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Abstract: Gold nanoparticles capped
with simple adenosine derivatives can
form colloidal aggregates in nonpolar
solvents. Theoretical calculations indi-
cate the formation of organic channels
by the supramolecular assembly of the
nanoparticles by means of hydrogen

others showed high selectivity toward
MeOH. DNA nucleoside derivatives
(1-(2-deoxy-p-p-ribofuranosyl)-5-meth-
yluracil and 2',3’-O-isopropylideneade-
nosine) as well as thymine and other
aromatic compounds such as pyrene
derivatives (pyrene, 1-chloropyrene, 1-

hydroxypyrene, (1-pyrenyl)methanol,
and 2-hydroxynapthalene) did not
induce disassembly of the nanoparticle
aggregates. Data suggest that the nu-
cleoside channels allow access to alco-
hols according to their size, and an effi-
cient interaction between the alcohol

bonds between the adenine moieties.
The aggregates were only negligibly
sensitive to nPrOH, i(PrOH, and
tBuOH, whereas some showed a similar
response to MeOH and EtOH, and

sides

Introduction

Spherical nanoparticles (NPs) can be used as a platform for
the incorporation of a considerable number of specific func-
tionalities on their periphery owing to their high surface-to-
volume ratio, thus making it possible to have a high local
concentration of a functional group in an otherwise very di-
luted solution. In particular, gold nanoparticles (AuNPs) are
of great interest owing to their unique electronic and chemi-
cal properties, which are size-dependent.'! Nanometer-
sized gold particles exhibit intense colors owing to light ab-
sorption in the visible region; as a consequence, nanoparti-
cles at nanomolar concentrations can be clearly observed by
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and the adenine units destabilizes the
hydrogen bonds, which eventually
leads to nanoparticle disassembly.

the naked eye. In addition, they exhibit strong distance-de-
pendent optical properties.

The assembly of specifically derivatized AuNPs leads to
a redshift and widening in the extinction band, and thus
blue colloidal solutions are obtained. Most of these systems
use large biomelecules, such as oligonucleotides, DNA, and
proteins at the NP periphery.*” Interactions that occur at
this periphery are responsible for the formation of stable ag-
gregates, and some small molecules might help in the aggre-
gation process. In the latter case, the strategy results in
a practical tool for the development of colorimetric sensing
of the molecule. Alternatively, aggregated NPs can be disas-
sembled by metal ions or other analytes, and the color of
the colloid gradually changes from blue to red. Therefore,
aggregated NPs can also be used in colorimetric sensing.["1%
Sensors based on metal NPs capped with small ligands are
less common and they use analyte-induced NP aggregation
as their sensing strategy.'™'!

We report here that experimental results together with
theoretical calculations suggest that hydrogen bonding be-
tween adenine (AD) units around the periphery of AuNPs
can lead to AuNP assembly and, consequently, the forma-
tion of organic channels between the aggregated AuNPs.
These aggregates can exhibit size-selective inclusion of light
alcohols, which cause unzipping of the nucleosides channels
and, eventually, lead to AuNP disassembly.

Results and Discussion
Assembly of AuNPs capped with adenine moieties in low-

polar solvents: First, we prepared oleylamine-stabilized
AuNPs (Au@OA)!'! with an average core diameter of
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(9.51+£2.97) nm. These NPs gave rise to burgundy solutions
in chloroform, and their UV-visible absorption spectrum ex-
hibited the typical plasmon band at 1., =525 nm (see Fig-
ure S1 in the Supporting Information). Then they were used
as precursors of different types of AuNPs (Au@H,N-AD;,
Au@S-AD,;, and Au@S-AD,; see Figure 1A) capped with
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Figure 1. A) AuNPs capped with AD derivatives, B) comparison between
the UV/Vis absorption spectra of the NPs in‘chloroform, and C) UV/Vis
absorption spectra of Au@H,N-AD1 in different solvents. D) Theoretical
assembly by hydrogen bonds between two NPs. The distance between the
AuNP surface and the adenosine residues is not drawn to scale. The dis-
played hydrogen-bond length is in A.

