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5.1 Introduction§ 

Cell-penetrating peptides (CPPs)1 are guanidinium-rich oligomers and polymers that have 

attracted much attention because of their biological importance to help cellular uptake of 

various molecular cargos on the one hand and their complex behaviour on the other. It was 

suggested early on that the activities of weakly acidic polycations in general are determined 

by their need to strongly bind multiple counteranions in order 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- and 

polyarginines to dissolve in chloroform,2 partition from water into chloroform,2 move across 

bulk and lipid bilayer membranes,2 and enter into living cells,4 (see also the Introduction to 

Chapter 4). Other expressions of the same concept were shown to account for the voltage 

gating of biological potassium channels5 and the conductance and selectivity of synthetic ion 

channels.6 Moreover, CPP-counteranion complexes were also found to transport anions across 

bulk and bilayer membranes,2 a property that was exploited in the development of stimulus-

responsive CPP-counteranion complexes as multi-enzyme detectors7 and multi-analyte 

sensors.8 

The rich multifunctionality that results from counteranion activation of polycations such as 

CPPs raised the possibility that the charges could be inverted,3 i.e., that a countercation could 

form a complex with an anion, such as DNA, and achieve the same function. The cellular 

uptake of countercation-activated DNA and other weakly basic polyanions mirrors perfectly 

the cellular uptake of counteranion-activated CPPs and other weakly acidic polycations; the 

only difference is that the latter process can be spontaneous due to the presence of anionic 

phospholipid activators in biological membranes. It was wondered whether a DNA-

countercation complex could be developed that rivals the multifunctionality of CPPs, such 

that DNA molecules could be activated to function as cation transporters, multi-enzyme 

detectors, or multi-analyte sensors.3 

In the work reported in this chapter calf thymus DNA was found to be successfully activated 

by amphiphilic cations and it could transport cations across bulk and lipid bilayer membranes. 
§
In this chapter many compounds and procedures are indicated in abbreviated forms. To help the reader, a 

summary of these abbreviations are reported in the following legend 

CPP: cell-penetrating peptides; ctDNA: Calf thymus DNA; DG: dodecylguanidinium; DPX: p-xylene-bis-

pyridinium bromide; CF: 5(6)-carboxyfluorescein; HPTS: 8-hydroxy-1,3,6-pyrenetrisulfonate; EYPC-

LUVs⊃DPX/HPTS: egg yolk phosphatidylcholine large unilamellar vesicles loaded with the anionic fluorophore 

HPTS and the cationic quencher DPX; pK: poly-L-lysine.  
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The ion-carrier properties of counterion-activated DNA were first characterized using the “U-

tube” technique2,9 and in vesicles. Subsequently, a series of amphiphilic, bola-amphiphilic, 

aliphatic, aromatic, and macrocyclic ammonium and guanidinium countercations was used, to 

ascertain the nature of DNA activation. Finally, using phytase and phytate as examples, the 

unusual activity of DNA was explored in the context of multi-analyte sensors.10,11 

 

5.2 Results and Discussion 

5.2.1 DNA-Countercation Complexes as Cation Carriers in Bulk 

Membranes◊  

To investigate the properties of our compounds, at the beginning, U-tube experiments were 

performed, because, in contrast to the more complex lipid bilayer membranes, they provide 

straightforward and unambiguous evidence for existence and selectivity of ion carriers.2a,9 In a 

typical experiment, a hydrophobic chloroform phase, or “bulk membrane”, was placed at the 

bottom of the U-tube and covered on both the cis and the trans side of the wall with separate 

aqueous phases (Fig. 5.1D). Calf thymus DNA (ctDNA) was employed as a representative 

carrier, and dodecylguanidinium (DG) was used as a representative amphiphilic counterion 

activator. ctDNA and/or DG were added to the cis buffer together with a hydrophilic reporter 

ion;2a the concentration of this reporter ion in the trans buffer was monitored as a function of 

time (Fig. 5.1). Safranin O12,13 was selected initially as a convenient reporter cation (Fig. 5.1). 

Only in the presence of ctDNA-DG complex safranin O moved efficiently from the cis 

aqueous phase across the bulk membrane to the trans aqueous phase (Fig. 5.1A, �); no 

transport was observed in the absence of the complex (Fig. 5.1A, �). Neither ctDNA (Fig. 

5.1A, �) nor DG activator alone (Fig. 5.1A, X) was able to transport safranin O with 

comparable efficiency in the U-tube. 
 

 

 

 

 

 

 

 

◊
All transport experiments here reported were carried out by Toshihide Takeuchi, in the laboratory of Prof. 

Stefan Matile at the University of Geneva. The synthesis of the calix[n]arenes and of the Gemini compounds was 
performed in our laboratory in Parma, while the synthesis of alkyl and aryl ammonium, and  alkyl guanidinium 
compounds was performed by Toshihide Takeuchi. 
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Fig. 5.1. DNA-counterion complexes as cation carriers in the U-tube. (A) safranin O (100 µM) transferred from 
cis buffer (0.5 mL) across bulk chloroform membranes (3 mL) into trans buffer (0.5 mL) as a function of time in 
the presence of calf thymus DNA (�, �; 1.25 µg/mL cis) and DG (�, X; 50 µM cis). Buffer: 10 mM Tris, 107 
mM NaCl, pH 7.4. (B) Same for DPX (100 µM cis) with ctDNA (�, �; 1.25 µg/mL cis) and DG (�, X; 50 µM 
cis). (C) Same for CF (�, 100 µM cis) and HPTS (�, 100 µM cis) with ctDNA (�, �; 1.25 µg/mL cis) and DG 
(�, �; 50 µM cis). (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.  
 

The ability of DNA-counterion complexes to transport p-xylene-bis-pyridinium bromide 

(DPX)12,13 across bulk chloroform membranes was studied next. Changes in the RP-HPLC 

profiles of the trans phase over time suggested that ctDNA-DG complexes were acting as 

carriers of DPX in bulk membranes (Fig. 5.1B, �). Control experiments confirmed that DPX 

is not transported without the presence of the DNA-counterion complex (Fig. 5.1B, (�, �, 

X)). The observed transport of aromatic cations such as DPX and safranin O by ctDNA-DG 

carriers is potentially interesting because binding to DNA duplexes could occur not only by 

competitive counterion exchange at the polyphosphate backbone but possibly also by non-

competitive intercalation into the π-stack. However, it was previously shown that counterion-

activated polyions other than double-stranded DNA are able to transport DPX. This 
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observation does not support the hypothesis of that intercalation contributes significantly to 

transport.3 

The ability of DNA-countercation complexes to carry anions across bulk chloroform 

membranes was evaluated with 5(6)-carboxyfluorescein (CF)12,13 and 8-hydroxy-1,3,6-

pyrenetrisulfonate (HPTS) as classical reporter anions. No anion transport activity was 

observed under conditions where ctDNA-DG complexes functioned as efficient cation 

carriers (Fig. 5.1C). Taken together, these U-tube experiments provided compelling 

experimental evidence that DNA-counteranion complexes can function as selective cation 

carriers. 

