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contributes largely to the overall caplllary force

that drives the fluid to flow through the channel.

The cover |ayer al so accommobdates a plurality of

small holes 7, one over each reservoir 8, to allow

for the passage of air, which is displaced out from

the reservoir by the incomng liquid. Due to the

capillary force driving the fluid through the

channel s 5, no punps and valves are required to

deliver a given amount of liquid sanple or reagent

fromthe sanple entry port gl2 to the nultiple

reservoirs 8 wwthin a predefined sequence. As a

result, the device 10 can be efficiently fabricated

by i nexpensive plastic processing nmethods. The fluid

delivery device 10 may then be integrated as a

conponent of a chem cal or biological sensor array



deviation. If the subset standard deviation of a
group of pixels is greater than a preset value, this
group of pixels can be rejected fromthe set. In
anot her envi si oned form of secondary effect
reduction, the system can have el enents that sense
environnental vari abl es such as tenperature, where
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caused by the defects. For exanple, avenges and e

standard devi ations of the RGB val ues for the whole "

area of the sensor element are first calculated. W

refer to them as set averages and standard

devi ations, respectively. Then the RGB val ues fion

each pixel are conpared with the set averages. If the

difference is greater than a pre-set nmultiple of the
set deviation, this pixel can be rejected fromthe

set. Asimlar calculation can be used to reject a

group of pixels. Defects in the sensor el enents may

al so exhi bit unique color or/and spatial patterns,

such as lines and dots. Pattern recognition algorithm

may be applied to identify the defect regions.

Additionally, defects in the sensor elenents are not

normal Iy distributed. The optical response fromthe

defect regions is either greater or |less than the set
average. Thus, normality test can also be used to
reject readings from the defects. This is especially
useful when the overall sensor filmaquality is poor
and a significant amount of white noise exists in the
set. Interacting systemcontam nants can al so cause
errors in array results. Conpensation for
interferences can be nmade if the concentration of the
interfering species can be neasured directly, or if

it can be inferred fromparallel response from

dissimlar sensor filnms. The interdependent nature of

chem cal species in solution could result from
interferences, where these interferences can be

caused by conpeting reactions of interfering species

with the sensing reagent. the traditional w sdom has

been focused on the devel opnent of interference free
chem cal reagents for an individual analyte.

Chenonetric data analysis al gorithns have been used




for the dynam c characteristics of the system such as
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Fig, 14 is a graph that illustrates the effects of film defect on RGB values;

‘Fig. 15 is a graph that illustrates the ‘rejection of a group of pixel by standard

deviation criteria;
Fig. 16 is a graph that illustrates the calibration curve for Ca sensor film;

Fig. 17 is a graph that illustrates kinetic response of molybdate sensor film at different

temperatures;

Fig. 18 comprises digital images showing color change of the molybdate sensor film

during the course of its exposure to a water sample at 25.3°C;
Fig. 19 is a graph that illustrates temperature effect on nﬁolybdate SENsOF response;
Fig. 20 shows the channel and reservoir layout for Example 1;

Fig. 21 shows comparison of predicted fill time with experimental fill time data for

Example 1;

Fig. 22 is a graph that shows average fill time for 54 23 pl reservoirs with error bars

obtained from six tests in Example 2;

Fig. 23 is a calibration curve for the magnesium sensitive film obtained with a

sample-volume confrolled sampling device detailed in Example 9;

Fig. 24 is a photograph depicting a soft material sampling layer mounted to a
substrate with sensor elements in accordance with an exemplary embodiment of the
present invention upon exposure of the elements to controlied sample volumes of

liquid in each reservoir;

Fig. 25 illustrates a literature example of a liquid filling an array of reservoirs as the

substrate is removed from the saraple volume;

Fig. 26 illustrates a channel-reservoir configuration for delivering samples to multiple

sensor regions from an entry point on a single substrate;
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Fig. 27 is a perspective view of an exemplary fluidic sampler in the form of a DVD

and disk case with an entry port in the middle of the disk for fluid introduction;

Fig. 28 is a perspective view of a fluidic delivery device in accordance with an

exemplary embodiment of the present invention as prepared for assembly;
Fig. 29 is a perspective view of the fluid delivery device of Fig. 28 as assembled,

