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Phospholipid vesicles (liposomes) are used in a variety of
applications in chemical analysis including the formation of

pseudostationary phases1 or bilayer coatings on solid supports
for separations,2,3 encapsulation carriers for pharmaceuticals,4�6

vessels for isolating chemical reactions in small volumes,7�10 and
platforms for analytical reagents assays and sensing.11�13 Several
methods are reported to produce vesicles with uniform size and
number of bilayers (lamellarity) for these applications.14�19

Extrusion of hydrated lipid suspensions through small pores is
often employed for this purpose, through the use of a manual,
syringe-based extrusion apparatus introduced by McDonald
et al.20 The structure of extruded phospholipid vesicles smaller
than 400 nm have been studied extensively,17,21,22 but vesicles
of larger size (0.5�1 μm) are of considerable interest because
their size facilitates examination of membrane structure,23 they
are conducive to study of their contents using optical
microscopy,24�26 and encapsulation of components for reactions
in small volumes.7,10,27

Many methods have been reported for the quantitative
analysis of vesicle size and structure, and these techniques have
been used to evaluate a range of vesicle preparation procedures.
Some bulk methods of analysis include NMR,15,17 small-angle
neutron scattering,21 dynamic light scattering,28 and fluorescence
quenching.29 These methods suffer from the disadvantage that
the information obtained is averaged over the vesicle population
and details about individual structures and population hetero-
geneities are not available. Analysis of individual vesicles has
been accomplished using methods such as flow cytometry,30

cryoelectron microscopy,15,28 two-photon microscopy,31

confocal laser scanning microscopy,32 and phase contrast
microscopy.16 Of these techniques, flow cytometry is best-suited
to analyzing a large population of vesicles, but suffers the
disadvantage that large vesicles and vesicle aggregates are not
readily distinguished;33 the method also uses solid beads as
calibration standards, whose refractive index differs from that
of the vesicles to which their scattering is compared.34 In recent
work by Lohr and co-workers,35 epi-illumination fluorescence
microscopy was used to measure the fluorescence intensity
distributions of individual, 100- and 200-nm vesicles prepared
with a fluorescent label. Images were thresholded to find spots,
and the total intensities of spots were assumed to be proportional
to total lipid bilayer area. The conversion between intensity and
the vesicle size was made by using dynamic light scattering of the
vesicle population to calibrate the average fluorescence response.
This analysis can be in error if vesicles are multilamellar, where
more intense fluorescence arising from multiple bilayers would
be misinterpreted as larger sized vesicles. To test for multi-
lamellarity, a fluorescence quenching analysis on the vesicle
population showed that the multilamellar fraction of the 100-
and 200-nm vesicle samples was ∼5 and 10%, respectively,35 so
total intensity should be relatively accurate measure of size for
these smaller vesicles. For larger vesicles, where a much greater
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ABSTRACT: Extrusion of hydrated lipid suspensions is frequently
employed to produce vesicles of uniform size, and the resulting
vesicles are often reported to be unilamellar. We describe a method
for the quantitative fluorescence image analysis of individual
vesicles to obtain information on the size, lamellarity, and structure
of vesicles produced by extrusion. In contrast to methods for bulk
analysis, fluorescence microscopy provides information about
individual vesicles, rather than averaged results, and heterogeneities
in vesicle populations can be characterized. Phosphatidylcholine
vesicles containing small fractions of biotin-modified phospholipid and fluorescently labeled 7-nitro-2,1,3-benzoxadiazol-4-yl
(NBD) phospholipid were immobilized through biotin�avidin�biotin binding to the surface of a biotin-modified glass coverslip.
Biotin was attached to the surface in a mixed cyano-terminated silane monolayer. Initial fluorescence intensities for each
immobilized vesicle were recorded, and a solution of membrane impermeable quencher was passed through the flow cell to quench
the fluorescence of the outer layer. Fluorescence from individual vesicles was measured by fitting the spots to 2-dimensional
Gaussian functions. The integrated signals under the peaks yielded a pre- and postquench intensity. From the fractional loss of
intensity, the number and structure of the bilayers in individual vesicles could be quantified; the results showed that extruded vesicles
exhibit a distribution of size, lamellarity, and structure.



