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A B S T R A C T

The aim of this study was to deliver ribonuclease A (RNase A) intracellularly using dextran nanogels for cancer
treatment. To this end, positively charged RNase A was electrostatically loaded in anionic dextran nanogels with
an average size of 205 nm, which were prepared by an inverse mini-emulsion technique. To chemically im-
mobilize the loaded protein in the nanogels and prevent its unwanted release in the extracellular environment,
the protein was covalently linked to the nanogel network via disulfide bonds, which are cleavable in the re-
ductive cytosolic environment. A high loading efficiency and loading content of RNase A (75% and 20%, re-
spectively) were obtained. Coating of the nanogels with the cationic polymer polyethyleneimine reversed the
zeta potential of nanogels from −31.6mV to +7.6mV. The nanogels showed a fast and triggered release of
RNase in the presence of glutathione. Negatively charged RNase A loaded nanogels did not show cytotoxicity,
likely due to their limited cellular uptake. In contrast, PEI coated RNase A loaded nanogels showed high uptake
by MDA-MB 231 breast cancer cells and exhibited a concentration-dependent cytotoxic effect by apoptosis. The
results demonstrate that PEI coated nanogels are promising nano-carriers for intracellular protein delivery,
encouraging further evaluation of this formulation in preclinical models.

1. Introduction

Due to the remarkable advances in molecular biology and bio-
technology, proteins and peptides have raised tremendous attention as
potent therapeutics to combat a large number of diseases [1–3]. Al-
though most pharmaceutical proteins act on receptors present on cell
membranes, many proteins also have their target inside the cell and
they must be translocated into the cytoplasm or organelles to exert their
therapeutic effects. Research towards proteins acting intracellularly are
underrepresented in literature because of their poor transport over
cellular membranes [4,5]. Despite their high therapeutic potential,
protein-based drugs have intrinsic drawbacks hampering their phar-
maceutical applications. These encompasses their chemical and phy-
sical instability, degradation due to proteases and, for proteins that
have their targets intracellularly, limitations to be transported across
the cell membrane [6,7].

Among different intracellular protein delivery strategies, micro-
injection and electroporation as physical approaches have been in-
vestigated in vitro in recent decades [8–10]. However, these technolo-
gies are associated with adverse effects resulting from high voltage

pulses [11]. As delivery vectors, cell penetrating peptides (CPPs) have
shown remarkable results to improve the permeability of cell mem-
branes for hydrophilic macromolecular biotherapeutics [12–15].
Nevertheless, CPPs suffer from poor cell and tissue specificity and short
half-life [16]. As a delivery strategy, incorporation of proteins and
peptides into nanocarriers is a promising approach to improve their
limited cytoplasmic delivery [17–20]. These nanocarrier systems pro-
tect the encapsulated therapeutics from physical, chemical and enzy-
matic degradation before reaching their target tissue and subsequently
they facilitate intracellular delivery [21]. Moreover, the use of phar-
maceutical nanocarriers reduces the need for multiple high dose ad-
ministrations, resulting in less undesired side effects and improved
patient compliance [22].

Nano-sized hydrogel particles (or nanogels), composed of hydro-
philic polymeric networks, are attractive vehicles for the delivery of
biotherapeutics [23–28]. Due to their high water content, high loading
capacity and tunable network properties, nanogels are attractive car-
riers for sensitive therapeutic biomolecules such as proteins, peptides
and nucleic acids. Their release kinetics can be tailored by the chemical
composition of the gels and cross-link density [29,30]. Network
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formation in nanogels can be accomplished, just as in classical macro-
scopic hydrogels, via physical or chemical crosslinking methods
[31–33]. By controlling the hydrolytic degradation kinetics, sustained
release of therapeutics from biodegradable nanogels can be achieved
[34]. Importantly, triggered release can be obtained intracellularly in
e.g. redox-sensitive or pH sensitive nanogels, which are susceptible to
physiological differences between the intra and extracellular environ-
ment and release their content in response to these differences [35–40].

Ribonucleases (RNases) are enzymes that catalyze the hydrolytic
cleavage of RNA and they play a key role in cell homeostasis [41,42]
and also have potential for cancer therapy [43,44]. RNase A, a member
of the ribonuclease superfamily has shown cytotoxicity against cancer
cells [45,46]. However, as a result of rapid renal filtration of this small
enzyme (half-life < 5min) [47], multiple administrations of high
doses of RNase A are essential to reach the required concentration in
tumors, which primarily leads to accumulation of this protein in the
kidneys. Local administration of protein in tumors reduces the side
effects but the therapeutic efficacy remains poor due to insufficient
permeability for cell membranes [48,49]. Hence, the development of an
effective delivery system that stabilizes the administered RNase A and
promotes the cellular association and internalization is highly desirable
[50–52]. Park et al. incorporated RNase A into self-assembled heparin-
Pluronic (HP) nanogels to protect the protein against degradation and
enhance the intracellular delivery of the enzyme. HP nanogels loaded
with RNase A were efficiently taken up by HeLa cells and induced cy-
totoxicity in an RNase A concentration-dependent manner [50]. How-
ever, the electrostatically immobilized protein showed unwanted re-
lease in the circulation before reaching its action site inside cells.

