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  1   .  Introduction 

 Conjugated polyelectrolytes (CPEs) have 
found many applications in chemical and 
biological sensors due to their unique 
electrical and optical properties. [  1  ]  Fur-
thermore, CPEs are used as an optical 
antenna for signal amplifi cation because 
of their intrinsic light harvesting or 
molecular wire effect. [  2  ]  A wide range of 
CPEs have been designed and studied 
by a combination with targeting moie-
ties to detect chemicals and biological 
molecules, such as DNA, RNA, peptide, 
ATP, thrombin, and so forth, by taking 
advantage of their signal amplifi cation 
properties. [  3  ]  

 Aptamers are oligonucleotides that bind 
selectively to a specifi c target molecule 
with high affi nity and specifi city. [  4  ]  Some 
specifi c single-stranded aptamers with 
guanine (G)-rich base sequences can trans-
form from an unfolded to secondary folded 
structure, G-quadruplex, in the presence 
of specifi c alkali metal ions via intramolec-

ular hydrogen bonding. [  5  ]  In particular, potassium ions promote 
this transformation. [  6  ]  Extensive studies have focused on devel-
oping aptamer-based probe systems for detecting metal ions 
and/or biomolecular species. [  7  ]  On the other hand, the narrow 
dynamic range (i.e., interval of the analyte that gives the input/
output response curve) is one notable limitation when using the 
conformational changes in aptamers for chemo- or biosensors. [  8  ]  
Many studies have focused on tuning or broadening the useful 
dynamic range. [  9  ]  To develop effi cient sensors, high selectivity, 
sensitivity and a broad/controllable dynamic detection range 
should be considered together. 

 The fl uorescence resonance energy transfer (FRET) 
mechanism is used widely for the design of various sensory 
schemes. [  10  ]  In addition to conventional single-step FRET 
(one donor and one acceptor), two-step and multi-step FRET-
based sensory systems have been developed because of ability 
to probe more complicated systems, high effi ciency with long 
range energy transfer, large Stokes shift, and high sensitivity. [  11  ]  
On the other hand, the design and application of two (or multi)-
step FRET based detection systems with high selectivity and 
sensitivity, is still a challenge. 
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  2   .  Result and Discussion 

 The solubility of CPEs in water and their interactions with bio-
molecules are decisive for biological applications. The optical 
characteristics of the CPE are also dependent strongly on their 
solubility in aqueous media. [  16  ]  On the other hand, hydro-
phobic interactions also play an important role in the interac-
tions between CPEs and biomolecules. Therefore, a new cationic 
fl uorene-based CPE ( P1 ) was designed and synthesized carefully 
as an optical platform for chemo- and biosensor applications. 
To improve the water solubility, both ionic tetraalkylammonium 
bromide and ethylene oxide units were incorporated in the side 
chains. In addition, the phenylene rings were also incorporated 
into the polymeric backbone to enhance the hydrophobic inter-
actions with oligonucleotides. [  17  ]   Scheme    1   shows the synthetic 
route to the monomers and polymer,  P1 . The polyfl uorene-based 
cationic  P1  was synthesized via a Suzuki coupling reaction of 
2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-bis(6′-
bromohexyl)fl uorene (1) and 2,7-dibromo-9,9-bis(3,4-bis(2-
(2-methoxyethoxy)ethoxy)phenyl)fl uorene (3) using (PPh 3 ) 4 Pd(0) 
as a catalyst in toluene/water (2:1, volume ratio) at 85 °C for 
36 h (yield: 66%), followed by successive quaternization 
with condensed trimethylamine at room temperature (yield: 
85%). The number–average ( M  n ) and weight-average molec-
ular weights ( M  w ) were determined to be 25 000 g mol −1  and 
31 000 g mol −1  (PDI = 1.26), with the neutral precursor of  P1 .  

  Figure    1   shows the UV-vis absorption and photolumines-
cence (PL) spectra of  P1  in water. The maxima of the UV and PL 
spectra of  P1  were observed at   λ   abs  = 391 nm and   λ   PL  = 425 nm. 
The measured molar absorption coeffi cient and PL quantum 
effi ciency of  P1  was 5.2 × 10 4   M  −1  cm −1  and ≈0.58, respectively. 
The PL quantum effi ciency of  P1  in water is higher than those 
(0.4–0.5) of similar structures reported previously. [  18  ]  Good spec-
tral overlap was noted between the emission and absorption of 
 P1  (FRET donor) and 6-FAM (intermediate FRET acceptor), 
and between 6-FAM (intermediate FRET donor) and 6-TAMRA 
(FRET acceptor). To determine the solubility of  P1  in water, 

 The potassium ion is a physiologically important and pre-
dominant intracellular cation. Apoptosis is related to the 
decrease in extracellular K +  ions, [  12  ]  whereas an increase in 
K +  ions can lead to hyperexcitability. Potassium also plays an 
important role in other biological processes, such as nerve 
transmission, maintaining muscular strength and enzyme acti-
vation, and so forth. [  13  ]  Considerable effort has been made to 
develop bioassays to detect K +  ions. [  14  ]  Nevertheless, there are 
still problems that need to be solved, including effective detec-
tion in aqueous media, high selectivity against other intra- and 
extracellular cations (e.g., Na + ), high detection sensitivity and 
tunable detection range. 

