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Abstract

Doxorubicin (DOX) is a potent anticancer agent that binds both DNA and cardiolipin (CL). To 

investigate DOX binding to CL versus DNA, aqueous soluble, CL-enriched nanoparticles, termed 

nanodisks (ND), were employed. Upon incubation with CL-ND, but not with phosphatidylcholine 

ND, DOX binding was detected. DOX binding to CL-ND was sensitive to buffer pH and ionic 

strength. To investigate if a DOX binding preference for DNA versus CL-ND exists, an agarose 

gel-based dye binding assay was developed. Under conditions wherein the commercial fluorescent 

dye, GelRed, detects a 636 bp DNA template following electrophoresis, DOX staining failed to 

visualize this DNA band. Incubation of the template DNA with DOX prior to electrophoresis 

resulted in a DOX concentration-dependent attenuation of GelRed staining intensity. When the 

template DNA was pre-incubated with equivalent amounts of free DOX or DOX-CL-ND, no 

differences in the extent of GelRed staining intensity attenuation were noted. When DOX was 

incubated with DNA alone, or a mixture of DNA and CL-ND, the extent of DOX-induced GelRed 

staining intensity attenuation was equivalent. Thus, DOX has a binding preference for DNA versus 

CL and, moreover, DOX-CL-ND offer a potential strategy to prevent DOX-induced cardiotoxicity 

while not affecting its affinity for DNA.
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Introduction

Doxorubicin (DOX) is an aqueous soluble anthracycline known for its bright red color and 

potent anti-tumor properties [1]. Anti-cancer properties of DOX manifest through 

intercalation of nuclear DNA, inhibiting topoisomerase II function and DNA replication [2]. 

While DOX is one of the most effective anti-cancer pharmaceuticals currently available, 

many patients suffer from a potentially lethal side effect referred to as ‘DOX-induced 

cardiotoxicity’ [3,4]. Evidence indicates that DOX-induced cardiotoxicity is unrelated to its 

ability to intercalate DNA but, rather, arises from a secondary DOX-induced phenomenon 

[5–8]. A prominent mechanism proposed to explain DOX-induced cardiotoxicity involves 

conversion of DOX’s anthraquinone moiety (Figure 1A) to a reactive semiquinone free 

radical, which induces oxidative stress via generation of reactive oxygen species [7]. 

Subsequent lipid peroxidation leads to membrane defects, alterations in molecular signaling 

pathways and, ultimately, cardiac cell death.

Cardiolipin (CL) is an anionic phospholipid that localizes exclusively to the inner 

mitochondrial membrane where it plays important roles in cristae structure and bioenergetics 

[9,10]. Despite the fact that DOX is water soluble, it displays a binding affinity for CL 

containing membranes [11,12]. Although the binding interaction between DOX and CL is 

unrelated to its DNA intercalation activity, it is plausible to consider that CL is involved in 

DOX-induced cardiotoxicity. With regard to the nature of the interaction between DOX and 
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CL, it has been shown that the positively charged amino group on DOX’s carbohydrate 

constituent (Figure 1A) forms an electrostatic interaction with negatively charged phosphate 

groups on CL [13]. Others have proposed that, following an initial electrostatic attraction, 

DOX’s aromatic anthraquinone moiety intercalates between phospholipid fatty acyl chains 

in bilayer membranes [12, 14–16]. It is conceivable that the interaction between membrane 

localized DOX and CL leads to oxidative damage, initiating molecular events that lead to 

cardiotoxicity [17–19]. Toward the goal of developing strategies that minimize negative side 

effects of DOX, while retaining its beneficial anticancer effects, it is important to 

characterize the relative affinity of DOX for DNA versus CL.

To characterize this affinity, water soluble CL-enriched nanoparticles, termed CL nanodisks 

(CL-ND), were used. These self-assembled nanoscale complexes are comprised solely of 

cardiolipin and recombinant human apolipoprotein (apo) A-I [20]. The particles adopt a 

discoidal structure in which CL adopts a bilayer state while apoA-I molecules circumscribe 

the disk perimeter, creating a stable, water soluble complex [21]. In binding assays, DOX is 

shown to associate with CL-ND comprised of either tetramyristoyl (TM)- or tetralinoleoyl 

(TL)- CL. Subsequently, the relative affinity of DOX for DNA versus CL was investigated 

using a competitive agarose gel-based dye binding assay. Experiments employing this assay 

provide evidence that the affinity of DOX for DNA is greater than that for CL.

