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Abstract

The modification of polymer architectures by reaction with chemically adsorbed hydroxyl radicals has been thoroughly
investigated by electrolyzing dilute aqueous solutions of the biocompatible polymer poly(vinylpyrrolidone) (PVP), using
an undivided electrolytic cell with a Ti/IrO,~Ta,05 (DSA®) anode. Several electrolyses were performed to assess the influ-
ence of the applied potential, the circulated charge and the PVP concentration, which was always kept low to avoid chain
overlapping. From the results obtained, it can be concluded that the electro-oxidation of PVP solutions using a cheap anode
is an effective method to crosslink initially isolated polymer chains, eventually increasing the size of their random coils.
Furthermore, the average size of the modified macromolecules can be controlled by tuning the electrode potential and/or
the current density and the circulated charge. At high anodic potential values, the hydroxyl radicals formed at DSA® were
also effective to generate reactive functional groups on the PVP backbone, which is a very interesting feature for future
biomedical applications.
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market in biomedicine [2], since biocompatible nanogels
can be used as platforms to convey drug molecules [3-5]
and genetic material [6, 7] in living tissues. In the particu-
lar case of delivery of agents to the brain, the presence of
physiological obstacles like blood brain barrier and blood
cerebrospinal fluid represents a major challenge [8]. How-
ever, nasal drug delivery technologies based on nanogels
seem very adequate to address it [9, 10], thus becoming an
emerging tool against Alzheimer’s disease [11].

A large variety of techniques is available to induce the
formation of covalent bonds within or between polymer
chains, yielding nanogels whose dimensions and architec-
ture depends on the intra/intermolecular crosslinking ratio.
Many methods employ monomers to simultaneously achieve
polymerization and crosslinking [12, 13] but, in some cases,
bond formation from preformed polymers is also feasible
[1]. In the latter case, nanogels have been prepared by physi-
cal self-assembly [3], electrospray [14], UV photoirradiation
[15] and ionizing radiation (gamma rays or high-energy elec-
trons) [16]. In aqueous media, radiation chemistry produces
very reactive species like hydroxyl radicals (*OH), mono-
atomic H and solvated electrons, which eventually create
radical sites on the polymer backbone and/or on side chains
[17]. This technique is particularly advantageous because
of the minimization of toxic additives [1, 17], which is cru-
cial for biomedical purposes, along with the easy control
of the reaction heat and the concomitant sterilization of the
nanogel dispersion [16, 17]. Among the various polymers
that may undergo crosslinking upon irradiation, poly(N-
vinylpyrrolidone) (PVP) has attracted much attention [1, 6,
11, 18-20]. High hydrophilicity and biocompatibility along
with adhesive and bonding ability and low toxicity make
PVP nanogels appear as suitable candidates for diverse
applications [1, 21]. For example, PVP is a key component
in hydrogel wound dressings [22]. Furthermore, it is possible
to produce PVP copolymers and functional PVP nanogels,
as occurs upon combination with poly(acrylic) acid [23] and
monoclonal antibodies [24], which increases the potentiali-
ties of this material.

Within this context, the electrochemical technology
offers a promising, alternative green route for the “OH
-based production of high purity PVP nanogels. In par-
ticular, we have recently demonstrated for the first time
the promotion of electrochemical crosslinking in aqueous
PVP solutions by means of electrochemical advanced oxi-
dation processes (EAOPs) like electro-oxidation (EO) and
electro-Fenton (EF) [25, 26]. Both methods allow the gen-
eration of hydroxyl radicals on site in a controlled manner
upon accurate modulation of the electrolysis conditions
[27, 28]. Main operation parameters have been optimized
for EF, leading to size reduction of PVP nanoparticles
down to 9 nm and functionalization with -COOH and suc-
cinimide groups [26]. In contrast, the performance of EO
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has not been investigated in detail yet. From an applica-
tion standpoint, EO is the most appropriate EAOP since it
requires simpler setups and no addition of metal catalyst,
unlike EF, which favors its potential implementation. In
EO, adsorbed "OH is produced from water oxidation at the
anode surface (M), as follows [29]:

M + H,0 - M(OH) + H* + e~ (1)

Since hydroxyl radical on a large O,-evolution overpo-
tential anode like boron-doped diamond (BDD) is physi-
cally adsorbed, it becomes excessively aggressive and
induces quick oxidation with promotion of bond cleavage
[25]. Therefore, it is necessary to employ materials with
a lower oxidation power like the so-called dimensionally
stable anodes (DSA®), where M('OH) is chemisorbed.
This means that it mainly exists as a superoxide (MO)
and pre-eminently favors a milder reactivity with organic
molecules [29, 30]. These kinds of anodes are made of
metal and mixed-metal oxides [30, 31], being IrO,-based
anodes preferred for O, evolution with M("OH) as inter-
mediate [32-38]. As a result, the attack of this species
on PVP may be more controlled. Moreover, these anodes
exhibit relevant technological characteristics like low cost
and high durability and stability [29].

Most probably, two dominant radical structures result
from M("OH) attack on PVP, as shown in Fig. 1, formed
via H-abstraction from the methylene and methylidene
groups [17, 39]. Nonetheless, once these reactive organic
radicals are generated, different reactions involving just
one radical (e.g., chain scission, hydrogen transfer) or two
radicals (e.g., crosslinking, disproportionation) may occur,
whose extent will depend on the electrolysis conditions.
This paper presents the first concise study of the influence
of operation parameters on the formation of PVP nanogels
from crosslinking of PVP nanoparticles with electrogen-
erated M("OH). Nanogels have colloidal properties and
hence, the change of dimensions upon crosslinking was
assessed in terms of hydrodynamic radius (R;) by dynamic
light scattering (DLS) and gel permeation chromatogra-
phy (GPC). Furthermore, the possibility of concomitant
nanogel functionalization by introduction of oxygenated
functional groups was analyzed by FT-IR, whereas solu-
tion mineralization was studied by total organic carbon
(TOC) analysis.
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Fig. 1 Main routes for radical formation on PVP chains from attack
of *OH
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2 Materials and methods

2.1 Reagents and electrosynthesis of polymer
nanogels

The preparation of working solutions was very simple,
since they were composed of double-distilled water,
PVP k-60 as linear polymer (M,=1.60x 10 g mol~!,
M, =395x%x 10° g mol™!, 45 wt% solution, Aldrich) used as
received, and Na,SO, (Aldrich) as supporting electrolyte.
The concentration at which overlapping of PVP chains
dissolved in water cannot be disregarded was estimated
as ~ 1% in a previous study [40]. The oxygen was stripped
by purging the solutions with nitrogen (99.998% purity,
Air Liquide). Membranes of 12—14 kDa cutoff (Spectrum
Laboratories) and syringe filters of 1.22 pm (Aldrich),
both made of cellulose acetate, were used. KBr (FT-IR
grade) needed for IR analyses and NaNj; for gel permea-
tion chromatography (GPC) analyses were purchased from
Sigma-Aldrich and Fluka, respectively.

The electro-oxidation trials were carried out in an undi-
vided glass cell equipped with a water jacket. The desired
temperature (20 °C) was kept constant by means of an
Ultratemp 2000 water bath from Julabo. A fixed volume
(50 cm3) of fresh PVP aqueous solutions, stirred overnight
and filtered with 0.22 um nylon filters under vacuum, was
placed in the electrolytic cell and the experiments were
performed under continuous stirring with a magnetic bar
at 400 rpm to ensure fast mass transport of all reactants.
This is crucial to ensure the contact between PVP chains
and M('OH) formed at the anode surface. A Ti/IrO,-Ta,04
(DSA®) plate from ElectroCell AB and a Ni plate were
used as the anode and cathode, respectively, both present-
ing an exposed geometric surface area of 3 cm? and being
separated about 1.0 cm from each other. SCE was used as
reference electrode and all reported potential values are
referred to it. An Amel 2053 potentiostat/galvanostat was
employed to perform trials under potentiostatic conditions.
After each experiment, the final solution was filtered with
the above mentioned syringe filters and stored to perform
all the analyses. All electrolyses were performed twice.

