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ABSTRACT Gold nanoparticles (AuNPs) have been used as a contrast agent for optical imaging of various single biomole-
cules. Because AuNPs have high scattering efficiency without photobleaching, biomolecular dynamics have been observed
with nanometer localization precision and sub-millisecond time resolution. To understand the working principle of biomolecular
motors in greater detail, further improvement of the localization precision and time resolution is necessary. Here, we investigated
the lower limit of localization precision achievable with AuNPs and the fundamental law, which determines the localization pre-
cision. We first used objective-lens-type total internal reflection dark-field microscopy to obtain a scattering signal from an iso-
lated AuNP. The localization precision was inversely proportional to the square root of the photon number, which is consistent
with theoretical estimation. The lower limit of precision for a 40 nm AuNP was �0.3 nm with 1 ms time resolution and was
restricted by detector saturation. To achieve higher localization precision, we designed and constructed an annular illumination
total internal reflection dark-field microscopy system with an axicon lens, which can illuminate the AuNPs at high laser intensity
without damaging the objective lens. In addition, we used high image magnification to avoid detector saturation. Consequently,
we achieved 1.3 �A localization precision for 40 nm AuNPs and 1.9 �A localization precision for 30 nm AuNPs at 1 ms time res-
olution. Furthermore, even at 33 ms time resolution, localization precisions at 5.4 �A for 40 nm AuNPs and at 1.7 nm for 30 nm
AuNPs were achieved. We then observed motion of head of kinesin-1 labeled with AuNP at microsecond time resolution. Tran-
sition cycles of bound/unbound states and tethered diffusion of unbound head during stepping motion on microtubule were
clearly captured with higher time resolution or smaller AuNP than those used in previous studies, indicating applicability to sin-
gle-molecule imaging of biomolecular motors.
INTRODUCTION
Optical imaging and tracking of single biomolecules have
revealed their dynamics in physiological environments. It
paves the way for understanding a wide variety of biolog-
ical phenomena and functions, such as the motion of bio-
molecular motors for intracellular transportation and the
diffusion and assembly of membrane lipids/proteins for
signal transduction (1–6). To specifically observe the bio-
molecules of interest, various optical probes have been
developed, such as latex beads (7), organic fluorescent
dyes (1,2), fluorescent proteins (3,4), quantum dots (8,9),
and gold nanoparticles (AuNPs) (10,11). These materials
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act as contrast agents for a variety of imaging modalities,
such as fluorescence, scattering, differential interference
contrast, and absorption (photothermal) microscopy. Above
all, single-molecule fluorescence imaging has evolved
dramatically in the fields of biophysics and biophotonics
ever since the first visualization of a single fluorophore-
labeled biomolecule in an aqueous environment (1,2).
The motions of single biomolecules are observed by
tracking each bright spot in a time course of fluorescence
images. In particular, highly sensitive fluorescence detec-
tion of single molecules was achieved by evanescent illu-
mination with a total internal reflection configuration,
which spatially confines excitation light beneath the sur-
face of the glass substrate with less than 100 nm in
penetration depth. The background from the molecules in
aqueous solution, which are distant from the glass surface,
is effectively suppressed.
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For single-molecule imaging, the density of the probe-
labeled molecules has to be low enough such that they are
separated, with a distance larger than a few hundred
nanometers. This is because the spatial resolution of optical
microscopy is limited to around half the wavelength of light
because of diffraction. Although the image of a single probe
is spatially spread to a few hundred nanometers in diameter,
the central coordinate (position) of the image can be deter-
mined at a precision that is better than the diffraction limit
(12). Thompson et al. reported that the photon number
collected in a single image frame primarily determines the
localization precision of the central coordinate, which is
inversely proportional to the square root of the number of
collected photons (13). Later, localization precision at
1.3 nm was achieved when the photon number was around
14,000 per frame with 0.5 s time resolution; this is so-called
fluorescence imaging with one nanometer accuracy (14). By
tracking the center of the probe image, stepwise motion of
fluorescent-labeled biomolecular motors has been observed
with nanometer-scale step size (14–18).

Further improvement in the localization precision and
time resolution will directly lead to a deeper understanding
of the working principles of biomolecular motors. However,
a limited number of photons from fluorescent probes and
photobleaching have restricted improvement. Single-mole-
cule analyses of biomolecular motors with angstrom locali-
zation precision and sub-millisecond time resolution have
been achieved by using a latex-bead probe trapped with
optical tweezers to suppress fluctuations of the probe and
biomolecules of interest (19–22). In recent years, AuNPs
have also been used as probes for free and fast movement
of biomolecular motors. An AuNP shows much higher
signal intensity than fluorescent dyes without suffering
from photobleaching and is much smaller than a latex
bead. Dark-field scattering imaging of the AuNP has re-
vealed the motion of biomolecular motors at nanometer
localization precision and sub-millisecond time resolution
(11,23–27).

Here, we report a detailed analysis of the lower limit of
localization precision achievable with AuNPs. The localiza-
tion precision of the scattering image of AuNP obtained
with objective-lens-type total internal reflection dark-field
microscopy was investigated by varying the experimental
parameters, such as laser intensity, particle size, time reso-
lution, and image pixel size. Based on quantitative analysis,
we determined the fundamental laws that determine the
localization precision and the factors that restrict its lower
limit in this setup. We then designed and developed an
annular illumination dark-field microscopy system, which
improved the lower limit of localization precision to the
angstrom level at microsecond time resolution.

Furthermore, as a proof-of-concept experiment, we
applied our imaging system to the observation of stepping
motions of kinesin-1. Kinesin-1 is a dimeric motor protein
that moves linearly along microtubules for intracellular
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transport of vesicles and organelles. The two motor do-
mains (heads) of kinesin-1 hydrolyze ATP alternately and
move forward in a highly coordinated hand-over-hand
manner (15). During linear motion, the trailing head disso-
ciates from the microtubule, passes by the leading head—
which is bound to the microtubule—and binds to the
tubulin-binding site just ahead of the leading head. The
periodicity of dimeric tubulin subunits of the microtubule
is 8 nm, and therefore the trailing head moves 16 nm ahead
from the original binding site at a time and the net displace-
ment of kinesin-1 relative to the microtubule during a step
is 8 nm (15). Recently, high-speed dark-field imaging of ki-
nesin-1 labeled with 40 nm AuNP further revealed the in-
termediate states during the stepping motion (24). At 55
ms time resolution and 1.3 nm localization precision, the
bound and unbound states of kinesin-1 head on the micro-
tubule were distinguished, in which the kinesin-1 head
showed highly diffusive motion during the unbound state.
In this study, we have successfully observed movement of
AuNP-labeled kinesin-1 with higher time resolution or
smaller AuNP than those used in previous studies, indi-
cating applicability to single-molecule imaging of biomol-
ecular motors.
MATERIALS AND METHODS

AuNPs

AuNPs with nominal diameters of 20, 30, and 40 nm (EMGC 20, 30, and

40, respectively) were purchased from British Biocell International Solu-

tions (BBI, Crumlin, UK) and were used for experiments. The actual diam-

eters measured with an electron microscope were slightly different from the

quoted diameters (Fig. 1).
Total internal reflection dark-field microscopy
with point illumination

A continuous-wave semiconductor laser at 520 nm wavelength (OBIS

520LX; Coherent, Santa Clara, CA) was used as an illumination source.

