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Introduction

In this report, we describe that calf-thymus DNA can be acti-
vated by amphiphilic cations to act as a cation transporter in
bulk and lipid bilayer membranes and show that this unusual
activity of DNA can be of interest for the development of bio-
sensors.

These results are interesting in the context of recent prog-
ress made with cell-penetrating peptides (CPPs).[1] CPPs are
guanidinium-rich oligomers and polymers that have attracted
much attention because of their biological importance on the
one hand and their complex behavior on the other hand.[1] We
have suggested early on that the activities of weakly acidic
polycations in general are determined by their need to strong-
ly bind multiple counteranions to minimize intramolecular
charge repulsion.[2, 3] Building on this concept of counterion-
mediated function, balanced combinations of amphiphilic and
hydrophilic counteranions were found to enable oligo-/polyar-
ginines to dissolve in chloroform,[2] partition from water into
chloroform,[2] move across bulk and lipid bilayer membranes[2]

and enter into live cells.[4] Other expressions of the same con-
cept were shown to account for the voltage gating of biologi-
cal potassium channels[5] and the conductance and the selec-
tivity of synthetic ion channels.[6] Moreover, CPP–counteranion
complexes were found to transport anions across bulk and
bilayer membranes.[2] This anion transport activity was used to
develop CPP–counteranion complexes into detectors of the
activity of many different enzymes[7] and sensors for many
different analytes.[8]

This rich multifunctionality obtained from counteranion acti-
vation of polycations such as CPPs naturally raised the ques-

tion about charge inversion.[3] The ability of amphiphilic cat-
ions to mediate the uptake of DNA into cells has been studied
and confirmed in many variations.[9, 10] The cellular uptake of
countercation-activated DNA and other weakly basic polyan-
ions mirrors perfectly the cellular uptake of counteranion-acti-
vated CPPs and other weakly acidic polycations. The only dif-
ference is that the latter process can be spontaneous because
anionic phospholipid activators are already present in biologi-
cal membranes. To complete the picture and develop a multi-
functionality as rich as for CPPs, we wondered whether or not
countercations could activate DNA to function as cation trans-
porters, enzyme detectors and biosensors.[3] To answer this
question, we here first characterize counterion-activated DNA
as ion carriers in the “U-tube”[2, 11] and in vesicles, use then a
collection of amphiphilic, bola-amphiphilic, aliphatic, aromatic
and macrocyclic ammonium and guanidinium countercations
to outline the nature of DNA activation, and explore sensing
applications[12, 13] with phytase and phytate as examples.

We report that amphiphilic counterions can enable DNA to act
as cation carrier, enzyme detector and biosensor. Calf thymus
DNA is used as example throughout the study. Evaluation of a
series of counterion activators suggests that strong amphiphi-
licity, alkyl or calix[4]arene tails and guanidinium cations give
best results, whereas weak amphiphilicity, bola-amphiphilicity,
planar aryl tails and ammonium cations are less satisfactory for
various reasons. In the U-tube, DNA–counterion complexes can
carry cations such as safranin O or p-xylene-bis-pyridinium
bromide (DPX) across bulk chloroform membranes, whereas
anions such as carboxyfluorescein (CF) and (8-Hydroxy-1,3,6-
pyrenetrisulfonate (HPTS) are not transported. Uptake of DNA–
counterion complexes into intact vesicles is demonstrated by

DNA trapping experiments with internal polylysine. Compari-
son of results from different assays suggests that DNA–coun-
terion complexes act as cation carriers under mild conditions,
whereas pore formation and lysis dominate at higher concen-
trations. Applicability of DNA–counterion transporters for the
detection of enzyme activity is demonstrated with phytate as
an inactivating substrate and phytase as a reactivating
enzyme. Compatibility with biosensing is exemplified with the
fluorometric monitoring of phytate levels in almond extracts.
The conceptual significance of these findings is briefly dis-
cussed, as are promising perspectives such as the application
of DNA chemistry to multianalyte sensing in fluorogenic vesi-
cles.
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Results and Discussion

