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1.1  General introduction 

Synthetic polymer chemistry has benefitted greatly from the emergence of 

controlled/living radical polymerization (CRP) such as atom transfer radical 

polymerization (ATRP), nitroxide-mediated radical polymerization (NMP) and reversible 

addition fragmentation chain transfer (RAFT).1-5 The use of multivinyl monomers (MVM) 

during CRP has realized the formation of well-defined crosslinked polymers with various 

macro structures, topologies and functionality.6-8 Cyclic polymers for example have 

unique properties due to their compact structures. Features such as intrinsic low viscosity, 

high glass transition temperature9, high density, great elasticity10, increased circulation 

and biocompatibility for gene and drug delivery purposes11-12 make these crosslinked 

polymers highly favored.  

Aided by the Flory-Stockmayer mean field theory (F-S theory) chemists are provided more 

control over the polymerization reaction by being able to predict the gel point.13-15 The F-

S theory predicts gelation at low conversion due to intermolecular crosslinking.16-18 As this 

is highly inconvenient chemists have found ways around this issue, for example by means 

of chain transfer agents (CTA).19-21 Others focused on kinetically controlling the reaction 

and promoting intramolecular crosslinking while suppressing intermolecular crosslinking. 

In this way gelation is delayed significantly and control over the polymer architecture is 

achieved. Wenxing Wang and co-workers have studied this method extensively for 

homopolymerizations.22-24 Sherrington and Armes combined methyl methacrylate (MMA) 

with a low concentration of ethylene glycol dimethacrylate (EGDMA) in a Cu-based ATRP 

reaction and utilizing CTAs to gain control over branched polymer synthesis.25 Wang in 

turn improved this methodology by removing the limitation on multifunctional vinyl 

monomer concentration through precise control over the competition between chain 

growth and reversible chain termination.26 By keeping the growing chains in rapid 

equilibrium between active and dormant states the polymer growth rate is decreased 
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significantly, granting control over the intermolecular crosslinking. Armes et al. applied a 

similar technique to produce highly branched polymers in a RAFT copolymerization.27 

Likewise, Taton and coworkers synthesized water-soluble nanogels in a one-pot reaction 

containing up to 10 mol% N,N’-methylenebisacrylamide (MBA).14 

In 2005 Zhu and Wang were the first to synthesize nanoscale crosslinked polymeric 

networks (nanogels) with homogenous structures and control over the molecular 

weight.15 Through means of quick initiation and rapid reversible deactivation the amount 

of growing polymer chains are kept nearly constant.13 In combination with dilute 

conditions and a thermodynamically good solvent, homogenous nanogel structures are 

produced.28 Nanogels are a unique subclass of spherical crosslinked polymers that have 

intrinsic shrinking and swelling abilities, making them very useful in biomedical 

applications.29-31 Nanogels can be made redox-, enzyme-, pH-, light- or temperature-

responsive making them appealing as drug, protein and gene delivery vehicles or as 

bioimaging agents.32 They also possess a high loading capacity, high water content, 

desirable mechanical features, large surface area, interior matrix for encapsulation and 

an average elastic modulus between 0.1 and 100 kPa.33-34 Many features such as the 

surface charge, size, crosslink density, porosity, amphiphilicity and degradability are 

tunable. As such functional nanogels can be found in gene delivery35-39, sensing40-48, tissue 

engineering49-51 and anti-fouling52-53.  

In the field of gene therapy, gene expression is purposefully adjusted to treat genetic 

diseases. Exogenous nucleic acids such as plasmid DNA, mRNA, small interfering RNA or 

microRNA are introduced to hamper or stimulate the expression of certain genes.54 This 

genetic material can be directly introduced into the human body. However, nucleotides 

are negatively charged resulting in low cellular uptake. Additionally, nucleic acids have a 

short half-life in blood due to their size and the resulting renal clearance.55-56 In order to 

overcome these limitations, carrier systems coined vectors were developed. Both viral 
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and non-viral vectors have found application in gene delivery. Approximately 70% of 

vectors used in clinical trials were developed from modified viruses.57-58 Although popular, 

viral vectors present a set of challenges, such as virus production59, loading capacity60, 

carcinogenesis61 and immunogenicity62 – which are absent for non-viral vectors.63-64 Lipids 

and polymers have proven to be efficient non-viral vectors; with many entering clinical 

trials.65 

 

1.2 Aim and outline  

In this thesis we aim to synthesize novel nanogels by means of a RAFT copolymerization 

with a monovinyl monomer and a divinyl crosslinker to serve in vitro as a polymeric, non-

viral gene vector. In Chapter 2 we update the reader on recent efforts and developments 

in the surface functionalization of nanogels for biomedical applications; emphasizing 

internalization of nanogels in cells. In Chapter 3 we apply controlled/living crosslinking 

polymerization techniques to form size-controlled nanogels serving as versatile platforms 

that allow post-synthesis modifications. Such useful nanogels include delivery vehicles for 

gene transfection. In Chapter 4 we synthesize sulfonium nanogels from an epoxide 

containing precursor to serve as a gene carrier. The grand majority of gene vectors are 

based on ammonium carrying the positive charge. Although high transfection efficiencies 

are achieved with current gene vectors, biocompatibility remains an issue. To broaden 

the scope and potentially lower cytotoxicity, the choice is made to use sulfonium as the 

cationic functional group as others have obtained great results with this moiety.66 To 

achieve various cationic charges, predetermined amounts of epoxides are functionalized. 

The remaining epoxides are endcapped to lower toxicity and increase the general 

biocompatibility of the nanogels. In Chapter 5 the sulfonium nanogels are complexed with 

plasmid DNA. The binding affinities, sizes and surface charges of the resulting polyplexes 



Chapter 1 

5 | P a g e  
 

are discussed. In Chapter 6 we evaluate the sulfonium polyplexes and their transfection 

efficiency on various cell lines. Various conditions such as incubation time and plasmid 

DNA concentration per well are tested and optimized. The influence of the polymer 

macrostructure is also probed by comparing sulfonium nanogels with sulfonium 

polymers. Finally, in Chapter 7 we reflect on the research conducted in previous chapters 

and discuss the findings.  
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2.1  Introduction 

Drug delivery systems amplify drug efficacy by limiting its possible toxicity and improving 

its pharmacokinetics by enhancing the drug release profile, distribution, absorption, 

eventual degradation and elimination of the drug.1 Micelles, block copolymers, 

dendrimers, liposomes and hydrogels can all serve as polymeric drug carriers.2-4 Many, 

however, never make it to clinical trials due to poor properties such as low biodistribution, 

low stability, rapid clearance and high-toxicity.5 Nanogels are three-dimensional 

crosslinked polymer networks with nanometer dimensions that are widely used in 

(nano)medicine due to their favorable properties.6 Intrinsic swelling and shrinking upon 

exposure to stimuli, large surface area, high water content, high payload capacity, site-

specific delivery, versatility in design, an inner network for the encapsulation, protection 

and controlled release of molecular therapeutics, as depicted in Scheme 1, are some of 

the many features that make nanogels very attractive for biomedical applications.7-11 

Unlike hydrogels, nanogels are not limited by their rate of diffusion in stimuli-responsive 

applications.12 As nanogels are smaller than hydrogels, their diffusion path length is also 

decreased. Functional nanogels can be found in tissue engineering,8, 13-14 cancer 

treatment,15-18 bioimaging,19-20 pain management,21 antifouling,22-23 ophthalmic diseases24 

and biosensing20, 25-31. In order to fully utilize the potential of nanogels they need to be 

tailor made to the specific needs of the field of interest. The size, surface charge, stimulus 

response and surface chemistry are all responsible for the in vitro and in vivo behavior of 

nanogels.32-35 Ligand-decorated nanogels for instance will actively target the nanogels to 

the location of the corresponding receptor.36-37  

Previous reviews have focused on the synthesis,38 applications39 and 

degradability40-41 of nanogels. In this chapter we will direct our attention to the surface 

functionalization of nanogels and their cellular uptake.  
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Scheme 1. General characteristic features of nanogels.42 Reproduced with permission from John Wiley and 

Sons. 

 

2.2  Functional nanogels through surface modification 

Once therapeutic drugs have been manufactured that successfully treat illnesses, they still 

face challenges such as low water-solubility43, early release44, high toxicity45, low stability45 

and/or limited uptake46. Delivery platforms are able to overcome these obstacles by 

protecting, delivering and releasing the drug at its intended target. Nanogels make useful 

particles for delivery and protection of small molecules in various fields of 

(nano)medicine. In order to achieve high efficacy of these functional nanogels; they are 

often tailor-made to suit the needs of the application. Nanogels for cancer cellular uptake 
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for instance, require a size between 10 and 200 nm to benefit from the enhanced 

permeability and retention effect (EPR).47-48 Nanogels meant to function as nucleic acid 

vectors often bare cationic charges to securely bind negatively-charged DNA or RNA.49-51 

Modifying nanogels by surface conjugation with small molecules of interest such as 

carbon dots52 and dyes53-55  enhances their utility towards various biological applications. 

Toxic moieties on nanogels can also be removed by means of post-polymerization 

modification.56 

 

2.3 Nanogel surface functionalization with PEG 

The most common surface modification in nanomedicine is PEGylation. PEG chains 

increase biocompatibility, hydrophilicity, antifouling properties and the biodistribution of 

nanomaterials.57-58 Simple modifications such as PEGylation improve the therapeutic 

effect, tunability and biocompatibility of functional nanogels.56 Mauri et al. grafted mPEG 

chains with carboxyl or imidazole terminal groups to PEG-PEI nanogels as seen in Scheme 

2.59 The carboxyl group reacts with the matrix forming an amide bond (NG-COOH). The 

PEG chain containing an imidazole end group coated the nanogel with PEG chains through 

NHS/EDC coupling, utilizing imidazole as a leaving group and forming NG-Im.  
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Scheme 2. PEG-PEI nanogels were surface modified with a PEG coating, containing either a carboxylate end 

functionality forming NG-COOH, or an imidazole end group serving as a leaving group, affording NG-Im.59 

Reproduced and adapted with permission from Elsevier. 

 

As a result of the different coating methods, NG-Im contained half as many PEG chains on 

its surface compared to NG-COOH, as determined by 1H NMR. Both nanogels were shown 

to be non-toxic to microglia cells, a type of macrophages, even after 3 days of incubation. 

However, the nanogels exhibited different rates for cellular uptake in microglia cells. NG-

COOH was taken up less than uncoated nanogel, whereas the internalization of NG-Im 

was significantly increased. This is most likely due to the thicker PEG layer present on NG-
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COOH, hindering proper interaction between the cationic charge of the PEI units and the 

microglia cell membrane. The thin layer of PEG coating on NG-Im provided enough 

stability to increase uptake compared to “bare” nanogels without hindering the 

interactions with the microglia cell membrane. The authors also studied the effect of the 

PEGylation on drug delivery by means of adsorption in the external layer of the nanogel 

matrix.60 Fluorescein anion (SF) and neutral Rhodamine B (RhB) where utilized as drug 

mimetics of roughly the same dimensions. NG-Im had the highest loading capacity for 

both SF and RhB, compared to the bare nanogel and NG-COOH; most likely due to its 

larger diameter. Release studies displayed an initial burst followed by sustained release 

over a period of 15 days, for both SF and RhB. The release profiles were similar for all 

nanogels, however NG-Im displayed a lower rate for both burst and sustained release. 

The diffusion coefficient of NG-Im was an order of magnitude lower than for NG-COOH 

and bare nanogel. Throughout the study there was no difference between values 

obtained for SF and RhB, indicating that the PEG thickness of the NGs – and not their ionic 

charges – influenced the diffusion coefficient. 

Wang and coworkers similarly utilized carbodiimide coupling to attach PEG chains 

with a folate functionality to nanogels.61 Folate receptors are overexpressed on the cell 

membranes of tumor cells but not on healthy cells.62 This feature enables active targeting 

of nano-therapeutics to cancer cells.63-67 The PEG chains render the nanogels less 

susceptible to renal clearance and mitigates unspecific binding.57-58 The authors first 

synthesized zinc dimethacrylate (ZDMA) to function as a crosslinker. In a next step 

methacrylic acid (MAA), AIBN and ZDMA were reacted to a nanogel by means of reflux-

precipitation polymerization, forming zinc-crosslinked nanogels (ZCLNs). Subsequently, 

the nanogels were surface functionalized with NH2-PEG-folate by means of EDC/NHS 

chemistry, affording folate-PEG conjugated zinc-crosslinked nanogels (FPZCLNs). Utilizing 

zinc chelation as a means of crosslinking is a creative way to ensure intracellular 
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biodegradability of the nanogels even at regular GSH concentrations – which is impossible 

for disulfide bonds. Zinc (II) can chelate with the two thiols of GSH and form stable bonds; 

as witnessed in zinc finger proteins in the human body.68-69 The nanogels were loaded with 

doxorubicin (DOX) which were held in place by means of electrostatic interactions. At 

mildly acidic pH the carboxylate ion of MAA would be protonated, resulting in cleavage of 

the Zn2+-O bond, followed by expulsion of DOX from the nanogel. These FPZCLNs are thus 

pH- and GSH-responsive as seen in Scheme 3. 

 

Scheme 3. The nanogels are crosslinked by Zn2+ chelation with oxygen. At acidic pH and/or in the presence of 

GSH, these bonds are broken and replaced by free Zn2+ ions or Zn-chelated GSH dimers.61 Reproduced with 

permission from Elsevier. 

 

An increase in crosslink density meant fewer free carboxylate ions and thus a lower 

loading capacity of the nanogels. Cytotoxicity studies with healthy HEK293 cells and DOX-

free FPZCLNs exhibited high cell viability up to 200 µg/mL; indicating that the polymer 
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carrier itself is not toxic to healthy cells. Cancerous HeLa cells were treated with various 

concentrations of free DOX, DOX-loaded PZCLNs (absent of folate) and DOX-loaded 

FPZCLNs. A dose-dependent cytotoxicity trend was apparent – with targeted, DOX-loaded 

FPZCLNs and free DOX displaying the highest cytotoxicity. Minimal DOX leaked from 

FPZCLNs at physiological conditions indicating that its therapeutic effect is significantly 

higher than free DOX, as DOX-loaded FPZCLNs would release its cargo at the target site 

and not leak DOX prematurely. Dosing with an equal amount of free-DOX would result in 

harm to healthy cells and lower therapeutic effect at tumor cells. Both FPZCLNs and 

PZCLNs were able to enter HeLa cells and release DOX in the cytoplasm. However, 

FPZCLNs achieved a 2.4 times higher concentration of DOX in the cell nucleus than PZCLNs 

demonstrating folate ligand-mediated endocytosis.  

 

Figure 1. Mice bearing H22 tumors were treated with free DOX, PZCLNs-15 and FPZCLNs-15; with 15 denoting 

the crosslink density. Free DOX was present in large quantities in the heart and liver after 2h. Contrarily, 

treatment with FPZCLNs-15 resulted in 5 times less DOX in the heart and 3.6 times more DOX in the tumor, 

after 2h.61 Adapted and reproduced with permission from Elsevier. 
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H22 tumor-bearing mice were injected with free DOX, DOX-loaded PZCLNs and DOX-

loaded FPZCLNs in their tail vein. The fluorescence of DOX in their organs were analyzed 

after 2h, 8h and 24h as seen in Figure 1. Free DOX had traveled to all major organs 

including the heart, lungs, kidneys and the tumor. After 8h the majority of the DOX had 

made its way to the liver and spleen as is expected for foreign objects.70-71 DOX-loaded 

PZCLNs and DOX-loaded FPZCLNs displayed high DOX fluorescence in the tumor plus low 

and decreasing fluorescence in the liver and spleen. The presence of the PEG corona on 

the nanogels most likely hinders their clearance by the reticuloendothelial system, 

providing ample time for the nanogels to accumulate in the tumor. As hypothesized, 

active targeted FPZCLN outperformed PZCLN. Mice treated with FPZCLNs exhibited the 

lowest rate of tumor growth. 

 PEGylation of nanogels can also be achieved by means of click chemistry. Chen, 

Tezcan et al. synthesized complex biodegradable nanogels for the purpose of overcoming 

multidrug resistance. Nano therapeutics can overcome multidrug resistance as particles 

are internalized by cells through endocytosis as opposed to passive diffusion.72-74 A 

copolymer consisting of N-(2-azidoethyl) methacrylamide (AzEMAm), hydroxyethyl 

methacrylamide (HEMAm) and hydroxyethyl methacrylamide-oligoglycolates (HEMAm-

Gly) was subjected to inverse mini-emulsion photopolymerization in the presence of DOX 

methacrylamide (DOX-MA). Incorporation of DOX-MA into the nanogel backbone through 

its methacrylamide functionality afforded azide-decorated nanogels bearing pendant 

DOX from a labile hydrazone link (DOX-NG) as depicted below in Scheme 4.75 Next, PEG 

chains containing an alkyne end group were clicked onto the surface of the DOX-NG (PEG-

DOX-NG).76-79 A fraction of the PEG chains had additional folic acid conjugates at the other 

chain end (FA-DOX-NG).  
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Scheme 4. A schematic overview of the DOX-functionalized nanogels synthesized by Chen, Tezcan et al. The 

labile hydrazone linking DOX to the nanogel is circled in red.75 Reproduced and adapted with permission from 

Royal Society of Chemistry. 

 

Uptake studies were conducted on B16F10 melanoma cells and A549 lung carcinoma cells. 

B16F10 cells overexpress the receptor for folate, whereas A549 does not express folate 

receptors. B16F10 cells exhibited the highest fluorescence when incubated with free DOX, 

followed by targeted FA-DOX-NG, DOX-NG and PEG-DOX-NG. DOX-MA exhibited no 

fluorescence. A549 cells likewise exhibited the highest fluorescence for free DOX and the 

lowest for DOX-MA. However, as A549 has no folate receptors, not much difference was 

seen between the fluorescence resulting from the uptake of FA-DOX-NG and PEG-DOX-

NG. FA-DOX-NGs were labeled with Alexa 388 via copper free click chemistry and their 
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uptake in B16F10 melanoma cells was imaged and quantified. The Pearson correlation 

coefficients were calculated after 6 hours of incubation. The highest value was found for 

nanogel colocalization with endosomes/lysosomes indicating that the majority of the 

nanogels were in the endosomes/lysosomes. The lowest Pearson correlation coefficient 

was found for nanogels and cell nuclei meaning the nanogels did not enter the cell 

nucleus. The coefficients for the colocalization of DOX and nanogel as well as DOX and 

endosomes/lysosomes were both <0.5 suggesting that some DOX were still attached to 

the nanogels. Additionally, these results confirm the intracellular release of DOX from the 

nanogels as a result of the hydrolysis of the hydrazone at acidic pH. The colocalization of 

DOX and nuclei had a Pearson coefficient of > 0.5 indicating high accumulation of DOX in 

the nuclei of the B16F10 cells. To validate the uptake pathway of FA-DOX-NGs, 

competitive inhibition experiments were done with B16F10 cells and A549 cells both in 

the presence and absence of free folic acid in the medium. For A549 cells no difference 

was noted in the cell viability of cells incubated with FA-DOX-NGs with or without folic 

acid. Likewise, incubation of PEG-DOX-NGs with A549 cells in the presence or absence of 

folic acid had no effect on the cell viability. For B16F10 however, FA-DOX-NGs incubated 

in the presence of free folic acid had a higher cell viability than those incubated without 

folic acid present. This is due to competition between FA-DOX-NGs and folic acid for the 

folate receptors. As a result FA-DOX-NGs binds fewer receptors leading to lower uptake 

of toxic DOX-releasing nanogels and thus higher cell viability. It can be concluded that FA-

DOX-NGs are taken up by B16F10 cells via a receptor mediated uptake pathway. 4T1 

breast cancer cells that are resistant to DOX and overexpress folate receptors were 

incubated with free DOX, DOX-MA, DOX-NG, PEG-DOX-NG and FA-DOX-NG. As expected 

cellular uptake was significantly lower compared to incubation with 4T1 DOX sensitive 

cells, as seen in Figure 2 on the left.  
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Figure 2. Free DOX, DOX-MA, DOX-NG, PEG-DOX-NG and FA-DOX-NG were incubated with DOX-resistant 4T1 

breast cancer cells. Cellular uptake was relatively low. However, FA-DOX-NG was taken up 3 times as much as 

free DOX owing to its low resistance index.75 Reproduced and adapted with permission from Royal Society of 

Chemistry. 

 

However, FA-DOX-NG displayed 3 times higher DOX uptake than free DOX (Figure 2, right 

panel), owing to its active targeting of the folate receptors. As such, DOX resistance of the 

4T1 breast cancer cells was bypassed.   

 

2.4 Nanogel surface functionalization with peptides 

Surface functionalization of nanogels can be used to achieve multifunctionality and 

augment their selectivity to (tumor) cells. The group of Sanyal synthesized nanogels by 

heating thermo-responsive co-polymers above their LCTS achieving self-assembly; 

followed by controlled crosslinking, in a method first described by Thayumanavan and co-

workers.80-81 The resulting nanogel had “clickable” maleimide and thiol groups for the 

conjugation of functional small molecules by means of thiol-ene chemistry (Scheme 5).  
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Scheme 5. Thermo-responsive polymers were self-assembled and crosslinked to a “clickable” nanogel.80 

Reprinted (adapted) with permission from Ref 80. Copyright 2017 American Chemical Society. 

 

To form an imaging modality for active targeting of breast cancer cells, cRGDfC peptide 

and a fluorescein dye were covalently bound to the nanogels. The targeted functional 

nanogels were non-toxic up to 1 mg/mL and demonstrated higher uptake than nanogels 

lacking the targeting peptide as confirmed by fluorescence microscopy and flow 

cytometry.  

The group of Peng and Yang also utilized a cRGD peptide (specifically cRGDfk) to 

target αvβ3 integrins overexpressed on breast cancer cells.82 They synthesized a dual-

responsive nanogel from NIPAM and MAA and covalently bound cRGDfk peptide to its 

surface through EDC/NHS chemistry (cRGD-NG). The carboxylate moieties of MAA were 

reacted with the amines of the peptide. cRGD-NG experienced higher cellular uptake by 

MDA-MD-231 cells bearing αvβ3 integrins, than MCF-7 cells that are αvβ3-negative. The 

ligand-decorated nanogel was then co-loaded with lidocaine and cisplatin (Lido/cRGD-NG-

Pt).83 Lidocaine is an inhibitor for voltage-gated Na+ channels (VGSC), which promote 

metastasis by regulating migration and invasion of cancer cells.84 Lidocaine also enhances 

the cytotoxicity of chemotherapy drug cisplatin.85-86 Cisplatin was loaded by ligand 
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exchange and lidocaine was physically entrapped in the nanogel construct. By combining 

active targeting, dual-response and multiple therapeutics, the authors aim to treat cancer 

and alleviate the associated hurdles, such as adverse effects of chemo drugs. In vitro drug 

release experiments exhibited a cisplatin release rate that was twice as high at pH = 5.5 

(tumor endosome) than at pH = 7.38 (physiological conditions), confirming a pH response. 

The synergistic effect of combining cisplatin treatment with lidocaine is displayed in Figure 

3. Higher cytotoxicity was achieved for cells treated with Lido/cRGD-NG-Pt than those 

treated with cRGD-NG carrying solely cisplatin. 

 

Figure 3. cRGD-NG exhibited higher cytotoxicity towards MDA-MB-231 cells than MCF-7 cells due to active 

targeting with cRGD peptide. The combination of cisplatin and lidocaine increased cytotoxicity as 

hypothesized.83 Reprinted (adapted) with permission from Ref 83. Copyright 2018 American Chemical Society. 

 

Next, the authors studied the biodistribution of the bare nanogels to evaluate in vivo cRGD 

targeting. Nanogels were first tagged with DID fluorescent dye and then injected 

intravenously in MDA-MD-231 tumor bearing mice. Fluorescent imaging showed a steady 
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increase in fluorescence at the tumor site during 24 hours as targeted nanogels 

accumulated in that region (Figure 4). 

 

Figure 4. DID-dyed cRGD-NG exhibited increased nanogel trafficking to the MDA-MB-231 tumors owing to the 
αvβ3 integrins targeting moiety on the nanogel surface.83 Reprinted (adapted) with permission from Ref 83. 

Copyright 2018 American Chemical Society. 

 

Furthermore, the authors demonstrated suppression of primary tumor as well as 

metastasis with negligible weight change in mice treated with Lido/cRGD-NG-Pt.  
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pH-responsive nanogels were synthesized by the group of Ravi to topically treat 

the posterior segment of the eye.52 Treatments involving direct injection into the eye have 

experienced significant improvements over the last few years, however, better patient 

compliance is still achieved through topical drug delivery. As such targeted nanogels were 

synthesized to reach retinal pigmented epithelium (RPE) cells. A conjugate of hyaluronic 

acid (HA), cystamine and cholesterol was synthesized that forms nanogels once dispersed 

in deionized water. HA is a naturally occurring negatively charged polysaccharide that 

serves as targeting ligand for CD44 membrane receptors typically found on RPE and 

Muller cells.87-88 Coating nanogels with HA has the added benefit of decreasing their 

susceptibility to reactive oxygen species and enhancing their cellular uptake by ARPE-19 

cells.89 Cystamine imparts biodegradability and redox-responsiveness to the nanogel due 

to its acid-labile disulfide bond.90 The addition of cholesterol moieties increased the 

hydrophobicity of the nanogel facilitating the encapsulation of hydrophobic drugs.6, 38, 72, 

91-92 The nanogels were covalently functionalized with carbon dots (luminescent carbon 

nanoparticles) to track their mobility in cells and with penetratin peptide to enhance 

intraocular absorption.93 The carbon dots – containing surface amine groups, were 

conjugated to HA on the nanogels through NHS/EDC coupling. Uptake studies with ARPE-

19 cells indicated that nanogels functionalized with penetratin (HA-cys-CH/P) were taken 

up more than nanogels absent of penetratin peptides (HA-cys-CH). To further 

demonstrate the chromophore delivering ability of HA-cys-CH/P, it was loaded with 9-cis-

retinal and incubated with RPE65-deficient mouse cells. Indeed, upon exposure to green 

light transretinal rod amplitude and sensitivity were restored to almost the same level 

achieved by pure, unbound 9-cis-retinal. Delivery efficiency was also tested in vivo by 

topical administration. Fluorescein was conjugated to 9-cis-retina-loaded HA-cys-CH and 

9-cis-retinal-loaded HA-cys-CH/P as opposed to carbon dots. Fluorescein was first 

aminated followed by EDC/NHS coupling to the nanogels. Only 9-cis-retinal-loaded HA-

cys-CH/P achieved partial rod sensitivity restauration. Neither 9-cis-retinal-loaded HA-cys-
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CH nor free 9-cis-retinal were able to restore sensitivity; indicating the crucial role of 

penetratin in passage through ocular barriers.  

 

2.5 Nanogel surface functionalization with proteins 

2.5.1 Nanogel surface functionalization with Concanavalin A 

In the ongoing pursuit of effective anti-cancer drugs, the group of Mugo and Serpe 

synthesized multi-responsive NIPAM nanogels containing Concanavalin A (Con A), 

transferrin and glycogen immobilized on its surface.94 Con A is a protein that binds to 

carbohydrates (lectin) that are responsive to changes in pH. At pH 5, Con A transitions 

from a tetramer to a dimer.95 Glycogen was conjugated to Con A by exploiting sugar-lectin 

biorecognition.96 The surface biocoating consisted of 4 repeating sets of Con A-glycogen, 

endcapped with transferrin to target cancer cells.97-98 Glucose is expected to compete 

with glycogen to bind Con A through hydrogen bonding. The authors thus hypothesized 

that a higher concentration of glycose would lead to a more porous nanogel coating, 

enabling cargo release. Nanogels (NG-CGT) were loaded with DOX to study its release at 

various conditions (Figure 5). DOX release was significantly higher at pH = 4 than pH = 7.4 

as the biocoating is degraded in an acidic environment. As the nanogels contain 

polyNIPAM functionality, they are expected to exhibit a lower critical solution 

temperature. When the nanogels were heated above 36°C, at pH 7.4, DOX release 

remained the same compared to 25°C. However at pH 4, DOX release increased 

significantly. It is suspected that solely increasing the temperature does not influence DOX 

release as the nanogel coating remains intact.  
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Figure 5. DOX-release was studied at various conditions. Graph a displays the DOX-release profile at (1) pH = 

7.4; (2) pH = 6; (3) pH = 5 and (4) pH = 4. Chart b is the release profile of DOX-loaded NG-CGT at pH = 7.4 with 

varying glucose concentrations such as (1) 400 ppm, (2) 700 ppm, (3) 1000 ppm and (4) 1300 ppm. Graph c 

displays the behavior of NG-CGT at various combinations of pH and temperature such as (1) pH = 7.4 + 25 °C; 

(2) pH = 7.4 + 37 °C; (3) pH = 4 + 25 °C; (4) pH = 4 + 37 °C and (5) pH = 4 + 45 °C. Lastly, graph d displays the 

size of the nanogel as a function of temperature.94 Reprinted (adapted) with permission from Ref 94. Copyright 

2017 American Chemical Society. 

 

Nanogels endcapped with transferrin (NG-CGT) were compared to those lacking this end 

group (NG-CG). DOX-loaded NG-CGT exhibited higher fluorescence, and thus higher 



Chapter 2 

33 | P a g e  
 

cellular uptake in HepG2 liver cancer cells than DOX-loaded NG-CG, confirming active 

targeting. 

