 0.4 -32 260 0.4

OVA-PEG3.4k
0.2 301 0.4 -25 290 0.4

OVA-PEG3.4k
0.8 289 0.4 -31 311 0.4

OVA-PEG5k
0.2 305 0.4 -24 323 0.4

a Measured in 10-3 M potassium chloride solution at pH 6.8 and 25 °C.

The stealth effect from PEGylation highly depends on the PEG molecular weight

and surface density of the PEG coating, which lead to a transition in the PEG

conformation at surface.127, 229, 232-234 Conformation of surface-bound PEG was

determined following the de Gennes’ model of grafted polymers on a flat surface in a

good solvent.235 The calculation is based on the Flory radius of PEG (RF), the distance

between adjacent PEG grafted chains (D), and the length/thickness of grafted PEG

layer (L).236 RF is determined by the equation RF = aN3/5, where N is the average

number of monomers per polymer chain and a represents the length of one monomer.

Assuming that one PEG chain occupies a circular footprint on particle surface, the
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distance between PEG grafts (D) is determined by the area occupied by each PEG

chain (A) by the equation D = 2(A/3.14)1/2. The length/thickness of grafted PEG layer

(L) is determined by N, a, and D using the equation L = N(α5/3)/D2/3. Based on these

parameters, there are two main conformations, “mushroom” or “brush” conformations,

which PEG chains can acquire.235, 237, 238 At low grafting densities (RF/D ≤ 1), PEG

chains adopt a mushroom conformation. At increasing grafting densities (RF/D ˃ 1),

the PEG chains experience a more extended “brush” conformation, eventually

reaching a “dense brush” regime when the PEG layer thickness exceeds the RF by at

least 2-fold (L/RF ˃ 2).229, 235, 238, 239 The conformational transition between these

regimes is continuous.235

Following this model, an increasing grafting density from 0.2 to 0.5 and 2.5

chains/nm2 resulted in an intermediate of mushroom to brush to dense brush

conformation for OVA-PEG2kn. For OVA-PEG3.4kn, brush and dense brush

conformations were obtained at a grafting density of 0.2 and 0.8 chains/nm2,

respectively. In the case of OVA-PEG5kn, a brush conformation was obtained even at

low density (0.2 chains/nm2), due to the higher molecular weight of PEG. Therefore,

PEG molecular weight and grafting density, and number of ethylene glycol units per

NCs could be precisely controlled so that each variable could be independently varied

(Table 10). The correlation of PEG molecular weight and grafting density with

molecular conformation of grafted polymer on OVA-NCs is shown in Scheme 1.
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Table 10. Comparison of the Flory radius (RF), grafting density, distance between

PEG grafts (D), and length/thickness of the PEG layer (L). These parameters were

used to predict the PEG conformation according to the model of de Gennes.235

Entry
PEGMw

[g/mol]

Grafting density
RF

[nm]

D

[nm]

L

[nm]

PEG

conformation
Chains

[105/NC]

Chains

[nm-2]

OVA - 0 0 - - - -

OVA-PEG2k
0.2 2000 0.59 0.18 3.4 2.7 3.9

Mushroom-

brush

OVA-PEG2k
0.5 2000 1.78 0.54 3.4 1.5 5.7

Mushroom-

brush

OVA-PEG2k
2.5 2000 6.69 2.47 3.4 0.7 9.4 Dense brush

OVA-PEG3.4k
0.2 3400 0.63 0.22 4.7 2.4 7.1 Brush

OVA-PEG3.4k
0.8 3400 2.72 0.83 4.7 1.2 11.1 Dense brush

OVA-PEG5k
0.2 5000 0.62 0.19 5.9 2.6 10.0 Brush
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Scheme 1. Schematic illustration of the correlation of molecular weight and grafting

density with the molecular conformation of PEG chains on the OVA-NCs.

2.3.4 Conformation of PEG chains on the surface of OVANCs

The molecular conformation of grafted PEG chains was investigated by

monitoring 1H NMR relaxation times, which can yield information of the dynamics of

macromolecular chains near a solid surface.240 At a low grafting density, the polymer

chains spread on the solid surface with a flat conformation where local motion of the

segments is severely hindered. As the grafting ratio increases, the polymer chains

repel each other and adopt a more extended configuration. An important observable

for characterizing the dynamics of grafted polymer chains is the correlation time of

the local segmental motions. This parameter is evaluated from the spin-lattice

relaxation time T1, which increases with mobility of the polymer chains.240 The T1

relaxation times for the -CH2-CH2- units and the terminating -CH3 groups were first
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measured for non-grafted dissolved PEG2k and PEGylated NCs dispersed in D2O

(Table 11). For the PEG molecular weight of 2kDa, T1 for the protons from

-CH2-CH2- decreased from 1.41 s to 1.33 s as the PEG density increased from 0.2 to

2.5 chains/nm2. The decrease of T1 indicated an increased chain flexibility at higher

grafting density, correlating with a brush conformation of stretched PEG chains. T1

for -CH2-CH2- at a surface density of 2.5 chains/nm2 is close to the relaxation time of

free PEG2k. The mobility of the units from the free end was very different from the

mobility of the units that are attached to NCs surface. Therefore, the T1 relaxation

time measured for -CH2-CH2- represents an average value for the whole PEG chain.

For the -CH3 end groups, T1 decreased from 3.91 s to 2.82 s as the PEG density

increased from 0.2 to 2.5 chains/nm2. T1 for OVA-PEG2k2.5 was close to T1 time (2.61

s) of free non-attached PEG2k, indicating a high degree of mobility for the end groups

of the stretched PEG chains. This observation was also in good agreement with the

model for the PEG conformation, which predicted a morphology in the intermediate

regime for PEG on OVA-PEG2k0.2 and OVA-PEG2k0.5 and a dense brush regime in

the case of OVA-PEG2k2.5 (Table 10). OVA-PEG3.4k also showed a decreased T1

time (for -CH2-CH2- and -CH3 protons) as PEG density was increased.
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Table 11. T1 relaxation time of protons from -CH2-CH2- units in PEG main chain and

-CH3 end groups for PEG2k and OVA-PEG samples with various molecular weight

and surface grafting density. φ represents the ratio of integrals of signals

corresponding to -CH2-CH2- and -CH3 end groups determined by 1H NMR

spectroscopy.

To further confirm PEG conformation, we calculated the ratio of detected

protons from the main chain to end groups φ by dividing the integral of protons from

-CH2CH2- units (at 3.5-3.6 ppm) by the integral of the terminal -CH3 groups (at 3.3

ppm) (Figure 61).

Entry

T1 (-CH2-CH2-)

[s]

T1 (-CH3)

[s]

φ

(-CH2CH2-/-CH3)

PEG2k 1.30 2.61 62

OVA-PEG2k
0.2 1.41 3.91 91

OVA-PEG2k
0.5 1.37 3.93 78

OVA-PEG2k
2.5 1.33 2.82 43

OVA-PEG3k
0.2 1.42 3.61 76

OVA-PEG3k
0.8 1.34 3.42 65

OVA-PEG5k
0.2 1.46 3.79 196
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Figure 61. 1H NMR (250 MHz, 298K) spectra of OVA-PEG NCs modified with

varied PEG Mw and densities. The NC dispersions were freeze-dried and redispersed

in D2O at the concentration of 1 mg/mL for the 1H NMR measurement. A glass tube

containing 5 wt% CH2Cl2 in deuterated CH2Cl2 was used as the reference.

For a PEG molecular weight of 2000 g/mol, φ decreased as PEG density

increased (Table 11). This result shows that increased fraction of protons from the

-CH3 groups can be detected by 1H NMR spectroscopy compared with the protons of

-CH2-CH2- in the main chain at increasing grafting densities, which is due to the high

mobility of the end groups of highly stretched polymer chains. At the highest grafting

density of 2.5 chains/nm2, a φ value of 43 was obtained, which is even lower than the

φ for free PEG molecules (62). This is due to the fact that a fraction of ethylene glycol

units that are directly attached to the solid surface become less detectable by the

liquid-state 1H NMR spectroscopy, because of their lack of mobility. This finding
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agrees well with a previous study, which stimulated the correlation between the

conformation of PEG chains and the exposure of targeting ligands attached to the end

of PEG chains.241 It was found that when the conformation of grafted chains was in

“mushroom” regime, the targeting moieties were shielded within the tether layers.

2.3.5 The correlation between PEG conformation and protein corona

and stealth effect of nanocarriers

After defining PEG conformations, we investigated the correlation between PEG

conformation and protein corona and stealth effect of nanocarriers. We performed

three systematic studies with well-defined systems displaying (i) Increasing PEG

grafting density at constant molecular weight (2000 g/mol), (ii) Increasing PEG

molecular weight at constant grafting density (0.2 chains/nm2), and (iii) Constant

number of ethylene glycol units per NCs while varying chain length and grafting

density (PEG5k at 0.2 chains/nm2 vs PEG2k at 0.5 chains/nm2).

The OVA and OVA-PEG nanocarriers were incubated in human plasma at 37 oC

for 1 h. All NCs remained stable in plasma, displaying constant sizes (Table 9). The

hard corona proteins were detached from the NCs and the absolute amount of corona

proteins was determined with a Pierce Assay (Figure 62a). There was no significant

difference of the amount of adsorbed proteins between non-PEGylated and PEGylated

OVA-NCs. The overall amount of corona proteins was ~ 500 µg/m2 regardless of the

chosen PEG derivative. Composition of the protein corona was further analyzed by

LC-MS to assess the biological identity of the NCs covered with proteins. The

identified proteins were categorized into eight different classes based on their
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biological functions (Figure 62b). The protein corona of OVA-NCs were enriched

with complement proteins, serum albumin, and immunoglobulins compared with their

respective concentrations in plasma.

Figure 62. Quantitative proteomic analysis of the protein corona on OVA and

OVA-PEG NCs. (a) Absolute amount of corona proteins (µg per m2 surface)
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determined by Pierce Assay. (b) All corona proteins identified by quantitative LC-MS

were classified into eight different groups according to their biological functions. (c)

Heat map of the 20 most abundant proteins detected in the protein corona of OVA and

OVA-PEG NCs determined by proteomic mass spectrometry. Only the proteins that

constitute at least 1% of the protein corona on one of the nanocarriers are shown. (d-f)

Relative amount (%) of serum albumin and clusterin in the protein corona of

OVA-PEG NCs: (d) Increasing PEG density at a fixed molecular weight of 2000 g/

mol; (e) Increasing molecular weight at a fixed grafting density of 0.2 chains/nm2; (f)

Different PEG molecular weight and density (PEG5k at 0.2 chains/nm2 vs PEG2k at

0.5 chains/nm2) at fixed number of ethylene glycol units per nm2. Values are

expressed as the mean ± SD of technical triplicates.

