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ABSTRACT: Luteolin is a flavonoid that possesses multiple beneficial biological
properties, such as anticancer, antioxidant, and anti-inflammatory effects. The
objective of this study is to test the hypothesis that luteolin can be transported
across a cell via a nanodisc delivery system and delivered to intracellular sites.
Luteolin was incorporated into reconstituted high-density lipoprotein complexes
made up of apolipoprotein E3 (apoE3) N-terminal domain (apoE3NT) and 1,2-
dimystrioyl-sn-glycero-3-phosphocholine. ApoE3NT confers the ability on nano-
discs to traverse the plasma membrane via low-density lipoprotein receptor or
scavenger receptor-B1. Physicochemical characterization revealed that the
nanodiscs were 17−22 nm in diameter as demonstrated by native polyacrylamide
gel electrophoresis and dynamic lightering analysis and ∼660 kDa in size, with a luteolin content of ∼4 luteolin molecules/nanodisc.
Luteolin appeared to be embedded in the nonpolar core of nanodiscs, as revealed by fluorescence quenching and polarization
analysis and spectroscopic characterization. The presence of luteolin did not affect the ability of apoE3NT to mediate binding and
cellular uptake of luteolin containing nanodiscs in macrophages, as inferred from immunofluorescence analysis that revealed apoE-
and lipid-related fluorescence as punctate perinuclear vesicles and from flow cytometry studies. Lastly, luteolin appeared to be
localized in the nucleus, having escaped the lysosomes following disassembly of the nanodiscs as suggested by fluorescence
spectroscopy and microscopy analyses. Taken together, nanodiscs offer the potential to effectively transport luteolin and potentially
therapeutic drugs into perinuclear sites in cells, where they can be available to enter the nucleus.

■ INTRODUCTION
Luteolin (3′,4′,5,7-tetrahydroxyflavone) is a polyphenolic
phytochemical (Scheme 1) that has been reported to possess

anticancer properties1−3 similar to several polyphenols through
its ability to act as an antioxidant4 and anti-inflammatory5−8

agent. In addition, its anticancer activity is also mediated by its
ability to mediate cell cycle arrest9 and to suppress cell survival
strategies and stimulating apoptotic strategies (reviewed in2).
It is also reported as an inhibitor of mast cells that release
histamine and cytokines in response to allergens and during
immune response.10 The antioxidant property is conferred by
the C3′ hydroxyl group,11 which plays a critical role as a
reducing agent against reactive oxygen species. The anti-
inflammatory effect of luteolin stems from its inhibition of
COX-2 and inducible nitric oxide synthase, and a decrease in
the influx of neutrophils in mice exposed to lipopolysacchar-

ides.12 As such, it bears substantial potential as a therapeutic
agent to delay onset of diseases, including cancer by exerting
its pro-apoptotic, antiproliferative, cell cycle arrester, and
antioxidant effects.
Nevertheless, its poor solubility in an aqueous medium, such

as the blood, has decreased its bioavailability and trans-
portability and limits its use as a therapeutic agent. Luteolin
can potentially be encapsulated into liposomes and nano-
structured lipid carriers, such as polyethylene glycol.13

However, they lack targeting ability, can diffuse into cells
indiscriminately, and can undergo redistribution with lip-
oproteins in plasma. In this study, we propose to incorporate
luteolin into reconstituted high-density lipoproteins (rHDL),
which opens the door for its use as a therapeutic agent. rHDL
mimic nascent HDL that are generated during HDL
biogenesis, when lipid-free or lipid-poor apolipoprotein (apo)
such as apoAI or apoE accept lipids effluxed via ATP binding
cassette transporter A1 (ABCA1).14 The nascent HDL is
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Scheme 1. Structure of Luteolin
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composed predominantly of phospholipids that are arranged as
a bilayer surrounded by a belt of apolipoprotein and is
discoidal in shape.15 Lipoproteins resembling nascent HDL
can be generated in vitro from commercially available synthetic
phospholipids and purified apolipoproteins and offer an
excellent mechanism to incorporate and transport nonpolar
agents.16−20

rHDL are synthetic protein−lipid binary complexes termed
nanodiscs that can be reconstituted using apoE3 (or apoAI)
and phospholipids (such as phosphatidylcholine and phospha-
tidylglycerol). The assemblage is a well characterized protocol
that yields a high quantity of uniformly sized (10−20 nm)
particles.19 ApoE3 is an exchangeable apolipoprotein that can
exist in a lipid-free and lipid-associated state and plays a critical
role in cholesterol and triglyceride homeostasis in the plasma
and the central nervous system. It is composed of two
domains, an N-terminal domain (NT) (residues 1−191) and a
C-terminal (CT) domain (residues 201−299)21 that are linked
via a protease-sensitive loop. The NT domain is composed of a
four-helix bundle with four long amphipathic α-helices that are
arranged in an up-and-down manner22,23 and folded such that
the hydrophobic residues face the protein interior and the
hydrophilic residues face toward the aqueous environment.
Upon interaction with lipid vesicles, the NT domain undergoes
a large conformational change involving opening of the helix
bundle and interaction of the hydrophobic face of the helices
with the fatty acyl chains of the phospholipids, forming a belt
circumscribing the bilayer. In the lipid-associated state, the NT
domain has the ability to bind to the low-density lipoprotein
receptor (LDLr) family of proteins that promotes receptor-
mediated endocytosis and internalizes the entire lipoprotein
particle. The isolated NT domain is an independently folded
domain, which in the lipid-bound state, retains its ability to
bind the LDLr and the scavenger receptor class B type 1B1
(SR-B1).14 We exploit this feature in the current study and
employed a minimalist approach to prepare nanodiscs with the
NT domain of apoE3 (apoE3NT) and incorporated luteolin
into the hydrophobic interior of nanodiscs. We test the
hypothesis that nanodiscs are effective transport vehicles for
luteolin and that they deliver the flavonoid to intracellular sites.
We report that the incorporation of luteolin into nanodiscs
does not compromise the structural integrity of the particle or
the ability of apoE3NT to interact with the LDLr and transport
luteolin to intracellular sites. The findings offer further proof of
concept for the use of nanodiscs for controlled release of
biomolecules with similar chemical behavior as luteolin for
medical applications.

