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croparticles injected into cytoplasmic space (12) and
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Temporal observation of the dynamic behavior of
olecules in cells gives information about the physio-

ogical environment at the region of interest. Here we
eport the direct measurement of the mobility of
hodamine-labeled microparticles (14 and 35 nm in
iameter) ingested in endosomes of cultured bovine
ortic endothelial cells using fluorescence correlation
pectroscopy (FCS). The fluctuation of fluorescent sig-
als from microparticles were measured by FCS. Ob-
ained autocorrelation functions (FAFs) were ana-
yzed by the 2-D multicomponent model according to
n evaluation procedure we newly developed. It was
ound that microparticles moved freely in endosomes
ith average diffusion coefficients of 4.3 3 1028 and

.7 3 1028 cm2 s21 for 14 and 35 nm, which were 45%
lower than in water. This result implies that the en-
osomal aqueous phase is homogeneous with the vis-
osity about 2.2 times of water. Our study also pro-
oses the new use of FCS for investigation of the

nternal space of organelles. © 2001 Academic Press

Key Words: fluorescence correlation spectroscopy;
ndocytosis; single cell measurement.

Fluorescence correlation spectroscopy (FCS) is an
nique method (1–6) to determine the diffusional prop-
rties of fluorescent molecules based on the measure-
ent of fluorescence autocorrelation function (FAF)

riginated from fluorescence intensity fluctuations in a
efined very small observation volume of subfemto-
iter. In recent years, FCS combined with a confocal
ptical system has been applied to investigate various
iophysical and biochemical processes in vitro (7–11).
oreover, the subjects have spread to direct single

iving cell measurement of various intracellular phe-
omena, including the diffusional characteristics of mi-

1 To whom correspondence should be addressed. Fax: 181-11-706-
964. E-mail: nyoshida@imd.es.hokudai.ac.jp.
312006-291X/01 $35.00
opyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
dentification of green fluorescence protein (GFP) fu-
ion proteins in different areas in a single cell (13). In
ddition, a recent study reported on the protein move-
ent in squid giant axons (14). These reports empha-

ize not only the utility of FCS as a sensitive determi-
ation tool for fluorescent molecules in single-cell
easurement but also the importance of in vivo study

or systematic and hierarchical understanding of the
ynamic structure of individual cell activity.
We are applying FCS to the investigation of the

hysiological microenvironment of organelles in living
ells (Fig. 1). Various organelles have their own specific
unctions in which macromolecules, such as enzyme,
re produced, digested and/or transported. The micro-
nvironment of their internal space is the main deter-
inant of the dynamics of macromolecules. However,

ue to very tiny volume of organelles, other method-
logical approaches used for the study on the mobility
f molecules in cytoplasm such as fluorescence recovery
fter photobleaching (FRAP) (15–18) cannot give de-
ailed information about them.

Endosome is a kind of organelle distributed in eu-
aryotic cells having the functions in which macromol-
cules (e.g., low density proteins and transferrin) in-
ested by endocytosis are sorted and delivered (19–26).
he physiological properties of endosomal internal
pace are supposed to change continuously during the
ndocytosis process from the early endosome to the late
ndosome. However, the details are still unknown due
o the lack of method, except for the finding that pH
ecreases from 6.2 to 4.5 with the processing (27).
In this study, using FCS, we directly measured the

ynamic features of rhodamine-labeled latex micropar-
icles 14 and 35 nm in diameter in endosomal aqueous
hase of cultured bovine aortic endothelial cells in-
ested by naturally occurred fluid-phase endocytosis.
he question is whether the microparticles move freely

n endosomes, the answer to which will also provide
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nformation about microenvironment of the aqueous
hase.
Previous to the cell measurement, we measured

AFs of the microparticles dispersed in water with
hanging the viscosity and pH. Obtained diffusion co-
fficients compared them with theoretical ones. Based
n the results, the accuracy of FCS measurement and
he characteristics of the microparticles are discussed.

Then FAFs of the microparticles in endosomes were
easured at various points in cells. According to an

valuation procedure that we first developed, multi-
omponent fitting of each FAF gave two or three com-
onents having different diffusion coefficients. Based
n statistical analysis of these components, the distinc-
ion between components that originated from the mo-
ion of microparticles in the endosomal space and those
ith other origins are discussed. Comparing the mo-
ility of the microparticles in endosomes with that in
queous solutions and cytoplasm, the microenviron-
ent of the endosomal aqueous phase were evaluated.

