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1    Introduction

DNA is a very versatile molecule for developing bio-
sensors [1–5]. In addition to simple nucleic acid targets, 
DNA aptamers recognize a broad range of analytes. At 
the same time, DNA also interacts with various nanoscale 
materials in a predictable and controllable manner [6–9]. 
A recent example is the adsorption of DNA by graphene 
oxide (GO) [10, 11]. Two properties make GO a very popu-
lar material for designing DNA-based biosensors. First, 
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single-stranded DNAs (ssDNAs) are quickly adsorbed 
by GO [12, 13]. In the presence of a complementary DNA 
(cDNA), the adsorbed probe can be released from the GO 
surface. Second, GO is an efficient fluorescence quench-
er, and the release of fluorescently labeled probes is 
accompanied with fluorescence enhancement. Since its 
first report in 2009 [11], this method has been employed to 
design a diverse range of biosensors [14–28].

While many applied studies have been carried out, our 
understanding on its surface science is far from complete. 
We reason that such understandings may lead to further 
improved biosensors. For example, we recently performed 
a quantitative study on this system and found that the 
utilization of the target DNA is far from ideal [29]. For 
every six target DNA molecules added, only one probe 
DNA was desorbed. The rest of the target DNAs were 
adsorbed by the GO surface. This was attributed to that 
the affinity between DNA and GO is higher than that for 
DNA duplex formation. Ideally, each target DNA should 
produce a hybridization event. Since only less than 20% 
of the target DNA is used to generate a signal, there is a 
large room for improvement.
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Unlike many other nanomaterials, the surface of GO is spe-
cial in terms of its heterogeneity [30, 31], containing highly 
oxidized regions with low DNA adsorption affinity, crystal-
line carbon regions with high affinity, and regions between 
these two extremes. This heterogeneity is reflected from 
the thermal desorption profile of DNA, where only a frac-
tion of DNA is desorbed by heating to nearly the boiling 
temperature [29], while the rest are tightly adsorbed. For 
the fraction that desorbs, the temperature profile is very 
broad [13, 32]. If target DNA molecules are adsorbed on the 
high affinity regions, it is very difficult for them to generate 
a signal. Therefore, one rational way to improve the sensor 
performance is to block the GO surface, especially the high 
affinity binding sites.

Surface blocking is a common practice in biosensor 
development. Well-known examples include blocking gold 
surfaces with thiolated compounds and blocking nitrocel-
lulose with bovine serum albumin (BSA). Due to its hetero-
geneous nature, blocking the GO surface might require a 
more subtle control of surface forces. If a blocking agent 
is too strong, probe adsorption might be affected, leading 
to weak signal. If too weak, the intended blocking effect 
might not be achieved. Since many types of molecules 
can be adsorbed by GO and serve as potential blocking 
agents, a systematic comparison is needed to maximize 
the performance of DNA sensing. In this work, we screened 
over ten blocking agents. Under optimized conditions, we 
significantly improved the signaling sensitivity of a few 
targets including a DNA, a small molecule and a metal ion.

2    Materials and methods

2.1    Chemicals

All DNA samples were purchased from Integrated DNA 
Technologies, Inc. (Coralville, IA). Sequences and modifica-
tion of DNA are shown in Supporting information, Table S1. 
The GO sample was from Advanced Chemical Supplier 
(ACS) Material (Medford, MA). Polyethylene glycol (PEG, 
MW 20 000) was purchased from VWR. Tween 20 was from 
Amresco. Other polymers – polyacrylic acid (PAA, MW 
15 000), poly(allylamine hydrochloride) (PAH, MW 17 000), 
poly(styrenesulfonate) (PSS, MW 70 000), poly(vinylsulfonic 
acid, sodium salt) (PVS) – and surfactants – sodium dodecyl 
sulfate (SDS), hexadecyltrimethyl ammonium bromide 
(CTAB) were purchased from Sigma. Adenosine, sodium 
chloride, magnesium chloride, mercury perchlorate, and 
4-(2-hydroxyethyl) piperazine-1-ethanesulfonate (HEPES) 
were purchased from Mandel Scientific (Guelph, Canada). 
Milli-Q water was used in all experiments.