The wavelength matched the plasmon resonance wavelength of AuNPs.

The laser beam was introduced into the back port of the inverted micro-

scope body (IX70; Olympus, Tokyo, Japan) and reflected by the peripheral

region of the perforated mirror (28). The laser beam was focused with a lens

at the peripheral area of the back-focal plane of the oil-immersion objective

lens (numerical aperture, NA 1.49; APON 60XOTIRF; Olympus). AuNPs

fixed on glass in an aqueous suspension were placed on the sample stage.

Total internal reflection occurs at the interface between glass and water

and produces an evanescent field to illuminate the AuNPs on glass. The re-

flected laser beam from the glass-water interface was directed to the oppo-

site side of the peripheral area of the perforated mirror and was reflected to

the outside of the microscope body. Scattered light from the AuNPs was

collected by same objective lens and was passed through the center portion

of the perforated mirror (an elliptical hole with minor and major axes of 7.0

and 9.9 mm, respectively, with circular shape as viewed from the optical

axis), to be introduced into the imaging optics. The dark-field scattering

image of the AuNPs was recorded with a high-speed complementary

metal-oxide-semiconductor (CMOS) camera (Fastcam AX100; Photron,

Tokyo, Japan) equipped at the side port of the microscope body through

a 5� magnification lens. The image pixel size was 66.7 nm/pixel. The laser

power was measured before objective lens, and laser intensity at the sample



FIGURE 1 Actual diameter of AuNPs used in this study analyzed by electron microscopy, and dark-field images of AuNPs. (a–c) Electron microscopic

images of (a) 40 nm, (b) 30 nm, and (c) 20 nm AuNPs. Scale bars, 100 nm. (d–f) Actual diameter distribution for (d) 40 nm, (e) 30 nm, and (f) 20 nm

AuNPs. The actual diameters (D) of AuNPs were determined by measuring the cross-sectional area (A) in the electron microscopic images and using the

equation A ¼ p(D/2)2. Note that we estimated the diameter by assuming a spherical shape, although some particles showed triangular, rectangular, and hex-

agonal shapes. The average particle diameters with SDs, as calculated from the images, were 39.9 5 3.0 nm for 40 nm (n ¼ 213, D40), 30.8 5 2.4 nm for

30 nm (n ¼ 185, D30), and 18.25 1.3 nm for 20 nm (n ¼ 129, D20) AuNPs. (g–i) Dark-field images of (g) 40 nm, (h) 30 nm, and (i) 20 nm AuNPs. 40 and

30 nm AuNPs were taken with 5 mW/mm2 laser intensity. 20 nm AuNPs were taken with 10 mW/mm2 laser intensity. The images were taken at 1 ms time

resolution. Scale bars, 5 mm.
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plane was calculated as power density (mW/mm2), assuming that the objec-

tive lens transmittance was 100%.

Sequential dark-field images were obtained to analyze the localization

precision of the AuNPs. At each frame, the X-Y coordinates at the center

of the AuNP image were calculated using custom-made software (29).

The size of the image area for analysis of the center position was 10 �
10 pixels (667 � 667 nm). The SD of the distribution of the X or Y coor-

dinate at the center position was defined as the localization precision. For

analysis of the AuNP scattering signal intensity, the background intensity

was subtracted from the signal intensity. The signal intensity was obtained

from the image area that included a single AuNP. Background intensity was

obtained from the neighboring area without the AuNP. The size of the im-

age area was 10� 10 pixels (667� 667 nm) for both signal and background

analyses. The stability of the optical system was important to achieve high

localization precision. Because the flow of air affected the localization pre-

cision, we covered the illumination optics with a box, which blocks air flow

around the optical path. This effectively suppressed fluctuations of the cen-

tral coordinate in the AuNP images.
Total internal reflection dark-field microscopy
with axicon-based annular illumination

The 532 nm laser beam (Excel; Laser Quantum, Stockport, UK) was

expanded with a 2.5� magnification beam expander. The center portion

of the expanded beam passed through an iris with �0.8 mm diameter.
The beam was introduced to the center of the axicon lens (a ¼ 10�) to
form a ring-shaped laser beam. The ring-shaped beam was focused by a

lens (f ¼ 100 mm) at the slit portion of the annular mask to eliminate stray

light. The inner and outer diameters of the annular mask were 15 and

16 mm, respectively. The beam passed through a quarter-wave plate, iris,

and another lens (f ¼ 150 mm) and was then introduced into the side

port of the inverted microscope body (IX70; Olympus). The beam was re-

flected by the peripheral area of the perforated mirror (elliptical hole with

minor and major axes of 7.0 and 9.9 mm, respectively, with circular shape

as viewed from the optical axis) and focused at the back focal plane of the

objective lens with a ring shape. Total internal reflection occurs from all di-

rections at the interface between glass and water and produced an evanes-

cent field to illuminate AuNPs. Scattered light from the AuNPs passed

through the center portion of the perforated mirror and was captured with

a high-speed CMOS camera (Fastcam AX100; Photron) placed at the

side port of the microscope body through a 5� magnification lens (image

pixel size of 67.6 nm/pixel) or through a 10.5� magnification lens using

a pair of lenses (f ¼ 19 mm and f ¼ 200 mm, image pixel size of

31.6 nm/pixel). The laser power was measured before objective lens, and

laser intensity at the sample plane was calculated as power density (mW/

mm2), assuming that the objective lens transmittance was 100%. The dis-

tances between the axicon lens and the first lens (f ¼ 100 mm), first lens

to annular mask, annular mask to second lens (f ¼ 150 mm), and second

lens to perforated mirror were �140, 100, 440, and 160 mm, respectively.

Sequential dark-field images were obtained to analyze the localization pre-

cision of the AuNPs. At each frame, the X-Y coordinates at the center of the
Biophysical Journal 115, 2413–2427, December 18, 2018 2415
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AuNP image were calculated using custom-made software (29). The size of

the image area for analysis of the center position was 10� 10 pixels (676�
676 nm) for 67.6 nm/pixel image pixel size and 20 � 20 pixels (632 �
632 nm) for 31.6 nm/pixel image pixel size. The SD of the distribution

of the X or Y coordinate at the center position was defined as the localiza-

tion precision.
Dark-field microscopy with vertical illumination

A continuous-wave semiconductor laser at 520 nm wavelength (OBIS

520LX; Coherent) was used as an illumination source. The laser beam

was introduced into the back port of the inverted microscope body (IX70;

Olympus) and reflected by the central region of a dot mirror (an elliptical

dot with minor and major axes of 4.0 and 5.7 mm, respectively, with circu-

lar shape as viewed from the optical axis) (28). The laser beam was focused

with a lens at the center portion of the back-focal plane of the oil-immersion

objective lens (NA 1.40, PLAPON 60XOSC2; Olympus). AuNPs fixed on

glass in an aqueous suspension were placed on the sample stage. Scattered

light from the AuNPs was collected by the same objective lens and was

passed through the peripheral portion of the dot mirror to be introduced

into the imaging optics. The dark-field scattering image of the AuNPs

was recorded with a high-speed CMOS camera (Fastcam AX100; Photron)

equipped at the side port of the microscope body through 5�magnification

lens. The image pixel size was 66.4 nm/pixel. The laser power was

measured before the objective lens, and laser intensity at the sample plane

was calculated as power density (mW/mm2), assuming that the objective

lens transmittance was 100%.