2.2 Analytical procedures

After each single treatment, the electrolyzed solutions
were analyzed by different techniques: total organic car-
bon (TOC) analysis, dynamic light scattering (DLS), gel
permeation chromatography (GPC) and Fourier transform
infrared spectroscopy (FT-IR). The results were compared
with those of the untreated solution.

To evaluate the TOC of the solution, the samples were
filtered and directly injected into a Shimadzu LCSH ana-
lyzer. Scattering analyses, which are essential to under-
stand variations of the R, of the PVP chains, were carried
out using a Brookhaven BI-9000 correlator and a 50 mW
He—Ne laser (MellesGriot) tuned at A=532 nm, and the
values were compared with those of the untreated linear
PVP. In particular, DLS data were analyzed according to
the method of cumulants [41]. Measurements were always
carried out on replicate samples, and the estimated uncer-
tainty in the R, values was +20%.

Chromatographic analyses of samples were performed
with an Agilent 1100 Series HPLC, and a solution of
3 mmol dm~ NaN; was eluted at 0.5 cm® min~! as mobile
phase. The instrument has been equipped with two Shodex
columns (804 and 806) in series, thermostated at 20 °C, and
coupled to a refraction index (RI) detector at 35 °C. Prior
to GPC and FT-IR analyses, Na,SO, was removed by dialy-
sis in distilled water for 96 h employing cellulose acetate
membranes (12 kDa cutoff). In order to assess eventual
variations of the chemical structure during the treatments,
infrared spectra were recorded on a Perkin-Elmer Spectrum
400. Each analysis was performed at 32 scans, with 2 cm™!
resolution within a wavenumber range between 4000 and
400 cm™!. The samples were prepared by weighting amounts
of nanoparticles and mixing with KBr in a mortar, followed
by pressing into discs with a 10 ton pressure to obtain a film.
The solid material was obtained from the aqueous solutions
by freeze drying.

3 Results and discussion
3.1 Effect of PVP concentration

First experiments were performed with a commercial DSA®
in an aqueous solution of PVP at 0.10 wt%, which also con-
tained 0.05 mol dm™ Na,SO, as supporting electrolyte.
Potentiostatic conditions were selected, with an anodic
potential of 2.2 V for a charge circulation of 750 C (result-
ing current of 40 mA). DSA® was chosen as the anode since
higher oxidation states are available for this material. From
the general reaction (1), the oxidation of water at DSA®
can be interpreted according to reactions (2) and (3). This
allows the formation of chemisorbed active oxygen, which
is expected to promote the selective oxidation of organics
like PVP without inducing a massive mineralization [25].
Therefore, in the case of preformed polymers like PVP, this
could eventually induce a certain degree of crosslinking and
finally give rise to the nanogels of interest. Ti/IrO,—Ta,05
was selected as a convenient example of DSA® because irid-
ium oxide is a good catalyst to produce chemisorbed active
oxygen and, in combination with Ta oxides, the overall

@ Springer



Journal of Applied Electrochemistry

stability of the anode material is excellent [42]. As illus-
trated by reaction (4), in the absence of sufficient amount of
organic molecules, chemisorbed active oxygen is expected
to evolve towards oxygen [29].