 Herein, we report a new K +  ion detection assay combining a 
K + -specifi c biomolecule (aptamer) as a recognizing probe and 
a synthetic polymer with tunable optical properties. A highly 
sensitive and selective one- and two-step FRET based sen-
sory scheme was designed with a tunable sensing range and 
limit of detection (LOD). Three types of K + -specifi c aptamers 
were designed as a K + -specifi c probe with 6-carboxyfl uorescein 
(6-FAM) and 6-carboxytetramethylrhodamine (6-TAMRA) at 
both termini. Cationic polyfl uorene-based CPE, as an optical 
antenna, was designed carefully with side chains containing 
ionic groups and ethylene oxide units for solubility in water. [  15  ]  
The presence of K +  ions induced a structural transformation 
of a linear aptamer into a folded G-quadruplex form, bringing 
two dyes at both termini into close proximity, thereby enabling 
effi cient FRET from 6-FAM to 6-TAMRA. The FRET-induced 
6-TAMRA emission intensifi ed linearly with increasing [K + ] 
in the range of millimolar concentrations. Interestingly, the 
sensor characteristics (such as the dynamic detection range and 
detection limit) could be fi ne-tuned via a two-step FRET pro-
cess by the addition of CPEs as a signal amplifi er. The detection 
range was extended successfully to micromolar and nanomolar 
concentrations of K +  ions by modulating the antenna effect of 
CPEs. More importantly, this sensor scheme can be applied to 
the detection of other target molecules simply by modifying the 
aptamer unit in the probe.  

       Scheme 1.  Synthetic route to cationic CPE ( P1 ). 
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the 5′- and 3′-termini of the aptamer were labeled with 6-FAM 
and 6-TAMRA, respectively. To compare the FRET-based sensor 
properties, single and dual spacer groups were introduced to 
aptamers 2 and 3 to tune the intermolecular separation between 
the two dyes. In the absence of K +  ions, the aptamers remain 
mainly in a linear form, where FRET from 6-FAM to 6-TAMRA 
occurs ineffi ciently and weak FRET-induced 6-TAMRA emis-
sion is expected. In the presence of K +  ions, the aptamers 
undergo a conformational change from an unfolded linear form 
to the folded G-quadruplex structure, bringing the two dyes in 
proximity. Once 6-FAM is excited, effi cient FRET from 6-FAM 
to 6-TAMRA occurs with strong FRET-induced 6-TAMRA emis-
sion. The conformational change in the aptamer with/without 
K +  ions induces a change in the FRET signal, enabling sensitive 
and selective potassium detection.  

  Figure    2   shows the FRET-induced PL spectra of the three 
aptamers in the presence and absence of K +  ions (50 m M ). The 
PL spectra were measured with a 10 n M  aptamer solution in 
20 m M  Tris-HCl buffer containing 100 m M  NaCl as the salt (pH 
= 7.4). Before the PL measurements, the solution was annealed 
at 60 °C for 30 min (to ensure the G-quaduplex formation 
with potassium) and cooled down to room temperature for 
1 h. Finally, the PL spectra were measured by exciting 6-FAM at 
490 nm. Without K +  ions, the aptamers exist in a linear form. 
Among the three aptamers, the FRET-induced emission of 
6-TAMRA in aptamer 1 showed the highest intensity compared 
to those of aptamers 2 and 3. This can be explained by the inter-
molecular separation between the FRET donor (6-FAM) and 
acceptor (6-TAMRA). Aptamer 1 has 15 bases between the two 
dyes, and aptamer 2 and 3 have 20 and 30 bases, respectively. 
The FRET rate (k FRET ) is very sensitive to the intermolecular 
distance and is inversely proportional to  r  DA  6  according to:

kFRET(r ) ∝ QD62

JDr 6
DAn4

∫ ∞

0
FD(8)gA(8)84d8

  
(1)

      

where  Q  D  is the PL quantum yield of a donor in the absence of 
a FRET acceptor,   κ  2   is related to the relative orientation of the 
transition dipole moments of a donor and acceptor, the integral 
part corresponds to spectral overlap between the emission of a 
donor,  F  D (  λ  ) and the molar absorptivity of an acceptor,   ε   A (  λ  ),   τ   D  
is the PL lifetime of a donor in the absence of an acceptor,  r  DA  
is the intermolecular distance between the donor and acceptor 
(D–A distance), and  n  is the refractive index of the solvent.  