■ RESULTS
Preparation of rHDL/Lut. In initial studies, rHDL was

prepared in the absence or presence of luteolin with DMPC,
DMPG, DMPE, or POPC, and apoE3NT via the cosonication
or cholate dialysis method and isolated using density-gradient
ultracentrifugation. The continuous gradient that was
generated following ultracentrifugation was fractionated and
a protein assay was carried out on each fraction to qualitatively
locate the presence of protein. Figure 1 shows the absorbance
at 562 nm of the different fractions for reconstitution with
DMPC in the absence or presence of luteolin. The
corresponding profiles for DMPG, DMPE, and POPC are
shown in Figure S1. The three fractions with the highest
absorbance toward the top of the tube were combined in each
case, with the rationale that lipid-associated protein would

migrate toward the top of the KBr gradient with the lowest
density at the top, while lipid-free or lipid-poor protein would
bear higher density and will be located toward the bottom of
the tube. Usually, the majority of the top fraction (fraction #1)
is composed of protein-free or protein-poor lipid vesicles. In
the case of DMPC and POPC fractions 2, 3, and 4 were
pooled, while for DMPG it was fractions 3, 4, and 5. In the
case of DMPE, we did not observe any trend of migration of
lipid-associated proteins in the presence or absence of luteolin
in the top fractions.
In addition, apoAI was tested as an alternate protein

component of nanodiscs with DMPC or POPC (Figure S2).
Both HDL/apoAI and HDL/apoE3 serve as ligands for SR-B1
aka the “HDL receptor” to deliver core nonpolar components
into the cells by a process called selective uptake;14 however,
apoE3 was selected for all studies since it has the additional
advantage of facilitating receptor-mediated endocytosis by
serving as a ligand for the LDLr family of proteins,24 which
offers more points of cellular entry.
In subsequent experiments, DMPC and apoE3NT were used

for all of the reconstitution purposes to generate rHDL with
luteolin (rHDL/lut). The pooled fractions were used in
subsequent experiments following centrifugal filtration or
desalting to remove KBr and unincorporated luteolin.

Physical Characterization of the rHDL/lut Lipoprotein
Complex. Particle size and molecular mass of rHDL and
rHDL/lut were determined by native polyacrylamide gel
electrophoresis (PAGE), as shown in Figure 2 (left). In both
cases, large protein/lipid complexes of about 650 kDa mass
and ∼15 nm particle diameter were observed. The particle
diameter was also independently assessed by dynamic light
scattering (DLS) measurements; the plot of size distribution
versus intensity (Figure 2, right) indicated that rHDL/lut
complexes were significantly larger (P < 0.0001) than empty
nanodiscs (22.3 ± 0.5 nm and 17.1 ± 0.8 nm (n = 6),
respectively). Table 1 shows the hydrodynamic properties of
rHDL/lut compared with those of rHDL; there was no
significant difference in the zeta potential of rHDL (21.5 ± 4.0

Figure 1. Location of apoE3 NT protein in fractions following
ultracentrifugation of rHDL in the absence and presence of luteolin.
rHDL was prepared in the absence (white) or presence (black) of
luteolin with DMPC and apoE3NT and subjected to density-gradient
ultracentrifugation as described under Methods. The continuous
gradient that was generated following ultracentrifugation was
separated into 10 fractions (#1 being the top and #10 being the
bottom fraction) and a BCA protein assay carried out with 10 μL
from each fraction. The bar represents fractions with highest
absorbance toward the top that were pooled.
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mV) and rHDL/lut (20.2 ± 2.8 mV) (n = 6). The PDI for
rHDL and rHDL/lut were 0.102 ± 0.037 and 0.169 ± 0.016,
respectively (n = 6).

Spectroscopic Characterization of the rHDL/lut Lip-
oprotein Complex. The absorption spectrum of rHDL/lut
(Figure 3, top) reveals a peak at 350 nm that is attributed to

luteolin, while that at 280 nm is assigned to the protein, which
is also observed from the spectrum of empty nanodiscs. The
concentration of luteolin in rHDL/lut was calculated to be
0.127 ± 0.0113 mM (n = 3) from a standard curve of plot of
absorbance at 348 nm versus known concentrations of luteolin
in dimethyl sulfoxide (DMSO). The larger size of the rHDL/
lut particles may be explained by the higher content of
phospholipids in these particles as noted from the composi-
tional analysis, which revealed lipid/protein ratios of 67:1
(compared to 39:1 for rHDL), and the presence of ∼4 luteolin
molecules/nanodisc (Table 1).
Figure S3 shows the fluorescence emission spectra of

luteolin in DMSO and rHDL/lut following excitation at 350

Figure 2. Physical characterization of rHDL/lut. About 10 μg of
rHDL and rHDL/lut were loaded onto a 4−20% gradient acrylamide
gel, electrophoresed at 60 V for 24 h at 4 °C under nondenaturing
conditions and stained overnight with Instant Blue for visualization
(left). Lane 1 shows the reference proteins (from top, thyroglobulin,
ferritin, catalase, and albumin), with Stokes’ diameter and molecular
masses indicated on the left. Lane 2, rHDL and Lane 3, rHDL/lut.
Particle size was also assessed from the linear-log plot of intensity (%)
versus size (nm) by DLS measurements (right) of rHDL (solid) and
rHDL/lut (dashed).

Table 1. Physical Characterization of rHDL/lut and rHDL from native PAGE and DLS Measurementsa

Measured parameters rHDL rHDL/lut approach

Stokes diameter (nm) ∼15 ∼15 native PAGE
molecular mass (kDa) ∼650 ∼650 native PAGE
nanodisc diameter (nm) 17.1 ± 0.8* 22.3 ± 0.5* DLS n = 6
PDI 0.102 ± 0.037** 0.169 ± 0.016** DLS n = 6
zeta potential (mV) 21.5 ± 4.0 20.2 ± 2.8 DLS n = 6
lipid/protein ratio 39:1 67:1 protein and phospholipid assay n = 3
number of luteolin/nanodisc ∼4 UV−vis n = 3

aValues expressed are mean ± SD; data analyzed with a two-tailed unpaired t test (*P < 0.0001; **P = 0.005).