ATERIALS AND METHODS

Microparticles. Carboxylate-modified and rhodamine-labeled la-
ex microparticles (Fluospheres, 14 and 35 nm in diameter; Molecu-
ar Probes, Eugene, OR) were dispersed in purified water or culture

edium and sonicated for 30 minutes before FCS measurements in
rder to avoid the aggregation.

Cell culture. Bovine aortic endothelial cells (purchased from
ainihon Seiyaku, Osaka, Japan) were grown in 5% CO2–95% air at
7°C in Dulbecco’s modified Eagle medium (DMEM) supplemented
ith 9% fetal bovine serum and 1% (v/v) aqueous solution of antibi-
tics (containing 10,000 units/ml penicillin, 10,000 mg/ml streptomy-
in, 25 mg/ml amphotericin B and 0.85% sodium chloride) on the

FIG. 1. Flow chart of evaluation procedure for FCS cell measure-
ent.
313
onfluence.

FCS setup. Our FCS system (ConfoCor, Carl Zeiss Jena GmbH,
ena, Germany) consisted of, around an inverted microscope
quipped with a water immersion objective lens (C-Apochromat,
03, 1.2 NA; Carl Zeiss), a CW Ar1 laser, an avalanche photodiode
SPCM-200-PQ, EG&G, Quebec, Canada), and a digital correlator
ALV 5000/E, ALV GmbH, Langen, Germany). A pinhole 30 nm in
iameter was set at in front of the photodiode. All samples were
easured on Lab-Tek chambered cover glasses (Nalge Nunc Inter-
ational, Naperville, IL) with 140-mm-thick cover glasses on the
ottom. Samples were excited by a 515-nm line of the laser (about 4
W/cm2) and the fluorescence from the detection volume (0.24 fl),
eparated by a dichroic mirror (.510 nm) and an emission filter
530–610 nm), was detected.

Measurement of microparticle diffusion in water. Microparticles
ere dispersed in purified water at the concentration of 2 3 1023%

olid (w/w). The viscosity of water was changed by addition of sucrose
rom 0 to 40% (w/w) by 10% steps. Sample solution (0.3 ml) was
laced on the chambered cover glass. Then, the confocal focus was
xed at 200 mm over the cover glass. For each sample, FAF mea-
urement for 30 s was repeated five times at 10-s intervals at room
emperature. Diffusion coefficients were calculated from measured
AFs by single-component fitting according to the 3-D model Equa-
ion [5] as follows:

g~t! 5 1 1
1
N S 1 1

t

tD
D 21S 1 1

t

s2tD
D 1/ 2

. [1]

n this equation, s is the experimental parameter defined as vz/2vo

here vo and vz are the radius and the z-axis length of the confocal
olume, respectively. tD is the correlation time. s depends on the
ptical alignment, changing from five to seven. Therefore, before the
ample measurements, FAFs of rhodamine 6G (R6G) aqueous solu-
ion were measured for 60 s five times at 10-s intervals, then au-
hentic value of s and tD for R6G were obtained. tD is inversely
roportional to the diffusion coefficient D. Diffusion coefficients of
he samples were calculated from the ratio with the diffusion coeffi-
ient of R6G (2.8 3 1026 cm2 s21) (6) based on the following equation:

D 5 2.8 3 10 26 3 tD~R6G!/tD~sample!~cm2 s21!. [2]

Cell measurement. Microparticles were added to the culture me-
ium at the concentration of 4 3 1025% solid (w/w). Thirty minutes
fter, cells were washed with phenol red-free Iscove’s modified Dul-
ecco’s medium (IMDM) several times to remove microparticles re-
aining in extracellular space and measurements were carried out.
irst, the target cell was visually selected and then the measuring
oint was determined in cytosolic space excluding the nucleus. Next,
he emission intensity profile along the optical axis from a point close
o the cover glass was recorded. The focal point (measurement field)
as fixed at the point where maximum fluorescence intensity was
bserved. FAF was measured for 30 s. Numbers of measurement
oints were 23 from five cells and 17 from seven cells for 14- and
5-nm microparticles, respectively. The thickness of the cell was
omparable to the z-axis length of the confocal volume (26). Thus, the
-D model Equation [5] described below was used to fit measured
AFs,

