IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

DNA-Length-Dependent Quenching of Fluorescently Labeled Iron
Oxide Nanoparticles with Gold, Graphene Oxide and MoS,

Nanostructures

Mustafa Balcioglu,T Muhit Rana,” Neil Robertson,” and Mehmet V. Yigit*’T’;t

"Department of Chemistry and RNA Institute, University at Albany, SUNY, 1400 Washington Avenue, Albany, New York 12222,

United States

iCollege of Nanoscale Science & Engineering, University at Albany, SUNY, 257 Fuller Road, Albany, New York 12203, United States

© Supporting Information

ABSTRACT: We controlled the fluorescence emission of a
fluorescently labeled iron oxide nanoparticle using three
different nanomaterials with ultraefficient quenching capabil-
ities. The control over the fluorescence emission was
investigated via spacing introduced by the surface-function-
alized single-stranded DNA molecules. DNA molecules were
conjugated on different templates, either on the surface of the
fluorescently labeled iron oxide nanoparticles or gold and
nanographene oxide. The efficiency of the quenching was
determined and compared with various fluorescently labeled
iron oxide nanoparticle and nanoquencher combinations using
DNA molecules with three different lengths. We have found
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that the template for DNA conjugation plays significant role on quenching the fluorescence emission of the fluorescently labeled
iron oxide nanoparticles. We have observed that the size of the DNA controls the quenching efficiency when conjugated only on
the fluorescently labeled iron oxide nanoparticles by setting a spacer between the surfaces and resulting change in the
hydrodynamic size. The quenching efficiency with 12mer, 23mer and 36mer oligonucleotides decreased to 56%, 54% and 53%
with gold nanoparticles, 58%, 38% and 32% with nanographene oxide, 46%, 38% and 35% with MoS,, respectively. On the other
hand, the presence, not the size, of the DNA molecules on the other surfaces quenched the fluorescence significantly with
different degrees. To understand the effect of the mobility of the DNA molecules on the nanoparticle surface, DNA molecules
were attached to the surface with two different approaches. Covalently immobilized oligonucleotides decreased the quenching
efficiency of nanographene oxide and gold nanoparticles to ~22% and ~21%, respectively, whereas noncovalently adsorbed
oligonucleotides decreased it to ~25% and ~55%, respectively. As a result, we have found that each nanoquencher has a powerful
quenching capability against a fluorescent nanoparticle, which can be tuned with surface functionalized DNA molecules.
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1. INTRODUCTION

Nanotechnology has developed remarkably over the last two
decades. One of the most multidisciplinary active areas of
research is the construction of functional biomaterial and
nanoparticle conjugates.' > Development of novel nanomateri-
als has provided a simple yet notable translation of biological
knowledge into applied science.** For instance, attachment of
oligonucleotides with different sequences and lengths on a
nanoparticle surface has been a routine approach for most of
the practical applications. A variety of nanoparticles coated with
oligonucleotides have been used as biomedical dia(%nostic
tools,~® vectors for dru% delivery and gene therapy,'™"* or
templates for biosensors.”>~'® Despite the countless potential
of nanomaterials in bioscience, multiple factors have to be
controlled carefully because some interfacial interactions in
biological environments can influence the function of the
nanomaterials dramatically.'” =" One important parameter is
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the gap introduced by biomaterials between the interfaces of
nanostructures.”*>® For example, in DNA functionalized
nanoparticles, the oligonucleotides participate in the spacing
between the surfaces of the nanoparticle and the targeted
material. However, the magnitude of spacing may not always be
proportional to the size of the DNAs on the surface. Here, we
investigated the effect of distance, introduced by short single-
stranded (ss)DNA molecules, on controlling the fluorescence
of fluorescently labeled iron oxide nanoparticles with graphene
oxide, MoS,, and gold nanoparticles.