Figs. 30a-30c are cross-section views of exemplary embodiments of the present

mvention,

Figs. 31a-31d illustrate dynamic absorbance imaging of operation kinetics of the
assernbled sampler at different stages of filling of the sampler with a water sample;

Figs. 32a-32c illustrate dynamic absorbance imaging to evaluate operation kinetics of
the assembled sampler with sensor elements that provide controlled leaching of

reagents into the controlled sample volume;

Fig. 33 is a graph illustrating absorbance measurements collected at six second time
intervals from a time before the sample was injected to the point when the cells were

completely filled;

Fig. 34a illustrates an exemplary embodiment of the present invention;

‘Fig. 34b is a partial cross-section view of the exemplary embodiment of Fig. 34a;
Fig. 35ais an exemplary embodiment of the present in%rentim;

Fig. 35b is a partial cross-section view of the exemplary embodiment of Fig. 352;

Figs. 36a-36¢ illustrate an exemplary embodiment of the present invention being

inserted and removed from a liquid sample;

Fig. 37 is a graph illustrating the performance of an exemplary delivery device

constructed in accordance with Figs. 34a-34b;
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38.5 0.55 Reservoir depth = Gasket + 0.78 mm

Reservoir length = 6.0 mm Reservoir width =5 0 nm

Based on this equation, one can design a device to

v toomosatde t he reservoirs being filled in a NECI0M006/041352

i me range al though the distance of a reservoir to

the central entry port varies. If it is desirable,

reservoirs can be filled sequentially by choosing

Egaﬁtgt?t 2Py mtﬁﬁeu%cmer&daanmetdteanem;ﬂ@y BOMS- device
4-reservoir sanple delivery device is
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conponents by a nethod simlar to that described in
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FIG. 43 is a representation of a microfluidic channel formed by compressing the

porous layer in accordance with an exemplary embodiment of the invention; and

FIG. 44 is a diagrammatical illustration of a biological assay system employing a

microfluidic device in accordance with an exemplary embodiment of the invention.
DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

This invention describes a test array platform that incorporates noise reduction,
interference reduction, improvements from multi-chemisiry response, multivariate
analysis and a flexible platform, that allows test arrays to be custom designed to
provide optimized response with minimized systematic or operator errors. This array-
based testing platform is based on chemically responsive optical sensor elements that
can be incorporated into rugged, field deployable systems composed of a simple
detection array, and these systems can be easily interfaced with computer or
electronic units that can perform the complex analysis required to provide optimized

measurements at non-laboratory locations.

One aspéct of the present invention is the recognition that optical sensor films can be
developed to account for most systematic variables that effect chemical and biological
analyte mecasurements. These chemical and biological sensors systems contain
several finctional components. One component is a sensor material that responds toa
change in the environment. Examples of such sensor materials are analyte-responsive
polymers, biomembranes, sol-gels, and some others. In the case of optical sensois,
the sénsor material should maintain adequate optical transparency or loss of
transparency for the chemically responsive composite to be monitored using optical
transmission, reflection, dispersion, fluorescence, or any other common optical
method known in the art. Another component described herein is the elecironic
system that provides means of measuring the change in the sensor material upon
environmental exposure. Accordinglj, interactions of the environment with the
material are converted into an analytically useful signal using an appropriate
transduction mechanism such as optical sensing. This arrayed optical detection

platform is interfaced with a “smart system” that compensates for interferences,

12



Exanpl e 4: Determnation of alkalinity with nultiple
sensor regions Six alkalinity sensitive filns were
deposited on a glass slide. Suitable sensor types
weseods0330t hi s exanpl e are described in our aEpEsbsRg13s2
patent applications entitled "Material Conpositions

for Sensors for Determ nation of Chem cal Species at
Trace Concentrations and Method of Using Sensors" and

" f - I- Phos ; et

er2f G il 157 RO RELZRE QIS raREidFRAL Rl Qpmitions
ag ptadoedsifmal resulie ofiigtehtengualifiethpie padieabtameadeyith a systank tat is
chlorjne analysis, multiple filnms were used for

THEEEP T REE BT of alkalinity of a single water sanple.