 

5.2.2 DNA-Countercation Complexes 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 

unilamellar vesicles loaded with the anionic fluorophore HPTS and the cationic quencher 

DPX).2c Under these conditions, cation export (DPX), anion export (HPTS), and vesicle lysis 

are all reported as an increase in fluorescence emission of DPX (Fig. 5.2). According to the 

HPTS/DPX assay, ctDNA and DG alone were inactive. Together, however, they were active 

(Fig. 5.2). 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’s, the effective concentration needed to reach YMAX/2 (Fig. 5.2B 

and Experimental). The uptake of carriers into intact vesicles can be difficult to detect 

unambiguosly.2c,14 However, because DNA-counterion complexes have been shown to enter 

cells15,16 and to move across bulk chloroform membranes (Fig. 5.1), it was hypothesized that 

DNA uptake into vesicles was likely possible. To confirm this hypothesis, using the same 

conditions as above, EYPC-LUVs⊃DPX/HPTS were loaded with increasing concentrations of 

poly-L-lysine (pK). As a result, an increase in the EC50 and a decrease in YMAX  of the ctDNA-

DG transporters were observed (Fig. 5.2B and Table 5.1). This inactivation of 

extravesicularly added DNA by intravesicular pK could be interpreted to result from 

inactivation of DNA uptake by binding to the hydrophilic polycation in the vesicles. 

Decreasing YMAX  and increasing EC50 in the dose response curves for DNA suggested that an 
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inactive pK-ctDNA-DG complex was formed within the vesicles that prevented transport of 

DNA, and therefore DPX, across the lipid bilayer.  

ctDNA

DPX

HPTS

pK

outside inside

M

d)b)

c)c)

10.1
c (µg/ml)

0

Y

B

100 300
t (s)

0

I (rel)

1A

2000

0.8

0.6

0.4

0.2

0.4

0.2

C

DG

a)

a)

10

 
 
Fig. 5.2. Dependence of the activity of DNA-counterion complexes on the concentration of DNA (A, B) and 
internal counterion inactivators (B). (A) Fractional HPTS emission I (λex 413 nm, λem 511 nm) as a function of 
time during the addition of calf thymus DNA (t = 50 s, (a) 0, (b) 0.2, (c) 0.3, (d) 0.5, (e) 0.7, (f) 1.0 and (g) 2.0 
µg/ml final concentrations) to EYPC-LUVs⊃HPTS/DPX (~12.5 µM lipid) in the presence of external DG (50 
µM). 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 ºC, 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 µM (×) inside; with curve fits to Hill equation, see Table 5.1). (C) 
Experimental setup for vesicle experiments: (a) 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 (b) the formation of membrane-active polyion-counterion complexes (e.g., ctDNA-DG), (c) 
DPX export, (d) the formation of internal polyion-counterion complexes (e.g., ctDNA-DG-pK), etc; M = Na. 
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Table 5.1. Inactivation of ctDNA-DG transporters by intravesicular polylysine (pK).a 

 

 Poly-L-lysine (µM) EC50 (µg/mL)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 

 
aFrom DPX/HPTS export from EYPC-LUVs⊃DPX/HPTS at constant concentration of DG activators (50 µM), 
10 mM Tris, 107 mM NaCl, pH 7.4, 25 ˚C, see Fig. 5.2. bEffective DNA concentration needed to reach 50% 
activity (YMAX/2), data ± SE. From Hill analysis of dose response curves in Fig. 5.2. cMaximal fractional 
fluorescence emission relative to lysis. 
 

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 (Fig. 5.3). The 

total DNA concentration was selected to produce nearly complete fluorescence recovery when 

added all at once (Fig. 5.3A solid line, and 5.2B). Addition of the same amount of DNA in 

several small portions produced essentially no activity (Fig. 5.3A, dashed line). Clearly, 

stepwise DNA addition was not additive. This non-additivity demonstrated that, at low 

concentrations, DNA-DG complexes move across bilayer membranes non-destructively 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 sequential 

DNA addition to vesicles without intravesicular pK inactivators is additive (Fig. 5.3B).  

The same additivity was found to occur with extravesicular rather than intravesicular pK 

inactivators (Fig. 5.3C). The resulting uniqueness of non-additive activity of DNA-counterion 

with intravesicular pK only confirmed that this phenomenon originates from non-destructive 

DNA uptake into and trapping within intact vesicles. 
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Fig. 5.3. Fractional HPTS emission I during the addition of ctDNA at t = 50 s (1.0 µg/mL final; solid traces) or 
at t = 50 s (0.5 µg/mL), t = 200 s (0.125 µg/mL), t = 350 s (0.125 µg/mL), t = 500 s (0.125 µg/mL) and t = 650 s 
(0.125 µg/mL; dashed traces) to EYPC-LUVs⊃HPTS/DPX (~12.5 µM lipid) with external DG (50 µM) and (A) 
with internal pK (10 µM), (B) without pK, or (C) with external pK (10 nM). Conditions as in Fig. 5.2.  
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Fig. 5.4. Dose response curves for the activation of calf thymus DNA (12.5 µg/mL) by calix[4]arene 5a 
(increasing concentrations) in EYPC-LUV⊃HPTS/DPX (�) and EYPC-LUV⊃CF (�) at (A) ~75 µM, (B) ~50 
µM and (C) ~25 µM EYPC. Fractional activities Y from conventionally calibrated curves were normalized to 
maximal (Y’ = 1 = YMAX ) and minimal (Y’ = 0) before lysis. 
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Different to the HPTS/DPX assay, the CF assay fails to detect cation export and reports on 

anion export and lysis only.13 As representative examples of the synthesized cations, the 

activation of calf thymus DNA by DG 743a or calix[4]arene 5a was nearly identical in EYPC-

LUVs⊃HPTS/DPX and EYPC-LUVs⊃CF (Fig. 5.4A and 5.5). As a response to vesicle 

dilution, the HPTS/DPX assay revealed decreasing EC50’s, whereas constantly high EC50’s 

were found in the CF assay (Fig. 5.4A-C). High EC50’s with independence on vesicle 

concentration supported that the CF assay detects larger pores or more dramatic events that 

depend only on the CMC of higher-order DNA-counterion assemblies (Fig. 5.4A-C, �). Low 

EC50’s with dependence on vesicle concentration demonstrated that HPTS/DPX assay reports 

indeed on cation transporters (Fig. 5.4A-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 (Fig. 4C, � vs �). In the present example, this is the 

case of 5a around 3 µM, ctDNA 12.5 µg/ml, and EYPC ~25 µM (Fig. 5.4, dotted line). The 

validity of this interpretation was confirmed by U-tube and intravesicular trapping 

experiments (Fig. 5.1 and 5.3). The apparent transition from non-destructive cation transport 

toward the formation of larger pores and more dramatic events at higher concentrations of 

DNA-counterion complexes was not surprising. The concentration dependence of transport 

mechanisms, usually shifting from carriers over channels and pores toward detergents with 

increasing concentration, has been suggested from also prominent examples such 

valinomycin, melittin or triton X-100.17 

The dependence of the activity of ctDNA-DG complexes on other variables was not a 

surprise. For instance, EC50’s increased and YMAX decreased with increasing ionic strength 

(Fig. 5.10, see Experimental). This finding confirmed the importance of ion pairing and ion 

exchange for the activity of ctDNA-DG complexes. Low membrane fluidity gave poor 

efficiencies (Fig. 5.11, see Experimental). This trend was consistent with but not exclusive 

for an ion carrier mechanism.2,13,18 The presence of anionic lipids in the bilayer did not much 

influence efficiencies (Fig. 5.12). This insensitivity of polyanionic DNA to anionic 

phospholipids was in meaningful contrast to the strong dependence of polycationic CPPs and 

potassium channels, where anionic lipids in the membrane can act as intrinsic counterion 

activators.2,5 
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Fig. 5.5. Countercation activators for DNA carriers, detectors and sensors.  