To investigate the impact of PEG density and molecular weight on the interaction

with blood proteins, the 20 most abundant corona proteins are shown in a heat map

(Figure 62c). In contrast to non-PEGylated OVA-NCs, the protein corona of

OVA-NCs coated with PEG at low density and molecular weight was enriched with

serum albumin and apolipoprotein E. In the case of OVA-NCs with a high PEG

density and higher molecular weight, the protein corona was enriched with vitronectin

and clusterin. In previous reports,242, 243 it was found that clusterin specifically

adsorbed on PEGylated polystyrene nanoparticles (PEG Mw = 5000 g/mol). In this

study, we also showed that an increasing PEG density and chain length lead to an

enhanced adsorption of clusterin. Moreover, herein we found that serum albumin

specifically interacts with non-PEGylated surfaces and binds significantly less to
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PEGylated NCs. Therefore, we further investigated how PEG density and molecular

weight influence the adsorption of clusterin and serum albumin on the PEGylated

OVA-NCs. For the NCs functionalized with PEG2k (Figure 62d), the amount of

serum albumin decreased with increasing PEG density, whereas the amount of

clusterin increased. The same trend was observed for a PEG molecular weight

increasing from 2000 to 5000 g/mol at a constant grafting density of ~ 0.2 chains/nm2.

Indeed, the amount of serum albumin decreased from 17% to 1% with an increasing

molecular weight, whereas the amount of clusterin increased from 2% to 7%. The

same trend was observed for OVA-NCs modified with the same number of ethylene

glycol units per nm2 (Figure 62f), for which different PEG molecular weight and

density combinations were used (PEG2k at 0.5 chains/nm2 vs PEG5k at 0.2

chains/nm2). Comparable results and trends were also obtained after incubation of

OVA-NCs with human serum (Figure 63). In brief, the protein corona study

demonstrated that the PEG conformation mediates a specific protein adsorption and

shapes the protein corona profile.

The main feature of stealthy nanocarriers is their prolonged blood circulation

time, which is due to a reduced unspecific cell interactions. To investigate the stealth

properties of the PEG-modified OVA-NCs, we incubated the nanocarriers with

BMDCs, which are phagocytic cells that are known to take up NCs unspecifically.244

The incubation was performed without and with different protein sources (Figure 64)

for 4 h and the resulting cell association was measured by flow cytometry.
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Figure 63. (a-c) Relative amount (%) of serum albumin and clusterin in the protein

corona of OVA-PEG NCs after incubation with human serum. (a) Increased Mw at the

same grafting density (0.2 chains/nm2). (b, c) Increased PEG density at constant Mw

(2000 or 3400 g/mol). (d) Same number of ethylene glycol units per nm2 but from

different combinations of PEG Mw and densities (PEG5k at 0.2 chains/nm2 vs PEG2k

at 0.5 chains/nm2). Values are expressed as the mean ± SD of technical triplicates.
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Figure 64. Cellular uptake of OVA and OVA-PEG NCs with varied PEG Mw and

surface densities after incubation with different protein sources. (a) Increased PEG

density at constant Mw (2000 g/mol). (b) Increased Mw at the same grafting density

(0.2 chains/nm2). (c) Same number of ethylene glycol units per nm2 but from different
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combinations of PEG Mw and densities (PEG5k at 0.2 chains/nm2 vs PEG2k at 0.5

chains/nm2). BMDCs (1 × 106 cells/mL) were incubated with differently modified

OVA-NCs in the absence (no proteins) or presence of plasma proteins (hP) for 4 h.

The median fluorescence intensity (MFI) was measured by flow cytometry. Cells

treated with non-PEGylated OVA-NCs and untreated cells were used as control (mean

± SD; n = 2).

Figure 65. Schematic illustration and cellular uptake of OVA and OVA-PEG NCs by

BMDCs at varied PEG Mw and surface densities. (a-b) Increased PEG density at

constant Mw (2000 g/mol). (c-d) Increased Mw at the same grafting density (0.2
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chains/nm2). (e-f) Same number of ethylene glycol units per nm2 but with different

PEG Mw and densities (PEG5k at 0.2 chains/nm2 vs PEG2k at 0.5 chains/nm2).

BMDCs (1 × 106 cells/mL) were incubated with differently modified OVA-NCs in the

absence (no proteins) or presence of human plasma proteins (hP) for 4 h. The median

fluorescence intensity (MFI) was measured by flow cytometry. Cells treated with

non-PEGylated OVA-NCs and untreated cells were used as control (mean ± SD; n =

2).

Firstly, we investigated the effect of PEGylation density on the stealth behavior

of OVA-NCs. Cellular uptake of OVA-NCs modified with PEG2k with various PEG

conformations was measured by flow cytometry. All PEG-modified OVA-NCs

showed a lower cell association than non-PEGylated NCs. Furthermore, an increased

grafting density resulted in reduced cell uptake (Figure 65a). From our calculation in

Table 11, the thickness of PEG layer increased from 3.9 nm to 5.7 nm and then 9.4 nm

with increasing the grafting density of PEG2k from 0.2 chains/nm2 to 0.5 chains/nm2

and 2.5 chains/nm2. The thicker and densely packed PEG layer extended ‘brush’

conformation is more effective for reducing the interactions between nanoparticles

and cell membrane.241 Remarkably, a similar cell uptake behavior was observed in the

presence and absence of protein incubation. Due to low protein adsorption, the stealth

property induced by the PEG patterns are not shielded. In other words, the cells-NCs

interactions were dominated by the intrinsic surface properties of the nanocarriers.

The same phenomenon was observed for other protein sources such as FCS, mouse

serum, and human serum (Figure 64).
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Secondly, we investigated the effect of PEG molecular weight on the stealth

effect of OVA-PEG NCs. For this, PEG surface density was kept constant at ~ 0.2

chains/nm2, while the molecular weight of PEG chains was varied. As shown in

Figure 65b, cellular uptake of the NCs decreased as PEG molecular weight increased,

which is well correlated with the PEG morphology at NCs surface. The increase of

PEG molecular weight from 2k to 3.4k, and 5kDa resulted in the conformational

transitions of PEG pattern from an intermediate (mushroom-brush) morphology to the

brush and dense brush morphologies. Densely packed PEG ‘brushes’ have been

reported to be responsible for reduced cell adhesion on the surface.245

Thirdly, we studied the stealth effect of OVA-PEG NCs that have approximately

the same total number of ethylene glycol units on their surface, but for which the

conformation of the PEG is different. Therefore, dispersions of OVA-PEG NCs that

were either modified with PEG2k at a surface density of 0.5 chains/nm2 or grafted

with PEG5k at a density of 0.2 chains/nm2 were applied to the cells. The binding

assays revealed two very distinct results. A significantly lower uptake was observed

for the PEG5k-modified NCs despite a lower coating density. From the conformation

study in Table 10, the OVA-PEG5k0.2 NCs possess a brush conformation of the PEG

coating, which results in a thicker hydration layer in comparison with the intermediate

PEG conformation displayed in the OVA-PEG2k0.5 NCs. Identical trends were

observed for the NCs incubated without protein (Figure 65c) and with different

protein sources (Figure 64c).
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2.3.6 Conclusion

We demonstrated the morphology of PEGylation was the key factor of the

interactions of OVA-NCs with phagocytic cells under low protein absorption

condition. The change of grafting density and molecular weight of PEG can achieve

different PEG conformation, which determined cellular uptake. Compared with

“mushroom” morphology, densely packed “brush” morphology of PEG pattern

decreased the non-specific cell uptake of NCs. Our research provide a new strategy

for tailoring surface functionalities of nanocarriers with low protein adsorption.
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3. Experimental section

3.1 Experimental details for section 2.1

3.1.1 Materials

Dexamethasone sodium phosphate (DXM, >98%), acetic acid (98%), adipic

dihydrazide (ADH) (>98%), and fluorescein isothiocyanate (FITC) (99%) were

purchased from Sigma Aldrich. Tetraethoxysilane (TEOS, 98%),

cetyltrimethylammonium chloride (CTMA-Cl, 99%), ethanol (99%), cyclohexane

(>99%), ammonium hydroxide (30% in water), and 3-aminopropyltrimethoxysilane

(APTES, >98%) were purchased from Alfa Aesar. Lutensol AT50 (LUT, 99%) was

supplied by BASF. The oil soluble surfactant poly((ethylene-co-butylene)-b-(ethylene

oxide)), P(E/B-b-EO), consisting of a poly(ethylene-co-butylene) block (Mw =

3,700 g·mol−1) and a poly(ethylene oxide) block (Mw = 3,600 g·mol−1) was

synthesized starting from ω-hydroxypoly-(ethylene-co-butylene), which was

dissolved in toluene after addition of ethylene oxide via anionic polymerization.246 All

other chemicals were purchased from Sigma-Aldrich and used as received.

3.1.2 Synthesis of polyprodrug

ADH (174 mg, 1 mmol) and DXM (393 mg, 1 mmol) were first dissolved in

water (5 mL). Acetic acid (0.5 mL) was added to the solution. The mixture was

purged with argon and stirred at 50 °C for different reaction times (12 h, 24 h, 48 h,

72 h, 96 h, and 144 h). The products were purified by dialyzing the reaction mixture

in 20 mL of milli-Q water. Dialysis tube with a molecular weight cutoff of 1 kDa was

used to remove unreacted DXM and ADH from the mixture. The dialysis medium
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was changed with fresh media every 12 h until no UV absorption of DXM was

detected in the supernatant. PDXM powder was then obtained by freeze-drying the

dialyzed solutions. In this study, PDXM with four different molecular weights,

namely PDXM2k, PDXM7k, PDXM50k, PDXM100k, were obtained by changing the

reaction time.

3.1.3 pH-triggered release of drug from polyprodrug

PDXM powder (10 mg) was first dissolved in 2 mL phosphate buffered saline

(PBS, 0.01 M, pH 7.4). The solution was subsequently sealed in a dialysis bag with a

molecular weight cut-off of 1 kDa. The dialysis bag was immersed in 20 mL PBS at

room temperature in a shaking culture incubator. 2 mL of supernatant was taken from

the incubation medium at given intervals and equal volume of fresh PBS was added to

keep the volume constant. The same procedure was performed for the degradation of

PDXM in acetate buffer solution at pH 5.4. The release of cleaved DXM in the

dialysis medium was quantified by measuring its characteristic absorbance at λ =

240 nm using UV-Vis spectroscopy.

3.1.4 Encapsulation of polyprodrug

The SiO2 NCs loaded with DXM or PDXM were synthesized in a water-in-oil

miniemulsion. Firstly, 18 mg of DXM or 20 mg of PDXM with different molecular

weights and 20 µL of 25 wt% CTMA-Cl aqueous solution were dissolved in 0.5 g of

milli-Q water. Ammonium hydroxide was added to the mixture to adjust the pH value

of the aqueous phase to pH 12. 35.7 mg of P(E/B-b-EO) were dissolved in 7.5 g of

cyclohexane and the mixture was added to the aqueous phase under stirring at 500
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rpm for 1 h at room temperature. The emulsion was then sonicated under ice cooling

for 180 s at 70% amplitude in a pulse regime (20 s sonication, 10 s pause) using a

Branson 450 W sonifier and a 1/2′′ tip. A cyclohexane solution containing 10.7 mg of

P(E/B-b-EO) and 250 µL TEOS in 5 g of cyclohexane was then added dropwise over

a period of 20 min to the miniemulsion. The mixture was stirred at 25 °C for 24 h.