A 20 nl alkalinity standard sol ution was spotted on

e dbllofing bectiphx désctibvsinTiherewlstadlr the apmppaenta o f tlembvtaldanal ysis

fromthe fil 2. mnutes after .spotting.. Ten .-

ssieR T g 25 BE el cs o RBE bR G ket jmprogoment
when taplied 188 ol eteQiral; tdOplattmas eTheftblah@nalyais sgsiah iy £product
with Hew ett Packard sca%ﬂg{e ScanlJet (?SOOC. . Tpe h
of|j cgrbHIng 3 of Hgerc d8PPY FENIS 8 FRTUCRes SIS fgtem Wi
onbnged YePBinmd A8 KRy r&iRs GRIn@T the bl RBmbination of the

Absor bance of the each exposed filmat 650 nm was
iptBeidual ebmgptsh an Qcean Optics USB2000
spectrophotoneter. Average RUB val ues for the
s@g%ot;% color areas are |isted below i.n Table 3. RUB
val ues of t-he white paper background are 239. 41,

239. 34, and 244.19, respectively. The fol |l ow 1[119
Ajuepticpt §enRer qrray| hes aswl of BealYISEESPPREIVE IEkmieRTS; YheTRA g sensor

‘ ; - i Tablothed onti
e

pAddettics mpoty LxeswEith i sauplse rThR r@r@evlmg tojal sensgr elemonty and;the
téz»ze?' fg%sér?’ zlenzigntg cgp@ezsele%tea %c? TS a2£a§c$§ sélsf’&n &&&7&%35 Asa

non-limiting cxample, one sensor array for water analysis comprises optical sensor
elements responding to the following analytes: Alkalinity, pH, chlorine, hardness,
.sulfite, and phosphate.

Suitable sensor types for use in the present invention are described in our co-pending
patent applicatiéns entitled “Material Compositions for Sensors for Determination of
Chernical Species at Trace Concentrations and Method of Using Sensors™ and “Self-
Contained Phosphate Sensors and Method for Using Same” filed on the same date as
the present application, the disclosures of which are hereby incorporated by reference

herein.

Optiéai‘ sensor arrdys comprise an array of solid sensor elements deposited on a solid
substrate. The solid element can contain a single or multiple components. One or all
components in the solid sensor element could be water-soluble. Combinations of
different solubility characteristics of the components in the sensor element can be

chosen to enhance sensor array performance. As an example, the sensor element can

13
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be prepared from a hydrogel polymer containing water soluble reagents that respond

to analyte concentration.

A binder may be used to enhance adhesion of the solid element to the substrate. A
liguid spreading material, e.g., a surfactant, may be added to the solid element to
improve the wetting properties of the sensor regions. The liquid spreading material
may be placed in between the solid element and the substrate, or in other
configurations such as on the top of or surrounding the element. Commonly practiced
methods that are suitable to prepare the sensor array needed for this invention include
the methods for manufacturing indicator paper strips and polymer film sensors as
described by Zolotov et al. in “Chemical Test Methods of Analysis” in Wilson &
Wilson's C‘bmpréhensive Analytical Chemistry, 2002, the disclosure of which is

hereby incorporated by reference herein.
Array Light Source— Detector Combinations

There are many light source/detector combinations suitable to measure sensor
responses on an optical array, For example, our prior U.S. patent application number
10/760,438 filed Jan. .20, 2004 describes a handheld device with a disposable element
for chemical analysis of multiple analytes, the disclosure of which is also hereby

incorporated by reference herein.

Tuming to our present inventioﬁ, the invention pertains to novel systems and methods
for simultaneously detecting parallel film responses from a plurality of sensor
elements. The table below shows sources for UV-visible-near —IR ranges for the
applications in conjunction with optical sensor array system, and for parallel
processing of chemical and biochemical information suitable for use in the present
invention. It is understood that other less conventional light sources that emit
radiation in the spectral range of interest such as sun, organic light emitting diodes,
indoor room lights, products of bioluminescence reaction, emission of electronic
equipment such as computer monitors, PDA monitors, displays of cell phones, pagers,
radioluminescent sources, and any other light sources known or later developed in the

