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Semiconductor quantum dots (QDs) have attracted

wide interest in chemical sensing applications such as bio-

imaging because of their unique size-dependent properties

and robust luminescence.1−3 To dissolve semiconductor

QDs in water, their surfaces are coated with hydrophilic

groups. Various ligands are then bound to the surface of

the QDs in order to bind them to specific compounds.

These surface treatments increase the nonspecific binding

of QDs and can cause their aggregation.4−6 Fluorescence

correlation spectroscopy (FCS) is a sensitive analytical

method that measures the concentration and diffusion

coefficient of fluorescent molecules by analyzing the flu-

orescence intensity fluctuation (based on photon count

correlations) that occurs as the molecules pass through the

laser focus.7−10

FCS has a wide range of applications, including in the

analysis of molecular diffusion, structural changes in macro-

molecules, aggregation, chemical reactions, and intersystem

crossing of fluorescent molecules.11−16 When the fluores-

cence intensities at times t and t+τ are F(t) and F(t+τ),

respectively, the autocorrelation function G(τ) is given

by17

, (1)

where δF(t)=<F>−F(t). Assuming the focal point of the

laser light formed by the objective lens is Gaussian with

radius r and height s, the autocorrelation function arising

from the diffusion of a single component is given by18−19

, (2)

where N is the average number of fluorescent molecules

and τD is the average retention time of the molecules in the

focal volume. The diffusion coefficient of the fluorescent

molecule is given by 

, (3)

where k is Boltzmann’s constant, T is the absolute tem-

perature, η is the viscosity of the solution, and α is the

hydrodynamic radius of the diffusing species. 

When the radius of the laser focus is fixed, the diffusion

coefficient (D) and retention time (τ) of the two diffusers

are given by

, (4)

where subscripts 1 and 2 denote the two diffusing species.

The radius of species 2 is expressed as follows: 

. (5)

The autocorrelation function resulting from the multicom-

ponent diffusion is given by

, (6)

where bi and τDi are the amplitude and diffusion time,

respectively, of the ith diffusion species. The least-squares

fitting algorithm is a commonly used method to fit the flu-

orescence intensity fluctuations arising from single-com-

ponent fluorescent molecules. However, data fitting using

Eq. (4) is challenging when the system is highly hetero-

geneous. Maiti et al. developed a maximum entropy flu-

orescence correlation spectroscopy (MEMFCS) algorithm

as a method to obtain diffusion constants of heteroge-

neous systems by fitting FCS curves.20 MEMFCS has been
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widely used to obtain the size distribution of heteroge-

neous macromolecules.21−22 The principle of maximum

entropy states that the probability distribution that best

represents the current state of a system is the distribution

with the largest entropy, in the context of precisely spec-

ified prior data. The autocorrelation function for fluores-

cence fluctuations generated from fluorescent materials

with diffusion times between τD(1) and τD(2) is as fol-

lows:20

.  (7)

Here, a(τD) is the amplitude of the component whose dif-

fusion coefficient is τD, and satisfies the following equa-

tion: 

. (8)

where, G(0) = 1/N in Eq. (2). A single-component data fit-

ting was performed on TAMRA using SymPhoTime64

data analysis software. For the FCS of 200 nm lipid ves-

icles and QD605 with a heterogeneous distribution, the

MEMFCS fitting program was used.

In this study, we investigated the size distribution of flu-

orescent lipid vesicles and QD605 in solution by using

MEMFCS. We then calculated the number of QD605 QDs

per aggregate based on the size distribution derived from

MEMFCS.

Fig. 1 shows the FCS curve of the 20 nM TMR solution

and its fit using Eq. (2). Based on data fitting, the diffu-

sion time is 125 µs and N = 11.5. Because the initial con-

centration of TAMRA was 20 nM and the focal volume

was ~1 fL, the radius of the laser focus was calculated to

be ~360 nm using the known diffusion coefficient of TAMRA

(2.6 × 10-10 m2/s).

Fig. 2 shows the fit of the FCS curve for the 200 nm DiI

POPC along with the size distribution derived from the

MEMFCS algorithm. The fit shown in Fig. 2(a) is obtained

using the MEMFCS algorithm with the number of dif-

fusing species set at 100. Fig. 2(b) shows the distribution

of the hydrodynamic radius of the DiI POPC derived from

MEMFCS fitting. These results show that the radii of the

lipid vesicles have a narrow distribution, with peaks cen-

tered at approximately 10 nm and 110 nm. Small unilamellar

vesicles are made by passing giant multilamellar vesicles

through a membrane with a pore size of 200 nm several
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Figure 1. FCS curve (open circle) and fit (solid line) of 20 nM
TMR solution using Eq. (3).

Figure 2. (a) FCS curve (open circle) and fit (solid line) of DiI POPC using MEMFCS (b) Size distribution of DiI POPC obtained from
MEMFCS.
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times using a mini extruder. The production of lipid ves-

icles with a 110 nm hydrodynamic radius is expected when

using an extrusion membrane with a pore size of 200 nm.