Materials and Methods

ND formulation.

Nanodisks (ND) were formulated as described previously [20]. Briefly, 25 mg 

dimyristoylphosphatidylcholine (PC), TMCL or TLCL (Avanti Polar Lipids) was dissolved 

in 1 mL CHCl3:CH3OH (3:1 v/v). Two hundred μL aliquots (5 mg) were transferred to glass 

tubes and dried under a stream of N2 gas. The samples were lyophilized overnight and stored 

at −20° C until use. For CL-ND formulation, 750 μl 20 mM Tris HCl pH 7.4 was added to 5 

mg dried CL. The sample was vortexed, resulting in an opaque aqueous lipid dispersion. 

Subsequently, 2 mg recombinant human apolipoprotein (apo) A-I [22] in 20 mM Tris HCl 

was added. The mixture was brought to a final volume = 1.25 mL and bath sonicated at 48° 

C until the solution cleared (<10 min). PC-ND and TLCL-ND were formed in a similar 

manner, except that bath sonication was conducted at 25° C. TLCL-ND samples were 

sonicated under an N2 atmosphere. DOX was purchased from Cayman Chemical Company 

and solubilized in a) 20 mM Tris HCl buffer (1 mM solution for dialysis studies) or b) 

DMSO (42 mM stock solution for agarose gel studies). DOX in Tris HCl buffer was 

prepared immediately prior to use while DOX in DMSO was stored at −20 °C until use.

DOX binding studies.

To investigate DOX binding to different ND, 100 nmol DOX was incubated with PC-ND 

(1,090 nmol PC), TMCL-ND (622 nmol CL) or TLCL ND (622 nmol CL) at 22 °C for 30 

min in Tris HCl, pH 7.4 (1.0 mL total volume). Following incubation, each sample was 

dialyzed against 1.66 L buffer. To examine the effect of pH on this binding interaction, 

samples were prepared as above, followed by dialysis against 1.66 L 25 mM B4Na2O7 

(sodium tetraborate, anhydrous), pH 9.5, or 20 mM Tris HCl, pH 7.4. To test the effect of 
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ionic strength on this binding interaction, samples were prepared as above, then dialyzed 

against 1.66 L 20 mM Tris HCl pH 7.4, in the presence or absence of 250 mM NaCl. At 

indicated time points, absorbance spectra from 650 nm to 400 nm were collected for all 

samples on a Shimadzu UV-1800 spectrophotometer.

DNA samples.

DOX binding experiments employed a 636 bp DNA gene amplification product generated 

from a plasmid encoding human glutaryl CoA dehydrogenase, using sequence specific 

forward and reverse primers. The amplification product was employed in gel-based DOX 

binding studies.

Competition binding studies.

One μg aliquots of the 636 bp gene amplification product were electrophoresed on 0.8% 

agarose gels (w/v). A 16 tooth comb was used for all experiments, and sample volumes were 

8 μL per well. Samples were electrophoresed at 100 V in 1x TAE buffer for 70 min. Where 

indicated, the DNA template was pre-incubated with specified reagents. Following 

electrophoresis, gels were stained with 3x GelRed (Biotium) dye for 30 min and destained in 

deionized H2O for 2 h. Experiments were conducted a minimum of 3 times and gel data 

shown is representative of patterns observed between replicates.

Quantitative analysis.

Gel imaging was performed using a Typhoon FLA7000 (GE Life Sciences) or a Bio-Rad 

ChemiDoc MP (Bio-Rad). Typhoon images were obtained using a pixel size of 50 microns, 

power output of 450 V, blue laser (488 nm) and red filter (610/30). ChemiDoc images were 

obtained using the native GelRed protocol; transilluminator excitation 302 nm and red filter 

(630/30). Densitometric analysis was performed using tools native to Image Lab software 

(Bio-Rad, version 5.2.1). Band intensities were quantified on the basis of pixel volume and 

area (mm2) of individual bands.