In the current work, we have developed a dextran-based nanogel
loaded with RNase A that is stable in the extracellular environment, but
that releases its payload in the cell after being internalized. To this end,
RNase A, a positively charged protein, was reacted with Traut’s reagent
to yield thiol groups and this modified protein was subsequently loaded
in anionic dextran-based nanogels exploiting electrostatic interactions
between the hydrogel network and the protein. To stabilize the elec-
trostatically loaded protein in the nanogels, the modified RNase A was
covalently immobilized onto the nanogel network via disulfide bonds,
which are stable in the extracellular space but cleaved in the cytosolic
reducing environment. Furthermore, to trigger the cellular uptake of
these anionic nanoparticles, we reversed the particle surface charge by
their coating with polyethyleneimine (PEI). We evaluated the cytotoxic
effect of PEI coated RNase A loaded nanogels in a breast cancer cell line
and the mechanism of cell death was investigated

2. Materials and methods

2.1. Materials

Dextran (from Leuconostoc ssp.) with Mw=40.000, glycidyl me-
thacrylate (GMA) and hydroxyethyl methacrylate (HEMA) were pur-
chased from Fluka. Methacrylate-derivatized dextran (dex-MA) with
degrees of substitution of 8 (DS, i.e. number of MA groups per
100 glucopyranose units) was synthesized as described by van Dijk-
Wolthuis et al. [53,54]. Sodium methacrylate, glutathione, and light
mineral oil were obtained from Sigma (USA). ABIL EM 90 and Irgacure
2959 were purchased from Goldschmidt (Essen, Germany) and Ciba
Specialty Chemicals, respectively. Branched polyethyleneimine, Mw
10,000 was purchased from Polysciences Inc. Acetone, acetonitrile,
dimethyl sulfoxide, n-hexane and trifluoroacetic acid (TFA) were ob-
tained from Biosolve (The Netherlands). Potassium persulfate and so-
dium bisulfite were obtained from Sigma and Fisher Scientific (Geel,
Belgium), respectively. N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid (HEPES) was purchased from Acros Chimica (Geel, Bel-
gium). Ribonuclease A (RNase A, Type XII-A, ≥90% (SDS-PAGE)) was
purchased from Sigma-Aldrich (USA). Phosphate buffer saline (Na+

163.9 mM, Cl− 140.3 mM, HPO4
2− 8.7mM, H2PO4

− 1.8mM, pH 7.4)

was purchased from Braun (Germany). Alexa Fluor® 488 and Alexa
Fluor® 647 fluorescent dyes were purchased from Invitrogen (Eugene,
Oregon, USA). CellEvent™ Caspase-3/7 Green Detection Reagent was
purchased from Thermo Fisher Scientific. N-(4-(2-(pyridine-2-yldi-
sulfanyl)ethyl)-amidobutyl) methacrylamide as a bioreducible linker
was synthesized as described previously [35].

2.2. Preparation of anionic nanogels

Negatively charged nanogels were prepared using the inverse mini-
emulsion technique as described by Raemdonck et al. [24] with some
modifications. In short, a solution of 1M sodium methacrylate (SMA)
was prepared in HEPES buffer (1M, pH 7.4). To tune the charge density
and crosslink density of nanogels, 100mg dex-MA (DS 8) was dissolved
in 50–250 µl of 1M sodium methacrylate solution. The final volume of
the different samples was kept constant (315 µl) by adding HEPES
buffer. Subsequently, 65 µl Irgacure dissolved in water (10mg/ml) was
added to the solution. This aqueous phase was emulsified in 5ml ex-
ternal phase of mineral oil also containing 10% (v/v) ABIL EM 90 fol-
lowed by 4min of sonication (Tip sonicator, amplitude 25%) in an ice
bath. Crosslinking was carried out by photopolymerization of the me-
thacrylate groups through two UV irradiations (900 s, 940mW cm−2,
Bluepoint UV source, Hönle UV technology). The emulsion was briefly
vortexed (15 s) before the second UV irradiation. The resulting nanogels
were centrifuged (3000g, 3 min, 4 °C) and washed once with cooled
acetone and 4 times with cooled acetone/n-hexane (1.5/1 (v/v)) to
remove the mineral oil and surfactant. Finally, the obtained pellets
were resuspended in 5ml reverse osmosis water and lyophilized by
freeze-drying overnight. Furthermore, neutral nanogels as control were
prepared by adding an equal molar amount of HEMA (instead of sodium
methacrylate) as a non-charged monomer. In addition, to prepare the
linker containing nanogels, 20mg of N-(4-(2-(pyridine-2-yldisulfanyl)
ethyl)-amidobutyl) methacrylamide synthesized as described [35]
(100mg/ml in DMSO) was added to the aqueous phase.

2.3. Preparation of anionic dextran microgels

Anionic dextran microgels were prepared in all-aqueous solution
method as developed by Stenekes et al. [55] with some modifications.
In short, a water-in-water emulsion of two aqueous solutions of me-
thacrylated dextran (40% (w/w)) and PEG (40% (w/w)) was obtained
by vigorous mixing for 2min under a nitrogen atmosphere. To in-
troduce charge into the microgels, methacrylic acid (300, 500 and
800 µmol) was added to the system. Then, the emulsified system was
allowed to stabilize for 15min. Chemically cross-linked microspheres
were formed by radical polymerization by addition of potassium per-
sulfate (50mg/ml) and sodium bisulfite (50mg/ml) as an initiator and
catalyst, respectively and the emulsion was subsequently incubated
overnight at room temperature. Finally, the microgels were purified
with reverse osmosis water through three centrifugation/washing steps
and subsequently lyophilized.