AD derivatives with different types of anchoring groups
(NH,, S), as well as different chain lengths that connected
the anchoring group to the sugar unit (CH,,
(CH,),,CONH); see.details in the Experimental Section and
Figures S2-S5'in the Supporting Information. The exchange
of oleylamine ligands by H,N-AD,!"" was carried out by stir-
ring the NPs dissolved in chloroform in the presence of the
amine." The redshift in the plasmon peak accompanied by
a considerable broadening of the spectrum evidenced the
decrease in the interparticle distance and suggested hydro-
gen-bond interactions between the adenine moieties located
around the periphery of different NPs (Figure 1B).

The aggregates, which are typically blue, proved stable in
chloroform. The assembly of Au@H,N-AD, was also ana-
lyzed in other low-polar solvents, such as dichloromethane,
tetrachloromethane, toluene, and diethyl ether. UV-visible
spectra evidenced that the aggregation degree was depen-
dent on the nature of the solvent (Figure 1C).
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It has previously been reported that 9-substituted AD de-
rivatives self-associate in chloroform through the amino
group and the hydrogen-bond-accepting nitrogen atoms of
the aromatic rings."”! Therefore, the assembly of the NP in
low-polarity solvents confirms that the AD moieties were
around the NP periphery. Similarly, HS-AD, and HS-AD,
led to aggregates. Figure 1B compares the UV-visible ab-
sorption spectra of Au@H,N-AD,, Au@S-AD,, and Au@S-
AD, aggregates in chloroform.

The effect of the ligand features on the aggregation of the
AD-capped NPs was estimated approximately by using
a flocculation parameter, which is defined as the ratio be-
tween the integrated absorbance of the aggregate between
600 and 800 nm and that between 500.and 600 nm. This
value increases with the degree of NP assembly, which is in
agreement with the presence of transversal and longitudinal
surface plasmons that appear upon aggregation.”” In chloro-
form, the values were 1.8, 1.7, and 1.0 for Au@S-AD,,
Au@S-AD,, and Au@H,N-AD,, respectively (i.e., a better
anchoring group apparently facilitated the formation of NP
aggregates).

Theoretical calculations were performed to gain insight
into the structure of the aggregates. The large size (9.5 nm
diameter) of the nanoparticles produces a small curvature of
the Au surface layer; therefore, we. assumed that their sur-
face was nearly flat and used the model of Au(111),*! in
which the Au atoms are distributed in the form of hexagonal
cells with the maximum capping. The distance between the
Au atoms is 2.884 A (see Figure S6A in the Supporting In-
formation). Previous studies indicate that linear thiols are
attached to the six gold atoms at the vertices of a hexagonal
arrangement on the Au surface (see blue hexagon in Fig-
ure S6A in the Supporting Information). However, the large
size of S-AD, prevented this hexagonal arrangement and
made other hexagonal geometries plausible (see hexagon in
black and red in Figure S6A in the Supporting Information).
Therefore, S-AD; was minimized (see 1 in Figure S6C in the
Supporting Information) and roughly coupled to the gold
surface (see Figure S6D in the Supporting Information and
calculation details in the Experimental Section). The hexag-
onal arrangement that comprises eighteen Au atoms (hexa-
gon marked in red in Figure S6A in the Supporting Informa-
tion) permits the maximum packing of this ligand while
avoiding the collapse of the van der Waals spheres between
neighboring molecules (see Figure 2A).

The size of the cluster in Figure 2A made the calculation
of the geometry of the organic ligands on the AuNP surface
difficult at a high level of theory (B3LYP/6-31G**). There-
fore, to analyze it more accurately, we simplified the model
by taking into account that 1) the sugar fragment and the
Au core would not be involved in the interactions around
the nanoparticle periphery, and 2) the AD moieties would
be responsible for the interparticle interaction and would
exhibit more mobility than the other ligand moieties. Conse-
quently, the simplified model comprised the AD moiety plus
the atoms directly attached to it (i.e., Cl’, C2', and O—C1’;
Figure S7 in the Supporting Information). Then we fixed the

Chem. Eur. J. 0000, 00, 0-0
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Figure 2. Three-dimensional view (van der Waals spheres) of A) the S-
AD, moieties assembled on the Au(111) surface and B) the minimized
cluster CL.

positions of C1l’, C2', and O—C1’' and that of their corre-
sponding hydrogen atoms, as well as the distances between
the N-9 adenine fragments. This made free rotation of the
AD units possible and prevented the organic moieties from
coming or separating (i.e., it simulated the anchoring of the
organic units to the Au surface as well as the lateral com-
pression exerted by the other organic moiety units, which
are not depicted in the cluster). Remarkably, this brought
about an almost perfect alignment of the AD units (cluster
CL in Figure 2B); a weak hydrogen bond, specifically
N3..HN—C6, between the AD units might play a role in
such alignment (see Figure S8 in the Supporting Informa-
tion).