4910 dx.doi.org/10.1021/ac200632h |Anal. Chem. 2011, 83, 4909–4915

Analytical Chemistry ARTICLE

fraction of multilamellar structures is expected,29 a different
strategy of analysis is required.

In the present work, we describe a fluorescence imaging
method to measure simultaneously both size and lamellarity of
individual extruded vesicles in the range of 0.5�2-μm diameter.
Data are reported on the distributions of size and lamellarity
of the extruded 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) vesicles. Vesicles were fluorescently labeled by includ-
ing a small fraction (0.5%) of lipid with a headgroup attached
fluorescent probe, N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,
2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (NBD-PE).
To determine the lamellarity, the membrane impermeable anion,
dithionite (S2O4

2�) which is in equilibrium with the SO2- radical
in aqueous solution,36 was used to reduce the nitro group ofNBD
to an amine.29 This reduction quenches the fluorescence on the
outer vesicle layer while leaving the internal NBD-PE unreacted.
Acquiring epi-illumination fluorescence microscopy images of
the labeled vesicles before and after quenching allows quantifica-
tion of the fractional loss of fluorescence intensity, and reports
the lamellarity of individual vesicles in an image.

The vesicles were immobilized, to withstand the flow of the
quenching solution, by including small fractions of biotin-
modified phospholipid in addition to fluorescent NBD-PE in
the DPPC vesicles. The biotinylated vesicles were immobilized
through a biotin�avidin-biotin interaction to the surface of a
biotin-modified glass coverslip. Biotin was attached to the surface
in a mixed amine-cyano monolayer37 by reaction of amine
binding sites with N-hydroxysuccinimide ester-PEO4-biotin,
which was conjugated with avidin and used to capture the
biotinylated vesicles, analogous to previous vesicle immobiliza-
tion procedures using biotinylated planar-lipid bilayers on
glass or biotinylated n-alkanethiols on gold for a capture
surface;9,35,38,39 see Figure 1. The fluorescence images were
analyzed by fitting the vesicle spots to 2-dimensional Gaussian
functions and the intensities measured as the integrated signal
under the fitted peak. The sizes were corrected for diffraction-
limited resolution of the microscope by deconvolution of the
point-spread function of the microscope, determined by imaging

dye-labeled nanospheres. The results show that extruded DPPC
vesicles exhibit a distribution of size and lamellarity.

’EXPERIMENTAL SECTION

Reagents and Materials. DPPC, 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine-N-(biotinyl) (sodium salt) (biotinyl-PE)
and a mini-extruder apparatus were obtained from Avanti Polar
Lipids, Inc. (Alabaster, AL). NBD-PE and avidin were purchased
from Invitrogen Corp. (Carlsbad, CA). NHS-PEG4-biotin was
acquired from Thermo Fisher Scientific (Rockford, IL). (3-
aminopropyl)triethoxysilane (APTES) and (2-cyanoethyl)trieth-
oxysilane) (CETES) were purchased from Gelest (Morrisville,
PA). Spectrophotometric grade toluene, n-heptane, DMF,
chloroform, and methanol were from Fisher Scientific
(Hampton, NH). Toluene and n-heptane were dried over
sodium and filtered through Millipore PTFE 0.2-μm filter prior
to use (VWR, West Chester, PA). Buffer components tris-
(hydroxymethyl)aminomethane (Tris) and CaCl2 3H2O were
purchased fromMallinckrodt (Paris, KY). Buffers were prepared
using quartz-distilled water that was filtered using a Barnstead
NANOpure II filter (Boston, MA) with 18 MΩ-cm resistivity.
Polycarbonate membranes were produced by Nucleopore
(Pleasanton, CA). Glass coverslips (No. 1, 22 � 22 mm) were
purchased from VWR (West Chester, PA).
Vesicle Preparation.Unlabeled DPPC vesicles were prepared

by removing the chloroform from 200 μL of lipid solution
containing 5 mg/mL DPPC by evaporation under nitrogen,
followed by 2 h under vacuum. To produce NBD-labeled
vesicles, NBD-PE was dissolved in chloroform and a volume
sufficient to produce 0.5 mol percent NBD-PE solution was
added to the DPPC prior to drying. Biotinylated vesicles were
prepared by including fifteen mole percent biotinyl-PE in chloro-
form with the NBD-PE and DPPC prior to removal of solvent.
The dry lipid films were hydrated with 1 mL of buffer containing
50-mM Tris and 10-mM CaCl2, pH 8. Hydrated lipid vesicles
were heated to 60 �C for 1 h and then extruded 11 times through
1 μm-diameter polycarbonate filters. Following extrusion, 100
μL of extruded vesicle solution was diluted into 6 mL of buffer.
A population of predominantly unilamellar vesicles was also

