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Abstract.

Adsorption of fluorescently labeled DNA and aptamer probes to graphene oxide (GO) has been one of
the most popular methods for developing biosensors. In the presence of target analytes, the quenched
fluorescence would recover. In this work, we followed the kinetics of the reactions and found that the
fluorescence would eventually drop after an initial increase, and this was attributed to the re-adsorption
of the desorbed probe DNA molecules. Both a DNA probe and an aptamer for adenosine were used.
This re-adsorption was attributed to the surface heterogeneity of GO, and the DNA probes desorbed
from relatively weaker binding sites were re-adsorbed on the stronger binding sites. This re-adsorption
can be avoided by extensive washing the samples, and also by blocking the GO surface or by heating.

This fundamental understanding is important for achieving a stable signal of such biosensors.
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1. Introduction

Adsorption and desorption of biopolymers from inorganic surfaces is a fundamental process in
nanotechnology [1-5]. Applications related to biosensor development, biomaterials design, drug
delivery, and catalysis can all be linked to and are sometimes even governed by interfacial properties
[6]. As a result, adsorption of proteins and DNA on many surfaces has been extensively studied
including gold [7], polymers [8], silica [9], and metal oxide surfaces [3]. These surfaces are relatively
homogeneous at the length scale of a few nanometers (e.g. the size of typical DNA oligonucleotides or
proteins).

Graphene oxide (GO) is highly popular for developing biosensors [10-14]. The surface of GO is
described to contain both crystalline carbon domains where the structure of pristine graphene is
preserved, and highly oxidized regions containing surface hydroxyl and carboxylic acid groups [15-17].
With these hydrophilic groups, GO can be easily dispersed in water. Such nano-domain structures are
not available in most other surfaces.

In a relatively high ionic strength buffer, GO can strongly adsorb single-stranded (ss) DNA
molecules and effectively quench adsorbed fluorophores [1, 4]. DNA is negatively charged at neutral
pH and so is GO. Thus, a high salt buffer is required to screen the repulsive forces. For a well-folded or
double-stranded (ds) DNA, whose nucleobases are shielded, DNA adsorption by GO is significantly
reduced [18-22]. Based on these interactions, a general optical sensing method has been developed as
shown in Figure 1. A fluorophore-labeled probe DNA or aptamer is first adsorbed on GO to result in
quenched fluorescence. Addition of its cDNA or the aptamer target induces probe desorption and
fluorescence recovery [1, 23]. A variation of this scheme is to pre-mix DNA probes with target
molecules followed by adding GO [24, 25]. In the presence of the target, the probe adsorption by GO is
slower and a fluorescence difference can also be achieved. These methods have been applied for the
detection of nucleic acids [1, 24, 26-29], proteins [30, 31], virus [32], metal ions [25], and small
molecules [33-35] showing good generality.

Most of the biosensor work reported only end-point fluorescence intensities while little kinetic
information was given [36]. Studying reaction kinetics can provide important mechanistic insights into
surface reactions and may allow further optimization of sensor performance. In this work, we observed
very intriguing kinetic profiles for DNA/GO based biosensors. The sensor fluorescence initially
increased upon target addition, but it was followed by a fluorescence decay. This unstable kinetics
makes accurate detection more difficult. After extensive studies, we attribute this intriguing kinetics to
GO surface heterogeneity (i.e. the presence of nanoscale domains with different DNA adsorption

affinities) [16]. We proposed that DNA binding to the carbon-rich regions was much stronger, and
2



DNA can migrate from low affinity domains to high affinity ones in the presence of target molecules.
Based on this understanding, we were able to minimize this unstable kinetics. This study provides a
better picture about GO surface interacting with biomolecules and will help rational design of GO-

based biosensors.
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Figure 1. Schematics of fluorescent biosensors based on GO and DNA or aptamer probes. Upon probe
adsorption, the fluorescence is quenched. By adding the cDNA or adenosine, the probe DNAs are
desorbed to restore the fluorescence signal. The DNA probe sequences used in this study are also

shown.