Figure 3. Spectroscopic characterization of rHDL/lut. The UV−vis
(top) and the intrinsic fluorescence emission (bottom) spectra of
rHDL (solid) and rHDL/lut (dashed) were recorded in PBS. The
protein concentrations were ∼1.0 and 0.1 mg/mL, for the absorption
and emission spectra, respectively. An average of three scans were
recorded per sample. The fluorescence emission spectra were
recorded from 295 to 450 nm at an excitation wavelength of 280
nm. The excitation and emission slit widths were set at 3 nm, and the
scan speed at 100 nm/min.
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nm. The two major peaks (428 and 454 nm) in rHDL/lut
appear to be blueshifted by about 35 nm compared to the
spectrum of luteolin in DMSO, suggesting that luteolin is
located in a relatively hydrophobic environment in the
nanodiscs.
The intrinsic fluorescence emission spectrum of rHDL/lut

(Figure 3, bottom) following excitation at 280 nm revealed
significant quenching of Trp emission intensity by ∼40% at the
the wavelength of maximal fluorescence emission (λmax) of 356
nm compared to that of empty nanodiscs, suggesting
incorporation of luteolin in nanodiscs. Luteolin could be
associated with the protein circumscribing the periphery facing
the aqueous environment at the surface, or in contact with the
phospholipid headgroup or buried deep in the nanodisc’s
nonpolar interior in the large lipoprotein complex.

Determination of Luteolin Incorporation and Loca-
tion in the Nanodiscs. To further investigate the
incorporation and location of luteolin in the nanodiscs, three
independent approaches were employed:

1. In the first approach, a comparison of quenching of
intrinsic fluorescence emission intensity (F) of Trp/Tyr
(referred to as Trp throughout) by increasing amounts
of luteolin in different lipoprotein complexes (LDL,

HDL, and rHDL) and BSA (a protein with large number
of hydrophobic binding sites) was carried out and
compared with fluorescence emission intensity in the
absence of luteolin (F0). The rationale is that BSA and
all lipoprotein complexes offer nonpolar environments
typically occupied by amino acids with hydrophobic side
chains, including Trp and Tyr; these residues offer the
attractive feature of being intrinsically fluorescent, the
changes in which can be monitored. in the A shift in the
λmax and/or a decrease in the emission intensity upon
addition of luteolin would be an indicator of luteolin’s
presence in the immediate vicinity of Trp/Tyr residues.
Figure 4 shows plots of F/F0 versus luteolin

concentration for quenching fluorescence of BSA,
LDL, HDL, and rHDL (panels A−D, respectively).
Luteolin quenches Trp fluorescence emission in a
concentration-dependent manner up to 60−100 μM in
all four environments that were tested indicative of
luteolin’s proximity to the Trp/Tyr side chains, which
are typically oriented toward a nonpolar environment.
DMSO, the vehicle for dissolving luteolin caused
negligible or no quenching at the levels used throughout

Figure 4. Quenching of intrinsic fluorescence of BSA, LDL, HDL, and rHDL by luteolin and KI. Quenching of intrinsic fluorescence of BSA (A),
LDL (B), HDL (C), and rHDL (D) by luteolin was followed by monitoring fluorescence emission intensity at 340 or 356 nm as described under
Methods. The excitation wavelength was set at 280 nm and the slit widths at 3 nm. Inset in each panel shows quenching of intrinsic fluorescence by
KI.
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the study (≤2% v/v). The quenching follows the order
HDL > rHDL > BSA > LDL.

2. In the second approach, a comparison of quenching of
Trp emission in BSA, LDL, HDL, and rHDL by KI, a
polar quencher was carried out to assess accessibility of
the fluorophores from the polar side. The rationale is
that a comparison of quenching curves between
nonpolar and polar quenchers would offer information
about the quenchers’ environment and location. Plots of
F/F0 for concentration-dependent quenching of BSA,
LDL, HDL, and rHDL by KI are shown in Figure 4,
Inset, A−D, respectively. Compared to luteolin, KI was a
poor quencher of fluorescence in LDL, HDL, and rHDL,
at concentrations up to 15−200 mM. In contrast, the
intrinsic fluorescence was quenched by ∼40% by KI in
BSA, suggesting that the Trp and Tyr in BSA were more
accessible to quenching by polar quenchers in BSA, and
far less accessible in LDL, HDL, and rHDL.

3. In the third approach, fluorescence polarization (FP)
technique was employed to assess incorporation of
luteolin into nanodiscs since it measures molecular
rotation. Since luteolin has poor fluorescence emission,
we employed an extrinsic fluorophore 5-[2-
(iodoacetamido)ethylamino]naphthalene-1-sulfonic
acid (AEDANS) for FP measurements as described
previously.25 Since the degree of polarization is inversely
correlated to its tumbling rate, typically FP values can be
used to determine binding of small molecules (which
tumble fast) to large proteins or complex assemblies
(which tumble slower). In the present case, the single
Cys on apoE3NT was labeled with AEDANS prior to
reconstitution of the nanodiscs in the absence or the
presence of luteolin. rHDL containing AEDANS-
apoE3NT and DMPC in the absence or presence of
luteolin was prepared as described above. A progressive
increase in FP was noted going from lipid-free
AEDANS-apoE3NT to rHDL/AEDANS-apoE3NT
(0.345−0.378) reflective of binding of lipid-free protein
to nanodiscs, and to 0.421 in rHDL/lut/AEDANS-
apoE3NT. The slower tumbling of rHDL/lut is
attributed to its larger size compared to empty
nanodiscs. To validate the use of this approach, the FP
value of chemically denatured (6 M guanidine HCl)
lipid-free AEDANS-apoE3NT was measured and found

to be 0.275. The lower value compared to the folded
AEDANS-apoE3NT is indicative of the protein being
predominantly unfolded and unstructured by the
denaturant. Taken together, the fluorescence data
suggest that luteolin is incorporated into the nanodiscs,
and likely transitioned to the hydrophobic core of the
rHDL particles. The particles were stable under the
preparation and storage conditions at pH 7.0 (4 °C for
∼3 months).