Nanographene oxide (nGO), a two-dimensional honeycomb
shaped Carbon material, has been studied extensively in recent
years due to its attractive mechanical, electrical, thermal and
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optical properties.”*">” nGO has remarkable potential in

biomedical applications®® due to its exceptional ssDNA
adsorption” and ultraefficient fluorescence quenching capa-
bilities.>** > These properties have attracted significant
attention to nGO for biosensor development,®*~*' biomarker
detection*”* and antisense gene delivery.**™*® Currently,
DNA functionalized graphene-based systems are under heavy
investigation for numerous purposes,® including engineering
functional hybrid nanostructures.>’ Therefore, the interaction
of the interfaces of DNA functionalized nGOs needs to be
studied carefully for construction of graphene-based biosys-
tems. MoS,, which is a two-dimensional graphene-like material,
has recently received great attention due to its exciting physical
properties comparable to nGO.® It has been used for
nanoelectronics, optoelectronics, transistor designs, energy
storing devices and biosensing systems.*”** Similar to nGO,
MoS, quenches the fluorescence of fluorophore labeled
materials, which makes them attractive two-dimensional
nanosized templates for photonic or biomedical applications.*’

Gold nanoparticles (AuNP) have several common properties
with nGO and MoS, regardless of the entirely different three-
dimensional structure and elemental composition. Gold
nanoparticles have been studied considerably due to their
unique physical properties.*® > Several analytical and bio-
medical studies have demonstrated that (1) both AuNP and
nGO are ultraefficient fluorescence quenchers™ > and (2)
ssDNA molecules can be immobilized or adsorbed on both
surfaces very eﬂicient?f via specific chemical interactions or
aromatic stacking.57_  Because the attachment of DNA
molecules constructs a biological shield on the surface of
these two nanoparticles, nanoquenchers, we investigated
whether this barrier can be used to control the fluorescence
emission of a fluorescent nanoparticle.

Dextran coated fluorescently labeled iron oxide nanoparticles
are a class of imaging agents that are suitable for biomedical
applications.” " They have been used for many different
applications including whole body in vivo optical and MRI
imaging.*** The strong NIR fluorescence signals of these
nanoparticles (MN 55 — cyS.5 dye labeled form) provide
noninvasive optical tissue imaging in live animals. The
attachment of siRNA or antisense miRNA molecules provides
additional therapeutic functionality, which makes these nano-
particles attractive particularly for theranostics.”* Due to its
multiple functionalities along with the biocompatible and
biodegradable nature, MNs s has been one of the major tools
for theranostics in biomedicine.®®®” Here, we controlled the
fluorescence emission of MNys s using nGO, MoS, and AuNPs,
promising theranostic nanomaterials, with surface-function-
alized ssDNA molecules. The covalently or noncovalently
attached ssDNA molecules on the nanoparticle surface serve as
biological shields between the interfaces, which could increase
the hydrodynamic sizes of the nanoparticles.

Although significant effort has been devoted to study the
biophysical properties and the applications of individual
oligonucleotide-functionalized nanoparticles, their interaction
with other nanoparticle types with systematic spacing has not
been investigated in depth.”””>> We observed that the surface
bound short ssDNA molecules interfere with the interaction
between nanoparticle interfaces however the length of the DNA
does not always determine the degree of interaction. We believe
that the coverage and orientation of DNA molecules on the
surface, and the three-dimensional structures of the nanoma-
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terials, could be important factors in their biophysicochemical
interfacial interactions.

2. EXPERIMENTAL SECTION

2.1. Materials. All DNA sequences were purchased from
Integrated DNA Technologies (IDT), Coralville, IA, USA, with the
following sequence information and modifications, Thiol modified
sequences: (1) 12mer, §'- /SThioMC6-D/ CCC AGG TTC TCT -3/;
(2) 23mer, 5'- /SThioMC6-D/ CAC AAA TTC GGT TCT ACA
GGG TA-3; (3) 36mer, 5'- /5ThioMC6-D/ TAC GAG TTG AGA
CCG TTA AGA CGA GGC AAT CAT GCA-3'. Amine modified
sequences: (4) 12mer, §’- /SAmMC6/ CCC AGG TTC TCT -3’; (5)
23mer, 5'- /SAmMC6/ CAC AAA TTC GGT TCT ACA GGG TA-
3'; (6) 36mer, 5'- /SAMMC6/ TAC GAG TTG AGA CCG TTA
AGA CGA GGC AAT CAT GCA-3'. (7) Mercury Aptamer, S'- /TTC
TTT CTT CCC CTT GTIT TGT T-3'.