DNA as cation carriers in bulk membranes

“U-tube” experiments were preferable to begin with because,
contrary to the more complex lipid bilayer membranes, they
provide straightforward and unambiguous evidence for the
existence and selectivity of ion carriers.[2a, 11] In a typical experi-
ment, a hydrophobic chloroform phase or “bulk membrane”
was placed at the bottom of the U-tube and covered at both
the cis and the trans side with separate aqueous phases (Fig-
ure 1 D). Calf thymus DNA (ctDNA) as representative carrier

and/or dodecylguanidinium (DG) as representative amphiphilic
counterion activator were added to the cis buffer together
with a hydrophilic “reporter ion,”[2a] and the concentration of
this reporter ion in the trans buffer was monitored as a func-
tion of time (Figure 1).

Safranin O[14, 15] was selected first as a convenient reporter
cation (Figure 1). In the presence of ctDNA–DG complexes, sa-
franin O moved efficiently from the cis water across the bulk
membrane to the trans water (Figure 1 A, *). In the absence of

DG activators, ctDNA was incapable of transporting safranin O
with comparable efficiency in the U-tube (Figure 1 A, &). The
same was true for DG activators in the absence of ctDNA
(Figure 1 A, x), and safranin O alone did not move across the
bulk membrane either (Figure 1 A, *).

The ability of DNA–counterion complexes to transport p-
xylene-bis-pyridinium bromide (DPX)[14, 15] across bulk chloro-
form membranes was studied next. Changes in the RP-HPLC
profiles of the trans phase with time demonstrated that
ctDNA–DG complexes act as carriers of DPX in bulk mem-
branes (Figure 1 B, *). Controls confirmed that DPX without
complete DNA–counterion complexes does not show similar
activity (Figure 1 B, *, &, x). The transport of aromatic cations
such as DPX by ctDNA-DG carriers was potentially interesting
because binding to DNA duplexes could occur not only by
competitive counterion exchange at the polyphosphate back-
bone, but possibly also by noncompetitive intercalation into
the p-stack. However, DPX transport by other counterion-acti-
vated polyions such as RNA or polyphosphate suggested that
possible contributions from intercalation are insignificant.[3]

The ability of DNA–counteranion complexes to carry anions
across bulk chloroform membranes was evaluated with 5(6)-
carboxyfluorescein (CF)[14, 15] and 8-hydroxy-1,3,6-pyrenetrisulfo-
nate (HPTS) as classical reporter anions. No anion transport ac-
tivity was found under conditions in which ctDNA–DG com-
plexes functioned as efficient cation carriers (Figure 1 C). Taken
together, these U-tube experiments provided compelling ex-
perimental evidence that DNA–counteranion complexes can
function as selective cation carriers.

DNA as transporters in lipid bilayer membranes

The ability of DG-activated ctDNA to act as a cation transporter
in lipid bilayer membranes was determined in EYPC-
LUVs�DPX/HPTS (i.e. , egg yolk phosphatidylcholine large uni-
lamellar vesicles loaded with the anionic fluorophore HPTS and
the cationic quencher DPX).[2c] In this assay, the export of
either the cationic quencher or the anionic fluorophore from
the vesicle increases the relative distance between the two. As
a result, cation export (DPX), anion export (HPTS), and vesicle
lysis are all reported as an increase in emission (Figure 2). The
HPTS/DPX assay thus is convenient because activity is observa-
ble for many different transport systems with different selectiv-
ities. However, the U-tube experiments described in the previ-
ous section demonstrate that counterion-activated DNA acts
as a cation-selective carrier that clearly prefers to transport
DPX rather than HPTS (Figure 1 B, * vs. C, &).