Statistical Analysis.

Statistical analysis was performed by two-way ANOVA followed by Tukey multiple 

comparison test to compare samples from the same time point (Figures 1, 2). Statistical 

analysis was performed on agarose gel densitometry data by one-way ANOVA followed by 

Tukey test to compare control bands with unknown sample bands (Figures 4, 5, 6, 7). 

Statistical tests were performed using GraphPad Prism version 8.2.1 for Windows 

(GraphPad Software, San Diego, CA)

Results

Cardiolipin ND.

CL-ND have a diameter in the range of 20 – 30 nm [23], corresponding to a particle 

molecular weight >200,000 Da. The CL component of CL-ND exists as a miniature bilayer 

membrane, similar to its organizational state in the inner mitochondrial membrane [10]. 

Surrounding the edge of this disk-shaped CL bilayer is apoA-I. Amphipathic a-helices of 
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this scaffold protein contact otherwise exposed CL fatty acyl chains. This interaction serves 

to stabilize the CL bilayer while the polar face of apoA-I amphipathic α-helices project 

toward the aqueous environment.

DOX binding to CL-ND.

DOX has a characteristic absorbance spectrum with a main peak centered around 480 nm 

(Figure 1B). In contrast, CL-ND absorbance in this spectral region is negligible. Taking 

advantage of the unique spectral properties of DOX and large size difference versus CL-ND, 

a dialysis-based assay was used to investigate DOX interaction with CL. To determine the 

specificity of DOX binding to CL, indicated amounts of DOX were incubated in buffer alone 

(20 mM Tris HCl buffer, pH 7.4) and buffer containing PC-ND, TMCL-ND or TLCL-ND. 

After 30 min incubation at 22 °C, the samples were dialyzed against Tris HCl buffer for 2 h. 

DOX content in the retentate of each sample was measured spectrophotometrically (Figure 

1C). Compared to pre-dialysis absorbance values, following 2 h dialysis the sample 

containing DOX in buffer only, as well as the DOX plus PC-ND sample, lost >90% of the 

original DOX content. Given its molecular weight (543 Da), it is evident that free DOX 

rapidly escapes the dialysis bag and moreover, PC-ND had no significant effect on the rate 

of DOX dialysis. On the other hand, upon incubation of DOX with either TMCL-ND or 

TLCL-ND, similar levels (~60–65%) of the added DOX were retained following dialysis.

Factors affecting DOX affinity for CL-ND.

To investigate the nature of the binding interaction between DOX and TMCL-ND, free DOX 

was incubated with TMCL-ND in 20 mM Tris HCl, pH 7.4. Following incubation, the 

samples were dialyzed against 20 mM Tris HCl buffer or 25 mM sodium tetraborate buffer, 

pH 9.5, and DOX content in the retentate determined spectrophotometrically as a function of 

time (Figure 2A). After 2 h dialysis, ~60% of the original absorbance intensity was retained 

in the DOX-CL-ND sample that was dialyzed against pH 7.4 buffer while the sample 

dialyzed against pH 9.5 buffer retained ~20%. To further investigate the binding interaction 

between DOX and TMCL-ND, free DOX, in 20 mM Tris buffer, was incubated with TMCL-

ND to promote a binding interaction. The samples were then dialyzed against 20 mM Tris 

HCl buffer, in the presence or absence of 250 mM NaCl. DOX content in each retentate was 

then determined as a function of time (Figure 2B). Whereas ~60% of original absorbance 

intensity was retained in samples dialyzed against buffer in the absence of 250 mM NaCl, 

when DOX plus TMCL-ND was dialyzed against 20 mM Tris HCl buffer containing 250 

mM NaCl, ~18% of the starting DOX was recovered in the retentate.

Effect of DOX on GelRed DNA staining intensity.