MO, + H,0 — MO,(OH) + H" + e~ )
MO,(OH) —» MO,,, + H" + e~ 3)
MO,,, —» MO, + 050, 4)

As deduced from DLS data depicted in Fig. 2a, a small
but noticeable increase of the R, from about 23-27 nm was
achieved upon electro-oxidation, which can be interpreted
from the predominance of intermolecular crosslinking over
the intramolecular modification. On the other hand, as shown
in Fig. 2b, the GPC analyses reveal that the adopted elec-
trochemical technique has two main effects: (i) the genera-
tion of a family of PVP chains with high molecular weight
(detector response at times between 25.0 and 27.0 min),
and (ii) the appearance and significant enhancement of two
peaks characterized, respectively, by a smaller (~37.7 min)
and a larger (~29.6 min) molecular weight, if compared
with the untreated PVP. Hence, the electrogenerated MO, _
create radical nuclei on independent PVP chains once they
are able to reach the anode. Further, these macroradicals
can be involved in both, intramolecular and intermolecular
crosslinking, or in chain scission reactions. Furthermore,
no significant variations of the TOC were detected, thus
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Fig.2 Effect of PVP crosslinking with electrogenerated M(*OH)
using a Ti/IrO,—~Ta,05 anode. The electrolyses were performed with
50 cm? of PVP at 0.10 wt% in the presence of 0.05 mol dm™ Na,SO,
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confirming that DSA® can provide a selective modification
of PVP chains without causing undesired mineralization.

To evaluate the effect of the PVP concentration, the
electrolyses were repeated with a concentration of PVP of
0.25 and 0.41 wt%, as shown in Fig. 3a, b. GPC analyses
of Fig. 3b show that, when the concentration of PVP was
increased from 0.1 to 0.25%, the peak at about 37.7 min
(associated to PVP chains with lower values of molecular
weight) as well as the shoulder in the region between 25.0
and 27.0 min (related to the concentration of PVP chains
with the highest molecular weights) increased remarkably.
This occurred in concomitance with a decrease of the peak
at ~29.6 min. As depicted in Fig. 3a, the overall result was
a higher R, of 32 nm when operating with 0.25 wt%, prob-
ably because a larger number of PVP molecules is able to
contact with the anode surface, thus favoring mainly the
intermolecular crosslinking.

In contrast, when PVP concentration was further
increased up to 0.41 wt% smaller modifications of both
R, and molecular weight distribution were observed. This
milder crosslinking can be explained by the fact that an anal-
ogous current density, resulting in a similar rate of MO,
electrogeneration, was used for a much larger flux of PVP
chains to the electrode surface. This reduces the probability
of forming several radical centers in a single polymer chain
and hence, many of them do not end in covalent intra/inter-
molecular bonding.
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at 20 °C, under potentiostatic conditions at anode potential of 2.2 V
for a total charge of 750 C. DLS analysis (a) and molecular weight
distribution (b) demonstrate the modifications undergone by PVP
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Fig.3 Effect of PVP concentration. DLS analysis (a) and molecu-
lar weight distribution (b) of samples obtained upon electrolyses
performed with 50 cm?® of PVP, in the presence of 0.05 mol dm™3

3.2 Effect of the charge consumed
In order to evaluate the effect of the charge circulated

during the electrolytic trials, some experiments were
performed with a concentration of PVP of 0.25 wt% by
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Na,SO, at 20 °C, under potentiostatic conditions at anode potential of
2.2V for a total charge of 750 C

applying 250, 500 and 750 C, working with an anode
potential of 2.2 V. As shown in Fig. 4, the following modi-
fications could be observed in the GPC profiles (Fig. 4b)
upon increase of the electric charge:
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Fig.4 Effect of electric charge circulated under potentiostatic conditions at anode potential of 2.2 V. DLS (a) and GPC (b) analyses for the
electro-oxidation of 50 cm?® of PVP at 0.25 wt% in the presence of 0.05 mol dm~> Na,SO, at 20 °C. Charge passed: 250, 500 and 750 C
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(1) A progressive growth of the family of PVP coils with
a quite lower molecular weight (i.e., peak at about
37.7 min in the GPC curves) was achieved as a result
of the gradual prolongation of the electrochemical
treatment (ending in higher circulated charges);

(i) A shoulder at about 29 min in Fig. 4b was clearly
detectable after 250 C of circulated charge, further
decreasing when the charge was increased.

