wo 2012/174173 A2 [N D00 0O O O A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2012/174173 A2

20 December 2012 (20.12.2012) WIPO I PCT
(51) International Patent Classification: (74) Agent: KIM, Elizabeth; Rauschenbach Patent Law Group,
GOIN 23/225 (2006.01) H01J 37/256 (2006.01) LLP, 43 Hackensack Road, Chestnut Hill, MA 02467
(21) International Application Number: (US).
PCT/US2012/042332 (81) Designated States (unless otherwise indicated, for every
. . kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, 151", AU, Aéj, BA, BB, BG, B}{, BR, BW, BY, BZ,
13 June 2012 (13.06.2012) CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(25) Filing Language: Enghsh DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
) HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
(26) Publication Language: English KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
(30) Priority Data: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
61/496,482 13 June 2011 (13.06.2011) Us OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
(71) Applicant (for all designated States except US): PRESID- TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
ENT AND FELLOWS OF HARVARD COLLEGE . o
[US/US]; 17 Quincy Street, Cambridge, MA 02138 (US). (84) Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
(72) Inventors; and GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(75) Inventors/Applicants (for US ornly): WALSWORTH, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
Ronald [US/US]; 372 Cabot Street, Newton, MA 02460 TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(US). LICHTMAN, Jeff [US/US]; 22 Gray Gardens East, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
Cambridge, MA 02138 (US). KASTHURI, Narayanan MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
[US/US]; 21 Peabody Terrace, Apt 22, Cambridge, MA TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
02138 (US). GLENN, David [CA/US]; 129 Franklin ML, MR, NE, SN, TD, TG).
Street. Apt 427, Cambridge, MA 02138 (US). ZHANG, Published:

Huiliang [CN/US]; 40 Granville Road, Apt #2, Cam-
bridge, MA 02138 (US). SCHALEK, Richard [US/US];
48 North Emerson St., Wakefield, MA 01880 (US).

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: MULTI-COLOR NANOSCALE IMAGING BASED ON NANOPARTICLE CATHODOLUMINESCENCE

150

[05

T - {

110

130

FIG. 1

120
160
170
100

(57) Abstract: Multi-color CL images of nanoparticle samples may be generated, by irradiating with a scanning electron beam a
nanoparticle sample that containing a plurality of spectrally distinct optical emitters configured to generate CL light at respective dif-
ferent color channels, then detecting the CL light from the nanoparticles to generate multi-color NP-CL images of the nanoparticle
sample. In some embodiments, SE (secondary electron) images of the sample may be acquire, substantially simultaneously with the
acquisition of the CL images, so as to generate correlative NP-CL and SE images of the nanoparticle sample. In some embodiments,
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MULTI-COLOR NANOSCALE IMAGING BASED ON
NANOPARTICLE CATHODOLUMINESCENCE

[001] STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[002] This invention was made with government support under contract number 60NANB10D002
awarded by NIST (National Institute Of Standards And Technology). The government has certain

rights in the invention.

[003] CROSS-REFERENCE TO RELATED APPLICATIONS

[004] The present application is based upon, and claims the benefit of priority under 35 U.S.C.

§ 119, to co-pending United States Provisional Patent Application No. 61/496,482 (the “’482
provisional application”), filed June 13, 2011 and entitled “Multi-Color Electron Microscopy Based
on Nanoparticle Cathodoluminescence.” The content of the ‘482 provisional application is

incorporated herein by reference in its entirety as though fully set forth.

[005] BACKGROUND

[006] Electron microscopy, for example SEM (scanning electron microscopy), is a powerful
imaging modality that provides structural information at high spatial resolutions, typically a few nm

(nanometers), due to the short DeBroglie wavelength of electrons at keV energies.

[007] The interaction of keV electrons with a solid can produce CL (cathodoluminescent) photons,
a phenomenon widely used for spatially-resolved characterization of semiconductors and insulators.
For a variety of applications, including without limitation bio-imaging, it is desirable to supplement

SEM structural data with functional information obtained by optical microscopy.

[008] For imaging biological samples, the potential of CL to provide molecular localization has
been recognized for some time. However, efforts to obtain nanoscale CL image resolution have been
hindered by low photon count rates and rapid signal degradation due to the destruction of

biomolecules and organic fluorophores under electron beam irradiation.
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[009] BRIEF DESCRIPTION OF THE DRAWINGS

[010] The drawings disclose illustrative embodiments. They do not set forth all embodiments.

Other embodiments may be used in addition or instead.

[011] FIG. 1 isa schematic block diagram of a system for correlated CL and SE (secondary electron)

imaging, in accordance with one embodiment of the present application.