For fluorescent labeling of the SiO2 NCs, 8 mg of FITC was dissolved in 1 mL

of anhydrous ethanol and then 0.16 mg of APTES was added. The mixture was stirred

for 12 h in the dark at room temperature. Afterwards, 800 µL of the mixture was

added to 3 mL of the SiO2 NC dispersion and stirred for 12 h. The fluorescently

labeled SiO2 NCs were purified by repetitive centrifugation (3 times for 20 min, RCF

1664) and redispersion in cyclohexane to remove the excess amount of surfactant. For

transferring the nanocapsules into aqueous media, 600 µL of SiO2 NC dispersion in

cyclohexane were added dropwise to 5 g of Lutensol AT50 aqueous solution (1 wt%)

under mechanical stirring, and the samples were placed in an ultrasound bath for 3

min at 25 °C (25 kHz). Subsequently, the samples were stirred openly at 25 °C for 24

h to evaporate cyclohexane.

After their transfer to the aqueous media, the SiO2 NCs were washed 5 times

with PBS (pH 7.4) using a centrifugal filter (molecular weight cutoff of 100 kDa) to

remove the non-encapsulated drug. At each purification step, the supernatant was

collected and its pH was adjusted to pH 5.4 by adding an aqueous solution of 0.1M

HCl. The mixture was incubated at 37 °C for 24 h to depolymerize PDXM. The

concentration of DXM was then determined by UV-Vis spectroscopy.
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3.1.5 Release of drug from polyprodrug

Release of DXM from SiO2 NCs was performed by using dialysis membranes

with a molecular weight cut-off of 14 kDa. 2 mL of dispersion of SiO2 NCs

encapsulating DXM or PDXM with different molecular weights were placed in a

dialysis bag that was immersed in 20 mL PBS (pH 7.4) or acetate buffer solutions (pH

5.4) at 37 °C. 2 mL of the supernatants were taken from the incubation media at given

intervals and an equal volume of fresh buffer solution was added to keep the volume

constant. The pH-responsive release of DXM from SiO2 NCs was expressed as the

cumulative ratio of released drug to encapsulated drug. The drug release experiments

were performed in triplicate for each sample. To investigate the release mechanism of

DXM from nanocapsules, the release profiles were fitted with different mathematical

models including zero order, first order, and Higuchi kinetics by using DDsolver, a

menu-driven add-in program for Microsoft Excel written in Visual Basic.247, 248

3.1.6 Biological experiments

Mice. For the in vitro study, six to eight-week old female C57BL/6J mice were

obtained from Janvier (Le Genest-Saint-Isle, France). For the in vivo study, 15 weeks

old BALB/c mice were obtained from Charles River (Boston, USA). All mice were

kept under a 12 h dark, 12 h light cycle (with food and water supply ad libitum) in the

animal facility of the Translational Animal Research Center, University Medical

Center Mainz, Germany. The animals were treated in accordance with NIH

publications entitled “Principles for Use of Animals” and “Guide for the Care and Use

of Laboratory Animals”. All protocols have been approved by the local Animal Care
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and Use Committee (“Landesuntersuchungsamt Rheinland-Pfalz”); Reference: 23

177-07/G 17-1-0068.

Human plasma. Human citrate plasma was obtained from the Department of

Transfusion Medicine Mainz from healthy donors in accordance with the Declaration

of Helsinki. A plasma pool from ten volunteers was prepared and stored at -80 °C.

Protein corona analysis. SiO2 NCs (1 mg) were incubated with 1 mL of human

citrate plasma 1 h at 37 °C under constant agitation. Hard corona coated nanocapsules

were isolated via centrifugation and washing as previously described.227, 249 To detach

the corona proteins from the nanocapsules´ surface, the pellet was incubated with 2%

sodium dodecyl sulfate (SDS) and in Tris-HCl (62.5 mM) for 5 min at 95 °C. The

dispersion was centrifuged (20 000 g, 1 h, 4 °C) and the supernatant containing hard

corona proteins was recovered. Subsequently, the isolated proteins were analyzed by

proteomics.

Liquid chromatography coupled to mass spectrometry (LC-MS). For

proteomic analysis, SDS was removed from the protein sample via Pierce Detergent

Removal Spin Columns. Digestion of corona proteins was performed as described in

our previous reports.250, 251 Finally, isolated peptides were diluted with 0.1% formic

acid spiked with 50 fmo/µL Hi3 Ecoli (Waters) for absolute protein quantification by

LC-MS. Measurements were performed on a nanoACQUITY UPLC system coupled

to a Synapt G2- Si mass spectrometer. Data was analyzed with the MassLynx 4.1

software and Progenesis QI (2.0). A reviewed human database was downloaded from

Uniprot for protein identification.
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Drug release experiments with protein corona. 2 mL of nanocapsule

dispersions incubated with human citrate plasma or PBS were placed in a dialysis bag

with molecular weight cutoff of 1 kDa. The dialysis bag was immersed in 20 mL

acetate buffer solutions (pH 5.4) at 37 °C. 2 mL of the supernatants was taken from

the incubation media at given intervals and an equal volume of fresh buffer solution

was added to keep the volume constant. The release of cleaved DXM in the dialysis

medium was quantified by measuring its characteristic absorbance at λ = 240 nm

using UV-Vis spectroscopy. The drug release experiments were performed in

triplicate for each sample.

In vivo Imaging Spectrum (IVIS). 15 weeks old BALB/c mice were

anesthetized with isoflurane. Cy5-NHS ester conjugated SiO2 NC (final concentration

of 0.5 wt%) were administered intravenously using a tail vein catheter system. The

volume was normalized on the body weight (4.4 µL of dispersion was injected per

gram body weight), aiming a final concentration of 300 µg/mL in blood. The

Cy5-NHS ester control was diluted with PBS to achieve the similar fluorescence

intensity as the Cy5-SiO2 NC solution. A standard was generated by using the SPARK

Multimode Microplate Reader (TECAN).

The animals were measured in the IVIS Spektrum CT (Perkin Elmer) for

epifluorescence of Cy5 using following settings: Excitation filter: 640 nm; Emission

filter: 700 nm; Exposure time: 7 s. The first image was taken 5 min after intravenous

injection, the final acquisition at 120 min. Mice have been sacrificed by cardiac

punction.
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The organs were measured using following settings (Exitation filter: 640 nm;

Emission filter: 700 nm, Exposure time: 2 s). Using the living image software (Perkin

Elmer), rectangular regions of interest were placed around each organ, for obtaining

the “total counts”.

Flow cytometer staining. One third of the liver was prepared for flow cytometer

analysis using the liver dissociation kit (Milteny). One third of the spleen was

dissociated by squeezing through a 40 µm nylon sieve. After a lysis, 7 Mio liver cells

and 5 Mio spleen cells were transferred into tubes for the following staining

procedure. Cells were washed with PBS and stained with Fixable Viability Dye (FVD)

eFluor 506 (invitrogen) 1:2500 for 20 minutes at 4°C. After washing, cells were

blocked with Fc-block (2.4G2) 1:50 in buffer (PBS, 1%FBS, 2mM EDTA). Cells

have been incubated with antibodies using the indicated concentrations in the

following table in a total volume of 100 µL per tube for 45 min on the shaker at 4 °C.

After washing, cells were fixed with “FACS-Fix” (PBS, 0.7% paraformaldehyde, 2

mM EDTA).
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Table. The table lists the antibodies used for flow cytometry analysis (antigens, clone,

fluorophore, the applied concentration, and the supplying company).

Liver

antigen Clone fluorophore
applied concentration

(mg/mL)
purchased from

CD3 REA641 PE 0.225 Milteny

CD49b DX5 PE 0.225 Milteny

Ly6G 1A8 PE 0.225 Milteny

Ly6C HK1.4 PerCP-Cyanine5.5 0.5 eBioscience

CD163 TNKUPJ Super Bright 702 0.5 eBioscience

CD11c N418 PE-eFluor 610 0.5 eBioscience

CD68 FA-11 PE-Cyanine7 0.5 eBioscience

Spleen

antigen Clone fluorophore
applied concentration

(mg/mL)
purchased from

CD3 17A2 FITC 1.25 eBioscience

CD49b HMa2 FITC 1.25 eBioscience

Ly6G Rea526 FITC 0.225 Milteny

Ly6C HK1.4 PerCP-Cyanine5.5 0.5 eBioscience

F4180 BM8 eFluor 450 0.5 eBioscience

CD68 FA-11 PE-Cyanine7 0.5 eBioscience

CD11b M1/70 Super Bright 600 0.7 eBioscience

CD11c N418 PE-eFluor 610 0.5 eBioscience

Flow Cytometer Analysis. Using the Attune Nxt Flowcytometer (Thermo

Fisher), samples have been analysed under a flow speed of 500 µL/min with a

FSC/SSC of 210/310. Compensations were calculated by the software using

compensation beads (Thermo Fisher). Populations were defined as described in
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Figure 25e. The median fluorescence intensity of Cy5 and the percentage of Cy5

positive gated cells of each population of interest was exported into Excel (Microsoft)

and evaluated using Rstudio.

Immuno Fluorescence. 10 µm thick cryosections were dried for 20 minutes on

glass slides at room temperature and fixed with PBS 4% paraformaldehyde for 20

minutes at RT. Slides were washed twice in PBS 0.05% triton tx100 and once in PBS

30 mM glycin 0.05% triton tx100. Sections were blocked for one hour at RT with

blocking buffer (PBS, 0.05% Triton x-100, 2.5% goat serum, 5% BSA). Antibodies

(Rat anti-CD68, FA-11, eBioscience) were incubated overnight at 4 °C, 1 µg: 1000 µL

in staining buffer (PBS, 0.05% Triton x-100, 2.5% BSA and 1.24% goat serum).

Antibodies were washed off thoroughly; secondary antibodies (Goat anti-Rat Alexa

Fluor 488, invitrogen) were incubated for 2 h (1 µg: 200 µL in staining buffer). After

the washing sections were mounted with Prolong Gold Antifade Mountant with Dapi

(live technologies) respectively, Prolong Diamond Antifade Mountant (live

technologies).

Images have been acquired with the confocal laser scanning microscope LSM510

(Zeiss) using pinhole width of one airy unit. Laser Power and digital gain were

adjusted on the maximum intensity of a Cy5-SiO2 NC treated liver section, using the

range indicator. The image has further been processed in Fiji ImageJ.

Isolation of Non-Parenchymal Liver Cells and Stimulation with

PDXM-Containing SiO2 NCs for Functional Experiments. For the functional

experiments (Figure 7), the murine non-parenchymal liver cells (NPCs) were isolated
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from livers as described previously.130, 252 Briefly, mice were anesthetized with

Ketamin/Rompun and livers were perfused with 20 mL Ca2+- and Mg2+-free Hank’s

Balanced Salt Solution (HBSS, Sigma) containing 100 U/L collagenase A (Roche

Diagnostics GmbH, Mannheim, Germany), 5% heat-inactivated fetal calf serum (FCS,

GE Healthcare), and 10 µg/mL DNase I (AppliChem). Following dissection, the livers

were incubated for 15 min at 37 °C and grinded through a 70 µm cell strainer to

generate single cell suspensions. Hepatocytes were pelleted and discarded after

centrifugation for 15 min at 4 °C and 30 x g. Non-parenchymal cell fraction

remaining in the supernatant was further purified by centrifugation at 300 x g,

resuspended in Histodenz solution in HBSS to reach a final concentration of 20% and

overlaid with HBSS, followed by centrifugation at 1500 x g for 20 min. NPCs were

collected at the Histodenz/HBSS interface and washed with RPMI 1640 medium

containing 5% FCS and 1% penicillin/streptomycin. Cell suspensions were then

cultured in HEPES-buffered RPMI 1640 medium containing 10% FCS, 1%

penicillin/streptomycin, 1 mM l-glutamine, 1% essential and non-essential amino

acids, 1 mM sodium pyruvate, 50 nM -mercaptoethanol, and with or without 2.5 µg/

mL lipopolysaccharide (LPS) at a concentration of 106 NPCs/mL. Different

formulations of SiO2 NCs containing DXM or PDXM, or free DXM or PDXM were

added at different concentrations and incubated for 24 h.

