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ABSTRACT 

A key initiating step in atherosclerosis is the accumulation and retention of apolipoprotein B 

complexing lipoproteins within artery walls. In this work, we address this exact initiating 

mechanism of atherosclerosis, which results from the oxidation of low-density lipoproteins 

(oxLDL) using therapeutic nanogels. We present the development of biocompatible polyethylene 

glycol (PEG) crosslinked nanogels formed from a single simultaneous cross-linking and co-

polymerization step in water without the requirement for organic solvent, high temperature or 

shear stress. The nanogel synthesis also incorporates in situ non-covalent electrostatically driven 

template polymerization around an innate anti-inflammatory and anti-oxidizing paraoxonase-1 

(PON-1) enzyme payload - the release of which is triggered due to matrix metalloproteinase 

(MMP) responsive elements instilled in the PEG crosslinker monomer. Results obtained 

demonstrate the potential of triggered release of PON-1 enzyme and its efficacy against the 

production of ox-LDL and therefore a reduction in macrophage foam cell and reactive oxygen 

species formation.  
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INTRODUCTION 

Cholesterol is transported in plasma by apolipoprotein particles. When these cholesterol-

apolipoprotein particles such as low-density lipoproteins (LDL) accumulate in the subendothelium 

of large or medium-sized arteries in regions of disturbed blood flow where the endothelial barriers 

are compromised - they are retained and become oxidised, leading to an accumulation of oxidised 

LDL (oxLDL) within the subendothelium.1-3 These species generate an inflammatory response 

that leads to an influx of monocyte-derived macrophages.4 Macrophages ingest the oxLDL and 

become lipid laden ‘foam cells’ that eventually die, leading to the deposition of cellular debris and 

cholesterol crystals that form a necrotic core.5 In addition, these activated macrophages release 

pro-inflammatory cytokines that signal the recruitment of further monocytes, T cells and 

neutrophils into the plaque.6 Subsequently, inflammation is initiated by innate immune reactions 

and perpetuated by T cells that react to autoantigens from oxLDL (in particular to the B100 protein 

in LDL).4 This self-perpetuating oxidation and aggregation of LDL continues to promote foam 

cell formation and a pro-inflammatory response. Eventually, the atherosclerotic plaque grows in 

size and becomes unstable leading to rupture or endothelial erosion, which can lead to thrombus 

formation causing vessel occlusion and myocardial infarction or ischaemic stroke. OxLDL in fact 

has many roles in promoting atherogenesis.5 To date, human trials involving dietary antioxidants 

that act on oxLDL have failed to show improvements.5 Therapies that can interfere with the 

oxidation and retention of LDL are therefore of paramount importance in our fight against 

atherosclerosis. 

One group of potential therapeutics that are proving to be potent contenders as novel therapies are 

biologics.7 Biologics such as siRNA, mRNA and DNA biomolecules, proteins including enzymes, 

antibodies and regulatory proteins are becoming preferred therapeutics of choice due to numerous 
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advantages over small molecule drugs.8 For example, enzymes offer exquisite specificity and can 

work at catalytic outputs. As production, scale-up and testing of biological drugs progresses, the 

translation and commercialization of these specific and potent therapies will rise. However, 

biological drugs can suffer from poor bioavailability, short half-lives in vivo, protease damage, 

short shelf-life, costly production and immunogenic side-effects.9 The current standard for 

addressing some of these limitations is that of covalent PEGylation of the protein surface, which 

can prolong the proteins half-life and biocompatibility in vivo, however, since this is a covalent 

approach it can also lead to loss of protein activity.10 The encapsulation of therapeutic proteins 

within biocompatible polymeric nanoparticles presents a more amenable approach, whereby the 

proteins do not need to be surface modified chemically, and can be protected until the site-of 

action.11, 12 For example, in our previous work we have shown that the delivery of innate biological 

molecules such as interleukin-10 or a peptide pharmacophore of annexin A1 protein (Ac2-26) can 

successfully resolve inflammation in advanced atherosclerotic plaques, leading to a reduction in 

both lesional oxidative stress and necrosis, and increasing collagen content and fibrous cap 

thickness in mice, when delivered using controlled-release polymeric nanoparticles. 20,21,13  

 

In the innate setting, the oxidation of LDL can be prevented by protective enzymes such as 

glutathione peroxidase,14 lipoprotein-PLA2,15 and paraoxonases.16 Although key enzymes in 

atherosclerosis such as hydroxy-methyl-glutaryl CoA (HMG-CoA) reductase,17 and protein 

convertase subtilisin/kexin type 9 inhibitors (PCSK9)18 have been exploited as pharmacological 

targets, the delivery of anti-atherogenic enzymes represents a relatively unexplored area. As such 

in this study we chose to investigate the anti-oxidizing effects of paraoxonase-1 (PON-1) retained 

within nanogel nanoparticles with matrix metalloproteinase responsive elements for its triggered 

release. Paraoxonases (PONs) are antioxidant enzymes that have the ability to protect against the 
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oxidation of LDL leading to a reduction of peroxide and aldehyde by-products, and are associated 

with high density lipoproteins (HDL) in serum.19 PONs have three isotypes: PON-1, PON-2 and 

PON-3. PON-1 and PON-3 are associated with HDL in plasma and PON-2 is an intracellular 

enzyme.20 PON-1 is the most studied of the three forms and has been shown to not only prevent 

the accumulation of oxidized LDL, but to also promote cholesterol efflux from macrophages.5 

Since both HDL-associated PON and purified PON were shown to be potent inhibitors of LDL 

oxidation, PON delivery is therefore a viable therapeutic approach, and the presence of PON in 

HDL can therefore be a major contributor to HDL’s potent anti-atherogenic capability.19, 21 

Furthermore, purified PON-1 treatment of oxLDL was observed to significantly decrease the 

ability of oxLDL to induce endothelial cell activation and monocyte binding.16 Several studies to 

date have confirmed the protective role of PON-1, for example, deletion of the PON-1 gene was 

shown to increase atherosclerosis in mice,22 and overexpression of PON-1 led to a reduction in 

atherosclerosis in both normal and Apoe-/- mice in a dose-dependent manner.23 In human studies, 

polymorphisms in PON-1 lead to an increase in the risk of atherosclerosis.21 Replenishing and 

delivering PON-1 to atherosclerotic plaques within protective nanogels is therefore an attractive 

therapeutic option. Therefore, local nanogel delivery of PON-1 in a controlled release manner due 

to specific and ‘triggered’ release can lead to a sustained level of bioactive PON-1 enzyme.  