Sequential dark-field images were obtained to analyze the localization

precision of the AuNPs. At each frame, the X-Y coordinates at the center

of the AuNP image were calculated using custom-made software (29).

The size of the image area for analysis of the center position was 10 �
10 pixels (664 � 664 nm). The SD of the distribution of the X or Y coor-

dinate at the center position was defined as the localization precision. For

analysis of the AuNP scattering signal intensity, the background intensity

was subtracted from the signal intensity. The signal intensity was obtained

from the image area that included a single AuNP. Background intensity was

obtained from the dark-field image of the control sample without AuNP.

The size of the image area was 10 � 10 pixels (664 � 664 nm) for both

signal and background analyses.
Electron microscopic observation

AuNPs were observed with an electron microscope to analyze their actual

size distributions, as shown in Fig. 1, a–f. A drop of the AuNP suspension

was placed on a glow-discharged carbon-coated copper grid and dried in

air. The AuNPs on the grid were examined using an electron microscope

(JEM 2200FS; JEOL, Tokyo, Japan) with a field-emission electron source

operating at 200 kV and an in-column (U-type) energy filter operating in

zero-energy-loss mode and with �15 eV slit width. The images were re-

corded with a direct-detector CMOS camera (DE20; Direct Electron LP,

San Diego, CA) with 32,715� detector magnification, which corresponds

to 2.0�A per pixel. The actual diameter (D) of the AuNPs in the electron mi-

croscope images was calculated using the cross-sectional area (A) of the iso-

lated particles in the image. We used the equation A ¼ p(D/2)2 assuming

spherical particles, although some nanoparticles showed triangular, rectan-

gular, and hexagonal shapes. The average particle diameter and the SDcalcu-

lated from the images were 39.9 5 3.0 nm for 40 nm (n ¼ 213), 30.8 5

2.4 nm for 30 nm (n¼ 185), and 18.25 1.3 nm for 20 nm (n¼ 129) AuNPs.
Total internal reflection fluorescence microscopy

A continuous-wave semiconductor laser with 532 nm wavelength (DPGL-

2100F; Photop, Shanghai, China) was used as the excitation source. The
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laser beam was introduced to the rotating diffractive diffuser (30,31) for

annular illumination. Zero-order diffraction was blocked by a mask, and

the remaining ring-shaped beam was focused with a lens at the slit portion

of the annular mask to eliminate stray light. The beam passing through the

mask was introduced into another lens and then into the side port of the in-

verted microscope body (IX71; Olympus), reflected by a dichroic mirror,

and focused at the back-focal plane of the oil-immersion objective lens

(NA 1.45, PlanAPO TIRFM; Olympus) with a ring shape. The fluorescence

signal, which was collected by the same objective lens, passed through the

dichroic mirror and a barrier filter and was detected with an EMCCD (elec-

tron multiplying charge coupled device) camera (iXonUltra888; Andor,

Belfast, UK) placed at the side port of the microscope.

To determine localization precision of a fluorescent dye, Cy3, we

observed Cy3-labeled chitinase A (D415C mutant for Cy3-labeling) with

His6-tag (50 pM in final) (31). The Cy3-labeled chitinase A molecules

were fixed on the glass surface in 50 mM sodium phosphate buffer at pH

6.0 and were observed at 0.28 mW/mm2 laser intensity. Sequential images

were obtained at 1 s time resolution for 30 s (30 frames in total). The elec-

tron multiplying-gain was 300, and the temperature of the sensor was

�80�C. The pixel size of the image was 67.7 nm/pixel. The center coordi-

nate of the fluorescence image of single Cy3-labeled chitinase Awas calcu-

lated by two-dimensional Gaussian fitting. The localization precision of the

image was obtained from the SD of the distribution of the X or Y coordinate

at the center of the image. The photon number for each image was calcu-

lated according to the detector count and gain setting.
Purification and biotinylation of kinesin-1

Cysteine residue (S55C) was introduced into the cysteine-light human kine-

sin-1 heterodimer, as reported previously (24). One of the polypeptide

chains in the heterodimer has a Strep-tag at the C-terminus. Another poly-

peptide chain contains a His6-tag at the C-terminus and cysteine residue

(S55C) at motor domain. Heterodimers were expressed in Escherichia

coli Tuner (DE3) and purified by nickel nitrilotriacetic acid affinity

chromatography, and subsequently purified by Strep-Tactin affinity chro-

matography. The obtained sample was further purified by gel filtration chro-

matography. The cysteine residue of purified kinesin-1 was reduced by

1 mM dithiothreitol for 30 min on ice. After incubation, the dithiothreitol

was removed by NAP column (NAP-5; GE Healthcare, Chicago, IL). The

reduced sample was immediately mixed with biotin-PEAC5-maleimide

(B299; Dojindo, Kumamoto, Japan) at a molar ratio of 1:6 (kinesin-1

dimer/biotin-PEAC5-maleimide) for 60 min on ice. After incubation, un-

reacted biotin-PEAC5-maleimide was removed by NAP column (NAP-10;

GE Healthcare).
Surface modification of AuNP with streptavidin
and labeling of biotinylated kinesin-1

Colloidal suspension of 40 nm AuNPs (EMGC40; BBI Solutions) or 30 nm

AuNPs (EMGC30; BBI Solutions) was modified with streptavidin, as

described previously with small modification (24). They were suspended

in 10 mM phosphate buffer (pH 8.0) with 0.2% Tween 20. To form biotin-

functionalized surface on AuNP, alkanethiol mixture solution was added at

a final concentration of 0.1 mg/mL biotinylated alkanePEG thiol (SPT-

0012D; SensoPath Technologies, Bozeman, MT), 0.2% carboxy-EG6-unde-

canethiol (C445; Dojindo), and 0.2% hydroxy-EG6-undecanethiol (H355;

Dojindo). After incubation for 6 h at 70�C, unreacted alkanethiols were

removed by centrifugation (10,000 � g, 3 min for 40 nm AuNP and 5 min

for 30 nm AuNP) and mixed with streptavidin (PRO-791-b; Prospec, Fuller-

ton, CA) at a final concentration of 0.67 mg/mL, dissolved in 10 mM phos-

phate buffer (pH 8.0) with 0.2% Tween 20. The solution was gently mixed

using a rotator for 3 h at room temperature, and unreacted streptavidin

was removed by centrifugation (10,000 � g, 3 min for 40 nm AuNP and

5 min for 30 nm AuNP). The pellet was suspended in 10 mM phosphate
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buffer (pH 8.0) and stored in a refrigerator at 4�C. Just before starting mea-

surement, biotinylated kinesin-1 and streptavidin-coated AuNP were mixed

at a ratio of 2 (kinesin-1 molecules/AuNP particles).
Preparation of microtubule and construction of
flow cell

Tubulin was purified from pig brain and stored at �80�C at 6 mg/mL. Mi-

crotubules were obtained by polymerizing tubulin at 37�C for 30 min in the

presence of 0.75 mM GTP. After polymerization, the solution was centri-

fuged (72,000 rotations per minute, 30 min), and the supernatant was

removed. The pellet was dissolved in the BRB80 buffer (80 mM PIPES,

1 mM MgCl2, 1 mM EGTA (pH 6.8)) with 1 mM GTP and 20 mM taxol.