prepared according to the procedure described by Mayer et al.,22

in which repeated (5 times) freeze�thaw treatment of hydrated
lipids preceded extrusion through two-stacked 100-nm pore
membranes. This method was employed using the DPPC/
NBD-PE/biotinyl-PE (84.5/0.5/15 mol %) lipid composition
as prepared above and the resulting extruded vesicles were
diluted 50 μL to 5 mL.
Surface Derivatization.The procedure used to derivatize the

surface was a modification of a previous description.37 The glass
coverslips were first cleaned by rinsing in methanol, and then
UV-ozone cleaned for 25 min per side (Jelight Co. Model 342).
Stock solutions of CETES and APTES were prepared in dry
toluene and diluted into one solution with final concentrations of
2-mM CETES and 0.2-mM APTES in dry n-heptane. The clean
coverslips were immersed with stirring in this solution and
reacted for two hours before rinsing twice with toluene and four
times with methanol to remove unreacted starting material. The
slides were annealed in an oven at 120 �C for 30 min and stored
for up to a week in dry methanol.
The amine sites of the modified coverslips were reacted for

one hour in 7.5 μM NHS-PEG4-biotin in DMF using succini-
midyl ester binding chemistry to yield biotin extended into

Figure 1. Illustration of a biotin�avidin�biotin immobilized vesicle.
Biotin extends from the coverslide-modified amine-cyano monolayer via
a PEO4 linkage. Avidin on the coverslide surface is conjugated both to
the biotin on the surface as well as the biotinyl-PE lipid incorporated into
the phospholipid vesicle.
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solution, attached to the surface through a PEG chain via an amide
bond.40,41 The slides were again rinsed, twice with DMF and four
times with methanol. Finally, 0.15-nM Avidin was prepared in
20-mM phosphate buffer (ionic strength 100 mM with NaCl) at
pH 7.5, and the immersion of the glass coverslip in this solution
resulted in the attachment of avidin to the surface via hydrogen
bonding to biotin. This surface was used to immobilize vesicles
prepared with biotinyl-PE.
Fluorimeter Measurements. A Fluorolog fluorescence spec-

trometer (Horiba Scientific) with 450 W Xe lamp source was
used to acquire fluorescence emission from vesicles in bulk
solution before and after their quenching with sodium dithionite.
For these measurements, 3 mL of the diluted vesicle extrusion
were illuminated at 470 nm and their fluorescence emission
monitored at 540 nm for 30 s. The sodium dithionite quencher
was added (150 μL of 1 M Na2S2O4 in 1 M Tris pH 10), and the
resulting decrease in fluorescence intensity was monitored over
several minutes.
Microscopy Measurements. Immobilized vesicles were im-

aged using a epi-illumination fluorescence microscope that was
slightly modified relative to a previous description.42 Briefly,
the Lexel Model 95 argon ion laser source was tuned to emit a
488-nm line that was passed through a Pellin-Broca prism. The
beam was selectively blocked with a Uniblitz electronic shutter,
and then was diffused to an incoherent spot after impinging on a
rotating, roughened glass disk. A camera lens with 55-mm focal
length (f/1.2) reimaged the spot. The band-pass excitation filter
(D480/30, Chroma), and a long pass dichroic beam splitter
(505dclp, Chroma), filtered the excitation before filling the
objective, an oil-immersion Nikon Plan Fluor 100�, 1.3 numer-
ical aperture (N.A.), with 0.2-mm working distance. The objec-
tive lens collected the fluorescence emitted by the sample, which
was filtered through a long pass dichroic beam splitter and a
510-nm long pass emission filter (HQ510lp, Chroma). The
CCDwas a Photometrics CoolSNAPHQ (1392� 1040 imaging
array with 6.45� 6.45 μm pixels). Metamorph Imaging software
(Universal Imaging) controlled the CCD (200 ms integration
times) and the shutter.
To determine the point spread function of the microscope,

