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Chapter 1 

1. Nanomedicine for tumor treatment 

Chemotherapy constitutes a cornerstone in the treatment of cancer. However, 

chemotherapeutic drugs can cause serious side effects, which also limit their dosing in 

patients with suboptimal efficacy as a consequence. This is partly due to poor 

pharmacokinetics and unfavorable body distribution after systemic administration. 

Advanced drug delivery systems have been proposed and investigated in an attempt to 

improve the efficacy-safety ratio of anticancer drugs and this ushers in a new era of cancer 

chemotherapy with beneficial contributions to health care
[1]

. Significant contributions to the 

development of successful anticancer drug delivery systems have come from the field of 

nanotechnology. Unique properties such as nanoscale size, high surface-volume ratio, and 

tailorable physico-chemical characteristics enable nanocarriers to modulate both the 

pharmacokinetic and pharmacodynamic profiles of drugs and thereby enhance their 

therapeutic index
[2]

. Various types of nanocarriers have been explored in the field of drug 

delivery, such as liposomes, nanoparticles, micelles, dendrimers, polymer-drug conjugates, 

etc. Many of them have made it to the stage clinical development and some also reached the 

market (Table 1)
[2, 3]

. 

 

Table 1 Examples of clinically used nanomedicines for cancer therapy. 

Nanocarriers Drug Name Indications Status 

Liposomes Doxorubicin Doxil/Caelix
®

 Ovarian, 

metastatic breast 

cancer, Kaposi 

sarcoma 

Approved 

 Doxorubicin Myocet
®

 Breast cancer Approved 

 Daunorubicin DaunoXome
®

 Kaposi Sarcoma Approved 

 Vincristine Onco-TCS
®

 Non-hodgkin 

lymphoma 

Approved 

 Cytabirine Depocyt
®

 Lymphomatous 

meningitis 

Approved 

 Vincristine Marqibo
®
 Leukemia Approved 

 Mifamurtide Mepact
®
 Osteosarcoma Approved 

 Irinotecan Onivyde
®
 

(MM-398) 

Metastatic 

pancreas cancer 

Approved 

 Paclitaxel Lipusu
®

 NSCLC, breast Approved 
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cancer 

 Paclitaxel PICN
®
 Metastatic breast 

cancer 

Approved 

 Doxorubicin Thermodox
®

 Liver, breast 

cancers 

III 

 Cisplatin Lipolatin NSCLC III 

 9-nitrocamptothecin 9NC-LP Hepatocellular 

carcinoma 

II/III 

 Cisplatin SPI-077 Solid tumors I/II/III 

 Oxaliplatin Lipoxal Advanced cancers II 

 Paclitaxel EndoTAG-1 Breast, liver, 

pancreatic cancers 

II 

 Lutotecan OSI-211 Solid cancers II 

Micelles Paclitaxel Genexol
®
-PM Breast, lung, 

pancreatic cancers, 

Recurrent breast 

cancer 

Approved 

 Paclitaxel Paclical Ovarian cancer III 

 Paclitaxel NK105 Gastric cancer III 

 Doxorubicin NK911 Various solid 

tumors 

II 

Nanoparticles Albumin-paclitaxel Abraxane
®

 Metastatic breast 

cancer 

Approved 

 Doxorubicin Transdrug
®

 Hepatocarcinoma Approved 

 Doxorubicin BA-003 Hepatocellular 

carcinoma 

III 

 Mitoxantrone DHAD-PBCA 

-NPs 

Hepatocellular 

carcinoma 

II 

 Docetaxel BIND-014 NSCLC II 

 Camptothecin CRLX101 NSCLC II 

Polymer-drug 

conjugates 

Asparaginase Oncaspar
®

 Leukemia Approved 

 Paclitaxel Xyotax
®

 Breast, ovarian 

cancers, advanced 

lung cancer 

III 
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 Paclitaxel Taxoprexin
®
 Various solid 

tumors 

II/III 

 Doxorubicin PK1 Breast, lung, colon 

cancers 

II 

 IFN-α2a/b PegAsys/ 

PegIntron
®

 

Melanoma/ 

Leukemia 

II 

 Oxaliplatin ProLindac
®
 Ovarian cancer II 

 Diaminocyclohexane 

platinium 

AP 5346 Ovarian cancer II 

 

An “ideal” nanocarrier for tumor-targeted chemotherapeutic drug delivery meets the 

following criteria: 

 Sufficient encapsulation capacity to deliver the desired dose of drug. 

 Sufficient drug retention: the active ingredients should be stably retained in the carrier 

without leakage during storage, but also in the blood circulation after infusion. 

 Controlled drug release: while drug leakage should be minimized in the circulation 

and healthy tissues, the drug should be released at the desired rate in the pathological 

target site. 

 Low toxicity: the carrier materials should be biocompatible and biodegradable with 

non-toxic degradation products that can be quickly and efficiently cleared by the 

kidneys. 

 The ability to target tumors: either by ‘passive targeting’ (extravasation and 

accumulation in the extravascular space at the tumor site by a long-circulating 

unmodified nanocarrier exploiting the so-called EPR (enhanced permeability and 

retention) effect
[4, 5]

) or by ‘active targeting’ (nanocarrier surface modification with 

targeting ligands that bind selectively to overexpressed receptors in tumor tissue). 

 

2. Nanogels as a drug delivery system for intravenous anticancer therapy 

In addition to drug delivery systems mentioned above, the continuous development of novel 

nanocarriers also entails a few new nanomaterials including the so-called ‘nanogels’. 

Indeed nanogels have a relative short development history (around two decades) compared 
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to the nanocarriers mentioned earlier but they have quickly gained significant momentum 

as can be seen in Figure 1
[6]

. The first clinical trials with polysaccharide self-assembled 

nanogels for delivery of cancer vaccines and cytokines started early 2000s and phase II 

clinical trials are now ongoing
[7]

. 
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Figure 1. Number of publications under the research topics of ‘nanogels’ in Web of Science® yielded 

1,826 publications available in December 2016. 

 

Nanogels are nanosized hydrogels consisting of water-swollen hydrophilic polymeric 

networks. Nanogels stand out because their ability to not only incorporate and protect 

enzymes and genetic materials from degradation, but also to improve the pharmacokinetics 

and biodistribution of small molecular drugs
[8-10]

. Indeed, the hydrogel properties of 

nanogels such as hydrophilicity, flexibility, versatility, high water content and 

biocompatibility are very attractive features of nanogels and they offer distinct advantages 

over other types of nanomaterials for biomedical applications
[11]

. Moreover, by varying the 

chemical composition of nanogels, their characteristics such as size, charge, porosity, 

amphiphilicity, softness, and degradability can be fine-tuned and tailored. 

Stimuli-responsive behavior of nanogels can be easily controlled to achieve a desired 

response at the site of action by careful selection of polymer building block as well as 
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crosslink density and chemistry. Therefore, nanogels not only protect their cargo from 

degradation and elimination but also participate actively in the delivery process at the target 

site in a controlled manner
[12]

 and this multifunctionality is hard to tackle by other types of 

nanoparticulate systems. Overall, nanogels demonstrate excellent potential for systemic 

drug delivery. The design and unique properties of nanogels will be briefly outlined in 

Section 3 below. 

 

3. Design and optimization of nanogels for tumor-targeted drug delivery 

 

3.1 Polymers 

The polymeric building blocks of nanogels range from natural polymers like pullulan
[13]

, 

hyaluronic acid
[14]

, dextran
[15]

 and chitosan
[16]

, to synthetic polymers like 

poly(N-isopropylacrylamide)
[17]

, poly(N-vinylpyrrolidone)
[18]

, poly(ethylene glycol)
[19]

, 

poly(acrylamide)
[20]

 and poly(N-(2-hydroxypropyl) methacrylamide)
[21]

. Although nanogels 

constructed from natural polymers are known for their biocompatibility and 

biodegradability, synthetic polymers are often preferred because of their flexibility in 

design. Moreover, biodegradability can be built in by a proper selection of the polymer and 

the type of bonds introduced in the crosslinks
[6, 22]

.  

 

3.2 Preparation methods 

There are several methods to prepare nanogels: physical self-assembly, heterogeneous 

radical polymerization, and chemically crosslinking of preformed polymers
[23, 24]

. 

Self-assembling nanogels can be produced by making use of a range of possible physical 

interactions between polymers, which include hydrogen bonds
[25]

, crystalline domains
[26]

, 

hydrophobic and electrostatic interactions
[27]

, stereocomplexation
[28]

 and host-guest 

interactions
[29]

. Nanogels formed by heterogeneous radical polymerization are often 

produced in inverse water/oil (w/o) microemulsions
[30]

 or started in a homogenous aqueous 

solution in which a gradual buildup of a colloidal suspension takes place by the growing 

polymers
[31]

. By using monomers containing labile bonds, nanogels can be created that 

feature controlled drug release by slow degradation
[30, 32]

. In addition to the polymerization 

of monomers, covalent crosslinking of preformed polymers is widely used
[33]

. The 

crosslinking strategies mainly include radical polymerization
[15]

, click chemistry
[34]

, 
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Schiff-based reaction
[35]

, and thiol-disulfide exchange reactions
[36]

. Besides, by introducing 

reactive functional groups in the polymer precursors by modification of preformed nanogels, 

multifunctional nanogels with tunable structures and properties are obtained
[37]

. 

 

3.3 Stimuli-response and biodegradability 

The stability of crosslinked nanogels is essential for long-term storage, but also upon 

carrying their drug payload to the target site once in the circulation. Chemically crosslinked 

nanogels usually have better stability than physically crosslinked nanogels, offering better 

potential for drug delivery. As mentioned, biodegradability and biocompatibility are also 

crucial properties of drug delivery systems. The degradation of nanogels normally depends 

on the cleavage of crosslinks. Several labile crosslinks have been investigated, such as 

pH-cleavable thiopropionate
[38]

 and acetal
[39]

, photo-cleavable coumarin
[40]

, redox-cleavable 

disulfide
[41]

, enzyme-cleavable amido
[42]

, etc. Besides, carbonate ester bonds, which can be 

hydrolyzed under physiological conditions are also used in the structure of crosslinks
[43, 44]

. 

Esters can enable the full degradation of nanocarriers in blood stream and normal tissues. 

The formed degradation products are cleared from the body by urinary excretion if the 

molecular weight of building blocks of nanogels is smaller than renal elimination threshold 

(~45 kDa for water soluble polymers
[45]

), which is an important feature when it comes to 

safety as it can help prevent the drug payload that did not reach the target site from exerting 

toxicity in healthy tissues. By varying the hydrolysis rate of the carbonate ester crosslink as 

well as the crosslink density, the circulation behavior and degradation rate of nanogels can 

be controlled, which allows for specific optimization of their in vivo performance for 

different applications
[46]

. 

 

3.4 Drug loading and controlled drug release 

Drugs can be incorporated in nanogels by physical entrapment or covalent conjugation
[23]

. 

Physical entrapment is normally employed with macromolecules such as proteins
[47]

 and 

nucleic acid based drugs
[48]

. In addition, hydrophobic molecules can also be solubilized in 

the hydrophobic domains present in some nanogels
[49]

. Drug release normally happens 

based on simple diffusion or degradation of nanogels
[50]

. Covalent conjugation of drugs can 

be more challenging but is unavoidable for water-soluble, small molecular drug entities to 

retain them in the nanogel network. To couple drugs to nanogel networks, the parent drugs 

are usually modified with functional groups and then covalent drug conjugation is realized 
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by e.g. polymerization
[51]

, click chemistry
[52]

, thiol-disulfide exchange
[15]

. Moreover, 

stimuli-controlled drug release can be achieved by introduction of labile bonds between 

drugs and polymeric backbones of nanogels. These stimuli can be environmental triggers 

that are present at the pathological target site, e.g. a change in the pH value
[52]

, the presence 

of a reducing environment
[15]

 or a specific enzyme overexpressed in pathological tissues, 

which adds further target selectivity to the release of drug by the delivery system and 

therefore potentially further increases its efficacy-safety ratio
[9]

. 

 

3.5 Surface modification 

Passive targeting enables nanocarriers such as nanogels to selectively permeate the tumor 

vasculature and remain in the tumor interstitium for an extended period of time. Nanogels 

can also be modified with hydrophilic polymers on the surface to minimize the interaction 

with proteins, reduce uptake by mononuclear phagocyte system (MPS) and thus prolong 

blood circulation, resulting in a better chance of targeting the pathological site
[24]

. The most 

common used polymer for this purpose is poly(ethylene glycol) (PEG). When molecular 

weight and surface density are optimized, a significantly lower protein absorption is 

observed
[53]

.  

Most tumors are characterized by overexpression of cancer-specific antigens or receptors 

on tumor cell surfaces, in tumor stroma or on tumor vasculature. Therefore, in addition to 

passive targeting, surface modification of nanogels with tumor-specific vector molecules 

may significantly enhance the selectivity of drug targeting to solid tumors
[54]

, which is 

usually referred to as active targeting. The targeting vectors can range from large 

antibodies
[55]

, proteins and peptides
[56]

 to small molecule ligands
[57]

 for cell surface 

receptors. Active targeting strategies are most effective when ligands are attached to the 

nanocarrier surface only, which can be easiest achieved after assembly of the drug carrier.  

 

4. Nanomedicine for overcoming multidrug resistance 

Besides the issues of toxicity and poor delivery often observed with anticancer drugs used 

in traditional chemotherapy, the occurrence of multidrug resistance (MDR) is another major 

obstacle limiting the therapeutic response to chemotherapy. MDR can be intrinsic or 

acquired through chemotherapeutic drug exposure
[58]

. A variety of mechanisms contributes 

to acquired drug resistance, including decreased drug influx, increased drug efflux, 
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activation of DNA repair, metabolic modification and detoxification as well as inactivation 

of apoptosis pathways
[59]

. Increased drug efflux caused by overexpression of drug 

transporters is the most reported reason for MDR
[58]

. 

One of the strategies to overcome MDR is to use nanomedicine-based drug delivery 

systems
[60]

. Compared to small molecular drugs that depend on diffusion to enter cells, with 

a one to two orders of magnitude larger size nanomedicines employ active cell uptake 

processes. Furthermore, via endo-lysosomal trafficking, nanomedicines can deliver their 

contents closer the peri-nuclear region (or deep inside the cytoplasm), where the released 

drugs are relatively far away from the cell membrane and the membrane-associated 

transporters
[61, 62]

. Several research groups have shown the success of overcoming MDR by 

nanomedicines
[61, 63]

. Also nanogel-based drug delivery system have shown the potential to 

overcome MDR
[64]

. Furthermore, properly designed nanomedicines with a targeting ligand 

aiming at specific targeting sites actively may lead to higher cytotoxic activity because of 

increased the cellular uptake
[65]

. Indeed ligand (e.g. folic acid)-modified nanomedicine 

usually appear to be superior to the unmodified formulations against MDR in vitro and in 

vivo
[66, 67]

. 

 

5. Aim of this thesis and outline 

As pointed out above, degradable polymeric nanogels are promising nanomedicines carriers 

for tumor-targeted chemotherapeutic drug delivery, because they have a number of 

properties that can be fine-tuned to increase the therapeutic efficacy and safety of clinically 

used drugs. The aim of the research described in this thesis is to explore the potential of 

biodegradable nanogels for chemotherapeutic drug delivery and to assess how degradation 

behavior can be optimized under physiological conditions. Special attention is paid to 

stability and drug release in biologic fluids and target tissues as well as active targeting to 

and drug bioavailability in specific cancer cells. 

Chapter 2 reports the synthesis of different hydrophilic polymers with biodegradable and 

cross-linkable side units, which were assembled into biodegradable nanogels. The extent to 

which biodegradation could be tailored was investigated, with special attention to the 

hydrolysis rate of the crosslinks themselves as well as the crosslink densities of nanogels. A 

macromolecule model drug was loaded into nanogels and the release profile was studied 

upon nanogel degradation. 

The in vivo stability and biodegradability of nanocarriers crucially determine therapeutic 
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efficacy as well as safety when used for drug delivery. In chapter 3, three in vitro 

technologies were exploited for better characterization, optimization and prediction of in 

vivo performance of the nanocarriers. Labeled nanogels with different degrees of 

PEGylation and degradation rates were prepared and evaluated using these methods. 

In chapter 4, a methacrylamide doxorubicin prodrug containing a pH sensitive bond 

(DOX-MA) was loaded into the optimized nanogel system. The nanogels were further 

modified with a folic acid-PEG conjugate as a targeting ligand for reversing multidrug 

resistance (MDR). Active targeting was confirmed using folate receptor positive and 

negative cells, and the internalization mechanism was investigated. The ability of 

overcoming MDR of the nanomedicine was investigated in doxorubicin-resistant cancer 

cells. 

In chapter 5, nanogels loaded with an enzyme-activatable prodrug propGA3-DOX were 

developed. The induction of the enzyme β-glucuronidase from cancer cells by high 

intensity focused ultrasound was studied, and the ability of the enzyme to subsequently 

activate the prodrug released from the nanogels was investigated as well as its in vitro 

cytotoxicity. 

Finally chapter 6 summarizes the results of the work reported in this thesis and gives future 

perspectives for the further development of biodegradable nanogels with controlled drug 

release for anticancer therapy. 
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Abstract: The aim of this study is to design a polymeric nanogel system with tailorable 

degradation behavior. To this end, hydroxyethyl methacrylate-oligoglycolates-derivatized 

poly(hydroxypropyl methacrylamide) (pHPMAm-Gly-HEMA) and hydroxyethyl 

methacrylamide-oligoglycolates-derivatized poly(hydroxyethyl methacrylamide) 

(pHEMAm-Gly-HEMAm) are synthesized and characterized. PHEMAm-Gly-HEMAm 

shows faster hydrolysis rates of both carbonate and glycolate esters than the same ester 

groups of pHPMAm-Gly-HEMA. PHEMAm-Gly-HEMAm nanogels have tailorable 

degradation kinetics from 24 h to more than 4 d by varying their crosslink densities. It is 

shown that the release of a loaded macromolecular model drug is controlled by degradation 

of nanogels. The nanogels show similar cytocompatibility as PLGA nanoparticles and are 

therefore considered to be attractive systems for drug delivery. 
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1. Introduction 

Nanogels are nanosized hydrogels composed of hydrophilic polymeric networks
[1–4]

. In 

addition to hydrogel properties such as high water content, good biocompatibility, and 

controlled release of payloads
[5,6]

, the small particle size warrants the use of nanogels as an 

injectable colloidal drug delivery system for example intravenous therapy
[7–12]

. Physically 

self-assembled nanogels that are crosslinked exploiting hydrophobic interactions or/and 

hydrogen bonding have been developed
[13–16]

, but nanogels prepared by chemical 

crosslinking usually have better stability
[17,18]

. Furthermore, the use of stimulus-sensitive 

crosslinks enables chemically crosslinked nanogels to respond to a certain external physical 

or a physiological trigger
[19–21]

. 

Introduction of labile groups in the crosslinks allows the nanogels to degrade and release 

their payload under physiological conditions
[20]

. Earlier Ulbrich et al
[22,23]

 prepared 

macroscopic hydrogels using hydrolysable –COONHCO- groups as crosslinks, and 

poly(N-(2-hydroxypropyl) methacrylamide) (pHPMAm) as hydrophilic building blocks. At 

pH 7.4 and 37 °C, the degradation time of these hydrogels varied from 4 to 76 h. In our 

department, we developed macroscopic dextran hydrogels crosslinked by polymerization of 

hydroxyethyl coupled to dextran via a carbonate ester or an oligolactate spacer
[24]

. 

Degradation studies showed that the erosion times of these hydrogels depended on the 

chemical nature of the crosslinks and the crosslink density, and could be tailored from days 

to months
[24–26]

. 

The work presented here is centered on pHPMAm and poly (N-(2-hydroxyethyl) 

methacrylamide) (pHEMAm) nanogels crosslinked using different hydrolytically sensitive 

groups. We selected pHPMAm and pHEMAm as building blocks of the nanogels because 

these polymers are water soluble and have shown excellent biosafety in preclinical (both 

polymers) and clinical (pHPMAm) studies. Additionally, these synthetic polymers can be 

functionalized either by coupling of for example drugs, imaging agents, and targeting 

ligands to the hydroxyl functional groups of the polymers or by copolymerization of 

HEMAm/HPMAm with other (functional) monomers
[27–31]

. In the literature, it has been 

reported that polymer-oligoglycolates have better aqueous solubility and faster degradation 

than polymer-oligolactates
[24,32,33]

. Therefore, oligoglycolates were chosen as hydrolytically 

sensitive groups in the crosslinks of the gels. To this end hydroxypropyl methacrylate 

(HEMA) and HEMAm were esterified with oligoglycolates. Subsequently, HEMA- and 

HEMAm-oligoglycolates were coupled to pHPMAm and pHEMAm respectively with 

different degrees of substitution, and the obtained modified polymers were used as building 

blocks of the nanogels. By varying the structure of polymers and crosslink density of 
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nanogels, we aim to develop nanogels with tailorable degradation and release profiles under 

physiological conditions. 

 

2. Experimental Section 

 

2.1 Materials 

Glycolide, stannous 2-ethyl hexanoate (SnOct2), 2,2’-azobis(2-methaylpropionitrile) 

(AIBN), 4,4’-azobis(4-cyanopentanoic acid) (ABCPA), hydroxypropyl methacrylate 

(HEMA), formic acid, 1,1’-carbonyldiimidazole (CDI), 4-(N,N-dimethylamino) pyridine 

(DMAP), mineral oil (M8410), deuterated dimethyl sulphoxide (DMSO-d6), perchloric acid 

(HClO4), and blue dextran (molecular weight 2,000,000 Da) were obtained from Sigma 

Chemical Co. (St. Louis, MO, USA). Dichloromethane (DCM), hexane, ethyl acetate, 

methanol, acetonitrile, dimethyl sulfoxide (DMSO, dried over 3 Å molecular sieves), and 

acetone were purchased from Biosolve (Valkenswaard, The Netherlands). Irgacure 2959 

was obtained from Ciba Specialty Chemicals Inc. (Hercules, USA). ABIL EM 90 was 

provided from Evonik Industries AG (Essen, Germany). HPMAm and HEMAm were 

synthesized as described previously
[34–36]

. poly(DL-lactic-co-glycolic acid) (PLGA, PDLG 

5004A, Purasorb) was obtained from Corbion, Gorichem, the Netherlands. PLGA 

nanoparticles with a size of 295 nm as measured by dynamic light scattering (DLS) were 

prepared using a solvent evaporation method
[37]

. All other chemicals and solvents were used 

as received. 

 

2.2 NMR, UPLC, and GPC analysis of monomers and polymers 

1
H-NMR spectra of the synthesized monomers and polymers dissolved in DMSO-d6 were 

recorded with an Agilent 400-NMR spectrometer (Santa Clara, CA, USA). The central line 

of DMSO at 2.49 ppm was used as reference line. 

UPLC analysis of HEMA/HEMAm and HEMA/HEMAm-oligoglycolates was carried out 

on a Waters ACQUITY UPLC system (Waters Associates Inc., Milford, MA) equipped with 

an Acquity BEH C18 column 1.7 μm (2.1×50 mm) (Waters). The injection volume was 5 

μL and the detection wavelength was 210 nm. For the determination of HEMA and 

HEMA-oligoglycolates, a linear gradient was run from 100% eluent A (10×10
−3

 M 

HClO4/acetonitrile = 95:5 (v/v)) to 50% eluent B (10×10
−3

 M HClO4/acetonitrile = 5:95 
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(v/v)) in 1.5 min with a flow rate of 1 mL min
−1

. For the determination of HEMAm and 

HEMAm-oligoglycolates, after an isocratic flow of eluent A (10×10
−3

 M HClO4/methanol = 

95:5 (v/v)) for 1 min, a gradient was run from 100% eluent A to 50% eluent B (10×10
−3

 M 

HClO4/methanol = 5:95 (v/v)) in 2 min with a flow rate of 0.5 mL min
−1

 and with detection 

at 210 nm. The chromatograms were analyzed by Empower software and the calibration 

curves of HEMA and HEMAm were linear between 0.02 and 10 μg mL
−1

. 

Molecular weights and molecular weight distributions of the different polymers were 

determined by Viscotek TDAmax (equipped with RI, light scattering and viscosity detectors, 

Malvern Instruments Ltd., UK) with a PL aquagel-OH 30 column or a PL aquagel-OH 

mixed column (Agilent, USA). A 0.3 M sodium acetate buffer (pH 6.5) was used as the 

eluent with a flow rate of 0.7 mL min
−1

. Samples were dissolved in the mobile phase and 

injected onto the column (injection volume 100 μL). Results were analyzed by OmniSEC 

software (Malvern Instruments Ltd., UK) with poly(ethylene oxide) (Mn: 19 kDa, PDI: 1.04) 

and pullulan (Mn: 76 kDa, PDI: 1.06) (Malvern Instruments Ltd., UK) as calibration 

standards. 

 

2.3 Synthesis of HEMA-oligoglycolates and HEMAm-oligoglycolates 

HEMA-oligoglycolates (HEMA-Gly, containing 1 and 2 glycolate units) and 

HEMAm-oligoglycolates (HEMAm-Gly, containing 1 to 4 glycolate units) were 

synthesized via ring opening polymerization
[36]

. Based on a procedure previously described 

developed for the synthesis of HPMAm-oligolactates
[38]

, a mixture of glycolide (2.90 g; 25 

mmol) and HEMA (6.50 g, 50 mmol; or HEMAm, 6.45 g, 50 mmol) was melted at 110 °C 

and stirred under a nitrogen atmosphere. Next, a catalytic amount of SnOct2 (0.20 g, 1 mol% 

with respect to HEMA or HEMAm; diluted 1:1 with toluene) was added. The reaction 

mixture was stirred for 1 h at 110 °C and allowed to cool to room temperature. Next, 10 mL 

of DCM was added to dissolve the products and insoluble compounds were removed by 

centrifugation (5000×g, 10 min). Next, the supernatant was purified by flash 

chromatography using a VersaPak silica cartridge (80 mm × 150 mm, 45-75 μm, 

Sigma-Aldrich) on a VersaFlash chromatography system (Supelco). The mobile phases 

were hexane/ethyl acetate (80:20, v/v) and DCM/methanol (90:10, v/v) for HEMA-Gly and 

for HEMAm-Gly, respectively. The flow rate was 80 mL min
−1

. Fractions that contained 

HEMA-Gly or HEMAm-Gly (checked by UPLC analysis) were combined. After 

evaporation of the solvent, the products were obtained as yellow liquids and characterized 

by 
1
H-NMR and UPLC. 
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2.4 Synthesis of HEMA-Gly-imidazolyl carbamate (HEMA-Gly-CI) and 

HEMAm-Gly-imidazolyl carbamate (HEMAm-Gly-CI) 

The activation of HEMAm-Gly and HEMA-Gly was conducted according to the procedure 

published by van Dijk-Wolthuis et al
[39]

. Basically, CDI (6.4 g, 40 mmol) was dissolved in 

50 mL of anhydrous THF and HEMA-Gly (1.7 g, 8 mmol) or HEMAm-Gly (1.9 g, 8 mmol) 

dissolved in 5 mL of THF was added. The reaction mixture was stirred for 16 h at room 

temperature. Next, the solution was dropped into 40 mL distilled deionized water to 

decompose unreacted CDI and shortly shaken until no bubbles (CO2) were formed. The 

product in the water/THF phase was extracted with 50 mL DCM for three times and dried 

on anhydrous MgSO4. After filtration, the solvent was evaporated to yield HEMA-Gly-CI 

or HEMAm-Gly-CI. The products were characterized by 
1
H-NMR. The purities (P) of 

HEMA-Gly-CI and HEMAm-Gly-CI were calculated according to Equation (1). 

 

P =  
(IHa+IH

a′)/2×M

(IHa+IH
a′) 2⁄ ×M+IH (imidazole)×M (imidazole)+IH (DCM) 2⁄ ×M (DCM)+IH(THF) 2⁄ ×M (THF)

      (1) 

 

where I Ha and I Ha′ are integrals of protons a and a′ in HEMA-Gly-CI or HEMAm-Gly-CI, 

M is the molecular weight of HEMA-Gly-CI or HEMAm-Gly-CI, I H(imidazole) is the integral 

of the proton at 7.63 ppm, M (imidazole) is the molecular weight of imidazole, I H(DCM) is 

the integral of the protons at 5.73 ppm, M (DCM) is the molecular weight of DCM, IH(THF) 

is the integral of the protons at 1.73 ppm, M (THF) is the molecular weight of THF. 

 

2.5 Synthesis of pHPMAm-Gly-HEMA and pHEMAm-Gly-HEMAm 

PHPMAm and pHEMAm were synthesized by free radical polymerization as follows. For 

the polymerization of HPMAm, AIBN (230.0 mg, 1.4 mmol) and HPMAm (5.0 g, 35.0 

mmol) were dissolved in 25 mL of methanol and transferred into a glass vial. Subsequently, 

the solution was flushed with N2 for 30 min, the vial was incubated for 20 h at 60 °C and 

the obtained polymer was purified by precipitation in diethyl ether for three times 

(methanol/diethyl ether = 1/40, v/v) and dried in vacuo. 

For the synthesis of pHEMAm, ABCPA (725.0 mg, 2.5 mmol) and HEMAm (5.0 g, 37.5 

mmol) were dissolved in 200 mL of distilled deionized water, followed for 30 min flushing 

with N2. The polymerization was performed at 70 °C for 24 h, after which the solution was 

transferred into a dialysis tube (molecular weight cutoff 6000 Da) and dialyzed against 
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distilled water for 24 h to remove low molecular weight impurities. PHEMAm was 

obtained after freeze drying. 

The obtained pHPMAm and pHEMAm were characterized by 
1
H-NMR, and their 

molecular weights and molecular weight distributions were determined by Viscotek as 

described in Section 2.2. 

To modify the synthesized polymers with HEMA-Gly and HEMAm-Gly, pHPMAm or 

pHEMAm (0.8 g) was dissolved in 20 mL of anhydrous DMSO under a nitrogen 

atmosphere. After dissolution of DMAP (0.16 g), a calculated amount (W) of 

HEMA-Gly-CI or HEMAm-Gly-CI was added (Equation (2)). 

 

W =  
Wp

Mm
×

DS

100
× M ×

1

P
                                                    (2) 

 

where Wp is the amount of polymer (pHPMAm or pHEMAm), Mm is the molecular weight 

of the monomer (HPMAm or HEMAm), DS is the degree of substitution (the number of 

methacryloyl groups per 100 HPMAm or HEMAm units), M is the molecular weight of 

HEMA-Gly-CI or HEMAm-Gly-CI, and P is the purity of HEMA-Gly-CI or 

HEMAm-Gly-CI. 

The reaction was performed at room temperature for 4 d and terminated by adding 0.16 mL 

of concentrated HCl to neutralize DMAP and imidazole. The solution was dialyzed against 

100×10
−3

 M of ammonium acetate buffer (pH 5) at 4 °C for 2-3 d and the polymers were 

collected after freeze drying. The modified polymers were characterized by 
1
H-NMR. The 

DS of final products was measured by quantitative determination of the amount of HEMA 

or HEMAm formed after incubation of polymers in 0.02 M NaOH at 37 °C for 16 h by 

UPLC as described in Section 2.2. 

 

2.6 Hydrolysis kinetics of HEMA-Gly, HEMAm-Gly, pHPMAm-Gly-HEMA, and 

pHEMAm-Gly-HEMAm 

The degradation studies of methacrylic or methacrylamide derivates and modified polymers 

were performed according to the procedure as described by Neradovic et al
[35]

. In brief, a 2 

mg mL
−1

 solution of HEMA-Gly (or HEMAm-Gly) in DMSO was diluted ten times with 

phosphate buffer (pH 7.4, 100×10
−3

 M). The solution was incubated at 37 °C. At different 
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time points, samples of 0.2 mL were withdrawn and 0.5 mL of 1 M sodium acetate buffer 

(pH 4.2) was added to prevent further degradation. The samples were stored at -20 °C 

before UPLC analysis. Peak areas of HEMA-Gly (or HEMAm-Gly) with different number 

of glycolate units and HEMA (or HEMAm) in the samples taken at different time points 

were recorded by UPLC as described in Section 2.2. 

