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ABSTRACT 
 

Pulsed electron-beam irradiation of poly(N-vinyl 
pyrrolidone) (PVP) aqueous solutions, at relatively low 
energy per pulse and doses within the sterilization dose 
range, has led to a variety of PVP nanogels of controlled 
size, that can be simultaneously grafted with a variety of 
functional monomers. Their crosslinked cores and 
multibranched arms with pendant carboxyl or amino groups 
ensure colloidal stability in a wide range of pHs and 
amenability to conjugation with fluorescent probes, ligands 
of specific cell receptors, such as short peptides, antibodies 
or oligonucleotides, and different type of therapeutics. 
Nanogels were proved to be not cytotoxic or genotoxic at 
the cellular level. Indeed, they showed good affinity for 
cells, as they rapidly and quantitatively bypass the cellular 
compartments, to accumulate in specific cell portions, then 
being completely released from the cells within 24 h. 
 
Keywords: e-beam irradiation, PVP, nanogels, antibody, 
co-localization studies.  
 
 

Introduction 
 
Nanogels (NGs), or small particles formed by chemically 
crosslinked polymer networks, are becoming increasingly 
successful as multifunctional nanocarriers in the 
development of new therapeutic and diagnostic strategies 
[1]. They have an internal 3D aqueous environment for 
incorporation and protection of (bio)molecular drugs and a 
large and flexible surface for multivalent bio-conjugation. 
The possibility to entrap molecules, metal or mineral 
nanoparticles for imaging or phototherapeutic purposes; 
stimuli-responsiveness to achieve temporal and/or site 
control of the release function, chemical stability and 
biocompatibility complete their profile. What has mainly 
limited their widespread diffusion is that traditionally they 
have been produced with recourse to surfactants or complex 
chemistries. The availability of inexpensive, robust and 

versatile synthetic methodologies can boost the 
development of effective nanogel-based theragnostic 
devices. E-beam irradiation could be a suitable single 
platform to quantitatively produce engineered nanogels. We 
have recently established that nanogels can be produced 
with high yields and through-puts by pulsed e-beam 
irradiation of semi-dilute aqueous solutions of water-
soluble biocompatible polymers and functional groups 
bearing monomers, e.g. poly(N-vinyl pyrrolidone) (PVP), 
acrylic acid (AA) or aminopropyl methacrylamide 
(APMAM), using industrial electron accelerators and set-
ups [2-4]. While PVP crosslinkinks upon irradiation, it acts 
as a substrate for monomer and oligomers attachment and 
as nanoscalar template. As a result, crosslinked-core PVP 
nanoparticles with multi-armed surfaces, controlled 
particles size, crosslinking density, surface electric charge 
density, number and nature of functional groups and long-
term colloidal stability are generated with no recourse to 
organic solvents, toxic initiators or catalysts and 
surfactants. Therefore, expensive or time-consuming 
purification procedures are not required. Simultaneous 
sterilization can be achieved depending on irradiation 
doses. Poly(N-vinylpyrrolidone) was chosen as base 
material because is widely used in pharmaceutical 
formulations. Both linear and crosslinked PVP have shown 
in-vivo biocompatibility and ability to escape from the body 
by natural pathways and processes, depending on molecular 
weight or particle size [5]. All the base and functionalized 
nanogels proved to be not cytotoxic or genotoxic at the 
cellular level. Indeed, they showed good affinity for cells, 
as they rapidly and quantitatively bypass the cellular 
compartments, to accumulate in specific cell portions after 
few hours, being then completely released from the cells 
after 24 h. Functional reactive groups located on NGs arms 
have been conjugated with either fluorescent molecules to 
perform localization studies in cell cultures, and/or with 
biologically relevant model molecules and macromolecules, 
such as folic acid, oligonucleotides and antibodies. Their 
physico-chemical properties and interactions with cells will 
be discussed. 