According to the HPTS/DPX assay, ctDNA and DG alone
were inactive. Together, however, they were active (Figure 2).
The fluorescence recovery in response to the addition of
ctDNA–DG complexes was calibrated against vesicle lysis and
reported as fractional activity, Y. Dose–response curves for Y
against the concentration of either the countercation activator
or the DNA transporter gave the corresponding EC50 values,
the effective concentration needed to reach Ymax/2 (Figures 2 B
and S1).

Figure 1. DNA–counterion complexes as cation carriers in the U-tube.
A) Transport of safranin O (100 mm) from cis buffer (0.5 mL) across bulk
chloroform membranes (3 mL) into trans buffer (0.5 mL) as a function of
time (*) with calf thymus DNA (1.25 mg mL�1 cis) and DG (50 mm cis), (� )
with ctDNA but without DG, (&) with DG but without ctDNA, and (*) with-
out ctDNA and DG. Buffer: 10 mm Tris, 107 mm NaCl, pH 7.4). B) Same for
DPX (100 mm cis). C) Same for CF (*, 100 mm cis) and HPTS (&, 100 mm cis)
with ctDNA and DG. D) Experimental setup for U-tube experiments, and
structure of cationic and anionic probes used. The term “U-tube experiment”
is maintained although modern versions of U-tubes are often not U-shaped.
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The uptake of carriers into intact vesicles can be difficult to
detect unambiguously.[2c, 16] However, with DNA–counterion
complexes that are known to enter cells[9, 10] and shown above
to move across bulk chloroform membranes (Figure 1), it
seemed obvious that DNA uptake into vesicles would be no
problem. To confirm that this is really the case, also under the
present conditions, EYPC-LUVs�DPX/HPTS were loaded with
increasing concentrations of poly-l-lysine (pK). The response of
ctDNA–DG transporters was an increasing EC50 and a decreas-

ing Ymax (Figure 2 B and Table 1). This inactivation of extravesic-
ularly added DNA by intravesicular pK could be interpreted
with DNA uptake and inactivation by binding to the hydrophil-

ic polycation in the vesicles. Decreasing Ymax with increasing
EC50 in dose–response curves for DNA suggested that DG acti-
vators are inactivated together with DNA (that is, the forma-
tion of inactive pK-ctDNA–DG complexes within the vesicles).

This interpretation, however, was not conclusive because
the binding of DNA to intravesicular pK, extravesicular pK and
freshly released pK should give exactly the same result. To
detect uptake into intact vesicles more convincingly, sequential
DNA addition to vesicles with internal pK inactivators and
external DG activators was explored (Figure 3). The total DNA
concentration was selected to produce nearly complete fluo-
rescence recovery when added all at once (Figures 3 A, solid,
and 2B). Addition of the same amount of DNA in several small
portions produced essentially no activity (Figure 3 A, dashed).
Clearly, stepwise DNA addition was not additive. This nonaddi-
tivity demonstrated that, at low concentrations, DNA–DG com-
plexes move across bilayer membranes nondestructively and
are trapped by pK within intact vesicles. pK release during
counterion-mediated DNA uptake would make sequential DNA
addition additive. Control experiments confirmed that sequen-
tial DNA addition to vesicles without intravesicular pK inactiva-
tors is additive (Figure 3 B).

The same additivity was confirmed to occur with extravesic-
ular rather than intravesicular pK inactivators (Figure 3 C). The
resulting uniqueness of nonadditive activity of DNA–counter-
ion with intravesicular pK only confirmed that this phenomen-
on originates from nondestructive DNA uptake into and trap-
ping within intact vesicles.

