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1. INTRODUCTION 

 

Nanotechnology holds the promise of enabling new materials and systems to accomplish delicate 

and demanding roles in healthcare for medical diagnostics (imaging and sensing) and therapeutics 

(drug delivery). The development of functional nanoparticles that can ensure high MR imaging 

contrast and/or molecular recognition functions; or specific medical intervention at the molecular 

scale for treating a disease or repairing damaged tissues are currently at the agenda of many public 

and private research institutions and agencies. 

Several different nanomaterial systems have been proposed for application in nanomedicine: 

including colloidal systems (such as liposomes or microemulsions) [1], quantum dots (QDs) [2], 

organic and inorganic dendrimers [3], viral and virus-like nanoparticles [4], polymeric vesicles and 

solid lipid nanoparticles [5]. Each of these systems has advantages and disadvantages, often related 

to in vivo toxic side-effects or difficult scalability of their production process at industrial level. 

Nanogels, or small particles formed by physically or chemically crosslinked polymer networks, 

represent a niche in the development of ―smart‖ nanoparticles for drug delivery and diagnostics [6]. 

They offer unique advantages over other systems, including a large and flexible surface for 

multivalent bio-conjugation; an internal 3D aqueous environment for incorporation of large 

(bio)molecular drugs, the possibility to entrap active metal or mineral cores for imaging or 

phototherapeutic purposes; stimuli-responsiveness and biocompatibility. Moreover, conformability 

and flexibility make these nanoparticles able to penetrate through small pores and channels through 

shape modification. Major synthetic strategies for the preparation of nanogels belong to either 

micro-fabrication methodologies (photolithography, microfluidic, micromoulding) or to self-

assembly approaches that exploit ionic, hydrophobic or covalent interactions [7]. For the latter, in 

particular, dimensional control has been often achieved by the recourse to soft templates, such as 

the aqueous droplets dispersed in organic solvents of heterogeneous colloidal systems. While 

micro-fabrication methods are limited by the need for the use of costly equipments, the recourse to 

surfactants as well as organic solvent, initiators and catalysts may detrimentally affect the 

toxicological profile of the nanogels produced in colloidal systems. The availability of inexpensive 

and robust preparation methodologies is at the basis of the development of effective nanogel-based 

theragnostic devices.  

The design of functional nanoparticles must include a high degree of control of product properties 

through both process and material chemistry. There are a few basic important criteria that need to 

be carefully considered in designing such nanodevices. One main issue is related to the 

hydrodynamic size and shape of nanocarriers. Further requirements in design include eventual 

protection of the payload from degradation by cell‘s metabolic system as well as control of the 

pharmacokinetics, sterility and absence of cytotoxicity and appropriate removal post-usage 

strategies of the devices.  

 

High energy radiation processing demonstrated its potential for the production of nanogels already 

in the late ‗90s, owing to the pioneeristic work of Rosiak and collaborators, but since no adequate 

efforts have been spent in developing a viable technology based on this ground to develop radiation 
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engineered multi-functional nanoparticles with the required properties, at a preference to other 

approaches [8]. The aim of the present work is to assess the possibility of generating biocompatible 

multifunctional nanogels with dimensions varying in a range of tens to hundreds of nanometers 

using existing industrial-type accelerators and set-ups. In the further development of the research 

the functional groups grafted to the networks will be used to attach selected targeting ligands. 

Furthermore, GdIII-complexes will be incorporated as contrast agents to enable in vivo 

biodistribution studies through NMR imaging. 

 

2. EXPERIMENTAL 

 

2.1. Materials 

PVP k60 (Aldrich, Mn=1,60x10
5
 g/mol), fluorescein diacrylate, (FDA, Aldrich), (3-

aminopropyl)methacrylamide hydrochloride (APMAM, Polyscience), potassium dihydrogen 

phosphate, dipotassium hydrogen phosphate, ortho-phosphoric acid, hydrochloric acid (37%), 

sodium hydroxide, sodium chloride, have been used as received without further purification. The 

PVP molecular weight , Mw= 4,1 x10
5
 g/mol and the radius of gyration, Rg = 27 nm, were 

estimated from the usual Zimm plot analysis of static light scattering measurements carried out at 

25 ◦C. 

