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ABSTRACT Elucidating the dynamic properties of membranes is important for understanding fundamental cellular processes
and for shedding light on the interactions of proteins, drugs, and viruses with the cell surface. Dynamic studies of lipid bilayers
have been constrained, however, by the relatively small number of pertinent molecular probes and the limited physicochemical
properties of the probes. We show that a lipid conjugate comprised of a fluorescent carbon dot (C-dot) covalently attached to a
phospholipid constitutes a versatile and effective vehicle for studying bilayer dynamics. The C-dot-modified phospholipids
readily incorporated within biomimetic membranes, including solid-supported bilayers and small and giant vesicles, and inserted
into actual cellular membranes. We employed the C-dot-phospholipid probe to elucidate the effects of polymyxin-B (a cytolytic
peptide), valproic acid (a lipophilic drug), and amyloid-g (a peptide associated with Alzheimer’s disease) upon bilayer fluidity and

lipid dynamics through the application of various biophysical techniques.

INTRODUCTION

The dynamical properties of membranes, including bilayer
fluidity, lipid mobility, and molecular diffusion in mem-
branes, are fundamental determinants of cell membrane
functionality (1-4). Modulation of membrane dynamical
properties by membrane-active molecules contributes to
various important cellular processes, such as cell signaling,
biomolecular recognition, and drug uptake (2,4—7). Different
bioanalytical techniques, primarily utilizing fluorescent
dyes, have been developed to elucidate the dynamical param-
eters of membranes and have been applied both in biomi-
metic systems (e.g., vesicles) and in actual cell systems
(1,2,8-11). Many membrane-dynamics probes, however,
exhibit limitations such as inefficient insertion into lipid bila-
yers, disruption of bilayer organization, low fluorescence
brightness, rapid photobleaching, and constraints in terms
of excitation/emission wavelengths.

Carbon dots (C-dots), recently developed fluorescent
carbonaceous nanoparticles, have attracted significant in-
terest due to their unique structural and photophysical
properties (12-20). C-dots are chemically stable and
provide a broad excitation/emission spectral range and
low photobleaching, making them promising conduits for
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biological imaging applications (12,21-23). Furthermore,
C-dots can be produced from a wide variety of natural car-
bon sources, providing a means for modulating their struc-
tural properties and underscoring their potentially better
biocompatibility compared with inorganic nanoparticles
utilized for cellular investigations, such as quantum dots
(24,25). We recently synthesized amphiphilic C-dots and
demonstrated their use in membrane- and cell-imaging
applications (26).

Here, we show that phospholipids covalently coupled to
C-dots at the phosphate residue constitute a versatile and
sensitive vehicle for studying lipid dynamics in membranes.
The new, to our knowledge, phospholipid conjugate retains
the unique fluorescence properties of the C-dots, specifically
the broad excitation/emission range (e.g., multicolor lumi-
nescence), brightness, and sensitivity to molecular environ-
ments, and can be readily incorporated within membrane
bilayers. We applied various fluorescence-based techniques
to analyze membrane dynamical properties, particularly
modulation of lipid mobility induced by prominent mem-
brane-active compounds.

MATERIALS AND METHODS
Materials

All solvents used in this work were high-performance liquid chromatog-
raphy (HPLC) grade and were used directly unless noted otherwise.
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1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), cholesterol (ovine wool, >98%),
and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (N-NBD-PE) were obtained from Avanti Polar
Lipids ((Alabaster, AL). Amyloid 8,49 (AB)_40) Was purchased from Pep-
tron (Daejeon, South Korea) in a lyophilized form at >90% purity (HPLC).
1,1,1,3,3,3-Hexafluoro-2-propanol and sodium phosphate monobasic were
purchased from Sigma-Aldrich (Rehovot, Israel).

AB1.40 Sample preparation

AL1.40 Was dissolved in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) at a con-
centration of 1 mg/mL and stored at —20°C until use to prevent fibril for-
mation. For each experiment, the solution was thawed, and the required
amount was dried by evaporation for 6—7 h to remove the HFIP. The dried
peptide samples were dissolved in buffer consisting of 10 mM NaH,POy,,
pH 7.4, at room temperature.

Synthesis of C-dot-DMPC

For synthesis of (3R,4R)-2,5-dioxotetrahydrofuran-3,4-diyl didodecanoate
(compound 1; Fig. S1 in the Supporting Material), 30 g of finely powdered
L-tartaric acid (0.2 mol) and 166 mL of lauroyl chloride (0.7 mol) were put
into a 500 mL round bottom flask equipped with a magnetic stirrer bar and
an air bubbler. The reaction mixture was heated for 24 h at 90°C and then
cooled to room temperature. The lauric acid and excess lauroyl chloride
were removed by dissolving the crude mixture in a minimum amount of
n-hexane and kept at room temperature for 12 h. The product was precipi-
tated in n-hexane, which was subsequently filtered, washed thoroughly with
n-hexane, and dried under vacuum to obtain 89 g of compound 1 (yield:
90%) as white powder.

