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ABSTRACT: Adsorption of a fluorophore-labeled DNA
probe by graphene oxide (GO) produces a sensor that gives
fluorescence enhancement in the presence of its comple-
mentary DNA (cDNA). While many important analytical
applications have been demonstrated, it remains unclear how
DNA hybridization takes place in the presence of GO,
hindering further rational improvement of sensor design. For
the first time, we report a set of experimental evidence to
reveal a new mechanism involving nonspecific probe displace-
ment followed by hybridization in the solution phase. In

addition, we show quantitatively that only a small portion of the added cDNA molecules undergo hybridization while most are
adsorbed by GO to play the displacement role. Therefore, it is possible to improve signaling by raising the hybridization
efficiency. A key innovation herein is using probes and cDNA with a significant difference in their adsorption energy by GO. This
study offers important mechanistic insights into the GO/DNA system. At the same time, it provides simple experimental
methods to study the biomolecular reaction dynamics and mechanism on a surface, which may be applied for many other

biosensor systems.

G raphene and graphene oxide (GO) have emerged as an
excellent platform for biomolecular adsorption, mediating
chemical reactions, and developing biosensors.' One partic-
ularly interesting and important example is the adsorption of
single-stranded (ss) DNA.> Even though both are negatively
charged, DNA can still be adsorbed by GO in buffers
containing a high concentration of salt to screen electrostatic
repulsion. The attractive forces between DNA and GO include
m—n stacking, hydrophobic interaction, hydrogen bonding, and
van der Waals forces.>™ Without a covalent Iinkage,6 DNA
adsorption is reversible. For example, adsorbed DNA can be
desorbed by adding its complementary DNA (cDNA) to form
a duplex. Compared to ss-DNA, the affinity between a double-
stranded (ds) DNA and GO is much weaker.” Since GO is also
a fluorescence quencher, fluorophore-labeled DNA and
aptamers have been extensively coupled with GO as an
analytical tool for detecting nucleic acids,”® metal ions,” small
molecules,'°™!3 proteins,14 and cells.”®> The GO/DNA sensors
have gained extensive interest due to their simplicity in design,
high signal-to-background ratio, and great sensitivity, which are
critical for developing turn-on fluorescent sensors.” Despite
these practical applications, it remains unclear how such an
analyte-induced desorption reaction takes place at the
molecular level. A critical question is whether DNA hybrid-
ization can directly occur on the GO surface or in the solution
phase. Most previous physical studies only measured
adsorption energy with little dynamic information available,
thus inadequate to reveal a clear physiochemical picture of the
DNA sensing mechanism,'¢™'

If we borrow terms from surface-catalyzed gas-phase
reactions, DNA hybridization in the presence of GO can be
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described by a few possible mechanisms. We herein consider a
GO surface preadsorbed with a fluorophore-labeled probe
DNA, producing a dark background because of fluorescence
quenching by GO. After adding the cDNA (e.g., the target
DNA), fluorescence enhancement is observed. If this reaction
follows the Langmuir—Hinshelwood mechanism, the cDNA is
also adsorbed followed by diffusion on GO. When the cDNA
meets a probe DNA, a duplex is formed on the GO surface and
then desorbed (Figure 1A). This is a common mechanism for
surface-catalyzed gas-phase reactions since both reactants might
be activated by the surface to lower the activation energy
barrier. Another possibility is the Eley—Rideal mechanism,
where the adsorbed probe DNA directly reacts with its cDNA
that is dissolved in the solution phase (e.g., the cDNA does not
have to be adsorbed at the GO/water interface, Figure 1B) at
the GO/water interface. The exact mechanism has not been
established with experimental evidence, but most previous work
assumed one of the above-mentioned mechanisms.” In other
words, the general perception on this issue is that at least one
DNA is adsorbed by GO during the hybridization reaction.
There are still other possibilities that can also explain the
fluorescence enhancement. For example, the added cDNA
might compete with the adsorbed probe DNA nonspecifically
for surface binding sites. Some of the probe DNA might be
displaced by the ¢cDNA into the solution phase to hybridize
with the free cDNA (Figure 1C). So far, it has been quite
challenging to conclude on a molecular scale mechanism,
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Figure 1. Three possible mechanisms of hybridization between a probe DNA adsorbed by GO and its cDNA (target DNA). The oxygenated groups
and defeats on GO are not drawn for clarity of the figures. In all the cases, the probe DNA with a fluorophore label is preadsorbed and the cDNA is
added afterward. The tendency of GO adsorbing ds-DNA is lower than that of the adsorption of ss-DNA. (A) Langmuir—Hinshelwood mechanism.