 Upon the addition of K +  ions, the FRET signal was enhanced 
for all aptamers, and clear turn-on and -off states were observed 
in the presence and absence of K +  ions by exciting 6-FAM at 
490 nm. Aptamer 1 showed the highest on/off ratio among 
the three aptamers due to the more effi cient FRET in the 
G-quadruplex structure. On the other hand, aptamers 2 and 
3 have one spacer group (TTTT A) and dual spacers (TTTT 
ATTT TA and TTTT A) at both termini; the two dyes are still 
expected to be separated in the G-quadruplex with K +  with the 
longer intermolecular distance compared to aptamer 1. The 
higher FRET ratio ( I  585 nm / I  517 nm ) was measured to be 1.72 
for aptamer 1 relative to those (0.77, 0.35) of aptamers 2 and 
3.  Figure    3   shows the normalized FRET spectra of aptamer 1 
with increasing [K + ] = 0–50 m M . With increasing [K + ], the FRET-
induced 6-TAMRA emission increased gradually, suggesting 
the increased formation of the G-quadruplex with potassium 

a stock solution of  P1  in dimethylsulfoxide (DMSO) was pre-
pared (5 × 10 −4   M ), which was diluted to 2.5 × 10 −7 –2.5 × 10 −5    M  
in water. The PL spectra of the resulting solution were meas-
ured at 425 nm (which is the max. PL wavelength of  P1 ) with 
chainging [ P1 ] (Figure S1, Supporting Information). In all 
experiments, the DMSO content was maintained at 0.12 vol% 
in water, to eliminate the organic solvent effects on solubility. [  19  ]  
The solubility of  P1  was estimated to be 5  μ  M  in water by meas-
uring the PL intensity with increasing [ P1 ].  

  Scheme    2   illustrates the detection strategy for K +  ions in 
water. The guanine (G)-rich K + -specifi c aptamer containing 
15 bases (GGTT GGTG TGGT TGG) was used as a K +  recog-
nizing unit that forms a G-quadruplex in the presence of K +  
ions. [  20  ]  Three types of K + -specifi c probes were designed, where 

      Figure 1.  Normalized absorption (dash) and emission (solid) spectra of 
 P1 , 6-FAM, and 6-TAMRA in water. 

       Scheme 2.  Potassium ion detection scheme and molecular structures of 
three aptamer probes. 
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The intermolecular distance between 6-FAM 
and 6-TAMRA in free aptamers (without 
K + ) was calculated to be R = 47 Å, 64 Å, and 
98 Å in aptamer 1, 2, and 3, respectively, by 
considering the intermolecular separation 
of 3.4 Å between bases. Given the  R  0  and  R  
between the D–A pair, the FRET effi ciency 
( E ) for free aptamers was estimated to be 
0.41, 0.11, and 0.01 in aptamer 1, 2, and 3, 
respectively, according to

E (R) = 1

1 + (R/R0)6
  

(3)
      

Suppose the PL intensity of free donor is 
 I  D , the PL intensity  I  DA  of donor in the D–A 
complex separated by R is given as

IDA (R) = ID − E (R) ID   
(4)

       

 Therefore, the PL intensity ratio ( I  DA  
( R ′)/ I  DA  ( R )) which is measured at the donor 
side (6-FAM) in the aptamers in the absence 
( R ) and presence ( R ′) of K + , respectively, can 
be associated with the distance dependence 
of FRET effi ciency as

IDA (R′)

IDA (R)
= ID − E (R′) ID

ID − E (R) ID
= 1 − E (R′)

1 − E (R)   
(5)

       

 The FRET effi ciency ( E ) in the presence 
of K +  ions was calculated at [K + ] = 150 m M  
where the FRET signal was saturated and 
there must be negligible free aptamers. 
Based on these calculations, one can roughly 
estimate the FRET effi ciency and intermo-
lecular 6-FAM/6-TAMRA distance when 
the aptamers form the G-quadruplex with 
K +  ions. The FRET effi ciency and the cor-
responding intermolecular separation were 
calculated to be 0.96 (25 Å), 0.87 (32 Å), and 

0.73 (38 Å) for aptamer 1, 2, and 3 with K +  ions (Figure S3, Sup-
porting Information). 

  Scheme    3   describes the detection strategy for K +  ions with the 
aptamer and CPE as the signaling platform. In the presence of K +  
ions, the G-rich aptamer sequence offers the specifi c recognition 
for potassium, inducing a structural change from an unfolded 
form to a folded G-quadruplex. Upon addition of cationic CPE, 
an electrostatic complex of CPE/G-quadruplex is formed (with 
close proximity between 6-FAM and 6-TAMRA), where effi -
cient two-step FRET can occur from the CPE to 6-TAMRA via 
6-FAM by exciting the CPE, resulting in strong 6-TAMRA emis-
sion. Without K +  ions, the aptamers remain mostly in the linear 
form after forming an electrostatic complex with CPEs. In this 
case, two-step FRET is relatively ineffi cient due to the distance 
between the two dyes, resulting in weak 6-TAMRA emission 
by exciting the CPE. Through this simple scheme, the two-step 
FRET-induced 6-TAMRA emission produces a clear signal turn 
on and off in the presence or absence of K +  ions.  

