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We have demonstrated a new strategy to improve the fluorescence detection limit by
enhancing the energy transfer efficiency between carbon structures and fluorescent
dye using polyimidazolium-functionalized carbon nanostructures as a low background

signal platform.
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We have demonstrated a new strategy to improve the
fluorescence detection limit by enhancing the energy transfer
efficiency between carbon structures and fluorescent dye
using polyimidazolium-functionalized carbon nanostructures
as a low background signal platform. Based on this, a highly
sensitive method for thrombin was proposed with detection
limit as low as 2.79 pM without any amplification.

The integration of the unique physiochemical property of
nanostructures with bio/chem recognition unit has created new
opportunities for development of sensitive and selective
bioanalytical methods.'”? As a one family in nanomaterials,
carbon nanostructures (CNS) have attracted much attention in
developing varies kinds of biosensors for bioanalysis and clinical
diagnosis.' Recently, a promising application of CNS in sensing
strategy is the solution fluorescent detection due to their excellent
ability in fluorescence resonance energy transfer (FRET), in
which CNS could be used as good energy acceptors to quench the
fluorescence of dyes.3 To this end, various kinds of CNS,
including carbon nanotubes,* graphene,”® graphene oxide,'®
carbon nanosphere*” and carbon nanohorn,* have been used for
developing the biosensors by integration of their fluorescence
quenching property with the high selectivity of the bio/chem
recognition  units, e.g., peptide* and aptamers. 44
Unfortunately, all the CNS-based fluorescence biosensors
reported so far have been based on the pristine CNS,* in which
the surface of CNS always bear negative charges (i.e., the
intrinsic carboxyl groups**® or externally addition of negatively
charged surfactant,*®) to keep CNS well dispersed in aqueous
solution. These negative charges weaken the interaction between
dye-labeled DNA and CNS because of the electrostatic repulsion
interaction, and further decrease the quenching efficiency for the
dye-labeled DNA, even though the existence of m~m interaction
between DNA and CNS results in the fluorescence quenching,’ as
shown in Scheme 1A. Avoiding this electrostatic repulsion
interaction would increase the quenching efficiency and thus
lower the background signal, further increasing the sensitivity of
the biosensors.

To accomplish this pursuit, we herein demonstrate a new
strategy to improving the performance of the fluorescence
biosensor by rationally introducing positive charges on the
surface of the CNS. These positive charges would enhance, rather
than weaken, the interaction between interaction between DNA
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Scheme 1. Schematic illustration of the strategies for fluorescence
60 aptasensors based on pristine carbon nanostructures (CNS) (A) and the
Pim-functionalized CNS (B).

and CNS, as shown in Scheme 1B. This enhancement, along with
the n~m interaction between DNA and CNS, increases quenching
efficiency of CNS towards the dye-labeled DNA, which could
provide a low background signal for the biosensor and further
increase the sensor sensitivity.

To demonstrate the feasibility of this principle, carbon
nanotubes (CNTs) were chosen as the model CNS and the FAM-
labeled thrombin aptamer (FAM-TA) as the recognition unit. The
polyimidazolium-functionalized =~ CNTs (Pim-CNTs) were
synthesized by surface-initiated atom transfer radical
polymerization (Fig. S1). XPS and FTIR results suggest the
successful functionalization of CNTs with Pim (Figs. S2 and S3).

To investigate the fluorescence sensor application of the as-
prepared Pim-CNTs, we studied the change in the fluorescence
intensity of FAM-TA caused by Pim-CNTs and thrombin. Fig. 1
shows the fluorescence emission spectra of 20 nM FAM-TA,
which exhibits strong fluorescence emission owing to the
presence of FAM (black curve). After the addition of 20 pg/mL
so Pim-CNTs into the solution of FAM-TA, the fluorescence was
efficiently quenched (about 96%, magenta curve). Upon its
further incubation with 270 pM thrombin for 10 min, the solution
exhibits significant fluorescence enhancement (dark yellow
curve). Note that, both solutions of thrombin and Pim-CNTs do
not emit any obvious fluorescence (green and blue curves). Thus,
the increase in the intensity of the signal was due to the
interaction of FAM-TA with thrombin. Moreover, the addition of
thrombin into the solution of FAM-TA did not result in the
change of fluorescence intensity (red curve), suggesting that the
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Fig. 1 Fluorescence spectra of FAM-TA (black curve), thrombin (green
15 curve), Pim-CNTs (blue curve), FAM-TA in the presence of thrombin

(red curve), FAM-TA in the presence of Pim-CNTs (magenta curve), and

FAM-TA in the presence of Pim-CNTs and thrombin (dark yellow curve).