art could also be used without departing from the scope of the present invention.
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Light Sources Useful For Optical Sensors
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Source _ _Spectral range of emission ()
Continuous wave
SOUTCES:
Xenon arc lamp 200— 1000
Mercury arc lamp 250—600
Deuterium lamp 180420
Tungsten lamp 320-2500
Light emitting diodes different diodes cover range from about 250 to 1500 nm
Diode lasers different diode lasers cover range from about 400 to 1500 nm
Argon ion laser several lines over 350 — 514 nm
Helinm-neon laser several lines over 543 — 633 nm
Krypton laser several lines over 530 — 676 nm
Pulsed sources:
Nitrogen laser 337 nm
Nd:YAG laser fundamental — 1064, frequency doubled — 532, tripled — 355
Ti:Sapphire laser 720-1000, frequency doubled 360—500
Dye lasers i 360 -- 990 frequency doubled 235 to 345

Possible detectors include vacuum or solid state and single or multichannel detectors.
Vacuum detectors are phototubes and photomultiplier tubes (PMT). Solid-state
detectors include photodiodes, photodiode arrays, charge-coupled devices (CCDs),
charge-injection devices (CIDs), and avalanche photodiodes. Multichannel detectors
include arrays of individual detectors such as photodiode arrays, PMT arrays. Also,
CCDs, CIDs, CMOS, and other types of multichannel detectors are available. Each
element has its infrinsic advantages and disadvantages and can be combined to
produce a light source detector platform suited to the particular need in a specific
application. Similarly, it is possible to combine more than one light source or detector
to monitor different types of responses on sensor films, and then combine them into a

common array platform in a manner known in the art.

As an example, a color image of a subject can be recorded by illuminating with any of
the cited or envisioned light sources and captured by a digital scanner or camera. A
CCD _color sensor in the digital camera measures the iﬁtensities of the three primary
colors (red, green, and blue) of the subject. The Red-Green-Blue (RGB) color
infensity value of cach pixel is recorded in a digital file. The color depth, or the range

of RGB values, is usually 0 to 255. Colors can also be measured by the CCD color

15



214.16 162.75 0.717686 Average 0.675636 755" 1
180. 09 212.77 157.7 0.698513 2 170.68 211.28 175.25
0.779415 3 159.29 206.99 178.37 0.811646 4 152.1

WO 2007/050539 PCT/US2006/041352

sensor in a digital scanner using a white light source for illumination and some form
of simple color light detector. Some digital scanners, however, use three LEDs (red,
green, and blue) to irradiate the subject for the color measﬁrement. Unlike digital
cameras, most digital scanners provide a 48-bit, or greater, color résolution. In this
color model, the color of each pixel is quantified by RGB values in the range of 0 to
65025. The spectral ranges of the three primary colors fneasured by the digital
camera and scammer vary slightly from model to model. The spectral response of a
typical CCD color sensor is 460 + 40 pm, 540 & 40 pm, and 645 +/- 55 nm,
respectively. We use a digital imaging device for quantitative colorimetric a.ualiysis.
In this aspect, the digital imaging device is equivalent to multiple, three-color
LED/photodiode pairs. '

Fluidic Delivery System

Fig. 1 illustrates a fluidic delivery device 10 in accordance with an exemplary
embodiment of the present invention. The delivery device 10 transports a controlled
amount of a liquid sample, in metered quantities, to multiple reservoirs 8 in order to
‘effect a chemical reaction between the sample fluid and the sensor elements (not
shown) connected to the reservoirs 8. As shown in Fig. 1, the fluid delivery device 10
comprises a top cover layer 2, a middle channel layer 4, a bottom sampler-subsirate
binding (i.e., gasket) layer 6, a fluid entry port 12, and an associated plastic eniry port
wall ring 11. A plurality of grooves or channels 5 are formed on the channel layer 4
for directing the sample fluid from the fluid entry port 12 to the reservoirs 8. A
plurality of channels is formed when the cover layer 2 is bound to the channel layer 4.
A series of vent holes 7 are added to assure complete fluid flow through the channel

systemnt.

