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Supramolecular nanomaterials are formed by reversible connection of different building blocks; com-
monly non-covalent interactions lead to the formation of these materials. In this report, we present the
preparation of very stable physically crosslinked nanogels (PCNGs) via a simple one pot reaction in water
as solvent. Branched poly(ethylene imine) (PEI) is functionalized with C-10 alkyl chains and azetidinium
groups yielding an amphiphilic polymer, which due to the hydrophobic interaction of the alkyl chains and
the ionic repulsion of the azetidinium groups forms PCNGs with high colloidal stability. As the dynamic
hydrophobic interactions are the main driving force in the formation of these nanogels, the PCNG show a
temperature responsive behavior with respect to the zeta potential, particle size (hydrodynamic diameter),
and polydispersity index. The potential of the PCNGs to form protective coatings is shown by the for-
mation of ultrathin films on mica and highly oriented pyrolytic graphite. Finally the antimicrobial efficacy
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1. Introduction

Supramolecular nanomaterials - defined as materials whose
components are linked via reversible linkages (non-covalent or
covalent) — are of interest due to their unique properties and
their wide range of applications."* Since only few covalent
bonds are reversible in nature, most reported supramolecular
materials till date involve non-covalent interactions. Due to the
reversible connections, these materials are dynamic and
stimuli responsive. The responsiveness of these materials to
the surrounding environment can be controlled by the nature
and strength of the interaction between the constituent build-
ing blocks. Moreover, preparation of materials with non-
covalent interactions between different building blocks pro-
motes the idea of bio-inspired materials since the structure
and shape of many of the biological materials are defined by
non-covalent interactions between the building blocks, such as
DNA (H-bonding), lipids and globular proteins (hydrophobic
interactions) etc.>* Among many nanomaterials which can be
prepared by non-covalent interactions between the building
blocks, nanogels are highly interesting due to their distinct
properties and consequently various potential applications.>”
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of the PCNGs was proven against a wide range of bacteria.

Synthetic nanogels are generally swollen nano-sized networks,
formed by amphiphilic polymers. Networks can be physically
crosslinked (building blocks are connected by non-covalent
interactions) or chemically crosslinked (building blocks are
linked by covalent bonds). Most of the reported synthetic nano-
gels are chemically crosslinked as the chemical bond ensures
structural integrity and stability of the nano-sized networks.
Nevertheless, chemical crosslinking has some drawbacks, for
example: (i) crosslinkers are often toxic enhancing the toxicity
of the final material; (ii) the crosslink-density influences the
properties of the final material and (iii) finally as most chemi-
cal reactions are irreversible in nature the final materials do
not show any dynamic character.® Physically crosslinked nano-
gels (PCNGs) are formed via non-covalent interactions of
polymer chains and have advantages over the chemically cross-
linked systems. For the preparation of PCNGs, there are several
challenges: (i) preparation of nano-sized colloidal particles
without formation of larger aggregates (>1 um), (ii) stability of
the colloidal solution and (iii) development of a simple syn-
thetic procedure. One pot reactions or cascade reactions in
water as solvent is a prerequisite for the association by hydro-
phobic interaction. Further purifications of the colloidal
solution should be simple. In very recent publications the for-
mation of supramolecular nanoparticles and nanogels was
reported where the building blocks are linked by non-covalent
interactions (mostly host-guest kind of interactions); further-
more their potential use as delivery systems is described.’™®
Among them, synthesis of Pullulan based PCNGs (formed by
hydrophobic interactions of side chains) are reported and
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their unique properties as well as their biomedical appli-
cations are described."”” ! In spite of many exciting properties
of these Pullulan based PCNGs there are several drawbacks: (i)
their colloidal stability is low (7-8 days), and (ii) coatings pre-
pared by these materials absorb water from the surrounding
atmosphere leading to sticky coatings, which favor biofilm
formation.

In this article we report our results on PCNGs, where modi-
fied amphiphilic poly(ethylene imine)s (PEI) were used as sub-
strates. PEI is chosen mainly for its proven benefit in different
industrial and biomedical applications.”>** In our work, the
amphiphilic PEIs were prepared by post-polymerization modi-
fication of branched PEI (My = 25 kg mol™") in water using
different ratios of hydrophobic and cationic building blocks.
The hydrophobic groups associate in water to form nanogels
and the cationic groups on the surface of the particles prevent
further agglomeration by electrostatic repulsion (Fig. 1). The
nanogel dispersions were found to be stable in a large range of
concentrations - also upon high dilution - and can be stored
for months at room temperature without further aggregation.