 

2.5.2 Nanogel surface functionalization with albumins 

In an effort to synthesize immunotherapeutic vaccines for cancer, Li et al. synthesized 

cationic dextran nanogels by means of inverse mini-emulsion photo-polymerization.99 Egg 

albumin (OVA), a protein antigen, was reacted with succinimidyl S-acetylthioacetate 

(SATA) through its primary amines. It was then loaded into the nanogel followed by thiol 

deprotection with hydroxyl amine. Lastly conjugation via thiol-disulfide exchange 

afforded SATA-OVA nanogels with labile disulfide bonds for OVA release at a certain pH 

(Scheme 6). As comparison, native OVA was physically entrapped in the nanogel matrix.  

 

Scheme 6. Li et al synthesized cationic dextran nanogels with a disulfide functionality. The nanogels were 

loaded with native OVA or covalently bound to SATA-functionalized OVA.99 Reproduced and adapted with 

permission from The Royal Society of Chemistry. 

 

The influence of size and surface charge of nanogels loaded with native OVA was studied 

on dendritic cells as they play a vital role in the body’s immune response.100-101 Positively 



Chapter 2 

34 | P a g e  
 

charged nanogels were efficiently internalized in the cells as opposed to neutral nanogels 

and microgels, as expected.102-105 Cationic nanoparticles are able to influence the 

maturing and specialization of dendritic cells.106 D1 cells in particular will express CD40, 

CD86 and IL-12 when mature. It was noted that the higher the surface charge, the more 

CD40, CD86 and IL-12 were upregulated. Cells incubated with neutral nanogels did not 

exhibit upregulation; CD40, CD86 and IL-12 expression was similar to that of mature 

unstimulated CD1 cells. Nanogels containing SATA-OVA covalently bound to the matrix 

were shown to be endocytosed starting from 2h of incubation with D1 cells. After 24 hours 

the nanogels were still located in the lysosomes. In a next step OVA was heavily labeled 

with BODIPY (DQ-OVA). BODIPY has the unique capability of quenching its own 

fluorescence when various of its molecules are in close proximity to each other. When 

DQ-OVA is loaded or conjugated to the nanogel its green fluorescence is quenched. 

However, if the loaded/conjugated DQ-OVA is released from the nanogel it will once again 

fluoresce. Cell experiments with D1 cells indicated that after 5h green fluorescence 

started emerging and becoming brighter after 24h. The green fluorescence was 

homogenously distributed throughout the cytosol indicating that the nanogel had 

released DQ-OVA. Interestingly, uptake of the nanogels did not differ for conjugated OVA 

compared to native loaded OVA. However, DQ-OVA fluorescence was five times higher 

for conjugated OVA than native loaded OVA, demonstrating the importance and 

usefulness of nanogel surface modification. Mice inoculated with B16-OVA melanoma 

(that expresses OVA antigens), were immunized with free OVA or OVA-loaded nanogels. 

The tumor growth and life expectancy was the same for both groups as OVA is held in the 

loaded nanogels through electrostatic interactions, meaning quick release. Nanogels 

covalently bound to OVA through labile disulfide bonds had the lowest mortality rate and 

smallest tumor size compared to all other formulations; except when these nanogels were 

supplemented with adjuvant polyinosinic-polycytidylic acid. Conjugated-OVA nanogels 

devoid of any adjuvants expressed the same amount of CD8+ T cells as supplemented 
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OVA-loaded nanogels and supplemented free OVA. Supplemented conjugated-OVA 

nanogels had the highest immune response, producing the most CD8+ T cells. This 

formulation had quite interesting results on tumor growth. Two out of the 10 mice treated 

exhibited rapid tumor growth, four displayed tumor growth suppression and the 

remaining four mice experienced complete tumor elimination. This demonstrates the 

great potential of this work as a possible cancer vaccine.  

 

2.6 Nanogel surface functionalization with antibodies 

Adamo et al. synthesized amino-functionalized nanogels by e-beam irradiation, followed 

by the conjugation of monoclonal antibodies (mAbs) antiCD44 and anti-β3 integrin on the 

surface to achieve active targeting.107 After confirming faster cell uptake for targeted 

nanogels, cell studies were conducted to determine the uptake pathway of antiCD44-

nanogel. ECV304 cells were first treated with various inhibitors such as phenylarsine 

oxide, nystatin and 5-(N-ethyl-N-isopropyl)amiloride (EIPA). Each inhibitor impedes a 

certain uptake pathway. Analyzing the uptake efficiency for each inhibitor and 

determining the one with the lowest amount of endocytosed nanogels, reveals the 

primary pathway by which the nanogels are taken up in ECV304 cells. The uptake 

experiment was also conducted at 4°C as only passive uptake occurs at this temperature. 

The lowest cell uptake is achieved when macropinocytosis is inhibited with EIPA and when 

the experiment is conducted at 4°C. Interestingly, treatment with EIPA also affected the 

morphology of the ECV304 cells. Anti-β3 integrin nanogels were subsequently tested for 

their targeting of activated endothelial cells. During a so-called “scratch-wound assay” 

confluent cells are scratched resulting in a wound. Many processes occur in nearby cells 

to heal the wound such as migration to the location of the scratch and expression of 
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certain integrins on the active endothelial cell membranes. Colocalization studies 

confirmed active targeting of anti-β3 integrin nanogels to these active endothelial cells. 

In the field of adoptive transfer researchers aim to increase the body’s immune 

response by harvesting the patient’s T cells (a type of white blood cells), enhancing its 

immune properties and transferring it back in the patient’s body. Activated T cells exhibit 

a higher reducing rate than non-activated ones, as more free thiols are present on the 

surface of activated T cells.108 Upon binding with antibodies (such as anti-CD45), the 

surface reducing rate further increases. Exploiting this mechanism, Tang et al. synthesized 

protein nanogels that are responsive to T cell receptors (TCR).109 Once bound, the disulfide 

bonds of the antibody-functionalized nanogel – originating from the crosslinker, are 

reduced. As a result, the nanogel collapses into its cytokine building blocks (Scheme 7).   

 

Scheme 7. Cytokine proteins are crosslinked to a nanogel with a disulfide moiety. Upon binding to an activated 

T cell disulfide bonds are reduced resulting in its collapse and release of its native cargo.109 Reproduced and 

adapted with permission from Springer Nature. 
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In this way higher dosing is achieved – up to 8 µg IL-15Sa per million T cells, as the nanogel 

is approximately 92% protein. The promising cytokine interleukin-15 super-agonist 

complex (IL-15Sa)110-112 was crosslinked to a nanogel with a reversible and degradable 

disulfide crosslinker; followed by surface modification with antibody CD45 (anti-CD45) to 

achieve active targeting. Anti-CD45 hinders internalization of the cytokine-NG by the T 

cells. The nanogels were further surface functionalized with PEG5k-PLL33k to provide a 

cationic coating and enhance T cell coupling. Non-degradable nanogels were synthesized 

as described above with the exception of using a nondegradable crosslinker. T cells 

proliferate during an immune response by cloning themselves, producing enough cells for 

a proper defense. This process is called T cell expansion. Anti-CD45/IL-15Sa NGs produced 

the highest expansion in T cells compared to the same amount of free IL-15Sa and non-

degradable anti-CD45/IL-15Sa NGs. Similar results were also found for in vivo 

experiments. Anti-CD45/IL-15Sa NGs were able to enhance expansion starting at a dose 

of 30 ng IL-15Sa per million T cells. These nanogels were also highly selective; only 

expanding the adoptive transferred CD8+ T cells and not endogenous T cells. Expansion 

was increasingly higher in the presence of antigens. Lastly, IL-15Sa administered freely 

exhibited immunotoxicity, resulting in the eventual death of mice that received > 10 µg. 

Contrarily, anti-CD45/IL-15Sa NGs did not exhibit toxicity, even at its maximum dose of 80 

µg IL-15Sa per 107 T cells. 

 

2.7 Nanogel surface functionalization with (co)enzymes 

Gama and coworkers synthesized biotin-labeled mannan and dextrin nanogels through a 

1,4-addition reaction to improve the adjuvant response of vaccines.113 Biotin is a vitamin 

as well as a co-enzyme. Biotinylation is also often used to target streptavidin or avidin. 

The nanogels were then loaded with ovalbumin (OVA) to function as a model antigen. An 
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efficient vaccine will transport the antigen to antigen presenting cells (APCs) such as 

macrophages and dendritic cells.114 These cells will initiate an immune response. When 

vaccines are administered intramuscularly or subcutaneously they migrate to the lymph 

nodes and initiate a secondary immune response. The authors tested the vaccine 

efficiency of the nanogels by injecting them into the paw pads of rats and collecting their 

lymph nodes after 24 h. Both mannan and dextrin nanogels were found in the lymph 

nodes. BALC/c mice treated with OVA-loaded nanogels exhibited higher levels of IgG1 

anti-OVA when injected with mannan nanogels as opposed to dextrin nanogels and OVA-

PBS dispersion.  

Collagenase is an enzyme capable of cleaving peptide bonds of collagen. The 

group of Tang immobilized collagenase on alginic acid-OEAM nanogels (ALG NGs) through 

EDC/NHS coupling forming pH-sensitive nanogels (Co@ALG NGs) with enhanced 

extracellular matrix penetrating abilities (Scheme 8).115 OEAM is a dimethacrylamide 

crosslinker formerly developed by the group; which contains an acid-labile ortho ester 

bond.116 pH-triggered DOX release indeed exhibited higher release at lower pH for both 

Co@ALG NG and ALG NG when loaded with DOX.  

 

Scheme 8. Collagenase coating enhances the penetrating abilities of nanogels, increasing drug delivery 

through the extracellular matrix (ECM).115 Reproduced with permission from Elsevier. 
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To demonstrate the retained enzyme activity of collagenase once bound to ALG NGs, 

various formulations of nanogels were incubated with gelatin hydrogel (Figure 6). Empty 

ALG NG, free DOX and DOX/ALG NG did not degrade the gelatin hydrogel even after 24 

hours. Free collagenase, Co@ALG NG and DOX/Co@ALG however were both able to 

liquefy gelatin by cleaving its peptide bonds. After 24 h of incubation with Co@ALG NG 

and DOX/Co@ALG the gelatin remained in a liquid state.  

 

Figure 6. Various formulations of nanogels were incubated with gelatin hydrogel to assess the enzyme activity 

of (bound) collagenase during 24 hours. Tube 1 contains pure gelatin; tube 2 ALG NG; tube 3 Co@ALG NG; 

tube 4 collagenase; tube 5 free DOX; tube 6 DOX/ALG NG and tube 7 DOX/Co@ALG NG. If enzyme activity is 

retained, collagenase will break down gelatin resulting in a liquid.115 Reproduced and adapted with permission 

from Elsevier. 

 

Cellular uptake studies were conducted in HepG2 and H22 cancer cells and the 

accumulation and distribution of DOX was observed. For DOX/ALG-NG and DOX/Co@ALG, 

red fluorescence originating from DOX was observed in the cytoplasm and cell nuclei, 

indicating successful nanogel uptake, DOX release and DOX trafficking to the cell nucleus. 

Red fluorescence was significantly lower when cells were treated with free DOX. Tang and 

coworkers proceeded by quantifying the cytotoxicity of the DOX-loaded nanogels. For 

HepG2 cells, cell viability decreased to 48% when treated with DOX/ALG-NG, to 45% for 
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free DOX and to 35% when treated with DOX/Co@ALG at 16 µg/mL. In the case of H22 

cells, DOX/ALG-NG exhibited a cell viability of 47% (similar to free DOX) and DOX/Co@ALG 

exhibited a cell viability of 38%. Nanogels were coated with collagenase to achieve 

enhanced extracellular matrix penetration. The results mentioned above seem to support 

this hypothesis. However, cell monolayers are not proper representations of the 

extracellular matrix of solid tumors. Therefore, uptake and cell viability studies were 

repeated on three-dimensional HepG2 multicellular spheroids. Indeed, as hypothesized, 

functionalization with collagenase endowed the nanogels with increased penetration 

abilities, resulting in higher cytotoxicity. In vivo studies further solidified this conclusion 

as tumors from mice treated with DOX/Co@ALG NGs grew the slowest and had the lowest 

tumor volume and weight at the end of the study. The tumor growth inhibition was 

calculated for free DOX, DOX/ALG NG and DOX/Co@ALG NG. The values were 48.3%, 

70.3%, and 77.6%, respectively. 

 

2.8 Nanogel surface functionalization with (poly)sugars 

2.8.1 Nanogel surface functionalization with sugars 

Research into creative ways to achieve successful cellular uptake of nanogels while 

bypassing the inherent cytotoxicity associated with the cationic charges of gene vectors 

was conducted. Akiyoshi et al. synthesized enzyme-responsive nanogels with an 

enzymatically transformable surface to reduce the cytotoxicity associated with cationic 

charges.117 Poly (L-lysine) was modified with cholesterol units and underwent reductive 

amination with maltopentaose (a sugar pentamer). Self-assembly of the polypeptide in 

PBS buffer resulted in a physically crosslinked nanogel. The nanogels were then subjected 

to tandem enzymatic polymerization with glycogen phosphorylase and glycogen 
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branching enzyme to covalently coat a layer of branched polysaccharide over the 

nanogels (Scheme 9).  

 

Scheme 9. Nanogels were formed through self-assembly of cholesterol-modified poly(L-lysine) and 

maltopentose. Subsequently a layer of polysaccharide was bound to the surface by enzymes glycogen 

phosphorylase and glycogen branching enzyme. The resulting sugar-decorated nanogel can mask the negative 

charge of siRNA until its coating is hydrolyzed by α-amylase.117 Reprinted (adapted) with permission from Ref 
117. Copyright 2017 American Chemical Society.  

 

This layer served as a neutral barrier between the cationic charges on the surface of the 

nanogel and other charged components present in blood to avoid both non-specific 

complexation/aggregation and repulsion. As a result, the coated nanogels exhibited low 

cytotoxicity up to 100 μg/mL in Renca cells. Interestingly, the neutral, coated nanogels 

were still able to efficiently bind siRNA starting from nanogel/siRNA ratios greater than 2. 

The polysaccharide coating was successfully hydrolyzed by α-amylase at serum 

concentrations, exposing the poly(L-lysine) core and thus increasing the nanogel surface 

charge. The positive ζ-potential enhanced cellular uptake and gene silencing effects in 

Renca cells incubated with both siRNA/nanogel complexes and α-amylase, resulting in a 
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50% decrease in gene expression. Those incubated with solely the complexes exhibited a 

20% decrease.  

 

2.8.2 Nanogel surface functionalization with DNA 

Nanogels have been lauded for their properties and versatility; both in literature and in 

this review. A great example of their range is described by Thelu et al. They synthesized 

nanogels comprising of solely DNA, protein and biotin.118 A four-armed branched DNA 

macromolecule was synthesized containing biotin units at the end of each arm. Through 

self-assembly and multivalent interactions with streptavidin, a nanogel was formed. 

When aptamer DNA was included in the self-assembly, these moieties were attached to 

the nanogel surface, targeting it towards HeLa and CCRF-CEM cells (Figure 7). To probe 

cellular uptake and selectivity, the nanogels were dyed with Cyanine and incubated with 

HeLa, CCRF-CEM and Ramos cells. Ramos cells do not express the receptor for this 

aptamer. Fluorescence assisted cell sorting (FACS) and confocal laser scanning microscopy 

(CLSM) measurements confirmed only a minimum amount of uptake for Ramos cells 

compared to HeLa and CCRF-CEM cells. Cell viability studies conducted with DOX indicated 

that its toxicity towards cancer cells is not negatively affected when encapsulated in the 

nanogel but remains the same.  
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Figure 7. Thelu et al. synthesized nanogels from DNA, streptavidin and biotin. Surface conjugation with 

aptamer DNA targeted the nanogels towards HeLa cells and CCRF-CEM cells. The nanogels were loaded with 

toxic DOX and incubated with various cells. DOX remained potent even when encapsulated (a). The modified 

nanogels exhibited higher cytotoxicity towards HeLa and CCRF-CEM cells indicating active targeting.118 

Reprinted (adapted) with permission from Ref 118. Copyright 2019 American Chemical Society. 

 

2.9 Nanogel surface functionalization with drugs 

In drug delivery, therapeutics are mostly encapsulated in nanogel carriers or bound by 

weak electrostatic bonds119-121; often resulting in drug leakage. By covalently binding the 

drugs to the nanogel a so-called prodrug nanogel is formed; increasing the stability and 

often also the efficacy of the drug.122-130 Peng Liu and co-workers synthesized nanogels 

consisting of PEGylated oxidized alginate (a pH-sensitive natural polysaccharide), α-

cyclodextrin and cystamine (Scheme 10).131 These nanogels were subsequently surface 

decorated with DOX via an acid-labile Schiff base linkage, affording dual-responsive 

prodrug nanogels. Cystamine served as a biodegradable crosslinker as it contains a labile 

disulfide bond. Prodrug nanogels were also obtained by switching the order of the 

synthesis steps and by incorporating β-cyclodextrin as opposed to α-cyclodextrin. 
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Scheme 10. Nanogels were synthesized comprising of α/β cyclodextrin and cystamine. Their surface was 

subsequently conjugated with DOX, producing dual-responsive nanogels. Depending on whether cyclodextrin 

or cystamine was incorporated first influenced the size of the final nanogel.131 Reprinted (adapted) with 

permission from Ref 131. Copyright 2018 American Chemical Society. 

 

Transmission electron microscopy (TEM) images show that crosslinking after 

complexation of α-cyclodextrin resulted in more uniform nanogels and aggregated less 

than with β-cyclodextrin. Nanogels in which cyclodextrin was incorporated prior to 

crosslinking with cystamine had much higher DOX release in tumor simulating media 

regardless of which cyclodextrin was incorporated. The reason for the differences 

between the different prodrug nanogels is due to the formation of polyrotaxanes by the 

cyclodextrin units.132 Both α- and β-cyclodextrin can non-covalently bind with multiple 

other cyclodextrin molecules forming a supramolecular thread that weaves over the PEG 

chains forming so-called polyrotaxanes. However, α-cyclodextrin has a smaller inner 

cavity than β-cyclodextrin resulting in variations in the structures of their corresponding 

nanogels. In addition, when cyclodextrin is added to the nanocomplex prior to 

crosslinking, polyrotaxanes are formed uniformly over the whole nanogel matrix. If 
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however crosslinking is followed by addition of cyclodextrin, polyrotaxanes are only 

formed around the available PEG chains that are not crosslinked in the nanogel core. 

These differences in the prodrug nanogel constructs affect the diffusion and thus the 

release profiles of the conjugated DOX. Cell viability studies with HepG2 cells 

demonstrated similar cytotoxic activity of free DOX on cancer cells as DOX grafted onto 

the surface of the prodrug nanogel. 

 Wang and Dai et al. also synthesized DOX prodrug dual-responsive nanogels. Their 

one-step self-assembly assisted methodology consisted of crosslinking dextran and 

(meth)acrylic acid with a disulfide-containing crosslinker. The redox responsive nanogel 

was then conjugated with DOX by first functionalizing with hydrazinium hydroxide, 

followed by the addition of DOX via an acid-labile hydrazone bond (Dex-SS-PAA-DOX 

NG).133 The resulting biodegradable polysaccharide nanogel responds to both redox and 

acidic stimuli, making it an ideal drug carrier for the weakly acidic134-135 and reductive136-

137 microenvironment of cancer cells. The inclusion of dextran in the nanogel matrix 

enhances cellular uptake by stimulating endocytosis.6 Initial studies confirmed the pH 

responsiveness of Dex-SS-PAA-DOX NG as a lower pH resulted in higher DOX release. In 

vitro experiments indicated that Dex-SS-PAA-DOX is toxic to cancerous cells such as MCF-

7 and MDA-MB-231 breast cancer cells, whereas healthy human umbilical vein 

endothelial (HUVEC) cells remained unaffected. At 5 µg/mL of DOX in Dex-SS-PAA-DOX, 

MDA-MB-231 cells exhibited a cell viability of 18%. Free DOX was internalized at a much 

higher rate than Dex-SS-PAA-DOX NG, suggesting that the nanogels are taken up by 

endocytosis and not diffusion. After 12 h, cells incubated with free DOX exhibited high 

fluorescence in the cell nuclei. Cells incubated with Dex-SS-PAA-DOX, however, had higher 

fluorescence in the cytoplasm as cellular uptake was still active and DOX release was not 

yet prevalent.  
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Figure 8. Mice wear treated with free DOX, Dex-SS-PAA-DOX NGs and Dex-MBA-PAA-DOX NGs that do not 

contain a disulfide functionality. Mice treated with Dex-SS-PAA-DOX NGs exhibited the slowest tumor growth 

barring free DOX.133  

 

Following the success of the in vitro studies the authors assessed the antitumor effect of 

the nanogels in nude MDA-MB23 tumor bearing nude mice. Mice treated with Dex-SS-

PAA-DOX NGs displayed an 80% decrease in tumor volume compared to the control 

(Figure 8). Equivalent nanogels synthesized with a crosslinker that does not contain a 

disulfide (Dex-MBA-PAA-DOX NGs) exhibited a 60% decrease. This is due to these 

nanogels being mono-responsive and thus only releasing DOX as a response to pH. Free 

DOX exhibited the highest tumor inhibition. However, as it is free and not targeted, DOX 

does not discriminate between healthy and cancerous cells. As a result, mice treated with 

free DOX exhibited rapid weight loss and organ damage. 

 

2.10  Functional nanogels for in vitro studies  

Nanogels are often utilized as carriers in biomedical applications as they have ideal 

properties for binding, transporting and releasing therapeutics at target site. Nanogels 
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can also enhance circulation time, increase efficacy and targeting of its load. As 

mentioned previously, nanogels have found use in cancer research, function as antifouling 

agent and are able to overcome multi-drug resistance. Versatile nanogels are applied in 

ophthalmic treatments, wound healing, immunotherapy, vaccines and gene delivery. This 

section will focus primarily on cellular uptake of nanogels in various fields of research as 

well as the mechanisms by which they are internalized in cells.  

 

2.11 Nanogels for drug delivery  

2.11.1 Nanogels in cancer treatment 

Wu and He employed a unique strategy to ensure sufficient uptake of cancer drugs. As 

opposed to targeting with ligands, the authors coated their nanocarrier with cell 

membranes. By coating gelatin nanogels with mesenchymal stem cells automatic affinity 

towards the surface of cancer cells is achieved.138-140 These nanogels (SCMGs) had a core-

shell structure which it maintained when internalized by cells. SCMGs experienced higher 

accumulation in the tumors and lower clearance by the reticuloendothelial system as seen 

in Figure 9.  
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Figure 9. FACS calculations demonstrate higher uptake for SCMGs-DOX compared to free DOX and gelatin-

DOX.138 Adapted and reproduced with permission from John Wiley and Sons. 

 

Mice were treated with PBS, gelatin nanogels, free DOX, gelatin nanogels loaded with DOX 

and SCMGs loaded with DOX. After 15 days the tumors were excised and weighed. Tumors 

treated with SCMGs-DOX exhibited the lowest weight gain, whereas those treated with 

PBS and gelatin increased the fastest in weight and volume.  

 Therapeutic delivery by means of a carrier has the added benefit of simultaneous 

delivery of multiple loads to the same site. Co-loading nanogels with anti-tumor drugs as 

well as dyes enables synergistic treatment. Zhang and coworkers utilized a temperature-
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sensitive NIPAM nanogel to this end.141 Site specific delivery is especially desired in 

chemotherapy as the adverse effects are well known. Employing pH-sensitive nanogels 

that release their cargo in the acidic microenvironment of tumors is well documented. 

The team of Zhang opted for signaling of cargo release by an exogenous stimulus, namely 

light. The nanogel was co-loaded with DOX and near infrared (NIR) dye indocyanine green 

(ICG). When ICG is radiated with NIR light it releases heat, inducing DOX release from the 

NIPAM nanogel in the vicinity of cancer cells. This technique is called photothermal 

penetration and is considered highly specific and minimally invasive.142-144 An attractive 

side-effect of the heat generated is possible thermal ablation of the cancer cells. 

PolyNIPAM has a volume phase transition temperature (VPTT) of 32°C. Altering its 

structure by incorporating hydrophilic monomers such as acrylamide increases the VPTT. 

To diminish premature drug leakage, nanogels were coated with PEGylated liposomes by 

performing the polymerization in liposome templates.145-147 The cellular uptake of the ICG 

and DOX-loaded nanogels with a liposome coating (DI-NG@lipo) was studied in 4T1 breast 

cancer cells. When DI-NG@lipo was incubated with the cells without any external 

stimulus, DOX release was very low. However when DI-NG@lipo was irradiated with a 

laser at λ = 808 nm for 5 min, a large DOX release was observed. Colocalization of the DOX 

and DAPI fluorescence indicated DOX distribution to the cell nucleus.  To verify if the 

enhanced DOX release was photothermally-induced, DI-NG@lipo was heated at 42°C for 

30 min and its DOX release was observed. Similar results were obtained as for DI-NG@lipo 

+ laser irradiation. Cytotoxicity studies with NG@lipo (no cargo) and I-NG@lipo (only ICG) 

demonstrated high cell viability up to 1 mg/mL. When the nanogel contained both ICG 

and DOX, cell viability in the absence of laser irradiation decreased to similar levels as 

obtained for free DOX. I-NG@lipo in the absence of laser irradiation exhibited a much 

higher cell viability than when I-NG@lipo is treated with NIR light – demonstrating heat 

toxicity. The highest cytotoxicity was achieved by DI-NG@lipo in the presence of NIR laser, 

confirming synergistic cancer treatment. 
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Another great advantage of nanogels as delivery vehicles is their ability to be dual 

targeting. Regular targeting strategies employ a singular mechanism – either recognition 

of overexpressed receptors or changes in the microenvironment. Combining the two 

strategies on the same nanogel by employing co-recognition of receptor and environment 

overcomes their individual limitations. Chen, Ding et al. functionalized polypeptide 

nanogels with phenylboronic acid (PBA) to target metastatic cancer cells that overexpress 

sialyl (SA) epitopes on their cell membrane.148-149 The nanogels were also conjugated with 

morpholine (MP) to serve as a charge reversal group and enhance cellular uptake.150-151 

MP is quite a convenient targeting ligand as it is either negatively charged or neutral in 

healthy tissue but becomes positively charged upon exposure to tumor environment 

possessing a pH of 6.5.152 The nanogels were crosslinked by disulfide bonds which can be 

cleaved by glutathione (GSH), and were subsequently loaded with DOX to PMNG/DOX. 

Cell viability studies with PMNG/DOX and PNG/DOX (lacking MP moieties) demonstrated 

similar behavior at pH = 7.4 as both nanogels are neutral. However, PMNG/DOX displayed 

1.17 times higher cytotoxicity than PNG/DOX at pH = 6.5 owing to its cationic charge and 

thus higher uptake at this pH. Competition assays with PBA and sialidase (cleaves SA 

epitopes from cells) both confirmed the combined benefits of SA- and MP-labeled 

nanogels. Pretreating B16F10 melanoma cells with GSH significantly reduced the IC50 

values for PMNG/DOX and PNG/DOX as the reduction-labile nanogels decomposed, 

releasing DOX (Figure 10).  
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Figure 10. (A) cell viability studies were conducted with PMNG/DOX and PNG/DOX. As PNG/DOX lacks 

morpholine moieties it has lower affinity towards B16F10 cells at pH = 6.5, resulting in lower DOX uptake. 

