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Abstract

Engineered Nano-materials (ENM) have been reported to affect lipid membrane permeability in 

cell models, but a mechanistic understanding of how these materials interact with biological 

membranes has not been described. To assess mechanisms of permeability, liposomes composed 

of DOPC, DOPS, or POPC, with or without cholesterol, were used as model membranes for 

measuring ENM-induced changes to lipid order to improve our understanding of ENM effects on 

membrane permeability. Liposomes were treated with either titanium dioxide (TiO2) or zinc oxide 

(ZnO) ENM, and changes to lipid order were measured by time-resolved fluorescence anisotropy 

of a lipophilic probe, Di-4-ANEPPDHQ. Both ENM increased lipid order in two lipid models 

differing in headgroup charge. TiO2 increased lipid order of POPC liposomes (neutral charge), 

while ZnO acted primarily on DOPS liposomes (negative charge). Addition of cholesterol to these 

models significantly increased lipid order while in some cases attenuated ENM-induced changes 

to lipid order. To assess the ability of ENM to induce membrane permeability, liposomes 

composed of the above lipids were assayed for membrane permeability by calcein leakage in 

response to ENM. Both ENM caused a dose-dependent increase in permeability in all liposome 

models tested, and the addition of cholesterol to the liposome models neither blocked nor reduced 

calcein leakage. Together, these experiments show that ENM increased permeability of small 

molecules (calcein) from model liposomes, and that the magnitude of the effect of ENM on lipid 

order depended on ENM surface charge, lipid head group charge and the presence of cholesterol in 

the membrane.
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1.0 Introduction

Engineered nano-materials (ENM) encompass a wide variety of materials, the use of which 

is becoming more prevalent in today’s consumer products, as well as in biomedical 

applications, such as therapeutics and diagnostics. According to the Project on Emerging 

Nanotechnologies, there are over 1800 consumer products that contain ENM1. With this 

increased use of ENM, the concern for human exposure to such materials has increased. 

Since human cells can come into contact with these materials, the interaction of such 

materials with biological lipid membranes must be understood. One of the major routes of 

ENM exposure is by inhalation2,3. After inhalation, immune cells, such as alveolar 

macrophages can phagocytose these materials, leading to their internalization4–6. Following 

phagocytosis by alveolar macrophages, the ENM are eventually encapsulated within 

phagolysosomes. We have reported, as well as others, that ENM can induce phagolysosomal 

membrane permeability (LMP) in cells, thereby causing the release of lysosomal degradative 

enzymes into the cytosol, inducing inflammation7–18. We have proposed that when ENM 

interact with lipid membranes, that a change to the order of the lipid membrane will occur, 

that will progress to an increase in phagolysosomal membrane permeability. In addition, it 

has been shown that changing cholesterol content in lysosomal membranes is a significant 

modifier of LMP 19,20.

Although, much is known about how ENM cause inflammation, little is known about what 

causes LMP to occur and what effects ENM have on lipid membranes, resulting in LMP. 

The ability to understand and prevent LMP would present new options for mitigating the 

adverse health effects of the ENM-induced inflammation. Also, a basic understanding of 
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ENM - lipid membrane interactions will be helpful in the design of not only safer to handle 

ENM and could lead to discovery of better targeted drugs and therapeutics. Therefore, in 

order to bridge this gap of knowledge, an improved understanding of how ENM affect lipid 

membranes is necessary. Here, ENM-lipid membrane interactions were studied by treating 

unilamellar liposomes of various phospholipid compositions (DOPC, POPC, and DOPS) 

with two common high volume ENM, titanium dioxide (TiO2) or zinc oxide (ZnO), which 

are 24 and 20 nm in size, respectively. Titanium dioxide has a surface area of 53 m2/g while 

the surface area of zinc oxide is 26 m2/g. Both TiO2 and ZnO are spheroid and have zeta 

potentials at pH 7.4 in tris-buffered saline of −7.81 ± 3.6 and −10.4 ± 4.5, respectively. 

