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DESCRIPTION

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application No. 62/078,639 filed
on November 12, 2014.

BACKGROUND OF THE INVENTION.

[0002] The market for methods to fingerprint foods and consumer products is growing at an
annual rate of 16% and is accelerating in response to the estimated $15 billion cost of food
fraud alone. Food fraud being difficult to detect, the actual cost in terms of lost revenue to
companies and lost value to consumers may be several times higher.

[0003] A real-world example is provided by dairy processing at Nestle'. One manufacturing site
alone performs 2,000 analyses of milk and milk products every day in an effort to verify the
products’ points of origin. Most of these measurements are based on conventional
spectroscopic techniques including FTIR and NMR. Performing multiple tests to characterize
each sample is time-consuming and costly. Were milk samples labeled with colloidal
fingerprints at the source, identifying point of origin could be achieved in a matter of minutes
with a single measurement. Substituting inferior milk for premium dairy products early in the
supply chain has become a lucrative revenue source for organized crime. Colloidal
fingerprinting has the potential to substantially reduce the economic, health and safety costs of
supply-chain tampering.

[0004] Despite great steps taken to prevent drug counterfeiting, the pharmaceutical industry
experienced a loss of $514 billion in 2012 due to counterfeiting, primarily in over-the-counter
products. Luxury products such as perfume, wine and spirits are another target of
counterfeiting because of their potential for large profit margins. Wine Spectator magazine
speculates that as much as 20% of the wine on the global market today may be counterfeit.
Milk is one of the most defrauded products worldwide. The low cost of milk and the difficulty in
detecting adulteration makes milk a particular challenge for counterfeit detection. The largest
segment of the market for milk is our most vulnerable, infants and children. The need for a
cost-effective and versatile method of fingerprinting milk is a global unmet need.

[0005] Anti-counterfeiting measures for fluid products have focused on secure and traceable
packaging or on chemical analysis of a statistical sample of the product. Major corporations,
such as Alien Technology and 3M Company, have pursued the former strategy by adding high
tech labeling, coatings or additives to packages that are difficult to duplicate. These measures
help to ensure the integrity of the package. Further incorporating anti-tampering technologies
helps to ensure that the package actually contains the advertised product. Such measures,
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however, tend to be costly, and still can be circumvented by determined counterfeiters. The
expense associated with chemical analysis does not allow for comprehensive verification of
every package, particularly not for commodity products such as milk. Exhaustive analysis of a
statistical sample of products, however, has brought to light many of the known cases of
product fraud. Many more are assumed to remain undetected. US 2012/273664 A1 discloses a
method and system for controlled fractionation of particles in a sample having a plurality of
particles of different size distributions. US 2013/278743 A1 discloses a method for analyzing
porosity of a particle and a medium disposed in the porosity of the particle. A video-holographic
microscope is provided to analyze interference patterns to determine the refractive index of the
particle. US 6 214 560 B1 discloses a method for specific detection of one or more analytes in
a sample, including specifically associating any one or more analytes in the sample with a
scattered-light detectable particle.

[0006] Adulteration of consumer products and food costs the U.S. economy more than $15
billion a year. A single incident of product fraud costs between 2 to 15 percent of a company's
revenue for that product. The FDA is working to increase the safety of the national food supply
through new regulations, but is limited by the availability of methods to detect fraud,
adulteration and counterfeiting.

SUMMARY OF THE INVENTION

[0007] The present invention relates to a method for identifying a colloidal fingerprint using
holographic microscopy according to claim 1. The invention further relates to a computer-
implemented machine according to claim 7 and a method for colloidal fingerprinting a material
according to claim 11.

[0008] The foregoing summary is illustrative only and is not intended to be in any way limiting.
In addition to the illustrative aspects, embodiments, and features described above, further
aspects, embodiments, and features will become apparent by reference to the following
drawings and the detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The foregoing and other features of the present disclosure will become more fully
apparent from the following description and appended claims, taken in conjunction with the
accompanying drawings. Understanding that these drawings depict only several embodiments
in accordance with the disclosure and are, therefore, not to be considered limiting of its scope,
the disclosure will be described with additional specificity and detail through use of the
accompanying drawings.

Figure 1 Proof-of-concept colloidal finger- print. Measured radius a, and refractive index n,, of

2,500 colloidal spheres from a four-component mixture, clearly resolving the multi- modal
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distribution p(ap, np).