The next step was to establish the cause of the NP aggre-
gation. At this point, it was quite clear that the main reason
for this assembly was the formation of hydrogen bonding
between AD moieties of different nanoparticles. Such inter-
action would be strongly stabilized through an N1--HN—C6
hydrogen bond between the ADs (see Figure 1D). Interest-
ingly, the alignment of the AD units of each nanoparticle in-
duced an antiparallel arrangement between the nanoparti-
cles and created a series of channels between the bonded
AD units. We presumed thatthis could permit the move-
ment of molecules of the right size within the capping of the
aggregated nanoparticles. In addition, it seemed reasonable
to think that disassembly of the NP aggregates could be in-
duced through destabilization of the interparticle hydrogen
bonds by increasing the alcohol concentration.

Disassembly of AuNPs capped with adenine moieties: Re-
markably, the addition of increasing amounts of MeOH (ali-
quots of 10.uL) to. the AD-capped NPs in CHCIl; (1 mL)
caused different states of ‘disassembly of the NPs, as evi-
denced by the blueshift of the absorption up to approxi-
mately 520 nm with a concomitant narrowing of the spec-
trum (see Figure 3). Interestingly, the color changes oc-
curred rapidly and, therefore, each UV-visible spectrum was
registered at approximately 1 min after the addition of each
MeOH aliquot. This process can be attributed to specific in-
teractions between the AD moieties and MeOH, thereby
creating repulsive forces between the NPs.

A reliable method to analyze the capacity of an analyte to
induce the disassembly is by monitoring the ratio between

Chem. Eur. J. 2013, 00, 0-0
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Figure 3. A) UV/Vis absorption spectra of Au@S-AD, aggregates in
chloroform in the absence and in the presence of MeOH; the arrows in-
dicate the absorbance trend with increasing [MeOH]. B) Plots of the
Aq00/Asy 1atio versus [MeOH] for Au@S-AD, aggregates.

the absorbance at 700 nm and that of the NP plasmon peak
maximum (=520 nm); a low ratio is associated with dis-
persed red NPs, and a high ratio is associated with blue ag-
gregates. Ratiometric sensors are suitable for practical appli-
cations since they are less vulnerable to fluctuations of mon-
itoring conditions. In our study, the sensitivity of the aggre-
gates to methanol depended on the type of NP; Figure 3B
shows the A,y /A5y, ratio dependence on MeOH concentra-
tion (up to 200 pL, 4 m).

In addition, EtOH was also checked as a disassembling
agent. Interestingly, Au@S-AD, and Au@H,N-AD, aggre-
gates showed a similar response to MeOH and EtOH, but
Au@S-AD, aggregates proved to be highly selective to
MeOH. Figure 4A,C, E show the effect of adding increasing
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Figure 4. UV/Vis absorption spectra of A) Au@H,N-AD,, C) Au@S-AD,,
and E) Au@S-AD, aggregates in the absence and in the presence of in-
creasing amounts of ethanol; and B,D,F) comparison between the plots
of Aqy/Asy versus [alcohol] for methanol (@) and ethanol (A). The
arrows in the absorption spectra indicate the absorbance trend with in-
creasing alcohol concentrations.
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ethanol concentrations to the different NPs. Figure 4B,D,F
compare the A,y /Asy ratio dependence on MeOH with that
on EtOH concentration. The slope of the curve and the
total change of the absorbance depended on the type of NP.

The minimum detectable limit of MeOH was lower than
30uL (in 1 mL CHCl;) for Au@S-AD,, and lower than
20 uL. for the other NPs. Even though the detection limit
was higher for Au@S-AD,, owing to the presence of a lag in
their response, these NPs showed the most abrupt and con-
siderable total change in the A;y/Asy ratio; this is probably
related to the length of the NP ligand. The sigmoidal de-
pendence of the absorbance response on [MeOH] suggests
a cooperative effect between the MeOH molecules and the
AD units for unzipping the nucleoside channels, which final-
ly leads to disassembly of the AuNPs (see below).