2.4. Labeling of RNase A, PEI and nanogels

Labeling of RNase A with Alexa Fluor™ 488 NHS Ester (succinimidyl
ester) was performed according to the manufacturer’s instructions. The
NHS activated dye was coupled to the primary amines of the protein. In
short, 10mg of RNase A was dissolved in 1ml of 0.1M sodium bi-
carbonate buffer pH 8.3. Next, 50 µl of the amine-reactive dye (10mg/
ml in DMSO) was added to the protein solution. The reaction mixture
was incubated for 1 h at room temperature with continuous stirring,
followed by purification using PD 10 column chromatography and the
labeled RNase A was obtained after freeze drying.

To label the nanogels, 4.2 mg of 2-aminoethyl methacrylate was
added to the solution of dex-MA prior to particle formation. Next,
10mg of freeze dried nanogels was dispersed in 0.5ml DMSO and 10 µl
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of the Alexa Fluor™ 647 NHS ester dye was added and the mixture was
stirred at room temperature overnight. The labeled nanogels were
purified by centrifugation and recovered after freeze drying.

The primary amine groups of PEI were reacted with NHS ester of
Alexa Fluor™ 488 NHS dye. In brief, 20mg of PEI was dissolved in 1ml
of 0.1 M sodium bicarbonate buffer pH 8.3. Then, 20 µl of the dye
(1mg/ml dissolved in DMSO) was added to the polymer solution. After
1 h incubation at room temperature, the mixture was purified by PD 10
column chromatography and the labeled polymer was obtained after
freeze drying.

2.5. Nanogels and microgels characterization

The nanogels were dispersed in 10mM HEPES buffer pH 7.4 and the
average size and size distribution were measured using dynamic light
scattering (DLS, Malvern ALV/CGS-3 Goniometer, Malvern, UK) at
25 °C at an angle of 90° (Z-average), equipped with Dispersion
Technology Software (DTS). A laser light-blocking technique (AccuSizer
780, PSS-Nicomp, Santa Barbara, CA, USA) was used to measure the
particle size and size distribution of microgels. The zeta-potential of
nanogels and microgels both suspended in HEPES buffer (10mM, pH
7.4) was determined by Zetasizer Nano-Z (Malvern Instrument Ltd.).

2.6. Absorption of RNase A in the anionic microgels

Physical absorption of RNase A into the negatively charged dex-MA-
co-MA microgels was visualized by confocal microscopy. The anionic
microgels (2 mg/ml) dispersed in low ionic strength buffer (20mM
HEPES, pH 7.4) were incubated with labeled RNase A (see Section 2.4)
1mg/ml in HEPES buffer, 20mM, pH 7.4). The mixture was kept at
room temperature for 2 h. Then, the unbound protein was removed by
centrifugation (30min, 15,000 rpm) and the particles were re-dispersed
in HEPES buffer (20mM, pH 7.4). Confocal images of microgels were
taken using a confocal scanning laser microscope (CLSM, Confocal
Leica SPE-II, Leica Microsystems, Wetzlar, Germany).

2.7. Determination of the linker content of the nanogels

The amount of copolymerized linker (N-(4-(2-(pyridine-2-yldi-
sulfanyl)ethyl)-amidobutyl) methacrylamide) in the obtained nanogels
was determined by RP-HPLC. Dex-MA nanogels prepared as described
in Section 2.2 (10mg) were dispersed in 1ml of dithiothreitol 10mM
dissolved in water (or buffer? Which?) and incubated for 2 h at 37 °C to
cleave the disulfide bonds. After centrifugation of the nanogels (1 h,
15,000 rpm), 10 µl of the supernatant was injected onto an RP-18
column to quantify the concentration of 2-mercaptopyridine that was
cleaved and released from the linker containing nanogels. A gradient
was run from the starting composition, acetonitrile/H2O, (10/90%), to
acetonitrile/H2O, (50/50%) in 10min. The flow rate of the mobile
phase was 1ml/min and detection was done at 280 nm. The chroma-
tograms were analyzed by Empower software and the calibration curve
of 2-mercaptopyridine was linear between 10 and 100 µg/ml.

2.8. Modification of RNase A with 2-Iminothiolane (Traut’s Reagent)

Modification of RNase A with 2-iminothiolane (Traut’s Reagent),
which reacts with primary amines to introduce sulfhydryl groups in
proteins was performed as described previously [56]. In brief, 25mg
RNase A was dissolved in 1.25ml phosphate buffer (pH 8, containing
4mM EDTA), followed by the addition of a 10-fold molar excess of
Traut’s reagent (2.5 mg) in 1.25ml of the same phosphate buffer. After
stirring for 2 h at room temperature, the modified protein was purified
by size-exclusion chromatography on a PD-10 column to remove the
unreacted 2-iminothiolane and the purified modified protein was sub-
sequently lyophilized. Ellman’s reaction was performed to determine
the number of free sulfhydryl groups [57]. UPLC analysis of modified

protein was performed on a Waters ACQUITY UPLC® system using an
ACQUITY BEH 300 C18 column (1.7 μm, 2.1mm×50mm). Solvent
mixtures consisting of 5% ACN/95% H2O/0.1% (TFA) and 100% ACN/
0.1% TFA were used as eluent A and B, respectively. A gradient was run
from 0 to 60% B in 7min with a flow rate of 0.25ml/min. Mass spectra
of native and modified RNase A were measured by direct infusion into a
Bruker (Bremen, Germany) ESI- time-of-flight mass spectrometer.