(B) Eley—Rideal mechanism. (C) Displacement mechanism.

leading to difficulties toward rational improvement of biosensor
design. In addition, considering the extensive research interest
on graphene-based materials, understanding its role in
biomolecular reactions is crucial for many other applications,
including device fabrication, targeted drug delivery, and
imaging. We herein report a set of experiments to provide
key insights into this important analytical system.

B MATERIALS AND METHODS

Chemicals. The dual-labeled DNA samples were from Gene
Link Inc. (Hawthorne, NY), and all the other DNAs were from
Integrated DNA Technologies (Coralville, IA). See Table 1 for
the DNA sequences. The GO sample was purchased from
Advanced Chemical Supplier (ACS) Material (Medford, MA).

Table 1. DNA Sequences Used in This Work

graphic in
DNA name sequence and modifications (S’ to 3) the paper
FAM-A; FAM-AAAAAAAAAAAAAAA Figures 2
and 3
FAM-T 5 FAM-TTTTTTTTTTTTTTT Figures 2
and 3
A AAAAAAAAAAAAAAA Figure 2
T TTTTTTTTTTTTTTT Figure 2
AF-Aj4 Alexa Fluor 647-AAAAAAAAAAAAAAA Figure 3
AF-Ty; Alexa Fluor 647-TTTTTTTTTTTTTTT Figure 3
nonstructured FAM- Figure 4C
probe TTCTTTCTTCCCCTTGTTTGTT-
TAMRA
cDNA for AACAAACAAGGGGAAGAAAGAA Figure 4C
nonstructured
probe
hairpin probe FAM- Figure 4D
GCGAGCCAGGTTCTCTTCACAGA
TGCGCTCGC-black hole quencher 1
cDNA for ACGCATCTGTGAAGAGAACCTGGG Figure 4D

hairpin probe

See Figure S1 (Supporting Information) for a TEM micro-
graph. The salts and buffers were from Mandel Scientific
(Guelph, ON, Canada).

DNA Melting Curves. Carboxyfluorescein (FAM)-labeled
DNA (2 M) was incubated with GO (200 pg/mL) in 10 mM
MgCl, for 1 h followed by three centrifugation (15 000 rpm, 20
min) and washing steps using buffer A (S0 mM HEPES, pH
7.6, and S0 mM NaCl). Finally, the complex was dispersed in
buffer A with ~50 ug/mL GO in a polymerase chain reaction
(PCR) tube. Its fluorescence was monitored as a function of
temperature in a real-time PCR thermocycler (CFX-96, Bio-
Rad). To measure duplex DNA melting, nonlabeled A5 and
T, were mixed at 1 M and annealed in buffer A. A final 5 yM
concentration of SYTO-13 dye was added to monitor DNA
melting using the thermocycler.

DNA Adsorption/Desorption. The DNA/GO complex
was prepared by mixing AF-A ;s or AF-T|; DNA with GO in 2
mM MgCl,, 10 mM HEPES, pH 7.6. The final concentration of
GO was 50 pg/mL, and that of DNA was 1 uM. The mixtures
were incubated overnight, centrifuged to remove free DNA in
the supernatant, and washed with buffer (10 mM HEPES, pH
7.6, 100 mM NaCl). A desorption experiment was carried out
with the fluorescence plate reader with two channels (Infinite
F200 Pro, Tecan). Each well contained 90 uL of buffer (10 mM
HEPES, pH 7.6, 2 mM MgCl,). FAM-labeled A, and T (final
concentration 200 nM) were then added to induce the
desorption reaction. Similar procedures were used for
desorption of FAM-labeled DNA using nonlabeled DNAs.

Dual-Labeled Probes. Similar procedures were used to
study desorption of dual-labeled probes (in Figure 4) from GO,
where the adsorbed probe concentration was S nM and the
cDNA concentration was 200 nM. For the hybridization
reaction in solution, 5 nM probe DNA and 200 nM cDNA
were mixed in buffer (S mM HEPES, pH 7.6, with S mM
MgCl, and 100 mM NaCl). A lower probe concentration was
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Figure 2. (A) Thermal desorption of FAM-A, and FAM-T | from GO in buffer (50 mM HEPES, pH 7.6, 50 mM NaCl). Inset: first derivative of the
FAM-T,; desorption profile. (B) As/T,s melting trace (first derivative) in the same buffer. Kinetics of fluorescence enhancement upon adding
various DNAs to FAM-T,;/GO (C) or to FAM-A,;;/GO (D). The DNAs were added at 1 min.

used here since we intend to compare the results with those of
solution-phase hybridization without GO.

