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POLARIZATION ENHANCED used , for example , in biomarker discovery and diagnostics . 
INTERFEROMETRIC IMAGING The present invention can be used in research enabling 

scientists to monitor molecular interactions at the molecular 
CROSS - REFERENCE TO RELATED level . 

APPLICATIONS For biomarker discovery and diagnostics , methods and 
systems according to the invention can enable up to 1000x This application is a Continuation of U.S. application Ser . higher sensitivity than fluorescence without increasing cost . No. 15 / 123,763 filed on Sep. 6 , 2016 which is a 35 U.S.C. The invention allows for screening in complex biological $ 371 National Phase Entry Application of Internal Appli media like whole blood without the need for costly sample cation No. PCT / US2015 / 019136 filed Mar. 6 , 2015 , which designates the U.S. , and which claims benefit under 35 10 preparation . Another advantage of the invention is that it 
enables researchers to make measurements under native U.S.C. § 119 ( e ) of the U.S. Provisional Application No. 

61 / 949,803 , filed Mar. 7 , 2014 , the contents of each of which physiologically relevant conditions . 
are incorporated herein by reference in their entireties . The present invention can be used to improve the sensi 

tivity and performance of existing imaging systems , such as 
STATEMENT REGARDING FEDERALLY 15 an Interferometric Reflectance Imaging Sensor ( IRIS ) imag 

SPONSORED RESEARCH ing system . The IRIS imaging system includes a light source 
directed at a substrate having a first reflective surface and 

This invention was made with Government Support under transparent layer forming a second reflective surface spaced 
Contract No. EB015408 awarded by the National Institutes apart from the first reflective surface . The light reflecting 
of Health . The Government has certain rights in the inven- 20 from the two surfaces produces an interference signal that is 
tion . modified by particles on the surface and can be used to 

detect nanoparticles on the surface of the transparent layer . 
REFERENCE TO MICROFICHE APPENDIX The nanoparticles can include binding sites for detecting 

molecules such as proteins . 
Not Applicable In accordance with some embodiments of the invention , 

the method includes focusing circularly polarized light at a 
BACKGROUND target and collecting the reflected , scattered and / or transmit 

ted light . The collected light can be passed through a filter 
Technical Field of the Invention and an image of the light can be recorded by an imaging 

30 device , such as a CCD sensor in a camera . 
The present invention is directed to methods and systems In accordance with some embodiments of the invention , 

interferometric detection of nanoparticles . the system includes a light source adapted to direct circu 
larly polarized light at a target , such as substrate , an analyzer 

Description of the Prior Art the receives light that is either reflected from the target , 
35 transmitted through the target or scattered by the target , and 

The ability to rapidly detect small particles , such as , an imaging device , such as a CCD sensor that records the 
biological target molecules including DNA , RNA , and pro- light that is filtered by the analyzer . The analyzer can be 
teins , as well as nanomolecular particles such as virions , is configured to filter circularly polarized light that is directly 
fundamental to our understanding of both cell physiology reflected by the target . However , where the surface of the 
and disease progression , as well as for use in various 40 target includes one or more nanoparticles or molecules 
applications such as early and rapid detection of disease bound to the surface , the transmission , scattering and reflec 
outbreaks and bioterrorism attacks . In some systems , the tion by these elements will modify the polarization state of 
detection is limited by the need to use labels , such a the light and enable the light to pass through the analyzer to 
fluorescent molecules or radiolabels , which can alter the be captured by the imaging device . Where the nanoparticles 
properties of the biological target , e.g. , conformation , and 45 are anisotropic , such as nanorods , the size and orientation of 
which require additional , often time - consuming , steps . these nanoparticles can be used as labels to differentiate the 
Other systems have been developed by the some of the nanoparticles and their binding sites . 
present inventors that obviate the need for such labels . In accordance with implementations of the invention , one 

For example , U.S. Pat . No. 7,695,680 discloses a Reso- or more of the following capabilities can be provided . The 
nant Cavity Biosensor that provides a high throughput 50 present invention provides a low cost imaging system that 
detection system without the use of labels . The disclosure of can detect single molecules . The present invention provides 
U.S. Pat . No. 7,695,680 is hereby incorporated by reference a low cost imaging system that can detect single molecules 
in its entirety . using a lower magnification and smaller numerical aperture . 

Another example is PCT / US2006 / 015566 which dis- The present invention provides a low cost imaging system 
closes the use of a layered substrate for use in a label free 55 that can detect single molecules using a lower magnification 
detection system . The disclosure of PCT / US2006 / 015566 is and smaller numerical aperture , thus providing a larger field 
hereby incorporated by reference in its entirety . of view and enabling higher throughput scanning . 
A further example is PCT / US2011 / 033397 which dis- These and other capabilities of the invention , along with 

closes a spectral reflectance imaging system that uses mul- the invention itself , will be more fully understood after a 
tiple discrete light sources in a label free detection system . 60 review of the following figures , detailed description , and 
The disclosure of PCT / US2011 / 033397 is hereby incorpo- claims . 
rated by reference in its entirety . 