To study the hydrolysis of glycolate groups coupled to the polymers, solutions of 20 mg 

mL
−1

 of pHPMAm-Gly-HEMA (or pHEMAm-Gly-HEMAm) with different DSs in DMSO 

were diluted ten times with pH 7.4 phosphate buffer (100×10
−3

 M). The samples were 

incubated at 37 °C and at different time points, samples of 0.2 mL were withdrawn, mixed 

with 0.5 mL of 1 M sodium acetate buffer (pH 4.2) and stored at -20 °C. HEMA-Gly and 

HEMA (or HEMAm-Gly and HEMAm) released from the polymers during hydrolysis were 

determined by UPLC and peak areas were recorded. 

 

2.7 Preparation of empty and blue dextran loaded polymeric nanogels 

The preparation of empty polymeric nanogels was based on a mini-emulsion 

photopolymerization method as described by Raemdock et al
[35]

. In detail, 37.5 mg of 

different polymers was dissolved in 412.5 μL of DMSO. Subsequently, Irgacure 2959 (150 

μL, 10 mg mL
−1

 in distilled water) was added. This polymer solution (internal phase) was 

added to 5 mL of mineral oil (light oil, Sigma) containing 10% ABIL EM 90 (v/v) (external 

phase) and emulsification was carried out by ultrasonication (Labsonic Tip Sonifier, pulse 

on/off 0.5 s, and amplitude 60%) for 10 min. Next the emulsion was irradiated under UV 

(60% amplitude, 940 mW cm
−2

, 300-650 nm, Bluepoint UV source, Honle UV technology, 

German) for 30 min. Subsequently, the emulsion was mixed with 40 mL of acetone and 

centrifuged (3000×g, 3 min). The obtained pellet was washed with acetone/hexane (1:1, v/v) 

for three times, dispersed in 2 mL of distilled water and lyophilized. 

To prepare blue dextran loaded nanogels, 5 mg of blue dextran was dissolved in the internal 

phase and mixed with the external phase. After sonication, irradiation and purification, 

nanogels were dispersed in a sodium acetate buffer (100×10
−3

 M, pH 5.0). The 

non-entrapped blue dextran was removed by ultracentrifugation (200,000×g for 30 min). 

The blue dextran loaded nanogels were obtained after lyophilization. 

 

2.8 Characterization of polymeric nanogels 

Freeze-dried nanogels were suspended in distilled deionized water, and the size and size 
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distribution were determined by dynamic light scattering (DLS, Malvern ALV/CGS-3 

Goniometer, Malvern, UK) at 25 °C. 

The zeta potential of nanogels was measured in 20×10
−3

 M HEPES (pH 7.4) by a Malvern 

Zetasizer Nano-Z (Malvern Instruments, Malvern, UK) at 37 °C. 

To determine the conversion of methacrylate/methacrylamide units after 

photopolymerization, freeze-dried nanogels were dispersed in 0.02 M NaOH (concentration 

of 1 mg mL
−1

 ) and incubated at 37 °C overnight
[41]

. Subsequently, 0.2 mL sample was 

withdrawn and mixed with 0.5 mL of sodium acetate buffer (1 M, pH 4.2). UPLC was used 

to determine the amount of unreacted HEMA/HEMAm (see Section 2.2). 

The amount of blue dextran loaded in the nanogels was determined by UV 

spectrophotometer (UV 2450, Shimadzu, Japan). Nanogels were dispersed in 0.2 M NaOH 

solution at a concentration of 5 mg mL
−1

 and incubated at 37 °C for 24 h to hydrolyze the 

nanogels. The concentration of dissolved blue dextran was measured at 620 nm using a 

calibration curve of blue dextran (linear between 100 and 1000 μg mL
−1

). Encapsulation 

efficiency (EE) and loading capacity (LC) were calculated as Equations (3) and (4). 

 

EE =  
concentration of blue dextran measured

concentration of blue dextran added
 × 100%                           (3) 

LC =  
concentraiton of blue dextran measured

concentration of blue dextran loaded nanogels
 × 100%                       (4) 

 

The size and morphology of nanogels were studied by transmission electron microscopy 

(TEM, Tecnai 10, Philips, 100 kV). Fifteen microliter of nanogel suspension was pipetted 

onto parafilm. Then, a glow discharged grid was placed on the droplet for 2 min. After 

removing the excess liquid by filter paper, the grid was put on a solution of 15 μL of 2% 

uranyl acetate in water for another 2 min and the excess of uranyl acetate was removed 

using filter paper. The grid was dried at room temperature for 10 min and loaded into the 

TEM. 
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2.9 In Vitro degradation of polymeric nanogels 

2.9.1 Dynamic light scattering 

Polymeric nanogels were dispersed in phosphate buffered saline (PBS, pH 7.4, containing 

0.049 M NaH2PO4, 0.099 M Na2HPO4, 0.006 M NaCl) or 100×10
−3

 M sodium acetate 

buffer (pH 5.0) with the concentration of 0.5 mg mL
−1

 and transferred into a 4 mL cuvette. 

The samples were incubated at 37 °C and the scattering intensity and particle size were 

detected at 10 min interval for 48 h. A similar 3 h DLS analysis of DS 20 

pHEMAm-Gly-HEMAm nanogels dispersed in sodium tetraborate buffer (100×10
−3

 M, pH 

9.0) at 37 °C was performed to accelerate the hydrolytic degradation of the nanogel 

particles. 

 

2.9.2 Nanoparticle tracking analysis 

Nanoparticle tracking analysis (NTA) was used to size and count the nanogels using a 

Nanosight LM14 (Malvern Instruments Ltd., UK) with a sample chamber equipped with a 

640 nm laser. The nanogel samples, which were taken at different time points from the 

nanogel suspension incubated at 37 °C in PBS, were diluted 500 times with sodium acetate 

buffer (100×10
−3

 M, pH 5.0) and introduced into the sample chamber. The data were 

analyzed by software NTA 3.0 and particle concentration and size distribution were 

recorded. 

 

2.9.3 Transmission electron microscopy 

PHEMAm-Gly-HEMAm (DS 5) nanogels were dispersed in 20×10
−3

 M HEPES (pH 7.4) 

and incubated at 37 °C. At 0, 2, 6, 24 h, samples were taken and stained with 2% uranyl 

acetate, and observed with TEM. The same nanogel dispersion incubated in pH 5.0 HEPES 

buffer (20×10
−3

 M ) for 24 h was analyzed as well. 

 

2.9.4 Characterization of nanogel soluble degradation products 

The structure, amount and molecular weight of the water-soluble polymers that were 

formed during degradation of nanogels were determined by 
1
H-NMR and Viscotek. Briefly, 

nanogel suspensions (5 mg mL
−1

, 5 mL) in PBS buffer or 0.02 M NaOH were incubated at 

37 °C. At different time points, 200 μL samples were taken and the pH was adjusted to 5.0 
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by 0.1 M HCl (20 μL for PBS and 14 μL for 0.02 M NaOH). After centrifugation (22,000×g, 

120 min), the supernatant was analyzed by Viscotek as described in Section 2.2. The 

normalized amount of formed soluble polymer was calculated by dividing the concentration 

of polymer measured by Viscotek by the initial concentration of nanogel suspension. The 

water-soluble polymer present in the supernatant after incubation of DS 5 

pHEMAm-Gly-HEMAm nanogels for 16 h in 0.02 M NaOH was characterized by 
1
H-NMR (see Section 2.2, using DMSO-d6 as the solvent). 

 

2.10  In vitro release of blue dextran 

To study the release of blue dextran, nanogels were suspended in 100×10
−3

 M phosphate 

buffer (pH 7.4) at a concentration of 10 mg mL
−1

 and incubated at 37 °C. At different time 

points, 100 μL samples were taken and mixed with 100 μL of 1 M sodium acetate buffer 

(pH 5.0) to prevent further degradation. The mixture was centrifuged at 22,000×g for 120 

min and the absorbance of the supernatant was determined at 620 nm. 

 

2.11  Cytocompatibility studies 

2.11.1 Cell culture 

HUVEC (human umbilical vein endothelial) cells were obtained from human umbilical 

cords and cultured in EBM-2 medium supplemented with EGM-2 kit (Lonza, USA). RAW 

264.7 macrophage cells were cultured in DMEM (Sigma, USA), supplemented with 10% 

fetal bovine serum (FBS) (Invitrogen, Germany). Cell lines were kept at 37 °C and 5% CO2, 

in a humidified atmosphere. 

 

2.11.2 MTS assay 

The cell viabilities upon incubation with pHEMAm-Gly-HEMAm nanogels with different 

DSs were evaluated via the MTS assay and using PLGA nanoparticles as positive control. 

12,000 HUVECs per well and 10,000 RAW 264.7 cells per well were seeded into 96-wells 

plates. After 24 h, the medium was removed and 200 μL of pHEMAm-Gly-HEMAm 

nanogel or PLGA nanoparticle dispersions in medium was added to the wells at a 

concentration ranging from 0.0325 to 2 mg mL
−1

. After 24 h of incubation, the MTS assay 

(Promega, USA) was performed by pipetting 40 μL of MTS reagent into each well. The 

plate was incubated at 37 °C for 2 h in a humidified, 5% CO2 atmosphere. Finally the 
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absorbance at 492 nm was recorded using a reference wavelength of 690 nm. 

 

2.11.3 LDH leakage assay 

The leakage of lactate dehydrogenase (LDH), a cytosolic enzyme, upon cell lysis during 

incubation of pHEMAm-Gly-HEMAm nanogels and PLGA nanoparticles was measured 

using an assay that measures the activity of the enzyme. In detail, HUVEC cells or RAW 

264.7 cells were seeded into a 96-well plate at the density of 12,000 or 10,000 cells per well, 

respectively. After incubation at 37 °C for 2 h in a humidified, 5% CO2 atmosphere, the 

medium was removed and 200 μL of nanogels or nanoparticle samples in medium was 

added to the wells at the concentration from 0.0325 to 2 mg mL
−1

. After 24 h incubation, 

LDH assay was performed according to manufacturer’s protocol (Promega, USA). To 

generate a maximum of LDH release, 20 μL of 10× lysis solution was added to untreated 

cells which were subsequently incubated for 45 min. Subsequently, 50 μL aliquots from the 

wells were transferred into a 96-well plate, followed by addition of the LDH reagent. Next, 

the plate was incubated at room temperature in the dark. After 30 min, 50 μL of stop 

solution was added to the wells and the absorbance at 492 nm was recorded with reference 

wavelength of 690 nm. The relative LDH leakage (%) was calculated as Equation (5). 

 

relative LDH leakage (%) =   
ODsample−ODbackground

ODmaximum−ODbackground
 × 100%                 (5) 

 

where ODsample is the absorbance of the test sample, ODmaximum is the absorbance of LDH 

release from cells incubated with the lysis buffer and ODbackground is the absorbance of 

medium. 

 

3. Results and Discussion 

This study describes the rational design of polymeric nanogels with tailorable degradation 

behavior under physiological conditions, potentially suitable for drug delivery purposes. To 

this end, two water-soluble biocompatible and nontoxic polymers, pHPMAm and 

pHEMAm, were synthesized and used as building blocks for nanogels. These polymers 

were subsequently modified with polymerizable methacrylate or methacrylamide groups 

which contain glycolate esters as biodegradable bonds (HEMA-Gly or HEMAm-Gly (see
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Figure 1. Biodegradable polymeric nanogels based on pHPMAm-Gly-HEMA or 

pHEMAm-Gly-HEMAm. A) Synthesis of pHPMAm-Gly-HEMA or pHEMAm-Gly-HEMAm. B) 

Preparation and degradation of nanogels. 
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Figure 1 A)), respectively. The degradation profiles of nanogels prepared from polymers 

with different structures and crosslink densities were studied (Figure 1B). 

 

3.1 Synthesis of HEMA/HEMAm-oligoglycolates 

The synthesis of HEMA-oligoglycolates (HEMA-Gly) and HEMAm-oligoglycolates 

(HEMAm-Gly) was done by ring opening polymerization of glycolide initiated by 

HEMA/HEMAm using SnOct2 as the catalyst. As demonstrated in previous studies for 

comparable reactions
[39]

, the average degree of polymerization of 

HEMA(m)-oligoglycolates could be controlled by the feed ratio of HEMA(m) and 

glycolide. Considering the poor water-solubility of products with relatively long 

oligoglycolate chains, which in turn will adversely affect the hydrophilicity of the final 

nanogels, we chose a HEMA(m)/glycolide ratio of 2:1 (mol/mol) aiming at a low degree of 

polymerization. After 1 h reaction, the crude product was purified by flash chromatography. 

HEMAm-Gly was more difficult to separate in different fractions than HEMA-Gly. 

Therefore, fractions containing HEMA-Gly (with 1 to 2 glycolate units) or HEMAm-Gly 

(with 1 to 4 glycolate untis) were combined. UPLC chromatograms (Figure S1, Supporting 

Information) show that both products had less than 3% of unreacted HEMA or HEMAm. 

Yields of HEMA-Gly and HEMAm-Gly were 27% and 48%, respectively. The average 

degrees of polymerization (DP; determined by 
1
H-NMR) of HEMA-Gly and HEMAm-Gly 

were 1.46 and 1.84, respectively. 

1
H-NMR HEMA-Gly (Figure S2A (Supporting Information), DMSO-d6, 400 MHz): δ 6.09 

(s, 1H, Ha), 5.57 (s, 1H, Ha′), 4.71 (m, 2H, He), 4.42-4.27 (m, 4H, Hc, Hd), 4.16 (m, 2H, Hf), 

1.91 (s, 3H, Hb). 

1
H-NMR HEMAm-Gly (Figure S2B (Supporting Information), DMSO-d6, 400 MHz): δ 

8.01 (m, 1H, Hc), 5.63 (s, 1H, Ha), 5.32 (s, 1H, Ha′), 4.88-4.63 (m, 2H, Hf), 4.14-3.99 (m, 

4H, He, Hg), 3.30 (m, 2H, Hd), 1.83 (s, 3H, Hb). 

 

3.2 Synthesis of HEMA-Gly-CI and HEMAm-Gly-CI 

To couple HEMA-Gly (or HEMAm-Gly) to pHPMAm (or pHEMAm), CDI was used to 

activate the hydroxyl group of the glycolates. An excess CDI (molar ratio of CDI and 

hydroxyl groups: 5:1) was added to activate HEMA-Gly (or HEMAm-Gly) completely and 

to avoid the formation of HEMA-Gly-HEMA (or HEMAm-Gly-HEMAm)
[39]

. Next, 

unreacted CDI was decomposed with water and once bubbles (CO2 produced by the 



 

37 
 

2 

Polymeric nanogels with tailorable degradation behavior 

reaction of CDI and water) were not formed anymore, HEMA-Gly-CI (or HEMAm-Gly-CI) 

was extracted with DCM. 

The 
1
H-NMR spectra of HEMAm-Gly-CI before (Figure S3A, Supporting Information) and 

after (Figure S3B, Supporting Information) purification show that CDI was indeed removed. 

Comparison of Figure S2B with Figure S3B (Supporting Information) shows that there is a 

shift of the terminal glycolate proton (Hg) of HEMAm-Gly from 4.14 to 5.15 ppm, and the 

imidazole signals appear at 7.58 and 7.11 ppm. The yields of HEMA-Gly-CI and 

HEMAm-Gly-CI were 92% and 95%, respectively. The purities (P) of HEMA-Gly-CI and 

HEMAm-Gly-CI were 62% and 43% respectively according to NMR analysis (Equation 

(1)). One of the main impurities that remain in the final product is imidazole. Since it has 

been shown previously that this compound does not affect the reaction of activated side 

units of HEMA(m)-Gly-CI and polymers in DMSO
[39]

, HEMA-Gly-CI (or 

HEMAm-Gly-CI) together with imidazole was used for further reaction. 

1
H-NMR HEMA-Gly-CI (Figure S3C (Supporting Information), DMSO-d6, 400 MHz): δ 

8.15 (s, 1H, Hg), 7.42 (s, 1H, Hi), 7.08 (s, 1H, Hh), 6.07 (s, 1H, Ha), 5.56 (s, 1H, Ha′), 

4.98-4.63 (m, 4H, He, Hf), 4.48-4.30 (m, 4H, Hc, Hd), 1.90 (s, 3H, Hb). 

1
H-NMR HEMAm-Gly-CI (Figure S3B (Supporting Information), DMSO-d6, 400 MHz): δ 

8.16 (m, 1H, Hc), 7.58 (s, 1H, Hh), 7.11 (m, 2H, Hi, Hj), 5.63 (s, 1H, Ha), 5.31 (s, 1H, Ha′), 

5.15-4.89 (m, 4 H, Hf, Hg), 4.2 (m, 2H, He), 3.36 (m, 2H, Hd), 1.82 (s, 3H, Hb). 

 

3.3 Synthesis of pHPMAm-Gly-HEMA and pHEMAm-Gly-HEMAm 

PHPMAm and pHEMAm were obtained by free radical polymerization. Due to its high 

hydrophilicity and poor solubility in methanol, unlike the polymerization of HPMAm in 

methanol, the synthesis of pHEMAm was performed in water using ABCPA as initiator. 

The reaction conditions were chosen to synthesize polymers with a number average 

molecular weight less than 20 kDa (pHPMAm: Mn 17.3 kDa, PDI 2.20; pHEMAm: Mn 

15.9 kDa, PDI 2.20) because pHPMAm with molecular weight < 45 kDa can be cleared by 

the kidneys
[41–43]

. 

Methacrylated polymers were obtained by coupling HEMA-Gly-CI and HEMAm-Gly-CI to 

pHPMAm and pHEMAm. The 
1
H-NMR spectrum of pHEMAm-Gly-HEMAm shows that 

HEMAm-Gly was indeed successfully coupled to pHEMAm (Figure S4, Supporting 

Information). PHPMAm-Gly-HEMA (DS 4 and 8) and pHEMAm-Gly-HEMAm (DS 5, 8, 

and 20) were synthesized to investigate the effect of DS, and thus crosslink density, on the 
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degradation behavior of the prepared nanogels. 

 

3.4 Hydrolytic degradation study of monomers and polymers 

The degradation of the nanogels is due to the hydrolysis of carbonate esters and glycolate 

esters in the crosslinks of polymer networks. Therefore, to get insight into the degradation 

mechanism and kinetics of the nanogels, the hydrolysis kinetics of HEMA-Gly (and 

HEMAm-Gly) and pHPMAm-Gly-HEMA (and pHEMAm-Gly-HEMAm) was studied at 

pH 7.4 and at 37 °C. A high salt concentration (100×10
−3

 M) of the buffer solution was used 

to maintain the pH during the incubation and a co-solvent (10% DMSO) was used to fully 

solubilize the monomers and polymers. 

 

3.4.1 Hydrolysis of monomers 

Figure S5A (Supporting Information) shows the chromatograms of HEMA-Gly upon 

incubation at pH 7.4 and 37 °C. As anticipated, HPLC analysis showed that HEMA-Gly1 

(HEMA-Gly with one glycolate unit) and HEMA-Gly2 (HEMA-Gly with two glycolate 

units) were converted into HEMA, which was further slowly converted into MA. The 

chromatograms of HEMAm-Gly degradation samples (Figure S5B, Supporting Information) 

show that the peak areas of HEMAm-Gly decreased in time, which was associated with a 

concomitant increase of HEMAm. The linearity obtained by plotting the natural logarithm 

of the concentration of HEMA(m)-Gly1 and HEMA(m)-Gly2 versus time (Figure 2) 

demonstrates that the hydrolysis of ester bonds in these compounds follows 

pseudo-first-order kinetics. The hydrolysis rate constants of ester bonds in HEMA(m)-Gly 

were calculated from the ln area versus time plots (Figure S6, Supporting Information) and 

reported in Table 1. The detailed calculation is described in the Supporting Information. 

As shown in Table 1, the rate of the hydrolysis reaction for HEMA-Gly2 (kbb = 0.18 h
−1

) is 

about ten times faster than the hydrolysis rate of the terminal glycolate ester (kGly = 0.022 

h
−1

). This rapid hydrolytic degradation of HEMA-Gly2 can be explained by the formation of 

a stable six-membered ring (Figure 3A; “backbiting”), as previously suggested for the 

hydrolysis of oligo(lactic acid) in alkaline environment
[45]

. Table 1 furthers shows that kbb 

for HEMA-Gly2 (0.18 h
−1

) is greater than that of the previously reported value for 

HPMAm-lactate2 (0.14 h
−1

)
 [35]

. This can be explained by the faster hydrolysis of an ester of 

a primary alcohol (glycolate ester) than an ester of a secondary alcohol (lactate ester). The 

rate constant of conversion from HEMA to MA (kMA = 0.00043 h
−1

) is similar as reported 
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previously (0.00036 h
−1

)
 [45]

. No methacrylic acid was detected as degradation product of 

HEMAm-Gly which can be explained by the high stability of the amide bond under the 

selected condition
[35]

. 

 

 

Figure 2. Natural logarithm of the relative amounts (% with respect to the amounts at t = 0) of A) 

HEMA-Gly and B) HEMAm-Gly during degradation at 37 °C in 100×10−3 M phosphate buffer 

(pH7.4) containing 10% DMSO, n = 3. 

 

Table 1. Hydrolysis rate constants of HEMA(m)-Gly (n = 3) at 37 °C and at pH 7.4. 

Monomers 
kHEMAm

 a)
  

[h
-1

] 

kGly
 b)

  

[h
-1

] 

kbb
 c)

  

[h
-1

] 

HEMA-Gly1 - 0.022±0.001 - 

HEMA-Gly2 - 0.022±0.001 0.18±0.01 

HEMAm-Gly1 0.027±0.003 - - 

HEMAm-Gly2 - 0.098±0.007 0.068±0.003 

HEMAm-Gly3 0.027±0.001 0.098±0.008 ≈ 3 

a)kHEMAm refers to the hydrolysis constant of the ester bond between HEMAm and glycolic acid (see 

Figure 3); b)kGly refers to the hydrolysis constant of the glycolate ester bond; c)kbb refers to the rate 

constant of the backbiting reaction. 

 

The kGly of HEMAm-Gly1 is almost equal to that of HEMA-Gly1 (0.027 h
−1

 vs 0.022 h
−1

). 

However, Table 1 shows a five times faster hydrolysis of the terminal glycolate ester in 

HEMAm-Gly2 than in HEMA-Gly2 (0.098 h
−1

 vs 0.022 h
−1

). This can be explained by the 

formation of an intramolecular hydrogen bond between the amide and the terminal carbonyl 

group via a 10 ring. The increased electrophilicity of the terminal carbonyl group caused by 

this hydrogen bridge formation makes attack of a water molecule at that site energetically 

more favorable (Figure 3 B). Therefore, the hydrolysis rate constant of the terminal  
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Figure 3. Possible hydrolysis routes of A) HEMA-Gly and B) HEMAm-Gly. 
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glycolate ester in HEMAm-Gly2 is higher than that in HEMAm-Gly1 which is not able to 

form an intramolecular hydrogen bridge with the amide group via a 10 ring. Further, a four 

times slower backbiting rate constant is observed (Table 1) for HEMAm-Gly2 than for 

HEMA-Gly2 (0.068 h
−1

 vs 0.18 h
−1

). This can be explained by the formation of another 

intramolecular hydrogen bond between the second carbonyl group and the hydroxyl group 

via an 8 ring in HEMAm-Gly2 (Figure 3 B). The hydrogen bond reduces the chance of 

nucleophilic attack of the hydroxyl end group on the second carbonyl group present in 

HEMA-Gly2. This hypothesis is confirmed by the surprisingly high degradation rate 

constant of backbiting in HEMAm-Gly3 (40 times faster than backbiting in HEMAm-Gly2). 

The intramolecular hydrogen bridge formation between the amide and the third carbonyl 

group (Figure 3 B) increases the electrophilicity of the carbon of the third carbonyl group. 

This makes the nucleophilic attack of the hydroxyl end group on the third carbonyl group 

energetically more favorable (Figure 3 B). 

 

3.4.2 Hydrolysis of the polymers 

The degradation profiles of pHPMAm-Gly-HEMA at 37 °C and pH 7.4 is shown in Figures 

S7A and S8 (Supporting Information). These figures show that the amounts of HEMA and 

MA continuously increased in time, whereas the amount of HEMA-Gly1 first increased and 

then decreased after having reached at maximum at 8 h. This indicates that during 

hydrolysis, the products that are split from the polymer backbone (i.e., HEMA, 

HEMA-Gly1, and HEMA-Gly2) are further degraded, in line with the data of hydrolysis of 

HEMA-Gly (Section 3.4.1). A similar pattern is found for the degradation of 

pHEMAm-Gly-HEMAm (Figures S7B and S9, Supporting Information). 

Since there are two types of ester bonds present in the polymer, i.e., carbonate and glycolate 

ester, two new rate constants (kcarbonate and kGly-p) are introduced to describe the hydrolysis 

of these two ester bonds (Figure 4, pHPMAm/pHEMAm and pHPMAm-glycolic 

acid/pHEMAm-glycolic acid are formed, respectively). 

Figure S10 (Supporting Information) shows that for pHPMAm-Gly-HEMA, k = 0.022 h
−1

 

which value is the same as for kGly (Table 1). Furthermore, HEMA-Gly2 was hardly 

detected which can be explained by the relatively high rate constant for the backbiting 

reaction (kbb = 0.18 h
−1

) as soon as this compound is formed. 
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Figure 4. Hydrolysis sites and reactions of pHPMAm-Gly-HEMA and pHEMAm-Gly-HEMAm. 

 

For pHEMAm-Gly-HEMAm, the rate constant for the hydrolysis of the glycolate ester 

bond in formed HEMAm-Gly1 to yield HEMAm is 0.026 h
−1

 (Figure S11, Supporting 

Information). This value is very close to the kHEMAm of HEMAm-Gly as reported in Table 1 

(k = 0.027 h
−1

). Compared to pHPMAm-Gly-HEMA, the hydrolysis of the carbonate ester 

of pHEMAm-Gly-HEMAm is faster (Table 2, 0.034 h
−1

 vs 0.047 h
−1

 for DS 8 polymers). 

Less steric hindrance in pHEMAm-Gly-HEMAm due to the absence of a methyl group next 

to the carbonate group can explain this difference. Furthermore, a greater kGly-p is found for 

pHEMAm-Gly-HEMAm than for pHPMAm-Gly-HEMA (Table 2, 0.085 h
−1

 vs 0.063 h
−1

 

for DS 8 polymer). This can be explained by the formation of an intramolecular hydrogen 

bond between the amide and the carbonyl group next to the carbonate ester via a 10 ring in 

the side group resulting in an increased electrophilicity of the carbonyl which makes an 

attack of a water molecule more favorable (Figure S12, Supporting Information), as also 

suggested for the hydrolysis of HEMAm-Gly (Figure 3). 

It should be noted that there is no significant influence of DS of the polymers on the 

hydrolysis rate. That is because the average distance between two side groups is 5 HEMAm 

units for DS 20 polymer, meaning that these groups do not “see” each other resulting in 

equal hydrolytic reaction rates
[45]

. 
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Table 2. Hydrolysis rate constants of pHPMAm-Gly-HEMA and pHEMAm-Gly-HEMAm at 37 °C in 

100×10−3 M phosphate buffer (pH 7.4, containing 10% DMSO), n = 3. 

Polymers 
kcarbonate

 a) 

[h
-1

] 

kGly-p
 b)

 

[h
-1

] 

pHPMAm-Gly-HEMA DS 4 0.032±0.001 0.058±0.002 

pHPMAm-Gly-HEMA DS 8 0.034±0.002 0.063±0.002 

pHEMAm-Gly-HEMAm DS 5 0.048±0.003 0.087±0.004 

pHEMAm-Gly-HEMAm DS 8 0.047±0.002 0.085±0.003 

pHEMAm-Gly-HEMAm DS 20 0.048±0.002 0.087±0.004 

a)kcarbonate refers to the rate constant for the hydrolysis of the carbonate ester bond; b)kGly-p refers to the 

rate constant for the hydrolysis of the glycolate ester bond (see Figure 4 ). 

 

3.5 Preparation and characterization of nanogels 

Inverse emulsion photopolymerization was selected as method to prepare nanogels 

following a literature procedure with some modifications
[46]

. A solution of polymers in 

DMSO was used as the internal phase, whereas mineral oil together with the surfactant 

ABIL EM 90 was the external phase. An emulsion was created by sonication in an 

ice-water bath to minimize hydrolysis of glycolate side units by water used to dissolve the 

photoinitiator. Next, the emulsion was UV irradiated for 30 min, which resulted in almost 

complete conversion of methacrylate groups (> 90%, Table 3). After photopolymerization, 

the particles were washed and obtained after freeze drying in a good yield (> 80%). DLS 

showed the diameters of particles after dispersion in water were around 130-160 nm with 

small size distribution (PDI < 0.2); the zeta potential of the nanogels in HEPES buffer (pH 

7.4) was neutral. These nanogels have a similar size because the same concentration of 

polymers in the internal phase was used for nanogel preparation. Therefore, it is in the line 

with expectation that the size of particles is similar for the different batches. TEM analysis 

showed spherical particles with size 50-100 nm (Figure 5 A). Compared with TEM results, 

DLS analysis gave a bigger size hydrated particles were used, whereas TEM analysis was 

done on dried samples. 
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Figure 5. TEM images of pHEMAm-Gly-HEMAm nanogels (DS 5) incubated in 20×10-3 M HEPES 

(pH 7.4) at 37 °C for A) 0 h, B) 2 h, C) 6 h, and in 20×10-3 M HEPES (pH 5) at 37 °C for D) 24 h. 

 

To prepare blue dextran loaded nanogels, this macromolecule was dissolved in the internal 

phase and other steps were the same as for the preparation of empty nanogels. The size of 

loaded nanogels was slight bigger than those of the empty nanogels (Tables 3 and 4). Table 

4 also shows the blue dextran was loaded with a high efficiency in the nanogels (≈70%–

85%). 
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Table 3. Characteristics of empty nanogels (n = 3) prepared using polymers with different degrees of 

substitution. 

Polymers 
Yield 

 [%]a) 

Size 

 [nm] 
PDI 

Conversion 

 [%]b) 

Zeta 

potential 

 [mV] 

pHPMAm-Gly-HEMA 

DS 4 
97.0±0.9 137.4±5.2 0.16±0.02 90.3 ±3.4 -0.2±0.0 

pHPMAm-Gly-HEMA 

DS 8 
91.8±3.2 168.6±6.2 0.23±0.01 91.4±3.2 -0.6±0.0 

pHEMAm-Gly-HEMAm 

DS 5 
96.2±2.5 137.1±5.9 0.26±0.02 94.6±2.2 -1.0±0.0 

pHEMAm-Gly-HEMAm 

DS 8 
86.4±3.1 131.3±8.4 0.22±0.01 95.4±2.8 -0.9±0.0 

pHEMAm-Gly-HEMAm 

DS 20 
82.1±1.9 129.6±5.2 0.21±0.02 92.6±3.0 -1.0±0.0 

a)Yield is the ratio of the amount of nanogels obtained after lyophilization and the amount of fed 

materials; b)conversion is the ratio of the amount of unreacted methacrylate groups in nanogels and 

the total amount of methacrylate groups of the polymers used to prepare the nanogels. 

 

Table 4. Characteristics of blue dextran loaded nanogels (n = 3). 