Other light alcohols, such as nPrOH, iPrOH, and rBuOH,
were checked as disassembling agents. Interestingly, all the
aggregates were negligibly sensitive to nPrOH, iPrOH, and
tBuOH (Figure 5).
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Figure 5. Comparison between the plots of A,y /Asy versus [alcohol] for
A) Au@S-AD, and B) Au@S-AD, aggregates in CHCl; using different al-
cohols: methanol (e), ethanol (V), isopropanol (o), and tert-buthanol

(V).

The image in Figure 6 shows the color changes after addi-
tion of the different alcohols to an Au@S-AD, aggregate
and it evidences that 1) blue became fainter upon addition
of increasing amounts of iPrOH and BuOH (also nPrOH,
not shown) due to the dilution effect; 2) the blue-to-red
change was caused after addition of approximately 10 pL of
EtOH, but needed approximately 20 pL in the case of
MeOH; and 3) MeOH was more effective for the NP disas-
sembly.!l Therefore, the sensing capacity of the NP aggre-

ouL 10uL | 20pL i 30pL i 40pL | 50pL

tert-Butanol £

Isopropanol

Ethanol

Methanol

Figure 6. Images showing the effect of the addition of increasing volumes
of light alcohols to solutions of Au@S-AD, in CHCl,.
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gates can alternatively be analyzed by measuring the ab-
sorbance at a specific wavelength. The selectivity of the
AuNP aggregates to MeOH relative to the other alcohols
was much greater than that shown by the majority of other
MeOH sensors. "]

Comparison of the high-resolution transmission microsco-
py (HRTEM) images of the Au@S-AD, NPs in chloroform
(1 mL) in the absence of MeOH and those in the presence
of MeOH (100 uL) showed that the alcohol led to disassem-
bly of the AD-capped AuNPs and that nanoparticle core
fusion did not occur during their aggregation in chloroform
(Figure 7). Moreover, the images-of the nanoparticles before
and after addition of 30, 40, 60, 80, and 100 uL. of methanol
were in accordance with the sigmoidal dependence of the
Aq/Asy ratio of the colloidal solution on the MeOH con-
centration. Thus, a slight effect on the aggregation degree of
the nanoparticles when adding methanol concentrations up
to approximately 0.75M was followed by a considerable dis-
assembly in a short range of concentrations (from approxi-
mately 0.75 to 1m).

The dynamic light scattering (DLS) spectra of solutions of
Au@S-AD, NPs in chloroform (1 mL), registered before
and after adding up to 60 uL of methanol (i.e., up to ap-
proximately 1.47M of methanol), were also in accordance
with the sigmoidal dependence of the aggregation degree of
the nanoparticles in chloroform on-the methanol concentra-
tion (Figure 8).

Moreover, control assays with different-sized molecules,
which might or might not possess the capacity to be in-
volved in hydrogen bonding with AD units, were tested for
NP disassembly. We found that neither the DNA nucleoside
derivative 2',3’-Q-isopropylideneadenosine nor even 1-(2-
deoxy-f3-p-ribofuranosyl)-5-methyluracil, which presents the
complementary base of AD, and thymine induced disassem-
bly of the NP aggregates. Similarly, other aromatic com-
pounds such :as pyrene, 1-chloropyrene, 1-hydroxypyrene,
(1-pyrenyl)methanol, and 2-hydroxynapthalene did not
cause disassembly.

We suggest the following mechanism for nanoparticle dis-
assembly. Within the channel, the alcohol can only interact
with the N7 position of the AD units, since the N1 position
is blocked (see Figure 9) and the anchoring of the alcohol to
N7 produces a weakening in the inter-nanoparticle hydrogen
bonds and eventually induces the disassembly. In addition,
as the size of the alcohol increases, the transit would be im-
peded and only small alcohols (MeOH, EtOH) would flow
relatively easily through the channels. At this point, the al-
cohol would interact competitively with the N7 and N1 posi-
tions (Figure 9), thus avoiding the aggregation of the nano-
particles. In fact, we have estimated that the interaction of
methanol with N1 is favored by only 0.3 kcal. In addition, as
the size of the alcohol increases, the transit would be imped-
ed, and only small alcohols (MeOH, EtOH) would flow rel-
atively easily through the channels.