When competition is introduced by sialidase, DOX uptake and thus fluorescence is decreased. (B) As PNG/DOX 

is not influenced by changes in pH, its IC50 value remains the same at 7.4 as at 6.5. PMNG/DOX, however 

increases in cytotoxicity at pH = 6.5, resulting in lower IC50. (C) Healing assays were conducted to assess the 

influence of PMNG/DOX and PNG/DOX on migration. After 12 h PNG/DOX allowed 9.2% healing, whereas 

PMNG/DOX permitted 6.6%.148 Reprinted (adapted) with permission from Ref 148. Copyright 2017 American 

Chemical Society. 

 

Metastasis is the leading cause of death in cancer patients as metastatic cells are highly 

efficient at migration and invasion.153-155 The authors probed the antimetastatic abilities 

of PMNG/DOX by conducting a wound healing assay B16F10 cells. Cells treated with 

PMNG/DOX exhibited the lowest migration distance. 
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2.11.1.1 Hyaluronic acid nanogels in cancer treatment 

The group of Zhong utilized HA nanogels to transport protein drugs cytochrome c (CC) and 

granzyme B (GrB) in vivo.54 The authors synthesized the HA nanogels (HA NGs) by means 

of an inverse nanoprecipitation followed by tetrazole-alkene photoclick reaction of HA-

cystamine-methacrylate (HA-Cys-MA) and HA-lysine-tretrazole (HA-Lys-Tet). HA exhibits 

intrinsic CD44 targeting, which is present on the cell membranes of human breast cells 

(MCF-7), lung tumor cells (A549), human multiple myeloma (LP1) and acute myelogenous 

leukemia (ALM2).156-158 The nanogel structure contains a pyrazoline functionality, making 

it intrinsically fluorescent with an emission wavelength of λ = 450 nm.159 Cystamine 

renders the nanogel responsive to a reducing environment. The authors demonstrated 

that HA NGs loaded with CC (CC-NGs) were preferentially taken up by CD44-

overexpressing MCF-7 cells and exhibited significantly higher cytotoxicity than in U87 

CD44-free cancer cells, confirming receptor-mediated endocytosis (Figure 11a). HA NGs 

also successfully escaped the endosomes after 12 h of incubation. HA NGs loaded with 

GrB (GrB-NGs) demonstrated high potency against MCF-7 as well as A549 cancer cells 

(Figure 11c).  
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Figure 11. a) The cellular uptake of HA NGs was analyzed for MCF-7 cells that overexpress CD44 and U87 cells 

that do not, resulting in significantly higher uptake for MCF-7 cells. Introducing competition by first treating 

MCF-7 cells with HA, followed by HA NGs resulted in lower NG uptake, confirming CD44 targeting by the HA 

moiety. b+c) Cell viability was tested for CC-NGs and GrB-NGs on CD44 positive cells MCF-7 and A549 cells 

and on CD44 negative cells U87 cells.54 Reprinted (adapted) with permission from Ref 54. Copyright 2016 

American Chemical Society. 

 

GrB-NGs were injected intravenously every 3 days in nude mice bearing MCF-7 tumors. 

Complete tumor suppression was achieved after 14 days when treated with 3.8 nmol 

GrB/kg; a dosage 1000 lower than conventional chemotherapy drugs such as DOX, 

docetaxel and paclitaxel.160-164 Similar results were obtained for treatment of mice bearing 

A549 tumors with GrB-NGs. Complete suppression was achieved at 5.7 nmol GrB/kg. 

 Weng and Gu targeted nanogels to human cervical carcinoma epithelial (HeLa) 

cells by surface decoration with endosomal membrane proteins specific to HeLa cells.165 

The authors devised a unique system to allow endocytosis of the materials needed to 

form the nanogel in situ in the target cell. A silica nanoparticle containing Fe3O4 was 
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loaded with a crosslinker and photoinitiator followed by coating with HA to target CD44 

receptors on cancer cells. This nanoparticle was then taken up by HeLa cells through 

endocytosis. Following irradiation with UV light, a photo-polymerization reaction took 

place synthesizing membrane-coated nanogels (EM-NGs). The Fe3O4 particles render the 

nanogel magnetic, making the nanogel extraction straightforward and simple. Western 

blotting confirmed the presence of endosomal membrane proteins on the nanogel 

surface. The authors loaded the EM-NGs with DOX and assessed their therapeutic effect 

on HeLa and A549 cancer cells. Enhanced DOX release behavior was observed at acidic pH 

resulting from the weakening of the DOX-nanogel bonds. The authors noted that various 

uptake pathways were involved in the endocytosis of DOX-EM-NGs, namely both clathrin- 

and caveolin-mediated endocytosis, lipid rafts and macropinocytosis. DOX-EM-NGs 

exhibited the lowest cell viability in HeLa cells compared to free DOX and DOX-loaded bare 

nanogels (DOX-NGs) free of targeting ligands. A549 cells however did not exhibit 

significant difference in viability for cells treated with targeted DOX-EM-NGs and 

untargeted DOX-NGs. It can thus be concluded that synthesizing the nanogels in the cell 

of interest coats the nanogels with membrane proteins specific to that cell line – achieving 

active targeting. 

 It remains a challenge to effectively treat both primary cancer tumors as well as 

metastatic lesions with a singular delivery system. RHAMM is a HA receptor present in the 

tumor cells of stomach cancer166, prostate cancer167, leukemia168, breast cancer169, lung 

cancer170 and colorectal cancers171. CD44 is also a HA receptor present on the cell 

membrane of many cancers; however, certain tumors overexpress RHAMM and not CD44 

meaning solely targeting CD44 is not sufficient.172 Jiang and coworkers utilized the 

reduction sensitivity of disulfide to construct pH-sensitive HA nanogels, denoted HAss 

nanogels.173 As comparison nanogels were synthesized in a similar fashion but lacking a 

disulfide moiety (HAcc). HAss was loaded with DOX by means of electrostatic interactions 
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between the amines of DOX and the carboxylate ions of HA. Cytotoxicity experiments 

were conducted on human prostate cancer (LNCaP), murine hepatoma (H22), human 

pulmonary cancer (A549) cells and fibroblasts (NIH3T3). Higher cytotoxicity was observed 

for free DOX in A549 and NIH3T3 cells compared to DOX-HAss. In contrast, DOX-HAss 

displayed higher cytotoxicity in H22 cells and similar cytotoxicity as free DOX in LNCaP 

cells. Higher cytotoxicity was achieved by HAss nanogels in cells that overexpress RHAMM 

(H22 and LNCaP) indicating an uptake pathway mediated by RHAMM. Uptake studies 

likewise indicated a higher uptake in H22 and LNCaP cells compared to NIH3T3. To further 

demonstrate that HAss nanogels are taken up by a RHAMM-mediated uptake pathway, a 

competition assay was carried out. When H22 and LNCaP cells were treated with 

antibodies against RHAMM, the uptake of HAss nanogels decreased significantly. Also, no 

co-localization can be seen for HAss nanogels and anti-RHAMM antibodies, indicating a 

competitive relationship between the two. Lastly, when HAss is labeled green and 

endosomes are stained red, co-localization is witnessed – suggesting uptake by 

endocytosis. In vivo experiments demonstrated deep tumor penetration and 

accumulation of HAss nanogels in metastatic lymph nodes. 

 

2.11.1.2 pH-responsive, DOX-delivering nanogels in cancer treatment 

The aforementioned strategy utilized by the group of Jiang, is a widely popular method 

seen throughout literature, including for non-HA-NGs. Many authors have synthesized 

redox-responsive nanogels that release DOX at acidic pH mimicking the tumor 

microenvironment. Pikabea et al. utilized poly(2-(diethylamino)ethyl methacrylate) 

(PDEAEMA) nanogels to this end.174 They successfully reduced the cell viability of HeLa 

cells and MDA-MB-231 breast cancer cells by up to 40% and demonstrated a dose-

dependent cytotoxicity. Asadi and Khoee synthesized a random copolymer of 
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polyethylene glycol methyl ether methacrylate and 2-(pyridin-2-yldisulfanyl)ethyl acrylate 

(PDS-MPEG) and crosslinked it to a nanogel.55 DOX-loaded PDS-MPEG nanogels displayed 

higher cytotoxicity than free DOX in A2780CP ovarian carcinoma cells. Hang et al. 

engineered HA-CM nanogels consisting of HA and coumarin (CM) to target the CD44 

receptors of MCF-7 cells.175 Coumarin is photoactive to both UV and NIR radiation. 

Irradiating DOX-loaded HA-CM nanogels for 60 min at λ = 780 nm decreased cell viability 

of MCF-7 cells by 50%. U87MG glioblastoma cells that do not express CD44 were inhibited 

by approximately 15%. The group of Zhang utilized pH-responsive, PEGylated liposome-

coated pDMAEMA nanogels to deliver DOX to Hep-G2 and 4T1 cells.176 The DOX-loaded 

nanogels exhibited similar cytotoxicity as free DOX but were taken up less in the cancer 

cells, suggesting higher efficiency.  

 

2.11.2 Nanogels in (sub)cutaneous treatment 

Treating diseases topically is highly desired as it elicits great patient compliance. The skin 

however remains a challenging area to penetrate as it contains both hydrophilic and 

hydrophobic regions.177 Nanogels are proven to enhance drug delivery of both hydrophilic 

and lipophilic drugs with otherwise low solubility and absorption. The use of nanogels to 

enhance skin penetration has also been proven to be successful.178-181 The group of 

Kleuser set out to investigate the applicability of thermoresponsive polyglycerol nanogels 

(tPG) as drug delivery vehicle for passage through the skin.182 The epidermis consists 

primarily of dendritic cells; more specifically Langerhans cells. As such nanogels should be 

compatible with these cells and not elicit an immune response. The nanogel was 

synthesized from poly(glycidyl methyl ether-co-ethyl glycidyl ether) co-polymer (pGME-

co-EGE) and dendritic polyglycerol (dPG). tNG_dPG_tPG nanogel exhibits a tunable cloud 

point temperature (Tcp), relating to the ratio between GME and EGE. A ratio of 1:1 was 
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chosen bestowing tNG_dPG_tPG(1:1) with a Tcp of 29°C. Cell viability studies with XS52 

Langerhans cells determined that tNG_dPG_tPG(1:1) and its IDCC-dyed equivalent 

(tNG_dPG_tPG(1:1)-IDCC) are not toxic and exhibit high biocompatibility. Treatment with 

both nanogels did not generate reactive oxygen species by XS52 cells or damage its DNA. 

Uptake studies at 4°C, 29°C and 37°C exhibited steady increase over time, except at 4°C – 

suggesting an energy-dependent uptake mechanism. The authors determined with an 

inhibition assay that the main uptake pathway of tNG_dPG_tPG(1:1)-IDCC by LCs at 37°C 

was caveolae-mediated endocytosis. At 29°C however, both caveolae-mediated 

endocytosis and macropinocytosis were involved in cellular uptake. The authors 

hypothesized that the different uptake mechanisms at varying temperatures is a result of 

a phase transition. tNG_dPG_tPG(1:1)-IDCC has a Tcp of 29°C, meaning that at temperatures 

<29°C the nanogel is hydrophilic and above 29°C the nanogel will shrink, becoming more 

hydrophobic. At 29°C tNG_dPG_tPG(1:1)-IDCC is equally hydrophilic as hydrophobic. 

Macropinocytosis involves the uptake of dissolved particles in biological media; requiring 

the particle to be hydrophilic. Contrarily, caveolae-mediated endocytosis involves the 

uptake of hydrophobic particles. As such tNG_dPG_tPG(3:1) possessing a Tcp of 48°C was 

synthesized and its uptake mechanism was assessed at different temperatures. Indeed 

tNG_dPG_tPG(3:1)-IDCC was taken up by macropinocytosis at 29°C and 37°C; indicating 

that it is hydrophilic at these temperatures, and thus confirming an influence of the Tcp of 

the nanogel. 

 The team of Kleuser also evaluated the drug loading efficiency of 

thermoresponsive nanogel tNG_dPG_pNIPAM for hydrophobic cutaneous drugs 

dexamethasone and tacrolimus that treat severe skin inflammation and psoriasis.183 

tNG_dPG_pNIPAM was made by crosslinking dPG with poly(N-isopropylacrylamide) 

(pNIPAM).184 Both tNG_dPG_tPG-IDCC and tNG_dPG_pNIPAM-IDCC were successfully 

taken up by normal human keratinocytes (NHK) and aneuploid immortal keratinocyte cells 
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(HaCaT) as depicted in Figure 12a and b. Colocalization of the nanogels with lysosomes 

after 24 h and 48 h suggests that the nanogels most likely do not escape the lysosomes. 

Cytotoxicity studies indicated no toxicity in NHK cells from either nanogel up to 0.5 mg/mL 

for 48 h.  

 

Figure 12. Cytotoxicity studies conducted with NHK cells for 24 h (A) and 48 h (B) determined that the nanogels 

were non-toxic up to 0.5 mg/mL. Neither tNG_dPG_tPG (C) nor tNG_dPG_pNIPAM (D) exhibited ROS level 

increase for up to 24 h. Silver nanoparticles served as positive control. (E) The nanogels did not exhibit 

genotoxic behavior up to 0.5 mg/mL. Silver nanoparticles served as positive control.183 Reproduced with 

permission from Taylor & Francis. 
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The authors also evaluated the presence of reactive oxygen species (ROS) generated by 

the nanoparticles (Figure 12c + d).185 Likewise, evidence of genotoxicity stemming from 

nanoparticles has been shown.186-187 A carboxy-H2DCFDA assay and comet assay 

demonstrated no increase in ROS levels nor DNA damage by tNG_dPG_tPG nor 

tNG_dPG_pNIPAM. To complete the toxicology evaluation eye irritation tests were 

conducted. A bovine corneal opacity and permeability (BCOP) test as well as a hemolysis 

assay both determined that the nanogels were not irritating to mammalian eyes.  

 

2.12 Nanogels for peptide delivery  

Zhou et al. exploited the stimuli-responsive feature of nanogels to synthesize blood-

compatible nanogels that release insulin as a response to glucose concentrations.188 A 

monomer based on aminophenylboronic acid (AAPBA) was copolymerized with 

methacrylic acid (MAA) in a single step to form uniform, spherical nanogels. 

Aminophenylboronic acid shows reduction of the immune response in vivo.189 Nanogels 

Glu (1/4) and Glu (2/3) were made containing different AAPBA to MAA ratios. Both 

nanogels increase in size upon exposure to glucose with resulting release of insulin as a 

function of glucose concentration. Glu (1/4) and Glu (2/3) both demonstrated good blood 

compatibility up to 10 mg/mL. Red blood cells were incubated with Glu (1/4) and Glu (2/3) 

at 0.01 - 10 mg/mL and their morphology was assessed by TEM. No aggregation or obvious 

morphological  changes were apparent; most likely due to the negatively charged 

nanogels and blood cells repelling each other. Likewise, the nanogels did not interact with 

coagulation factors in blood plasma. Lastly, cytotoxicity studies with Glu (2/3) in 3T3 cells 

(mouse embryonic fibroblasts) over 24h and 48h indicated high cell viability up to 100 

µg/mL. 
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 In section 2.11.1 we highlighted functional nanogels for cancer treatment with 

(chemotherapeutic) drugs. Anticancer activity can also be achieved by proapoptotic 

peptides such as (KLAKLAK)2. (KLAKLAK)2 induces apoptosis by interacting with the 

mitochondria of tumor cells.190-191 Oh and Lee utilized pH-responsive polysaccharide 

nanogels comprising of chitosan, starch and 3-diethylaminopropylamine (DEAP) to deliver 

(KLAKLAK)2 to the cytosol of KB tumor cells.192 DEAP is uncharged at pH 7.4 but becomes 

cationic at acidic pH; resulting in the expulsion of positively charged (KLAKLAK)2. The 

authors first activated starch with succinic anhydride, followed by reactions with chitosan 

(GC) and DEAP, producing starch-(GC-DEAP). Starch-(GC-DEAP) self-assembled to core-

shell nanogels in the presence of D-(KLAKLAK)2 loading the peptide with 50% efficiency. 

The hydrophilic shell contained the GC moieties and the hydrophobic core consisted of 

neutral DEAP. The cellular uptake of starch-(GC-DEAP) by human nasopharyngeal 

epidermal carcinoma (KB) cells was studied by CLSM (Figure 13).  

 

Figure 13. CLSM images taken after 4h of incubation of KB cells with free (KLAKLAK)2, starch-(GC-DEAP) and 

starch-GC indicate high amounts of (KLAKLAK)2, in the mitochondria. Cell viability studies demonstrate the 

utility of starch-(GC-DEAP) as peptide carrier at various concentrations.192 Reproduced and adapted with 

permission from SAGE Publications. 
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Starch-(GC-DEAP) achieved the highest colocalization of (KLAKLAK)2 in the mitochondria 

of the KB cells, compared to free (KLAKLAK)2 and starch-GC. Likewise, starch-(GC-DEAP) 

exhibited significant hemolysis at endosomal pH 6. Cell viability studies indicated that 

starch-(GC-DEAP) was the most effective peptide delivery vehicle; exhibited the highest 

KB cell death at 10 µg/mL or higher. 

 

2.13 Nanogels for gene delivery 

Various diseases originate in the genome; either by gene deletions, gene insertions, gene 

overexpression or gene dysregulation. Some examples being cancers, cystic fibrosis, sickle 

cell anemia, muscular dystrophy and other (viral) infections and hereditary conditions. 

Treating these diseases at their genetic source increases the chance of recovery. Applying 

gene therapy techniques such as gene silencing can inhibit gene expression by utilizing 

small interfering RNA (siRNA) molecules.193 The group of Haag formed pH sensitive 

nanogels from dendritic polyglycerol (dPG) and polyethyleneimini (PEI) to afford cationic 

transfection vectors.194 By incorporating a pH-sensitive benzacetal unit, control is gained 

over the in vitro cargo release of the nanogel. The authors opted to load the nanogels with 

RNA by forming polyplexes (NGp) i.e. mixing nanogels with RNA, and by synthesizing the 

nanogels in the presence of RNA resulting in RNA-encapsulated nanogels (NGe). 

Cytotoxicity studies in GFP-expressing HeLa cells indicated higher cell viability for NGp at 

higher concentrations than NGe; most likely due to NGe having the majority of its surface 

cationic charge unmasked. Gene silencing experiments were conducted with GFP-

expressing HeLa cells, NGe, NGp and PEI. NGe and NGp exhibited similar transfection 

efficiencies of 72%. PEI displayed a higher efficiency of 83%; however, as PEI is known for 

its high toxicity NGe and NGp make great alternatives.  
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 Gene transfection is another subdivision of gene therapy aimed at treating 

genetic diseases. As opposed to inhibiting the expression of disease causing genes, 

transfection experiments aim to introduce foreign or synthetic nucleotides into the 

human body to express useful genes and proteins. These nucleotides, often plasmid DNA, 

require targeted and safe delivery to the cell nucleus. Nanogels make interesting 

transfection gene vectors owing to their versatility, attractive properties and tunability. 

Park et al. synthesized sunflower type nanogels for the internalization of quantum dots 

(QDs) to function as gene delivery vehicles as well as in vitro imaging agents.195 The 

nanogel construct was made up of heparin and pluronic F127. Heparin is an anticoagulant 

and pluronic F127 is a triblock copolymer and surfactant. QDs containing an amine 

functionality were loaded into the nanogels, followed by coating of the nanogel surface 

with PEI. The cationic PEI coating influenced the position of the QDs in the nanogel by 

means of charge interactions. As both are positively charged, QDs were driven to the 

center of the nanogels. The nanogels were incubated with human mesenchymal stem 

cells (hMSCs) and their uptake and cell distribution was followed via the enclosed QDs. 

TEM images display the nanogels moving from the cell membrane, to early endosomes, 

maturing to late endosomes, before ending up at the cell nucleus. Sunflower-type 

nanogels outperformed PEI in transfection studies by exhibiting higher GFP fluorescence. 

FACS measurements indicated a higher cell uptake for a nanogel to QD ratio of 1:2. 

However, the higher transfection efficiency was achieved at a ratio of 1:0.25 (Figure 14). 
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Figure 14. FACS measurements of the cell uptake (top row) and GFP expression (bottom row) of nanogels 

encapsulating various amounts of QDs.195 Reproduced and adapted with permission from Elsevier. 

 

HA nanogels that target CD44 remains an established method seen in drug and 

gene delivery. Park and coworkers demonstrated its versatility by delivering SOX9 gene to 

human mesenchymal stem cells (hMSCs) in order to regenerate cartilage.196 The gene 

transfection efficiency of PEI is well documented, as well as its intrinsic toxicity resulting 

from the high cationic charge.197 Shielding this charge when needed and selectively 

exposing it to enhance transfection would provide the researcher with the best of both 

worlds. Park and coworkers utilized a simple strategy to synthesize nanogels, involving 

first mixing PEI with pDNA, followed by coating with FITC-labeled HA. Various PEI to HA 

ratios were tested during uptake studies, with 1:10 PEI:HA exhibiting the highest uptake. 

When anti-CD44 antibodies were present, uptake of the nanogels was significantly lower 

– proving CD44-mediated uptake. In order to visualize and quantitate transfection, SOX9 

gene was tagged with EGFP resulting in green fluorescence for successful transfection. 

Sustained fluorescence was observed for up to 72 h.  

 Li et al. probed the gene transfection efficiency of poly(glycidyl methacrylate) 

(pGMA) modified with ethylenediamine to treat hepatomas.198 Making use of the 
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reduction potential difference between regular cells and cancer cells, the authors opted 

for a pH-responsive nanogel. Utilizing disulfide bonds is a creative way to ensure cargo 

release at acidic pH as well as biodegradability. As such disulfide-containing α-lipoic acid 

(LA) was employed as biocompatible crosslinking agent to synthesize reducible cationic 

nanogels. Linear PGMA was first synthesized by ATRP polymerization, followed by ring-

opening amination with ethylenediamine to form PGED. Lastly, PGED was subjected to 

amidation with LA and crosslinked to nanogels (PGED-NG). Two sets of nanogels were 

made with different molecular weights, PGED1-NG and PGED2-NG. Each set contained 

three nanogels with varying amounts of lipoyl groups and thus various crosslink densities. 

PGED2 had a higher molecular weight and could effectively condense pDNA at N/P = 2, 

whereas PGED1 required an N/P ratio of 2.4 or higher. Cytotoxicity studies in HEK293, 

COS7 and HepG2 cells demonstrated a minimum of 85% cell viability for all nanogel 

formulations, up to N/P = 50. Gene transfection experiments displayed an apparent effect 

of crosslink density and molecular weight on transfection efficiency. Nanogels containing 

higher crosslink densities consistently achieved higher luciferase expression. The same 

trend was seen for molecular weights. Interestingly, PGED2-NG20, containing 20% 

crosslink density, outperformed 25kDa PEI in all cell lines, including HepG2 cells that are 

notoriously difficult to transfect. The internalization fractions were calculated for the 

transfected HepG2 cells, comparing nanogels to their cationic polymer equivalents. 

PGED1 had an internalization fraction of 44% whereas 65% of HepG2 cells endocytosed 

PGED2 polyplexes. The nanogel counterparts possessing 20% crosslink densities exhibited 

internalization fractions of 75% for PGED1-NG20 and 86% for PGED2-NG20. The authors 

next evaluated the knockdown efficiencies of PGED1-NG20 and PGED2-NG20 in gene 

silencing of MALAT1 present in cell carcinoma (Figure 15).199 PGED1-NG20 exhibited the 

highest decrease in MALAT1 expression compared to negative control, with 

accompanying highest inhibition of cell proliferation. 
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Figure 15. Gene silencing efficiencies of PGED1 and PGED2 cationic polymers as well as PGED1-NG20 and 

PGED2-NG20 nanogels (siR-M) are given as a ratio to negative control (siR-NC), depicted on the left. PGED2-

NG20 exhibited the highest inhibition of MALAT1 gene expression with corresponding decrease in cell growth 

rate, depicted in the chart on the right.198 Reproduced and adapted with permission from Elsevier. 

 

2.14 Nanogels for protein delivery  

Protein therapy as a treatment option for various diseases is gaining traction.200 In order 

to ensure efficiency, proteins must be shielded from biological media to avoid unwanted 

occurrences such as denaturation. Peng and coworkers employed pH-responsive 

nanogels to delivery bovine serum albumin (BSA) to HeLa cells.201 The core-shell nanogel 

was engineered by enzyme-oxidative coupling of the tyramine moieties in PEG-b-P(LGA-

g-Tyr) polymer by horseradish peroxidase (HRP). The nanogel exhibited an initial burst 

release of BSA (from the PEG shell) followed by consistent prolonged release for 45 h from 

the nanogel core. As expected, BSA release was higher at acidic pH 6.8 than at 

physiological pH 7.4. Neither empty nanogels nor BSA-loaded nanogels exhibited 

cytotoxicity towards HeLa cells – even up to 2 mg/mL. BSA-loaded nanogels were 

successfully taken up by HeLa cells at pH 7.4 and 6.8; displaying higher endocytosis at 

acidic pH, owing to its smaller size. Free FITC-labeled BSA exhibited minimal cell uptake.  
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 Granzyme B (GzmB) is a naturally occurring cytotoxic serum protein taking part in 

the innate immune system. Utilizing cytotoxic proteins such as cytochrome c, caspase-3, 

RNase A and p53 recombinant protein to treat cancer has gained interest in recent 

years.202-207 Kurisawa and coworkers encapsulated GzmB into nanogels to target and 

deliver it to HCT-116 colon cancer cells.208 The nanogels were formed through self-

assembly and contained HA to target CD44-overexpressed cancer cells and enhance 

uptake via endocytosis. A conjugate of epigallocatechin-3-gallate (EGCG) was 

incorporated into the nanogel design to exert anticancer and antioxidant effects as well 

as bind GzmB.209-212 The cationic nature of linear polyethylenimine (PEI) was exploited to 

ensure endosomal escape of GzmB. HA-EGCG/GzmB nanogel lacking PEI did not succeed 

in exerting cytotoxic behavior. The anticancer properties of HA-EGCG/GzmB/PEI nanogel 

were tested on HCT-116 cells. GzmB induces apoptosis of cells by first activating caspase-

3 and caspase-7 enzymes.213 HCT-116 cells were incubated with various nanogel 

formulations and their expression of caspase-3 and 7 were calculated. HA-

EGCG/GzmB/PEI nanogel demonstrated the highest caspase activity, making it the most 

cytotoxic to HCT-116 cells. 

Hydroxyapatite (HAP, Ca₅(PO₄)₃) is a crystalline naturally occurring mineral often 

used in dentistry and orthopedics.214-215 It has also found purpose as biomolecular carrier 

for proteins such as BSA.216 To achieve higher protein delivery and stability, hybrid HAP 

nanogel particles were synthesized from polyacrylic acid (PAA) and chitosan (CS).217 PAA 

stabilizes calcium phosphate and CS enhances biocompatibility.215, 218 Nanogels were 

synthesized with a 1:1 ratio between PAA and CS. The nanogels were subsequently loaded 

with HAP by stirring with 0.5 M Ca(NO3)2 and NaH2PO4 solution (1:1⅙ Ca/P). BSA was 

successfully adsorbed onto the nanogel surface showcasing a trend of decreasing amount 

of adsorbed BSA with increasing nanogel concentration. Cytotoxicity studies with rat bone 

marrow stromal stem cells (BMSC) exhibited exceptional cell viability even up to 8 mg/mL 
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after 5 days. Likewise hemocompatibility studies indicated minimal hemolysis as red 

blood cells did not recognize the HAP nanogels as foreign objects. 

 

2.15 Nanogels as nanovaccines 

As opposed to chemotherapy, cancers can also be treated with vaccines. Ma and 

coworkers developed a nanovaccine with self-adjuvant properties.219 A zwitterionic 

polysaccharide nanogel was synthesized from galactosyl, dextran and a retinoid derived 

from vitamin A, to target dendritic cells. The galactosyl moiety renders the GDR nanogel 

pH-sensitive whereas the hydrazone moiety binding the retinoid endows the nanogel with 

acid-sensitivity. Vitamin A increases vaccine efficacy making it a potent vaccine adjuvant. 