2.2    Quenching efficiency measurement

The GO/blocker conjugate was prepared by mixing GO 
(final concentration 100  µg/mL) with various blockers 

(polymers, surfactants, DNA) in buffer A (5 mM HEPES, 
100 mM NaCl, and 10 mM MgCl2). After 1 h incubation at 
room temperature, 10 µL of the GO/blocker mixture was 
added into 90 µL of the same buffer consisting of the FAM 
24-mer DNA (20 nM, 50 nM, or 100 nM) in a 96-well plate. 
The final concentrations of surfactants (CTAB, Tween and 
SDS) and polymers (PEG, PAH, PAA, PSS and PVS) were 
0.1% and the A15 DNA was 100  nM. The fluorescence 
intensity of the FAM 24-mer DNA was monitored using a 
microplate reader (Tecan Infinite F200Pro).

2.3    Kinetics of probe DNA desorption by cDNA

The DNA/GO/blocker complex with varying concentra-
tions of blocker was prepared as mentioned above. Deso-
rption experiment was carried out with the microplate 
reader. Each well contained 90 μL of buffer A and 10 μL 
of a DNA/GO/blocker complex solution. cDNA was then 
added to initiate the desorption reaction. The final con-
centrations of FAM 24-mer and cDNA were 50 nM and 
20  nM, respectively. To investigate the effect of DNA 
length, DNA homopolymers An (n-mer DNA composed 
of adenine, n = 5, 7, 10, 15, and 30) with the same total 
adenine base concentration were used. Therefore, the 
final concentrations of these DNAs were 150  nM (A5), 
110 nM (A7), 75 nM (A10), 50 nM (A15), and 25 nM (A30), 
respectively. To test the effect of DNA sequence, four 
types of 15-mer DNA homopolymers (50 nM) were used 
(i.e. A15, T15, C15, and G15). In the dual fluorophore-labeled 
DNA experiment, 50 nM AF-A15 (Alexa 647 labeled A15) 
was pre-adsorbed onto GO (10 μg/mL). After the further 
adsorption of the FAM 24-mer DNA (10 nM), cDNA was 
added (20  nM) into the solution. The emissions at the 
two channels were recorded (FAM: excitation at 485 nm, 
emission at 535 nm; AF: excitation at 612 nm, emission at 
670 nm) by the plate reader.

2.4    Temperature-dependent desorption

GO (100 μg/mL) was first incubated with A15 (500 nM) in 
HEPES buffer (5 mM, pH 7.6) containing NaCl 100 mM, 
MgCl2 2 mM for 1 h. FAM 24-mer DNA was then added 
to the solution with final concentration of 500 nM. After 
another 1 h incubation, 5 μL of the conjugate solution was 
dispersed in 45 μL of HEPES buffer (50 mM, pH 7.6) in a 
polymerase chain reaction (PCR) tube. FAM 24-mer/GO 
conjugate with the same concentrations in the absence 
of A15 was also prepared. The fluorescence as a function 
of temperature was monitored by a real-time PCR thermo-
cycler (CFX-96, BioRad). 

2.5    Sensitivity measurement

The FAM 24-mer/GO conjugate and aptamer/GO conju-
gate in buffer A were prepared using the method above. 
Varying concentrations of targets (cDNA, Hg2+, or aden-
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osine) were introduced into the solution. After 1 h incuba-
tion, the fluorescence was scanned. The concentrations 
of the probes in FAM 24-mer/GO, Hg2+-apt/GO, ade-apt/
GO were 20 nM, 50 nM, and 50 nM, respectively. The con-
centration of the surface blocker A15 in Hg2+ or adenosine 
aptamer/GO system was 50 nM.

