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Cationic, monolayer-protected gold nanoparticles provide a multi-
valent charged surface and a hydrophobic monolayer that syner-
gistically contribute to the binding of phosphatidylinositol (3,4,5)-
trisphosphate, a relevant biomarker. The observed dissociation
constant is in the picomolar region, providing the possibility of
using these gold nanoparticles for the selective extraction of this
molecule from biological fluids.

Clusters of gold(0) atoms of nanometer size are easily passi-
vated by thiols, thus forming monolayer-protected gold nano-
particles (AuNPs).! By suitably coding the structure of the pas-
sivating thiols, the surface and the monolayer of AuNPs can be
easily tuned to obtain nanomaterials with many properties>
ranging from molecular recognition of the most diverse sub-
strates to their transformation. This led, for instance, to the
development of “nanosensors” or “nanozymes”.*”® The latter
are AuNP-based catalysts mimicking the properties of natural
enzymes.” In analogy to biological membranes, the binding of
substrates to monolayer-functionalized AuNPs relies on a con-
current and concerted combination of electrostatic and hydro-
phobic interactions, hydrogen bonds and, if present, coordi-
nation to metal ions. In this contribution we show how dis-
sociation constants in the picomolar concentration region can
be easily attained by taking advantage of concurrent ionic/
coordination and hydrophobic interactions with a multivalent
system constituted by monolayer passivated gold nano-
particles. More importantly, we show how they can be
exploited for the binding of a relevant biomarker.

A previous study with minimalist, small AuNPs, passivated
with thiols terminated with 1,4,7-triazacyclononane (TACN)
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(such as AuNP 1-Zn" in Fig. 1), has shown that the affinity of
dimethyl phosphate (DMP) for those nanoparticles is relatively
low (Kq = 3.8 x 107> M, entry 1 of Table 1)® but the conjugation
with a nucleobase brings it down to 1.2 x 10™* M (cAMP, see
Fig. 1 and entry 4 of Table 1).° In such a molecule, the inter-
action with the cationic metal complexes located on the
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Fig. 1 Compounds discussed in this work (counterions have been
omitted for clarity).
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Table 1 Dissociation constants of the compounds shown in Fig. 1 from
the Zn" complexes of gold nanoparticles

Entry Substrate K3, M Rel. K4 ° Ref.

1 DMP 3.8x107°°¢ 1 8

2 HPNP 5.8x107*°¢ 6.6 8

3 UPNP 3.0x107°¢ 1.3 x 10* 12

4 cAMP 1.2x107*°¢ 32.8 9

5 AMP 7.3x107°°¢ 5.3 x 10° 9

6 ADP 1.8x1077°¢ 2.1 x10* 9

7 ATP <1.8x 1077 1.1x10° 9

8 dATPyianT 3.2x1071¢ 1.2 x 10° 19

9 PIP3 2.9x 107" 1.3 x 10° This work
10 1P3 >2 x 1078 M — This work

“All measurements have been performed at least in triplicate. The
error in the dissociation constants of entries 1-6 is lower than 7%; the
value of entry 8 is an estimate as the correct value is likely 1 order of
magnitude lower; the error in entry 9 is 6%; the reported value of entry
10 is an estimate as the correct value is likely slightly higher. ? Ky pap/
Kq. At 40 °C, pH = 7.5. At 25 °C, pH = 7.5. °At 40 °C, pH = 7; data
were corrected for the concentration of the probe to allow comparison
with the other substrates; details are reported in the ESL¥ fThe exact
value could not be determined because of the experimental con-
ditions. £ At 25 °C, pH = 7. " At 37 °C, pH = 7.5. ' Estimated value.