To support this hypothesis, we started by studying the hy-
drogen-bond interaction of the central AD unit of CL with
a molecule of alcohol (MeOH, EtOH, iPrOH, and

Chem. Eur. J. 0000, 00, 0-0
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Figure 7. HRTEM images (scale bar of 100 and 2 nm) of Au@S-AD, in CHCl; in the presence of increasing amounts of CH;OH (0, 30, 40, 60, 80, and

100 pL; molar concentrations at the top left-hand side of each image).
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Figure 8. DLS spectra of Au@S-AD, in chloroform (1 mL) compared
with those obtained after addition of increasing concentrations of metha-
nol. A) Intensity versus size and B) number versus size; the methanol
concentration is indicated next to each curve.

tBuOH)™! through the N7 position as well as the transit of
the alcohol through the organic channels (for CL-alcohol-
a and CL-alcohol-t, respectively, see Figure 10A,B; Fig-
ure S9 in the Supporting Information for MeOH; and Figur-
es S10-S12 in the Supporting Information for the other alco-
hols). Table 1 shows. that-CL-alcohol-a complexes were fa-
vorable from the point of view of energy (AE between —9.5
and —13.5 kcalmol ). However, in terms of the interaction
within the channels, CL-alcohol-t was slightly favorable for
MeOH and EtOH, a little unfavorable for iPrOH, and
highly unfavorable for BuOH (= —1.7 kcalmol ! for MeOH
and EtOH, + 1.0 kcalmol™ for iPrOH, and +36.3 kcalmol™!
for rBuOH).

In addition, since the estimations started from two sepa-
rate molecular units (CL and alcohol) to yield a single mo-

Chem. Eur. J. 2013, 00, 0-0
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Figure 9. Pictorial representation of the cooperative action between
methanol molecules and adenine units for unzipping the nucleoside chan-
nels in the NP aggregates in chloroform.

lecular complex (CL-alcohol), entropic and thermal varia-
tions should also have an important contribution, together
with the energy variations (AE), to the Gibbs free energy
(AG). Calculation of the entropic and thermal variations re-
quires a large amount of computation time and in some
cases is not feasible owing to the large size of the molecules.
Therefore, several simplifications were made in the determi-
nation of the thermal and relative thermal corrections to
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Table 1. B3LYP/6-31G** total (E [au]) and relative energies (AE [kcal
mol~']), relative thermal correction to Gibbs free energy (ATC-G [kcal
mol']), and relative free energies (AG [kcalmol']) of the molecular

complexes between cluster CL and MeOH, EtOH, iPrOH, or tBuOH.

E AEE ATC-G AGH
CL —4348.228333 - - -
MeOH —115.723963 - - -
EtOH —155.046200 - - -
iPrOH —194.368581 - - -
BuOH —233.689169 - - -
CL-meoh-t —4463.954861 -16 11.4 9.8
CL-meoh-a —4463.973735 —13.5 13.2 -03
CL-etoh-t —4503.277408 -18 11.7 9.9
CL-etoh-a —4503.296041 —13.5 13.9 0.4
CL-isopropoh-t —4542.595399 1.0 11.5 12.4
CL-isopropoh-a —4542.616402 -122 13.5 1.3
CL-t-buoh-t —4581.859646 36.3 15.9 522
CL-t-buoh-a —4581.932564 -95 13.7 42

[a] Relative to CL+MeOH, CL+EtOH, CL+iPrOH, or CL+¢BuOH.
[b] From Table S1 in the Supporting Information. [c] AG=AE+ATC-G.

=
gt
4 ¢

Figure 10. Three-dimensional view (van der Waals spheres) of molecular
complexes between cluster CL and MeOH: A) CL-meoh-t and B) CL-
meoh-a.