LDLr Binding of rHDL/lut and Predicting Release of
Luteolin at the Target Site in Lysosomes. Having
confirmed luteolin’s location in the nonpolar interior of
nanodiscs, we next determined if the presence of luteolin
affects the LDLr binding ability of apoE3NT using a co-IP
assay with c-myc-tagged soluble LDLr (sLDLr) (Figure 5A).
The sLDLr (∼26 kDa) bears a portion of the extracellular
domain of the LDLr (ligand binding domain LA3−LA6) that
is sufficient for binding the ligand (lipoprotein-bound apoE)
and is considered a “mini-receptor”.26 The presence of a 24
kDa band corresponding to apoE3NT in the co-immunopre-
cipitation (co-IP) assay with rHDL/lut indicates that the
presence of luteolin did not impair the LDLr binding ability of
apoE3NT in the nanodiscs. It is anticipated that upon binding
to cellular LDLr, the rHDL/lut would be targeted to and the
luteolin released in the lysosomes following receptor-mediated
endocytosis. Preliminary solution studies were carried out to
obtain support that the embedded luteolin would be released
in the environment encountered in lysosomes. rHDL/lut was
incubated with Glu-C, an endoprotease that cleaves the CT
end of acidic residues at pH 4.0 in the absence or presence of
TX-100 to enable solubilization. For comparison, treatment
with trypsin was carried out as well at pH 7.0 in the absence or
presence of detergent. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) analysis revealed degradation
of apoE3NT scaffold by proteases, Figure S4, panel A. Native
PAGE analysis revealed breakdown of rHDL/lut in the
presence of proteases or detergent, Figure S4, panel B.
Further, to confirm the release of luteolin upon particle
disintegration, Trp fluorescence emission spectra of rHDL/lut
was recorded at pH 4 after treatment with buffer or detergent
for 24 h, Figure S4, panel C. Compared to rHDL, the
fluorescence emission of Trp remained quenched at pH 7.0
after 24 h in rHDL/lut, as shown previously in Figure 3. At pH
4.0, a further decrease in fluorescence emission of rHDL/lut

Figure 5. LDLr binding activity and cellular uptake of rHDL/lut. The sLDLr binding ability of rHDL/lut was monitored by the co-IP assay (A)
using myc-tagged sLDLr. Empty nanodiscs were used in parallel as control. About 10 μg protein of rHDL or rHDL/lut was incubated with 10 μg of
sLDLr at 4 °C for 1 h, followed by co-IP with anti-c-myc agarose. ApoE bound to sLDLr was detected by western blot using HRP-conjugated
polyclonal apoE antibody. sLDLr was detected by anti-c-myc antibody for comparison. Cellular uptake of rHDL/lut by J774 cells was monitored by
immunofluorescence (B). J774 cells were treated with 10 μg/mL rHDL or rHDL/lut followed by treatment with mAb1D7 (1:1000), Alexa-555
labeled goat antimouse secondary antibody (1:1000) and DAPI. The images were captured using the 375/461 nm channels for DAPI and 540/555
nm RFP channel for Alexa-555.
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was noted with a shift in λmax by ∼8 nm from 360 to 352 nm in
the absence of detergent. In the presence of detergent, a
significant recovery of fluorescence after release of quenching
by luteolin was noted to levels seen with empty nanodiscs. It
was necessary to use a detergent such as SDS since it causes
particle disaggregation but allows us to monitor Trp
fluorescence emission of the intact protein. SDS was the
detergent of choice since it is well-known that TX-100 shows
significant interference in fluorescence emission noted for Trp.
Taken together, these data reveal particle disintegration and
the release of luteolin under conditions encountered in
lysosomes.

Cellular Uptake of rHDL/lut. Subsequently, cellular
uptake of rHDL/lut was monitored in J774 macrophages, a
cell line selected since they do not synthesize any endogenous
apoE. The cells were treated with rHDL or rHDL/lut (10 μg/
mL) and visualized by immunofluorescence using anti-apoE
antibody mAb1D7 and Alexa-555 labeled goat antimouse
antibody (Figure 5B). In both cases, cellular fluorescence was
noted as punctate, perinuclear vesicles, indicating that the
presence luteolin did not affect the uptake of rHDL/lut by
receptor-mediated endocytosis.
Subsequently, flow cytometry was used to obtain a

quantitative measure of uptake of DiI/rHDL or DiI/rHDL/
lut in cells, as shown in Figure 6. Both exhibited a similar
median fluorescence intensity (MFI) confirming that the
presence of luteolin did not affect the cellular uptake of
nanodiscs. The samples containing luteolin, DMSO, rHDL,
and rHDL/lut (that were used as negative controls) did not

exhibit a fluorescence emission due to the absence of DiI.
Figure S5 shows the gated population of cells as dot plots for
cells exposed to DiI/rHDl and DiI/rHDL/lut, revealing that
exposure to the nanodiscs did not affect the viability of the
cells or cause cell death.

Cellular Uptake of rHDL/lut Visualized Using DPBA,
Enhancer of Luteolin Fluorescence. Although flavonoids
tend to display fluorescence emission properties, they are weak
for use as such in cellular studies, which precludes their use for
direct fluorescence visualization in cells. One way to circum-
vent this problem is by using DPBA, a chemical used to
enhance fluorescence emission in flavonoids.27 Other re-
searchers showed that treatment of the flavonoid 5,3′,4′-
tridmethylnobiletin with 2-aminoethyl diphenylborinate
(DPBA) resulted in enhanced fluorescence that allowed
visualization in Caco-2 cells.28 To determine if this is
applicable to luteolin as well, an initial analysis of the
luteolin−DPBA mixture was carried out in solution studies
to verify if luteolin’s fluorescence emission is enhanced by
DPBA. Luteolin and DPBA were mixed in 1:1 molar ratio (20
μM each) to form a conjugate as described by previous
studies.28 The fluorescence emission of the luteolin/DPBA
mixture was monitored following excitation at 490 nm and
compared with that of free DPBA (Figure 7, top). The λmax
values of free DPBA and free luteolin were found to be 532
and 524 nm, respectively. The luteolin/DPBA mixture
exhibited a λmax at 560 nm, registering a redshift of 28 and
36 nm, respectively, indicative of formation of a conjugate.
Furthermore, the mixture exhibited a 15× increase in
fluorescence intensity compared to DPBA alone and ∼2×
increase compared to luteolin alone. The enhanced fluo-
rescence of the conjugate prompted us to apply this approach
to directly visualize cellular uptake of luteolin in macrophages
in the presence of DPBA by fluorescence microscopy.
Cellular uptake of rHDL/lut was carried out as described

above and compared to those treated with lut (Figure 7,
bottom); the cells were stained with DPBA in the last step after
DAPI staining prior to image capture. A more intense green
fluorescence was noted in the nuclei for cells treated with
rHDL/lut in the presence of DPBA compared with those
treated with lut.