FAM-TA concentration: 20 nM; Thrombin concentration: 270 pM; Pim-

CNTs concentration: 20 pg/mL; A, 490 nm. Measurements were
20 performed in Tris-HCI buffer (10 mM, 0.2 M NaCl, pH 7.4).

method demonstrated here was potentially useful for the
quantitative determination of thrombin, as demonstrated below.
Based on the phenomena observed above, we developed a
fluorescent biosensing platform for thrombin detection using the
s PIm-CNTs as the background signal platform. Fig. 2A shows the
fluorescence intensity of the FAM-TA in the presence of 20
pg/mL Pim-CNTs with the addition of different concentrations of
thrombin. The intensity increases with increasing the
concentration of thrombin and is linear with the concentration of
30 thrombin within the concentration range of 27 - 162 pM (F/Fy=
0.0129C prombin(pM) + 1.073, R = 0.998). In a control experiment,
we did not find significant change in fluorescence intensity when
thrombin was added into the pure solution of FAM-TA (i.e.,
without Pim-CNTs) (Fig. 2B, red circle). This control experiment
35 again suggests that the fluorescence recovery was induced by the
interaction between thrombin and FAM-TA, in which the
distance between FAM and Pim-CNTs was increased and the
fluorescence was recovered, as illustrated in Scheme 1B.
The limit of detection (LOD) of the aptasensor was calculated
40 to demonstrate the advantage of the present strategy. The LOD
(S/N = 3) was determined to be 2.79 pM, which is much lower
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Fig. 2 (A) Fluorescence spectra of the aptasensor upon addition of
different concentrations of thrombin: 0, 27, 54, 81, 108, 162, 216, 270 pM
(from inner to outer). (B) Relative fluorescence changes (F/Fy) as a
function of thrombin concentration for the aptasensor with (black square)

ss and without (red circle) Pim-CNTs. Inset: calibration plot of F/F, versus
the concentration of thrombin. Fy and F are the fluorescence intensity for
the aptasensor without and with thrombin, respectively. FAM-TA
concentration: 20 nM; Ae,: 490 nm; and Aep, 523 nm.
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Table 1. Comparison of different methods for thrombin detection.

Carbon Nanostructures  Probe LOD Refs.
Carbon Nanoparticles (CNPs) TA-UCPs 0.18 nM 4a
Graphene FAM-TA 31.3pM 4b
SWCNTs FAM-TA 1.8 nM 4c
Graphene Oxide FAM-TA 2nM la
Carboxylic CNPs FAM-TA 5nM 4d

Single Walled Carbon Nanohorn FAM-peptide 100 pM 4e
Carbon nanosphere FAM-TA 0.5 nM 4f
Pim-CNTs FAM-TA 2.79 pM This work

than those reported so far with CNS as the background signal
platform, as listed in Table 1. This strategy opens a new avenue
to development of highly sensitive method for thrombin
determination.