Polymers 
Size  

[nm] 
PDI 

EE  

[%]
a) 

LC  

[%]
b) 

pHEMAm-Gly-HEMAm 

DS 5 
170.3±2.0 0.20±0.01 70.0±0.3 8.57±0.06 

pHEMAm-Gly-HEMAm 

DS 8 
168.6±2.6 0.21±0.02 84.7±0.2 10.17±0.06 

pHEMAm-Gly-HEMAm 

DS 20 
165.9±1.3 0.21±0.03 86.5±0.2 10.37±0.06 

a)EE refers to encapsulation efficiency; b)LC refers to loading capacity. 
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3.6 Degradation of Nanogels 

3.6.1 DLS 

Degradation of yielded nanogels was studied in PBS (pH 7.4) at 37 °C. DLS was used to 

measure changes in scattering intensity of nanogel suspension as well as in size. As shown 

in Figure 6, pHEMAm-Gly-HEMAm nanogels have a faster decrease in count rate (i.e., 

scattering intensity) than pHPMAm-Gly-HEMA nanogels. This observation is in line with 

the hydrolysis data which show that pHEMAm-Gly-HEMAm is more rapidly hydrolyzed 

than pHPMAm-Gly-HEMA (Section 3.4.2, Table 2). Figure 6B shows that 

pHEMAm-Gly-HEMAm nanogels prepared from lower DS polymers display a faster 

decrease in count rate and thus more rapidly degrade than nanogels prepared from higher 

DS polymers. Table 2 shows that the hydrolysis rates of the ester bonds of the side groups 

are independent of DS. However, the crosslink density is lower for nanogels prepared from 

lower DS polymers and as a consequence fewer crosslinks have to be cleaved for these 

nanogels to degrade. Furthermore, the size and PDI of nanogels increased during incubation 

(Figure S13, Supporting Information). Taken DS 5 pHEMAm-Gly-HEMAm nanogels as an 

example, Figure S13A (Supporting Information) shows that the size increased with 10 nm 

and PDI increased from 0.2 to 0.4 after 48 h incubation. As a control, 

pHEMAm-Gly-HEMAm (DS 5) nanogels were incubated in 100×10
−3

 M sodium acetate 

buffer (pH 5.0) (Figure S14, Supporting Information). Neither a decrease in count rate nor 

change in size was observed, demonstrating that the glycolate esters and carbonate esters in 

the crosslinks of nanogels are relatively stable at pH 5.0
[44,47]

. At pH 9.0, the count rate of 

pHEMAm-Gly-HEMAm (DS 20) nanogel suspension decreased about 20 times faster than 

at pH 7.4 (t1/2: 1 h vs 25 h) (Figure S15, Supporting Information), which is in line with 

faster degradation of glycolate esters and carbonate esters under alkaline conditions
[48]

. 

Because of the good tailorability of the degradation behavior of pHEMAm-Gly-HEMAm 

nanogels (degradation time depends on DS of polymers), they were chosen as a lead for 

further degradation studies using NTA. 

 

3.6.2 NTA 

The count rate (light scattering intensity) as measured by DLS depends on the size, 

concentration and the water content (affects the particle-to-medium refractive index ratio or 

dn/dc value) of the particles
[49]

 and these factors cannot be singled out by the DLS 

equipment. To investigate the change of each factor separately, NTA was used to study the 

degradation of nanogels. NTA tracks the Brownian motion of nanoparticles, and the  
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Figure 6. Degradation of nanogels in PBS at 37 °C as function of crosslink density measured by 

dynamic light scattering: A) pHPMAm-Gly-HEMA nanogels, and B) pHEMAm-Gly-HEMAm 

nanogels. 

 

software calculates the size of the particles using the Stokes-Einstein equation as well as the 

particle concentration
[50]

. NTA showed that nanogels based on pHEMAm-Gly-HEMAm 

(DS 5) had a continuous decrease in particle concentration during 48 h incubation in PBS 

(pH 7.4) at 37 °C (Figure 7A). On the other hand, under the same conditions nanogels 

based on DS 8 pHEMAm-Gly-HEMAm showed a plateau during the 16 h of incubation 

after which the concentration decreased in time and about 30% of particles remained after 

48 h (Figure 7B). For nanogels based on DS 20 pHEMAm-Gly-HEMAm a plateau was 

observed for 30 h and thereafter the number of particles in the suspension decreased to 60% 

of the initial value after 48 h (Figure 7C). Moreover, during the incubation of DS 8 

nanogels from 0 to 16 h (the number of particles remains constant) the scattering intensity 

of particles decreased (Figure S16, Supporting Information), demonstrating that the density 

of nanogels decreased due to hydrolysis of the crosslinks and as a consequence the dn/dc 

value decreased. Once the crosslinks were too few to keep particles intact, nanogels started 

to disassociate and the concentration of particles in the suspension decreased. It is obvious 

that for nanogels prepared from higher DS polymers more crosslinks have to be hydrolyzed 

before nanogel disassociation occurs, which leads to a longer plateau (16 h for DS 8 

nanogels vs 30 h for DS 20 nanogels). Likely, for DS 5 nanogels the plateau is too short to 

be observed. 

Similar to the DLS results, the size of nanogels measured by NTA increased during 

incubation (Figure 7). Both DLS and NTA show nanogels with lower crosslink density have 

faster degradation behavior. Since a plateau in number of particles and increased particle 

size are observed by NTA (Figure 7B and C), the decrease in count rate measured by DLS 
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(Figure 6B) in the early stage of incubation is because of the decrease of the dn/dc value 

instead of the decrease of nanogel concentration. The figures mentioned above (Figures 6B, 

Figure 7B and C) also show that after the plateau the decrease of count rate is due to the 

decrease of the dn/dc as well as the concentration. 

 

 

Figure 7. Degradation of pHEMAm-Gly-HEMAm nanogels in PBS at 37 °C measured with 

nanoparticle tracking analysis (n = 3): A) DS 5 nanogels, B) DS 8 nanogels, and C) DS 20 nanogels. 

 

3.6.3 TEM 

The nanogels based on DS 5 pHEMAm-Gly-HEMAm were incubated in buffer at pH 7.4 

and at regular time points samples were taken for TEM analysis. As shown in Figure 5, the 

size of DS 5 pHEMAm-Gly-HEMAm nanogels before incubation measured by TEM is 

50-100 nm, which is smaller than that obtained by DLS and NTA (> 100 nm). For the DLS 

and NTA, the particles are hydrated, whereas TEM analysis is done on dried sample, which 

explains the differences in size between TEM and DLS/NTA. After 2 h and 6 h incubation, 

the size and shape of particles had hardly changed (Figure 5B and C). After 24 h, no 

particles were detected with TEM which is in agreement with DLS and NTA results. TEM 

analysis (Figure 5D) showed that nanogels incubated at pH 5 for 24 h remained their size 

(50 to 100 nm) and morphology (spherical particles with smooth surface), again 

demonstrating that in line with DLS data (Figure S14, Supporting Information) hydrolysis 

of the crosslinks in the nanogels is slowed down at this pH. 

 

3.6.4 Characterization of water-soluble degradation products of nanogels 

The molecular weights and the amount of water-soluble polymers formed during 

degradation of the nanogels were determined. Figure 8 shows that nanogels prepared from 

polymers with different DSs displayed similar degradation trends in terms of an increasing 
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amount of formed water-soluble polymers with time. Figure 8 also shows that in line with 

the results of DLS and NTA, the degradation rates were slower for nanogels with higher 

crosslink density (i.e., prepared from polymers with higher DS). More than 60% of soluble 

polymers were formed as degradation products from DS 5 nanogels after the first 4 h 

incubation (Figure 8A). After 24 h, about 80% of soluble fragments were formed which is 

in agreement with DLS and NTA data showing that 80%-90% of nanogels have been 

degraded in the same time frame. For DS 8 nanogels, 30% of soluble polymer fragments 

were formed from the nanogels during the first 4 h (Figure 8B). According to the NTA 

results (Figure 7B), these dissolved fragments did not change the concentration of the 

nanogel suspension. About 70% of soluble fragments were formed during 48 h incubation, 

which is in line with the observation during DLS and NTA measurements which showed 

that about 25% of nanogels remains in the buffer at the same time point (Figures 5B and 

6B). In the case of DS 20 nanogels, soluble polymer fragments were continuously formed 

up to 96 h of incubation (Figure 8 C). 

Figure 8 also shows that the molecular weights of the formed water-soluble polymers 

decreased over time, indicating that initially high molecular weight, but soluble fragments 

were formed that continue to degrade into smaller fragments in the buffer of pH 7.4 and at 

37 °C. For DS 20 nanogels (Figure 8C), the molecular weights of soluble polymers could 

not be recorded in the first 24 h because the amount of polymers was too small to get an 

accurate determination. 

 

 

Figure 8. The normalized amount, weight average molecular weight (Mw) and number average 

molecular weight (Mn) of water-soluble degradation products from pHEMAm-Gly-HEMAm nanogels 

with different crosslink densities: A) DS 5 nanogels, B) DS 8 nanogels, C) DS 20 nanogels incubated 

in PBS at 37 °C. 

 

Nanogels with a higher crosslink density showed a delayed increase in the quantities of 

soluble products as well as a slow decrease in the molecular weights of formed soluble 
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fragments. This can be explained by the longer time that is needed to hydrolyze crosslinks 

in the nanogels with a higher crosslink density. After accelerated hydrolysis in 0.02 M 

NaOH, the side units (i.e., HEMAm-Gly) of polymers (i.e., pHEMAm-Gly-HEMAm) used 

to prepare nanogels were removed (Figure S4, Supporting Information), and GPC analysis 

showed that the molecular weights and PDI of the formed water-soluble polymers were the 

same as the polymer that was used for nanogel preparation (Table 5), which demonstrates 

that potentially all crosslinks in the nanogels can be hydrolyzed. 

 

Table 5. Characteristics (determined by Viscotek) of pHEMAm used to synthesize the graft 

copolymers, and water-soluble degradation products of pHEMAm-Gly-HEMAm nanogels after 

incubation in 0.02 M NaOH for 16 h at 37 °C. 

 
Mw 

[kDa] 

Mn 

[kDa] 
PDI 

original 

polyHEMAm 
35.1 15.9 2.2 

DS 5 nanogels 32.2 14.4 2.2 

DS 8 nanogels 32.6 14.2 2.3 

DS 20 nanogels 31.9 14.1 2.3 

 

3.7 In Vitro Release of Blue Dextran 

Figure 9 shows the release of blue dextran from nanogels with different crosslink densities. 

Around 80% of the blue dextran loading was released from DS 5 pHEMAm-Gly-HEMAm 

nanogels during the first 24 h of incubation. On the other hand, DS 8 and DS 20 nanogels 

showed more sustainable release of blue dextran. For DS 8 nanogels, a complete release of 

blue dextran was found after 96 h and for DS 20 nanogels, about 70% of blue dextran was 

released at the end of the experiment. 

Blue dextran has a molecular weight of 2,000,000 Da and has a hydrodynamic diameter of 

27 nm
[51]

. This means that given its big size, likely it is initially entrapped in the networks 

and it can only be released due to degradation of the nanogels. Indeed, Figure 9 shows that 

the release times very well match those of degradation times of the nanogels (Figure 8) 

indicating that the release of a macromolecule like blue dextran is governed by degradation 

of the hydrogel network. 

 



 

51 
 

2 

Polymeric nanogels with tailorable degradation behavior 

 

Figure 9. Release of blue dextran from pHEMAm-Gly-HEMAm nanogels in 100×10−3 M phosphate 

buffer (pH 7.4) at 37 °C. (n = 3). 

 

3.8 Cytocompatiblity Studies 

In vitro cytocompatibility of the nanogels was investigated using two cell lines: HUVEC 

cells and RAW 264.7 cells. As human primary cells, HUVECs are commonly used for 

cytotoxicity tests for biomaterials aimed for i.v. injection. RAW 264.7 cells were also used 

since macrophages play an important role in innate immunity as well as adaptive immunity. 

Two assays were used to evaluate the cytotoxicity of nanogels. The MTS assay measures 

the general metabolism as a marker of viable cells
[52]

; while LDH release can be considered 

a marker of cell lysis
[53]

. PLGA nanoparticles were chosen as positive control as they have a 

proven biocompatibility
[54,55]

. 

The MTS assay (Figure S17, Supporting Information) shows that nanogels with low 

crosslink density (prepared from DS 4 pHEMAm-Gly-HEMAm) and high crosslink density 

(prepared from DS 20 pHEMAm-Gly-HEMAm) had no effect on the cell viability on both 

cell lines in the concentration range tested (up to 2 mg mL
−1

). The LDH assay (Figure S18, 

Supporting Information) revealed that LDH leakage even upon incubation of the cells with 

the highest concentration (2 mg mL
−1

), the level of LDH leakage was less than 10%. 

Importantly, pHEMAm-Gly-HEMAm nanogels and PLGA nanoparticles displayed no 

significant differences using both assays, indicating the cytocompatibility of 

pHEMAm-Gly-HEMAm nanogels. 

 

4. Conclusions 

This paper presents the preparation and characterization of degradable nanogels that can be 

hydrolyzed in a tailorable manner. These nanogels were produced from 
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pHPAMm-Gly-HEMA and pHEMAm-Gly-HEMAm in which methacrylate groups were 

coupled to hydrophilic pHPMAm and pHEMAm via biodegradable glycolate esters. Since 

pHEMAm-Gly-HEMAm hydrolyzed more rapidly than pHPMAm-Gly-HEMA, 

pHEMAm-Gly-HEMAm nanogels showed faster degradation under physiological 

conditions. Hydrolysis studies of two types of nanogels with different crosslink densities 

revealed different degradation times from 24 h to over 4 d under physiological conditions 

(37 °C and pH 7.4). Our results showed that a macromolecule such as blue dextran can be 

loaded into the nanogels. It was shown that the release of this macromolecule from the 

nanogels is governed by degradation. These nanogels also showed a good cytocompatibility 

and they are therefore suitable systems for drug delivery purposes. 
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Supporting Information 

 

 

Figure S1. UPLC chromatograms of (A) HEMA-Gly and (B) HEMAm-Gly. The area% of 

HEMA-Gly1 and HEMA-Gly2 in HEMA-Gly was 57.8% and 42.2%; the area% of HEMAm-Gly1 to 

HEMAm-Gly4 was 43.3%, 45.0%, 7.9% and 3.7%, respectively. 
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Figure S2. 1H NMR spectra of HEMA-Gly (A) and HEMAm-Gly (B). 
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Figure S3. 1H-NMR spectrum of HEMAm-Gly-CI before purification (A), HEMAm-Gly-CI after 

purification (B) and HEMA-Gly-CI after purification (C). 



 

58 
 

2 

Chapter 2 

 

Figure S4. Reaction and hydrolysis scheme of pHEMAm-Gly-HEMAm (top). 1H-NMR spectra of 

pHEMAm (green), pHEMAm-Gly-HEMAm (red) and degradation product of nanogels (blue). 

 

 

Figure S5. UPLC chromatograms of HEMA-Gly (A) and HEMAm-Gly (B) incubated at 37 °C in 100 

mM phosphate buffer (pH7.4) containing 10% DMSO at different time points. 
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Figure S6. Degradation profiles (n = 3) of HEMA-Gly (A) and HEMAm-Gly (B) at 37 °C in 100 mM 

phosphate buffer (pH 7.4) containing 10% DMSO. When not shown, the SD is smaller than the 

symbol. 

 

Calculation of hydrolysis rate constant of ester bonds in monomers 

Since for the degradation a mixture of HEMA-Gly (or HEMAm-Gly) with different number 

of glycolate units was used, we separated the degradation plots into several areas to get the 

hydrolysis rate constant of every ester bond of each individual monomer. E.g for 

HEMA-Gly, at t > 20 h only HEMA-Gly1, HEMA and MA were present, meaning that the 

decay of HEMA-Gly1 is a simple rate equation: 

 

dc/dt = - (kGly + kMA) * [HEMA-Gly1] 

 

where kGly = rate constant for hydrolysis of glycolate ester bond and kMA = rate constant for 

hydrolysis of methacrylate ester bond. 

From t = 0 h, HEMA-Gly2 decays with rate equation: 

 

dc/dt = - (kGly + kMA + kbb) * [HEMA-Gly2] 

 

where kbb = rate constant for backbiting reaction (i.e. direct conversion of HEMA-Gly2 into 

HEMA). 

By plotting the natural logarithm of the amounts of HEMA-Gly1 and HEMA-Gly2 versus 
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time, (kGly + kMA) and (kGly + kMA + kbb) were calculated from the slopes. We assumed that 

kGly and kMA are the same for HEMA-Gly1 and HEMA-Gly2, and kbb can then be easily 

calculated. kMA was obtained by fitting the data points of Figure S6A via least squares 

method. Finally kGly = (kGly + kMA) - kMA can be calculculated. 

 

 

Figure S7. UPLC chromatograms of pHPMAm-Gly-HEMA DS 4 (A) and pHEMAm-Gly-HEMAm 

DS 5 (B) incubated at 37 °C in 100 mM phosphate buffer (pH7.4) containing 10% DMSO at different 

time points. 

 

 

Figure S8. Degradation profiles (n = 3; SD is smaller than the symbols) of pHPMAm-Gly-HEMA 

with different degrees of substitution: (A) 4 and (B) 8 at 37 °C in 100 mM phosphate buffer (pH7.4, 

containing 10% DMSO) 
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Figure S9. Degradation profiles (n = 3) of pHEMAm-Gly-HEMAm with different degrees of 

substitution: (A) 5, (B) 8 and (C) 20 at 37 °C in 100 mM phosphate buffer (pH7.4, containing 10% 

DMSO). 

 

Calculation of rate constants for polymers 

Two new rate constants: kcarbonate and kGly-p are introduced for the hydrolysis of the 

carbonate and all glycolate ester bonds in the graft copolymer, respectively. According to 

Figure S8, HEMA and HEMA-Gly1 were the most abundant degradation products observed. 

HEMA-Gly2 was only observed in low amounts because any formed HEMA-Gly2 was 

immediately further degraded to HEMA by the rapid backbiting reaction. The data points 

for the formation of the degradation products were fit to the following rate equations at the 

corresponding time points (t) based on the general equation dc/dt = (rate of formation at 

time t) – (rate of further degradation at time t): 

d[HEMA-Gly2]/dt = kcarbonate×[pHPMAm-Gly2-HEMA]t – kbb×[HEMA-Gly2]t – 

kGly×[HEMA-Gly2]t – kMA×[HEMA-Gly2]t 

d[HEMA-Gly1]/dt = kGly-p×[pHPMAm-Gly2-HEMA]t + kcarbonate×[pHPMAm-Gly1-HEMA]t 

+ kGly×[HEMA-Gly2]t – kGly×[HEMA-Gly1]t – kMA×[HEMA-Gly1]t 

d[HEMA]/dt = kHEMA×[pHPMAm-Gly2-HEMA]t + kHEMA×[pHPMAm-Gly1-HEMA]t + 

kbb×[HEMA-Gly2]t + kGly×[HEMA-Gly1]t – kMA×[HEMA]t 
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wherein kGly-p and kcarbonate are the two fitting parameters, corresponding to the hydrolysis of 

the glycolate-glycolate ester bond and the carbonate bond in the graft copolymer, 

respectively; kHEMA is the rate constant for the HEMA-glycolate ester in the graft copolymer, 

but was considered the same as kGly-p; kGly, kbb and kMA are the previously established rate 

constants for the hydrolysis of the released monomers, that we used as fixed values in the 

fitting procedure (i.e. glycolate ester of HEMA-Gly, backbiting reaction of HEMA-Gly2, 

and methacrylate ester bond hydrolysis, respectively). 

We assumed that the molar concentrations of the degradation products are linearly related 

to the AUC’s in the chromatograms for all degradation products in the same way (in fact 

this is safe, because we looked at the absorption of the double bond of HEMA at 210 nm, 

while HEMA is present in all degradation products). Then we took the relative AUC’s of 

the degradation products, assuming complete degradation into HEMA at the final time point, 

in other words all concentrations were normalized to the maximum AUC of HEMA. For the 

fitting of the degradation curve, as the first input one can take the measured and normalized 

AUC’s of degradation products at any time point (typically at t=0) and assume the 

remaining not released material being still present as pHPMAm-Gly2-HEMA and 

pHPMAm-Gly1-HEMA (in a 1:1 ratio). Then one can calculate with the above equations 

what would be the concentrations after a small time increment of +dt, and use the resulting 

values at t+dt for calculating the concentrations at the next time step t+dt+dt, etcetera. With 

varying the parameters of kGly-p and kcarbonate in the equations, the best fits were obtained by 

the non-linear least squares method. 

 

 

Figure S10. Natural logarithm of the relative amounts (% with respect to the amounts at t = 22 h) of 

HEMA-Gly1 formed during degradation of pHPMAm-Gly-HEMA (DS 4) at 37 °C in 100 mM 

phosphate buffer (pH 7.4) containing 10% DMSO. n = 3. 
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Figure S11. Natural logarithm of the relative amounts (% with respect to the amounts at t = 24 h) of 

HEMAm-Gly1 formed during degradation of pHEMAm-Gly-HEMAm (DS 5) at 37 °C in 100 mM 

phosphate buffer (pH7.4) containing 10% DMSO. n = 3. 

 

 

Figure S12. The possible hydrolysis routes of pHEMAm-Gly-HEMAm. 
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Figure S13. Degradation of nanogels based on pHEMAm-Gly-HEMAm (A) DS 5, (B) DS 8 and (C) 

DS 20 as measured by dynamic light scattering at 37 °C in PBS (pH 7.4) 

 

Figure S14. Degradation of nanogels based on pHEMAm-Gly-HEMAm DS 5 as measured by 

dynamic light scattering at 37 °C in 100 mM sodium acetate buffer (pH 5.0) 

 

 

Figure S15. Degradation of nanogels based on pHEMAm-Gly-HEMAm (DS 20) measured by 

dynamic light scattering at 37 °C in 100 mM sodium tetraborate buffer (pH 9.0) 
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Figure S16. NTA 3D graphs (size vs. intensity vs. concentration) of nanogels based on 

pHEMAm-Gly-HEMAm DS 8 incubated in PBS (pH 7.4) at 37 °C for (A) 0 h and (B) 15 h. 

 

 

Figure S17. Relative cell viability determined by MTS assay upon exposure of cells for 24 h to 

pHEMAm-Gly-HEMAm nanogels (DS 5 and 20) and PLGA nanoparticles. (A) HUVEC cells, (B) 

RAW 264.7 cells (n = 4). 

 

 

Figure S18. LDH leakage upon exposure of cells for 24 h to pHEMAm-Gly-HEMAm nanogels (DS 

5 and 20) and PLGA nanoparticles (A) HUVEC cells, (B) RAW 264.7 cells (n = 4). 
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Abstract: The in vivo stability and biodegradability of nanocarriers crucially determine 

therapeutic efficacy as well as safety when used for drug delivery. We here aim to evaluate 

optimized in vitro techniques predictive for in-vivo nanocarrier behavior. Polymeric 

biodegradable nanogels based on hydroxyethyl methacrylamide-oligoglycolates-derivatized 

poly(hydroxyethyl methacrylamide-co-N-(2-azidoethyl)methacrylamide) 

(p(HEMAm-co-AzEMAm)-Gly-HEMAm) and with various degrees of PEGylation and 

crosslinking densities were prepared. Three techniques were chosen and refined for specific 

in vitro evaluation of the nanocarrier performance: 1) fluorescence single particle tracking 

(fSPT) to study the stability of nanogels in human plasma 2) tangential flow filtration (TFF) 

to study the degradation and filtration of nanogel degradation products and 3) fluorescence 

correlation spectroscopy (FCS) to evaluate and compare the degradation behavior of 

nanogels in buffer and plasma. fSPT results demonstrated that nanogels with highest 

PEGylation content showed the least aggregation. The TFF results revealed that nanogels 

with higher crosslink density had slower degradation and removal by filtration. FCS results 

indicated a similar degradation behavior in human plasma as compared to that in PBS. In 

conclusion, three methods can be used to compare and select the optimal nanogel 

composition, and hold potential to predict the in vivo performance of nanocarriers. 
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1. Introduction 

Nanomedicines for intravenous administration have been extensively researched and 

developed with expected advantages: improvement of solubility and stability of drugs, 

generating more favorable pharmacokinetic and biodistribution behavior and achieving 

controlled drug release. These unique properties result in significant improvements in the 

efficacy and safety of the drugs
[1-4]

. A key feature to realize these advantages is a high 

stability and a controlled degradation behavior of the drug delivery system in vivo. Various 

in vitro characterization methods have been established with the aim to evaluate and 

optimize the stability and degradation behavior. However, those strategies often appear of 

limited value in the prediction of in vivo performance
[5]

. For instance, even though many 

colloidal drug carriers have shown high stability in buffer solution in vitro, they still easily 

aggregate in the in vivo situation, which is likely a consequence of proteins and cells in the 

biological fluids interacting with nanocarriers. This aggregation in turn further leads to 

rapid clearance of nanocarriers and poor therapeutic efficacy
[6-8]

. Modification of the 

particles with poly(ethylene glycol) (PEG) on the surface is a frequently applied method to 

decrease protein interaction and increase their stability in biological fluids
[9, 10]

. Reduction 

of protein adsorption in the circulation can also decrease recognition and clearance by the 

mononuclear phagocyte system (MPS) in liver and spleen
[11, 12]

. PEG molecular weight and 

PEG surface density are two major factors that determine in vivo performance. Thicker 

PEG layers that are formed with longer and denser PEG chains on the surface of particles 

normally lead to better shielding
[11, 13]

. The effect of the degree of PEGylation on in vivo 

performance of nanomedicines is usually evaluated by studying pharmacokinetics and 

biodistribution in animals. Although it may be a straightforward approach, animal studies 

entail ethical issues and are time and cost consuming. There is thus an urgent need for 

better and more predictive in vitro characterization techniques that enable formulation 

optimization before in vivo experiments. 

Injected nanocarriers may result in potential toxicity and hazard healthy tissues in the body 

and biocompatibility and biodegradability are therefore crucial for nanocarriers
[14]

. Besides, 

the degradation behavior of drug-loaded nanocarriers can also alter the release and 

consequently the biodistribution of payloads
[15]

. Therefore, optimization of the degradation 

behavior of drug delivery system should be investigated to fulfill different requirements for 

various biomedical purposes. Several in vitro characterization techniques have been 

investigated to evaluate the degradation behavior of nanocarriers. A common method is to 

measure their weight loss during incubation
[16, 17]

. Determination of changes in particle size 

as well as particle concentration in the suspension has also been investigated
[18, 19]

. 
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Assaying the degradation products is another way to study the degradation kinetics of 

nanoparticles
[19-21]

. However, while these techniques can provide important information 

about the physicochemical characteristics of the material used, they have limited predictive 

value for their in vivo performance as nanocarrier drug formulations.  

This article reports on three techniques that were specifically adopted and optimized to 

more accurately investigate and predict in vivo performance of nanocarrier formulations. 

PEGylated biodegradable p(HEMAm-co-AzEMAm)-Gly-HEMAm-based nanogels that 

require in vitro optimization of their degree of PEGylation and crosslink density (Figure 1 

and 2) were used as an example. To study the effect of PEG density on particle size, 

dynamic light scattering (DLS) was used (Figure 3A). The stability/aggregation of nanogels 

upon incubation in human plasma was further studied by fluorescence single particle 

tracking (fSPT) (Figure 3B). Tangential flow filtration (TFF) was used as an artificial 

circulating system to mimic the degradation of PEGylated nanogels with different crosslink 

densities and filtration of the soluble degradation products from the system in vitro (Figure 

3C). The degradation behavior of PEGylated nanogels with optimized PEG and crosslink 

densities in PBS and undiluted human plasma were compared using fluorescence 

correlation spectroscopy (FCS) (Figure 3D). 

 

 

Figure 1. Chemical structures of p(HEMAm-co-AzEMAm)-Gly-HEMAm used in this manuscript 

with various contents of AzEMAm and different degrees of substitution. 
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Figure 2. Preparation of PEGylated Alexa 488 labeled nanogels. 
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Figure 3. Characterizations of nanogels by (A) DLS, (B) fSPT, (C) TFF and (D) FCS. 

 

2. Experimental Section 

 

2.1 Materials 

N-(2-hydroxyethyl)methacrylamide (HEMAm), HEMAm-oligoglycolates (HEMAm-Gly, 

degree of polymerization 1.83) and N-(2-azidoethyl)methacrylamide (AzEMAm) were 

synthesized as previously described
[19, 22-24]

. BCN-PEG5000-OMe was purchased from 

SynAffix BV (Oss, the Netherlands). Irgacure 2959 was obtained from Ciba Specialty 

Chemicals Inc. (Hercules, USA). ABIL EM 90 was provided from Evonik Industries AG 

(Essen, Germany). Alexa Fluor 488 DIBO alkyne was purchased from ThermoFisher 

(Bleiswijk, the Netherlands). Acetonitrile (ACN), dichloromethane (DCM), 

dimethylformamide (DMF), ethyl acetate, methanol, hexane and dimethyl sulfoxide 

(DMSO) were obtained from Biosolve (Valkenswaard, the Netherlands). Poly(ethylene 
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oxide) (PEO) standard (Mn: 19 kDa, PDI: 1.04) for Viscotek calibration was from Malvern 

Instruments Ltd (Worcestershire, UK). All other chemicals and reagents were obtained 

from Sigma-Aldrich (Zwijndrecht, the Netherlands). 

 

2.2 Synthesis of copolymer p(HEMAm-co-AzEMAm) 

The synthesis of azide functionalized copolymers, p(HEMAm-co-AzEMAm) (5-20 mol% 

of AzEMAm), was performed by free radical polymerization using HEMAm and 

AzEMAm as monomers and ABCPA as the initiator (molar ratio of monomer/initiator was 

15:1) according to a previously published procedure. Briefly, the monomers and initiator 

were dissolved in deionized water at a total concentration of 25 mg/mL. After flushing with 

N2 for 30 min at room temperature, the solution was heated to 70 °C and stirred for 24 h. 

The products were purified by dialysis (membrane cut-off 3500 Da) against deionized 

water and recovered after freeze drying. 

 

2.3 Characterization of copolymers 

After polymerization, a sample of the reaction solution (5 μL) was injected into a Waters 

ACQUITY UPLC system (Waters Associates Inc. Milford, MA) to determine the 

concentrations unreacted HEMAm and AzEAMm, using an Acquity BEH C18 column 1.7 

μm (2.1 × 50 mm). The measurement was performed using 10 mM HClO4/acetonitrile 

(95/5, v/v) eluent A and 10 mM HClO4/acetonitrile (5/95, v/v) as eluent B. After an 

isocratic flow of eluent A for 1 min, a gradient was run from 100% to 50% eluent A in 2 

min with a flow rate of 0.5 mL/min. The detection wavelength was 210 nm. The retention 

times of HEMAm and AzEMAm were 0.78 and 2.11 min, respectively. Calibration curves 

were linear between 0.01 and 10 μg/mL for both HEMAm and AzEMAm. The areas of 

HEMAm and AzEMAm under the curve were recorded and the conversions of monomers 

were calculated according to Equation (1). 

 

Conversion (%) = (1 −
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑚𝑜𝑛𝑜𝑚𝑒𝑟

𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑑𝑑𝑒𝑑 𝑚𝑜𝑛𝑜𝑚𝑒𝑟
) × 100%                     

(1) 
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The obtained copolymers were characterized by FT-IR analysis using KBr pellets with a 

BIO-RAD FTS6000 FT-IR (BIO-RAD, Cambridge, MA, USA) instrument. Solid state 

spectra of the polymer were acquired by accumulating 32 scans per spectrum at a data point 

resolution of 2 cm
-1

. 