[012] FIG. 2 illustrates CL spectra aquired with a scanning transmission electron microscope

(STEM) for three species of semiconductor nanoparticles.

[013] FIG. 3 shows the size and CL brightness distribution for nanoparticles used in one

embodiment of the present disclosure.

[014] FIG. 4 illustrates the measured time-course of nanoparticle-cathodoluminescence signal.
[015] FIG. 5 illustrates a possible application of multicolor nanoscale imaging to connectomics.
[016] DESCRIPTION

[017] Illustrative embodiments are discussed in this disclosure. Other embodiments may be used in

addition or instead.

[018] It should be understood that the invention is not limited to the particular embodiments
described, as such may vary. The terminology used herein is for the purpose of describing particular
embodiments only, and is not intended to be limiting, since the scope of the present invention will be

limited only by the appended claims.

[019] Where a range of values is provided, it is understood that each intervening value, to the tenth
of the unit of the lower limit unless the context clearly dictates otherwise, between the upper and
lower limit of that range and any other stated or intervening value in that stated range is encompassed

within the invention. The upper and lower limits of these smaller ranges may independently be
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included in the smaller ranges is also encompassed within the invention, subject to any specifically
excluded limit in the stated range. Where the stated range includes one or both of the limits, ranges

excluding either or both of those included limits are also included in the invention.

[020] Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention belongs.
Although any methods and materials similar or equivalent to those described herein can also be used
in the practice or testing of the present invention, a limited number of the exemplary methods and

materials are described herein.

[021] In the present disclosure, methods and systems are described for generating multi-color
optical CL images of nanoparticle samples that are produced using nanoparticles that have

spectrally-distinct luminescent defects. In some embodiments,

[022] FIG. 1 is a schematic block diagram of a system 100 for correlative CL and SE imaging, in
accordance with one embodiment of the present application. In overview, the system 100 includes an
electron microscope 105 configured to generate an image of a nanoparticle sample that contains a
plurality of nanoparticles, by irradiating the nanoparticle sample with electron beams. The
nanoparticles include a plurality of spectrally distinct optical emitters which generate CL
(cathodoluminescent) light at respective different color channels, in response to the electron beams

from the electron microscope.

[023] In the illustrated embodiment, the electron microscope is an SEM (scanning electron
microscope), having an SEM pole piece 120. The SEM may be a field emission SEM. Other types of
electron microscopes that may be used include, without limitation: an STM (scanning tunneling
microscope); an STEM (scanning transmission electron microscope) and a TEM (transmission

electron microscope).

[024] The system 100 also includes a CL detection system configured to detect the CL light from

the nanoparticles and to generate multi-color CL images of the nanoparticle sample. In the illustrated
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embodiment, the CL detection system is a spectrally selective, PMT (photomultiplier) — based CL
detection system, configured to perform spectrally-selective imaging of nanoparticle
cathodoluminescence. The PMT portion of the spectrally selective CL detection system is indicated

in FIG. 1 by reference numeral 110.

[025] In some embodiments, including the embodiment shown in FIG. 1, the electron microscope

105 and the CL detection system are integrated into a single instrument.

[026] In the embodiment illustrated in FIG. 1, the SEM 105 is a field emission SEM (JEOL
JSM-7001F) that is outfitted with a spectrally-selective, PMT-based CL detection system. In the
illustrated embodiment, the NP (nanoparticle) samples are mounted on a silicon wafer 160 (placed on
a sample holder 160), and excited by a scanning electron beam from the electron microscope 105.
The resulting CL photons are collected by an elliptical mirror 150 and directed through a reflective
light guide 130 onto the photomultiplier tube (PMT) 110. One or more wavelength-selective optical
interference filters 140 are used to select CL light from only one of the NP species at a time. NP-CL
spectra are used to select optical interference filters, with pass-bands indicated by colored rectangles,

for multi-color CL imaging.

[027] FIG. 2 is a plot of CL spectra acquired with a scanning transmission electron microscope
(STEM) for three species of semiconductor nanoparticles. The spectrum that is plotted with a solid
line was generated from nanodiamonds implanted with NV (nitrogen- vacancy) centers that produce
red CL light, at a wavelength of about 620 nm. The spectrum plotted with a dashed line was
generated from LuAG:Ce nanophosphors that produce green CL light, at a wavelength of about 510
nm. The spectrum plotted with a dash-dotted line was generated from nanodiamonds that contain
band-A defects and generate blue CL light, at a wavelength of about 420 nm. Normalized NP-CL
spectra were used to select optical interference filters, with pass-bands indicated by the solid, dashed,

and dash-dotted rectangles in the figure, for multi-color CL imaging.