NSTI-Nanotech 2013, www.nsti.org, ISBN 978-1-4822-0586-2 Vol. 3, 2013202



 
Experimentals 

Chemicals.  
PVP K60 (Aldrich, Mn=1.60x105 g/mol), acrylic acid (AA, 
Aldrich), (3-N-aminopropyl) methacrylamide 
hydrochloride (APMAM, Polyscience), fluorescein 
isothiocyanate (FITC, Research Organics), were used 
without further purification.  
 
Synthesis of multifunctional PVP-based nanogels. PVP 
aqueous solutions at different concentrations in the 0.5-0.1 
wt% range were prepared by overnight stirring, filtered 
with 0.22 µm pore size syringe filters, carefully 
deoxygenated with N2 and individually saturated with N2O. 
When the functional acrylic monomer was APMAM, it was 
added to the polymer solution at 1:100 and 1:50 
APMAM:PVP’s repetitive units (RU) molar ratios. While 
when AA was added, only 1:50 AA: PVP’s RU molar ratio 
were considered. NGs are named after P*(X)AA(Y) and 
P*(X)APMAM(Y), where X is the weight percentage of 
polymer in water and Y is the PVP RU:monomer molar 
ratio. Electron beam irradiation was performed using a 10 
MeV linear accelerators at the ICHTJ of Warsaw (Poland), 
Electronika 10/10 and the temperature was maintained at 0-
4°C. E-beam irradiation was performed at relatively high 
frequency (400 Hz) and low-dose per pulse (13 Gy). An 
integrated dose of 40 kGy was supplied. After irradiation 
samples were dialyzed against distilled water for 48 h with 
100k MWCO. The yield of micro/nanogels production 
process was determined gravimetrically.  
 
Preparation of P*(0.1)APMAM100FITC variants. 
Conjugation of the amino-graft PVP variants with FITC 
was carried out at pH 9.3 (Borax) and 37°C for 2 hr, 
following an already reported protocol [2]. 
 
Preparation of Ab-conjugated P*(0.1)APMAM100 and Ab-
conjugated P*(0.1)APMAM100FITC variants: Conjugation 
of the amino-graft PVP variants,  with the rat monoclonal 
Anti-human CD44 Antibody C37 labeled with TRITC (Ab) 
[6] was performed accordingly to a standard EDC/sulfo-
NHS protocol in MES at 25°C [7]. After reaction, nanogels 
were repeated washed with PBS at pH 7,4 and centrifuged 
using centrifuge filter devices (cut off 300 kDa) at 500 rpm 
for 10 min. 
 
Light Scattering Measurements. The hydrodynamic 
diameter (Dh) of particles dispersion was measured by 
dynamic light scattering (DLS) using a Brookhaven BI-
9000 correlator and a 50 mW He-Ne laser (MellesGriot) 
tuned at λ = 632.8 nm. Dynamic light scattering data were 
analyzed by the method of cumulants [8].  
 
ζ-potential measurements. The surface charge of the 
nanogels in water was measured on diluted dispersions (1 
mg/ml) at 25°C using a ZetaSizerNano ZS (Malvern 

Instruments Ltd, Malvern, UK) equipped with a He-Ne 
laser at a power of 4.0 mW.  
 
Localization studies of Ab-conjugated NGs. The ECV304 
endothelial cells were seeded in a 96 well tissue plate at a 
density of 7x103 cells/well, grown for 24 hr in DMEM 
complete medium and incubated in the presence of Ab-
conjugated NGs (4µg/well). After different incubation 
times, cells were extensively washed with PBS, to remove 
not reactive nanoparticles, and fixed with 3.7% 
formaldehyde for 15 minutes; then they were again washed 
with PBS. Localization was carried out by a confocal 
microscopy analyzer (Olympus 1x70 with Melles Griot 
laser system). 
 