2.9. RNase A enzymatic activity assay

The enzymatic activity of Traut’s modified RNase A was determined
by a method described by Kalnitsky et al. [58]. In brief, solutions of
native RNase A (0–14 µg/ml) and modified RNase A (10 µg/ml) were
prepared in 0.1M sodium acetate buffer pH 5 and incubated at 37 °C for
8min. Yeast RNA (10mg/ml) was also dissolved in the same buffer
(concentration 10mg/ml) and incubated at 37 °C. Then, 250 μl of the
native and modified RNase A solution were added to 250 μl of the RNA
solution and the mixtures were incubated for 4min at 37 °C. Finally, the
enzymatic reaction was stopped by addition of 250 μl of a uranyl
acetate/perchloric acid/H2O (0.75%/25%/75%) solution followed by
cooling on an ice bath for 5min. After centrifugation for 10min at
15,000 rpm, the collected supernatants were diluted 30 times with
milliQ water and the absorbance at 260 nm was measured.

2.10. Covalent conjugation of modified RNase A

The Traut’s modified RNase A (Section 2.8) was covalently im-
mobilized in nanogels containing the pyridyldisulfide linker (Section
2.2). Suspensions of linker containing nanogels (2 mg/ml) and modified
RNase A solution (2mg/ml) in HEPES buffer 20mM, pH 7.4 were
prepared and purged with nitrogen for 15min. Then, 2.5ml of the
RNase solution was added to 10ml of nanogel dispersion and incubated
for 24 h at room temperature. To remove the physically adsorbed
protein from the nanogels, particles were washed 2 times with high
ionic strength buffer (PBS, pH 7.4). Finally, the loaded particles were
washed with water and lyophilized.

Table 1
Characterization of charged Dex-MA-co-MA nanogels. Mean values with corresponding
standard deviations (n= 3) are shown. Dex-MA with a degree of substitution of 8 MA side
chains per 100 glucopyranose units was used.

SMAa (µmol) Zave (nm) ζ-potential (mV) PDIb Yield (%)

– 247 ± 9 −1.9 0.27 ± 0.09 74 ± 2
50 231 ± 7 −14.7 ± 0.5 0.03 ± 0.01 85 ± 3
150 238 ± 8 −17.9 ± 0.5 0.08 ± 0.02 82 ± 4
250 203 ± 9 −21.6 ± 0.6 0.11 ± 0.06 89 ± 7
350 220 ± 3 −27.3 ± 0.4 0.11 ± 0.06 92 ± 6
500 242 ± 2 −32.5 ± 0.8 0.18 ± 0.04 90 ± 6

a Sodium methacrylate monomer per 100mg dex-MA.
b Polydispersity index measured by DLS.

Table 2
Characterization of negatively charged Dex-MA microgels. Mean values with corre-
sponding standard deviations (n= 3) are shown. Dex-MA with a degree of substitution of
8 MA side chains per 100 glucopyranose units was used.

Initial water content (%) MA (µmol) ζ-potential (mV) Particle size (μm)

60% 0 −6.6 ± 0.8 3.44 ± 2.23
60% 300 −10.7 ± 0.5 2.92 ± 1.57
60% 500 −15.0 ± 0.1 2.83 ± 1.39
60% 800 −18.8 ± 0.9 2.71 ± 1.18
75% 500 −16.6 ± 0.9 3.08 ± 1.53
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2.11. PEI coating of RNase A loaded nanogels

To coat nanogels with polyethyleneimine (PEI), 2mg of empty and
RNase A loaded nanogels were dispersed in 0.5ml HEPES buffer
(20mM, pH 7.4). A solution of 0.5 mg of PEI in 0.5 ml HEPES buffer
(20mM, pH 7.4) was added to the particle dispersion. The mixture was
subsequently sonicated (Tip sonicator, amplitude 10%) for 20 s and the
PEI-coated particles were washed 2 times with PBS and recovered by
centrifugation. The ζ-potential of coated particles dispersed in 10mM
HEPES buffer pH 7.4 was measured by Zetasizer Nano-Z (Malvern
Instrument Ltd.). The average size and size distribution were de-
termined by dynamic light scattering (DLS, Malvern ALV/CGS-3
Goniometer, Malvern, UK) at 25 °C.