65-nm TAMRA-labeled polystyrene beads (preparation de-
scribed elsewhere43) were deposited onto a glass coverslip at
low densities. Using the procedure outlined below for determin-
ing size and intensity, the Gaussian-shaped point spread function
was measured to have a full-width at half-maximum of 280 nm,
which is close to the expected fwhm = 0.72λ/N.A. of 300 nm, for
the 1.3 N.A. objective, and emission maxima of 540 nm.
Imaging Individual Vesicles in Parallel.The avidin-modified

glass coverslips were placed in a flow cell and imaged for
background correction before the biotinylated NBD-labeled
vesicles were flushed into the flow cell. After waiting for the
vesicles to bind to the surface (approximately one hour) several
milliliters of Tris buffer was flushed through the flow cell to
remove unbound vesicles. The immobilized vesicles were im-
aged, and then 1 mL of 1-M Na2S2O4 in 1 M Tris pH 10 was
flushed through the flow cell. The resulting decrease in vesicle
intensity due to quenching of the exterior NBD labels was
recorded in the images.
Image Analysis. Images of immobilized vesicles were anal-

yzed using an in-house written Matlab (Mathworks) program.
Bright spots from immobilized vesicles were fitted to an asym-
metric 2-dimensional Gaussian. The challenge of quantitatively
analyzing intensity of a diffraction limited spot is usually44�46

approached by fitting its intensity with a 2D-Gaussian function
according to eq 1.

Iðx, yÞ ¼ bþ A
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Here, b is the background, A the amplitude, x and y are the image
coordinates, (x0,y0) are the center of the fitted Gaussian function,
and rx and ry are the 1/e widths in the two dimensions. However,
the challenge of fitting vesicles in images was more complex.
The spots are not diffraction limited due to their large size (up
to several μm in diameter), therefore the orientation of the
Gaussian function was considered as an additional parameter in
the fit. This was accomplished by including a coordinate system
rotation operator in the fitting program

R R ¼ cos R sin R
�sin R cos R

" #
ð2Þ

in which R is the angle of rotation from the positive x-axis of the
original coordinate system. The Gaussian equation modified to
include R is

Iðx, yÞ ¼ bþ A� exp � ðx� x0Þ � cosðRÞ þ ðy� y0Þ � sinðRÞ
rx
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The need for using a rotation-modified Gaussian to fit elongated
vesicles is illustrated in Figure 2, where significant residual error
between the fit and the data is observed when a simple 2-D fit is
employed (see Figure 2E compared to 2C). Unlike the previous
image analysis used for determining of vesicle intensities,35 fitting
the vesicle spots does not require selection of an intensity
threshold, and it can analyze spots on a varying background
within the same image. Additionally, the vesicles that are not
spherically shaped can be included in the analysis, providing a
more complete picture of the vesicle population.
From a fit of a measured spot to eq 3, the long- and short-axis

radii of the intensity distribution can be determined, and the total
intensity of the fitted spot was defined as the amplitude (A)
multiplied by π times the product of the observed radii, rx and ry,
in each dimension; these total intensities were used to evaluate
lamellarity. After the measured radii in the image of the vesicles
were determined, their sizes were corrected by deconvolution47

to account for the Gaussian-shaped point spread function, where
robject

2 = ro
2 = rimage

2� rpsf
2. The surface areas of the vesicles are

estimated from their mean-square radii, SA≈ 4π(rx,o
2þ ry,o

2)/2,
where the average radius is given as a root-mean-square value
ravg = [(rx,o

2 þ ry,o
2)/2]1/2.