The copolymer composition of the synthesized polymers was quantified by dissolving 

samples in deuterium oxide and analyzed by 
1
H-NMR. The spectra were recorded with an 

Agilent 400-NMR spectrometer (Santa Clara, CA, USA). The central line of deuterium 

oxide at 4.75 ppm was used as reference line. The integral intensities I3.46 and I3.65 of 

protons at 3.46 ppm (AzEMAm) and 3.65 ppm (HEMAm) were recorded and the mol% of 

AzEMAm in polymers was calculated according to Equation (2). 

 

Mol%𝐴𝑧𝐸𝑀𝐴𝑚 =   
𝐼3.46

𝐼3.46+ 𝐼3.65
  × 100%                                         (2) 

 

Molecular weight and molecular weight distribution of the synthesized polymers were 

determined by Viscotek TDAmax (equipped with RI, light scattering and viscosity 

detectors, Malvern Instruments Ltd., UK) with two PL aquagel-OH 30 columns (Agilent, 

USA). A 0.3 M sodium acetate buffer (pH 6.5) was used as the eluent with a flow rate of 

0.7 mL/min. Samples were dissolved in the mobile phase at the concentration of 2 mg/mL 

and injected onto the column (injection volume 100 μL). Results were analyzed by 

OmniSEC software (Malvern Instruments Ltd., UK) with poly(ethylene oxide) (Mn: 19 kDa, 

PDI: 1.04, Malvern Instruments Ltd., UK) as the calibration standard. 

 

2.4 Labeling of copolymer 

A labeled copolymer was obtained by copper-free click chemistry reaction between the 

azide groups of copolymer and DIBO groups of Alexa 488 DIBO. Briefly, 10 mg 

copolymer (containing 20 mol% AzEMAm) was dissolved in 1 mL of ammonium acetate 

buffer (100 mM, pH 5) and 10 μL of Alexa 488 DIBO (1 mg/mL in DMSO) was added. 

The mixture was stirred at room temperature for 1 h. The labeled copolymer was purified 

by PD 10 chromatography and recovered after freeze drying. 
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2.5 Synthesis of p(HEMAm-co-AzEMAm)-Gly-HEMAm 

P(HEMAm-co-AzEMAm)-Gly-HEMAm with degrees of substitution (DS, the number of 

methacryloyl groups per 100 HEMAm units) of approximately 5, 10 and 20 were prepared 

as previously described
[19, 22]

. Briefly, CDI activated HEMAm-Gly (HEMAm-Gly-CI) was 

obtained by reaction of the hydroxyl group of HEMAm-Gly (degree of polymerization 1.83) 

with CDI. Subsequently, HEMAm-Gly-CI was coupled to p(HEMAm-co-AzEMAm) in the 

presence of DMAP. 

 

2.6 Preparation, PEGylation and labeling of empty nanogels 

The preparation of empty nanogels was carried out according to previous studies
[19, 25]

. In 

brief, p(HEMAm-co-AzEMAm)-Gly-HEMAm (37.5 mg) dissolved in DMSO (212.5 μL) 

was mixed with Irgacure 2959 (150 μL, 10 mg/mL in distilled water). The mixture was 

added to 5 mL of mineral oil (containing 10% v/v ABIL EM 90) and subsequently vortexed. 

The formed emulsion was further sonicated by a tip sonicator (Bandelin Sonopuls, pulse 

on/off 0.5 s, and amplitude 10%) for 15 min and irradiated under UV (940 mW/cm
2
, 

300-650 nm, Bluepoint UVC source, Honle UV technology, German) for 15 min. Next, the 

emulsion was mixed with 40 mL acetone and centrifuged. The pellet was further washed 

with 40 mL acetone/hexane (1:1, v/v) for four times. After the organic solvent was removed 

under vacuum, the pellet was redispersed in water and lyophilized. 

To modify nanogels with PEG, 10 mg freeze dried nanogels was dispersed in 1 mL of 

ammonium acetate buffer (100 mM, pH 5) and PEG5000-BCN solution (10 mg/mL in pH 5 

ammonium acetate buffer) was added. The volume of PEG5000-BCN solution was 0.25, 0.5 

and 1 mL for nanogels prepared from copolymers with 5, 10 or 20 mol% of AzEMAm 

respectively to make sure the molar ratio of PEG to azide groups (1:10) was the same for 

the different copolymers. The mixture was stirred at room temperature for 4 h, followed by 

ultracentrifugation (250,000×g for 1 h) to remove unreacted PEG-BCN. 

The PEGylation efficiency was determined by measuring the amount of unreacted 

PEG5000-BCN in the supernatant after ultracentrifugation. The determination was 

performed by Viscotek TDAmax with a PL aquagel-OH 30 column, using ammonium 

acetate buffer (100 mM, pH 5) as the eluent. The flow rate was 0.7 mL/min and the 

injection volume was 100 μL and the light scattering signal was recorded. The calibration 

curve of PEG5000-BCN was linear between 1 and 10 mg/mL. The PEGylation efficiency 

was calculated according to Equation (3). 
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PEGylation efficiency (%) = (1 −
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑃𝐸𝐺5000−𝐵𝐶𝑁

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑑𝑑𝑒𝑑 𝑃𝐸𝐺5000−𝐵𝐶𝑁
) × 100%         (3) 

 

Labeling of PEGylated and non-PEGylated nanogels with Alexa 488 was performed 

according to a previously reported procedure
[24]

. Freeze dried nanogels (10 mg) were 

dispersed in 1 mL of ammonium buffer (100 mM, pH 5) and 10 μL of Alexa 488 DIBO (1 

mg/mL in DMSO) was added. The mixture was stirred at room temperature for 1 h. The 

labeled nanogels were purified by PD 10 chromatography and recovered after freeze 

drying. 

The size and size distribution of re-suspended nanogels (0.5 mg/mL in 20 mM HEPES pH 

7.4) were measured by dynamic light scattering (DLS, Malvern ALV/CGS-3 Goniometer, 

Malvern, UK) at 25 °C. The zeta potential of nanogels in 20 mM HEPES (pH 7.4) was 

measured using a Malvern Zetasizer Nano-Z (Malvern, UK) at 25 °C. 

 

2.7 Stability of nanogels using fluorescence single particle tracking (fSPT) 

fSPT assay was carried out to study the stability/aggregation of DS 20 nanogels with 

different PEGylation degrees in full human plasma. A custom-built laser widefield 

epi-fluorescence microscope was set-up as described by Breackmans et al
[26]

. Labeled 

nanogels were incubated in human plasma for 1, 2, 3 and 4 h at 37 °C. At each time point, 5 

μL of sample was taken and introduced in a microscope slide and cover glass with 

double-sided adhesive tape. The samples were excited using widefield laser illumination. 

Movies of individual nanogels diffusing in the medium were recorded and analyzed using 

custom-developed software. By calculating the diffusion coefficient for each trajectory, the 

size distribution of nanogels in the medium was obtained after transformation of obtained 

distribution of empirical diffusion coefficients using the Stokes-Einstein equation
[26]

. The 

viscosity of human plasma was set to 1.35 cP at 37 °C for the calculations. The size 

distribution of nanogels in phosphate buffered saline (PBS, pH 7.4, containing 0.049 M 

NaH2PO4, 0.099 M Na2HPO4, and 0.006 M NaCl) was measured as a control. 

 

2.8 Degradation and filtration of nanogels by tangential flow filtration (TFF) 

The KR2i TFF system (Spectrum Laboratories Inc., Breda, the Netherlands) was set up 
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with a pump, a sample reservoir, a buffer reservoir and a hollow fiber filter module (mPES, 

molecular weight cut-off (MWCO) 50 kDa, surface area 20 cm
2
) as shown in Figure 4A. 

The experiment was performed in PBS containing 0.5% Tween 20 and the processing 

volume was 15 mL. The retentate was directed back to the sample reservoir and fresh 

eluent was fed into the sample reservoir from the buffer reservoir at the same rate as filtrate 

was being generated to maintain the constant volume in the system. The experiment was 

done at 37 °C with flow rate 15 mL/min and operating pressure 10-20 psi. Before the 

experiment, the whole system was washed with 0.05 M NaOH and rinsed with deionized 

water thoroughly. Afterwards, the system was flushed with PEGylated nanogel suspension 

(20%, DS 20, 0.2 mg/mL in the eluent) overnight to avoid unspecific binding of the labeled 

nanogels to the system. Then, the eluent was refreshed and Alexa 488 labeled polymer or 

Alexa 488 labeled PEGylated nanogel suspension (20%, DS 5, 10 and 20) was added 

to the final volume 15 mL and concentration 0.2 mg/mL. The filtration was performed 

for 3 days. At designated time points, the volume of retentate was recorded and 0.5 mL 

retentate samples were taken. The samples were further incubated at 37 °C for at least 

72 h to degrade the remaining particles and analyzed using Jasco FP8300 

spectrofluorometer (JASCO Benelux B.V., IJsselstein, the Netherlands). The 

fluorescence intensity (λex. = 495 nm, λem. = 519 nm) was recorded and the 

concentration was calculated according to the calibration curve of Alexa 488 DIBO 

(linear at aconcentration ranging from 0.01 to 1 μg/mL). The normalized amount of 

materials in the retentate was calculated using Equation (4). 

 

Normalized amount of materials in the retentate (%) =  
𝐶𝑡𝑟×𝑉𝑡𝑟

𝐶0𝑟×𝑉0𝑟
 × 100%          (4) 

 

Where Ctr and Vtr are the concentrations of materials in the retentate and the volume of 

retentate at sampling time, respectively; C0r and V0r are the concentration of materials in the 

retentate and the volume of retentate at time 0, respectively. 
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Figure 4. (A) Experimental setup used for TFF. (B) Normalized amount of materials in the retentate 

after Alexa 488 labeled p(HEMAm-co-AzEMAm) nanogels prepared from different DS polymers 

circulated in TFF system (pretreated by DS 20 PEGylated nanogels) at 37 °C over time. 
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As a control, Alexa 488 labeled p(HEMAm-co-HEMAm) was added to the DS 20 nanogels 

treated system and TFF experiment was performed for 4 h under the same conditions as 

nanogels. At different time points, the volumes of filtrate and retentate were recorded. Then, 

the filtrate and 0.5 mL of the retentate were collected and measured by Jasco FP8300 

spectrofluorometer (λex. = 495 nm, λem. = 519 nm) using the calibration curve of Alexa 488. 

The normalized amount of polymer in the retentate was calculated based on Equation (4) 

and the normalized amount of polymer in the filtrate was calculated using Equation (5). 

 

Normalized amount of materials in the filtrate (%) =  
𝐶𝑡𝑓×𝑉𝑡𝑓

𝐶0𝑟×𝑉0𝑟
 × 100%            (5) 

 

Where Ctf and Vtf are the concentration of the polymer in the filtrate and the volume of 

filtrate at sampling time, respectively; C0r and V0r are the concentration of the polymer in 

the retentate and the volume of retentate at time 0, respectively. 

The molecular weight and molecular weight distribution of polymer in the retentate after 

different filtration times were determined by Viscotek TDAmax with two PL aquagel-OH 

30 columns, using PBS as the eluent (see Section 2.4). 

 

2.9 Degradation of nanogels using fluorescence correlation spectroscopy (FCS) 

The degradation of nanogels during 24 h-incubation in PBS (pH 7.4) or in human plasma at 

37 °C was determined by FCS. As the complete degradation control, nanogel suspension 

was incubated in sodium borate buffer (100 mM, pH 9) at the same concentration in PBS or 

plasma at 37 °C for 6 h. The procedure was similar as previously described by Buyens et 

al.
[27]

 and Novo et al.
[28]

, with some modifications. Briefly, FCS measurements were 

performed on Alexa 488 labeled PEGylated nanogels (20%, DS 10) (λex. = 495 nm, λem. = 

519 nm) on a C1si laser scanning confocal microscope (Nikon, Japan), equipped with a 

Time-Correlated Single Photon Counting (TCSPC) Data Acquisition module (Picoquant, 

Berlin, Germany), and water immersion objective lens (Plan Apo 60×, NA 1.2, collar rim 

correction, Nikon, Japan). During the measurements, the glass bottom 96-well plate 

(Grainer Bio-one, Frickenhausen, Germany) was covered with Adhesive Plates Seals 

(ThermoScientific, UK) to avoid evaporation of water. For each sample, fluorescence 

intensity fluctuations (Figure 5A) were recorded using Symphotime (Picoquant, Berlin, 
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Germany), during 1 minute in triplicates. As the baseline fluorescence intensity of the 

fluorescence fluctuation profiles recorded by FCS is proportional to the concentration of 

formed free polymer during nanogel degradation, the degree of degradation can be 

calculated using Equation (6). 

 

Degree of degradation =
B

A
 × 100%                                         (6) 

 

Where A is the difference in fluorescence intensity between baseline of pH 9 buffer and 

nanogels incubated in pH 9 buffer for 6 h, and B is the difference in fluorescence intensity 

between baseline of medium (PBS or human plasma) and nanogels incubated in medium 

for different time. 

 

 

Figure 5. (A) Schematic representation of the fluorescence fluctuation profiles recorded for pH 9 

buffer and nanogels incubated in pH 9 buffer for 6 h, and for the medium (PBS or human plasma) and 

nanogels incubated in medium. (B) Degree of degradation of PEGylated DS 10 nanogels incubated in 

PBS (pH 7.4) or human plasma for 24 h, as measured by FCS. 

 

3. Results and Discussion 

 

3.1 Synthesis and characterization of p(HEMAm-co-AzEMAm)-Gly-HEMAm 

P(HEMAm-co-AzEMAm)-Gly-HEMAm with various contents of AzEMAm and different 

degrees of substitution (DS) of Gly-HEMAm side units (Figure 1) were synthesized to 

investigate the stability and degradation of nanogels based on these polymers with different 
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degrees of PEGylation and crosslink densities.  

The polymers were synthesized in two steps. First, p(HEMAm-co-AzEMAm) with 

different AzEMAm mol% (5-20%) was synthesized by free radical polymerization using 

HEMAm and AzEMAm as monomers and ABCPA as initiator (Figure S1A)
[24]

. The 

characteristics of the obtained copolymers are summarized in Table 1. All copolymers were 

obtained with good yields (> 80%) as reported previously
[24]

. The number average 

molecular weight ranged from 10 to 15 kDa, which is smaller than kidney elimination 

threshold (45 kDa)
[29]

, with a PDI around 3. Complete conversions of HEMAm (98%) and 

AzEMAm (99%) were obtained after polymerization and the ratio of HEMAm to 

AzEMAm in the copolymer was the same as the feed ratio for all copolymers. IR analysis 

further showed a characteristic peak at 2100 cm
-1

 of the azide vibration, the intensity of 

which increased with increasing AzEMAm content (Figure S1B). 

The copolymers were further modified with crosslinkable methacrylamide side unit which 

contains hydrolytically biodegradable ester bonds (Figure S1A)
[30]

. Copolymers with three 

different DSs (5, 10 and 20) were synthesized for each p(HEMAm-co-AzEMAm) and thus 

nine different p(HEMAm-co-AzEMAm)-Gly-HEMAm were obtained.  

 

Table 1. Characteristics of p(HEMAm-AzEMAm) as determined by 1H-NMR, UPLC and GPC. 

HEMAm/AzEMAm 

mol/mol in the feed 

Yield 

[%] 

Conversion [%]
a)

 Copolymer 

composition
b)

 

Mn 

[kDa]
c)

 

PDI 

HEMAm AzEMAm 

95/5 85.6 98.4 99.6 94/6 10.2 3.5 

90/10 84.0 98.5 99.2 89/11 11.2 3.6 

80/20 93.2 98.8 99.1 79/21 14.6 3.0 

a)Determined by 1H-NMR. b)Determined by UPLC. c)Determined by GPC. 

 

3.2 Preparation, PEGylation and labeling of nanogels 

Nanogels with different crosslink densities and contents of AzMEAm were obtained with a 

yield around 80%. Afterwards, PEG5000-BCN was conjugated to the surface of nanogels by 

copper-free click chemistry reaction (i.e. strain-promoted azide-alkyne cycloaddition 

(SPAAC)) of azide and BCN groups under mild reaction conditions
[31]

. This reaction not 

only has the benefits of normal click chemistry such as high reactivity and selectivity
[32]

, 

but also avoids the use toxic metal catalyst.
[33]

 The properties of nanogels are summarized 
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in Table 2. Before PEGylation, the size of nanogels ranged from 160 to 230 nm with PDI of 

about 0.2 and the particles were neutral at pH 7.4. After PEGylation, the zeta potential did 

not change whereas the size of the nanogels slightly increased (e.g. from about 203 to 208 

nm for DS 5 and 5% nanogels) after PEGylation due to the thickness of the PEG layer. 

Besides, the difference in size before and after PEGylation increased with an increasing 

PEG content. E.g looking at the DS 5 nanogels (Table 2) one can find that PEGylation 

increases the particle size by 5, 10 and 20 nm for nanogels containing 5%, 10% and 20% 

AzEMAm%, respectively. Many studies have shown that PEG chains have a “mushroom” 

conformation when the surface density is low, while the chains are forced in a “brush” 

conformation at high surface densities leading to an increase of layer thickness from 10 to 

20 nm (5 kDa PEG)
[10, 13, 34]

.  

PEGylated and non-PEGylated nanogels were further labeled with Alexa 488 using 

copper-free click chemistry reaction between the DIBO group of the dye and the remaining 

azide groups of nanogels, and the labeling efficiency was over 80% (Figure S2). These 

labeled nanogels were used for further studies. 

 

3.3 Stability of nanogels using fluorescence single particle tracking (fSPT) 

fSPT has shown its superiority over DLS to study possible aggregation of nanoparticles in 

biological fluids by excluding the effect of scattering from proteins in biofluids
[35]

.This 

technique records the movement of individual fluorescently labeled nanoparticles, 

calculates the diffusion coefficient based on the their trajectories and converts this to the 

size distribution of dispersed nanoparticles
[26]

. Therefore, fSPT was used to evaluate the 

influence of PEGylation on the colloidal stability of the nanogels in undiluted human 

plasma. Alexa 488 labeled nanogels with different degrees of PEGylation were incubated at 

37 °C in human plasma. DS 20 nanogels which have the highest stability
[19, 25]

 were chosen 

in this study to minimize the effect of nanogel degradation during the stability study. The 

size distribution of nanogels in plasma was determined by fSPT after different incubation 

times and compared with that of nanogels dispersed PBS buffer (pH 7.4) (Figure 6). The 

size distributions of DS20 nanogels in PBS measured by fSPT were comparable to that 

obtained from DLS data (average size ranged from 250 to 300 nm). fSPT analysis showed a 

change in particle size distribution upon incubation in human plasma at 37 °C over time. 

For non-PEGylated 5% nanogels (Figure 6A), the average size increased from 250 nm to 

over 1000 nm after 1 h incubation in plasma. After 2 h incubation, complete aggregation 

was observed and the sample was not suitable for further quantitative measurements. For 
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nanogels with 5% PEGylation which is the lowest PEGylation degree, the average size of 

particles increased from 250 to 700 nm after 4 h incubation in plasma at 37 °C (Figure 6B). 

The size distribution was much broader than at the start of the experiment. It has been 

shown that protein adsorption contributes to aggregation of nanocarriers
[36, 37]

. This result 

demonstrates that this degree of PEGylation (5%) cannot fully prevent protein absorption. 

For nanogels with 10% PEG5000, a clear change of size distribution can already be seen after 

1 h incubation in plasma (Figure 6C) and an increased average size (460 nm) and large 

aggregations (> 500 nm) were observed after 2 and 3 h of incubation, respectively. 

Nanogels with the highest degree of PEGylation (PEGylated 20% nanogels) showed only a 

slight change of the size distribution after 1 h incubation (Figure 6D). Furthermore, no 

significant change of size distribution was found during further incubation until 4 h and no 

particle aggregates were detected. This result confirms the hypothesis from DLS data that 

PEGylated 20% nanogels had the highest colloidal stability and the best anti-aggregation 

ability. Interactions between particles with high degree of PEGyation and proteins are 

decreased due to the shielding properties of the PEG layer, which results in the successful 

stabilization of colloidal particles in biofluids. The nanogels with 20% PEGylation are 

expected to show less plasma protein binding and therefore a reduced recognition by the 

mononuclear phagocyte system and longer circulation time
[8, 10, 38]

. Therefore, nanogels 

with 20% PEG and with different crosslink densities were further studied. 

 

3.4 Degradation and filtration of nanogels by tangential flow filtration (TFF) 

Nanogels prepared from building blocks of different degrees of substitution (Figure 1) have 

different crosslink densities, which in turn lead to different degradation kinetics
[19, 39]

. When 

they are i.v. injected, they slowly degrade, finally yielding p(HEMAm-co-AzEMAm) of 

which the average molecular is 10 kDa, which is lower than the renal elimination threshold 

(around 45 kDa) and thus can be potentially excreted by the kidneys
[29, 40]

. As one of main 

membrane filtration techniques, TFF (or cross flow filtration) has been used for decades to 

purify and concentrate biotherapeutics in the pharmaceutical industry
[41]

. Equipped with 

filters with different molecular weight cut-off (MWCO), TFF also enables purfication
[42, 43]

, 

size selection
[44]

 and concentration
[45]

 of nanoparticles.  

Since membrane separation is the principle of renal filtration for nanocarrier clearance
[46]

, 

TFF was used as an artificial circulation and filtration system to predict the circulation 

times of nanogels with different crosslink densities in vitro (Figure 4A). The MWCO of the 
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Figure 6. Size distribution of non-PEGylated 5% nanogels (A), PEGylated 5% nanogels (B), 

PEGylated 10% nanogels (C) and PEGylated 20% nanogels (D) as determined by fSPT after 

incubation in full human plasma at 37 °C. Size distribution was also determined in PBS (pH 7.4). 

 

filter was chosen as 50 kDa, which is close to the threshold for renal filtration
[29]

. The 

surface area of the filter (20 cm
2
), process volume (15 mL) and flow rate (15 mL/min) were 

close to total glomerular capillary surface area, blood volume and flow rate in a healthy 

rat
[47-50]

. During the experiment, the nanogel suspension continuously circulated in the 

system. Upon incubation, the degradation fragments with molecular weight smaller than 

molecular weight cut-off (MWCO) of the filter were filtered out from the system by 

transmembrane pressure (pressure difference between feed and permeate pressure).  

When a DS 20 nanogel suspension was added to an untreated TFF system, a dramatic 

decrease of fluorescence intensity of retentate was observed (fluorescence intensity 

decreased by about 40% in the first 2 h). Given that DS 20 nanogels have slow 

degradation
[19]

, the decrease of fluorescence intensity is probably due to unspecific 

adsorption of nanogels onto tubes and filter membrane. Therefore, the system was first 

saturated with DS 20 nanogels overnight to block unspecific binding. Alexa 488 labeled 

p(HEMAm-co-AzEMAm) (20% AzMEAm%, Mn: 10.2 kDa, PDI: 3.5) was used to confirm 
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that after blocking process the filter was still able to filter the degradants (i.e. soluble 

polymers) based on molecular weight. Figure S3 shows that in time, the amount of polymer 

in the filtrate increased and its amount in the retentate decreased accordingly. The recovery 

of fluorescence was over 90% during the experiment, indicating that aspecific binding of 

the polymer was minimized. After 4 h filtration, almost 80% of the fed polymer was 

permeated from the circulation and filtered out. Table S1 shows that the molecular weights 

of the soluble polymers in the filtrate increased slowly and the number average molecular 

weights were smaller than 50 kDa. The result is in line with the observation of other in vivo 

studies that around 50% of poly(N-(2-hydroxypropyl) methacrylamide) (pHPMA) (Mn 21.8 

kDa, PDI 1.7) was excreted from the kidneys after 3 h intravenous administration
[29, 51]

. 

After 4 h filtration, more than 20% the polymers retained in the retentate and the number 

average molecular weight was around 80 kDa with narrow PDI (< 1.2) (Table S1). These 

results demonstrate that the filter is able to separate polymers based on the differences of 

molecular weight: small polymers can pass through the membrane and chains with 

molecular weights higher than MWCO can be intercepted in the retentate. 

After evaluation of the selectivity of filter membrane, the degradation of nanogels and 

anticipated clearance of degradants from the pretreated TFF system was studied (Figure 

4B). The decrease of amount of the retentate was found for all nanogels, indicating that 

during incubation and circulation, the degradation products could be filtered and removed 

from the system. Additionally, faster decrease of amount of materials was found for 

nanogels prepared from lower DS polymer, demonstrating faster degradation. Compared to 

the degradation behavior of nanogels with the same crosslink density which was measured 

by DLS in the previous study
[19]

, the decrease of filtration rate obtained by TFF was slower: 

After 48 h incubation, normalized light scattering intensity of nanogel suspension dropped 

to 20% for DS 5 and 10 nanogels, and 40% for DS 20 nanogels as measured by DLS
[19]

, 

while normalized amount materials in the retentate was about 45% for DS 5, 50% for 10 

nanogels, and more than 60% for DS 20 nanogels as performed by TFF. A possible 

explanation is that the dissolved fragments from nanogel degradation (which have much 

weaker light scattering) need to be further hydrolyzed into small fragments and only 

polymer chains with molecular weight smaller than MWCO can be filtered
[52]

. Therefore, 

TFF is able to clearly characterize the degradation behavior of nanogels in terms of 

crosslink density and can be used as an in vitro tool to predict the in vivo degradation 

behavior of nanogels. 
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3.5 Fluorescence correlation spectroscopy (FCS) 

Fluorescence correlation spectroscopy (FCS) was chosen to study the degradation behavior 

of the nanogels in human plasma and PBS. FCS has been previously exploited to study the 

stability/dissociation of siRNA-polymer complexes in biofluids
[27, 28]

. In these studies it was 

shown that the baseline fluorescence intensity of the fluctuation profile is proportional to 

the free fluorophore-labeled siRNA concentration released from complexes. In the present 

study this principle was applied to in vitro characterize and predict the in vivo degradation 

behavior of nanogels. At time 0, the low baseline suggests that very little labeled free 

polymer was present (Figure S4A). The more intense fluorescence peaks are due to the 

diffusion of Alexa 488 labeled nanogels in and out of the excitation volume. During the 

incubation, the nanogels slowly degrade and soluble fragments are released from the 

nanogels and into medium, which lead to an increased baseline fluorescence (Figure S4B). 

Intense fluorescence peaks are still observed at roughly the same frequency, which is 

probably because nanogels were only partly degraded, so that they still remain fluorescent. 

The total amount of soluble degradation products was obtained from the baseline 

fluorescence of fully degraded nanogels incubated under accelerated conditions (pH 9, 

37 °C, 6 h). Figure S4C shows that under these conditions the nanogels indeed completely 

degraded since no large fluctuations (pointing to the presence of nanoparticles) in the 

fluorescence signal were detected. The degree of degradation of nanogels incubated in 

plasma at 37 °C for 1, 3, 6 and 24 h was calculated by comparing the baseline fluorescence 

of samples to the total amount of fluorescence (Equation 2).  

The kinetics of degradation of nanogels in PBS and plasma at 37 °C is presented in Figure 

5B. This figure shows that round 30 to 40% of labeled polymer was present in the medium 

after 3 h incubation in the form of soluble fragments, and the amount of soluble products 

subsequently increased slowly in time reaching about 60% soluble product after 24 h 

incubation. Figure 5B also shows that that no significant difference of degradation behavior 

can be observed in the two media. These results indicate that the degradation of the 

nanogels is a chemical process in which proteins and enzymes present in plasma have little 

contribution. 

 

4. Conclusions 

Three techniques were used and optimized to investigate the degradation behavior of 

nanogels differing in extent of PEGylation and crosslink density. Fluorescence single 
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particle tracking (fSPT) results demonstrate that this is an attractive technique to assess the 

colloidal stability of the nanogels in biofluids (i.e. human plasma). Tangential flow 

filtration (TFF) is able to reveal differences in degradation and filtration of nanogels with 

different degradation behaviors as an artificial in vitro circulation and filtration system. 

Furthermore, degradation of nanocarriers under biological conditions can be characterized 

directly in vitro with fluorescence correlation spectroscopy (FCS), which is likely 

predictive for in vivo behavior. All together, these advanced in vitro methods provide extra 

and valuable information on properties of nanocarriers, and can help identify and optimize 

nanocarrier-based drug products with desired in vivo behavior prior to animal studies. 
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Supporting information 

 

 

Figure S1. (A) Synthesis of p(HEMAm-co-AzMAm) and p(HEMAm-co-AzEMAm)-Gly-HEMAm. 

(B) IR spectra of p(HEMAm-co-AzEMAm) copolymers containing 0% (a), 5% (b), 10% (c) and 20% 

(d) AzEMAm 

 



 

92 
 

3 

Chapter 3 

 

Figure S2. Efficiency of Alexa 488 DIBO labeled to p(HEMAm-co-AzMEAm) (20% AzEMAm%) 

and DS5 nanogels prepared from polymer with different AzEMA% (n=3). 

 

 

Figure S3. Normalized amount of polymers in the filtrate and retentate after Alexa 488 labeled 

p(HEMAm-co-AzEMAm) circulated in DS 20 PEGylated nanogels pretreated TFF system at 37 °C 

for different time. 
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Table S1. Molecular weight and molecular weight distribution of original Alexa 488 labeled 

p(HEMAm-co-AzEMAm) (20% AzEMAm), polymers in the filtrate after different circulation times 

and polymers in the retentate after 4 h circulation in DS 20 PEGylated nanogels pretreated TFF 

system at 37 °C as measured by Viscotek. 

 Mn [kDa] Mw [kDa] PDI 

Original Alexa 488 labeled 

p(HEMAm-co-AzEMAm) (20% AzEMAm) 

10.2 35.5 3.5 

0.5 h filtrate 9 11.2 1.2 

1 h filtrate 8.1 19 2.3 

2 h filtrate 10.8 23.6 2.2 

3 h filtrate 14.7 29 2.0 

4 h filtrate 27.2 52.3 1.9 

4 h retentate 79.5 93.5 1.2 

 

 

Figure S4. Fluorescence fluctuation profiles of PEGylated DS 10 nanogels incubated in (A) human 

plasma for 6 h, (B) human plasma for 24 h, and (C) borate buffer (pH 9) for 6 h. The concentration of 

nanogels in different media was the same. 
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Abstract: Multidrug resistance (MDR) contributes to failure of chemotherapy. We here 

show that biodegradable polymeric nanogels are able to overcome MDR via folic acid 

targeting. The nanogels are based on hydroxyethyl 

methacrylamide-oligoglycolates-derivatized poly(hydroxyethyl methacrylamide-co- 

N-(2-azidoethyl)methacrylamide) (p(HEMAm-co-AzEMAm)-Gly-HEMAm), covalently 

loaded with the chemotherapeutic drug doxorubicin (DOX) and subsequently decorated 

with a folic acid-PEG conjugate via copper-free click chemistry. pH-responsive drug 

release is achieved via the acid-labile hydrazone bond between DOX and the 

methacrylamide polymeric network. Cellular uptake and cytotoxicity analyses in folate 

receptor-positive B16F10 melanoma versus folate receptor-negative A549 lung carcinoma 

cells confirmed specific uptake of the targeted nanogels. Confocal microscopy 

demonstrated efficient internalization, lysosomal trafficking, drug release and nuclear 

localization of DOX. We also show that DOX resistance in 4T1 breast cancer cells results 

in upregulation of the folate receptor, and that folic acid targeted nanogels can be employed 

to bypass drug efflux pumps, resulting in highly efficient killing of resistant cancer cells. In 

conclusion, folic acid functionalized nanogels with pH-controlled drug release seem to hold 

significant potential for treating multidrug resistant malignancies. 

  



 

97 
 

4 

Overcoming multidrug resistance using folate receptor-targeted and pH-responsive 

polymeric nanogels containing covalently entrapped doxorubicin 

1. Introduction 

Chemotherapy is extensively used to treat cancer
[1]

. Chemotherapeutic drugs, however, 

suffer from several drawbacks, including poor pharmacokinetics, low tumor accumulation 

and significant off-target localization, together resulting in suboptimal efficacy and high 

toxicity
[2-4]

. 