Figures 2A-B show Total Holographic Characterization. Figure 2A shows an example of a
holographic video microscope setup. Figure 2B illustrates laser light scattered by a particle in a
microfluidic channel interferes with the unscattered portion of the beam to form a hologram
that is magnified by a conventional optical microscope before being recorded by a video
camera. In-line holograms of individual colloidal spheres are interpreted with the Lorenz-Mie
theory of light scattering to obtain individual particles' radii, ap, and refractive indexes, n,. Each

plot symbol represents the properties of a single sphere taken from a commercial sample of
monodisperse polystyrene particles. One embodiment of a benchtop instrument, shown
schematically at right, is optimized for fast colloidal characterization.

Figure 3 Simulated colloidal fingerprint consisting of 10,000 points drawn from 13 populations
of the proposed 15-member library. The widths of the distributions reflect an anticipated 8
percent variance in each population's radius and 0.01-unit variance in refractive index.

Figure 4 Intrinsic fingerprints of milk. Data points reflect the radius and refractive index of
individual milk fat globules obtained from samples of homogenized cows milk and unprocessed
cows milk. Curves are fits to a model that in- corporates the influence of the milk-fat globule
membrane on light scattering.

Figure 5 illustrates a computer system for use with certain implementations.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0010] In the following detailed description, reference is made to the accompanying drawings,
which form a part hereof. In the drawings, similar symbols typically identify similar components,
unless context dictates otherwise. The illustrative embodiments described in the detailed
description, drawings, and claims are not meant to be limiting. Other embodiments may be
utilized, and other changes may be made, without departing from the spirit or scope of the
subject matter presented here. It will be readily understood that the aspects of the present
disclosure, as generally described herein, and illustrated in the figures, can be arranged,
substituted, combined, and designed in a wide variety of different configurations, all of which
are explicitly contemplated and made part of this disclosure.

[0011] Colloidal fingerprinting relies on the unique capabilities of Spheryx’'s Total Holographic
Characterization technology to measure the joint distribution of size and refractive index of the
colloidal particles in a dispersion. The experimental data plotted in Fig. 1 constitute a proof of
concept for colloidal fingerprinting. Each point in this plot represents the measured radius, ap,

and refractive index, np, of an individual colloidal sphere flowing in its fluid medium down a

microfluidic channel. The ensemble of 2,500 such measurements plotted in Fig. 1 therefore
constitutes a direct measurement of the joint distribution, p(ap, np) of the particle properties in
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the sample. The individual data points are colored by the local density of measurements to
illustrate this point. This particular sample was deliberately constituted from a mixture of four
monodisperse samples of colloidal spheres, two composed of silica and the other two of
polystyrene. For each composition, spheres with nominal radii of 0.5 ym and 1 um were mixed
to create a 2 x 2 array of particle characteristics in the (ap np) plane. This set of particle

properties is clearly resolved in the experimentally recovered distribution plotted in Fig. 1.
These data therefore constitute a fingerprint for the mixed dispersion, and thus a proof-of-
concept for colloidal fingerprinting.

[0012] The presence or absence of peaks in the joint distribution can be used to encode
information, such as the date and location of manufacture, a serial number, or an expiration
date. The precise location and shape of each peak, furthermore, can be compared with initial
characterization data to establish the authenticity of the fingerprint.

[0013] The data plotted in Fig. 1 were acquired and analyzed in under 10 min. Improvements
in sample handling, data reduction and statistical analysis that are planned for this research
program should reduce the measurement time for comparable samples by a factor of 4. The
number of data points required for a complete analysis scales no faster than linearly with the
number of bits of data to be encoded. A complete analysis of the 15-member fingerprints
proposed here therefore should require no more than 10 minute, and could be substantially
faster.

Total Holographic Characterization

[0014] Colloidal fingerprinting is made possible by the ability of Total Holographic
Characterization to measure both the size and refractive index of individual colloidal particles.
No other colloidal characterization technique would have been able to distinguish the four
populations of particles by both size and composition. Analyzing size or refractive index
separately would have yielded bimodal distributions in each case, and thus would have failed
to reveal the four distinct populations in the dispersion.

[0015] The technique, illustrated in Fig. 2A, is based on recent advances in in-line holographic
video microscopy that were pioneered by the Grier group at New York University. Light from a
collimated laser beam illuminates a colloidal sample within a microfluidic channel. An
illuminated particle scatters some of that light to the focal plane of a microscope, where it
interferes with the remainder of the beam. The microscope magnifies the resulting interference
pattern and projects it onto the sensor of a video camera, which records its intensity.