BRIEF DESCRIPTION OF THE FIGURES 
SUMMARY 

The accompanying drawings , which are incorporated into 
Methods and systems according to the present invention this specification , illustrate one or more exemplary embodi 

enable the detection of very small nanoparticles and can be ments of the inventions and , together with the detailed 

a 

65 



5 

US 11,428,626 B2 
3 4 

description , serve to explain the principles and applications In accordance with some embodiments of the invention , 
of these inventions . The drawings and detailed description the substrate can be illuminated by circularly polarized light 
are illustrative , and are intended to facilitate an understand- and the light received from the substrate can be processed to 
ing of the inventions and their application without limiting filter the circularly polarized light , leaving only light that 
the scope of the invention . The illustrative embodiments can was modified by interaction with target particles and mol 
be modified and adapted without departing from the spirit ecules . 
and scope of the inventions . FIG . 1 shows a diagrammatic view of imaging system 

This application file contains at least one drawing according to the present invention . In accordance with some 
executed in color . Copies of this patent application publi- embodiments of the invention , a light source 110 can be used 
cation with color drawing ( s ) will be provided by the Office 10 to direct light along an illumination path that includes one or 
upon request and payment of the necessary fee . more light processing elements 120 that produce circularly 
FIG . 1 is a block diagram of an imaging system according polarized light that can be used to illuminate a target 130 . 

to the invention . The light source 110 can include , for example , one or more 
FIG . 2 is a block diagram of an IRIS imaging system light emitting diodes ( LEDs ) or a superluminsecent diodes 

according to the prior art . 15 ( SLDs ) or a broad band light source and a filter . In accor 
FIG . 3 is a diagrammatic view of a target substrate dance with some embodiments of the invention , the band 

according to the invention . width of the light can be < 200 nm , < 100 nm , < 50 nm or < 30 
FIG . 4A shows a diagram comparing the signal to noise nm . The light processing elements 120 can include , for 

ratio of a signal from an imaging system that uses non- example , a linear polarizer and a quarter wave plate ( ori 
polarized light with a signal from an imaging system that 20 ented at the proper angle , e.g. 45 degrees ) which can be used 
uses circular polarized light according to the invention . FIG . to produce circularly polarized light on the illumination path 
4A also shows the signal to noise ratio of a signal from an toward the target . The target 130 can be , for example , a 
imaging system according to the invention that uses less nanoparticle attached to a substrate . The target substrate can 
than half the magnification . be configured to reflect light , scatter light and / or transmit the 
FIG . 4B shows an image of a substrate that includes single 25 illuminating light . 

molecule detectors Upon reflection , transmission or scattering from an iso 
FIG . 5A shows a diagram of an imaging system according tropic target ( objects or bare flat surfaces ) , the circular 

to one embodiment of the invention . nature of the polarization will be preserved ( although the 
FIG . 5B shows a diagram of target substrate that handedness is flipped if it is in reflection mode ) . However , 

includes single molecule detectors with biomarkers . 30 the reflecting and / or scattering from anisotropic objects such 
FIG . 5C shows an image of a substrate that includes single ? as a nanorod particles or a wedge alters the polarization state 

molecule detectors according to FIG . 5B . of the light by modifying the amplitude or phase of the 
FIG . 6A shows a diagram of an imaging system according reflected or scattered light in one axis . Thus , for example , the 

to an alternate embodiment of the invention . anisotropy in the interaction between the light and the 
FIG . 6B shows a diagram of an imaging system according 35 particle will break the symmetry in the circularly polarized 

to an alternate embodiment of the invention . light and form an elliptically polarized light in the far - field . 
FIG . 6C shows a diagram of an imaging system according The reflected , scattered and / or transmitted light travels 

to an alternate embodiment of the invention . along a collection path to an imaging device that includes an 
FIG . 7 shows a diagram of an imaging system according imaging sensor ( e.g. , a camera ) that can detect and record 

to a further embodiment of the invention . 40 the reflected , scattered and / or transmitted light . An optical 
FIG . 8 shows a diagram of an imaging system according filter 140 , for example , consisting of a quarter waveplate and 

to a further embodiment of the invention . an analyzer in the collection path can be configured to 
FIG . 9 shows a diagram of an imaging system according transmit any polarization state but circularly polarized light . 

to a further embodiment of the invention . The quarter waveplate in the filter 140 can be used to convert 
45 the circularly polarized light into linearly polarized light and 