These modifications in the chromatograms were accom-
panied by an overall increase of the R, which was enhanced
from 23 to 32 nm when the circulated charge increased from
250 to 750 C (Fig. 4a).

Hence, it can be concluded that during the anodic oxida-
tion at a DSA® surface set at 2.2 V, various processes occur
simultaneously, including both intramolecular and intermo-
lecular crosslinking and, quite probably, chain scission. In
particular, at a higher circulated charge, the intermolecular
crosslinking is likely to prevail over the intramolecular one,
as suggested by the enhancement of the R,. However, this is
not accompanied by a growth of molecular weight, thus evi-
dencing partial cleavage of some fragments upon chain addi-
tion. Furthermore, it is worth observing that for all tested
electric charges, the decrease of the TOC content was not
significant. This demonstrates that this anode is particularly
effective to induce a selective modification of the polymer
without a net destruction of the macromolecules.

3.3 Effect of the working potential

It is well known that the performance of potentiostatic elec-
trolysis with DSA® anodes can dramatically depend on the
value of the adopted working potential [29]. In particular,
the enhancement of such potential value increases the rate of
MO, electrogeneration as compared to the rate of the mass
transport of the target organic to the anode surface. There-
fore, it seems desirable to apply the highest potential that
allows, for a given cell configuration, yielding the largest
production of macroradicals upon transport of PVP toward
the surface. More specifically, two limiting scenarios can
be considered:

(1) At quite low anode potential values, a very small con-
centration of MO, | and a relatively large concentra-
tion of PVP chains (close to the bulk concentration)
are expected at the anode surface;

(i) At very high anode potential values, a large concen-
tration of MO, is expected.

In order to evaluate the effect of this parameter on the
electro-oxidation process, a large set of electrolyses was
performed at different values of both, the working potential
(from 1.0 up to 2.5 V, resulting in current values from 3 to
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50 mA) and the circulated charge (from 75 to 1500 C), using
a concentration of PVP of 0.25 wt%.

In Fig. 5a, it can be observed that the effect of the circu-
lated charge is radically different depending on the range of
applied potential. At a low potential like 1.4 V, the increase
of the electric charge from 75 to 250 C (i.e., equivalent to
extend the electrolysis for a longer time) only caused a lit-
tle change in R;, probably due to a too slow rate of MO,
generation at the electrode solution interface. In fact, the
radius became slightly smaller upon charge increase, which
informs about a prevalent intramolecular crosslinking in that
low potential region.

In contrast, when the anode potential was increased up
to 2.2 and 2.5 V, a greater R, with the circulated charge
was observed, also finding that the rate of change increased
with the anodic polarization of the electrode. Hence, at the
highest studied potential of 2.5 V, the R, was raised up to
about 160 nm when the electrolysis was carried out with a
circulated charge of 1500 C (Fig. 5b). This means that inter-
molecular crosslinking is favored within this high potential
region, which can be explained from the larger number of
hydroxyl radicals that lead to a higher concentration of inde-
pendent macroradicals. In conclusion, this behavior indi-
cates that electro-oxidation with DSA® can be used, unlike
electro-Fenton process [26], mainly to enhance the dimen-
sions of PVP particles, ending in more voluminous coils.

The spectroscopic investigation of the chemical struc-
ture of all fabricated polymer nanogels was carried out by
FT-IR analysis. No evident oxidation of the parent chemical
structure was detected, in contrast to the intensive modi-
fication observed in our previous work based on EF pro-
cess [26]. This suggests that the presence and the action of
H,0, and O, in the EF process may contribute very signifi-
cantly to the formation of oxygen-rich functional groups.
In the present work, as shown in Fig. 6, only at the highest
anode potential and electric charge values (i.e., 2.5 V and
1500 C) it was possible to identify a higher absorption in
the 37003000 cm™! region, corresponding to the stretch-
ing of hydroxyl group and N-H stretching vibrations [43].
In addition, a mild shift and increase of the absorption at
1661 cm™!, related to carbonyl stretching of the pyrrolidone
ring, was observed in the sample treated at 2.5 V upon cir-
culation of 1500 C. The width of this peak also increased, if
compared with the untreated PVP, most probably due to the
formation of a new peak at 1695 cm™! associated to sym-
metric stretching of a cyclic imide (i.e., succinimide). This is
feasible by the hydroxylation of the C atom next to the nitro-
gen bearing carbon of the ring [25], and here it is detected as
a shoulder. Worth mentioning, the formation of such kinds
of functional groups is beneficial for future functionaliza-
tion of the crosslinked polymer nanoparticles, whereas it
does not influence the modification process that leads to the
formation of nanosized gels.
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3.4 Galvanostatic electrolyses