Nanogels are hydrogels within the nanometer range consisting of crosslinked porous polymer 

networks with the ability to retain high volumes of water or biological fluids whilst maintaining 

their structure.24-26 They have a wide range of flexibility in their design, allowing their 

characteristics such as size, charge, degree of porosity and degradability to be easily tuned by the 

choice of monomeric building blocks.27 Since nanogels can retain a high volume of water, they 

are extremely biocompatible. This excellent and unique property makes them an ideal 
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nanoplatform for the delivery of biological drugs such as enzymes and proteins.28, 29 Nanogels are 

prepared via polymerization of monomers or precursors by chemical crosslinking or via physical 

crosslinking of preformed polymers via amphiphilic or electrostatic interactions.30 Nanogels have 

superior properties as they offer: 1) encapsulation stability for biologically sensitive payloads, 2) 

they have low immunogenicity and toxicity, and can be designed to be fully biodegradable, 3) 

multiple biological payloads can be delivered in a single nanogel, facilitating combination 

therapies, 4) their synthesis can be aqueous based and easily scaled, and 5) they are soft 

nanoparticles that can easily squeeze through restricted sites under hemodynamic shear flow. In 

this manner, nanogels are the ideal delivery platform for biological drugs especially since 

biological therapeutics can be encapsulated into nanogels using mild aqueous reaction conditions. 

By incorporating labile bonds within precursor monomers, nanogels can be designed to be 

responsive to a wide variety of environmental stimuli such as enzymes, temperature, pH and ionic 

strength.31-33 These functionalities can be easily achieved with the right monomer design. This 

strategy of triggered disintegration makes crosslinked polymeric nanogels a promising system for 

the controlled delivery of biologics. In this work, we exploited the up-regulation of matrix 

metalloproteinases in atherosclerosis as a method to trigger the release of PON-1 from the nanogels 

and bestow a more ‘controlled’ release of this potent enzyme.34, 35  The PON-1 enzyme can be 

protected and encapsulated in situ during the nanogel formation process, this ensures high 

encapsulation efficiencies and a good degree of dispersion of the protein throughout the nanogel 

network. Furthermore, how tightly the proteins are held within the nanogels can be tuned by the 

degree of crosslinking.36, 37 In this work, we have developed MMP-2 responsive nanogels 

composed of mainly a crosslinked PEG network with an acrylamide co-polymerized backbone. 

The PON-1 enzyme was templated with a charged quaternary amine monomer which was then 
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blended into the one-pot aqueous polymerization reaction (Figure 1). This green methodology did 

not require the use of solvents, high temperature or shear stress, and led to homogenous sub 100 

nm nanogels with a viable payload of PON-1 enzyme. Biological investigations confirmed PON-

1 activity and efficacy in activated macrophages using three bioassays for oxLDL, foam cell and 

reactive oxygen species (ROS) production assessment in vitro. This proof-of-concept study is a 

first demonstration of the therapeutic potential of PON-1 nanotherapy in an atherosclerotic setting. 

 

Figure 1. Overall nanogel design and application to the reduction of oxLDL species, 

macrophage foam cell and ROS production. (A)  The required monomer units are encapsulated 

within micellar cores formed as a result of sodium dodecyl sulfate surfactant use at above critical 

micelle concentrations in water. Simultaneous crosslinking (due to the MMP cleavable 

crosslinker) and co-polymerization (due to acrylamide) in one-pot in total aqueous conditions was 

initiated using ammonium persulfate to form nanogels that entrap PON-1. PON-1 was previously 

electrostatically templated with charged polymerizable trimethylammonium chloride salt, which 

allowed for co-polymerization of this protein bound monomer into the nanogels. The nanogels 
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were then purified via dialysis and tested for their MMP-2 responsiveness. (B) The nanogels were 

further incubated with LDL particles, and their effects on reducing and blocking their oxidation, 

in addition to macrophage foam cell formation and ROS generation was assessed in vitro.  

 

EXPERIMENTAL METHODS 

Materials. All materials and reagents were used as purchased without further purification. Fmoc-

N-amido-dPEG®12-acid was purchased from Quanta BioDesign Ltd, USA. Fmoc-(S)-3-Amino-

5-hexenoic acid was purchased from abcr GmbH, DE. 2-Chlorotrityl chloride, all L-amino acids: 

Fmoc-Gly-OH, Fmoc-Ala-OH, Fmoc-Leu-OH and Fmoc-Pro-OH, 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium3-oxid hexafluorophosphate 

(HATU), N,N-diisopropylethylamine (DIPEA), acryloyl chloride, [2-

(acryloyloxy)ethyl]trimethylammonium chloride (AETC) solution (80 wt. % in H2O), acrylamide 

(AM), ammonium persulfate (APS), N,N,N′,N′-tetramethylethylenediamine (TEMED), cell 

culture grade bovine serum albumin (BSA), human LDL, MDA lipid peroxidation assay kit, Oil 

Red O solution (0.5% in isopropanol), cell counting Kit – 8 (CCK8), Dulbecco’s Phosphate 

Buffered Saline (PBS), Dulbecco's Modified Eagle's medium (DMEM), MMP-2 (human, 

recombinant, expressed in E.coli), calcium chloride (CaCl2) chloroform-d (CDCl3), deuterium 

oxide (D2O), dichloromethane (DCM), anhydrous N,N-Dimethylformamide (DMF), 

trifluoroacetic acid (TFA), sodium dodecyl sulfate (SDS), 2,4,6-collidine, 2,5-dihydroxybenzoic 

acid, sodium trifluoroacetate, 2,4,6-trimethylpyridine, anhydrous methanol (MeOH) and 

piperidine were all purchased from Sigma-Aldrich, DK. Paraoxonase-1 (human, recombinant, 

expressed in E. coli) was purchased from BioVendor, UK. PON-1 activity assay kit was from 
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BioVision Inc, USA. PON-1 ELISA kit came from antibodies-online GmbH, DE. Hoechst 33342 

Solution (20 mM) and ProLong® Gold mount media, and Micro BCA™ Protein Assay Kit were 

from Thermo Fisher Scientific™, DK. Acryloxyethyl thiocarbamoyl Rhodamine B (RMA) was 

purchased from Polysciences Europe GmbH, DE.  