DETAILED DESCRIPTION OF PREFERRED then the analyzer ( e.g. , linear polarizer ) oriented orthogonal 
EMBODIMENTS to the polarization of the light processing elements 120 can 

be used to selectively filter the unmodified light completely . 
The present invention is directed to methods and systems Any anisotropy in the polarization state of the light will lead 

for detecting and producing images of nanoparticles . These 50 to imperfect filtering and thus will be transmitted to the 
systems and methods can be used to provide low cost , high imaging device 150 ( e.g. , CCD camera ) . Therefore the light 
throughput imaging systems for detecting small particles not interacting with the objects or perfectly isotropic objects 
including microparticles and nanoparticles , such as bio- will be blocked whereas the light interacting with the 
markers , and single molecules such as proteins and RNA / anisotropic object can be selectively transmitted . 
DNA . The methods and systems according to the present 55 In accordance with some embodiments of the invention , 
invention can be used to improve the performance of exist- optical enhancement can be further increased by combining 
ing imaging systems without increasing the cost . circularly polarized light illumination with metallic nan 

In accordance with some embodiments of the invention , orods that have a large scattering or absorption cross section 
imaging can be improved by reducing the specular ( refer- between the short and long axis of the nanorod . For example , 
ence ) light that is received from the target substrate . In 60 in some embodiments , gold nanorods having a high aspect 
accordance with some embodiments of the invention , the ratio ( e.g. , 10 nm by 60 nm ) can be used . In accordance with 
substrate can be illuminated with polarized light and the some embodiments , the long axis of the gold nanorod can 
light received from ( or through ) the substrate can be pro- have a plasmonic resonance at a wavelength that overlaps 
cessed through an analyzer that blocks the specular ( re- with the illumination wavelength . In this embodiment , the 
flected / transmitted ) reference light allowing only light that 65 nanorod does not need to have a large aspect ratio but one 
interacted with an anisotropic object to be captured by the of the axes has to be in resonance with the frequency of the 

illuminating light . In accordance with some embodiments , 

2 
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different illumination frequencies can be used to illuminate arrays with a 100 um pitch , as many as about 10 spots can 
one or more nanorods from a set of different size nanorods , be imaged at once . To interrogate larger arrays , consecutive 
each having a known plasmonic resonance . The optimiza- images can be taken to cover the entire IRIS sensor sub 
tion of the resonant or non - resonant system can be done strate . The use of functionalized gold nanoparticles as detec 
using numerical methods such as finite - difference - time- 5 tion probes is sensitive and quantitative , allowing for single 
domain ( FDTD ) , finite - element ( FE ) methods , or analytical molecule counting 
or semi - analytical methods based on Green's Function or In some embodiments of the aspects described herein , the 
Mie Theories . These methods can be used to estimate the target substrate 330 can be a layered substrate . In some 
far - field polarization properties of anisotropic objects such embodiments , the layered substrate comprises 100-1000 nm 
as nanorods , nanospheres , nanocubes etc. and electro - mag- 10 of SiO2 layered on a Si wafer . In some embodiments , the 
netically coupled nanoparticles in general . layered substrate comprises at least 100 nm of SiO2 layered 

In accordance with some embodiments of the invention , on a Si wafer . In some embodiments , the layered substrate 
the illumination path and the collection can be aligned such comprises at least 200 nm of SiO2 layered on a Si wafer . In 
that some or all of the components of the light processing some embodiments , the layered substrate comprises at least 
elements 120 can also be part of the optical filter 140 . 15 300 nm of SiO2 layered on a Si wafer . In some embodiments , 

The present invention can be applied to any imaging the layered substrate comprises at least 400 nm of SiO2 
system that can be modified to include polarized light in the layered on a Si wafer . In some embodiments , the layered 
illumination path and a filter in the collection path . substrate comprises at least 500 nm of SiO2 layered on a Si 

For example , the Interferometric Reflectance Imaging wafer . In some embodiments , the layered substrate com 
Sensor ( IRIS ) is a low - cost , compact and simple to use 20 prises at least 600 nm of SiO2 layered on a Si wafer . In some 
biosensing platform that can be modified according to embodiments , the layered substrate comprises at least 700 
embodiments of the present invention . FIG . 2 shows a nm of SiO2 layered on a Si wafer . In some embodiments , the 
diagrammatic view of an IRIS imaging system . The IRIS layered substrate comprises at least 800 nm of SiO2 layered 
imaging system 200 can include an LED light source 210 for on a Si wafer . In some embodiments , the layered substrate 
illuminating a target substrate 230. The illumination path 25 comprises at least 900 nm of SiO2 layered on a Si wafer . In 
can include focusing lenses 213 and 215 , a beam splitter 217 some embodiments , the layered substrate comprises at least 
and an objective lens 219 that directs and focuses the light 1000 nm of SiO2 layered on a Si wafer . 
on the target 230. The collection path can include the In accordance with some embodiments of the invention , 
objective lens 219 , the beam splitter 217 and a focusing lens the interferometric signal from the particle can be optimized 
252 that directs and focuses the light reflected from target 30 by changing the thickness of the oxide layer that it sits on . 
230 on the imaging sensor of the camera 250 . Changing of the oxide layer thickness can be used to 