In contrast to the HPTS/DPX assay, the CF assay fails to
detect cation export and reports on anion export and lysis
only.[15] As representative examples from the collection of cat-
ions 1–17, the activation of calf thymus DNA by DG 5[3a] or cal-
ix[4]arene 15 was nearly identical in EYPC-LUVs�HPTS/DPX
and EYPC-LUVs�CF (Figures 4 A and 5). As a response to vesi-
cle dilution, the HPTS/DPX assay revealed decreasing EC50

values, whereas constantly high EC50s were found in the CF
assay (Figure 4 A–C). High EC50 values independent of vesicle
concentration supported the fact that the CF assay detects

Table 1. Inactivation of ctDNA-DG transporters by intravesicular polyly-
sine (pK).[a]

Poly-l-lysine [mm] EC50 [mg mL�1][b] Ymax [%][c]

1 0 0.37�0.04 47�2
2 1 0.71�0.06 45�2
3 10 0.83�0.04 38�1
4 100 0.98�0.01 14�0.1

[a] From DPX/HPTS export from EYPC-LUVs�DPX/HPTS at constant con-
centration of DG activators (50 mm), 10 mm Tris, 107 mm NaCl, pH 7.4,
25 8C, see Figure 2. [b] Effective DNA concentration needed to reach 50 %
activity (Ymax/2), data �SE. From Hill analysis of dose–response curves in
Figure 2. [c] Maximal fractional fluorescence emission relative to lysis.

Figure 2. Dependence of the activity of DNA–counterion complexes on the
concentration of DNA (A, B) and internal counterion inactivators (B). A) Frac-
tional HPTS emission I (lex 413 nm, lem 511 nm) as a function of time during
the addition of calf thymus DNA (t = 50 s, i) 0, ii) 0.2, iii) 0.3, iv) 0.5, v) 0.7,
vi) 1.0 and vii) 2.0 mg mL�1 final concentrations) to EYPC-LUVs�HPTS/DPX
(~12.5 mm lipid) in the presence of external DG (50 mm). Conditions: 5 mm

HPTS, 16.5 mm DPX, 10 mm Tris, 72 mm NaCl, pH 7.4 (inside); 10 mm Tris,
107 mm NaCl, pH 7.4 (outside), 25 8C, calibrated by final addition of triton X-
100, t = 300 s). B) Dose–response curves for DNA at constant concentration
of external activator DG and increasing concentration of internal inactivator
pK (0 (*), 1 (*), 10 (&) and 100 mm (� ) inside; with curve fits to Hill equation,
see Table 1). C) Experimental setup for vesicle experiments: i) Addition of
polyions (e.g. , ctDNA) and counterion activators (e.g. , DG) to vesicles with
internal reporter ions (e.g. , DPX, HPTS) and counterion inactivators (e.g. , pK)
possibly causes ii) the formation of membrane-active polyion-counterion
complexes (e.g. , ctDNA-DG), iii) DPX export, iv) the formation of internal
polyion-counterion complexes (e.g. , ctDNA-DG-pK), etc ; M = Na.
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larger pores or more dramatic events that depend only on the
critical micelle concentration (cmc) of higher-order DNA–coun-
terion assemblies (Figure 4 A–C, *). Low EC50 values with de-
pendence on vesicle concentration demonstrated that the
HPTS/DPX assay indeed reports on cation transporters (Fig-
ure 4 A–C, *). The differences found between HPTS/DPX and
CF assay thus suggested that under mild conditions, DNA–
counterion complexes can act as cation transporters in intact
vesicles (Figure 4 C, * vs. *). In the present example, this is the
case around 3 mm 15, 12.5 mg mL�1 ctDNA, and ~25 mm EYPC
(Figure 4, dotted line). The validity of this interpretation was
confirmed by U-tube and intravesicular trapping experiments
(Figures 1 and 3). The apparent transition from nondestructive
cation transport toward the formation of larger pores and
more dramatic events at higher concentrations of DNA–coun-
terion complexes was not surprising. The concentration de-
pendence of transport mechanisms, usually shifting from carri-
ers over channels and pores toward detergents with increasing
concentration, has been suggested to occur in many cases,
including prominent examples such valinomycin, melittin or
Triton X-100.[17]

