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Abstract: We report a pH- and temperature-controlled
reversible self-assembly of Au-nanoparticles (AuNPs) in
water, based on their surface modification with cationic
guanidiniocarbonyl pyrrole (GCP) and zwitterionic guanidi-
niocarbonyl pyrrole carboxylate (GCPZ) binding motifs.
When both binding motifs are installed in a carefully
balanced ratio, the resulting functionalized AuNPs self-
assemble at pH 1, pH 7 and pH 13, whereas they disassem-
ble at pH 3 and pH 11. Further disassembly can be achieved
at elevated temperatures at pH 1 and pH 13. Thus, we were
able to prepare functionalized nanoparticles that can be
assembled/disassembled in seven alternating regimes,
simply controlled by pH and temperature. )

The stimuli-responsive reversible self-assembly of organic and
inorganic materials has a wide range of applications in the field
of nanoscience and nanotechnology, for example for optical
devices, bio-sensors and in nanomedicine™ For inorganic
nanoparticles (NPs), reversible self-assembly can be achieved by
introducing surface-anchored ligands that react to external
stimuli such as light” temperature,® pH metal ions® or
solvent.® For example, the pH-responsive reversible self-
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assembly of NPs was achieved by introducing pH-sensitive
ligands, such as Brgnsted-acids and -bases.” In most cases such
pH-responsive systems only possess one switching point, mean-
ing that they self-assemble in one pH-regime and disassemble
in a second pH-regime. However, for more sophisticated
applications, multiple switching points are highly sought after.”

In principle, such multi-pH responsive behavior can be
achieved by using zwitterionic ligands that can assume more
than two protonation states. Furthermore, zwitterion-function-
alized NPs can show improved biocompatibility and enhanced
cellular uptake.” Based on these considerations, we have
recently generated zwitterion-functionalized gold nanoparticles
(AuNPs)," based on the use of the guanidiniocarbonyl pyrrole
carboxylate (GCPZ, Figure 1a) unit that was developed in our
group."” GCPZ is a self-complimentary binding motif which
forms stable dimers in a pH range from 5 to 8, while either
protonation or deprotonation led to dimer-dissociation.""” The
resulting functionalized AuNPs could assemble at neutral pH
and disassemble at basic or acidic pH in DMSO/water
mixtures."” However, the use of pure water as a solvent
remained difficult due to strong hydrophobic interactions,
leading to assembly even at low pH, limiting the switchability
to two regimes. This was similarly found for other zwitterionic
ligands in the literature."?

For this work, we now aim for an improved pH-responsive-
ness by co-decoration of zwitterion-functionalized NPs with
additional cationic ligands. The resulting Coulomb-repulsion
could counterbalance attractive hydrophobic interactions in
order to enhance the pH-switchability of the assembly/
disassembly. In addition, we assumed that the positive charges
could assist in an additional temperature-dependent assembly/
disassembly, as recently reported by Grzybowski.'!

Initial attempts to use a combination of zwitterionic GCPZ
and cationic ammonium ligands did not lead to the desired
multi-pH responsive behavior, indicating that the exact choice
of cationic co-ligand is crucial. For this reason, we then used
cationic guanidiniocarbonyl pyrrole (GCP) ligands as our co-
ligands (Figure 1a). In contrast to the GCPZ-motif, the GCP-unit
shows a similar pK, value but lacks the carboxylate unit and is
thus positively charged over a wide pH-range."™™ When used in
a carefully controlled ratio, this combination of ligands resulted
in functionalized NPs that could be assembled/disassembled
over seven alternating regimes by external stimuli, even in pure
water as a solvent.

For the synthesis of the desired co-decorated AuNPs, we
prepared AuNPs (mean size 7.2 nm)*®® and performed a surface
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Figure 1. a) Schematic illustration of GCPZ and GCP co-functionalized AuNPs
(AuNPs-1-2). b-g) pH-dependent wavelength of absorption maximum of
AuNPs-1-2 (68 nM in water) with different GCPZ/GCP ratio, b) 1/19, ¢) 1/12,
d) 1/9,e) 1/7,) 1/5, 9)1/4.

functionalization using the GCPZ/GCP derivatives (1) and (2)
(Figure 1a, see the Supporting Information for details). In the
functionalized AuNPs, the GCPZ/GCP-ratio on the NP-surface
was found to be approximately equal to the GCPZ/GCP ratio
used in the functionalization procedure (Figure S4).