[0016] Each hologram in the resulting video stream contains comprehensive information about
the scattering particle's size, shape, position and composition. The innovation in Total
Holographic Characterization is in the method to extract that information. The recorded
hologram may be modeled as the superposition of a plane wave linearly polarized along the x
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direction and the wave fgy(kr) scattered by the particle:

Ll — [ XEE £ £ d e Y imy
blry= [+ ™Pf{k{r —n, ]2

(1)

where k = 2min,/A the wavenumber of light of wavelength A traveling through a medium of
refractive index np,, and where rp = (X, ¥p, Zp) is the three-dimensional position of the particle

relative to the center of the microscope's focal plane. The intensity distribution /(r) of a
measured hologram can be compared with Eq. (1) if it is first corrected for the dark count of
the camera /yc(r) and then normalized by the background intensity distribution /o(r).

Fry—1I., 3

Llr) —ig4r)

(2)

[0017] This normalization also corrects for spurious interference fringes in the field of view due
to dust and other imperfections.

[0018] The general form for fg(kr) is notoriously difficult to compute. If, however, colloidal
fingerprints are composed of spherical particles, the scattering function fg(kr) is given in

analytic form by the Lorenz-Mie theory of light scattering. A recorded hologram then may be fit
to Eq. (1) for the particle's radius, ap, refractive index, np, and three-dimensional position, rp,

Measurements on model systems confirm fit estimates of nanometer resolution in r, and part-
per-thousand resolution in a, and np, Holographic microscopy, moreover, operates in situ with

a time resolution limited by the exposure time and frame rate of the video camera. Unlike more
conventional particle characterization technologies such as dynamic light scattering and
Coulter counters, holographic characterization requires minimal calibration, relying only on
knowledge of the laser wavelength, the refractive index of the supporting medium and the
microscope's magnification.

[0019] The data plotted in Fig. 2B illustrate how particle-by-particle measurements can be
accumulated into a population distribution for the properties of a dispersion, in this case as
sample of 1.1 ym diameter polystyrene spheres. Unlike conventional particle characterization
techniques such as dynamic light scattering, Total Holographic Characterization does not
require a model for the particle size distribution or estimates for the particles' refractive
indexes. Rather, this information is obtained for each particle individually and can be combined
into statistical samples so that population distributions can be discovered rather than being
assumed. Even for a single-component system, this information provides valuable insights.
The slight anticorrelation between particle size and refractive index evident in Fig. 2B, for
example, is consistent with 1-2% porosity in the spheres, the pores being filled with water. The
data in Fig. 1 were amassed in the same way and provide a clear impression of the mixture of
particles that were blended into the sample.

Prophetic Examples
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[0020] Embodiments of the colloidal fingerprinting will provide stable colloid mixtures suitable
for use in a variety of fluid media, demonstrate binary and high-resolution data retrieval, and
quantify uncertainties and error rates over the entire parameter space to provide useful
fingerprinting data.

[0021] In a particular application, colloidal fingerprints can be embedded in commercial
samples. The colloidal mixture should be configured to remain stable. In addition, colloidal
fingerprint remain readable even if the sample itself contains colloidal particles, emulsion
droplets, or contaminants. The distribution of particles in the sample should be characterized
before introducing a colloidal fingerprint. Then the mixture of colloids is tailored in the
fingerprint so that it still can easily be identified despite the confounding factors. This would be
impossible for methods which average over the whole distribution. However, single particle
resolution allows the colloidal fingerprint to be extracted even in a complex sample.

[0022] In one embodiment, the proposed program to develop colloidal fingerprinting requires
the development and characterization of a library of chemically inert and physically stable
colloidal spheres from which fingerprints will be constituted. One example of library synthesis
and characterization is described below.

[0023] Samples drawn from the library will be combined at predetermined stoichiometries in
featureless media such as water and corn oil and then analyzed with Total Holographic
Characterization to confirm data retrieval. This analysis, an example of which is described
below, will apply optimal statistical methods to minimize the time and sample volume required
to extract the encoded information with confidence. In addition to determining which of the
library members are present in a given fingerprint, high-resolution characterization can be
used to detect attempts to spoof colloidal fingerprints, thereby contributing to product security
and counterfeit detection. Finally, some products inherently consist of populations of colloidal
particles with characteristic distributions of size and refractive index. Milk and dairy products
are an example. These intrinsic fingerprints can be recorded at the point of manufacture and
compared with fingerprints obtained from products in the field to obtain information on
provenance without requiring additional labeling. Intrinsic colloidal fingerprinting is described
below.

Fingerprint Library Development

[0024] An initial library will consist of 15 different populations of colloidal spheres in five clearly
distinguishable sizes composed of three optically distinct materials. Candidate materials
include colloidal silica (refractive index np = 1.41 at the measurement wavelength of A = 405

nm) polymethymethacylate (PMMA) (n, = 1.51) and polystyrene (n, = 1.62). With this

distribution of refractive indexes, monodisperse samples with diameters of 0.9 ym, 1.3 uym, 1.9
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pm, 2.4 ym and 3 pm should be easily resolved by Total Holographic Characterization. These
particles will be prepared and characterized, including by scanning scanning electron
microscopy, dynamic light scattering and holographic characterization.