3    Results and discussion

3.1    Blockers do not inhibit probe DNA adsorption

The sensing scheme of our study is shown in Fig.  1A, 
where a fluorophore-labeled DNA (called probe DNA) is 
adsorbed by GO to form a quenched sensing complex. 
The probe is desorbed in the presence of the target cDNA 
to increase fluorescence. In the ideal case, each target 
DNA should hybridize with a probe DNA to light up one 
fluorophore. However, our previous work indicated that 
it takes about six target DNAs to desorb one probe. We 
suspected that some probes/target DNAs are adsorbed 
by some high affinity regions on GO, leading to decreased 
hybridization efficiency. The goal here is to develop an 
optimal blocking agent to improve DNA hybridization effi-
ciency (Fig. 1B). Since it is difficult to rationally predict the 
best blocking agent, we carried out a screening experi-
ment. Three types of molecules were tested: (i) small mol-
ecule surfactants including anionic SDS, cationic CTAB, 
and non-ionic Tween 20; (ii) polymer blockers including 
anionic PSS, PVS, PAA, cationic PAH, and neutral PEG; 
and (iii) various DNA sequences (see Supporting infor-
mation, Fig. S1 for their structures). We did not include 

proteins since they are likely to interfere with heavy metal 
detection and thus are not general-purpose blockers.

For the screening assay, the first criterion is that a 
blocking agent should not adversely affect probe DNA 
adsorption. By using a FAM-labeled 24-mer DNA (named 
FAM 24-mer, Supporting information, Table  S1), DNA 
adsorption was followed by fluorescence quenching. 
Using a GO concentration of 10 g/mL, quantitative DNA 
adsorption was achieved when the DNA concentration 
was lower than 150 nM (Supporting information, Fig. S2). 
Therefore, we chose to test three DNA probe concentra-
tions (20 nM, 50 nM, and 100 nM), all below the adsorp-
tion capacity. At low probe concentrations (20 nM, and 
50 nM), over 95% of the fluorescence was quenched by 
GO regardless of the type of blocker added (Fig. 2A, black 
and red bars). With 100 nM probe, quantitative adsorption 
was still achieved in the presence of most blockers (green 
bars). Only three blockers (i.e. Tween 20, PEG and PSS) 
resulted in a lower quenching efficiency of ~80%. Note 
that most of the blockers (except for the DNA blockers) 
were added in excess (more than the capacity of DNA 
on GO if fully adsorbed). Therefore, the blockers do not 
appear to adversely affect DNA adsorption. We can also 
rationalize their interactions based on simple surface force 
considerations. For example, negatively charged PAA 
and PVS may not adsorb onto the negatively charged GO 
surface because of charge repulsion. Positively charged 
PAH could provide additional electrostatic attractions 
to bridge negatively charged DNA and GO. Tween 20, 
PEG and PSS may strongly bind to GO via hydrophobic 
interactions, and may not be displaced by the probe DNA, 
resulting in a lower DNA adsorption capacity. The com-

Figure 1.  Schemes of GO-based sensors for target DNA sensing (A) in the absence and (B) in the presence of surface blocking agents. The fluorescence of 
adsorbed probe DNA is quenched, and the fluorescence is recovered in the presence of target DNA. With blocking molecules, release of the probe DNA by 
the target DNA is facilitated.
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plex interactions between DNA, blockers and GO are also 
reflected from the kinetic traces (Fig. 2B). Tween 20, PSS, 
and PEG slightly impeded the DNA adsorption, indicating 
their competitive interactions with GO. PAH also retard-
ed DNA adsorption, which might be attributed to the 
electrostatic interaction with the probe DNA. Overall, the 
probe adsorption kinetics were still quite fast, all reached 
equilibrium in 10 min. In general, DNA adsorption is not 
significantly affected by the presence of the blockers, and 
all the blockers were further screened for the next step: 
the probe desorption reaction.

