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METHOD AND SYSTEM FOR OPTICAL 
MICROSCOPY 

FIELD OF THE INVENTION 

[0001] The present invention relates to optical microscopy 
and more particularly to providing adjustable acceptance 
angle dark ?led illumination in conjunction with simulta 
neous ?uorescence imaging. 

BACKGROUND OF THE INVENTION 

[0002] Optical microscopy involves passing light transmit 
ted through or re?ected from the sample through a single or 
multiple lenses to allow a magni?ed view of the sample. The 
resulting image can be detected directly by the eye, imaged on 
a photographic plate or captured digitally. The typical system 
of lenses and imaging equipment, along with the appropriate 
illumination equipment, sample stage and support, make up 
the optical microscope. Typical standard optical microscopy, 
bright ?eld microscopy, suffers from limitations which 
include that it can only image dark or strongly refracting 
objects effectively, diffraction limits resolution to approxi 
mately 0.2 pm in the visible region, and out of focus light from 
points outside the focal plane reduce image clarity. 
[0003] Optical microscopy of biological specimens, par 
ticularly live cells, is di?icult as they generally lack su?icient 
contrast to be studied successfully; typically the internal 
structures of the cell are colourless and transparent. Com 
monly, contrast is increased by staining the different struc 
tures with selective dyes, but this involves killing and ?xing 
the sample. Staining may also introduce artifacts; apparent 
structural details caused by the processing of the specimen 
and are thus not a legitimate feature of the specimen. 
[0004] Within the prior art these limitations have been over 
come to some extent by speci?c microscopy techniques that 
can non-invasively increase the contrast of the image. In 
general, these techniques make use of differences in the 
refractive index of cell structures. These include: 

[0005] Oblique illuminationiwherein side illumination 
gives the image a 3-dimensional appearance and can 
highlight otherwise invisible features; 

[0006] Dark ?eldiwherein directly transmitted light 
entering the image plane is minimized thereby collect 
ing only the light scattered by the sample; 

[0007] Dispersion stainingiwherein an optical tech 
nique results in a colored image of a colorless object, 
where ?ve different microscope con?gurations are used 
which include bright?eld Becke line, oblique, dark?eld, 
phase contrast and objective stop dispersion staining; 

[0008] Phase contrastiwhere differences in refractive 
index appear as differences in contrast within the image; 

[0009] Differential interference contrastialso known as 
Nomarski contrast microscopy wherein differences in 
optical density appear as differences in relief an exploits 
polarization differences near refractive index bound 
aries; 

[0010] Interference re?ection microscopyiused to 
examine the adhesion of cells to a glass surface, using 
polarized light of a narrow range of wavelengths to be 
re?ected whenever there is an interface between two 
substances with different refractive indices; 

[0011] Fluorescenceiwherein certain compounds 
when illuminated with high energy light emit light of a 
different lower frequency and is of critical importance 
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since it can be extremely sensitive allowing the detection 
of single molecules and wherein many different ?uores 
cent dyes can be used to stain different structures or 
chemical compounds including one particularly power 
ful method being the combination of antibodies coupled 
to a ?uorophore as in immunostaining; 

[0012] Confocaliwherein a scanning point of light 
instead of full sample illumination is used to give 
slightly higher resolution, and signi?cant improvements 
in optical sectioning; 

[0013] Single plane illumination microscopy and light 
sheet ?uorescence microscopyiwherein a plane of 
light formed by focusing light through a cylindrical lens 
at a narrow angle or by scanning a line of light in a plane 
perpendicular to the axis of objective, allows high reso 
lution optical sections to be taken; and 

[0014] Deconvolutioniwherein the point spread func 
tion of the microscope imaging system is deconvolved 
by computer-based techniques in either two-dimen 
sional or three-dimensional domains. 