 

Instrumentation. Solid phase synthesis was carried out using a Biotage Initiator+ Alstra 

automated microwave peptide synthesizer (Biotage, SE). Thin layer chromatography (TLC) was 

used to monitor reactions and products where appropriate, using 254 nm UV light or KMnO4 

visualization. Analytical reversed-phase high-performance liquid chromatography (RP- HPLC) 

was performed on a Shimadzu instrument (equipped with a LC-20AD pump, a DGU-20A SR 

degassing unit, and a SPD-M20A Photodiode Array (PDA) Detector) with an Eclipse Plus C18, 

4.6 x 250 mm, 5m column. HPLC Eluent A was: a 5% CH3CN aqueous solution with 0.1% 

trifluoroacetic acid (TFA); HPLC Eluent B was: 0.1% TFA in CH3CN. 1H NMR was recorded at 

400 MHz. Chemical shifts (δ) are reported in parts per million (ppm) relative to the solvent’s signal 

peak. Mass spectra were recorded on a Bruker Reflex IV MALDI-TOF Spectrometer. Dynamic 

light scattering (DLS) and ζ- potential measurements were performed on a Malvern Zetasizer 

Nano-ZS instrument. UV-vis spectroscopy was carried out by using the Beer–Lambert law using 

a Thermo scientific nanodrop 2000-C instrument. The path length of 1 cm UV cuvette was filled 

up with a 1 mL sample solution and the UV scan carried out at room temperature. Spark® 

multimode microplate reader Tecan was used to carry out the absorbance and fluorescence 

measurements. Confocal Microscopy studies used an upright laser scanning microscope Zeiss 

LSM 710 with 63 x magnification and the fluorescence nanogels intensity was collected at 

λex: 553 nm. 
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Synthesis and characterization of MMP cleavable crosslinker 9. The acryloylamino-dPEG12-

GALGLP-dPEG12-amido-hexenoic acid crosslinker was synthesized by solid-phase synthesis 

(SPPS) using a 2-chlorotritylchloride polymer bound resin (100 mg, 0.10 mmol, 1 eq., 100-200 

mesh, 1.0 mmol g-1 loading) via standard Fmoc SPPS methodology. The resin was first added to 

a 10 mL SPPS glass reaction vessel and washed with DCM (5 x 5 mL) and allowed to swell in 

DCM (5 mL) for 30 min. The (S)-3-(Fmoc-amino)-5-hexenoic acid (175 mg, 0.5 mmol, 5 eq.) and 

DIEA (174 μl, 1.0 mmol, 10 eq.) were added ato the vessel nd the reaction shaken for 24 h at room 

temperature. After 24 h the reaction was stopped and unreacted residue washed with DCM (3 x 5 

mL) and DMF (3 x 5 mL). The resin was dried and photometric analysis was used to calculate the 

loading efficiency of the resin after the initial conjugation step and was found to be 0.60 mmol g-

1 loading. Any remaining reactive sites on the resin were then capped using a 

DCM:MeOH:DIPEA: 17:2:1 v/v mixture and the resin shaken for 30 min. The resin was then 

washed with DMF (3 x 5 mL), DCM (3 x 5 mL), MeOH (3 x 5 mL) and finally with DMF (3 x 5 

mL) and dried to yield 1. After this initial resin coupling step, the remaining synthetic steps were 

performed on an automated peptide synthesizer (Biotage initiator+ alstra) with microwave 

technology at 75 oC. The Fmoc group was removed using 20% piperidine in DMF for 13 min to 

yield 2. The first Fmoc-N-amido-dPEG®12-acid (4.08 eq.) residue was coupled with the (S)-3-

(Fmoc-amino)-5-hexenoic ester resin using HATU (4.0 eq.), and 2,4,6-collidine (8.0 eq.) in DMF 

for 5 min at 75 oC to yield 3. The Fmoc group was removed using 20% piperidine in DMF for 13 

min to give 4, and then each amino acid coupling was carried out using Fmoc protected amino acid 

(4.08 eq.), HATU (4.0 eq.), and 2,4,6-collidine (8 eq.) in DMF for 5 min at 75 oC thereafter and 

deprotected in a similar manner using 20% piperidine in DMF for 13 min after each amino acid 
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coupling. Completion of each coupling and deprotection step was monitored by the Kaiser test. 

Next the second Fmoc-N-amido-dPEG®12-acid (4.08 eq.) molecule was coupled with 5 using 

using HATU (4.08 eq.), and 2,4,6-collidine (8.0 eq.) in DMF for 5 min at 75 oC to yield 6.  The 

Fmoc group was removed using 20% piperidine in DMF for 13 min to give 7 which was washed 

with DMF (5 x 5 mL) and dried. Dry DCM (3 mL) was added to 7, and the acrylation step was 

carried out using manual SPPS, where acryloyl chloride (24.24 L, 0.30 mmol, 5 eq.) and DIPEA 

(174 L, 10 eq.) were dissolved in dry DCM (3 mL) and added to 7, and the reaction shaken for 4 

h at room temperature. The resin was then washed with DMF (5 x 5 mL), DCM (5 x 5 mL), MeOH 

(5 x 5 mL), DMF (5 x 5 mL) and dried to give 8. Finally, the crosslinker was cleaved from the 

resin using TFA:DCM 1:1 v/v (10 mL) in a 50 mL round bottomed flask. The resin was then 

filtered and washed with DCM (2 x 10 mL) and the solvent removed in vacuo to yield a yellow 

compound which was further purified using flash coloumn chromatrography using DCM:MeOH 

9:1 as the eluent v/v. The solvent was removed in vacuo and the product lyophilized from H2O to 

give a yellow powder 9 (15.8 mg, 14%, purity >97%). 1H NMR (400 MHz, D2O): δ 6.33-6.18 (m, 

1H), 5.86-5.75 (m, 1H), 5.58-5.50 (m, 1H), 5.20-5.04 (m, 2H), 4.69-4.62 (m, 1H), 4.56-4.23 (m, 

6H), 4.17-3.15 (m, 145 H), 2.81-1.07 (m, 41H), 0.99-0.86 (m, 12H). HPLC: product eluted at 8.9 

min as a sharp peak. Eluent: (A) 5% CH3CN + 0.1% TFA in H2O, (B) 0.1% TFA in CH3CN. 

Gradient profile: Linear gradient from 0% B to 100% B over 20 min. Flow rate: 0.5 mL/min. 

Solvent for injection: H2O/acetic acid (4:1). MALDI-TOF MS (m/z): Calc. mass [M+H]+: 

1890.09, found mass [M+Na]+: 1912.88. MALDI-TOF spectrum of the product was obtained 

using 2,5-Dihydroxybenzoic acid (60 mg/mL) with TFA (2 mg/mL) in MeOH as matrix. 
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Proteolysis of acryloylamino-dPEG12-GALGLP-dPEG12-amido-hexenoic acid crosslinker 

9 with MMP-2 enzyme. The crosslinker 9 was incubated with MMP-2 enzyme for 24 h at 37 oC 

in buffer (50 mM HEPES, 10 mM CaCl2,150mM NaCl, 20% glycerol, 0.005% BRIJ®-35 

Detergent, pH 7.5). For this experiment the crosslinker was used at 1 mM and the MMP-2 enzyme 

at 50 nM concentrations. At the end of the incubation period, the enzyme was removed using 

ultracentrifugation Amicon filters (100 KDa MWCO), desalted and the final cleaved products 

assessed using MALDI-TOF. MALDI-TOF MS (m/z): Calc. mass for positive fragment [M+H]+: 

995, found mass [M+Na]+: 1018 MALDI-TOF spectrum of the product was obtained using 2,5-

Dihydroxybenzoic acid (60 mg/mL) with TFA (2 mg/mL) in MeOH as matrix. 