Before observation, the microtubule solution was �5 times diluted by

BRB80 buffer containing 20 mM taxol. For microscopic observation, the

microtubules in solution were fixed on the glass surface of the flow cell.

The flow cell was constructed with two cover glasses (18 � 18 mm for up-

per layer and 24 � 32 mm for bottom layer; Matsunami Glass, Osaka,

Japan). The cover glass for the bottom layer was washed with ethanol

and 10 M KOH. To modify the surface of the cleaned cover glass, it was

rinsed with acetone, reacted with 0.2% (3-aminopropyl)triethoxysilane

(LS-3150; Shin-Etsu Silicone, Tokyo, Japan) in acetone for 60 min, and

washed with acetone, ethanol, and water.

After surface coating of the cover glass for the bottom layer of the

flow cell, another cover glass for the upper layer was attached to it by

grease with thin spacers to form three flow cells in parallel. The volume

of each flow cell was around 10 mL. In each flow cell, 10 mL of 8%

glutaraldehyde (072-02262; Wako, Osaka, Japan) in water was immersed

for 20 min and washed with 60 mL of water. 10 mL of microtubule so-

lution was immersed in the flow cell for 2 min to fix them on the glass

surface. The flow cell was then washed with 20 mL of BRB80 buffer

containing 20 mM taxol. To prevent nonspecific binding of kinesin-1

on the glass surface, the flow cell was infused with 20 mL of 1 mg/mL

bovine serum albumin (010-15153; Wako) in BRB80 buffer containing

20 mM taxol for 2 min. The remaining bovine serum albumin was

removed by 20 mL of the observation buffer (BRB80 buffer containing

1 mg/mL casein, 2.5 mM phosphoenolpyruvate, 0.1 mg/mL pyruvate ki-

nase, and 10 mM ATP). The flow cell was immersed with 10 mL of

AuNP-labeled kinesin-1 in observation buffer, and the observation was

performed at 25 5 1�C.
Dark-field imaging of AuNP-labeled kinesin-1 with
axicon-based annular illumination system

Annular illumination dark-field imaging system, mentioned above, was

used for observation of kinesin-1. The actual image pixel size of the detec-

tor (Fastcam AX100; Photron) was 67.6 nm/pixel with a 5� magnification

lens. The center coordinate of the dark-field image of single-AuNP-labeled

kinesin-1 was calculated by two-dimensional Gaussian fitting. For Figs. 7

and S14, time resolution was 10 ms with a laser intensity of 40 mW/mm2.

For Figs. 8 and S17, time resolution was 50 ms with a laser intensity of

40 mW/mm2.
Data analysis of kinesin-1

At each frame of the image sequence, the center coordinate of the AuNP

attached to kinesin-1 was obtained by two-dimensional Gaussian fit to

the intensity profile of the AuNP image using same algorithm reported pre-

viously (24,28). The obtained X-Y coordinates (Xraw and Yraw) were

adjusted to the orientation parallel to the microtubule long axis (on axis,

Xon) and the orientation perpendicular to the microtubule long axis (off

axis, Yoff) (24). The coordinates of raw data, Xraw and Yraw, were rotated

to Xon and Yoff by the following:
Xon ¼ cos q � Xraw þ sin q � Yraw (1)

and

Yoff ¼ �sin q � Xraw þ cos q � Yraw; (2)

where q is the angle between Xon axis and Xraw axis. Velocity of the kinesin-

1 motion was obtained by the slope of the linear fit of Xon plot with time.

The SD of on- and off-axis position was calculated for each time frame t.

The window size was t 5 10 frames for Figs. 7 and S14 and was t 5 20

frames for Fig. 8. For the analysis of step size shown in Fig. S17, the trajec-

tory (Xon, Yoff) was treated with median filtering (window size of 30 frames)

to reduce the noise. The steps in the median-filtered on-axis trajectory were

identified by the algorithm developed by Kerssemakers et al. (32). The un-

bound state, the bound state, and their transition of AuNP-labeled kinesin-1

head on the microtubule—shown in Figs. 7, 8, and S14—were distin-

guished by eye based on the SD in the off-axis position, where high SD rep-

resents unbound state, low SD represents bound state, and the transition

from low SD to high SD represents the bound-to-unbound state transition.

For the plot of Xon, Yoff, SDon and SDoff with time, and the two-dimensional

plot of Xon and Yoff, moving average with the window size of 10 frames were

used to reduce the noise.
RESULTS AND DISCUSSION

Imaging of single AuNPs was performed with a custom-
made, objective-lens-type total internal reflection dark-field
microscopy system using a perforated mirror, as described
in the Materials and Methods (28). First, the localization pre-
cision of theAuNPswas analyzed at different laser intensities.
AuNPs with diameters of 20, 30, and 40 nm were used for
observation.Note that thediameters described above are nom-
inal values provided by the manufacturer, and actual values
are slightly different (Fig. 1, a–f). AuNPs were fixed on cover
glasswith a high ionic strength aqueous solution and observed
(Fig. 1, g–i). Sequential images were obtained with 1 ms time
resolution (1000 frames per second) for a duration of 0.5 s
(500 frames in total). The two-dimensional coordinates of
the center position of the AuNP image at each frame were
calculated using custom-made software (Figs. S1–S4) (29).
The SD of the distribution of the X or Y coordinate of the cen-
ter position was defined as the localization precision. Fig. S5,
a and b show the localization precision at different laser inten-
sities along the X and Yaxes. The value of localization preci-
sion decreased with increased laser intensity and with
increased particle size. For the 40 nm AuNP, the localization
precision saturated when the laser intensity was more than
5 mW/mm2. The lower limit of localization precision achieved
in this measurement was around 0.3 nm.

Then, we calculated the signal, noise, and signal/noise ra-
tio (S/N) of the images using Eq. 3:

S=N ¼ Is � Ibffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
s þ s2

b

p : (3)

Is and Ib are the signal and background intensities, respec-
tively, and ss

2 and sb
2 are their variances (33,34). The signal
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intensity was obtained from the image area that includes
a single AuNP, whereas the background intensity was
obtained from the neighboring area without an AuNP.
The size of the image area was 10 � 10 pixels (667 �
667 nm) for both signal and background analyses. Fig. S5 c
shows the signal and noise at different laser intensities. As
the laser intensity increased, the noise did not change in a
large way, whereas the signal increased. Fig. S5 d shows
the S/N at different laser intensities. The S/N increased
with increased laser intensity and with increased particle
size. For the 40 nm AuNP, the S/N was saturated at around
500 when the laser intensity was higher than 5 mW/mm2.
The saturation occurred at nearly the same laser intensity
for both localization precision and S/N. Those results indicate
a strong correlation between localization precision and S/N.
Fig. 2, a and b show the relationship between the S/N and
localization precision of the AuNP. The value of localization
precision decreased exponentially with increased S/N.
Regardless of particle size, the localization precision of the
AuNP image was basically governed by its S/N. Thompson
et al. described the localization precision (s) by