Analysis of Cytotoxicity and Cellular Uptake of SiO2 NCs and Cytokine

Secretion. Toxicity and uptake of SiO2 NC formulations by NPCs were analyzed by

propidium iodide (PI; BD Pharmingen) staining (5 µL per sample) and subsequent
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flow cytometric quantification (BD LSR II) of PI and NC positive cells. Interleukin-6

(IL-6) levels in cell culture supernatants were analyzed using an enzyme-linked

immunosorbent assay kit (ThermoFisher) according to manufacturer’s instructions. .

3.1.7 Analytical tools

1H NMR spectra were measured at 300 MHz on a Bruker Avance 300

Spectrometer with deuterated water as solvent. 1H NMR spectra were processed with

the MestReNova 9.0.1-13254 software. The 1H kinetics (200 experiments, D1 of 10s,

sweep width 17000 Hz), COSY (17000 Hz, 90° pulse 9 ms, 298K),

NOESY, 1H,13C-HSQC (1J - (1H-13C) 145 Hz) and the DOSY (Diffusion Ordered

Spectroscopy)1 experiments with water suppression (stebpgp1s19) were executed with

a 5 mm TXI 1H/13C/15N z-gradient probe and a gradient strength of 5.516 [G/mm] on

the 850 MHz spectrometer. The gradient strength was calibrated the diffusion

coefficient of a sample of 2H2O/1H2O at a defined temperature of 298K and compared

with the literature. The gradient strength was varied in 32 steps from 2 % to 100 %

and for each gradient 64 number of scans was used. The diffusion time d20 was

optimised to 50 ms and the gradient length p30 was kept at 1.4 ms. The temperature

was defined with a standard 1H methanol NMR sample. The control of the

temperature was realized with a VTU (variable temperature unit) and an accuracy of

+/- 0,1K, which was checked with the standard Bruker Topspin 3.6 software. For the

1H NMR measurement of the PDXM7k in acidic solution, 10 mg PDXM7k powder

was dissolved in acetate buffer solution at pH 5.4 and incubated at 37 oC for 48 h. The

solution was then freeze-dried and the obtained powder was dissolved in deuterated
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water (99.9 atom % D). For the kinetics study of degradation, the PDXM7k polymer

was acidified by adding hydrochloride solution to pH below 5.5 and the mixture was

subjected to the NMR immediately. The degradation process was monitored for 20 h.

Gel permeation chromatography (GPC) measurements were performed to

determine the apparent molecular weight of the synthesized polymer prodrugs and

their molar weight distribution. The polymers were first dissolved in water to reach a

concentration of 5 mg/mL and were then filtered through a 0.45 μm Teflon filter. The

measurements were performed on a Waters 515 pump with a refractive index detector

(ERC RI 101). Three columns (0.8 × 30 cm, 10 µm) with different porosities (106, 104

and 500 Å) from SDV (PSS, Germany) were used at room temperature. The elution

rate of water was 1.0 mL/min. The resulting apparent molecular weights were

calculated using poly(ethylene oxide) with narrow molecular weights as standards.

The UV-Vis absorption spectra of DXM and PDXM were obtained using a UV-Vis

spectrometer (Lambda 16, Perkin Elmer). The average size and size distribution of

SiO2 NCs were measured by dynamic light scattering (DLS) at 25 °C on a Nicomp

380 submicron particle sizer (Nicomp Particle Sizing Systems, USA) at a fixed

scattering angle of 90°. For the determination of the size of PDXM, dynamic light

scattering measurements were performed on an ALV spectrometer equipped with a

thermostat and consisting of a goniometer and an ALV-5004 multiple-tau full-digital

correlator (320 channels). A He-Ne Laser operating at a laser wavelength of 632.8 nm

was used as light source. Measurements were performed at 20 °C at different angles

ranging from 30° to 150°. PDXM were dissolved at a concentration of 2 mg/mL were



137

used for the measurement. The aggregation behavior of the SiO2 NC-PDXM in blood

plasma was studied by multi-angle DLS using a method reported previsouly.160

Multiangle DLS measurements were performed using an instrument from ALV

(Langen, Germany) with an electronically controlled goniometer and an ALV-5000

multiple � full-digital correlator with 320 channels for measurements in the range

between 10-7 s and 103 s. The source of light was a helium- neon laser of the Type

1145 P from JDS Uniphase (Milpitas, USA) with 632.8 nm wavelength and 25 mV

output power. Before the measurements, PBS or undiluted human plasma was filtered

through Millex-LCR filters (Merck Millipore, Billerica, USA) with 450 nm pore size

into quartz cuvettes with an inner radius of 9 mm for light scattering from Hellma

(Müllheim, Germany). 10 µL of SiO2 NC-PDXM100k dispersion (solid content: 0.2

wt%) was pipetted unfiltrated in a light scattering cuvette containing 200 µL

undiluted human plasma. The mixture was then diluted with filtered PBS up to 1 mL

total sample volume in the light scattering cuvette. Prior to use, the quartz cuvettes

were cleaned with acetone using a Thurmond apparatus. For DLS analysis of the SiO2

NCs alone, 10 µL of the SiO2 NC-PDXM100k solution (0.2 wt%) was added (without

filtration) in 990 µL of filtered PBS. Plasma alone was prepared by adding 800 µL of

PBS to 200 µL undiluted human plasma. After mixing, the samples were incubated

for 20 min on a shaker at room temperature (20 °C) prior to the measurement. DLS

measurements were performed at 20 °C. For data analysis, a robust multicomponent

fit method previously reported was used.160
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The morphology of nanocapsules was characterized with a JEOL 1400 (JEOL

Ltd., Tokyo, Japan) transmission electron microscope (TEM) operating at an

accelerating voltage of 120 kV. Typically, the samples were prepared by diluting the

dispersions in demineralized water to obtain a solid content of  0.01 wt%. One drop

of diluted dispersion was placed on 300 mesh carbon-coated copper grids and left to

dry overnight at room temperature. Scan electron microscope (SEM) measurements

were performed with a Gemini 1530 (Carl Zeiss AG, Oberkochem, Germany) field

emission scanning electron microscope at an accelerating voltage of 170 V. Samples

were prepared by diluting dispersions in demineralized water to obtain a solid content

of  0.01 wt%. One drop of diluted dispersion was deposited on silica wafers and left

to dry. Nitrogen adsorption–desorption measurements were carried out on a

Quantachrome Autosorb-1 analyzer (Boynton Beach, FL) at 77.3 K. The capsule

dispersions were freeze-dried for 48 h and degassed at 70 °C for 12 h under high

vacuum before measurements. The specific surface area was calculated using the

Brunauer-Emmett-Teller (BET) equation based on adsorption data points in the P/P0

range of 0 < P/P0 < 0.25. Pore size distributions were estimated from adsorption

branches of the isotherms using the Barrett-Joyner-Halenda (BJH) method. The

fluorescence intensity of the FITC labeled SiO2 NCs was measured on an Infinite

M1000 plate reader (Tecan, Austria), for which 96-well plates were used. Prior to

HPLC analysis (Agilent Technologies 1200 Series) at 20 °C, samples were filtered

gently through a 0.45 μm filter. DXM was detected with a photodiode array detector

at 240 nm. An Agilent Eclipse plus C18 column was used with a flow rate of 1 mL/
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min. The gradient was composed of acetonitrile/water with 0.1% trifluoroacetic acid,

starting with 20%/80% and reaching 100% acetonitrile after 10 min. Sample

(PDXM100k@pH=5.4) was prepared by incubating PDXM100k in acetate buffer

solution at pH 5.4 sealed in a dialysis bag with a molecular weight cut-off of 14 kDa

for 48 h. The dialysis medium was taken for HPLC measurements.

DXM-hexanohydrazide conjugate was synthesized as follows. DXM (1.55 g, 3 mmol)

and hexanohydrazide (26.0 mg, 2 mmol) were first dissolved in milli-Q water (25

mL). Acetic acid (2.5 mL) was added to the solution. The mixture was purged with

argon and stirred at 50 °C for 96 h. The mixture (DXM-hexanohydrazide and

unreacted DXM) powder was then obtained by freeze-drying the obtained solution

and the product was measured by HPLC.

3.2 Experimental details for Section 2.2

3.2.1 Materials

Albumin from chicken egg white (OVA, grade VII), dextran (average mol wt

9,000-11,000), phosphate-buffered saline (PBS), Dimethyl sulfoxide (DMSO, ≥99%)

and polyvinyl alcohol (PVA, average mol wt 13-27 kDa, 87-89% party hydrolyzed)

were purchased from Sigma Aldrich. Sodium chloride (100%), cyclohexane (HPLC

grade) and dichloromethane (DCM, HPLC grade) were supplied by VWR (Radnor,

USA). The oil soluble surfactant poly((ethylene-co-butylene)-b-(ethylene oxide)),

P(E/B-b-EO), consisting of a poly(ethylene-co-butylene) block (Mw = 3,700 g/mol)

and a poly(ethylene oxide) block (Mw = 3,600 g/mol) was synthesized starting from

ω-hydroxypoly-(ethylene-co-butylene), which was dissolved in toluene after addition
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of ethylene oxide via anionic polymerization.246 The anionic surfactant sodium

dodecyl sulfate (SDS, 99%) was purchased from Alfa Aesar (Heysham, UK). The

Cy5-labeled oligonucleotide with the sequence Cyanine5-5′- CCA CTC CTT TCC

AGA AAA CT was purchased from IBA GmbH (Göttingen, Germany). Resiquimod

(R848) and muramyl dipeptide (MDP) were obtained from Invivogen (Toulouse,

France). All other chemicals were purchased from Sigma-Aldrich and used as

received.

3.2.2 Synthesis of Dex-NPs

Spermine-functionalized and acetalated dextran (Sp-Ac-Dex) was synthesized as

described by Fréchet et al..191 Sp-Ac-Dex particles were prepared using a double

emulsion method, using a probe sonicator (Bandelin Ultrasonic Homogenisator

Sonolus UW 70, Berlin, Germany). For this, 10 mg Sp-Ac-Dex was dissolved in

800 μL DCM and 100 μL PBS or 70 μg R848/MDP in 100 μL PBS was added for the

first sonication step of 10s. Then 4 mL polyvinyl alcohol (PVA) solution (3% w/w in

PBS) was added and the secondary water-in-oil-in-water emulsion was performed by

sonication for 20 s. The resulting double emulsion was stirred overnight to remove all

DCM by evaporation. Dex-NP were purified by ultracentrifugation (45.000 × g,

20 min, 20 °C) and washed with H2O (pH 8, dd). Before lyophilization 100 μL PVA

solution (0.3% w/w in dd-H2O pH 8) was added as cryoprotectant. The particle yield

based on the initial Sp-Ac-Dex material was at 45%.