Many commercially available hydrophilic films can be chosen as the top layer 1o
fabricate the device disclosed in this invention. Some films have a heat sealable
adhesive deposited on the hydrophilic side. For those films without adhesives,
standard-bonding methods can be used to laminate the cover layer to the channel layer
such as ultrasonic welding and adhesive transfer bonding. Hydrophilic films may be

both heat sealable and pressure sensitive adhesive.
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The channel layer 4 can be fabricated using conventional plastic processing methods
such as injection molding, hot embossmg, and micro machmmg Many plastic
| matenals that have water contact angle in the range of 40 to 85 degree can be used for
the channel layer. For example, polycarbonate and acrylic are suitable materials for

this application.

The sampler binding layer 6 can be any material that has-durometer number around 40
Shore A and provides seal to a flat substrate by surface wetting, conformal contact
and/or adhesive bonding. Non-limiting exemplary materials for this application are
silicone and synthetic rubbers, and thermoplastic elastomers. The sampler binding
layer 6 could be an extruded silicone sheet. A double side adhesive material could
also be used. The sampler binding layer 6 can be bonded to the channel] layer using
adhesives, although by choosing a high-heat plastic material, such as polycarbonate or
Ultem, insert or two-part molding of the sampler binding material to the channel layer

can be done.

The cover layer 2 provides a super hydrophilic surface for the fluidic channel, which
contributes largely to the overall capillary force that drives the fluid to flow through
the channel. The cover layer also accommodates a plurality of small holes 7, one over
each reservoir 8, to allow for the passage of air, which is displaced out from the
reservoir by the incoming liquid. Due to the capillary force driving the fluid through
‘the channels 5, no pumps and valves are required to deliver a given amount of liquid
sample or reagent from. the sample eniry port 12 to the multiple reservoirs 8 within a
predefined sequence. As a result, the device 10 can be efficiently fabricated by
inexpensive plastic processing methods. The fluid delivery device 10 may then be
iﬁtegrated as a component of a chemical or biological sensor array system to transport
and dose, in metered quantities, a sample liquid into the reservoirs 8 in order to

complete a reaction with the associated sensor elements.

In order to effectively fill a reservoir 8 from a channel 5 that has a smaller capillary
dimension than the reservoir itself is not a trivial matter. The transition zone from the
channels to the reservoir is likely to act like a capillary barrier in obstructing the

passage of liquid from the end of the channel to the reservoir. An external force, such
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as gravitational force, may be needed to overcome this barrier. In other cases,
channel and reservoir parameters are carefully balanced to shorten the transition time

and yet avoid overflow thréugh the vent holes 7.

The present invention overcomes the capillary barrier fransition problem described
above by implementing the following design features, First, a one-sided super
hydrophilic film is chosen for the cover layer, which enables the liquid to
advantageously accumulate over the entire top wall of the reservoir to form a pendant
droplet. As the droplet grows, gravitational force enables it to reach the botiom wall
of the reservoir and then capillary force originated from the four walls of the reservoir
drives the liquid to fill the entire reservoir. As the reservoir completely fills, the vent
bole serves as a capillary barrier, impeding the liquid from flowing through it to reach
the top surface of the cover layer, which is designed to be hydrophobic. Secondly, we
adjust the fluid flow resistance through optimization of channel and reservoir
geometric parameters, hydrostatic pressure from the entry port, and capillary pressure
of the channel in order to achieve a desirable fill volume and filling sequence.' In
addition, the sa'mpler binding layer 6, which appears as part of the sidewalls of the
reservoir 8, creates a cé,pillai'y barrier as the pendant drop grows. Therefore, a ;careful
design of the channel and reservoir parameters, including the sampler binding
thickness, is important to overcome this barrier to ensure complete filling of each

TESErvoir.

Referring again to Fig. 1, each channel 5 can feed single or multiple reservoirs 8. Ifa
channel is required to feed multiple reservoirs due to space consideration, a simple
branched-type structure as shown in Fig. 1 may be constructed to help prevent
trapping of air bubbles in the channel 5. In the branched-type configuration, the
filling s‘équencé of reservoirs can be easily controlled based on their relative overall
flow resistance. If the channel dimensions are the same within the structure, the
reservoir filling sequence depends on the length of the channel connecting the

reservolr and the entry port.