An additional issue complicating chemotherapy is multidrug resistance (MDR)
[5]

. MDR can 

exist intrinsically, but also generally gradually develop during the chemotherapeutic 

treatment of initially sensitive cells
[6]

. Multiple mechanisms contribute to MDR, including 

inhibition of drug-induced apoptosis, activation of DNA damage repair mechanisms, and 

increased expression of drug efflux pumps
[7, 8]

. These efflux pumps recognize a broad range 

of drug molecules, and rapidly and efficiently transport low molecular weight 

chemotherapeutic agents out of cancer cells. 

One of the strategies to overcome MDR is to use nanomedicine-based drug delivery 

systems
[9]

. Because of their much larger size, nanomedicines are internalized via 

endocytosis
[10-12]

 instead of passive diffusion across the cell membrane, thereby bypassing 

the drug efflux pumps responsible for MDR. 

Nanogels have emerged as a promising platform for drug delivery because of their high 

loading capacity, good biocompatibility and biodegradability
[13, 14]

. Nanogels are 

submicrometer hydrogels consisting of swollen hydrophilic polymer networks with high 

water content (>95%)
[15]

. By introducing stimuli-sensitive groups between payloads and 

nanogel networks, controlled release at the target site can be achieved because of the 

difference in physiological environment between normal and pathological tissues
[16-18]

. 

Nanogels, like other nanomedicine formulations, can be surface-modified with ligands to 

enable active targeting
[19, 20]

. Ligand-modified nanoparticles recognize and bind to their 

target via specific ligand-receptor interactions. In case of MDR, the chondroitin sulfate 

proteoglycan CD44 (which binds to hyaluronic acid, HA) has recently emerged as an 

interesting target
[21]

. Also certain integrins, which can e.g. be recognized by RGD peptides, 

may be useful for targeting multidrug resistant cells and tumors
[22]

. 

The folate receptor (FR) is upregulated in many types of cancer cells and has been 

extensively used as a target in nanomedicine-mediated drug delivery
[23]

. Not much is 

known, however, about the regulation and role of FR in MDR cancers. In 4T1 breast cancer 

cells continuously exposed to gradually increasing concentrations of doxorubicin (DOX), 

we tested FR regulation and we set out to develop folic acid targeted nanogels for more 
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efficient treatment of MDR cancers.  

To this end, we prepared biodegradable p(HEMAm-co-AzEMAm)-Gly-HEMAm-based 

polymeric nanogels containing methacrylamided doxorubicin derivatives conjugated to the 

nanogel backbone via pH-sensitive hydrazone linkages (Figure 1). The surface of nanogels 

was modified with polyethylene glycol (PEG) and FA-PEG via copper-free click chemistry 

to enable targeting of FR-expressing MDR cancer cells (Figure 2). 

 

 

Figure 1. Chemical structures of the building blocks and nanogels used in present study. 
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Figure 2. Schematic depiction of free drug (DOX; ) versus DOX-loaded PEGylated and 

DOX-loaded FA-PEG ( ) modified actively targeted nanogels in drug sensitive and MDR cells is 

shown. The free drug enters the cells via passive diffusion through the cellular membrane. In MDR 

cells, drugs are recognized and externalized by efflux pumps ( ). PEGylated nanogels are taken up by 

cells and end up in late endosomes. FA-PEG modified nanogels can bind to the upregulated folate 

receptor ( ) in MDR cells more than in DOX-sensitive cells. The internalized nanogels enable 

pH-sensitive DOX release in late endosomes at the perinuclear region. Hence released DOX can pass 

through the nuclear envelope and intercalate into DNA where it exerts its pharmacological action. 

 

2. Experimental 

 

2.1 Materials  

N-(2-hydroxyethyl)methacrylamide (HEMAm) and HEMAm-oligoglycolates 

(HEMAm-Gly) with degree of polymerization of 1.8 were synthesized as previously 

described
[24-26]

. DOX methacrylamide-based derivative (DOX-MA, 

6-methacrylamidohexanoylhydrazide-DOX, with DOX.HCl content 75 wt%) was 

synthesized as described previously
[27]

. DOX.HCl was purchased from Guanyu 

bio-technology Co., LTD (Xi’an, China). BCN-PEG5000-OMe was purchased from 

SynAffix BV (Oss, the Netherlands). Boc protected amine PEG amine (Boc-NH-PEG-NH2, 

Mw 5000 kDa) was purchased from Creative PEGWorks (Chapel Hill, USA). Irgacure 2959 
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was obtained from Ciba Specialty Chemicals Inc. (Hercules, USA). ABIL EM 90 was 

provided from Evonik Industries AG (Essen, Germany). Folic acid was purchased from 

Sigma-Aldrich (Zwijndrecht, the Netherlands). Acetonitrile (ACN), dichloromethane 

(DCM), dimethylformamide (DMF), ethyl acetate, methanol, hexane and dimethyl 

sulfoxide (DMSO) were obtained from Biosolve (Valkenswaard, the Netherlands). 

Poly(ethylene oxide) (PEO) standard (Mn: 19 kDa, PDI: 1.04) for Viscotek calibration was 

a product of Malvern Instruments Ltd (Worcestershire, UK). Primary FR polyclonal 

antibody (FL-257) and the secondary anti-rabbit IgG-Phycoerythrin (IgG-PE0) were 

obtained from Santa Cruz Biotechnology (Heidelberg, Germany). Wheat germ agglutinin 

(WGA), RPMI-1640 medium, Dulbecco’s Modified Eagle’s medium (DMEM), sodium 

pyruvate solution (100 mM), fetal bovine serum (FBS), Hoechst 33342 solution (20 mM), 

LysoTracker
®
 Depp Red (1 mM) and Alexa Fluor

®
 488 DIBO Alkyne were purchased from 

ThermoFisher (Bleiswijk, the Netherlands). All other chemicals and reagents were obtained 

from Sigma-Aldrich (Zwijndrecht, the Netherlands). 

 

2.2 NMR, UPLC and GPC analysis 

1
H-NMR spectra of the different synthesized compounds dissolved in DMSO-d6 or 

deuterium oxide were recorded using an Agilent 400-NMR spectrometer (Santa Clara, CA, 

USA). The central line of DMSO at 2.49 ppm or deuterium oxide at 4.75 ppm was used as 

reference line. 

Determination of HEMAm, N-(2-azidoethyl)methacrylamide (AzEMAm), DOX and 

DOX-MA was performed on a Waters ACQUITY UPLC system (Waters Associates Inc., 

Milford, MA) using an Acquity BEH C18 column 1.7 μm (2.1×50 mm). The 

chromatograms were analyzed by Empower Software. 

For HEMAm and AzEMAm, 10 mM HClO4/acetonitrile (95/5, v/v) was used as eluent A 

and 10 mM HClO4/acetonitrile (5/95, v/v) was used as eluent B. The injection volume was 

5 μL and the detection wavelength was 210 nm. After an isocratic flow of eluent A for 1 

min, a gradient was run from 100% to 50% eluent A in 2 min with a flow rate of 0.5 

mL/min. The retention times of HEMAm and AzEMAm were 0.78 and 2.11 min, 

respectively. Calibration curves were linear between 0.01 and 10 μg/mL for both HEMAm 

and AzEMAm. 

For the analysis of DOX and DOX-MA, potassium phosphate buffer (20 mM, pH 

3)/acetonitrile (75/25, v/v) was used as the eluent. The injection volume was 5 μL and 
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fluorescence detection was performed using 480 and 560 nm as excitation and emission 

wavelength, respectively. The retention time of DOX was 1.30 min and that of DOX-MA 

was 2.39 min. Calibration curves were linear between 0.1 and 10 μg/mL for both DOX and 

DOX-MA in ammonium acetate buffer (100 mM, pH 5) and HEPES buffer (300 mM, pH 

7.4), respectively. 

Molecular weight and molecular weight distribution of the synthesized polymers were 

determined using Viscotek TDAmax (equipped with refractive index, light scattering and 

viscosity detectors, Malvern Instruments Ltd., UK) with two PL aquagel-OH 30 columns 

(Agilent, USA). A 0.3 M sodium acetate buffer (pH 6.5) was used as the eluent with a flow 

rate of 0.7 mL/min. Samples were dissolved in the mobile phase and injected onto the 

column (injection volume 100 μL). Results were analyzed by OmniSEC software (Malvern 

Instruments Ltd., UK) with poly(ethylene oxide) (Mn: 19 kDa, PDI: 1.04) as the calibration 

standard. 

Determination of the concentration of PEG5000-BCN was performed by Viscotek TDAmax 

with a PL aquagel-OH 30 column, using HEPES buffer (100 mM, pH 7.4) as the eluent. 

The flow rate was 0.7 mL/min and the light scattering signal was recorded. The calibration 

curve was linear between 1 and 10 mg/mL. 

 

2.3 Synthesis and characterization of the building blocks of the nanogels 

2.3.1 Synthesis and characterization of p(HEMAm-co-AzEMAm)-Gly-HEMAm 

Synthesis of the monomer N-(2-azidoethyl)methacrylamide (AzEMAm) was carried out as 

described before
[28]

 with some modifications. First, 2-azidoethanamine was synthesized
[28, 

29]
. In brief, sodium azide (48.75 g, 750 mmol) and 2-bromoethylamine hydrobromide 

(51.25 g, 250 mmol) were dissolved in 250 mL deionized water. The reaction mixture was 

refluxed for 24 hours at 80 °C. Next, the mixture was cooled to 0 °C in an ice bath followed 

by the addition of 250 mL ethyl acetate and 16 g potassium hydroxide and thorough mixing. 

Next, the organic and aqueous phases were separated and the aqueous phase was extracted 

with ethyl acetate (3 × 500 mL). The organic layers were combined and dried using 

anhydrous MgSO4. The salt was removed by filtration and the product was obtained after 

evaporation of ethyl acetate under reduced pressure. Then, the obtained 2-azidoethanamine 

(7.7 g, 88.55 mmol) and triethylamine (14.63 mL, 103.95 mmol) were dissolved in DCM 

(200 mL) and cooled in an ice-water bath. Methacryloyl chloride (10 g, 96.25 mmol) 

dissolved in 75 mL of DCM was slowly added. The reaction mixture was stirred overnight 
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at room temperature. Next, the mixture was washed with 200 mL saturated sodium chloride 

solution. The organic phase was dried over anhydrous MgSO4 and concentrated using a 

rotovap. The final product (yield 6.2 g, 44.1%) was obtained after purification by flash 

chromatography using a GraceResolv
TM

 silica cartridge on a VersaFlash chromatography 

system (ethyl acetate/hexane 7/3, Rf = 0.5) and characterized by 
1
H-NMR using deuterium 

oxide as the solvent. 

For the synthesis of p(HEMAm-co-AzEMAm), 4,4-azobis(4-cyanopentanoic acid) 

(ABCPA, 45.3 mg, 0.16 mmol), HEMAm (250 mg, 1.94 mmol) and AzEMAm (75 mg, 

0.49 mmol) were dissolved in 10 mL deionized water, followed by 30 min flushing with N2 

gas. The polymerization was performed at 70 °C for 24 h. Next, 5 μL reaction mixture was 

taken and analyzed by UPLC for determination of the conversion of the monomers. The 

polymer was obtained after dialysis against deionized water and lyophilization.  

FT-IR analysis of the polymer was carried out with a BIO-RAD FTS6000 FT-IR 

(BIO-RAD, Cambridge, MA, USA) instrument by accumulating 32 scans per spectrum at a 

data point resolution of 2 cm
-1

. Solid state spectra of the polymer were acquired using KBr 

pellets. 

The mole percentage AzEMAm in the formed copolymer was determined from 
1
H-NMR 

analysis (deuterium oxide as the solvent) using integral intensities I3.46 and I3.65 of protons at 

3.46 ppm (AzEMAm) and 3.65 ppm (HEMAm) (Eq (1)). 

 

Mole%AzEMAm =  
𝐼3.46

𝐼3.65+𝐼3.46 
 × 100%                                         (1) 

 

The amount of unreacted monomers in the reaction mixture after polymerization was 

determined by UPLC (Section 2.2) and the conversions of HEMAm and AzEMAm were 

calculated according to Eq (2). 

 

Conversion (%) =  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑚𝑜𝑛𝑜𝑚𝑒𝑟

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑑𝑑𝑒𝑑 𝑚𝑜𝑛𝑜𝑚𝑒𝑟
 × 100%                         (2) 

The molecular weight and molecular weight distribution of p(HEMAm-co-AzEMAm) were 

determined by Viscotek as in Section 2.2. 
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p(HEMAm-co-AzEMAm)-Gly-HEMAm with a degree of substitution (DS, the number of 

methacryloyl groups per 100 HEMAm units) of approximately 10 was prepared as 

previously described
[24]

. Briefly, CDI activated HEMAm-Gly (HEMAm-Gly-CI) was 

obtained by reaction of the hydroxyl group of HEMAm-Gly (degree of polymerization 1.83) 

with CDI
[25]

. Subsequently, HEMAm-Gly-CI was coupled to p(HEMAm-co-AzEMAm) 

catalyzed by DMAP
[24]

. 

 

2.3.2 Synthesis and characterization of folic acid-polyethylene 

glycol-bicyclo[6.1.0]nonyne (FA-PEG-BCN) 

FA-PEG-BCN was synthesized in three steps (Scheme S1). First folic acid was activated by 

NHS and reacted with the free amine group of NH2-PEG-NH-Boc. Then the protective Boc 

group was removed and finally BCN was reacted with the amine group of PEGs. 

In detail, folic acid was activated according to previously described procedure
[30-32]

 with 

slight modifications. Folic acid (25 mg, 0.05 mmol) was dissolved in 1.2 mL of DMSO. 

Subsequently, 5.8 mg of NHS (0.05 mmol), 10.3 mg of DCC (0.05 mmol) and 32.4 μL of 

triethylamine were added. The reaction was performed at room temperature for 24 h under 

stirring. Subsequently, this mixture was added to 200 mg of NH2-PEG-NH-Boc (0.04 mmol) 

dissolved in 1 mL DMSO and stirred at room temperature in the dark for 24 h. Next, the 

mixture was centrifuged to remove formed dicyclohexylurea (DCU). The supernatant was 

dialyzed against sodium bicarbonate buffer (100 mM, pH 8.5) and deionized water before 

freeze drying. 

In the next step, FA-PEG-NH-Boc (100 mg) was dissolved in 0.5 mL of TFA/DCM (2/8, 

v/v). The solution was stirred at room temperature for 0.5 h. The formed product 

FA-PEG-NH2 was purified by dissolution in methanol and precipitation in diethyl ether for 

three times and dried in vacuo. 

Finally, FA-PEG-NH2 (30 mg, 0.006 mmol) was dissolved in 6 mL DMSO and mixed with 

14 μL of trimethylamine (100 μmol). Next, 1 mL of (1R, 8S, 

9s)-bicyclo[6.1.0]non-4-yn-9-ylmethyl N-succinimidyl carbonate (BCN-NHS) solution (14 

mg/ml in DMSO, 0.048 mmol) was added to the reaction mixture which was subsequently 

stirred at room temperature overnight. The reaction mixture was purified by dialysis against 

DMSO for 24 h, followed by a gradual exchange of the dialysis medium to deionized water. 

The product was obtained after freeze drying. 
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The synthesized FA-PEG conjugates were characterized by 
1
H-NMR using DMSO-d6 as 

solvent.  

GPC analysis of the FA-PEG conjugates was performed using a Waters System (Waters 

Associates Inc., Milford, MA) with refractive index (RI) and UV detection using a PLgel 5 

μm MIXED-D column (Agilent, USA) and DMF with 10 mM LiCl as eluent. The injection 

volume was 100 μL. The flow rate was 1 mL/min and the temperature was 60 °C. UV 

detection of FA was done at 350 nm. 

To calculate the conjugation efficiency, FA-PEG conjugates were dissolved in DMSO at a 

concentration of 1 mg/mL and the absorbance at 350 nm was recorded using an 

ultraviolet-visible (UV-vis) spectrophotometry (BMG Labtech, Germany). The amount of 

conjugated FA was calculated using a calibration curve of FA in DMSO which was linear 

between 10 and 100 μg/mL. FA mol% was calculated as Eq (3) 

 

FA mol% =  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒𝑑 𝐹𝐴 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐹𝐴⁄

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐹𝐴−𝑃𝐸𝐺 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐹𝐴−𝑃𝐸𝐺⁄
 × 100%                  (3) 

 

2.4 Preparation and characterization of nanogels 

2.4.1 Preparation of DOX-loaded nanogels (DOX-NG) 

Inverse mini-emulsion photopolymerization was used to prepare DOX loaded nanogels 

(DOX-NG) essentially as described previously
[24, 33]

. In short, p(HEMAm-co-AzEMAm)- 

Gly-HEMAm (37.5 mg, Section 2.3.1.2) was dissolved in 212.5 μL DMSO and mixed with 

200 μL of DOX-MA (20 mg/mL in DMSO). Subsequently, 150 μL of Irgacure 2959 (10 

mg/mL in 20 mM HEPES, pH 7.4) was added. This solution (to form the internal phase) 

was added to 5 mL external phase (mineral oil containing 10% v/v ABIL EM 90). An 

emulsion was formed after ultrasonication (Bandelin Sonopuls, pulse on/off 0.5 s, and 

amplitude 10%) for 15 min which was subsequently irradiated with UV light (940 mW/cm
2
, 

300-650 nm, Bluepoint UVC source, Honle UV technology, German) for 15 min. 

Subsequently, 40 mL hexane was added to the emulsion and a pellet was collected after 

centrifugation (3,000×g, 3 min). The obtained pellet was washed four times with 

acetone/hexane (40 mL, 1:1, v/v) and redispersed in 10 mL distilled water and centrifuged 

at 250,000×g (Optima L-90K Ultracentrifuge, Beckman Coulter, Inc.) for 1 h to remove 

unreacted DOX-MA. Finally, the obtained pellet was redispersed in 2 mL distilled water 
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and lyophilized.  

 

2.4.2 Preparation of PEGylated nanogels with or without FA (PEG-DOX-NG and 

FA-DOX-NG) 

PEGylation of the nanogels was done using a copper-free click chemistry reaction between 

the BCN group of PEG or FA-PEG conjugate and azide groups of the nanogels
[34-36]

. Freeze 

dried particles (prepared as described in Section 2.4.1; 10 mg) were dispersed in 2 mL of 

HEPES buffer (300 mM, pH 7.4) and 1 mL PEG-BCN or FA-PEG-BCN solution (10 

mg/mL in HEPES buffer) was added. The mixture was stirred for 4 h at 4 °C in the dark. 

Next, unreacted PEG-BCN or FA-PEG-BCN was removed by washing the nanogel 

particles 3 times after ultracentrifugation (250,000×g for 1 h). PEG-DOX-NG or 

FA-DOX-NG was obtained after freeze drying. 

 

2.4.3 Characterization of the different nanogels 

To determine the conversion of methacrylamide units after photopolymerization, 

freeze-dried nanogels were dispersed in 0.02 M NaOH at a concentration of 1 mg/mL and 

incubated at 37 °C. Next, 0.2 mL sample was withdrawn and mixed with 0.5 ml of sodium 

acetate buffer (1M, pH 5.0). The amount of unreacted HEMAm was determined by UPLC 

(see Section 2.2)
[37]

. 

The size and size distribution of re-suspended nanogels (0.5 mg/mL in 20 mM HEPES pH 

7.4) were measured by dynamic light scattering (DLS, Malvern ALV/CGS-3 Goniometer, 

Malvern, UK) at 25 °C. The zeta potential of the nanogels in 20 mM HEPES (pH 7.4) was 

measured using a Malvern Zetasizer Nano-Z (Malvern, UK) at 25 °C. 

To determine the amount of DOX loaded in the nanogels, a sample of freeze dried particles 

(around 5 mg, accurately weighed) was dispersed in pH 5 ammonium acetate buffer (100 

mM) at a concentration of 0.5 mg/mL and incubated at 37 °C for 24 h. This time is 

sufficient to hydrolyze the hyrazone bond that connects DOX to the nanogel network
[38, 39]

. 

The concentration of DOX in the supernatant after centrifugation at 20,000×g for 60 min 

was measured by UPLC (see Section 2.2). Loading capacity (LC) and encapsulation 

efficiency (EE) were calculated using Eq (4) and (5). 
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LC =  
weight of DOX in the supernatant

weight of DOX loaded nanogels
 × 100%                                    (4) 

EE =  
weight of loaded DOX

weight of feed DOX
 × 100%                                            (5) 

 

After modification of DOX-NG with PEG or FA-PEG, the amount of unreacted 

PEG/FA-PEG-BCN was determined by Viscotek and UV analysis, respectively (see Section 

2.2). The modification efficiency (ME) was calculated using Eq (6). 

 

ME =  
amount of added  (PEG or FA−PEG−BCN)−amount of unreacted (PEG or FA−PEG−BCN)

amount ofadded (PEG or FA−PEG−BCN)
 × 100%(6) 

 

2.4.4 Stability of the different nanogels in cell culture medium 

Freeze dried DOX-NG, PEG-DOX-NG and FA-DOX-NG were dispersed in RPMI-1640 

medium with or without 10% (v/v) FBS at the concentration of 5 mg/mL and incubated at 

37 °C. After 0 h and 4 h incubation, 0.1 mL suspension was taken and mixed with 0.9 mL 

of sodium acetate buffer (1 M, pH 5.0). Size distribution was determined by DLS at 25 °C. 

 

2.4.5 Preparation of Alexa 488 labeled nanogels 

Labeling of FA-DOX-NG was performed using copper-free click chemistry between the 

DIBO group of the dye and azide groups on the nanogels
[40]

. In short, freeze dried 

FA-DOX-NG (10 mg) were dispersed in 1 mL of HEPES buffer (20 mM, pH 7.4). Next, 10 

μL of Alexa 488 DIBO (1 mg/mL in DMSO) was added. The mixture was stirred at 4 °C 

for 1 h, followed by the purification PD 10 column chromatography. The labeled 

FA-DOX-NG was obtained after freeze drying. 

 

2.4.6 In vitro DOX release 

DOX-MA (20 μg/mL) and nanogels (DOX-NG, PEG-DOX-NG and FA-DOX-NG, 1 

mg/mL) were dissolved/dispersed in an ammonium acetate buffer (100 mM, pH 5.0) and 
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HEPES buffer (300 mM, pH 7.4), and subsequently incubated at 37 °C. At different time 

points, 200 μL samples were taken and centrifuged (20,000×g, 60 min) at 4 °C. The 

supernatant was analyzed by UPLC for DOX concentration (see Section 2.2).  

 

2.5 Cell culture 

Murine melanoma cells B16F10 were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with sodium pyruvate (final concentration 1 mM) and fetal bovine 

serum (FBS, final concentration 10% v/v). Human lung carcinoma A549 cells were 

cultured in DMEM supplemented with FBS (final concentration 10% v/v). DOX-sensitive 

4T1 cells were cultured in RPMI-1640 medium (GibcoBRL, USA) with 10% fetal bovine 

serum in a cell incubator at 37 °C. The DOX resistant 4T1 cell line was developed from the 

sensitive parental 4T1 cells with low dose of free DOX administration which was further 

followed by stepwise increase
[8]

. For this process, starting dose (IC90 concentration; 

enabling the survival of 10% of the population) was detected according to the XTT 

cytotoxicity test. The cells were cultured in a humidified atmosphere containing 5% CO2 at 

37 °C. 

 

2.6 Folate receptor immunostaining 

B16F10, A549, and sensitive and resistant 4T1 cells were seeded in a 24-well plate for 24 h 

in DMEM medium (for B16F10 and A549 cells) and RPMI medium 1640 (for 4T1 cells) 

with 10% FBS. The cells were subsequently washed with PBS, fixed with 4% 

paraformaldehyde and incubated with 5% BSA for 1 h for blocking. After washing with 

PBS, the cells were incubated with primary FR polyclonal antibody (1:100 dilution in PBS) 

for 2 h at room temperature. Subsequently, the cells were incubated with the secondary 

anti-rabbit IgG-Phycoerythrin (IgG-PE0) (1:500 dilution in PBS), DAPI and WGA for 30 

min. Cells were washed and mounted with 50% glycerol, and folate receptor expression 

was visualized under a fluorescence microscope (Zeiss, Germany). Digital images were 

acquired using three channels: a DAPI channel (λex. 365 nm, λem. 455 nm) for nuclei, an 

IgG-PE0 channel (λex. 488 nm, λem. 560 nm) for the folate receptor and a WGA channel (λex. 

495 nm, λem. 518 nm) for cell membranes. The images were analyzed by the software 

ImageJ and relative area fraction of IgG-PE0 channel was calculated. 
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2.7 Cell studies on B16F10 and A549 cells 

2.7.1 Cellular uptake of DOX, DOX-MA and DOX-loaded nanogels by B16F10 and 

A549 cells 

Uptake of free DOX, DOX-MA and the different nanogel formulations by B16F10 and 

A549 cells was monitored by Yokogawa high content screening system. Briefly, B16F10 

and A549 cells were seeded into a 96-well plate at density of 2×10
4
 and 5×10

4
 cells per well 

respectively, and incubated for 24 h at 37 °C. Free DOX, DOX-MA or nanogels at a 

concentration of 1000 nM equivalent DOX for B16F10 and 3000 nM for A549 were added 

and incubated for 24 h at 37 °C. Subsequently, the cells were washed with PBS for three 

times and Hoechst 33342 (1:1000 dilution in PBS) was added to the wells 30 min before 

imaging (final concentration was 10 nM) to stain the nuclei of the cells. The plate was 

subsequently transferred into the microscope. Digital images were collected using two 

channels: a channel (λex. 405 nm, λem. 445 nm) for nuclei and another channel (λex. 488 nm, 

λem. 600 nm) for DOX. The fluorescence intensity of DOX in the cells was quantified by the 

ImageJ software. 

 

2.7.2 Uptake kinetics of DOX and FA-DOX-NG by B16F10 cells 

The real-time kinetics of uptake of both free DOX and FA-DOX-NG by cells was studied 

using a high content screening system with a confocal scanner unit, a live cell stage 

incubator and a build-in liquid handler (Yokogawa CV7000S). In detail B16F10 cells were 

seeded into a 96-well plate at a density of 2×104 cells per well. After 24 h incubation, 

Hoechst 33342 (1:1000 dilution in PBS) was added to the wells (final concentration was 10 

nM) and incubated with the cells for 30 min at 37 °C to stain the nuclei of the cells. Then, 

the medium was removed, and free DOX and FA-DOX-NG (25,000 nM equivalent DOX) 

were added. The plate was transferred and incubated in Yokogawa (37 °C, 5% CO2). 

Digital images were acquired every 10 min for 1 h using two channels: a channel (λex. 405 

nm, λem. 445 nm) for nuclei and another channel (λex. 488 nm, λem. 600 nm) for DOX. The 

fluorescence intensity of DOX in nucleus and cytoplasm was quantified by the ImageJ 

software. 

 

2.7.3 Subcellular distribution of FA-DOX-NG on B16F10 cells 

To investigate the subcellular distribution of DOX and nanogels, B16F10 cells were seeded 
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into a 96-well plate at a density of 2×10
4
 cells per well and incubated at 37 °C for 24 h. 

Alexa 488 labeled FA-DOX-NG (12,500 nM equivalent DOX) was added and incubated at 

37 °C for 6 h. Subsequently, Hoechst 33342 (1:1000 dilution in PBS) and Lysotracker Deep 

Red (1:1000 dilution in PBS) were added to each well 30 min before imaging, with final 

concentrations of 10 and 50 nM, respectively. The cells were washed with PBS three times 

and the plate was transferred into Yokogawa high content screening system. Digital 

monochromatic images were acquired using a Hoechst channel (λex. 405 nm, λem. 445 nm) 

for nuclei, a DOX channel (λex. 488 nm, λem. 600 nm) for DOX, a Alexa 488 channel (λex. 

488 nm, λem. 525 nm) for nanogels and a Lysotracker channel (λex. 640 nm, λem. 676 nm) for 

lysosomes. Colocalization was further assessed by calculating Pearson correleation 

coefficient (PCC) of different channels: nuclei and lysosomes, nanogels and lysosomes, 

nanogels and nuclei, DOX and lysosomes, DOX and nanogels, and DOX and nuclei. The 

calculation was done by the ImageJ software
[41]

 and PCC was defined as follows: -1, 

perfect negative correlation; 0, no correlation; 1, perfect positive correlation
[42]

. 

 

2.7.4 Cytotoxicity in B16F10 and A549 cells 

B16F10 (5×10
3
 cells/well) and A549 (1×10

4
 cells/well) were seeded into 96-well plates and 

cultured overnight at 37 °C in a humidified atmosphere containing 5% CO2. Medium was 

removed and 200 μL of free DOX, DOX-MA or DOX nanogels in medium was added to 

the wells at a concentration of DOX equivalents between 2 and 250,000 nM. After 72 h of 

incubation at 37 °C, 40 μL of MTS reagent was added to the wells and the MTS assay was 

performed according to manufacturer’s protocol. The absorbance at 492 nm was recorded 

using a reference wavelength of 690 nm. 

 

2.7.5 Competitive inhibition 

B16F10 (5×10
3
 cells/well) and A549 (1×10

4
 cells/well) were seeded into 96-well plates 24 

h before feeding the formulations. Then, the culture medium was replaced by free DOX, 

PEG-DOX-NG and FA-DOX-NG in medium with or without 1 mM folic acid (the molar 

ratio of free and conjugated FA > 100). The final DOX concentration was 100 nM for 

B16F10 and 1,900 nM for A549. Cells were incubated in a humidified atmosphere 

containing 5% CO2 at 37 °C for 72 h after which the cell viability was recorded by the MTS 

assay. 
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2.8 Cellular uptake and cytotoxicity in DOX-sensitive and resistant 4T1 cells 

 

2.8.1 Uptake of DOX, DOX-MA and DOX-loaded nanogel formulations by 

DOX-sensitive and -resistant 4T1 cells 

DOX-sensitive or -resistant 4T1 cells (1×10
5
 cells per well) were seeded in a 24-well plate 

in RPMI 1640 with 10% FBS. After 24 h, the cells were incubated with free DOX, 

DOX-MA and nanogel formulations (300,000 nM equivalent DOX) for 24 h at 37 °C. Next, 

the cells were washed with PBS and fixed with 4% formaldehyde solution in PBS. Nuclear 

and cytoplasm staining was performed by incubation for 15 min with Hoechst 33342 (1:200 

dilution) and WGA (1:500 dilution), respectively. Fluorescence microscopy were taken on 

the confocal microscope (λex. 405 nm and λem. 445 nm for Hoechst; λex. 488 nm and λem. 560 

nm for DOX; λex. 495 nm and λem. 519 nm for cell membranes). Relative accumulation of 

DOX in cells was analyzed by ImageJ software. 

 

2.8.2 Cytotoxicity in DOX-sensitive and -resistant 4T1 cells 

The XTT assay was used to determine the cytotoxicity of free DOX, DOX-MA and nanogel 

formulations in sensitive and resistant 4T1 cells. Cells were seeded into 96-well plates at 

1×10
4
 cells per well with the final volume of 200 μL. After 24 h, the medium was refreshed 

with 200 μL folic acid-free medium and 100 μL of free DOX, DOX-MA or nanogel 

suspensions in PBS was added to a final DOX equivalent concentration ranging from 10 to 

300,000 nM. After 72 h incubation at 37 °C, 50 μL of a freshly prepared XTT solution (25 

μM N-methyl dibenzopyrazine methylsulfate (PMS) and 1 mg/mL 

2,3-bis(2-methoxy-40nitro-5-sulfophenyl)-2H-tetra-zolium-5-carboxanilide (XTT) in plain 

RPMI 1640 medium) was added to each well. The cells were incubated for 2 h at 37 °C in a 

CO2 incubator. The absorbance was read at 475 nm with a reference wavelength of 660 nm.  