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/anionic-surfactants
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/sodium-dodecyl-sulfate
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/sodium-dodecyl-sulfate
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3.2.3 Characterization of Dex-NPs

The size of the Dex-NPs was determined by nanoparticle tracking analysis (NTA)

with a NanoSight LM 10 microscope (Malvern Instruments, Herrenberg, Germany)

equipped with a green laser (532 nm) and a sCMOS camera. All Dex-NP samples

were measured after sonication (Bandelin Sonorex RK 102H) for 20s at

concentrations of approximately 2 μg/mL in PBS (purified through a 0.22 μm filter).

Dex-NP movements were recorded as videos of 30 s at 25 °C. The size calculation

was performed with NTA software 3.0 build 0068 (Malvern Instruments).

3.2.4 Quantification of encapsulated MDP-FITC and R848 in

Dex-NPs

The particles (10 mg per mL) were dissolved in 0.3 M acetate buffer pH 5 and

incubated for 24 h. The content of MDP-FITC and R848 was analyzed by

fluorescence spectroscopy using a Tecan Infinite M200 Pro microplate reader

(Männedorf, Switzerland; MDP-FITC Ex. 495 nm, Em. 525 nm; R848 Ex. 260 nm,

Em. 360 nm). The concentration of encapsulated MDP-FITC and R848 was calculated

with a calibration curve in the range of 0.0625 μg/mL to 10 μg/mL.

3.2.5 Synthesis of OVANCs

50 mg albumin and 7.2 mg NaCl were dissolved in 0.4 g demineralized water,

followed by addition of 100 µL Cy5-Oligo solution. 35.7 mg of P(E/B-b-EO)

surfactant was dissolved in 7.5 g cyclohexane and added to the aqueous phase under

stirring at 500 rpm. The emulsion was then sonicated in the presence of ice cooling

for 180 s at 70% amplitude in a pulse regime (20 s sonication, 10 s pause) using a
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Branson 450W sonifier. A solution containing 10.7 mg P(E/B-b-EO) and 11.4 mg

TDI in 5 g of cyclohexane was then added dropwise over a period of 2 min to the

miniemulsion. The mixture was stirred at 25 °C for 24 h. The dispersion was purified

by several centrifugations (3 × 60 min, 30,000 rpm) to remove excess surfactant. For

transferring the nanocapsules into aqueous media, 600 µL of OVA NC dispersion in

cyclohexane were added dropwise to 5 g of SDS aqueous solution (1 wt%) under

mechanical stirring, and the samples were placed in an ultrasound bath for 3 min at 25

°C (25 kHz). The samples were stirred openly at 25 °C for 24 h to evaporate

cyclohexane. Subsequently, excess SDS was removed via four centrifugation steps

replacing the supernatant with demineralized water.

For loading of the OVA nanocapsules with R848 and MDP, respectively, 70 μL

R848 (10 mg/mL in DMSO) and 250 μL MDP (10 mg/mL in water) were used and the

amount of water reduced accordingly to maintain 500 μL of total volume.

3.2.6 Characterization of OVANCs

The morphology of OVA NCs was characterized with a JEOL 1400 (JEOL Ltd.,

Tokyo, Japan) TEM operating at an accelerating voltage of 120 kV. Typically, the

samples were prepared by diluting the dispersions in demineralized water to obtain a

solid content of  0.01 wt%. 20 μL of diluted dispersion was placed on 300 mesh

carbon-coated copper grids and left to dry overnight at room temperature. SEM

measurements were performed with a Gemini 1530 (Carl Zeiss AG, Oberkochem,

Germany) field emission scanning electron microscope at an accelerating voltage of

170 V. Samples were prepared by diluting dispersions in demineralized water to
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obtain a solid content of  0.01 wt%. 20 μL of diluted dispersion was deposited on

silica wafers and left to dry.

The average size and size distribution of OVA NCs was measured by DLS. The

measurements were performed at 25 °C using a Nicomp 380 submicron particle sizer

(Nicomp Particle Sizing Systems, Port Ritchey, USA) at an angle of 90°.

Zeta potential of OVA NCs was measured using in 10-3 M potassium chloride

solution at pH 6.8 and 25 °C with the Malvern Zeta sizer (Malvern Instruments).

3.2.7 Quantification of encapsulated MDP-Alexa 488 and R848 in

OVANCs

The supernatants of the nanocapsule dispersions were separated from the

capsules by using a centrifugal filter with molecular weight cut-off of 100 kDa

(Merck Millipore, Darmstadt, Germany). The residue pellets of OVA NC were

redispersed into 2 mg/mL of trypsin in PBS buffer and incubated for 24 h. The

concentration of R848 was analyzed by measuring its characteristic absorbance at

λ = 325 nm by using UV-Vis spectrometer (Lambda 16, Perkin Elmer, Waltham,

USA). The concentration of R848 was calculated with a calibration curve in the range

of 0.01 to 1 mg/mL. To determine MDP encapsulation, we modified it with an Alexa

Fluor 488 5-SDP ester, following the manufacturer's instructions (Thermo Fisher

Scientific, Waltham, USA), prior to capsule synthesis. The content of MDP-Alexa

488 was measured by using a plate reader (Ex. 498 nm, Em. 519 nm) similarly as

described above. A calibration curve in the range of 0.34 to 2.26 μg/mL was used.

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/capsule
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/molecular-weight-cut-off
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/trypsin
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ester


144

3.2.8 Biological experiments

Mice. C57BL/6 and transgenic OT-I and OT-II (both C57BL/6 background)

mice were bred and maintained in the Translational Animal Research Center of the

University Medical Center Mainz under pathogen-free conditions on a standard diet.

The recommendations of the Guide for the Care and Use of Laboratory Animals by

the National Institutes of Health were followed. CD8+ OT-I T cells recognize

OVA257–264 peptide in the context of H-2Kb, and CD4+ OT-II T cells are specific

for OVA323–339 peptide in the context of H-2 I-Ab and I-Ad.

Bone marrow-derived DCs. BMDC were differentiated from bone marrow

progenitors (BM cells) of 8- to 10-week-old C57BL/6 mice as described by Bros et

al..253 Briefly, the bone marrow was obtained by flushing the femur, tibia, and hip

bone with Iscove's Modified Dulbecco's Medium (IMDM) containing 5% FCS

(Sigma-Aldrich) and 50 μM β-mercaptoethanol (Roth, Karlsruhe, Germany). For the

analysis of DC maturation and nanoparticle uptake/binding and degradation via flow

cytometry the BM cells (2 × 105 cells/1.25 mL) were seeded in 12 well suspension

culture plates (Greiner Bio-One, Frickenhausen, Germany) with culture medium

(IMDM with 5% FCS, 2 mM l-Glutamine, 100 U/mL penicillin, 100 μg/mL

streptomycin [all from Sigma-Aldrich], and 50 μM β-mercaptoethanol), supplemented

with 5% of GM-CSF containing cell culture supernatant derived from X63.Ag8–653

myeloma cells stably transfected with a murine GM-CSF expression construct.254 On

day 3500 μL of the same medium was added into each well. On day 6, 1 mL of the old

medium was replaced with 1 mL fresh medium per well. For other DC based assays
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the BM cells (2 × 106 cells/10 mL) were seeded on bacterial dishes (Ø 94 mm; Greiner

Bio-One). On day 3 and 6, an additional 5 mL of culture medium was added into

these dishes. Aliquots of non-adherent and loosely adherent immature BMDC (iDCs)

were harvested on day 7 of culture and were reseeded (106 cells/mL) in wells of 24

well (for T cell proliferation assays) and 48 well (for cytometric bead arrays)

tissue-culture plates (Greiner Bio-One), respectively. On day 7, BMDC were treated

with pharmacological agents and nanoparticle formulations as indicated in the figure

legends. Before usage, all nanoparticle solutions were checked for endotoxin

contaminations by limulus amebocyte lysate (LAL) assay (Thermo Fisher Scientific)

according to the manufacturer's instructions.

Spleen cell culture. Spleens from C57BL/6 mice were removed and

erythrocytes within the spleen cell suspension were lyzed with hypotonic buffer

(155 mM NH4Cl, 10 nM KHCO3, 100 μM EDTA-disodium, pH 7.4). For flow

cytometry analysis, freshly isolated spleen cells were seeded on 24 well suspension

culture plates (Greiner Bio-One) in a volume of 1 mL culture medium (IMDM with

5% FCS, 2 mM l-Glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, and

50 μM β-mercaptoethanol). Spleen cells were treated with pharmacological agents

and nanoparticle formulations as indicated in the figure legends.

Cell viability staining. Viability of nanoparticle-treated BMDC was assessed by

incubation of iDCs (1 × 106 cells/1 mL) with the highest nanoparticle concentrations

used in the other experiments (OVA-nanocapsules: 150 μg/mL; dextran-nanoparticles:

100 μg/mL) for 24 h. Afterwards, samples were transferred to Hank's Balanced Salt
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solution (HBSS, Thermo Fisher Scientific) buffer and staining with AF647-labeled

Annexin-V (Biolegend, San Diego, USA) to assess surface-exposed

phosphatidylserine of apoptotic cells, and 7-aminoactinomycin (7AAD) (BD

Biosciences, Heidelberg, Germany) that enters necrotic/late apoptotic cells to

intercalate chromosomal DNA. The samples were incubated on ice and measured by

flow cytometry (see below) within 30 min.

Flow cytometry assay. To detect cell-nanoparticle-interaction and to analyze the

expression of surface markers, cells were harvested and washed in staining buffer

(phosphate buffer saline [PBS]/2% FCS). To block Fc receptor-mediated staining,

cells were incubated with rat anti-mouse CD16/CD32 Ab (clone 2.4G2), purified

from hybridoma supernatant, for 15 min at room temperature. After that, cells were

incubated with eFluor450-conjugated Ab specific for MHC class II I-Ab,d,q/I-Ed,k

(clone M5/114.15.2), fluorescein isothiocyanate (FITC)-labeled Ab directed at CD80

(clone 16-10A1), phycoerythrin (PE)- or PE-Cy7-conjugated anti-CD86 (clone GL-1),

allophycocyanine-, FITC- or PE-Cy7-labeled anti-CD11c (clone N418),

PE-Cy7-conjugated Ab specific for CD3 (clone 145-2C11) (all from eBioscience, San

Diego, USA), PE-labeled anti-CD19 (clone 1D3) (BD Biosciences) and anti-CD68

(clone FA-11) (Biolegend) for 30 min at 4 °C. Samples were measured with a BD

FACS Canto II flow cytometer equipped with BD FACSDiva software (BD

Biosciences). Data were generated based on defined gating strategies and analyzed

using FlowJo software (FlowJo, Ashland, USA).
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Cytometric bead array. Cytokine levels in BMDC culture medium and

BMDC/T cell co-culture supernatants were analyzed using a Cytometric Bead Array

(CBA) (BD Biosciences). The following cytokines were measured: IL-1β, IL-5, IL-6,

IL-10, IL-12p70, IL-17, interferon gamma (IFN-γ), and tumor necrosis factor alpha

(TNF-α). The assay was performed according to the manufacturer's instructions.