 

5.2.3 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 counteranion-activated polycations with 

increasing acidity of the involved cation and thus confirmed intramolecular charge repulsion 

as general origin of counterion-mediated function.2,3 

To quantify the activation of calf thymus DNA by all the amphiphiles, their EC50’s, maximal 

activities YMAX , and efficiencies η2b were determined (Fig. 5.13 in the Experimental Section 

and Table 5.2). The results revealed that high activator hydrophobicity is essential for high η. 

Ammonium cations (70-73) were less efficient than guanidinium cations (74, 75). This trend 

was not further surprising considering the preference of phosphate anions to pair with 

guanidinium rather than ammonium cations.2,19 
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Table 5.2.  Countercation activators of DNA transporters.a 

 Activator Chargeb EC50 (µM)c YMAX (%)d ηe 

1 70 +1 - - - 

2 71 +1 - - - 

3 72 +1 108 ± 5 100 ± 3 34 

4 73 +1 7.7 ± 1.4 73 ± 5 57 

5 74 +1 33 ± 2 81 ± 3 44 

6 75 +1 4.6 ± 0.2 83 ± 3 72 

7 76 +1 - - - 

8 77 +4 - - - 

9 78 +4 0.86 ± 0.02 52 ± 2 59 

10 79 +4 0.78 ± 0.09 70 ± 4 81 

11 80 +4 1.0 ± 0.01 90 ± 4 100 

12 81 +6 - - - 

13 82 +4 6.1 ± 0.7 34 ± 3 28 

14 5a +4 1.5 ± 0.1 57 ± 3 60 

15 5b +4 1.3 ± 0.1 90 ± 5 96 

16 5c +4 1.4 ± 0.1 85 ± 5 90 

17 14b +2 190 ± 12 81 ± 3 22 

                        
aFrom DPX/HPTS export from EYPC-LUVs⊃DPX/HPTS at constant concentration of calf thymus DNA (1.25 
µg/mL, ~4 µM phosphate), 10 mM Tris, 107 mM NaCl, pH 7.4, 25 ˚C, see Fig. 5.6 and 5.13 (see 
Experimental), 70, 71, 76, 77 and 81 were inactive (YMAX  < 15%). bMaximal charge corresponding to the 
number of guanidinium/ammonium cations, ignoring possible charge reduction by proximity effects. cEffective 
activator concentration needed to reach 50% activity (YMAX/2), data ± SE. From Hill analysis of dose response 
curves (e.g., Fig. 5.6). dMaximal fractional fluorescence emission at saturation with activator relative to 72, 
calculated after calibration to constant values after lysis. eRelative activator efficiency η = f ×YMAX×pEC50(mM), 
f = 0.37. 
 

Countercations with alkyl tails (70-75) were better than aryl tails (76, 14b). This trend was 

contrary to the charge-reversed situation with CPPs, where the high efficiency of aromatic 

counteranion activators was explained with their favorable partition into and translocation 

across bilayer membranes.2,20 The reversed preference for alkyl over aryl activators with DNA 

carriers could suggest that activators 76 and 14b preferably intercalate into the DNA duplex 

and thus prevent their aromatic tails to mediate partitioning into the bilayer membrane. 

However, poor efficiencies with polyions other than double-stranded DNA3 did not support 

this interpretation (not shown). 
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Fig. 5.6. Dose response curves for the activation of calf thymus DNA (1.25 µg/mL) by calixarenes 77 (x), 78 
(�), 79 (◊), 80 (�), 81 (+) and 82 (�) in EYPC-LUV⊃HPTS/DPX. 
 

Intercalation into DNA can be excluded with non-planar aromatic macrocycles such as 

calixarenes.16 However, tetraguanidinium calix[4]arenes with insufficient amphiphilicity such 

as 77 failed to activate DNA transporters. Expansion to calix[6]arenes (81) did not solve the 

problem. Increasing 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 78-80 and 5a-c was comparable to or slightly better 

than that of the best alkylguanidinium activator 75. However, comparisons at high activator 

efficiency should be done with caution because the beginning of stoichiometric binding can 

obscure significant differences.21  

The bola-amphiphilic 1,3-alt isomer 72 was clearly less active and caused only 34% 

fluorescence recovery compared to the 52% of its amphiphilic isomer 78 (Fig. 5.6, � vs �). 

This important difference further supported amphiphilicity as essential characteristic of 

counterion activators. The acyclic analog 76 was >100-times less efficient than calix[4]arene 

5b. Multivalency, macrocyclic preorganization and competing intercalation into DNA 

probably  contribute to this quite important calixarene effect. 

 

5.2.4 DNA as Sensors in Lipid Bilayer Membranes 

The discovery that CPP-counteranion complexes function as anion carriers in bulk and bilayer 

membranes was useful for the development of new drug delivery4 and sensing systems.8 The 

here reported discovery of the charge-inverted DNA-countercation complexes as cation 

carriers could therefore be 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,15,16 their potential to function as multienzyme detectors and 

multianalyte sensors10,11 remained to be clarified. 
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Among several possibilities to develop counterion-activated DNA transporters into sensing 

systems, inactivation by hydrophilic and anionic analytes was explored first. Phytate (or IP6) 

was selected as important representative of this family.22 Competitive pairing of phytate with 

calixarene activator 5a cleanly inactivated DNA transporters (Fig. 5.7A, �, IC50 = 450 ± 30 

nM). Similar inactivation did not occur with the completely dephosphorylated inositol (Fig. 

5.7A, �). Enzymatic phytate hydrolysis by incubation with phytase was detectable as 

fluorescence recovery caused by the activation of DNA-calixarene complexes (Fig. 5.14, see 

Experimental). This successful example for the detectability of enzyme activity with DNA-

calixarene complexes implied that other approaches developed for synthetic pores23 and CPP-

counterion complexes7,8 will be applicable to DNA-counterion complexes as well. 

The applicability of DNA-calixarene complexes to sensing in complex matrices was then 

explored. Almond extracts were prepared following routine procedures.22 DNA-counterion 

complexes were efficiently inactivated by these almond extracts (Fig. 5.7B, �). Incubation of 

almond extracts with phytase practically removed their ability to inactivate DNA-counterion 

complexes (Fig. 5.7B, �). This demonstrated that the inhibitory activity of almond extract 

originated mainly from phytate. Comparison of the IC50’s before and after incubation with 

phytase with calibration curves afforded the expected phytate content (21 mg/g expected,22 25 

± 1 mg/g found). 