Having established that TMCL-ND constitute a useful platform for studies of DOX-CL 

interactions, a method was sought to determine whether DOX has a binding preference for 

DNA versus CL. To address this, an agarose gel-based assay was developed by taking 

advantage of the unique fluorescence properties of the commercial DNA binding dye, 

GelRed, versus those of DOX. GelRed is a nontoxic ethidium-based dye commonly used to 

visualize DNA following agarose gel electrophoresis [24]. When 1 μg of a 636 bp DNA 

template was electrophoresed on a 0.8% agarose gel and stained with GelRed, a strong 
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positive band was observed (Figure 3A, left). However, pre-incubation of the DNA template 

with increasing amounts of DOX resulted in a DOX concentration-dependent attenuation of 

GelRed staining intensity (Figure 3A). Moreover, when pre-incubated with high 

concentrations of DOX, migration of the template DNA slowed and the band broadened. In 

control experiments (Figure 3B), when the template DNA was electrophoresed and stained 

directly with DOX, no band was visible under conditions used for optimal GelRed staining 

(excitation 302 nm) or when excited at 488 nm, the wavelength of maximum DOX 

fluorescence excitation [25]. On the other hand, when the DNA template was stained with 

GelRed, a band was visible under both conditions. These data confirm that DOX does not 

contribute to visualization of the DNA template band under GelRed imaging conditions. The 

apparent reduced electrophoretic mobility of the DNA template following pre-incubation 

with higher concentrations of DOX supports the interpretation that DOX intercalates base 

pairs in the DNA template and remains bound during electrophoresis [26]. The ability of 

DOX pre-incubation to attenuate GelRed-specific DNA staining intensity indicates that 

GelRed does not displace DOX from DNA. Moreover, DOX-dependent attenuation of 

GelRed staining intensity can be used as the basis for an assay to assess the relative binding 

affinity of DOX for DNA versus CL.

Effect of CL-ND on DOX binding to DNA.

To investigate the relative binding affinity of DOX for DNA versus CL, the gel-based dye 

binding assay described above was employed in conjunction with CL-ND comprised of 

either TMCL or TLCL. One μg of template DNA was incubated with free DOX or pre-

formed DOX-CL-ND for 30 min. If prior association with CL prevents DOX binding to 

DNA, then it is expected that free DOX will result in a greater attenuation of GelRed 

staining intensity than that achieved by DOX-CL-ND. Additionally, by comparing ND 

formulated with TMCL versus TLCL in this assay, the effect of CL acyl chain saturation on 

DOX binding can be assessed. Following incubation, samples were subjected to agarose gel 

electrophoresis and stained with GelRed (Figure 4A). Densitometric analysis of the pixel 

intensity of the gel bands is depicted in Figure 4B. Compared to control DNA (no DOX 

incubation), the free DOX, DOX-TMCL-ND and DOX-TLCL-ND samples gave rise to a 

statistically significant attenuation of GelRed staining intensity. However, no differences 

were observed in the relative ability of free DOX, DOX-TMCL-ND or DOX-TLCL-ND to 

attenuate GelRed staining intensity of the template DNA band. Thus, it may be concluded 

that DOX displays preferential binding for DNA versus CL and prior association with CL 

does not affect DOX’s ability to bind DNA.

Effect of prior DNA binding on DOX affinity for CL-ND.

To further investigate the binding preference of DOX for DNA versus TMCL, the gel-based 

dye binding assay was adapted to assess whether pre-incubation of DOX with DNA is 

affected by subsequent incubation with TMCL-ND. Following incubation of free DOX with 

the template DNA, 1 μg aliquots (as DNA) were incubated for 30 min in Tris HCl buffer or 

Tris HCl buffer containing TMCL-ND. Following incubation, the samples were subjected to 

agarose gel electrophoresis and stained with GelRed (Figure 5A). Compared to a control 

DNA sample (no DOX), both the DNA-DOX alone and DNA-DOX plus TMCL-ND 

samples showed statistically significant attenuation in GelRed staining intensity. 
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Densitometric analysis of the template DNA band pixel intensity revealed that incubation 

with TMCL-ND did not affect GelRed staining attenuation of the template DNA induced by 

pre-incubation with DOX (Figure 5B). These data indicate that, when bound to DNA, DOX 

is not available for interaction with CL-ND.