[0015] There are also a multitude of super-resolution 
microscopy techniques to circumvent the diffraction barrier 
including for example serial time-encoded ampli?ed micros 
copy (STEAM). These are typically based upon imaging a 
suf?ciently static sample multiple times and either modifying 
the excitation light or observing stochastic changes in the 
image. Additionally the knowledge of and chemical control 
of ?uorophore photophysics are at the core of these tech 
niques by which resolutions of approximately 20 nm are 
attainable. 
[0016] Amongst the many biological systems of interest 
analysed with optical microscopy is the interaction between 
Actin and myosin, the two key contractile proteins in muscle. 
Such analyses have been studied for many years in the prior 
art using different techniques. Amongst such experiments in 
vitro Motility assays were extensively performed to obtain 
new information on the molecular mechanism of muscle con 
traction. Such assays take advantage of the ability to image 
rhodamine-phalloidin-labeled Actin ?laments by ?uores 
cence microscopy as they interact with and are translocated 
by myosin bound to a coverslip surface. In most studies on 
single Actin-myosin ?lament interactions, see for example 
Sellers in “In vitro Motility Assays with Actin” (Cell Biology 
Assays: Essential Methods, Ch. 20, Butterworth-Heinemann 
2006), Jerry, and Yamada, the two contractile ?laments are 
not imaged simultaneously due to technical challenges. In 
some studies, however, Actin and myosin ?laments were 
visualized simultaneously by either using ?uorescence 
reagents/labels attached to both Actin and myosin ?laments 
(Y amada) or by using the combination of dark ?eld and ?uo 
rescent microscopy techniques, see for example Kalganov et 
al in “A Technique for Simultaneous Measurement of Force 
and Overlap between Single Muscle Filaments of Myosin and 
Actin” (Biochemical and Biophysical Research Communica 
tions, Vol. 403, pp 351-356). Imaging both Actin and myosin 
?laments is important not only for visualization purposes but 
also for measuring ?lament overlap during active acto-myo 
sin interactions because it should give new information about 
cooperative phenomena of myosin cross-bridges in myosin 
?laments. 
[0017] Myosin is known as the molecular motor which 
converts chemical energy into mechanical work. Thus any 
chemical reagents attached to myosin for imaging purposes 
may or may not change the ability of myosin to do its work. 
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For this reason it is critical to avoid using ?uorescent reagents 
conjugated with myosin when a study on Actin and myosin 
interaction is to be done. The inventors in their previous work, 
see Kalganov Rassier, showed a technique where ?uorescent 
labeling of myosin is not required for simultaneous imaging 
and force measurement. In that work a standard Nikon 
immersion dark ?eld condenser was used to create dark ?eld 
images of myosin ?laments. The disadvantage of using the 
dark ?eld condenser was in necessity to limit substantially the 
numerical aperture (NA) of the objective to form the dark 
?eld image. The objective’ s low NA causedActin ?laments to 
appear dark, hardly distinguishable from the background. 
[0018] Within the prior art Vodyanoy et al in US. Pat. No. 
7,688,505 entitled “Simultaneous Observation of Dark?eld 
Images and Fluorescence using Filter and Diaphragm” teach 
to a system employing an annular diaphragm and optical ?lter 
which are used for simultaneous observation of dark?eld 
images and ?uorescence. The diaphragm provides a variable 
diameter controlled by a lever and a removable ?lter which is 
used to adjust the amount of un?ltered incident light which 
produces the dark?eld images when directed on a sample 
whilst the removable ?lter is used to ?lter light of the particu 
lar frequency for producing ?uorescence images. However, 
Vodyanoy does not address the issues identi?ed and discussed 
supra in respect of the NA of the optical system nor the 
requirement to use ?uorescent reagents. 
[0019] Accordingly it would be bene?cial to provide an 
imaging technique which would allow simultaneous visual 
ization of single Actin and myosin ?laments as well as the 
?lament overlap without requiring ?uorescent conjugates for 
myosin ?lament visualization. It would be further bene?cial 
for the imaging technique to improve, i.e. increasing, (Actin) 
?lament image brightness contrast and signal-to-noise ratio 
(SNR). 
[0020] Other aspects and features of the present invention 
will become apparent to those ordinarily skilled in the art 
upon review of the following description of speci?c embodi 
ments of the invention in conjunction with the accompanying 
?gures. 