 The sensor characteristics such as the dynamic detection 
range and LOD, was modulated successfully by the addition of

ions. From the calibration curves (Figure  3 b and Figure S2, 
Supporting Information), the LOD was determined to be 
22.5  μ  M , 0.82 m M , and 3.3 m M  for aptamer 1, 2, and 3, respec-
tively (3 σ /slope, where  σ  is the standard deviation in 5 inde-
pendent measurements). The upper limit of the dynamic detec-
tion range was determined to be ≈100 m M  for the aptamer 1 
and 2 systems ( Figure    4  ).   

 The Förster distance ( R  0 ) is defi ned as the intermolecular 
distance between the donor and acceptor at which the prob-
ability of FRET is 50%.  R  0  can be calculated from the spectral 
overlap of the donor emission and acceptor absorption via

R6
0 =

9000(ln 10)62 QD

128B 5 Nn4

∫ ∞

0
FD(8)gA(8)84d8

  
(2)

       

 For the fully dynamic system with randomized dipoles by 
rotational diffusion,   κ   2  is assumed to be 2/3. The PL quantum 
effi ciency of  P1  and 6-FAM was determined to be 0.58 and 0.87, 
respectively in Tris-HCl buffer. The Förster distance was esti-
mated to be  R  0  = 44.8 Å for the 6-FAM and 6-TAMRA couples. 

      Figure 2.  Normalized PL spectra of a) aptamer 1, b) aptamer 2, and c) aptamer 3 in the pres-
ence and absence of K +  ions. [Aptamer] = 10 n M , [K + ] = 50 m M  in Tris-HCl buffer (20 m M , pH = 
7.4), Excited at 490 nm. 
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the 6-TAMRA signal was mainly intensifi ed by the two-step 
FRET process from  P1  to 6-TAMRA via 6-FAM. The Förster dis-
tance was also estimated to be 33.1 Å and 27.4 Å for the  P1 /6-
FAM and  P1 /6-TAMRA couples from the spectral overlaps of 
the donor-acceptor pairs. The 6-TAMRA PL without K +  might 
also originate from the intermolecular FRET from 6-FAM to 
6-TAMRA in the neighboring molecules (Figure S5, Supporting 
Information). As shown in  Figure    6  , the two-step FRET-induced 
PL spectra of aptamer 1 were measured with changing [K + ]. The 
normalized FRET signal showed a linear dependence on [K + ] in 
the nanomolar range of [K + ] = 0–50 n M . Substantially enhanced 
PL signal of 6-TAMRA was observed for all three aptamers due 
to the light harvesting or optical amplifi cation effect of CPEs. 
The fi nal 6-TAMRA emission via two-step FRET was enhanced 
by approximately nine-, seven-, and seven-fold for aptamer 
1/ P1 , 2/ P1 , and 3/ P1  sensory systems, respectively, compared 
to the signal induced by the direct excitation of 6-TAMRA at 
566 nm. The excitons generated in the optical units of CPEs 
migrate through the  π -conjugated backbone and can be col-
lected at a specifi c low energy site via FRET, amplifying the 
resulting PL signals. FRET-induced 6-TAMRA emission was 
saturated at [K + ] ≈ 50 n M  and the detection limit was deter-
mined to be 3.0 n M , 3.6 n M , and 3.9 n M  for aptamer 1, 2, and 
3 with the addition of  P1  (Figure S6, Supporting Information). 
The CPE,  P1 , functioned as an optical antenna and improved 
the LOD dramatically (by 4–6 orders of magnitude), compared 
to those via 1-step FRET without CPEs. Without CPEs, this 
sensing scheme works in the millimolar concentration range 
of K +  ions and the dynamic detection range was tuned to the 
nanomolar concentration range by the addition of CPEs ([+]:[-] 
= 6:1). Interestingly, aptamers 1–3 exhibited similar sensing 
characteristics by the addition of CPEs with similar FRET sig-
nals, LOD and detection range (Figure S6, Supporting Informa-
tion). A clear signal difference was observed for the three apta-
meric probes without CPEs due to the different intermolecular 
separation of 6-FAM and 6-TAMRA in the probe structure. For 
aptamer 1, the strongest FRET-induced 6-TAMRA emission 
was measured with the lowest LOD value of 22.5  μ  M , due to the 
shorter 6-FAM-6-TAMRA intermolecular separation with com-
pared to aptamer 2 and 3. In contrast, upon the addition of  P1 , 
the structural fl exibility must be limited and two dyes are con-
fi ned within a limited space (even in the presence of spacers) in 
the polymeric matrix (Figure S7, Supporting Information). This 

  P1  as an optical antenna on account of its light harvesting 
effect.  Figure    5   shows the normalized FRET-induced PL 
spectra of aptamer 1 upon the addition of  P1  in the presence 
and absence of K +  ions. Excess  P1  was added to the aptamer 
solution after annealing with and without K +  ions. The fi nal 
 P1  concentration was adjusted to [ P1 ] ≈ 4.5 × 10 −7   M  (based 
on the repeating unit, charge ratio = [+] in  P1 : [-] in aptamer = 
6:1), where all aptamers must be complexed with  P1  through 
electrostatic and hydrophobic interactions. 
The two-step FRET-induced PL spectra 
were measured by exciting  P1  at 390 nm. 
By exciting  P1 , fl uorescence energy transfer 
from  P1  to 6-FAM and from 6-FAM to 
6-TAMRA is enabled, resulting in two-step 
FRET-induced emission of 6-TAMRA. In the 
absence of K +  ions, direct energy transfer 
from  P1  to 6-TAMRA is also possible due 
to the spectral overlap between  P1  and 
6-TAMRA (Figure S4, Supporting Informa-
tion). The weak 6-TAMRA PL without K +  (in 
Figure  5 ) must be originated from the direct 
FRET from  P1  to 6-TAMRA. However, by 
comparing the FRET-induced 6-TAMRA sig-
nals with/without K + , we can conclude that 