These well characterized materials were selected because of their similarity in type (metal 

oxide), size, and their ability to be suspended and dispersed in aqueous buffers without the 

need of a surfactant but differ in surface charge at neutral pH, where TiO2 has essentially 

zero charge and ZnO has a strong positive charge21,22. Both of these ENM have been 

reported to cause LMP in vitro with ZnO being more bioactive than TiO2. At similar doses 

ZnO causes greater LMP than TiO2 in macrophages8,23. In addition, we examined the 

contribution of cholesterol to membrane order and influence on the effects of the two ENM. 

In our work, both materials caused increased lipid order although with different lipids that 

were modified by cholesterol and both ENM increased permeability to calcein. We propose 

that these interactions between ENM and liposomes of lipid order/disorder of the membrane 

are important outcomes in cells.

2.0 Methods

2.1 Materials

The following lipids were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL): 1-

palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) (Cat# 850475), 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) (Cat# 850375), 1,2-dioleoyl-sn-glycero-3-phospho-L-

serine (sodium salt) (DOPS) (Cat# 840035), and cholesterol (ovine) (Cat# 700000). 1-[2-

Hydroxy-3-(N,N-di-methyl-N-hydroxyethyl)ammoniopropyl]-4-[β-[2-(di-n-butylamino)-6-

napthyl] vinyl]pyridinium dibromide (Di-4-ANEPPDHQ) (Cat# D36802) was purchased 

from ThermoFisher (Waltham, MA). Titanium dioxide P225 (81% anatase, 19% rutile) and 

zinc oxide were obtained from Evonik (Parsippany, NJ) and Meliorum Technologies Inc. 

(Rochester, NY), respectively.

2.2 Liposome Preparation

All phospholipids were purchased from Avanti Polar Lipids, Inc. as chloroform solutions. 

Cholesterol was dissolved in HPLC grade B&J Chloroform, containing amylene and 1% 

ethanol preservatives at 5 mg/ml. Appropriate concentrations were dried for at least one hour 

under a stream of nitrogen gas. The lipid films were then hydrated in a 50 mM tris (pH 7.4), 

150 mM NaCl buffer (TBS). Lipids were then sonicated in a bath sonicator for 10 minutes 

with vortexing once every minute. Liposomes, either 100 or 400 nm in diameter, were 

generated using an Avanti Polar Lipids, Inc. mini extruder heated 10°C above the phase 

transition temperature of the lipid.
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2.3 Time-resolved Anisotropy Decay Measurements

To perform time-resolved anisotropy measurements, 100 nm liposomes were used. For each 

sample, 0.85 mg of lipid was used to form liposomes as described above. ENM stock 

suspensions were prepared at 1 mg/ml in the buffer listed above and sonicated for 2 min in a 

Qsonica (Newtown, CT) Q500 sonicator. ENM were then mixed with the liposome 

suspension at the desired concentration and placed in a tube rotator at 37°C for 2 hours. 

Di-4-ANEPPDHQ was dissolved in spectral grade DMSO and added to the liposome 

samples at a concentration of 400 nM (final DMSO concentration of <1%). The dye was 

allowed to incubate at room temperature with the liposomes for 15 minutes before data 

acquisition, in order to simulate incorporation of the dye into cells24,25. Fluorescence 

measurements were collected using a custom-built fluorimeter (Quantum Northwest, Liberty 

Lake, WA) as previously described26. The probe, Di-4-ANEPPDHQ was excited by a 470 

nm pulsed diode laser (LDH-P-C-470; PicoQuant, Berlin GmbH). Fluorescence emissions 

were isolated by a 500 nm longpass filter (Chroma, Bellows Falls, VT) and detected using 

an Edinburgh Instruments (Livingston, UK) photomultiplier tube (H10720–01). 

Measurements were taken at 18.5 ± 0.02°C. Anisotropy decay measurements were analyzed 

using FluoFit v4.6.6 (PicoQuant, Berlin GmbH).