[0025] In one example, the use of custom-synthesized particles is warranted by the need for
well-characterized particles with well-documented compositions. Commercially available
colloidal spheres often are produced with proprietary syntheses and are packed with
proprietary stabilizing agents that can interfere with subsequent functionalization.

[0026] The joint distribution of size and refractive index, measured at a specific wavelength,
will serve as a template for recognizing each element of a fingerprint. The mean size, mean
refractive index, variance in those values and their correlation all contribute to the recognition
process. These quantities, moreover, constitute a high-resolution fingerprint of the individual
components which can be useful for distinguishing manufacturers' original fingerprints from
spoofed duplicates.

[0027] Ordinarily, Total Holographic Characterization yields the same radius and refractive
index for a given type of particle regardless of the chemical composition of the supporting
medium. This can be complicated if the medium swells the particles or if the particles are
porous and imbibe the medium. Care will be taken during library synthesis to develop
processing procedures to minimize porosity and to ensure that fingerprint particles' properties
are consistent, at least within each of their intended application areas. This will be ascertained
by Total Holographic Characterization of each library component in a variety of solvents
including water, alcohols and oils. These measurements, in tandem with conventional
porosimetry will help to ensure that colloidal fingerprints are reproducible and stable over time.

[0028] In applying colloidal fingerprints to real-world materials, particular care must be directed
to preventing aggregation, flocculation or deposition, each of which can disrupt data retrieval,
and could affect the properties of the medium. Steric stabilization with surface-grafted
polymers or block copolymers will be tested as a general strategy, particularly for aqueous
samples. Custom stabilization may be necessary for nonaqueous media and for samples
containing depletants and other strongly interacting components. In all cases, library
components will be characterized in situ and with stabilization in place to ensure consistent
data retrieval.

[0029] Initial characterization data, typically resembling the results plotted in Fig. 2B, will be
stored and compared with data obtained during fingerprint retrieval. Each synthesized batch of
each library component will differ in subtle but measurable ways from other equivalent
realizations. These differences can be small enough to ignore for routine data retrieval.
Detailed comparisons with initial characterization data can be used to verify that a particular
fingerprint is composed of authentic fingerprint particles. This constitutes an anti-counterfeiting
measure directed against spoofed fingerprints.

[0030] Once the library of particles is constituted and characterized, individual fingerprints can
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be created by mixing specific stoichiometries of the components into a blend that contains
elements from one or more of the library's populations. Figure 3 shows simulated data from a
13-member fingerprint, the two missing populations being indicated by dashed circles. The
widths of the individual populations' distributions are set by the anticipated 8% variance of the
radius with respect to the mean for each population. The range of refractive index variations is
estimated to be 0.01 refractive index units by comparison with typical results for comparable
samples. Deviations of the mean radii and refractive indexes from their planned values reflect
typical results for colloidal synthesis. The radii and widths are treated as uncorrelated in the
simulation because the particles prepared for fingerprinting are assumed not to be porous. The
presence or absence of library elements constitutes the fingerprint encoded in a given mixture.
This dispersion then is mixed into the product, thereby embedding the fingerprint in the
product.

[0031] In one embodiment, the library is at least a fifteen-member library of colloidal particles
for creating up to 32,767 distinct colloidal fingerprints. The populations will differ from each
other in size and refractive index so that they can be identified unambiguously through Total
Holographic Characterization.

Fingerprint Retrieval

[0032] Once a material/composition has been fingerprinted, or inherently has a colloidal
fingerprint, the fingerprint must be "read" to provide identifying information. For example,
physical and statistical methods for detecting and extracting colloidal fingerprint data from fluid
samples can be utilized. Reading out the fingerprint encoded into a material requires
reconstituting the fingerprint particles in a fluid medium that can flow down a microfluidic
channel for holographic analysis. In some cases, this might require simple sonication. In
others, the product may have to be diluted or otherwise chemically modified to minimize
extraneous features. The wormlike micelles in shampoos, for example, can be eliminated by
dilution. Perfume microcapsules in laundry detergent, by contrast, will remain in suspension,
and will be analyzed in parallel with fingerprint particles.

[0033] It is contemplated that this stage of material processing may introduce sampling bias
into the measured distribution of particle sizes and refractive indexes, such should be explored.
Such biases might arise, for example, due to differential sedimentation, or due to flow
fractionation in the microfluidic channel. Any such bias will be assessed, and mitigating
protocols developed. For example, biases due to flow fractionation in the channel's Poiseuille
flow profile can be minimized by reducing the length of the channel.