IRIS has demonstrated high - throughput detection and modulate the strength of the reflected field ( e.g. , Eref ) and the 
quantification of protein - protein binding , DNA - protein phase . These two variables are coupled due to the electro 
binding and DNA - DNA hybridization in real - time with high magnetic laws of interference . 
sensitivity and reproducibility . Recent advancements have 35 In accordance with some embodiments of the invention , 
enabled the IRIS technology to identify individual captured the intensity of the reference field ( e.g. , Eref ) in collection 
nanoparticles based on size and shape . This new modality of path can be modulated by providing a linear polarizer in the 
IRIS is termed single - particle IRIS ( SP - IRIS ) . SP - IRIS illumination path and a linear polarizer in the collection path 
shines light from an LED source on nanoparticles bound to of the optical setup and changing the angles between the 
a substrate surface , which consists of an oxide layer ( e.g. , 40 polarizers to modulate the intensity of the ( reflected ) refer 
silicon dioxide ) on top of a silicon substrate . The silicon ence field ( e.g. , Eret ) received by the imaging device . 
substrate and the oxide layer reflect the light according to an When using circularly polarized light and an analyzer , as 
interference pattern that is disturbed by the nanoparticles described herein , the polarization angle of the linear polar 
and molecules on the surface of the substrate . izer on the analyzer side ( e.g. , the collection path ) can be 
FIG . 3 shows a diagrammatic view of a target 330 45 adjusted with respect to the linear polarizer in the illumina 

according to some embodiments of the invention . The target tion path to optimize the reflected light intensity received by 
330 can include a substrate that includes a silicon base layer the imaging device . 
332 and an oxide layer 334 ( e.g. , silicon oxide ) . Using this The SP - IRIS requires high magnification and numerical 
target 330 configuration , the light traveling ( e.g. , Eres ) along aperture ( e.g. , a 50 objective with 0.8 NA ) to produce a 
the illumination path can be reflected by surface at the 50 sufficiently high signal to noise ratio to detect nanoparticle 
interface of the silicon base layer 332 and the oxide layer tags of approximately 40 nm . In accordance with some 
334 and by top of the oxide layer 334. This can result in embodiments of the invention , the use of polarized illumi 
signal interference depending on the light wavelength and nation and filtering can provide improved signal to noise 
the thickness of the oxide layer 334. Where the target 330 ratios and reduce the need to for high magnification and 
includes a particle 336 , the light is scattered ( e.g. , Escat ) and 55 numerical aperature objective lenses , which can reduce the 
the interference of light reflected from the substrate surface cost and improve the throughput of the system ( e.g. , provide 
is modified by the presence of particles producing a distinct a wider field of view ) . FIG . 4A shows the improvement of 
signal that can be captured by a CCD camera 350. This the signal to noise ratio of the SP - IRIS system when using 
appears as a dot on the image , and the size of the particle can polarization as compared the non - polarized SP - IRIS system . 
be calculated using a forward model . Size discrimination 60 The graph shows that polarization provides significant 
reduces the noise from particles non - specifically bound . In improvement in signal to noise ratio when using a 20x 
an SP - IRIS image , as many as a million distinct nanopar- magnification and 0.46 numerical aperture objective lens as 
ticles can be simultaneously detected . SP - IRIS relies on compared to a non - polarized system using a 50x magnifi 
efficient collection of scattered light from nanoparticles and cation and 0.8 numerical aperture objective lens . FIG . 4b 
thus requires high magnification ( 50x ) and numerical aper- 65 shows a sample image showing single molecule counting 
ture ( 0.8 ) , which limits the field of view to less than 0.3 using polarized illumination of gold nanorods that allows 
mmx0.3 mm using conventional CCD cameras . For DNA multiplexed detection of molecules without image scanning . 
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Thus , as shown in FIG . 4B , imaging systems according to smaller and more efficient labels can be used to avoid the 
the present invention can have a wider field of view and disadvantages of using larger labels . 
enable increased throughput by providing single molecule FIG . 5C shows an example of an image produced by a 
resolution over a larger target area . system according to the invention . The image in FIG . 5C 

FIGS . 5A , 5B , and 5C show an imaging system according 5 shows an image from a detection system that uses smaller 
to some embodiments of the present invention . FIG . 5A and more efficient labels that is enhanced by filtering the 
shows an SP - IRIS imaging system 500 that has been modi- background and enhancing the anisotropic optical response 
fied to provide polarization enhanced imaging . Imaging of the nanorods according to the invention . FIG . 5C shows 
system 500 can include an LED light source 510 for illu- a 600 umx600 um field of view sample image acquired using 
minating a target substrate 530. The illumination path can 10 4 Mp camera with 20x0.46 NA objective using polarization 
include focusing lenses 513 and 515 , a non - polarizing beam to improve the signal to noise ratio . The sample image uses 
splitter 517 and objective lens 519 that directs and focuses nanorods to facilitate single molecule counting in a large 
the polarized light on the target 530. The collection path can field of view allowing multiplexed detection without the 
include objective lens 519 and focusing lens 552 that need of image scanning . Through further optimization the 
focuses the light reflected from the target 530 on the sensor 15 field of view can be increased to over 1 mmx1 mm allowing 
of the camera 550. The illumination path can also include a single molecule resolution over an array of at least 100 
linear polarizer 522 and a quarter waveplate 524 that pro- spots . Further optimization can be achieved by using an 
duces circularly polarized light . The target 530 can be imaging device having a sensor with a larger area . Alterna 
mounted on an X , Y , and Z stage that enables the target to tively , a sensor with a smaller pixel size can allow the use 
be positioned for imaging and focusing . 20 of lower objective lens magnification while maintaining the 