However, the presence of small lipid vesicles with radii

less than 10 nm, which cannot be measured by conventional

FCS analysis, is an interesting and unexpected result. These

small lipid vesicles are formed during the hydration of dried

lipids. Because the size of the vesicles does not change,

even when they continuously pass through the membrane

pores, they appear to exist in their original state. 

Fig. 3(a) shows the FCS curve and MEMFCS fit of

QD605. The number of diffusion components used in the

MEMFCS algorithm to fit the FCS profile of QD605 was

100. As shown in Fig. 3(b), the QD605 size distribution has a

peak centered at ~70 nm followed by a long tail, resulting

in an average radius of 170 nm. Unlike lipid vesicles, which do

not aggregate, QD605 can form aggregates of variable sizes.

The number of QDs per aggregate is determined using the

radii of the aggregate and QD605. The radius (r) of a par-

ticle can be expressed as 

, (9)

where M is the molar mass, ρ is the density of the particle.

Assuming that the aggregate density is constant during

aggregation, M ∝r3. Based on the average radius of

biotinylated QD605 (~10 nm), the average number of

QDs per aggregate is (167 nm/10 nm)3 ≈ 4,600. Because

the surface of QD605 is coated with biotin, aggregation

easily occurs due to the sulfur, amine, and carboxyl groups

present in biotin. However, the aggregation of QDs can be

affected by variables such as the composition of the incubation

buffer, including the ionic strength and protein type.

Therefore, it is necessary to further study the effects of

various environmental factors on the formation of QD

aggregates.

In conclusion, we determined the size distribution of

lipid vesicles using the MEMFCS fitting algorithm and

confirmed that lipid vesicles of the expected size were

produced. We were also able to measure small lipid vesicles

that could not be detected using conventional FCS method. In

addition, we analyzed the FCS profile of QDs using MEMFCS

to obtain the size distribution and degree of aggregation.

MEMFCS is a reliable method for studying the aggregation of

QDs in solution because it enables an accurate size distribution

analysis of QDs in solution.

EXPERIMENTAL

FCS experiments were performed using an inverted

fluorescence microscope (IX-71, Olympus, Tokyo, Japan)

equipped with a TIRF objective lens (alpha plan-apochromat,

Zeiss, Oberkochen, Germany). The glass cover slip for

placing the sample was coated with a POPC(1-palmitoyl-

2-oleoyl-sn-glycero-3-phosphocholine, POPC, Avanti Polar

Lipids, Alabaster, AL, USA) lipid bilayer having a size of

about 100 nm after incubation for 1 hour and then wiped

off. The sample on the cover slip was excited by pulsed

laser light (510 nm, Picoquant, Berlin, Germany) passing

through the objective lens, and fluorescence generated

from the sample was collected by the same objective lens

and sent out of the microscope. This fluorescence was
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Figure 3. (a) FCS curve (open circle) and fit (solid line) of QD605 using MEMFCS (b) Size distribution of DiI POPC obtained from
MEMFCS.
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confocalized by a pinhole (75 µm, Thorlabs, Newton, NJ,

USA) and sent to the GaAs PMT (H7421-50, Hamamatsu,

Shizuoka, Japan). The time information of the fluorescence

reaching the detector was recorded by a time correlated

single photon counter (Timeharp 260 PICO, Picoquant,

Berlin, Germany), which recorded the change in fluorescence

intensity over time. Control of the entire equipment and

data collection were performed through the Symphotime

64 program (Picoquant, Berlin, Germany). Fluorescent

small unilamellar vesicles (SUVs) were prepared through

the following process. First, POPC and 1,1'-Dioctadecyl-

3,3,3',3'-Tetramethylindocarbocyanine Perchlorate (DiIC18,

Avanti Polar Lipids, Alabaster, AL, USA) was dissolved

in methylene chloride (Merck, Rahway, USA)/methanol

(Merck, Rahway, USA) solution in a molar ratio of 1000 : 1.

This solution was placed in a glass test tube, and the

solvent was evaporated by a stream of nitrogen gas so that

the POPC/DiI were uniformly coated on the wall of the

glass test tube. To completely evaporate the solvent, this

test tube was placed in a vacuum dessicator for 5 hours.

The dried lipid mixture was vortexed with an phospate

buffered saline (PBS, Merck, Rahway, USA) solution to

obtain Giant multilamella vesicless (GMVs). The 100 nm

SUVs were made by passing it through a mini extruder

(Avanti Polar Lipids, Alabaster, AL, USA) equipped with

a polycarbonate membrane filter with a pore size of 200

nm several times. The total concentration of POPC was 1

mg/mL. QD605 biotin conjugate used in this experiment

was purchased from ThermoFischer (Waltham, USA) and

dissolved in 10 mM NaHCO3 (Merck, Rahway, USA). 
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