For synthesis of (2R,3R)-2,3-Bis(dodecanoyloxy)-4-oxo-4-(((2R,35,4S,
5R)-3,4,5,6-tetrahydroxytetrahydro-2H-pyran-2-yl)methoxy)butanoic acid
(compound 2; Fig. S1), compound 1 (11 g, 0.022 mol) was added to a so-
lution of D-glucose (20 g, 0.11 mol) in 150 mL anhydrous dimethylforma-
mide (DMF) with stirring under argon and the reaction mixture was allowed
to cool down to 0°C, followed by addition of absolute dry pyridine (1.8 mL,
0.022 mol). The reaction was allowed to continue under an argon atmo-
sphere at 0°C for 2-3 h, followed by an additional 3 days at room temper-
ature. After completion of the reaction, the mixture was poured into an
ice-water mixture and then 2 N HCI was added at 0°C with vigorous stir-
ring. The product was extracted with ethyl acetate and the extracted ethyl
acetate layer was washed four times with brine solution and dried over
sodium sulfate. The ethyl acetate was then removed under reduced pressure
to obtain the crude product (12.5 g, 83%). The crude product contained a
mixture of regio-isomers (monoesters) of D-glucose (as confirmed by
thin-layer chromatography (TLC), HPLC-MS, and '*C NMR). From the
crude product, the 6-substituted monoester (compound 2) was precipitated
in the following manner: the crude mixture was dissolved in a minimum
amount of n-hexane under reflux and a half volume of acetone was added.
The solution was cooled to 0°C in an ice-water bath and then kept for 12 h
at room temperature. Compound 2 was precipitated from the mixture,
which was then filtered and dried to obtain 3.1 g (21%, «/3 = 1.8/1) of com-
pound 2 as a mixture of anomers.

For synthesis and characterization of C-dots (compound 3; Fig. S1),
100 mg of compound 2 and 330 uL of deionized water were placed in
a Teflon-film-tightened, septum-capped test tube and then heated in an
oven to 125°C for 2.5 h. Upon completion of the hydrothermal reaction,
the resultant mixture was allowed to cool to room temperature, yielding a
brown precipitate implying the formation of C-dots. The brown precipitate
was then redispersed in 5 mL of chloroform through vortexing and centri-
fuged at 14,000 rpm for 30 min to remove high-weight precipitate and
agglomerated particles. Chloroform was gently evaporated under reduced
pressure to obtain a brown solid. The same procedure was repeated with
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5 mL acetone, followed by solvent removal under reduced pressure to
obtain monodisperse C-dots (compound 3) with a yield of 63 mg.

For synthesis of DMPC-conjugated C-dot (C-dot-DMPC, compound 4;
Fig. S1), 50 mg (0.063 mmol) of DMPC was dissolved in degassed di-
chloromethane (DCM) (10 mL) in a Schlenk flask, followed by addition
of 27.2 uL (0.31 mmol) of oxalyl chloride and a catalytic amount of
DMF under argon atmosphere. The reaction was continued at room temper-
ature for 12 h under an argon atmosphere. The excess oxalic chloride was
removed from the mixture under reduced pressure and the crude reaction
mixture was again immediately resuspended in dry degassed DCM, fol-
lowed by addition of a 5 mL solution of 40 mg of C-dots (compound 3)
in DCM and 25.6 uL (0.31 mmol) of absolute dry pyridine, respectively.
The reaction was allowed to continue at room temperature for 24 h. The re-
action was monitored by TLC by eluting the reaction mixture with meth-
anol and chloroform mixture (1:1, v/v). Perchloric acid in an acetone
water mixture, an ammonium molybdate solution in a concentrated nitric
acid and water mixture, and an Sn(II) chloride solution in water were
used for phosphate detection in TLC. After completion of the reaction,
the crude product was concentrated by evaporation under reduced pressure.
Ice-cooled doubly-distilled water (DDW) was added to the reaction mixture
and then 1 M HCI was added to neutralize pyridine, followed by extraction
with DCM. The extracted DCM layer was washed four times with brine
solution and dried over sodium sulfate, and the organic layer was removed
under reduced pressure to obtain pure C-dot-DMPC with a yield of ~50 mg.

Formation of giant vesicles comprised of DOPC
phospholipids and C-dot-DMPC

Giant vesicles (GVs) were prepared by means of a rapid evaporation tech-
nique (27). In brief, 2 mg of C-dot-DMPC was dissolved in 500 uL of chlo-
roform by vortexing and sonication, and subsequently added into a 4 mL
vial containing 97.5 uL of prepared DOPC stock solution (concentration
25.5 mM) in chloroform. The mixture was then transferred to a 250 mL
round-bottom flask and the aqueous phase (2.5 mL of 0.1 M sucrose,
0.1 mM KCl, 50 mM Tris solution, pH 7.4) was carefully added with
a pipette and gently stirred for 5 min. The organic solvent was removed
in a rotary evaporator under reduced pressure (final pressure 20 mbar)
at room temperature. After evaporation for ~4-5 min, an opalescent
fluid was obtained with a volume of ~2.5 mL. Then, 200 uL of this fluid
was transferred to 35-mm coverglass-bottom confocal dishes (SPL Life
Sciences, Seoul, Korea) for fluorescence recovery after photobleaching
(FRAP) studies.