The sensing of phytate and the related IP7 has been explored previously with synthetic pores 

and CPP-counteranion complexes.22 With CPP-counteranion complexes, phytate competes 

with the counteranion activator for binding to the polycation. With the complementary DNA-

countercation complexes, phytate competes with the polyanion for binding to the 

countercation activator. Interestingly, phytate sensing revealed to be more sensitive with 

DNA (IC50 = 450 ± 30 nM) than with CPP transporters (IC50 = 5.4 ± 1.1 µM). However, 

counterion exchange 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 including the recent 

method to sense hydrophobic analytes with CPP-counterion complexes.8 However, the most 

important sensing applications of stimuli-responsive DNA-counterion transporters will take 

advantage from DNA chemistry in the broadest sense, including the use of aptamers,11 

enzymes, intercalators, or more complex topologies. 
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Fig. 5.7. Dose response curves for the inactivation of calf thymus DNA (1.25 µg/ml) and calixarene 5a (2.5 µM) 
in EYPC-LUV⊃HPTS/DPX by (A) phytate (�) and inositol (�) and (B) almond extract before (�) and after 
phytase treatment (�). Fractional activities Y’ are as in Fig. 5.4. 
 

5.3 Conclusions 

In summary, we provided compelling experimental evidence that amphiphilic counterions in 

complex with DNA can act as cation carriers, and showed that the active complexes can be 

used as detectors of enzyme activity and as multianalyte sensors in complex matrices. These 

results are important from a conceptual point of view2,3 because counteranions have been 

shown previously to activate polycationic CPPs1 not only for purposes of cellular uptake4 but 

also as anion carriers,2 multienzyme detectors7 and multianalyte sensors.8 The theoretical 

basis of counteranion-mediated multifunctionality has been clarified.2,3 Complementary to the 

weak acidity of CPPs, DNA molecules are weakly basic polyanions. The evidence provided 

herein that DNA-counterion complexes can function as cation carriers, multienzyme detectors 

and multianalyte sensors is important because it demonstrates that the multifunctionality of 

polyion-counterion complexes is general, occurring with low-basicity polyanions exactly as 

with low-acidity polycations. 

Stimulus-responsive DNA transporters, detectors, and sensors are of general and practical 

interest. Application of the lessons learned with CPP sensors concerning hydrophobic 

analytes, signal amplification, etc., will be straightforward and useful.8,23 The prospective use 

of DNA for multianalyte sensing in fluorogenic,13 chromogenic,24 or chirogenic25 vesicles is 
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particularly attractive. Current efforts focus on the use of DNA aptamers11 as analyte-

responsive transporters in membrane-based sensing systems. Considering the broader impact 

of research on counterion-activated CPPs,1-8 research on counterion-activated DNA as 

transporters, detectors and sensors in vesicles is likely to influence other topics such as the 

development of non-viral gene vectors.  

 

5.4 Experimental section 

Materials 

All salts and buffers were of the best grade available from Sigma or Fluka and used as 

received. 5(6)-carboxyfluorescein (CF) was from Fluka, 8-hydroxypyrene-1,3,6-trisulfonic 

acid trisodium salt (HPTS), safranin O and poly-L-lysine were from Sigma, and p-xylene-bis-

pyridinium bromide (DPX) was from Invitrogen.  Egg yolk phosphatidylcholine (EYPC), egg 

yolk phosphatidylglycerol (EYPG), dipalmitoylphosphatidylcholine (DPPC), and a Mini-

Extruder used for vesicle preparation were from Avanti Polar Lipids.  ESI-MS were 

performed on a Finnigan MAT SSQ 7000 instrument. 1H and 13C spectra were recorded on a 

Bruker 400 MHz spectrometer and are reported as chemical shifts (δ) in ppm relative to 

solvent peak.  Spin multiplicities are reported as a singlet (s), doublet (d), triplet (t), with 

coupling constants (J) given in Hz, or multiplet (m). Fluorescence measurements were 

performed with a FluoroMax-2 spectrofluorometer (Jobin-Yvon Spex) equipped with a stirrer 

and a temperature controller. HPLC was performed using an Agilent 1100 series apparatus 

with a photodiode array detector. The U-tube experiments were performed using house made 

“U-tube”. They consist of a small beaker (inner diameter, 16 mm) with a wall in the middle, 

separating two areas named cis and trans for the sampling and receiving areas, respectively. 

The CHCl3 layers below the cis and trans aqueous phases are connected by a small opening 

(height, 6 mm) at the bottom of the wall separating the cis and trans buffers.  

Abbreviations 

CF: 5(6)-carboxyfluorescein; DMSO: dimethylsulfoxide; DPPC: 

dipalmitoylphosphatidylcholine; DPX: p-xylene-bispyridinium bromide; EYPC: egg yolk 

phosphatidylcholine; EYPG: egg yolk phosphatidylglycerol; HPTS: 8-hydroxypyrene-1,3,6-

trisulfonic acid trisodium salt; LUVs: large unilamellar vesicles; Tris: 

tris(hydroxymethyl)aminomethane. 

Synthesis of 1-dodecylguanidinium, chloride (74). 
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To a solution of 1-dodecylamine (1.4 g, 7.6 mmol) in EtOH (10 mL) was added 1H-Pyrazole-

1-carboxamidine hydrochloride (1.2 g, 8.0 mmol).  The reaction mixture was refluxed at 86 

˚C and stirred for 2.5 h. After stirring, the solvent was removed in vacuo and the crude 

product was recrystallized from EtOAc/petroleum ether (1:9) to give a pure guanidine as a 

white solid (1.5 g, 88%). 1H NMR (400 MHz, CDCl3/MeOD 19:1) δ 3.06 (t, J = 7.4 Hz, 2H, 

CH2NH), 1.56-1.48 (m, 2H, CH2CH2NH), 1.32-1.14 (m, 18H, (CH2)7CH2CH2NH), 0.81 (t, J 

= 6.4 Hz, 3H, CH3). 
13C NMR (100 MHz, CDCl3/MeOD 19:1) δ 157.1, 41.6, 31.9, 29.6, 29.5, 

29.4, 29.3, 28.7, 26.7, 22.7, 14.1. MS (ESI): calculated for [M + H]+ m/z = 228.4, found m/z = 

228.0. 

Synthesis of 1-hexadecylguanidinium, chloride (75). 

To a solution of 1-hexadecylamine (480 mg, 2.0 mmol) in EtOH (5 mL) was added 1H-

Pyrazole-1-carboxamidine hydrochloride (308 mg, 2.1 mmol). The reaction mixture was 

refluxed at 86 ˚C and stirred for 2.5 h. After stirring, the solvent was removed in vacuo and 

the crude product was recrystallized from EtOAc/petroleum ether (1:9) to give a pure 

guanidine as a white solid (550 mg, 97%). 1H NMR (400 MHz, CDCl3/MeOD 19/1). δ 3.06 

(t, J = 7.0 Hz, 2H, CH2NH), 1.57-1.49 (m, 2H, CH2CH2NH), 1.31-1.16 (m, 26H, 

(CH2)11CH2CH2NH), 0.81 (t, J = 6.4 Hz, 3H, CH3). 
13C NMR (400 MHz, CDCl3/MeOD 19/1) 

δ 157.0, 41.6, 31.9, 29.7, 29.6, 29.4, 29.3, 28.7, 26.7, 22.7, 14.1. MS (ESI): calculated for [M 

+ H]+ m/z = 284.5, found m/z = 284.0. 

Synthesis of Activators 77-82, 5a-5c and 14b. 