g~t! 5 1 1
1
N O

i

fi

1 1
4Dit

v o
2

. [3]
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ifferent from the 3-D model, the 2-D model directly provides the
iffusion coefficient D. In this equation, fi and Di are the fraction and
iffusion coefficient of component i, respectively. The radius of the
onfocal volume vo was previously determined to be 224 nm by R6G
easurement according to the equation below, with D of R6G:

tD 5
v o

2

4D . [4]

nalysis for each FAF was carried out according to the procedure
escribed as follows (a flow chart is also shown in Fig. 1).
First, three-component fitting was carried out. If the difference

mong two or three calculated diffusion coefficients was within 10-
old or one or two fractions comprised less than 3%, then the fit was
edone using the two-component model. Then, if the difference be-
ween the two components was still within 10-fold or one of the two
ractions accounted for less than 3%, finally, single-component fitting
as redone.

ESULTS AND DISCUSSION

Microparticle diffusion in water. FAFs of 14-nm
icroparticles dispersed in water shifted to the right

Fig. 2a) with increases in the viscosity. This reflected
he decrease of the diffusion coefficient of the micro-
articles. Analyzing these FAFs by a single-component
t based on Eqs. [1] and [2], which are shown by solid

ines in Fig. 2a, the linear relationship between the
iffusion coefficient and the inverse of viscosity is con-
rmed for each size of microparticle (Fig. 2b). This
esult agreed with the well-known Stokes–Einstein
quation which describes the relationship, as for
rownian motion, between the diffusion coefficient of
pherical objects and physical parameters of a homo-
eneous solvent, as

D 5
kT

6prh
, [5]

FIG. 2. (a) Normalized FAFs of microparticles 14 nm in diamete
f 0–40% (w/w) by 10% steps, corresponding to viscosities of 1.0, 1.4,
oefficients vs inverse of viscosity for 14 nm (open circles) and 35 nm
easurements. Error bars are the mean 6 SEM.
314
here T is the absolute temperature, r is the radius of
he sphere, h is the viscosity of the solvent, and k is the
oltzman constant. The averages of obtained diffusion
oefficients of the microparticles in pure water without
ucrose (1.0 cP) were 9.0 3 1028 and 6.1 3 1028 cm2 s21

or 14 and 35 nm, respectively. These values were 71
nd 53% lower than those theoretically expected ac-
ording to Eq. [5], 3.1 3 1027 and 1.3 3 1027 cm2 s21.
he ratio of the diffusion coefficient was 1.5 which was
ather smaller than those theoretically expected from
.5 of the size ratio of each microparticle. Two main
easons might account for these results: (i) small ag-
regation of microparticles might have been present
ven after 30 min sonication. (ii) The microparticles
ight not have been completely spherical, so that ob-

ained diffusion coefficient could not agree well with
q. [5]. Even if these phenomena actually occurred, the
ccuracy of FCS measurement was proved because the
elationship between the diffusion coefficient and vis-
osity was accurately demonstrated. In addition, FAFs
ith the change in pH from 4 to 9 were measured and
o significant difference among them was observed
data not shown). This suggested that the micropar-
icles did not aggregate further and their physical
roperties were unchanged in endosomes and culture
edium in this pH range.

FCS cell measurements. To clarify that the micro-
articles were actually ingested in endosomes under
he culture conditions described under Materials and
ethods, a fluorescence micrograph of cells was taken

Fig. 3a). This showed numerous endosomes with a
ariety of sizes and shapes with microparticles in the
nternal space distributed in the whole area of cyto-
lasm except in nucleoplasm. The incubation condi-
ions for the micrograph were different from those for

water with various viscosities regulated by sucrose concentrations
, 3.2, and 6.2 centipoise, respectively. (b) Plots of obtained diffusion
losed circles). Each point is the average from four or five individual
r in
2.0
(c
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CS measurements. To obtain high contrast, micropar-
icles were added to the medium with a 50-fold higher
oncentration than that for FCS and incubation was
arried out for 1 h. Then, for more confirmation, the
rofile of emission intensities was measured along the
ptical axis from the cover glass through the cytoplas-
ic space under the same conditions as for FCS mea-

