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Metal nanoparticles (NPs) constitute an important class of
materials with promising chemical and optical properties that
may be employed in chemical synthesis," materials science,’
and diagnostic® or therapeutic medicine.* As a consequence,
the efficient and reliable synthesis of stable metal NPs of
desired size and shape is an essential key discipline in this
research area.” In this context, silver nanoparticles (AgNPs) are
attractive targets considering their potential antibacterial, anti-
biotic, and antiviral activity.® Among the many synthetic routes
to metal NPs® the photochemically induced reduction of Ag"
offers the particular advantage of spatial and temporal control
of this reaction.” Hence, it has been demonstrated that photo-
chemically generated a-amino- or a-hydroxyalkyl (ketyl) rad-
icals have the propensity to reduce Ag" to Ag’. The latter forms
AgNPs in the presence of an appropriate stabilizing additive.”
In addition, it has been shown that organic dyes such as bis-
styryl dyes,® cyanine dyes,” or thionine'® may also serve as
photosensitizers for the synthesis of AgNPs. Notably, DNA may
act as a photosensitizer and a stabilizing reagent at the same
time. Thus, AgNPs are formed upon direct irradiation of a
mixture of Ag" and DNA."" However, the latter approach
requires a rather unpractical excitation at 1., < 300 nm. Fur-
thermore, the covalent attachment of a Cy5 dye to DNA and
irradiation in the presence of Ag' at 647 nm was shown to
induce the formation of DNA-capped AgNPs."” But in the latter
case intense laser light was applied with irradiation times up
to 60 min.
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The combination of (i) the light-harvesting nature and excited-state redox reactivity of a cationic DNA
intercalator, (i) a conjugated Ag*-binding crown ether, and (iii) the stabilizing effect of DNA on AgNPs in
one integral ternary complex enables the mild photoinduced formation of Ag nanoparticles.

Herein we present our attempts to explore milder reaction
conditions for the photosensitized formation of AgNPs,
because UV light or highly intense laser light, as applied in the
above-mentioned methods, may lead to secondary photo-
reactions or photoinduced degradation of other components
in the reaction mixture. Thus, we proposed that high-energy
light may be avoided with a photosensitizer or photocatalyst
that exhibits an appropriately red-shifted absorption and that
may generate a reducing intermediate in the course of the
photoreaction, as shown in the photoinduced AgNP formation
in the presence of a Cy5 and DNA."” However, other than in
the latter experiment, an ideal set-up employs a photocatalyst
that binds to DNA and Ag" at the same time to establish and
guarantee a close proximity of all reactive components.

Considering these basic requirements we identified the
benzo[b]quinolizinium-crown ether conjugate 1a'® as a poten-
tial “mediator” of photoinduced formation of AgNPs. The
parent 9-aminobenzo[b]|quinolizinium and derivatives thereof
are DNA intercalators with a long-wavelength absorption
between 380 and 500 nm.'* In addition, the azadithiacrown
ether binds Ag" ions even in water with high affinity,"” and we
have demonstrated that the attachment of this crown ether to
the benzo[b]quinolizinium enables the delivery of Hg** ions to
double-stranded (ds) DNA.'® Based on the established photo-
physical properties of the benzo[b]quinolizinium ion,"” we
expected an initial photoinduced electron transfer reaction
between the excited, DNA-bound ligand 1a and the DNA
upon irradiation of the ternary complex of 1a, DNA and Ag" to
give an oxidized DNA base such as guanine, e.g. dG™", and
the reduced charge neutral quinolizinyl radical 1a™¢
(Scheme 1),"’¢ that represents formally an oa-aminoalkyl
radical. Because of the complexation to the crown-ether substi-
tuent the Ag" is in close proximity to 1°® and may be readily
reduced to Ag® (red arrow in Scheme 1)."® With a large ligand-
DNA ratio and high concentration of Ag* this photoreaction is
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Scheme 1 Photoinduced reduction of Ag* by DNA-bound benzo-
quinolizinium 1a.
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Fig. 1 (A) Spectrophotometric titration of AgClO4 to 1la in water,
¢y = 30 uM, cpg = 0-0.28 mM; T = 20 °C. (B) Spectrophotometric titra-
tion of ct DNA to 1 in HEPES (pH 7.5), c; = 40 pM, cpna = 0-0.25 mM,
T = 20 °C. Inset: Scatchard plot, r/c vs. r; r = ligand-to-DNA ratio, the line
indicates the best fit of the experimental data to the theoretical model.

proposed to lead to the formation of AgNPs that are in turn
directly stabilized by the nearby nucleic acid. A similar method
has been demonstrated with polymer nanocomposites that
contain Ag” and a photoreducing dye;® however, in the latter
case the redox cascade is different, because the excited dye
reduces the Ag" ions directly with subsequent electron transfer
from a sacrificial donor. Herein, we present the proof of prin-
ciple of the varied approach described above; and we demon-
strate that this method may be employed for the mild and
efficient synthesis of stable AgNPs with reproducible size.