 

2.2. Sample preparation 

PVP aqueous solutions at 0.25 and 0.1 wt%  were prepared by overnight stirring and filtered with 

0.22m pore size syringe filter (Millipore), carefully deoxygenated with gaseous nitrogen and 

bottled in 15 ml glass vials sealed with rubber septa and aluminum caps. PVP aqueous solutions at 

0.1 wt% were also formulated with FDA and APMAM at two different concentrations.  

Samples were individually saturated with N2O prior to irradiation in order to increase the 

concentration of hydroxyl radicals formed from water radiolysis during irradiation. 

Electron beam irradiation was performed using two different 10 MeV liner accelerators LAE 13/9 

and Electronika 10/10 at the Institute of Nuclear Chemistry and Technology of Warsaw (Poland). 

Irradiations conditions for LAE 13/9 were varied by varying the average current and the irradiation 

time. Three sample vials per run were placed horizontally in front of the electron emission port in a 

suitable container filled with ice. 

Irradiation with Elektronika 10/10 was carried out at the following doses: 40, 80kGy. The total 

doses were obtained by multipass exposure (ca. 40 kGy per one pass). Also in this case samples 

were horizontally placed in a box filled with ice. Samples are conveyed under the beam via a 

transporting belt, therefore the number of vials irradiated per run were of several tens. 

After irradiation samples were dialyzed against distilled water for 48 h using dialysis tubes of 

12.000 Da cut-off (Aldrich) to remove low molecular weight residues.  

 

2.3. Characterizations 

An estimation of the yield of the process was determined gravimetrically by comparing the dry 

weight of the polymer in the sample before and after irradiation followed by dialysis and freeze-

drying.  

 

The Rg and Rh (gyration and hydrodynamic radius) of the not irradiated PVP samples were 

measured by static and dynamic light scattering (DLS) techniques, respectively, using a 

Brookhaven Instruments BI200-SM goniometer. Samples were put in a thermostated cell 
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compartment of the instrument and temperature was controlled to within 0.1°C using a 

thermostated recirculation bath. The light scattered intensity and time autocorrelation function were 

measured by using a Brookhaven BI-9000 correlator and a 100 mW Ar laser (Melles Griot) tuned 

at  = 632,8 nm. Measurements were taken at different scattering vector q = n
1

 sin(/2) where 

n is the refraction index of the solution, 0 is the wavelength of the incident light, and  is the 

scattering angle. Static light scattering data were corrected for the background scattering of the 

solvent and normalized by using toluene as calibration liquid. In dynamic light scattering 

experiments the correlator was operated in the multi- mode; the experimental duration was set in 

order to have at least 2000 counting on the last channel of the correlation function. Samples were 

placed in the quartz cell used for the measurement, as produced, after dilution with bidistilled water 

and/or syringe filtration (5, 1.2, 0.8, 0.45 and 0.22 m pore size - Millipore). Reported curves are 

representative of the behavior of different preparation for each formulation. 

 

FTIR analysis was carried out using a Perkin Elmer spectrophotometer. Spectra were recorded at 

30 scans per spectrum, 1 cm
-1

 resolution on freeze-dried samples dispersed in KBr and compressed 

into pellets. 

 

Surface morphology was imaged by a field emission scanning electron microscopy (FESEM) 

system (JEOL) at an accelerating voltage of 10 kV. Samples for FESEM were coated with a gold 

layer by JFC-1300 gold coater (JEOL) for 30 s at 30 mA before scanning. 

 

Zeta potential of the nanogels was detected by the laser Doppler anemometry (Zeta Plus Analyzer, 

Brookhaven Corporation, USA). 

 

3. RESULTS AND DISCUSSION 

 

The yield of the process in terms of purified dry product for all formulations and irradiation 

conditions is always close to 100 %. This indicates that irradiation in the specified conditions is not 

inducing chain-scission to an appreciable extent.  