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
s2

N
þ a2=12

N
þ 8ps4b2

a2N2

�s
; (4)

where N, s, a, and b are the number of photons collected in
a single image frame, the width (SD) of the image, the im-
age pixel size, and the SD of the background, respectively
(13). When the photon number is high enough, the first and
second terms in Eq. 4 become dominant (14). The localiza-
tion precision is therefore expected to be inversely propor-
tional to the square root of the photon number. Based on
Eq. 4, photon numbers were back calculated from the
localization precision and the obtained experimental pa-
rameters. The width of each image was obtained by the
two-dimensional Gaussian fitting. Fig. 2, c and d show a
log-log plot of the dependence of the photon number on
the S/N, in which the slopes below 50,000 photons were
1.1 along both the X and Y axes, indicating linear relation-
ship. Fig. 2, e and f show the relationship between the esti-
mated photon number and the localization precision. The
localization precision decreased nonlinearly with increased
photon number, regardless of particle size. When the
photon number was smaller than 50,000, the slopes of the
linear fit in the log-log plot were �0.56 and �0.55 along
the X and Y axes, respectively. As is expected from Eq.
4, localization precision was inversely proportional to the
square root of the photon number. On the other hand,
when the photon number was larger than 50,000, the slopes
became less steep, for which the linear fits in the log-log
plot were �0.35 and �0.23 along the X and Yaxes, respec-
tively. In this high photon number region, the localization
precision deviated from Eq. 4. The lower limit of precision
was restricted to �0.3 nm owing to the change in slope. We
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suppose that the slope change was caused by detector satu-
ration. This is because the point-spread function of the par-
ticle image was deformed when the photon number was
roughly higher than 50,000, as shown in Fig. S6. Line pro-
file of the image could not be fitted with Gaussian at high
photon number with high laser intensity because of the
saturation of the image. The value of the s therefore
increased with increase of the laser intensity (Fig. S7).
On the other hand, the value of the b did not change by a
large amount (Fig. S7). The distribution of b, generated
from the time course of the image, was well fitted by a
Gaussian (Fig. S8), indicating the background fluctuation
is described by the Poisson noise. These results suggest
that not background fluctuations, but incorrect values of
the s affect the deviation from Eq. 4. Indeed, when the fixed
value of the s, obtained at the laser intensity of 1 mW/mm2,
was used for the back calculation of the photon number, the
slope followed Eq. 4 without saturation (Fig. 2, e and f).
Thus, in this setup, we concluded that further improvement
of the localization precision is restricted by detector satura-
tion, owing to the limited well depth of the image sensor.
Development of the image sensor with a high well depth
will contribute to an improved localization precision.
Furthermore, a combination of higher image magnification
(smaller image pixel size) and higher laser intensity than
this setup will improve the localization precision, although
a very large laser intensity would damage the objective
lens. This point will be examined in detail later. The exper-
imental value of the localization precision of a fluorescent
dye, Cy3 (n ¼ 5, black filled circle) and the theoretical
localization precision of Cy3 based on Eq. 4 and the ob-
tained experimental parameters (n ¼ 5, black open circle)
are also shown for comparison. As shown in Figs. S5 c
and S7, noise and SD of the background (b in Eq. 4) did
not change largely with increased laser intensity, whereas
the signal (and the photon number N in Eq. 4) increased
and resulted in better localization precision. These results
indicate that the noise of the system, including the elec-
tronic noise of the detector and the variations among the
pixels, will not significantly affect the measurement at
sub-nm localization precision. As a biological application
of sub-nm localization precision, we have recently used
40 nm AuNP to probe linear motion of Serratia marcescens
chitinase A, which moves on the crystalline chitin (35).
One nm forward and backward stepping motions have
been successfully observed with 0.3 nm localization preci-
sion at 0.5 ms time resolution, at which the 1 nm step size
corresponds to the length of hydrolysis reaction product,
chitobiose.

With the experimental setup described above, the lower
limit of localization precision was around 0.3 nm for
40 nm AuNPs, and the combination of higher laser intensity
and higher image magnification (smaller image pixel size)
than this setup will improve the localization precision. How-
ever, the optical system described above has a limitation on



FIGURE 2 Relationships among localization pre-

cision, S/N, and photon number of the dark-field im-

age of 20 nm (green), 30 nm (blue), and 40 nm (red)

AuNPs. (a and b) Relationships between S/N and

localization precision along the (a) X and (b) Y

axes. (c and d) Log-log plots between S/N and

photon number along the (c) X and (d) Y axes (n ¼
5). Dotted lines represent linear fits applied to data

with less than 50,000 photons. Slopes of the dotted

lines are 1.1 (i) and 1.1 (ii), respectively. (e and f)

Log-log plots between estimated photon number

and localization precision along the (e) X and (f) Y

axes. Orange symbols represent 40 nm AuNPs for

which the photon number was calculated with the s

at 1 mW/mm2 laser intensity. Dotted black lines

represent linear fits applied to data below and above

50,000 photons. The dotted orange line represents a

linear fit applied to data with the photon number

calculation with the s at 1 mW/mm2 laser intensity.

The slopes of the dotted lines are �0.56 (iii),

�0.35 (iv), �0.55 (v), �0.55 (vi), �0.23 (vii), and

�0.52 (viii), respectively. Filled and open black cir-

cles represent experimental and theoretical values

for single fluorophore (Cy3), respectively (n ¼ 5).

All error bars represent SD. To see this figure in co-

lor, go online.
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the incident laser power because the laser beam is tightly
focused on one point at the back-focal plane of the objective
lens. High power density at the focal point damages the
objective lens. Therefore, we designed and constructed an
annular illumination total internal reflection dark-field mi-
croscopy system with an axicon lens. Fig. 3 a shows a sche-
matic illustration of the optical system. Details are
summarized in the Materials and Methods. In this configu-
ration, a ring-shaped laser beam is focused at the back-focal
plane of the objective lens. Therefore, we can effectively
disperse the laser power at the back-focal plane, resulting
in an improved damage threshold for the incident laser
power.
Then, we observed 40 and 30 nm AuNPs with the high
laser intensity achieved by the annular illumination with
small image pixel size (Fig. 3, b–e). We compared the re-
sults obtained with the image pixel size of 31.6 nm/pixel
and 67.6 nm/pixel (Figs. S9–S12). The laser intensity
dependence of the localization precision and S/N of
40 nm AuNPs at 1 ms time resolution is shown in Fig. 4,
a–c. For both image pixel sizes, localization precision and
S/N were improved with increased laser intensity. With an
image pixel size of 67.6 nm/pixel, the S/N showed satura-
tion when the laser intensity was more than 5 mW/mm2,
and the lower limit of localization precision was restricted
to �0.2 nm. On the other hand, with the image pixel size
Biophysical Journal 115, 2413–2427, December 18, 2018 2419