Next, we investigated the self-assembly behavior of these
AuNPs using water as a solvent. The assembly/disassembly can
be followed by UV/Vis-spectroscopy, since the surface plasmon
resonance (SPR) of the dispersed AuNPs (A, (disassembled) =
~525nm) is significantly red-shifted upon self-assembly
(Amax (@ssembled) =550-560 nm).

Different ratios of GCPZ/GCP (from 1/19 to 1/4) were used
in order to determine the optimal ratio for a pH-induced
assembly/disassembly process. With a large excess of cationic
GCP (GCPZ/GCP=1/19), the AuNPs were dispersed in a pH
range from 1.5 to 4.0, while self-assembly was observed below
pH 1.2 or above pH 4.5 (Figure 1b). When GCPZ/GCP was 1/12,
we additionally found partial disassembly in a pH range above
10 (Figure 1c). By further decreasing the excess of GCP (ratio of
GCPZ/GCP between 1/9 and 1/7), complete disassembly of the
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functionalized AuNPs at 10<pH<125 was observed (Fig-
ure 1d-e), but reassembly occurred at even higher pH (pH 13).
Such self-assembly at high pH was suppressed when the GCPZ/
GCP ratio reached 1/5 (Figure 1f). Finally, a GCPZ/GCP ratio of
1/4 led to the suppression of disassembly at low pH values
(Figure 19).

From this data, we can draw a couple of interesting
conclusions: A) The assembly/disassembly behavior of the co-
functionalized AuNPs can be controlled by varying the GCPZ/
GCP ratio due to the different pH-responsive properties of GCPZ
and GCP. While GCPZ is charged at both acidic and basic pH
values, our earlier findings showed that strong hydrophobic
interactions between the GCPZ-units are present at neutral, but
also at acidic pH. This is due to the presence of the neutral
carboxylic acid functionality, which prevents disassembly at low
pH." In contrast, the GCP-unit lacks the carboxylic acid
function and thus exhibits a much lower hydrophobic effect
than GCPZ. Thus, an excess of the cationic GCP-motif can affect
the desired disassembly at low pH-values, while a lower GCP-
content mirrors the previously reported behavior™ of AuNPs
functionalized with GCPZ only (disassembly at high pH values
only). B) Using the correct GCPZ/GCP-ratio (from 1/9 to 1/5), we
could achieve our initial aim, namely the assembly at neutral
pH and the efficient disassembly at lower and higher pH in
aqueous solvent. C) We observed reassembly of the AuNPs at
very low and high pH-values (pH 1 or 13), most distinctly for a
GCPZ/GCP-ratio of 1/7. This was unexpected based on charge
repulsion of cationic guanidinium-groups (in GCPZ and GCP at
low pH) or anionic carboxylate-groups (in GCPZ at high pH). In
summary, we observed five alternating assembly/disassembly
regimes, controlled by changing the pH over a range of 1 to 13.