 

In the view of the envisaged application of the radiation engineered nanogels as nanocarriers for 

injectable drug formulations an initial screening of irradiation conditions was carried out on the 

basis of dynamic light scattering measurements of the hydrodynamic diameter of the generated 

nanogels. 

 

Base PVP nanogels 

 

The commercial grade PVP used is characterized by a fairly wide molecular weight distribution 

(polydispersity index 2.6). This polymer was preliminarily characterized for its Rg (gyration radius) 

and for its Rh (hydrodynamic radius) in water in the concentration range of 0.05-0.25 wt.%. These 

values lay below the critical concentration chain ―overlap‖ concentration for the polymer, that was 

estimated to be approximately 1% [9].  

 

Data in figure 1 are relative to autocorrelation functions, measured at 90° scattering angle, for the 

not-irradiated and irradiated (40kGy-LAE-24 min) PVP 0.25 % systems, respectively. Similar 
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results were obtained at different scattering angles. Upon irradiation, the autocorrelation function is 

observed to decay at longer times. Data were fitted to a double exponential (figure 1-c,d): 

 
where Ai=1,2  and i=1,2 are the amplitude and decay time. This corresponds to describe the 

autocorrelation function in terms of two species of different size. The amplitude of each 

exponential is proportional to the contribution of each specie to the scattered intensity, which, in 

turn, is directly proportional to the weight-averaged molar mass multiplied the square of the 

number concentration. Assuming for both species a similar dependence of the weight-averaged 

molar mass and gyration radius, it is also possible to estimate the numerical ratio N1/N2 between 

the smaller and the bigger objects. Fitting to a single exponential was considered unsatisfactory. 

The comparison between the two curves is presented in figure 1-a, while data analysis using a 

commercial software (CONTIN) gives for both systems the intensity-weighted particle size 

distributions reported in figure 1-b. From this panel, it can be noticed that the not irradiated PVP at 

0.25 wt. % is characterized by a bimodal size distribution of objects in water. Therefore, the 

smaller average hydrodynamic diameter calculated (see figure 1-c) could be associated to single 

chain coils, while the bigger may correspond to either small aggregates of few chains through 

water-mediated hydrogen bonds or to high molecular weight chains. It is worth pointing out that 

the same description holds for PVP aqueous solutions at the lower concentration (0.1 wt.%).  

 

Irradiation at 40 kGy and at the lowest ―average‖ dose rate induces an increase of both the two 

characteristic dimensions, with a more pronounced effect on the bigger. The comparison between 

the not irradiated and the irradiated system suggests that irradiation in these conditions is inducing 

both inter- and intra-molecular crosslinking, even if the polymer concentration is lower than the 

concentration of overlap. Owing to the relatively short inter-radical distance between macroradicals 

formed in different chains, their intermolecular recombination is a possible occurrence. 
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FIG. 1. DLS analysis of PVP at 0.25 % in water before and after E-Beam irradiation 

 

Dilution of the irradiated systems and filtration with 220 nm pore size filters, figure 2 (a-b), is not 

showing appreciable effects in the decay times of the autocorrelation functions, thus proving that 

the objects generated upon irradiation are dimensionally ―stable‖. 

(a) (b) 

(c) (d) 
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FIG. 2. Autocorrelation function of the scattered intensity for irradiated PVP solutions at 0.25 wt.%. Influence of dilution 

(a) and filtration (b). 

 

The influence of the irradiation conditions and, in particular, of the average electron beam current 

intensity on irradiated PVP solutions at 0.25 wt.% in terms of average diameters of the two 

distributions is shown in table 1. When the higher irradiation dose is delivered in a shorter length of 

time smaller nanoparticles are obtained, as a result of the higher concentration of radicals 

instantaneously formed on the chains, making their intra-molecular recombination more favorable. 