surface of the monolayer is driven not only by the phosphate
group but also by the adenine moiety, although more weakly.'®
A contribution similar in strength to that of adenine but relying
on different interactions can be provided by a hydrophobic
residue. In fact, hydroxypropyl-p-nitrophenyl phosphate (HPNP,
Fig. 1), a phosphate diester often used as a model of RNA in
hydrolytic studies and devoid of the nucleobase, presents only a
slightly higher dissociation constant than cAMP (5.8 x 10™* M,
see entry 2 of Table 1).® The hydrophobic contribution is
derived from the p-nitrophenyl moiety. The addition to HPNP of
uracil as in UPNP (Fig. 1), a nucleobase binding more strongly
than adenine to the Zn(u) complex,"" contributes to bringing
down the dissociation constant by ca. 20-fold (3.0 x 107> M, see
entry 3 of Table 1)."> The study of cAMP siblings where the
charge was increased up to —4 (see Fig. 1 and entries 5-7 of
Table 1) showed that the dissociation constant decreased by
more than two orders of magnitude by doubling the charge
(from cAMP to AMP) but only by 5-fold with each subsequent
charge increase (from AMP to ADP and, possibly, ATP) down to
less than 1.8 x 1077 M (ADP and even less for ATP).’ Likely geo-
metrical strain or non-optimal complementarity of the poly-
anions with the metal ions present on the nanoparticle surface
leads to a lower increase in binding strength.'* This high
affinity constant led to the selective detection of these phos-
phates by using these metal AuNPs,"*'° and their extraction
from complex mixtures.'””'® It has been estimated that DNA
binds to such nanoparticles at concentrations well below the
nanomolar range.” The very high affinity takes advantage of the
polyvalent nature of both the nanoparticle surface and the
target molecule leading to a Velcro-like interaction. By exploit-
ing coordination, hydrophobic and nucleobase interactions, the
fluorescent probe 2'-deoxy-3'-O-(N'-methylanthraniloyl)adeno-
sine-5-O-triphosphate (dATPyant, Fig. 1) shows the strongest
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binding to these AuNPs with a dissociation constant of ca. 3.2 x
107" M (entry 8 of Table 1)."°

Following the above experimental evidence, it occurred to
us that these AuNPs, by exploiting their multivalency and
taking advantage of such concurrent interactions, could
strongly bind to relevant biological targets. The example we
will consider here is the hydrophobic polyanionic molecule
1-stearoyl-2-arachidonyl-sn-glycero-3-phospho-(1'-myo-inositol-
3',4',5"-triphosphate) (PIP3, Fig. 1). PIP3 is characterized by a
polyanionic headgroup (formal charge —7, but more likely
—4/—5 under the operating conditions®®); and two lipophilic
fatty acid chains connected to it. It belongs to a low-abundant
class of cell membrane phospholipids (phosphoinositides,
PIs).”" Although they constitute less than 0.05% of the total
cellular phospholipids, they are key regulators of several funda-
mental cellular processes.”” Alteration of PI metabolism is
often involved in pathological states,”® thus making PIs valu-
able targets for diagnostic and therapeutic applications. For
the monolayer, we used that provided by gold nanoparticles
AuNP 1-Zn" (Fig. 1), with a diameter of 1.5 + 0.3 nm (Fig. S17).
We used small nanoparticles to maximize the [ligand]/[Au]
ratio and to compare our data with previous ones available
from the literature.

The strength of the interaction with PIP3 was studied by
means of a competition experiment monitoring the fluo-
rescence change (dex = 355 nm, Ao, = 428 nm) of the probe
dATPyant (See above). The experiment relies on probe displa-
cement from the nanoparticle monolayer where the fluo-
rescence is quenched, resulting in an increase in fluorescence
intensity (ESI, Fig. S2f). The high affinity of dATPyanr for
these AuNPs represents a quite challenging benchmark for
PIP3.

We operated at the surface saturation concentration (SSC)
of dATPyant to ensure that any binding event of PIP3 to the
monolayer would result in the release of the fluorophore. The
SSC of dATPyanr for AuNP 1-Zn" was determined to be 3.3 +
0.1 pM under the experimental conditions we used (ESI,
Fig. S2 and 3t). Together with PIP3, we also screened p-myo-
inositol-1,4,5-triphosphate (IP3) with a similar anionic moiety
(the charge is expected to be —4 under the operating con-
ditions®),; but devoid of the lipophilic tails. It is involved in
signal transduction pathways for the intracellular release of
calcium ions.”* Fig. 2a shows the increase of florescence when
we added PIP3 and IP3 (up to 10 pM) to a buffered solution
(HEPES, pH 7.0, 10 mM) containing a mixture of AuNP 1-Zn"
(10 pM in the metal complex) and probe dATPyanr (3.3 UM,
100% SSC). We set the temperature at 37 °C to replicate the
physiological conditions. Fluorescence experiments with the
probe 1,6-diphenylhexa-1,3,5-triene (DPH) allowed us to assess
that the critical aggregation concentration (CAC) of PIP3,
which is an amphiphile, is ca. 10.5 uM under the experimental
conditions (Fig. S4 of the ESIt). Accordingly, significant PIP3
aggregation is observed only at [PIP3] > 10.5 uM, and at 10 pM
(the maximum PIP3 concentration used in our experiments), it
is still mostly a monomeric, non-aggregated molecule. The
response of the probe conjugated AuNPs to the two PIs was