This kind of nanomaterial is expected to be useful for the
preparation of coatings. Natural models for such coatings are
globular proteins, as for example albumin. These proteins
form spherical/ellipsoidal colloids in water (the tertiary struc-
ture is formed by interactions of hydrophobic functionalities)
and are useful for preparing molecular coatings.>* >’ Synthetic
PCNGs are expected to have similar properties because individ-
ual polymer chains associate to form nanogels in water due to
hydrophobic interactions, but when the water is removed after
spreading on a suitable surface, the nanogels “unfold” and
form molecular coatings due to the reversibility of the hydro-
phobic interactions (Fig. 1).

Recently published results demonstrate that multifunc-
tional polymers containing azetidinium groups have excellent
antimicrobial properties.*®*° To understand the antimicrobial
efficacy of these polymers, the minimum inhibitory con-
centration (MIC) against a wide range of bacteria was deter-
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Fig. 1 Synthetic physically crosslinked nanogels and their application
for molecular coatings.
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mined. Consequently, the antimicrobial properties of these
PCNGs should be advantageous for water based coating
applications.®’

2. Experimental part
All experimental details are given in the ESL

2.1. Nomenclature

PEIHy“,C*, stands for multifunctional PEI, where x% of the
primary amine groups were modified with a hydrophobic
coupler (Hy) containing the decyl (C-10) chain (d) and y% of
the primary amine groups were modified with the cationic (C)
bifunctional coupler (az stands for azetidinium groups).

3. Results and discussion

An easy one pot synthetic approach to prepare waterborne
PCNGs is presented, where amphiphilic PEIs with hydro-
phobic and cationic building blocks self associate to form
nanogels by hydrophobic interactions of the long alkyl chains
(C-10); the nanogels being stabilized by the azetidinium
groups at the surface. These amphiphilic PEIs, containing
alkyl chains and cationic azetidinium groups were prepared
in a one pot reaction in water, via post-polymerization
modification of branched PEI using the coupler concept
(Scheme 1).>'*? The advantage of this approach is that, start-
ing from the synthesis of the couplers from commercially avail-
able chemicals to the preparation of the functional polymers
all reaction steps are performed in the same reaction vessel, in
water as solvent, without intermediate purification (experi-
mental details are given in the Experimental section in SI 17).
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Scheme 1 Synthesis of multifunctional PEI nanogels in water using the
coupler approach.
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After preparing the two couplers, the multifunctional nanogels
were prepared in two steps. PEI was reacted first with the
hydrophobic coupler, containing an azetidinium functional
group at one end and a decyl chain (C-10) at the other end.
During the reaction the azetidinium groups react with the
primary amine groups by ring opening, leading to hydrophobi-
cally modified PEI 2. In the next step, hydrophobically modi-
fied PEI was reacted with the bi-functional coupler to link
azetidinium groups to the polymer backbone resulting in the
multifunctional PEI 3.

Three polymers were prepared with different hydrophobic
to cationic ratios — PEIHy",,C*,5, PEIHy",, ;C*, 5 and PEI-
Hy%,5C*0; the ratio of decyl chains to azetidinium (cationic)
groups was 1:1.5, 1:1, 1.5:1, respectively. The degree of
functionalization (both hydrophobic and cationic) was
adjusted using the predetermined ratio of PEI and couplers. In
the final product the functional groups were quantified by "H
NMR spectroscopy (Fig. SI 1Bt). The characteristic peaks for
the protons (3-11) of the C-10 chains were found at 6 =
1.8-0.6 ppm and the characteristic protons for the azetidinium
groups were found at 6 = 5-4 ppm. The ratio of the
hydrophobic: cationic functionalization was calculated using
the integration ratio of the protons at § = 4.15 ppm (H?) and
§=0.8 ppm (H"") (ESI, Table SI 27).