3.2    Improved DNA sensing by surface blocking

After understanding the effect of the blockers on probe 
adsorption, we next evaluated their effect on cDNA-
induced probe desorption, which is the key step for 
DNA detection. To have a complete understanding, we 
incubated GO with each blocker of various concentra-
tions (polymer and surfactant: 0.001, 0.01, and 0.1%; DNA 
[A15]: 20 nM, 50 nM, and 100 nM) without further purifi-
cation. After probe adsorption, the cDNA was added to 
induce desorption, which was monitored by fluorescence 
enhancement. Among the five types of polymers we 
tested here, neutral PEG (Fig. 3A) and negatively charged 
PSS (Fig. 3B) improved cDNA-induced probe desorption 
when the blocker concentration was as high as 0.1%. This 
improved signaling may be due to the blocking of high 
affinity regions on GO by the blocker and thus the cDNA 
can be more efficient in hybridizing with the target. This 
result is consistent with our probe DNA adsorption result 
(Fig. 2). On the other hand, cationic PAH (Fig. 3C) inhib-
ited probe desorption, attributable to its additional elec-
trostatic attractive forces between DNA (either ssDNA 
or dsDNA) and GO; even if a duplex were formed in the 
presence of cDNA, it might still adsorb by GO without 
fluorescence signal. The remaining two polymers, PAA 
(Fig. 3D) and PVS (Fig. 3E), did not exhibit a positive role 
in the release of the probe DNA. 

We next tested the effect of surfactants, which may 
exert both hydrophobic and electrostatic interactions 
with DNA and GO. For cationic CTAB, an adverse role on 
the fluorescence recovery was observed when the con-
centration was higher than 0.01% (Fig. 3F). It is interest-
ing to note a dramatic enhancement occurred when the 
CTAB concentration was 0.001%. Such an enhancement 
may be due to the facilitated target DNA adsorption fol-
lowed by duplex formation. However, neither the probe 
nor the target DNA can escape from the GO surface if 
the CTAB concentration is too high (0.01 and 0.1%). On 
the other hand, the negative SDS inhibited desorption 
especially at high concentrations, which might be due to 
the highly negative surface preventing the target DNA 
approaching the GO surface (Fig. 3G). Lastly, the neutral 
surfactant Tween 20 seems to be an excellent blocker in 
enhancing DNA sensing (Fig.  3H). All three concentra-
tions of Tween 20 show a similar signal recovery. Again, 
this is consistent with observations that Tween 20 com-
petes with DNA adsorption on the GO surface. 

The last type of blocker we tested was DNA, and a 
homo-polymer DNA (A15) was used (Fig.  4A). Different 
from polymers and surfactants, the A15 DNA enhanced 
the probe DNA recovery with increased A15 concentra-
tion. A15 could strongly bind to GO through π-stacking. 
Such a positive correlation between the concentration 
of A15 and the signal enhancement makes the sensing 
process more controllable compared the other blockers. 
To further evaluate the role of DNA on the blocking and 
sensing process, we tuned the DNA length and sequence. 
We fixed the A base concentration and tested the effect of 
DNA length on the probe desorption kinetic. Longer DNA 
binds to GO stronger through multiple interaction sites. 
The strong interaction impeded probe adsorption, which 
is indicated by the increasing background with increas-
ing DNA length in Fig. 4B. For example, only ~90 % of the 
fluorescence was quenched in the presence of A30. For 
all these samples, the amount of fluorescence enhance-
ment was higher with the blocker DNAs than without. 

Figure 2.  Effect of surface blockers on (A) the quenching efficiency of GO (10 µg/mL) and (B) adsorption kinetics using the FAM 24-mer DNA as a probe. 
The concentration of surfactants (CTAB, Tween and SDS) and polymers (PAH, PEG, PAA, PSS and PVS) was 0.1% and that of DNA (A15) was 100 nM. 
Various concentration of FAM 24-mer (20 nM, 50 nM, and 100 nM) was tested for the quenching efficiency. The adsorption kinetics were recorded using 
50 nM of the FAM 24-mer DNA added at 2 min. The error bars in (A) represent standard deviation from three individual experiments.
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In the presence of A30, almost 50% of the fluorescence 
was recovered. Since the concentration of the target 
DNA was only 40% of the adsorbed probe DNA, 40% of 
fluorescence recovered means that all targets were used 
to form duplexes. This enhancement could be due to the 
formation of duplex. The complete desorption of probe 
DNA indicates that the very high affinity sites on GO have 
been effectively blocked. We also compared DNA with 
various sequences (Fig.  4C). It has been accepted that 
T binds to GO weakly, and lower enhanced kinetic was 
observed. G15 has a complex secondary structure, which 
decreases the affinity between GO. As a result, it did not 
show significant enhancing ability. Overall, poly-A and 
poly-C DNA showed good blocking effect. 