SUMMARY OF THE INVENTION 

[0021] It is an object of the present invention to mitigate 
drawbacks of the prior art with respect to optical microscopy 
and more particularly to providing adjustable acceptance 
angle dark ?led illumination in conjunction with simulta 
neous ?uorescence imaging. 
[0022] In accordance with an embodiment of the invention 
there is provided a method comprising: 
[0023] providing a sample mount forming a predetermined 

portion of a visual inspection system; 
[0024] providing an imaging system comprising at least a 

lens for imaging a sample upon the sample mount; 
[0025] providing an illumination system for coupling light 

to a predetermined region of the sample mount imageable 
with the imaging system, wherein 

[0026] the illumination system only illuminates the prede 
termined region of the sample with light incident exceed 
ing a predetermined angle to the axis of the imaging sys 
tem. 

[0027] In accordance with an embodiment of the invention 
there is provided a system comprising: 
[0028] a sample mount forming a predetermined portion of 

a visual inspection system; 
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[0029] an imaging system comprising at least a lens for 
imaging a sample upon the sample mount; 

[0030] an illumination system for coupling light to a pre 
determined region of the sample mount imageable with the 
imaging system, wherein 

[0031] the illumination system only illuminates the prede 
termined region of the sample with light incident exceed 
ing a predetermined angle to the axis of the imaging sys 
tem. 

[0032] In accordance with an embodiment of the invention 
there is provided a system comprising: 
[0033] a plurality of optical emitters disposed at approxi 
mately constant radius from a location to be imaged; 

[0034] an annular lens receiving the optical output from 
each optical emitter of the plurality of optical emitters and 
coupling these optical outputs to the location to be imaged; 

[0035] an adjustable shield disposed on the inner edge of 
the annular lens, the adjustable shield varying the angular 
range of optical signals from the plurality of optical emit 
ters coupled to the location to be imaged. 

[0036] Other aspects and features of the present invention 
will become apparent to those ordinarily skilled in the art 
upon review of the following description of speci?c embodi 
ments of the invention in conjunction with the accompanying 
?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0037] Embodiments of the present invention will now be 
described, by way of example only, with reference to the 
attached Figures, wherein: 
[0038] FIG. 1A depicts a commercial opto-mechanical 
assembly providing a white short arc light source coupled to 
a liquid optical waveguide and a re?ective collimator system 
according to an embodiment of the invention to couple the 
liquid optical waveguide to a multimode silica optical 
waveguide for subsequent coupling to an optical microscopy 
test system according to an embodiment of the invention; 

[0039] FIG. 1B depicts an opto-mechanical assembly pro 
viding a re?ective collimator system according to an embodi 
ment of the invention such as depicted in FIG. 1A to couple a 
liquid optical waveguide to a multimode silica optical 
waveguide; 
[0040] FIG. 1C depicts a schematic presenting an effective 
point light source model exploited to design a re?ective col 
limator system according to an embodiment of the invention 
such as described in FIGS. 1A and 1B to couple a liquid 
optical waveguide to a multimode silica optical waveguide; 
[0041] FIG. 2A depicts a schematic of an illuminating 
chamber and optically accessible experimental bath accord 
ing to an embodiment of the invention; 