The multifunctional PEI, containing both hydrophobic
(decyl) and cationic (azetidinium) groups, spontaneously self
assembled in water to form stable physically crosslinked nano-
gels due to strong hydrophobic interactions of the C-10 chains.
The cationic azetidinium groups remain at the surface and
ensure the stability of these particles by a suitable balance
between the hydrophobic interaction and cationic repulsion.
The PCNGs with different hydrophobic to cationic ratio — PEI-
Hy%,,C* 5, PEIHy,, ;C**,, 5 and PEIHy",5C**,, - have similar
characteristics. The current report will discuss the results
obtained for PEIHyd12.5CA212.5; detailed characterization for all
three nanogels is given in ESL}

The PCNGs were characterized in detail by light scattering
experiments, both by dynamic and by static light scattering
(Table 1). The average hydrodynamic radius of the PCNGs
determined by DLS in ultrapure water at 25 °C, (concentration
1 mg mL™") was R, = 95 nm (+3 nm) and the dispersity index
amounted to 0.2 (+0.03). From static light scattering, the
second virial coefficient (4,), the radius of gyration (R;) and
the average molecular weight of the aggregates (PCNGs) were
determined using Berry plots (ESI, Fig. SI 5t). The Berry plot -

Table 1 Results of the light scattering experiments at lower and higher
temperature (solvent : water)

T R, (nm) PDI R, (nm) A,

(°C) (¥3nm) (x0.03) (+5nm) Ry/R, (molmLg ") My (age) Nage®

25 95 0.2 236 2.48 —-7.91x1077 61x10° 2271
50 112 0.07 136 1.21  -1.54x10"° 82x10° 3055
“ Nagg = Muw, (agg)/Mw, (Gro)-

366 | Polym. Chem., 2016, 7, 364-369

View Article Online

Polymer Chemistry

and not the conventional Zimm plot was chosen due to the big
size of the PCNGs. The value of 4, (=7.91 x 1077) is very small
due to the high molar mass of the particles.’> The value
obtained for the radius of gyration R, = 236 nm is much
higher than the hydrodynamic radius Ry. The shape factor,
determined from the ratio of Ry/Ry, is ~2.5, possibly due to the
elongated and irregular shape of the larger nanogel particles.*®
The average molar mass of the aggregates (PCNGs) was deter-
mined to be My, age = 61.1 x 10°.°*** The number of polymer
chains (N,g), connected to form single PCNGs was obtained
by dividing M,, a.¢ by the assumed M, of the polymers
obtained from GPC (ESI, Table SI 37), and was calculated to be
Nagg = 2271.%°

The colloidal stability of these particles is also obvious
from the zeta potential, { = 73 mV (+5 mV). Here we also note
that the average hydrodynamic radius determined by DLS is
biased to the larger particle - this is due to a known limitation
of DLS, where the hydrodynamic radius is determined as a
function of scattering intensity, which is proportional to
radius power of six.*”*® The CONTIN plots obtained by DLS
also show the presence of particles with diameters in the
range of 40 nm to 700 nm (Fig. SI 3 and SI 47). Since tempera-
ture influences the hydrophobic interaction, which is the main
driving force for the formation of the PCNGs, a temperature
responsive behavior is expected. Temperature dependent
studies of the PCNGs were performed in the range of 10 °C to
60 °C using a colloidal solution of 1 mg mL™" concentration
(Fig. 2).

The hydrodynamic diameter of the nanoparticles increases
with increasing temperature (Fig. 2A and Table 1). This obser-
vation leads to the conclusion that at higher temperature
smaller aggregates associate due to the increase of hydro-
phobic interaction. Larger aggregates of optimum sizes are
formed leading to a lower surface energy and consequently to
a thermodynamically more stable system.*>*° This explanation
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Fig. 2 Effect of temperature on the PCNGs: (A) hydrodynamic diameter
vs. temperature, (B) polydispersity index (PDI) vs. temperature (insert
CONTIN plots at 10 °C and 50 °C), (C) zeta potential vs. temperature,
(D) reversible change of the particle size with temperature.
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is supported by the fact that the molecular weight of the aggre-
gates increased at higher temperature (Table 1). Further,
increasing temperature leads to a decrease of the particle dis-
persity (PDI) with a minimum at 45 °C to 55 °C (Fig. 2B) and
consequently a decrease in Ry/Ry, (Table 1).

A decrease of the zeta potential with increasing temperature
also supports the association of the smaller aggregates to form
larger aggregates, leading to a decrease of the total surface
area and consequently a decrease of the net charge (Fig. 2C).
As the hydrophobic interaction is dynamic and reversible in
nature, the temperature responsive behavior of the PCNGs is
expected to be reversible. To check the reversibility of this be-
havior, the size of the particles was measured at different
temperatures between 10 °C and 50 °C as shown in Fig. 2D.
The same size of the PCNGs at a particular temperature was
observed during different heating and cooling cycles, proving
that the temperature responsive behavior of the particles is
reversible.

As shown in the ESI document (Table SI 4-67) the diameter
of PCNGs does not change significantly with the polymer con-
centration (0.02-2 mg mL™"). Furthermore, the colloidal solu-
tions are stable in time (1-120 days) and even after addition of
salt (NaCl concentration up to 10 wt%).