 

Nanogel synthesis and characterization. In a typical run, BSA (2 mg, 15 µM) or PON-1 (250 

µg, 2.9 µM) were dissolved in 1 mL of milli-Q water and mixed with AETC (12 mg, 30 mM). The 

mixture was stirred for 10 min to allow electrostatic binding of a positively charged monomer to 

a negatively charged protein surface. Then, acrylamide (10 mg, 70 mM), peptide based crosslinker 

(9 mg, 7 mM) each dissolved in 1 mL of milli-Q water were added and the mixture was 

deoxygenated by bubbling with N2 for 10 min. Afterwards, SDS (2 mg, 7 mM) dissolved in 1 mL 

of deoxygenated milli-Q water was added and the mixture stirred for 30 min to allow micelle 

formation. In the last step, APS (1 mg, 2 mM) dissolved in 1 mL of milli-Q water was added 

followed by TEMED (20 µL, 134 µmol). The mixture stirred for 4 h at r.t. and later dialyzed (100 

kDa MWCO, Spectra/Por®) against milli-Q water with at least three water changes over a period 

of 48 h. The nanogels were stored at 4 oC or lyophilized for long term storage.  
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Nanogel size and charge storage stability. The storage stability of the protein loaded nanogels 

was carried out by storing the samples at 4 °C for 1 month and measuring their size and zeta 

potential in PBS and DI water at 25 °C, and 37 °C. Dynamic light scattering (DLS) was used to 

analyze the size and the charge of the nanogels using Malvern zetasizer Nano-ZS with backscatter 

detection at 173°. Three scans were performed each time and each run measured 15 number of 

sub-scanning cycles (n = 3). Size and zeta measurement were carried out at 25 °C and 37 °C in 

Deionized water (DI water) and PBS. 

 

Transmission electron microscopy (TEM). Samples were prepared by adding 10 L of nanogel 

(1 mg/mL) on to a glow discharged formvar coated 200 mesh, copper grid (Electron Microscopy 

Sciences, FCF200-Cu) and allowing to adsorb for 3 minutes before removing the excess sample 

by blotting gently with filter paper. The grids were then rinsed on 3 droplets of DI water in quick 

succession and stained with a droplet of 1% uranyl acetate in water for 30 seconds.  The excess 

stain was removed by blotting with filter paper and the grids were allowed to dry at room 

temperature before TEM imaging. TEM images were acquired using an FEI Tecnai T20 at the 

Center for Electron Nanoscopy at Denmarks Technical University. 

 

Micro-BCA assay for protein quantification in nanogels. To quantify the amount of protein 

inside the nanogels we carried out a standard micro-BCA assay.38 A standard curve with a defined 

concentration of protein solution was generated according to the micro-BCA assay. The protein 

loaded nanogel was centrifuged using Amicon filters with 100 KDa MWCO for BSA and 50 KDa 

MWCO for PON-1 nanogels at 2000 rpm for 10 minutes and the filtrate was collected and its 

absorbance at 562 nm measured. The absorbance value corresponds to the exact free protein 
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concentration and the bound protein could therefore be calculated. To determine the loading 

efficiency (LE %) and encapsulation efficiency (EE %) we have used the following calculation: 

 

% EE
amount of measured protein mass 

amount of protein mass added
 100 

% LE  
amount of measured protein mass

Total empty nanogel mass
100 

 

Cumulative protein release from nanogels post incubation with MMP-2 enzyme. BSA or 

PON-1 protein loaded nanogels (4.76 mg contains 200 μg BSA or 2.5 μg NG- 1_PON1 contains 

100 ng PON1) were incubated with 50 nM MMP-2 enzyme in 500 μL Tris buffer at 37 °C and at 

either 2,4, 6 h of incubation the reaction was quenched with 20 mM EDTA and the solution 

centrifuged using Amicon filters (100 KDa MWCO) at 5000 rpm for 10 minutes. The protein 

amount in the filtrates was quantified using the micro-BCA assay. For PON-1 nanogels, PON-1 

release was measured using an ELISA kit.  

 

Released PON-1 activity measurement. Released PON-1 activity was measured using a 

commercially available activity assay kit (BioVision). The native PON-1 protein (100 ng) and the 

PON-1 protein loaded nanogels with equivalent PON-1 dose were incubated with 50 nM MMP-2 

enzyme in 500 μL Tris buffer at 37 °C and at 48 h interval the filtrate was collected (by 50 KDa 

amicon filter, 5000 rpm for 15 min) and the released proteon activity. The BioVision's PON1 

activity assay kit enables the measurement of PON-1 activity by utilizing a fluorogenic substrate, 

which measures a highly fluorescent product (Ex/Em = 368/460 nm) and this can be used as a 

measure of enzymatic activity. 
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In vitro cell viability. RAW 264.7 cells were seeded in a 96 well plate (5x103 cells per well) in 

200 μL of DMEM buffer with 10% FBS and 1% penicillin and allowed to grow for 24 h under 

incubation at 37 °C and 5% CO2. Then different concentration of nanogels (NG-1) (such as: 0 

μg/mL, 10 μg/mL, 50 μg/mL, 100 μg/mL, 250 μg/mL,500 μg/mL) were investigated for 24h and 

48 h and the viability measured using the Cell Counting Kit-8 (CC-K8) assay (Sigma-Aldrich).  

 

Cellular uptake assay. The cellular uptake of fluorescence labeled nanogels was investigated 

using RAW 264.7 cells, which were seeded into 12 well plates (1x105 cells per well) in 1 mL of 

DMEM buffer with 10% FBS and 1% penicillin and incubated for 24 h prior to the experiment. 

Then the cells were incubated with LPS 100 ng/mL and 100 IU/mL IFN- γ (for treated cells) or, 

without (for untreated cells) for 24 h and then fluorescently labeled NG-1_PON-1_RMA (0.1% of 

RMA, 100 μg/mL) was added to the cells and incubated for a further 24 h. The medium was 

removed and the cells washed with PBS (3 x 1 mL). The nuclei were stained with 4′,6-diamidino-

2-phenylindole (DAPI) and the cells were imaged after 24 h using confocal laser scanning 

microscopy with an excitation at λex: 553 nm. 