Activators 77-82, 5a-5c and 14b were prepared following previously reported procedures.16 

U-Tube Experiments (Fig. 5.1) 

CHCl3 (3 mL) was placed in a U-tube and the cis and trans buffers were added on top of the 

organic layer: cis phase, aqueous buffer (10 mM Tris, 107 mM NaCl, pH 7.4) including calf 

thymus DNA (1.25 µg/mL), activator 74 (50 µM) and fluorescent dye(s); trans phase, 

aqueous buffer (10 mM Tris, 107 mM NaCl, pH 7.4). The organic layer was slowly stirred at 

room temperature. Aliquots were taken from the trans phase as a function of time. The 

concentration of safranin O (λex, 519 nm; λem, 579 nm), CF (λex, 490 nm; λem, 512 nm) and 

HPTS (λex, 413 nm; λem, 508 nm) were determined from the fluorescence emission intensity 

of the diluted aliquots in comparison with the calibration curve. The concentration of DPX 

were determined by injecting those aliquots into the RP-HPLC instrument (column, YMC 

ProC8, 4 × 50 mm; mobile phase, linear gradient of 1% aqueous TFA to TFA/CH3CN = 1/99 
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over 10 min; flow rate, 1 mL/min; UV detection at 260 nm, tR = 0.81 min, solvent front:  tR = 

0.57 min) and comparing the integration value with the calibration curve (Fig. 5.1). 

General Procedures for Vesicle Experiments 

i. Vesicle Preparation 

A thin lipid film was prepared by evaporating a solution of 25 mg EYPC in 1 mL 

MeOH/CHCl3 (1:1) on a rotary evaporator (r.t.) and then in vacuo overnight. The resulting 

film was hydrated with 1.0 mL buffer [5 mM HPTS, 16.5 mM DPX, 10 mM Tris, 72 mM 

NaCl, pH 7.4 (for EYPC-LUVs⊃HPTS/DPX, vesicle A) or 1 mM HPTS, 3.3 mM DPX, 10 

mM Tris, 100 mM NaCl, pH 7.4 (for EYPC-LUVs⊃HPTS/DPX, vesicle B] for more than 30 

min, subjected to freeze-thaw cycles (5×) and extrusions (15×) through a polycarbonate 

membrane (pore size, 100 nm). Extravesicular components were removed by gel filtration 

(Sephadex G-50) with 10 mM Tris, 107 mM NaCl, pH 7.4. Final conditions: ~5 mM EYPC; 

inside: 5 mM HPTS, 16.5 mM DPX, 10 mM Tris, 72 mM NaCl, pH 7.4 (for vesicle A) or 1 

mM HPTS, 3.3 mM DPX, 10 mM Tris, 100 mM NaCl, pH 7.4 (for vesicle B); outside: 10 

mM Tris, 107 mM NaCl, pH 7.4. 

ii. Polyanion Activation Experiments 

EYPC-LUV stock solutions were diluted with a buffer (10 mM Tris, 107 mM NaCl, pH 7.4) 

and placed in a thermostated fluorescence cuvette (25 ˚C) and gently stirred (total volume in 

the cuvette, ~2000 µL). HPTS efflux was monitored at λem 511 nm (λex 413 nm) as a function 

of time after addition of cationic activators at t = 0 s (10 µL stock solution in DMSO), 

transporters at t = 50 s (20 µL stock solution in buffer) and 1.2% aqueous triton X-100 at t = 

300 s (40 µL, 0.024% final concentration). Data were normalized to fractional emission 

intensity I(t) using equation (1) 

I(t) = (It – I0) / (I∞ – I0)                               (1) 

where I0 = It at transporter addition, I∞ = It at saturation after lysis (e.g., Fig. 5.8A). Effective 

concentration EC50 and Hill coefficient n were determined by plotting the fractional activity Y 

(= I(t) at saturation before lysis, ~200 s) as a function of cationic activator concentration ccation 

(or transporter concentration cDNA) and fitting them to the Hill equation (2) 

Y = Y0 + (YMAX  – Y0) / {1 + (EC50 / ccation)
n}                     (2) 

where Y0 is Y without an cation (or DNA transporter), YMAX  is a value with an excess cation 

(or DNA transporter) at saturation (e.g., Fig. 5.8B). 

Poly(Lys)-Loaded Vesicles (Fig. 5.2 and 5.3) 

i. Vesicle Preparation 
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A thin lipid film was prepared by evaporating a solution of 25 mg EYPC in 1 mL 

MeOH/CHCl3 (1:1) on a rotary evaporator (r.t.) and then in vacuo overnight. The resulting 

film was hydrated with 1.0 mL buffer containing a varying concentration of poly(Lys) (5 mM 

HPTS, 16.5 mM DPX, 10 mM Tris, 0-100 µM poly(Lys), pH 7.4) for more than 30 min, 

subjected to freeze-thaw cycles (5×) and extrusions (15×) through a polycarbonate membrane 

(pore size, 100 nm). Extravesicular components were removed by gel filtration (Sephadex G-

50) with 10 mM Tris, 107 mM NaCl, pH 7.4. Final conditions: ~5 mM EYPC; inside: 5 mM 

HPTS, 16.5 mM DPX, 0-100 µM poly(Lys), 10 mM Tris, 72 mM NaCl, pH 7.4. 

ii. Polyanion Activation Experiments 

The poly(Lys)-loaded EYPC-LUVs⊃HPTS/DPX stock solutions were diluted with buffer (10 

mM Tris, 107 mM NaCl, pH 7.4) (~12.5 µM final EYPC concentration) and placed in a 

thermostated fluorescence cuvette (25 ˚C) and gently stirred. HPTS efflux was monitored at 

λem 511 nm (λex 413 nm) as a function of time during addition of cationic activator 74 (50 

µM), a varying concentration of calf thymus DNA (0-2.0 µg/mL final concentration) and 

1.2% aqueous triton X-100 (0.024% final concentration). Data were normalized to fractional 

emission intensity I according to equation (1) (e.g., Fig. 5.2A ), and EC50 and Hill coefficient 

n were determined by plotting the fractional activity Y (= I just before lysis, ~200 s) as a 

function of DNA transporter concentration cDNA and fitting them to the Hill equation (2) (Fig. 

5.2B and Table 5.1). 

iii. DNA-Trapping Experiments with Poly(Lys)-Loaded Vesicles 

The poly(Lys)-loaded EYPC-LUVs⊃HPTS/DPX (10 µM poly(Lys) inside) stock solutions 

were diluted with buffer (10 mM Tris, 107 mM NaCl, pH 7.4) (~12.5 µM final EYPC 

concentration) and placed in a thermostated fluorescence cuvette (25 ˚C) and gently stirred. 

HPTS efflux was monitored at λem 511 nm (λex 413 nm) as a function of time during addition 

of cationic activator 74 (50 µM), calf thymus DNA (1 µg/mL at once, or 0.5 µg/ml first and 

then 0.125 µg/ml (4×) at every 150 s) and 1.2% aqueous triton X-100 (0.024% final 

concentration) (Fig. 5.3A). In either case, the final concentration of the DNA transporter in 

the cuvette is the same (1 µg/ml). The control experiments were performed with vesicles 

without poly(Lys) (Fig. 5.3B) and vesicles with external poly(Lys) (10 nM) (Fig. 5.3C). 