The structure of the PCNGs was visualized by cryo-TEM
which enables to observe the PCNG in the native state. Fig. 3
shows representative cryo-TEM micrographs. Basically the
presence of small and large particles with an average radius of
ca. 25 nm (Fig. 3A) and 75 nm (Fig. 3B), is demonstrated.
Obviously the size difference is due to the local concentration.
Fig. 3A represents the smallest PCNGs in the sample and their
self-association leads to the larger ones. Indeed, the radius of
a single modified PEI chain is approximately 7 nm (ESI, SI
67).*" We conclude that the smallest PCNGs result from associ-
ation of approximately 3 to 4 hydrophobically modified PEI
chains. It is remarkable that an increase of the concentration
does not lead to precipitation even up to 50 wt%, ensuring the
high stability of the colloidal solution. We can therefore
assume that the softness of the nanogel concurs with electro-
static repulsion providing a means to limit the association and
to prevent precipitation as macroscopic gel.

Fig. 3 Cryo-TEM images of PCNG (PEIHy%,sC"?,5): showing the
morphology of the PCNGs: (A) smaller PCNGs with an average radius of
ca. 25 nm (B) larger PCNGs with an average radius of ca. 75 nm.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

To show the potential of the PCNGs to form protective coat-
ings, a freshly cleaved mica or highly oriented pyrolytic graph-
ite (HOPG) surface were coated with a diluted polymer
solution and analyzed by scanning force microscopy SFM. We
expect that the difference in surface polarity helps to unveil
structural details of the polymer. Fig. 4 shows a typical film
morphology depending on the polymer concentration.

Regardless of the substrate polarity, the polymer spreads
uniformly and the phase images do not indicate surface hetero-
geneity (not shown). However, the details of the polymer struc-
ture begin to manifest for molecular films, namely thickness
below 5 nm. Indeed, homogeneous coverage with fine blob-like
textures with a mean height of 2 nm on Mica (Fig. 4A) and a
slightly larger height of 2.5 nm on HOPG is observed (Fig. 4C).
This fine texture and the molecular thickness indicate that the
nanogel unfolds upon adsorption on solid interface. The thick-
ness of this interfacial layer is defined by the local adjustment
of the molecular conformation. We provide evidence through
careful observation of few molecules deposited from an extra-
diluted solution, see micrographs in Fig. 4B and D. Obviously,
polar surfaces such as mica favor spreading of the poly(ethyl-
ene imine) backbone, the n-decyl side chains resist and adapt
their conformation. The result is a central aliphatic moiety

Fig. 4 AFM height-images of ultrathin films deposited on mica (A-B)
and on HOPG (C-D). The micrographs of the upper row have been
obtained by coating a solution of 0.01 g L™ and the bottom row are
from solutions of 0.001 g L™%. Note the profile, as indicated by the line,
and the scale difference indicates spreading of the polymer onto the
Mica in comparison to HOPG surface. The dark contrast (B) with 0.1 nm
in depth is due to water contamination from the atmosphere.

Polym. Chem., 2016, 7, 364-369 | 367


http://dx.doi.org/10.1039/c5py01566a

Published on 04 November 2015. Downloaded by Rheinisch Westfalische Technische Hochschule Aachen on 02/02/2017 10:26:05.

Paper

View Article Online

Polymer Chemistry

Table 2 Antimicrobial activity (MIC: lowest polymer concentration resulting in 100% growth inhibition during 20 h) and hemolytic activity
of the PEIHy%>5C%%,5: their comparison with the unmodified PEI and earlier reported best antimicrobial modified PEls (PElys—Qly> sQ12Bry, 5,4t

PEl»5—Q12Bry, 5, Fig. S17)

PEIHy%, 5C™15 5

Best modified PEIs from literature Unmodified PEI

MICoo.00 (g ML™")  MICoo 09 (ug mL™")

MIC1q0 [MICoo] (g mL™) HCso (ngmL™")  (PEI™) (PEI*?) MIC1q0 (ug mL™")
E. coli* P aeruginosa  S. aureus S. epidermidis E. coli E. coli E. coli®

ATCC 25922  ATCC 27853 ATCC 6538 ATCC 12228 ATCC 23716 ATCC 23716 ATCC 25922

20 [15] 200 [50] 7 [4] 2[1] 100 100 60-100 400

-1 b

“With E. coli ATCC 23716 MIC,4, 40 pg mL™", ? Unmodified PEI with E. coli ATCC 23716 MIC, 4o 400 pg mL ™.