 

Oil red O assay. Oil red O (ORO) assay was carried out to determine whether treatment of PON-

1 enzyme is effective in inhibiting foam cell formation. Briefly, RAW264.7 cells were stimulated 

with LPS (100 ng/mL)  and 100 IU/mL IFN-γ for 24 h then treated with 50 μg/mL of ox-LDL for 

24 h. Cells were preincubated with 10 μg/ml PON-1 or PON-1 loaded nanogels. Control 

experiment was done without the addition of ox-LDL (50 μg/mL) to cells. Washed the cells with 

DMEM buffer and cell fixation was done by adding 10% formalin solution for 15 minutes, 
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followed by staining with a 1 mL of ORO and hematoxylin cocktail mixture. An optical 

microscope was used to observe the stained cells. For quantification of the oil droplet formation, 

PBS buffer in each well was carefully discarded and the wells air dried for 10 minutes. Then, the 

stained cells in each well were soaked in 2-propanol for 15 minutes to extract the dye. The lysis 

solution was transferred to a microplate to measure the absorbance at 492 nm using a plate reader. 

The level of oil droplet formation was expressed as a value relative to that in the control group. 

 

LDL oxidation. Human plasma LDL was commercially purchased (Sigma-Aldrich) and dialyzed 

in deionized water for 24 h at room temperature (50 KDa MWCO Spectra/Por®) to remove 

ethylenediaminetetraacetate (EDTA), and was subsequently either oxidized alone or in the 

presence of PON-1 enzyme. LDL was oxidized with 5 μM Cu2+  for 4 h at 37 oC and dialysis was 

then repeated to remove the Cu2+.  

 

Thiobarbituric acid reactive substance (TBARS) assay. The TBARS assay was performed 

according to the Lipid Peroxidation (MDA) Assay Kit (Sigma-Aldrich). Briefly, copper oxidized 

LDL was reconstituted in 20 μL PBS buffer and mixed with 500 μL of 42 mM sulfuric acid in a 

1.5 mL Eppendorf tube. Then, 125 μL of phosphotungstinic acid was added and the and the 

Eppendorf vortexed for 2 minutes. The sample was incubated at room temperature for 5 minutes 

and centrifuged at 13,000 g for 3 minutes. The top layer was collected and mixed with 2 μL of 

BHT in 100 μL of deionized water and the final volume was adjusted to 200 μL. Finally, 600 μl 

of TBA solution was mixed together with the 200 μL analyte solution and incubated at 95 oC for 

60 minutes and the UV absorbance of the solution measured at 532 nm.  
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Reactive oxygen species (ROS) assay. THP-1 monocytes were obtained from the American Type 

Culture Collection (Manassas, VA, USA) and cultured in RPMI-1640 medium supplemented with 

1%  HEPES, 1% sodium pyruvate, 0.1% gentamicin, and 10% fetal bovine serum. The THP-1 

cells were differentiated into adherent macrophages (denoted THP-1 activated) by treatment with 

10 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma, St. Louis, MO, USA) overnight. The 

THP-1 activated cells attach to the surface of the culture flasks, whereas THP-1 cells stay in 

suspension and were removed with the supernatant. After differentiation, 5105 cells per well were 

seeded in 200 µL in a black 96 well plate, and left for re-attachment for 24 hours. The cells were 

then exposed to different concentrations of the PON-1 (0.4; 2.0; 4.0 and 8.0 µg/mL), empty 

nanogels (NG: 10; 50; 100 and 200 µg/mL) or PON-1 loaded nanogels PON-1/NG (0.4/10; 2/50; 

4/100 and 8/200 µg/mL) for 24 hours. After the exposure the cells were washed once with Hanks 

buffer (200 µL) and then incubated with 10 µM DCFH probe (Sigma, D6883-50MG) in 100 µL 

for 15 minutes at 37 oC. The extracellular DCFH was washed away with Hanks buffer (3 x 200 

µL), and 1 mM H2O2 in 200 µL was added for 2 hours to induce ROS production, and the level 

of ROS production was measured by the amount of fluorescence signal in each well determined at 

(λex = 485 nm; λem = 538 nm) usa a fluorescence spectrophotometer (Fluoroskan Ascent FL; 

Labsystems). The results were normalized to the non-treated control and represent the average of 

three independent experiments.   

 

Results and Discussion  

 

Synthesis and characterization of MMP cleavable cross-linker, 9. In order to create nanogels 

that will release their PON-1 payload specifically within plaque environments we chose to instill 
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a cleavable sequence within a PEG crosslinker monomer that was responsive to MMP activity. 

The entrapment of labile enzymes within crosslinked PEG networks is an effective way to recover 

enzyme activity and provides a mild encapsulating condition – given the delicate nature of this 

type of protein. Up to now, a wide range of MMP responsive nanoparticles have been developed, 

making this approach a reliable and proven methodology for the triggered release of drugs in an 

in vivo setting.39-41 In atherosclerosis, activated macrophages secret high levels of MMPs and 

several have been identified as having disease progression roles such as matrix degradation and 

plaque destabilization, and include MMP-1, MMP-2, MMP-3, MMP-8 and MMP-9.34 In 

particular, MMP-2 and MMP-9 levels were shown to be far greater in atherosclerosis pathology.34 

Therefore, we chose to utilize MMP-2 activity and we selected the -GALGLP- cleavable 

sequence by these MMPs according to previously published studies.42, 43 In the first instance the 

acryloylamino-dPEG12-GALGLP-dPEG12-amido-hexenoic acid crosslinker 9 with the MMP-2 

cleavable motif was synthesized using Fmoc solid phase peptide synthesis (SPPS) as shown in 

Scheme 1. The first step in the SPPS involved the loading of 2-chlorotritylchloride resin with (S)-

3-(Fmoc-amino)-5-hexenoic acid to give the Fmoc protected resin bound product 1. Subsequently 

Fmoc-based SPPS using an automated peptide microwave synthesizer was used to synthesize 

cross-linker 9 starting with Fmoc deprotection using 20% piperidine in DMF to give 2. Next the 

first Fmoc-N-amido-dPEG®12-acid molecule was coupled using HATU/2,4,6-collidine in DMF to 

give 3, followed by deprotection with 20% piperidine in DMF to yield 4. The sequential coupling 

of the required L-amino acids was then carried out using Fmoc SPPS in the same manner to give 

5, which was coupled with the second Fmoc-N-amido-dPEG®12-acid molecule to give 6. 