FIGURE 3 Axicon-based annular illumination system for dark-field im-

aging of AuNPs. (a) An optical schematic for annular illumination total in-

ternal reflection dark-field microscopy using an axicon lens. The details are

described in the Materials and Methods. (b–e) Dark-field images of 40 nm

AuNPs with image pixel sizes of (b) 31.6 nm/pixel and (c) 67.6 nm/pixel

and those of 30 nm AuNPs with image pixel sizes of (d) 31.6 nm/pixel

and (e) 67.6 nm/pixel. The same image fields were observed for (b) and

(c) and (d) and (e), respectively. The images were taken at 1 ms time reso-

lution. Scale bars, 5 mm. To see this figure in color, go online.
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of 31.6 nm/pixel, the value of the localization precision
decreased with a slight change in slope up to a laser intensity
of�20 mW/mm2. As a result, we achieved 1.3�A localization
precision at 30 mW/mm2 laser intensity. In Fig. 4, a–c, the
dependence of the localization precision and the S/N on
the laser intensity showed a crossover around 10 mW/mm2

between two image pixel sizes. With a smaller pixel size
at low laser intensity, the S/N and localization precision
degraded. On the other hand, when the laser intensity
increased, the signal intensity of the image with larger pixel
size shows saturation earlier than that with smaller pixel
size. Therefore, at more than 20 mW/mm2 laser intensity,
the S/N and localization precision of the image with smaller
pixel size improved and reached 1000 and 1.3 �A, respec-
tively. Furthermore, we also compared the localization
precision, signal, noise, and S/N between the annular illumi-
nation and point-illumination systems (Fig. S13). Under the
conditions with similar pixel sizes, 66.7 and 67.6 nm/pixel
for point-illumination- and axicon-based systems, respec-
tively, there were no significant differences. Our results
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clearly show that high localization precision can be
achieved with high laser intensity and small image pixel
size. However, the image pixel size must be carefully chosen
based on the localization precision required for each mea-
surement because field of view will be limited at high image
magnification. We also performed the same measurement
with 30 nm AuNPs. Fig. 4, d–f show the dependence of
the localization precision and S/N on the laser intensity.
The lower limits of localization precision for 30 nm AuNPs
were 1.9 and 2.1�A with 31.6 and 67.6 nm/pixel image pixel
sizes, respectively, at the laser intensity of 40 mW/mm2.

Fig. 5 shows the relationship between the estimated
photon numbers and localization precision as calculated
from dark-field images of the 40 and 30 nm AuNPs with im-
age pixel sizes of 67.6 and 31.6 nm/pixel. With larger pixel
size, the slopes of the linear fit in the log-log plot for the X
and Y axes were �0.51 and �0.50, respectively, until the
photon number reached 60,000, whereas they were �0.20
and�0.23, respectively, when the photon number was larger
than 60,000. On the other hand, with smaller pixel size, the
slopes of the linear fit in the log-log plot in the X and Yaxes
were �0.55 and �0.56, respectively, until the photon num-
ber was around 200,000. The slopes become �0.23 and
�0.29, respectively, when the photon number was larger
than 200,000. The inflection points of the slope in the log-
log plot correspond to the onset of detector saturation, as
discussed in the previous section. Detector saturation was
effectively avoided with smaller pixel size. Furthermore,
when the fixed value of the s obtained at the laser intensity
of 1 mW/mm2 was used for the back calculation of the
photon number as in Fig. 2, e and f, the slope followed
Eq. 4 without saturation. When the image pixel size reduces
by a factor of 2, pixel numbers in the same image area in-
crease by a factor of 4, resulting in an increased photon
number by a factor of 4 collected before detector saturation.
By using small pixel size and high laser intensity, detector
saturation was effectively suppressed while large numbers
of photons (�106) were collected. As a result, the localiza-
tion precision improved to the angstrom level.

Annular illumination total internal reflection fluorescence
microscopy with a rotating mirror or a diffractive diffuser
has been reported previously (30,31,36). Our axicon-lens-
based system is similar to the diffractive-diffuser-based
system but has an advantage in terms of illumination laser
intensity. In a diffractive-diffuser-based system, first-order
diffraction of the laser is used for illumination, and the
zero-order light is blocked with a beam damper, resulting
in significant loss of laser power due to low diffraction
efficiency. On the other hand, in the axicon-based system,
all portions of the beam that entered the axicon lens
can be used for illumination. In addition to the availability
of high laser intensity, annular illumination has an advan-
tage over point illumination because of polarization of
the evanescent field (30,31,36). The evanescent field
formed by total internal reflection microscopy with point



FIGURE 4 Localization precision of 40 and 30 nm AuNPs with annular illumination dark-field microscopy at high laser intensity and small image pixel

size. (a and b) Log-log plots between laser intensity and localization precision for the 40 nm AuNPs along the (a) X and (b) Yaxes (n ¼ 5). The image pixel

sizes were 31.6 nm/pixel (red dots) and 67.6 nm/pixel (black dots), and the image was taken at 1 ms time resolution. (c) The S/N of 40 nm AuNPs at different

laser intensities (n ¼ 5). The image pixel sizes were 31.6 nm/pixel (red dots) and 67.6 nm/pixel (black dots), respectively. (d and e) Log-log plots between

laser intensity and localization precision for the 30 nm AuNPs along the (d) X and (e) Y axes (n ¼ 5). The image pixel sizes were 31.6 nm/pixel (blue dots)

and 67.6 nm/pixel (gray dots). The image was taken at 1 ms time resolution. (f) The S/N for the 30 nm AuNPs at different laser intensities (n¼ 5). The image

pixel sizes were 31.6 nm/pixel (blue dots) and 67.6 nm/pixel (gray dots). All error bars represent SD. To see this figure in color, go online.
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illumination shows strong polarization in the direction par-
allel to the substrate, and the direction parallel to the inci-
dent s-polarized light appears strongly (37). In an annular
illumination system, total internal reflection occurs from
all directions at the interface of glass and water. Polarization
of the evanescent field is effectively reduced, which allows
quantitative fluorescence or scattering measurements of
polarization-sensitive molecules or metal nanostructures
regardless of the sample orientation parallel to the glass
substrate.

Elementary steps in the chemical reactions of biomole-
cular motors generally show time constants with milli-
second timescales, and their mechanical motions (steps)
triggered by chemical reaction generally occur on sub-milli-
second timescales (6). Therefore, to understand the working
principles of biomolecular motors in detail, time resolution
must be improved to the microsecond level and must be
accompanied by high localization precision. We next
observed 40 and 30 nm AuNPs at high time resolution
with high laser intensity. Fig. 6, a–f show the time-resolu-
tion dependence of the localization precision and S/N for
40 and 30 nm AuNPs at 40 mW/mm2 laser intensity, respec-
tively. For 40 nm AuNPs at time resolutions between 1 ms
and 33 ms, localization precisions with 31.6 nm/pixel image
pixel size were slightly better than those with 67.6 nm/pixel
image pixel size, whereas at 10 ms time resolution, localiza-
tion precision with 67.6 nm/pixel image pixel size was
slightly better than that with 31.6 nm/pixel image pixel
size. As results, localization precisions of 1.7 �A, 3.2 �A,
5.4 �A, and 1.3 nm were achieved at 333, 100, 33, and
10 ms time resolutions, respectively. On the other hand,
for 30 nm AuNP, at time resolutions between 333 and
10 ms, localization precisions were slightly better with
67.6 nm/pixel image pixel size than those with 31.6 nm/
pixel image pixel size, whereas at 1 ms time resolution,
localization precision with 31.6 nm/pixel image pixel size
was slightly better than that with 67.6 nm/pixel image pixel
size. As results, localization precisions of 3.3 �A, 7.5 �A,
1.7 nm, and 4.4 nm were achieved at 333, 100, 33, and
10 ms time resolutions, respectively. Because the laser inten-
sity was 40 mW/mm2 for these measurements, detector satu-
ration occurs with a large pixel size of 67.6 nm/pixel at a low
time resolution such as 1 ms. This is the reason why worse
localization precision was obtained with a large pixel size
compared with the small image pixel size of 31.6 nm/pixel.
On the other hand, at a high time resolution such as 10 ms,
Biophysical Journal 115, 2413–2427, December 18, 2018 2421



FIGURE 5 Photon number dependence of the

localization precision for the 40 and 30 nm AuNPs

at different image pixel sizes. (a–d) Log-log plots be-

tween estimated photon number and localization pre-

cision along the (a) X and (b) Y axes with the image

pixel size of 67.6 nm/pixel and (c) X and (d) Y axes

with the image pixel size of 31.6 nm/pixel. Black and

red symbols represent 40 nm AuNPs, and green and

blue symbols represent 30 nm AuNPs, respectively.