[0042] FIG. 2B depicts an optical micrograph of an illumi 
nating chamber and optically accessible experimental bath 
according to an embodiment of the invention with multimode 
silica optical waveguide illumination; 
[0043] FIG. 2C depicts an schematic of an illuminating 
chamber and optically accessible experimental bath accord 
ing to an embodiment of the invention with electrical excita 
tion/biological restraint elements in place; 
[0044] FIG. 2D depicts a holder for an optically accessible 
experimental bath according to an embodiment of the inven 
tion; 
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[0045] FIGS. 2E and 2E depict top and bottom elevation 
views of an illuminating chamber and optically accessible 
experimental bath according to an embodiment of the inven 
tion; 
[0046] FIG. 3A depicts a cross-section three-dimensional 
schematic of an illuminating chamber and optically acces 
sible experimental bath according to an embodiment of the 
invention with multimode silica optical waveguide illumina 
tion; 
[0047] FIG. 3B depicts a holder for an optically accessible 
experimental bath according to an embodiment of the inven 
tion as discrete element with optical coupling elements and 
assembled; 
[0048] FIGS. 4A through 4I depict optical micrographs of 
two Thick ?laments isolated from muscles imaged with an 
optical illumination assembly according to an embodiment of 
the invention wherein Thick ?laments become brighter the 
intensity of illumination is increased; 
[0049] FIGS. 5A and 5B depict a visual comparison of 
Thick muscle ?lament appearance imaged with a prior art 
dark ?eld condenser system and an optical illumination 
assembly according to an embodiment of the invention 
respectively; 
[0050] FIGS. 6A and 6B depict simultaneous imaging of 
single Thick and Actin muscle ?laments using prior art dark 
?eld condenser; 
[0051] FIGS. 6C through 6E depict simultaneous imaging 
of single Thick and Actin muscle ?laments using an optical 
illumination assembly according to an embodiment of the 
invention; 
[0052] FIG. 7A depict simultaneous imaging of single 
Thick and Actin muscle ?laments using prior art dark ?eld 
condenser; 
[0053] FIGS. 7B and 7C depicts simultaneous imaging of 
single Thick and Actin muscle ?laments using an optical 
illumination assembly according to an embodiment of the 
invention; 
[0054] FIGS. 8A through 8L depict in a sequence of video 
frames the active interaction between a single Actin and 
Thick muscle ?lament using an optical illumination assembly 
according to an embodiment of the invention; 
[0055] FIGS. 9A through 9L depict color representations of 
the same video frames shown in FIGS. 8A through 8L depict 
ing the active interaction between a single Actin and Thick 
muscle ?lament using an optical illumination assembly 
according to an embodiment of the invention; 
[0056] FIGS. 10A through 10L depicts the same video 
frame sequence as FIGS. 8A through 8L after background 
image subtraction to increased uniformity of the Thick ?la 
ment intensity pro?le; 
[0057] FIGS. 11A through 11L depicts color representa 
tions of the background corrected images presented in FIGS. 
10A through 10L respectively; 
[0058] FIGS. 12A through 12F depict optical micrographs 
of another experiment where single Actin and Thick ?lament 
interact as visualized using an optical illumination assembly 
according to an embodiment of the invention; 
[0059] FIGS. 12G through 12L represent color representa 
tions of the images presented in FIGS. 12A through 12F 
respectively; 
[0060] FIGS. 13A through 13F depict color representation 
of the gray scale video frames depicted in FIGS. 12A through 
12F respectively; 
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[0061] FIGS. 14A through 14C depicts a background 
image subtraction procedure exploiting data captured with an 
optical illumination assembly according to an embodiment of 
the invention wherein FIG. 14B is subtracted from FIG. 14A 
to yield FIG. 14C; 
[0062] FIG. 15 depicts an optical illumination assembly 
according to an embodiment of the invention exploiting mul 
tiple excitation elements within a concept coined as a 
“molecular stadium”; and 
[0063] FIG. 16 depicts a “molecular stadium” according to 
an embodiment of the invention. 

DETAILED DESCRIPTION 

[0064] The present invention is directed to optical micros 
copy and more particularly to providing adjustable accep 
tance angle dark ?led illumination in conjunction with simul 
taneous ?uorescence imaging. 
[0065] The ensuing description provides exemplary 
embodiment(s) only, and is not intended to limit the scope, 
applicability or con?guration of the disclosure. Rather, the 
ensuing description of the exemplary embodiment(s) will 
provide those skilled in the art with an enabling description 
for implementing an exemplary embodiment. It being under 
stood that various changes may be made in the function and 
arrangement of elements without departing from the spirit 
and scope as set forth in the appended claims. 