The interactions of substrate 1a with Ag" or DNA were deter-
mined by spectrophotometric titration in aqueous solution
(Fig. 1A). Such as already observed for complexes with Hg*","?
the addition of Ag" to 1a led to a decrease of the absorbance
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and a slight blue shift (A2 = 4 nm) of the long-wavelength
maximum. The latter denotes the reduced electron-donating
properties of the amino substituent upon complexation of
Ag"."® Analysis of the photometric titration data revealed a
binding constant of K, = 1.0 x 10° M. The addition of calf
thymus (ct) DNA to 1a in aqueous buffer solution resulted in a
decrease of the absorbance and a red shifted long-wavelength
absorbance maximum (A4 = 9 nm), that is similar to the
results of resembling DNA-intercalating 9-aminobenzo-
[b]quinolizinium derivatives.’*” A Scatchard analysis of the
titration data gave a binding constant of K = 1.2 x 10° M~ " and
a binding site size n = 1.1 (Fig. 1B).

The association of DNA with 1a and Ag" was also examined
by circular dichroism (CD) spectroscopy (Fig. 2B). Thus, the
addition of the ligand 1a to ct DNA resulted in the formation
of bisignate induced circular dichroism (ICD) signal in the
absorption range of the ligand (300-500 nm), along with
increase of the CD band at ca. 275 nm, where both DNA and
the ligand absorb. This development of CD spectra is charac-
teristic of DNA-intercalating benzo[b]quinolizinium deriva-
tives."> As shown already for the interaction of Ag" with
double- and single stranded DNA,*® the addition of Ag® to ct
DNA resulted in a slightly increased absorption band with a
small red shift of the maximum. In contrast, the characteristic
CD signature of ds DNA with a maximum at 275 nm and a
minimum at 245 nm disappears. At the same time, a CD band
with a weak maximum at 295 nm and an intense negative
band with a minimum at 265 nm develops, indicating the
structural changes of the DNA upon Ag* complexation.”® In
the presence of Ag' and ligand 1a the CD bands of the DNA
resemble the ones of the DNA-Ag" complex, but they are less
intense. In addition, relatively strong ICD bands are formed in
the absorption range of the ligand. These data provide
sufficient evidence for the formation of a ternary complex
between DNA, Ag”, and the ligand 1a.