The dependence of the activity of ctDNA–DG complexes on
other variables was not surprising. For instance, EC50 values in-

Figure 3. Fractional HPTS emission I during the addition of ctDNA at t = 50 s
(1.0 mg mL�1 final ; c) or at t = 50 s (0.5 mg mL�1), t = 200 s (0.125 mg mL�1),
t = 350 s (0.125 mg mL�1), t = 500 s (0.125 mg mL�1) and t = 650 s
(0.125 mg mL�1; a) to EYPC-LUVs�HPTS/DPX (~12.5 mm lipid) with external
DG (50 mm) and A) with internal pK (10 mm), B) without pK, or C) with exter-
nal pK (10 nm). Conditions as in Figure 2.

Figure 4. Dose–response curves for the activation of calf thymus DNA
(12.5 mg mL�1) by calix[4]arene 15 (increasing concentrations) in EYPC-
LUV�HPTS/DPX (*) and EYPC-LUV�CF (*) at A) ~75 mm, B) ~50 mm and
C) ~25 mm EYPC. Fractional activities Y from conventionally calibrated curves
were normalized to maximal (Y’= 1 = Ymax) and minimal (Y’= 0) before lysis.

Figure 5. Countercation activators for DNA carriers, detectors and sensors.
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creased and Ymax decreased with increasing ionic strength (Fig-
ure S3). This finding confirmed the central importance of ion
pairing and ion exchange for the activity of ctDNA–DG com-
plexes. Low membrane fluidity gave poor efficiencies (Fig-
ure S4). This trend was consistent with but not exclusive for an
ion carrier mechanism.[2, 15, 18] The presence of anionic lipids in
the bilayer did not influence efficiencies much (Figure S5). This
insensitivity of polyanionic DNA to anionic phospholipids was
in meaningful contrast to the strong dependence of polycat-
ionic CPPs and K+ channels, in which anionic lipids in the
membrane can act as intrinsic counterion activators.[2, 5]

Counterion activators

The activity of countercation-activated polyanions beyond
DNA decreased with increasing basicity of the involved anions
(DNA, RNA, polyphosphate @ hyaluronan, polyglutamate).[3]

This series complemented the decreasing activity of counteran-
ion-activated polycations with increasing acidity of the in-
volved cation and thus confirmed intramolecular charge repul-
sion as general origin of counterion-mediated function.[2, 3]

To quantify the activation of calf thymus DNA by amphi-
philes 1–17, their EC50 values, maximal activities Ymax and effi-
ciencies h[2b] were determined (Figure S6 and Table 2). The re-
sults revealed that high activator hydrophobicity is essential
for high h. Ammonium cations (1–4) were less efficient than
guanidinium cations (5, 6). This trend was not surprising con-

sidering the preference of phosphate anions to pair with gua-
nidinium rather than ammonium cations.[2, 19]

Countercations with alkyl tails (1–6) were better than aryl
tails (7, 17). This trend was contrary to the charge-reversed sit-
uation with CPPs, in which the high efficiency of aromatic
counteranion activators was explained by their favourable par-
tition into and translocation across bilayer membranes.[2, 20] The
reversed preference for alkyl over aryl activators with DNA car-
riers could suggest that activators 7 and 17 preferably interca-
late into the DNA duplex and thus prevent their aromatic tails
to mediate partitioning into the bilayer membrane. However,
poor activity found with other counterion-activated polyions
such as RNA or polyphosphate did not support this interpreta-
tion.[3]

Intercalation into DNA can be excluded with nonplanar aro-
matic macrocycles such as calixarenes.[10] However, tetraguani-
dinium calix[4]arenes with insufficient amphiphilicity such as 8
nevertheless failed to activate DNA transporters. Expansion to
calix[6]arenes (12) did not solve the problem. Increasing the
amphiphilicity of calix[4]arenes resulted in increasing efficiency
to activate DNA transporters. Considering the presence of four
guanidinium cations per activator, the efficiency of calixarenes
9–11 and 14–16 was comparable to or slightly better than
that of the best alkylguanidinium activator 6. However, com-
parisons at high activator efficiency should be carried out with
caution because the onset of stoichiometric binding can ob-
scure significant differences.[21]