To further investigate the mechanism for the low LOD of the
aptasensor developed here, the quenching efficiency of the Pim-
CNTs and traditional acidic-treated CNTs (at-CNTs) was
compared. As shown in Fig. 3A, both kinds of CNTs could
quench the fluorescence of FAM-TA. However, the Pim-CNTs
show a higher quenching efficiency than the at-CNTs. For
example, more than 95% of fluorescence was quenched by the
addition of 16 pg/mL Pim-CNTs into 20 nM FAM-TA solution
(Fig. 3A, black square). This efficiency is almost 2-folded higher
than that of at-CNTs that bears some negative charges on the
surface (Fig. 3A, red circle). Since the Pim-CNTs show better
solubility into the aqueous solution than the at-CNTs (Fig. 3B,
vial 1 and vial 2), we thus studied the effect of such solubility
difference on the quenching efficiency by using SDS-dispersed
CNTs (SDS-CNTs) as a control due to its good solubility in
aqueous solution (Fig. 3B, vial 3). We found that the SDS-CNTs
show almost the same quenching efficiency as the at-CNTs (Fig.
3A, blue triangle), ruling out the contribution of the solubility on
the high quenching efficiency observed with the Pim-CNTs. We
thus considered the high quenching efficiency of the Pim-CNTs
to be the consequence of noncovalent binding of FAM-TA onto
the Pim-CNTs. That is, the electrostatic attraction between
positively charged Pim-CNTs and negatively charged FAM-TA
guarantees the close proximity of FAM with CNTs to further
promote the n-n stacking interaction between FAM-TA and Pim-
CNTs, leading to a high fluorescence quenching efficiency.
Besides, the sole addition of Pim into the solution of
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Fig. 3 (A) Fluorescence intensity versus the concentrations of Pim-CNTs
(black square), at-CNTs (red circle) and SDS-CNTs (blue triangle). Fo
and F are the fluorescence intensity for the FAM-TA without and with
Pim-CNTs, at-CNTs or SDS-CNTs, respectively. Measurements were
performed in 0.01 M Tris-HCI buffer containing 0.2 M NaCl (pH 7.4). A:
490 nm. (B) Digital photographs of the at-CNTs (vial 1), Pim-CNTs (vial
2) and SDS-CNTs (vial 3) solubilized into water.
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FAM-TA did not result in the decrease of fluorescence intensity
(data not shown), showing that the fluorescence quenching is
originated from the energy transfer between FAM and CNTs,
rather than the Pim. This high energy transfer efficiency
essentially leads to the low limit of detection, as listed in Table 1.

In addition to the low LOD, we found that the aptasensor was
also selective, which was investigated with BSA, Cu?**, Mg®', and
Zn*" since these species exist in blood with high concentrations.
When the aptasensor was incubated for 10 min separately with
300 nM BSA, 1 pM Cu*’, 1 uM Mg®*, and 1 pM Zn*", we did not
observe obvious change in the fluorescence intensity (data not
shown), while a significant fluorescence recovery was observed
with 270 pM thrombin.

= FAM-sDNA

= Pim-graphene

= FAM-sDNA + tcDNA

= FAM-sDNA + Pim-graphene}

N ___ FAM-sDNA + Pim-graphene
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Fig. 4 Fluorescence spectra of FAM-sDNA (black curve), Pim-graphene
(blue curve), FAM-sDNA in the presence of tctDNA (red curve), FAM-
sDNA in the presence of Pim-graphene (magenta curve), and FAM-
sDNA in the presence of Pim-graphene and tcDNA (dark yellow curve).
FAM-sDNA concentration: 20 nM; tcDNA concentration: 50 nM;
Excitation wavelength: 490 nm. Measurements were performed in 10 mM
HEPES buffer containing 75 mM NaCl and 4 mM MgClL, (pH 7.4).

To demonstrate the universal application of our strategy, we
functionalized Pim onto the other kind of CNS, i.e., graphene to
form Pim-functionalized graphene (Pim-graphene) also by the
surface-initiated atom transfer radical polymerization. The as-
formed Pim-graphene was used as background signal platform for
the fluorescence DNA sensor with FAM-labeled single strand
DNA (FAM-sDNA) as the recognition unit (Fig. 4). As shown,
the addition of 54 pg/mL Pim-graphene results in the efficient
fluorescence quenching of 20 nM FAM-sDNA, and further
addition of 50 nM targeted-complementary DNA (tcDNA) leads
to the recovery of the fluorescence, indicating that the Pim-
graphene could be used as signal platform for fluorescence sensor
(Fig. S4). The LOD (S/N = 3) was calculated to be 250 pM,
which is 2 orders lower than the reported DNA sensor based on
the graphene oxide as the signal platform.'® This result essentially
suggests that the present strategy is universal for the different
kinds of CNS and biorecognition units.

In summary, we have demonstrated a new strategy to
improving the fluorescence detection limit by enhancing the
energy transfer efficiency between carbon nanostructures and
fluorescent dye. Based on this, a highly sensitive method for
thrombin detection was developed by using Pim-functionalized
CNS as a low background signal platform. To the best of our
knowledge, the method demonstrated here possesses the lowest
detection of limit for thrombin detection based on fluorescence
technique. Moreover, the strategy could be extended to other

kinds of CNS and recognition units. This work not only provides
s a new method for effective detection of thrombin but also opens a
way to the design of novel methods for improving the sensor
performance by, for example, rationally designing the surface
chemistry of the CNS.
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