Carboxyl graphene water dispersion was purchased from ACS
Material, Medford, MA, USA. Dextan-T10 was purchased from
Pharmacosmos, Holbaek, Denmark. cy5.5 monoreactive NHS ester
was purchased from GE Healthcare, Piscataway, NJ, USA. MoS,
powder (<2 pm) was purchased from Sigma-Aldrich. All other
reagents were purchased form from Sigma-Aldrich, St. Louis, MO,
USA, and used without further purification. Double distilled water was
used in preparation of all solutions.

2.2. Synthesis of cy5.5 Labeled Iron Oxide Nanoparticles
and Functionalization with Oligonucleotides. Synthesis of iron
oxide nanoparticle (MN) was adapted from our earlier publication.’’
The cyS.S monoreactive NHS ester (1 mg) was dissolved in 200 L of
dimethyl sulfoxide (DMSO) and incubated with 1 mL of the
nanoparticles (MN, 10.0 mg/mL Fe) in 20 mM sodium citrate buffer
(pH 8.0) overnight. The labeled nanoparticles (MNCYS‘S) were purified
using Sephadex PD-10 column (GE Healthcare) against 10 mM
phosphate buffered saline (PBS, pH 7.4). The number of cyS.5 dye
molecules per nanoparticle was determined as 10—12 by UV
spectroscopy as described previously.”® The hydrodynamic size of
nanoparticle was determined as 33.1 (+4.1 nm) using dynamic light
scattering (DLS) measurements with DynaPro Titan (Wyatt
Technology Corporation, Goleta, CA, USA).

The covalent conjugation of DNA to MN_s was performed
through a heterobifunctional linker SPDP (N-succinimidyl 3-(2-
pyridyldithio)propionate)68'69 purchased from Pierce Biotechnology,
Rockford, IL, USA. Briefly, 10 mg of succinimidyl 3-(2-pyridyldithio)-
propionate (SPDP) was dissolved in 500 L of anhydrous DMSO and
incubated with MN . The thiolated §' terminus of the
oligonucleotides was activated with 3% tris(2-carboxyethyl)phosphine)
(TCEP) treatment in nuclease-free 10 mM PBS (pH 7.4). The DNA
molecules were purified using microspin G-25 columns (GE
Healthcare). After TCEP-activation and purification, the oligonucleo-
tides were resuspended in 10 mM PBS (pH 7.4) and incubated with
the SPDP conjugated MN_s overnight. The resulting probe was
purified using a disposable MACS separation magnetic columns;
Miltenyi Biotec Inc., Auburn, CA, USA. The DNA per MN_s was
prepared in a 10:1 molar ratio as described previously.®®

2.3. Synthesis of Gold Nanoparticles and Functionalization
with Oligonucleotides. The negatively charged citrate-stabilized
gold nanoparticles were synthesized and functionalized with
oligonucleotides according to previous reports.”® Briefly, 2 mL of 50
mM HAuCl, was added into 98 mL of boiling DI water in an
Erlenmeyer flask on a hot plate. 10 mL of 38.8 mM sodium citrate
solution was rapidly added into the stirring mixture. The reaction is
stopped until the solution turned a wine-red color. The solution was
cooled to room temperature and stored at 4 °C. The hydrodynamic
size of nanoparticle was determined as 13 nm (+1.4 nm) using
dynamic light scattering (DLS) measurements with DynaPro Titan
(Wyatt Technology Corporation, Goleta, CA, USA).

Immobilization of Oligonucleotides on AuNP. 10 uL of 1 mM
TCEP-treated thiol-modified DNA molecules was incubated with 3
mL of AuNP overnight at room temperature (RT).” Next, 100 mM
NaCl was added into the DNA and AuNP mixture with gentle stirring.
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Figure 1. AuNP, nGO or MoS, quenches the fluorescence emission of cyS.5 labeled iron oxide nanoparticles, MN

Quenchers

-

c)

-
-
@©

N
(O]
(&)
c
[
O
0
(]
—
o
=]

=

Quenching

6.50E+06 ey
- nGO
5.50E+06
* — AuNP
4.50E+06 — Mos,
3.50E+06
2.50E+06
N ———
1.50E+06
0 500 1000 1500 2000 2500 3000 3500

time (sec)

oss (a) A schematic

representation of the interaction between the MN_ s and nanoquenchers demonstrates the quenching of the cyS.5 fluorophore on MN,s;. (b)

Fluorescence emission spectra of 20 nM MN.ys.s

(orange line) with 4 nM AuNP (red line), 1.8 ug/mL nGO (blue line) or 20 g/mL MoS, (green

line). (c) Titration of MN; s with AuNP, nGO or MoS, at 200th second of the time-dependent fluorescence measurements at 695 nm. The
fluorescence signals were quenched immediately upon titration with nanoquenchers and stabilized with no significant change overtime.