2.4 Liposome Lysis Assay

Liposomes that were 400 nm in diameter were prepared as described above. In this assay, 

the hydration of the lipid film was performed with 50 mM calcein solution in TBS. The 

calcein (ThermoFisher, Waltham, MA Cat# C481) solution was made by mixing calcein 

powder in TBS with stirring, low heat, and adjusting the pH to 7.4 with NaOH. The 

liposomes were then vortexed and extruded with a 400 nm filter. Free calcein was separated 

from the liposomes by gel filtration of 1 ml liposome samples using a 10 ml column of 

Sepharose cl-4b (GE Life Sciences, Pittsburgh, PA) with TBS as the eluent. The eluted 

samples were diluted 16-fold in TBS and stored at 4°C for use within 48 hours. The 

appropriate amount of ENM was added to each tube, followed by incubation at 37°C with 

tumbling for 2 hours. All fluorescence intensity measurements were taken on a SpectraMax 

M4 (Molecular Devices, San Jose, CA) with excitation at 490 nm and emission at 520 nm. A 

background fluorescence measurement was taken immediately after particles were added. 

Another was taken after the 2-hour incubation, and finally a total fluorescence measurement 

was acquired after adding 10 μl of 1% Triton-x to each sample. The leakage of each sample 

was calculated as a percent by using equation #3, appendix. This procedure was based on the 

work of Alkhammash et al. (27). An example emission spectra of calcein-loaded liposomes 

is displayed in appendix Figure 1.

2.5 Statistical Analyses

Two-tailed, unpaired t-tests to compare two means, along with one-way ANOVA with 

Dunnett post-test, were performed using Statistica 176 (TIBCO Software, Inc.). P-values < 

0.05 were determined to be statistically significant.
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3. Results

To elucidate changes to the order of the model membranes, time-resolved fluorescence 

anisotropy measurements were utilized. Time-resolved anisotropy directly reports the rate of 

depolarization of the emission of fluorophores incorporated in lipid membranes where the 

degree of depolarization is a measure of the lipid order. In these studies, a lipophilic 

fluorescence probe, Di-4-ANEPPDHQ, was used to report changes in the lipid order of 

model membranes as a result of ENM-liposome interaction. Di-4-ANEPPDHQ is 

solvatochromic and incorporates into both the ordered and disordered phases of lipid 

membranes. Previous characterization work with this probe by our laboratory, and others, 

has demonstrated that its spectra and anisotropy are sensitive to the local environment in the 

membrane. Thus, Di-4-ANEPPDHQ is suitable for detecting changes to lipid order/disorder 

in cells and model systems28–30.Time-resolved anisotropy parameters were determined by 

equation #1 (see appendix)31. Following acquisition, the data were analyzed using the 

wobble-in-a-cone model, equation #2, appendix. The cone-angle value, θ, can be used to 

describe the wobble and constraint of the fluorescence probe in the lipid bilayer32,33.

Thus, θ indicates the lipid order around the probe, Di-4-ANEPPDHQ. The lipids selected 

for this study, shown in Table 1, were chosen based on the working hypothesis that if ENM 

disrupt lipid membranes, the composition of phospholipid headgroups and tail-groups will 

play a role in whether or not this disruption takes place and the extent of the effects. The 

phospholipids used in these studies had two types of headgroups: phosphatidylcholine 

(neutral zwitterion) or phosphatidylserine (negatively charged). The length and saturation of 

the acyl chains of the phospholipids were either 16:0–18:1 or 18:1. These lipids were chosen 

because both phosphatidylcholine and phosphatidylserine are biologically relevant and 

prevalent in the lysosomes of mammalian cells35. In this study, both approximately 100 nm 

and 400 nm sized liposomes were used. Average size data determined by DLS for liposome 

extruded through 100 nm and 400 nm filters was 128 ± 39 and 459 ± 49, respectively. Zeta 

potential measurements at pH 7.4 in tris-buffered saline were taken for POPC, DOPC, and 

DOPS, which were −1.1 ± 2, 0.1 ± 1.4, and −2.76 ± 1, respectively.