      Figure 3.  a) Normalized PL spectra of aptamer 1 with increasing [K + ]. 
b) FRET ratio (I 585 nm /I 517 nm ) vs [K + ]. [Aptamer] = 10 n M  in Tris-HCl buffer 
(20 m M , pH = 7.4), Excited at 490 nm. 

      Figure 4.  Dynamic detection range of a) aptamer 1 and b) aptamer 2 and 3 based K +  assays. 
[Aptamer] = 10 n M  in Tris-HCl buffer (20 m M , pH = 7.4). 
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the CPE and aptamer (Figure S8, Supporting 
Information).   

 The modulation of the detection range and 
LOD was further extended by controlling the 
signal amplifi cation effect through adjust-
ments of the  P1  concentration. Without 
 P1 , K +  ions (in a millimolar concentration 
range) were detected successfully with a 
LOD of 22.5  μ  M –3.3 m M . In the presence of 
 P1  (charge ratio of [+]:[-] = 6:1), highly sen-
sitive detection was realized in a range of 
nanomolar K +  concentration with a LOD of 
≈3 n M . The dynamic detection range was 
measured at different charge ratios of [+]:[-] = 
1:1–6:1. With increasing the charge, the [ P1 ] 
around aptamers increases and more exci-
tons can be transferred to 6-TAMRA with the 
intensifi ed FRET-induced 6-TAMRA emis-
sion. This makes it possible to detect very 
low concentration of K +  ions. The modula-

tion of the detection range and LOD is possible by controlling 
the signal amplifi cation (or antenna) effect of  P1  via simply 
adjusting the [+]/[-] charge ratio.  Figure    7   shows the dynamic 
sensor ranges of the aptamer 3/ P1  system with changing the 
charge ratio. The detection range was successfully tuned from 
milimolar (at [+]:[-] = 1:1 ∼ 3:1) to micromolar (at [+]:[-] = 5:1) and 
nanomolar (at [+]:[-] = 6:1) concentrations with increasing  P1  
concentration. Upon the addition of  P1  above [+]:[-] = 6:1, the 
FRET signal intensity was saturated and the maximum FRET-
induced 6-TAMRA emission was measured at [+]:[-] = 6:1.  

  Figure    8   and Figure S9 (Supporting Information) show the 
selectivity of this sensory system against a range of other metal 
ions. The two-step FRET-induced PL signal was measured in 
the presence of 20 m M  NaCl, CaCl 2 , LiCl, MgCl 2 , NH 4 Cl, CuCl 2 , 
AgCl, ZnCl 2 , and AlCl 3  in the same manner used for K +  detec-
tion. Strong FRET-induced 6-TAMRA signal (FRET ratio  I  585 

nm / I  425 nm  ≈ 8) was measured only in the presence of K +  ions 
due to the specifi c binding affi nity to potassium of the G-rich 
aptamer sequence, showing excellent selectivity against other 
metal ions. Weak 6-TAMRA emission ( I  585 nm / I  425 nm  = 0.2–0.3) 
was observed in the presence of Ca 2+  and Mg 2+  ions because 
Ca 2+  and Mg 2+  can also stabilize the G-quadruplex structure. On 
the other hand, their binding affi nity to the aptamers 1–3 was 
much weaker than that of K + . [  21  ]  A selectivity test for K +  ions 
was also performed in the presence of coexisting ions (20 m M ). 
A high FRET ratio of  I  585 nm / I  425 nm  ≈ 8 was obtained in the 
solution containing K +  and other ions, highlighting the neg-
ligible interference from the other ions. The binding affi nity 
between the aptamer and K +  was not affected by the existence 
of other ions. These results clearly show that this two-step 
FRET based sensory system detects K +  ions selectively against 
a range of metal ions.  