The samples were stored in the dark for 24 h. The samples were then
centrifuged at 15000 rpm for 15 min at RT. The supernatant was
removed and discarded. The AuNP—DNA conjugate at the bottom of
the microcentrifuge tube was dispersed in 100 mM PBS (pH 7.4) and
150 mM NaCl. The samples were washed and centrifuged two times
to ensure complete removal of free DNA. Finally, the AuNP—DNA
conjugate was resuspended in 100 mM PBS (pH 7.4) and 150 mM
NaCl

Noncovalant Adsorption of Oligonucleotides on AuNP. 2.5 uL of
1 mM unmodified DNA stock solution was dissolved in 50 uL of 100
mM MES buffer (pH 5.6). The DNA solution was then added to 450
puL of citrate-stabilized AuNPs. After 20 min of incubation at RT, MES
buffer pH 5.6 (final conc. 10 mM MES, 100 mM NaCl) was added to
stabilize the DNA adsorption on AuNP. The sample was incubated for
another 10 min. Finally, the DNA—AuNP mixture was centrifuged at
15000 rpm, and the supernatant was discarded. The pellet was washed
with 10 mM PBS pH 7.4 to remove any excess free DNA. The
centrifugation and washing procedure was repeated two times to
ensure complete removal of free DNA. Finally AuNP-DNA conjugate
was resuspended in 100 mM PBS (pH 7.4) and 150 mM NaCl.

Mercury detection was performed with 2.5 yL of 1 mM mercury
aptamer incubated with or without 1 #M mercury(II) perchlorate for
10 min. The aptamer solutions were incubated with 450 uL of citrate-
stabilized AuNPs for 20 min. After the washing steps, the MNy
suspension was titrated with AuNPs and the fluorescence was
measured as described below.

2.4. Preparation of Nanographene Oxide (nGO) and MoS,
via Sonication and Functionalization with Oligonucleotides.
To prepare nanometer sized GO (0.5 mg/mL) and MoS, (0.5 mg/
mL), the starting materials were dispersed in DI water and sonicated
with the ultrasonic processor for 7 h (120 W 20 kHz with pulse on for
2 s and pulse off for 4 s) in an ice bath to prevent overheating
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generated from sonication. The average particle size of the obtained
nGO and MoS, was determined as 100 + 15 nm using dynamic light
scattering (DLS) DynaPro Titan (Wyatt Technology Corporation,
Goleta, CA, USA). The transmission electron microscopy (TEM)
micrographs were taken using a JEOL JEM-2010 transmission electron
microscope. The characterization of each nanomaterial is provided in
Figure S8 (Supporting Information).

Immobilization of Oligonucleotides on nGO. The coupling
reaction was carried out in a glass vial with 200 uL of 500 ug/mL
nGO, 2 puL of 1 mM amine-modified DNA, 2 mg of EDC (N-(3-
(dimethylamino)propyl)-N'-ethylcarbodiimide hydrochloride) and 25
mM MES (pH 5.6) and 25 mM NaCl** The mixture was rotated at
RT for 3 h using a Glas-Col mini rotator. The solutions were
centrifuged at 15000 rpm for 20 min to remove nonattached DNAs.
The GO—DNA conjugates were then washed with 500 uL of DI water
twice to further remove nonassociated DNAs. Finally, the conjugates
were redispersed in 1 mL of 25 mM (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (HEPES), 100 mM NaCl (pH 7.6)
and with a final nGO concentration of 100 ytg/mL. The samples were
stored at 4 °C before use. Sonication was performed occasionally to
assist redispersing.