The collection path can include the objective lens 519 , the same resolution . Additional optimization can be obtained by 
beam splitter 517 , a focusing lens 552 and an imaging device using a lower magnification objective lens having a higher 
550 , such as a CCD camera . The collection path can also numerical aperture . 
include a quarter wave plate 542 and a linear polarizer 544 FIG . 6A shows an IRIS polarization sensitive imaging 
to filter the reflected light from the target 350. In accordance 25 system 600 according to some embodiments of the inven 
with some embodiments , the linear polarizer 522 and the tion . Imaging system 600 can include an LED light source 
linear polarizer 544 can be arranged in an orthogonal 610 for illuminating a target substrate 630. The illumination 
configuration . In accordance with some embodiments of the path can include focusing lenses 613 and 615 , a polarizing 
invention , the objective 519 can have lower magnification beam splitter 617 , a quarter waveplate 622 , and an objective 
( e.g. , 5x , 10x , 15x , 20x , 25x , or 30x ) and a smaller 30 lens 619 that directs and focuses the polarized light on the 
numerical aperture ( e.g. , in a range from 0.3-0.6 NA ) than target 630. The collection path can include objective lens 
prior IRIS imaging systems . 619 and focusing lens 652 that focuses the light reflected 

In operation , the stage and the camera can be connected from target 630 on the sensor of the imaging device 650 
to a computer system that moves the target 130 in the X , Y ( e.g. , a CCD camera ) . The illumination path can also include 
and Z directions to produce images and video of the target 35 a polarizing beam splitter 617 that transmits and reflects 
that can be recorded by the computer system . The computer orthogonal linearly polarized light and a quarter waveplate 
system can include one or more processors and associated 624 that produces circularly polarized light . The target 630 
memories that store computer programs ( e.g. , sets of instruc- can be mounted on an X , Y , and Z stage that enables the 
tions ) that control the operation of the computer system and target 630 to be positioned for imaging and focusing . 
the imaging system . The computer system can also include 40 The collection path includes the objective lens 619 , the 
computer programs that process the images and / or video to quarter waveplate 622 , the polarizing beam splitter 617 , the 
detect the presence of molecules , for example , as part of an focusing lens 652 and the imaging device 650. The collec 
assay . The computer program can process the images to tion path reuses the quarter wave plate 622 and a linear 
identify high contrast areas that correspond to detected polarizer in the beam splitter 617 to filter the reflected 
particles . 45 circularly polarized light from the target 630. In accordance 

While FIG . 5A shows the light source to be one or more with some embodiments of the invention , the objective 619 
LEDs , in other embodiments of the invention , the light can have lower magnification ( e.g. , 5x , 10x , 15x , 20x , 25x , 
source can include a broadband light source and a or more or 30x ) and a smaller numerical aperture ( e.g. , in a range 
filters that limit the bandwidth of the illumination to less from 0.3-0.6 NA ) than prior IRIS imaging systems . 
than 100 nm and preferably less than 30 nm . In accordance 50 FIG . 6B shows an IRIS polarization sensitive imaging 
with some embodiments the light source can include one or system 600 according to some alternative embodiments of 
more LASERs . the invention . The IRIS polarization sensitive imaging sys 

FIG . 5B shows an example of a target 530 according to tem 600 shown in FIG . 6B is similar to the system shown in 
some embodiments of the invention . In these embodiments , FIG . 6A , except that the polarizing beam splitter ( 617 in 
the target 530 can include a substrate having a silicon layer 55 FIG . 6A ) and quarter wave plate 624 are replaced with a 
and an oxide layer with binding sites on the oxide layer . non - polarizing beam splitter 617A and a pair of linear 
Single molecules , such as proteins and DNA / RNA can polarizers in the illumination path and the collection path . 
become bound to the surface of the substrate and nano- Imaging system 600 can include an LED light source 610 for 
barcode based tags can be selectively bound to the detected illuminating a target substrate 630. The illumination path 
molecules to facilitate and confirm detection of target mol- 60 can include focusing lenses 613 and 615 , linear polarizer 
ecules . In prior systems , the barcodes that attached to the 614 , a non - polarizing beam splitter 617A , and objective lens 
molecules to provide an optical signal for detection needed 619 that directs and focuses the polarized light on the target 
to be significantly larger than the molecule to enable visu- 630. The collection path can include objective lens 619 , 
alization . One disadvantage of these large labels is that they linear polarizer 654 and focusing lens 652 that focuses the 
can alter the properties of the detected molecules and inhibit 65 light reflected from target 630 on the sensor of the imaging 
or impact the effectiveness or efficiency of molecular inter- device 650. The linear polarizer 614 in the illumination path 
actions . One advantage of the present invention is that can be arranged orthogonally with respect to the linear 
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polarizer 654 in the collection path . The target 630 can be invention . This embodiment includes a LASER light source 
mounted on an X , Y , and Z stage that enables the target 630 710 that directs illumination light through an optical fiber 
to be positioned with respect to the objective lens 619 for 712 in the illumination path toward a target 730. The 
imaging and focusing . illumination path can include a focusing lens 714 , a linear 
FIG . 6C shows an IRIS polarization sensitive imaging 5 polarizer 722 , a quarter wave plate 724 , a non - polarizing 