The bola-amphiphilic 1,3-alt isomer 13 was clearly less active
and caused only 34 % as compared to 52 % fluorescence recov-
ery with the amphiphilic isomer 9 (Figure 6, * vs *). This im-

portant difference confirmed amphiphilicity as an essential
characteristic of counterion activators. The acyclic analogue 17
was more than 100-fold less efficient than the calix[4]arene 14.
Multivalency, macrocyclic preorganization and competing in-
tercalation into DNA are likely to contribute to this quite im-
portant calixarene effect.

The discovery that CPP–counteranion complexes function as
anion carriers in bulk and bilayer membranes was useful for
the development of new drug delivery[4] and sensing sys-
tems.[8] The herein reported discovery of the charge-inverted
DNA–countercation complexes as cation carriers could thus be

Table 2. Countercation activators of DNA transporters.[a]

Activator Charge[b] EC50 [mm][c] Ymax [%][d] h[e]

1 + 1 – – –
2 + 1 – – –
3 + 1 108�5 100�3 34
4 + 1 7.7�1.4 73�5 57
5 + 1 33�2 81�3 44
6 + 1 4.6�0.2 83�3 72
7 + 1 – – –
8 + 4 – – –
9 + 4 0.86�0.02 52�2 59

10 + 4 0.78�0.09 70�4 81
11 + 4 1.0�0.01 90�4 100
12 + 6 – – –
13 + 4 6.1�0.7 34�3 28
14 + 4 1.5�0.1 57�3 60
15 + 4 1.3�0.1 90�5 96
16 + 4 1.4�0.1 85�5 90
17 + 2 190�12 81�3 22

[a] From DPX/HPTS export from EYPC-LUVs�DPX/HPTS at constant con-
centration of calf thymus DNA (1.25 mg mL�1, ~4 mm phosphate), 10 mm

Tris, 107 mm NaCl, pH 7.4, 25 8C, see Figure 6 and S6; 1, 2, 7, 8 and 12
were inactive (Ymax <15 %). [b] Maximal charge corresponding to the
number of guanidinium/ammonium cations, ignoring possible charge re-
duction by proximity effects. [c] Effective activator concentration needed
to reach 50 % activity (Ymax/2), data �SE. From Hill analysis of dose–re-
sponse curves (e.g. , Figure 6). [d] Maximal fractional fluorescence emis-
sion at saturation with activator relative to 3, calculated after calibration
to constant values after lysis. [e] Relative activator efficiency h= f � Ymax �
pEC50 [mm] , f = 0.37.

Figure 6. Dose–response curves for the activation of calf thymus DNA
(1.25 mg mL�1) by calixarenes 8 (x), 9 (&), 10 (^), 11 (*), 12 (+) and 13 (*) in
EYPC-LUV�HPTS/DPX.
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expected to have a similarly diverse and important impact.
Whereas cellular uptake of DNA–countercation complexes is
extensively studied and routinely used in many variations,[9, 10]

their potential to function as multienzyme detectors and multi-
analyte sensors[12, 13] remained to be clarified.

DNA as sensors in lipid bilayer membranes

Among several possibilities to develop counterion-activated
DNA transporters into sensing systems, inactivation by hydro-
philic and anionic analytes was explored first. Phytate (or IP6)
was selected as important representative of this family.[22] Com-
petitive pairing of phytate with calixarene activators 15 cleanly
inactivated DNA transporters (Figure 7 A, *, IC50 = 450�30 nm).