Cell membrane labeled with C-dot-DMPC

HeLa cells were cultured on a coverglass-bottom dish with Dulbecco’s
modified Eagle’s medium. After 24 h, 50 uL of a freshly prepared solution
of 2 mg C-dot-DMPC or only DMPC in DMSO together with 200 uL of
fresh medium was added to the dish and the cells were incubated for
30 min. The cells were then washed with phosphate-buffered saline to re-
move unbound C-dot-DMPC and resuspended in fresh Dulbecco’s modified
Eagle’s medium before confocal fluorescence microscopy measurements
were obtained.

Solid-supported bilayers comprised of DOPC and
C-dot-DMPC

C-dot-DMPC-embedded small unilamellar vesicles (SUVs) composed
of DOPC were prepared according to the following procedure: 100 uL of
a prepared stock solution of 12.7 mM DOPC in chloroform was added
to a 4 mL sample vial and then supplemented through vortexing (for
~15 min) and sonication (for 30 min) with 2 mg of C-dot-DMPC dissolved
in 500 uL of chloroform. The mixture was then dried in vacuo for 12 h. The
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dried lipids were hydrated in 1 mL of buffer (10 mM sodium phosphate,
100 mM sodium chloride, pH 7.4) for 1 h by occasional vortexing to
completely resuspend the lipids, followed by probe sonication of the
aqueous lipid mixture at room temperature in a water bath for 10 min.
Then, 10 uL of 100 mM CaCl, was added to the SUV solution. Finally,
glass-supported lipid bilayers were spontaneously assembled by incubating
the freshly prepared SUVs on a plasma-clean coverglass surface at 25°C for
24 h. After formation of the glass-supported lipid bilayer, the unbound
SUVs were gently washed off with buffer and 100% surface coverage of
the supported bilayer was confirmed under the microscope. The solid-sup-
ported bilayer (SSB) was immersed in 200 uL buffer (10 mM sodium phos-
phate, 100 mM sodium chloride, pH 7.4) before use.

High-resolution transmission electron
microscopy

High-resolution transmission electron microscopy (HRTEM) images were
recorded on a 200 kV JEM-2100F transmission electron microscope
(JEOL, Peabody, MA). For the HRTEM measurements, 0.5 mg of C-dots
synthesized as described above were dissolved in 500 uL of chloroform,
and 10 uL of the solution was placed upon an ultrathin carbon-film-coated
copper grid, dried at room temperature for 2 h, and imaged.

Confocal fluorescence microscopy

Confocal microscopy images of C-dot-DMPC/DOPC GVs were acquired
on an UltraVIEW system (PerkinElmer Life Sciences, Waltham, MA)
equipped with an Axiovert-200 M microscope (Zeiss, Oberkochen, Ger-
many) and a Plan-Neofluar 63x/1.4 oil objective. Excitation wavelengths
of 405 nm, 440 nm, 488 nm, and 514 nm were produced by an argon/
krypton laser.

Fluorescence anisotropy

SUVs were prepared by combining 39 uL of a prepared stock solution of
25.4 mM DOPC in chloroform and 2 mg of C-dot-DMPC in 200 uL of chlo-
roform. The solution was then dried in vacuo, followed by dissolution in
1 mL buffer (10 mM NaH,PO,, pH 7.4) and sonication of the aqueous lipid
mixture at room temperature for 10 min using a Vibra-Cell VCX130 ultra-
sonic cell disrupter (Sonics, Newtown, CT). Then, 360 uL of the freshly
prepared SUV solution was placed in a quartz cuvette. The fluorescence
emission anisotropy of the C-dot-DMPC/DOPC vesicles was measured at
463 nm before and after addition of a 40 uL solution of each compound
at room temperature (excitation 375 nm) on an FL920 spectrofluorimeter
(Edinburgh Instruments, Livingston, UK). Anisotropy values were automat-
ically calculated by the spectrofluorimeter software.

Fluorescence lifetime measurements

The fluorescence lifetimes of C-dot-DMPC/DOPC SUVs before and 15 min
after addition of each compound were measured using 405 nm excitation
and 480 nm emission on an IBH FluoroHub TCSPC lifetime luminescence
spectrophotometer fitted with a NanoLED-405L laser diode (both from
HORIBA Jobin Yvon, Edison, NJ), with peak wavelength at 406 nm in
the time-correlated single-photon-counting mode. Intensity decay curves
were fitted as a sum of exponential terms:

F(t) =) o;exp(—t/7),

where «; represents the preexponential factor for the time-resolved decay
of the component with a lifetime 7;. The decay parameters were recovered
using a nonlinear iterative fitting procedure based on the Marquardt algo-
rithm. The quality of the fit was assessed over the entire decay, including
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the rising edge, and tested with other statistical parameters (e.g., the
reduced x? ratio). For fluorescence lifetime measurements, 900 uL solu-
tions of SUVs consisting of C-dot-DMPC/DOPC were used and the
changes in lifetime were measured after addition of 100 uL of a 1 mM so-
lution of each compound. In the case of SUVs composed of C-dot-DMPC/
DOPC, the decay curve was fitted with a multiexponential function
comprising three lifetimes, and the amplitude average lifetime <7> was
calculated using the following equation:

(r) =

0T+ 00Ty + Q373
a4+ o + o

Forster resonance energy transfer

For Forster resonance energy transfer (FRET) experiments, SUVs were pre-
pared according to the procedure indicated above. FRET experiments were
carried out using 2 mg C-dot-DMPC and NBD-PE (10 uM) as a donor-
acceptor pair embedded in 1 mL of SUVs composed of DOPC (1 mM).
Then, 180 uL of the freshly prepared solution of 1 mM SUVs was mixed
with 20 uL of a 1 mM solution of each compound. Fluorescence emission
spectra (Aex = 350 nm) were acquired 15 min after addition in the range of
400—600 nm using a Varioskan 96-well plate reader (Thermo Fisher, Van-
taa, Finland). The ratio Fp/F was calculated as a direct measure of FRET
efficiency between the C-dot-DMPC donor and NBD-PE acceptor (where
Fp and F, represent the fluorescence intensity of the donor and accepter,
respectively) (28). The ratio Fp/Fa was used to compare the FRET effi-
ciency before and after the addition of each tested compound. The Fp/Fa
values were normalized according to (Fp/Fa)o, which corresponds to the
fluorescence intensity ratio before the addition of test compounds.

FRAP

FRAP experiments were carried out at 25°C on an UltraVIEW system
(PerkinElmer Life Sciences) equipped with Axiovert-200 M microscope
(Zeiss) and a Plan-Neofluar 63 x/1.4 oil objective. A 2.4 um circular spot
was irreversibly photobleached by a 405 nm laser for a period of 400 ms.
The fluorescence intensities of the bleached circular spots and surrounding
areas (used as control) were monitored over time using a 63x/1.4 oil objec-
tive. The mobile fraction (M) of the C-dot-DMPC embedded in either the
glass-supported bilayer or GVs was measured according to the following
equation:

I — 1y

M =
A

x 100,

where I, I, and /., are the total fluorescence intensities within the circular pho-

tobleached region before the bleaching pulse, immediately after bleaching, and

after recovery where the fluorescence intensity reaches a plateau, respectively.
The diffusion constants were calculated according to the equation

D = W2/4t1/27

where w is the radius of the bleached region of interest. This equation as-
sumes unrestricted two-dimensional diffusion in a bleached area with no
recovery from above and below the focal plane. The recovery curves in
the FRAP experiments were obtained 15 min after the addition of 20 uL
of a 1 mM solution of each compound.

RESULTS AND DISCUSSION

Synthesis and characterization

Fig. 1 depicts a structural and optical characterization of
the phospholipid/C-dot conjugates. The C-dot-labeled lipids
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FIGURE 1 Synthesis and characterization of the
C-dot-DMPC conjugate. (A) Chemical structure of
the C-dot-DMPC molecule; the blue circle corre-
sponds to the C-dot. (B) HRTEM image of a typical
C-dot used in the synthesis. Scale bar, 1 nm. (C)
Image of a TLC plate after elution, spraying with
visualization reagent for detection of phosphate
groups. The different columns correspond to
1) the C-dot-DMPC reaction product, 2) DMPC
only, 3) C-dots only, and 4) a physical mixture of
DMPC and C-dots that did not react. (D) Fluores-
cence emission spectra of the C-dots (excitation
at 350 nm) before (i) and after (ii) coupling to
DMPC in phosphate buffer (10 mM, pH 7.4). (E)
Confocal microscopy images of GVs composed
of DOPC (1 mM) and C-dot-DMPC (2 mg/mL).
Bright-field (i) and confocal fluorescence micro-
scopy images were recorded upon excitation at

2 3 4 400 450

were prepared via a phosphorylation reaction between a
chloride derivative of DMPC (a widely studied membrane
lipid (29)) and C-dots that were synthesized via a hydrother-
mal method from 6-O-acylated fatty acid ester of D-glucose
(Fig. S1) (26). Fig. 1 B depicts a representative HRTEM
image of the C-dots, showing the crystalline structure of
the graphitic core (30,31). The TLC data in Fig. 1 C verify
the occurrence of covalent conjugation of the C-dots and
DMPC. Specifically, the appearance of a luminescent spot
(upon ultraviolet irradiation) that exhibits a different reten-
tion factor (Ry) compared with the pure samples of DMPC
and C-dots, respectively, indicates that the reaction between
the C-dots and DMPC was quantitative. The formation of
pure C-dot-DMPC product was further confirmed by *'P
NMR (Fig. S2).

