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1. INTRODUCTION 

 

Nanogels, i.e., internally cross-linked hydrophilic polymeric particles of sub-micron sizes, gained 

much interest over the last years due to their possible application as components of advanced type 

of medicines, like drug carriers.
1-3

 It is expected that they can facilitate distribution and delivery of 

different types of biologically active substances (including proteins, peptides and oligonucleotides) 

in a controlled way within the human body.
4-7

 

Nanogels and their bigger analogues – microgels, are mainly synthesised through free-radical 

cross-linking polymerization of monomers. This synthetic routine can be carried out in solution but 

more often emulsion techniques are preferred (mini- or microemulsion) due to easier size control 

and exclusion of the macrogelation process.
8-10

 Additionally, surfactant-free emulsion 

polymerization (SFEP) is the method of choice for the preparation of temperature-sensitive 

particles, mainly based on poly(N-isopropylacrylamide).
11,12

 Nanogels were also successfully 

prepared by intramolecular cross-linking of single macromolecules.
13

 More recently, covalent 

stabilization was utilized to obtain the self-assembled structures like micelles of amphiphilic block 

copolymers, held by relatively weak physical interactions.
14-16

 Due to low stability of these 

polymolecular systems against dilution or temperature changes, different chemistry-based 

strategies to turn them into permanent nanopaticles were proposed in the literature (e.g., 

independent stabilization of a core or a shell of the micelles).
17-21

  

A certain disadvantage of the approaches described above is the use of monomers, surfactants or 

cross-linkers which are usually toxic and have to be removed from the final product by laborious 

and time-consuming processes. This issue can be important especially if the product is intended for 

biomedical use. Very often chemical modification of a polymer structure in order to promote cross-

linking is also required, what makes the nanogel synthesis a complex, multi-step procedure. Thus, 

synthesis by non-classical methods where the presence of the mentioned substances can be avoided 

and eventually the procedure can be reduced to one step seems to be a promising alternative.
22

 For 

example, in our recent series of publications it has been shown that single polymer chains of 

hydrophilic polymers can be cross-linked in additive-free aqueous solution to permanent nanogels 

by short pulses of electrons.
23-25

 

Another group of supramolecular polymeric systems are hydrogen-bonded interpolymer complexes 

(IPCs) which represent a class of pH-sensitive materials with broad potential applications in the 

field of pharmaceuticals.
26

 Extensive studies on the biomedical applications of IPCs were reported 

by Peppas and co-workers.
27

 They have shown that mucoadhesive hydrogels based on methacrylic 

acid (MAA) and poly(ethylene glycol)‘s methacrylates can serve as the matrices for controlled 

release of insulin.
28-30

 The formation of hydrogen bonds between complementary segments in 

acidic conditions resulted in strong de-swelling of a gel, providing protecting environment for the 

encapsulated protein against destruction by digestive enzymes. On the other hand, at neutral 

conditions prevailed in the intestine, the gel particles swelled allowing for controlled release of 

insulin. PMAA-graft-PEG network was also prepared in the form of nanoparticles by precipitation 
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polymerization and it was suggested that microscopic sizes could provide better up-take through 

intestine epithelial cells.
31-33

 

Synthesis of nanogels comprised of polymers with hydrogen-bonding ability was also elaborated 

by the Ming Jiang group.
34

 They stabilized micellar aggregates of hydroxyethylcellulose-graft-

poly(acrylic acid) by chemical cross-linking, resulting in hollow spheres of 160 - 400 nm size. 