embedded in molecularly spread PEI (see insert profile in
Fig. 4B). The reverse occurs on hydrophobic HOPG surface, the
branched poly(ethylene imine) opposes to the adsorption and
spreading of the aliphatic side chains. This results in mole-
cular islands with defined height (see insert profile in Fig. 4D).
We note that the profile is compatible with the length of
n-decyl chains which is 0.87 nm covalently linked to the
branched structure of the poly(ethylene imine) backbone.
These experiments demonstrate that the PCNGs can potentially
be useful as a material for molecular coatings.

Finally, the antimicrobial activity of the PCNGs was studied
in solution against a wide range of bacteria. The minimum
inhibitory concentration was determined as the minimum
concentration required to inhibit 100% of bacterial growth
within the time monitored (20 h). To compare the antimicro-
bial efficacy of the PCNGs with some of the best antimicrobial
polymers reported in literature, we also calculate MICy, (the
concentration required to 90% bacterial growth inhibition), as
this is the most frequently used term in literature (Table 2). To
understand the selectivity of the polymer to affect bacterial
cells and mammalian cells, the hemolysis test was also per-
formed and the concentration required for 50% lysis of red
blood cells was determined. The results are summarized in
Table 2. It was found that the polymer is highly active against
a wide range of bacteria to inhibit their growth completely at
significantly low MIC values. The polymer was found to be
more effective against gram positive bacteria compared to
gram negative bacteria. It was also shown that the MIC of the
two different gram negative species E. coli and P. aeruginosa
differ by a factor of 10. P. aeruginosa secretes an extracellular
matrix made from muco-polysaccharides (a highly flexible gel,
e.g. from alginate stabilized by Ca®>" ions). This matrix is able
to bind charged molecules and water, thus, it is likely that it
will bind part of the polymer molecules, therefore, higher
amounts of polymer are needed to inhibit the growth of P. aer-
uginosa compared with E. coli.*>** This explanation can be
supported by the fact that nonfunctionalized PEI has a better
antimicrobial efficacy against P. aeruginosa compared to the
functionalized PCNGs (Table SI 8t). The much higher value of
HCs, compared to their MIC;q, (except P. aeruginosa) proved
that the polymers have a good selectivity to differentiate
between mammalian cells and bacterial cell wall.

368 | Polym. Chem., 2016, 7, 364-369

The overall antimicrobial efficacy and selectivity of the
current polymers is much higher when compared with un-
modified PEI (Table SI 81) and approximately by a factor of 3-5
when compared with the earlier reported modified antimicro-
bial PEIs*"** (Table 2) and also higher/comparable with some
of the best synthetic antimicrobial peptidomimetics reported
in literature.*>*® The higher antimicrobial efficacy (compared
to other reported modified PEIs*"**) of the modified PEI
aggregates (PCNGs) can be attributed to the fact that aggre-
gates rather than single oligomers result in extensive damage
(formation of water channel or pores) of the bacterial
envelope.”” Nanostructure formation leads to an increased
local concentration of the cationic moiety prior to contacting
a cell envelope leading to a stronger antimicrobial effect
compared to single polymer molecules.*®*°

4. Conclusion

A one pot synthetic approach to prepare multifunctional PEIs
in water, with a defined ratio of hydrophobic (C-10 chains) and
cationic building blocks is presented, which spontaneously
self assemble to form very stable PCNGs (stability over months
was observed). The PCNGs show a temperature responsive be-
havior - the size increases with increasing temperature. Fur-
thermore it was found that the change of the hydrodynamic
diameter with temperature is reversible as a consequence of
the reversibility of the hydrophobic interaction. PCNGs were
used to prepare molecular films on surfaces with different
polarity: homogeneous surface coverage with fine blob-like tex-
tures with a mean height of ~2 nm on Mica and a slightly
larger height of ~2.5 nm on HOPG is observed. This result
proves the potential of these nanogels for the preparation of
thin film coatings. Finally PCNGs were found to have excellent
antimicrobial activity against a wide range of different bacteria
- the MIC values are comparable or better than some of the
best synthetic antimicrobial polymers reported in literature.
Furthermore these PCNGs have a good selectivity to differen-
tiate between bacterial cell membranes and mammalian cell
membranes. The selectivity of the PCNG is an important para-
meter for the future applications of these PCNGs.

This journal is © The Royal Society of Chemistry 2016
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