Following Fmoc removal (7), acrylation was carried out with acryloyl chloride and DIPEA in 

DCM to give 8. Post washing steps with aprotic and protic solvents, the crosslinker was cleaved 
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from resin using TFA/DCM 1:1 v/v and washed in cold diethyl ether and dried. The final product 

was taken up in DCM and purified using flash column chromatography yielding the highly water-

soluble yellow hygroscopic compound 9, and characterized by 1H NMR (SI Figure 1), analytical 

HPLC corresponding to >97% purity (SI Figure 2a) and MALDI-TOF with m/z = 1912.88 

corresponding to [M + Na]+  (SI Figure 2b). For the synthesis of the cross-linker discrete PEG 

(dPEG) units were utilized in order to produce as homogenous a monomer and therefore nanogel 

as possible.44 Additionally, each PEG molecule spacer length flanking the peptide sequence was 

approximately 46 Å in order to create smaller aqueous pore sizes so as to minimize unwanted 

diffusion of PON-1 protein molecules out of the nanogels in the absence of MMP activity. 

Although in this instance the nanogels are passively targeted, a free carboxylic acid was retained 

on product 9 in order to allow for future bioconjugations of targeting moieties to the surface of the 

nanogels and to provide further solubility.  
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Scheme 1. Fmoc solid phase peptide synthesis of acryloylamino-dPEG12-GALGLP-dPEG12-

amido-hexenoic acid cross-linker 9. 

Proteolysis of acryloylamino-dPEG12-GALGLP-dPEG12-amido-hexenoic acid crosslinker 9 

with MMP-2 enzyme. We next verified the cleavability of the acryloylamino-dPEG12-

GALGLP-dPEG12-amido-hexenoic acid crosslinker 9 by incubation with MMP-2 enzyme for 24 
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h at 37 oC in buffer (50 mM HEPES, 10 mM CaCl₂,150mM NaCl, 20% glycerol, 0.005% BRIJ®-

35 Detergent, pH 7.5). For this experiment the crosslinker was used at 1 mM and the MMP-2 

enzyme at 50 nM concentrations. At the end of the incubation period enzyme was removed using 

ultracentrifugation and the final cleaved products assessed using MALDI-TOF. Two fragments 

corresponding to cleavage between the L + G amino acid sequences were proposed (SI Figure 

3A) and we were able to identify the positive cleavage fragment with m/z 1018 ([M+Na]+ (SI 

Figure 3B) with MALDI-TOF. With confirmation that the crosslinker is responsive to MMP-2 

activity, we then proceeded to nanogel synthesis.  

 

Nanogel synthesis and characterization. To effectively deliver PON-1 enzyme embedded into 

nanogels, the reaction conditions should be mild without the need for high shear stress, elevated 

temperatures or organic solvents. As such we utilized an aqueous polymerization method, with no 

organic solvent, need for heating or ultrasonication. The nanogels were synthesized by mixing all 

the required constituent monomers including; the acryloylamino-dPEG12-GALGLP-dPEG12-

amido-hexenoic acid cross-linker 9, [2-(Acryloyloxy)ethyl]trimethylammonium (AETC) salt, 

acrylamide (AM),  (SDS) surfactant, and polymerization was initiated using N,N,N’,N’-

tetramethylethylenediamine (TEMED) base and ammonium persulfate (APS) initiator (Figure 2). 

Prior to this step, the PON-1 enzyme was allowed to mix with the AETC monomer for 30 min at 

room temperature,45 the remaining components were added to the reaction vessel and stirred for a 

further 30 minutes at room temperature in order to allow for micelle formation (SI Figure 4). 

Finally, the TEMED and APS were added in a dropwise manner and the nanogels were allowed to 

form over a period of 4 hours in total aqueous conditions. The nanogels were then purified using 

dialysis in dH2O for 24 hours. The methodology we employed for nanogel synthesis involved 
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dispersing the monomers in water, with the addition of the classical emulsifier SDS, which led to 

the monomers accumulating within the micellar core. The addition of APS and TEMED leads to 

initiator radicals generated in the aqueous phase, which then migrate into the micelles that are 

swollen with the monomer molecules and polymerization occurs. This methodology led to both 

crosslinking and co-polymerization of the backbone in a single step. Crosslinked nanogels are 

often synthesized using heterogeneous polymerization employing solvents, however we have 

shown that the use of organic solvents and high temperatures are not necessary in this case. Prior 

to using PON-1 enzyme, the conditions for nanogel synthesis were optimized using BSA as a 

model protein and 5 nanogels with varying amounts of constituents were investigated (SI Table 

1). 

 

Figure 2. Nanogel synthesis. Polymeric nanogels were synthesized using TEMED and APS 

initiator in deionized water. 
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The concentration of the cationic AETC and AM were varied and the remaining constituents were 

kept constant and the nanogels synthesized according the above described methodology. The 

hydrodynamic diameter of the NG-1_BSA to NG-5_BSA nanogels were measured to be within 

the 60 ± 1.0 to 141.0 ± 2.0 nm range using DLS (SI Table 2 and SI Figure 5). The zeta potential 

of the 5 BSA-nanogels were measured to be -16.0 ± 2.0 to -31.0 ± 0.5 mV with polydispersity 

indexes ranging between 0.27 ± 0.01 to 0.44 ± 0.05 (SI Table 2). Furthermore, minimal changes 

were observed in the hydrodynamic diameter and zeta potential for all 5 nanogels when incubated 

at 25 or 37 oC indicating stable formulations (SI Figure 6). These results confirm that the nanogels 

formed by covalent bonds via crosslinking are colloidally stable under physiological temperature 

and do not dissociate, with minimal changes in their size and surface properties (i.e charge). From 

these results it was determined that nanogel-1 (NG1_BSA) polymerization was the most optimal 

condition since it led to small size nanoparticles, with the lowest PDI and a zeta potential closest 

to neutral (SI Table 2). Therefore, this condition was selected for PON-1 encapsulation.  

Although we utilized BSA protein for optimizing the nanogel synthesis conditions, when PON-1 

was used in the same formulations, little difference was observed in the size of the nanogels made 

using either protein (Figure 3). Although BSA and PON-1 have different isoelectric points and 

macromolecular structure, we wanted to demonstrate the suitability of our nanogel design for the 

encapsulation of a standard protein such as BSA in addition to a therapeutic protein. The native 

proteins, BSA and PON-1 were found to be 6.5 and 5.2 nm in PBS, empty nanogels (containing 

no protein), were measured to have a hydrodynamic size of 19.0 ± 1.2 nm (Figure 3B and 3D). 

Upon protein encapsulation the size of the BSA and PON-1 nanogels increased to 69 and 58 nm, 

respectively. TEM analysis also confirmed the small size and spherical morphology of the 

developed nanogels and little difference was observed between the BSA vs PON-1 nanogel shape 
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and morphology, though PON-1 nanogels were found to be slightly smaller in size (Figure 3A 

and C).  