Resistance index (RI) of all formulations was calculated according to Eq (7): 

 

RI =  
IC50 on resistant cells

IC50 on sensitive cells
                                                    (7) 
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2.9 Statistics 

All results are presented as mean ± standard deviation. The two-tailed Student’s test was 

used to determine significance between groups. Significant differences were considered 

when p < 0.05. 

 

3. Results and Discussion 

 

3.1 Synthesis and characterization of the building blocks of the nanogels 

3.1.1 Synthesis of p(HEMAm-co-AzEMAm)-Gly-HEMAm 

AzEMAm (Scheme S2A), an azide monomer, was synthesized as shown in Scheme S2A, 

using the protocol for the synthesis of N-(3-azidopropyl) methacrylamide
[28]

 with some 

slight modifications. In the first step, 2-bromoethylamine was converted into the 

azido-derivative by reaction with sodium azide (38.6% yield). Next, the obtained 

2-azidoethanamine was reacted with methacryloyl chloride. After purification by flash 

chromatography, the desired monomer AzEMAm was obtained in 44.1% yield. 

1
H-NMR AzEMAm (Figure S1, DMSO-d6, 400 MHz): δ 5.69 (s, 1H, Ha), 5.45 (s, 1H, Ha’), 

3.54-3.36 (m, 4H, Hc, Hd), 1.91 (s, 3H, Hb). 

P(HEMAm-co-AzEMAm) was synthesized by free radical polymerization using HEMAm 

and AzEMAm as monomers and ABCPA as initiator (Scheme S2B). The characteristics of 

the obtained polymer are summarized in Table S1. HPLC analysis showed high conversions 

of both HEMAm and AzEMAm (> 95%) and the polymer was obtained in a high yield (> 

90%). A resonance peak at 3.46 ppm (Figure S2) is found in the NMR spectrum of 

p(HEMAm-co-AzEMAm), which is assigned to the methyl protons at the β position to the 

azide group. Using Eq (1) it is calculated that the obtained polymer contains 21% of 

AzEMAm which corresponds well with the feed ratio of AzEMAm and HEMAm (20/80) 

and can be expected for a polymer obtained in a high yield. The obtained copolymer had a 

number average molecular weight (Mn) of 15 kDa with a PDI of 3, which is typical for 

polymers synthesized by free radical polymerization. The FT-IR spectrum of 

p(HEMAm-co-AzEMAm) showed a peak at 2100 cm
-1

 characteristic for the azide vibration 

(Figure S3). In the next step, the obtained p(HEMAm- co-AzEMAm) was further modified 

with biodegradable and polymerizable side units HEMAm-Gly and used as building block 
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for the nanogel particles the obtained polymer was modified with polymerizable 

methacrylamide groups (HEMAm-Gly) after activation of the hydroxyl group of 

HEMAm-Gly with 1,1’-carbonyldiimidazole using a previously established method 

(Scheme S2C) to obtain p(HEMAm-co-AzEMAm)-Gly-HEMAm (93.5% yield)
[24]

. NMR 

analysis showed that the degree of substitution was around 10 (Scheme S2C, 

p(HEMAm-co-AzEMAm)-Gly-HEMAm). The azide groups of the polymer provide the 

opportunity for modification of the nanogels with functional moieties with alkynes using 

so-called click chemistry
[36]

. 

 

3.1.2 Synthesis and characterization of folic acid-PEG conjugate 

To obtain actively targeted nanogels, a folic acid-PEG functionalized with an alkyne group 

was synthesized as follows. First, a heterobifunctional PEG (NH2-PEG-NH-Boc) was 

reacted with FA after activation of its γ-carboxylic acid group (which has a higher reactivity 

than the α-carboxylic acid group
[43, 44]

) with NHS. Next, the Boc group was removed under 

mild acidic conditions and the BCN group was introduced via the reaction of BCN-NHS 

and the formed amine of PEG.  

1
H-NMR and GPC data revealed that FA was indeed successfully conjugated to PEG. In the 

1
H-NMR spectra of the obtained products (Figure S4), weak signals at 6.5-8.5 ppm 

corresponding to the aromatic protons of FA were detected after the first reaction and were 

also present in both the other intermediate and final product. After deprotection, the peaks 

at 1.3 ppm assigned to the Boc group disappeared completely. Finally, new peaks at 1.2-2.3 

ppm ascribed to BCN (protons of the eight-membered ring) introduced after the reaction of 

FA-PEG-NH2 with BCN-NHS were detected. To prove that FA was indeed covalently 

coupled to PEG, GPC analysis was performed using UV (350 nm) and RI detection (Figure 

S5). The physical mixture had a peak at 8 min (RI detection) for PEG and at 12 min (UV 

detection) for FA. Importantly, after reaction of FA and PEG, the product displayed peaks at 

8 min both with RI and UV detection, demonstrating that FA was indeed covalently coupled 

to PEG. The chromatogram (Figure S5A) shows a small shoulder (retention time around 7.5 

min for both RI and UV detection). Likely, NH2-PEG-NH-Boc has reacted with both 

carboxylic acids of FA, which doubled the molecular weight of PEG. 

UV-vis spectroscopic analysis showed that the FA mol% of FA-PEG-BCN was around 

60%. 
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3.2 Preparation and characterization of DOX-loaded nanogels 

Inverse emulsion photopolymerization
[24, 33]

 was used to prepare DOX-loaded nanogels 

(DOX-NG). The irradiation conditions were optimized for high conversion of the 

methacrylamide groups, and simultaneously to minimize possible UV-catalyzed 

degradation of DOX-MA
[45]

. Under the optimized reaction condition (940 mW/cm2, 

300-650 nm, 15 min), relatively high conversion of methacrylamides (71.7±2.1%) and high 

encapsulation efficiency of DOX (72.1±2.8%) was obtained. The size of DOX-NGs was 

around 170 nm with a PDI 0.21 as determined by DLS; the zeta potential of the nanogels in 

HEPES buffer (pH 7.4) was slightly negative (Table 1). 

 

Table 1. Characteristics of drug-loaded nanogels before and after surface functionalization (n = 3). 

 LC% Size [nm] PDI Zeta Potential [mV] ME% 

DOX-NG 5.4±0.2 167±5 0.21±0.04 -3.2±0.1 - 

PEG-DOX-NG 3.2±0.1 178±3 0.17±0.03 -3.0±0.1 67.3±5.6 

FA-DOX-NG 3.0±0.1 173±3 0.19±0.04 -4.2±0.1 80.4±4.4 

LC: loading capacity, PDI: polydispersity index, ME: modification efficiency. 

 

PEGylation with and without FA decoration of DOX-NG using copper-free click chemistry 

was performed at pH 7.4 to avoid drug release caused by the cleavage of the hydrazone 

bond of DOX-MA which is labile under acid conditions
[38]

. Since glycolate esters in the 

crosslinks can be hydrolyzed at this pH
[46, 47]

, a low temperature and short reaction time 

were used to minimize degradation of the nanogels. The degree of modification with PEG 

and FA as calculated by determination of unreacted PEG or FA-PEG (Eq (6)) was 67.3% 

and 80.4% respectively (Table 1), indicating high reaction efficiency and specificity of this 

reaction as reported in other studies
[48, 49]

. After PEGylation the size of particles slightly 

increased from 170 to 175 nm likely due to the thickness of PEG coating
[50]

. The zeta 

potential of nanogels after PEGylation and FA decoration remained close to neutral. LC of 

PEG-DOX-NG (3.2%) or FA-DOX-NG (3.0%) was found to be smaller than DOX-NG 

(5.4%). This is because the total amount of modified nanogels was bigger than unmodified 

nanogels when the same amount of drug was loaded. 
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3.3 Nanogel stability in cell culture medium 

Size distributions of the different nanogels before and after incubation in cell culture 

medium with and without 10% serum were studied. Figure 4A shows that no big change in 

size distribution was found for all formulations after incubation in the medium without 

serum. However, after 4 h incubation in the medium with 10% FBS, DOX-NG showed a 

new peak with bigger size, indicating some aggregation. On the other hand, PEG-DOX-NG 

and FA-DOX-NG displayed a similar size distribution. The improved stability can be 

explained by reduced adsorption of proteins due to the hydrophilic PEG corona
[51]

. 

 

 

Figure 3. (A) Size distribution of freshly prepared nanogel formulations and nanogels after 4 h 

incubation in RPMI-1640 medium with and without 10% FBS at 37 °C. (B) Conversion of DOX-MA 

into DOX and release of DOX from DOX-MA loaded nanogels at pH 5 and pH 7.4, 37 °C (n = 3). 

 

3.4 Release of DOX from the nanogels 

Figure 3B shows that complete conversion of DOX-MA into DOX was achieved at pH 5 in 
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8 h, 37 °C, while at pH 7.4 less than 10% of DOX-MA was converted. This result is in 

agreement with other studies
[27, 38, 39]

. The DOX-MA loaded nanogels showed a fast drug 

release at pH 5 (> 80% in 10 h) and almost no drug release was found at neutral pH (< 

10%). Figure 3B also shows that the release behavior of PEGylated and FA-decorated 

nanogels was the same as that of the non-PEGylated ones. This can be ascribed to the 

pH-dependent stability of the hydrazone bond that connects DOX with the nanogel 

network. 

 

3.5 Folate receptor expression in B16F10, A549, DOX-sensitive andDOX- resistant 

4T1 cells 

B16F10, A549, DOX-sensitive and -resistant 4T1 cells were incubated with an antibody 

against the folate receptor and analyzed by confocal microscopy (Figure 4 and Figure S6). 

B16F10 cells showed strong staining for the folate receptor, while an antibody signal (i.e. 

folate receptor) could hardly be detected for A549 cells. The results of immunostaining 

showed that B16F10 cells overexpress the folate receptor while A549 cells are folate 

receptor negative cells, which is in agreement with other studies
[52]

. The parental (i.e. 

sensitive) 4T1 cells showed strong fluorescence intensity of secondary antibody (Figure 4), 

which demonstrates that sensitive 4T1 cells are folate receptor positive cells , in agreement 

with previous work
[53]

. DOX resistant 4T1 cells displayed a higher folate receptor 

expression than the sensitive cells. The observation was further confirmed by the 

calculation of relative area fraction (right panel, Figure 4). 

 

 

Figure 4. Immunostaining and quantification of the folate receptor on B16F10, A549, DOX-sensitive 

and resistant 4T1 cells; nuclei are stained in blue with DAPI and IgG-PE0 is stained in red. Relative 

area fraction of folate receptor is calculated by the software ImageJ. Bars, 50 μm. The same figures 

with the green signal from the cell membrane are shown in Figure S6. 
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3.6 Cell studies with B16F10 and A549 cells 

3.6.1 Cellular uptake of DOX-loaded nanogel formulations by B16F10 and A549 cells 

The cellular uptake of the different nanogel formulations as well as free DOX and 

DOX-MA (controls) by B16F10 and A549 cells was investigated using confocal 

microscopy and using the intrinsic fluorescence of DOX (Figure 5). To better visualize the 

DOX signal, higher concentration of DOX was used for A549 (4,000 nM) than B16F10 

cells (1,000 nM). 

 

 

Figure 5. (A) Confocal microscopy images (DOX is depicted as red and Hoechst (nucleus staining) 

as blue) and (B) quantification of fluorescence intensity of DOX (λex. 488 nm, λem. 600 nm) of free 

DOX, DOX-MA and nanogel formulations by B16F10 and A549 cells at the concentration of 1,000 

and 4,000 nM equivalent DOX, respectively. The incubation time was 24 h. Bars, 20 μm. 

 

After 24 h-incubation, B16F10 cells exposed to free DOX showed the highest fluorescence 

intensity, most of which was in the nucleus. A fluorescence signal was hardly found when 
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the same cells were incubated with DOX-MA. Obviously, the cell membranes are less 

permeable for DOX-MA than for free DOX. Figure 5 also shows that B16F10 cells 

incubated with the different nanogel formulations showed higher fluorescence intensity 

than those exposed to the same dose of DOX-MA but less than those incubated with free 

DOX. The internalization of PEG-DOX-NG by B16F10 cells was slightly less (about 70%, 

Figure 5B) compared to that of DOX-NG, in agreement with previous studies showing that 

a PEG corona limits the cellular uptake of nanoparticles
[54, 55]

. However, after decoration of 

the nanogels with FA (FA-DOX-NG), higher cellular uptake was observed than for the cells 

incubated with PEG-DOX-NG (almost a factor 2, Figure 5B). Considering that both 

PEG-DOX-NG and FA-DOX-NG have a similar size and slightly negative zeta potential 

(Table 1), the results suggest that the cellular take of nanogels by folate receptor positive 

cells can be improved by FA decoration. 

For A549 cells, the highest and lowest fluorescence intensity was found when the cells were 

incubated with free DOX and DOX-MA, respectively. However, no big differences in 

internalization of the different nanogel formulations by A549 cells were observed. This 

suggests that PEG-DOX-NG and FA-DOX-NG have the same route of uptake in these 

folate receptor negative cells. 

 

3.6.2 Uptake kinetics of FA-DOX-NG by B16F10 cells 

To investigate the uptake kinetics of nanogels as well as free DOX, B16F10 cells were 

incubated with FA-DOX-NG and real-time images were taken (Figure 6 and Figure S7). 

Significant difference in uptake pattern of two formulations was observed within one hour 

incubation with cells. Fast drug accumulation in the nuclei of B16F10 cells (20 min) was 

observed when the cells were incubated with free DOX (Figure S7), which is due to the 

passive diffusion through the cell and nuclear membrane
[56-58]

. In contrast, DOX from 

FA-DOX-NG first accumulated in cytoplasm/endosomes and then slowly transferred to 

nuclei (Figure 6A). Quantification of fluorescence intensity of DOX clearly showed that for 

cells incubated with free DOX, the fluorescence intensity in the nucleus was always much 

higher than that in cytoplasm at all time points (Figure S7) which is in agreement with other 

studies
[59, 60]

. In contrast, FA-DOX-NG displayed a higher cytoplasm/endosome distribution 

up to 40 minutes of incubation with cells (Figure 6B). Besides, the fluorescence intensity of 

DOX from FA-DOX-NG in both nuclei and cytoplasm/endosomes increased in time 

(Figure 6B). However, the rate of increase of fluorescence intensity in the nuclei was higher 

than in cytoplasm, indicating that the rate of drug release from nanogels was faster than the 
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rate of cellular uptake of nanogels. This result demonstrates that the mechanisms of cellular 

uptake of free DOX and FA-DOX-NG are different. 

 

 

Figure 6. (A) Confocal microscopy images (DOX is depicted in red) and (B) quantification of 

fluorescence intensity of DOX (λex. 488 nm, λem. 600 nm) of uptake kinetics of FA-DOX-NG (25,000 

nM equivalent DOX) by B16F10 cells for 1 h at 37 °C. Bars, 20 μm. 

 

3.6.3 Subcellular distribution of FA-DOX-NG in B16F10 cells 

Because the DOX signal of FA-DOX-NG observed in the cells by confocal imaging can be 

from either the encapsulated or the released DOX, FA-DOX-NG covalently labeled via a 

stable triazole bond with Alexa 488 was used to study the fate of DOX and nanogels in the 

cell separately after cellular internalization. After 6 h incubation, the subcellular distribution 

of nanogels and DOX was studied by confocal microscope (Figure 7A upper panel). 

Colocalization of the different components was studied by merged images (Figure 7A lower 

panel). By overlapping the images of nanogels and lysosomes, colocalization as indicated 

by bright yellow, was observed. Exclusion of fluorescent signals was found from the 

merged image of nuclei and nanogels (Figure 7A lower panel). By overlapping the DOX 

and nanogels signals, partial colocalization (indicated by bright yellow) was observed. 

Clear drug release was observed from nanogels although there was still a small amount of 

DOX in the nanogels (Figure 7A lower panel). It is also shown that DOX partially 

colocalized with nuclei (indicated by violet), which can be observed from the merged 

image of DOX and nuclei (Figure 7A lower panel). 

The degree of colocalization was further quantified by calculating Pearson correlation 

coefficient (PCC, Figure 7B)
[41]

. The strong colocalization of nanogels and lysosomes 

(PCC > 0.5) indicates that most of nanogels were located inside lysosomes after 6 h 
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incubation. This result is in agreement with the observation of other studies that the 

mechanism of cellular uptake of nanomedicines is by endocytosis
[10]

. A negative PCC, 

meaning exclusion of the signals, was found for nuclei/lysosomes and nuclei/nanogels, 

indicating lysosomes and nanogels were not present in the nuclei. The moderate PCC (< 0.5) 

further confirmed partial colocalization of DOX and nanogels. The similar PCC value (< 

0.5) was also observed for the colocalization analysis of DOX and lysosomes, which is 

probably due to the DOX still linked to the nanogel network. This also demonstrates that 

DOX is intracellulary released from the nanogels. Most of DOX signal accumulated in 

nuclei and a high PCC value (> 0.5) was obtained. This observation is in agreement with 

the result of release study showing that over 70% of DOX was released from nanogels at 

pH 5 (lysosomal pH) within 6 h (Figure 3B). 

 

 

Figure 7. (A) Confocal images (6 h incubation, Hoechst (nuclear staining) is depicted as blue, Alexa 

488 (nanogels) as green, DOX as orange, Lysotracker Deep Red (lysosomes) as red) and (B) 

colocalization analysis of the different components in B16F10 cells incubated with Alexa 488-labeled 

FA-DOX-NG (12,500 nM equivalent DOX) at 37 °C. Bars, 20 μm. 
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Combining all the results, we can conclude that once incubated with B16F10 cells, 

FA-DOX-NG can be taken up via endocytosis, accumulate in the early endosomes and then 

end up in the lysosomes. This internalization mechanism is in line with the results of the 

other studies on nanoparticles and macromolecules
[61]

. In the endosomes/lysosomes, DOX 

is quickly released due to the acidic environment and the released DOX further 

accumulated into nuclei
[54, 62]

. 

 

3.6.4 Cytotoxicity of DOX-loaded nanogel formulations on B16F10 and A549 cells 

The cytotoxicity of free DOX, DOX-MA and the different nanogel formulations was 

studied using B16F10 cells (folate receptor overexpressing cells) and A549 cells (folate 

receptor deficient cells) using the MTS assay. The cell viability curves of the different 

formulations as a function of the DOX concentration are shown in Figure 8A and the half 

maximal inhibitory concentrations (IC50) derived from these graphs are reported in Table 

S2.  

Figure 8A and Table S2 show that free DOX demonstrated the highest cytotoxicity on both 

cell lines. The IC50 of DOX-MA (370±30 and 2,400±300 nM for B16F10 and A549 cells, 

respectively) was higher than that of free DOX (44±4 nM for B16F10 cells and 370±70 nM 

for A549 cells). Although the IC50 of DOX-NG (180±30 nM for B16F10 cells and 

1,700±200 nM for A549 cells) was higher than that of free DOX, the value is lower than 

that of DOX-MA (370±30 nM for B16F10 cells and 2,400±300 nM for A549 cells). 

PEG-DOX-NG (IC50 of 200±30 and 1,800±400 for B16F10 and A549 cells, respectively) 

showed slightly less cytotoxicity than the DOX-NG. For B16F10, which is a folate receptor 

positive cell line, FA-DOX-NG showed higher cytotoxicity than PEG-DOX-NG (IC50 of 

120±20 nM for FA-DOX-NG and 200±27 nM for PEG-DOX-NG). On the other hand, for 

A549 which is a folate receptor negative cell line, FA-DOX-NG and PEG-DOX-NG had 

similar IC50 values (around 1,800 nM). 

It is well known that free DOX can spontaneously permeate through both the cell and 

nuclear membrane, accumulate in the cell nucleus which leads to cell apoptosis
[58]

. The 

uptake of DOX-MA by cells is much lower than free DOX as shown in Section 3.6.1. But 

even if DOX-MA can pass through the membrane by passive diffusion it ends up in the 

cytoplasm, where it is very slowly converted into DOX. Therefore the cytotoxicity of 

DOX-MA is lowest among all formulations on both cell lines. DOX-NG showed a much 

higher cytotoxicity than DOX-MA (Figure 8A and Table S2) which can be ascribed to 
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endosomal uptake of the nanogels and subsequent DOX release. PEG-DOX-NG displayed 

less cytotoxic effects on both cells than DOX-NG due to the less cellular uptake (Figure 5). 

FA-DOX-NG showed a similar IC50 as PEG-DOX-NG on folate receptor negative (A549) 

cells, whereas higher cytotoxicity than PEG-DOX-NG. Together with the cellular uptake 

and subcellular distribution studies, cytotoxicity study suggests that FA decorated nanogels 

can be internalized by receptor-mediated endocytosis, increase intracellular drug 

concentration and in turn enhance the cytotoxicity against folate receptor positive cancer 

cells. 

 

 

Figure 8. (A) Viability of B16F10 and A549 cells after incubation with free DOX, DOX-MA and 

DOX loaded nanogel formulations for 72 h at 37 °C (n = 3). (B) Viability of B16F10 and A549 cells 

after incubation with PEG-DOX-NG and FA-DOX-NG (at IC50 of FA-DOX-NG, 100 nM for B16F10 

cells and 1,900 nM for A549 cells) with/without folic acid (1 mM) for 72 h at 37 °C (n = 10, ***p < 

0.001). 
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3.6.5 Competitive inhibition 

To investigate whether the FA-decorated nanogels were indeed taken up by the FA receptor, 

FA was added to the culture medium of B16F10 (folate receptor positive) cells and A549 

(folate receptor negative) cells. Figure 8B shows that incubation of A549 cells with either 

PEG-DOX-NG or FA-DOX-NG resulted in the same cytotoxic values, both in the absence 

and presence of free FA in the medium. On the other hand, incubation of B16F10 cells with 

FA-DOX-NG resulted in a substantially higher cytotoxicity at the same DOX concentration 

(100 nM) than PEG-DOX-NG (cell viability 76.8±1.9% for PEG-DOX-NG and 48.5±2.6% 

for FA-DOX-NG). The cell viability upon incubation with FA-DOX-NG in the presence of 

FA (71.2±3.8%) significantly increased (p < 0.001) and reached almost the same level as 

viability of cells incubated with PEG-DOX-NG (81.6±3.0%). This demonstrates that free 

FA can inhibit the cellular uptake of FA-modified nanogels, which again points to receptor 

mediated uptake of these nanoparticles in the absence of FA in the medium. 

 

3.7 Uptake and efficacy in DOX-sensitive and DOX-resistant 4T1 cells 

3.7.1 Cellular uptake of DOX, DOX-MA and DOX-loaded nanogels by DOX-sensitive 

and -resistant 4T1 cells 

DOX-resistant 4T1 cells which overexpress FR were incubated with FA-DOX-NG to 

investigate whether this formulation can overcome MDR. Figure 9A (upper panel) shows 

the cellular uptake of different DOX formulations by DOX-sensitive 4T1 cells. Strong 

fluorescence signal of DOX was observed when DOX-sensitive 4T1 cells were incubated 

with free DOX, while a low signal was found when the sensitive cells were incubated with 

DOX-MA. After DOX-MA was loaded into nanogels to form DOX-NG, a substantially 

increased signal of DOX in the sensitive cells was observed. The fluorescence intensity of 

DOX for sensitive cells incubated with PEG-DOX-NG was slightly less than that of cells 

exposed to DOX-NG. 

Figure 9A (lower panel) shows that the fluorescence intensity of DOX in resistant cells 

after incubation with the different formulations was less than that observed in sensitive cells. 

A DOX signal was hardly detectable in the resistant cells after incubation with either free 

DOX or DOX-MA. The figures also show that the uptake of DOX-MA by resistant cells 

was improved by DOX-NG. However, the uptake of PEGylated nanogels (PEG-DOX-NG) 

was decreased. Importantly, the resistant cells incubated with FA-DOX-NG displayed about 

3 times higher DOX uptake than free DOX (Figure 9B). 
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Figure 9. (A) Fluorescence microscopy images of sensitive and resistant 4T1 cells incubated with 

free DOX, DOX-MA and nanogel formulations (10,000 nM equivalent DOX) for 24 h at 37 °C; 

nuclei are stained in blue with DAPI, cell membranes are stained in green with WGA and DOX is 

presented in red. (B) Relative accumulation of different DOX formulations in the cells by measuring 

the fluorescence intensity of DOX (λex. 488 nm, λem. 600 nm). Bars, 50 μm. 

 

3.7.2 Cytotoxicity of DOX-loaded nanogels in DOX-sensitive and -resistant 4T1 cells 

An XTT assay was performed to evaluate the efficacy of free DOX, DOX-MA and DOX 

loaded nanogel formulations on the DOX-sensitive and -resistant 4T1 cells (Figure 9 and 

Table S3). In the sensitive cells, free DOX showed a higher cytotoxicity than DOX-MA 

(IC50 1,000±200 nM for free DOX and 4,500±600 nM for DOX-MA). DOX-NG (IC50 

1,100±100 nM) was slightly less toxic than free DOX, and nanogels showed less effect 

after PEGylation (IC50 1,500±300 nM for PEG-DOX-NG). However, the IC50 decreased 

after decoration of the nanogels with FA (FA-DOX-NGs, IC50 900±200 nM), indicating the 

formulation becomes more cytotoxic.  
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Table S3 shows that free DOX, DOX-MA and the different nanogel formulations were less 

cytotoxic (had a higher IC50 value) towards DOX resistant 4T1 cells as compared to 

sensitive cells, as reported in many other studies [63].  

The efficacies of the different formulations in the resistant and sensitive cells were 

compared by the so-called resistance index (RI, defined as Section 2.5.3, Eq (7)) (Table S3). 

The RI of DOX-NG is similar to that of free DOX (11.2±1.6 vs 13.4±2.4) whereas the RI of 

PEG-DOX-NG (18.3±4.5) is even higher than that of free DOX and DOX-NG. Importantly, 

the RI of the active targeted formulation FA-DOX-NG is 3.7±0.8, which is significantly 

lower (~4-fold, p < 0.01) than that of free DOX. 

No significant difference in RI was found between free DOX and DOX-NG, unlike the 

common opinion that nanomedicines can bypass the drug efflux pumps on the surface of 

resistant cell membranes resulting in significant better anticancer efficacy
[64-66]

. A similar 

conclusion was also obtained by Kunjachan et al
[67]

 who tested other nanomedicines for 

different types of MDR and concluded that the ability of nanomedicines to overcome MDR 

cannot be overestimated and generalized. In contrast, FA-DOX-NG showed much higher 

cytotoxicity on the resistant cells and its RI was significantly lower than other formulations. 

These results demonstrate that FA-decorated nanogels can bypass the MDR pump, be 

internalized into cells by receptor mediated endocytosis and release the payloads to cause 

cytotoxicity. 

 

 

Figure 10. Viability of DOX (A) sensitive and (B) resistant 4T1 cells after incubation with free DOX, 

DOX-MA and nanogel formulations for 72 h at 37 °C. (C) Resistance index of free DOX, DOX-MA 

and nanogel formulations (n = 3, **p < 0.01). 
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4. Conclusions 

In the present study, we combined pH controlled drug release and an active targeting 

strategy in one formulation to overcome MDR. The nanocarriers showed complete drug 

release within 24 h at mild acidic pH (pH 5). The nanogels are able to be internalized by 

receptor-mediated endocytosis and increase cellular uptake and cytotoxicity against folate 

receptor positive cells. The active targeting was further confirmed by competitive inhibition 

by an excess folic acid. The system displays superior antitumor effect on folate receptor 

upregulated drug resistant breast cancer cells. This paper shows that nanogels with pH 

sensitive drug release and active targeting hold significant potential to be an effective 

chemotherapeutics with enhanced toxicity against folate receptor overexpressing cancer 

cells and overcoming multidrug resistance.  
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Supporting information 

 

 

Scheme S1. Synthesis of folic acid-polyethylene glycol-bicyclo[6.1.0]nonyne (FA-PEG-BCN) 

 

 

Scheme S2. Synthesis of p(HEMAm-co-AzEMAm)-Gly-HEMAm 
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Figure S1. 1H-NMR spectrum of AzEMAm. 

 

Table S1. Characteristics of p(HEMAm-co-AzEMAm) as determined by 1H-NMR, UPLC and GPC. 

HEMAm/AzEMAm 

mol/mol in the feed 

Yield 

[%] 

Copolymer 

composition
a)

 

Conversion (%)
b)

 Mn 

[kDa]
 c)

 
PDI

 c)
 

HEMAm AzEMAm 

80/20 95.6 79/21 98.8 99.1 14.6 3.0 

a)Determined by 1H-NMR. b)Determined by UPLC. c)Determined by GPC. 

 



 

134 
 

4 

Chapter 4 

 

Figure S2. 1H-NMR spectrum of p(HEMAm-co-AzEMAm). 

 

 

Figure S3. IR spectra of p(HEMAm-co-AzEMAm) and pHEMAm. 
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Figure S4. 1H-NMR spectra of FA-PEG-NH-Boc (green), FA-PEG-NH2 (blue) and FA-PEG-BCN 

(red). 
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Figure S5. GPC analysis with dual RI and UV (350 nm) detection of (A) FA-PEG-BCN and (B) 

physical mixture of FA and NH2-PEG-NH-Boc. 

 

 

Figure S6. Immunostaining of the folate receptor on B16F10, A549, DOX-sensitive and resistant 4T1 

cells; nuclei are stained in blue with DAPI, whereas cell membrane is stained in green with WGA and 

IgG-PE0 is stained in red in red. Bars, 50 μm. 

 

 

Figure S7. Confocal microscopy images (DOX is depicted as red) and quantification of fluorescence 

intensity of DOX (λex. 488 nm, λem. 600 nm) of uptake kinetics of free DOX (25000 nM equivalent 

DOX) in B16F10 cells in 1 h. Bar, 20 μm. 
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Table S2. IC50 (nM) of B16F10 and A549 cells after incubation with free DOX, DOX-MA and 

DOX-MA loaded nanogels after 72 h incubation (n = 3). 

 Free DOX DOX-MA DOX-NG PEG-DOX-NG FA-DOX-NG 

B16F10 44±4 370±30 180±30 200±27 120±20 

A549 370±70 2,400±300 1,700±200 1,800±400 1,800±400 

 

Table S3. IC50 (nM) and resistance index (RI) of DOX-sensitive and resistant 4T1 cells induced by 

free DOX, DOX-MA and DOX-MA loaded nanogels after 72 h incubation 

Formulations 
IC50 (nM) 

RI 
Sensitive 4T1 Resistant 4T1 

Free DOX 1,000±200 13,900±2,900 13.4±2.4 

DOX-MA 4,500±600 98,900±16,800 22.1±3.3 

DOX-NG 1,100±100 11,900±2,000 11.2±1.6 

PEG-DOX-NG 1,500±300 27,400±7,700 18.3±4.5 

FA-DOX-NG 900±200 3,300±70 3.7±0.8 
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Abstract: The poor selectivity and pharmacokinetics of low-molecular-weight anticancer 

drugs contribute to the failure of traditional chemotherapy. The aim of this study was to 

investigate a polymeric nanogel system loaded with a doxorubicin-glucuronide prodrug 

(propGA3-DOX). A polymer conjugated with this prodrug was synthesized by click 

chemistry and used as the building block of a nanogel formulation based on hydroxyethyl 

methacrylamide-oligoglycolates-derivatized poly(hydroxyethyl methacrylamide-co- 

N-(2-azidoethyl)methacrylamide) (p(HEMAm-co-AzEMAm)-Gly-HEMAm). The nanogels 

with a size of 165 nm showed a complete conversion of the prodrug into DOX at 37 °C in 

buffer of pH 7.4 and in the presence of bovine β-glucuronidase after 48 h, but no 

conversion in the absence of the enzyme was observed. High intensity focused ultrasound 

was able to induce β-glucuronidase release from 4T1 cells and converted the prodrug 

released from the nanogels into DOX. In vitro cytotoxicity experiments demonstrated that 

prodrug-loaded nanogels incubated with HIFU released β-glucuronidase showed similar 

cytotoxicity as nanogels incubated with the commercial enzyme, while no toxicity was 

observed without β-glucuronidase. Overall, together with HIFU treatment, this nanogel 

system is promising formulation for enzymatically responsive anticancer treatment. 
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1. Introduction 

A major obstacle of traditional chemotherapy is the poor selectivity of anticancer drugs for 

tumor cells, which results in severe dose limiting side effects. Therefore, a great variety of 

prodrugs, non-toxic forms of cytotoxic drugs that can be (selectively) activated in the tumor 

microenvironment to yield the pharmacologically active form of the parent drug, has been 

designed
[1, 2]

. Particularly, enzyme-mediated activation of prodrugs has shown to be a 

promising strategy
[3, 4]

. Once properly designed, prodrugs with glucuronide groups can be 

activated by the enzyme β-glucuronidase
[5]

. This lysosomal enzyme has very low 

concentrations in blood
[6]

, but has elevated extracellular levels in tumors because of its 

lysosomal release from necrotic cancer cells
[7, 8]

.  