Since galvanostatic electrolysis mode is simpler and more
suitable for scaling up of PVP nanogel electrosynthe-
sis as compared to potentiostatic one, some electrolyses
were carried out at a constant current of 15 mA for 7 h,

3100 2600 2100
Wavenumber (cm)

corresponding to a circulated charge of about 400 C. The
effect of the PVP concentration was investigated within the
range from 0.10 to 0.50% (w/w). In all these experiments,
the electrochemical process resulted in a drastic increase
of R,. At a concentration of 0.1 wt%, the R, increased
from about 23-24 to 83.0 nm (Table 1, entries 1 and 2).
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Table 1 Effect of PVP concentration during galvanostatic electrolyses performed at 15 mA using 50 cm® of polymer solution in 0.05 mol dm™>

Na,SO,, at room temperature, for a circulated charge of 391 C

Entry® [PVP] (Wt%) I (mA) t(s) (Charge circulated/theoretical charge) ratio R (nm) TOC decay (%)
Mineralization® 1 H per mono- 1 H per chain?
meric unit*
1 Untreated PVP 23.7
2 0.10 15 26,013 0.264 8.97 12939.1 83.0 <1
3 0.25 15 26,013 0.1056 3.59 5175.6 117.0 <1
4 0.50 15 26,013 0.0528 1.79 2587.8 50.0 <1

3All experiments were performed with 0.05 mol dm~ Na,SO,, at 20 °C
Theoretical charge is that needed for the complete mineralization of PVP

“Theoretical charge refers to the abstraction of 1 H atom per each monomeric unit

dTheoretical charge refers to the abstraction of 1 H atom per each polymer chain

A further enhancement of R, up to 117.0 nm (Table 1,
entry 3) was obtained upon increase of PVP concentra-
tion to 0.25 wt%, suggesting that the presence of a larger
number of PVP chains favors intermolecular crosslink-
ing. However, when the concentration of PVP was further
enhanced up to 0.5 wt%, a marked reduction of R, down
to about 50 nm (Table 1, entry 4) was found. This latter
result is likely due to the fact that too many PVP chains
are present for the adopted value of the circulated charge,
thus resulting in a lower number of PVP chains bearing
radical centers as well as in smaller modifications of PVP,
as compared to those achieved under the other conditions.
FT-IR analyses were carried out also on samples treated
under galvanostatic conditions, but no evidence of changes
in functional groups was observed (data not reported).

4 Conclusions

Aqueous solutions of PVP, at low concentration to prevent
overlapping, were electro-oxidized using a Ti/IrO,—Ta,04
anode. We found that the electrogenerated MO, | species
can create radical centers on independent PVP chains that
reach the DSA® surface. As a result, the activated polymer
chains evolve following intramolecular and intermolecular
crosslinking, or may undergo chain scissions without any
significant mineralization of the polymer. The experimen-
tal results suggest that, among the various aforementioned
elemental reactions, potentiostatic electro-oxidation with
DSA® mainly promotes intermolecular crosslinking. As
a crucial outcome, the average size of the modified mac-
romolecules can be controlled by tuning the electrode
potential and the circulated charge. In conclusion, the
IrO,-based DSA® is an effective and low cost electrode
to generate large polymer coils starting from preformed
polymer chains.
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