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Displacement of the fluorescent probe dATPyant (3.3 pM) at

37 °C in pH 7.0 HEPES buffer (10 mM) from the surface of AuNP 1.Zn"
(10 pM, in the metal complex) as a function of the concentration of PIP3
(red squares) and IP3 (blue squares). (b) The same experiment but using
only PIP3 and simulated lung fluids (SLF1, blue; SLF3, orange; SLF4,
black). [dATPmanT] = 1.0 pM; all other conditions are identical. Error bars
are derived from at least three independent experiments and are visible
only for points at the highest concentrations as the others are within the
size of the symbols.

quite different (Fig. 2a, and Fig. S5 of the ESI{). While IP3 (at
the maximum concentration studied, 10 pM) was unable to
displace more than 5% of probe dATPyanT, PIP3 gave a well-
behaved binding isotherm with total displacement of
dATPyant from the nanoparticle surface.

The ICs, of PIP3 with the nanoparticle surface determined
in the competition experiment was 3.0 pM.

Since the estimated dissociation constant of dATPyant for
AuNP 1-Zn" was 3.2 x 107'" M (entry 8 of Table 1), the dis-
sociation constant calculated for PIP3 was 2.9 x 107 M, a
rather impressive value. This confirmed our initial hypothesis
that the hydrophobic tails of PIP3 play a very important role in
its interaction with AuNP 1-Zn" even in the absence of the
nucleobase (which is present in dATPyanr).

With the aim of differentiating the contribution to the
binding of the PIs derived from the interaction with the metal
complexes on the surface and the hydrophobic one within the
monolayer, we determined the zeta potential of the nano-
particles before and after the addition of PIP3 and IP3 (Fig. 3).
These experiments were performed in the absence of the flor-
escence probe, thus only PIP3 or IP3 interacted with AuNP
1-Zn". The zeta potential determines the charge present at the
interface between the nanoparticle surface (actually its slip-
ping plane) and the solvent.”>?® Native AuNP 1-Zn" (10 pM in
10 mM pH 7.0 HEPES buffer) gave a positive zeta potential
(+35.0 £ 0.9 mV) in line with the highly positive charge of the
nanoparticle surface to which the counterions (NO;~, buffer)
are weakly bound. Addition of IP3 or PIP3 (10 uM) brought
down the zeta potential to —13.9 + 0.7 and —51.7 + 0.6 mV,

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Zeta potentials obtained for AUNP 1-Zn" (10 uM in 10 mM pH 7.0
HEPES buffer) without and with the addition of IP3 or PIP3 (10 uM).
Errors are derived from triplicate experiments.

respectively. The slightly negative value observed with IP3 indi-
cates that it interacts with the surface more tightly than the
nitrate counterions, likely taking advantage of the multivalent
interactions between the phosphate groups and the metal
ions. The highly negative zeta potential obtained after the
addition of PIP3 indicates that far more molecules are tightly
bound to the nanoparticles than in the case of simple coordi-
nation to the metal complexes (like in the case of IP3). This
“excess” of bound molecules is the result of the additional
hydrophobic interactions that contribute to the tight binding
of PIP3 to the passivating monolayer. Notably, the binding of
PIP3 to the nanoparticles also induces an increase of their size
(Fig. S17).