system 600 according to some alternative embodiments of beam splitter 717 , a scanning mechanism 760 , and an 
the invention . The IRIS polarization sensitive imaging sys- objective lens 719. The scanning mechanism 760 causes the 
tem 600 shown in FIG . 6C is similar to the system shown in laser light to scan over the surface of the target 730 and 
FIG . 6B , except that one or both of the linear polarizers causes the light reflected by the target 730 to be directed 
614A and 654A can be rotatable . One or both of the linear 10 toward the photo detector 750. The scanning mechanism 760 
polarizers 614A and 654A can be mechanically rotatable can include a one or more scanning mirrors 762 , first 
using motors or electronically using a liquid crystal polar- focusing lens 764 , second focusing lens 766 , and a mirror 
ization rotator ( Meadowlark Optics , Frederick , Colo . ) or 768. The collection path includes the objective lens 719 , the 
other solid state retarder . The motors and / or electronically scanning mechanism 760 , the beam splitter 717 , a quarter 
controlled linear polarizers can be computer controlled 15 waveplate 742 , linear polarizer 744 , focusing lens 752 , 
according to a computer program stored in memory and optical fiber 742 , and photo detector 750 . 
executed by a processor of the computer ( not shown ) . In this In operation , the illumination light takes the form of a 
embodiment , images can be taken when the linear polarizers LASER beam the produces a spot that is scanned over the 
are in an orthogonal configuration such that the reflected surface of the target 730 using scanning mechanism 760 . 
light polarized by the linear polarizer 614 on the illumina- 20 The reflected light on the collection path is uses the scanning 
tion path is blocked by the orthogonally oriented linear mechanism 760 to direct the reflected signal to the photo 
polarizer 654 on the collection path , but light scattered by detector 750 which measures the intensity of the reflection 
objects or nanoparticles that result in a change in the from an array of positions on the target surface . The mea 
polarization orientation of the scattered light will pass sured intensity can be recorded by a recording device , such 
through to the imaging device 650. In accordance with some 25 as a computer . The LASER light on the illumination path can 
embodiments , images can be taken when the polarization of be circularly polarized by the linear polarizer 722 and the 
one or both of the linear polarizers is , for example , 10 quarter waveplate 724 and the reflected light on the collec 
degrees , 7.5 degrees , 5 degrees , 2.5 degrees , 1 degree , 0.5 tion path can be filtered by the quarter waveplate 742 and 
degrees , 0.25 degrees , or any other amount offset from linear polarizer 744. The position of the LASER beam on the 
orthogonal in one or both directions . In accordance with 30 surface of the target 730 can be tracked by a controller or a 
some embodiments , additional images at greater or lesser computer system . The light intensity detected by the photo 
offsets can be taken as well . Some or all of the images can detector 750 can be associated with a position on the target 
be processed ( e.g. , by a computer or signal processor ) to 730 to uct an image of the target 730 . 
identify and count nanoparticles . For example , computer FIG . 8 shows a diagrammatic view of a laser scanning 
program can select the image having the highest contrast and 35 microscope 800 according to some embodiments of the 
then count the nanoparticles . invention . This embodiment includes a collimated LASER 