 Recently, several research groups reported several approaches 
to improve the sensor properties for K +  ions such as sensitivity 
and selectivity Wang et al. reported the homogeneous potas-
sium detection using fl uorescein (Fl) labeled K +  aptamer and 
CPE. [  20  ]  In the presence of K +  ion, the random coiled single-
stranded aptamer-Fl (weak FRET from CPE to Fl) undergoes 
the conformational change to G-quadruplex with enhanced Fl 

might induce a decrease in the difference in intermolecular 
separation (between the two dyes) for the three aptamers and 
similar sensor characteristics were observed after forming an 
electrostatic complex with  P1 . In addition, the relative binding 
strength between the CPE and aptamer, and aptamer and K +  
ions was also tested. First,  P1  was added to the aptamer 1 solu-
tion to form an electrostatic complex, aptamer 1/ P1  in 20 m M  
Tris-HCl buffer, followed by the addition of K +  ions. After 
annealing the mixture at 60 °C for 30 min, the PL spectrum was 
measured by exciting  P1  at 390 nm. Interestingly, the strong 
6-TAMRA emission via two-step FRET was obtained similarly, 
which indicates the formation of the aptamer 1/K +  quadru-
plex. This clearly shows that the binding interaction between 
the aptamer and K +  is stronger than the interaction between 

       Scheme 3.  Two-step FRET based K +  ion detection. 

      Figure 5.  Normalized PL spectra of aptamer 1 upon addition of  P1  with 
and without K +  ions. [Aptamer] = 10 n M , [K + ] = 20 m M , [ P1 ] = 4.5 × 10 −7  M  
in Tris-HCl buffer (20 m M , pH = 7.4). Excited at 390 nm. Inset shows a 
photograph of the solution without (left) and with K +  ions (right) under 
UV illumination at 365 nm. 
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which has some diffi culties for biological imaging applications. 
In this two-step based scheme, we successfully realized highly 
sensitive (LOD ≈ 3 n M ) and selective sensing for K +  ions using 
a turn-on scheme. In addition, the characteristic to tune detec-
tion ranges by modulating the antenna effect of CPE makes 
our system useful for practical applications. More importantly, 
this sensing scheme might be able to detect a wide range of 
target species that can form a G-quadruplex with an aptamer, 
by simply modifying the specifi c base sequence of the aptamer. 

 Finally we also tested the K +  detection in a Bovine serum 
albumin (BSA) solution. The BSA solution (0.5–5.0 wt%) was 
prepared by following the procedures reported previously. [  22  ]  
We measured the clear turn on and off signals in the presence 
and absence of K +  ions via two-step FRET ( Figure    9  ). How-
ever, the FRET-induced 6-TAMRA emission was somewhat 
decreased with compared to those in Tris-HCl buffer. This is 
probably due to the electrostatic interaction between  P1  and 
BSA. The isoelectric point of BSA is 4.8 and it must be nega-
tively charged in Tris-HCl buffer (pH 7.4). The complexation of 
 P1 /BSA may infl uence the formation of the electrostatic com-
plex, aptamer/ P1  and the resulting antenna effect of  P1  in the 
two-step sensor scheme.   

  3   .  Conclusions 

 A new sensing strategy for K +  ions was developed by combining 
the high binding specifi city of a biosystem (aptamer) and a syn-
thetic polymer with tunable optical amplifi cations. Highly sensi-
tive and selective K +  detection was demonstrated via single- and 
two-step FRET processes with a tunable sensing range and LOD. 
Three K + -specifi c aptamers were designed as a probe, which was 
labeled with 6-FAM and 6-TAMRA at both ends with different 
spacer groups between them. Suitable distance control allows 
effi cient FRET between the dyes, showing the successful tuning 
of the sensor characteristics. FRET-induced 6-TAMRA emission 
was proportional to [K + ] in a range of 22.5  μ  M –100 m M  in the 
presence of excess Na +  ions (100 m M ). Upon the addition 

emission. However, a weak FRET signal was observed even in 
the absence of K +  due to the electrostatic interaction between 
DNA and the cationic CPE, which makes relatively low on/off 
ratio. We also suggested a molecular beacon aptamer (MBA)-
based potassium detection strategy. [  6  ]  The CPE-triggered con-
formational change of MBA (labeled with a fl uorophore and 
quencher at both termini) to an open chain is hindered due 
to the G-quadruplex formation with K +  ions, resulting in PL 
quenching. Although this potassium assay is highly sensitive 
(LOD ≈ 1.5 n M ) and selective, the PL signal turn off with K + , 

      Figure 7.  Dynamic detection range of aptamer 3/ P1 -based sensory 
system with changing the charge ratio ([+] in  P1 :[-] in aptamer). [Aptamer 
3] = 10 nM, [ P1 ] = 1.5 × 10 −7  M  ([+]:[-] = 1:1), 4.5 × 10 −7   M  ([+]:[-] = 3:1), 7.5 × 
10 −7   M  ([+]:[-] = 5:1), 9.0 × 10 −7  M  ([+]:[-] = 6:1) in Tris-HCl buffer (20 m M , 
pH = 7.4). 