Confocal imaging. Intracellular degradation of OVA-DQ-nanocapsules (green)

was monitored by Confocal Laser Scanning Microscopy (cLSM). To this end, BMDC

(3 × 105 cells) on day 7 of culture were seeded in chamber slides (Thermo Fisher

Scientific) and treated with 150 μg/mL OVA-DQ-nanocapsules for 3 h at 37 °C. After

that, the chamber slides were washed, and the samples were incubated with DAPI

(Sigma-Aldrich) to stain the cell nuclei (blue). Unbound dye was washed off.

Immediately before the imaging, Cell Mask Orange (Thermo Fisher Scientific) was

added to stain cell membranes (red). Samples were assayed using a Zeiss LSM 710

(Carl Zeiss) and analyzed using ImageJ (NIH, Bethesda, USA) and ZEN 2009 (Carl

Zeiss) software.

T cell proliferation assay. iDCs (106 cells/mL) were incubated with

OVA-nanocapsules in 24 well tissue-culture plates for 12 h. Afterwards, some

samples were stimulated with LPS (100 ng/mL). After 6 h of additional incubation, all

BMDC samples were harvested and thoroughly washed. Splenic OT-I and OT-II T

cells were enriched by nylon wool adherence as described.255 T cells (5 × 104) were

co-cultured with serially diluted BMDC (starting with 104) in triplicates in a volume

of 0.2 mL of culture medium on 96 well tissue-culture plates (Greiner Bio-One) for
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four days. T cell proliferation was assessed as genomic incorporation of [3H]

thymidine (0.25 μCi/well) added for the last 16 h of culture. Cells were harvested onto

glass fiber filters (PerkinElmer) and retained radioactivity was measured in a liquid

scintillation counter (1205 Betaplate, LKB Wallac, Turcu, Finland).

Statistical analysis. Data are presented as means ± SEM of the values. Data

were analyzed by applying Student's t-test using GraphPad Prism 5.01 (GraphPad

Software, La Jolla, USA). A p value of <0.05 was considered to be statistically

significant.

3.3 Experimental details for Section 2.3

3.3.1 Materials

Albumin from chicken egg white (lyophilized powder, ≥98%, Sigma Aldrich),

sodium chloride (NaCl, ≥99.0%, Sigma Aldrich), cyanine 5-5’-CCA CTC CTT TCC

AGA AAA CT (Cy5-oligo, 0.1 nmol/µL in PBS buffer, IBA Lifesciences),

cyclohexane (HPLC grade, VWR), 2,4-toluene diisocyanate (TDI, 99%, Sigma

Aldrich), sodium dodecyl sulfate (SDS, 99%, Alfa Aesar), styrene (99%, Acros),

2,2'-azobis(2-methyl butyronitrile) (V59, ≥98%, Sigma Aldrich), 2-aminoethyl

methacrylate hydrochloride (90%, Sigma Aldrich), hexadecane (99%, Sigma Aldrich),

cetyltrimethylammonium chloride (99%, Acros Organics), and isocyanate-mPEG

(PEG molecular weight = 2 kDa, 3.4 kDa, and 5 kDa, Nanocs, USA) were used as

received. Hydroxyethyl starch (HES, 200 kDa, degree of substitution of 0.5) was

bought from Fresenius Kabi, dialyzed against Milli-Q water for 4 days (MWCO = 14

kDa), and subsequently freeze-dried. The surfactant
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poly((ethylene-co-butylene)-block-(ethylene oxide)), P((E/B)-b-EO), consisting of a

poly(ethylene-co-butylene) block (NMR: Mn= 3900 g/mol) and a poly(ethylene oxide)

block (NMR: Mn = 2700 g/mol) was synthesized according to a reported procedure.256

Milli-Q water was used for the synthesis of nanocapsules.

3.3.2 Synthesis of PEGylated PS NPs

An aqueous solution was prepared by dissolving cetyltrimethylammonium

chloride (527 mg, 1.46 mmol) as surfactant and 2-aminoethyl methacrylate

hydrochloride (547 mg, 3.32 mmol) in 72.0 g Milli-Q water. Then, a solution

containing distilled styrene (17.1 g, 164 mmol), hexadecane (792 mg, 2.77 mmol),

BODIPY-methacrylate257 (0.173 g, 0.04 mmol), and 2,2'-azobis(2-methyl butyronitrile)

(V59) (301 mg, 1.56 mmol) was prepared. Both phases were made homogenous by

mechanical stirring and the continuous phase was added slowly to the stirring

dispersed phase. The pre-emulsion was stirred at 500 rpm for 1 h. The mixture was

then ultrasonicated with a 450W Branson Sonifier (1/2’ tip) for 3 min at 90%

amplitude under ice cooling. The miniemulsion was transferred into a 50 mL flask and

stirred in an oil bath at 72 °C for 12 h. The dispersion was then purified by

centrifugation (6 × 90 min, 15000 g). The supernatant was removed and the pellets

were re-dispersed in Milli-Q water.

For the PEGylation of PS NPs (PS-PEG NPs), 72 µL pyridine was added to 3

mL particle dispersion (1 wt%, 4.5 × 1013 particles, 2.1 × 10-6 mol NH2 groups). The

solution was stirred at 500 rpm for 20 min to obtain a pH value of 8.5. Then, a

solution of 2.5 eq. PEG5k-NHS ester (with respect to the -NH2 groups) dissolved in 1
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mL sterile Milli-Q water was added to the dispersion, and the mixture was stirred at

room temperature for 24 h at 500 rpm. The dispersion was purified by repetitive

centrifugation steps (3 × 60 min, 30, 000 rpm). The supernatants were discarded and

the pellets were re-dispersed in water. The volume of final dispersion was adjusted

with water to obtain nanoparticle dispersions with a solid content of 1 wt%.

3.3.3 Synthesis of PEGylated HES NCs

The HES-NCs were synthesized in an inverse (water-in-oil) miniemulsion. The

dispersed phase consisted of HES (130 kDa, 130 mg), NaCl (20 mg), and a Cy5-oligo

solution (100 µL, 0.1 nmol/µL) dissolved in sterile water (370 µL). A solution of

cyclohexane (7.5 g) containing P(E/B-b-EO) (100 mg) was added to the dispersed

phase. After stirring at 500 rpm for 30 min, the emulsion was subjected to

ultrasonication under ice cooling with a Branson W450-D sonifier equipped with a ½

inch tip for 3 min in a pulse-phase regime of 20 s pulse and 10 s pause and an

amplitude of 70%. A solution of TDI was prepared by adding 100 mg TDI to a

solution containing 5 g cyclohexane and 30 mg P(E/B-b-EO). The TDI solution was

then added dropwise with a syringe to the emulsion in 3 min. The emulsion was

stirred at 1000 rpm at 25 °C for 24 h in an oil bath.

For the PEGylation of HES-NCs (HES-PEG NCs), 2.5 mL of the nanocapsule

dispersion in cyclohexane was centrifuged at 3000 rpm for 30 min to remove the

excess of surfactant before surface functionalization. The upper phase was removed,

while the precipitate was redispersed in 5 mL anhydrous cyclohexane. The dispersion

was subjected to ultrasonication with a Branson W450-D sonifier equipped with a
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cooling bath for 30 s (10%, 10 s pulse, 10 s pause). Another 3 mL cyclohexane was

added to the dispersion for dilution. 64 mg of monoisocyanate-PEG (5 kDa) was

dissolved in 0.8 mL dry acetone and this solution was added to the dispersion while

stirring at 700 rpm and 25 °C. After stirring for 4 h, the nanocapsules were

centrifuged at 4000 rpm to remove non-reacted PEG and the pellet was redispersed in

500 µL cyclohexane. 5 mL of 0.1 wt% SDS solution was placed in a sonication bath

(Bandelin Sonorex, type RK 52H) during slow addition of 500 µL nanocapsule

dispersion in cyclohexane. The whole dispersion was stirred at 1000 rpm at room

temperature in an open vial to allow evaporation of cyclohexane and hydrolysis of the

remaining isocyanate groups to primary amines. Finally, the dispersion was dialyzed

against sterile water (MWCO 14 kDa) for 2 days. The PEG density was determined

by 1H NMR spectroscopy. A known amount of freeze-dried nanocapsules was

dispersed in 700 µL D2O and acetonitrile was used as internal standard.

3.3.4 Synthesis of PEGylated OVANCs

The OVA-NCs were synthesized in an inverse (water-in-oil) miniemulsion. First,

the water phase was prepared by dissolving 50 mg ovalbumin and 7.2 mg NaCl in 0.4

g Milli-Q water, followed by addition of 100 µL Cy5-oligo solution. Separately, the

continuous phase was prepared by dissolving 35.7 mg of P(E/B-b-EO) surfactant in

7.5 g cyclohexane. The continuous phase was poured to the aqueous phase under

stirring at 500 rpm. The pre-emulsion was then homogenized by ultrasonication for

180 s (30 s ultrasonication, 10 s pause) with ice cooling at 70% amplitude using a

Branson 450W sonifier and a 1/2’ tip. Separately, 10.7 mg P((E/B)-b-EO) was
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dissolved in 5 g cyclohexane and 12 mg TDI was added to the solution. The TDI

solution was added dropwise to the obtained miniemulsion in 5 min and the reaction

was proceeded for 24 h at 25 °C. Afterwards, excessive surfactant was removed from

the dispersion by repetitive centrifugation and replacement of the supernatant with

fresh cyclohexane.

For the PEGylation of OVA-NCs, 2.5 mL OVA-NC dispersion (as synthesized)

was purified by centrifugation for 30 min at a RCF of 1664 and redispersed in

anhydrous cyclohexane to remove excess surfactant. The dispersion was then

sonicated for 30 s at 10% amplitude in a pulse regime (5 s sonication, 5 s pause) to

hinder aggregation. Afterwards, 2.5 mL anhydrous cyclohexane was added to the

dispersion under stirring at 500 rpm and 25 °C. Different amounts of

monoisocyanate-mPEG (16 mg PEG for OVA-PEG2k0.2, 32 mg PEG for

OVA-PEG2k0.5, 128 mg PEG for OVA-PEG2k2.5, 27 mg PEG for OVA-PEG3.4k0.2,

54 mg PEG for OVA-PEG3.4k0.8, 40 mg PEG for OVA-PEG5k0.2) were dissolved in

800 µL anhydrous acetone and the solution was added dropwise to the nanocapsule

dispersion. The reaction was allowed to proceed for 4 h, followed by centrifugation at

3000 rpm for 30 min (Eppendorff centrifuge 5417C) to remove non-reacted PEG. The

pellets were re-dispersed in 600 µL cyclohexane.

600 µL of dispersions in cyclohexane were added dropwise to 5 g SDS aqueous

solution (0.1 wt%) under stirring and the samples were transferred to an ultrasound

bath for 3 min at 25 °C (25 kHz). The samples were then stirred for 24 h at 25 °C to

evaporate the cyclohexane in open vials. To further remove non-reacted PEG and
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excess of SDS, the dispersions were then purified by dialysis (MWCO of 100 kDa)

and centrifugation (3 × 30 min, RCF 1664 g) using a centrifugal filter (MWCO = 100

kDa). The supernatant from the last centrifugation of OVA-PEG2k2.5 dispersions was

freeze-dried and kept for 1H NMR spectroscopy measurements.