Accordingly, two doxorubicin-glucronide prodrugs (DOX-GA3 and DOX-mGA3) were 

designed and evaluated both in vitro and in vivo
[9-12]

. In these studies it was shown that the 

selective activation of prodrugs by β-glucuronidase present in tumors resulted in improved 

tolerated dose and therapeutic efficacy
[9, 13]

. However, being a small hydrophilic molecule, 

DOX-GA3 had poor pharmacokinetics and was almost completely eliminated from the 

circulation within 4 h (t1/2 26 min)
[10]

. Although the circulation time was improved by 

DOX-mGA3 which is more hydrophobic than DOX-GA3 by modification with a 

methylester group, the half-life time was still short (t1/2 55 min)
[12]

. Therefore, a propargyl 

derivative of DOX-mGA3 (propGA3-DOX) was synthesized and coupled to a micelle drug 

delivery system via click chemistry, and improved in vivo pharmacokinetics and antitumor 

efficacy was anticipated because of their suitable size (50 nm) for reduced renal elimination 

and passive targeting through the enhanced permeability and retention (EPR) effect
[14]

. 

Apart from the improvement of pharmacokinetics, the activation of prodrugs (DOX-GA3 

and DOX-mGA3) or prodrug-loaded micelles at the tumor site is another issue to be 

enhanced. As mentioned above, high levels of β-glucuronidase were only present in the 

necrotic site of tumors. Therefore, the anticancer efficacy of glucoronide prodrugs is 

expected to be more pronounced in large tumors which have more necrotic cells and 

therefore higher enzyme levels than in small tumors
[15]

. To improve the enzyme activity 

regardless of the stage of cancers, researchers have developed several strategies including 

two-step therapies: gene-directed enzyme prodrug therapy (GDEPT)
[16, 17]

 and 

antibody-directed enzyme prodrug therapy (ADEPT)
[18]

. Increased enzyme concentrations 

can be achieved after the first step, in which either tumor cells are transfected with a gene 

encoding for the β-glucuronidase enzyme (GDEPT) or an antibody-enzyme 

(β-glucuronidase) conjugate is administered that accumulates at the tumor site (ADEPT). 
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The main drawbacks of these therapies are insertional mutagenesis and difficulties with the 

selective delivery and expression of genes in GDEPT, and costs and difficulties with 

development and purification of antibodies and the immunogenicity of ADEPT contructs
[16, 

19, 20]
. To solve this problem, Antunes et al proposed a new way to increase extracellular 

β-glucuronidase levels for a two-step chemotherapy-prodrug approach
[21]

. Tumor necrosis 

and β-glucuronidase release can be induced by a single dose of cytostatics, followed by the 

activation of glucuronide prodrug. In vivo studies indicated that this treatment indeed 

resulted in the release of β-glucuronidase in small C6 glioma tumors. However, owing to 

the lack of selectivity of free cytostatic agents, increased levels of the enzyme were also 

observed out of the tumor site
[21]

, which may lead to the activation of the prodrug in the 

undersigned tissues and cause side effects. 

Recently, Besse et al investigated the release of β-glucuronidase from tumor cells by high 

intensity focused ultrasound (HIFU) and the combination of HIFU and prodrug therapy
[22]

. 

Ultrasound can propagate harmlessly through normal tissues and focus on its target site (e.g. 

tumors). The high energy in the focal point can cause thermal as well as mechanical tissue 

damage depending on the ultrasound parameters used. As mentioned previously, lysosomal 

β-glucuronidase can be released from mechanically destroyed cancer cells, and HIFU is 

therefore an attractive modality to induce sufficient levels of this enzyme in the 

extracellular space of tumors for prodrug therapy. Both in vitro and in vivo studies 

demonstrated that the extracellular β-glucuronidase concentrations indeed increased after 

treatment of HIFU and in turn activated a suitable prodrug to cause cytotoxicity
[22]

. 

Taken together, an approach exploiting the combination of prodrug therapy, 

nanotechnology and HIFU can take advantage of the tumor-selective activation of 

glucuronide prodrug, while addressing their shortcomings as small molecules as well as 

inefficient activation because of low enzyme concentrations. To this end, the 

doxorubicin-prodrug propGA3-DOX was coupled to p(HEMAm-AzEMAm)-Gly-HEMAm 

via click chemistry (Figure 1A). The formed conjugate was further used for the preparation 

of nanogels (Figure 1B). Under physiological conditions (pH 7.4 and 37 °C) and in the 

presence of β-glucuronidase, after hydrolysis of the ester bond connecting the prodrug and 

nanogel network, the released prodrug is expected to be activated and converted to DOX by 

the enzyme. In vitro release and cytotoxicity studies were performed with and without 

β-glucuronidase. The β-glucuronidase release from cells was examined after HIFU 

treatment and the released enzyme was used to activate the prodrug-nanogel system (Figure 

2). The anticancer efficiency of combination of HIFU and prodrug therapy was confirmed 

by in vitro cell studies. 
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Figure 1. (A) Synthesis of prodrug-polymer conjugate and (B) preparation of prodrug-loaded 

nanogels. 

 

 

Figure 2. Activation of prodrug-loaded nanogel particles by released β-glucuronidase from 

4T1 cells after HIFU exposure. 
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2. Materials and methods 

 

2.1 Materials 

P(HEMAm-co-AzEMAm)-Gly-HEMAm (20 mol% AzEMA, degree of substitution 10, Mn 

15 kDa, PDI 3.0 ) was synthesized as previously described
[23]

 (submitted manuscript, 

chapter 4 of the thesis). PropGA3-DOX was synthesized as described previously
[24]

. 

DOX.HCl was purchased from Guanyu bio-technology Co., LTD (Xi’an, China). 

β-Glucuronidase from bovine liver (Type B-1, 2,000 units/mg solid), 4-methylumbelliferyl 

β-D-glucuronide (4-MUG) and 4-methylumbelliferone (4-MU) were purchased from 

Sigma-Aldrich (Zwijndrecht, the Netherlands). Irgacure 2959 was obtained from Ciba 

Specialty Chemicals Inc. (Hercules, USA). ABIL EM 90 was provided from Evonik 

Industries AG (Essen, Germany). Acetonitrile (ACN), dichloromethane (DCM), 

dimethylformamide (DMF), ethyl acetate, methanol, hexane and dimethyl sulfoxide 

(DMSO) were obtained from Biosolve (Valkenswaard, the Netherlands). RPMI-1640 

medium, Dulbecco’s Modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) 

were purchased from ThermoFisher (Bleiswijk, the Netherlands). All other chemicals and 

reagents were obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands). 

 

2.2 Click reaction of p(HEMAm-AzEMAm)-Gly-HEMAm with propGA3-DOX 

P(HEMAm-AzEMAm)-Gly-HEMAm (100 mg) and propGA3-DOX (8.9 mg, 0.1 mol 

prodrug/mol azide) were dissolved in 1.8 ml DMF. Then, 1.45 mg CuSO4 (1 eq to 

propGA3-DOX) and 1.8 mg sodium ascorbate (1 eq to propGA3-DOX) dissolved in 200 μl 

of ammonium acetate buffer (100 mM, pH 5) were added. The mixture was stirred at room 

temperature for 24 h under a nitrogen atmosphere. Next, the product was purified by 

precipitation in diethyl ether and dissolved in methanol for three times. The precipitate was 

dissolved in water and dialyzed (membrane cut-off 3.5 kDa) against ammonium acetate 

buffer (20 mM, pH 5, containing 10 mM EDTA) for 2 days, followed by dialysis against 

water for 24 h. The product was recovered by freeze drying.  

 

2.3 Characterization of propGA3-DOX-polymer conjugate 

GPC analysis of polymers was performed using a Waters System (Waters Associates Inc., 
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Milford, MA) with refractive index (RI) and UV detection using two PLgel 5 μm 

MIXED-D columns (Agilent, USA) and DMF containing 10 mM LiCl as eluent. The 

injection volume was 100 μl. The flow rate was 1 ml/min and the temperature was 60 °C. 

UV detection of DOX was done at 480 nm. 

To calculate the conjugation efficiency, the propGA3-DOX-polymer conjugate was 

dissolved in PBS at a concentration of 0.5 mg/ml. The determination of DOX was 

performed using ultraviolet-visible (UV-vis) spectrophotometry (BMG Labtech, Germany) 

and the absorbance at 480 nm was recorded. Calibration was done with DOX dissolved in 

PBS and the curve was linear between 10 and 100 μg/ml. The conjugation efficiency and 

loading capacity were calculated using equation (1) and (2) respectively. 

 

conjugation efficiency =  
amount of propGA3−DOX conjugated to polymer

amount of propGA3−DOX feed
 × 100%  (1) 

loading capacity =  
amount of propGA3−DOX conjugated to polymer

amount of polymer
 × 100%  (2) 

 

2.4 Preparation of propGA3-DOX loaded nanogels 

PropGA3-DOX loaded nanogels were prepared by inverse mini-emulsion 

photopolymerization as described previously
[25]

. In brief, 37.5 mg of propGA3-DOX 

polymer conjugate was dissolved in 412.5 μl of DMSO and 150 μl of Irgacure 2959 (10 

mg/ml in water) was added. The mixture was added to 5 ml mineral oil (containing 10% v/v 

ABIL EM 90) and vortexed. The primary emulsion was ultrasonicated (Bandelin Sonopuls, 

pulse on/off 0.5 s, and amplitude 10%) for 15 min and irradiated under UV (60% amplitude, 

940 mW/cm
2
, 300-650 nm, Bluepoint UVC source, Honle UV technology, German) for 15 

min. The mineral oil, surfactant and DMSO were removed by washing the formed nanogels 

with acetone (40 ml) and subsequently four times with acetone/hexane (40 ml, 1:1, v/v). 

The nanogels were recovered by redispersion in water and freeze drying. 

 

2.5 Dynamic light scattering (DLS) 

The size of propGA3-DOX loaded nanogels was measured with DLS on an ALV CGS-3 

system (Malvern Instruments, Malvern, UK) equipped with a JDS Uniphase 22 mW He-Ne 
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laser operating at 632.8 nm, an optical fiber-based detector, a digital LV/LSE-5003 

correlator with temperature controller set at 25 °C. Measurements were performed in 20 

mM HEPES buffer (pH 7.4) at a concentration of 0.5 mg/ml. 

 

2.6 Formation of doxorubicin 

PropGA3-DOX conjugated polymers and nanogels were dissolved/dispersed in phosphate 

buffered saline (PBS, pH 7.4, containing 0.049 M NaH2PO4, 0.099 M Na2HPO4, 0.006 M 

NaCl) containing 0.1% (w/v) bovine serum albumin (BSA)
[14]

 at a concentration of 100 

μg/ml, corresponding with a DOX concentration of around 7 ug/ml. Then, bovine 

β-glucuronidase was added from a stock solution (2 mg/ml in PBS) to yield a final enzyme 

concentration of 50 μg/ml (corresponding with an enzyme activity about 100 units/ml). As 

a control, the prodrug-polymer conjugate and nanogel formulation were also 

dissolved/dispersed in the same buffer without the enzyme. The samples were incubated at 

37 °C and at different time points, 200 μl samples were taken and centrifuged (20,000×g, 

60 min) at 4 °C. The supernatant was analyzed for DOX on a Waters ACQUITY UPLC 

system (Waters Associates Inc., Milford, MA) using an Acquity BEH C18 column 1.7 μm 

(2.1×50 mm). Potassium phosphate buffer (20 mM, pH 3)/acetonitrile (95/5, v/v) was used 

as eluent A and 100% acetonitrile was used as eluent B. The injection volume was 5 μl and 

the fluorescence detection wavelength was 560 nm (excitation wavelength was 480 nm). 

After an isocratic flow of 75% eluent A for 1 min, a gradient was run from 75% to 60% 

eluent A in 3 min with a flow rate of 0.5 ml/min. The retention time of DOX was 0.78 min. 

The calibration curve of DOX was linear between 0.01 and 10 μg/ml. The chromatograms 

were analyzed by Empower Software. 

 

2.7 Cell culture 

Mouse mammary carcinoma 4T1 cells were cultured in RPMI-1640 medium supplemented 

with 10% fetal bovine serum (FBS) at 37 °C in a humidified atmosphere containing 5% 

CO2. 

 

2.8 Induction of β-glucuronidase release from 4T1 cells by HIFU 

For exposure of cells to pulsed wave (PW)-HIFU, an in-house developed HIFU system was 
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used. The system consists of a single-element transducer (Imasonic, Besancon, France) and 

a sample holder, both submerged in a water bath. The single-element transducer had an 

external radius aperture of 120 mm and a focal length of 80 mm. The sinusoidal signal (f = 

1.3 MHz) was generated by using an AG 1006 amplifier/generator. The pulsed waveform 

had a Pulse Repetition Frequency (PRF) of 20 Hz and a Duty Cycle (DC) of 1 %. The cells 

were exposed to -30 MPa peak negative pressure and +50 MPa peak positive pressure 

during 10 minutes. Acoustic pressures were measured in degassed water under free field 

conditions using a calibrated hydrophone (FOPH 2000, RP Acoustics, Leutenbach, 

Germany). Further details on the hydrophone measurement can be found in Ramaekers et 

al
[26]

. The exposure chamber was a PCR tube (0.2 ml) with a separated cap and placed in 

the focal point on a plastic bar as the sample holder. Before HIFU exposure, the sample 

holder was filled with 170 μl of 4T1 cell suspension (harvested with trypsin and 

resuspended in PBS with the density of 11.8×10
6
 cells/ml, total 2×10

6 
cells/PCR tube). 

After HIFU, the cell suspension was centrifuged at 12,000 rpm for 15 min at 4 °C. The 

supernatant was collected. Cell number after HIFU was determined by manual cell counting 

under a phase-contrast microscope (Olympus). 

 

2.9 β-glucuronidase assay 

To a 190 μl 4-methylumbelliferyl β-D-glucuronide (4-MUG) solution (1 mg/ml in 0.1 M 

sodium acetate buffer, pH 4.5), 10 μl of diluted supernatant of cell suspension after HIFU 

exposure (20 times diluted with PBS buffer) or bovine β-glucuronidase PBS solution (2.5 

μg/ml, enzyme activity 5 units/ml) was added. The mixture was incubated at 37 °C for 1 h. 

Next, 50 μl of the solution was mixed with 950 μl of 0.2 M sodium carbonate buffer and the 

fluorescence intensity was measured by Jasco FP8300 spectrofluorometer (JASCO Benelux 

B.V., IJsselstein, the Netherlands). The fluorescence intensity (λex. = 380 nm, λem. = 454 nm) 

was recorded and the concentration of reaction product 4-methylumbelliferone (4-MU) was 

calculated using a calibration curve of 4-MU (linear at the concentration ranging from 0.5 

to 8 μg/ml). The enzyme activity was calculated based on the enzyme activity of 

commercial bovine β-glucuronidase. 

 

2.10 Conversion of propGA3-DOX, prodrug-polymer conjugate and prodrug loaded 

nanogels by β-glucuronidase released from HIFU treated cells 

PropGA3-DOX, prodrug-polymer conjugate or prodrug loaded nanogels were 
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dissolved/dispersed in 0.95 mL PBS containing 0.1% (w/v) BSA at a DOX concentration of 

5 μg/ml. Next, 50 μL of supernatant of cell suspension after HIFU exposure was added and 

mixed well. After 48 h at 37 °C, the solution was analyzed for DOX concentration using the 

UPLC method as described in section 2.6 and subsequently the conversion of the prodrug 

was calculated. 

 

2.11 In vitro cytotoxicity 

4T1 cells were seeded into 96-well plates with the density of 2.5×10
3
 cells/well. After 24 h, 

the medium was removed and 200 μl of DOX, propGA3-DOX, propGA3-DOX-polymer 

conjugate and propGA3-DOX loaded nanogels in medium without bovine β-glucuronidase, 

with the enzyme (50 μg/ml, enzyme activity about 100 units/ml) or with supernatant of 4T1 

cell suspension after HIFU exposure (10 μl per 200 μl medium) were added to the wells at 

DOX equivalent concentrations ranging 2 and 100,000 nM. After 24 h, incubation, cells 

were washed with 200 μl PBS for 3 times and 100 μl of cell culture medium was added per 

well. Afterwards, 20 μl of MTS reagent was added to each well and the MTS assay was 

performed according to manufacturer’s protocol. The absorbance at 492 nm was recorded 

using a reference wavelength of 690 nm. 

 

3. Results and discussion 

 

3.1 Synthesis of propGA3-DOX containing p(HEMAm-AzEMAm)-Gly-HEMAm 

and preparation of prodrug loaded nanogels 

The coupling of propGA3-DOX to the azide containing polymer was performed by click 

chemistry following a Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) (Figure 1A). 

In contrast to using active Cu(I) directly, sodium ascorbate was added as the reducing agent 

to generate Cu(I) from the Cu(II) salt (CuSO4), because a previous study has shown that no 

conjugation occurred using Cu(I) in the reaction of this sterically hindered doxorubicin 

molecule with the bulky polymer
[14]

. After reaction, dialysis against an EDTA solution was 

used to remove Cu ions and to avoid possible toxicity caused by this heavy metal. The 

reaction showed high conjugation efficiency (80.4%) as also found reported in other 

studies
[27]

. The synthesized drug-polymer conjugate contained 7 wt% of DOX as 

determined by UV spectroscopy. 
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The propGA3-DOX-polymer conjugate was further characterized using GPC with dual UV 

(480 nm to detect DOX) and RI detection (Figure 3). The chromatogram of the physical 

mixture of p(HEMAm-AzEMAm)-Gly-HEMAm and propGA3-DOX displayed a RI peak 

of the polymer with retention time of 12.8 min and a UV peak of the prodrug with retention 

time of 16.5 min (Figure 3A). After the click chemistry reaction, the obtained product 

eluted at 12.6 min (RI detection) and the UV peak shifted from 16.5 min to 12.4 min 

(Figure 3B), which demonstrates that DOX was indeed successfully conjugated to the 

polymer. A small peak was observed at the retention time of free propGA3-DOX. 

Calculation of the area under the curve of conjugated and free DOX prodrug shows that 

there was approximately 5% of free prodrug present in the final product. This trace amount 

of free propGA3-DOX is most likely washed away during the nanogel preparation 

procedure and therefore not present in the final formulation added to the cells.  

The conjugate was used to prepared nanogels via mini-emulsion photopolymerization 

(Figure 1B). The methacrylamide groups at the side chain of the conjugate were crosslinked 

under UV in the presence of a suitable photo initiator. The size of prodrug loaded nanogels 

was 164 nm (PDI 0.14) which is similar to nanogels without DOX (172 nm, PDI 0.16), 

showing that the coupling of propGA3-DOX to the polymer did not affect the size of the 

formed nanogels. 

 

 

Figure 3. GPC analysis with dual RI and UV (480 nm) detection of (A) physical mixture of 

p(HEMAm-co-AzEMAm)-Gly-HEMAm and propGA3-DOX, and (B) propGA3-DOX-polymer 

conjugate. 

 

3.2 Release of doxorubicin 

Figure 4A shows the release of DOX from the propGA3-DOX-polymer conjugate and 
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propGA3-DOX-loaded nanogel formulation with and without β-glucuronidase. It is shown 

that DOX formation from either the prodrug-polymer conjugate or prodrug loaded nanogel 

only occurred in the presence of enzyme, pointing to that the chemical conversion of 

prodrug into DOX does not occur and that the produg is an excellent substrate for 

β-glucuronidase. This figure shows that DOX was quantitatively released from both the 

nanogel and the soluble polymer conjugate in ~50 and 20 hours, respectively. The faster 

release of DOX from the soluble conjugate than from the nanogel formulation can be 

explained as follows. It has been shown previously, that the conversion of propGA3-DOX 

into DOX in the presence of β-glucuronidase occurs in two steps. First, propGA3-DOX is 

converted into the more hydrophilic DOX-GA3 by hydrolysis of the propargylester and the 

formed DOX-GA3 is subsequently enzymatically converted into free DOX by 

β-glucuronidase. Research further showed that only DOX-GA3 is a substrate of 

β-glucuronidase and the first step is the time limiting step for the DOX generation.
[14]

 

Accordingly, once propGA3-DOX is conjugated to the polymer, the ester group between 

triazole and prodrug should be hydrolyzed and release DOX-GA3 which is then converted 

into DOX rapidly by the enzyme. The hydrolysis rates of propGA3-DOX and 

prodrug-polymer conjugate are expected to be similar because of the similar hydrophobicity 

of alkyne and triazole next to the ester. Therefore, similar to the conversion pattern of 

propGA3-DOX into DOX found in the literature (> 90% upon incubation for 24 h with the 

enzyme)
[14]

, prodrug-polymer conjugate also showed complete drug release under the same 

conditions (Figure 4B). When the conjugates were used for the preparation of nanogels, 

because of the relative high molecular weight of β-glucuronidase (~330 kDa)
[28]

, the 

enzymatic hydrolysis can only occur when the prodrug (DOX-GA3) either diffused from 

the nanogels after hydrolysis of the ester between the triazole and DOX-GA3, or is released 

from formed (free) polymer chains upon nanogel degradation (Figure 4B). As the 

consequence, DOX formation from the nanogels was slower than from the soluble 

conjugate. Compared with micelles (25-35% after 4 day-incubation)
[14, 17]

, drug release 

from nanogels is much faster (100% after ~2 day-incubation). An explanation is that the 

water activity in the hydrophobic core of micelles is lower than in nanogels resulting in 

slower hydrolysis of the ester bond connecting the prodrug and the polymer backbone.  
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Figure 4. (A) Release profiles of DOX from prodrug-polymer and prodrug loaded nanogels with and 

without β-glucuronidase at 37 °C (n=3). (B) Schematic representation of DOX release from prodrug 

loaded nanogels.  

 

3.3 Induction of release of β-glucuronidase from 4T1 cells by HIFU 

β-glucuronidase release from 4T1 cells after HIFU treatment was investigated. No viable 

cells were present after 10 min exposure under HIFU with peak negative pressure of -30 

MPa. Extracellular β-glucuronidase activity after HIFU exposure was measured by 

flurospectroscopic analysis of the enzymatic conversion of its substrate 4-MUG. High 

enzyme activity in the supernatant of HIFU treated 4T1 cells was obtained (1800±200 

units/ml). 

To investigate whether released β-glucuronidase can indeed convert the prodrug into DOX, 

propGA3-DOX, prodrug-polymer conjugate and prodrug loaded nanogels were incubated 

in the diluted supernatant of cell suspension after HIFU exposure. Complete conversion and 

drug release was observed when the prodrug, polymer conjugate and nanogels were 

incubated with the supernatant of HIFU treated 4T1 cells for 48 h.  

 

3.4 In vitro cytotoxicity 

The cytotoxicities of DOX, propGA3-DOX, propGA3-DOX-polymer conjugate and 

propGA3-DOX loaded nanogels were investigated using 4T1 cell after 24 h incubation in 

medium with and without bovine β-glucuronidase, and supernatant of HIFU treated 4T1 

cells. Figure 5 and Table 1 show that DOX had similar and highest cytotoxicity (IC50 of 

2,000 nM) in the different media, indicating that the enzyme does not affect the cytotoxic 



 

152 

 

5 

Chapter 5 

effect of free DOX. PropGA3-DOX, prodrug-polymer conjugate and prodrug-loaded 

nanogels did not show any cytotoxicity after 24 h incubation in the absence of the enzyme 

(except for the highest concentration of the nanogel formulation, Figure 5A and Table 1). 

These results are in line with pervious publications
[12, 14]

 and with the results of figure 4A, 

which shows that in the absence of enzyme no DOX was detected. On the other hand, 

propGA3-DOX as a small molecule can pass the cell membrane by passive diffusion and 

enter the cytoplasm. However, it cannot be further converted into cytotoxic free DOX 

because of the low concentration of β-glucuronidase in cytoplasm
[29]

. For the 

prodrug-polymer conjugate and prodrug-loaded nanogels, although they can be internalized 

by endocytosis and accumulate in endosome/lysosome where this enzyme is present
[30]

, the 

low pH in endosome/lysosome retards the hydrolysis of the ester bond between prodrug and 

polymer backbone. Therefore, the internalized prodrug-polymer conjugate and 

prodrug-loaded nanogels cannot release DOX and subsequently cause cytotoxicity. These 

results suggest an excellent safety profile of the prodrug formulations in normal tissues and 

blood, where a minimum amount of β-glucuronidase is present. 

 

 

Figure 5. Viability of 4T1 cells incubated with DOX, propGA3-DOX-polymer conjugate and 

propGA3-DOX-loaded nanogels in medium (A) without bovine β-glucuronidase, (B) with 

β-glucuronidase and (C) with supernatant of 4T1 cell suspension after HIFU exposure for 24 h. (n = 

3) 

 

When the prodrug and prodrug formulations were incubated in the medium with bovine 

β-glucuronidase, an increased cytotoxicity was observed (Figure 5B, and Table 1). IC50 of 

propGA3-DOX, propGA3-DOX-polymer conjugate and propGA3-DOX loaded nanogels 

were 5,500±1,100, 24,100±4,700 and 10,300±1,800 nM, respectively. These results point to 

the extracellular hydrolysis of the ester bond connecting the prodrug and nanogel network, 
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intensity focused ultrasound triggered released β-glucuronidase from cells 

followed by enzymatic activation of formed substrate GA3-DOX resulting in the formation 

of toxic DOX. Importantly, similar cytotoxicities of each formulation incubated in the 

supernatant of 4T1 cells after HIFU exposure were found as compared to that of 

formulations incubated in medium with bovine β-glucuronidase (Figure 5C and Table 1). 

Section 3.3 shows that HIFU is indeed able to induce β-glucuronidase release. This result 

further confirms that the released enzyme can active the prodrug and increase the 

cytotoxicity of the prodrug formulations, like the commercial enzyme. 

 

Table 1. IC50 (nM) of 4T1 cells after incubation with DOX, propGA3-DOX-polymer conjugate and 

propGA3-DOX-loaded nanogels in medium (A) without bovine β-glucuronidase, (B) with 

β-glucuronidase and (C) with supernatant of 4T1 cell suspension after HIFU exposure for 24 h. (n = 

3) 

 Without bovine 

β-glucuronidase 

With 

β-glucuronidase 

With supernatant of 

4T1 cell suspension 

after HIFU exposure 

DOX 2,000±300 1,700±200 1,600±300 

PropGA3-DOX > 100,000 5,500±1,100 5,600±1,400 

PropGA3-DOX-polymer 

conjugate 

> 100,000 24,100±4,700 10,000±1,800 

PropGA3-DOX-loaded 

nanogels 

> 100,000 10,300±1,800 9,900±1,100 

    

4. Conclusion 

A DOX-glucuronide prodrug was conjugated to p(HEMAm-co-AzEMAm)-Gly-HEMAm 

by click chemistry and the prodrug-polymer conjugate was subsequently used to prepare 

nanogels. The glucuronide spacer can be selectively cleaved by both bovine 

β-glucuronidase and released β-glucuronidase from cancer cells upon HIFU exposure. 

Furthermore, prodrug-loaded nanogels displayed increased cytotoxicity when they were 

incubated with 4T1 cells in culture medium containing either the commercial or the HIFU 

released enzyme. Therefore, together with HIFU treatment, the propGA3-DOX loaded 

nanogel formulation is a potential novel and attractive therapeutic modality for anticancer 
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therapy: After the majority of tumor cells are killed by HIFU and administration of prodrug 

loaded nanogels, the released β-glucuronidase locally can activate and convert the prodrug 

into toxic DOX that in turn to kills remaining living tumor cells that survived the HIFU 

treatment. 
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1. Summary 

Nanogels have been explored as drug delivery vehicles since 1993. The preparation of the 

first nanogel systems involved self-assembly of hydrophobized pullulan containing 

cholesterol groups in water as reported by Akiyoshi et al
[1]

. Later, the term of NanoGel
TM

 

was claimed by Vinogradov et al. to describe particles of a hydrophilic polymer network 

that were synthesized by crosslinking of polyethyleneimine (PEI) and 

carbonyldiimidazole-activated poly(ethylene glycol) (PEG) with the particle size of 80 nm 

for delivery of antisense oliogonucleotides
[2]

. Nowadays, nanogels are defined as 

three-dimensional hydrogels in the nanoscale size range formed by crosslinked hydrophilic 

polymeric networks
[3]

. As illustrated by the definition, nanogels possess the combined 

attractive features of hydrogel materials and nanoparticles, such as good biocompatibility, 

tailorable biodegradability, easy chemical modification, high responsiveness, high stability 

and improved pharmacokinetics and biodistribution
[4]

. These unique properties enable 

nanogels to deliver various drugs in a site-specific and/or time-controlled manner, which is 

essential for optimal anticancer chemotherapy. 

Chapter 1 of this thesis provides a general introduction of nanogels for anticancer 

chemotherapy, and gives a general overview of the aspects of nanogels investigated in this 

thesis. These include polymers, preparation methods, stimuli-response and biodegradation, 

controlled drug release, passive and active targeting, as well as overcoming multidrug 

resistance. Finally, the aims of this thesis are outlined. 

Nanogels can be composed of a variety of polymers from natural sources, synthetic 

polymers or a combination thereof. Because of their more straightforward design and 

tailoring of the physico-chemical properties, nanogels prepared from synthetic polymers 

usually are more versatile and therefore attract more attention. Two synthetic hydrophilic 

polymers poly(N-(2-hydroxypropyl)methacrylamide (pHPMAm) and 

poly(N-(2-hydroxyethyl)methacrylamide) (pHEMAm) have shown excellent biosafety in 

preclinical (both polymers) and clinical (pHPMAm) studies and therefore serve as good 

building block candidates for nanogels. In Chapter 2, the approach was taken to couple 

two hydrolytically sensitive methacrylate/methacrylamide groups (hydroxyethyl 

methacrylate-oligoglycolates (HEMA-Gly) and hydroxyethyl 

methacrylamide-oligoglycolates (HEMAm-Gly)) to pHPMAm and pHEMAm, yielding 

pHPMAm-Gly-HEMA and pHEMAm-Gly-HEMAm, respectively. A hydrolysis kinetics 

study indicated that pHEMAm-Gly-HEMAm had faster hydrolysis rate than 

pHPMAm-Gly-HEMAm. Nanogels with different crosslink densities based on these two 

polymers with different degrees of substitution (DS) of side units were prepared by 
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mini-emulsion polymerization. The obtained results of degradation studies revealed that 

pHEMAm-Gly-HEMAm nanogels were degraded more rapidly than pHPMAm-Gly-HEMA 

nanogels. Besides, it was shown that the degradation rate could be tailored by varying the 

crosslink density of the nanogels and the ones with lower crosslink density showed faster 

degradation. Physical macromolecular drug entrapment was investigated by loading blue 

dextran as a macromolecular drug model into the nanogels. Besides efficient drug 

entrapment, controlled release of blue dextran was found upon nanogel degradation. Finally, 

these nanogels showed good cytocompatibility with human primary HUVEC cells and 

RAW 264.7 macrophage cells. 