Sukhishvili and co-workers reported on the synthesis of pH-sensitive, permanently cross-linked 

micron-sized capsules built through alternate deposition of poly(methacrylic acid) and poly(N-

vinylpyrrolidone) on silica or polystyrene particles (so-called layer-by-layer technique) and 

subsequent removal of the template.
35

 It is also to be noted that nanogels containing hydrogen-

bonding components can be prepared by template polymerization of acrylic acid on different 

matrix polymers and simultaneous/subsequent cross-linking. For example, Lu et al. and more 

recently Chen et al. obtained nanogels composed of hydroxypropylcellulose and poly(acrylic 

acid).
36,37

 Moreover, studies on the synthesis of poly(acrylic acid)-gelatin and poly(acrylic acid)-

poly(vinyl alcohol) nanogels were also published.
38,39

 In these cases, particles of the semi-

interpenetrating type or with the core-shell structure were obtained. It was shown that the stage of 

hydrogen-bonding between a matrix polymer and a monomer played a crucial role in the successful 

formation of the nano- or microgels using template method.
40

 

 

Synthesis of PVP–PAA nanogels by radiation-induced cross-linking of their hydrogen-

bonded complexes in dilute aqueous solution.  

 

Irradiation of dilute or moderately concentrated aqueous solutions of polymers leads in the first 

order to the radiolysis of water molecules, in accordance with a principle that absorption of 

radiation energy is directly proportional to the weight fraction of the components. The primary 

products, namely hydroxyl radicals, hydrogen atoms and solvated electrons, can react further with 

the macromolecules present in solution.
41

 

One of the most reactive species towards the simple saturated polymers are hydroxyl radicals (
•
OH) 

which react with the macromolecules through abstraction of hydrogen atoms from their chains. In 

the absence of oxygen the formed polymer radicals can undergo one- (degradation or hydrogen 

transfer) or two-radical (disproportionation or cross-linking) processes. From the point of view of 

the network formation, the most important reaction is, of course, cross-linking which can proceed 

in either inter- or intramolecular manner. It was shown that by choosing appropriate irradiation 

conditions and concentration of a polymer in solution one can regulate the efficiency of both 

processes. If the concentration of a polymer is higher than a critical overlapping limit and the 

average number of radicals formed on a chain is lower than 1, intermolecular recombination occurs 

preferably and can finally lead to the formation of macroscopic gel (if cross-linking dominates over 

chain scission).
41

 

On the other hand, in dilute solutions irradiated at high dose rates (thus, many radicals are present 

simultaneously on a single chain), intramolecular reaction dominates over the intermolecular one. 

Recombination of radicals within a single macromolecule leads to the formation of a new, 

internally cross-linked structure with similar size but different properties in comparison to the free 

polymer chain. To distinguish this new macromolecular type of architecture it was called a 

nanogel.
24

 All processes described above are schematically presented in Figure 1. 
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FIG. 1. Schematic representation of the reactions induced by irradiation of polymer aqueous solutions. Black dots 

represent radicals while black lines represent cross-linking bonds between polymeric segments. 

 

Before irradiation, PVP–PAA aqueous solutions were saturated with N2O. This manipulation 

doubles the radiation-chemical yield of hydroxyl radicals G = 2.8 x 10
-7

 mol J
-1

 due to the 

following reaction:  

OHHONe
2aq

          (1) 

For the preparation of hydrogen-bonded interpolymer complexes poly(N-vinylpyrroldione) 

(Kollidon, BASF) of weight-average molecular weight Mw = 650 kDa and two poly(acrylic acid)s 

of Mw = 5 kDa (Polyscience Inc.) and 50 kDa (Aldrich), denoted further as PAA5 and PAA50, 

were used. Detailed characteristics of these polymers are given in Table 1. All other chemicals 

were of analytical quality and were used as received. 
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TABLE 1. CHARACTERISTICS OF THE POLYMERS USED IN THE STUDIES: MN AND 

MW FOR PAA5 ARE NOMINAL VALUES, MN AND MW FOR PVP WERE DETERMINED 

IN WATER USING GPC EQUIPPED WITH LIGHT SCATTERING DETECTOR, VALUES OF 

RG AND RH WERE DETERMINED BY MULTIANGLE LASER LIGHT SCATTERING, 

APPARENT PKA VALUES WERE OBTAINED BY POTENTIOMETRIC TITRATION; N. D. 

MEANS NOT DETERMINED. 

 

Parametr 

 

sample 

 

Mn / Da 

 

Mw / Da 

 

Mw / Mn 

 

Rg / nm 

 

Rh / nm 

apparent 

pKa 

PAA5  

(Polyscience 

Inc.) 