3.3.5 Quantification of PEG chains grafted on NCs

The PEGylated NC dispersions were freeze-dried and redispersed in D2O at the

concentration of 1 mg/mL for the 1H NMR measurement. A coaxial set-up was used

where an inner glass tube containing 5 wt% dichloromethane (DCM) in deuterated

DCM was used as the reference (see Figure S31a).102, 133 The average number of PEG

chains per NC and chains per nm2 surface were calculated from 1H NMR spectra.

Integration of the resonance corresponding to ethylene glycol units (δ = 3.5~3.6 ppm)

was compared with signal of external standard DCM at δ = 5.5 ppm to quantify the

number of ethylene glycol units in the dispersion. The number of NCs in the

dispersion was calculated based on the solid content of the dispersion, hydrodynamic

diameter of the NCs, density of ovalbumin, and mass ratio between ovalbumin and

water in the NCs with the consideration that the OVA-NCs have a core-shell structure,

which contains water in the core. Therefore, only the weight of shell materials and

grafted PEG chains was measured during the determination of solid content of the

dispersions by the freeze-drying method. A standard curve was plotted from the

measurement of a series of NCO-PEG2k solution in D2O with concentrations from

0.1 to 1 mg/mL for describing the relationship between PEG concentration and the

ratio of the integral between the -CH2CH2- protons in PEG and the protons from
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DCM.

3.3.6 Protein corona studies

Purification of Hard Protein Corona. Nanocapsules (with totally calculated

surface area of 0.05 m2) were incubated with 1 mL of human plasma at 37 °C for 1 h.

Hard corona coated nanocapsules were centrifuged (20 000 g, 30 min, 4 °C) and

washed with 1 mL PBS solution. This step was repeated three times. To detach the

hard corona proteins from the nanocapsule surface, 100 µL of an aqueous solution

containing 2 wt% SDS supplemented with 62.5 mM Tris-HCL was added and the

sample was incubated for 5 min at 95 °C. After centrifugation, the supernatant

containing hard corona proteins was isolated and the protein concentration was

analyzed by Pierce 660 nm Protein Assay (Thermo Fisher, Germany) according to

manufacturer’s instructions.

SDS-PAGE of the Hard Protein Corona. The hard corona proteins (2 µg in

26 µL) were incubated with sample buffer (10 µL) and reducing agent (4 µL) for

10 min at 70 °C. The SDS-PAGE was run at 120 mV for 1 h and protein bands were

visualized by the SilverQuest Silver Staining Kit (all components from Thermo Fisher,

Germany) according the manufacturer’s instructions.

Digestion in Solution. Prior to protein digestion, SDS was removed via Pierce

detergent removal columns (Thermo Fisher, Germany). Tryptic digestion was carried

out according to a previously reported protocol.242, 243, 258 Briefly, proteins were

precipitated using ProteoExtract protein precipitation kit (Merck Millipore, Germany)

according to manufacturer’s instructions. The protein pellet was resuspended in
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RapiGest SF (Waters, USA) dissolved in 50 mM ammonium bicarbonate (Sigma

Aldrich, Germany) and further incubated at 80 °C for 15 min. Proteins were reduced

with dithithreitol (5 mM, Sigma Aldrich, Germany) for 45 min at 56 °C and alkylated

with idoacetoamide (15 mM, Sigma Aldrich, Germany) for 1 h in the dark. Tryptic

digestion was carried out with a protein:trypsin ratio of 50:1 for 16 h at 37 °C.

Digestion was stopped by adding 2 µL hydrochloric acid (Sigma Aldrich, Germany).

The sample was centrifuged (14 000 g, 15 min, 4 °C) to remove degradation products

of RapiGest SF.

Liquid Chromatography-Mass Spectrometry (LC-MS). For absolute protein

quantification, 50 fmol of Hi3 EColi Standard (Waters, USA) was added to the

peptide samples. A nanoACQUITY UPLC system equipped with a C18

nanoACQUITY Trap Column (5 µm, 180 µm × 20 mm, Waters, USA) and C18

analytic reversed phase column (1.7 µm, 75 µm × 150 mm, Waters, USA) was used

for peptide separation and coupled to a Synapt G2-Si mass spectrometer (Waters,

USA). Electrospray ionization (ESI) was carried in positive ion mode using a

nanoLockSpray source. The mass spectrometer was operated in resolution mode

performing data-independent experiments (MSE). Acquired data was processed with

MassLynx 4.1 and proteins were identified with Progenesis QI using a reviewed

human data base downloaded from Uniprot. For absolute protein quantification the

peptide sequence of Hi3 Ecoli standard (Chaperone protein CLpB, Water, USA) was

added to the database and the amount of each protein was calculated based on the

TOP3/Hi3 approach.259
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3.3.7 Cellular uptake studies

Generation of Bone-Marrow-Derived Dendritic Cells. Bone marrow-derived

dendritic cells (BMDCs) were differentiated from bone marrow progenitors of 8- to

10-weeks old C57BL/6 mice as described by Bros et al.260 Initially, the mice were

sacrificed by cervical dislocation and cleaned with ethanol. Both femur and tibia

bones as well as the Os Ilium were removed by carefully peeling off the fur from the

knee joint up to the back and dissecting the legs. BM cells were obtained by flushing

the isolated bones with washing buffer (Iscove’s Modified Dulbecco’s Solution,

IMDM; Sigma Aldrich, Deisenhofen, Germany) supplemented with 5% fetal calf

serum (FCS; Sigma Aldrich) and 50 µM β-mercaptoethanol (Roth, Karlsruhe,

Germany). Potential bone fragments were removed with a cell strainer (Greiner

Bio-One, Frickenhausen, Germany). Following centrifugation (300 × g, 10 min, 4 °C),

the cell pellet was resuspended in 1 mL lysis buffer (pH 7.4, 155 mM NH4Cl, 10 nM

KHCO3, 100 µM EDTA-Na2) to eliminate erythrocyte contamination via osmotic

shock. After stopping the lysis by adding 49 mL washing buffer, the cells were

centrifuged again as described before. The cells were then counted with a Neubauer

chamber and the cell concentration adjusted to 2 × 106 BM cells per mL. To analyze

nanoparticle interaction via flow cytometry, the BM cells were seeded in 12 well

suspension culture plates (Greiner Bio-One) with BMDC culture medium (IMDM

supplemented with 5% FCS, 50 µM β-mercaptoethanol, 2 mM L-glutamine, 100

U/mL penicillin, 100 µg/mL streptomycin (all from Sigma Aldrich) and 5% GM-CSF

(granulocyte-macrophage colony-stimulating factor; derived from X63.Ag8-653
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myeloma cells stably transfected with murine GM-CSF expression construct 261) with

2 × 105 cells per 1.25 mL, and cultured at 37 °C and 10% CO2. At day 3, 500 µL of

the same medium was added into each well. On day 6, 1 mL of the old medium was

replaced with 1 mL fresh medium per well. On day 7, the BMDCs differentiation was

complete and the cells were treated with nanoparticular formulations directly in the

well. Additionally, all NP formulations were tested for potential endotoxin

contaminations by Pierce LAL assay (Thermo Fisher Scientific, Waltham, USA). In

accordance with recommendations of the FDA, an endotoxin concentration of 0.5

EU/mL was considered as permitted maximum.262

Cell Viability Staining. Viability of nanoparticle-treated BMDCs was assessed

by incubating cells (1 × 106 cells/mL) with the highest nanoparticle concentration

(100 µg/mL) for 24 h. Afterwards, samples were transferred to Hank’s Balanced Salt

solution (HBSS; Thermo Fisher Scientific) buffer and staining with AF647-labeled

Annexin-V (Biolegend, San Diego, USA) to assess surface-exposed

phosphatidylserine of apoptotic cells, and 7-aminoactinomycin (7AAD) (BD

Biosciences, Heidelberg, Germany) that entered necrotic/late apoptotic cells to

intercalate chromosomal DNA. The samples were incubated on ice and measured by

flow cytometry within 30 min.

Flow cytometry. To detect cell-nanoparticle-interactions, cells were harvested

and washed in staining buffer (phosphate buffer saline [PBS]/2 % FCS). To block Fc

receptor-mediated staining, cells were incubated with rat anti-mouse CD16/CD32 Ab

(clone 2.4G2), purified from hybridoma supernatant for 15 min at room temperature.
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Afterwards, cells were incubated with eFluor450-conjugated Ab specific for MHC

class II I-Ab,d,q/I-Ed,k (clone M5/114.15.2), APC-, FITC- or PE-Cy7-labelled

anti-CD11c (clone N418) (all from eBioscience, San Diego, USA), for 30 min at 4 °C.

Samples were measured with an Attune NxT flow cytometer equipped with Attune

NxT software (Thermo Fisher Scientific, Waltham, USA). Data were generated based

on defined gating strategy and analyzed using FlowJo software (FlowJo, Ashland,

USA).

3.3.8 Biodegradability study of OVA and OVA-PEG NCs

In order to evaluate the influence of PEGylation on the biodegradability of

OVA-NCs, the release of Cy5-oligo from OVA and OVA-PEG NCs was performed by

using dialysis membranes with a molecular weight cutoff of 14 kDa. 2 mL of

dispersion of OVA and OVA-PEG NCs encapsulating Cy5-oligo were placed in a

dialysis bag that was immersed in 20 mL PBS containing 2 mg/mL trypsin at 37 °C.

2 mL of supernatants were taken from the incubation medium at given intervals and

an equal volume of fresh buffer solution was added to keep the volume constant. The

release of Cy5-oligo, which shows an absorption maximum at 649 nm and an

emission maximum at 666 nm, was quantified by infinite M1000 plate reader (Tecan,

Crailsheim, Germany). The trypsin-responsive release of Cy5-oligo from OVA and

OVA-PEG NCs was expressed as the cumulative released Cy5-Oligo. The release

experiments were performed in triplicate for each sample. To investigate the release

mechanism, the release profiles were fitted with the first order model, and a

menu-driven add-in program for Microsoft Excel written in Visual Basic.247, 248
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3.3.9 Characterization

1H NMR spectra were measured at 250 MHz on a Bruker Avance 250

Spectrometer and processed with the MestReNova 9.0.1-13254 software. Average

sizes and size distribution of NCs were measured by dynamic light scattering (DLS)

at 25 °C on a Nicomp 380 submicron particle sizer (Nicomp Particle Sizing Systems,

USA) at a fixed scattering angle of 90°. Zeta potential measurements were performed

in 10-3 M potassium chloride aqueous solution at pH 6.8 and 25 °C with Malvern Zeta

sizer (Malvern Instruments, U.K.). The morphologies of nanocapsules were

characterized with a Jeol 1400 (Jeol Ltd., Tokyo, Japan) transmission electron

microscope (TEM) operating at an accelerating voltage of 120 kV. Typically, the

samples were prepared by diluting the dispersions in demineralized water to obtain a

solid content of 0.01 wt%. One drop of diluted dispersion was placed on 300 mesh

carbon-coated copper grids (for TEM) and left to dry overnight at room temperature.

3.3.10 Calculation of surface PEG density and conformation

Derivation of the Equations for Calculating PEG Grafting Density per nm2

Surface.
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where DPEG/nm2 represents the grafting density of PEG chains per nm2 surface of

OVA-NCs, NPEG per NC represents the number of PEG chains per NC, Sper NC represents

the surface area per NC, NPEG is the total number of PEG chains in the sample for

NMR measurement, NNC is the total number of NCs in the NMR sample, mOVA-PEG is

the mass of dried OVA-PEG samples submitted to NMR measurement, MwPEG is the

molecular weight of PEG, NA is the Avogadro constant (6.02 × 1023mol-1), mOVA is the

mass of OVA-NC in the OVA-PEG sample, mper NC is the mass per NC, the use of 1/11

is due to the fact that only the OVA shell was measured after freeze drying the

core-shell capsules and the OVA counts for 1/11 of the mass of the whole capsule, and

Dh is the hydrodynamic diameter of nanocapsules.