Noncovalent Adsorption of Oligonucleotides on nGO. 2 uM of
DNA was incubated with nGO (100 pg/mL) in buffer (25 mM
HEPES, 100 mM NaCl, pH 7.6) for 1 h at RT.* Nonadsorbed DNAs
were removed by centrifugation and washing cycles as described
above. Finally, the purified nGO—DNA complex was resuspended in
buffer (25 mM HEPES, 100 mM NaCl, pH 7.6).

2.5. Fluorescence Measurements. The fluorescence measure-
ments (excitation, 670 nm; emission, 695 nm) were performed using
the Fluorolog-3 spectrofluorometer (Horiba Jobin-Yvon, Inc., Edison,
NJ, USA). A typical experiment was performed with 20 nM MNs 5 in
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Figure 2. Fluorescence lifetime decay traces of MN s s with different concentrations of (a) AuNP, (b) nGO and (c) MoS,. Stern—Volmer plots of
(d) AuNP,( e) nGO and( f) MoS, show a linear correlation in the insets. Time calibration =5.578 023 X 1072 nanosecond/channel. Note: the
concentration vs volume table is provided in Figure S1 (Supporting Information). Nanoquencher volume: 10 uL of stock MoS, (620 pug/mL), nGO
(72 pg/mL) and AuNP (84 nM) solution is equivalent to 3.1 ug/mL, 0.4 yg/mL and 0.4 nM final concentrations, respectively.

10 mM PBS (pH 7.4) in a 2 mL quartz cuvette with gentle stirring.
The fluorescence emission value at this concentration was determined
to be approximately ~6.5 X 10° The kinetic studies on MN,y;s s were
performed on for 30 min with one reading per 3 s resolution. At the
200 s time point, 1.8 ug/mL of nGO, 20 pug/mL of MoS, or 4 nM of
AuNP was added into the MN_5  to monitor the quenching efficiency
of these nanomaterials on the fluorescence of MN_ .

The quenching efficiency was calculated according to following
equation.”® Q (%) = [1 — F,/F] where Q is the quenching eficiency,
F, is the fluorescence intensity in the absence of quencher and F is the
fluorescence intensity in the presence of quencher.

Fluorescence lifetime measurements were performed on MN
with nGO, MoS, and AuNPs using time-correlated single-photon
counting (TCSPC) spectroscopy on Fluorolog Horiba Jobin Yvon
equipment with NanoLED (A = 635 + 10 nm) excitation sources. The
fluorescence lifetime values were analyzed by deconvoluting the
instrument response function with biexponential decay using DAS6
decay analysis software. The quality of the fit has been judged by the
fitting parameters such as y2 (<1.2). Stern—Volmer Plots were
determined by 7,/7 vs concentration of nanoquenchers.

3. RESULTS AND DISCUSSION

Here, we investigated the interaction of AuNP, nGO or MoS,
with fluorescently labeled iron oxide nanoparticles (MN; s) in
a distance-dependent manner using fluorescence spectroscopy.
The spacing between the species was controlled using short
ssDNA molecules, which changed the hydrodynamic size of the
nanoparticles or served as biological shields between interfaces.
Comparisons were made between two nanomaterials; one
serving as fluorescence quenchers, nanoquenchers: AuNDPs,
nGO or MoS,, and the other, MN 5, serving as a fluorescence
carrier.

First, we investigated the quenching of bare MN s with

nGO, MoS, or AuNP, (Figure la). MN,;ss presents a strong
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steady fluorescence at pH 7.4, (Figure 1b). After the titration
with nGO, MoS, or AuNP solutions, significantly weaker
fluorescence emission was observed due to fluorescence
quenching, (Figure 1b). The emission spectra were collected
on 20 nM MN,; s before and after the titration with 1.8 ug/mL
nGO, 4 nM AuNP or 20 pug/mL MoS,. These nanoquencher
concentrations were determined to be ideal for obtaining the
optimum quenching yield with a minimum nanoquencher
concentration, Figure S1 (Supporting Information). Beyond
these concentrations, slightly higher fluorescence quenching
was observed; however, the nanoquencher concentrations in
these emission ranges were dramatically higher, particularly for
MoS,. This effect could be due to the saturation of the MN
fluorescence emission environment with the nanoquenchers in
the solution.