2.110
3
 5.010

3
 2.4 n. d. n. d. 6.37 

PAA50 

(Aldrich) 

n. d. 4.910
4
 n. d. 19.1 13.0 6.68 

PVP 

(Basf) 

2.210
5
 8.010

5
 3.6 49.5 29.5 --- 

 

Prepared IPC solutions, according to procedure described by Henke et al
42

,  were irradiated at pH = 

2.8, 3.0 or 3.4 depending on the polyacid used and aggregation characteristics of the complexes. 

The N2O-saturated PVP–PAA solutions in glass reactor were placed in front of the linear electron 

accelerator and irradiated with different doses, namely 2, 5, 8, 10, 12 and 15 kGy. This 

corresponded to the total amount of generated hydroxyl radicals in solution from ca. 1 mM for the 

lowest dose to ca. 8.5 mM for the highest one. Covalent stabilization of PVP–PAA complexes was 

followed by analysis of the irradiation products by laser light scattering at pH 10, as at these 

conditions no stable hydrogen bonds are formed between both polymers (e.g., IR result in Figure 

2). Thus, if intra-complex cross-linking did not take place in the system, the molecular weight and 

the size should remain at the level typical for non-irradiated samples (dose = 0). In order to limit 

the influence of aggregation process, irradiation experiments were performed 24 hours after 

preparation of PVP–PAA solutions. Changes of Mw as a function of absorbed dose for PVP, 

PAA50 and PVP–PAA solutions are presented in Figure 2. 
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FIG. 2. Changes of the apparent weight-average molecular weight Mw at pH = 10 as a function of total absorbed dose by 

N2O-saturated PVP, PAA50 and PVP–PAA solutions. pH values in the legend correspond to the irradiation conditions. 

 

Separate irradiation of PVP and PAA aqueous solutions at the chosen concentration conditions 

should mainly lead to the intramolecular cross-linking of their chains. However, the increase of 

PVP molar mass indicates also a presence of the intermolecular recombination. As we reported in 

our previous studies, the latter process cannot be totally eliminated and it always competes with 

intra-type process. In the nanogel synthesis from simple hydrophilic polymers, the contribution of 

the former reaction to the total chemical-radiation yield of recombination is usually not higher than 

1-2 %.
24

 In PAA50 solutions the molecular weight remained unchanged because poly(acrylic acid) 

at pH = 3.0 is not fully protonated and in consequence negative charges contributes to the 

electrostatic stabilization of its chains, retarding cross-linking reactions.  

As seen for D = 0, aggregates of PVP–PAA interpolymer complexes were unstable at pH = 10 and 

disintegrated to individual components, giving the values of molar masses in the range of 600-800 

kDa (single PVP chains). Thus, a considerable increase of Mw in PVP–PAA solutions up to 7.5 

kGy was ascribed to the intermolecular cross-linking between PVP and PAA chains within IPC 

aggregates and led to the formation of permanent particles with molar masses between 5 MDa 

(PVP–PAA5) and 15 MDa (PVP–PAA50). Starting from 10 kGy, Mw did not change significantly 

what indicates that covalent stabilization of IPC particles reached a certain maximum level.  

More information concerning stabilization of PVP–PAA aggregates was provided by the analysis 

of Rg and Rh changes, both at irradiation conditions (low pH) and at basic pH.  
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FIG. 3. Changes of the radius of gyration Rg and the hydrodynamic radius Rh as a function of total absorbed dose, 

measured at (A) pH = 2.8 and 3.4 in N2O-saturated PVP–PAA50 and PVP–PAA5 solutions, respectively, and (B) 

measured at pH = 10. 