[0034] Any uncorrected sampling bias detected can be compensated by appropriately
adjusting the stoichiometry of the fingerprint dispersions. Calibrating the fingerprinting process
in this way should be necessary just once for each product, and then should work reliably
thereafter.
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Binary Readout

[0035] One embodiment involves applying methods of optimal statistics to establish the
minimal conditions for reliable data retrieval from colloidal fingerprints, and verify these
predictions experimentally. The simulated data in Fig. 3 illustrate how encoded data can be
extracted from a dispersion. Each of the component populations in the mixture should be
readily resolved, given sufficient statistics. The distribution in Fig. 3 consists of 10,000
simulated measurements of particle properties, which would require 10 min of data collection
and analysis in the laboratory. The presence or absence of a given population constitutes one
"bit" of fingerprint data. The two missing populations in Fig. 3, for example, might constitute
zeros, and the 13 observed populations might constitute ones.

[0036] The presence of a population within the sample is established by observing a local peak
in the joint distribution, p(ap, np),, of particle size and refractive index at established points in
the (ap, np), plane. The probability that a set of measurements, s = {(a;, n))} is consistent with
the fingerprint indexed by k can be established with a multivariate Kolmogorov-Smirnov test.
Membership of a particular measurement in one of the library populations similarly can be
assessed with kernel density estimators. The combined single-measurement probabilities used
to develop a statistical estimator for fingerprint detection.

[0037] The presence or absence of the n-th bit of data in a colloidal fingerprint may be treated
as a binary value,

BX

, Q;/hich has the value 1 if particles drawn from the n-th member of the fingerprint library are
expected to be present in the fingerprint labeled k, and is 0 otherwise. The data stored in the k-
th fingerprint is therefore the set of bits

d=git)

. Analyzing the data stream s involves deciding whether each single-particle measurement
corresponds to one of the bits in a fingerprint, and then deciding which bits are present in the
sample.

[0038] The probability that the j~th particle is associated with bit n is

s Y
O = 01867}
Him £ \..{ FEIE (3)

where pp(ap, np) is the previously calibrated joint distribution for particles in the n-th library
element. Similarly, the probability that the particle is not drawn from bit nis g j, = 1 - pjp. These

considerations provide a basis for detecting spurious particles that are not part of the library.
The probability that particle jis not an element of the library is

@ H F e
)

and the complementary probability that it is part of a fingerprint is £ = 1 - Q; . This inclusion

probability A/ can be used to test whether an individual characterization measurement should
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be used to identify a fingerprint.

[0039] The probability that measurementj is not an element of the k-th fingerprint is

< e s
3‘1&‘:\‘,5 +t .!.—.b\;igﬁ}:ﬁ ’
2

®)

[0040] Conversely, the probability that the particle sampled in the j-th measurement is a
representative of the k-th fingerprint is

}'};“‘ e {:_35"
. With these results, we can obtain the probability that the data stream s represents a
measurement of fingerprint k:

p*’is”} = HP-‘S{

(6)

[0041] An equivalent result may be obtained from the negotiation,

i) = | fere

(7)

[0042] The most probable fingerprint then would be identified as the fingerprint for the sample,

k(s), and the corresponding data value, d¥(S), would be recovered.

[0043] To ensure consistent results, one or two specifically chosen populations may be
incorporated into every fingerprint. Their presence in the accumulated characterization data
will help ensure that material processing and sample collection are proceeding correctly. The
statistics of these fiducial marker populations also can be used to establish how much data
must be acquired to extract data reliably.

[0044] Once the presence or absence of the individual populations is established, the encoded
data can be reconstituted based on the meaning applied to the individual bits.

Secure Fingerprinting

[0045] In one embodiment, statistical tests detect counterfeit. The positions of individual bits in
the (ap, np) plane are determined by the synthesis conditions for the library elements. Slight

variations from batch to batch are inevitable, and each batch will have to be specifically
calibrated by Total Holographic Characterization before it can be used for fingerprinting. These
variations, therefore, can be used to distinguish batches, and thus to verify the authenticity of a
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fingerprint. More subtle features of a batch's distribution, such as the variance in radius and
refractive index, similarly can be used to establish authenticity.

[0046] Reproducing any single sample's characteristic distribution of size and refractive index
with enough precision to avoid detection would be difficult. Spoofing an entire fingerprint
composed of several such samples would be all the more difficult and costly. Counterfeiting
colloidal fingerprints therefore is unlikely to be successful, and certainly would be a costly and
labor-intensive proposition.