[028] The above-described nanodiamonds containing NV centers have about 100 ppm nitrogen

impurities, and were irradiated with He ions and annealed to promote NV formation. Dynamic light
-4 -
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scattering (DLS) measurements of the NV nanodiamonds gave a mean particle size of 82 + 22 nm in
an aqueous suspension. The above-described nanodiamonds containing high concentrations of

‘band-A' defects were type 1a natural nanodiamonds, and had DLS-measured mean particle size of 48
+ 14 nm. DLS measurements of the above-described LuAG:Ce nanophosphors gave a mean particle

size of 37 + 13 nm.

[029] FIG. 3 is a histogram illustrating the NP size and CL brightness distribution, i.e. stability of
CL emission, for one of the above-described species of nanoparticles. In particular, the histogram in
FIG. 3 shows the CL brightness distribution for LuAG:Ce NPs. The dense dark bars in FIG. 3 give
size distribution for all NPs as measured by SE imaging. The lighter bars indicate NPs that produce
detectable CL. For this NP type, the fraction of total NP population producing CL is ~0.42, with

mean NP diameter of 54 nm.

[030] FIG. 4 illustrates a measured time-course of a nanoparticle-cathodoluminescence signal.
Measured time-course of NP-CL signal, showing good CL stability for large e-beam exposure. Solid
lines and associated data points (left vertical axis) give average NP-CL signal from 10 CL-emitting
NPs of each species over 10 full scans of the electron beam. The NP-CL signal for each NP was
normalized to its value after the first scan before averaging over NPs. The selected NPs are

representative of size distribution of CL-emitting particles for each species.

[031] FIG. 4 shows that the NP-CL signal remains ~ 70% of initial value after a dose of ~ 109
electrons per NP, with decrease attributable in part to accumulation on NPs of hydrocarbon
contaminants. In comparison, CL from organic fluorophores degrades to near-zero after dose of ~
107 electrons per (100 nm)®. The dashed lines and associated data points (right vertical axis) show
total accumulated CL photon counts from a single NP of each species, selected from near the size
distribution peak for that species. Selected NP FWHM diameters were found to be: dreg = 97 nm;

dgreen = 51 nm; dgjue = 75 nm.

[032] In some embodiments, correlative SE and multi-color CL can be performed. In other words,
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SE and multi-color CL images can be acquired with nanoscale resolution, simultaneously and in the
same instrument, for each of the three types of NPs. When compared with images taken with a
confocal fluorescence microscope, the SE images have high spatial resolution (limited by e-beam
diffraction), but are effectively monochromatic. The confocal images show distinct colors in
fluorescence (essentially the same colors as for CL), but with photon-diffraction-limited resolution,

which is insufficient to resolve individual NPs.

[033] The NP-CL images, however, provide unique information, allowing both spectral
discrimination between NP species, as well as image resolution of particles as small as ~30 nm. For
many applications NP-CL can provide a considerable improvement over conventional EM
techniques such as molecular labeling using gold nanoparticles, because the spectral
distinguishability of the three NP markers allows spatial relationships between different molecular

targets to be determined at nanoscale resolution.

[034] Furthermore, the set of distinct NP-CL colors could be expanded by incorporating more than
one type of defect in a NP, or by imaging at cryogenic temperatures to obtain narrower spectral lines.
Importantly, the color separation of NP-CL is unambiguous and therefore constitutes a better

labeling strategy.

[035] Another major advantage of NP-CL imaging over previous approaches is that the CL signal
can be ascertained at any resolution, whereas labeling with electron-scattering particles requires
sufficient resolution to detect and/or discriminate between them. NP-CL is thus a multi- scale

imaging technique.

[036] In some embodiments, correlative NP-CL and SE imaging can be performed, i.e. correlated
CL and SE images can be collected and acquired, as further described below. In this way, the
advantages of both multicolor optical fluorescence and high-resolution electron microscopy can be

combined, and NP-CL properties investigated.

[037] For bioimaging applications, the robustness of NPs, i.e. their resistance of semiconductor NPs
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to damage under e-beam irradiation at keV energies is a key advantage compared to CL-emitting
organic molecules. For each of the three types of semiconductor NPs, good luminescence stability
was demonstrated by performing repeated CL imaging scans over a field of NPs deposited on a

silicon wafer, as shown in FIG.s 3 and 4 described above. Even after 10 full scans, corresponding to

a total dose of approximately ~107 electrons for a 50 nm particle, the CL signal for each type of
NP showed only minor (~ 20 - 30%) decrease.