Cholesterol is one of the most abundant lipids in mammalian cells, and has been implicated 

in modifying the lipid order of the membrane for appropriate cellular function33. In 

particular, cholesterol has been observed to increase the favorable packing of the acyl chains 

in model phosphatidylcholine systems34–36. Therefore, we also examined how cholesterol 

affects (mitigates) the action of ENM on the model membranes. In order to demonstrate the 

impact of cholesterol on the model membranes in this study, cholesterol was incorporated 

into DOPC, DOPS, and POPC 100 nm liposomes. Figure 1 displays time-resolved 

anisotropy data for these liposomes, with or without cholesterol, at an equal mass ratio. In 

this way, two systems were generated with definitive differences in lipid order and 

cholesterol content for determining how the change in membrane properties affects ENM-

induced disruption. The addition of cholesterol to all three model systems resulted in a 

significant reduction in the cone angle of the probe Di-4ANEPPDHQ with the largest 

change occurring in POPC liposomes. The data is consistent with the prediction that 

cholesterol can cause an increase in lipid order and packing in model membranes and 

cells24,37.

Sydor et al. Page 5

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To better understand how the phospholipid headgroups impact ENM-induced membrane 

disruption, DOPC, DOPS, and POPC 100 nm liposomes, with or without cholesterol, were 

treated with 100 μg/ml TiO2 or ZnO for two hours prior to time-resolved anisotropy 

measurements.

To measure how changes to lipid order affect membrane permeability, an assay was 

employed that utilized the self-quenching properties of the small (MW 622.54) fluorescent 

molecule, calcein27,38. When released from permeabilized liposomes, dilution reverses the 

self-quenching and the fluorescence intensity increases. The assay involved loading 400 nm 

liposomes with 50 mM calcein solution and the excess calcein outside of the liposomes was 

removed by gel filtration; membrane permeability caused by ENM was expected to result in 

an increase in calcein fluorescence. The liposomes were diluted such that their total surface 

area was equal to the surface area of the 100 nm liposomes in the anisotropy experiments. 

Consequently, the liposome to ENM surface area ratio for both studies remained the same. 

The doses of ENM were 25 μg/ml and 100 μg/ml with 2-hour incubations at 37°C with 

gentle mixing. The amount of leakage was calculated as a percent, determined by equation 

#3, appendix. Lastly, to determine the effects of cholesterol on liposome leakage, DOPC, 

POPC, and DOPS 400 nm liposomes were prepared in an equal mass ratio of phospholipid 

to cholesterol, and the assay was performed as above.

Figure 2 displays anisotropy data in cone angle form and calcein leakage data for DOPC 

liposomes treated with TiO2 or ZnO. Treatment with either particle did not produce a 

significant change in the cone angle displayed in Figure 2A, however, the high doses of TiO2 

and ZnO both caused increased calcein leakage compared to control levels, which is shown 

in Figure 2B. As shown in Figure 2C, TiO2 caused a decrease to the cone angle of the 

DOPC-chol liposomes, while ZnO did not. The same liposomes showed an increase in 

leakage caused by the ENM, Figure 2D, however, the differences were not statistically 

significant. The p-values for the comparison between the high doses of TiO2 and ZnO and 

the DOPC-chol control were 0.086 and 0.11, respectively.

The results of the DOPS membrane model are displayed in Figure 3. In contrast to its effect 

on DOPC, ZnO produced a significant decrease in the cone angle of DOPS liposomes 

(29.4%); TiO2 did not alter the cone angle significantly, as shown in Figure 3A. These 

results indicate that the negative charge of the DOPS headgroup appears to have a role in the 

interaction of ZnO with DOPS and the resulting restriction of the membrane lipid mobility. 

DOPS leakage results shown in Figure 3B were similar to those of DOPC in that, again, the 

100 μg/ml dose of both particles caused significant increases in the percent leakage. ZnO 

increased order in membranes containing DOPS. However, with the presence of cholesterol, 

Figure 3C, the amount by which the cone angle decreased was attenuated. Since the DOPS 

and cholesterol mixture is inherently more ordered, the order induced by the ZnO was less. 

Finally, as shown in Figure 3D, DOPS-chol liposomes were tested with both ENM, and 

there was significant leakage at 100 μg/ml TiO2, as well as, at the 25 and 100 μg/ml doses of 

ZnO. Here it appears that ZnO has a greater effect than TiO2 which is consistent with the 

known greater effects on LMP4,8,39,40.
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To determine if the length and saturation of the acyl chains on the lipids influenced the 

ENM-liposome interactions, POPC liposomes were exposed to both ENM. The results in 

Figure 4A demonstrate that TiO2 caused a significant decrease in the cone angle of POPC 

liposomes, while ZnO did not have a significant effect. These data indicate that TiO2 appears 

to interact with POPC, while ZnO acts on DOPS liposomes. Comparatively, TiO2 did not 

have this effect on DOPC liposomes. This outcome may be explained by the double bond on 

both acyl chains of DOPC compared to POPC, which has one saturated acyl chain. 