A mixture of the ligand 1a, of Ag' (2 molar equiv.), and
ct DNA was irradiated with A., = 420 nm, ie. an excitation
wavelength where only the ligand 1a absorbs. After 1 h of
irradiation, AgNPs were formed, as clearly indicated by the
development of the characteristic surface plasmon band (SPB)
centered at 401 nm. A similar result was obtained with circular
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Fig. 2 (A) Absorption spectra of 1a (grey), 1la-Ag* (c; = 50 pM, Cagcios = 0.1 mM) before (green) and after irradiation (cyan, Zex = 420 nm, t = 1 h),
and the ternary system 1a-Ag*-ct DNA (c1, = 50 pM, Cagcios = 0.1 mM, cpna = 120 pg ml™Y) before (blue) and after irradiation (red; dex = 420 nm, t =
1 h). (B) Circular dichroism spectra of ct DNA (black), ct DNA-1a (cyan; ¢; = 50 pM, cpna = 120 pg ml™3), ct DNA-Ag* (grey; cpna = 120 pg mi™,
Cagcloa = 0.1 mM), and the ternary system 1la-Ag*-ct DNA (c1, = 50 pM, cagcios = 0.1 mM, cpna = 120 pg ml~?) before (blue) and after irradiation (red;
dex = 420 nm, t = 1 h). (C) Absorption spectra of 1b (grey), 1b-Ag™ (green), and the ternary system 1b-Ag*-ct DNA (cip = 50 pM, Cagcios = 0.1 mM,
Cona = 120 pg ml™) before (blue) and after irradiation (red; 1o = 420 nm, t = 1 h).
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DNA, namely plasmid PBR322; however in the latter case an
additional shoulder was observed at ca. 490 nm along with the
main SPB at 401 nm (¢f. ESIT). The absorption spectrum did
not change, except for a slight decrease of the SPB absorbance,
with longer irradiation times (6.5 h). This decrease originates
from the disappearance of the residual ligand absorption in
the spectral region of 350-500 nm due to complete photo-
degradation of 1a upon prolonged irradiation. The DNA-stabil-
ized AgNPs are stable in aqueous solution, as indicated by the
maintenance of the SPB of the photolysate over several weeks
without change of the absorption maximum position and
intensity (c¢f. ESIf). Most notably, the CD spectrum of the
photolysate, i.e. after the completion of the AgNPs formation,
resembles the characteristic CD bands of a regular ds DNA.
This observation indicates consumption of the DNA-bound
Ag' ions during the reaction and resulting reorganization to
the regular double-helical DNA structure. Control experiments
were conducted to show that the formation of nanoparticles
actually originates from the ternary complex of DNA, Ag" ions
and 1a. For that purpose, the irradiation of the derivative 1b,*!
that does not contain the crown-ether unit, in the presence of
Ag" and DNA under identical conditions did not lead to the
formation of AgNPs according to photometric analysis of
the photolysate. Instead, the characteristic absorption band of
derivative 1b disappears, and a less intense broad band develo-
ped that may indicate a photodimerization of 1b.>* This result
shows that the crown-ether unit is essential for the photo-
induced formation of the AgNPs, presumably because it pro-
vides a close proximity between Ag" and the absorbing
chromophore required for the initiation of the reduction of
Ag" to Ag’. In another control experiment, irradiation of a solu-
tion of the quinolizinium-crown ether conjugate 1a and Ag"
ions in the absence of DNA resulted in the reduction of Ag" as
shown by the formation of a very broad absorption from 350 to
800 nm, that is typical for colloidal silver solutions with a wide
particle size/shape distribution.>® Apparently, the DNA is not
necessarily required to induce the reduction process. But in
the absence of the nucleic acid, the growing AgNPs are
not stabilized and, therefore, undergo fast aggregation and
precipitation.

The size and shape of the NPs were analyzed by SEM and
TEM imaging showing round-shaped particles with a diameter
of 11.8 + 3.7 nm and 11.8 + 3.6 nm (mean + standard devi-
ation, SD) for NPs synthesized on ct DNA and plasmid DNA
PBR322, respectively (Fig. 3 and ESIt). This observation indi-
cates that the type of the DNA does not have significant influ-
ence on the dimensions of the individual NPs. For AgNPs
generated with plasmid DNA the fraction of agglomerated par-
ticles on the surface is higher, but this effect might also be
influenced by the drying process of the droplet containing the
AgNPs. In TEM images a corona was observed around the
AgNPs that indicates the presence of material of lower electron
density, which is assigned to the DNA (¢f. ESIf). The surface
elemental composition as well as the DNA corona, that covers
the AgNPs, were unambiguously confirmed by XPS analysis (cf.
ESIt). In addition, the presence of Ag was confirmed.
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Fig. 3 Left: SEM images showing silver NPs, which were prepared from
irradiation of 1, Ag* and ct DNA, on template-stripped Au. Right: dia-
meters of the round-shaped AgNPs as obtained from irradiation of 1,
Ag™ and ct DNA or plasmid pBR322.

Diameter [nm]

Fig. 4 AFM height images showing AgNPs and DNA on mica at a DNA
concentration of 120 ug ml™* (A, C) and 2.5 pg ml™ (B) The diameter of
the NPs is given by the measured height (D).

Since only the electrically conductive AgNPs are visible in
the SEM micrographs, AFM imaging was used to investigate
the NPs together with the DNA. The DNA is electrostatically
bound at the surface and the remaining sample droplet was
removed, so that the NPs present are assumed to be immobi-
lized through the DNA they are associated with. At a DNA con-
centration of 120 pug ml~" the whole mica surface is covered by
DNA with the NPs distributed on the surface (Fig. 4A and C).
The height of the particles of 17.4 + 10.3 nm (mean + SD) is
slightly larger than the diameter measured with SEM, which
may be explained by the different interaction forces between
the AFM-tip and the surface (DNA vs. AgNP).>* At lower DNA
concentrations of 2.5 pg ml™" individual DNA molecules can
be differentiated and the NPs are closely associated with those
strands (Fig. 4B).