urements (Fig. 3b). Strong emissions were observed
rom the cells that contained microparticles in endo-
omes with the maximum intensity peak (up to 30 kHz)
t around 2–3 mm over the cover glass and a half-
aximum of 3–5 mm. In contrast, only very weak emis-

ions (up to 3 kHz) were observed from the control cells
ithout microparticles. These weak emissions from the

ontrol cells were mainly of intrinsic fluorescent mole-
ules such as flavins (28), and were weak enough to be
gnored compared to those of the microparticles. Con-
idering that the thickness of cultured bovine aortic
ndothelial cells has been reported to be 4–8 mm (26),
t was concluded that these strong emissions origi-
ated from microparticles in endosomes.
An example of the FAF of 14-nm microparticles in a

ell is shown in Fig. 4a. Compared to that in water, the
orrelation curve shifted to the right, which means that
here existed at least one component having a slower
iffusion coefficient than that in water. Right-shifted
urves were also observed for all measurements. In
ost measurements, FAFs could be analyzed by two-

r three-component fitting according to Eq. [3] and the
rocedure described in Materials and Methods. The
est could be analyzed by a single-component fit. For
ll measurements, which were carried out from 10 to
0 min after the end of incubation, the major compo-
ent with a fraction of .50% had a diffusion coefficient
imilar to that in water as shown in Figs. 4b and 4c. In

FIG. 3. (a) Emission micrograph of endothelial cells that ingested
he optical axis from a little under the cover glass through the cells
14-nm microparticles in endosomes. (b) Emission intensity profile along
recorded by focusing at 1-mm steps.
315
FIG. 4. (a) An example of FAF of 14-nm microparticles in endo-
omes (closed squares). By two-component fitting according to Eq.
5], a component having a faster diffusion coefficient of 3.6 3 1028

m2 s21 (87%) and another having a slower diffusion coefficient of
.2 3 10210 cm2 s21 (13%) were obtained. For comparison, FAF of
ame-sized microparticles in water is also shown (open squares). (b,
) Time course of obtained diffusion coefficient (closed circles) with
he largest fraction (open circles) for all measurements of 14- and
5-nm microparticles. Abscissa indicates the time after the incuba-
ion of microparticles.
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ddition, components having faster and/or slower dif-
usion was also observed in most measurements.

In some cases, weak photobleaching was observed
uring the measurement. The photobleaching might
ave been caused by two phenomena: (i) a small frac-
ion of microparticles might have been fixed to inner
urface of membrane of endosomes, and (ii) micropar-
icles might have been trapped in small endosomes
hat completely overlapped the confocal volume. In
oth cases, fluorescence intensity could be decreased by
hotobleaching. Photobleaching could affect the mea-
ured FAF, but could not be the origin of the obtained
low diffusion since the photobleaching rate was much
lower.
Obtained diffusion coefficients and their fractions
ere plotted for the evaluation (Figs. 5a and 5b). They
ere categorized into two groups; fast diffusion (1028–
027 cm2 s21 with a fraction of more than 50%; open
ircles), slow diffusion (,1028 cm2 s21 with a fraction of
ess than 50%; closed squares). The rest, very fast
iffusion (.1027 cm2 s21 closed circles), were excluded
rom the evaluation in this study since such the fast
ovement of the microparticles could not be considered

n the cells as well in aqueous solutions.

Characterization of obtained components at the cell
easurements. FCS is based on the measurement of
uorescence intensity fluctuation. In the cell measure-
ents, the fluctuation was mainly due to continuous

hanges in the number of microparticles existing in the
onfocal volume. The changes presumably originated
rom two main factors: (i) movement of the micropar-
icles in endosomal space, and (ii) movement and/or
orphological changes of endosomes in cytoplasm. For

he observation of the former [factor (i)] by FCS, fre-
uent crossing of the microparticles through the