Additionally, one acyl chain of POPC is slightly shorter than that of DOPC, possibly making 

it more easily susceptible to an increase in order caused by TiO2. Similar to both DOPC and 

DOPS liposomes, the 100 μg/ml dose of both ENM caused significant increases in the 

calcein leakage from POPC liposomes, displayed in Figure 4B. The addition of cholesterol 

to this model attenuated the change in cone angle but not the increase in membrane 

permeability, as shown in Figure 4C and D. The mean cone angle of POPC with TiO2 

treatment decreased from 33.9° to 27.9° (Table appendix), while with the addition of 

cholesterol TiO2 treatment produced a decrease from 16.7° to 13.9°.

4. Discussion

In this study, two different assays were used to determine the effects of ENM-induced lipid 

membrane disruption. Time-resolved anisotropy was used to determine changes in the lipid 

order of model liposome systems. Treatment with ENM resulted in decreased wobble-in-a-

cone angle, representing increased lipid packing (increased order) around the probe, 

Di-4ANEPPDHQ. We propose that these changes are a result of ENM, when near or 

interacting with the phospholipid surface, restricting lipid motion. This restriction, may 

cause a disruption in other regions of the membrane away from the ENM, resulting in the 

calcein leakage. For example, an ENM interaction with a portion of the liposome would 

result in a localized increase in lipid order by restricting phospholipid motion. This 

phospholipid restriction in one region may allow more space between phospholipids in 

another region of the same liposome, resulting in leakage of calcein. Overall, the data 

demonstrate that both ENM have similar effects on the different model lipid membranes 

examined in this study. However, an important finding is that the two ENM appear to 

interact with different headgroups. Phosphatidylcholine lipids seem to be the most affected 

by TiO2 with POPC and DOPC-chol cone angles being reduced, indicating increased 

localized order in the membrane. In contrast, ZnO caused a significant reduction in the cone 

angle of DOPS liposomes. Similar changes in anisotropy were caused by both ENM with the 

difference being which lipids were affected. These differences may be physiologically 

relevant since ZnO has been shown to cause more LMP and be more toxic to cells than 

TiO2
23.

Addition of cholesterol caused a marked reduction in the baseline cone angle of the model 

systems, which is a result of cholesterol increasing lipid packing and thus increasing order. 

However, addition of cholesterol did not completely abolish ENM-induced membrane 

disruption. Cholesterol reduced the anisotropy change of both ZnO on DOPS-chol 

liposomes and TiO2 on POPC-chol liposomes Nevertheless, the decrease caused by 

cholesterol may be physiologically relevant and explain the protective effects of increasing 

cholesterol in lysosomes by blocking LMP19,20. The addition of cholesterol by itself caused 
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a change to the lipid order of the system. This change, however, did not significantly block 

the ability of the ENM to induce calcein leakage. This may be due to the size of the calcein 

molecules, meaning that the increase in lipid order by cholesterol was not enough to block 

the diffusion of calcein out of the liposome. In macrophages, ENM have been reported to 

induce lysosomal membrane permeability with the diffusion of proteins out of the lysosome 

that cholesterol levels modulate8,19,20. Future work will be necessary to determine what size 

of molecules can leak out of ENM-disrupted membranes.

The calcein permeability assay was performed to measure ENM-induced lipid membrane 

permeability to small molecules. All three model systems, DOPC, DOPS, and POPC, 

demonstrated significant increases in calcein leakage in response to the high doses of ENM. 