■ DISCUSSION
The naturally occurring flavonoid, luteolin, offers a wide range
of benefits with its anticancer,9,29,30 antiproliferative, and
apoptotic properties. In addition, it also mediates anti-
inflammatory effects by inhibiting the production of inflam-
matory markers (such as VEGF, IL-6 and IL-8, TNF-α, IL-
1β)8,31,32 and antioxidant activity by its radical scavenging
properties;33−35 further, it offers protection against carbon
tetrachloride-induced hepatic toxicity33 and cisplatin-induced
kidney toxicity.36 As such, these attributes prompt researchers
to investigate its therapeutic potential and to deliver it in an
appropriate vehicle to a desired target site. Given its
lipophilicity, luteolin has been delivered to cells or
administered intraperitoneally dissolved in solvents such as
DMSO. In an effort to identify delivery systems for therapeutic
purposes, newer systems are being developed involving
nanoparticles. In this study, we characterized nanodiscs with
incorporated luteolin and reported the potential use of this
system to deliver it to intracellular sites. There are many
advantages of delivering flavonoids in nanodiscs versus
solvents. It is envisaged that when administered dissolved in

Figure 6. Histograms of cell associated fluorescence intensity for J774
cells exposed to DiI/rHDL and DiI/rHDL/lut. J774 cells were
exposed to PBS (purple), luteolin (green), rHDL/lut (gray), DiI/
rHDL (blue), or DiI/rHDL/lut (red). About 6000 cells were analyzed
and the MFI at 575 nm used for analysis. Representative histograms
are shown from three biological replicate experiments using cells of
various passages (top). The MFI for cells exposed to DiI/rHDL and
DiI/rHDL/lut (bottom) are represented quantitatively (bottom).
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solvents, the flavonoids will transition to the different
lipoproteins in the blood or bind albumin, as shown by the
fluorescence studies in the current study. They tend to get
“diluted” in the plasma, thereby necessitating administration at
higher concentrations. On the other hand, when they are
packaged in nanodiscs, they are limited to the lipoprotein
environment and are more bioavailable. Further, they can be
administered as a water-soluble preparation, thereby eliminat-
ing the need for solvent. The diameter (15−20 nm) and
geometry (discoidal) of nanodiscs are ideal for drug trans-
port.37 Lastly, the flexible nature of apoE3NT and modular and
self-assembling nature of nanodiscs make them more attractive
for drug transport compared to administration in the solvent.19

This study takes advantage of these properties and provides

proof of concept for the use of nanodiscs with apoE3NT for
transporting other nutraceuticals or drugs of similar size,
solubility, and chemical nature, with potential to extend its
application to therapeutic targeting.
Previous studies have demonstrated that phospholipids with

saturated 14 carbon chain fatty acyl groups (myristoyl) and
phosphocholine headgroup were the optimal lipid components
of nanodiscs with different apolipoproteins (apoAI, apoE3,
apoLp-III, apoE3NT, apoECT domain),15−17,38−42 yielding
stable binary complexes. For the current study with luteolin,
we employed the NT domain of apoE3 as the protein
component because of its ability (i) to facilitate receptor-
mediated endocytosis via the LDLr family of proteins and (ii)
to form larger nanodiscs with ∼15 nm diameter and ∼650 kDa
mass as reported by others investigating nanolipoproteins
formulations.41 The larger size could potentially accommodate
more cargo. For determining the phospholipid component, we
carried out an initial screen of 14:0 phospholipids with three
different headgroups (DMPC, DMPG, and DMPE) in
addition to a major phospholipid in naturally occurring HDL
(POPC) as possible lipid components for nanodiscs with
luteolin (Figure S1). Of the phospholipids tested (Table S1,
Supporting Information), DMPC, DMPG, and POPC were
viable options for luteolin incorporation (based on ability to
form isolatable lipoprotein complexes during density-gradient
ultracentrifugation that could be detected by nondenaturing
PAGE (data not shown for DMPG and POPC). Several
studies have focused on characterizing protein-containing
nanodiscs prepared from various phospholipids differing in
charge.43−45 In particular, the presence of anionic phospholi-
pids such as DMPG appears to decrease aggregation due to
charge−charge repulsion between nanodiscs and confer
stability to the nanodiscs due to the interaction of the
headgroup with the protein belt.45 The nature of the cargo also
determines the choice of phospholipids; for example, binary
mixtures containing DMPC and cationic lipids, such as
dimyristoyltrimethylaminopropane or polycations, such as
polyamines may be used for transporting nucleic acids.46,47

In the current study, DMPC and apoE3NT were selected as
the lipid and protein of choice for incorporating luteolin since
DMPC/apoE3NT nanodiscs are well characterized and offer a
stable environment for incorporating hydrophobic molecules,
such as luteolin. Based on molecular composition (protein and
luteolin concentrations) and mass and particle diameter
(native PAGE and DLS) analyses, it was estimated that
reconstitution with DMPC, apoE3NT, and luteolin yielded ∼4
luteolin molecules per nanodisc.
The nanodisc presents three locations for the accommoda-

tion of small molecules: the amino acid side chains of
apoE3NT facing the aqueous exterior, the phosphocholine
headgroup of DMPC, and the interior of the lipoprotein
complexin the fatty acyl core of the phospholipids, including
the protein/lipid interface wherein the nonpolar side chains of
the amphipathic helices of apoE3NT face the fatty acyl chain.
The sites on the protein belt facing the aqueous environment
were less likely to accommodate and bind luteolin, given the
predominantly hydrophobic nature of the molecule. Quench-
ing analysis of Trp fluorescence emission is a classical method
used for determining the binding or location of small
molecules in proteins or lipoproteins. It has been used to
demonstrate the binding of a variety of plant-derived
polyphenolic antioxidants to serum albumin and LDL.48 It is
well established that albumin has a remarkable ability to bind a