’RESULTS AND DISCUSSION

The goal of this work is to characterize the distribution of both
sizes and lamellarity of extruded vesicles by fluorescence imaging.
Lamellarity can be assessed by quenching NBD on the outer
leaflet of NBD-PE labeled vesicles by reaction with dithionite in
the external solution.29 This method was first applied on disper-
sion of NBD-PE labeled DPPC vesicles in bulk solution,
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producing a fractional loss of fluorescence intensity that can be
interpreted to give the average number of lamellae present in the
vesicle population; see Figure 3. Following quenching (and after
correcting for dilution due to the volume of the quencher) the
remaining intensity of unilamellar vesicles should be approxi-
mately 50% of the original measured intensity. The actual
expected loss is slightly smaller due to the difference in areas of
the outer and inner leaflet of the membrane, 49.5% for a 1 μm

vesicle, assuming 0.48 nm2 headgroup area and 5.1 nm bilayer
thickness.48 Similarly, the NBD residual intensity from vesicles
with two concentric bilayers would be ∼75% of the initial
fluorescence intensity. The DPPC vesicles measured in bulk
solution with a fluorimeter showed an average remaining in-
tensity 60( 3% of the initial intensity, indicating the presence of
multilamellar vesicles in the population. These average results do
not indicate whether the multilamellar vesicles in the population
are predominantly bilamellar vesicles, or if they represent more
complex structures.

An analysis of the individual immobilized vesicles using
fluorescence microscopy provides more insight into the compo-
sition of the population than a bulk dispersion experiment.
Images of the immobilized vesicles before and after passing the
dithionite quenching solution through the flow cell are shown in
Figure 4. After analyzing the intensities of vesicles from images
before and after the addition of dithionite, the NBD fluorescence
quenching behavior of individual vesicles were plotted as a
histogram, with average remaining intensity 65 ( 14% of the
initial (Figure 5). It is apparent that some of the vesicles are
unilamellar and many could be concentric bilamellar, but many
vesicles show intermediate fractional losses of intensity. This is
most likely caused by the presence of oligolamellar vesicles,15,31

where smaller vesicles are encapsulated within a larger structure,
for which only the exterior leaflet of the larger, surrounding
vesicle is exposed to the quencher. This explanation is substan-
tiated by the observation of a plot of the individual vesicle
intensities versus their outer surface area estimated from their
deconvoluted size in the image (Figure 6A). If the population

Figure 2. (A) Original image of skewed immobilized vesicle. B�E are the images and 3D contour plots including the following: (B) Fit of rotated 2-D
Gaussian fit, withR=�54�. (C) Residuals from rotated 2D-Gaussian fit. (D) Fit of 2-DGaussian fit without rotation. (E) Residuals from 2D-Gaussian fit
without rotation.

Figure 3. Plot of relative fluorescence from a population of DPPC
vesicles showing fractional intensity loss as a result of quenching the
outer bilayer leaflet. The remaining fluorescence due to lipid headgroup
NBD-labels in the interior bilayers of the vesicles indicate that the
vesicles in the population contain more than one bilayer.
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were composed only of unilamellar and concentric multilamellar
vesicles, straight lines could be drawn through points from each
population of vesicle lamellarity, where the intensity would scale
with the outer surface area of the vesicle times the number of
bilayers. For example, bilamellar vesicles would fall on a line with
a slope of twice the slope of the line for unilamellar vesicles.
Evidence of this trend can be observed in a fraction of the
population by plotting total intensity versus outer surface area for
vesicles whose dithionite-quenching behavior indicated they

were unilamellar (fractional intensity loss between 0.45 and
0.55) and concentric bilamellar (loss between 0.70 and 0.80);
see Figure 6B. Within the large uncertainties in the slopes of
these lines, unilamellar (13 ( 2) and bilamellar (19 ( 2), the
upper bound of the ratio of the two slopes relating intensity and
area (1.9) is close to the expected factor two. For the entire
population, however, the nearly continuous fractional intensity
changes upon quenching and absence of a linear dependence
between fluorescence intensity and outer surface area are in-
dicative of a significant fraction of oligolamellar vesicles.

Imaging immobilized vesicles also provides information about
the vesicle size distribution. Since extrusion of vesicles through
pores of known size is employed for size selection, we examined
the vesicle radius reported from the Gaussian fit of the vesicle
spots (corrected for the point spread function). Since the vesicles
were extruded using 1 μmpolycarbonate membrane pores, it was
expected that the majority of vesicles would be less than the
diameter of the pores. As shown in the histogram of vesicle radii
plotted in Figure 7, many vesicles are produced at ∼1-μm
diameter, but with a wide distribution around an average
diameter of 0.8 ( 0.2 μm.

To test the validity of the quenching method applied to
characterizing images of single vesicles, a control sample of

Figure 4. Images showing immobilized 1 μm extruded vesicles (A)
before and (B) after quenching.