The fluorescence emission spectra (350 nm excitation) in
Fig. 1 D reveal an experimentally significant shift of the
emission peak of the C-dots coupled to DMPC in phosphate
buffer (10 mM, pH 7.4) in comparison with the correspond-
ing peak of the unbound C-dots in phosphate buffer (10 mM,
pH 7.4), providing further evidence of the attachment of
C-dots to the lipid molecule. Notably, the emission shift
that is apparent in Fig. 1 D reflects a distinct chemical envi-

ronment for the covalently bonded C-dots as compared with
free C-dots in solution. Particularly striking are the confocal

1

Wave length (nm)

500

405 nm, emission filter EM 445/60 (ii); excitation
at 440 nm, emission filter EM 477/45 (iii); excita-
tion at 488 nm, emission filter EM 525/50 (iv);
and excitation at 514 nm, emission filter EM 525/
50 (v). Scale bar, 10 um. To see this figure in color,
go online.

550 600

fluorescence microscopy images in Fig. 1 E, which show
DOPC GVs coassembled with C-dot-DMPC. The distinct
vesicle colors recorded using different excitation wave-
lengths and emission filters indicate that the C-dot-DMPC
molecules were distributed uniformly within the vesicle
bilayers. Furthermore, the C-dots retained their excitation-
dependent fluorescence emission characteristics (i.e., multi-
color emissions) while they were covalently bonded to the
phospholipid.

Bilayer dynamics analyses

Figs. 2, 3, 4, and 5 illustrate the use of the new, to our knowl-
edge, C-dot-DMPC probe for investigating bilayer dynamics
and the effects of membrane-active molecules through
the application of complementary fluorescence spectroscopy
and microscopy techniques. Fluorescence anisotropy (Fig.
2 A), fluorescence lifetime (Fig. 2 B), and FRET (Fig. 3) exper-
iments were carried out using SUVs comprised of DOPC
(1 mM) and C-dot-DMPC (2 mg/mL). The SUVs were pre-
pared by means of a conventional probe-sonication technique
(32) and the C-dot-DMPC molecules were added to the lipid
mixture before vesicle assembly.

Fig. 2 A demonstrates that the fluorescence anisotropy of
vesicle-embedded C-dot-DMPC provides a sensitive probe
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FIGURE 2 Bilayer dynamics in C-dot-DMPC/
DOPC SUVs. (A) Fluorescence anisotropy (excita-
tion 375 nm, emission 463 nm) of C-dot-DMPC
embedded in DOPC SUVs. 1) Control C-dot-
DMPC/DOPC SUVs before addition of mem-
brane-active compounds. Anisotropy was recorded
after addition of 2) PMB (0.1 mM), 3) valproic
acid (0.1 mM), or 4) AB .40 (30 uM). 5) C-dot-
DMPC embedded in SUVs composed of DOPC
and cholesterol (7:3 mol ratio of DOPC/choles-
terol). (B) Fluorescence lifetime decays of C-dot-
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for assessing the effect of membrane interactions on bilayer
fluidity (it should be noted that, to the best of our knowl-
edge, this is the first time that fluorescence anisotropy of
C-dots has been reported). Specifically, Fig. 2 A and Table
S1 show that the fluorescence anisotropy of the C-dots
increased upon addition to the vesicles of the widely studied
membrane-active molecules polymyxin-B (PMB, an amphi-
philic cytolytic peptide (33)), valproic acid (a powerful
neuronal therapeutic agent (34,35)), and AB_49 (an amyloi-
dogenic peptide that is associated with Alzheimer’s disease
and undergoes enhanced oligomerization upon interactions
with membrane bilayers (36,37)).

Changes in the fluorescence anisotropy of bilayer-
embedded dyes can be induced by modulating the lipid order
parameter, providing useful insight into the lipid dynamics in
membrane bilayers and the effect of membrane-interacting
molecules (38,39). Indeed, the dramatic increase in fluores-
cence anisotropy of the C-dots after the respective additions
of the three tested molecules is ascribed to their insertion
into the bilayer, thereby constricting the rotational motion of

0.6+

o
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L

2
-
i

FL intensity (a.u.)

400 450 500 550 600
Wave length (nm)

FIGURE 3 FRET experiment. Emission spectra (excitation at 350 nm) of

SUVs composed of DOPC, NBD-PE (100:1 mol ratio), and C-dot-DMPC
before (i) and after (ii) addition of PMB.
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1'0 DMPC embedded in the SUVs. (i) Control vesicles
before addition of membrane-active compounds.
(ii) C-dot-DMPC embedded in SUVs composed of
DOPC and cholesterol (7:3 mol ratio of DOPC/
cholesterol). (iii) After addition of PMB (0.1 mM)
to the C-dot-DMPC/DOPC SUVs.