Effect of apoA-I on DOX binding to DNA.

To investigate whether lipid free apoA-I influences the interaction of DOX with DNA, the 

gel-based dye binding assay described above was employed. Samples of lipid free apoA-I 

were incubated with DOX for 30 min. One μg of template DNA was then incubated for an 

additional 30 min in buffer alone, in buffer containing free DOX or in buffer containing free 

DOX plus apoA-I. Following incubation, the samples were subjected to agarose gel 

electrophoresis and stained with GelRed (Figure 6A). Densitometric analysis of the pixel 

intensity of the gel bands is depicted in Figure 6B. Compared to the DNA only sample (no 

DOX incubation), both the free DOX and free DOX plus apoA-I samples gave rise to a 

statistically significant attenuation of GelRed staining intensity. At the same time, there was 

no statistically significant difference between the DNA plus DOX samples and the DNA plus 

DOX plus apoA-I samples in terms of their ability to attenuate GelRed staining intensity of 

the template DNA band. Thus, it may be concluded that lipid free apoA-I has no effect on 

the interaction of DOX with DNA.

DOX competition binding assay for DNA versus CL.

To further investigate the relative binding affinity of DOX for DNA versus CL, samples 

containing TMCL-ND and template DNA were incubated for 30 min. Following this, free 

DOX was added and the sample incubated a further 30 min. Control incubations, including 

DNA plus TMCL-ND (no DOX) and DNA plus DOX (no TMCL-ND) were run in parallel. 

Following incubation, the samples were subjected to agarose gel electrophoresis and stained 

with GelRed (Figure 7A). Band intensities were then analyzed by densitometry and the 

results depicted in Figure 7B. As expected, the DNA plus TMCL-ND (no DOX) control 

sample showed the strongest GelRed staining intensity, indicating that inclusion of TMCL-

ND does not affect GelRed staining intensity. Compared to this sample, both DOX-

containing samples (DNA alone and DNA plus TMCL-ND) gave rise to a statistically 

significant, DOX-dependent attenuation of GelRed staining intensity. At the same time, 

however, the extent of DOX-induced GelRed staining intensity attenuation observed in the 

sample containing DNA plus TMCL-ND was not statistically different from the sample 

containing DNA alone. One difference noted in this sample, however, was band broadening 

in incubations containing DNA and TMCL-ND, possibly due to the presence of excess 

TMCL-ND in the sample. Regardless, the data show that DOX displays preferential binding 

to DNA versus CL.

Discussion

CL-ND provide a versatile model membrane system to investigate the CL interactome. For 

example, recent studies provided insight into the effect of calcium binding on CL dependent 

membrane phase transitions [20]. This system is also amenable to studies of the interaction 

between cytochrome c and CL [27]. In the present study, the binding interaction between the 
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fluorescent anthracycline, DOX, and the mitochondrial phospholipid, CL, were examined. 

DOX was shown to bind to CL-ND but not to PC-ND. This difference may be due to the fact 

that CL is an anionic phospholipid while PC is zwitterionic. The more exposed phosphate 

groups on CL may promote binding via electrostatic attraction with DOX’s single cationic 

amino group (see Figure 1A). Consistent with this interpretation, DOX binding to CL-ND 

was decreased at pH 9.5 (deprotonated, uncharged amino group) [28] versus pH 7.4 

(protonated, positively charged amino group). The binding interaction between DOX and 

CL-ND was also reduced when solution ionic strength was increased from 0 mM to 250 mM 