These results appear to be in contrast to the anisotropy data, which were dependent both on 

lipid headgroup charge and ENM type. The anisotropy reporter probe is most likely 

distributed uniformly in unperturbed liposomes. However, interaction with ENM would be 

expected to affect the dynamics of those probes located in the vicinity of ENM, and 

observable anisotropy changes would require enough ENM to be interacting with the 

liposomes at one time in order to measurably shift the now non-uniform distribution of the 

probes in the liposomes. Comparatively, the calcein permeability assay appears to be more 

sensitive, as only a small disruption/pertubation is likely needed to cause leakage of calcein, 

which was easily detected by changes in fluorescence intensity. Moreover, the calcein 

leakage assay directly measured the ability of ENM to cause membrane permeability to the 

small molecule calcein, while the cone angle from the anisotropy measurements represents 

how ENM may be causing the membrane permeability. These two assays were used to 

measure different parts of the same effect. Among the calcein leakage results, there were 

differences in control leakage levels, depending on the type of lipid. The DOPC and POPC 

control levels were 33.2% and 28.1%, respectively and much higher than DOPS (7.8%). 

This is likely due to high permeability of the calcein through the DOPC and POPC 

liposomal membranes since it is a small molecule and the lipid headgroups have neutral 

charge. In comparison, DOPS baseline leakage levels were much lower probably because of 

charge repulsion between the negatively charged calcein (at pH 7.4) and the 

phosphatidylserine headgroup. It should be noted that ZnO caused a greater effect on calcein 

leakage in the DOPS model than TiO2, which may be more physiologically relevant.

The changes in anisotropy clearly indicate that an interaction occurred between the ENM 

and liposome membrane. Our study used a different model and assessments than other 

studies which used computer simulations to study the interaction between metal nano-

materials and lipid membranes. Cationic gold nanoparticles were reported to translocate 

through the lipid membrane with the opening of a pore facilitating the translocation41. In 

another study, bare nanoparticles were observed to directly interact with a lipid membrane, 

allowing for integration of the particle into the lipid bilayer, which was preventable by the 

addition of a protein corona42. Various other studies have been conducted with cells and 

report that nanoparticles can translocate through the plasma membrane and cause 

depolarization of the cell’s membrane, possibly through a similar mechanism as in the 

computer modeling publications43–45. Other studies have reported that nanoparticles can 

adsorb to liposomes and cause membrane permeability to calcein molecules with adsorption 

being the step preceding leakage. Various factors such as charge, pH, and salt concentration 
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can affect these events46,47. Taken together, these reports further support the notion that bare 

ENM and lipid membranes can interact resulting in membrane disruption and permeability.

5.0 Conclusions

Previous studies have reported that ZnO is more bioactive and causes more LMP in 

macrophages than TiO2
6,8,23,39. This prompted our interest to develop the models and 

approaches to evaluate the mechanism of membrane disruption between two ENM of similar 

size, but with distinct differences in charge. Both ENM caused calcein leakage from 

liposomes composed of lipids with headgroups having either neutral or negative charge 

although the effects were different depending on lipids and ENM. Furthermore, the addition 

of cholesterol increased the order of the model systems and attenuated some ENM-induced 

membrane changes. However, cholesterol did not have a large-scale effect on the amount of 

calcein leakage due to ENM. A potential explanation is that calcein is a small molecule and 

the changes to lipid order caused by the cholesterol were not sufficient to inhibit movement 

of this small molecule across the lipid bilayer. Additional studies will be necessary to 

measure the ability of ENM to cause release of larger biomolecules, such as proteins of 

various sizes (viz., similar to lysosomal proteases), from different types of lipid vesicles. We 

anticipate that measurement of ENM-induced movement of proteins across model lipid 

membranes may give further insight into the biological processes of LMP and the kinds of 

ENM that can produce it.
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Figure 1: Calcein Loaded Liposome Fluorescence Emission Spectrum
Liposomes loaded with 50 mM calcein were excited at 490 nm and an emission spectrum 

collected on a SpectraMax M4. The emission spectrum was measured at 1 nm increments.

Time-resolved Anisotropy Theory and Equations

r(t) = IV V (t) − IV H(t)
IV V (t) + 2IV H(t) Equation#1

The anisotropy is given by the value, r. The total intensity is defined by the tern I(t), while 

the vertical and horizontal emission decays are IVV and IVH, respectively.