The solvent we used was rather user friendly compared to
more demanding environments, like those found in biological
samples. We thus focused our attention to the standard, simu-
lated lung fluids (SLFs).>” SLFs are commonly used to mimic
the bronchoalveolar lavage fluid, which is the biological matrix
in which PIP3 is typically quantified. Specifically, the compo-
sition of SLFs we used (Table S1t) resembles the artificial lyso-
somal fluids. They differ in pH, ionic strength, and the pres-
ence of additional lipids to mimic different regions of the
lungs. We calculated again the SSC of probe dATPyanr for
AuNP 1-Zn". The SSC values were lower than those calculated
in pure buffer (0.9 + 0.1 pM, 1.1 + 0.2 pM and 1.0 + 0.1 puM,
respectively, for SLF1, SLF3 and SLF4, Fig. S6 and 77).
Competition experiments could be performed at a lower probe
dATPyant concentration (1 pM for all SLFs) and the profile
shown in Fig. 2b was obtained. The results indicate that the
interaction of PIP3 with AuNP 1-Zn" is still very strong in SLF1,
but decreases in SLF3 and SLF4 (only 18% of dATPyjznt Was
replaced with 10 pM PIP3). Likely the higher ionic strength
(SLF3 and SLF4) and the presence of additional lipids (SLF4)
affect the binding.

An indication of the possibility to remove PIP3 quantitat-
ively from solution by using AuNP 1-Zn" was provided by the
3IP.NMR experiments shown in Fig. 4. A solution of AuNP
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Fig. 4 3P NMR spectra (10% D,0, 202 MHz, 300 K) of a buffered solu-
tion of PIP3 (0.5 mM, top) before and after co-precipitation with AUNP
1.Zn" (0.5 mM, in the metal complex, bottom). Experimental conditions:
[NasP3010] = 5 mM (external standard, ST), [HEPES, pH 7.0] = 10 mM.

1-Zn" (0.5 mM in the metal complex) and PIP3 (0.5 mM) in
buffer (HEPES, pH 7.0, 10 mM) was let to equilibrate.
Afterwards, the precipitation of the nanoparticles was induced
by adding diethyl ether (28%).§ Removal of the precipitate by
centrifugation and analysis of the solvent revealed complete
disappearance of the resonances corresponding to PIP3,
showing that, within the sensibility of *"P-NMR, AuNP 1.Zn"
completely removed PIP3 from the solution.*® This could
suggest a possible application of AUNP 1-Zn" in the quantitat-
ive extraction of PIP3 from biological fluids.*’

In conclusion, we have shown that small gold nanoparticles
passivated with hydrophobic thiols terminated with a Zn"
complex interact very strongly with the relevant cell membrane
phospholipid PIP3. The calculated dissociation constant is ca.
29 pM. Table 1 very clearly shows how the dissociation constant
of a substrate from the monolayer of nanoparticles such as
AuUNP 1-Zn" (or very similar ones) decreases progressively from
mM (DMP, entry 1) to pM (PIP3, entry 9). Thus, if we consider
as our reference the monoanionic, poorly lipophilic substrate
DMP that cannot exploit multivalency, we observe that the
affinity constant for PIP3 increases ca. by 8 orders of magnitude.
For this phospholipid, the gain was derived from the interaction
of the phosphates with the Zn" ions (ca. by 4/5 orders of magni-
tude, at least 4 charges) and the hydrophobic binding to the
hydrocarbon portion of the passivating monolayer (more than 3
orders of magnitude). This is only possible because of the mul-
tivalency of the two interacting species (Fig. 5).

The potential application of cationic nanoparticles for the
selective extraction of PIP3 from biological samples is evident.
PIP3 is a crucial biomarker in lung inflammatory diseases and
cancer, making its reliable quantification a basic requisite for
early diagnosis. The available protocols® still remain challenging
and rely on classical extraction of PI from a cell lysate, followed by
radiolabeling or analysis by HPLC-MS. The use of AuNP 1-Zn" (or
similar nanoparticles) could constitute an appealing, relatively
simple approach.
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Fig. 5 Pictorial representation of the incremental contribution to the
binding of a multivalent substrate to the multivalent Zn"-functionalized
monolayer of AuNPs. These incremental gains are largely derived from
the entropic advantage resulting from the binding of two multivalent
species.
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