Therefore, we have identified four potential blockers 
(PEG, PSS, Tween 20, and A15) that can accelerate the 
process of cDNA-induced probe recovery. From our cur-
rent study, they all share the same feature of effectively 
competing with DNA for adsorption on GO (Supporting 
information, Table S2). The GO surface is heterogeneous 
with both hydrophobic and hydrophilic regions. Blockers 
bearing interaction sites with GO (hydrophobic interac-
tion, π-π stacking) could occupy the surface and inhibit 
the unspecific adsorption of target DNA [33]. Negative 
charges in the blocker may repel incoming DNA and 
positive charged blocker may provide additional attrac-
tive forces. PEG could bind to the surface through either 
hydrophobic interactions or hydrogen bonds. PEG has 
proven to be an effective blocking agent for plastic 
surface through hydrophobic interactions and inhibits 
the unspecific interaction between DNA and a 96-well 
plate surface [34]. PSS, a negatively charged polymer, 

showed inhibition of desorption at low concentrations. 
This could be due to the presence of the benzene group 
in the polymer chain that provides additional attractive 
forces to the target. Non-charged Tween 20 could largely 
increase desorption efficiency even at low concentra-
tions without the disturbance of charged headgroups on 
DNA. Among the few candidates that showed improved 
DNA sensing performance, we chose to use DNA to per-
form further sensitivity studies. On one hand, the DNA 
sequence and length could be controlled so that we can 
adjust the binding affinities between DNA blockers and 
GO. On the hand, the interaction between target DNA 
and GO surface involved multiple interaction forces: 
electrostatic interaction, π-π stacking, hydrogen bond-
ing. Such a complex interaction can be maximally simu-
lated by DNA itself.

To understand the mechanism of sensitivity improve-
ment by blocking agents, we used Alexa Fluor 647 (AF) 
labeled DNA as blocker (AF-A15). As such, the adsorp-
tion and desorption events of blocker and probe can 
be monitored simultaneously. After adsorption of the 
AF-A15 blocker, further addition of the probe (FAM 
24-mer, 10 nM) and target (cDNA, 20 nM) only induced 
a small amount of displacement of the blocker (~0.7 nM 
and 1.5  nM, Fig.  4D, black curve). By monitoring the 
FAM channel, we identified that the addition of cDNA 
resulted in 3.1 nM DNA duplex (blue curve). As a control, 
in the absence of blocker (AF-A15), only 0.5  nM probe 
DNA recovery was observed (green curve). Our previ-
ous work has reported that the first step in DNA/GO 
sensing process is mainly the non-specific adsorption 
of the target DNA. Herein, we further proved that non-

Figure 3.  Probe desorption kinetics induced bycDNA in the presence of (A) PEG, (B) PSS, (C) PAH, (D) PAA, (E) PVS, (F)CTAB, (G) SDS, and (H) Tween 
20. The final concentrations of polymers or surfactants were 0.001, 0.01, and 0.1% w/w. FAM 24-mer (50 nM)/GO (10 µg/mL) conjugates were prepared  
in buffer A in the presence of various blockers. Desorption kinetics were recorded using 20 nM of the cDNA added at 2 min.
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complementary DNA (AF-A15 here) on the GO surface 
could block such non-specific interaction and increase 
the efficiency of probe-target hybridization. Also, we 
tested the stability of the DNA-GO conjugates as a func-
tion of temperature (Fig. 4E and 4F). The FAM 24-mer/
GO did not show obvious desorption at the buffer con-
dition (50  mM HEPES, 10  mM NaCl, 0.2  mM MgCl2) 
(Fig.  4E, black curve). The presence of a blocker (A15) 
resulted in more probe desorption at the same condi-
tion (blue curve). The difference in the thermal stability 
suggested that more FAM 24-mer DNA probe adsorbed 
to the weak sites of GO surface due to the pre-adsorbed 
A15, which blocks incoming DNA from adsorbing onto 
high affinity sites.