Results and discussion 
 

EB-irradiation of semi-diluted aqueous solutions of PVP, 
i.e. at concentration lower than the critical chain overlap 
concentration (~1 wt) [9] and in the presence of small 
concentrations of monomers carrying reactive functional 
groups was performed at relatively high frequency and low-
dose per pulse. The integrated dose of 40 kGy was selected 
to ensure products sterility [10]. In these conditions, a 
multiplicity of nanogel variants with different 
hydrodynamic sizes, surface properties and chemical 
functionalities were produced varying polymer and 
monomer concentration as well as solutions pH. The yield 
of the recovered products after purification was always 
above 95%. In Table 1, average hydrodynamic diameters 
and relative particles size distribution widths are reported. 
All the carboxyl-functionalized NGs (0.1-0.5wt%), have 
hydrodynamic diameters in the range of 10-50 nm and 
small particles size distribution widths, while the two 
amino-functionalized NGs have hydrodynamic sizes which 
span from the nano to the microscale. A comparison among 
the carboxyl-functionalized NGs’ variants shows that for 
the same polymer to monomer ratio, increasing the polymer 
concentration leads only to modest increase in NGs 
hydrodynamic size. Conversely, in order to obtain amino-
functionalized NGs with hydrodynamic diameters 
comparable to the carboxyl-NGs, both the polymer and 
APMAM concentrations in the feed had to be maintained 
fairly low. This suggests that the nature of the functional 
monomer determines the reaction pathway upon irradiation 
and it has the most dramatic effect on the physico-chemical 
properties of the final product. It has been established that 
in the selected irradiation conditions, hydroxyl radicals 
form as a result of the interaction of electrons with water. 
They extract protons from the polymer and form 
macroradicals that can recombine either inter- or intra-
molecularly forming crosslinks. In the presence of the 
acrylic monomer, radical recombination or radical 
propagation to the monomer reactions may occur forming 
monomer and/or oligomer grafts.  
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Table 1. Mean hydrodynamic diameters and relative particles size distribution widths,  
ζ-potential and distribution width are reported. 

Homopolymerization of both acrylic monomers is not 
particularly favored at the irradiation pH (pH=6), owing to 
the electrostatic repulsion between monomer molecules 
[2,3]. When e-beam irradiation of the aqueous solutions of 
PVP with APMAM is carried out with both components, 
the polymer and the monomer, present at relatively high 
concentrations inter-particle bridging occurs. This is 
because PVP coils are slightly polyanionic due to the keto-
enol tautomerism, while APMAM (pKa=8.5) is positively 
charged at the irradiation pH (5-6) and it shields the 
negative charges onto PVP, thus promoting bridging 
between nanogel particles. Conversely, for the carboxyl-
functionalised variants, AA and its low molecular weight 
oligomers essentially graft on PVP chains. When the pH of 
the polymer-APMAM solution is controlled to be above the 
pKa of the monomer, as for the system P*(0.1)APMAM 50, 
PBS pH 9.2,  the inter-particle bridging is attenuated and 
particle size is of about 200 nm.   In table 1, ζ -potentials 
values and the relative width of distributions are shown. All 
carboxyl-functionalized systems show an anionic character 
that likely sees the contribution of AA’s carboxyl groups. 
Conversely, when the NGs are obtained in the presence of 
APMAM they show a reduced anionic character, due to a 
screening effect of the negative charges of PVP by the 
protonated amino groups of APMAM. At the higher 
concentration of APMAM, when aggregation occurs, the 
monomer is preferentially located inside the microgel 
particles, therefore ζ-potential values decrease. A thorough 
structural characterization of the formed nanogels has been 
carried out by applying complementary spectroscopic 
techniques as FT-IR, XPS, Raman spectroscopy, liquid and 
solid state NMR. NGs chemical structure manly resembles 