 

Figure 3. Comparison of PON-1 and BSA nanogel size by TEM and DLS. (A) Negative stain 

TEM of NG-1_BSA nanogels, (B) normalized volume DLS of NG-1_BSA and controls, (C) 

negative stain TEM of NG-1_PON-1 nanogels, (D) normalized volume DLS of NG-1_PON-1 and 

controls.  

The hydrodynamic size and surface charge stability (and therefore aggregation potential) of the 

optimized NG-1_BSA nanogel was measured by investigating both DLS and zeta potential 

measurements at two temperatures of 25 oC and 37 oC in both PBS and deionized water for up to 

30 days (SI Figure 7). Remarkably we found little change in the nanogel overall size and charge 
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in either water or PBS up to 30 days at both temperatures and this confirms the high stability of 

these covalently crosslinked nanogels. In further assessing the stability of the PON-1 enzyme pre 

and post encapsulation within the nanogels, we measured the activity of the un-encapsulated and 

encapsulated PON-1 enzyme using a fluorometric activity assay and found their activities to be 

comparable (SI Figure 8). 

In order to track the nanogels in cellular studies, the optimized condition of NG_1 polymerization 

was further investigated with the inclusion of varying concentrations of rhodamine b methacrylate 

(RMA) in the polymerization mixture to yield 3 fluorescent nanogels with either 0.1, 0.5 or 1% 

RMA molar concentrations (SI Table 3). In the first instance the polymerization of RMA into NG-

1_BSA_RMA was confirmed with an observable strong peak in the UV-vis spectrum of these 

nanogels at 552 nm corresponding to RMA, which was absent in the control non-fluorescent NG-

1-BSA (Figure 4A). Measurement of the hydrodynamic size of these nanogels in solution revealed 

an increase in hydrodynamic size from approximately 73.0 ± 2.0 to 145 ± 5.0 nm for the NG-

1_BSA nanogels and 58.7 ± 3.2 to 61.47 ± 1.7 nm for the NG-1_PON-1 nanogels as the 

concentration of RMA was increased (SI Table 4). The increase in size following increasing 

amounts of RMA grafting could be due to increased molecular crowding and therefore larger core 

sizes (Figure 4B). Next the cumulative release of both BSA and PON-1 protein from NG-1 

nanogels was measured post incubation with MMP-2 enzyme (Figure 4C + 4D). NG-1_BSA 

nanogel (4.76 mg with 200 μg BSA) was incubated with 50 nM MMP-2 enzyme in 1 mL Tris 

buffer at 37 °C and at defined intervals the enzymatic reaction was quenched with 20 mM EDTA 

and the filtrates collected (using 100 KDa Amicon filter and centrifuged at 4000 rpm at room 

temperature). The released BSA was quantified using the micro-BCA assay and it was found that 

up to 76% of the protein was released within 48 h. Control release experiments with no MMP-2 
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enzyme added led to 26% protein released after 48 h. A similar pattern of release was observed for 

the PON-1 containing nanogels. As can be seen in both release curves there exists a burst release 

component for both nanogels with or without the addition of MMP-2 enzyme. This burst release 

is a classic manifestation of protein release studies and can be attributed to initial release of surface 

bound proteins.46  



 27

 

Figure 4. Characterization of fluorescent nanogels. (A) Absorbance of NG-1_BSA nanogels 

with and without RMA incorporation. (B) DLS measurements showing representative NG-1_BSA 
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nanogels with varying molar precent of RMA fluorophore. (C) Cumulative release of BSA protein 

release at 37 oC in PBS with 50 nM MMP-2 incubation. (D) Cumulative release of PON-1 protein 

release at 37 oC in PBS with 50 nM MMP-2 incubation. (E) Encapsulation efficiency and loading 

efficiency of BSA or PON-1 protein within NG-1 in the absence or presence of RMA. (F) Activity 

measurement of PON-1 enzyme post release from NG-1 nanogels after incubation with MMP-2 

enzyme.  

Next the percent encapsulation efficiency (% EE) and % loading efficiency (% LE) of the 

respective proteins in the nanogels was measured whereby unencapsulated protein was measured 

using a micro-BCA assay following nanogel formation and purification (Figure 4E). 

Encapsulation efficiencies were within the range 85-97 %, with NG-1_PON1 having the highest 

% EE (97 %). The % LE was also calculated and found to be between 2.5 to 7.9 %.  

Loaded PON-1 enzyme inside the nanogel sample was characterized by a PON-1 fluorometric 

activity assay obtained from BioVision. The PON-1 enzyme loaded nanogels (2.5 μg of NG-

1_PON1) were subjected to incubation at 37 °C with 50 nM MMP-2 enzyme, followed by catalytic 

activity measurement of the released PON-1. We tested the activity of native PON-1 and NG-

1_PON-1 at the same amount of enzyme concentration (100 ng PON-1). Similar substrate 

reactivity was observed with both native and MMP-2 treated and nanogel released PON-1 (Figure 

4F).  

Next, we sought to investigate morphological changes in the nanogel structure after proteolytic 

activity post incubation with MMP-2 enzyme at 37 oC incubation (Figure 5A). After incubation 

with MMP-2 enzyme, the hydrodymic size of the NG-1_BSA nanogels was measured at 24 and 

48 h post incubation (Figure 5B) and we found an initial nanogel size increase from 70 nm (t 0h) 
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to 980 nm after 24 h of incubation (Figure 5B). This size increase can be attributed to cleavage of 

the cross-linker leading to swollen or aggregated nanogels and this change was also observed in 

the DLS correlation function curves (Figure 5C). The hydrodynamic size of the nanogels 

decreased to 13.3 nm after 48 h incubation with MMP-2 enzyme (Figure 5B). This is attributed to 

degradation of the nanogel particles by the enzyme. Morphological changes were also observed 

when the incubation products were imaged using TEM (Figure 5D).  

 

Figure 5. Investigations of MMP-2 proteolytic activity on BSA containing nanogels using 

DLS and TEM. (A) NG-1_BSA nanogels were prepared and incubated with MMP-2 enzyme at 

pH 7.5 and 37 oC. (B) DLS of NG-1_BSA after 0 h, 24 h and 48 h incubation with MMP-2 enzyme 

at pH 7.5. (C) Correlation coefficient of the NPs (D) Negative stain TEM image after exposure 

with MMP-2 enzyme post 0h, 24 h and 48 h incubation and 37 oC. 
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In vitro cellular uptake and cytotoxicity in activated macrophages. We examined the cellular 

uptake of fluorescent nanogels with RAW 264.7 macrophage cells using confocal microscopy with 

the λex: 553 nm of RMA (Figure 6A). RAW 264.7 macrophages were incubated with 100 μg/mL 

NG-1_PON1 with 0.1% RMA for 24 h at 37 °C. The nanogels were shown to efficiently internalize 

within the cells and appeared in the peri-nuclear region after 24 h incubation (Figure 6A), 

furthermore we did not observe any detrimental effects to the cells, confirming the 

biocompatibility of the nanogels.  