In the ideal situation nanocarriers are eliminated from the body after their task of delivering 

the encapsulated drug to the target sites has been accomplished. Maximal target site 

accumulation of a long-circulating drug carrier can be assumed to roughly take 24 h
[5]

, after 

which the remaining fraction can only cause side effects by slow accumulation in healthy 

tissues (e.g. parts of the skin exposed to external pressure
[6]

). Therefore we decided to 

design pHEMAm-Gly-HEMAm nanogels with degradation time ranging from 24 h to 4 

days by finetuning the crosslink density. The molecular weight of the building blocks was 

selected to be below the threshold of glomerular filtration (around 45 kD) so that prolonged 

healthy tissue exposure after target site accumulation is avoided. This in vivo performance 

requires careful optimization and to that end extensive in vitro characterization studies are 

necessary. Although various in vitro methods have been developed for the evaluation of 

nanocarriers, few of them allow accurate prediction of in vivo performance, especially in 

terms of stability and biodegradability. In Chapter 3, three in vitro characterization 

techniques were adapted and optimized to better characterize nanogels in vitro: namely 

fluorescence single particle tracking (fSPT), tangential flow filtration (TFF) and 

fluorescence correlation spectroscopy (FCS). PEGylated nanogels with different degrees of 

PEGylation and crosslink densities were prepared and served as model formulations. 

Indeed our results obtained from fSPT demonstrate that this is a promising technique to 

evaluate the colloidal stability of nanocarriers in biofluids (e.g. human plasma) and that a 

high degree of PEGylation can prevent the aggregation of particles. Furthermore, our TFF 

results reveal that the in vivo degradation and elimination by glomerular filtration of 

nanogels can be studied by a relatively straightforward in vitro set up and have a clear 

dependence on crosslink density. Finally we show that degradation behavior of nanogels 

under biological conditions can be adequately predicted by studying FCS and it is similar to 

the degradation in buffer. We conclude that by carefully selecting the right in vitro set up, 

optimization of nanocarriers with designed in vivo performance can be accomplished prior 

to animal studies. 
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Drug release in the neoplastic tissue (e.g. tumor) controlled by internal trigger (e.g. pH, 

enzyme or redox) or external trigger (e.g. temperature, light or ultrasound), is able to 

minimize systemic exposure to the compound, which in turn improves the safety profile of 

the drug
[7]

. Besides, site-specific delivery of nanomedicines by coupling targeting ligands 

on the surface of nanocarriers (active targeting) can further improve the therapeutic index 

of the drug. In addition, active targeting has been shown a promising strategy to reverse 

multidrug resistance, a major challenge in clinical cancer treatment with 

chemotherapeutics
[8]

. Therefore, in Chapter 4, the covalent entrapment of a 

methacrylamide-modified doxorubicin prodrug (DOX-MA) into the nanogels of chapter 2 

was explored. The pH-sensitive hydrazone linker between DOX and the nanogel network 

was shown to be cleaved under mild acidic conditions (pH 5-5.5 of late endosomes and 

lysosomes in cancer cells) but stable at neutral pH (pH 7.4 of blood circulation)
[9]

. A folic 

acid-modified PEG conjugate was grafted on the surface of nanogels to enhance the affinity 

of nanocarriers to the folate receptor, which is overexpressed in a wide variety of cancers. 

Folic acid decorated DOX-loaded nanogels (FA-DOX-NG) displayed complete drug release 

within 24 h at pH 5 while limited amount of the drug was released at pH 7.4. The results of 

uptake kinetics and subcellular distribution studies indicated that in contrast to free DOX, 

which entered cells by passive diffusion, drug-loaded nanogels were internalized by 

endocytosis and entered into endosomes/lysosomes, where the loaded DOX was released 

and then accumulated in the cell nucleus leading to cell death. FA-DOX-NG showed 

improved cellular uptake and cytotoxicity compared with untargeted counterparts in folate 

receptor overexpressing B16F10 cells. The competitive inhibition of cytotoxicity by excess 

free folic acid demonstrated that the internalization of FA-DOX-NG was indeed 

receptor-mediated. Importantly, FA-DOX-NG displayed more effective cytotoxicity and 

cellular uptake than free DOX against folate receptor positive DOX resistant 4T1 cells. 

Therefore, active targeted nanogels with pH controlled drug release are promising to 

overcome multidrug resistance. 

Apart from pH, enzymes that are specifically found in tumor tissues can also function as 

target-selective triggers to convert prodrugs into their active forms. Glucuronide prodrugs 

are one of the most studied prodrugs and can be activated by β-glucuronidase, a lysosomal 

enzyme that shows elevated levels specifically in necrotic areas of tumors. Doxorubicin 

glucuronide prodrugs developed by the group of Dr. Scheeren (Radboud University, 

Nijmegen, The Netherlands) have revealed promising in vitro and in vivo results
[10-14]

. In 

Chapter 5, we conjugated an alkyne-modified doxorubicin prodrug containing a 

glucuronide linker (propGA3-DOX) to our polymers via click chemistry and the 

prodrug-polymer conjugate was used to prepare nanogels. These nanogels showed complete 
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drug release in 48 h incubation with bovine β-glucuronidase while no free DOX was 

detected in the absence of the enzyme. Increased cytotoxicity of prodrug-loaded nanogels 

against 4T1 cells in the presence of bovine β-glucuronidase was observed compared to cell 

cultures without the enzyme. However, the fact that enzyme levels in non-necrotic tumors 

are low limits the application of glucuronide prodrugs in the earlier growth stage of the 

tumor. A recent published work showed that β-glucuronidase release from cancer cells can 

be induced by high intensity focused ultrasound (HIFU), a medical technology aimed at 

inducing tissue necrosis in a non-invasive manner
[15]

. We showed that HIFU can be used to 

induce β-glucuronidase release from 4T1 cells and that the released enzyme was indeed 

able to convert the prodrug into its active species. The confirmation that the cytotoxicity of 

nanogels incubated with HIFU- induced enzyme and externally added bovine enzyme are 

similar shows the feasibility of combining thermal/mechanical therapy (HIFU) and 

chemotherapy (prodrug-loaded nanogels) in anticancer treatment. 

 

2. Perspectives 

This thesis describes the exploration and optimization of pH- and enzyme-sensitive 

nanogel-based drug carrier systems with tailored degradation behavior and controlled drug 

release for anticancer treatment. Predictive in vitro characterization methods for in vivo 

nanogel behavior and active targeting strategies to overcome multidrug resistance are also 

discussed. While our in vitro results look promising and indicate that these smart nanogel 

systems have clear potential for anticancer treatment, further development and 

improvement of the formulations is needed before (pre)clinical investigations can 

commence. 

 

2.1 Methods for the in vitro characterization of nanomedicines 

In chapter 3, we established and evaluated three optimized in vitro strategies to characterize 

nanogels, aiming to provide more information on properties which determine the in vivo 

behavior of nanogels before animal studies. This pilot study highlights a few examples of 

nanogel performance assessments that can be used to optimize the formulation and fill the 

current gap between in vitro characterization and in vivo behavior that exists with 

biodegradable colloidal drug delivery systems. However, there is still room for additional in 

vitro performance assays of nanocarriers that enable further optimization. For example, 

analysis of protein corona on the surface of nanogels after incubation with plasma can help 

to predict mononuclear phagocyte system (MPS) uptake of particles in the body
[16, 17]

. 
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Further expansions of our work are also possible, e.g. our TFF system can be taken to 

another level by adding combinations of filters with different molecular weight cut-off to 

mimic the uptake of nanoparticles by other tissues in the body than the kidney (e.g. 150 nm 

for tumors) so that a more realistic model of the blood circulation is obtained enabling an 

even better prediction of the in vivo behavior of the nanogels. 

 

2.2 In vivo evaluation of PEGylated DOX-loaded nanogels and optimization of the 

formulation 

Indeed our studies described in chapter 3 show that the nanogel with the highest degree of 

PEGylation reveal the highest colloidal stability in human plasma, which is in line with 

other studies 
[18, 19]

. Furthermore, the nanogel composition with medium crosslink density 

(prepared from DS 10 polymers) showed optimal degradation behavior in vitro. Therefore, 

this nanogel formulation was used to entrap the pH-sensitive doxorubicin derivative 

DOX-MA, yielding PEG-DOX-NG. PEG-DOX-NG displayed pH-controlled drug release 

and efficient toxicity against 4T1 cancer cells in our in vitro studies (Figure 1). With this 

formulation we made a first attempt to study therapeutic efficacy and pharmacokinetics in 

an in vivo tumor model (4T1 tumor).  

The tumor growth of 4T1 bearing mice i.v. treated with PBS, empty nanogels, free DOX 

and PEG-DOX-NG (dose of 2.5 mg DOX/kg) was compared and the results are shown in 

Figure 2A. Mice treated with free DOX and PEG-DOX-NG showed slightly decreased 

tumor growth compared to mice treated with PBS. Empty nanogels also showed some 

tumor growth inhibition (Figure 2A). However, because of large deviations within the 

groups, no statistically significant differences were found between groups. No significant 

difference in tumor weight was found after tumors were isolated at the end of the 

experiment (Figure 2B). The failure of testing significant differences among the different 

groups is probably due to poor tumor development in the early growth stage: only 4 out of 

24 mice developed tumors with size above 100 mm
3
 after 14 days implantation. At the end 

of the experiment (5 weeks after tumor cell injection), only two out of six mice from PBS 

group developed proper tumors (Figure 2B). One mouse in empty nanogels group and two 

mice in PEG-DOX-NG group did not develop tumors at all. Therefore it is difficult to 

assign the observations to the treatment. 
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Figure 1. (A) Release of DOX from PEG-DOX-NG at pH 5 and pH 7.4, 37 °C (n = 3). (B) Cell 

viability of 4T1 cells after incubation with free DOX, empty and PEGylated DOX loaded nanogel 

formulations for 72 h at 37 °C (n = 3). 

A pilot pharmacokinetic study on free DOX and PEG-DOX-NG was performed in the same 

mice that were used for the therapeutic study. The formulations were administered 

intravenously at a dose of 2.5 mg/kg at 7 days after the last dose in the therapeutic study to 

minimize the effect of previous injection on pharmacokinetics. The results are shown in 

Figure 2C. The blood levels of DOX after administration of the free drug were very low 

(less than 0.05 μg/ml 7 h after administration), which is in line with other studies
[20, 21]

. In 

contrast, the DOX concentrations after administration of PEG-DOX-NG were much higher 

than free DOX and showed slightly decrease from 2 to 24 h, indicating a slow elimination. 

It should be noted that DOX was measured before and after incubation of the samples at pH 

5 for 24 h to hydrolyze the hydrazone bonds and release formed DOX from the nanogels. It 

was found that about 80% of the DOX measured in the blood was in the form of conjugated 

DOX, demonstrating that the hydrazone linker was stable in the circulation. However, when 

these results are calculated as percentage of injected dose only around 2% was measured in 

plasma after 2 h administration, which was not in line with the expectation. While this is 

clearly different from the pharmacokinetics of other nanomedicines
[22]

 it also conflicts with 

the in vitro data in chapter 3 which show that the nanogels have high stability in human 

plasma. However, it should be noted that the drug loading capacity of PEGylated nanogels 

was relatively low (about 3%) and to achieve the dose of 2.5 mg DOX/kg mice the 

nanogels had to be concentrated, which created issues with homogeneity of the dispersion 

and may have caused some aggregation that led to increased clearance by the mononuclear 

phagocyte system (MPS) in liver and spleen
[23, 24]

. Therefore, the first step to improve our 

nanogel formulation should be focused on its loading capacity, which can likely be 

increased by higher feeding amounts of DOX-MA and encapsulation efficiency. 
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Figure 2. (A) Mean tumor volumes observed in mice bearing 4T1 tumors after i.v. administration of 

PBS, empty nanogels, free DOX and PEG-DOX-NG. Each group of mice (n=3) was treated twice a 

week for a total of 4 injections (represented by the arrows). (B) Weight of tumors after isolation from 

mice. (C) Plasma concentration of DOX versus time after i.v. injection of free DOX and 

PEG-DOX-NG. 

 

2.3 Active targeting to overcome multidrug resistance 

In chapter 4, we developed active targeted nanogels (FA-DOX-NG) with fixed FA density 

on the particle surface. The results showed that by bypassing drug efflux pumps, employing 

receptor-mediated endocytosis and achieving intracellular drug release, this novel system is 

able to overcome multidrug resistance. However, some researchers have pointed out that 

attaching ligands to the surface of nanoparticles can increase the chance of 

opsonization-mediated clearance
[25-27]

. Therefore, optimization of the targeting ligand 

surface density is needed to safeguard both targeting and pharmacokinetics. Besides, our 

study shows that non-targeted nanogels displayed similar cytotoxicity against resistant cells 

as free DOX, which is in contrast to the common opinion that all nanomedicines can 

overcome drug resistance
[8]

. A similar conclusion was also obtained by Kunjachan et al
[28]

 

who tested various nanomedicines for different types of MDR cells and found that some of 

nanomedicines could not reverse MDR. The mechanism behind is unknown. Therefore, 

more afford should be put into the investigation of detailed mechanism of overcoming drug 

resistance by different nanomedicines. 

 

2.4 Activation of prodrug loaded nanogels by the enzyme induced by HIFU 

In chapter 5, we used HIFU induced β-glucuronidase to activate glucuronide prodrug 

loaded nanogels. Although sufficient enzyme release and activation of nanogels was 

observed in 4T1 breast carcinoma cells, this technique of combination of HIFU and 
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glucuronide prodrug cannot be applied to all tumor types. Apart from 4T1 cells, we also 

tried to induce the enzyme release from A549 lung cells by HIFU. However, with the same 

number of cells and HIFU setup, the amount of enzyme released from A549 cells was only 

20% of that released from 4T1 cells. Besides, incomplete activation was observed after 

incubation of the prodrug with the enzyme released from HIFU-treated A549 cells. Indeed 

cell viability studies further showed that the prodrug, prodrug-polymer conjugate and 

prodrug-loaded nanogels had lower cytotoxicity in the presence of HIFU-induced enzyme 

compared to externally added bovine enzyme (Figure 3). These results indicate that the 

release of β-glucuronidase upon HIFU can differ significantly among tumors types. 

Therefore, before applying this combination strategy, the ability of the tumor to sufficiently 

release β-glucuronidase upon HIFU should be evaluated. 

 

 

Figure 3. Viability of A549 cells after incubation with (A) DOX, (B) propGA3-DOX, (C) 

prodrug-polymer conjugate and (D) prodrug-loaded nanogels in the culture medium with/without 

bovine β-glucuronidase or with β-glucuronidase induced by HIFU. n=3 
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2.5 Improvement of polymer quality 

The in vivo fate and toxicity of drug carrier polymeric excipient material and its 

degradation products are important aspects of formulation design and must be well-studied. 

An example of a preferred polymeric excipient is poly(lactic-co-glycolic acid) (PLGA), a 

biodegradable polymer present in FDA approved drug formulations, that can be hydrolyzed 

in the body and degraded into the monomers lactic acid and glycolic acid, which are 

endogenous end products of various metabolic pathways in the body
[29]

. However, the 

polymer backbone used in this thesis, pHEMAm, is non-degradable polymer. The 

elimination of these polymers from the body depends on the renal filtration. Only polymers 

with molecular weight lower than glomerular filtration threshold (around 45 kDa
[21, 30]

) can 

be rapidly cleared. Although the number average molecular weight of polymers used in this 

thesis was smaller than 20 kDa, the broad molecular weight distribution (PDI > 2) leaves 

the possibility open that there is still a significant amount of polymers present above the 

glomerular filtration threshold. While chapter 2 showed that the nanogels we investigated in 

the thesis can indeed be fully degraded into the original small polymeric building blocks, 

chapter 3 reveals that neither the original polymers nor the degraded nanogels were 

completely removed in our artificial circulation and glomerular filtration set up. The fact 

that the remaining polymers in the system were of high molecular weight indicates that to 

get the approach to work effectively the starting material needs further optimization. A lot 

of studies have shown that polymers with acceptable low polydispersity can be synthesized 

by controlled/living radical polymerization, e.g. nitroxide-mediated radical polymerization 

(NMP), atom transfer radical polymerization (ATRP) and reversible addition-fragmentation 

chain transfer (RAFT) polymerization
[31]

. These controlled polymerization strategies enable 

the synthesis of low molecular weight pHEMAm with low PDI (< 1.1), low enough to 

achieve complete elimination from the circulation. Another strategy is the design of 

polymers with degradable groups in the polymer main chain
[32, 33]

. 

 

2.6 Nanogels for delivery of biomacromolecules 

The applications of nanogels discussed in this thesis mainly focus on the delivery of small 

molecules. In addition, biodegradable nanogels also have great potential to deliver 

biomacromolecules (e.g. proteins, siRNA, pDNA, etc) by improving the stability of 

payloads during circulation, controlling drug release, and achieving site-specific 

accumulation
[34-36]

. Biomacromolecules can be stably trapped into biodegradable nanogel if 

the pore size of nanogels is smaller than the size of the payloads. Upon degradation of 

nanogels, the mesh size gradually increases allowing the controlled release of the payloads. 
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Although in chapter 2 we have shown the release of a macromolecule (blue dextran) is 

indeed controlled by the degradation of nanogels, the extremely large molecular weight of 

the cargo (2,000,000 Da) makes this molecule not very predictive of the release of 

therapeutic biomacromolecules with molecular weight ranging from tens to hundreds kDa. 

Therefore, in a preliminary study, fluorescence labeled dextran with smaller molecular 

weights (50 and 150 kDa) were used as a model macromolecular drug and loaded into 

nanogels with various crosslink densities and degradation rates. The release profile of 

dextran showed, in line with the expectation, that under physiological conditions (pH 7.4, 

37 °C) the release rate is inversely proportional to the dextran molecular weight as well as 

to the crosslink density (Figure 4). Although the release of dextran does not exactly 

exemplify the release of therapeutic biomacromolecules, the fact that the release of 

macromolecules of a range of different sizes can be finetuned by varying the crosslink 

density demonstrates the potential of our technology for protein and nucleic acid delivery. 

 

Figure 4. Release of fluorescently labeled dextran (Mw 50 and 150 kDa) from 

pHEMAm-Gly-HEMAm nanogels (DS 5, 7 and 17) in 100 mM phosphate buffer (pH 7.4) at 37 °C. n 

= 3 

 

3. Conclusion 

In conclusion, the nanogels described in this thesis show excellent biocompatibility, 

flexibility and tailorability to achieve controlled drug release in vitro, and may enable the 

design of novel effective and safe drug delivery systems with superior anticancer efficacy 

in vivo and eventually for patients. 
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Nanogelen worden onderzocht als geneesmiddelafgiftesystemen sinds 1993. De bereiding 

van de eerste nanogelen voor dit doel werd gerapporteerd door Akiyoshi et al. die een 

zelforganiserend systeem beschrijven op basis van cholesterol-bevattend pullunan in water. 

De term NanoGel
TM

 werd door Vinogradov et al. Geclaimed om deeltjes van 80 nm te 

beschrijven bestaande uit een netwerk van polyethyleenimine (PEI) verknoopt met 

carbonyldiimidazol-geactiveerd polyethyleenglycol (PEG), speciaal ontworpen voor het 

afgeven  van zgn. antisense-oligonucleotiden. Tegenwoordig worden nanogelen ruim 

gedefinieerd als hydrogelen op nanoschaal bestaande uit driedimensionaal verknoopte 

netwerken van hydrofiele polymeerketens. Zoals deze definitie suggereert beschikken 

nanogelen over de combinatie van aantrekkelijke eigenschappen van hydrogelmaterialen 

enerzijds en nanodeeltjes anderzijds zoals goede biocompatibiliteit, instelbaar 

uiteenvalgedrag, gemakkelijke chemische modificatie, goede stabiliteit, verbeterde 

farmacokinetiek en weefselverdeling. Deze unieke eigenschappen stellen nanogelen in staat 

om verschillende farmaca gecontroleerd af te geven op de gewenste plaats en gedurende de 

gewenste tijd, hetgeen essentieel is voor optimale chemotherapie. 

Hoofdstuk 1 van dit proefschrift geeft  een algemene introductie betreffende  de 

ontwikkeling van nanogel-gebaseerde producten voor chemotherapie en verschaft een 

algemeen overzicht van de verschillende de aspecten die bij deze ontwikkeling aan de orde 

komen, waaronder polymeersynthese, bereidingsmethoden van nanogelen, uiteenvalgedrag 

in respons op externe stimuli, gecontroleerde geneesmiddelafgifte, passieve en actieve 

targeting, en het overwinnen van multidrug-resistentie. Tenslotte worden de doelstellingen 

van dit proefschrift uiteengezet. 

Nanogelen kunnen worden vervaardigd uit natuurlijke en synthetische polymeren of van 

een combinatie van beide. Vanwege het ontwerpgemak, veelzijdigheid en de mogelijkheden 

om de fysisch-chemische eigenschappen af te stemmen komen synthetische polymeren 

meer onder de aandacht. Twee synthetische hydrofiele polymeren nl. 

poly(N-(2-hydroxypropyl)methacrylamide (pHPMAm) en 

poly(N-(2-hydroxyethyl)methacrylamide) (pHEMAm) hebben in het verleden uitmuntende 

veiligheid laten zien in preklinische experimenten (beide polymeren) en in de kliniek 

(pHPMAm) en deze polymeren kandideren zich daarom goed als nanogel-bouwmateriaal.  

In Hoofdstuk 2 werd de benadering gekozen om twee hydrolytisch-gevoelige 

methacrylaat/methacrylamidegroepen nl. hydroxyethyl methacrylate-oligoglycolates 

(HEMA-Gly) en hydroxyethyl methacrylamide-oligoglycolates (HEMAm-Gly) te koppelen 
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aan pHPMAm en pHEMAm, hetgeen resp. pHPMAm-Gly-HEMA en 

pHEMAm-Gly-HEMAm, opleverde. Een hydrolysekinetiekstudie liet zien dat 

pHEMAm-Gly-HEMAm een hogere hydrolysesnelheid had dan pHPMAm-Gly-HEMAm. 

Nanogelen met verschillende crosslink-dichtheden werden verkregen door varianten van 

deze twee polymeren met verschillende zijketen-substitutiegraden met elkaar te mengen, te 

dispergeren met mini-emulsietechnieken en deze vervolgens middels hun zijketens met 

elkaar te laten verbinden. De degradatiestudies lieten zien dat pHEMAm-Gly-HEMAm 

nanogelen sneller uiteen vielen dan pHPMAm-Gly-HEMA nanogelen. Daarnaast werd 

inderdaad aangetoond dat de uiteenvalsnelheid afgestemd kon worden door de 

crosslink-dichtheid te variëren waarbij een lagere dichtheid leidde tot een sneller 

uiteenvalproces. De mogelijkheid tot het insluiten van macromoleculen werd onderzocht 

met “blue dextran” as macromoleculair modelgeneesmiddel. Naast efficiënte insluiting 

bleek gecontroleerde afgifte als gevolg van het uiteenvallen van de nanogel mogelijk. 

Tenslotte lieten deze nanogelen een goede biocompatibiliteit zien met humane 

HUVEC-cellen en RAW 264.7-macrofagen. 

In de ideale situatie worden de nanodragers uitgescheiden door het lichaam nadat hun taak 

om een ingesloten geneesmiddel af te leveren in de doelweefsels is volbracht. Aangenomen 

kan worden dat maximale doelweefselopname van een langcirculerende 

geneesmiddeldrager is bereikt na 24 uur waarna de nog circulerende fractie eigenlijk alleen 

maar bijwerkingen kan veroorzaken in gezonde weefsels (bv. in huidweefsel dat aan 

externe druk wordt blootgesteld). We ontwierpen daarom 

pHEMAm-Gly-HEMAm-nanogelen met een uiteenvalhalfwaardetijd variërend van 24 uur 

tot 4 dagen door de crosslink-dichtheid in te stellen. De molecuulmassa van de polymere 

bouwstenen (en dus de degradatieproducten van de nanogel) werd onder de drempelwaarde 

van de glomerulaire filtratie gekozen (rond de 45 kD) zodat overmatige blootstelling van 

gezond weefsel wordt vermeden.  

Dit in vivo prestatievermogen vraagt een nauwgezette optimalisatie, waarvoor omvangrijke 

in vitro karakterisatiestudies nodig zijn. Hoewel een veelvoud aan in vitro methoden is 

ontwikkeld voor de evaluatie van nanodragers, is er maar een klein aantal daadwerkelijk in 

staat om de in vivo prestaties goed te voorspellen, vooral op het vlak van fysische stabiliteit 

en uiteenvalgedrag. In Hoofdstuk 3 werden drie in vitro karakterisatietechnieken aangepast 

en specifiek geoptimaliseerd voor nanogelen, nl. fluorescence single particle tracking 

(fSPT), tangentiële flow-filtratie (TFF) en fluorescentiecorrelatiespectroscopie (FCS). 

Gepegyleerde nanogelen met verschillende pegyleringsgraden en crosslink-dichtheden 

werden vervaardigd als modelformuleringen. Onze resultaten met fSPT lieten zien dat dit 

een veelbelovende techniek is om de colloïdale stabiliteit van nanodragers in 
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lichaamsvloeistoffen (bv humaan plasma) te toetsen en dat een hoge pegyleringsgraad van 

de deeltjes aggregatie kan voorkomen. Bovendien laten onze TFF-resultaten zien dat het in 

vivo uiteenvalgedrag en de uitscheiding van nanogelen door glomerulaire filtratie 

bestudeerd kan worden met een relatief eenvoudige in vitro experimentele opstelling en dat 

er blijkbaar een duidelijke afhankelijkheid is van de crosslink-dichtheid. Tenslotte laten we 

zien dat het uiteenvalgedrag van nanogelen onder biologische omstandigheden adequaat 

kan worden voorspeld door studies m.b.v. FCS en dat het niet afwijkt van het 

uiteenvalproces in buffer. We concluderen dat door zorgvuldig de juiste in vitro 

testopstelling te kiezen, een belangrijk deel van de optimalisatie van het in vivo gedrag van 

nanodragers kan worden verwezenlijkt al voordat uitgebreide dierstudies noodzakelijk zijn.  

Geneesmiddelafgifte in tumoren getriggerd door interne signalen (pH, lokaal aanwezige 

enzymen of reductoren) of externe signalen (temperatuurverhoging, licht of ultrageluid) kan 

een manier zijn om de systemische blootstelling aan de actieve stof te verlagen, hetgeen de 

veiligheid van het geneesmiddelproduct verhoogt. Daarnaast kan doelweefselgerichte 

aflevering door nanomedicijnen d.m.v. targeting-liganden (zgn. actieve targeting) op het 

nanodrager-oppervlak de therapeutische index verder verhogen. Actieve targeting is een 

veelbelovende strategie gebleken om multidrug-resistentie tegen te gaan, wat een 

belangrijke uitdaging is in de behandeling van kanker met chemotherapeutica. In 

Hoofdstuk 4 wordt de covalente insluiting van methacrylamide-gemodificeerde 

doxorubicine-prodrug (DOX-MA) in de nanogelen van hoofdstuk 2 onderzocht. De 

pH-gevoelige hydrazonverbinding tussen DOX en het nanogel-netwerk bleek verbroken te 

kunnen worden in een licht zure omgeving (pH 5,0 – 5,5 zoals in late endosomen en 

lysosomen in tumorcellen) terwijl deze stabiel bleef bij neutrale pH (pH 7,4 zoals in de 

bloedcirculatie). Het oppervlak van de nanogelen werd gemodificeerd met een 

foliumzuur-PEG-conjugaat om de affiniteit van nanodragers met de folaatreceptor te 

verbeteren, welke verhoogd tot expressie komt in veel verschillende kankers. 

Foliumzuur-gemodificeerde doxorubicine-beladen nanogelen (FA-DOX-NG) lieten 

volledige geneesmiddelvrijgifte zien binnen 24 uur bij een pH van 5 terwijl slechts een 

beperkte hoeveelheid geneesmiddel werd vrijgegeven bij pH 7,4. De resultaten van de 

celopname- en intracellulaire verdelingsstudies gaven aan dat – in tegenstelling tot vrij 

DOX dat cellen binnendringt d.m.v. passieve diffusie – DOX-beladen nanogelen werden 

geïnternaliseerd d.m.v. endocytose en dat ze terecht kwamen in endosomen/lysosomen 

alwaar het gebonden DOX werd vrijgezet, hetgeen zich vervolgens ophoopte in de celkern 

met celdood tot gevolg. FA-DOX-NG liet verbeterde celopname en celtoxiciteit zien 

vergeleken met het vergelijkbare maar ongemodificeerde nanogel in B16F10-kankercellen 

met verhoogde folaatreceptorexpressie. Het feit dat de celtoxiciteit competitief geblokkeerd 
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kon worden met een overmaat van vrij foliumzuur toont aan dat de celopname van 

FA-DOX-NG inderdaad receptor-gemedieerd is. Bovendien lieten FA-DOX-NG 

effectievere celopname en -toxiciteit zien dan vrij DOX in DOX-resistente 

folaatreceptor-positieve 4T1-cellen, hetgeen hun potentieel toont in het overwinnen van 

multidrug-resistentie. 

Naast de pH kunnen ook enzymen die specifiek zijn voor tumoren functioneren als 

plaatselijke triggers die prodrugs omzetten in de actieve vorm. Glucuronide-prodrugs 

behoren tot de best bestudeerde prodrugs en kunnen worden geactiveerd door 

-glucuronidase, een lysosomaal enzym dat in verhoogde mate aanwezig is in necrotische 

tumorzones. De groep van Dr Scheeren aan de Radbouduniversiteit in Nijmegen heeft 

DOX-glucuronide-prodrugs ontwikkeld met veelbelovende in vitro en in vivo resultaten. In 

Hoofdstuk 5 wordt een alkyn-gemodificeerde geglucuronideerde DOX-prodrug 

(propGA3-DOX) gepresenteerd dat aan onze polymeerketens kan worden gekoppeld d.m.v. 

“klikchemie” waarna de nanogelen kunnen worden geformuleerd. Deze nanogelen lieten 

een volledige geneesmiddelvrijgifte zien binnen 48 uur bij incubatie met 

runder- -glucuronidase terwijl geen vrij DOX kon worden gedetecteerd in afwezigheid 

van dit enzym. Ook werd verhoogde celtoxiciteit waargenomen van deze nanogelen in 

4T1-cellen wanneer het enzym aanwezig is. Helaas is deze strategie beperkt toepasbaar in 

de vroege groeifase van tumoren wanneer er nog geen necrose is opgetreden. Recent 

-glucuronidase kan worden vrijgezet uit tumoren m.b.v. 

zgn. high intensity focused ultrasound (HIFU), een non-invasieve medische technologie die 

erop gericht is om necrose in tumoren te induceren. In dit proefschrift laten we zien dat 

HIFU ook 4T1- -glucuronidase te produceren en dat het enzym 

vervolgens inderdaad in staat is om de prodrug te activeren. Het feit dat de cytotoxiciteit na 

deze behandeling gelijk bleek aan die van dezelfde nanogelen maar dan geïncubeerd met 

kunstmatig toegevoegd runder- -glucuronidase wijst op het potentieel van een 

combinatie van een thermale/mechanische behandeling als HIFU met de voorgestelde 

chemotherapie d.m.v. de prodrug-nanogelen uit dit proefschrift. 
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