2.12. Release of RNase A from nanogels

Dried RNase A loaded nanogels with and without PEI coating
(prepared as described in Sections 2.10. and 2.11. respectively) were
dispersed in PBS at a concentration of 5mg/ml. The homogeneous
nanogel suspension was aliquoted into eppendorf tubes that were
subsequently incubated at 37 °C under mild agitation. For triggered
release of conjugated RNase A, a solution of glutathione PBS was added
after 8 h at a concentration of 2.5mM and after 14 h to a final con-
centration of 10mM. At different time points, a sample was centrifuged
(15,000 rpm, 1 h) and the supernatant was collected and the amount of
released RNase A was measured by UPLC (Acquity UPLC®, Waters
Corporation, Milford, USA) equipped with a BEH300 C18 1.7 μm
column. Solvent mixtures consisting of 5% ACN/95% H2O/0.1% (TFA)
and 100% ACN/0.1% TFA were used as eluent A and B, respectively. A
gradient was run from 0 to 60% B in 7min with a flow rate of 0.25ml/
min. The injection volume was 7.5 µl and the detection wavelength was
280 nm. The calibration curve was linear between 50 and 1000 µg/ml.
In addition, the release of RNase A from nanogels with physically
loaded protein was measured as a control.

2.13. Cell culture

The human breast cancer cell line MDA-MB-231 (ATCC® CRM-HTB-
26™) was obtained from American Type Culture Collection (ATCC, LGC
Standards GmbH, Wesel, Germany) and cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco) with 10% (v/v) FBS at 37 °C
in a humidified atmosphere containing 5% CO2.

2.13.1. Cellular uptake of nanogels (Confocal laser scanning microscopy)
MDA-MB 231 cells were seeded into a 96 well-plate at a density of

104 cells/well. After 24 h, 100 µl of Alexa Fluor 647 labeled nanogels
(12.5 µg/ml) without and with AF 488 labeled PEI coating were added
to the cells and incubated for 4 h (37 °C, 5% CO2). Subsequently, the

cells were washed with phosphate-buffered saline (Dulbecco’s
Phosphate Buffered Saline, 0.2 g/L KCl, 0.2 g/L KH2PO4, 8.0 NaCl,
1.15 g/L Na2HPO4) and fresh culture medium was added. The in-
tracellular fluorescence distribution was visualized using a Yokogawa
CV7000s high-content imager (Yokogawa, Tokyo, Japan) at 60×
magnification. Live-cell images in three channels were captured,
Hoechst 33342 (excitation 350 nm, emission 461 nm) to visualize nu-
clei, Alexa Fluor® 647 (excitation 649 nm, emission 666 nm) to observe
nanogels and Alexa Fluor® 488 (excitation 498 nm, emission 520 nm) to
detect PEI coated nanogels.

2.13.2. Cytotoxicity assay of RNase A loaded nanogels
The cytotoxicity of RNase A loaded nanogels with and without PEI

coating was determined by cell viability assay. In brief, MDA-MB-231
cells were seeded in a 96-well plate at the density of 10,000 cells/100 μl
growth medium (DMEM, supplemented with 10% FBS) per well and
cultured in a humidity controlled incubator (5% CO2 at 37 °C) 24 h
before the MTS assay was performed. Subsequently, the medium was
replaced with 100 µl fresh medium containing 1% antibiotics. Nanogel
(different compositions) suspensions (100 µl) in culture medium at
concentrations of 0.25, 0.5, 0.75, and 1mg/ml were incubated with the
cells. Cell viability was evaluated after 24 h using a colorimetric MTS
cell proliferation kit, according to the manufacturer’s instructions. Cells
incubated with solutions of RNase A and Traut’s modified RNase A
(concentrations ranging from 3.125 to 25 µM) were taken as controls.

2.13.3. Apoptosis assay of RNase A loaded nanogels (Caspase activity
Assay)

To investigate the caspase-mediated apoptotic pathway, commer-
cially available CellEvent™ caspase-3/7 Green Detection Reagent was
used. Cells were seeded at a density of 10,000 cells/well into a 96 well-
plate and allowed to adhere overnight. The cells were treated with
100 µl of empty and RNase A loaded nanogels with PEI coating
(0.25–1mg/ml) dispersed in culture medium and the diluted
CellEvent™ Caspase-3/7 Green Detection Reagent at a final concentra-
tion of 10 μM in complete medium was added to each well and in-
cubated for 30min. Confocal imaging was performed on an automated
Yokogawa CV7000s spinning disk microscope. The images were taken
every 2 h for 24 h. The fluorescence intensity of apoptotic cells was then
quantified with Columbus Software (U.S. National Institutes of Health,
Bethesda, Maryland, USA).

3. Results and discussion

3.1. Preparation and characterization of anionic dextran nanogels

Anionic and neutral dextran-based nanogels were obtained by free
radical copolymerization of Dex-MA with sodium methacrylate and 2-

Fig. 1. Confocal snapshots of AF 488 labeled RNase A (green) in dispersion of anionic dex-MA-co-MA microgels (DS 8, 60% water content, 800 µl MA), (A) AF 488 RNase A loaded
microgels, (B) Bright field, (C) merged. Scale bar 10 µm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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hydroxyethyl methacrylate, respectively. The characteristics of the
different formulations are reported in Table 1. As indicated, all for-
mulations were obtained in good yields (74–92%). The hydrodynamic
diameter of the different nanogels was between 200 and 250 nm with
an acceptable polydispersity index (0.08–0.27). The nanogels prepared
from dex-MA and HEMA had a slightly negative charge (−1.9mV),
which is in line with previous reports [35]. By adding sodium metha-
crylate (SMA), the zeta potential of the obtained nanogels decreased
with increasing amount of SMA in the formulation (−1.9 to −32.5mV;
Table 1), which demonstrates that sodium methacrylate was indeed
incorporated in the hydrogel network.