that of PVP, as expected in considerations of the low 
concentrations of acrylic monomers considered. A clear 
evidence of carboxyl groups and amino groups, deriving 
from the grafted monomers was gathered, with XPS and 
solid-state 13C NMR [2, 3, 11, 12]. Preliminarily to any 
further development of these nanogels as biomedical 
nanocarriers, in-vitro toxicity was evaluated via MTT assay 
and caspase 3 enzymatic assay. All the gathered evidences 
indicate absence of cytotoxicity in vitro [2, 4, 13]. Different 
conjugation reactions were carried out to attach relevant 
molecules to the nanogels by converting the functional 
groups of the multifunctional nanogels. In particular, the 
carboxyl-functionalized NGs were coupled with a 
fluorescent probe, aminofluorescein, with a small peptide, 
like folic acid for targeting purposes, with an anticancer 
drug, Doxorubicin and oligonucleotides [14]. The amino 
groups functionalized nanogels were reacted with the 
isothiocyanate groups of FITC, to generate fluorescein 
labeled nanogels, with a protein, BSA, and with a TRITC 
labeled antibody [2, 4]. Localization studies of bare 
nanogels on cell cultures have been carried out and results 
are reported elsewhere [13]. Both the carboxyl and amino-
functionalized NGs showed good affinity for cells. 
Nanoparticles start to concentrate inside the cells after 1-h 
from incubation, reaching a maximum of concentration 
within 6-7 hours from incubation, being then completely 
released from the cells after 24 hr [13]. In figure 1a-b 
localization of P*(0.1)APMAM100 conjugated with Tritc-
labeled antibody CV on ECV304 cells after 15 min and 6 h, 
respectively, are shown. F-actin of cells is marked with 
green fluorescent phalloidin, while the antibody-conjugated 
nanoparticles show red fluorescence, owing to the Tritc 

System 
  Dh 

(nm) 

Width 

(nm) 

ζ-potential  

(mV) 

Width  

(mV) 

P*(0.1)AA 50 14 5 -22 8 

P*(0.25)AA 50 26 10 -40 9 

P*(0.5)AA 50 40 16 -32 56 

P*(0.1)APMAM 100 33 12 -6 7 

P*(0.1)APMAM 50 1140 500 -34 5 

P*(0.1)APMAM 50, PBS pH 9.2 200 60 -47 5 
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label. The pattern of the movement through cell surface and 
in cell compartments of Ab-conjugated NGs was very 
similar to that of bare NGs (data reported elsewhere [13]), 
but Ab-conjugated NGs are internalized faster. After 15 
min of incubation they seem to be already preferentially 
located on the cells (figure 1 a), although a significant 
proportion is still present in the culture medium. Cells reach 
their maximum uptake after 6 h, then the red-fluorescence 
intensity of cells progressively decreases. Fluorescent 
variants of NGs, namely P*(0.1)APMAM 100FITC , was 
conjugated with a TRIC- labeled antibody.  
  

 

 
 
Figure 1. Localization of Ab-conjugated NGs in cell 
cultures. Confocal microscopy of antibody-conjugated-NGs 
observed after two different incubation times: (a) 15 min. 
(b) 6 h. Total sections.  

 
Figure 2. Co-localization of Ab-conjugated 
P*(0.1)APMAM100FITCNGs. Nuclei were stained with 
DAPI (blue), nanogels are labeled with FITC (green) and 
the antibody bound to the nanogels with TRITC (red).  
 
In figure 2, the localization of immuno-nanogels in 
ECV304 endothelial cell culture after 4 h incubation is 
shown. Nuclei were stained with DAPI (blue), nanogels are 
labeled with FITC (green) and the antibody bound to the 
nanogels with TRITC (red). Co-localization studies prove 
the stability of the conjugation bond and the localization of 
the NGs in a specific compartment of the cell, around the 
nucleus.  

 
 
 
 

CONCLUSIONS  
 
The work here presented shows that e-beam radiation 
processing is a viable and effective synthetic methodology 
to manufacture PVP-based functional nanocarriers, in a 
single step, with high yields and tunable properties. After 
irradiation, no expensive or time-consuming purification 
procedures are required, as no recourse to catalysts, 
initiators or surfactants is made. Simultaneous sterilization 
can also be achieved, by a proper selection of the irradiation 
doses. All the generated NGs are non cytotoxic, non 
immunogenic and able to stably bind biological molecules. 
While the final fate of these nanoparticles will be the 
subject of future investigations through animal in-vivo and 
ex-vivo test, different strategies to bind anticancer drugs to 
the nanogels using cleavable linkers are being tested 
showing very promising results. 
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