2. Experimental Section.

2.1. Chemicals. All DNA samples were purchased from Integrated DNA Technologies (Coralville, IA).
The sequences of the DNA are: carboxyfluorescein (FAM)-labeled 24-mer DNA: FAM-
ACGCATCTGTGAAGAGAACCTGGG-3', its cDNA: CCCAGGTTCTCTTCACAGATGCGT-3';
FAM-labeled adenosine aptamer: FAM-ACCTGGGGGAGTATTGCGGAGGAAGGT-3'; and FAM-
labeled Hg?*" binding DNA as a control sequence: FAM-TTCTTTCTTCCCCTTGTTTGTT. Sodium
chloride, magnesium chloride, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonate (HEPES), adenosine,
uridine, guanosine, and cytidine were purchased from Mandel Scientific (Guelph, Ontario, Canada).
Carboxyl GO was purchased from ACS Material Inc. Millipore water was used to prepare all the

solutions and buffers.



2.2. Physical adsorption of DNA on GO. In a typical experiment, 500 nM (or other DNA
concentrations tested) of the FAM-labeled probe DNA was incubated with 100 pg/mL GO in buffer
(25 mM HEPES, pH 7.6 with designated salt concentrations) for 1 h at room temperature. Any non-
adsorbed DNA was removed by centrifugation and purified GO/DNA complex was dispersed in the
buffer.

2.3. Detection of DNA and adenosine. The kinetics of fluorescence increase was measured using a
fluorescence microplate reader (Infinite F200 Pro, Tecan) under the FAM channel. In each well, 50 pL
of the sensor (GO concentration 20 pg/mL) in buffer was added. After monitoring the background
fluorescence for around 10 min, a small volume (usually <5 pL) of target DNA or adenosine was added
and the fluorescence was monitored every 10 sec for 30 min to 3 h. cDNA were prepared with 5 mM
HEPES buffer and adenosine were prepared with Milli-Q water. For testing the specificity of the
adenosine aptamer sensor, 500 uM adenosine, guanosine, cytidine or uridine was added to 50 uL of the
sensor. Due to the low solubility of guanosine and adenosine, both solutions were pre-heated before the

addition. Guanosine was prepared at a concentration of 5 mM and the other ones were at 50 mM.

3. Results and Discussion

3.1. Sensor signaling kinetics. To systematically study the signaling kinetics, two different sensors
were tested for the detection of a biopolymer (DNA) and a small molecule (adenosine), respectively.
To prepare the sensors, each FAM-labeled probe DNA was mixed with GO in a high salt buffer for
adsorption. For DNA detection, a 24-mer probe DNA with a 5'-FAM label was used. In the absence of
its complementary DNA (cDNA), a very low and stable background was observed (Figure 2A, red
curve), suggesting that the adsorption was strong. Addition of the cDNA resulted in a concentration-
dependent fluorescence increase. At each target concentration, the fluorescence initially increased
followed by a slow decay. Next, a FAM-labeled adenosine aptamer was adsorbed on the GO surface
(see Figure 1A for the DNA sequence), where adenosine resulted in a similar initial signal increase
followed by a slow decay phase (Figure 2B). The signal decay phase cannot be attributed to
photobleaching since under the same experimental conditions, no decay was observed if the DNA
sensor was prepared in a different way (vide infra). For practical analytical applications, the decaying
signal is undesirable. Normally, for such binding-based assays, a stable signal can be expected after an
equilibrium is reached. The similar kinetic behavior for both the DNA and the aptamer systems

suggests a common mechanism that is independent of the target molecule species. The decay of signal



is intriguing and suggests the presence of a more complex kinetic behavior that warrants a more careful
study.

In both sensor systems, only the probe DNAs were fluorescently labeled. Since GO can
completely quench the adsorbed fluorophore, the increased fluorescence suggested probe desorption

and the subsequent decay phase can only be attributed to probe re-adsorption.
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Figure 2. Signaling kinetics of the DNA probes for the detection of (A) cDNA, and (B) adenosine. The
target analytes were added at the time points indicated by the arrows. The DNA binding kinetics was
slower and therefore monitored for a longer time. Ionic strength: 150 mM NaCl, I mM Mg*"; GO

concentration: 20 pg/mL.