All experimental results point to a photoinduced formation
of AgNPs that is triggered through the light absorption by the
benzo[b]quinolizinium chromophore. It is assumed that the
ligand 1a has essentially the same reduction potential in the
excited state as the parent 9-aminobenzo[b]quinolizinium
(Erea® = 1.9 V vs. NHE)'"? such that a photoinduced electron
transfer between the excited intercalator and the DNA bases

This journal is © The Royal Society of Chemistry 2015
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takes place with formation of the quinolizinyl radical 1a™¢
(Scheme 1), as has been shown already for benzo[b]quinol-
izinium derivatives.'’? In a subsequent electron transfer reac-
tion, the intermediate 1a™ reduces the Ag" ion to Ag® and the
benzo[b]quinolizinium 1a is regained. The Ag® is then ejected
from the crown ether unit and may be substituted with
another DNA-bound Ag" ion, so that the process can be reiter-
ated. The immediate availability of another Ag’ ion, that is
associated directly with DNA, is clearly indicated by the CD
spectroscopic analysis (Fig. 2C).>° It has been demonstrated
already that nucleic acids may serve as a template and appro-
priate stabilizing component during the formation of
AgNPs.''29%:26 Therefore it is proposed that the AgNPs are
readily formed along the DNA backbone once the critical con-
centration of Ag atoms is reached.” Apparently, the critical
phase of the AgNP formation is the sequence of electron trans-
fer reactions directly after excitation of the benzo[b]quinol-
izinijum ligand. Although it has been observed that in the
absence of a secondary reaction pathways for the quinolizinyl
radical 1a™¢ an efficient electron back transfer to the oxidized
nucleic base takes place,'” it has also been shown that a com-
peting electron transfer from a DNA-bound molecule to an
adjacent electron acceptor may constitute a competing second-
ary reaction.’® At the same time, the directly oxidized DNA
base will induce a charge migration through the DNA in a
multistep hopping mechanism, followed by hydrolysis, and
eventually leading to an oxidized DNA base, e.g. 8-0x0-7,8-
dihydroguanine, according to established mechanisms.*>” The
reduction of Ag" complexed to 1a in the absence of DNA may
be the result of an initial intra- or intermolecular photo-
induced electron transfer from the electron-donating crown
ether to the excited quinolizinium, that also generates -
although to lesser extent due to a fast back electron transfer —
the reduced benzoquinolizinium. The latter subsequently
reduces the Ag" ions.

It should be noted that there is already one reported case of
photoinduced AgNP formation in the presence of a dye, Cy5,
and DNA."? In the latter case, however, a completely different
mechanism is proposed, namely the initial photoinduced oxi-
dation of Cy5 and subsequent reduction of Ag" by the oxidized
excited Cy5; and the fate of the oxidized dye is not addressed.
Most notably, this particular reaction is suggested to occur in
a complex between Cy5 and Ag', whereupon the DNA is not
involved in the formation, but just in the stabilization of the
AgNPs after their formation. In the case presented herein, a
different mechanism takes place. Firstly, the benzo[b]quinolizi-
nium is reduced in its excited state by initial electron transfer
reaction with the DNA."”? Secondly, we have unambiguously
demonstrated that the ternary complex between 1a, Ag' and
DNA is a general requirement for the photoinduced formation
of the AgNPs.

Conclusions

Overall we have shown that a ternary complex of an intercala-
tor-crown ether conjugate, DNA, and Ag" provides all require-

This journal is © The Royal Society of Chemistry 2015
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ments to accomplish the photoinduced formation of AgNPs,
namely a photosensitizer as light-harvesting and reducing
component, a conjugated crown ether that provides close vicin-
ity of Ag" ions to the in situ formed, short-lived reductant, and
the DNA as stabilizing reagent for the AgNPs. Most notably,
the AgNPs made by this method are stable in solution for a
relatively long period of time and the size is highly reproduci-
ble. The mechanism is not yet proven, but at least supported
by literature data and precedences, so that further detailed
photophysical measurements are necessary. Nevertheless,
these results are a proof of principle for milder variant of
photoinduced formation of DNA-stabilized AgNPs that may be
employed complementary to the established method that
requires significantly more excitation energy to initiate the
process. Several modifications of this approach may be
proposed that enable a rather modular approach to metal NP
synthesis. Thus with a variation of the ligand-receptor unit,
the metal ion, or the host system different types of nanoparti-
cles may be available or - with different chromophores - the
irradiation conditions may be changed to other, ideally red-
shifted excitation wavelengths. It is also anticipated that the
same effect may be accomplished with other ligand-crown
ether conjugates that bind selectively to non-canonical DNA
forms such as quadruplex or triplex DNA, which may even lead
to the formation of AgNPs with different shape and size, as
has been demonstrated recently for chemically generated
AgNPs in the presence of different DNA forms.*® Moreover,
this method may be applied for the targeted deposition of
AgNPs on DNA-functionalized surfaces.
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