Cell uptake studies with bone marrow-derived dendritic cells (BMDC) demonstrated the 

increased uptake of OVA antigen when delivered by GDR nanogels. Introducing 

competition with galactose resulted in a decrease of GDR/OVA nanogel uptake, indicating 

active targeting by the galactosyl moiety (Figure 16a). A similar study in which acidizing 

inhibitor NH4Cl was used, confirmed acidity enhanced uptake as well as lysosomal 

rupture/escape (Figure 16 b+c). Lastly, treatment of dendritic cells with GDR/OVA nanogel 

was studied. As seen in Figure 16 d+e, GDR/OVA nanogel increased the T cell proliferation 

for both MHC1 and MHC2 signifying an increase in immune response and thus excellent 

adjuvant properties. 
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Figure 16. Cell uptake studies were conducted with GDR/OVA nanogels to evaluate active targeting. (A) 

Introducing competition with galactose lowered the uptake of GDR/OVA nanogel, confirming targeting by the 

galactosyl moiety. (B) Likewise, decreasing acidity resulting in lower uptake, confirming acidity enhanced 

uptake. (C) The highest uptake and lysosomal escape is witnessed for GDR/OVA nanogel in the absence of 

NH4Cl. (D+E) GDR/OVA nanogel enhances CD4+ and CD8+ T cell production demonstrating adjuvant abilities 

for both MHC class 1 and 2.219 Reproduced with permission from Elsevier. 
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Nuhn et al. studied agonists of Toll-like receptors TLR7 and TLR8 as vaccine 

adjuvants by covalently binding an imidazoquinoline equivalent (IMDQ) onto the surface 

of nanogels.220 Fixing the agonists on nanogels limits their rapid diffusion which in turn 

lowers their toxicity.221-222 pH-responsive self-assembled nanogels were synthesized from 

a methoxy triethylene glycol methacrylate (mTEGMA) pentafluorophenyl methacrylate 

(PFPMA) amphiphilic block copolymer.223 The mTEGMA-PFPMA nanogels were 

subsequently functionalized with IMDQ and crosslinked. The activation ability of IMDQ-

ligated nanogels was assessed on bone marrow-derived dendritic mouse cells. IMDQ-

ligated polymers were used as comparison. IMDQ-ligated nanogels successfully activated 

dendritic cells. However, free IMDQ exhibited higher levels of CD80 and MHC class II likely 

due to a decrease in IMDQ potency once modified. In vivo experiments demonstrated 

significantly lower diffusion of IMDQ when injected in the footpad of mice as IMDQ-

ligated nanogels. Administration of free IMDQ resulted in rapid systemic IFN-β response 

signifying severe inflammatory toxicity.224-225 Unlike free IMDQ, IMDQ-ligated nanogels 

elicited a high innate immune response in the form of migration of granulocytes and 

monocytes to the inflammation site. 

 

2.16  Summary and conclusion  

Surface functionalization of nanogels is a relatively easy way to confer all sorts of 

properties to nanogels as well as increase their biocompatibility, targeting efficiency, 

uptake, hydrophilicity, tune their surface charge and enact many other desired changes. 

Nanogels allow functional group interconversions, conjugation of enzymes, PEG chains, 

sugars, proteins, DNA, drugs, peptides and antibodies without disrupting the morphology 

of the nanogel network. The majority of the conjugations were done through EDC/NHS 

coupling; however, functionalizations by “click” chemistry with maleimide and thiols were 
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also demonstrated. Acid-labile hydrazone bonds and Schiff base linkages were also used 

to attach molecules of interest to the nanogels, followed by subsequent release at acidic 

pH. Moreover, surface decoration was achieved by thiol-disulfide exchange, bio 

recognition and even enzymes. It can thus be concluded that surface functionalization of 

nanogels is relatively easy and straightforward. 

Nanogels of appropriate size are easily internalized by various cell types, both 

malignant and benign. Functional nanogels for biomedical applications were often dual-

responsive to maximize efficiency. Monomers, crosslinkers, cargo load and surface 

moieties were methodically chosen to incorporate multiple functionalities into the 

nanogel. Creative methods were employed to achieve endocytosis, such as nanogel 

synthesis in liposomes. Passive targeting was mostly observed for nanogels in cancer 

therapy that exploited EPR. The vast majority employed active targeting and even dual-

targeting to achieve selectivity. As a result, cellular uptake was mostly carried out by 

receptor-mediated endocytosis. Instances of clathrin-mediated, caveolin-mediated, lipid 

raft-dependent and macropinocytosis were also observed. Nanogels show great potential 

in biomedical applications. Namely, anticancer treatment with nanogels has attained 

great successes both in vitro as well as in vivo – achieving cancer cell viability as low as 

18%. 
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Chapter 3 
 

Uniquely sized nanogels via crosslinking 

polymerization 

 

Nanogels are very promising carriers for nanomedicine, as they can be prepared in the 

favorable nanometer size regime, can be functionalized with targeting agents and are 

responsive to stimuli, i.e. temperature and pH. This induces shrinking or swelling, resulting 

in controlled release of a therapeutic cargo. Our interest lies in the controlled synthesis of 

functional nanogels, such as those containing epoxide moieties, that can be subsequently 

functionalized. Co-polymerization of glycidyl methacrylate and a bifunctional 

methacrylate crosslinker under dilute conditions gives rise to well-defined epoxide-

functional nanogels, of which the sizes are controlled by the degree of polymerization. 

Nanogels with well-defined sizes (polydispersity of 0.2) ranging from 38 nm to 95 nm were 

prepared by means of controlled radical polymerization. The nanogels were characterized 

in detail by FT-IR, DLS, size exclusion chromatography, NMR spectroscopy, AFM and TEM. 

Nucleophilic attack with functional thiols or amines on the least hindered carbon of the 

epoxide provides water-soluble nanogels, without altering the backbone structure, while 

reaction with sodium azide provides handles for further functionalization via click 

chemistry. 
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3.1  Introduction 

The emergence of nanomedicine brought about personalized medicine by combining 

nanotechnology and medicine.1-2 The field of theranostics applies nano-sized 

macromolecules to combine controlled administration of therapeutic drugs with 

diagnostics.3 Polymer nanoparticles are particularly interesting to this end as their 

physical properties, structure and composition can be controlled.4 These nanoparticles 

are readily rendered hydrophilic and biocompatible, and can be designed to encapsulate 

and release therapeutics.5 Polymer nanoparticles such as nano-sized hydrogels, also 

coined nanogels – are crosslinked, spherical, three-dimensional soft materials that are 

highly modular in nature. Nanogels displaying high water content, large surface area, high 

loading capacity, internal network, good stability in biological fluids and responsiveness 

to external stimuli.6-8 Desirable properties such as biodegradability, blood compatibility 

and amphiphilicity can be built in.9-10 The size, surface charge, porosity, softness and 

density can be tuned. As such nanogels have found use in tissue engineering,7, 11-12 

vaccines, cancer treatment,13-16 bioimaging,17-18 antifouling,19-20 ophthalmic diseases,21 

biosensing,18, 22-28 pain management,29 and nucleic acid delivery systems.  

There are several ways to synthesize nanogels, such as emulsion polymerization, 

precipitation polymerization,30-31 inverse nanoprecipitation,32-33 self-assembly9 and 

template assisted polymerization34. To achieve optimal cellular uptake and 

biodistribution, nanoparticles should be between 10 – 100 nm in diameter.35-36 Others 

have succeeded in forming nanogels of well-defined uniform size.37 However their 

strategies either require multiple steps to form nanogels38-40, surfactants41-42 or produce 

a single size per reaction performed.43 Controlled crosslinking polymerization methods 

with multifunctional monomers provide excellent control over the resulting nanogels, as 

reaction conditions such as reaction time and monomer concentration determine the size 

of the nanogel.44 Controlled radical polymerization techniques, such as ATRP and RAFT 



Chapter 3 

101 | P a g e  
 

slow the reaction rate to promote the formation of uniform particles.45-46 These strategies, 

that provide easy access to well-defined polymeric nanoparticles with uniform 

composition over the entire 10 - 100 nm size regime, have been reported for core-shell 

nanogels and hyperbranched polymers47-48 but not for nanogels. Good control over 

nanogel size is highly desirable in biomedical applications as it determines ease of 

endosomal escape.49-51 

Cellular uptake and biodistribution behavior of nanogels is strongly affected by 

the type of surface functionality.5 Factors such as polarity and surface charge determine 

the hydrophilicity of the nanogel as well as its circulation in blood.52 Other structural 

properties such as useful functional groups aid the attachment of targeting molecules and 

contrast agents.53 Synthesizing nanogels with built in handles provides a versatile 

template able to be modified to functional nanogels, such as vaccine transport vehicles.6, 

54 Epoxides are highly reactive groups resulting from the three-membered ring with high 

ring strain.55 As such epoxides readily undergo ring-opening reactions with a wide array 

of nucleophiles.56  

 In this work, we describe the development of uniquely sized epoxide-functional 

precursor nanogels via controlled crosslinking polymerization. In a subsequent post-

formation step, the epoxide moieties are functionalized with various amines, azides and 

thiols, as well as hydrolyzed to the corresponding diol. This provides a platform for the 

formation of versatile functional nanogels as carriers. 
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3.2  Results and Discussion 

3.2.1  GMA-EGDMA nanogel synthesis 

GMA-EGDMA nanogels (NGs) were prepared by RAFT copolymerization of glycidyl 

methacrylate (GMA) and ethylene glycol dimethacrylate (EGDMA) in a 3:1 mole ratio 

under dilute conditions (5 wt%).  

 

Scheme 1. The RAFT polymerization of EGDMA with GMA forming GMA-EGDMA nanogels. 

 

Monomer conversion was determined by 1H NMR spectroscopy, by integrating the 

characteristic signals of the alkene groups located at  = 6.1 and 5.7 ppm. NG size was 

determined by dynamic light scattering (DLS) and Figure 1 shows the NG diameter as a 

function of conversion, revealing gradual NG growth. All NGs had a PDI of 0.2. Branching 

and pre-NG clusters are formed starting from 0% conversion up to 20% (for this particular 

system). Afterwards well-defined NGs are formed that continue growing while 

maintaining narrow dispersity.57 Eventually stagnation in particle size occurs at higher 

monomer conversions, followed by the formation of a macrogel. Four representative 

samples were prepared and studied with 21, 26, 42 and 47% conversion, respectively, 

labeled GMA-EGDMA-21 and further. 

  



Chapter 3 

103 | P a g e  
 

3.2.2  GMA-EGDMA nanogel characterization 

Size exclusion chromatography (SEC) analysis on GMA-EGDMA NGs revealed broad size 

distributions that shift to shorter elution times with increasing monomer conversion. Due 

to the branches and crosslinks in the prepared NGs, the elution times cannot be related 

to linear polymer standards. Moreover, although the exclusion limit of the employed SEC 

column is over 4 × 107 g/mol, the shape of the distribution indicates that the NGs surpass 

the exclusion limits.  

 

Figure 1. Hydrodynamic diameter of GMA-EGDMA NGs as a function of monomer conversion. Inset: GMA-

EGDMA in 1,4-dioxane solution (left). Size exclusion chromatography traces of GMA-EGDMA NGs at 

increasing monomer conversion (right). 

 

The morphologies of GMA-EGDMA NGs were further analyzed by microscopy techniques. 

The TEM and AFM images of GMA-EGDMA-47 is highlighted below in Figure 2. Analysis of 

the TEM image gave a mean diameter of 17 nm. AFM indicated a mean diameter of 20 

nm and a mean particle height of 3 nm. These results combined the with DLS data in Figure 

1 demonstrate the malleability and responsiveness of the synthesized NGs. These NGs 
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swell in solution becoming spherical in shape (DLS). Once casted onto a surface and dried, 

the NGs flatten out and take up a disc-like shape.58 This phenomenon is observed both at 

ambient pressure (AFM) as well as under vacuum (TEM).  

 

Figure 2. TEM image of GMA-EGDMA NG (on the left) displaying round particles with a mean diameter of 17 

nm. AFM image (on the right) likewise indicates the formation of round, disc-like particles with a mean 

diameter of 20 nm and a mean height of 4 nm. The scale bars are 50 nm and 200 nm for TEM and AFM, 

respectively.  

 

1H NMR spectroscopy on GMA-EGDMA NG, reveals characteristic signals corresponding 

to the epoxide moieties, from which a concentration of residual methacrylates of 1.10 

mmol/g is calculated. Comparison of the signals at  = 4.3 ppm (4H from EGDMA and 1H 

from GMA) to those at 3.8 ppm (1H from GMA), gives an EGDMA:GMA incorporation ratio 

of approximately 1:3, which is in accordance with the feed ratio. 
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Figure 3. 1H NMR spectroscopy of a representative GMA-EGDMA sample at 29% monomer conversion, with 

characteristic epoxide signals at  = 3.2 ppm, 2.8 ppm and 2.7 ppm in DMSO-d6.  

 

NG formation also proceeds as described above in the presence of a third monomer. In 

the case of a monomer with a methacrylate functionality such as DMAEMA, it will be 

covalently incorporated into the NG structure.  

As known from the literature, NGs and other nanoparticles often encounter stability 

issues, resulting in aggregation.59 Particles with reactive groups tend to crosslink, while 

dried solid particles may no longer be redispersed. To assess the stability of the NGs 

formed, DLS measurements were repeated over time. The dried NGs were readily 

dissolved in various organic solvents (DMF, DMSO, 1,4-dioxane, CHCl3, DCM, acetone) and 

DLS analysis did not show signs of degradation or decomposition (no changes in 

hydrodynamic diameter or PDI) even after storing for 6 months at room temperature in 

dried state.  
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3.2.3  GMA-EGDMA nanogel functionalizations 

Having demonstrated the controllability and robustness of this system we proceeded to 

functionalization of the epoxide moiety by exploiting its reactivity and ring strain to 

demonstrate the versatility of these NGs.60 All functionalizations and reactions mentioned 

hereafter were done on GMA-EGDMA NG of which the remaining methacrylates were 

quenched with excess AIBN. The hydrodynamic particle diameter of these NGs was 41 nm 

as determined by DLS in 1,4-dioxane.  

  

Scheme 2. Functionalization of GMA-EGDMA NG through acid catalyzed epoxide ring opening, ring opening 

with sodium azide or tertiary amines, and ring opening with functional thiols. 

 

The epoxide moieties on the NGs were hydrolyzed in order to render the NGs water-

soluble. Reaction with excess TFA and water at room temperature resulted in GMA-

EGDMA-OH NG. 1H NMR spectroscopy no longer displayed the characteristic epoxide 

signals, indicating complete conversion, while new signals at  = 4.7 and 4.9 ppm are in 
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agreement with alcohol groups on the hydrolyzed epoxide. However, the solubility of 

GMA-EGDMA-OH NG in water remained limited. Foaming is observed, indicating 

solvation in water. However, even at concentrations as low as 0.12 mg/mL some 

sedimentation was observed. We suspect that there are two reasons for this 

phenomenon. Weaver and coworkers demonstrated that degree of polymerization (DP) 

plays a significant role in water-solubility of HEMA homopolymers bearing pendant 

hydroxyl groups like GMA-EGDMA-OH.61 The DP of the sedimented GMA-EGDMA-OH 

particles was likely too high rendering these NGs insoluble in water. Likewise, the ratio 

between the hydrophilic hydroxyl groups and the hydrophobic crosslinker and backbone 

of the sedimented NGs is too low to properly solvate these NGs. The variations in solubility 

indicate the formation of slightly different NG particles. Those NGs containing a higher 

ratio of epoxide moieties and thus more hydroxyl groups after hydrolysis are water-

soluble, whereas those with fewer epoxide groups remain insoluble in water after 

hydrolysis. Likewise, GMA-EGDMA-OH NGs with a lower DP are water-soluble. DLS 

measurements in DMF gave a particle diameter of 104 nm. Such a significant increase in 

size is expected for a more polar NG in a polar solvent with intrinsic swelling abilities. The 

increase in PDI further suggests the formation of slightly different particles. Various 

amounts of epoxide moieties and thus hydroxide groups after hydrolysis, mean varying 

amounts of swelling, resulting in a variety of GMA-EGDMA-OH particle sizes and thus an 

increase in PDI.  
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Figure 4. 1H NMR spectroscopy of GMA-EGDMA-OH NG (bottom) indicating full conversion as well as the 

presence of hydroxyl groups at  = 4.9 ppm and  = 4.7 ppm. 

 

Khan and coworkers have extensively researched the opening of epoxides with 

thiols, utilizing LiOH as a catalyst.62-66 To further probe the water-solubility of these NGs, 

the choice was made for 1-thioglycerol as the thiol reagent, forming GMA-EGDMA-THG 

NG. Stoichiometric amounts of LiOH were needed to achieve full conversion. 1H NMR 

spectroscopy indicates complete conversion and a successful reaction. DLS 

measurements in DMSO gave a Z-average of 67 nm. Despite full conjugation of 1-

thioglycerol onto the epoxide moieties, the resulting NG did not become appreciably 

water-soluble. We suspect that the ratio between the alcohol groups and the hydrophobic 

EGDMA crosslinker and methacrylate-based polymer backbone is too low to achieve 

(complete) water-solubility.  
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Alternatively, water-solubility can be achieved by introducing charge. GMA-EGDMA-Boc 

NG was synthesized as 2-(Boc-amino)ethanethiol has a recognizable signal on 1H NMR 

spectroscopy as well as the added benefit of becoming water-soluble upon deprotection. 

1H NMR spectroscopy of GMA-EGDMA-Boc NG indicates complete conversion. DLS 

measurements in DCM gave a Z-average of 75 nm. The increase in NG size is likely due to 

the bulky Boc group. Boc-deprotection was achieved with excess TFA resulting in GMA-

EGDMA-NH3
+ NG, as confirmed by the disappearance of the 1H NMR signal at  = 1.4 ppm 

corresponding to the 9 protons from the Boc group (data not shown). This cationic NG is 

fully water-soluble, with a hydrodynamic particle diameter of 91 nm in H2O and a high 

surface charge of +37 mV in 10 mM HEPES solution.  

 

Figure 5. 1H NMR spectra of NGs before (GMA-EGDMA) and after conjugation of Boc-aminoethanethiol 

(GMA-EGDMA-Boc).  
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Amines are also capable of nucleophilic attack on an epoxide and have been successfully 

used in post-polymerization functionalization. Xu and coworkers functionalized pGMA 

with various amines to synthesize nonviral transfection vectors for gene therapy.67-71 

Literature indicates however that crosslinking occurs most likely due to further 

functionalization of the amine.72-74 As such a tertiary amine was chosen for the formation 

of GMA-EGDMA-NR3
+ NG. 1H NMR spectroscopy exhibits no epoxide signals, indicating 

complete conversion. A signal at  = 3.3 ppm corresponds to the methyl groups on the 

quaternized amine. This cationic NG is water-soluble and displays a highly positive surface 

charge of +30 mV in 10 mM HEPES. DLS measurements in H2O gave a Z-average of 170 nm 

indicating characteristic swelling in water.75  

 

Tsarevsky and coworkers provide a protocol for the functionalization of the glycidyl 

methacrylate epoxide with sodium azide.76 Azides are a popular functional group as they 

can undergo azide-alkyne click reactions with various alkynes, installing radioactive 

tracers, targeting ligands and more. Ammonium chloride is utilized to protonate the 

alkoxide anion, preventing any possible crosslinking.77 The 1H NMR spectrum of GMA-

EGDMA-N3 NG displays no epoxide signals at  = 3.2 ppm, 2.8 ppm and 2.7 ppm – 

indicating complete conversion. The signals for the methylene adjacent to the azide group 

(-CH2N3) can be observed at 3.3 ppm. 1H NMR spectroscopy was also conducted in DMF-

d7. The resulting spectra are comparable to those found in literature.76 The 13C NMR 

spectroscopy signal indicative of a carbon next to the azide moiety (CH2N3) can be 

observed at  = 53 ppm in DMSO-d6 and at  = 55 ppm in DMF-d7 (Figures S1 and S2 

respectively in supplementary data). In addition, a distinctive azide signal is observed by 

FT-IR at 2104 cm-1. A broad peak at 3400 cm-1 corresponding to the hydroxyl group further 

confirms successful epoxide opening.  
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Figure 6. The 1H NMR spectrum of GMA-EGDMA-N3 (bottom) in DMSO-d6 indicates no more epoxides present 

and thus full conversion.  

 

Partial epoxide opening was also carried out with 0.5 equivalents of sodium azide 

to assess quantitative reactivity and control over functionalization. The FT-IR spectrum in 

Figure 7 (middle) displays an azide peak at 2104 cm-1, an OH peak at 3370 cm-1 and C=O 

peak at 1721 cm-1. The residual epoxide peak at 907 cm-1 is also present. 1H NMR 

spectroscopy in DMSO-d6 indicated approximately 43% conversion which is lower than 

the targeted 50% conversion. This is likely due to a stoichiometric excess needed to drive 

the reaction forward as well as the error margin of calculations done on NMR spectra of 

nanoparticles. 



Chapter 3 

112 | P a g e  
 

In a subsequent reaction the azide groups were clicked with a pro-fluorescent coumarin 

dye containing an alkyne moiety to assess their accessibility and reactivity when forming 

part of a complex NG network.   

 

Scheme 3. GMA-EGDMA-N3 NGs with residual epoxide groups were clicked with alkyne-coumarin under inert 

conditions. Tetrakis(acetonitrile)copper(I) hexafluorophosphate and TBTA (tris((1-benzyl-4-

triazolyl)methyl)amine) catalyzed the reaction. 

 

The FT-IR measurements depicted in Figure 7 indicate the disappearance of the azide peak 

at 2102 cm-1 (bottom spectrum). It is suspected that the triazole peak is located at 1650 

cm-1 but is shielded by the large carbonyl peak.78 The spectra in Figure 8 display the 

significant increase in fluorescence of the NG after attachment of the fluorescent 

molecule.   
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Figure 7. The. The top IR spectrum displays the GMA-EGDMA NG prior to undergoing post-synthesis 

modifications,  displaying an epoxide peak at 907 cm-1. In the middle spectrum the emergence of a hydroxyl 

group can be seen at 3400 cm-1 as well as an azide group at 2102 cm-1 after reacting with sodium azide. A 

subsequent click reaction of the azide moieties results in the disappearance of peak at 2102 cm-1 as can be 

seen in the bottom spectrum. 
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Figure 8. Comparing the fluorescence spectra of GMA-EGDMA-N3 before and after the reaction with a pro-

fluorescent coumarin dye indicates a significant increase in fluorescence intensity. Both NGs were measured 

at 3 mg/mL in DMF, exciting at λ = 360 nm and detecting the emission at λ = 380 nm – 700 nm.  

 

3.3  Conclusions 

In this chapter, we describe a novel method for the preparation of epoxide containing 

NGs that are robust and size-controllable. GMA-EGDMA NGs can be synthesized with a 

particle diameter between 38 and 95 nm. The polydispersity witnessed on TEM and GPC 

suggests that this method is quite sensitive and requires fine-tuning. Computational 

models and kinetics experiments should further elucidate intricacies influencing steady 

NG growth and reproducibility. Nevertheless, NGs formed via this method are highly 

robust and stable. They can withstand freeze-drying and solvent removal in vacuo and 
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once redissolved months later, retain their original size. The epoxide moiety incorporated 

in the NG remains accessible and can undergo post-polymerization modifications with 

amines, thiols, TFA and azides to a wide variety of versatile functional NGs. An increase in 

PDI of the resulting NGs suggests that some reactions are better tolerated than others. 

Water-soluble NGs are easily achieved by introducing permanent charge. The formation 

of charged NGs allows modification of its surface polarity and thus its efficacy in blood. 

This work serves to further illustrate the versatility achievable with polymeric NGs 

combined with increased efficiency and control when synthesized in a single step via a 

living polymerization with monovalent and divalent vinyl monomers. 
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3.5  Experimental section 

Materials. Glycidyl methacrylate (GMA, 97%) and ethylene glycol dimethacrylate 

(EGDMA, 98%) were purchased from Sigma-Aldrich and passed through a column of 

neutral Al2O3 prior to use. N,N-dimethylformamide (DMF, anhydrous, 99.8%), 

trifluoroacetic acid (TFA, HPLC grade, >99.0%), N,N-dimethylethanolamine (redistilled, 

99.5%), 1,4-dioxane (HPLC grade, >99.5%), azobisisobutyronitrile (AIBN, 98%), 2-(Boc-

amino)ethanethiol (97%), lithium hydroxide (LiOH, reagent grade, 98%), tris((1-benzyl-4-

triazolyl)methyl)amine (TBTA, 97%) and tetrakis(acetonitrile)copper(I) 

hexafluorophosphate (Cu(CH3CN)4PF6, 97%) were purchased from Sigma-Aldrich and used 
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without further purification. Sodium azide (NaN3, 99%) was purchased from Acros 

Organics and used as supplied. Safety note: Large scale reactions of azide are prone to 

dangerous exothermic reactions. The use of chlorinated solvents in the presence of 

sodium azide must be avoided, as the byproducts may be highly explosive.79 4-methyl-7-

(prop-2-yn-1-yloxy)-2H-chromen-2-one was purchased from MolPort as used without any 

further purifications. Dichloromethane (DCM, 99.7%) and methanol (MeOH) were 

obtained from Ossum Chemicals. Demi-water was used unless stated otherwise. The RAFT 

agent 2-[[(butylthio)thioxomethyl] thio] propanoic acid was synthesized following a 

literature procedure.80 

Analyses. Monomer conversions were determined by 1H NMR spectroscopy in 

DMSO-d6 or CDCl3 on a Bruker Avance 400 MHz spectrometer. The signals of the 

deuterated solvents were used as a reference. Monomer conversions were calculated 

either by preparing an 1H NMR sample with 20 mg NG, CDCl3, along with 25 μL of DMF as 

internal standard or by collecting the unreacted monomers during precipitation. 

Hydrodynamic diameters were measured by dynamic light scattering (DLS) using a 

Malvern Instruments Zetasizer ZS at a backscatter angle of 173 and taking the Z-average 

in intensity. Measurements were done in triplicate, employing PEG/PiBMA as control. 

Zeta potential was measured on the same equipment at 20°C in water employing folded 

capillary cells. Infrared spectroscopy (FT-IR) was performed on a Bruker Alpha and 

analyzed with OPUS software. Transmission electron microscopy (TEM) samples were 

prepared with a concentration of 0.8 mg/mL in 1,4-dioxane, of which 5μL was casted on 

a copper grid. The sample was subsequently stained with a 1 w/v% MilliQ solution of 

uranyl acetate for 35 seconds. Excess staining was removed with a filter paper. TEM 

images were collected on a Philips CM300ST-FEG transmission electron microscope 300 

kV equipped with GATAN Ultrascan1000 (2kx2k CCD camera) and GATAN Tridiem energy 

filter (2Kx2K CCD camera). The TEM images were analyzed with ImageJ software by 
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measuring the diameters of 200 individual NG spheres and calculating the average size 

and standard deviation. Dialysis was done using Spectra/Por 6 Dialysis Membrane Pre-

wetted RC Tubing with a molecular weight cut-off of 1 kD. Size exclusion chromatography 

(SEC) was performed on a Waters e2695 Separations Module equipped with an Agilent 

PLgel 20 μm MIXED-A 300x7.5 mm column, a Waters photodiode array detector (PDA 

2998), a fluorescence detector (FLR 2475) and a refractive index detector (RI 2414). 

Samples were dissolved in HPLC grade chloroform (eluent) to a concentration of 2.0 

mg/mL and filtered with a GE Healthcare Whatman SPARTAN 13/0.2 RC 0.2 μm syringe 

filter. An injection volume of 100 μL was applied along with an elution speed of 1 mL/min 

at 35°C. Molecular weights and PDI were calculated from linear polystyrene calibration 

standards.  

 

3.5.1  Nanogel synthesis 

GMA-EGDMA NG formation. RAFT agent 2-[[(butylthio)thioxomethyl] thio] 

propanoic acid (248.8 mg, 1 mmol, 1 equiv.), AIBN (34.3 mg, 0.2 mmol, 0.2 equiv.), GMA 

(5.2 mL, 39.2 mmol, 37.5 equiv.), EGDMA (2.46 mL, 13.1 mmol, 12.5 equiv.) and 1,4-

dioxane (150 mL, 95 w/w%) were added to a 500 mL round bottom flask equipped with a 

stir bar, sealed with a septum and purged with nitrogen for 45 min. The flask was 

subsequently placed in an oil bath at 70 °C and allowed to react for 1.5 h after which it 

was taken out of the oil bath and quenched with 3 mL DCM or excess AIBN (4.42 g, 26.9 

mmol) in 1,4-dioxane (30 mL). The NG was precipitated three times in hexane yielding a 

white solid (unquenched NG 2.06 g, 29% conversion, 5.51 mmol/g epoxides, 1.102 

mmol/g dangling methacrylates; quenched NG 2.78 g, 54% conversion, 3.04 mmol/g 

epoxides).  
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3.5.2  Nanogel functionalization 

GMA-EGDMA-N3 NG formation. GMA-EGDMA NG (101 mg, 0.3 mmol epoxides), 

sodium azide (40.4 mg, 0.6 mmol, 2 equiv.), ammonium chloride (49.2 mg, 0.9 mmol, 3 

equiv.) and DMF (10 mL) were combined in a 25 mL round bottom flask, equipped with a 

magnetic stir bar, and heated at 50 °C for 2 days. The salts did not fully dissolve in DMF. 