NaCl (in 20 mM Tris HCl, pH 7.4). One possibility is that electrostatic attraction accounts 

for an initial step in DOX binding to CL containing membranes that is followed by a second 

step wherein the anthraquinone portion of the molecule integrates into the hydrophobic 

portion of the bilayer [14–16]. Despite these reports of a second step in DOX association 

with CL containing membranes, we observed no difference between TMCL- and TLCL-

containing ND in terms of their relative ability to bind DOX or retain DOX upon incubation 

with DNA. If membrane insertion of the anthraquinone moiety occurred in the case of TLCL 

but not with TMCL, then a measurable difference in DOX binding behavior may be 

anticipated. Given that no effect of acyl chain saturation was observed, it may be that 

membrane insertion plays a less prominent role in DOX binding to membranes than 

previously reported or that some aspect of the ND particle structure, such as the presence of 

apoA-I as a scaffold protein, affects the ability of DOX to insert into the bilayer. This 

interpretation, however, does not align with the fact that numerous other hydrophobic 

molecules have been shown to intercalate between phospholipids in ND particles [21].

With regard to DOX-mediated membrane effects, it is conceivable that, when the drug binds 

to CL containing membranes, DOX may undergo conversion to a semiquinone radical that 

exerts pro-oxidant effects, leading to reactive oxygen species production, lipid peroxidation, 

membrane disruption and apoptosis. In fact, such a scenario may explain the well 

documented phenomenon of DOX-induced cardiotoxicity associated with DOX use as an 

anti-cancer agent [7]. Of interest to this concept is the fact that CL found in mitochondria 

from cardiac tissue is highly enriched in linoleic acid [29]. As such, DOX binding to 

endogenous CL containing membranes could elicit a direct effect on CL oxidation, 

promoting a transition from bilayer to non-bilayer phase, an event that is capable of 

triggering an apoptotic cascade [30].

Given that DOX-induced cardiotoxicity arises from a mechanism that is distinct from its 

DNA intercalation activity, we sought to employ CL-ND in studies designed to examine the 

intrinsic preference of DOX for DNA versus CL. To address this, a novel agarose gel-based 

competition binding assay was developed. Both DOX and GelRed function as DNA 

intercalating agents, such that upon incubation with a fixed amount of DNA, DOX reduces 

the intensity of GelRed staining intensity in a concentration-dependent manner (Figure 3A). 

Furthermore, due to differences in fluorescence emission properties and imaging conditions, 

it is possible to visualize GelRed stained DNA bands without any contribution from DOX, 

despite the fact that it is present (Figure 3B). The results presented show that pre-incubation 

of a 636 bp template DNA with DOX induces a concentration-dependent attenuation of 

GelRed staining intensity following electrophoresis. These data indicate that DOX 

interaction with DNA effectively prevents subsequent GelRed binding. Decreased GelRed 
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binding under these conditions reduces GelRed-based signal intensity, which allows for the 

extent of DOX binding to be inferred.

When the ability of DNA to bind DOX, presented as free DOX or DOX-CL-ND, was 

investigated, no significant differences in GelRed signal intensity were observed. This 

indicates that DOX preference for DNA is greater than that for CL-ND and is consistent 

with results reported by Mustonen and Kinnunen [31] wherein the addition of DNA was 

shown to relieve DOX-induced quenching of liposomes that contain CL and a pyrene labeled 

phosphatidylcholine analog. When the ability of CL-ND to remove DOX pre-bound to DNA 

was investigated, no significant differences in GelRed signal intensity were observed, as 

compared to control incubations of DNA alone. These data indicate that, once DOX is 

complexed to DNA, its affinity for CL-ND is not high enough to induce dissociation. In 

addition, prior incubation of free DOX with lipid-free apoA-I had no effect on the ability of 

DOX to attenuate GelRed signal intensity of the DNA template. Lastly, upon comparison of 

DOX’s binding preference for DNA versus CL-ND in a direct competition binding assay, no 

significant difference in signal intensity was observed, as compared to control incubations of 

DNA without CL-ND. Overall, these data indicate DOX has a higher binding affinity for 

DNA than for CL-ND.