the C-dot-DMPC probe. Notably, the increase of fluorescence
anisotropy recorded upon addition of PMB to the vesicles
(to ~0.4; Fig. 2 A, bar 2) is consistent with the pronounced
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FIGURE 4 FRAP experiments in C-dot-DMPC/DOPC SSBs. (A) AFM
image of an SSB (left) and the corresponding height profile (right). The
size of the AFM image is 1 um X 1 um. (B) Confocal fluorescence micro-
scopy images (excitation at 405 nm, emission filter EM 445/60) recorded at
different times after photobleaching by a 405 nm laser (time immediately
after laser irradiation is defined as 7= 0 s). The bleached region is indicated
by the circle. Scale bar, 5 um. (C) Recovery curves recorded upon incuba-
tion of the SSBs with different molecules: control SSB (i), PMB (ii), val-
proic acid (iii), and AB;_40 (iv). Each experiment was repeated five times.
To see this figure in color, go online.
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FIGURE 5 FRAP using C-dot-DMPC embedded
in GVs and cell membranes. (A and B) Confocal
fluorescence microscopy images (excitation at
405 nm, emission filter EM 445/60) recorded at
different times after photobleaching by a 405 nm
laser (time immediately after laser irradiation
defined as T'= 0 s). (A) C-dot-DMPC/DOPC GVs.
(B) HeLa cells incubated with C-dot-DMPC. Scale
bars, 5 um. (C) Recovery curve corresponding to the

C 100+ FRAP experiment shownin (A). (D) Recovery curve
corresponding to the FRAP experiment shown in
- 80 (B). Each experiment was repeated five times. To
@ -HEHHIH see this figure in color, go online.
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membrane affinity and significant bilayer reorganization
induced by this peptide (40). Fig. 2 A also reveals that both val-
proic acid (Fig. 2 A, bar 3) and AB;_4¢ (Fig. 2 A, bar 4) gave rise
to decreased bilayer fluidity (as reflected in the higher fluores-
cence anisotropy values), consistent with membrane binding
of both molecules (41,42).

To confirm that the higher fluorescence anisotropy of the
C-dot-DMPC in SUVs is correlated with the extent of bilayer
fluidity, we additionally recorded the anisotropy in bilayers
composed of C-dot-DMPC/DOPC and also a high percent-
age of cholesterol (Fig. 2 A, bar 5). Cholesterol is known
to increase rigidity in lipid bilayers (43), and indeed the
recorded anisotropy of the C-dot-DMPC was significantly
higher in the DOPC/cholesterol vesicles than in the control
vesicles (Figs. 2 A and 5). Notably, the extent of anisotropy
value changes apparent in Fig. 2 A (e.g., the dynamic range)
is significantly more pronounced than the comparable anisot-
ropy modulation observed in other widely employed dyes
such as diphenylhexatriene (44).

Fluorescence lifetime measurements recorded in C-dot-
DMPC/DOPC SUVs (outlined in Fig. 2 B and Table S1)
corroborate the anisotropy results in Fig. 2 A and further
underscore the sensitivity of the C-dot/DMPC probe to
bilayer fluidity. Specifically, Fig. 2 B shows an experimen-
tally significant decrease in fluorescence lifetime when
PMB was added to the vesicles, from 2.9 ns in the control
vesicles to 1.3 ns upon addition of PMB (Table S1). The
faster lifetime decay induced by PMB is ascribed to greater

bilayer rigidity (45), echoing the fluorescence anisotropy
data in Fig. 2 A. Moreover, Fig. 2 B demonstrates that the
fluorescence lifetime of the C-dots was similarly reduced
(to 1.9 ns; Table S1) when C-dot-DMPCs were embedded
within vesicles containing DOPC and 30% cholesterol (45).

The C-dots’ fluorescence lifetime was also reduced, albeit
to a lower extent, after addition of valproic acid or AB;_4
(Table S1), consistent with the smaller effects of these
molecules upon the lipid bilayers, as reflected in the fluores-
cence anisotropy data in Fig. 2 A. We believe that, similar to
what has been observed for other lipid dyes, the fluores-
cence decay kinetics of the C-dot probe is closely related
to radiative and nonradiative pathways that depend on the
bilayer surface environment (46). This dependence might
explain the trend we recorded in the lifetime experiment.
Specifically, it is known that PMB, which exhibits cytolytic
properties, induces significant reorganization upon bind-
ing of lipid bilayers (47), consistent with the pronounced
decrease in fluorescence lifetime recorded in Fig. 2 B. On
the other hand, although both valproic acid and AB;_4 are
membrane active, their disruption of bilayer surfaces is
rather small, explaining the minimal change of fluorescence
lifetime. This is also likely the scenario in the case of
cholesterol; in fact, previous studies have also reported
shorter lifetimes upon incorporation of cholesterol within
vesicle bilayers (45).

The FRET experiment depicted in Fig. 3 further attests to
the utility of the C-dot-phospholipid conjugate as a probe
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for bilayer dynamics and the effects of membrane-active
compounds. FRET is sensitive to slight variations in inter-
molecular distances between membrane-embedded fluo-
rescent donors and acceptors, and modulations of FRET
efficiency have been related to changes in bilayer fluidity
and to lipid diffusion processes (48,49). The fluores-
cence spectra in Fig. 3 were recorded in SUVs consisting
of DOPC, C-dot-DMPC as the fluorescent energy donor,
and (N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexade-
canoyl-sn-glycero-3-phosphoethanolamine) (NBD-PE) as
the fluorescence acceptor. The fluorescence emission spec-
trum (excitation at 350 nm) of the control C-dot-DMPC/
NBD-PE/DOPC vesicles features peaks at around 425 nm
and 540 nm (Fig. 3, spectrum i) corresponding to the emis-
sion signals of the C-dot-DMPC and NBD-PE, respectively,
and reflecting FRET from the C-dot donors to the NBD-PE
acceptors.