The kinetics studies were performed similarly by titration of
MN,;s s with AuNP, nGO or MoS, suspension and monitored
for 1 h. It has been previously shown that the bare nGO, AuNP
and MNy; interact with each other through electrostatic
interaction, which leads to an immediate quenching of the
fluorescence.>! As seen in Figure 1c, the fluorescence was
quenched immediately and stabilized shortly after the nano-
quencher titration without any major fluctuation. We observed
that AuNP, nGO and MoS, have similar quenching perform-
ance on MN, fluorescence in this experimental condition.
The fluorescence lifetime measurements were performed on
MN,,s s with different concentrations of AuNP, nGO or MoS,
as seen in Figure 2. The results showed that the nanoquenchers
result in a decrease in the fluorescence lifetime of MN s 5 (0.84
ns) with increasing concentrations, (Figure 2a,b,c and Table S1,
Supporting Information). All the decays were faster than

MN,ss only, which indicates the presence of dynamic
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quenching caused by the nanoquenchers.”® As discussed above
(Figure S1, Supporting Information), after a threshold the
change in the fluorescence lifetime lost the linear correlation
with increasing concentration, which could be due to the
saturation with nanoquenchers, or the presence of different
quenching environments possibly due the limited diffusion of
spherical or two-dimensional nanoquenchers into the polymer
coating of the MNs with multiple fluorophores (Figures
2d—f).

Afterward, in order to understand the macromolecular
spacing effect of immobilized oligonucleotides on the
interaction between the nanoquenchers and MN;;, we
attached three different sizes of single-stranded DNA
(ssDNA-12-23-36mer) molecules on the surface of MNys s
The dynamic light scattering measurements indicated that the
hydrodynamic size of the MN s increased with the attach-
ment of ssDNA on the surface and a greater increase was
observed with longer ssDNA sequences, (Figure S2, Supporting
Information). First, we investigated the interaction between the
MN,5s-DNA and unmodified spherical AuNPs, (Figure 3c).
The fluorescence emission spectra indicate that AuNPs quench
the MN,,5s-DNA dramatically regardless of the size of three
different DNA molecules, (Figure 3a). However, a significant
difference between the emission spectra of MNs-DNA and
bare MN,ss was observed. The kinetics studies showed that
the quenching of the fluorescence signal is very rapid and
stabilizes quickly after titration with AuNP, (Figure 3b). We
have also represented our observation by the plotting relative
quenching and fluorescence with different MN s composi-
tions, (Figure 3d,e). The overall observations indicate that
there is an efficient and fast quenching of the fluorescence
signals in all four cases with a greater quenching efficiency with
unmodified MNss. The immobilized oligonucleotides influ-
ence the quenching yield of MN,y;;s, which, however, was
independent of the size of DNAs. We speculate that DNA
length-independent quenching of MNs at these particular
DNA sizes could be due to the (1) greater size of MN,s s over
AuNP and (2) relatively small number of DNAs on the MN,yss
surface. We postulate that the negatively charged gold
nanoparticles can diffuse into the grooves of the positively
charged MN_ 5 surface regardless of the size of immobilized
DNAs and interfere with the emission of cyS.S on the surface.
Moreover, due to the absorption of ssDNA on AuNP via
specific chemical interactions,"'? the ssDNA on the MN,ys5-
DNA could contribute to the interaction between the
nanoparticles.

Later, we investigated the interaction between the MN,;-
DNA and unmodified planar nGO (Figure 4c). The
fluorescence of the different MN,, s compositions are
significantly affected by extraordinary quenching capability of
nGO. We observed that nGO has a higher quenching efficiency
on unmodified MNg compared to the MN;-DNA
compositions (Figure 4a). The kinetics studies indicate that
the quenching of the fluorescence signal is very fast and
stabilizes shortly after the addition of bare nGO (Figure 4b).
Unlike gold nanoparticles, the length of the immobilized DNA
molecules on MN_s-DNA surface played a significant role in
altering the magnitude of fluorescence with bare nGO (Figure
4d,e). We postulate that the large two-dimensional planar
surface of nGO is unlikely to diffuse into MN,5 s grooves and
interact with the nanoparticle surface. In contrast, the MN s <-
DNA interacts with the planar surface of the bare nGO, and
thus DNA coating creates spacing between surfaces (Figure
4c). Overall, results suggest that the size of the immobilized
DNA molecules plays a critical role in separating two
nanoparticle surfaces.