Given the prevalence of cardiotoxicity associated with DOX use in cancer chemotherapy, 

and evidence that interactions between DOX and CL may be responsible [32], the finding 

that DOX displays a strong binding preference for DNA versus CL-ND may be of key 

importance. For example, it is conceivable that administration of DOX as DOX-CL-ND may 

lead to a reduced incidence of cardiotoxicity because administered DOX will not be 

attracted to endogenous CL since it is already associated with this lipid. By the same token, 

given that DOX has a stronger affinity for DNA, its ability to intercalate DNA and, thereby, 

inhibit DNA replication, should be unaffected. While validation of this concept will require 

in vivo investigations, studies to date have revealed that CL-ND are well tolerated when 

injected into mice [33].
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Highlights

• Doxorubicin(DOX) binds cardiolipin(CL) nanodisks(ND) but not 

phosphatidylcholine ND

• Pre-incubation of DOX with DNA reduces GelRed staining intensity

• DOX-mediated attenuation of GelRed-DNA staining formed the basis of an 

assay

• Compared to free DOX, DOX-CL-ND showed similar GelRed staining 

attenuation of DNA

• In competition binding experiments, DOX preferred binding to DNA versus 

CL-ND
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Figure 1. Effect of ND on DOX dialysis.
A) Structure of doxorubicin at physiological pH. B) Visible absorption spectra of 0.1 μmol 

free DOX (solid line) and 0.6 μmol CL-ND (dashed line) in 20 mM Tris HCl, pH 7.4, were 

collected on a Shimadzu UV-1800 spectrophotometer. C) Effect of dialysis on DOX sample 

absorbance. Samples containing free DOX, DOX plus PC-ND, DOX plus TMCL-ND and 

DOX + TLCL-ND were incubated for 30 min prior to 2 h dialysis against Tris HCl buffer. 

Sample absorbance at 480 nm was measured before and after dialysis. Data reported as 

normalized A480. Values reported are the mean ± standard error (n=3) ns, not significant; 

****, p < .0001 versus free DOX control.
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Figure 2. Effect of solution pH and ionic strength on DOX binding to CL-ND.
A) TMCL-ND were formulated and 0.6 μmol aliquots (as CL) were incubated with DOX 

(0.1 μmol DOX) in Tris HCl buffer (final volume = 1 mL). After 30 min incubation, the 

samples were dialyzed against 20 mM Tris, pH 7.4 (filled bars), or 25 mM sodium 

tetraborate, pH 9.5 (open bars). Dialysis was performed at 22° C for 2 h against 1.66 L 

buffer per sample. Sample absorbance was measured before dialysis, after 60 min dialysis 

and after 120 min dialysis. Data reported as normalized A480. Values reported are the mean 

± standard error (n=3) ****, p < .0001 versus pH 7.4 samples; B) Aliquots of TMCL-ND 

(0.6 μmol CL) were incubated with DOX (0.1 μmol) in 20 mM Tris HCl, pH 7.4. After 30 

min incubation, samples were dialyzed for 2 h at 22 °C against 20 mM Tris HCl, pH 7.4 

(filled bars) or 20 mM Tris HCl, pH 7.4, 250 mM NaCl (open bars). Sample absorbance was 
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measured before dialysis, after 60 min dialysis and 120 min dialysis. Data reported as 

normalized A480. Values reported are the mean ± standard error (n=3) **, p < 0.01 versus no 

NaCl control; ***, p < .001 versus no NaCl control.
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Figure 3. Effect of DOX preincubation on GelRed staining intensity of a DNA template.
A) One μg aliquots of a 636 bp DNA template were incubated with indicated amounts of 

DOX for 30 min. Following incubation, samples were added to the wells of a 0.8% (w/v) 

agarose gel and electrophoresed at 100 V for 70 min. Following electrophoresis, the gel was 

stained with GelRed for 30 min and destained in deionized H2O for 2 h. The stained gel was 

imaged on a Bio-Rad ChemiDoc unit using the GelRed detection protocol. B) One μg 

aliquots of the 636 bp DNA template were applied to wells of a 0.8% (w/v) agarose gel and 

electrophoresed at 100 V for 70 min. Following electrophoresis, the gel was cut in half, and 

one half stained with GelRed while the other half was stained with DOX (50 μg/mL). Gels 

were then imaged using GelRed imaging conditions (302 nm excitation) on a Bio-Rad 