Gray and orange (light green and light blue) symbols

represent 40 nm (30 nm) AuNPs, for which the

photon number was calculated with the s at 1 mW/

mm2 laser intensity. Black dotted lines show linear

fits applied to the region below and above 60,000

photons at 67.6 nm/pixel image pixel size and to

the region below and above 200,000 photons at

31.6 nm/pixel image pixel size. Light red and gray

dotted lines show linear fits applied to the whole

photon number region at 67.6 and 31.6 nm/pixel im-

age pixel sizes, respectively, for which the photon

number was calculated with the s at 1 mW/mm2 laser

intensity. The slopes of the dotted lines are�0.51 (i),

�0.20 (ii), �0.50 (iii), �0.50 (iv), �0.23 (v), �0.50

(vi), �0.55 (vii), �0.23 (viii), �0.53 (ix), �0.56 (x),

�0.29 (xi), and �0.54 (xii), respectively. To see this

figure in color, go online.
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detector saturation did not occur for both image pixel sizes,
corresponding to the same numbers of collected photons.
Under this condition, localization precision will be deter-
mined by the balance of the image pixel size a and the SD
of the background b in Eq. 4. With a fixed value of 10,000
photons (N) and image width (s) of 100 nm and the experi-
mentally determined values of a and b, the localization
precisions were estimated to be 1.1 nm for 67.6 nm/pixel
and 2.2 nm for 31.6 nm/pixel, respectively. This estima-
tion is consistent with better localization precision with
67.6 nm/-pixel at 10 ms time resolution.

To verify the capability of the developed system for sin-
gle-molecule imaging of biomolecular motors, we observed
linear motion of kinesin-1 labeled with 40 nm AuNP at
10 ms time resolution (Fig. 7; Video S1). We analyzed the
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transition from the microtubule-bound to the microtubule-
unbound state of the kinesin-1 head in detail. This transition
is a transient event that occurs on a microsecond timescale.
Because the time resolution of our current system (10 ms) is
5.5 times higher than that of a previous study with similar
nanometer localization precision (24), it should provide bet-
ter insights on the pathway of transition. As reported previ-
ously (24), we used heterodimeric cysteine-light human
kinesin-1, whose one head has cysteine residue (S55C).
The cysteine residue was biotinylated and bound with a
streptavidin-coated 40 nm AuNP, and transitions of the
head were observed by annular illumination dark-field im-
aging system at 10 mM ATP. Fig. 7 a shows the typical trace
of the center position of a 40 nm AuNP attached to the ki-
nesin-1 head along the microtubule long axis (on axis)



FIGURE 6 Time-resolution dependence of the localization precision of 40 and 30 nm AuNPs with annular illumination dark-field microscopy. (a and b)

Time-resolution dependence of localization precision along the (a) X and (b) Y axes for 40 nm AuNPs (n ¼ 5). The dark-field image was obtained with

40 mW/mm2 laser intensity. The image pixel sizes were 31.6 nm/pixel (red dots) and 67.6 nm/pixel (black dots). (c) Time-resolution dependence of the S/N

for 40 nm AuNPs (n ¼ 5). The dark-field image was obtained with 40 mW/mm2 laser intensity. The image pixel sizes were 31.6 nm/pixel (red dots) and

67.6 nm/pixel (black dots). (d and e) Time-resolution dependence of the localization precision along the (d) X and (e) Y axes for 30 nm AuNPs (n ¼ 5).

The dark-field image was obtained with 40 mW/mm2 laser intensity. The image pixel sizes were 31.6 nm/pixel (blue dots) and 67.6 nm/pixel (gray dots), respec-

tively. (f) Time-resolution dependence of the S/N for 30 nmAuNPs (n¼ 5). The dark-field imagewas obtained with 40 mW/mm2 laser intensity. The image pixel

sizes were 31.6 nm/pixel (blue dots), and 67.6 nm/pixel (gray dots). All error bars represent SD. To see this figure in color, go online.
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and perpendicular to the microtubule long axis (off axis).
Processive movement of kinesin-1 along the microtubule
long axis was observed. The lower panel shows the SD of
the on- and off-axis directions. In both of the axes, low fluc-
tuation state (colored as red) and high fluctuation state
(colored as blue) were observed, representing the microtu-
bule-bound state and microtubule-unbound state of the
head, respectively. When the bound state is changed to the
unbound state, the head displaced rightward in the off
axis, as reported previously (24). Figs. 7, b and c and S14
show enlarged views of the representative traces and SDs,
including transitions from the bound to the unbound state.
The traces during transition are shown by a rainbow-colored
line. The periods with small (light red) and large (light blue)
SD correspond to the bound and unbound states, respec-
tively, whereas the period when the SD changed from small
to large value (rainbow color) corresponds to the transition.
Figs. 7 d and S14 shows two-dimensional plots of the center
position of 40 nm AuNPs. During transitions, there were no
apparent large leftward trails in the off axis because they did
not move out to the left from the area of bound states shown
as red. This result strongly suggests that the trailing head
passes the microtubule-bound leading head from the right
during state transition, which results in unidirectional rota-
tion of kinesin-1 (38).

Although the inertial and viscosity forces of AuNPs in
water are sufficiently small and low-load fast motion of bio-
molecular motors can be observed, reduction of the particle
size is still important to minimize any possible hindrances
due to the steric effect of AuNPs. Based on the Mie
theory, the scattering cross section of the particle (sscatt) is
given by

sscatt ¼ 128p5

3l4
R6

����m2 � 1

m2 þ 2

����
2

; (5)
where l, R, and m are the wavelength of the light, the radius
of the particle, and the ratio of the refractive index between
the particle and the surrounding medium, respectively (39).
Furthermore, the scattering efficiency (Escatt) is given by the
scattering cross section divided by the geometric cross sec-
tion as pR2 (40) and is expressed by the following:

Escatt ¼ sscatt

pR2
¼ 128p4

3l4
R4

����m2 � 1

m2 þ 2

����
2

: (6)
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FIGURE 7 Transition from bound to unbound

state of the kinesin-1 head labeled with 40 nm

AuNP and observed at 10 ms time resolution. (a)

Typical trace of the center position at 10 mM ATP.