3.2. Adenosine detection as a function of salt concentration. We then chose to use the adenosine
probe to carry out systematic studies since it has relative fast reaction kinetics. In addition, there are
several other ribonucleosides that can be used to test specificity and further understand the desorption
mechanism. DNA adsorption/desorption on GO can be conveniently controlled by tuning the ionic
strength [4]. The sensor was first dispersed in a low salt buffer (150 mM NaCl and 25 mM HEPES, pH
7.6) and 0.5 mM of various nucleosides were added. Interestingly, we observed a similar signal
increase for adenosine (A) and guanosine (G), while cytidine (C) or uridine (U) showed little response
(Figure 3A). This aptamer is known to have no affinity for G [37], and thus this signal increase can
only be attributed to the non-specific displacement of the aptamer by G. Therefore, when the
interaction between DNA and GO was relatively weak (e.g. in a low salt buffer), and non-specific
displacement of the probe DNA due to target/GO interactions can dominate the system. Such

target/surface interactions have also been observed in other systems such as metal oxides [23] and gold



[38-40] as well. After the initial fluorescence signal spike, the decay of fluorescence was observed for
both A and G, suggesting re-adsorption of the desorbed aptamer probes.

It is known that DNA adsorption to GO is much stronger in the presence of divalent metal ions
such as Mg?* [4]. Next, 1 mM MgCl> was added to the buffer (in addition to the 150 mM NaCl).
Addition of the nucleosides resulted in a slightly different pattern as shown in Figure 3B. Compared to
the previous Mg?*-free system, the overall fluorescence signal was lower for both A and G. The initial
spike reached a fluorescence reading of ~30 for G in the Mg?" free buffer but only ~10 when Mg** was
present. This observation supported that the aptamer was more tightly adsorbed by GO in the presence
of Mg?" and thus non-specific displacement by G was reduced. Although the signal in the presence of
A was also reduced, the difference between A and G became much larger. This could be attributed to
the better binding of the aptamer in the presence of a higher salt concentration [39]. The signal decay
phase was also observed for both A and G under this condition.

Since adding 1 mM Mg?* appeared to improve selectivity towards the aptamer target, the salt
was further raised to contain 4 mM Mg?". As can be observed from Figure 3C, however, the sensor
performance actually decreased. For G, the signal reached a steady value very quickly and the absolute
fluorescence increase was even lower (e.g. final fluorescence = ~5), which is consistent with the further
reduced non-specific displacement. The signal difference between A and G became very small. This
indicated that the aptamer/GO binding was stronger than aptamer/adenosine binding and most of the
desorbed aptamers re-associated with the GO surface under such a high Mg?* condition.

The adenosine aptamer tested above can selectively bind to A but not G. The increase of
fluorescence in the presence of G indicated that G can effectively compete with DNA for surface
binding sites. To quantitatively understand the non-specific binding, we added the nucleosides to
another FAM-labeled DNA (i.e. the Hg** binding DNA). This DNA is not an aptamer for either A or G
and therefore any fluorescence increase can only be attributed to non-specific displacement. As shown
in Figure 3D, G showed a slightly higher fluorescence signal than A, suggesting that it had a higher
binding affinity to the GO surface. The higher affinity for G has also been observed previously using
isothermal titration calorimetry (ITC) [41]. The fact that no fluorescence increase was observed in the
presence of U or C confirmed that the binding to pyrimidines were much weaker compared to that for

purines [41-43]. Interestingly, the decay pattern was still observed for this control DNA.

This salt-dependent kinetic study revealed some important features of physically adsorbed
aptamer probes. First, non-specific displacement of the adsorbed aptamer probe can occur, which can

lead to false positive results. For example, both G and A at a moderate concentration of 0.5 mM can
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effectively displace adsorbed DNA. This is a practical concern for cellular or blood related applications,
since there are many other small molecule metabolites, nucleic acids and proteins that can compete for
the surface binding sites on GO. Therefore, the observed signal may not be exclusively due to the
intended target. Second, careful optimization work needs to be carried out under different detection
conditions. For example, we observed a relatively large difference between A and G with 1 mM Mg?*
but not with 0 or 4 mM Mg?*. If the adsorption of the aptamer probe was too weak, non-specific
displacement dominated the signal. On the other hand, if the adsorption was too strong, little signal was
generated. This experiment, however, did not provide enough insights to explain why decayed signal

was observed. To understand this, we performed the following experiments.
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Figure 3. Kinetics of fluorescence signal change of (A-C) the FAM-labeled adenosine aptamer probe,
and (D) the Hg?" binding DNA adsorbed on GO in the presence of 0.5 mM A, G, U, or C. Buffer
conditions: (A) 150 mM NaCl; (B) 150 mM NaCl, 1 mM MgCla; (C) 150 mM NaCl, 4 mM MgCl; (D)
150 mM NacCl, 4 mM MgCl,. All the figure panels here share the same legends in (A).