In parallel, microgels were prepared using a water-in-water emul-
sion method, and anionic dex-MA-co-MA microgels with different water
content (and thus different crosslink density) and zeta potential were
obtained (Table 2). The microgels were used to enable visualization of
the protein absorption process since this was not possible with the
nanogels, because it is difficult to distinguish between adsorbed and
absorbed protein. Similar to the nanogels, the microgels showed a
tunable negative surface charge depending on the concentration me-
thacrylic acid used as revealed from zeta potential measurements. In
our further experiments, dex-MA-co-MA microgels (DS 8, 60% water
content, 800 µl MA) were used to visualize the distribution of the

Scheme 1. Reaction scheme for protein absorption into anionic nanogels, Traut’s modification of RNase A and disulfide bonds formation with linker presented in nanogels.
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absorbed labeled protein (Alexa Fluor™ 488). The confocal image il-
lustrates that RNase A was indeed able to diffuse into and distributed
homogeneously in anionic nanogels within 1 h (Fig. 1A–C). This rapid
absorption can be explained by the electrostatic interaction between the
negative charge of microgels and net positive charge of RNase A at
neutral pH (pI 9.3) [59]. This result is in accordance with previous
studies which have also shown diffusion of a positively charged protein,
lysozyme (pI 11.35), into dextran-based negatively charged micro-
spheres, whereas this protein was unable to absorb into positively
charged microspheres [60].

A disulfide-containing linker, N-(4-(2-(pyridine-2-yldisulfanyl)
ethyl)-amidobutyl) methacrylamide, was synthesized and copolymer-
ized with dex-MA and SMA to yield nanogels. This linker was used to
covalently immobilize the protein in the nanogels via disulfide bonds
aiming at the triggered release of the protein under reducing condi-
tions. The incorporation efficiency of the pyridyl disulfide linker in
nanogels was quantified by measuring of the 2-mercaptopyridine re-
leased from nanogels after incubation with DTT. HPLC analysis showed
that 20 ± 2% of linker present in the feed was incorporated in the
nanogels network which is in agreement with our previous study [35].

3.2. Modification of RNase A with 2-iminothiolane

To covalently conjugate RNase A to linker containing nanogels, we
functionalized the protein with thiol groups using 2-iminothiolane
(Traut’s reagent). This reagent reacts with primary amines of RNase A
without altering the overall positive charge of the protein [61], which is
necessary for the absorption process (Scheme 1). RNase A has 10 amine
groups in the form of lysine units [62]. The results of Ellman’s assay
show that on the average three thiol (–SH) groups were introduced to
the RNase A by using a feed molar ratio of 10:1 (2-iminothiolane:
protein). Furthermore, by using a 50–100M excess of 2-iminothilane,
∼7 thiol groups were introduced in the protein (Fig. S2), indicating
that 7 lysine residues are accessible for the reaction with 2-iminothio-
lane. The UPLC chromatogram of modified RNase (10:1, Traut:RNase
A) showed a single peak with the same retention time as native RNase,
indicating that the primary structure of the modified protein was re-
tained and that the modified protein has the same affinity for the sta-
tionary phase as native RNase (Fig. 1S) which might be ascribed to the
fact that the overall charge of the protein has not changed after in-
troduction of thiols groups. The mass spectrum of modified RNase A
shows the distribution of masses corresponding to different numbers of
modifications with 2-iminothiolane. The difference between the peaks
is 101 Da, which corresponds to the mass of one 2-iminothiolane mo-
lecule. Native RNase A has a molecular weight of 13683 Da and after
modification of primary amine groups, multiple peaks were detected in
the mass spectrum indicating a mixture of species with 2–7 2-

Fig. 2. Deconvoluted ESI-TOF MS spectrum of 2-iminothiolane modified RNase A, Traut’s: RNase A (10:1 mol:mol).

Table 3
Characterization of RNase A loaded dex-MA-co-MA nanogels. Mean values with corre-
sponding standard deviations are shown (n= 3).

Linker containing
dex-MA-co-MA
nanogels

Zave (nm) ζ-potential (mV) Loading
efficiencya

(%)

Loading
contentb (%)

Empty nanogels 205 ± 5 −21.7 ± 0.8 NA NA
RNAse A loaded

nanogels
212 ± 6 −18.0 ± 0.9 75 ± 3 20.1 ± 0.9

PEI coated RNase
A nanogelsc

215 ± 3 +8.1 ± 0.3 72 ± 6 19.3 ± 1.1

a Loaded RNase A in nanogels/feed RNase A weight×100%.
b Loaded RNase A/RNase A loaded nanogels weight×100%.
c Nanogels: PEI 1:0.2 (wt:wt).

Fig. 3. ζ-potential of RNase A loaded nanogels after polyethyleneimine coating, measured
in HEPES buffer 10mM, pH 7.4, n= 3, The SD’s are smaller than the symbols.