[0066] Within microscopy a lot of attention is normally 
paid to what magni?cation and resolution of objective was 
employed in the image acquisition but the very important 
aspect of how the sample was illuminated is usually dis 
missed. In order to develop an imaging technique to simulta 
neously visualize single Actin and myosin ?lament the inven 
tors considered combining ?uorescent microscopy and dark 
?eld microcopy, i.e. to use light scattered as well as that 
re?ected and refracted from the sample in order to form the 
image of the object being imaged. However, conventional 
dark ?eld microscopy does not work well in this arrangement 
as it requires the numerical aperture (NA) of the imaging 
objective be restricted. As presented below in respect of 
Equation (1) the NA of a lens de?nes the angular cone of light 
that can be accepted or exit the lens. 

NAIn-sin(6) (1) 

where n is the refractive index within which the lens is work 
ing, e.g. air n:l .00, and 6 is the half-angle of the maximum 
cone of light that can enter or exit the lens. 

[0067] For a typical optical microscopy system when form 
ing dark ?eld images the NAz0.8, or 6z53o, which leads to 
very poor quality for simultaneous ?uorescent imaging. 
Imaging ?uorescently labeled Actin ?laments requires high 
objective NA, typically in the range of NAzl .2-1 .4. As evi 
dent from Equation (1) such high NA’s can only be achieved 
with immersion of the lens into a medium with n>l .0, i.e. an 
oil with nzl .5. This high NA allows for the image to be bright, 
as the Actin ?lament brightness is proportional to NA4, and 
the objective works as an objective and a condenser at the 
same time. Limiting the objective’ s NA for dark ?eld imaging 
is necessary because the angle at which the sample is illumi 
nated with the condenser lens has to be higher than the angle 
of acceptance of the objective so that light is unable to come 
directly into the objective. When an oil immersion high NA 
objective (1.2-1.4 NA) is used it becomes theoretically 
impossible to outperform its acceptance angle if a dark ?eld 
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condenser is immersed in a water solution which has lower 
refractive index than the oil (n :1.333, nOl-ZI1.515). water 

[0068] This is a common problem for any applications 
where biological samples are to be imaged as they typically 
require water solutions to perform the experiments within. 
One potential solution to the problem is to add oil to the 
experimental solution to increase its refractive index and 
therefore the angle of illumination. However, such oil-water 
emulsions and/or solutions will impact the biological system 
being imaged and analysed. Accordingly in order to over 
come this limitation within the prior art the inventors under 
took to design an illumination system such that the light 
would be coupled onto the sample at higher angles than the 
objective could accept such that only scattered light from the 
sample would be used by the objective to form an image. As 
noted above during dark ?eld imaging the obj ective’s NA had 
to be 0.8, which for oil immersion using an oil with nz1.52, 
de?nes an acceptance angle of 0z31.76°. Accordingly, an 
optical imaging system according to an embodiment of the 
invention for simultaneous ?uorescent imaging and dark ?eld 
imaging it is necessary to illuminate the sample at a higher 
angle than 0:31.760 in order to be able to increase the NA of 
the objective above 0.8. For an NA:1.4 objective using an oil 
with nz1.52 its angle of acceptance is calculated to be 0:67. 
08°. Based on such considerations the inventors according to 
embodiments of the invention have designed and imple 
mented an illumination system with a continuously adjust 
able angle of illumination of 65°ses90° allowing use of the 
full objective aperture and also allowing determination of the 
angle at which the samples appear brightest or highest con 
trast. 

[0069] Designing and Engineering the Illumination Sys 
tem: 

[0070] A ?rst consideration in respect of the dual function 
microscopy system according to an embodiment of the inven 
tion is the focusing of the light from a white light source into 
a multimode optical ?ber in order to couple it into the experi 
mental chamber. A large core (1 mm) low NA (0.22) fused 
silica high OH optical ?ber was selected. Whilst a lager ?ber 
core allows for the collection of more light from the white 
light source a lower NA de?nes a lower exit angle of the light 
beam from the ?ber which reduces the complexity of colli 
mation allowing a smaller lens assembly. The ?ber was cho 
sen due to the low attenuation in the working wavelength 
region of the biological experiments, this being 500 
nmsks600 nm. An illumination system of four optical ?bers 
to bring light to the sample from four different sides was 
adopted to provide symmetrical illumination. 