3.3. Effect of sensor/target concentration. It can be observed from the above experiments that A and
G can strongly adsorb on GO. Therefore, one explanation for the decay part of the kinetic traces is that

the added GO decreased the concentration of A and G in solution. For example, the initial



concentration of A in solution was 0.5 mM, which can desorb a certain amount of the DNA probe via
formation of the aptamer/adenosine binding complex. The desorbed probe had to bind to A in solution
to avoid re-adsorption by GO. With A in solution being adsorbed by GO, its concentration was reduced,
leading to some aptamers in solution losing the bound A due to the shift of the chemical equilibrium
and re-adsorption of these aptamers. This may explain the decay part of the kinetic traces for A.

To test this hypothesis, first, if 0.5 mM A or G was added to a more diluted sensor (5 instead of
20 pug/mL GO), we indeed observed a much more stable signal for both samples (Figure 4A). Second,
if 2 mM A or G was added to 5 pg/mL GO, no more decay was observed (Figure 4B). This suggested
that our hypothesis was correct in terms of target adsorption by GO, leading to a reduced A
concentration in solution to shift the reaction equilibrium between the aptamer, adenosine, and GO.
With a low concentration of GO and high concentration of target, even after saturating all the surface
binding sites with A, there were still a sufficient concentration of A in solution to keep the desorbed
aptamer in the binding state.

This mechanism, however, cannot explain why G also induced a decayed fluorescence, since
there was no specific binding between G and the aptamer. After the initial desorption via non-specific
displacement, as more G molecules were adsorbed on the surface, more DNA desorption should have

occurred, leading to increased instead of decreased fluorescence.

25 40

A B -
- . —
> 20 4 3
L L
§ 15 § 20
Q @
Q104 3
g o
o —— Adenosine (e} .
S 5 : S — Adenosine
o [ Guanosine T Guanosine

0 | 0 +—
0 30 60 90 120 150 0 30 60 90 120 150
Time (min) Time (min)

Figure 4. Kinetics of fluorescence signal change with the FAM-labeled adenosine aptamer probe. (A) 5
pg/mL GO with 0.5 mM A or G; (B) 5 pg/mL GO with 2 mM A or G. Both samples contained | mM
Mg?" and 150 mM NaCl in the buffer.

3.4. Effect of washing. In the above sensor preparation, no washing step was performed. After mixing

the DNA probes with GO, almost all the probes were adsorbed, resulting in very low background
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fluorescence. We found that we can eliminate the decaying part of the kinetic traces after washing the
sensors with water. In water, the ionic strength was very low and weakly adsorbed DNAs were likely to
desorb. As discussed previously, the GO surface contains both highly oxidized regions and highly
crystalline carbon rich regions. We expected that the weakly adsorbed DNAs were on the oxidized
regions since these regions were also negatively charged [44]. A high ionic strength was required to
screen the repulsive force with DNA. On the other hand, DNA strands adsorbed on the carbon-rich
regions should be less affected by ionic strength since the interaction should be of hydrophobic nature.
As shown in Figure 5A, with a high concentration of 20 pug/mL GO and 4 mM MgClz (the same
condition as in Figure 3C), after washing treatment, we did not observed any decayed signal in the
presence of both A and G. After washing in water, the same observation was also made for the
detection of cDNA as shown in Figure 5B.

3.5. Surface heterogeneity. We can explain all the experimental results by considering the surface
heterogeneity of GO. GO is composed of nanoscale domains. DNA binding to the crystalline carbon
regions is likely to be stronger due to a lack of electrostatic repulsion [17]. In the more oxidized regions,
there are a lot of negative charges and DNA binding is weaker. DNA probes were initially adsorbed on
both the high affinity and low affinity regions. Even though there was a difference in the binding
affinity, the adsorption was still very strong even for the low affinity sites. This can be deduced from
thermal desorption experiments reported previously. For example, with a moderate salt buffer (e.g. 200
mM NaCl), almost no thermal dissociation of DNA occurred [4, 27, 45]. At very low salt conditions,
thermal desorption can be observed, but there were no obvious melting transitions and DNA desorption
occurred over a wide temperature range, indicating the presence of a wide variety of sites with different
binding affinities [4, 46]. The tight adsorption makes on-surface diffusion difficult.