Figure 7. Cellular uptake of rHDL/lut visualized using DPBA, an
enhancer of luteolin fluorescence. Fluorescence emission spectra
(top) of DMSO (black), 20 μM DPBA (red), 20 μM luteolin (green)
and 20 μM luteolin +20 μM DPBA (pink) were recorded following
excitation at 490 nm. The spectra were recorded with 3 nm excitation
and emission slit widths at a scan speed of 100 nm/min. Direct
fluorescence imaging of J774 cells treated with luteolin or rHDL/lut
(bottom), stained with DAPI and DPBA. Images were captured using
the GFP (480/560 nm) and DAPI (375/461 nm) channels.
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large range of chemically diverse nonpolar molecules, which is
a critical factor in drug and nutraceutical transport,
pharmacokinetics, and efficacy.49,50 In the current study,
quenching of Trp emission in BSA was used as an indicator
of luteolin binding to the hydrophobic pockets on the protein,
though the precise binding location is not known. In a similar
manner, fluorescence quenching analysis was used to identify
the location of luteolin in the hydrophobic interior of LDL and
HDL, roughly spherical particles composed of a monolayer of
amphipathic lipids and proteins and a core of neutral lipids.
Trp residues on proteins, such as apoB100 on LDL and apoAI
on HDL (major proteins on these particles), typically face the
particle interior. Quenching of the Trp fluorescence by luteolin
suggests that luteolin is located in the nonpolar core of the
lipoprotein particle. A similar inference was made of Trp
quenching by luteolin in rHDL, though in this case, luteolin is
likely to be intercalated between the fatty acyl chains of the
nanodisc’s phospholipid bilayer. Trp quenching occurred both
under conditions where luteolin was included during the
reconstitution step and when it was added in incremental
amounts to empty nanodiscs. Conversely, iodide, an aqueous
quencher, caused negligible quenching of Trp fluorescence in
the empty nanodiscs and in HDL and LDL. A similar
observation was made in studies involving the location of
curcumin (diferuloylmethane), a polyphenolic flavonoid, in
nanodiscs;16 in this case, the fluorescence emission of
curcumin was quenched efficiently by DOXYL-fatty acids,
which partition directly into the lipid bilayer, but not by iodide.
FP measurements suggested the presence of luteolin in
nanodiscs. Additional support for luteolin localization was
derived from the blueshifted λmax of luteolin fluorescence
emission, which informs about the nonpolar environment of
the fluorophore.
Taken together, these biophysical data confirm that luteolin

is embedded in the hydrophobic interior of the nanodisc.
While native PAGE analysis suggested differences in nanodisc
diameter and mass, DLS measurements indicated a signifi-
cantly increased diameter in rHDL/lut. The presence of the
apolipoproteins acts as a “belt” to hold a bilayer of
phospholipids in the nanodiscs with the embedded cargo,
offering potential to improve their half-life in the blood. It is
estimated that ∼4 apoE3NT may be present per discoidal
particle from compositional analysis. It may be possible to
increase the load of luteolin, a concept triggered by recent
findings from computational simulations of nanodiscs with four
apoE3NT molecules with varying amounts of DMPC.51 The
simulation predicted the formation of stable binary complexes
with 240−420 DMPC molecules/nanodisc. Experimental data
from the current study revealed ∼160 and ∼280 phospholipids
per nanodisc for rHDL and rHDL/lut, respectively. The
increase in diameter and size of rHDL/lut may be attributed to
the presence of luteolin, which may disrupt the close packing
of the fatty acyl chains of the nanodisc bilayer, allow
recruitment of more apoE3NT and, consequentially, promote
recruitment of more phospholipids. The rHDL/lut particles
were stable under the preparation and storage conditions (4 °C
for ∼3 months at pH 7.0) and, as expected, were susceptible to
degradation in environments such as those found in the
lysosomes. Importantly, the presence of luteolin did not impair
the functional ability of the apoE3NT domain to interact with
the LDLr as deduced from co-IP with sLDLr. The retention of
the functional ability of the apoE3NT domain was further
noted in fluorescence microscopy images of macrophages

treated with rHDL/lut. Flow cytometry data indicated that the
cellular uptake of rHDL/lut was quantitatively similar to that
of rHDL.
Lastly, luteolin appeared to be localized in the nuclei

following cellular internalization. As expected, the rHDL/lut
particles likely disintegrated in the low pH environment of the
lysosomes (pH 4−5), thereby releasing embedded luteolin.
This was shown in solution studies, where the environment
encountered in lysosomes was simulated by exposing rHDL/
lut to proteases acting at pH 4, which degraded apoE3NT that
scaffolded the nanodisc and released the embedded luteolin.
Given that luteolin bears multiple sites that can be
deprotonated, it is reasonable to propose that it would exist
in a neutral protonated form (although the precise pKa values
of luteolin are not known) in the low pH milieu of the
lysosome, which may allow lysosomal escape by diffusion
through the membrane and partitioning into the nuclei. It is
noteworthy that luteolin localizes in the nucleus, where it can
target the DNA in the cancer cells and mediate its
antiproliferative effect by inducing apoptosis52 or by G0/G1,
S, or G2/M phase cell cycle arrest9,52,53 or decreasing cell
proliferation9 or suppressing matrix metalloproteinase that
support cancer metastasis54 (and reviewed in refs 1 and 2).
Interestingly, similar nuclear localization was reported when
curcumin, a polyphenol was delivered to glioblastoma cells via
apoE-containing discoidal particles.55 Overall, given that there
is sufficient evidence for the beneficial role of luteolin as an
anticancer, antioxidant, and anti-inflammatory agent, its mode
of delivery can be refined with nanodiscs offering a potentially
improved mode of delivery to target sites such as the nucleus
for biomedical applications.

■ METHODS
Luteolin (99+% pure) was obtained from TSZ CHEM (Fisher
Scientific), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC), 1,2-dimystrioyl-sn-glycero-3-phosphocholine
(DMPC), 1,2-dimyristroyl-sn-glycero-3-phosphoglycerol
(DMPG), 1,2-dimyristroyl-sn-glycero-3-phosphoethanolamine
(DMPE), were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). The phospholipid assay kit was purchased
from WAKO Chemicals USA, Inc. (Richmond, VA). The DC
and BCA protein assay kits were from Bio-Rad Laboratories
(Hercules, CA) and ThermoScientific (Rockford, IL),
respectively. 1,10-Dioctadecyl-3,3,30,30-tetramethyl indocar-
bocyanine iodide (DiI) was from Invitrogen (Waltham, MA),
BSA and LDL were from Sigma-Aldrich (St. Louis, MO) and
HDL was from Academy Bio-Medical Company, Inc.
(Houston, TX). Mass spectrometry grade trypsin and Glu-C
were purchased from Promega (Madison, WI). All solvents
used were of analytical grade. 2-Aminoethyl diphenylborinate
(DPBA) was a kind gift from Dr. Joe Vinson (University of
Scranton, PA).