[038] Many of the applications envisioned for correlated NP-CL and SE imaging may require
targeted delivery of NPs to sites of interest, necessitating control over NP surface chemistry. In some
embodiments, at least some of the nanoparticles are surface functionalized, so that each one of the

surface-functionalized nanoparticles selectively binds only to a particular structure of interest.

[039] In one embodiment, NP surface functionalization can be shown to be achieved while
maintaining good CL properties, by using amine chemistry to bind antibodies tagged with a red
fluorophore to blue-CL nanodiamonds. In one embodiment, a sample of these antibody-conjugated
NPs were deposited onto a grid-etched silicon wafer, and imaged the sample in optical fluorescence
followed by cathodoluminescence. These images show a high degree of spatial correlation,
indicating that a large fraction (~0.71) of the NPs were successfully attached to fluorophore-tagged
antibodies while still exhibiting good CL emission. Subsequent optical imaging showed almost no
signal in the red channel due to degradation of the organic fluorophore under exposure to the electron

beam, whereas the robust blue fluorescence was unchanged.

[040] The above-described results demonstrate that correlative light and electron microscopy can
be performed using multi-color cathodoluminescence from semiconductor nanoparticles. These
nanoparticles may be controllably fabricated to contain spectrally distinct color centers and defects
that are stable under prolonged electron-beam exposure, have excellent spectral separation, and be
surface-functionalized to enable labeling of specific molecules and structures on a wide range of

samples.
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[041] In some examples of operational regimes, the NP-CL imaging resolution may be set by
particle size, which was 40 - 80 nm for the three types of NPs studied here. With optimized selection
of small NPs having high defect concentration, NP-CL imaging resolution of about 30 nm may soon
be available. Resolution of less than < 10 nm may eventually be realized through ongoing
improvements in fabrication of small NPs with high defect concentration. The speed and ease of
multi-color NP-CL imaging may also be enhanced by optimization of CL optical collection
efficiency and parallel imaging of different CL colors, e.g., with multiple CL detection paths or use

of a broadband spectrograph.

[042] Applications of the above-described correlated NP-CL and SE imaging may include
nanoscale functional imaging in biological samples, e.g., in serial-SEM connectomics, where
multi-color NP-CL may allow targeted identification of molecular markers such as neurotransmitter
enzymes, postsynaptic receptor types, peptides, and calcium binding proteins that differentiate
classes of neurons and synapses, and be correlated with nanoscale SE structural images of thin-slice

(~30 nm) neural tissue.

[043] Functionalized cathodoluminescent nanoparticles may open up powerful new avenues for
correlative optical and electron microscopy in the physical and life sciences, allowing both molecular
localization and structural imaging to be achieved at nanometer resolution. In some embodiments,
such correlative optical and electron microscopy may be performed simultaneously and using a

single integrated instrument.

[044] FIG. 5 illustrates a possible application of multicolor nanoscale imaging to connectomics.
Connectomics is an emerging field defined by high-throughput generation of data about neural
connectivity and the subsequent mining of that data for knowledge about the brain. To resolve
individual synapses requires electron microscopy and ultra-thin serial sectioning. The use of
nanodiamond CL in connectomics can be useful in reducing segmentation errors: process-specific
CL emitters of different colors, or combinations of colors, can label corresponding regions in each

slice, facilitating automated matching / error checking.
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[045] As seen in FIG. 5, by using NPs that are functionalized to bind to particular structures of
interest, for example, synaptic vesicles, distinctions can be made which cannot be done with SEM
images alone. As seen in FIG. 5, correlative multi-color CL — SE imaging with functionalized
nanoparticles allows for distinguishing between excitatory synapses (shown in FIG. 5 as black filled
dots) and inhibitory synapses (shown in FIG. 5 as unfilled dots).

[046] To summarize, the methods described in this application include irradiating with a scanning
electron beam a nanoparticle sample containing a plurality of nanoparticles, so as to cause emission
of CL photons from the nanoparticle sample, the nanoparticles including a plurality of spectrally
distinct optical emitters configured to generate CL light at respective different color channels. The
CL light is then detected from the nanoparticles to generate multi-color NP - CL images of the

nanoparticle sample.

[047] In some embodiments, correlative NP - CL and SE images of the nanoparticle sample may be
generated by acquiring SE images of the sample, substantially simultaneously with the acquisition of
the CL images. In some embodiments, the nanoparticles may be surface-functionalized, so that the

nanoparticles can selectively bind only to a particular structure of interest. For example, the surface
of each nanoparticle may be coated with a predetermined substance so that the nanoparticle becomes

conjugated with a particular antibody.