Due to this highly interesting switching behavior, we
focused our further investigations on AuNPs with a GCPZ/GCP
ratio of 1/7 (referred to as “AuNPs-1-2" in the following). The
assembly/disassembly behavior that was observed by UV/Vis
(Figure 1e) was confirmed by dynamic light scattering (DLS)
measurements (Figure 2b). The hydrodynamic radii of AuNPs-1-
2 were in the range of 10 nm at pH 3 and pH 11, which is
consistent with the size of disassembled surface-coated AuNPs
(ca. 7 nm NP-size +ca. 3 nm ligand size, Figure S1). In contrast,
the hydrodynamic radii were larger than 700 nm at pH 1, pH 7
and pH 13, indicating an aggregated state of AuNPs-1-2. Due to
the change of the absorption maximum, the assembly/
disassembly process could also be followed by naked eye
(Figure 2c). Transmission electron microscopy (TEM) showed a
similar size distribution at pH 3 and pH 11 and no significant
aggregation was observed (Figure 2e/g, see Figure S7-S11 for
enlarged images). However, AuNPs-1-2 formed large aggregates
at pH 1, pH 7 and pH 13 (Figure 2d/f/h, further characterized by
SEM, Figure S18-521). Notably, no ordered structures were
observed in both the TEM and SEM images which might be
attributed to the strong attractive interactions between the NPs
at pH 1/7/13, leading to rapid and unstructured self-assembly.
In summary, the TEM results are in line with UV/Vis and DLS-
measurements, confirming the pH-induced self-assembly/dis-
assembly over five alternating regimes.

13540 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. a) UV/Vis absorption spectra, b) DLS measurement and c) photos of
AuNPs-1-2 (68 nM in water, GCPZ/GCP = 1/7) at different pH values. d-h)
TEM images of AuNPs-1-2 (68 nM in water, GCPZ/GCP=1/7) at d) pH 1, e)

pH 3,f) pH 7, g) pH 11 and h) pH 13 (scale bars different for e/g vs. d/f/h).

Next to pH-induced switching, we investigated whether the
self-assembled AuNPs-1-2 could be disassembled by increasing
the temperature. While this was not possible at pH7, we
observed a temperature-induced disassembly/reassembly at
pH 1 and pH 13. At pH 1, heating up to 70°C led to a blue-shift
of the SPR band from 555 nm to 525 nm, which shifted back
upon cooling, indicating full reversibility of the process (Fig-
ure 3a/b). This process can also be followed by TEM (carried out
by placing cold/hot solutions on the TEM grid, Figure 3e-g, see
Figure S12-5S14 for enlarged images). At pH 13, the SPR band
also underwent a blue-shift from 560 nm to 525 nm upon
increasing the temperature to 70°C. However, in this case
cooling to 20°C resulted in a less pronounced red-shift from
525 nm to 532 nm, indicating only a partial reassembly (Fig-
ure 3c/d). This might be caused by the hydrolysis of the GCP-
thiolate 2 at high pH and high temperature, which was also
found for non-ligated linker 2 in solution (Figure S5). By TEM at
pH 13, no complete disassembly was observed either at 70°C or
at 20°C, possibly due to the presence of large amounts of
NaOH after the drying-process (Figure S15-S17). In summary,
heating to 70°C at pH 13 seems to lead to disassembly
(according to UV/Vis), but the exact fate of the NPs under these
conditions remains unclear.

Next, we investigated the reversibility of the assembly/
disassembly process. pH-switching can be repeated more than

Figure 3. a—d) UV/Vis absorption spectra of AuNPs-1-2 (68 nM in water,
GCPZ/GCP =1/7) at different temperatures, a) pH 1, from 20°C to 70°C, b)
pH 1, from 70°C to 20°C, (c) pH 13, from 20°C to 70°C, d) pH 13, from 70°C
to 20°C. e-g) TEM images of AuNPs-1-2 (68 nM in water, GCPZ/GCP =1/7) at
pH 1, prepared at different temperatures, €) 20°C, f) 70°C, g) 20°C, from
70°C (scale bar different for f vs. e/g).

10 times (between pH 3, pH 7 and pH 11, Figure 4a, also see
Figure S23) or even 15 times (between pH1 and pH3 or
between pH 11 and pH 13, Figure 4b/c). Temperature-induced
switching at pH 1 can be repeated more than 20 cycles
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Figure 4. Cycles of reversible self-assembly of AuNPs-1-2 (68 nM in water,
GCPZ/GCP = 1/7) between different pH values/temperatures, a) pH 3, pH 7
and pH 11, b) pH 1 and pH 3, ¢) pH 11 and pH 13, d) at pH 1 between 20°C
and 70°C.
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(Figure 4d). Hence, AuNPs-1-2 show a fully reversible assembly/
disassembly (with the exception of the temperature-induced
switching at pH =13, see above).