B RESULTS AND DISCUSSION

In most previous studies, DNA probes with mixed nucleotide
contents were employed for DNA detection. With such
sequences, it is likely that both the probe DNA and its
cDNA have similar adsorption affinities for the GO surface,
thus blurring the hybridization mechanism. We reason that
useful insight might be obtained by using DNA homopolymers,
which may maximize the difference in the adsorption energy of
the DNA probe toward the GO surface relative to that of its
cDNA. On the basis of previous studies,”'” the purine bases
(e.g, A and G) bind to graphene more strongly than the
pyrimidines (e.g., T and C). In this study, we chose to test A5/
T,5 (e.g, 15-mer DNA composed of just A or T bases) rather
than G;5/C;s, since poly-G/C can form various secondary
structures that may complicate our analysis.

To confirm the order of DNA adsorption affinity, we
measured the thermal desorption of 5’-FAM-labeled DNA from
GO. The DNA/GO conjugates were exposed to increasing
temperatures, and the fluorescence intensity at each temper-
ature was measured, which indicates the amount of desorbed
DNA. FAM-A|; did not show much desorption, as indicated by
the lack of fluorescence increase (Figure 24, black curve), while
FAM-T s showed significant fluorescence enhancement and
thus desorption (red curve), confirming its weaker affinity. The
melting temperature (T, e.g, the maximum of the first
derivative) of T, is determined to be 60 °C (inset of Figure

2A). For comparison, we also measured the melting curve of a
DNA duplex composed of T,s/A;s in the absence of GO
(Figure 2B), where the T, was ~44 °C. These experiments
indicate that the stability of the Ts/A;5 duplex is slightly lower
than that of the T 5/GO complex, while A;5/GO is the most
stable since it fails to dissociate by heating.

It needs to be noted that the surface of GO is highly
heterogeneous, containing both highly oxidized domains and
crystalline carbon domains.””*' DNA adsorbed on the carbon
domains is more stable than that on the oxidized domains. This
explains the broad desorption profile of FAM-T;;/GO in
Figure 2A. These melting curves were measured in a low-salt
buffer containing just 50 mM NaCl. With a high salt
concentration (e.g, S mM Mg”"), even FAM-T|; failed to
desorb (Figure S2, Supporting Information).

After confirming the order of DNA adsorption energy, we
next studied DNA-induced desorption. When FAM-T,; was
used as the preadsorbed probe, adding A resulted in a large
fluorescence increase (Figure 2C, green curve). This is
attributed to the formation of the FAM-T s/A;5 duplex. If a
nonlabeled T,5 was added, a slow and moderate fluorescence
increase was observed due to nonspecific displacement of the
adsorbed FAM-T,; (blue curve) by T,;. Without any added
DNA, the adsorbed probe DNA was quite stable and the
background fluorescence did not change (red curve). This is
the typical scenario reported in most DNA detection papers.

Next we employed FAM-A;; as the preadsorbed probe.
Surprisingly, when T 5 was added, the fluorescence increase was
very slow (Figure 2D, green curve), even slower than the
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Figure 3. (A) Scheme of quantifying DNA adsorption and desorption using a dual-fluorophore approach. Desorption of AF-Ajs (B) or AF-T 5 (D)
by FAM-labeled DNA. Adsorption of FAM-labeled DNA in the presence of preadsorbed AF-A,s (C) or AF-T,5 (E) probes. The plots were made to
compare both the percentage (the left axis) and absolute concentration (the right axis) of DNA adsorption/desorption.

displacement reaction induced by adding A, (blue curve). This
result allows us to rule out the Eley—Rideal mechanism (Figure
1B). If hybridization were taking place on the GO/water
interface when FAM-A,5 was preadsorbed, one would expect
more efficient fluorescence enhancement by adding Ts than
adding A, because A5 cannot hybridize with FAM-A ;. Since
we observed the opposite, reactions other than hybridization
might be the rate-limiting step.