[048] Nothing that has been stated or illustrated is intended to cause a dedication of any component,
step, feature, object, benefit, advantage, or equivalent to the public. While the specification describes
particular embodiments of the present disclosure, those of ordinary skill can devise variations of the

present disclosure without departing from the inventive concepts disclosed in the disclosure.

[001] While certain embodiments have been described, it is to be understood that the concepts
implicit in these embodiments may be used in other embodiments as well. In the present disclosure,
reference to an element in the singular is not intended to mean “one and only one” unless specifically
so stated, but rather “one or more.” All structural and functional equivalents to the elements of the

various embodiments described throughout this disclosure, known or later come to be known to those
-9.
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of ordinary skill in the art, are expressly incorporated herein by reference.
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What is claimed is:

1. A method comprising;

irradiating with a scanning electron beam a nanoparticle sample containing a plurality of
nanoparticles, so as to cause emission of CL (cathodoluminescent) photons from the nanoparticle
sample; wherein the nanoparticles comprise a plurality of spectrally distinct optical emitters

configured to generate CL light at respective different color channels; and

detecting the CL light from the nanoparticles to generate multi-color NP (nanoparticle) - CL

images of the nanoparticle sample.

2. The method of claim 1, further comprising acquiring SE (secondary electron) images of the
sample, substantially simultaneously with the acquisition of the CL images, so as to generate

correlative NP - CL and SE images of the nanoparticle sample.
3. The method of claim 1, wherein the nanoparticles comprise surface-functionalized
nanoparticles, and further comprising the acts of:

surface functionalizing a plurality of nanoparticles so as to allow the nanoparticles to

selectively bind only to a particular structure of interest;

depositing the surface-functionalized nanoparticles onto a substrate to create the nanoparticle

sample.

4. The method of claim 3, wherein the act of surface functionalizing the nanoparticles comprises
coating the surface of each nanoparticle with a predetermined substance so that the nanoparticle

becomes conjugated with a particular antibody.

5. The method of claim 2, wherein the acts of acquiring the SE images of the sample and

acquiring the multi-color CL images of the sample are performed substantially simultaneously.
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6. The method of claim 2, wherein the acts of acquiring the SE images of the sample and

acquiring the multi-color CL images of the sample are performed using one integrated instrument.

7. The method of claim 1, wherein the nanoparticles comprise nanodiamonds containing NV

(nitrogen-vacancy) color centers.

8. The method of claim 1, wherein the nanoparticles comprise LuAG:Ce (Certum-doped

Lutetium-Aluminum) nanophosphors.

9. The method of claim 1, wherein the nanoparticles comprise nanodiamonds including band-A

defects.

10.  The method of claim 3, wherein the particular structures of interest comprise synaptic

vesicles.

11. A system comprising:

an electron microscope configured to generate an image of a nanoparticle sample containing a
plurality of nanoparticles, by irradiating the nanoparticle sample with electron beams;

wherein the nanoparticles comprise a plurality of spectrally distinct optical emitters
configured to generate CL (cathodoluminescent) light at respective different color channels in

response to the electron beams from the electron microscope; and

a CL detecting imaging system configured to detect the CL light from the nanoparticles and to

generate multi-color CL images of the nanoparticle sample.

12.  The system of claim 11, wherein the electron microscope and the CL imaging system are

integrated into a single instrument.
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13.  The system of claim 11, wherein at least some of the nanoparticles are surface functionalized,
so that each one of the surface-functionalized nanoparticles selectively binds only to a particular

structure of interest.

14.  The system of claim 13, wherein the surface-functionalized nanoparticles comprise

antibody-conjugated nanoparticles.

15.  The system of claim 11, wherein the electron microscope comprises one of: a SEM (scanning
electron microscope); an STM (scanning tunneling microscope); an STEM (scanning transmission
electron microscope) and a TEM (transmission electron microscope).

16.  The system of claim 11, wherein the nanoparticles comprise nanodiamonds containing NV
(nitrogen-vacancy) color centers , and are configured to produce red cathodoluminescent light at a

wavelength of about 620 nm.

17.  The system of claim 11, wherein the nanoparticles comprise LuAG:Ce (Cerium-doped
Lutetium-Aluminum) nanophosphors, and are configured to produce green cathodoluminescent light

at a wavelength of about 510 nm.

18.  The system of claim 11, wherein the nanoparticles comprise nanodiamonds including band-A
defects, and are configured to produce blue cathodoluminescent light at at wavelength of about 420

nm.

19.  The system of claim 13, wherein the particular structures of interest comprise synaptic

vesicles.
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