Calculation for Determining the PEG Conformational Regime. Flory radius

(RF), grafting distance (D) and thickness of PEG layer (L) were determined using the

following equations (1-3).239

RF = αN3/5 (1)

D = 2(A/3.14)1/2 (2)

L = N(α5/3)/D2/3 (3)

where α is the monomer length (0.35 nm for PEG),229 N is the number of PEG

repeating unit, and A is the area occupied per PEG chain.

(1) For OVA:
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Hydrodynamic radius (r) = 147 nm; Surface area (SOVA) = 4×3.14×r2 = 2.71×105 nm2

(2) For OVA-PEG2k0.2:

α = 0.35 nm, N = 44 RF = aN3/5= 3.39 nm

A = 5.56 nm2 D = 2.66 nm

N = 44, α = 0.35 nm, D = 2.66 nm L =N(α5/3)/D2/3 = 44×0.17/1.92 = 3.90

nm

(3) For OVA-PEG2k0.5:

α = 0.35 nm, N = 44 RF = αN3/5= 3.39 nm

A = 1.79 nm2 D = 1.51 nm

N = 44, α = 0.35 nm, D = 1.51 nm L =N(α5/3)/D2/3 = 44×0.17/1.32 = 5.67

nm

(4) For OVA-PEG2k2.5:

α = 0.35 nm, N = 44 RF = αN3/5= 3.39 nm

A = 0.40 nm2 D = 0.72 nm

N = 44, α = 0.35 nm, D = 0.72 nm L =N(α5/3)/D2/3= 44×0.17/0.80 = 9.35 nm

(5) For OVA-PEG3k0.2:

α = 0.35 nm, N = 75 RF = αN3/5= 4.67 nm

A = 4.55 nm2 D = 2.4 nm

N = 75, α = 0.35 nm, D = 2.4 nm L =N(α5/3)/D2/3= 75×0.17/1.79 = 7.12 nm

(6) For OVA-PEG3k0.8:

α = 0.35 nm, N = 75 RF = αN3/5= 4.67 nm

A = 1.20 nm2 D = 1.24 nm
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N = 75, α = 0.35 nm, D = 1.24 nm L =N(α5/3)/D2/3= 75×0.17/1.15 = 11.09 nm

(7) For OVA-PEG5k0.2:

α = 0.35 nm, N = 110 RF = αN3/5= 5.87 nm

A = 5.26 nm2 D = 2.59 nm

N = 110, α = 0.35 nm, D = 2.59 nm L = N(α5/3)/D2/3= 110×0.17/1.88 = 9.95 nm
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4. Conclusions

In the section 2.1, we presented an effective approach for a selective and

sustained release of water-soluble drugs. Our system was based on the encapsulation

of pH-responsive prodrug polymers in semipermeable silica nanocapsules. This

system allowed to achieve a high encapsulation efficiency of water-soluble drug and a

selectively controlled release of drug in acidic conditions. The in vivo preferential

accumulation in the liver and specific uptake of SiO2 NCs into NPCs, which promote

inflammation, allowed a targeted delivery. Cell experiments showed that the

nanoencapsulated polyprodrugs, SiO2 NC-PDXM, were efficient in reducing the

secretion of pro-inflammatory cytokine IL-6 and required 1000 times less active

substance to induce a similar anti-inflammatory effect. Therefore, we believe that

such formulations have potential applications where inflammatory responses need to

be suppressed in a targeted manner, such as for autoimmune hepatitis or inflammatory

bowel disease. The concept of encapsulation of polyprodrug could be in principle

generalized to other drugs with two reactive groups. In the case of drugs displaying

only one reactive group, the drug could either be modified with one polymerizable

unit enabling subsequent polymerization,72 or drug molecules can be attached to a

hydrophilic polymer.263

In the section 2.2, we demonstrated that the adjuvant combination of the NOD2

ligand MDP and the TLR7 ligand R848 exerted superadditive stimulatory properties

on BMDC. When encapsulated in Dex-NP, the stimulatory capacity of co-delivered

MDP/R848 on BMDC was superior to co-applied soluble agents. In addition,
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OVA-NC were readily internalized and degraded by BMDC, and constituted an

effective antigen delivery system. DC pre-treatment with a combination of

MDP/R848-loaded Dex-NP and OVA-NC led to a significant increase in the

proliferation of CD4+ and CD8+ T cells. Furthermore, the incorporation of the two

adjuvants in the OVA-NC boosted the T cell stimulatory and Tc1/Th1-promoting

activity of BMDC to an extent that even outperformed the effect of LPS. Moreover,

OVA-NC passively targeted primary DC and Mϕ, and activated these types of APC in

an adjuvant-dependent manner.

Altogether, our study demonstrated the suitability of protein-based

antigen-nanocapsules that are engineered to co-deliver optimized adjuvant

combinations, to induce effective antigen cross-presentation and to trigger

antigen-specific adaptive T cell responses. Capsules with a shell composed of

tumor-related proteins and loaded with the adjuvant combination of MDP plus R848

may induce potent anti-tumor T cell responses as exemplified in this study for OVA

as a model antigen.

In the section 2.3, we showed that for nanoparticles displaying low protein

adsorption, the PEGylation extent determined the cellular interactions of OVA-NCs

with phagocytic cells. The presence of a protein corona did not shield the stealth

properties of PEGylated OVA-NCs. The conformation of PEG chains at the NCs

surface, depending on grafting density and molecular weight, controls cellular uptake.

A densely packed ‘brush’ morphology of PEG pattern led to a reduced non-specific

cell uptake of NCs. This is the first study correlating a well-defined surface PEG



165

conformation with quantitative high-resolution protein corona analysis and cellular

uptake studies towards phagocytic cells. Our results underline the importance of

tailoring surface functionalities of nanocarriers with low protein adsorption, which is

crucial for an efficient drug delivery.
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5. Appendix

List of abbreviations

OVANCs ovalbumin based nanocapsules

R848 resiquimod

MDP muramyl dipeptide

PEG poly(ethylene glycol)

NPs nanoparticles

NCs nanocapsules

PS polystyrene

HES hydroxyethyl starch

PEG-PLA poly(ethylene glycol)-block-poly(L-lactide)

HCPT 10-hydroxycamptothecin

GSH-responsive glutathione-responsive

CdA cladribine

BUF bufalin

RAFT reversible addition-fragmentation transfer

ROS reactive oxygen species

P-Dex poly(N-(2-hydroxypropyl)methacrylamide)-dexamethasone

conjugates

BMD endpoint bone mineral density

PVO poly(vanillin oxalate)

CPT camptothecin
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GCVs gated crosslinked vesicles

DOX∙HCl doxorubicin hydrochloride

MTO mitoxantrone

ELP elastin-like polypeptide

CBSA cationic bovine serum albumin

VE vitamin E

BMP-2 bone morphogenetic protein-2

bFGF basic fibroblast growth factor

rTC-1 recombinant thrombocidin

ChS chondroitin sulphate

PEEP poly(ethylene ethyl phosphate)

ADDC amphiphilic drug-drug conjugate

Ir irinotecan

Cb chlorambucil

FUDR floxuridine

DXM dexamethasone

ADH adipic acid dihydrazide

PDXM polydexamethasone

SiO2 NCs silica nanocapsules

SiO2 NC-DXM SiO2 NCs containing DXM

SiO2 NC-PDXM SiO2 NCs containing PDXM

Mw molecular weight
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GPC gel permeation chromatography

N2 nitrogen

LC-MS liquid chromatography coupled to mass spectrometry

NPCs non-parenchymal cells

Mono monocytes

MO macrophages

KC kupffer cells

MFI median fluorescence intensity

LPS lipopolysaccharide

IL-6 interleukin-6

PRR pattern recognition receptors

TDI 2,4-toluene diisocyanate

BMDC bone-marrow derived dendritic cell

DC dendritic cell

MFI mean fluorescence intensities

APC antigen-presenting cells

Dex-NP dextran-nanoparticles

Dex-blank Dex-NP without payload

Dex-MDP MDP-loaded Dex-NP

Dex-R848 R848-loaded Dex-NP

Dex-MDP/R848 Dex-NP encapsulating MDP and R848

OVA-Cy5-NC Cy5-loaded OVA-NC

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/pattern-recognition-receptor


169

OVA-DQ-NC OVA-DQ-nanocapsules

OVA-DQ DQ-modified OVA protein

OVA-MDP-NC OVA-NC with MDP

OVA-R848-NC OVA-NC with R848

OVA-MDP/R848-NC OVA-NC with MDP and R848

Mϕ macrophages

PEGylation modification of nanocarriers with PEG moieties

Dh hydrodynamic diameters

ζ zeta potential

MeO-PEG-NCO poly(ethylene glycol) isocyanate methyl ether

PEG2k poly(ethylene glycol) isocyanate methyl ether (Mw 2000 g

mol-1)

PEG3.4k poly(ethylene glycol) isocyanate methyl ether (Mw 3400 g

mol-1)

PEG5k poly(ethylene glycol) isocyanate methyl ether (Mw 5000 g

mol-1)

RF Flory radius of PEG

D the distance between adjacent PEG grafted chains

L the length/thickness of grafted PEG layer

N the average number of monomers per polymer chain

a the length of one monomer

FITC fluorescein isothiocyanate
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TEOS tetraethoxysilane

CTMA-Cl cetyltrimethylammonium chloride

APTES 3-aminopropyltrimethoxysilane

LUT lutensol AT50

P(E/B-b-EO) poly((ethylene-co-butylene)-b-(ethylene oxide))

PDXM2k PDXM (Mw 2000 g mol-1)

PDXM7k PDXM (Mw 7100 g mol-1)

PDXM50k PDXM (Mw 50900 g mol-1)

PDXM100k PDXM (Mw 101100 g mol-1)

PBS phosphate buffered saline

SDS sodium dodecyl sulfate

IVIS In vivo Imaging Spectrum

HBSS Hank’s Balanced Salt Solution

FCS fetal calf serum

PI propidium iodide

DOSY Diffusion Ordered Spectroscopy

VTU variable temperature unit

DLS dynamic light scattering

TEM transmission electron microscope

SEM scan electron microscope

BET Brunauer-Emmett-Teller

BJH Barrett-Joyner-Halenda
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OVA albumin from chicken egg white

Sp-Ac-Dex spermine-functionalized and acetalated dextran

DCM dichloromethane

PVA polyvinyl alcohol

NTA nanoparticle tracking analysis

DMSO dimethyl sulfoxide

BM cells bone marrow progenitors

iDCs immature BMDC

LAL limulus amebocyte lysate

7AAD 7-aminoactinomycin

cLSM Confocal Laser Scanning Microscopy

Cy5-oligo cyanine 5-5’-CCACTC CTT TCCAGAAAACT

PS-PEG NPs PEGylation of PS NPs

HES-PEG NCs PEGylation of HES-NCs

ESI electrospray ionization
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