Addition of G caused desorption of some of the less tightly adsorbed DNA probes due to non-
specific displacement. The desorbed DNA can still be re-adsorbed. This time, however, the DNA had
to choose to be adsorbed on higher affinity sites, since at lower affinity sites they would be desorbed
again. The final result was that more DNAs were on the higher affinity sites than that in the initial
distribution. After washing, the weakly adsorbed DNAs were removed and only the strongly adsorbed
ones remained on the surface. Addition of G or A induced desorption of some of these DNAs but they
cannot migrate to other sites; the situation became a simple desorption reaction and no re-adsorption
occurred.

The fact that signal decay was still observed for the 24-mer DNA target indicated that the
binding between DNA and GO can be so strong that even 24-mer DNA cannot compete with the high



affinity regions. If the sensor sample was washed, no decay was observed as shown in Figure 5B,

further confirming the generality of our observation.
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Figure 5. Signaling kinetics of the DNA/GO sample washed in water for the detection of (A)
adenosine, and (B) cDNA. Ionic strength: 150 mM NaCl 1 mM Mg**; GO concentration: 20 pug/mL.

3.6. Target induced migration of probe DNA. At this point, we can summarize the reaction
mechanism as shown in Figure 6. There are two types of regions on GO with different DNA binding
affinity. Practically, this is unlikely to be a clear cut, and regions with intermediate affinities should
also exist. Mixing DNA and GO results in DNA adsorption. Although the adsorption affinity differs at
the different regions, the binding even at low affinity sites is still very strong. Therefore, thermal
energy at room temperature is insufficient to spontaneously move all the DNAs to the higher affinity
sites. In other words, this system is kinetically trapped. Addition of molecules that can either interact
with DNA (e.g. cDNA and A) or the surface (e.g. G) resulted in a perturbation in the system to desorb
some of the probe DNAs. DNAs on the lower affinity regions should be the first ones to desorb. Since
there were still free surface sites with high affinity to accept incoming DNAs, re-adsorption is observed
(the fluorescence decay part).

The GO surface is unique in terms of its nano-sized domains. The domain sizes are large
enough to accommodate several DNA molecules. Other commonly used surfaces such as silica and
gold do not possess such features; their surface properties are more homogeneously distributed. It
needs to be noted that we attributed our observations to surface heterogeneity of GO only based on the
kinetics of the sensors. We could not fully rule out other possibilities, but we believe this is a

reasonable hypothesis.
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In terms of practical applications, the surface heterogeneity needs to be noted for biosensor
development. The perturbation effect of GO in terms of non-specific target adsorption can hardly be
avoided. We have demonstrated that heating can also drive DNA to higher affinity regions [17].
Another way is to block the surface [1, 47]. Finally, as demonstrated in this work, it can be improved
by washing. Among the three methods including washing, blocking and heating that can achieve stable
signals, blocking might be the most robust method, since it can increase the efficiency of using the

target DNA.
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Figure 6. Schematics of aptamer adsorption/desorption on GO induced by target molecules. (A) Probe

DNAs are randomly adsorbed on the GO surface with fluorescence being quenched. Both the low
affinity and high affinity regions contain adsorbed DNA. (B) Addition of the target molecule (denoted
by a red star) resulted in desorption and fluorescence enhancement. (C) The target can also be adsorbed
on the GO surface, reducing the concentration in solution, leading to releasing of the target by aptamers
in solution and re-adsorption of the aptamer to the higher affinity sites (D). (E) The DNAs are tightly

adsorbed and cannot spontaneously diffuse to the high affinity sites.
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4. Conclusions

From this work the following conclusions can be reached. The initial DNA adsorption on GO is quite
random and can occur on both high affinity and low affinity regions. The reason is that even for low
affinity regions, the binding is still quite strong. Under chemical perturbation, DNA can desorb into
solution and be re-adsorbed at higher affinity sites, resulting in an unstable kinetic behavior. After
washing in water, weakly bound DNAs are removed and the decaying part can be eliminated. This
work shows the importance of understanding the fundamental interactions between biomolecules and
inorganic surfaces, and GO provides an ideal platform for such studies. Such understandings are useful

for improving biosensors.
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