Importantly, addition of PMB to the vesicles altered the
ratio between the two peaks, reducing the intensity of the
emission peak at 540 nm from NBD-PE (fluorescence
acceptor; F,) while simultaneously increasing the C-dot-
DMPC emission peak at 425 nm (fluorescence donor, Fp;
Fig. 3, ii). The higher value of (Fp/F,) after PMB addition
as compared with the control vesicles ((Fp/Fa)o = 1) indi-
cates a lower FRET efficiency (Table S1). The reduction
of FRET is ascribed to insertion of PMB into the bilayer,
restricting lipid fluidity and disrupting energy transfer be-
tween the C-dot donors and the NBD-PE acceptors (50).
Changes in the (Fp/Fa)o values and hence the FRET effi-
ciencies induced by addition of valproic acid and AB;.49
are outlined in Table S1.

Figs. 4 and 5 depict the application of FRAP experiments
utilizing the C-dot-phospholipid conjugate as the fluores-
cent probe. FRAP is a powerful technique for probing mem-
brane fluidity (51), diffusion processes in membranes (8),
modulation of lipid dynamics by membrane proteins (52),
ligand-receptor binding (53,54), and bilayer interactions of
membrane-active molecules (55,56). Fig. 4 presents FRAP
analyses of SSBs composed of 1 mM DOPC and C-dot-
DMPC (2 mg/mL). SSBs have been widely used as
model membranes in FRAP experiments; however, attaining
bilayer integrity and fluorescent dye distribution in the sup-
ported bilayers is considered a major challenge (57). Fig.
4 A displays an atomic force microscopy (AFM) image
and corresponding height profile of the C-dot-DMPC/
DOPC SSBs, demonstrating a highly uniform morphology
and bilayer thickness, and confirming that the embedded
C-dot-DMPC probe did not adversely affect bilayer
organization.

The confocal fluorescence microscopy images in Fig. 4 B
illustrate the progression of a FRAP experiment carried out
using C-dot-DMPC as the fluorescent probe within the SSB.
After an intense laser irradiation at 405 nm (duration of
400 ms), the C-dot fluorescence was irreversibly photo-
bleached, producing a circular black region within the fluores-
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cent SSB (Fig. 4 B). The fluorescence in the photobleached
region gradually recovered due to lateral lipid diffusion (8)
and reached a fluorescence emission close to the initial value
after ~10 s (Fig. 4 B).

Fig. 4 C depicts FRAP recovery curves that were recorded
after addition of PMB, valproic acid, or AB;_49 to the SSBs.
The diffusion constants and percentages of mobile fraction
of the dye in SSBs extracted from the recovery curves
(11) are summarized in Table 1. Importantly, the percentage
of mobile C-dot-DMPC fluorophore in the control SSB was
~99% (Table 1). This result signifies that the fluorescent
C-dot-DMPC conjugate is mobile within the two-dimen-
sional plane of the bilayer (58), and further supports homo-
geneous internalization of C-dot-DMPC into the SSB
without the formation of microscopic patches or defects.
The lateral diffusion constant (D) for the DOPC bilayer
was 1.7 x 1072 cm?s™! (9).

The recovery curves in Fig. 4 C and corresponding dy-
namic parameters in Table 1 highlight the distinct effects
of the three compounds examined. Specifically, PMB, val-
proic acid, and AB;_4 all reduced the percentage of mobile
fraction compared with the control SSBs. This result indi-
cates a lower homogeneity in the SSBs, which is ascribed
to the formation of lipid patches upon insertion of the mem-
brane-active species (59,60). Interestingly, as depicted in
Table 1, AB1.40 also induced a significant decrease of the
lateral diffusion constant (~50%) as compared with the con-
trol SSBs. The reduced diffusion combined with the low
percentage of mobile fraction (66%; Table 1) is indicative
of a significant restriction of lateral mobility and membrane
fluidity induced by AB;_40. This result is ascribed to bilayer
interactions and membrane-associated aggregation of this
amyloidogenic peptide, giving rise to lower bilayer fluidity
and inhibited lipid mobility (51,61).

In contrast to AB_49, PMB and valproic acid did not signif-
icantly alter the lateral diffusion coefficient of the C-dot-
DMPC probe (Table 1). The insignificant difference in lateral
diffusion constants compared with the control DOPC SSBs
likely corresponds to the fact that FRAP generally provides
information about processes occurring on a macroscopic
scale rather than on a molecular level (62). Specifically, since
FRAP illuminates the average mobility of a relatively large
number of bilayer-embedded fluorescent molecules, the
technique exhibits less sensitivity to the effects of faster-
diffusing molecules such as PMB and valproic acid.