Gibbs free energy (TC-G and ATC-G, respectively). In this
case, AD plus the atoms directly attached to it (i.e., C1’,
C2', and O—CY1’) and its interaction with the corresponding
alcohol were considered (see Figures S13-S16, Table S1, and
further details in the Supporting Information). Thedata
thus obtained were used in Table 1 to determine AG. Please
note that the formation of CL-meoh-a is the only exergonic
(—0.3 kcalmol !). process, whereas the formation of CL-
etoh-a is slightly endergonic (4 0.4 kcalmol™') and is even
less favorable in the case of iPrOH and rBuOH.

These data suggest that the two smallest alcohols can flow
relatively easily through the channels (AG=9.8 and 9.9 kcal
mol™, respectively), but the transit is impeded for iPrOH
and even prevented for fBuOH (AG=12.4 and 52.2 kcal
mol !, respectively). In addition, in the case of MeOH and
EtOH, there will be a considerable number of alcohol mole-
cules interacting with the N7 atom of the AD units, since
the formation of the hydrogen bond to the N7 position is fa-
vorable (CL-meoh-a; —0.3 kcalmol ™) or just slightly unfav-
orable (CL-etoh-a; +0.4 kcalmol™"). By contrast, not only
the transit of the alcohol through the organic channels is
more difficult in the case of ;PrOH and /BuOH but also

6 ——— www.chemeurj.org
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their interaction with the AD units is endergonic (+1.3 and
+4.2 kcalmol™ for CL-isopropoh-a and CL-t-buoh-a, re-
spectively).

The anchoring of MeOH and even EtOH to the adenine
N7 position should produce a weakening in the inter-nano-
particle hydrogen bonds, and, consequently, a certain
number of molecules within the channel eventually trigger
the NP disassembly. In fact, calculations suggest that such
weakening occurs for two main reasons, one geometric and
the other energetic. The geometric weakening is due to the
interruption of the alignment between the AD units by in-
troducing alcohol molecules. Thus, when the alcohol inter-
acts with the N7 position of the AD in the center of CL, the
AD undergoes a misalignment between 7 and 13° (see CL-
alcohol-a in Figures S9-S12 of the Supporting Information).
This effect decreases the bond strength of the hydrogen
bond between the ADs (the energy variation can be quite
considerable but it was not quantified). The decrease in the
strength of the inter-nanoparticle bond related to energetic
reasons was quantified for MeOH by using the models in
Figure S20 of the Supporting Information, and we found
that it is approximately 1 kcalmol™ (see details in the Sup-
porting Information).

Finally, we also carried out a preliminary study of the
changes in the aggregate optical activity after addition of in-
creasing amounts of methanol, keeping the methanol con-
centration well below that producing a visual change in the
sample. The sign progressively reversed from negative to
positive (data not shown). This indicates that in the case of
chiral macromeolecules, such studies would be relevant in
these types of aggregates.

Conclusion

Base pairs are the building blocks of the DNA double helix
and contribute to the folded structure of both DNA and
RNA; hydrogen bonding is the chemical interaction that un-
derlies the base-pairing rules. Interestingly, we have shown
here that the interaction between AD units around the
AuNP periphery can lead to highly stable aggregates in low-
polar solvents, the stability of which is not broken in the
presence of the AD complementary base, nor just by any al-
cohol, but by those that can penetrate the assembled struc-
ture (in particular, methanol and ethanol), thus weakening
the inter-nanoparticle hydrogen bonds and eventually induc-
ing the unzipping of the nucleoside channels. Consequently,
these aggregates can be applied in the size-selective colori-
metric sensing of light alcohols. Moreover, these results sug-
gest strategies for designing porous aggregates of variable
size and also of different natures, thus expanding the applic-
ability of these systems.
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Experimental Section