Similarly, we studied a graphene-like material, MoS,, which
has common features with GO. MoS, is a two-dimensional
material that has very recently been investigated due to some
exciting physical properties.*”** Similar to nGO, MoS, is planar
and quenches the fluorescence of molecular probes. Here, for
the first time, we explored the interaction between MoS, and
fluorescent nanoparticles, MN s, with a distant-dependent
manner using fluorescence spectroscopy. First, we monitored
the change in the emission spectra of MN;s and MN;-
DNA compositions with MoS, titration, (Figure Sa). A DNA-
length-dependent difference in fluorescence was observed in all
cases. Smaller fluorescence quenching efficiency was observed
as the length of DNA molecules was increased. The kinetics
studies demonstrated that the quenching occurs very fast and
stabilizes rapidly, (Figure Sb). The overall data suggest that (1)
the interaction between MoS, and MN_; 5 in very similar to the
nGO and MN,; 5 interaction, most likely due to the structural
similarities and (2) the size of the DNA molecules plays an
important role in the quenching efficiency of MN
fluorescence, (Figure Sc). Furthermore, due to the fast
absorption of ssDNA on nGO and MoS, surface,””** the
ssDNA on MN,;-DNA could contribute to the interaction
between the interfaces.

Later, we investigated the spacing effect on the relative
quenching efficiency when DNA molecules were attached on
nanoquenchers, AuNP or nGO, instead of the fluorescent
nanoparticle (MNCyS.S)' First, we studied with DNA function-
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Figure 6. DNA-functionalized AuNP (immobilized or surface adsorbed) quenches the fluorescence emission of unmodified MNys.s (a) A schematic
representation of quenching of MN_s with AuNP-DNA with two different approaches. Degree of quenching is determined by change in
fluorescence spectra of MN s 5 using (b) immobilization or (d) adsorption approach. Time-dependent fluorescence measurements at 695 nm using

(c) immobilization and (e) adsorption approach.

alized gold nanoparticles. Two different attachment approaches
were investigated in performing this study, one with anchoring
the DNA molecules on the surface via thiol gold chemistry and
the second via label-free surface adsorption (Figure 6a). In the
first approach, we have observed that unmodified AuNP
quenches the fluorescence of MN;s remarkably with a
quenching efficiency of 71% + 1.2. However, the immobilized
DNA molecules, independent of the different sizes, dramatically
interfere with the quenching of MN,s with an efficiency of
21% =+ 3.1 (Figure 6b,c). Although the interference was
expected, the similar degree of quenching yield in all DNA sizes
was surprising. In the second approach, the DNA molecules
were adsorbed onto the AuNP surface using a label-free
method, where the adsorbed DNA molecules wrap the gold
surface via specific chemical interactions.>'? In this approach,
we have observed that the surface adsorbed DNA molecules
interfere with the interactions between the MN_s s and AuNP
independent of the size of the DNAs, (Figure 6d,e). However,
this effect was significantly lesser than the first approach,
(quenching efficiency = 55% + 3.3) (see Figure S3 in the
Supporting Information). We postulate that semistretched
DNA molecules on AuNPs in the first approach® created a
greater shell around spherical gold surface than the DNAs that
wrap the AuNPs in the second approach.

Later, we demonstrated a heavy metal ion sensing application
using MN;55 and AuNPs with/out noncovalently attached
oligonucleotides. We monitored the fluorescence intensity of
MN,; s using mercury aptamer and AuNP with/out of 100 nM
mercury ions, (scheme in Figure S4, Supporting Information).
In the presence of Hg*', aptamers bind to Hg*" and do not
adsorb on the AuNP surface, whereas in the absence of Hg*",
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aptamers wrap the AuNP surface, setting a greater distance
between the AuNP and MN, 5. As a result, in the presence of
mercury ions, a greater decrease in fluorescence intensity is
observed, (Figure S4, Supporting Information).

Similar to the AuNP study above, we functionalized nGO
with two different approaches, covalent immobilization and
noncovalent adsorption (Figure 7a). Although the noncovalent
attachment was achieved via standard nonspecific adsorption of
ssDNA on the surface of nGO, the covalent immobilization was
achieved via amide linkages between amine modified DNA
molecules and free carboxyl groups of nGO using EDC (N-(3-
(dimethylamino)propyl)-N’-ethylcarbodiimide hydrochloride)
chemistry.