 

As presented in Figure 3 A, Rg and Rh measured in PVP–PAA50 solutions at pH = 2.8 remained 

almost unchanged, regardless the irradiation dose. This effect resulted from compact structure of 

formed particles what limited their further contraction upon intra-complex cross-linking. On the 

other hand, for PVP–PAA5 system at pH = 3.4, Rg and Rh underwent pronounced changes. At the 

initial stage of the irradiation, i.e., up to 5 kGy, Rh and Rg decreased almost by half and reached 

values typical for single interpolymer complex particle. This can be due to two effects. PVP–PAA5 

aggregates may have disintegrated partially, probably due to vigorous solution mixing in the 

preparative pulse radiolysis experiments. One can also assume that observed size decrease could be 

induced by pronounced intra-complex cross-linking. For instance, we observed a two-fold decrease 

of PAA size upon irradiation of their macromolecules in our earlier studies.
24

 However, as compact 

particles contain less water in their interior (around 50 -60 % when compared to 90-95 % in case of 

the polymeric coil),
43

 it is difficult to predict such a strong contraction of a complex structure upon 

irradiation. Further irradiation of PVP–PAA5 solutions caused an increase of the radius of gyration 

and Rg/Rh ratio close to a uniform sphere model (the latter parameter changed from ~ 0.58 at 0 kGy 

to ~ 0.69 at 15 kGy), indicating that cross-linking was taking place in the whole particle volume.  
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PVP–PAA aggregates were further analysed in the swollen state. In Figure 4 B, changes of the 

hydrodynamic radius and the radius of gyration at pH =10 are presented for PVP–PAA5 and PVP–

PAA50 systems irradiated at the same conditions as above. The initial increase of the 

hydrodynamic radius was induced by particle swelling what emphasizes a fact of covalent 

stabilization of IPCs. For the aggregates containing shorter polyacid one can clearly observe a 

decrease of Rh and Rg as a function of absorbed dose, pointing an increasing cross-linking density 

within the particle. On the other hand for IPCs composed of PVP and PAA50 chains cross-linking 

process was more complex. While the radius of gyration increased, the hydrodynamic size of 

irradiated particles first increased and then levelled off. This fact indicates that cross-linking took 

part in the shell and in the core of the particle.  

 
FIG. 4. Rg/Rh ratio at pH =10 as a function of total absorbed dose for N2O-saturated equimolar PVP–PAA solutions. 

PVP–PAA5 and PVP–PAA50 solutions were irradiated at pH = 3.4 and 2.8, respectively. Total concentration of the 

polymers in solution was equal to 0.01 mol dm-3. 
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The difference between cross-linked and uncross-linked particle is further seen on the basis of 

structural parameter changes (Figure 4). For non-irradiated samples, values of -parameter are 

between 1.6-1.8, which is slightly lower than a typical range for a polydisperse polymer coil in a 

good solvent,
44

 however reflected dissociation of a complex. With increasing dose, one can clearly 

observe a drop of the Rg/Rh ratio which in the later stage of irradiation process reaches a value 

typical for uniform sphere in the case of PVP–PAA5 system and core-shell for PVP–PAA50. Thus, 

the initial structure of PVP–PAA50 complexes was ―frozen‖ upon irradiation. On the other hand, 

for complexes containing shorter PAA chains, the value of the structure parameter is a consequence 

of dissociation of the clusters into single complexes. This effect is not apparent and was observed 

every time when irradiation was performed. 

 

 

FIG. 5. (A) Tapping-mode phase AFM picture of PVP–PAA5 nanogels cast from aqueous solution of pH = 10 (irradiated 

at pH = 3.4 with 15 kGy) on mica surface and (B) intensity-averaged distribution of hydrodynamic diameter obtained by 

dynamic light scattering at 90°. Total concentration of the nanogels was equal to 0.1 g dm-3. 

B 

A 
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PVP–PAA5 nanogels from solution of pH = 10 were additionally visualized by Atomic Force 

Microscopy. In Figure 5 spherical particles with sizes between 60 and 90 nm can be observed as 

well as a fraction of smaller particles with diameters around 20-30 nm. In the distribution of the 

hydrodynamic diameters one can observe a maximum around 100 nm. Taking into account that 

distribution obtained from dynamic light scattering is intensity-averaged, particles with bigger size 

contributed more than the smaller ones. Secondly, particles cast on mica surface can be partially 

dehydrated and thus smaller sizes in AFM than in light scattering measurements were to be 

expected. 
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