UV−Vis Spectroscopy of Luteolin and rHDL/lut. In
initial studies, the solubility of luteolin at concentrations
required for cellular assays was assessed using DMSO, DMF,
methanol, and ethanol. The absorbance spectra of increasing
concentrations of luteolin (0.01−0.10 mg/mL) dissolved in
DMSO were recorded from 200 to 600 nm. The average of
triplicate measurements was used to determine the concen-
tration of luteolin in rHDL (described below) by generating a
standard curve of absorbance at 348 nm versus a known
concentration of luteolin.
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Fluorescence Spectroscopy. All fluorescence spectra
were recorded at a scan speed of 100 nm/min (typically an
average of 5 scans) in a PerkinElmer LS-55B Luminescence
Spectrometer with excitation and emission slit widths set
between 3 and 10 nm. Trp/Tyr fluorescence emission was
recorded from 300 to 500 nm following excitation at 280 nm.
Luteolin fluorescence was followed from 360 to 600 nm upon
excitation at 350 nm. Luteolin-DPBA conjugate emission was
monitored from 500 to 700 nm following excitation at 490 nm.
Luteolin-DPBA conjugates were prepared by mixing 20 mM
DPBA in water with 20 mM luteolin in DMSO at a 1:1 ratio in
a glass test tube. The emissions of luteolin and DPBA alone
were monitored to note their individual contribution.

Fluorescence Analysis. The binding of luteolin to BSA,
HDL, LDL, and rHDL was examined indirectly as quenching
of intrinsic fluorescence due to Trp/Tyr in the proteins.
Fluorescence emission spectra of BSA (∼250 μg), HDL (∼150
μg), LDL (∼500 μg), and rHDL (∼100 μg) were recorded in
the absence of luteolin following excitation at 280 nm.
Increasing concentrations of stock solutions of luteolin in
DMSO (0.2, 2.0, and 20 mM) or KI (0.2, 2.0, 20, 40, 400 mM,
4 M, and 6 M) were added to the different protein solutions in
20 mM sodium phosphate buffer, pH 7.4 containing 150 mM
NaCl (phosphate buffered saline, PBS) and the fluorescence
intensity at 340 nm (for HDL) or 356 nm (for BSA, LDL, and
rHDL) recorded. The KI stock solutions contained 1 mM
sodium thiosulfate to prevent the formation of free iodine. In
experiments where luteolin was added, the final concentration
of DMSO was maintained to be <2% v/v. In control reactions,
the effect of adding increasing volumes of DMSO (data not
shown) was recorded at the respective emission wavelength to
account for possible fluorescence emission quenching by
vehicle alone. The absorbance of luteolin at 280 nm was ≪0.1
at the concentrations used thereby contributing minimally to
any inner filter effect. ApoE3NT labeled with 5-[2-
(Iodoacetamido)ethylamino]naphthalene-1-sulfonic acid (AE-
DANS) was used for FP measurements as described
previously.25 The excitation and emission wavelengths were
set at 340 and 480 nm, respectively, with 5 nm slit width and
integration time of 15 s for a total period of about 3 min.

Dynamic Light Scattering. DLS measurements were
performed using a Zetasizer 3000 HSA (HORIBA Ltd.,
Sunnyvale, CA) to measure particle diameter, polydispersity
index (PDI), and zeta potential of rHDL/lut preparations. The
samples were present at apoE3NT concentrations of 1−2 mg/
mL in PBS at 25 °C. Typically, three technical replicates of
three biological replicates of rHDL and rHDL/lut were studied
for collecting data.

Reconstitution and Characterization of rHDL with
Luteolin. Recombinant human apoE3 residues 1−191 bearing
a hexa-His tag at the N-terminal end was overexpressed in
Escherichia coli, isolated and purified using a Ni-affinity matrix
(Hi-Trap chelating column, G.E. Healthcare, Uppsala,
Sweden) as described earlier.38 rHDL (also referred to as
nanodiscs) containing DMPC or DMPE or DMPG and
apoE3NT (5:2 w/w starting ratio) were prepared by the
cosonication method as described previously.16 Nanodiscs
containing luteolin were preparedby including 5.0 mg of
luteolin while making the lipid film. Lipid-free protein and
protein-free lipid were separated from rHDL complexes by
density-gradient ultracentrifugation using a KBr gradient.
Fractions containing both protein and phospholipid were
pooled based on the protein and lipid assay. The concentration

of luteolin incorporated into rHDL was quantified based on a
standard curve generated as described above. Native PAGE
analysis of rHDL with and without luteolin was carried out to
estimate the Stokes diameter and molecular mass of the
complexes using 4−20% gradient acrylamide gel, electro-
phoresing at 60 V for 24 h at 4 °C, and staining overnight with
Instant Blue. Nanodiscs containing rHDL with incorporated
luteolin are referred to as rHDL/lut throughout.

Protease and Detergent Treatment of rHDL/lut.
About 10 μg of rHDL/lut was incubated at 37 °C for 24 h
with various treatments: (i) PBS, (ii) 0.1% TX-100, (iii and iv)
trypsin (1:60 enzyme:protein m/m) in 50 mM sodium
phosphate pH 7.0 in the absence or presence of 0.1% TX-
100, (v and vi) Glu-C (1:40 enzyme:protein mass ratio) in 50
mM sodium acetate pH 4, Glu-C (1:40 enzyme:protein m/m)
in 50 mM sodium acetate pH 4 in the absence or presence of
0.1% TX-100. The samples were subject to SDS-PAGE under
reducing conditions or native PAGE. For Trp fluorescence
analysis, rHDL/lut (50 μg) was incubated in 50 mM sodium
acetate buffer, pH 4.0 at 37 °C for 24 h in the absence or
presence of 0.1% SDS. In control reactions, Trp fluorescence
emission spectra of rHDL (empty nanodiscs) or rHDL/lut in
50 mM sodium phosphate buffer, pH 7.0 was recorded as
described above.