 

TABLE 1 

PVP 0.25 wt. % n.irr. 40kGy LAE 24 min, 80kGy LAE 10 

min, 

D1 (nm) 17 44 20 

D2 (nm) 61 147 120 

N1/N2 128 113 730 

 

At a lower concentration of polymer in water the average distance between macromolecules further 

increases and intra-molecular recombination of radicals prevails. Hydrodynamic diameters for the 

PVP 0.1 wt.% irradiated solution from the fitting are reported in table 2. For these systems the 

(a) 

(b) 
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difference with the corresponding not-irradiated system is less marked than for PVP 0.25 wt.%. In 

particular, the system irradiated at the lowest dose and lowest average dose rate shows only slightly 

higher diameters, while for the highest dose and higher dose rate decay times are shorter than those 

of the linear polymer. In these conditions, irradiation is causing a rapid and significant shrinkage of 

the polymer coils. Irradiation at 80 kGy, carried out with two passes at the highest dose rate (with 

Elektronika), is leading to comparable results. 

 

TABLE 2 

 n.irr. 40kGy LAE 24 min 80kGy LAE 10 min 80kGy ELEKT 

D1 (nm) 13 14 25* 24 

D2 (nm) 53 78 -- 384 

N1/N2 163 2,245 -- 1,600,000 

                      *Fitting with a single exponential 

 

FTIR analysis has been carried out on the freeze-dried nanogels in order to estimate the extent of 

any eventual chemical modification of PVP structure upon irradiation in the different conditions.  

 

 
 

FIG. 3. FTIR spectra of not irradiated PVP and PVP nanogels at 80 kGy. 

 

Figure 3 shows the comparison between the spectra of not irradiated PVP and PVP 0.1% irradiated 

at 80 kGy for 10 min in the range 2000-400 cm
-1

. All the bands characteristic of the linear PVP are 

present in the spectrum of the nanogel and two new peaks at 1772 and 1703 cm
-1

, falling in the 

envelope of the prominent PVP carbonyl band. These peaks can be associated to 5 membered 

cyclic imides. A possible explanation of this modification is proposed in the scheme 1. 

Confirmation of the proposed structure will be sought in solid-state 
13

C{
1
H}-NMR spectra. 
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Scheme 1: Structures of polymer radicals formed upon irradiation and possible follow-up reactions. 

 

Functionalised PVP nanogels 

Fluorescein diacrylate (FDA) or (3-aminopropyl)methacrylamide hydrochloride at two 

concentrations were added to the PVP aqueous solution at 0.1 wt.% and irradiated at 80 kGy, in 

order to provide light emissive properties for biological evaluation through confocal microscopy 

studies and primary amino groups for subsequent bioconjugation with targeting ligands. 

 

TABLE 3 

 PVP 0.1%  

80 kGy LAE 10 

min 

+FDA + APMAM (+) + APMAM (++) 

D1 (nm) 25* 25 243 259 

D2(nm) -- 458 3,795 4,870 

N1/N2 -- 1,250,000 36,020 83,000 

                      *Fitting with a single exponential 

 

TABLE 4 

+ APMAM (++)  pH 4  pH6.8  pH 7.4  pH 8.5  

D1 (nm)  144  300  306  131  

 

Table 3 reports the calculated hydrodynamic diameters for the functionalized nanogels. The 

presence of FDA does not affect the dimensions of the main population of particles (25 nm), while 

APMAM increases this dimension of one order of magnitude (~250 nm). The nanoparticles acquire 

pH responsiveness in virtue of the primary amino groups grafted, as shown in table 4.  

 

In vitro biocompatibility and immunolocalisation studies (data not reported) are indicating total 

absence of toxicity and the ability of the generated functional nanoparticles to bypass the cell 

membrane of cultured osteoblasts. 
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4. CONCLUSIONS 

 

The research activity carried out during the first term of the CRP has established that crosslinked 

nanogels can be produced using industrial type accelerators. Control of the particles dimensions 

through the extent and proportion between inter- and intra-molecular crosslinking can be achieved 

varying the polymer concentration in water and the irradiation conditions. 

The yield of the process in terms of recovered product after purification is close to 100%.  

Irreversible (covalent) attachment of a fluorescent dye and of a functional (primary amino group 

carrying) monomer can be also obtained.  

The functional nanoparticles generated are dimensionally stable, redispersible from the freeze-dried 

solid state, pH responsive and not-cytotoxic. 
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