The crude NG was precipitated in water, filtered, rinsed with water and transferred to a 

new filter paper to dry.  

GMA-EGDMA-N3 NG formation. GMA-EGDMA NG (96.7 mg, 0.3 mmol epoxides), 

sodium azide (9.4 mg, 0.15 mmol, 0.5 equiv.), ammonium chloride (48.8 mg, 0.9 mmol, 3 

equiv.), and DMF (10 mL) were combined in a 25 mL round bottom flask, equipped with a 

magnetic stir bar and heated at 50 °C overnight. The salts did not fully dissolve in DMF. 

The crude NG was precipitated in water, filtered, rinsed with water and transferred to a 

new filter paper to dry resulting in a white solid (229 mg, ~43% conversion).  

GMA-EGDMA-click formation. A click procedure was used as described in 

literature.81 GMA-EGDMA-N3 (10.15 mg, 15.4 µmol) was dissolved in DMF (0.5 mL) and 

stirred for 24h to achieve maximum solubility. To a snap cap vial containing DCM (1.17 

mL) was added 4-methyl-7-(prop-2-yn-1-yloxy)-2H-chromen-2-one  (3.28 mg, 15.3 µmol). 

TBTA (1.53 mg, 2.9 µmol) and Cu(CH3CN)4PF6 (0.89 mg, 2.4 µmol) were dissolved in MeOH 

(1.17 mL) resulting in a light blue solution. A N2 purged RB flask fitted with a N2 filled 

balloon, was charged with the NG solution, extra DMF (0.5 mL) , the dye solution and the 

catalysts solution by means of N2 flushed syringes. The light green, turbid reaction mixture 

turned pale yellow during the 24h reaction and remained turbid. Solvents were removed 

under reduced pressure resulting in a yellow/green solid. The product was redissolved in 

DMF, the solids were filtered out and the solution was subjected to flash column 

chromatography (SiO2, DMF).  
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GMA-EGDMA-NR3
+ NG formation. GMA-EGDMA NG (105.5 mg, 0.3 mmol 

epoxides), N,N-dimethylethanolamine (62 μL, 0.6 mmol, 2 equiv.), DMF (9 mL) and H2O (1 

mL) were added to a 25 mL round bottom flask equipped with a magnetic stir bar and 

allowed to stir at 50°C for 2 days. The reaction mixture was precipitated in diethyl ether, 

dissolved in H2O, dialyzed for 4 days against water, MWCO = 1 kDa and freeze-dried 

resulting in a white solid (40 mg, 100% conversion).  

GMA-EGDMA-OH NG formation. GMA-EGDMA NG (97.2 mg, 0.3 mmol 

epoxides), TFA (0.23 mL, 3 mmol, 10 equiv.), THF (9 mL) and H2O (1 mL) were added to a 

50 mL Erlenmeyer flask, equipped with a magnetic stir bar and allowed to stir overnight 

at room temperature. The solvents were removed in vacuo and the NG was redissolved 

in MeOH and precipitated in H2O. The NG was dissolved in H2O and dialyzed against water 

for 2 days, MWCO = 1 kDa. Freeze drying resulted in a white solid (100 mg, 100% 

conversion).  

GMA-EGDMA-THG NG formation. GMA-EGDMA NG (96.8 mg, 0.3 mmol 

epoxides) and 1-thioglycerol (0.06 mL, 0.7 mmol, 2.5 equiv.) were dissolved in 9 mL DMF. 

LiOH (6.9 mg, 0.3 mmol, 1 equiv.) was dissolved in 1 mL H2O and added dropwise to the 

organic solution. The cloudy reaction mixture stirred at room temperature overnight. The 

NG was dispersed in H2O and dialyzed against water for 3 days, MWCO = 1 kDa. Freeze 

drying resulted in a white solid (130 mg, 100% conversion).  

GMA-EGDMA-Boc NG formation. GMA-EGDMA NG (94.7 mg, 0.3 mmol epoxides) 

and 2-(Boc-amino)ethanethiol (0.12 mL, 0.7 mmol, 2.5 equiv.) were dissolved in 9 mL 

DMF. LiOH (24.7 mg, 1.0 mmol, 3.6 equiv.) was dissolved in 1 mL H2O and added dropwise 

to the organic solution. The reaction mixture stirred overnight at room temperature 

becoming yellow and cloudy. The NG was dispersed in H2O and dialyzed against water for 

6 days, MWCO = 1 kDa. Water was removed under reduced pressure. The NG was 
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dissolved in DCM, dried over MgSO4, filtered, concentrated in vacuo and precipitated in 

hexane twice.  

GMA-EGDMA-NH3
+ NG formation. To a 12 mL colorless solution of GMA-EGDMA-

Boc NG (0.29 mmol) in DCM was added TFA (0.11 mL, 1.4 mmol, 5 equiv.) and a magnetic 

stir bar. Upon addition of TFA the solution became yellow. The reaction was allowed to 

stir overnight forming sedimentation of NG that is no longer soluble in the organic 

solvents. Water was added to the reaction mixture and TFA and DCM were removed 

under reduced pressure. The aqueous solution was dialyzed against water for 2 days. 

Freeze drying yielded a white solid (90 mg, 100% conversion). 
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3.7  Supplementary data 

 

Figure S1. Zoomed in 13C NMR spectrum of GMA-EGDMA-N3 (bottom) in DMSO-d6 indicates the presence of 

C-N3 bonds at  = 53 ppm. 

 

 

Figure S2. 13C NMR spectrum of GMA-EGDMA-N3 in DMF-d7 indicates the presence of C-N3 bonds at  = 55 
ppm. 
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Chapter 4 
 

Post-polymerization functionalization of the epoxy 

moiety to sulfonium nanogels 

 

Nano-sized hydrogel particles, also known as nanogels, are crosslinked polymeric 

nanoparticles that are promising materials for biomedical applications. By incorporating 

positively charged sulfur groups, also known as sulfonium groups, these materials could 

be used as cationic carriers for gene delivery. In this chapter glycidyl methacrylate-

ethylene glycol dimethacrylate (GMA-EGDMA) nanogels are synthesized as a platform for 

subsequent functionalization. Post-polymerization modifications of these nanogels was 

achieved by ring-opening reactions of the GMA epoxy moieties. Ring-opening reactions 

with diethyl sulfide were carried out to install permanent cationic sulfonium groups on 

the nanogels, yielding readily water-soluble nanogels with a zeta potential of  ζ = +40 mV 

at neutral pH and a mean diameter of D = 29 nm as determined by transmission electron 

microscopy (TEM). The degree of functionalization with sulfonium groups was found to 

be tunable. Particles with a low degree of 

functionalization require a more 

hydrophilic nanogel structure to yield 

solubility in water at ambient temperature 

and a minimum concentration of 2 mg/mL. 

The work presented here serves as a 

foundation for the synthesis of sulfonium-

functionalized nanogels with tunable 

particle size and charge density.  
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4.1  Introduction 

4.1.1  Gene therapy 

Gene therapy is a promising therapeutic strategy applicable for treatment of inherited or 

acquired disorders, such as AIDS1-2 and cancer3-4 by using exogenous genetic material as 

medicine, thereby influencing protein expression in cells.5-6 There are three general 

approaches to gene therapy, the first of which involves replacing a dysfunctional gene by 

a healthy copy (DNA or mRNA). Another approach is introducing new or missing genes for 

the expression of a therapeutic protein. The third approach involves silencing of a 

mutated gene by interfering with its expression after transcription. For example, by 

introducing complementary short strands of non-coding RNA, also known as microRNA, 

mRNA translation can be downregulated, reducing gene expression.7-8 However, 

therapeutic use of DNA or RNA comes with challenges; simply injecting nucleic acids 

intravenously leads to enzymatic degradation by nucleases, renal clearance, and 

clearance by the mononuclear phagocyte system.9-11 Therefore, delivery systems, also 

known as vectors, are needed to safely and effectively deliver therapeutic genes in vivo.  

 

4.1.2  Gene delivery vectors in nanomedicine 

An ideal nanocarrier should protect the genetic material from enzymatic degradation in 

physiological fluids and removal by macrophages and the kidneys. As cellular membranes 

are negatively charged, the nanocarrier should also neutralize or shield the negative 

charges of the nucleic acids to prevent electrostatic repulsion. Ideally, the nanocarrier 

should allow for easy functionalization with targeting ligands for specific uptake. Also, the 

carrier should allow for precise control over the amount of gene expression and should 

regulate the release of genetic material. Furthermore, the nanocarrier should be 
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biocompatible to prevent side effects and be easy to produce on a commercial scale at a 

reasonable cost. 12-13 Satisfying these criteria requires the nanocarrier to have tunable 

properties such as size, shape, surface charge and hydrophilicity to influence its 

interactions with biological systems.14 For example, nanoparticles with a diameter smaller 

than 10 nm are subject to renal clearance from the blood stream.15 Conversely, large 

particles with a diameter exceeding roughly 200 nm are cleared by the mononuclear 

phagocyte system, accumulating in the liver and spleen.16-17 Thus, the optimal size for a 

nanocarrier (including its cargo) should be between 10 and 200 nm for prolonged 

circulation and optimal biodistribution. Both size and surface charge influence cellular 

uptake. Positively charged particles are known to adsorb onto the negatively charged cell 

membrane, leading to an improvement in uptake efficiency compared to neutral or 

negatively charged particles.18 After adsorption to the outer cell membrane, these 

particles are internalized by adsorptive endocytosis.19-20 Particles smaller than 100 nm can 

generally be encapsulated in endocytic vesicles, allowing for cellular entry through 

endocytosis.21 Therefore, the ideal particle size is larger than 10 nm –  to prevent renal 

clearance, and smaller than 100 nm to stimulate endocytosis.20  

Gene delivery vectors can generally be classified into three groups: viral vectors, physical 

vectors, and synthetic (chemical) vectors. Whereas viral and synthetic vectors are based 

on the encapsulation or complexation of nucleic acids into nano-sized carrier, physical 

vectors rely on forcing nucleic acids across the cell membrane by an external stimulus. 

Although viral vectors such as the lentivirus22-23 and the adenovirus24 generally offer 

higher transfection efficiencies, these systems often cause an immune response in vivo, 

in addition to their potential mutagenic effects.6, 12, 25-26 The high cost of production is also 

not favorable. As such, synthetic gene delivery systems pose safer and cheaper 

alternatives. Synthetic vectors can be inorganic, lipid-based, and polymeric. Lipid-based 

vectors employ amphiphilic lipids to encapsulate nucleic acids in liposomes or micelles for 
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therapeutic use.27-30 Although several limitations are associated with lipid-based vectors, 

such as toxicity, premature payload release31-34 and poor stability35-37, these vectors are 

among the most widely used non-viral vectors.38-44 Polymeric vectors are based on a 

polymer/nucleic acid complex (polyplex), formed by electrostatic interactions between a 

positively charged polymer and negatively charged nucleic acids. Polyethylenimine (PEI), 

is one of the most well-known examples of synthetic polymeric vectors.45-46 PEI has been 

used for gene transfection in vivo, in linear or branched forms and with varying molecular 

weights, yielding varying degrees of transfection efficiency and cytotoxicity.47-48 

Moreover, the buffering capacity of the nitrogen atoms, able to be protonated in PEI, has 

been proposed to aid in endosomal escape due to an increase in osmotic pressure upon 

acidification of endosomes – the so called “proton sponge effect”.46, 49-50 In addition to 

linear or branched polymers, many nano-sized polymer architectures have been utilized 

for gene delivery, such as dendrimers51-52 and polymersomes53.  

 

4.1.3 The synthesis of nanogel carriers via controlled crosslinking polymerization  

Other polymer nanostructures include nanogels which are crosslinked three-dimensional 

polymer networks able to be highly biocompatible with high (therapeutic) cargo loading.54 

Nanogels typically have a network-like structure with inter- as well as intramolecular 

crosslinks.55-56 Nanogels are generally prepared by (inverse) microemulsion methods that 

consist of an oil-in-water strategy producing hydrophobic nanogels or hydrophilic 

nanogels that require multiple tedious steps to purify.57-59 

Nanogels can be synthesized by controlled crosslinking polymerization (CCP) of 

monomers with multi-functional co-monomers, relying on simultaneous polymer growth 

and crosslinking in a homogenous reaction mixture.60 Nanogels synthesized via living 

polymerization have a very similar degree of polymerization across all individual polymer 
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chains, leading to a low polydispersity index. This allows for the synthesis of precisely 

designed polymer nanostructures with a high degree of control over molecular mass, 

making it especially suitable for the synthesis of small nanogels (<100 nm).54, 61-62 Nanogels 

have been shown to be high functioning delivery vehicles for many biomedical 

applications including gene delivery.63-64 Nanogels are highly sensitive to stimuli and 

require minor changes in physiological conditions to exert a response, as opposed to 

conventional drug delivery platforms.65-67 

 

4.1.4 Post-polymerization modifications of epoxide-containing polymers to 

sulfonium polymers 

Cationic polymers can be synthesized by polymerizing cationic monomers68 or by post-

polymerization modifications that introduce positive charge. The advantage of the second 

method is that one scaffold can be used for the synthesis of a family of materials with 

similar macrostructure (e.g. degree of crosslinking, particle size, degree of polymerization) 

but different functionality.69 Positive charge can be installed on polymer pendent groups 

by alkylation of a thioether with an alkyl halide, forming a sulfonium group.70-71 Kramer et 

al.71 utilized this strategy for the post-polymerization functionalization of poly-(ʟ-

methionine) by means of a “click” type reaction as shown in Scheme 1. 
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Scheme 1. Post-polymerization modification of thioether moieties using alkyl halides (R-X) in a “click” type 

reaction to functionalize poly-(ʟ-methionine), as demonstrated by Kramer et al.71. 

 

Ethers (R1-O-R2) do not react with alkyl halides due to their poor nucleophilicity and 

inability to accommodate positive charge. Thioethers (R1-S-R2) on the contrary are 

relatively good nucleophiles due to the large atomic radius of sulfur, which yields 

polarizable electron clouds.72 Likewise, polymers employing thioether moieties were 

shown to react with epoxides under acidic conditions, forming charged sulfonium groups 

in a single step.73-74  

 

Scheme 2. Post-polymerization modification employing thioether-epoxide chemistry, as shown by Park et al.73  
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In this chapter we synthesize sulfonium nanogels from two glycidyl methacrylate nanogel 

precursors – achieving various degrees of epoxide conversions. The remaining epoxides 

undergo a second ring opening reaction with TFA, thioglycerol or thiol-PEG to quench all 

epoxides and increase hydrophilicity. 

 

4.2 Results and Discussion 

4.2.1  GMA-EGDMA nanogel functionalizations 

GMA-EGDMA nanogel was synthesized as described in Chapter 3. Once a desirable 

monomer conversion was achieved (30%), a large excess of AIBN was added to the 

reaction mixture to quench the remaining methacrylates. Dynamic Light Scattering (DLS) 

measurements gave a Z-average hydrodynamic diameter of 60 nm (in DCM) and analysis 

by Transmission Electron Microscopy (TEM) resulted in a similar particle diameter of 56 

nm.  

 

Figure 1. GMA-EGDMA nanogel at 30% monomer conversion was analyzed by DLS and TEM displaying 

unimodal distribution for both techniques.  
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The next step towards the formation of a gene carrier is the installation of charge. Plasmid 

DNA that is utilized to traffic foreign genes into the human body has a negative charge. As 

such it is desired to have  the gene vector be positively charged to facilitate interaction 

and ensure proper conjugation. Utilizing the method first published by Park73 – GMA-

EGDMA nanogel was functionalized with diethyl sulfide in a ring-opening reaction to yield 

a sulfonium-functionalized nanogel.  

 

Scheme 3. The synthesis of sulfonium-functionalized GMA-EGDMA-S+ was followed by dialysis against 0.1M 

NaCl to exchange the acetate counter ion for a chlorine counter ion. 

 

Figure 2 displays the 1H NMR spectrum of GMA-EGDMA-S+ at full epoxide conversion. 

Characteristic signals of the sulfonium group are labeled at  = 1.4 ppm and  = 3.5 ppm. 

These signals are shifted upfield compared to uncharged thioether, as expected. Full 

conversion of epoxides is assessed by the absence of epoxide signals at  = 2.6 ppm,  = 

2.8 ppm and  = 3.2 ppm.  
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Figure 2. 1H NMR spectrum of GMA-EGDMA-S+, with characteristic signals of the sulfonium group at  = 1.4 

ppm labelled blue and at  = 3.5 ppm labelled green.  

 

The zeta potential of GMA-EGDMA-S+ was determined to be +40 mV at neutral pH (in 5 

mM KCl), meaning a high surface charge. This is reflected back in the hydrodynamic 

diameter of GMA-EGDMA-S+ compared to GMA-EGDMA. DLS measurements indicated a 

size increase from 60 nm to 95 nm, likely the result of the positive charges repelling each 

other.   
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Figure 3. The hydrodynamic diameters of GMA-EGDMA-S+ (in 5 mM KCl) and GMA-EGDMA (in DCM) were 

measured by means of DLS indicating a semi bimodal size distribution. This increase in size is likely the result 

of same charges repelling each other as well as a difference in solvents. 

 

The dynamic nature of these nanogels was further illustrated by TEM analysis. A mean 

particle diameter of 29 nm was measured, which is significantly lower than described 

above. This is expected as the nanogel is soft and well-solvated during DLS measurements 

as opposed to high vacuum during TEM measurements.  
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Figure 4. TEM micrographs of GMA-EGDMA-S+ give a mean particle diameter of 29 ± 10 nm. The scale bar 

represents 50 nm.  

 

4.2.3 Controlled epoxide conversion 

Particles with high charge density are known to exhibit cytotoxicity.75 Therefore, control 

over the degree of functionalization with charged moieties is desired. By investigating the 

kinetics of GMA-EGDMA-S+ synthesis, a certain degree of functionalization and thus 

positive charge can be obtained by quenching the reaction at a certain time point. The 

evolution of characteristic 1H NMR signals for GMA-EGDMA-S+ during the diethyl sulfide 

induced ring-opening reaction is shown in Figure 5. 

 

50 nm 
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Figure 5. Conversion of epoxides during a ring-opening reaction of GMA-EGDMA-S+ with 5 equiv. of diethyl 

sulfide in AcOH/acetone 1:1, as analyzed by 1H NMR spectroscopy in acetone-d6. The characteristic signals of 

the sulfonium group at  = 1.4 ppm and  = 3.5 ppm increase with time. Conversion was calculated utilizing 

1,3,5-trioxane as an internal standard. Its singlet peak can be seen at 5.1 ppm. 

 

4.2.4  Solubility of sulfonium-functionalized nanogels  

Having demonstrated the control over conversion and thus charge density, a series of 

GMA-EGDMA-S+ nanogels were made at various epoxide conversions. Surprisingly, 

relatively high conversions were needed to achieve water-solubility. At 50% epoxide 
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conversion solubility was achieved at a concentration of 0.5 mg/mL in water after 30 min 

of sonication. 

 

Scheme 4. The synthesis of GMA-EGDMA-S+-x, x denoting the epoxide conversion. 

 

Table 1. GMA-EGDMA-S+-x nanogels were synthesized and their solubility in water was probed. The nanogels 

became appreciably water-soluble at 50% epoxide conversion. 

Conversion (%) Water-soluble 

15 no 

25 no 

30 no 

45 no 

50 yes 
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As these nanogels are to be used in the human body for transfection purposes, water-

solubility is a strict requirement. The remaining epoxides of GMA-EGDMA-S+-x provide a 

convenient handle for further nanogel functionalizations to enhance water-solubility. 

Coincidentally this strategy also increases the biocompatibility of these nanogels as 

epoxides have been proven to be toxic.76  

Having demonstrated in Chapter 3 the versatility and ease of epoxide ring opening 

reactions, it was decided to apply these strategies on GMA-EGDMA-S+-x.  

 

Scheme 5. Water-solubility of GMA-EGDMA-S+-x was attempted by hydrolyzing the remaining epoxides with 

TFA to GMA-EGDMA-S+-OH and by subjecting them to ring opening reactions with hydrophilic thiols to GMA-

EGDMA-S+-THG and GMA-EGDMA-S+-mPEG. 
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4.2.5  Hydrolysis of epoxides using TFA  

As a first strategy, hydrolysis of the remaining epoxides was carried out in an 

attempt to solubilize GMA-EGDMA-S+-x nanogels at low charge densities. The nanogel 

was reacted with TFA in 9:1 THF/water. During this step the acetate counterion is replaced 

by a trifluoroacetate counterion as excess TFA (12 equivalents to epoxide groups) is used. 

However, this counterion has been reported as toxic in cell culture experiments by 

inhibition of proliferation.77 Therefore, dialysis against 0.1 M NaCl was done to facilitate 

counterion exchange to Cl-. The disappearance of the AcO- 1H NMR signal at  = 1.9 ppm 

indicated a successful exchange. Nanogels GMA-EGDMA-S+-10, GMA-EGDMA-S+-15 and 

GMA-EGDMA-S+-25 (with 10, 15, 25 denoting the epoxide conversion) all formed 

insoluble crosslinked products. GMA-EGDMA-S+-45 was successfully hydrolyzed to GMA-

EGDMA-S+-45-OH. IR measurements, showed no characteristic epoxide band at 907 cm-1, 

indicating complete hydrolysis of epoxides. Although the exact mechanism behind 

crosslinking during acidic hydrolysis with a low charge density is not known, it is suspected 

that particles with higher charge density experience more electrostatic repulsion, 

preventing crosslinking due to decreased proximity. GMA-EGDMA-S+-45-OH was water-

soluble. DLS and zeta potential measurements gave a hydrodynamic diameter of 121 nm 

and a surface charge of +34 mV at neutral pH. As hydrolysis of the epoxides is troublesome 

for nanogels with low degrees of charge density, other reactions were investigated.  

 

4.2.6 Thioglycerol-epoxy ring-opening  

Thiol-epoxy ring-opening reactions are known as click chemistry reactions, proceeding 

with high efficiency at ambient temperatures.78 Therefore, thiol-epoxy reactions were 

investigated for the solubilization of GMA-EGDMA-S+-x. To enhance hydrophilicity, 1-

thioglycerol was used during a ring-opening reaction under basic conditions. 
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Unfortunately these nanogels were also not water-soluble at a concentration of 0.5 

mg/mL. Cell transfection experiments can be carried out at lower nanogel concentrations 

– however, 0.5 mg/mL is the minimum required for accurate characterization.  

 

4.2.7  mPEG thiol-epoxy ring opening  

PEGylation is a well-known strategy to improve water-solubility of particles.79 PEGylated 

particles are also known to have an increased blood circulation half-life. Therefore, a thiol-

functionalized PEG oligomer (O-(2-mercaptoethyl)-O′-methyl-hexa(ethylene glycol)) was 

employed in efforts to solubilize GMA-EGDMA-S+-x. To prevent crosslinking, a thiol-

functionalized PEG oligomer with six repeating ethylene glycol units and methoxy end-

groups (mPEG) was chosen. Longer mPEG units are expected to experience a greater 

degree of steric hindrance when attacking epoxides within the nanogel matrix. 

Conversely, shorter mPEG units might not yield water-soluble nanogels due to their 

relatively low contribution to overall hydrophilicity of the nanogels. The degree of 

conversion could not be determined by 1H NMR spectroscopy due to overlapping signals 

in the 2.5 - 3.5 ppm region. These NMR spectra however are in agreement with the one 

obtained in the work of De et al.78, who used a similar approach to attach thiolated mPEG 

chains to polymers with epoxide moieties. Sulfonium-mPEG functionalized nanogels 

GMA-EGDMA-S+-27-mPEG and GMA-EGDMA-S+-47-mPEG were synthesized. These 

compounds, however, exhibited poor water-solubility as well at 0.5 mg/mL. DLS indicated 

the presence of large aggregates.  
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4.2.8  Probing nanogel solubility by tuning its crosslinker  

The experiments described above irrefutably indicate that proper solvation of GMA-

EGDMA-S+-x nanogels at low positive charge density is not achievable solely by 

functionalization of the remaining epoxides with hydrophilic reactants. The remainder of 

the nanogel matrix is probably too hydrophobic. Another strategy would be reducing this 

hydrophobicity, for example by using a more hydrophilic crosslinker during nanogel 

synthesis.  

Test reactions were carried out with N,N′-methylenebisacrylamide (MBA), diethylene 

glycol dimethacrylate (DEGDMA) and tetraethylene glycol dimethacrylate (TTEGDMA) as 

crosslinker at varying conditions. MBA did not form well-defined nanogels as it is not 

compatible with GMA – most likely due to differing reactivity ratios. DEGDMA and 

TTEGDMA were successfully crosslinked with GMA to form nanogels. The remaining 

methacrylate groups were not quenched as they do not hinder the reaction with diethyl 

sulfide or cause crosslinking. 

 

Scheme 6. The RAFT polymerization of DEGDMA and TTEGDMA with GMA forming GMA-DEGDMA (n =1) and 

GMA-TTEGDMA (n=3) nanogels. 
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In a next step, these two nanogels were subjected to epoxide ring opening 

reaction with diethyl sulfide to form GMA-DEGDMA-S+-x and GMA-TTEGDMA-S+-x at low 

epoxide conversions (low value for x) and evaluate their water-solubility. 

 

Scheme 7. GMA-DEGDMA (n = 1) and GMA-TTEGDMA (n = 3) were reacted with 3 equivalents of diethyl 

sulfide to form GMA-DEGDMA-S+-x and GMA-TTEGDMA-S+-x. 

 

Both reactions were successful, however, only GMA-TTEGDMA-S+-15 was water-soluble 

at 1.3 mg/mL in. 1H NMR spectroscopy indicated an epoxide conversion of 15%.  
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Figure 6. 1H NMR spectrum of GMA-TTEGDMA-S+-15 in D2O displays the characteristic sulfonium peaks at  

= 1.4 ppm and  = 3.5 ppm along with the remaining epoxide peaks at  = 2.6 ppm and  = 2.8 ppm (the 

epoxide peak at  = 3.2 ppm is hidden under the methylene peaks of the sulfonium group). The acetate 

counter ion can also be seen at  = 1.9 ppm. The structure of the nanogel was simplified to enhance clarity. 

Utilizing TTEGDMA as crosslinker during nanogel formation with GMA increases the 

hydrophilicity of the nanogel and its water-solubility at low surface charge density.  

 

4.3  Conclusions 

The objective of this work was to synthesize sulfonium-functionalized nanogels for gene 

delivery applications. GMA-EGDMA nanogels were synthesized by a RAFT CCP approach 

followed by methacrylate quenching.  

Sulfonium groups were installed by applying a ring-opening reaction of epoxide moieties 

with diethyl sulfide under acidic conditions. The degree of functionalization was found to 

be controllable by monitoring the conversion with NMR spectroscopy.  
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The solubility of sulfonium functionalized nanogels GMA-EGDMA-S+-x in water was found 

to be heavily dependent on the degree of functionalization (x) and thus the amount of 

positive charge. Several approaches were investigated to solubilize sulfonium-

functionalized nanogels GMA-EGDMA-S+-x by utilizing the remaining epoxides as a 

reactive moiety. Hydrolysis of epoxides with TFA was found to induce crosslinking by a so 

far unknown mechanism. Thiol-epoxy ring-opening reactions with 1-thioglycerol and a 

thiol-functionalized mPEG oligomers were either not successful or did not give 

appreciably water-soluble products. 

Substituting the crosslinker EGDMA for its longer and more hydrophilic equivalent 

TTEGDMA resulted in GMA-TTEGDMA nanogels that once functionalized with a sulfonium 

moiety are water-soluble starting from 15% epoxide conversion (GMA-TTEGDMA-S+-15).  