FIG. 5. Plots of all obtained diffusion coefficients vs their fraction
f points is more than that of measurement numbers since each datum
f diffusions coefficient of the fast component. Error bars are the me
n pure water obtained in this study.
316
oundary of the confocal volume must occur. Although
he emission micrograph (Fig. 3a) suggested that nu-
erous endosomes with various sizes and shapes ex-

sted in the cytoplasm, the size distribution of endo-
omes was not clarified due to its low spatial
esolution. However there is some reports on the size
nd morphology of endosomes. It was reported (29)
hat the diameter of individual middle endosomes in
rain astroglial cells was 500–1000 nm. Moreover, en-
othelial cells were reported to be able to ingest micro-
articles up to 800 nm in diameter (30). Therefore,
here could be a sufficient number of endosomes which
ere large enough for the microparticles to diffuse and
ass through the boundary of the confocal volume.
ince there was Gauss distribution of excitation inten-
ity in the confocal volume, the movement of micropar-
icles and endosomes within it might have affected the
AF. However, this was negligible.
The components having fast diffusion coefficients

open circles in Figs. 5a and 5b) were attributed to the
iffusion of the microparticles in the endosomal aque-
us phase, mainly of the middle and late endosomes.
he averages of obtained diffusion coefficients were
.3 3 1028 and 2.7 3 1028 cm2 s21 for 14 and 35 nm,
espectively, corresponding to approximately 45% of
hose in water.

The origin of slow diffusion (closed squares in Figs.
a and 5b) seems to be, a part, the motion of endosomes
n cytoplasmic space. It is known (26) that the motion
f endosome is mediated by an intact cytoskeleton com-
osed of microtubules, microfilaments, and intermedi-
te filaments. And a recent study (29) reported that a
arge fraction of endosomes in rat brain astroglial cells

oved very slowly (,0.04 mm/s) which is consistent
ith our result. The size of the early endosomes were

om FAFs of 14-nm (a) and 35-nm (b) microparticles in cells. Number
as analyzed by multicomponent fitting. Crosses indicate the average
6 SEM. Arrows indicate the diffusion coefficients of microparticles
s fr
w

an
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omes (31). Therefore the fluorescence intensity fluctu-
tion from the early endosomes could make the slow
iffusion reflected the motion of the endosomes them-
elves.

Microenvironment of endosomal aqueous phase. In
previous study (12) using FCS, it was reported that
ovement of microparticles of the same size injected in

ytoplasm slowed down and are immobilized a few
ours after injection, possibly due to binding to intra-
ellular cytoskeleton. However, such phenomena were
ot observed in this study during the measurements up
o about 1 h after the ingestion of microparticles in
ndosomes as demonstrated in Figs. 4b and 4c. Then,
he results shown in Fig. 5 suggest that the average
iscosity of endosomal internal phase is only about
.2-fold of that of water, corresponding to 20% sucrose
queous solution. These facts prove that the endosomal
nternal space is different from cytoplasm and almost
omogeneous without microstructures and matrices
uch as microtubules and cytoskeletal compounds, etc.,
o which microparticles could bind.

The deviations of obtained diffusion coefficients
ight, in part, have been due to the difference of vis-

ous properties of individual endosomes. In the early
ndosome, viscosity is expected to be almost same as
hat of water since its endosomal space is constructed
y the ingestion of culture medium in which the vis-
osity is almost the same as water. In contrast, the late
ndosome is presumed to be slightly more viscous, be-
ause of fusion with the hydrolase-rich lysosome.
herefore, the variety of obtained value is consider to
ave reflected the viscosity of individual endosomes
xisted in the confocal volume at the same time. It is
nown that endosomes are transported from plasma
embrane to the vicinity of nucleus in a few hours (21,

6, 27). Therefore, it is expected that closer to nucleus,
verage viscosity of endosomes become more viscous.
n the future, more detailed investigation, using FCS
ith other methodological techniques, about time- and

patial distribution of the physiological properties of
he internal space of individual endosome is required.

In summary, we first succeeded in measuring the
ynamics of macromolecules ingested in endosomes
nd obtained interesting information about the micro-
nvironment of endosomal internal space by using
CS. In addition we proved that FCS can be a powerful
ool for the investigation of microenvironment of the
nternal space of organelles. This study is its first step.
CS can give information about other parameters such
s relative fluorescence intensity, fluorescence yield
nd concentration, besides diffusional properties.
herefore it is expected that the functional and dy-
amic behavior of macromolecules (e.g., protein
ynthesis/transport and ligand–recepter interaction,
tc.) in various organelles can be clarified by further
317
ther methods.
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