S2 = r∞
ro

= 1
2cos(θ)(1 + cos(θ))

2
Equation #2

The order parameter, S, represents the order of a lipid membrane and is defined by the 

relationship of r∞/r0. In a lipid membrane, the initial anisotropy is r0, while the residual 

anisotropy that the fluorescence probe decays to is r∞. This relationship between r0 and r∞ 
can be used to determine a range of motion of the fluorescence probe, or a wobble-in-a-cone 

angle, θ.

% Leakage = It − I0 / Imax − I0 * 100 Equation #3

The percent of calcein leakage was calculated by subtracting the background intensity, I0, 

from the intensity after incubation (It) and the total intensity (Imax) upon complete lysis. 

Then It is divided by Imax and multiplied by 100 to generate a percentage.
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Example of Anisotropy Decay Curves

VV

Above is an example anisotropy decay for vertically (90°) polarized excitation with 

vertically polarized emission.

VH

Above is an example anisotropy decay for vertically (90°) polarized excitation with 

horizontally (0°) polarized emission.

Table 1:

Mean Cone Angle Values

Lipids Treatment

Control TiO2 ZnO

DOPC 35.9 ± 1.6 36.2 ± 0.4 36.6 ± 4.9

DOPC-chol 20.6 ± 1.2 15.9 ± 1.5 18.5 ± 0.8

DOPS 35.4 ± 1.4 32.9± 0.5 25.5 ± 2.3

DOPS-chol 20.6 ± 1.2 18.9 ± 1.5 17.9 ± 0.5
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Lipids Treatment

Control TiO2 ZnO

POPC 33.9 ± 1.6 27.9 ± 3.3 33.8 ± 2.1

POPC-chol 16.7 ± 2.9 13.9 ± 3.9 15.9 ± 3.4

Listed in the table are mean cone angle values for triplicate experiments with the standard deviation shown.
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Highlights

• Engineered Nano-materials change lipid order in model systems

• Engineered Nano-materials cause membrane permeability to calcein

• Addition of cholesterol to lipid model systems changed lipid order
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Figure 1: 
Time-resolved Anisotropy of Model Liposomes with and without Cholesterol. Anisotropy 

data is displayed in degrees of the wobble-in-a-cone angle. Unpaired t-tests were used to 

compare untreated liposomes to ENM treated. * indicates p<0.05. n=3–5
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Figure 2: 
Time-resolved Anisotropy and Calcein Leakage of DOPC Liposomes Treated with ENM. 

The doses of ENM was 100 μg/ml for 2 hours. Anisotropy data is displayed in degrees of the 

wobble-in-a-cone angle. Calcein leakage for ENM exposures were at 25 and 100 μg/ml after 

2 hours. Percent leakage was calculated by using equation #3. Unpaired One-way ANOVA 

with Dunnett post-test were used to compare untreated liposomes to ENM treated. * 

indicates p<0.05. n=3
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Figure 3: 
Time-resolved Anisotropy and Calcein Leakage of DOPS Liposomes Treated with ENM. 

The doses of ENM was 100 μg/ml for 2 hours. Anisotropy data is displayed in degrees of the 

wobble-in-a-cone angle. Calcein leakage for ENM exposures were at 25 and 100 μg/ml after 

2 hours. Percent leakage was calculated by using equation #3. Unpaired One-way ANOVA 

with Dunnett post-test were used to compare untreated liposomes to ENM treated. * 

indicates p<0.05. n=3
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Figure 4: 
Time-resolved Anisotropy and Calcein Leakage of POPC Liposomes Treated with ENM. 

The doses of ENM was 100 μg/ml for 2 hours. Anisotropy data is displayed in degrees of the 

wobble-in-a-cone angle. Calcein leakage for ENM exposures were at 25 and 100 μg/ml after 

2 hours. Percent leakage was calculated by using equation #3. Unpaired One-way ANOVA 

with Dunnett post-test were used to compare untreated liposomes to ENM treated. * 

indicates p<0.05. n=3
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Table 1.

Phospholipids Used for Model Liposomes.

Lipid Structure Overall Charge Phase Transition Temperature (°C)

POPC Neutral −2

DOPC Neutral −17

DOPS −1 −11
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