To observe the effect of ssDNA between the interactions
nGO and MN_ys 5, the MN_ 5 s was titrated with three different
nGO—DNA compositions using both attachment approaches.
The change in the fluorescence was monitored overtime and
compared to the quenching efficiency of bare nGO. As seen in
Figure 7b, regardless of the size of the DNASs, partial quenching
in fluorescence intensity was observed upon adding nGO—
DNA into MN_ys s solution, which was significantly lesser when
compared to bare nGO and MNs; titration. The similar
quenching yield was observed in both attachment approaches
(Figure 7b,c). We postulate that DNA molecules cover the
surface of nGO due to the 7—7 interaction of aromatic groups
and serve as a shield between nGO and MNy;; surface
regardless of their size. The similar observation in the covalent
attachment also suggests a related mechanism. However, the
rate of the quenching in the covalent immobilization was
significantly slower compared to noncovalent attachment,
which happened instantaneously (Figure 7d and inset). This
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Figure 7. DNA-functionalized nGO (immobilized or surface adsorbed) quenches the fluorescence emission of unmodified MN_ys 5. (a) A schematic
representation of quenching of MN_ s with nGO—DNA with two different approaches. Degree of quenching is determined by change in time-
dependent fluorescence measurements at 695 using (b) adsorption or (c) immobilization approach. (d) The rate of the quenching in immobilization

approach is slower than the adsorption approach.

might be due to the immobile rigid end of the DNA on nGO
surface hindering fast adsorption of MNys, whereas in
noncovalent adsorption, the DNA molecules have more
freedom of motion. Overall, the final quenching efficiency
with all three sizes of DNA and attachment approaches was
determined to be approximately 20% and was much smaller
than the unmodified nGO-induced quenching. The covalently
or noncovalently attached ssDNA molecules on nGO and
AuNP have a high binding affinity to both surfaces,” therefore
we did not observe any displacement of ssDNA by MN s over
time as suggested by the stabilized fluorescence intensities in
Figures 4b,c, 6b and 7b,c. The quenching efficiency of each
nanoquencher composition on the fluorescence of MN s is
compared in Figures SS and S6 (Supporting Information).
Finally, in order demonstrate the nanoquenchers’ capability in
quenching the fluorescence of the free fluorophore, we
incubated cyS.5 with AuNP, nGO or MoS,. Fluorescence
quenching of free cyS.5 with nanoquenchers is presented in
Figure S7 (Supporting Information).
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4. CONCLUSION

In summary, we investigated the interaction between
fluorescently labeled iron oxide nanoparticles (MNcys.s) and
AuNP, nGO or MoS, by monitoring the degree of fluorescence
quenching with a distance-dependent manner. The spacing
between nanoparticle interfaces and the efliciency of
fluorescence quenching were controlled by surface function-
alized ssDNA molecules. Attachment of DNAs on nanoparticle
surfaces was achieved with two different methods: immobiliza-
tion or adsorption. We have observed that even though the
presence of DNA affected the efficiency of quenching in all
combinations, regardless of the attachment procedure, the
length of DNAs did not always matter. We have demonstrated
that nGO and MoS,, both having similarities in their two-
dimensional planar structures, display relatively eflicient
quenching dependent on the size of DNA molecules
immobilized on the MNss surface. On the other hand,
when DNA molecules were attached on the nGO surface
instead of MN s, the presence of the DNAs between 12 and
36 nucleobases long, but not the size, affected the fluorescence
quenching efficiency. We have also observed that the spherical
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AuNP quenches the fluorescence of MNys s regardless of the
size of the DNA molecules on either surface. Whereas the
immobilized DNA molecules on AuNP affects the quenching
efficiency the utmost.

Overall, the presence of DNA molecules influences the
fluorescence emission of fluorescently labeled magnetic nano-
particles dramatically with three different nanoquenchers. The
three-dimensional structure of interacting nanoparticles and the
attachment procedure of DNAs onto nanoparticle surface play
important role in the quenching efficiency. We believe this
study could provide important information about engineering
hybrid bionanomaterials with tunable optical properties.
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