Fig. 4. Release of RNase A from dex-MA nanogels in PBS pH 7.4 at 37 °C; glutathione was
added to 2.5 mM final concentration at 7 h and to 10mM at 15 h, n= 3.
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iminothiolane groups per RNase A (Fig. 2). This result is in line with the
Ellman’s assay of modified RNase A (Fig. 2S).

The enzymatic activity of Traut’s modified RNase A (10:1,
Traut:RNase A) was assessed by digestion of yeast RNA. This assay
showed that 86% of the biological activity of RNase A was retained
after modification with Traut’s reagent.

3.3. Post loading and covalent conjugation of modified RNase A

RNase A was loaded into the nanogels network (250 µmol SMA) via
a charge driven process in a buffer of low ionic strength. Since the
protein is released from nanogels at physiological conditions (pH 7.4,
150mM NaCl), the electrostatically driven post loaded RNase A was
covalently immobilized into the gel network via reducible disulfide
bonds. To this end, the introduced thiol groups of RNase A were cou-
pled to the network via a disulfide exchange reaction of free thiols of
the protein and disulfide bonds of the linker present in dex-MA-co-MA
nanogels (Scheme 1).

Empty anionic nanogels were prepared by photo-copolymerization
of Dex-MA sodium methacrylate and the linker containing pyr-
idyldisulfide. The obtained empty nanogels had a zeta potential
(−21.7mV) and hydrodynamic diameter around 200 nm with a rela-
tively low PDI (< 0.3). After covalent immobilization of modified
RNase A into these nanogels, the zeta potential of particles slightly
changed (−18.0 mV), which can be ascribed to neutralization of the
negative charge of the nanogels by the positively charged RNase A.
High loading content (≈20%) and loading efficiency (≈75%) of pro-
tein in the particles was achieved in both non-coated and PEI coated
nanogels (Table 3).

3.4. PEI coating of RNase A loaded nanogels

Cellular uptake study using confocal microscopy showed that non-
coated anionic nanogels were hardly internalized by MDA-MB 231 cell
line (Fig. 4S and Section 3.6), which is in agreement with previous
findings [63].

Hence, to reverse the zeta potential, the anionic nanogels were
coated with polyethyleneimine. It has been shown that this cationic
polymer is able to bind to the cell membranes and particles coated with
this polymer are internalized through endocytosis in general [64,65].
Fig. 3 shows that the zeta potential increased from −18.3mV for non-
coated nanogels to −12.9mV for a formulation with a nanogels:PEI
weight ratio of 1:0.025. By increasing the amount of PEI in the feed to
1:0.8 nanogels:PEI weight ratio, the zeta-potential of the particles in-
creased to +10.6mV. The size of the nanogels did not change sub-
stantially after PEI modification (212 nm for non-coated and 225 nm for
coated with a ratio of 1:0.8), indicating that PEI did not induce nanogel
aggregation. Considering the zeta potential of coated nanogels, the
1:0.2 (wt/wt) ratio of particle:polymer was chosen for subsequent cel-
lular uptake and cytotoxicity experiments. The coated particles with
this ratio carry a sufficient zeta potential (+8.1mV) enabling cellular
uptake. On the other hand, it has been shown that particles with a high
zeta potential can aggregate due to interaction with proteins present in
cell culture media e.g. the circulation and the extracellular environment
[66] excluding them for further evaluations.

3.5. In vitro release of RNase A from nanogels

Fig. 4 shows that the physically bound native RNase A was fully
desorbed/released from anionic nanogels by dispersion of the nano-
particles in physiological buffer (PBS) at the first measuring time point
(1h), whereas Traut’s modified RNase A was stably encapsulated in-
dicating covalent conjugation of this modified protein to the hydrogel
network through a thiol-disulfide exchange reaction. Interestingly,
more than 90% of the immobilized protein was released after in-
cubating with PBS buffer containing 10mM glutathione which

Fig. 5. Confocal images of the intracellular distribution of PEI coated dex-MA nanogels in MDA-MB 231 cells. (A) Alexa Fluor 647 labeled nanogels (red), (B) Alexa Fluor 488 labeled PEI
coating (green), (C) overlay image of green and red fluorescence. PEI coated nanogels (12.5 μgmL−1) were incubated for 4 h at 37° C. Nuclei were labeled with Hoechst 33342 (blue). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Cell viability of MDA-MB 231 cells upon 24 h incubation with native RNase A,
modified RNase A, RNase A-loaded NGs and PEI coated RNase A loaded nanogels, n= 3.

Fig. 7. Cell viability of MDA-MB 231 cells upon 24 h incubation with empty anionic
nanogels, empty PEI coated nanogels, RNase A-loaded NGs and PEI coated RNase A
loaded nanogels, n= 3.
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corresponds with intracellular levels [37]. These observations are in
line with our previous study showing the reduction-sensitivity of dis-
ulfide bridges in ovalbumin-loaded nanogels [35]. Importantly, a si-
milar trend was observed for PEI coated nanogels which demonstrates
that the polymer coating has no significant influence on the triggered
release of RNase.