The difference in cDNA-induced desorption between FAM-
A5 and FAM-T |5 does not support the Langmuir—Hinshel-
wood mechanism either (Figure 1A), which contains four steps:
adsorption of both DNAs by GO, DNA diffusion on the
surface, cONA/DNA hybridization on GO, and release of the
resulting duplex into solution to generate fluorescence. If both
DNAs must be adsorbed by GO before hybridization, we
expect a similar kinetics regardless of whether FAM-A g or
FAM-T|s is used as the preadsorbed probe as long as the
adsorption kinetics of A5 or T is comparable. To confirm the
adsorption kinetics, we respectively monitored the adsorption
of FAM-A|s and FAM-T s (Figure S3, Supporting Informa-
tion). Adsorption was finished in ~20 s for both DNAs, much
faster than the desorption kinetics. Therefore, the difference in
parts C and D of Figure 2 must be due to reactions after the
DNA adsorption step. In fact, both mechanisms can be ruled
out on the basis of the adsorption energy argument; under our

experimental conditions, the DNAs are more stable when they
are single-stranded and adsorbed to GO than forming a duplex
(Figure 2A,B).

Figure 2D directly points to the importance of nonspecific
displacement. Since the mechanisms related to direct DNA
hybridization on GO have already been ruled out, we reason
that the key step is the displacement of the adsorbed probe
DNA by its cDNA. DNA cannot directly hybridize on GO since
it is energetically unfavorable to do so. On the other hand, the
displacement reaction requires little to no net energy (e.g, in
the case of A, displacing FAM-A;;) and is driven by the mass
action law. In addition, displacement requires lower activation
energy than desorption/hybridization since biopolymer dis-
placement on surfaces can often take a concerted mecha-
nism.”>** After being displaced, the desorbed probe reacts with
the cDNA in solution to form a duplex as schematically shown
in Figure 1C. Fluorescence enhancement was due to the
unfavorable readsorption of the ds-DNA.

On the basis of the above discussion, the added cDNA or
target DNA has two roles: (1) the adsorbed cDNA displaces
the probe DNA into solution and (2) the cDNA in solution
hybridizes with desorbed probes to prevent its readsorption.
Therefore, we can deduce that the target DNA is not utilized
efficiently since ideally each target DNA should generate one
hybridization event or one desorbed fluorophore. To track the
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Figure 4. Schematic presentation of hybridization of nonstructured DNA with cDNA (A) or hairpin DNA with cDNA (B) for the free DNA or
DNA adsorbed on GO. (C) Hybridization kinetics for the reaction in (A). (D) Hybridization kinetics for the reaction in (B).

partition of cDNA, we employed cDNA labeled with a different
fluorophore (Figure 3A). To minimize fluorescence resonance
energy transfer (FRET) in the duplex formed between these
two DNAs, we chose to use FAM and Alexa Fluor 647 (AF) as
labels since they form a poor FRET pair. When AF-A; was
preadsorbed as the probe, adding 200 nM FAM-T 5 resulted in
just ~5% or ~3 nM AF-A desorption (Figure 3B, green line).
At the same time, ~40 nM FAM-T | was adsorbed (Figure 3C,
green curve). If 200 nM FAM-A,; was added, ~8 nM AF-A
was desorbed (Figure 3B, red curve) and 60 nM FAM-A,; was
adsorbed (Figure 3C, red curve). In both cases, the efficiency of
signal generation was quite low. With 200 nM added DNA,
only 1.5—4% equivalent of the probe DNA desorbed. We also
compared AF-T; desorption induced by FAM-A;; and
nonlabeled A5, where the kinetics were quite similar, and
these labels do not affect the reaction kinetics (Figure S$4,
Supporting Information). However, we cannot rule out that
other fluorophores, especially cationic and hydrophobic ones,
might induce a behavior different from that of nonlabeled
DNA.

When AF-T 5 was preadsorbed as the probe, adding 200 nM
FAM-A; resulted in ~60% or 14 nM probe desorption (Figure
3D, red line). At the same time, ~80 nM FAM-A; was
adsorbed. This is a better signaling condition compared to that
in Figure 3B and is analyzed in more detail. We can divide the
added 200 nM FAM-A;; DNA into three populations. The
majority remains in the solution phase as ss-DNA (~106 nM)
since the surface has limited capacity. A fraction is in the ds-
DNA form (~14 nM) paired with desorbed AF-T;, assuming
that the AF-T|;/FAM-A;s duplex is not readsorbed by GO.
Although ds-DNA can also be adsorbed,” this is a reasonable
assumption here since the surface is already saturated with ss-
DNA. The remaining FAM-A5 (~80 nM) is adsorbed by the
GO surface to displace AF-T;. In the ideal case, all the 200 nM
FAM-A|s should be used to generate signal by forming a
duplex. However, only 14 nM achieved it. In this experiment,