Light red and light blue lines represent the bound

and the unbound states, respectively. Red and blue

lines represent the filtered trace with moving average

(window size of 10 frames) of the bound and the un-

bound states, respectively. Lower panel shows SD of

the positions along the on and off axis for each

time frame (calculated as (t � 10, t þ 10)). (b) An

enlarged view of the trace in (a), including the tran-

sition from the bound to the unbound state (gray

line). Red, blue, and rainbow-colored lines represent

the filtered trace with moving average (window size

of 10 frames) for the bound state, the unbound state,

and the transition from the bound to the unbound

state, respectively. (c) An enlarged view of the SD

of the positions along the on and off axis. Red,

blue, and rainbow-colored lines represent the bound

state, the unbound state, and the transition from the

bound to the unbound state, respectively. (d) A

two-dimensional plot of the center position of a

40 nm AuNP, shown in (b). Light red, light blue,

and rainbow lines represent filtered trace with mov-

ing average (window size of 10 frames) for the

bound state, the unbound state, and the transition

from the bound to the unbound state, respectively.

To see this figure in color, go online.
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Next, we investigated the relationship between particle
size and the signal intensity or S/N (Fig. S15). The slope
of the linear fit to the log-log plot for the signal intensity
was 4.4 at 4 mW/mm2 laser intensity. Similarly, the slope
of the linear fit to the log-log plot for the S/N was around
4 when the laser intensity was lower than 5 mW/mm2.
When the laser intensity was higher than 5 mW/mm2, the
slope became less steep, presumably because of S/N satura-
tion. Both the signal intensity and the S/N were proportional
to �4th power of the particle diameter. Furthermore, we
analyzed the dependence of the signal intensity or S/N on
the particle diameter with vertical illumination dark-field
imaging system (Fig. S16) (28). Slopes of the linear fit to
the log-log plot for the signal intensity and the S/N were
4.2 and 3.9, respectively. Therefore, the fourth-power
diameter dependency is independent of the illumination
conditions. These results suggest that when scattering light
is collected with microscope system, we may need to
consider the geometrical cross section of AuNP. The infin-
itesimal point is projected on the image plane in the
microscope system. However, in actual measurement, the
nanoparticle has finite size. The scattering cross section
divided by the geometrical cross section, which is equiva-
lent to the scattering efficiency (Eq. 6, scales with R4), is
consistent with our observation, the fourth-power diameter
2424 Biophysical Journal 115, 2413–2427, December 18, 2018
dependency. This severe scaling law causes difficulty in
observing small AuNPs with high localization precision.
Thus, it is important to use much higher laser intensity
than that used for 40 nm AuNPs. Our annular illumination
system is suitable for this purpose because we achieved
1.9 �A, 7.5 �A, and 1.7 nm localization precisions at 1 ms,
100 ms, and 33 ms time resolutions, respectively, with
30 nm AuNP (Fig. 6).

To verify whether our system with smaller AuNPs works
for the analysis of biomolecular motors, we used a 30 nm
AuNP to observe the motion of the kinesin-1 head at
50 ms time resolution. We observed the same kinesin-1
construct described above at 10 mM ATP (Fig. 8; Video
S2). Fig. 8 a shows the typical trace of the center position
of a 30 nm AuNP attached to the kinesin-1 head. The proc-
essive movement of kinesin-1 along the microtubule long
axis was observed with the distinct steps. The distribution
of the step size shows a single peak at around 16.1 nm
(seven molecules, 212 steps) (Fig. S17). The average veloc-
ity was 218.5 5 41.6 nm/s (seven molecules, 12 traces).
Both the step size and velocity were similar to the previous
report using a 40 nm AuNP (24). The lower panel in Fig. 8 a
shows the SD of the on- and off-axis directions. In both of
the axes, low fluctuation state (colored as red) and high fluc-
tuation state (colored as blue) were observed. Fig. 8 b shows



FIGURE 8 Observation of kinesin-1 head labeled with 30 nm AuNP at

50 ms time resolution and at 10 mM ATP. (a) A typical trace of the center

position of a 30 nm AuNP attached to a kinesin-1 head. Light red and light

blue lines represent the bound state and the unbound states, respectively.

Red and blue lines represent a filtered trace with moving average (window

size of 10 frames) of the bound and the unbound states, respectively. The

lower panel shows SD of the positions along the on and off axis for each

time t (calculated as (t � 20, t þ 20)). (b) A two-dimensional plot of the

center position of a 30 nmAuNP, shown in (a). Light red and light blue lines

show the raw trace, and red and blue lines represent the filtered trace with

moving average (window size of 10 frames) of the bound and the unbound

states, respectively. Numbers correspond to the location of the bound and

the unbound state, shown in (a). To see this figure in color, go online.
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a two-dimensional plot of the center position of the 30 nm
AuNP. When the bound state is changed to the unbound
state, the kinesin-1 head displaced rightward in the off
axis, as seen with the 40 nm AuNP (24). We confirmed
that the bound state and the unbound state of the head
were distinguished by using a 30 nm AuNP as a probe at
50 ms time resolution.

Recently, interferometric scattering microscopy (iSCAT)
has been developed as a highly sensitive detection technique
that visualizes small AuNPs and even unlabeled proteins
(41–44). Dependence of the iSCAT signal on the radius of
AuNP is R3 because of interference between scattered light
from the sample and the reference beam, such as light re-
flected from the glass surface. The localization precisions
of 2.0 nm for 20 nm AuNPs at 2 ms time resolution (45)
and 0.9 nm for 20 nm AuNPs at 10 ms time resolution
(46) were obtained with 10–20 kW/cm2 laser intensity
(100–200 mW/mm2). In the case of iSCAT, the detector can
reach saturation earlier because of the high intensity refer-
ence beam, which can limit the localization precision,
although detector saturation has been improved recently by
using a partial reflector (47,48). Dark-field microscopy, on
the other hand, selectively observes scattered light from
the AuNP by eliminating illumination light. The photon
number from AuNPs can be increased up to detector satura-
tion, resulting in the angstrom-level precision we achieved.

In summary, we achieved angstrom localization precision
and microsecond time resolution in dark-field imaging of
AuNPs. We quantitatively analyzed the localization preci-
sion by changing various experimental parameters, and we
confirmed that the photon number determined the localiza-
tion precision, which is inversely proportional to the square
root of the photon number. We also concluded that the major
factor limiting the localization precision is detector satura-
tion. To achieve localization precision at the angstrom level,
we developed an axicon-based annular illumination dark-
field microscope that can illuminate the sample with
high laser intensity without damaging the objective lens.
We achieved 1.3 �A localization precision for 40 nm AuNPs
at 1 ms time resolution at high laser intensity and small im-
age pixel size, which effectively suppresses detector satura-
tion. We also investigated the localization precision with
high time resolution. A localization precision of 5.4 �A was
achieved at 33 ms time resolution with our optical system
for 40 nmAuNPs. Furthermore, we examined the size depen-
dence of the AuNPs on the localization precision. The signal
intensity from AuNPs decreased with the fourth power of
particle diameter, resulting in significantly decreased signal
intensity from small AuNPs. Despite this drawback, we
observed 30 nm AuNPs with 1.9 �A and 1.7 nm localization
precisions at 1 ms and 33 ms time resolutions, respectively.
We successfully applied our annular illumination system to
the observation of the motion of kinesin-1. The bound and
unbound states of the head of kinesin-1 on the microtubule
during stepping motion were observed with a 30 nm AuNP
at 50 ms time resolution, and the transition pathways from
the bound to the unbound state were captured with a
40 nm AuNP at 10 ms time resolution. Our method enables
the analysis of biomolecular motor dynamics with near-
atomic localization precision and microsecond time resolu-
tion and will contribute to further understanding of the work-
ing principles of biomolecular motors.
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