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Responsive nanomaterials have emerged as key components in
materials sciences. Herein, we report the one-step preparation of
multi-stimuli responsive polyamine-salt aggregates (PSA) by ionically
crosslinking polyethylenimine with potassium ferrioxalate (FeOx). The
unique properties of FeOx enables a novel class of soft nanomaterial
that disassembles by exposure to light, reducing environments and
temperature.

Nanoparticles capable of changing their properties in response to
stimuli have been widely explored for multiple applications.'”
Depending on the chemical properties of the nanoparticle, a
stimulus can trigger aggregation (instructed-assembly),* shape
transformation or complete dissolution.>” Multi-stimuli respon-
sive nanoparticles are able to respond to more than one type
of stimuli, which makes them very attractive materials in bio-
technology and nanotechnology.®™° Different multi-stimuli
responsive systems have been developed such as polymers,
microgels, micelles, vesicles, dendrimers, liquid crystals and
films."** A common design strategy for the synthesis of multi-
stimuli responsive materials involves combining in a single
material different chemical motifs that confer responsiveness
to different stimuli.">*® Such strategy demands multi-step
synthetic routes that increase costs and hinder the scalability
necessary for technological applications.

Polyamine-salt aggregates (PSAs), constituted of ionically
crosslinked polyelectrolyte networks, have gained interest due
to their straightforward synthesis, nanometre-size, capacity to
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load functional compounds, integration in surface films, and
stimuli-triggered disassembly.’”™® As the electrostatic inter-
action between the polycation and the anionic crosslinker
represents the major contribution to the stability of PSAs,>*"
the regulation of charges is a key factor in order to drive the
system either to self-assemble or disassemble.??

In order to rationally create a multi-stimuli responsive PSA,
the crosslinker and/or the polyamine should present defined
structural changes with different stimuli. Herein, we introduce
potassium ferrioxalate (FeOx) as an ionic crosslinking agent for
the formation of PSAs using branched polyethylenimine (PEI)
as polyamine. In solution phase, FeOx exists as a (—3)-charged
Fe(m)/oxalate chelate complex ([Fe(m)(C,0,);]> ), which is com-
monly used as an actinometer that undergoes photochemical
decomposition when irradiated with light.”>** As FeOx is an
Fe(m)-based complex, it can also serve as an oxidizing agent in
reductive environments forming a (—2)-charged Fe(u)-based
complex (ferrooxalate, [Fe(u)(C,0,),]* ) by releasing one oxalate
ligand.>® Here, we demonstrate that the chemistry of FeOx can
be exploited for the rational design and construction of a multi-
stimuli responsive PSA.

A colloidal suspension of PEI/FeOx-PSAs was obtained by
direct mixing of PEI and FeOx aqueous solutions (parent solutions).
These solutions were deoxygenated and their pH was adjusted to 4.5
in order to prevent Fe(u) re-oxidation and precipitation of Fe(OH)s,
respectively. Scheme 1 shows the formation of the PEI/FeOx-PSA,
which is mainly stabilized by electrostatic interactions between
oppositely charged species.”**' Upon PEI/FeOx-PSA formation, a
net proton uptake from the solution is produced, which raises the
pH from 4.5 to 5.8. This pH-shifting effect is attributed to the
protonation of initially non-protonated amine groups in PEI,
favoured by the condensation of polymer chains with FeOx
complexes acting as anionic crosslinkers.** A detailed description
of the PSA formation process has been previously reported in the
literature, showing that the charge of the crosslinker regulates
the formation and dissolution of the colloidal dispersion.”*

After a stabilization period of 24 h, a {-potential of +26.7 mV
was measured, thus suggesting that PSAs in solution are mainly
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Scheme 1 PEI/FeOx-PSA formation by one-pot/one-step assembly. The
supramolecular network of the PSA is mainly stabilized by electrostatic
interactions between —NHz* groups of PEI and negatively charged FeOx
crosslinkers.

stabilized by electrostatic repulsion. Dynamic light scattering
(DLS) analysis in Fig. 1b shows a homogeneous distribution of
hydrodynamic diameters centred at 210 nm and a polydispersity
index of 0.116. Transmission electron microscopy (TEM) analysis
depicted in Fig. 1c also shows a sharp distribution of particle sizes
with a mean diameter of 180 nm. The TEM image in Fig. 1a shows
scorched spheres that are ascribed to PEI/FeOx-PSA particles
dehydrated under vacuum. Under ambient conditions, PSAs
adsorbed over a flat surface were observed as smooth spheres
slightly deformed by surface tension effects (Fig. S1, ESIT).