In accordance with some embodiments , the amount of light source 810 that directs illumination light along the 
rotation can be optimized for the substrate configuration , illumination path toward a target 830. The illumination path 
light wavelength and nanoparticle size . In some embodi- can include a linear polarizer 822 , a quarter wave plate 824 , 
ments , the one or both polarizers can be rotated ( e.g. , 40 a non - polarizing beam splitter 817 , a scanning mechanism 
manually or by a computer under program control ) from the 860 , and an objective lens 819. The scanning mechanism 
center or orthogonal position in one direction while the 860 causes the laser light to scan over the surface of the 
camera takes images and each succeeding image can be target 830 and causes the light reflected by the target 830 to 
compared to the previous image to determine the position of be directed toward the photo detector 850. The scanning 
maximum contrast or optimal filtering for a given configu- 45 mechanism 860 can include a one or more scanning mirrors 
ration ( e.g. , manually or by a computer under program 862 , a first focusing lens 864 , second focusing lens 866 , and 
control ) , substrate configuration , light wavelength and nan- a mirror 868. The collection path includes the objective lens 
oparticle size ) . For example , when previous image has a 819 , the scanning mechanism 860 , the beam splitter 817 , a 
higher level of contrast than the current image , the position quarter waveplate 842 , linear polarizer 844 , focusing lens 
at which the previous image was taken can be selected as the 50 852 , optional pinhole filter 854 , and photo detector 850. The 
position of maximum contrast and stored for a given sub- optional pinhole filter 854 can be used to remove the 
strate configuration , light wavelength and / or nanoparticle unfocused light from the collection path . 
size . In accordance with some embodiments , the polarizer In operation , the illumination light takes the form of a 
can be rotated incrementally ( e.g. , 0.5 or 1 degree incre- collimated LASER beam that produces a spot that is scanned 
ments ) , either manually or by a computer under program 55 over the surface of the target 830 using scanning mechanism 
control , in one direction and , optionally , then in the other 860. The reflected light on the collection path is uses the 
direction to maximum of deviation ( e.g. , 10 degrees , 9 scanning mechanism 860 to direct the reflected signal to the 
degrees , 8 degrees , 7 degrees , 6 degrees , or 5 degrees ) and photo detector 850 which measures the intensity of the 
an image taken at each position can be analyzed ( e.g. , reflection from an array of positions on the target surface . 
manually or by a computer under program control ) to 60 The measured intensity can be recorded by a recording 
determine a level of contrast and the position corresponding device , such as a computer . The LASER light on the 
to the highest level of contrast can be selected ( e.g. , manu- illumination path can be circularly polarized by the linear 
ally or by a computer under program control ) as the maxi- polarizer 822 and the quarter waveplate 824 and the 
mum deviation for a given substrate , light wavelength reflected light on the collection path can be filtered by the 
and / or nanoparticle size . 65 quarter waveplate 842 and linear polarizer 844. The position 
FIG . 7 shows a diagrammatic view of a laser scanning of the LASER beam on the surface of the target 830 can be 

microscope 700 according to some embodiments of the tracked by a controller or a computer system . The light 
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intensity detected by the photo detector 850 can be associ- wherein the first reflecting surface and the second reflect 
ated with a position on the target 830 to construct an image ing surface of the target is positioned to receive the 
of the target 830 . illumination light and reflect the illumination light 
FIG . 9 shows a diagrammatic view of a laser scanning along a collection path toward an imaging sensor 

microscope according to some embodiments of the inven- 5 connected to a computer system and result in signal 
tion . The embodiment shown in FIG . 9 is similar to FIG . 8 , interference in the reflected illumination light , and the except the illumination path and the collection path follow second reflecting surface is positioned to receive the a common path up to an optical circulator 912 that joins the illuminating light passing through the transparent layer ; illumination light from LASER source 910 onto the com a filter positioned in the collection path to filter light mon path and separates the reflected light from common polarized according to the first polarization configura path for connection to the photo detector 950. This embodi tion whereby at least some of the reflected illumination ment obviates the need for a beam splitter . 

The embodiment shown in FIG.9 includes a LASER light light reflected by the first reflecting surface and the 
source 910 that directs illumination light along the illumi second reflecting surface is received by the imaging 
nation path toward a target 930. The illumination path can 15 
include an optical circulator 912 , a linear polarizer 922 , a wherein a particle is positioned at the second reflecting 
quarter wave plate 924 , a scanning mechanism 960 , and an surface and the particle modifies the reflected illumi 
objective lens 919. The scanning mechanism 960 causes the nation light that is received by the imaging sensor , and 
laser light to scan over the surface of the target 930 and the computer system receives and processes an image 
causes the light reflected by the target 930 to be directed 20 from the imaging sensor to identify high contrast areas 
toward the photo detector 950. The scanning mechanism 960 that correspond to the particle detected in the image . 
can include a one or more scanning mirrors 962 , a first 2. The interferometric reflectance imaging system accord 
focusing lens 964 , second focusing lens 966 , and a mirror ing to claim 1 , wherein the filter comprises a second 
968. The collection path includes the objective lens 919 , the polarizer , and the second polarizer is configured at an angle 
scanning mechanism 960 , the quarter waveplate 924 , the 25 offset from orthogonal with respect to the first polarizer . 
linear polarizer 922 , the focusing lens 913 , the optical 3. The interferometric reflectance imaging system accord 
circulator 912 , and photo detector 950 . ing to claim 2 , wherein the angle is offset by 10 degree or In operation , the illumination light takes the form of a less from orthogonal . 
LASER beam that produces a spot that is scanned over the 4. The interferometric reflectance imaging system accord 
surface of the target 930 using scanning mechanism 960. 30 ing to claim 3 , wherein the angle is offset by 1 degree or less The reflected light on the collection path uses the scanning from orthogonal . mechanism 960 to direct the reflected signal to the photo 5. The interferometric reflectance imaging system accord detector 950 which measures the intensity of the reflection 
from an array of positions on the target surface . The mea ing to claim 2 , wherein the angle is adjustable for modulat 
sured intensity can be recorded by a recording device , such 35 ing the reflected illumination light reflected by the first 
as a computer . The LASER light on the illumination path can reflecting surface and the second reflecting surface received 
be circularly polarized by the linear polarizer 922 and the by the imaging sensor . 
quarter waveplate 924 and the reflected light on the collec 6. The interferometric reflectance imaging system accord 
tion path can be filtered by the same quarter waveplate 924 ing to claim 1 , wherein the particle is a nanorod arranged on 
and linear polarizer 922. The position of the LASER beam 40 the surface . 
on the surface of the target 930 can be tracked by a controller 7. The interferometric reflectance imaging system accord 
or a computer system . The light intensity detected by the ing to claim 6 , wherein second reflecting surface comprises 
photo detector 950 can be associated with a position on the a molecule bound to the second reflecting surface , and the 
target 930 to construct an image of the target 930 . nanorod is selectively bound to the molecule . 