ChemiDoc and using DOX imaging conditions (488 nm excitation) on a GE Typhoon.
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Figure 4. Effect of CL-ND on DOX binding to DNA.
A) One μg aliquots of the 636 bp DNA template was incubated for 30 min in a) buffer alone; 

b) buffer containing 0.19 nmol free DOX; c) buffer containing 0.19 nmol DOX plus TMCL-

ND and d) buffer containing 0.19 nmol free DOX plus TLCL-ND. Following incubation, the 

samples were applied to wells of a 0.8% agarose gel (w/v) and electrophoresed at 100 V for 

70 min. Following electrophoresis, the gel was stained with GelRed for 30 min and 

destained for 2 h in deionized H2O. The gel was then imaged on a Bio-Rad ChemiDoc unit 

using the GelRed detection protocol; B) Densitometric analysis of gel bands from Panel A. 

Gel band pixel intensity was quantitated using ImageLab software analysis and defined as 

band pixel volume per band area (in mm2). The data were normalized to the “no DOX” 

control samples and presented as normalized pixel intensity. Values reported are the mean ± 

standard error (n=3) ns, not significant; ****, p < .0001 versus no DOX control.
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Figure 5. Ability of CL-ND to extract DOX from DNA.
A) One μg aliquots of the 636 bp DNA template were incubated for 30 min in deionized 

H2O (n=3) or deionized H2O containing 0.19 nmol DOX (n=6). Following incubation, 

TMCL-ND (1.6 nmol CL) was added to 3 of the 6 DOX-treated DNA samples. After a 

further 30 min incubation, the samples were subjected to agarose gel electrophoresis and 

stained with GelRed. After destaining, the gel was imaged on a Bio-Rad ChemiDoc unit 

using the GelRed detection protocol. B) Densitometric analysis of gel bands from panel A. 

Gel band pixel intensity was quantitated using ImageLab software analysis and defined as 

band pixel volume per band area (in mm2). The data were normalized to the “no DOX” 

control samples and presented as normalized pixel intensity. Values reported are the mean ± 

standard error (n=3) ns, not significant; ****, p < .0001 versus no DOX control.
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Figure 6. Effect of apoA-I on DOX binding to DNA.
One μg aliquots of the 636 bp DNA template were incubated for 30 min in a) buffer alone, 

b) buffer containing 0.19 nmol free DOX (DNA + DOX) and c) buffer containing 0.19 nmol 

DOX plus 2.4 μg apoA-I (DNA + DOX + apoA-I). Following incubation, the samples were 

applied to wells of a 0.8% agarose gel (w/v) and electrophoresed at 100 V for 70 min (Panel 
A). The gel was stained with GelRed for 30 min, destained for 2 h in deionized H2O and 

imaged on a Bio-Rad ChemiDoc unit using the GelRed detection protocol; Panel B) 
Densitometric analysis of gel bands from Panel A. Gel band pixel intensity was quantitated 

using ImageLab software analysis and defined as band pixel volume per band area (in mm2). 

The data were normalized to the “DNA only” control samples and presented as normalized 
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pixel intensity. Values reported are the mean ± standard error (n=3) ns, not significant; ****, 

p < .0001 versus no DOX control.
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Figure 7. DOX competition binding assay for DNA versus CL.
A) One μg aliquots of the 636 bp DNA template were incubated for 30 min in the absence 

(n=3) or presence (n=6) of TMCL-ND (1.6 nmol CL). DOX (0.19 nmol) was then added to 

the 3 DNA only samples and 3 of the DNA + CL-ND samples. Following a further 30 min 

incubation, the samples were subjected to agarose gel electrophoresis and stained with 

GelRed. After destaining, the gel was imaged on a Bio-Rad ChemiDoc unit using the 

GelRed detection protocol. B) Densitometric analysis of gel bands from Panel A. Gel band 

pixel intensity was quantitated using ImageLab software analysis and defined as band pixel 

volume per band area (in mm2). The data were normalized to the “no DOX” control lanes 
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and presented as normalized pixel intensity. Values reported are the mean ± standard error 

(n=3) ns, not significant; ***, p < .0001 versus no DOX control.
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