Similar inactivation did not occur with the completely dephos-
phorylated inositol (Figure 7 A, *). Enzymatic phytate hydroly-
sis by incubation with phytase was detectable as fluorescence
recovery caused by the activation of DNA–calixarene com-
plexes (Figure S7). This successful example for the detectability
of enzyme activity with DNA–calixarene complexes implied
that other approaches developed for synthetic pores[23] and
CPP–counterion complexes[7, 8] will be applicable to DNA–coun-
terion complexes as well.

The applicability of DNA–calixarene complexes to sensing in
complex matrices was explored next. Almond extracts were
prepared following routine procedures.[22] DNA–counterion
complexes were efficiently inactivated by these almond ex-
tracts (Figure 7 B, *). Incubation of almond extracts with phy-
tase practically removed their ability to inactivate DNA–coun-

terion complexes (Figure 7 B, *). This demonstrated that the in-
hibitory activity of almond extract originated mainly from phy-
tate. Comparison of the IC50 values before and after incubation
with phytase with calibration curves afforded the expected
phytate content (21 mg g�1 expected,[22] 25�1 mg g�1 found).

The sensing of phytate and the related IP7 has been ex-
plored previously with synthetic pores and CPP–counteranion
complexes.[22] In CPP–counteranion complexes, phytate com-
petes with the counteranion activator for binding to the poly-
cation. In the complementary DNA–countercation complexes,
phytate competes with the polyanion for binding to the
countercation activator. Interestingly, phytate sensing turns out
to be more sensitive with DNA (IC50 = 450�30 nm) than with
CPP transporters (IC50 = 5.4�1.1 mm). However, counterion ex-
change in both sensing systems is less efficient than phytate
binding within synthetic pores (IC50 = 45�5 nm). Successful
phytate sensing implied that related sensing approaches will
be applicable to DNA–counterion complexes as well,[23] includ-
ing the recent method to sense hydrophobic analytes with
CPP-counterion complexes.[8] However, the most important
sensing applications of DNA–counterion transporters will take
advantage from DNA chemistry in the broadest sense, includ-
ing the use of aptamers,[13] enzymes, intercalators or more
complex topologies.[24]

Conclusions

In this report, we provide experimental evidence that amphi-
philic counterions can enable DNA to act as cation carrier,
show that the active complexes can be used as detectors of
enzyme activity and as biosensors in complex matrices, and
we underscore that these results are important from a concep-
tual point of view.[2, 3] Counteranions have been shown previ-
ously to activate polycationic CPPs[1] not only for cellular
uptake[4] but also as anion carriers,[2] enzyme detectors[7] and
biosensors,[8] and the theoretical basis of counteranion-mediat-
ed multifunctionality has been clarified.[2, 3] Complementary to
CPPs as weakly acidic polycations, DNA molecules are weakly
basic polyanions. Countercations are very well known to acti-
vate DNA for cellular uptake.[9, 10] The herein provided evidence
that DNA–counterion complexes can function as cation carri-
ers, enzyme detectors and biosensors is important because it
demonstrates that the multifunctionality of polyion-counterion
complexes is general and occurs with low-basicity polyanions
exactly as with low-acidity polycations.

DNA transporters, detectors and sensors are of general and
of practical interest. Application of the lessons learned with
CPP sensors concerning hydrophobic analytes, signal amplifica-
tion, and so on, will be straightforward and useful.[8, 23] The per-
spective to use DNA chemistry for biosensing in fluorogenic,[15]

chromogenic[25] or chirogenic[26] vesicles is particularly attrac-
tive. Current efforts focus on the use of DNA aptamers[13] as
analyte-responsive transporters in membrane-based sensing
systems. Preliminary results are promising and will be reported
in due course.[24]

Figure 7. Dose–response curves for the inactivation of calf thymus DNA
(1.25 mg mL�1) and calixarene 15 (2.5 mm) in EYPC-LUV�HPTS/DPX by A) phy-
tate (*) and inositol (*) and B) almond extract before (*) and after (*) phy-
tase treatment. Fractional activities Y’ are as in Figure 4.
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