HPTS/DPX Assay vs CF Assay (Fig. 5.4) 

i. Vesicle Preparation for CF-Loaded Vesicles 

A thin lipid film was prepared by evaporating a solution of 25 mg EYPC in 1 mL 

MeOH/CHCl3 (1:1) on a rotary evaporator (r.t.) and then in vacuo overnight. The resulting 
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film was hydrated with 1.0 mL buffer (50 mM CF, 10 mM Tris, 10 mM NaCl, pH 7.4) for 

more than 30 min, subjected to freeze-thaw cycles (5×) and extrusions (15×) through a 

polycarbonate membrane (pore size, 100 nm). Extravesicular components were removed by 

gel filtration (Sephadex G-50) with 10 mM Tris, 107 mM NaCl, pH 7.4. Final conditions: ~5 

mM EYPC; inside: 50 mM CF, 10 mM Tris, 10 mM NaCl, pH 7.4; outside: 10 mM Tris, 107 

mM NaCl, pH 7.4. 

ii. Polyanion Activation Experiments 

The above EYPC-LUVs⊃CF or EYPC-LUVs⊃HPTS/DPX stock solutions were diluted with 

buffer (10 mM Tris, 107 mM NaCl, pH 7.4) (~75, ~50 and ~25 µM final EYPC 

concentration) and placed in a thermostated fluorescence cuvette (25 ˚C) and gently stirred. 

The fluorescent change was monitored at λem 517 nm (λex 497 nm) for CF or at λem 511 nm 

(λex 413 nm) for HPTS as a function of time during addition of a varying concentration of 

cationic activator 74, calf thymus DNA (12.5 µg/mL final concentration) and 1.2% aqueous 

triton X-100 (0.024% final concentration). Data were normalized to fractional emission 

intensity I according to equation (1), and EC50 and Hill coefficient n were determined by 

plotting the fractional activity Y (= I just before lysis, ~200 s) as a function of canion 

concentration ccation and fitting them to the Hill equation (2) (Fig. 5.4). 

Dependence on Lipid Concentration 

Varying volumes of EYPC-LUVs⊃HPTS/DPX stock solutions were diluted with buffer (10 

mM Tris, 107 mM NaCl, pH 7.4) (total ~2 mL, ~6-190 µM final EYPC concentration) and 

placed in a thermostated fluorescence cuvette (25 ˚C) and gently stirred. HPTS efflux was 

monitored at λem 511 nm (λex 413 nm) as a function of time during addition of activator 74  

(50 µM, 75 µM or 100 µM final concentration), transporter (calf thymus DNA, poly(G) or 

oligonucleotide) and 1.2% aqueous triton X-100 (0.024% final concentration). Data were 

normalized to fractional emission intensity I according to equation (1), and EC50 and Hill 

coefficient n were determined by plotting the fractional activity Y (= I just before lysis, ~200 

s) as a function of transporter concentration ctransporter and fitting them to the Hill equation (2) 

(Fig. 5.9). 

Dependence on Ionic Strength 

i. Vesicle Preparation 

A thin lipid film was prepared by evaporating a solution of 25 mg EYPC in 1 mL 

MeOH/CHCl3 (1:1) on a rotary evaporator (r.t.) and then in vacuo overnight. The resulting 

film was hydrated with 1.0 mL buffer containing a varying concentration of NaCl (1 mM 
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HPTS, 3.3 mM DPX, 10 mM Tris, 0-1000 mM NaCl, pH 7.4) for more than 30 min, 

subjected to freeze-thaw cycles (5×) and extrusions (15×) through a polycarbonate membrane 

(pore size, 100 nm). Extravesicular components were removed by gel filtration (Sephadex G-

50) with the extravesicular buffer containing a varying concentration of NaCl which is 

balanced with intravesicular ionic strength (10 mM Tris, 10-1000 mM NaCl, pH 7.4). Final 

conditions: ~5 mM EYPC; inside: 1 mM HPTS, 3.3 mM DPX, 10 mM Tris, 0-1000 mM 

NaCl, pH 7.4; outside: 10 mM Tris, 10-1000 mM NaCl, pH 7.4. 

ii. Polyanion Activation Experiments 

The above EYPC-LUVs⊃HPTS/DPX stock solutions were diluted with buffer containing the 

balanced salts (10 mM Tris, 10-1000 mM NaCl, pH 7.4) (~125 µM final EYPC 

concentration) and placed in a thermostated fluorescence cuvette (25 ˚C) and gently stirred. 

HPTS efflux was monitored at λem 511 nm (λex 413 nm) as a function of time during addition 

of a varying concentration of cationic activator 74, calf thymus DNA (12.5 µg/mL final 

concentration) and 1.2% aqueous triton X-100 (0.024% final concentration). Data were 

normalized to fractional emission intensity I according to equation (1), and EC50 and Hill 

coefficient n were determined by plotting the fractional activity Y (= I just before lysis, ~200 

s) as a function of canion concentration ccation and fitting them to the Hill equation (2) (Fig. 

5.10). 

Dependence on Membrane Fluidity 

i. Preparation of DPPC-LUVs⊃HPTS/DPX 

A thin lipid film was prepared by evaporating a solution of 25 mg DPPC in 1 mL 

MeOH/CHCl3 (1:1) on a rotary evaporator (r.t.) and then in vacuo overnight. The resulting 

film was hydrated with 1.0 mL buffer (1 mM HPTS, 3.3 mM DPX, 10 mM Tris, 100 mM 

NaCl, pH 7.4) for more than 30 min at 60 ˚C (which is well above the phase transition 

temperature),26 subjected to freeze-thaw cycles (5×, liquid N2 and 60 ˚C water bath). The 

extruder was assembled and placed on top of a hot plate to warm up to 60 °C, which was 

controlled by measuring the temperature inside the extruder. The vesicle suspension was 

extruded (15×) through a polycarbonate membrane (pore size 100 nm) and extravesicular 

components were removed by gel filtration (Sephadex G-50) with 10 mM Tris, 107 mM 

NaCl, pH 7.4. Final conditions: ~5 mM EYPC; inside: 1 mM HPTS, 3.3 mM DPX, 10 mM 

Tris, 100 mM NaCl, pH 7.4; outside: 10 mM Tris, 107 mM NaCl, pH 7.4. 

ii. Polyanion Activation Experiments 
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EYPC-LUVs⊃HPTS/DPX (vesicle b) or DPPC-LUVs⊃HPTS/DPX stock solutions were 

diluted with buffer (10 mM Tris, 107 mM NaCl, pH 7.4) (~125 µM final lipid concentration) 

and placed in a thermostated fluorescence cuvette (25-55 ˚C) and gently stirred. HPTS efflux 

was monitored at λem 511 nm (λex 413 nm) as a function of time during addition of a varying 

concentration of cationic activator 74, calf thymus DNA (12.5 µg/mL final concentration) and 

1.2% aqueous triton X-100 (0.024% final concentration). Data were normalized to fractional 

emission intensity I according to equation (1), and EC50 and Hill coefficient n were 

determined by plotting the fractional activity Y (= I just before lysis, ~200 s) as a function of 

canion concentration ccation and fitting them to the Hill equation (2) (Fig. 5.11). 