Coimmunoprecipitation. To determine if rHDL/lut
retains its ability to bind the LDLr binding, a coimmunopre-
cipitation (co-IP) assay was performed with a soluble form of
the receptor bearing essential ligand binding domains LA3-
LA6 as described previously.26,56 Briefly, 10 μg of soluble LDLr
(sLDLr) with a c-myc epitope was incubated with 10 μg of
protein samples in their lipid-associated state as rHDL or
rHDL/lut in the presence of 2 mM CaCl2 in PBS for 1 h at 4
°C. Anti-c-myc antibody-linked agarose (MilliporeSigma, St.
Louis, MO) was used to capture sLDLr/rHDL or sLDLr/
rHDL/lut complexes. The presence of apoE3NT was
confirmed using a HRP-conjugated polyclonal apoE antibody
(1:5000 dilution) (Meridian Life Science, Inc., Memphis, TN),
while the presence of sLDLr was confirmed using an anti c-
myc antibody (9E10) (1:1000 dilution) (Abcam, Cambridge,
UK), and goat antimouse HRP antibody (1:5000 dilution).

Visualization of Cellular Uptake of rHDL/Lut. By
Immunofluorescence. The uptake of rHDL in cells was
visualized by immunofluorescence using an antibody to
apoE3NT, mAb1D7 (Lipoproteins & Atherosclerosis Research
Group, University of Ottawa Heart Institute, Ottawa,
Canada).57 J774 mouse macrophages were grown to 80%
confluency (DMEM, 10% fetal bovine serum, 1× penicillin−
streptomycin−glutamine) and split into a μ-Slide 4- or 8-well
chambered coverslip (50,000 cells per well) from Ibidi
(Graf̈elfing, Germany). Following incubation in lipoprotein
deficient serum (LPDS) for 24 h to induce overexpression of
the LDLr, the cells were washed 3× with DPBS and incubated
for 2 h at 37 °C with 10 μg/mL of rHDL or rHDL/lut. The
cells were fixed with 3.7% formaldehyde in DPBS for 10 min at
24 °C and permeabilized with 0.2% Triton X-100 for 5 min at
24 °C. Cells were treated with mAb1D7 (1:1000) for 1 h at 37
°C, followed by Alexa-555 labeled secondary antibody (goat
antimouse, 1:1000) for 1 h at 37 °C. Cell nuclei were stained
with 4′,6-diamidino-2-phenylindole dihydrochloride [DAPI,
Research Organics (Cleveland, OH)]. The chambered cover-
slip was mounted on a glass slide with mounting medium
(KPL, Gaithersburg, MD) and stored long-term at −20 °C by
sealing the edges of the coverslip. Nikon Eclipse Ti2 E
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fluorescence microscope (with a 60× objective) was used to
visualize the cells. In all studies, empty nanodiscs with no
added luteolin were used at similar concentrations as the
control.

By Direct Visualization. In other studies, the lipid
component of the rHDL/lut complex was monitored using
DiI, a lipid-based fluorescent probe that was incorporated into
rHDL/lut. It facilitates direct visualization by fluorescence
microscopy, in addition to quantification by flow cytometry as
described previously.57,58 Briefly, about 50 μL of a stock
solution of DiI (0.3 mg/mL) in DMSO (Alfa Aesar, HPLC
grade, 99.9% Ward Hill, MA, USA) was incubated with rHDL
or rHDL/lut in PBS for 18 h at 37 °C in the dark. Unbound
DiI was separated by density-gradient ultracentrifugation as
described above, and the sample was filtered through 0.22 μm
filter (Waters Millex HV units, SLHV R04 NL Millipore,
Carrigtwohill, Co. Cork, Ireland) prior to application to cells.
The complexes generated will be termed DiI/rHDL/lut or
DiI/rHDL, and their cellular uptake monitored as described
above and visualized directly at 565 nm.

Using DPBA Enhancer of Luteolin Fluorescence. The
uptake of luteolin was visualized using DPBA as an enhancer of
luteolin fluorescence as reported by Chen et al.28 J774
macrophages were grown to 80% confluency, split into a μ-
Slide 4- or 8-well chambered coverslip (ibidi GmbH,
Graf̈elfing, Germany) (50,000 cells per well) and allowed to
adhere overnight. They were incubated in a LPDS medium for
24 h, followed by treatment with 10 μg/mL of rHDL or
rHDL/lut mixed in the LPDS medium (500 μL/well) for 2 h
at 37 °C. In parallel, cells were treated with 20 μM luteolin or
DMSO (<5 μL) mixed in the LPDS medium. The cells were
then washed three times with DPBS, fixed, permeabilized, and
stained with DAPI, as described above. The cells were then
stained with 20 μM DPBA in water for 30 min at 37 °C and
slides were prepared for visualization as described above. Cells
were visualized using the GFP (480/560 nm) and DAPI (375/
461 nm) channels. Images captured at 40× magnification.

Quantitative Assessment of rHDL/lut Uptake by Flow
Cytometry. The uptake of rHDL/lut in cells was quantified
by flow cytometry using a Sony Cell Sorter SH800. J774
macrophages (∼300,000/well) were grown in 6-well culture
plates to 100% confluency and pretreated with LPDS. The cells
were then treated with DiI/rHDL/lut or DiI/rHDL as
described above, detached with CellStripper (Corning, NY),
centrifuged at 600 rpm for 5 min at 4 °C, resuspended, and
washed 3× with fluorescence-activated cell sorting (FACS)
buffer (Hanks Balanced Salt Solution + 1% BSA + 0.05%
sodium azide) at 4 °C. They were then resuspended in 250 μL
of FACS buffer, examined using the 488 nm laser with the
phycoerythrin (PE) filter, and analyzed by flow cytometry
FlowJo software (v10.8.1, Tree Star, Ashland, OR). The MFI
values were plotted for each treatment. Cells treated with PBS,
20 μM luteolin, and rHDL were used as controls.

Statistical Analysis. For all analyses, data are represented
as mean ± SD based on three independent experiments.
Calculations for two-tailed unpaired Student’s t test were
performed by GraphPad (GraphPad software, La Jolla, CA)
and Microsoft Excel. P values <0.05 were considered
statistically significant.
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