[0047] Extracting a valid fingerprint from an authentic product and dividing it among counterfeit
products similarly would be labor intensive. This process would yield comparatively few
fraudulent fingerprints before dilution of the fingerprint particles would become apparent.

[0048] Detecting counterfeit fingerprints may be implemented by noting that the two

expressions for P(s) in Egs. (6) and (7) should yield equivalent results. Discrepancies might
indicate a departure from the assumptions underlying the derivation, particularly the
assumption that the particle populations in data stream s were drawn from the same
distributions that were used for the calibration data. In this case, the maximally likely fingerprint
also will have a lower overall probability than would have been observed with a true fingerprint.
Differences in the trial and calibration data can be further confirmed by plotting the distribution
of values associated with particles that fail the fingerprint inclusion test from Eq. (4).

[0049] In one embodiment, a basic statistical analysis is used, but in further embodiments such
should be considered a starting point for a more comprehensive Bayesian analysis. A complete
analysis may include confidence levels for single-bit detection and for whole-pattern detection,
and more sensitive tests for spoofing. It should be appreciated, that in such embodiments
these metrics will help to establish how much data is required to extract data from a fingerprint
with a specified level of confidence and security, and thus how much time is required to
perform colloidal fingerprinting. The simulated data in Fig. 3 suggest that a sample of 10,000
particles should be more than enough for reliable detection, and thus that 10 min should be
considered an upper bound on analysis time.

Intrinsic Fingerprints

[0050] Fingerprint models for consumer products that inherently are composed of colloidal
mixtures can be established in one embodiment. The holographic characterization data in Fig.
4 illustrate this concept. These were obtained for two samples of cows milk, one homogenized,
and the other not. The two distributions are clearly distinguishable. Other products, such as
sunscreen, laundry detergent and cosmetics also feature characteristic distributions of colloidal
properties that can be calibrated. Samples of these products subsequently can be analyzed
and compared with calibration data using the methods described below. Such intrinsic
fingerprints might meet manufacturers' needs for traceability without requiring any colloidal
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additives.

Colloidal Particle Management

[0051] In one embodiment, a microfluidic autotitration system with imaging feedback to dilute
colloidal samples for holographic analysis. The current implementation of Total Holographic
Characterization works best for samples that are diluted to the point that spheres' holograms
do not overlap in the field of view. Excessive dilution, however, reduces the rate at which
particles pass through the observation volume and thus increases the time required to analyze
a sample. The proposed automated system will continuously adjust the degree of dilution to
minimize overlap between neighboring particles’ holograms while maintaining a reasonable
throughput of particles for rapid characterization.

[0052] Samples currently are diluted by technicians before being introduced into the
holographic characterization system's microfluidic flow channel. The goal of this effort is to
automate this process, thereby reducing the expense and time required to process a
fingerprint.

[0053] It is believed several methods may be suitable in certain embodiments, ranging from
commercial off-the-shelf fluidic autotitration systems to custom-designed microfluidic dilution
systems. Feedback will be provided by image analysis of the sample flowing through the
observation volume using industry-standard methods of particle tracking that originally were
developed by the Grier lab. Among the most critical considerations for this development effort
will be to ascertain that measured sample composition is not affected by the dilution process.
This will be assayed by performing measurements on colloidal mixtures of the sort presented
in Fig. 1 and verifying that the relative abundances of the different populations remain
unchanged by automated processing. Particular care will be taken to treat surfaces
appropriately to minimize deposition of particles, particularly in cases when differential
deposition rates might affect measured results. These assays will be part of an overall
characterization of the measurement system's selection bias based on size or composition of
the sample particles.

[0054] As part of this effort, researchers from Spheryx will collaborate with the NYU Colloidal
Synthesis Facility to develop libraries of colloidal particles that are stable when dispersed in a
product and remain stable when processed for readout.

Fingerprinting with magnetic particles

Characterizing non-ideal particles
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[0055] In another embodiment, systems and analytical techniques are provided for colloidal
fingerprinting that can accommodate non-ideal particles, particularly particles with magnetic
inclusions. The initial implementation of colloidal fingerprinting will use specially synthesized
colloidal spheres whose properties closely approximate the assumptions of Lorenz Mie theory.
Specifically, these particles are spherical to within a fraction of a percent variation in the radius,
have smooth surfaces, and have a homogeneous composition. Their holograms lend
themselves to pixel-by-pixel analysis by nonlinear least-squares fitting to Eq. (1). Slight
departures from ideality yield holograms that still can be fit to the ideal model, with the proviso
that the resulting parameters may not reflect the actual properties of the particle. This poses
problems for applications that rely on precise characterization. Colloidal fingerprinting,
fortunately, does not rely on accuracy, but rather on precision. So long as the analytical
procedure yields reproducible characterization data, the actual values are not important.