The work presented here serves as a foundation for the synthesis of sulfonium-

functionalized nanogels with tunable size and charge density, potentially serving as non-

toxic efficient gene carriers.  
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4.5  Experimental section 

Materials. Glycidyl methacrylate (GMA, 97%), ethylene glycol dimethacrylate 

(EGDMA, 98%), diethylene glycol dimethacrylate (DEGDMA, 95%) and tetraethylene 

glycol dimethacrylate (TTEGDMA, >90%) were purchased from Sigma-Aldrich and passed 

through a column of neutral Al2O3 prior to use. Potassium chloride (KCl), N,N-

dimethylformamide (DMF, anhydrous, 99.8%), trifluoroacetic acid (TFA, HPLC grade, 

>99.0%), 1,4-dioxane (HPLC grade, >99.5%), azobisisobutyronitrile (AIBN, 98%) and 

lithium hydroxide (LiOH, reagent grade, 98%) were purchased from Sigma-Aldrich and 

used without further purification. Dichloromethane (DCM, 99.7%) and methanol (MeOH) 

were obtained from Ossum Chemicals. The RAFT agent 2-[[(butylthio)thioxomethyl] thio] 

propanoic acid was synthesized following a literature procedure.80 Deuterated solvents 

were purchased from Sigma-Aldrich and used as received. The water used in this work 

was treated through a Milli-Q Gradient System. Monomers containing hydroquinone as 

inhibitor were filtered over aluminium oxide 90 neutral before use. Dialysis was carried 

out using SnakeSkin dialysis tubing with a molecular weight cut-off of 10 kDa.  

Analysis. Lyophilization was performed using a Labconco FreeZone 4.5 Liter 

Benchtop Freeze Dry System. NMR spectra were recorded on a Bruker Ascend 400 MHz 

NMR spectrometer at 298 K. Residual solvent signals were used as internal reference 

according to the literature.81 Multiplicities are abbreviated as follows: singlet (s), doublet 

(d), and multiplet (m). IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer 

from Thermo Scientific, equipped with a Smart Orbit Diamond Attenuated Total 

Reflectance accessory. DLS and zeta potential measurements were carried out on a 

Malvern Zetasizer 4000, performed in triplicate. As a reference material for DLS, 

poly(ethylene glycol)-co-poly(isobutyl methacrylate) with a refractive index (RI) of 1.465 

was used. DLS measurements were carried with concentrations in the range of 0.5-1.0 

mg/mL. Zeta potential measurements were carried out in Milli-Q in the presence of 5 mM 
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KCl or in 10 mM HEPES buffer at pH = 7. TEM was carried out on a Philips CM300ST-FEG 

Transmission Electron Microscope. Samples were prepared on Electron Microscopy 

Sciences FCF200-Cu Formvar/copper support grids (200 mesh). Solutions of nanogels 

were prepared with concentrations of 0.5 mg/mL in water or 1,4-dioxane and sonicated 

for 30 min. 5 μL of the solution was deposited on the grid and dried immediately using a 

paper filter. After drying of the grid in the fume hood, 5 μL of an aqueous 1% w/v uranyl 

acetate solution was deposited on the grid and dried after 30 seconds, using a paper filter. 

Then, samples were dried in the fume hood. Particle size analysis using TEM micrographs 

was carried out using ImageJ software by calibrating to the scale given in the micrographs 

and measuring at least 200 particles.  

 

4.5.1  Nanogel synthesis 

GMA-EGDMA nanogel formation. In a typical procedure, GMA (2.1 mL, 16 mmol, 

3.0 equiv.), EGDMA (1.0 mL, 5.3 mmol, 1.0 equiv), AIBN (1.4 mL, 61 mM in 1,4-dioxane, 

8.4 µmol, 1.6 mol%), and 2-(((butylthio)carbonothioyl)thio)propanoic acid (1.0 mL, 0.42 

M in 1,4-dioxane, 0.42 mmol, 8.0 mol%) were added to a flask with 50 mL of 1,4-dioxane, 

giving a monomer concentration of 6% w/w. The flask was sealed with a septum and 

degassed by nitrogen bubbling for 30 min. Then, the reaction mixture was heated to 70 

°C and stirred at 200 rpm for 90 min. An excess of AIBN (4.6 gram, 28 mmol, 5.3 equiv.) 

was dissolved in 30 mL of 1,4-dioxane. This AIBN solution was degassed by nitrogen 

bubbling for 30 min and added to the reaction mixture. After 22 h of stirring at 70 °C, the 

reaction mixture was precipitated three times in hexane. The solids were dried under a 

stream of nitrogen yielding white solids (1.33 gram, quantitative yield). Conversion of 

monomers was determined by 1H NMR spectroscopy using 1,4-dioxane as an internal 
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standard for relative signal intensity. 1H NMR spectroscopy at 90 min gave a monomer 

conversion of 30%.   

1H NMR (GMA-EGDMA, 400 MHz, CDCl3): δ (ppm): 4.67-4.06 (m, CH2), 4.05-3.55 (m, CH2), 

3.54-3.07 (m, CH, epoxide), 3.05-2.76 (m, CH2, epoxide), 2.76-2.50 (m, CH2, epoxide), 2.29-

1.81 (s, CH2), 2.21-1.67 (s, CH2), 1.47-0.65 (m, CH3).  

IR (GMA-EGDMA, neat) λmax: 2990, 2952, 1724, 1450, 1387, 1257, 1146, 993, 906, 848, 

759 cm -1. 

GMA-DEGDMA nanogel formation. RAFT agent 2-[[(butylthio)thioxomethyl] thio] 

propanoic acid (22.1 mg, 0.1 mmol, 1 equiv.), AIBN (3 mg, 0.02 mmol, 0.2 equiv.), GMA 

(0.46 mL, 3.5 mmol, 37.5 equiv.), DEGDMA (0.26 mL, 1.2 mmol, 12.5 equiv.) and 1,4-

dioxane (10 mL, 93 w/w%) were added to a 25 mL round bottom flask equipped with a 

stir bar, sealed with a septum and purged with nitrogen for 30 min. The flask was 

subsequently placed in an oil bath at 70 °C and allowed to react for 1.5 h after which it 

was taken out of the oil bath and quenched with 3 mL DCM. The nanogel was precipitated 

three times in hexane yielding a white solid (235.9 mg, 35% conversion, 8.73 mmol/g 

epoxides).  

GMA-TTEGDMA nanogel formation. RAFT agent 2-[[(butylthio)thioxomethyl] 

thio] propanoic acid (19.5 mg, 0.08 mmol, 1 equiv.), AIBN (2.7 mg, 0.02 mmol, 0.2 equiv.), 

GMA (0.41 mL, 3.1 mmol, 37.5 equiv.), TTEGDMA (0.31 mL, 1 mmol, 12.5 equiv.), DMF 

(0.24 mL, 3 mmol, 37.5 equiv.) as internal standard and 1,4-dioxane (10 mL, 93 w/w%) 

were added to a 25 mL round bottom flask equipped with a stir bar, sealed with a septum 

and purged with nitrogen for 30 min. The flask was subsequently placed in an oil bath at 

70 °C and allowed to react for 1.5 h after which it was taken out of the oil bath and 

quenched with 6 mL DCM. The nanogel was precipitated twice in hexane yielding a white 

solid (187.3 mg, 27% conversion, 4.38 mmol/g epoxides).  
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4.5.2  Nanogel functionalization 

 Sulfonium nanogels. In a typical procedure, GMA-EGDMA (68 mg, 0.44 mmol of 

epoxides) was dissolved in a mixture of AcOH/acetone (1:1, 3.2 mL). To the flask, diethyl 

sulfide (250 µL, 2.3 mmol, 7.0 equiv.) was added. After stirring for 230 min, the product 

was purified by precipitation into ice-cold diethyl ether twice. After drying under a stream 

of nitrogen, GMA-EGDMA-S+-x was obtained as a glassy colorless solid. 

1H NMR (GMA-EGDMA-S+, 400 MHz, DMSO-d6): δ (ppm): 6.95-6.13 (s, OH), 4.68-2.79 (m, 

CH and CH2), 2.28-1.83 (s, CH2), 1.79-0.44 (m, CH3). 

 Hydrolyzed sulfonium nanogels. In a typical procedure, GMA-EGDMA-S+-45 (119 

mg, 0.31 mmol of epoxides) was dissolved in a mixture of tetrahydrofuran (THF) and water 

(9:1, 10 mL). To the mixture, TFA (280 µL, 3.6 mmol, 12 equiv. to epoxides) was added. 

The reaction mixture was stirred at room temperature for 7 days. Next, the reaction 

mixture was dialyzed against 0.1 M NaCl for 2 days and against Milli-Q for 4 days. After 

lyophilization, GMA-EGDMA-S+-45-OH was obtained as white solids (84 mg, 67% yield).  

1H NMR (GMA-EGDMA-S+-45-OH, 400 MHz, DMSO-d6): δ (ppm): 6.72-6.03 (s, OH), 5.75-

4.50 (m, OH), 4.50-3.37 (m, CH2 and CH), 2.26-1.80 (CH2), 1.65-1.24 (s, CH3), 1.24-0.41 (m, 

CH3).  

IR (GMA-EGDMA-S+-45-OH, neat): λmax: 3368 (broad), 2944, 1723, 1456, 1387, 1263, 

1154, 1051, 978, 938, 752 cm -1. 

 Thioglycerol sulfonium nanogels. In a typical procedure, GMA-EGDMA-S+-39 (98 

mg, 0.47 mmol of epoxides, 1.0 equiv.) and LiOH (14 mg, 0.58 mmol, 1.2 equiv.) were 

dissolved in a mixture of dimethylformamide (DMF) and water (9:1, 9 mL). To the mixture, 

1-thioglycerol (100 µL, 1.15 mmol, 2.4 equiv.) was added. The reaction mixture was stirred 

at room temperature for 4 days. Next, the reaction mixture was dialyzed against 0.1 M 
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NaCl for 24 h and against Milli-Q for 48 h. After lyophilization, GMA-EGDMA-S+-39-THG 

was obtained as white solids (121 mg, 88% yield).  

 Pegylated sulfonium nanogels. In a typical procedure, GMA-EGDMA-S+-47 (30 

mg, 76 µmol of epoxides, 1.0 equiv.) and LiOH (5.6 mg, 0.23 mmol, 3.1 equiv.) were 

dissolved in a mixture of DMF and water (9:1, 10 mL). To the mixture, O-(2-

mercaptoethyl)-O′-methyl-hexa(ethylene glycol) (33 µL, 99 µmol, 1.3 equiv.) was added. 

The reaction mixture was stirred at room temperature for 2 days. Next, the reaction 

mixture was dialyzed against 0.1 M NaCl for 2 days and against Milli-Q for 5 days. After 

lyophilization, GMA-EGDMA-S+-47-mPEG was obtained as white solids (34 mg, 52% yield).  
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Chapter 5 
 

Sulfonium-functionalized nanogels for gene delivery 

 

Gene therapy is widely recognized as a promising method in combating diseases caused 

by gene abnormalities or deletions. Whereas most cationic carriers for gene delivery are 

nitrogen-based, we are interested in utilizing a sulfonium moiety to this end. Diversifying 

the available gene vectors not only satisfies scientific curiosity, it could also offer 

improved gene delivery efficiencies. Nanogels containing an epoxide moiety were 

subjected to post-synthesis modifications resulting in biocompatible sulfonium nanogels 

containing a thioglycerol moiety. These hydrophilic nanogels were successfully incubated 

with plasmid DNA at various ratios. Characterization of the resulting polyplexes indicated 

a promising start in the field of sulfonium nanogels for gene therapy, as well as various 

points of interest requiring optimization and further research.  
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5.1  Introduction 

In recent decades, the use of nanotechnology for biomedical applications has risen 

rapidly; for example with drug and gene delivery systems, imaging and diagnostic agents, 

and implantable materials.1-2 This field, known as nanomedicine, exploits the unique 

properties (e.g. optical, electronic) of nanoscale materials.  

 

5.1.1 Sulfonium versus ammonium moiety in gene delivery 

Gene therapy is a branch of nanomedicine in which foreign genes are introduced into the 

human body with the aim to cure diseases, by stimulating or downregulating certain gene 

expressions.3-4 Nanoscale delivery vehicles are used to protect, transport, mediate cellular 

uptake and endosomal release of genetic material such as nucleic acids.5 As both nucleic 

acids and cell membranes are negatively charged, cellular uptake of free nucleic acid is 

limited. Gene delivery vehicles can be viral macromolecules or nonviral polymer 

nanoparticles.6 However, as viral macromolecules present many limitations, polymeric 

vectors are preferred.3 Cationic polymers can efficiently bind negatively charged genetic 

material, forming so-called polyplexes.7-8 These positively charged polymers mediate 

cellular uptake by interacting with the cell membrane through multivalent interactions. 

Subsequent endosomal escape is facilitated by the cationic polymer through their 

buffering capacity and proton sponge effect.9-10  

Until recently, most polymeric gene delivery systems were nitrogen-based 

cationic systems such as poly-ʟ-lysine, chitosan, Superfect and PEI.11-17 Although these 

nitrogen-based systems are capable of achieving high transfection efficiency, many also 

exhibit unwanted high cytotoxicity. Efforts have been made to lower the accompanying 

cytotoxicity by  varying the degree of amine substitution, by introducing PEG substituents 

or by tuning the pKa of the amine. In 2012, Hemp et al. first showed nucleic acid delivery 
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using phosphonium-based cationic macromolecules as an alternative to ammonium 

macromolecules.18 These materials have proven to be suitable alternatives to ammonium-

based cationic carrier materials, with reports of lower cytotoxicity and higher transfection 

efficiency.19-20 Furthermore, phosphonium based polymers were reported to have higher 

binding affinities with nucleic acids, possibly due to the centered charge and larger atom 

size.18, 21 Another alternative to nitrogen-based charge carriers is the sulfonium group, 

based on cationic tricoordinate organosulfur compounds. Sulfonium groups have a lone 

pair of electrons, three substituents and a tetrahedral geometry (like quaternary 

ammonium groups). In a study by Kurnia et al. the charge distribution of sulfonium ions 

was compared with ammonium ions.22 The S atom in triethylsulfonium was calculated to 

have a charge of +0.9 e, whereas the N atom of butyltrimethylammonium possesses a 

charge of -0.3 e. This means that the positive charge of the sulfonium ion is more centered 

compared to the ammonium ion. Furthermore, sulfur has an ionic radius of 170 pm, 

compared to an ionic radius of 132 pm for nitrogen.23 As such, the S+ atom in sulfonium 

groups has a larger radius and a more centered charge compared to N+ in ammonium, 

possibly offering increased nucleic acid binding efficiencies.  

Hemp et al. first reported on sulfonium based polymers for gene transfection in 

2013, demonstrating successful complexation and delivery of nucleic acids in vitro (Figure 

1).24 Furthermore, Mackenzie et al. reported on sulfonium functionalized polymers, that 

were shown to be biocompatible, stable towards dealkylation, and able to successfully 

complex and deliver short interfering RNA in vitro.25 Zhu et al. designed intracellularly 

disintegrable polysulfonium compounds, which were able to effectively condense DNA 

into polyplexes and achieve high transfection effeciency.26 Although the field of 

sulfonium-based polymers for gene delivery is relatively young, the results are quite 

promising. So far, exclusively linear polysulfonium vectors have been explored as gene 

carriers. Incorporating sulfonium groups into three-dimensional polymer architectures 
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such as nanogels might offer new insights into the complexation of DNA and transfection 

by sulfonium-based charge carriers.       

 

Figure 1. Overview of polysulfonium structures for gene delivery, as reported by a) Hemp et al.24, b) Mackenzie 

et al.,25 and c) Zhu et al.27. 

 

As others achieved great success transfecting cells with amine derivatives of poly(glycidyl 

methacrylate) (pGMA), we attempted GFP gene transfection with sulfonium GMA 

nanogels.28-31 In this chapter the construction and characterization of polyplexes between 

sulfonium nanogels and plasmid DNA encoding for green fluorescent protein (pCMV-GFP) 

is reported. Their application in gene transfection is discussed in chapter 6 of this thesis.  

 

5.2 Results and Discussion 

5.2.1  Sulfonium nanogel synthesis 

GMA and TTEGDMA were polymerized in a RAFT polymerization at 9 w/w% in EtOAc 

forming GMA-TTEGDMA nanogels bearing a pendant epoxide moiety (see chapter 4). 
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Scheme 1. The nanogel structure is depicted in its simplified version for clarity purposes. Thioglycerol reacts 

with the epoxides was well as with the pendent remaining methacrylates via a thiol-Michael addition (not 

pictured). 

 

DLS analysis gave a hydrodynamic diameter of 24 nm in DCM. 1H NMR spectroscopy 

indicated a successful reaction displaying epoxide signals at  = 2.6 ppm,  = 2.8 ppm and 

 = 3.2 ppm. In a follow up reaction, diethyl sulfide was reacted with the epoxide groups 

under acidic conditions forming GMA-TTEGDMA-S+-40 and GMA-TTEGDMA-S+-50 with 40 

and 50 indicating the epoxide conversion. GMA-EGDMA-S+-15 and GMA-TTEGDMA-S+-36 

were also formed as it was our intention to compare sulfonium nanogels with various 

surface charges. However, these nanogels decomposed and/or hydrolyzed during 

handling and purification. 
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Figure 2. 1H NMR spectrum of GMA-TTEGDMA-S+-50 displaying the remaining epoxide peaks at  = 2.6 ppm 

and  = 2.8 ppm (purple), the sulfonium methylene groups at  = 3.5 ppm (green) and the methyl groups at  

= 1.4 ppm (blue). The acetate counter ion is seen at  = 2.1 ppm (yellow). 

 

The hydrodynamic diameter and surface charge was measured for both nanogels in 10 

mM HEPES at pH = 7. GMA-TTEGDMA-S+-50 was 27 nm in diameter with a zeta potential 

of +31 mV. TTEGDMA-S+-40 was 67 nm in diameter and had a surface charge of +29 mV. 

To enhance the biocompatibility of these nanogels they were reacted with 1-thioglycerol 

to GMA-TTEGDMA-S+-40-THG (40-THG) and GMA-TTEGDMA-S+-50-THG (50-THG), 

quenching the remaining epoxides. This reaction was carried out under basic conditions 

in HEPES solutions. DLS measurements gave a hydrodynamic diameter of 39 nm in 10 mM 

HEPES buffer (2 mg/mL) and a surface charge of +9 mV at 0.5 mg/mL for 40-THG. 50-THG 

had a diameter of 24 nm and a surface charge of +14 mV. The decrease in surface charge 

is likely an indication of the stability of the sulfonium charge on these nanogels. NMR 

analysis of 40-THG and 50-THG display a decrease in the intensity of the acetate counter 

ion peak, likely indicating hydrolysis of the sulfonium moiety. Surprisingly others observed 

minimal dealkylation of polysulfonium polymers in aqueous environment.25  
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To further analyze the properties of these nanogels their infrared (IR) absorptions were 

measured. The epoxide stretch at 907 cm-1 is no longer present and new peaks arise for 

S+-C vibrational stretches at 585 cm-1 and 632 cm-1 as seen in Figure 3. Analysis of the 

nanogels by TEM demonstrated spherical particles with a high polydispersity. Due to low 

quantities of 40-THG TEM micrographs had to be made at highly dilute concentrations. As 

such it was not possible to accurately calculate the mean particle diameter. 

 

Figure 3. Green dotted lines over peaks at 𝜈 = 585 cm-1 and 𝜈 = 632 cm-1 highlight the emergence of S+-C 

vibrational stretches. The green dotted line (and arrow in the inset) at 𝜈 = 907 cm-1 specifies the disappearance 

of epoxide moieties demonstrating a successful reaction.  
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Figure 4. TEM images of 50-THG (left) and 40-THG (right) indicate the formation of spherical particles with 

high polydispersity. The scale bars represent 50 nm. 40-THG had a particle diameter of 79 ± 56 nm and 50-

THG had a particle diameter of 61 ± 17 nm. 

 

5.2.2  Polyplex formation with sulfonium nanogels 

The complexation abilities of the nanogels with plasmid DNA were studied utilizing 

plasmid DNA encoding for green fluorescent protein (pCMV-GFP). Polyplexes were 

formed at various S/P ratios and their size and surface charge were measured. S/P ratio 

refers to the ratio between the estimated S+ atoms in the nanogel and the phosphate 

units in the plasmid DNA. As the DNA and cationic nanogel bind tighter to each other due 

to electrostatic interactions, the size of the polyplexes decreases at higher S/P ratios until 

maximum polyplex density is achieved. 50-THG reached a maximum density and 

minimum hydrodynamic diameter at S/P = 50 as can be seen in Figure 5. This plateau 

indicates the formation of stable polyplexes. A similar trend is seen for the surface charge 

of the polyplexes. The positively charged nanogel will complex and shield the DNA and its 

negative charge resulting in an increase in surface charge which eventually stagnates.   
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The complexation abilities of 40-THG were studied in a similar manner. Polyplexes were 

formed at various S/P ratios and their hydrodynamic diameter and surface charge were 

measured. 40-THG required higher S/P ratios to form tight polyplexes. The eventual 

plateau in size was less pronounced for 40-THG than for 50-THG, and not at all present 

for the surface charge. Most likely 40-THG forms polyplexes with lower binding affinity 

between nanogel and pDNA, leading to weaker electrostatic interactions than 50-THG. As 

a result the polyplexes formed are less stable and not always quantifiable  (e.g. the surface 

charge of S/P = 125).  

 

Figure 5. DLS and zeta potential measurements of 50-THG polyplexes at various S/P ratios indicate proper 

polyplex formation starting from S/P = 50 in 10 mM HEPES. 

 

Figure 6. DLS and zeta potential measurements of 40-THG indicate that much higher S/P ratios were required 

to achieve compact polyplexes compared to 50-THG.  
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The differences between the two sets of polyplexes are likely due to the different 

properties of the nanogels. 40-THG has a lower surface charge (+9 mV compared to +14 

mV for 50-THG), requiring higher amounts of nanogels (and thus higher S/P ratios) to form 

adequate polyplexes. Higher numbers of 39 nm nanogels directly translates to larger 

polyplexes (Figure 6) as well as decreased stability – one negative charge has to interact 

with increasingly more bulky positive charges.  

The ideal size of particles for in vitro studies are smaller than 200 nm to promote 

cellular uptake through endocytosis.32-34 As such it can be concluded that 40-THG is not 

suitable for in vitro transfection experiments. Optimizing the sulfonium nanogel 

properties, such as increasing the surface charge could result in stable polyplexes at lower 

S/P ratios. However, a higher charge density is expected to cause a size increase as 

sulfonium moieties will repel each other, leading to polyplexes larger than the desired 200 

nm. This trade-off can be eased by starting with smaller GMA-TTEGDMA epoxide 

nanogels. It is worth noting however, that this strategy cannot be utilized to its full extent 

as high positive charge has been proven to be toxic to cells35, meaning there is an upper 

limit to the cationic charge of the nanogels/polyplexes.  

 

5.2.3  Polyplex stability 

In order to quantify the stability of 50-THG polyplexes their hydrodynamic diameter and 

surface charge were studied for an extended period of time. Polyplexes were formed at 

S/P = 75 and their properties were measured every 60 min. The electrostatic interactions 

that form the polyplexes start dissociating, releasing the negatively charged DNA that is 

inside. As a result these polyplexes become less dense and increase in size while 

decreasing in overall surface charge. Starting at 3h significant changes are seen.  
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Figure 7. DLS and zeta potential measurements of 50-THG polyplexes with pCMV-GFP indicate that the 

polyplexes formed are stable for 3h, after which their bonds start dissociating. This is mirrored in the size 

increase and charge decrease. Inset: TEM micrograph at S/P = 75.  

 

5.3  Conclusions 

In this work we synthesized two sulfonium nanogels with a thioglycerol moiety from an 

epoxide containing precursor. The efficiency of these nanogels at forming polyplexes with 

negatively charged plasmid DNA was evaluated, resulting in 50-THG outperforming 40-

THG. The polyplexes formed from 40-THG have a low surface charge of +6 mV, an average 

size of 300 nm and limited stability. These properties are less than favorable to future 

transfection studies. 50-THG on the contrary forms stable polyplexes starting from S/P = 

50, with an average size of 150 nm and an average surface charge of +10 mV. These 

polyplexes are also stable up to 3h. As such it can be concluded that 50-THG is better 

suited for in vitro transfection studies. It can also be concluded that, for this system, 

polyplexes (and their nanogel precursors) have a minimum surface charge requirement in 

order to be eligible for in vitro studies. Repeating this study at various surface charge 
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densities would provide valuable insight. A better understanding of the stability of the 

sulfonium moiety is also crucial in efforts to optimize polyplex formation.  
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5.5  Experimental section 

Materials. Glycidyl methacrylate (GMA, 97%) and ethylene glycol dimethacrylate 

(EGDMA, 98%), tetraethylene glycol dimethacrylate (TTEGDMA, >90%), were purchased 

from Sigma-Aldrich and passed through a column of neutral Al2O3 prior to use. HEPES 

sodium salt (99.5%), N,N-dimethylformamide (DMF, anhydrous, 99.8%), sodium 

hydroxide pellets (NaOH), azobisisobutyronitrile (AIBN, 98%) and lithium hydroxide (LiOH, 

reagent grade, 98%) were also purchased from Sigma-Aldrich and used without further 

purification. Acetic acid glacial (AcOH) was obtained from VWR chemicals. 

Dichloromethane (DCM, 99.7%), acetone (99.5%) and ethylacetate (EtOAc, 99.5%) were 

obtained from Ossum Chemicals. The RAFT agent 2-[[(butylthio)thioxomethyl] thio] 

propanoic acid was synthesized following a literature procedure.36 Plasmid DNA (pCMV-

GFP) was purchased from the Plasmid Factory. Deuterated solvents were purchased from 

Sigma-Aldrich and used as received. The water used in this work was treated through a 

Milli-Q Gradient System. Dialysis was done using Spectra/Por 6 Dialysis Membrane Pre-

wetted RC Tubing with a molecular weight cut-off of 1 kDa.  
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Analyses. Infrared spectroscopy (FT-IR) was performed on a Bruker Alpha and 

analyzed with OPUS software. DLS and zeta potential measurements were carried out on 

a Malvern Zetasizer 4000, performed in triplicate. As a reference material for DLS, 

poly(ethylene glycol)-co-poly(isobutyl methacrylate) with a refractive index (RI) of 1.465 

was used. DLS measurements were carried with concentrations in the range of 0.5-2.0 

mg/mL. Zeta potential measurements were carried out at similar concentrations in 10 mM 

HEPES buffer solution (HEPES-NaOH, pH = 7). TEM was carried out on a Philips CM300ST-

FEG Transmission Electron Microscope. Samples were prepared on Electron Microscopy 

Sciences FCF200-Cu Formvar/copper support grids (200 mesh). Solutions of nanogels 

were prepared with concentrations of 1 mg/mL in 10 mM HEPES and sonicated for 30 min. 

Of this solution 5 μL was deposited on the grid and dried after 15 min with paper filter. 

After drying of the grid in the fume hood, 5 μL of an aqueous 1% w/v uranyl acetate 

solution was deposited on the grid and dried after 30 seconds, using a paper filter. Particle 

size analysis using TEM micrographs was carried out using ImageJ software by calibrating 

to the scale given in the micrographs.  

 GMA-TTEGDMA nanogel formation. RAFT agent 2-[[(butylthio)thioxomethyl] 

thio] propanoic acid (337.4 mg, 1.4 mmol, 1 equiv.), AIBN (46.5 mg, 0.3 mmol, 0.2 equiv.), 

GMA (7 mL, 53 mmol, 37.5 equiv.), TTEGDMA (5.4 mL, 17.7 mmol, 12.5 equiv.), DMF (4 

mL, 53 mmol, 37.5 equiv.) as internal standard and EtOAc (150 mL, 91 w/w%) were added 

to a 250 mL round bottom flask equipped with a stir bar, sealed with a septum and purged 

with nitrogen for 20 min in an ice-salt bath. The flask was subsequently placed in an oil 

bath at 70 °C and allowed to react for 2 h after which it was taken out of the oil bath and 

quenched with 12 mL DCM. The nanogel was precipitated three times in hexane yielding 

a white solid (1.9 g, 17% conversion, 4.59 mmol/g epoxides).  