TABLE 1 FRAP Parameters Extracted from the Recovery
Curves in Fig. 4 C

D [107° cmZs~ ' Mg (%)
Control C-dot-DMPC/DOPC SSB 1.7 £ 0.2 9 +£3
PMB 1.5 £ 02 61 =5
Valproic acid 1.7 £ 03 72 £ 2
ABya0 0.7 = 0.3 66 + 4

“Lateral diffusion constant (58).
bPercentage of mobile fraction (58,60).



Although the majority of FRAP studies have been per-
formed in SSB configurations, applications of FRAP in
vesicular lipid systems (1,8) and in actual cell membrane en-
vironments (9) are important because they provide compre-
hensive information about lipid diffusion in membranes.
Accordingly, we carried out FRAP experiments using the
new, to our knowledge, C-dot-phospholipid conjugate in
GVs and in membranes of actual cells (Fig. 5). Fig. 5 depicts
confocal fluorescence microscopy images of C-dot-DMPC/
DOPC GVs (Fig. 5 A) and HeLa cells incubated with
C-dot-DMPC (Fig. 5 B) that were recorded at different times
after photobleaching. Also shown are the corresponding re-
covery curves (Fig. 5, C and D). The FRAP data in Fig. 5
demonstrate effective photobleaching and recovery of the
C-dot fluorescence in both membrane systems, yielding
diffusion constants of D = 2.9 = 0.2 x10™° cm?s ! in
the GVsand D =2 + 0.3 x10~° cm’s™ " in the HeLa cell
membranes. It should be noted that staining the HeLa cells
with C-dot-DMPC (e.g., Fig. 5 B) minimally affected
cell viability (Fig. S3).

DISCUSSION

Here, we have introduced a new, to our knowledge, probe for
membrane environments and processes based upon conjuga-
tion of C-dots and phospholipids. The unique properties of
C-dots (specifically, their broad excitation/emission range,
brightness, optical and chemical stability, and biocompati-
bility) make the C-dot-lipid conjugate a sensitive platform
for analysis of membrane dynamics and the impact of mem-
brane-active molecules.

The advantages of the C-dot-phospholipid conjugates
over existing lipid dyes are important aspects of this work.
The main advantages of the new, to our knowledge,
C-dot-phospholipid conjugates are as follows:

Multifunctionality: In contrast to conventional fluorescent
probes such as thodamine and fluorescein, the C-dot-
phospholipid probe can provide imaging capabilities,
fluorescence anisotropy, and sensitivity of the fluores-
cence signal to the molecular environment (i.e., po-
larity, hydrophobicity), as well as FRAP and FRET
properties.

Broad excitation/emission range: The wide excitation/
emission range of C-dot-phospholipid conjugates is
significant for both fundamental biophysical and prac-
tical reasons. Specifically, it allows the use of the
C-dot conjugate as a versatile donor or acceptor in
FRET experiments. Furthermore, this feature means
that multicolor fluorescence imaging experiments
can be carried out, and applications of the new, to
our knowledge, probe are not limited by available
excitation wavelengths. Fig. S4 provides a pertinent
example of a two-color confocal microscopy imaging
experiment applied using the C-dot-DMPC probe.

Carbon-Dot-Lipid Bilayer Dynamics Probe

Versatile synthesis pathways: C-dots can be easily pre-
pared from a broad variety of carbon-containing build-
ing blocks. This is important since the choice of the
carbonaceous reagents used shapes the photophysical
properties of the resultant C-dots (excitation/emission
range, quantum yield, etc.). In addition, coupling of
the C-dots can be readily carried out with different lipid
molecules.

Biocompatibility: C-dots are more biocompatible than
many fluorescent dyes, particularly popular probes
such as inorganic quantum dots, thus pointing to a
possible use of C-dot-lipids as generic dyes for
cellular processes in addition to their application as
membrane probes.

Before the C-dot-phospholipid conjugate technology can
achieve broad applicability, it must overcome several hur-
dles. A low quantum yield and insufficient brightness could
be encountered, limiting the use of the new, to our knowl-
edge, fluorescent probes for cell studies. Moreover, high
concentrations of the C-dot-phospholipid probes (possibly
used to enhance fluorescence signals) might adversely affect
cell viability.

CONCLUSIONS

We have constructed a new, to our knowledge, fluorescent
probe for membrane dynamics by coupling a carbon dot to
a phospholipid. The C-dot-phospholipid conjugate readily
inserted into biomimetic and actual membranes, allowing
the application of various biophysical techniques, including
fluorescence anisotropy, fluorescence lifetime, FRET, and
FRAP for studying lipid mobility, bilayer fluidity, and lateral
diffusion processes in membrane bilayers. Specifically, we
employed the C-dot-phospholipid probe to analyze the mem-
brane interactions of PMB, valproic acid, and AB;_.49, and
obtained highly sensitive information about the influence
of these molecules on dynamical parameters pertaining to
lipid bilayers. In particular, the experiments revealed the
significant effect of PMB bilayer interactions and the conse-
quence of AB;.40 membrane-induced aggregation for lateral
lipid diffusion. The C-dot/lipid conjugate is a versatile tool
for membrane studies, expanding fluorescence-based studies
of membrane dynamics.
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