[0056] Larger departures can cause nonlinear fitting to fail altogether. Analyzing such particles
either requires more sophisticated modeling, or else more robust analytical techniques.

[0057] The Grier group recently has demonstrated that methods of machine learning can yield
meaningful estimates for single-particle characteristics without requiring nonlinear fitting.
Preliminary results on dimpled spheres suggest that machine-learning estimates are robust
against departures from sphericity. Numerical studies suggest that they may yield reproducible
results for spheres with inclusions. Machine-learning algorithms are extremely computationally
efficient, moreover, and thus can be useful for reducing the time needed to analyze
fingerprints.

[0058] In one embodiment, machine-learning can be utilized with colloidal fingerprinting. These
studies will start with head-to-head comparisons with nonlinear fits to assess precision,
accuracy and reproducibility for homogeneous spherical particles. They then will move on to
studies on fingerprints composed of inhomogeneous particles, particularly core-shell particles.
Results of these studies will be compared with conventional analytical measurements using
systems available in NYU's Colloidal Synthesis Facility and Shared Instrumentation Laboratory.
These instruments include a Malvern Zetasizer Nano ZS, a Malvern Mastersizer S, a Coulter
N4 Plus Submicron Particle Sizer and a Zeiss MERLIN field-emission scanning electron
microscope.

Magnetic fingerprint particles

[0059] One embodiment utilizes machine-learning algorithms for analyzing core-shell spheres.
Further specific embodiments may extend to colloidal fingerprints composed of colloidal
particles with embedded magnetite cores. Incorporating magnetic cores into fingerprint
particles will greatly facilitate separating a colloidal fingerprint from its host medium. Assuming
the rest of the sample to be non-magnetic, the magnetite-loaded fingerprint particles can be
collected with a simple magnet and then redispersed for analysis.
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Double-blind testing

[0060] A double-blind study may be used to verify the accuracy with which colloidal fingerprints
can be read out. Colloidal mixtures will be prepared delivered to with no identifying marks
beyond a randomized serial number linked to the preparation logs. No party will know the
composition of the individual fingerprints until the study is complete. Researchers will perform
holographic characterization measurements on the individual library components and on the
mixtures, and will report back to the preparers what library elements appear to be present in
each of the mixtures. Test results then can be compared with preparation logs to establish the
correctness of the holographic analysis. The double-blind analysis will be repeated as a
function of number of particles sampled to verify the statistical limits for reliable read-out.

[0061] As shown in Figure 5, e.g., a computer-accessible medium 120 (e.g., as described
herein, a storage device such as a hard disk, floppy disk, memory stick, CD-ROM, RAM, ROM,
etc., or a collection thereof) can be provided (e.g., in communication with the processing
arrangement 110). The computer-accessible medium 120 may be a non-transitory computer-
accessible medium. The computer-accessible medium 120 can contain executable instructions
130 thereon. In addition or alternatively, a storage arrangement 140 can be provided
separately from the computer-accessible medium 120, which can provide the instructions to
the processing arrangement 110 so as to configure the processing arrangement to execute
certain exemplary procedures, processes and methods, as described herein, for example.

[0062] System 100 may also include a display or output device, an input device such as a key-
board, mouse, touch screen or other input device, and may be connected to additional
systems via a logical network. Many of the embodiments described herein may be practiced in
a networked environment using logical connections to one or more remote computers having
processors. Logical connections may include a local area network (LAN) and a wide area
network (WAN) that are presented here by way of example and not limitation. Such networking
environments are commonplace in office-wide or enterprise-wide computer networks, intranets
and the Internet and may use a wide variety of different communication protocols. Those
skilled in the art can appreciate that such network computing environments can typically
encompass many types of computer system configurations, including personal computers,
hand-held devices, multi-processor systems, microprocessor-based or programmable
consumer electronics, network PCs, minicomputers, mainframe computers, and the like.
Embodiments of the invention may also be practiced in distributed computing environments
where tasks are performed by local and remote processing devices that are linked (either by
hardwired links, wireless links, or by a combination of hardwired or wireless links) through a
communications network. In a distributed computing environment, program modules may be
located in both local and remote memory storage devices.