Other embodiments are within the scope and spirit of the 45 8. The interferometric reflectance imaging system accord 
invention . For example , due to the nature of software , ing to claim 7 , wherein the second reflecting surface com 
functions described above can be implemented using soft- prises a binding site and the molecule is bound to the binding 
ware , hardware , firmware , hardwiring , or combinations of site . 
any of these . Features implementing functions may also be 9. The interferometric reflectance imaging system accord 
physically located at various positions , including being 50 ing to claim 8 , wherein the molecule is a protein , DNA or distributed such that portions of functions are implemented RNA . at different physical locations . 10. The interferometric reflectance imaging system Further , while the description above refers to the inven according to claim 9 , wherein the nanorod is not greater than tion , the description may include more than one invention . 40 nm long and not greater than 10 nm wide . 

11. The interferometric reflectance imaging system What is claimed is : 
1. An interferometric reflectance imaging system com according to claim 8 , wherein the nanorod is metallic . 

prising : 12. The interferometric reflectance imaging system 
a target including a substrate having a first reflecting according to claim 11 , wherein the nanorod is gold . 

surface and a transparent layer on the first reflecting 60 13. The interferometric reflectance imaging system 
surface forming a second reflective surface separated according to claim 12 , wherein an axis of the gold nanorod 
from the first reflecting surface by a thickness of the has a plasmonic resonance at a wavelength of the illumina 
transparent layer ; tion light . 

a light source configured to produce illumination light 14. The interferometric reflectance imaging system 
along an illumination path toward the target , the illu- 65 according to claim 6 wherein the second reflecting surface 
mination light being polarized by a first polarizer includes an array of nanorods arranged on the second 
according to a first polarization configuration ; reflecting surface . 
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15. The interferometric reflectance imaging system a light source configured to produce illumination light 
according to claim 14 , wherein at least one nanorod in the along an illumination path toward the target , the illu 
array is not greater than 40 nm long and not greater than 10 mination light being polarized by a first polarizer 
nm wide . according to a first polarization configuration ; 

16. The interferometric reflectance imaging system wherein the first reflecting surface and the second reflect 
ing surface of the target is positioned to receive the according to claim 1 , wherein the target is mounted on a illumination light and reflect the illumination light stage , the stage movable in X , Y and Z directions for along a collection path toward an imaging sensor positioning for imaging and focusing . connected to a computer system and result in signal 

17. The interferometric reflectance imaging system interference in the reflected illumination light , and the 
according to claim 1 , where the stage is movable in the Z second reflecting surface is positioned to receive the 
direction for providing images having high contrast corre- illuminating light passing through the transparent layer ; 
sponding to detected particles . and 

18. The interferometric reflectance imaging system a filter positioned in the collection path to filter light 
according to claim 1 , wherein the produced illumination polarized according to the first polarization configura 
light has a bandwidth of light less than 200 nm . tion whereby at least some of the reflected illumination 

19. The interferometric reflectance imaging system light reflected by the first reflecting surface and the 
according to claim 18 , wherein the produced illumination second reflecting surface is not received by the imaging 
light has a bandwidth of light less than 30 nm . 

20. An interferometric reflectance imaging system com- 20 wherein a particle is positioned at the second reflecting 
prising : surface and the particle modifies the reflected illumi 

a target including a substrate having a first reflecting nation light that is received by the imaging sensor , and 
surface and a transparent layer on the first reflecting the computer system receives and processes an image 
surface forming a second reflective surface separated from the imaging sensor to identify high contrast areas 
from the first reflecting surface by a thickness of the that correspond to the particle detected in the image . 
transparent layer ; 

. 15 

sensor , and 
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