3.6. Cellular uptake study of nanogels

The cellular uptake of the different nanogel formulations by MDA-
MB 231 cells was monitored using confocal microscopy. To visualize
the cellular internalization, the dex-MA-co-MA nanogels were labeled
with Alexa Fluor® 647 (non-coated formulation) and labeled nanogels
were coated with Alexa Fluor® 488 labeled PEI (coated formulation).
Confocal images of MDA-MB 231 cells showed that the non-coated
nanogels were barely taken up by the cells (Fig. 4S), whereas PEI coated
nanogels were efficiently internalized by the cells after 4 h, revealing
the crucial role of surface charge of particles in cellular uptake in line
with previous studies [63]. In addition, the fluorescent signal of the
polymer coating was observed inside cells overlapping with the signal
of Alexa Fluor® 647-nanogels (Fig. 5C) indicating colocalization of PEI
and nanogels in cellular compartments.

3.7. Cytotoxic activity of RNase A loaded nanogels

The cytotoxic effect of PEI coated RNase-loaded NGs, RNase-loaded
NGs, native and Traut’s modified RNase A in their soluble forms was
examined in MDA-MB 231 cell line using the MTS assay. As shown in
Fig. 6, both native and modified RNase A did not show cytotoxic ac-
tivity most likely due to its insufficient cellular uptake [50]. Further-
more, the non-coated nanogels did not affect cell viability significantly
even at the highest concentration of RNase A, indicating that anionic

nanoparticles have poor interaction with negatively charged cell sur-
face resulting in poor uptake (Section 3.6) which is in agreement with
previous reports [63]. The PEI-coated nanogels without RNase loading
showed some cytotoxicity at the highest dose tested (2mg/ml) (Fig. 7)
which might be ascribed to the cytotoxic effect of PEI [67,68]. Im-
portantly, the PEI coated nanogels loaded with RNase A exhibited a
concentration-dependent cytotoxic effect after 24 h incubation with
cancer cells. This can be explained by the positive surface charge of this
particle leading to high cellular uptake (Fig. 6) [67,69] and subsequent
intracellular release of RNase A. The release of RNase occurs either in
the endosome followed by endosomal escape due to action of PEI or
after endosomal escape of the nanogels and release of the enzyme in the
cytosol. It has been reported that PEI is able to destabilize lysosomal
membranes through the so-called “proton sponge effect”, which pro-
motes the endosomal escape of particles and their release into the cy-
toplasm [70–73].

3.8. Caspase activity assay

PEI coated RNase A loaded nanogels were assessed for their cap-
ability to induce apoptosis using CellEvent™ Caspase-3/7 Green
Detection Reagent. The probe consists of a quenching peptide con-
jugated to a nucleic acid–binding dye which does not give fluorescence
in healthy cells. Upon activation, caspases 3/7 cleave the inhibiting
peptide from the dye, which subsequently binds to cell DNA and results
in bright green fluorescence (absorption/emission maxima of ∼502/
530 nm) [74,75]. Confocal images of MDA-MB 231 cells treated with
PEI coated empty nanogels and PEI coated RNase A nanogels are de-
picted in Fig. 8. Incubation of cells with PEI-coated nanogels without
RNase loading as a control showed a limited fluorescent signal of
apoptotic cells after 24 h, whereas a strong signal was observed when
the cells were incubated with PEI-coated RNase A loaded nanogels
demonstrating that RNase A-induced apoptosis occurred. Fig. 9 shows
the apoptosis activation kinetics of cells incubated with PEI coated
empty NGs (different concentrations) for 22 h. The percentage of cas-
pase-activated cells incubated with empty PEI coated nanogels at the
highest concentration of nanogels (1mg/ml) was<10%, while caspase
activation was evident in cells incubated with RNase A loaded nanogels
at different concentrations. It should be noted that the used probe al-
lows the detection of early caspase-3/7 activation after which cells ir-
reversibly undergo apoptosis. These results are in line with previous
findings of Magun et al. who demonstrated that caspase-3/7 activation
was observed as early as 1–2 h after Onconase incubation while the
release of cytochrome C (a marker for cell death) was delayed [76,77].

Fig. 8. Confocal microscopy images of activation of caspase-3/7 in apoptotic MDA-MB 231 cells after 24 h incubation with (A) Empty PEI coated nanogels, (B) RNase A loaded PEI coated
nanogels. Cell nuclei were stained with Hoechst 33,342 (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. RNase A-induced apoptosis by activation of caspase-3/7 in MDA-MB cells.
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Importantly, the percentage of apoptotic cells induced by RNase A
loaded NGs was dose-dependent, which is in good agreement with cell
viability study reported in Section 3.7. These findings illustrate that by
catalyzing the degradation of cytosolic RNAs, intracellular released
RNase A inhibits the protein synthesis and induces apoptotic cell death
[78].

4. Conclusions

In this study, we designed dex-MA nanogels loaded with RNase A as
a nanocarrier for cancer therapy. The immobilized RNase A was hardly
released from the nanogels under non-reductive conditions while the
protein was completely released under reductive conditions. A high
intracellular delivery efficiency of dex-MA- nanogels was obtained by
coating the negatively charged surface of nanogels with a cationic
polymer (polyethyleneimine). It is further shown that PEI coated RNase
A loaded nanogels induced cell death via apoptosis. It can therefore be
concluded that PEI coated nanogels are highly interesting delivery ve-
hicles to exploit the therapeutic potential of RNase A for cancer treat-
ment.
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