GMA-TTEGDMA-S+-x nanogel formation. In a typical procedure, GMA-TTEGDMA 

(245.5 mg, 1.13 mmol of epoxides, 1 equiv.) was dissolved in a mixture of AcOH/acetone 
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(1:1, 25 mL), followed by addition of diethyl sulfide (1.2 mL, 11.3 mmol, 10 equiv.). After 

stirring for 2h at room temperature, the nanogel was precipitated three times in diethyl 

ether and dissolved in 10 mM HEPES (HEPES-NaOH, pH = 7) obtaining a solution of GMA-

EGDMA-S+-x. 

GMA-TTEGDMA-S+-x-THG. In a typical procedure, to a snap cap vial containing 

GMA-TTEGDMA-S+-x (81 mg, 0.37 mmol of epoxides, 1.0 equiv.) in 10 mM HEPES (HEPES-

NaOH, pH = 7) solution was added, LiOH (26.5 mg, 1.1 mmol, 3 equiv.) and  1-thioglycerol 

(0.1 mL, 1.1 mmol, 3 equiv.) and was allowed to stir overnight at room temperature. The 

reaction mixture was then dialyzed (MWCO = 1kDa) for 2d against water. HEPES salt and 

NaOH were added to the aqueous solution to obtain GMA-TTEGDMA-S+-x-THG 10 mM 

HEPES (3.3 or 2 mg/mL, HEPES-NaOH, pH = 7).  

 Polyplex preparation. In a typical procedure, GMA-TTEGDMA-S+-x-THG in 10 mM 

HEPES (3.3 or 2 mg/mL, HEPES-NaOH, pH = 7) was sterilized by means of filtration with a 

200 nm syringe filter to form a stock solution. Various amounts of this stock solution, 10 

mM HEPES buffer (HEPES-NaOH, pH = 7) and plasmid DNA were combined to form 

polyplexes with S/P ratios of 50 to 225. The S/P ratio is the molar ratio between the 

sulfonium (S) atoms of the nanogel and the phosphate (P) atoms of the plasmid DNA. The 

polyplexes were incubated at RT for 10 min before measuring the hydrodynamic 

diameters and surface charges on a Malvern Nano Zetasizer in triplicate. 
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Chapter 6 
 

Transfection efficiency of sulfonium nanogels 

 

Current efforts in combating diseases caused by genetic defects focus on resolving the 

source of the disease as opposed to its symptoms. The effects of gene deletions and 

mutations are ameliorated through gene therapy by means of transfection vectors. These 

delivery vehicles are tasked with protecting the gene to be incorporated, while 

transporting it to the cell nucleus. In this chapter we explore cationic polymeric nonviral 

nucleic acid delivery by nanogels bearing a positive charge on a sulfonium moiety. To our 

knowledge this is the first attempt at gene transfection by means of sulfonium nanogels. 

This nanogel (40-THG) was complexed with plasmid DNA pCMV-GFP and its transfection 

efficiency was trialed at different DNA concentrations. Experiments conducted at various 

ratios between phosphate containing DNA and sulfonium containing nanogel (S/P ratio) 

as well as on various cell lines demonstrated that 40-THG does not possess effective gene 

vector capabilities. Further investigation revealed endocytosis of polyplexes as the 

obstacle.  
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6.1  Introduction 

Various ailments caused by genetic defects such as type 2 diabetes and certain cancers 

can be treated by nucleic acid therapy.1-9 Likewise, post-transcriptional gene silencing has 

shown great potential in combating diseases.10 Small interfering ribonucleic acids (siRNA) 

are introduced to the cell nucleus where it interferes with the expression of genes 

responsible for diseases by degrading the mRNA formed after transcription. In this way 

gene therapy targets the cause of diseases rather than their symptoms. The therapeutic 

nucleic acids, however, are met with various challenges, such as enzymatic degradation 

and repulsion from the equally anionic cell membrane.11-12 The use of cationic, nonviral, 

macromolecule gene carriers such as lipids in the case of the SARS-CoV-2 mRNA vaccine13 

– greatly resolves these issues.7, 14-17 The cationic polymer and negatively charged nucleic 

acid complex to form so-called polyplexes. These polyplexes stimulate cellular uptake 

through endocytosis.18  

Since its inception gene transfection has been mostly carried out by means of 

delivery vehicles containing a nitrogen-based cationic moiety to effectively bind anionic 

nucleic acids. The most common nitrogen-containing macromolecule used for this 

purpose is polyethyleneimine (PEI).19 Interestingly, the sulfonium cation has a stronger 

binding affinity for nucleic acids as it has a charge of +0.67 e, meaning it can bind and fully 

condense DNA at a ratio of approximately 1.20 The group of Long at Virginia Tech were the 

first to utilize the sulfonium functionality in polymeric macrostructures to complex nucleic 

acids after their initial success with phosphonium macromolecules.21-22 Long and 

coworkers demonstrated successful luciferase expression in HeLa cells utilizing a 

sulfonium homopolymer and a sulfonium diblock copolymer as delivery vehicles. Others 

synthesized sulfonium cell penetrating peptides that have low cytotoxicity.23 

Matyjaszewski et al. studied sulfonium block copolymers as siRNA delivery vehicles in 

murine clavarial preosteoblasts (MC3T3s) and achieved successful Gapdh knockdown.24 
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Investigation of the sulfonium stability in the presence of halides indicated that < 2% 

dealkylation occurs in H2O after 48h at a 5-fold molar excess of halide to S+. The half-life 

of the sulfonium species in D2O under biological conditions (120 mM halide ion) was 

determined to be more than 100 days. Shen and coworkers further progressed sulfonium 

gene carriers by synthesizing polysulfoniums that fragment to neutral components, once 

reduced by the elevated reactive oxygen species present in tumor cells.25-26 In this way 

therapeutic cargo is quickly released into the cytosol – achieving higher transfection 

efficiency than the nondegradable polysulfonium equivalent.  

Diversifying the supply of cationic gene carriers provides versatile and 

biocompatible alternatives to nitrogen-based gene delivery platforms. Although still in its 

infancy, this field of sulfonium polymeric particles as vectors shows great promise. In this 

chapter we investigate the transfection properties of the polyplexes described in Chapter 

5. 

 

6.2 Results and Discussion 

6.2.1  In vitro transfection efficiency and cytotoxicity.  

To assess the transfection efficiency of sulfonium nanogel 40-THG, experiments were 

conducted in human cervical cancer cells (HeLa) with plasmid DNA encoding for green 

fluorescent protein (GFP). Branched polyethyleneimine at 25kDa (bPEI25k) was used as a 

positive control along with commercial lipid vector Lipofectamine™ 3000. Various ratios 

between 40-THG and plasmid DNA were evaluated in a 96-well plate under serum-free 

(in DMEM-) conditions. Transfection experiments were carried out by incubating HeLa 

cells (seeded at 15.000 cells per well) with plasmid DNA encoding for green fluorescent 

protein (pCMV-GFP, 0.25 µg per well) for 6h in DMEM- followed by an additional 40h in 
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DMEM+ to allow GFP expression. The transfection efficiency was qualitatively analyzed by 

fluorescence microscopy as seen in Figure 1. The cell viability was quantitatively analyzed 

with a plate reader and compared to cells that were not exposed to the transfection 

medium (Figure S1 in supplementary data). Transfection and cytotoxicity experiments 

were conducted in parallel meaning microscopy photos and metabolic activity were 

measured at the same time point. GFP expression was only observed in HeLa cells at an 

S/P ratio of 100.  
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Figure 1. Fluorescence microscope images of HeLa cells transfected by pCMV-GFP via 40-THG taken at λ = 420 

nm to image DAPI stained cell membranes and at λ = 525 nm to image GFP. The top row depicts the controls: 

HeLa cells that were not exposed to transfection media, Lipofectamine™ 3000 as positive control prepared 

according to instructions provided by manufacturer, pCMV-GFP signifying the plasmid DNA without any 

vectors and bPEI25k at N/P = 25 also serving as positive control. 100x magnification. (S/P signifies the amount 

of sulfonium moieties in the nanogel divided by the amount of phosphate moieties in the plasmid DNA. 

Likewise N/P denotes the number of nitrogen atoms in bPEI25k divided by the number of phosphor atoms in 

the plasmid DNA.)  

 

As seen in Figure 1, minimal to no GFP expression was observed for 40-THG. Figure 1 also 

illustrates the high toxicity of Lipofectamine™ 3000 and bPEI25k in comparison to the 40-
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THG polyplexes. A high positive charge is toxic to cells resulting in bPEI25k and its 

polyplexes being intrinsically toxic.27 This was further confirmed during the cytotoxicity 

studies as depicted in Figure S1, resulting in low cell viability. The 40-THG polyplexes 

contrarily are non-toxic, displaying cell viability similar to cells that were not exposed to 

the polyplexes. 

To allow higher uptake and transfection efficiency the experiment was repeated 

with a longer incubation period of 20h (Figure 2 and 3) as well as at a higher DNA/well 

concentration of 1 µg (Figure 3). Transfection and cytotoxicity experiments were carried 

out in parallel meaning microscopy photos and metabolic activity were measured at the 

same time point. Once the polyplexes were removed the cells were incubated for an 

additional 24h to allow GFP expression. Cells were seeded at 15.000 cells per well. 
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Figure 2. Fluorescence microscope images of HeLa cells treated for 20h by 40-THG polyplexes carrying plasmid 

DNA encoding for GFP (pCMV-GFP, 0.25 µg per well). 100x magnification. 
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Figure 3. Fluorescence microscope images of HeLa cells transfected for 20h by pCMV-GFP (1 µg per well) via 

40-THG. 100x magnification.  

 

Both Figure 2 and 3 exhibit no GFP expression for the 40-THG polyplexes. A longer 

incubation period did not increase transfection efficiency. The incubation time also had a 

negative impact on the HeLa cells as significant reduction in living cells is observed. This is 

most likely due to the fact that serum-free medium (DMEM-) is used during this incubation 

period. The cells do not tolerate the absence of FBS for such an extended period of time. 

An increased incubation period with the 40-THG polyplexes and a higher plasmid DNA 

concentration had no effect on the cell viability of HeLa cells. On the contrary, longer 
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incubation with bPEI25k polyplexes seems to significantly impact the viability of the HeLa 

cells (Figure S2). 

It is known that the transfection efficiency varies between different cell lines for 

the same vector.28 This feature is attractive as it can be exploited to achieve selectivity 

and enhance targeting. Bearing this in mind various cell lines were subjected to 

transfection experiments to evaluate the transfection efficiency and potential selectivity 

of 40-THG polyplexes. HeLa (human cervical cancer), bEnd.3 (mouse endothelial brain), 

HepG2 (human epithelial liver cancer), C2C12 (mouse muscle myoblasts), RAW264 

(mouse macrophages), HEK293 (human embryonic kidney cells) and HFF (human 

fibroblast) cells were incubated with polyplexes for 5h in serum-free medium (DMEM-) 

followed by 44h of incubation to allow GFP expression. All experiments were carried out 

at 1 µg pCMV-GFP and 15.000 cells per well in a 96-well plate. The number of polyplex 

ratios was increased from four to five and the S/P ratio was increased to include 125 and 

150. Microscopy photos and metabolic activity are from the same time point. 
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Figure 4. HeLa cells were imaged under a fluorescent microscope after transfection experiments with 

polyplexes carrying pCMV-GFP. The cells were incubated for 5h to allow uptake of the polyplexes followed by 

incubation for 44h to allow GFP expression. No expression was observed in the HeLa cells exposed to 40-THG 

polyplexes. 
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Figure 5. bEnd.3 cells were imaged under a fluorescent microscope after transfection experiments with 

polyplexes carrying pCMV-GFP. The cells were incubated for 5h to allow uptake of the polyplexes followed by 

incubation for 44h to allow GFP expression. No expression was observed in the bEnd.3 cells exposed to 40-

THG polyplexes. 
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Figure 6. HepG2 cells were imaged under a fluorescent microscope after transfection experiments with 

polyplexes carrying pCMV-GFP. The cells were incubated for 5h to allow uptake of the polyplexes followed by 

incubation for 44h to allow GFP expression. No expression was observed in the HepG2 cells exposed to 40-

THG polyplexes. 
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Figure 7. C2C12 cells were imaged under a fluorescent microscope after transfection experiments with 

polyplexes carrying pCMV-GFP. The cells were incubated for 5h to allow uptake of the polyplexes followed by 

incubation for 44h to allow GFP expression. No expression was observed in the C2C12 cells exposed to 40-

THG polyplexes. 
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Figure 8. RAW264 cells were imaged under a fluorescent microscope after transfection experiments with 

polyplexes carrying pCMV-GFP. The cells were incubated for 5h to allow uptake of the polyplexes followed by 

incubation for 44h to allow GFP expression. No expression was observed in the RAW264 cells exposed to 40-

THG polyplexes. 
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Figure 9. HEK293 cells were imaged under a fluorescent microscope after transfection experiments with 

polyplexes carrying pCMV-GFP. The cells were incubated for 5h to allow uptake of the polyplexes followed by 

incubation for 44h to allow GFP expression. No expression was observed in the HEK293 cells exposed to 40-

THG polyplexes. 

 

Although, HEK293 cells were also seeded at 15.000 cells/well, still very few cells are seen 

in Figure 9. This is a result of HEK293 cells being semi-adherent and thus not adequately 

attaching to the well plate. As HEK293 cells are known to be easily transfected, 

optimization of their adherence properties is expected.29 However, this set of 

experiments clearly indicate that 40-THG is not adequate for gene transfection purposes. 

Optimization of cell adherence would most likely be time consuming and result in minor, 

if any, GFP expression.  
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Figure 10. HFF cells were imaged under a fluorescent microscope after transfection experiments with 

polyplexes carrying pCMV-GFP. The cells were incubated for 5h to allow uptake of the polyplexes followed by 

incubation for 44h to allow GFP expression. No expression was observed in the HFF cells exposed to 40-THG 

polyplexes. 

 

The polyplexes did not exhibit GFP expression or any significant cytotoxicity for the cell 

lines mentioned above. Lipofectamine™ 3000 and especially bPEI25k showed high levels of 

cytotoxicity, resulting in a minimum of 40% cell death (data not shown). Figures 4-10 

indicate reduced tolerance for a concentration of 1 µg pCMV-GFP per well compared to 

0.25 µg pCMV-GFP per well (Figure 1 and 2). Notably, cells transfected by bPEI25k 

polyplexes exhibited significant cell death and reduced transfection. As such all following 

experiments were done at 0.25 µg pCMV-GFP per well. 
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Having tested 7 different cell lines and observing no transfection, the conclusion 

can be drawn that 40-THG does not function as a vector for gene transfection. The 

schematic representation of gene transfection in Figure 11 indicates that successful 

transfection resulting in GFP gene expression requires a series of subsequent events all 

occurring successfully.  

 

Figure 11. A schematic representation of gene transfection. Negatively charged plasmid DNA interacts with a 

positively charged gene vector forming a positively charged polyplex. This polyplex interacts through 

multivalent interactions with the negatively charged cell membrane resulting in endocytosis of the polyplex, 

followed by endosomal escape through the proton sponge effect. Once inside the cytosol the polyplex will 

collapse into the vector and plasmid DNA which can then make its way to the cell nucleus. Here, the DNA is 

transcribed resulting in expression of a protein, such as GFP when pCMV-GFP is used.  Reprint from ref30 with 

permission.  
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The experiments carried out in Chapter 5 indicate that step 1 of gene transfection as 

depicted in Figure 11 was successful as these polyplexes can be imaged (TEM) and their 

properties can be measured (DLS, zeta potential). Protein expression (step 7) was also 

successful as seen for Lipofectamine™ 3000 and bPEI25k in the figures above. The reason 

for the unsuccessful transfection experiments thus lies with the remaining 5 steps. As 

stated previously the ideal gene vector has a positive charge that interacts with the 

negative charge of DNA forming a polyplex. The ideal gene vector enhances uptake of the 

plasmid DNA31-32, protects it from interacting with proteins in the cytosol or from 

degradation by intracellular nucleases33-34 and transports it to the cell nucleus and across 

the nucleus membrane35. As such the vector is expected to barricade the plasmid in some 

form, for example through encapsulation. Considering that the polyplexes are formed by 

mixing spherical nanogels with relatively large plasmid DNA, it is expected that the DNA 

does not enter the nanogel matrix but rather sits on top of it, interacting with the positive 

charges on its surface. As a result, the plasmid DNA is not adequately protected. Most 

likely the plasmid DNA blankets a grand majority, if not all, of the positive surface charges. 

Having few remaining available positive moieties left on its surface, uptake of the nanogel 

is significantly hindered as it is no longer capable of properly interacting with the 

negatively charged cell membrane. Another possible cause is the stability of the sulfonium 

moiety and the formed polyplexes.36 DLS measurements (Chapter 5) indicate that the 

polyplexes are not stable and start disassembling within 3h. Both of these factors would 

lead to minimal uptake, thus failure at step 2. 

In order to test these hypotheses transfection experiments were conducted with 

DTAF-labelled 40-THG sulfonium nanogel, in order to visualize the nanogels and monitor 

their uptake. Polyplexes were formed with pCMV-lacZ and DTAF-labeled 40-THG to 

evaluate the influence of bound DNA on polyplex uptake without the interference of the 

green fluorescence of GFP. 40-THG was also incubated with GFP protein as it is 
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significantly smaller than pCMV-GFP and thus more likely to enter the nanogel matrix. 

Lastly, linear sulfonium polymers (synthesized from pGMA), equivalent to 40-THG, were 

synthesized to evaluate whether they form more effective polyplexes than their 

crosslinked nanogel counterparts. The choice was made for HeLa cells, C2C12 cells and 

HEK293 cells (at a seed density of 10.000 cells per well) as they showed most promise. 

The cells were incubated with polyplexes/40-THG/GFP protein for 2h in serum-free 

medium (DMEM-) followed by 48h of incubation to allow GFP expression for the 

polyplexes carrying pCMV-GFP. All experiments were carried out in duplo and at 0.25 µg 

pCMV-GFP per well (or its equivalent) in a 96-well plate. Polymer polyplexes were 

incubated for 45 min at RT prior to use and 40-THG polyplexes for 10 min at RT prior to 

use. Microscopy photos and metabolic activity are from the same time point. 
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Figure 12. Transfection with 40-THG at S/P = 75, 100 and 125 on HeLa cells was repeated, along with 

Lipofectamine™ 3000 and bPEI25k as control. Uptake was evaluated for GFP protein carried in nanogel (middle 

row, 3rd column), lacZ polyplexes (S/P = 125, middle row, 4th column) in dyed nanogel, empty dyed nanogels 

(41 nm, ζ = -11 mV, bottom row, 1st column) and free GFP protein (bottom row, 2nd column). Transfection 

efficiency was monitored for GFP polyplexes formed from sulfonium polymers carrying either an epoxide 

moiety (S/P = 50, 259 nm, +37 mV, bottom row, 3rd column) or a thioglycerol moiety (S/P = 94, 90 nm, +16 

mV, bottom row, 4th column). 
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Figure 13. Transfection with 40-THG at S/P = 75, 100 and 125 on C2C12 cells was repeated, along with 

Lipofectamine™ 3000 and bPEI25k as control. Uptake was evaluated for GFP protein carried in nanogel (middle 

row, 3rd column), lacZ polyplexes (S/P = 125, middle row, 4th column) in dyed nanogel, empty dyed nanogels 

(41 nm, ζ = -11 mV, bottom row, 1st column) and free GFP protein (bottom row, 2nd column). Transfection 

efficiency was monitored for GFP polyplexes formed from sulfonium polymers carrying either an epoxide 

moiety (S/P = 50, 259 nm, +37 mV, bottom row, 3rd column) or a thioglycerol moiety (S/P = 94, 90 nm, +16 

mV, bottom row, 4th column). 
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Figure 14. Transfection with 40-THG at S/P = 75, 100 and 125 on HEK293 cells was repeated, along with 

Lipofectamine™ 3000 and bPEI25k as control. Uptake was evaluated for GFP protein carried in nanogel (middle 

row, 3rd column), lacZ polyplexes (S/P = 125, middle row, 4th column) in dyed nanogel, empty dyed nanogels 

(41 nm, -11 mV, bottom row, 1st column) and free GFP protein (bottom row, 2nd column). Transfection 

efficiency was monitored for GFP polyplexes formed from sulfonium polymers carrying either an epoxide 

moiety (S/P = 50, 259 nm, +37 mV, bottom row, 3rd column) or a thioglycerol moiety (S/P = 94, 90 nm, +16 

mV, bottom row, 4th column). 
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Figures 12 - 14 show no improvement in the transfection efficiency of 40-THG polyplexes 

conducted at lower plasmid DNA concentration. They do however indicate less cell death 

and thus a higher tolerance at 0.25 µg pCMV-GFP per well. Although slightly better than 

before, HEK293 cells still exhibited poor adherence to the well plate. Figures 12 and 13 

nicely highlight the cytotoxicity of epoxides.37 Interestingly, transfection was only 

witnessed in HEK293 cells for polyplexes formed from linear sulfonium polymers bearing 

8% epoxides. It was hypothesized that linear polymers have higher transfection 

efficiencies than nanogels as they have more freedom of movement and can thus better 

encapsulate pDNA. If this were truly the case and linear polymers were indeed far better 

at transfection, both sulfonium polymers would exhibit much higher GFP expression than 

what is seen in Figures 12 – 14. As such, the experiments conducted in this chapter do not 

definitively rule out nanogels as gene vectors. As both the sulfonium nanogels as well as 

the polysulfoniums fail to transfect (properly), the cause most likely does not lie in the 

shape of the polymeric vector.  

Uptake of GFP protein was also unsuccessful – both for free GFP protein and GFP protein 

mixed with 40-THG. This protein however does not have a negative surface charge 

facilitating its complexation with 40-THG – meaning it most likely diffuses out of the 

nanogel matrix. As such the efficiency of 40-THG at transporting proteins across cellular 

membranes remains unknown. As seen in Figures 12 - 14, uptake is witnessed for 

free/empty dyed 40-THG (bottom row, 3rd column) and polyplexes formed from dyed 40-

THG with pCMV-lacZ  (bottom row, 2nd column). Examining these two at a higher 

magnification (Figures 15 – 17) reveals that empty 40-THG is taken up much more than 

its pCMV-lacZ  polyplex. This observation confirms our hypothesis that plasmid DNA 

actually hinders the uptake of 40-THG polyplexes – most likely by concealing the positive 

surface charge.   
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Figure 15. Fluorescence images taken of HeLa cells treated with DTAF-labelled 40-THG with or without 

plasmid DNA. 200x magnification. 
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Figure 16. Fluorescence images taken of C2C12 cells treated with DTAF-labelled 40-THG with or without 

plasmid DNA. 200x magnification. 
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Figure 17. Fluorescence images taken of HEK293 cells treated with DTAF-labelled 40-THG with or without 

plasmid DNA. 200x magnification. 

 

Nanogels containing no pCMV-lacZ exhibited higher uptake than the polyplexes, revealing 

endocytosis to be the obstacle hindering gene transfection. A vast majority of the 

polyplexes added to the cells during the experiments do not enter the cells. The few that 

do most likely are not enough to achieve gene transfection and express GFP fluorescence. 

These experiments show that for 40-THG endocytosis is the (first) major obstacle in the 

transfection pathway. This however does not exclude the possibility of subsequent steps 

also requiring optimization.  
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Confocal images were taken to ensure that the green fluorescence seen in the images 

above arise from nanogels endocytosed by the cells and not from nanogels on the cell 

surface. This enables us to calculate the amount of nanogels taken up by the various cell 

lines more accurately.  

 

Figure 18. Confocal images were taken of HeLa cells treated with polyplexes formed from DTAF-labelled 40-

THG and pCMV-lacZ (middle) or with empty DTAF-labelled 40-THG (right). Examining the DTAF fluorescence 

emitted at λ = 548 nm reveals significantly higher fluorescence, and thus cellular uptake, for 40-THG than for 

pCMV-lacZ. 200x magnification. 
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Figure 19. Confocal images were taken of C2C12 cells treated with polyplexes formed from DTAF-labelled 40-

THG with pCMV-lacZ (middle) or with empty DTAF-labelled 40-THG (right). Examining the DTAF fluorescence 

emitted at λ = 548 nm reveals significantly higher fluorescence, and thus cellular uptake, for 40-THG than for 

pCMV-lacZ. 200x magnification. 
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Figure 20. Confocal images were taken of HEK293 cells treated with polyplexes formed from DTAF-labelled 

40-THG with pCMV-lacZ (middle) or with empty DTAF-labelled 40-THG (right). Examining the DTAF 

fluorescence emitted at λ = 548 nm reveals higher fluorescence, and thus cellular uptake, for 40-THG than for 

pCMV-lacZ. 200x magnification. 

 

Confocal images revealed that the grand majority of the nanogels present were located 

inside the cells with a negligible amount residing on the cell surface. The intensity of the 
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green fluorescence in the images in Figure 18 was quantified, revealing that for HeLa cells 

the endocytosed empty 40-THG had a 2.4 times higher fluorescence intensity, and thus 

uptake, than the endocytosed polyplexes. For C2C12 cells and HEK293 cells the green 

fluorescence intensity and uptake was respectively 12 times and 3.4 times higher for 

empty 40-THG than for polyplexes. 

 

6.3  Conclusions 

The transfection efficiency of 40-THG sulfonium nanogel was evaluated for various cell 

lines at varying plasmid DNA concentrations and incubation periods. Optimization of the 

experiments resulted in lower cell death but not in gene transfection. After trialing 

multiple cell lines with no success, the hypothesis that endocytosis is the bottleneck was 

confirmed. Comparing dyed 40-THG with dyed polyplex revealed a significantly lower 

uptake of pDNA-bound polyplexes rendering virtually no transfection. As such it is 

concluded that 40-THG is not suitable as plasmid delivery vehicle for gene therapy. Linear 

sulfonium polymers did exhibit some transfection for HEK293 cells suggesting a possibility 

of sulfonium nanogels successfully functioning as transfection vectors if sulfonium 

polymers are crosslinked to nanogels in the presence of plasmid DNA. In this way the DNA 

will be encapsulated as opposed to attached on the outer surface of the nanogel, 

facilitating uptake.  

HEK293 cells show promise by outperforming HeLa and C2C12 cells in transfection 

efficiency, as expected from literature. However, due to its semi-adherent nature 

handling remained difficult. Although optimization to improve adherence is highly 

desirable, significant increase in transfection efficiency is not expected. 
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Cytotoxicity experiments indicated that 40-THG is biocompatible and non-toxic. All 

polyplexes exhibited a minimum of 90% cell viability across all cell lines, except for 

HEK293. 

The parameter not evaluated in this work is the surface charge of the sulfonium nanogel. 

Increasing the surface charge could enhance uptake enough to achieve satisfactory gene 

transfection. This is further supported by the successful transfection seen for the 

sulfonium polymer with a surface charge of +37 mV. 

 

6.4  Acknowledgements 

Dr. Sandra Michel-Souzy is acknowledged for her help with the biological experiments and 

keeping spirits high. Naomi Hamelmann is acknowledged for helping guide the 

experiments and giving great feedback. 

 

6.5  Experimental section 

Materials. All chemicals were purchased and used without further purification 

unless stated otherwise. Sodium hydroxide (98%), branched polyethylene imine (bPEI25k, 

25 kDa), HEPES (99.5%) sodium salt, L-Glutamine solution, Penicillin-Streptomycin 

solution, Dulbecco's Modified Eagle Medium, high glucose (DMEM), Dulbecco's 

Phosphate-Buffered Saline (DPBS), Trypsin – EDTA solution, Fetal Bovine Serum (FBS), 

Lipofectamine™ 3000 Transfection Reagent, 4',6-diamidino-2-phenylindole (98%, DAPI) 

and Resazurin Sodium Salt were purchased from Sigma Aldrich. Lipofectamine™ 3000 

Transfection Reagent was prepared according to provided protocol. Wheat Germ 

Agglutinin CF®405S Conjugate (WGA) was obtained from Biotium. 5-(4,6-
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Dichlorotriazinyl) aminofluorescein single isomer (5-DTAF) was purchased from Thermo 

Fisher. pCMV-GFP and pCMV-lacZ were purchased from the Plasmid Factory. HeLa, 

bEnd.3, HepG2, C2C12, RAW264, HEK293 and HFF cells were purchased from ECACC. 