we used an excess amount of the FAM-A s to push more probe
DNA off the GO surface. If we just consider DNA adsorbed by
GO and those formed ds-DNAs, ~14/94 = 15% of the cDNA
resulted in the AF-T g probe desorption. In a simple model, to
desorb 1 equiv of probe DNA, at least 6—7 equiv of its cDNA
needs to be added (sequence dependent). This calculation also
supports the displacement mechanism; it takes 6 equiv of
cDNA to displace 1 equiv of adsorbed DNA. Despite its low
efficiency, such GO-based sensors can still achieve high
sensitivity and often detect down to ~1 nM DNA. This is
attributed to the extremely low background fluorescence and
small background fluctuation. After understanding the reaction
mechanism, future work can be geared toward rational
improvement of sensor signaling, such as blocking the GO
surface after probe adsorption and tuning the probe adsorption
energy. We also tested the reaction at lower probe density, and
similar results were observed (Figure SS, Supporting
Information). Therefore, the displacement mechanism is a
general conclusion for this DNA/GO system.

A reaction can take many different routes (e.g., Figure 1),
and the one with the lowest activation energy and the fastest
rate wins. If DNA hybridization follows the Langmuir—
Hinshelwood mechanism, a hidden assumption is that
hybridization should be faster on GO (e.g, GO serves as a
hybridization catalyst). To study the role of GO, we compared
the DNA hybridization rate in the presence and absence of GO.
First, a nonstructured DNA probe with terminal fluorophore
and quencher labels was employed (Figure 4A). In the absence
of GO, hybridization with its cDNA was very fast; the signal
was saturated in less than 20 s (Figure 4C, red trace). The
amount of fluorescence enhancement was low since the initial
distance between the fluorophore and quencher might be quite
long already; forming ds-DNA with its cDNA only caused
slightly more separation between the fluorophore and
quencher. On the other hand, if we first adsorbed the probe
DNA by GO, a much slower kinetics was observed, indicating
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that GO is not a catalyst but rather an inhibitor for DNA
hybridization in general. This is understandable since DNA
binds to GO strongly and this strong interaction has to be
disrupted to allow for DNA hybridization.

Next we tested a molecular beacon with a hairpin structure to
increase the hybridization activation energy barrier of the free
DNA probe (Figure 4B).>*7>® Adsorbing the molecular beacon
probes on GO has been shown to suppress the background and
enhance selectivity,***”>® while we used it here for the purpose
of mechanistic study. Indeed, the free DNA hairpin hybrid-
ization kinetics was much slower (Figure 4D, red curve)
compared to that for the nonstructured DNA in Figure 4C.
Adsorption of this hairpin to the GO surface resulted in a lower
background, and the kinetics of the reaction remains similar.
The similar hybridization kinetics with and without GO for the
hairpin DNA suggests that the displacement reaction should
have a similar or slightly faster rate compared to hairpin
hybridization to its ¢cDNA in solution. Otherwise, the
fluorescence signaling kinetics should be much slower in the
presence of GO. The study of the hairpin probe further
supports that GO is not a catalyst for DNA hybridization even
when an artificial energy barrier is introduced, thus disproving
the Langmuir—Hinshelwood mechanism from another per-
spective.

B CONCLUSIONS

In conclusion, we have developed a set of experiments to probe
the surface reaction mechanism of DNA on GO. The key
experimental novelty here is to use probe DNA and its cDNA
with a large adsorption energy difference on the GO surface.
This can be readily achieved by tuning the nucleotide
composition. On the basis of our results, the mechanism is
probe DNA displacement followed by hybridization in solution,
which has not been previously proposed for the GO/DNA
system. At its current design, the efficiency of using the cDNA
is quite low, and even in the optimal design of using a low-
affinity probe and high-affinity cDNA, only ~15% of the cDNA
is used for signal generation. Therefore, there is a lot of room
for rational engineering of the interface to improve sensitivity.
Similar methods can also be applied to study the reaction
mechanism in other bionanosystems.

B ASSOCIATED CONTENT

© Supporting Information

DNA adsorption/desorption kinetics, additional melting curves,
and TEM images. This material is available free of charge via
the Internet at http://pubs.acs.org.
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