      Figure 6.  a) Non-normalized and b) normalized two-step FRET induced 
PL spectra, and (c) FRET ratio for aptamer 1/ P1  based sensory system 
with increasing [K + ]. [Aptamer 1] = 10 n  M , [ P1 ] = 4.5 ×10 −7   M  in Tris-HCl 
buffer (20 m M , pH = 7.4), excited at 390 nm. 
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for sensing K +  ions were obtained from Sigma-Genosys.  1 H- and  13 C-
NMR spectra were recorded on a JEOL (JNM-AL300) FT NMR system 
operating at 300 MHz (or 400 MHz) and 75 MHz (or 100 MHz), 
respectively. The number- and weight-average molecular weights of the 
polymer were determined by gel permeation chromatography (GPC) 
with chloroform as an eluent using Agilent GPC 1200 series, relative 
to polystyrene as a standard. UV-vis spectra were measured on a Jasco 
V-630 UV-vis spectrometer. The photoluminescence (PL) spectra were 
obtained on a Jasco (FP-6500) spectrofl uorometer with a xenon lamp 
excitation source, using 90  o  angle detection for solution samples. The 
PL quantum yield of the polymer was measured relative to a freshly 
prepared fl uorescein solution in water at pH = 11. 

  Synthesis of 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-
bis(6’-bromohexyl)fl uorene (1) : Compound 1 was synthesized by following 
the procedures reported previously. [  23  ]  Yield: 0.95 g (42%).  1 H NMR 
(300 MHz, CDCl 3 ,  δ ): 7.82 (d, 2H, J = 7.5Hz), 7.73 (m, 4H), 3.34 (t, 4H, 
J = 6.9Hz), 2.02 (m, 4H), 1.62 (m, 4H), 1.39 (s, 24 H), 1.17 (m, 4H), 
1.04 (m, 4H), 0.55 (m, 4H).  13 C NMR (75 MHz, CDCl 3 ,  δ ): 150.27, 
144.09, 133.99, 128.93, 119.67, 83.97, 55.24, 40.12, 34.19, 32.84, 29.15, 
27.93, 23.55. Anal.calcd for C 36 H 52 B 2 Br 2 O 4 : C, 59.21; H, 7.18; B, 2.96; Br, 
21.88. Found: C, 59.31; H, 7.21. 

  Synthesis of 2,7-Dibromo-9,9-bis(3,4-dihydroxyphenyl)fl uorene (2) : To 
a mixture of pyrocatechol (1.5 g, 13.6 mmol), 2,7-dibromofl uorenone 
(2.0 g, 5.92 mmol) and 3-mercaptopropionic acid (1 mL) was added 
concentrated sulfuric acid (0.5 mL) slowly at 80 °C. The reaction mixture 
was stirred for 2 h at 80 °C and quenched by adding toluene. The 
precipitate was washed with hot water several times and fi ltered. After 
drying, the products were used in the next experiment without further 
purifi cation. Yield: 86% (2.76 g).  1 H-NMR (300 MHz, CDCl 3 ,  δ ): 8.90 (d, 
4H), 7.87 (d, 2H), 7.56 (d, 2H), 7.45 (s, 2H), 6.64 (d, 2H), 6.52 (s, 2H), 
6.35 (d, 2H).  13 C-NMR (75 MHz, CDCl 3 ,  δ ): 153.87, 144.94, 137.58, 
135.07, 130.56, 128.92, 128.22, 125.33, 122.71, 120.98, 118.54, 115.25, 
64.15. 

  Synthesis of 2,7-dibromo-9,9-bis(3,4-bis(2-(2-methoxyethoxy)ethoxy)
phenyl)fl uorene (3) : To a mixture of compound  2  (1.0 g, 1.9 mmol), 
K 2 CO 3  (3.0 g, 21.7 mmol) and KI (0.15 g, 0.9 mmol) in acetone (20 mL) 
was added 1-bromo-2-(2-methoxyethoxy)ethane (2.0 g, 10.9 mmol). 
The reaction mixture was refl uxed for 2 days and cooled down to room 
temperature. The precipitate was removed by fi ltration and the fi ltrate 
was concentrated under reduced pressure. The residue was extracted 
with methylene chloride, washed with water several times and dried 
over magnesium sulfate. After drying, the product was purifi ed by 
column chromatography on silica gel with hexane/ethyl acetate (1/1, 
v/v) to give a product. Yield: 63% (1.1 g).  1 H-NMR (400 MHz, CDCl 3 , 
 δ ): 7.45 (d, 2H,  J  = 8.0 Hz), 7.36 (m, 4H), 6.67 (m, 4H), 6.53 (d, 2H, 
 J  = 8.4 Hz), 4.04 (t, 4H,  J  = 5.2 Hz), 3.94 (t, 4H,  J  = 5.2 Hz), 3.74 (t, 
4H,  J  = 5.2 Hz), 3.70 (t, 4H,  J  = 5.2 Hz), 3.54 (m, 8H), 3.44 (m, 8H), 

of CPE, a two-step FRET process was enabled from CPE to 
6-TAMRA via 6-FAM, showing an intensifi ed 6-TAMRA signal 
with K +  ions. The dynamic detection range was extended from 
the  ∼ millimolar to  ∼ micromolar range and  ∼ nanomolar con-
centration of K +  by modulating the signal amplifi cation effect 
of CPE. The LOD of ≈3.0 n M  was measured with high selec-
tivity against other metal ions. It is noteworthy to mention that 
this sensing scheme can be extended to the detection of other 
target materials by simply modifying the recognition aptamer 
sequence.  