3.3    �Improved biosensor sensitivity for DNA, 
adenosine, and Hg2+ detection 

To evaluate if such signal enhancement can be used 
for improving sensor performance, we then measured 
the sensor sensitivity using the DNA/GO conjugate in 
the presence of A15 blocker. The signal recovery toward 
a certain concentration of target is dependent on the 
probe concentration (Supporting information, Fig.  S3). 
While a high concentration of probe can maximize the 
duplex formation, it also increases the sensor back-
ground and an additional washing step is required [29]. 

Here, we used a low concentration of FAM 24-mer as 
probe (20  nM) and no washing or purification process 
was carried out. As shown in Fig.  5A, when the tar-
get concentration was lower than 5 nM, no significant 
fluorescence signal was observed in the absence of the 
blocker (Fig. 5A, black squares). However, in the pres-
ence of A15, even 2.5 nM cDNA induced an observable 
signal change. To quantify the role of A15 as a blocker, 
we calculated the slope of the linear response range 
(Supporting information, Table  S3). The slope in the 
presence of A15 (100 nM) was 10-fold more than that in 
the absence of A15. In the sensor field, the sensor sensi-
tivity is defined as the slope of the calibration curve. 
Therefore, the A15 blocker increased the sensitivity by 
10-fold. It needs to be noted that we previously used a 
high probe concentration to fully cover the GO surface. 
Even under that condition, only one out of six added 
target DNA was used for probe hybridization [29]. In 
this current work, we used a lower probe concentration. 
Without the blocker, the usage of the target DNA was 
even less efficient. Therefore, with the blocker, we could 
improve the sensitivity by 10-fold.

Next we aimed to test whether the enhancement 
is also applicable to aptamer-target sensing systems 
(Fig. 5B and 5C). For this purpose, we adsorbed FAM-
labeled adenosine and Hg2+ aptamers on GO, respec-
tively. In both cases, improved signaling sensitivity 

Figure 4.  Homopolymer DNA as surface blockers to enhance cDNA detection. Kinetics of probe desorption as functions of (A) blocker concentration, (B) 
length, and (C) sequence. The total concentration of the base A was 750 nM in the length study. FAM 24-mer (50 nM)/GO (10 µg/mL) conjugates were pre-
pared in buffer A in the presence of various homopolymer DNA. The cDNA (20 nM) was added at 2 min. (D) Kinetics of probe adsorption and target induced 
probe desorption in the absence and presence of AF-A15 blocking agent. FAM 24-mer DNA was used as the probe DNA. (E) Temperature dependent desorp-
tion kinetics of the FAM 24-mer/GO complex in the presence and absence of A15. (F) First derivative of the temperature dependent desorption profiles.
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was indeed observed. Adenosine could bind to the GO 
surface via π-π stacking, hydrogen bonding. The incor-
poration of A15, which has more binding sites, largely 
reduced the non-specific interaction between adenosine 
and GO. As a result, the probe recovered by 5 µM adeno-
sine in the presence of the blocker is comparable to that 
by 50 µM in the absence of the blocker. Hg2+ is unlikely 
to displace the probe DNA into solution. We reason that 
the increased sensitivity is probably attributed to the 
fact that the blocker DNA adsorbed more on high affin-
ity regions on GO. The probe DNA, therefore, adsorbs on 
low affinity regions on GO. The weakly adsorbed probes 
can more easily react with Hg2+ to induce desorption. In 
particular, the Hg2+ aptamer is rich in thymine, which 
has low affinity towards the GO surface. 

4    Concluding remarks 

In summary, we screened various surface blocking agents to 
increase sensitivity of the DNA/GO biosensor system. This 
work was inspired by our previous work on the mechanism of 
DNA/GO sensing process, where only a small fraction of the 
target DNA was used for probe hybridization, and the rest 
was adsorbed by the GO surface. The blocking agents occu-
pied the GO surface through π-π stacking, hydrophobic inter-
actions or hydrogen bonding so that non-specific adsorption 
of targets on the GO surface can be greatly reduced. Also, the 
probe DNA is adsorbed on the low affinity regions on GO. As 
a result, the sensor sensitivity was improved.
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