In order to better understand the mechanism of the pH-
induced self-assembly/disassembly, we measured the zeta-
potential of AuNPs-1-2 (Figure 5a). AuNPs-1-2 exhibited a zeta-
potential of —4 mV at pH 7, while switching to pH 3 or pH 11
led to a change to +46 mV (pH3) or —42mV (pH 11).
Interestingly, going from pH 2 to pH 1 or from pH 12 to pH 13
led to a less positive (22 mV at pH 1) or less negative zeta
potential (-29 mV at pH 13). To see if this trend of zeta-
potential, which is qualitatively in line with the observed
assembly/disassembly behavior (disassembly at pH 3/11, assem-
bly at pH 1/7/13) is unique for AuNPs-1-2, we performed a
control experiment with AuNPs-2, which feature GCP-ligands
only (Figure 5b). Interestingly, we found a similar trend for the
zeta potential, although only three alternating assembly/
disassembly regimes were found by UV/Vis (assembly at pH 1
and pH>6, disassembly at pH 2-5, Figure S22a). This clearly
shows that electrostatic repulsion alone (estimated by the zeta-
potential) is not a sufficient explanation for the assembly/
disassembly behavior of AuNPs, neither for AuNPs-1-2, nor for
AuNPs-2 (which might be expected to disassemble at high pH
based on their zeta-potential).

Our earlier work has shown that weak repulsive charge-
interactions can be overcome by attractive dispersion inter-
actions and hydrophobic effects."” This would explain the
assembly of AuNPs-1-2 at neutral pH and the missing
disassembly of AuNPs-2 at high pH (since no negatively
charged ligands are present). However, the question remains
why AuNPs-1-2 re-assemble at pH 1 and pH 13 and can be
disassembled by increasing the temperature at these pH-values.
This might be explained by the influence of ionic strength and
temperature on electrostatic repulsion according to the
Derjaguin-Landau-Verwey-Overbeek theory. The electrostatic
repulsion potential (V) between charged NPs is proportional
to exp(—v/I) (based on ionic pairing with counterions that
reduces net-charge) and exp(—1/v/T), so that high ionic
strength (/) and low temperature (T) lead to a weak repulsion."
Accordingly, we found that addition of NaCl to a solution of
disassembled AuNPs-1-2 at pH 3 and pH 11 can trigger their re-
assembly (Figure S24), so that self-assembly at pH 1 and pH 13
can most likely be attributed to increased ionic strength.
Accordingly, the disassembly at 70°C at pH 1 or 13 is based on
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Figure 5. Zeta-potential of a) AuNPs-1-2 (68 nM in water, GCPZ/GCP =1/7)

and b) AuNPs-2 (68 nM in water) at different pH values.
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Scheme 1. Schematic representation of the functionalized AuNPs-1-2 and
their pH- and temperature dependent reversible self-assembly/disassembly.

an increased electrostatic repulsion at higher temperatures,
which is sufficient at low/high pH, while it cannot overcome the
stronger attractive interactions at pH 7.

In summary, we demonstrated that AuNPs-1-2 can assem-
ble/disassemble in multiple regimes (Scheme 1). For a finely
balanced GCPZ/GCP ratio of 1/7, we found seven alternating
assembly/disassembly regimes (Scheme 1), induced by pH and
temperature changes. The switching process is fully reversible
(except for the reassembly after heating at pH 13 due to
hydrolysis) and can be repeated over multiple cycles.

We found that a fine balance of different attractive/repulsive
supramolecular interactions, influenced by pH, temperature and
ionic strength, is responsible for this unique behavior. Thus, this
work gives insights for the future development of novel pH-
and temperature-switchable supramolecular systems. For appli-
cation of our NPs, we are currently investigating the coordina-
tion of the GCP(Z) units to specific metal ions such as Hg** and
Cu®", which might allow metal-scavenging by pH-induced co-
precipitation, followed by re-dispersion of the NPs to induce re-
release of the metal ions.
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