Figure 5. Histogram of relative vesicle intensities, indicating the
distribution of unilamellar and multilamellar vesicles.

Figure 6. (A) Plot of vesicle intensity with surface area for all 1 μm
extruded DPPC vesicles. (B) Vesicles sorted by relative quenched
intensity that indicate they are unilamellar (dark squares, slope 13( 2)
or bilamellar (open circles, slope = 19 ( 2).
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smaller vesicles was prepared using procedures that have been
reported to produce a more unilamellar vesicle population.22

This sample was prepared by first subjecting the hydrated lipid
solution to 5 freeze�thaw cycles followed by extrusion through
two stacked membranes with 100-nm pores. When the fractional
remaining intensity was calculated for several of the imaged 100-
nm vesicles, two populations of vesicles emerged: those
quenched to approximately 50%, and a smaller number
quenched to approximately 75% of their initial intensity. The
results plotted in Figure 8 (open circles) show that these vesicles
were predominantly unilamellar, with fewer bilamellar vesicles
present. Oligolamellar vesicles were not nearly as prevalent for
the 100-nm vesicles as they were for the 1-μm extruded vesicles,
as shown for comparison in Figure 8 (filled squares).

It is important to scrutinize the assumptions of this quenching
method to assess the validity of their interpretation. The
assumption that the SO2

� quencher ion does not permeate the
DPPC bilayer is supported by the impermeability of the DPPC
bilayers to perchlorate ion, as described by Cherney and
co-workers,24 who used confocal Raman microscopy to test
vesicles prepared from various lipids for their perchlorate ion-
permeability. In that study, DPPC vesicles were shown to retain
perchlorate without leakage to the vesicle exterior for over 6 h.
Further evidence can be found in the results reported here, where
the fluorescence intensity after quenching reaches a plateau with
residual intensity following the addition of the quencher (see
Figure 3). These results indicate that the membranes do not have
defects that would lead to a slow transport of dithionite into the
vesicle interior.

Another assumption that should be examined is the prob-
ability that lipid flip-flop (the movement of a lipid from the inner
leaflet of the bilayer to the exterior leaflet) does not occur
throughout the duration of the quenching experiment (for the
bulk experiment, 180 s). If flip-flop of the NBD-PE occurred
rapidly, the interior labels could be exposed to the quencher in
the exterior solution. The kinetics of lipid flip-flop have been
recently investigated, and the flip-flop rate for DPPC planar lipid
bilayers near room temperature cast at a surface pressure of 30
mN/m is reported to be 3.95 � 10�5 s�1.49 This indicates that
the probability of a DPPC flip-flop event is only 0.007 over the
180-s course of the experiment. The modification of the lipid
headgroup with a headgroup label slows the flip-flop rate even

further, as much as an order of magnitude,49 such that the NBD-
PE lipid would undergo even fewer flip-flop events than DPPC.
This is consistent with the observation that the fluorescence
intensity in the bulk experiment decreases initially with addition
of the quencher, and then levels off to a steady final intensity. It
can therefore be concluded that lipid flip-flop does not interfere
on the time-scale of themeasurement. If it had, a gradual decrease
in intensity would be observed at the rate equal to that of the
labeled lipids on the interior leaflet moving to the exterior of the
vesicle.

’CONCLUSIONS

A method for the immobilization, imaging, and quantitative
analysis of the size and lamellarity of individual vesicles in parallel
was described. The surface modification of a glass coverslip with
silane-bound biotin tethers allowed the formation of a bio-
tin�avidin-biotin conjugate to immobilize biotinylated vesicles;
these immobilized vesicles could be observed over long times and
imaged under flowing solution conditions. The vesicle fluores-
cence images were fit to two-dimensional Gaussian functions and
deconvoluted, to account for the point-spread function of the
microscope, producing size distributions that included vesicles
with nonspherical shapes. Fluorescence images before and after
quenching of the outer-leaflet fluorescence label enabled the
evaluation of the corresponding lamellarity of individual vesicles.
The results showed a distribution of vesicle sizes, produced by
extrusion, in a diverse population that contains unilamellar,
multilamellar, and oligolamellar structures. This method of
analysis should be useful in research that relies on vesicles of
controlled size or lamellarity.
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