General: Unless otherwise specified, materials were purchased from
commercial suppliers and used without further purification. Solvents
were distilled prior to use. Column chromatography was carried out with
silica gel Sigy, mesh size 0.040-0.063 mm (Merck, Darmstadt, Germany).
Melting points were determined using a Sanyo-Gallencamp capillary ap-
paratus and are uncorrected. 'H and *C NMR spectra were recorded at
300 and 75 MHz, respectively, using a Bruker Avance DRX 300 MHz
spectrometer and with deuterated chloroform (CDCl;) as solvent. "H and
BC NMR spectroscopic chemical shifts are reported in ppm and are ref-
erenced to CDCI; signals (0=7.2 and 77.2 ppm, respectively). The cou-
pling constants J are given in Hz. The one-bond multiplicity of carbon
atoms was determined by distortionless enhancement by polarization
transfer (DEPT) experiments. High-resolution mass spectral data were
obtained using a VG Autospec, TRIO 1000 (Fisons) instrument. High-
resolution mass spectral data were obtained using a VG Autospec, TRIO
1000 (Fisons) instrument. Electron impact (EI) at 70 eV was used in the
ionization mode in mass spectra. Centrifugation was carried out using an
Eppendorf Centrifuge 5804R. The absorption spectra were obtained
using an Agilent 8453 spectrophotometer (UV/Vis Software ChemSta-
tion). Measurements were performed at room temperature using 4 cm®
quartz cells. HRTEM was carried out by using a field-emission gun
(FEG) TECNAI G2 F20 microscope operated at 200 kV. For prepara-
tion, AuNP samples were deposited on carbon films 24 h prior to mea-
surement in each of the means of dispersion and dried in a vacuum. DLS
measurements were carried out using a Zetasizer Nano ZS instrument at
20°C; the measurement angle was 173° backscatter, with three measure-
ments per sample, and 13 runs per measurement. The diameter of the
nanoparticles was determined by ImageJ® in nanometers. Statistical
analysis was obtained by measuring the diameter value of 500 nanoparti-
cles. The structure of all the compounds was determined by analytical
and spectroscopic methods and by comparison with data of the com-
pounds reported in literature.

Synthesis of the adenine-capped AuNPs (Au@H,N-AD,;, Au@S-AD,,
Au@S-AD,): A general procedure was used for the synthesis of
Au@H,N-AD,;, Au@S-AD,, and Au@S-AD,. Gold nanoparticles capped
with oleylamine (Au@OA) were synthesized according to a reported pro-
cedure."! Then, Au@OA (0.8 mg) was added to.a solution of H,N-AD,
(0.03 mmol) or HS-AD; (0.03 mmol) or HS-AD, (0.02 mmol) in chloro-
form (2 mL), and the mixture was shaken for 24 h. The NPs were recov-
ered by centrifugation (8500 rpm) and washed several times with ace-
tone; then they were redispersed in chloroform.

Au@H,N-AD, was alternatively prepared as follows: A solution (1 mL)
of H,N-AD in water (10 mgmL~', 32.60 mm) was added to a solution
(1 mL) of Au@OA in chloroform (1 mgmL'). The mixture was stirred
for at least 1 h at room temperature. The organic-phase color changed
from red to blue, and then all the nanoparticles went into the aqueous
phase. Before stirring again, all the nanoparticles transferred back to the
organic phase, the color of which changed from colorless to blue. The
NPs were recovered by centrifugation (9000 rpm), washed twice with ace-
tone, and then they were redispersed in chloroform.

General procedure for the colorimetric sensing assays: The signaling of
the colorimetric sensor is based on_ the color change of a colloidal solu-
tion of the AuNPs; blue was associated with aggregated nanoparticles,
and red was associated with nonaggregated nanoparticles. An aliquot of
alcohol (10 pL each; up to a volume of 200 puL) was added to a solution
of the corresponding AuNPs (0.8 mg) dispersed in the low-polar solvent
(1 mL). The absorption spectrum of the sample was performed less than
1 min after each alcohol addition. In the case of the other analytes, they
were previously dissolved in the same solvent as the AuNPs before their
addition to the colloidal solution.

Computational methods: All calculations were carried out with the Gaus-
sian 09 suite of programs.’” DFT?" calculations were carried out using
the B3LYPP*3 exchange-correlation functionals together with the stan-
dard 6-31G** basis set.*!
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Compound 1 (Figure S6C in the Supporting Information; SH group of
HS-AD, substituted by an H atom) was minimized, the S atom was re-
stored, and roughly coupled to the gold surface (Figure S6D in the Sup-
porting Information). Thermal correction to the Gibbs free energy (TC-
G) and the relative thermal correction to the Gibbs free energy (ATC-G)
(see Figures S13-S16 and Table S1 in the Supporting Information) were
calculated with the standard statistical thermodynamics at 298.15 K.
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