  4   .  Experimental Section 
  General : All chemicals were purchased from Aldrich Chemical Co. 

and used as received unless otherwise mentioned. Three kinds of high 
pressure liquid chromatography (HPLC)-purifi ed molecular aptamers 
labeled with 6-FAM and 6-TAMRA with 15 bases (aptamer 1: 5′-6-FAM-
GGTT GGTG TGGT TGG-6-TAMRA-3′), 20 bases (aptamer 2: 5′-6-FAM-
TTTT AGGT TGGT GTGG TTGG-6-TAMRA-3′) and 30 bases (aptamer 3: 
5′-6-FAM-TTTT ATTT TAGG TTGG TGTG GTTG GTTT TA-6-TAMRA-3′) 

      Figure 8.  a) Selectivity of aptamer 1/ P1  based sensory system against a range of other metal ions. b) Selectivity data for potassium ion in the presence 
of coexisting metal ions. [Aptamer 1] = 10 n M , [Metal ions] = 20 m M , [ P1 ] = 4.5 × 10 −7  M  in Tris-HCl buffer (20 m M , pH = 7.4). (Control: without K +  ions). 

      Figure 9.  Normalized PL spectra in the presence (solid) and absence 
(dashed) of K +  ions in a BSA solution via the two-step FRET process. 
[Aptamer 1] = 10 n M , [K + ] = 50 n M , [ P1 ] = 4.5 × 10 −7   M  in Tris-HCl buffer 
(20 m M , pH = 7.4). 
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3.27 (s, 12H).  13 C-NMR (100 MHz, CDCl 3 ,  δ ): 153.01, 148.30, 148.11, 
137.60, 137.10, 130.67, 128.91, 121.48, 121.44, 120.76, 115.17, 113.81, 
71.73, 71.67, 70.46, 69.46, 69.39, 68.73, 68.48, 64.52, 58.76. Anal.calcd 
for C 45 H 56 Br 2 O 12 : C, 56.97; H, 5.95; Br, 16.84. Found: C, 57.11; H, 5.99. 

  Polymerization and Quaternization : To a mixture of monomer 
1 (0.164 g, 0.220 mmol), 3 (0.209 g, 0.220 mmol) and 15 mg of 
(PPh 3 ) 4 Pd(0) were added 2  M  aqueous potassium carbonate (4 mL, 
N 2 purged) and the phase transfer catalyst, Aliquat 336 in toluene (8 
mL, N 2 purged). The reaction mixture was heated at 85 °C for 24 h, 
excess bromobenzene in 1 mL toluene (N 2 purged) was added as an 
end capper, and further reacted for another 12 h. The reaction mixture 
was cooled down to room temperature and precipitated into vigorously 
stirred methanol (200 mL). The polymer fi bers were collected by 
fi ltration and washed for 2 days in a Soxhlet apparatus with acetone to 
remove oligomers and catalyst residues. The neutral precursor polymer 
was obtained after drying in vacuo. Yield: 66% (186 mg).  M  n = 25 000 g 
mol −1 ( M  w / M  n = 1.26). The quaternization of the neutral precursor was 
followed with trimethylamine. [  24  ]  Condensed trimethylamine (3–5 mL) 
was added dropwise to a solution of the neutral precursor (100 mg) in 
10 mL THF at –78 °C. The mixture was allowed to warm up to room 
temperature overnight. The precipitate was re-dissolved by addition of 
methanol and 2 mL trimethylamine was added at –78 °C. The resulting 
mixture was stirred for additional 24 h at room temperature. After 
removal of the solvent under reduced pressure, acetone was added 
to precipitate the charged polymer (P1). The precipitated P1 was then 
collected and dried under vacuum. Yield: 85% (93 mg).  1 H NMR 
(300 MHz, DMSO-d 6 ,  δ ): 8.36 (s, 2H), 7.80–7.62 (br, 6H), 7.22 (br, 6H), 
6.92 (br, 4H), 4.03 (br, 6H), 3.69 (br, 8H), 3.41 (br, 10H), 3.02 (s, 18H), 
2.11 (br, 10H), 1.66 (br, 4H), 1.41 (br, 18H), 1.04 (br, 12H). 

  Potassium Ion Assay Protocol : All PL experiments were performed 
in 20 m M  Tris-HCl buffer (pH = 7.4) containing 100 m M  NaCl as a 
salt. Stock solutions (10 −6    M ) of 3 kinds of potassium aptamers were 
prepared in deionized water. 20  μ L of the aptamer stock solution was 
diluted to 2 mL buffer, and the resulting solution was incubated at 60 °C 
for 30 min with and without K +  ions. The annealed solution was cooled 
down to room temperature for 1 h and the PL spectra were measured 
by exciting 6-FAM at 490 nm. Then,  P1  was added to the above solution 
and PL spectra were measured again by exciting the polymer at 390 nm. 
The same protocol was repeated in the presence of NaCl, CaCl 2 , LiCl, 
MgCl 2 , NH 4 Cl, CuCl 2 , AgCl, ZnCl 2 , and AlCl 3  (20 m M , respectively) 
instead of KCl for the selectivity evaluation.  
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