Super folder green fluorescent protein (sfGFP) was synthesized according to literature.38  

Analysis. Fluorescence microscope images were taken on an Olympus IX2-ILL 100 

with 10x and 20x objective, operating at ex 350 nm / em 420 nm for DAPI and WGA and 

ex 460-490 nm / em 525 nm for GFP and DTAF. Fluorescence was measured on an 

EnSight™ multimode plate reader exciting at 560 nm and emitting at 590 nm. Confocal 

Fluorescence Microscopy (CFM) images were taken on a Zeiss Confocal LSM880 with 20x 

objective, exciting at 405 nm and emitting at 454 nm for DAPI and WGA. GFP and DTAF 

images were excited at 488 nm and emission was recorded at 548 nm. The intensities 

were quantified in ImageJ and corrected for background signals.  

Sulfonium polymers. pGMA (80 repeating units, 100 mg, 0.68 mmol epoxides) 

was dissolved in a mixture of AcOH/acetone (1:1, 3 mL). To the flask, diethyl sulfide (0.22 

mL, 2.04 mmol, 3.0 equiv.) was added. After stirring for 24 h, the product was precipitated 

twice into diethyl ether yielding a water-soluble polymer with 88% conversion. The 

polymer (0.056 mmol epoxides) was subsequently dissolved in 10 mL of water and added 

to a snap cap vial. A stir bar, LiOH (38 mg, 1.59 mmol, 3 equiv.) and 1-thioglycerol (0.14 

mL, 1.59 mmol, 3 equiv.) were added to the vial and the reaction mixture stirred for 24h. 

The polymer was then dialyzed (MWCO = 3.5 kDa) against water for 3 d, concentrated and 

set to pH 7. The addition of HEPES salt gave a polymer solution of 3.77 mg/mL in 10 mM 

HEPES buffer (HEPES.NaOH, pH = 7). 

1H NMR (pGMA 88% S+ 12% thioglycerol, 400 MHz, D2O): δ (ppm): 3.46 (s, sulfonium CH2), 

2.80 (s, thioglycerol CH), 2.68 (s, thioglycerol CH2), 1.90 (s, AcO-), 1.50 (s, sulfonium CH3). 

pGMA (80 repeating units, 100 mg, 0.68 mmol epoxides) was dissolved in a 

mixture of AcOH/acetone (1:1, 3 mL). To the flask, diethyl sulfide (0.59 mL, 5.43 mmol, 
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8.0 equiv.) was added. After stirring for 24 h, the product was precipitated twice into 

diethyl ether followed by dialysis (MWCO = 3.5 kDa) against water for 3d. Freeze drying 

yielded 130 mg of a water-soluble polymer with 92% conversion. The sulfonium polymer 

was stored in 10 mM HEPES buffer (HEPES.NaOH, pH = 7) at 2 mg/mL. 

1H NMR (pGMA 92% S+ 8% epoxides, 400 MHz, D2O): δ (ppm): 3.44 (s, sulfonium CH2), 

2.78 (s, epoxide CH), 2.66 (s, epoxide CH), 1.90 (s, AcO-), 1.48 (s, sulfonium CH3). 

Polyplex preparation. 40-THG was dissolved in 10 mM HEPES buffer solution 

(HEPES-NaOH, pH = 7). This stock solution was sterilized by means of filtration with a 200 

nm syringe filter. In a typical procedure various amounts of stock solution, 10 mM HEPES 

buffer and plasmid DNA were combined in Eppendorf tubes to give S/P ratios of 25, 50, 

75, 100 and 125. The S/P ratio is the molar ratio between the sulfonium (S) atoms of 40-

THG and the phosphate (P) atoms of the plasmid DNA. The polyplexes were incubated at 

RT for 10 min before use or measurements. Lipofectamine™ 3000 and bPEI25k were 

utilized as positive controls. An N/P ratio of 25 was used for bPEI25k where N signifies the 

amount of amine atoms in bPEI25k and P the amount of phosphate atoms in the plasmid 

DNA. A stock solution was made of bPEI25k in 10 mM HEPES buffer solution (HEPES-NaOH, 

pH = 7) to give a concentration of 11 mg/mL. This stock solution was also sterilized by 

means of filtration with a 200 nm syringe filter. Plasmid DNA (4 µL of a 1 mg/mL solution 

of pCMV-GFP), bPEI25k stock solution (6 µL) and 10 mM HEPES buffer (390 µL) were 

combined to form a 400 µL solution of bPEI25k polyplexes at N/P = 25. The bPEI25k 

polyplexes (135 nm, +41 mV) were incubated at RT for 60 min prior to use.  

Sulfonium polymers were dissolved in 10 mM HEPES buffer solution and filtered 

to sterile stock solutions. Polyplexes at S/P = 50 (epoxide moiety, 259 nm, +37 mV) and 

S/P = 94 (thioglycerol moiety, 90 nm, +16 mV) were formed by combining stock solution, 
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HEPES buffer and pCMV-GFP (4 µL of a 1 mg/mL solution). These polyplexes were 

incubated at RT for 60 min prior to use.  

 GFP gene transfection studies. Transfection studies and cytotoxicity assays were 

conducted in parallel. In a typical procedure cells were seeded in a 96-well plate along 

with 200 µL of 10% FBS containing cell culture medium supplemented with 100 U/mL 

penicillin, 100 µg/mL of streptomycin and 2 mM of L-Glutamate (DMEM+). Cells were 

incubated until a confluency of 70-95% was obtained. Prior to the transfection, medium 

was aspirated from the cells and replaced with 175 µL of cell culture medium without FBS 

(DMEM-). The cells and polyplexes (25 µL) were incubated at 37°C and in 5% CO2 and 95% 

humidity. Afterwards the transfection medium was aspirated and replaced by DMEM+ and 

the cells continued incubating to allow GFP expression. The cells were then fixed and 

stained with WGA and DAPI to visualize the nucleus and cell membrane. Transfection 

efficiency was analyzed qualitatively by fluorescence microscopy and quantitatively by 

confocal fluorescence microscopy (CFM).  

Cytotoxicity assay. Cytotoxicity assays were carried out in the same procedure as 

the gene transfection studies. In a typical procedure cells were seeded in a 96-well plate 

along with 200 µL of DMEM+. Cells were incubated until a confluency of 70-95% was 

obtained. The medium was aspirated from the cells and replaced with 175 µL of DMEM-. 

The cells and polyplexes (25 µL) were incubated at 37°C and in 5% CO2 and 95% humidity. 

Afterwards the transfection medium was aspirated and replaced by DMEM+ and the cells 

continued incubating to allow GFP expression. Afterwards cell viability was assessed by 

means of an alamarBlue™  cell viability assay. The cells were incubated with resazurin for 

1h followed by fluorescence measurement on a plate reader. Untreated cells (i.e. cells 

that were not transfected) served as positive control and were assigned 100% viable. 

Experiments were done in triplicate.  
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6.7  Supplementary data 

 

 

Figure S1. Cell viability of HeLa cells treated with polyplexes was evaluated by conducting an alamarBlue™ 

cytotoxicity experiment. Untreated cells served as negative control. Experiments were done in triplicate. 
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Figure S2. The cell viability of the HeLa cells treated with polyplexes is depicted above. Untreated cells served 

as negative control. Experiments were done in triplicate. 
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Figure S3. AlamarBlue cytotoxicity assay with resazurin gave the cell viability of the cells after 2h exposure to 

polyplexes, DTAF-labelled 40-THG, and free GFP protein. Significant cell death is only observed for 

Lipofectamine 3000 and bPEI25k. Experiments were done in duplo.  

 



Chapter 7 
 

Perspectives of sulfonium nanogels in gene therapy 

 

In this short chapter we reflect on the work done in previous chapters. We evaluate 

successes achieved, the challenges met and the possibilities that remain. 
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7.1  Introduction 

As we are constantly looking for ways to modernize and improve treatments and 

medications for existing diseases (or new virus outbreaks) we are forced to think of new 

ways to treat illnesses. This can be done by improving old methods or thinking outside of 

the box and creating brand new concepts. Gene therapy has been around for some time 

and has achieved varying successes. Evidently, certain diseases would have been more 

deadly if certain therapeutics would have been absent. In this thesis we aimed at 

improving gene transfection by attempting to reduce the cytotoxicity associated with the 

current “gold standard” gene transfection vectors such as Lipofectamine 3000 and 

branched 25 kDa polyethylene imine (PEI). In this chapter we will reevaluate the results 

and attempt to summarize the lessons learned based on the research described in this 

thesis. 

 

7.2 Achievements and challenges 

As discussed in Chapter 2, nanogels are very versatile and widely applicable to different 

fields of nanomedicine. They can be made in a variety of ways, each method with its own 

advantages and drawbacks. Nanogels are found in branches of medicine such as wound 

healing, drug delivery, pain management, vaccines and gene therapy. In the latter, 

cationic nanogels can efficiently transport nucleic acids into cells to be transfected or 

impede the expression of certain proteins.1-8 The most efficient gene transfection vectors 

employed some form of biodegradability to neutralize the positive charge needed to 

achieve sufficient cell uptake.9-10 Upon entering the cell the nanogel or polymer will 

deteriorate into neutral fragments to prevent cytotoxicity. 
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7.2.1  The nanogel network structure 

Our goal was the synthesis of well-defined nanogels in a single step with control over the 

size. This appeared successful as shown by the plots in which the hydrodynamic diameter 

is given as a function of monomer conversion. The nanogels exhibited great versatility and 

tolerability as a variety of post-polymerization modifications were possible – even 

sequentially on the same batch of nanogel. Barring the fact that radical polymerizations 

are highly sensitive, the polydispersity of the nanogels and lack of reproducibility of the 

sodium azide reaction and size/conversion relationship, suggest that the exact 

mechanism by which the nanogels are formed is not yet fully understood. A one-step 

reaction from mono- and divalent monomers to multiple spheres of a crosslinked network 

is both elegant and efficient as well as highly intricate and complicated. The conditions 

must be precisely tuned to achieve multiple, independent growing clusters. The use of a 

chain transfer agent along with fine tuning all necessary parameters greatly simplifies 

nanogel formation. Each nanogel network starts out as monomers reacting with each 

other, forming branched polymers at roughly the same time. As the reaction proceeds, no 

new clusters are formed and the existing polymer branches undergo intramolecular 

crosslinking, forming nanogels. The polymer chemists who developed this method have 

provided protocols to achieve a great level of control.11-13 However, the ideal situation 

described above is not attainable. Dynamic light scattering measurements tell us 

approximately when branched polymers become nanogels and that their hydrodynamic 

radius increases as the reaction proceeds. DLS measurements also tell us when individual 

nanogels react with each other forming aggregates and macrogels. Nanogels presumably 

grow from multiple sites on its network simultaneously. However, it is not known if all 

active sites have the same reactivity and whether or not it varies throughout the 

synthesis. It is plausible that some methacrylate ends, such as those in the center of the 

nanogel, are less or no longer accessible by monomers during the polymerization 
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reaction. The uneven growth would lead to non-uniform, heterogeneous constructs. 

Along with fluctuations within the same nanogel cluster, the question also remains in 

what capacity individual nanogels from the same batch vary from each other. The high 

polydispersity seen on TEM along with varying solubility of nanogels from the same batch, 

would indicate significant differences. It is my belief that theoretical models and 

computational experiments in combination with kinetics and fragmentation studies will 

elucidate the composition of the nanogel and clarify the mechanism by which it is made. 

As those experiments are out of the scope of this thesis the choice was made to focus on 

surface functionalizations of nanogels to form useful and versatile products for 

biomedical applications.  

 

7.2.2  One-step crosslinking polymerization to nanogels 

Alternatively, more insight and control over the nanogel synthesis, structure and 

composition can be achieved in return for efficiency, by converting to a two- or more step 

synthesis. The one-step synthesis method used in this thesis elegantly showcases the level 

of control and creativity achievable in radical polymerizations. As seen in Figure 1 below, 

the nanogels experience an exponential growth at the start of the reaction followed by a 

period of linearity. As the reaction proceeds, nanogel growth levels off and reaches a 

plateau. Reactions carried out at a higher combined monomer concentration do not 

plateau, but form a macrogel.  
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Figure 1. GMA and EGDMA were reacted together to form GMA-EGDMA nanogels at a combined monomer 

(both monovinyl and divinyl) concentration of 4% in 1,4-dioxane. The hydrodynamic diameters of the 

nanogels were measured on DLS and are depicted above as a function of reaction time. 

 

Figure 1 not only highlights the level of control achievable with this synthesis protocol but 

also its sensitivity. The reaction mixture was homogenized in a flask, distributed evenly 

between identical glass ampoules, degassed (max 5 ampoules at a time) by means of 3 

freeze-pump-thaw cycles and flame sealed. All ampoules were added to an oil bath at 

70°C simultaneously and quenched one by one with 0.5 mL DCM every 15 minutes. 

Despite the precautions taken, two out of eleven data points were outliers; most likely 

due to minute differences during handling, degassing, stirring or heating. The choice for 

this one-step crosslinking polymerization protocol was motivated by the requirement of 

size control in biomedical applications. The ideal size of nanoparticles destined for the 
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human body is 10 - 200 nm.14-15 Depending on its target organ or tissue a smaller, more 

precise size scope is desired. However, the full 10 - 200 nm range most likely is not 

required. Likewise, the ability to synthesize a large number of nanogels in a one-pot 

reaction, each with a different size, is an exceptionally efficient feature that unfortunately 

will go unused. In most biomedical studies a handful of samples is enough. Li et al. first 

synthesized poly(glycidyl methacrylate) (pGMA) followed by ring-opening amination with 

ethylenediamine and then crosslinked to a nanogel by amidation with α-lipoic acid.8 

Although this synthesis route includes 3 steps to form a nanogel, the existence of 

intermediate linear polymers facilitates the calculation of the molecular weight, 

polydispersity and crosslink density of the nanogel. The precision provided by such a 

protocol outweighs the efficiency of a one-step nanogel synthesis – especially if only a 

couple of distinct nanogel sizes are needed.  

 

7.2.3  Nanogel properties 

A feature we have long been interested in is the density of the nanogel. TEM 

measurements, surprisingly, taught us that the density increases with conversion, which 

contradicted our former hypothesis. The crosslink density and the molecular weight of 

the nanogels can be estimated with GPC and NMR but not with sufficient accuracy. A DLS 

setup which includes a MALLS detector would provide the molecular weight of the 

nanogel, along with useful information regarding its density. Such a setup however was 

not available.  

As witnessed in Chapters 3 and 4, the surface conjugations on the nanogel were 

well tolerated and the new functional groups remained accessible. Sulfonium nanogels 

were synthesized in a single step from glycidyl methacrylate nanogels. The nanogels were 

stable for up to two weeks after which a reduction was seen in surface charge, most likely 
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due to hydrolysis of the sulfonium moiety. Sulfonium nanogels successfully bound pDNA 

through electrostatic interactions forming polyplexes. The polyplexes were stable for 

some hours after which dissociation occurred.  

 

7.2.4  Sulfonium nanogels for gene transfection 

Transfection experiments were performed on various cell lines under varying conditions 

with no success. The sulfonium nanogel carried a positive surface charge which was 

shielded by pDNA when complexed, hindering sufficient polyplex uptake. As the nanogels 

induced only a bare minimum of transfection it would be fair to conclude that sulfonium 

nanogels cannot serve as transfection vectors. However, potential improvements still 

remain. The sulfonium nanogel had a surface charge of +14 mV which is lower than those 

usually reported in literature.8, 16-17 Increasing the surface charge could produce tighter 

bonds between the nanogel and pDNA and as well as higher multivalent interactions 

between the polyplex and the cell membrane. This in turn would increase the cellular 

uptake of the polyplexes. Secondly, nanogels are large spherical particles that most likely 

bind pDNA on their outer surface, as opposed to an inner cavity or coiling together like 

linear polymers do. As such the nanogel provides minimal to no protection of the plasmid 

along with little hold. This is further suggested by the high S/P ratios needed to achieve 

proper binding and the timeframe in which polyplex dissociation starts. Others have 

shown that it is possible to synthesize the nanogel in the presence of the pDNA to ensure 

its encapsulation in the matrix of the nanogel.5 Although this method is worth testing, it 

is unlikely that the pDNA will survive the multiple synthesis and purification steps required 

to synthesize sulfonium nanogels. Another alternative entails exploiting the swelling and 

shrinking behavior intrinsic to nanogels to load pDNA into its matrix. It is also possible to 

synthesize sulfonium nanogels with a lower crosslink density resulting in a more open 



Chapter 7 

236 | P a g e  
 

nanogel construct, better able at encapsulating pDNA in its inner pockets. The 

transfection experiments carried out in Chapter 6 were performed as a proof of principle. 

Therefore certain characterization steps such as gel electrophoresis and determination of 

the proton sponge effect and buffering capacity were omitted. As gene transfection was 

not successful, all characterization steps should be performed in following experiments 

or when repeating the study to gain as much insight as possible. 

 

7.3  Outlook 

The broad versatility, tunability and applicability of nanogels remains evident. In this 

thesis we demonstrated that sequential reactions on the same batch of nanogel are well 

tolerated, with minimal changes in size or surface charge, provided that the nanogels are 

still stable and not aggregating or hydrolyzing. As of yet it remains unknown if sulfonium 

nanogels can effectively function as gene vectors. Although many conditions were trialed 

during the transfection experiments, possibilities for optimization remain. Sulfonium 

nanogels are susceptible to hydrolysis meaning they should either be stabilized or used 

within a week of synthesis. The influence of the nanogel surface charge appears quite 

significant; that of polyplex size not as much, as of yet. It is thus good practice to conduct 

transfection experiments on polyplexes baring various amounts of ζ-potential, with focus 

on the higher charges. Nonetheless, the field of sulfonium polymer gene vectors is still in 

its infancy, meaning that statements made at this time should be regarded as tentative. 
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Summary 

 

The main goal of science has always been to better understand the world we live in. By 

studying our surroundings we can make better sense of the world around us. With the 

discovery of diseases came the need to understand and cure them. Science and medicine 

have evolved through time leading to various medical fields and research methodologies. 

In the past decade scientists have been focusing on utilizing macromolecules of the 

nanometer size range to optimize existing treatments or develop new ones. This field of 

nanomedicine comprises drug and gene delivery, bio-imaging, bio-sensing and tissue 

engineering. Actively delivering therapeutics to their destination as opposed to relying on 

their passive accumulation at receptor sites result in higher effectiveness. In gene therapy 

illnesses caused by modifications in the human genome are treated by silencing the 

gene(s) responsible for the disease, introducing a missing gene or repairing a faulty one. 

Oligonucleotides are quite fragile, thus requiring protection during their transport. In this 

thesis we synthesized a crosslinked polymer network to serve as a protective gene carrier. 

Chapter 3 described the synthesis of GMA-EGDMA nanogels that contain a reactive 

epoxide moiety capable of undergoing post-polymerization reactions. GMA-EGDMA 

nanogels are not only versatile, their diameter is directly correlated to the monomer 

conversion. This synthesis method thus provides the chemist with great control over the 

size and functionality of the nanogel. Epoxides moieties on a nanogel remain reactive and 

accessible as proven by reactions with sodium azide, TFA, Boc-aminoethanethiol and 

dimethylethanolamine. In Chapter 4, GMA-EGDMA nanogels were given a cationic charge 

in order to bind anionic DNA. The choice was made for sulfonium as the positively charged 

moiety as opposed to the more commonly used ammonium. To render the sulfonium 

nanogels water-soluble, secondary reactions were done on the remaining epoxides after 
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ring opening with diethylsulfide. When these reactions did not result in appreciable 

water-solubility, EGDMA crosslinker was substituted by a more hydrophilic equivalent. In 

Chapter 5 we described these water-soluble sulfonium nanogels in more detail focusing 

on their binding of plasmid DNA. 40-THG and 50-THG contained a thioglycerol moiety to 

enhance biocompatibility and hydrophilicity. As 50-THG required a lower S/P ratio to 

properly bind plasmid DNA, it was chosen over 40-THG to serve as a gene vector in 

transfection experiments, as described in Chapter 6. A variety of cell lines, uptake and 

transfection time and concentrations were tested with no successful transfection. We 

suspected the reason for the failed transfection being the stability of the polyplexes, the 

surface charge of the nanogels or the nanogel construct itself. A final experiment 

comparing cell uptake of nanogels with cell uptake of polyplexes revealed that anionic 

pDNA on the surface of nanogels masked their cationic surface charge, hindering proper 

interaction with the cell membrane and thus minimal uptake. At first glance it seems 

evident that sulfonium nanogels do not function as gene vectors as multiple experiments 

were conducted without any apparent transfection. However, as reflected in Chapter 7, 

although many gene transfection assays were conducted, the study as a whole was 

executed in a proof-of-principle manner. All polyplexes were formed from the same 

nanogel with a relatively low surface charge compared to known transfection vectors. As 

such, a more accurate conclusion would be that further experiments are required to 

definitively state the transfection efficiency of sulfonium nanogels. 
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Samenvatting 
 

Wetenschap heeft als primaire doel de wereld om ons heen beter te begrijpen door onze 

omgeving te bestuderen en kwantificeren. Sinds de ontdekking van ziektes en 

aandoeningen streeft men ernaar om deze beter in kaart te brengen en geneesmiddelen 

voor te ontwikkelen. De wetenschap en geneeskunde hebben zich door de jaren heen 

ontwikkeld tot verschillende medische richtingen en onderzoekstrategieën. In de laatste 

decennium hebben wetenschappers zich bezig gehouden met het toepassen van 

macromoleculen van de nanometer schaal om bestaande ziektebestrijdingstechnieken te 

optimaliseren of nieuwe te ontwikkelen. Dit gebied van nanogeneeskunde omvat 

medicijn- en genafgifte, bio imaging, biosensing en weefsel constructie. De effectiviteit 

van farmaceutische nanodeeltjes wordt verhoogd als zij actief getransporteerd worden 

naar hun doel, in plaats van passief accumuleren bij receptoren. Gen therapie tracht 

ziektes te genezen die zijn ontstaan door fouten in de genoom door middel van 

genuitschakeling, introduceren van ontbrekende genen of een defect gen te repareren. 

Oligonucleotiden zijn zeer fragiel en vereisen dus bescherming tijdens hun transport. In 

deze scriptie hebben wij een polymeer netwerk ontworpen die optreedt als 

beschermende gen transportmiddel. Hoofdstuk 3 beschrijft de synthese van GMA-

EGDMA nanogels die reactieve epoxide groepen bezitten en daardoor vervolg reacties 

kunnen ondergaan na polymerisatie. De GMA-EGDMA nanogels zijn niet alleen veelzijdig, 

hun diameter wordt bepaald door de conversie van de monomeren. Met behulp van deze 

methode heeft de chemicus dus veel controle over de grootte en functionaliteit van de 

nanogel. De epoxide groepen aan de nanogel blijven bereikbaar en reactief zoals bewezen 

met reacties met natrium azide, TFA, Boc-aminoethanethiol en dimethylethanolamine. In 

hoofdstuk 4 hebben we GMA-EGDMA nanogels voorzien van een kationische lading door 
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middel van sulfonium, om het binden van anionische DNA te vergemakkelijken. Om de 

sulfonium nanogels wateroplosbaar te maken, werd een secundaire epoxide-

openingsreactie uitgevoerd op de overgebleven expoxides. Omdat de nanogels alsnog 

niet voldoende wateroplosbaar waren, werd EGDMA crosslinker vervangen door een 

meer hydrofiele variant. In hoofdstuk 5 hebben wij deze wateroplosbare sulfonium 

nanogels in meer detail beschreven, waarbij we ons hebben gefocust op hun 

bindingsaffiniteit met DNA. Sulfonium nanogels 40-THG en 50-THG bevatten een 

thioglycerol groep om meer hydrofiel en biocompatibel te zijn. De keuze voor 50-THG in 

vervolg experimenten was gemotiveerd door de lagere S/P ratio die deze nanogel vereist 

om pDNA fatsoenlijk te binden. In hoofdstuk 6 werden de transfectie studies met 50-THG 

als transportmiddel uitgelicht. Meerdere cellijnen, opname-, transfectietijden en 

concentraties waren getest zonder succesvolle transfectie. Wij vermoedden dat de reden 

hiervoor lag bij de stabiliteit van de polyplexen, hun oppervlaktelading of de nanogel 

constructie zelf. In een vervolg reactie werd de celopname van polyplexen vergeleken met 

die van nanogels. Hieruit bleek dat de anionische lading van de DNA op de oppervlakte 

van de nanogels hun kationische lading vrijwel geheel maskeerde. Het gevolg hiervan is 

dat de nanogel geen goede interactie met de celmembraan heeft en deze dus niet 

voldoende opgenomen kan worden. Door de vele experimenten uitgevoerd in hoofdstuk 

6 zonder enige transfectie zou men kunnen concluderen dat sulfonium nanogels niet 

kunnen functioneren als vervoermiddel in gentherapie. Echter, zoals beschreven in 

hoofdstuk 7, de transfectie studies waren uitgevoerd in een proof-of-principle wijze. Alle 

polyplexen waren afkomstig van één enkele nanogel met relatief lage oppervlaktelading 

vergeleken met gangbare transfectievectoren. Verdere onderzoek is dus nodig om 

definitief vast te stellen of sulfonium nanogels dienen als transfectievector. 
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Thank you. And as you already know, I’m so incredibly proud of you! 

Mijn lieve ten Elshof schoonfamilie. Ik had niet verwacht dat ik tijdens mijn PhD een 

relatie zou krijgen en laat staan zo’n lieve schoonfamilie erbij. In het begin hadden jullie 

mij vaak gewaarschuwd dat het bij jullie best druk kan zijn. Maar voor een Curaçaose die 

haar familie enorm mist was die drukte precies wat ik nodig had. Derek i Margay, danki 

pa mi subrina bunita Myah, ku a nase riba mi aña. Mi ta stima wak bosnan famia. Derek, 

mi ta hopi orguyoso di bo i tur loke bo a logra na Hulanda. Famia Luneta i famia Kusmus, 

masha danki pa tur orashon i tur steun ku m’a haña di bosnan tur. Mi ta inkrehiblemente 

kontentu ku e famia bunita, loko i uní ku mi tin. I’m so blessed to have you.   

Liefie, Ramon. Je hebt een relatie gekregen met een burnt-out PhD student die ook nog 

eens uit een heel ander cultuur komt en meer dan 10 jaar geen relatie heeft gehad. 

Bedankt voor je begrip, je steun en vooral voor je geduld. Na zo lang in Nederland in mijn 

eentje was het wel even wennen om ineens plaats te maken in mijn leven voor een ander. 

En niet zomaar iemand, maar iemand wiens lichaam om de week uit elkaar valt en niet 

langer dan 5 minuten in de zon kan zijn. Bedankt voor je begrip als ik soms bij mijn 
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vrienden of familie wil zijn en geen Nederlands wil praten. Bedankt voor je begrip elke 

keer dat ik de telefoontjes van mijn moeder opneem, ongeacht de tijd of waar we op dat 

moment mee bezig zijn. Onze relatie heeft niet altijd zekerheid gekend, maar één ding 

waar ik wel zeker van ben is hoeveel ik van jou houd en jij van mij.  

Mama, Papa, Sanin. I have missed so many birthdays, anniversaries, random car rides and 

days at the beach. You guys are my foundation, my source of strength, courage and 

determination. No matter what I encountered during the past 4.5 years I could always 

handle it because I’m so incredibly loved by you three. I am nothing without my family’s 

love. Thank you for the unwavering and unconditional support. Sanin, although you are 

my little brother I look up to you so much. Whenever things got tough and I had to stand 

up for myself I would always think to myself how lucky people are that they’re dealing 

with me and not you cause “deze meneer Kusmus hebben we al een keer meegemaakt”. 

I love you so much Hisho. I’m so so proud to have the smartest little brother in the whole 

wide world. I can fly higher than an eagle, for you are the wind beneath my wings. 

As cheesy as it is, I also want to thank myself. I have a tendency to always look ahead at 

the next challenge on my path without acknowledging just how far I’ve come and what I 

faced along the way. I’ve endured more during these last couple of years than anyone 

ever should during a lifetime. At some point I quit my PhD but eventually finished on anti-

anxiety medication. I went from PhD counselor, to psychologist, to general practitioner, 

to bedrijfsarts and lastly to Human Resources. I navigated a difficult path between staying 

true to my values and self-worth while simultaneously attempting to achieve my goals. I 

was bent, severely, but luckily not broken. Never broken. And for that I thank myself. 

Because you know what Gigi? Remember that little girl who used to mix water with baby 

powder and vulpen ink trying to make potions? She’s a real scientist now and she never 

lost her sense of wonder. 
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