The internal structure of PSAs was analyzed by IR spectroscopy
detecting both PEI and FeOx characteristic bands (Fig. S2, ESIT).
We also measured the stoichiometry of the PEI/FeOx-PSA and
found a 10:1 NH, : FeOx molar ratio (see ESL T file).

a)r

" S
) #
400 nm
i s
20l DLS
_ 15}
&
%10
8
£ 51
0 w d n 0 . ] .
1 10 00 1000 1 10 100 1000

Hydrodynamic diameter (nm) Particle diameter (nm)

Fig.1 TEM image of PEI/FeOx-PSAs (a). Inset area: 520 nm x 520 nm.
Particle size distributions obtained by DLS (b) and TEM (c).
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UV irradiation of the FeOx complex ([Fe(m)(C,04);]*") leads

to photoinduced electron transfer from the iron center to one
of the oxalate ligands.>® Subsequent chemical processes yield

[Fe(u)(C,04),]* and CO, as final products with a quantum yield

higher than 1,>%* see eqn (1).

2[Fe(IT)(C,04), ]~ 2% 2[Fe(I1)(C,04)]* + C,04 +2CO;
(1)

The charge of the crosslinker is crucial to stabilize the
structure of PSAs,* therefore, we hypothesize that changing it
from —3 to —2 (see eqn (1)) may trigger the disassembly of PEI/
FeOx-PSAs. To test this idea, a colloidal dispersion of PEI/FeOx-
PSAs was directly exposed to sunlight, which resulted in a
complete loss of the turbidity in less than 2 min (see ESL¥
videos). In order to quantify the light-triggered PEI/FeOx-PSA
disassembly, we monitored the process by UV-Vis spectroscopy.
For this propose, a PEI/FeOx-PSA sample in a 1 cm quartz
cuvette was exposed to UV light in consecutive irradiation
periods of 40 s and the full UV-Vis spectrum was recorded after
each irradiation step.

Fig. S4 (ESIt) shows the PEI/FeOx-PSA spectra between 350
and 700 nm for increasing irradiation times. The light extinction
of the solution decreased with exposure time at all wavelengths,
which demonstrates that the colloidal dispersion becomes less
dispersive as the sample is irradiated. Knowing that neither PEI
nor FeOx absorb light at 2 = 580 nm, the extinction of the solution
at that wavelength (4,-550nm) is completely ascribed to light
scattering and, therefore, a decrease in A;-sgonm can be exclusively
attributed to a decrease in the number of PEI/FeOx-PSA particles
and/or a reduction in particle size. Fig. 2a shows a linear decrease
in A;-5g0 nm for the first 4 min of exposure followed by a decrease in
the dissolution rate, reaching a value close to zero after 7 min
(complete dissolution). In parallel, the particle size was monitored
by DLS as shown in Fig. 2b. After an initial lag period of 2 min, the
hydrodynamic diameter decreased linearly with exposure time
until bad correlogram fitting was detected.

A second strategy to decrease the charge of the crosslinker is
the chemical reduction of FeOx as described by eqn (2).

[Fe(I11)(C,04),] Bt [

Fe(I1)(C,04),] +C04 (2)

We added different concentrations of ascorbic acid (AA) to a
dispersion of PEI/FeOx-PSA nanoparticles and measured their
dissolution kinetics by monitoring the evolution of 4;-559 ,m as
a function of time. For this, we used a wide range of AA
concentrations (0.01 mM-5 mM) in order to cover different
FeOx: AA ratios. Fig. 3 shows that in absence of reducing agent
the PSA structure remains stable, but AA triggers the dissolution of
PEI/FeOx-PSAs with an initial rate that increases with increasing
AA concentration. On the other hand, when the AA concentration
is high enough, the 4,_550 nm drops to almost zero in less than
5 min, indicating that the PEI/FeOx-PSAs were dissolved (see
ESL T videos).