Dependence on Negative Charge on Vesicle Surface 

i. Vesicle Preparation 

A thin lipid film was prepared by evaporating a solution of EYPC and EYPG (25 mg total) in 

1 mL MeOH/CHCl3 (1:1) on a rotary evaporator (r.t.) and then in vacuo overnight. The 

resulting film was hydrated with 1.0 mL buffer (5 mM HPTS, 16.5 mM DPX, 10 mM Tris, 72 

mM NaCl, pH 7.4) for more than 30 min, subjected to freeze-thaw cycles (5×) and extrusions 

(15×) through a polycarbonate membrane (pore size, 100 nm). Extravesicular components 

were removed by gel filtration (Sephadex G-50) with 10 mM Tris, 107 mM NaCl, pH 7.4). 

Final conditions: ~5 mM lipid; inside: 5 mM HPTS, 16.5 mM DPX, 10 mM Tris, 72 mM 

NaCl, pH 7.4; outside: 10 mM Tris, 107 mM NaCl, pH 7.4. 

ii. Polyanion Activation Experiments 

EYPC/EYPG-LUVs⊃HPTS/DPX stock solutions were diluted with buffer (10 mM Tris, 107 

mM NaCl, pH 7.4) (~12 µM final lipid concentration) and placed in a thermostated 

fluorescence cuvette (25 ˚C) and gently stirred. HPTS efflux was monitored at λem 511 nm 

(λex 413 nm) as a function of time during addition of cationic activator 74 and calf thymus 

DNA (1.25 µg/mL final concentration) (for DNA activation), or dodecylphosphate and 

polyarginine (75 nM final concentration) (for pR activation), and 1.2% aqueous triton X-100 

(0.024% final concentration). Data were normalized to fractional emission intensity I 

according to equation (1), and EC50 and Hill coefficient n were determined by plotting the 

fractional activity Y (= I just before lysis, ~200 s) as a function of activator concentration 

cactivator and fitting them to the Hill equation (2) (Fig. 5.12). 

Activator Screening (Fig. 5.6 and Table 5.2) 

EYPC-LUVs⊃HPTS/DPX (vesicle A) stock solutions were diluted with buffer (10 mM Tris, 

107 mM NaCl, pH 7.4) (~12 µM final EYPC concentration) and placed in a thermostated 
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fluorescence cuvette (25 ˚C) and gently stirred. HPTS efflux was monitored at λem 511 nm 

(λex 413 nm) as a function of time during addition of all the cationic activators (15 nM-500 

µM final concentration), calf thymus DNA (1.25 µg/mL final concentration) and 1.2% 

aqueous triton X-100 (0.024% final concentration). Data were normalized to fractional 

emission intensity I according to equation (1), and EC50 and Hill coefficient n were 

determined by plotting the fractional activity Y (= I just before lysis, ~200 s) as a function of 

canion concentration ccation and fitting them to the Hill equation (2) (Fig. 5.6 and 5.13, Table 

5.2). 

Inhibition Experiments with Phytate (Fig. 5.7A) 

EYPC-LUVs⊃HPTS/DPX stock solutions (vesicle A) were diluted with buffer (10 mM Tris, 

107 mM NaCl, pH 7.4) and placed in a thermostated fluorescence cuvette (25 ˚C) and gently 

stirred. HPTS efflux was monitored at λem 511 nm (λex 413 nm) as a function of time during 

addition of varying concentrations of phytate, activator 5a (2.5 µM final concentration), calf 

thymus DNA (1.25 µg/mL final concentration) and 1.2% aqueous triton X-100 (0.024% final 

concentration). Data were normalized to fractional emission intensity I using equation (3) 

I = (It – I0) / (I∞ – I0)                               (3) 

where I0 = It at polyanion addition, I∞ = It at saturation after lysis. IC50 and Hill coefficient n 

were determined by plotting the fractional activity Y (= I just before lysis, ~200 s) as a 

function of phytate concentration cphytate and fitting them to the Hill equation (4) 

Y = Y∞ + (Y0 – Y∞) / {1 + (cphytate / IC50)
n}                     (4) 

where Y0 is Y in the absence of phytate, Y∞ is Y with excess phytate, IC50 is the concentration 

of phytate required for 50% inactivation and n is the Hill coefficient (Fig. 5.7A). 

Detection of Phytase Activity 

Phytate (500 µM) were incubated with phytase (0.03-1 units/mL) in 50 mM sodium acetate 

buffer, pH 5.5 at 58 °C. Aliquots (2.5 µL) were removed periodically and added to buffer (10 

mM Tris, 107 mM NaCl, pH 7.4) containing EYPC-LUVs⊃HPTS/DPX (vesicle A) and 

activator 5a (2.5 µM final concentration). Aliquots are to be diluted to a concentration of 1 

µM in the cuvette. The time-dependent fluorescent change after addition of calf thymus DNA 

(1.25 µg/mL final concentration) was monitored, and activities, Y, were calculated and plotted 

as a function of time as described above (Fig. 5.14). 

Phytate Sensing in Almonds (Fig. 5.7B) 

i. Phytate Extraction Procedure. 
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The extraction procedure was modified from previously established methods.27,28 1 g of 

ground almonds were placed into a flask and defatted overnight by stirring in 30 mL 

petroleum ether. The sample was centrifuged, the supernatant was removed, and the solid 

precipitate was dried in vacuo for 1 h. The dried solid (0.413 g) was then extracted by stirring 

in 10 mL of 0.8 M HCl for 2 h. The sample was then centrifuged and the supernatant was 

collected. 3 mL of the supernatant was diluted with 50 mM sodium acetate buffer and 

adjusted pH with NaOH to 5.5 (total volume was adjusted to 15 mL). 

ii. Inhibition Experiments with Almond Extract. 

500 µL of the crude almond extract was diluted with 500 µL of 50 mM sodium acetate buffer 

(pH 5.5) and used for phytate sensing experiments. EYPC-LUVs⊃HPTS/DPX stock solutions 

(vesicle A) were diluted with buffer (10 mM Tris, 107 mM NaCl, pH 7.4) and placed in a 

thermostated fluorescence cuvette (25 ˚C) and gently stirred. HPTS efflux was monitored at 

λem 511 nm (λex 413 nm) as a function of time during addition of varying volumes of the 

above almond extract (0-30 µL), activator 5a (2.5 µM final concentration), calf thymus DNA 

(1.25 µg/mL final concentration) and 1.2% aqueous triton X-100 (0.024% final 

concentration). Fluorescence intensities were normalized as described above, and activities, Y, 

just before membrane lysis, were plotted as a function of extract volume. The resulting plot 

was fit to the Hill equation to obtain a V50 value, which is the volume of extract required for 

50% inhibition, of 2.3 ± 0.07 µL (Fig. 5.7B). 

iii. Inhibition Experiments with Phytase-Treated Almond Extract. 