 

Figure 6. Cellular uptake and cell cytotoxicity measurements of NG-1_PON-1. 

The biocompatibility of nanogels is an important parameter and we further investigated this using 

the Cell Counting Kit-8 (CCK-8) toxicity assay. The RAW 264.7 cell viability was then assessed 

after incubation of the nanogels at different concentrations of 0, 10, 50, 100, 250, 500 μg/mL 

(Figure 6B). Cell viability after 24 h and 48 h incubation remained >80% up to 100 μg/mL. 
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Since the retention of LDL in the artery walls leads to its oxidation and highly atherogenic particles 

that induce an inflammatory cascade, oxidative stress is therefore an important therapeutic 

parameter. OxLDL is recognized by scavenger receptors on macrophages in addition to other cells. 

The excessive uptake of oxLDL by macrophages leads to their conversion into foam cells. The 

peroxidation of LDL is driven in particular, by the reaction of hydroxyl radicals (●OH) with 

polyunsaturated fatty acid side chains of phospholipids in the lipoprotein shell. This reaction 

generates (LOO●) which leads to the propagation of radical reactions involving hydrogen 

abstraction from surrounding phospholipids, or leads to an increase in secondary peroxidation. In 

addition to oxidized phospholipids, reactive lipid aldehydes also lead to protein modifications and 

modification of LDL with malondialdehyde is the key reactant used in bioactivity assays as a test 

for oxLDL though the diversity of LDL oxidation products in vivo is much more complex.18 As a 

proof-of-concept study, we examined whether treatment with native PON-1 or PON-1 loaded NG-

1 nanogel is effective in inhibiting foam cell formation. RAW264.7 cells were stimulated with 

(100 ng/mL) LPS and 100 IU/mL IFN-γ for 24 h then treated with 50 μg/mL ox-LDL for 24 h. 

Cells were preincubated with either 10 μg/mL PON-1 or an equivalent dose of PON-1 in nanogels 

(NG-1_PON-1). The control experiment had no oxLDL added to the cells. Following incubation, 

the cells were washed and fixed using 10% formalin solution for 15 minutes, followed by staining 

with an oil red O (ORO) and hematoxylin cocktail mixture. The effect of PON-1 or NG-1_PON1 

was investigated by visualizing and quantifying the oil droplet formation within the macrophages 

indicating the level of foam cell formation. Both native PON-1 and PON-1 loaded nanogels 

notably suppressed foam cell formation observed by light microscopy (Figure 7A-D) and this was 

further shown post quantification of ORO absorbance (Figure 7E). 
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Figure 7. Antioxidizing effects of PON-1 nanogels. Oil red assay in RAW 264.7 cell lines (A) 

control (without Ox-LDL). (B) Ox-LDL, white arrows indicate foam cell populations. (C) Ox-

LDL preincubated with PON1 enzyme. (D) Ox-LDL preincubated with NG-1_PON1. (E)  

Absorbance of oil red incubated samples at 492 nm. (F) Cell free LDL oxidation by TBARS assay 

in different PON1 concentration. (G) ROS assay in THP-1 cells after exposure to PON-1, nanogels 

(NG-1) and NG-1_PON1 concentration.     

 

Effects of PON-1 nanogels on oxidation of LDL. Under physiological conditions PON-1 inhibits 

copper induced LDL oxidation and thereby stimulates macrophage cholesterol efflux. We used, 

LDL (50 μg/mL) in PBS buffer and preincubated it with and without addition of native PON-1 and 

NG-1_PON1 in three different concentrations for 60 minutes at room temperature. Then, 5 μM  
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Cu2+
 was added and incubated further for 4 h at 37 °C. The extent of oxidation was measured by 

the thiobarbituric acid reactive substrate (TBARS) assay. It was revealed that the higher dose of 

PON-1 or, NG-1_PON1 markedly reduced LDL oxidation induced by 5 μM  Cu2+. However, both 

native PON-1 and released PON-1 from nanogels showed similar effectiveness towards the 

inhibition of LDL oxidation (Figure 7F) – and this further confirms the viability of PON-1 

released from the nanogels.  

 

Reactive oxygen species (ROS) scavenging assay. Oxidative stress induced by generation of 

excess reactive oxygen species has emerged as a critical mechanism in atherosclerosis. Therefore, 

we examined whether PON-1 and PON-1 loaded nanogels could inhibit the overexpression of ROS 

production in activated monocytes. Monocytes are activated in an oxidant and an inflammatory 

atheroma environment and differentiate into macrophages. This environment promotes LDL 

oxidation and uptake by macrophages, which then become lipid laden foam cells. Firstly, THP-1 

cells were differentiated into adherent macrophages (denoted THP-1 activated). The cells were 

then exposed to different concentrations of PON-1 (PON-1: 0.4; 2; 4 and 8 µg/mL), nanogels (NG-

1: 10; 50; 100 and 200 µg/mL) or nanogels containing PON-1 (PON-1/NG-1: 0.4/10; 2/50; 4/100 

and 8/200 µg/mL) for 24 hours, and ROS production was induced by exposure to 1 mM H2O2 in 

200 µL for 2 hours. With increasing PON-1 enzyme concentration the generated ROS production 

was reduced and a similar trend was observed with NG-1_PON1 nanogels, the nanogels were also 

able to reduce ROS production in a dose-dependent manner (Figure 7G). Interestingly, we 

observed a similar trend for the empty nanogels (NG-1) in this study as well and this may suggest 

that the nanogel composition itself is effective at quenching generated ROS.  
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CONCLUSION 

In this work we have developed nanogel based nanoparticles that are formed using mild reaction 

conditions in pure water, with the ability to encapsulate a viable payload of a potent anti-oxidizing 

and anti-atherogenic PON-1 enzyme. We have demonstrated the triggered release of the enzyme 

via MMP-2 enzymes and shown the released enzyme to be biologically active. Activated 

macrophages treated with PON-1 nanogels were able to reduce the formation of macrophage foam 

cells, reduce the direct oxidation of LDL and to temper reactive oxygen species. These proof-of-

concept studies demonstrate the potential of these novel nanotherapies for in vivo atherosclerosis 

therapy.  
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