[0071] The fused silica optical ?bers were jacketed and 
connectorized with SMA905 connectors at one end and with 
smaller ST connectors at the other end. Each optical ?ber was 
coupled to a different optical source, these being one 250 W 
halogen light source (ARC-TS-428 from Princeton Instru 
ments) and three 120 W electric arc light sources such as 
normally used to excite ?uorescence in microscopy (X-Cite 
Series 120 from EXFO Lumen Dinamics). These electric arc 
light sources 100A, as depicted in FIG. 1A, are supplied with 
1.5 m long liquid light guide 100B having a 3 mm core 
diameter and a NA of 0.3 NA. Accordingly, an optical coupler 
100C was designed to couple the 3 mm 0.3 NA liquid core 
?ber guide to the 1 mm 0.22 NA fused silica ?ber guide. The 
optical coupler 100C as depicted in FIG. 1B the light from the 
liquid ?ber guide was collimated with an aspheric anti-re?ec 
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tion coated lens 130 of diameter 12 mm having a focal length 
of 10 mm and NA 0.545 which is higher than the optical guide 
NA of 0.3. 
[0072] It would be evident that collimating an optical guide 
is not done perfectly as the core is relatively large and the core 
accordingly acts as multiple sources originating at different 
points on the optical light guide tip and having a wide range 
of exit angles such that the end of the optical light guide face 
cannot be described precisely by the traditional point light 
source model. Notwithstanding this the inventors collimated 
the light from the liquid guide using effective point light 
source model as depicted in FIG. 1C. In this model an imag 
inable (virtual) point light source, S, inside of the ?ber located 
on the central ?ber axis at a certain distance d from the ?ber 
tip. This distance can be calculated taking into account the 
?ber NA which describes the maximum half exit angle 0 and 
the radius of the light guide, r. Equation (2) de?nes this 
geometric construction wherein 0 is the half exit angle and 
can be found as given by Equation (3). 

d — EM) 

0 = arcsin(NA) (3) 

r (4) 

[0073] Accordingly, for NA:0.3 and 1:15 mm, and from 
Equation (4) from re-arranging Equation (3) d:4.77 mm. 
Accordingly, an effective point light source placed at the focal 
point of the lens will produce a collimated beam. Therefore 
the light guide tip should be positioned at a distance Fd—d 
from the lens surface where Ed is the lens focal distance. 
Accordingly, the light guide tip should be positioned at 10.00 
mm—4.77 mm:5.23 mm away from the surface of the 
aspheric anti-re?ection coated lens 130. After the aspheric 
anti-re?ection coated lens 130 the collimated optical beam is 
coupled to a parabolic mirror re?ective collimator 160, in one 
embodiment an RC08SMA-P01 from Thor Labs. This pro 
vides an 11 mm clear aperture for the input collimated light 
and it’s NA of 0.167 which is lower than the fused silica ?ber 
NA of 0.22 and therefore allows for low loss coupling to the 
fused silica ?ber. This parabolic mirror re?ective collimator 
160 has a constant focal distance over a large wavelength 
range and therefore has neither chromatic nor spherical aber 
rations in contrast to regular lenses. The other end of the 
parabolic mirror re?ective collimator 160 was ?tted with a 
multimode silica waveguide coupling 170, namely an 
SMA905 optical connector. 
[0074] The end of the parabolic mirror re?ective collimator 
160 towards aspheric anti-re?ection coated lens 130 has a 
0.5" diameter interface with external threading compatible 
with standard 0.5" diameter lens tubes from the same sup 
plier. As a result a 2" long, 0.5" diameter lens tube was 
employed to house and align the remaining optical elements 
within the optical coupler 100C. The collimating lens, 
aspheric anti-re?ection coated lens 130, is held by a pair of 
retaining rings, not shown for clarity. A pair of small optics 5 
mm diameter ring adapters 110 were installed in the lens tube 
at 10 mm distance from each other and held with additional 
retaining rings, not shown for clarity. The liquid guide metal 
connector 120, having 5 mm external diameter and length 20 
mm, was inserted in these ring adapters and in this manner 




