500 µL of the crude almond extract was added to 500 µL of buffer (50 mM sodium acetate, 

pH 5.5) containing 2 units/mL phytase, giving a final phytase concentration of 1 unit/mL. The 

solution was incubated at 58 °C for 1 h and used for inhibition experiments. EYPC-

LUVs⊃HPTS/DPX stock solutions (vesicle A) were diluted with buffer (10 mM Tris, 107 

mM NaCl, pH 7.4) and placed in a thermostated fluorescence cuvette (25 ˚C) and gently 

stirred. HPTS efflux was monitored at λem 511 nm (λex 413 nm) as a function of time during 

addition of varying volumes of the digested almond extract (0-300 µL), activator 5a (2.5 µM 

final concentration), calf thymus DNA (1.25 µg/mL final concentration) and 1.2% aqueous 

triton X-100 (0.024% final concentration). Fluorescence intensities were normalized as 

described above, and activities, Y, just before membrane lysis, were plot as a function of 

extract volume. The resulting plot was fit to the Hill equation to obtain a V50 value, which is 

the volume of extract required for 50% inhibition for the digested extract, of 97 ± 12 µL (Fig. 

5.7B). 
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iv. Determination of Phytate Content in Almonds. 

The inhibition with the phytase-treated almond extract results from unknown inhibitors in the 

extract which are not phytate, as all of the phytate has been consumed after enzymatic 

treatment. Upon fitting the dose-response curves to the Hill equation, a V50 of 2.3 ± 0.07 µL 

was obtained for the almond extract and a V50 of 97 ± 12 µL was obtained for the phytase-

treated extract. With the assumption that the inhibition in the undigested extract results from 

phytate inhibition, the addition of 2.3 (± 0.07) µL almond extract to the cuvette leads to a 

concentration equal to the IC50 of phytate determined from calibration curves (Fig. 5.7A, IC50 

= 450 ± 30 nM). By multiplying this concentration by the dilution factor in the cuvette, we 

obtain an estimate for the phytate concentration in the almond extract. Because this estimated 

phytate concentration erroneously includes other inhibitors than phytate in the crude extract, 

contributions from non-phytate inhibitors has to be excluded by subtracting the result of the 

enzyme-treated extract from the above estimated phytate value. Specifically, the phytate 

concentration in the almond extract, c, was determined by equation (5), 

c = (IC50 × Vtot / V50) – (IC50 × Vtot / V50,phytase)                 (5) 

where V50 is the volume of the almond extract (not treated with phytase) required for 50% 

inhibition (2.3 ± 0.07 µL), V50,phytase is the volume for the phytase-treated extract required for 

50% inhibition (97 ± 12 µL), IC50 is the phytate concentration required for 50% inhibition 

which is determined from the calibration curve of a phyate sample of known concentration 

(450 ± 30 nM), and Vtot is the total volume in the fluorescence cuvette (2010 µL). By applying 

this equation to the almond extract used for phytate sensing experiments, we obtained a 

phytate concentration of 384 ± 21 µM. In order to translate this value into a concentration of 

phytate in the almond, the concentration of almond extract was converted to the mass of 

phytate extracted, Mphytate, according to equation (6), 

Mphytate = c (µM) × 0.010 (L) × 10 × 660 (g/mol)              (6) 

 

where 0.010 (L) is the total volume of 0.8 M HCl used for extracting phytate from the almond 

powder, 660 g/mol is the MW of phytate, and multiplication by 10 accounts for the fact that 

the HCl supernatant after centrifugation was diluted 5 times with buffer, and further diluted 

(×2) with buffer just before vesicle experiments in both cases. By this analysis, we obtain a 

Mphytate value of 25.3 ± 1.4 mg. Mphytate was then divided by the total mass of almond sample 

used, Msample (1 g), by equation (7) 

PCsample = Mphytate/Msample                           (7) 
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to obtain the final phytate content, PCsample, in the almond solid as 25 ± 1 mg/g. The error in 

the PCsample value is determined from curve fitting errors. The PCsample value is in agreement 

with the value of 21 mg/g and 19 ± 2 mg/g determined in the literature using an HPLC 

method28 and synthetic pores8 respectively. 

 

 

 

 

 

 

 

 

 

Fig. 5.8. (A) Representative normalized kinetics of transporter-mediated increase in HPTS fluorescence, 
following addition of calf thymus DNA (1.25 µg/mL final concentration) at t = 50 s and triton X-100 (0.024% 
final concentration) at t = 300 s, demonstrating increasing DNA transporter activity with increasing 
concentrations of activator 5a (0.05-3.75 µM). (B) Representative dose-response curve for DNA activation with 
activator 5a obtained by plotting the fractional activity Y against concentration of activator 5a, giving EC50 for 
5a of 1.3 ± 0.1 µM and YMAX  of 54 ± 4%. 
 

 

 

 

 

 

 

 

 

Fig. 5.9. Optimization of lipid concentration for transporter activation with activator 74. (A) EC50 (○) and YMAX  
(□) for calf thymus DNA in the presence of activator 74 (100 µM) in EYPC-LUVs⊃HPTS/DPX were plotted as 
a function of vesicle volume V. (B) EC50 for calf thymus DNA (○, □, ◊), poly(G) (×, +) and 29-mer 
oligonucleotide (▲) in the presence of 50 µM (◊, +, ▲), 75 µM (□) and 100 µM (○, ×) activator 74 in EYPC-
LUVs⊃HPTS/DPX were plotted as a function of vesicle volume V. 10 µL of vesicle volume corresponds to ~25 
µM final EYPC concentration. 
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Fig. 5.10. Dependence of DNA activation with activator 74 on ionic strength. (A) Dose-response curves for the 
activation of calf thymus DNA (12.5 µg/mL final concentration) by activator 74 in the presence of 10 mM (○), 
107 mM (□), 250 mM (◊), 500 mM (×) and 1000 mM (+) NaCl. (B) EC50 (○) and YMAX  (□) for 74 were plotted 
as a function of NaCl concentration. 
 

 

 

 

 

 

 

 

 

Fig. 5.11. Dependence of DNA activation with activator 74 on membrane fluidity. EC50 (○) and YMAX  (□) for 74 
in DPPC-LUVs⊃HPTS/DPX (A) and EYPC-LUVs⊃HPTS/DPX (B) were plotted as a function of temperature. 
The dotted line in A indicates the phase transition of DPPC at 41.4 ˚C. 
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Fig. 5.12. Dependence of transporter activation with amphiphilic activator on surface negative charge on vesicle. 
YMAX  (A) and EC50 (B) for calf thymus DNA/activator 74 (○) and polyarginine/dodecylphosphate (□) were 
plotted as a function of EYPG concentration in EYPC/EYPG-LUVs⊃HPTS/DPX. 
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Fig. 5.13. Activator screening for DNA activation. (A-D) Dose-response curves for the activation of calf thymus 
DNA (1.25 µg/mL final concentration) by 70 (○ in B), 71 (□ in B), 72 (○ in A, ◊ in B), 73 (□ in A, × in B), 74 (◊ 
in A), 75 (× in A), 76 (▲ in A), 77 (○ in C), 78  (□ in C), 79 (◊ in C), 80 (× in C), 81 (+ in C), 82 (▲ in C), 5b 
(□ in D), 5a (◊ in D), 5c (× in D), 14b (○ in D). 
   

 

 

 

 

           

 
Fig. 5.14. Monitoring enzyme activity with DNA activation by activator 5a. Phytase activity was detected with 
the activation of calf thymus DNA (1.25 µg/mL) by activator 5a (2.5 µM) upon conversion of phytate (strong 
inhibitor) to inositol (inactive) with 1 (○), 0.3 (□), 0.1 (◊) and 0.03 (×) units/ml phytase. Fractional activity Y was 
plotted as a function of incubation time with phytase. 
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