[0063] Various embodiments are described in the general context of method steps, which may
be implemented in one embodiment by a program product including computer-executable
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instructions, such as program code, executed by computers in networked environments.
Generally, program modules include routines, programs, objects, components, data structures,
etc. that perform particular tasks or implement particular abstract data types. Computer-
executable instructions, associated data structures, and program modules represent examples
of program code for executing steps of the methods disclosed herein. The particular sequence
of such executable instructions or associated data structures represents examples of
corresponding acts for implementing the functions described in such steps.

[0064] Software and web implementations of the present invention could be accomplished with
standard programming techniques with rule based logic and other logic to accomplish the
various database searching steps, correlation steps, comparison steps and decision steps. It
should also be noted that the words "component” and "module," as used herein and in the
claims, are intended to encompass implementations using one or more lines of software code,
and/or hardware implementations, and/or equipment for receiving manual inputs.

[0065] With respect to the use of substantially any plural and/or singular terms herein, those
having skill in the art can translate from the plural to the singular and/or from the singular to the
plural as is appropriate to the context and/or application. The various singular/plural
permutations may be expressly set forth herein for the sake of clarity.

[0066] The foregoing description of illustrative embodiments has been presented for purposes
of illustration and of description. It is not intended to be exhaustive or limiting with respect to
the precise form disclosed, and modifications and variations are possible in light of the above
teachings or may be acquired from practice of the disclosed embodiments. It is intended that
the scope of the invention be defined by the claims appended hereto.
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Patentkrav

1. Fremgangsmade til identifikation af et kolloidt fingeraftryk af et materiale,

10

15

20

25

30

som omfatter:

analyse af en flerhed af praver ved hjeelp af holografisk lysmikroskopi;
bestemmelse ved hjeelp af holografisk lysmikroskopi af en samlet
distribution af partikelradius (ap) og refraktivt indeks (np);

identifikation af mindst én spids, der er associeret med en kolloid partikel
fra den samlede distribution:;

sammenligning af den identificerede mindst ene spids med et bibliotek

over kolloide fingeraftryk.

Fremgangsmaden ifalge krav 1, hvor prevestarrelsen er omkring 10.000

kolloide partikler.

Fremgangsmaden ifalge krav 1, som desuden omfatter identifikation af
tilstedeveerelsen af én eller flere kolloide populationer efter identifikation af

mindst én spids.

Fremgangsmaden ifalge krav 1, som desuden omfatter identifikation af et

kolloidt fingeraftryk af materialet.

Fremgangsmaden ifalge krav 4, hvor det identificerede kolloide fingeraftryk

er det mest sandsynlige fingeraftryk, der er associeret med materialet.

Fremgangsmaden ifalge krav 5, som desuden omfatter identifikation af en
flerhed af informationsbit, der er kodet af det identificerede mest

sandsynlige fingeraftryk.
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10.

11.
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Computerimplementeret maskine (100) til at tage kolloide fingeraftryk, som

omfatter:

en processor (100);

et holografisk mikroskopisystem;

et prevebord til modtagelse og gennemlgb af et materiale; og

et handgribeligt computerleesbart medie (120), der er sluttet
funktionsmeessigt til processoren (110) og det holografiske
mikroskopisystem og omfatter computerkode, der er konfigureret til at

udfere fremgangsmaden ifglge krav 1.

Den computerimplementerede maskine ifalge krav 7, hvor computerkoden
er konfigureret til at bestemme den mindst ene egenskab og omfatter kode
til identifikation af en samlet distribution af partikelradius (ap) og refraktivt
indeks (nP).

Den computerimplementerede maskine ifelge krav 7, hvor materialet

omfatter ikke-por@se kolloide partikler.

Den computerimplementerede maskine ifalge krav 7, hvor computerkoden

er konfigureret til at identificere et fingeraftryk af materialet.

Fremgangsmade til at tage kolloide fingeraftryk af et materiale, som

omfatter:

analyse af en flerhed af praver ved hjeelp af holografisk lysmikroskopi;
bestemmelse ved hjeelp af holografisk lysmikroskopi af en samlet
distribution af partikelradius (am) og refraktivt indeks (nm) for materialet;
kodning af informationsbit gennem tilf@jelse af en flerhed af populationer
af kolloide fingeraftryk, hver med en kendt distribution af partikelradius
(ap) og refraktivt indeks (np), fra et bibliotek over kolloide fingeraftryk til

materialet for at frembringe et materiale med aftaget fingeraftryk, hver af
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flerheden af populationerne af kolloide fingeraftryk i biblioteket har en
unik samlet distribution af partikelradius (ap) og refraktivt indeks (np);
hvor materialet med aftaget fingeraftryk har en samlet distribution af
partikelradius (ap) og refraktivt indeks (np), som er baseret pa pravernes

bestemte samlede distribution og den kendte samlede distribution.
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