Interestingly, we observed that the turbidity of the PEI/FeOx-
PSA colloidal dispersion was clearly altered by temperature changes
in a range close to room temperature. When the temperature of
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Fig. 2 Light response. Photoinduced dissolution of PEI/FeOx-PSAs. Light
extinction at 1 = 580 (a) and hydrodynamic diameter (b) as a function of UV
irradiation time.
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Fig. 3 Redox response. Light extinction at 2 = 580 nm as a function of
time for a PEI/FeOx-PSA colloidal dispersion immediately after the addition

of different concentrations of ascorbic acid (0 mM, 0.01 mM, 0.1 mM, 1 mM
and 5 mM).

the PEI/FeOx-PSAs is 5 °C, a cloudy dispersion is observed.
However, when the temperature is raised above 35 °C, the solution
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gets translucent (see ESILT videos). Notoriously, if the system is
cooled down again to 5 °C, the solution gets cloudy as in the first
place. This thermal response is unique for the PEI/FeOx system,
since we found that similar PSAs like poly(allylamine hydro-
chloride)/phosphate (PAH/Pi), PAH/tripolyphosphate (PAH/TPP),
PEI/TPP and PAH/FeOx do not present appreciable turbidity
changes with temperature (data not shown).

In order to understand the nature of the PEI/FeOx-PSA
thermal sensitivity, we run a DLS temperature-trend measure-
ment recording both hydrodynamic diameter and derived count
rate as a function of temperature from 5 to 55 °C. Fig. 4a shows
the variation of the derived count rate with temperature. Fig. S5
(ESIt) shows the evolution of the hydrodynamic diameter in the
same conditions. The plots reveal that the size of the PEI/FeOx-
PSAs remains almost constant when the temperature increases
from 5 to 55 °C, while the derived count rate decays linearly
until reaching a constant value of 3000 kcps above 40 °C
(negligible PSA concentration). The size of the colloidal com-
plexes is self-limited as a consequence of the occurrence of a
balance between electrostatic interactions in both components
leading to structures with defined stoichiometry and size. In
this context, a temperature increase attempts against the colloid
formation as observed in Fig. 4, in which higher crosslinker
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Fig. 4 Temperature response. (a) DLS temperature-trend measurement
of a PEI/FeOx-PSA sample with [FeOx]/[PEI] = 1.95 at different temperatures,
starting at 5 °C. (b) [FeOx]/[PEI] (mg/ml) ratio at which the transition from a
molecular solution to a colloidal dispersion is observed (PSA-formation
threshold) at different temperatures.
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concentrations are required for inducing colloid formation at
higher temperature (Fig. 4b). This situation could be interpreted
as the chemical equilibrium between two defined states: molecular
solution and aggregates of self-limited size.?®

For a similar system composed of a mixture of PAH and TPP,
Lapitzky et al. showed a phase diagram involving different
states (molecular solution, colloidal dispersion and adhesive
gels) depending on the PAH:TPP ratios.”® At constant PAH
concentration, there is a threshold TPP concentration at which
the system collapses into a colloidal dispersion. At this point,
the state of minimum energy corresponds to a condensed
phase. In the case of the PEI/FeOx system, we observe the
same behaviour. In fact, the PEI:FeOx gravimetric ratio was
selected to be equal to the colloidal-threshold ratio at 20 °C
([FeOXx]/[PEI] = 1.95) when conducting the DLS temperature
trend. Then, PEI/FeOx-PSA temperature response could be
explained in terms of a variation in the colloidal-threshold
ratio with temperature. To test the hypothesis, we measured
the colloidal-threshold ratio [FeOx]/[PEI] at different temperatures
ranging between 5 and 75 °C and found that this ratio linearly
increases with temperature as shown in Fig. 4b.

In summary, we presented a new type of multi-stimuli responsive
nanoaggregate using PEI and FeOx as cross-linking agent. The
prepared PEI/FeOx-PSAs are responsive to light, reducing agents,
and temperature changes. As PSAs can be used as building blocks in
surface assemblies,"****' we believe that the presented PEI/FeOx
system not only could be used as solution-phase colloids but also to
form multi-stimuli responsive thin films. In PEI/FeOx-PSAs the
polyamine only plays a secondary role in the response to
stimuli, which is governed by the (photo)(electro)chemistry of
the FeOx crosslinker. Thus, analogous PSAs can be obtained by
mixing aqueous solutions of FeOx and different polyamines,
such as PAH, poly(diallyldimethylammonium chloride), etc. A
main advantage of the novel multi-stimuli responsive material
introduced in this work is its ease of preparation, which involves
simple mixing of PEI and FeOx, two inexpensive commercially
available reagents. The unique multi-stimuli responsiveness
and facile preparation of PEI/FeOx-PSAs make it an attractive
candidate for applications and technologies based on smart
nanomaterials.
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