Fig, 2 illustrates another exemplary embodiment in which the reservoirs 8 are

conmected in series or branched-series configuration. This configuration is useful for
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applications in which it is desired to add a reagent at different dosages to -the sample
stream before it teaches different branched teservoirs in the branched-type
configuration. For example, if an acidic reagent soluble to the sample stream
immobilized in reservoirs A, B, C, and D, liquids in reservoirs E, F, G, and H will
contain a different amount of acid. The configuration shown in Fig. 2 makes it
possible to study a reaction between the liquid sample with a reagent in branched
reservoirs F, G, and X under different pH conditions. This type of fluidic
manipulation is usually very difficult to achieve with conventional methods based on

pumps and valves.

Fig. 3 shows a parallcl series configuration. With this configuration, one can
immobilize different soluble reagents in reservoirs A, B, C, D, E, and F, and the same
reagent in reservoirs a to d. Thus, one can create an array of sensor reactions between
the liquid -sample with a reagent in reservoirs a, b, é, d, and f in the presence of

reagents delivered through reservoirs A, B, C, D, and F.

Reservoirs A to D shown in Fig. 3 can be used to cover the sensor elements while
reservoirs a to d is used for sample volume control. By changing the volume of

reservoirs a to d, one can control the effective sample delivered to reservoirs A to D.

. Ina si_milaf fashion to the process described in Figs. 2 and 3, reservoirs A, B, C, D, E
could contain a material or membrane that removes a species or chemical from the
liquid flowing in the channels, thus modifying the liquid or removing interferences

prior to the liquids arrival at subsequent reservoirs.

Fig. 4 shows a configuration that allows first filling the reaction reservoir 42 with a
first liquid sample for a short period, and then withdrawing the first liquid sample to a
waste reservoir 48. After the first liquid is withdrawn to the waste rescrvoi_r; a second
liquid sample can be added to the enlry port, and driven to fill the reaction reservoir.
In order to achieve these fluidic finctions, capillary pressure generated by the waste
reservoir 48 should be greater than that by the reaction reservoir 42 and the channel 5
connécting between the reaction reservoir 42 and the entry port 12. The delay time
can be controlled by varying the length or/and flow resistance of the delay line 44.
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Another important but optional feature of the fluidic delivery device 10 disclosed in
this invention is that it is removable from a subsirate. The substrate provides the
bottorn wall of the reservoir, and the sampler bin(iing Iayér provides a liquid seal to
the substrate. This is especially advantageous comparing to many fluidic devices
disclosed in the prior art when sensor or reaction elements have to be included in the
reservoir. Using this liquid delivery device, the substrate can be prepared
independently. “

Since the device disclosed in this invention can be separated from the substrate after
its use, it can be a reusable device, although it is also suitable to being treated as a
disposable component. Also, the substrate can be reusable if analyte-responsive

sensor are reversible or regeneratable.

Reference materjals can be used to normalize the sensor response. This can be any
* stable material whose spéctrometric properties are not affected by the environmental
or system parameters experienced by the array, e.g., temperature, light, and humidity.
Altemétively, they could be the substrate itself wherenpon sensor elements are
deposited, or ﬂ1ése reference materials could be incorporéted into the films, affixed to
atray structure, or be the array material of construction. These materials can be any
specﬁal standard from black to white, of any applicable wavelength suitable to the
particular array system design. The reference mé.terials could also be dyes, organic,
ot inorganic pigments that have spectral bands that do not significantly overlap with
spectral bands of the sensor element. The reference material may also comprise an

optical response material such as inorganic, organic, and polymeric photonic crystals.

Normalization using the response from the internal references is useful for reduction
of errors caused by variation in the optical path length, dimensions of the sensor
ele_menf, and other variation sources known in the art. More specifically, including an
internal reference in the sensor element is important in two situations. First, if the
sensor element before exposure is transparently colorless, optical measurements
before exposﬁre to the sample may not provide any useful information for sensor
response normalization. Secondly, if a measurement on the sensor element cannot be

carried out before its exposure to the sample, reading at the Amax (maximum
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wavelength) of the internal reference after the exposure can be used to correct the
sensor response at the Ama of the sensor element. Sipce the internal reference is an
integrated part of the sensor element; tracking changes in its optical response provides
information on the physical state of the sensor element after its exposure to the sample
and environment. For example, changes in the physical state of the sensor element
due to swelling or loss of transparency contribute to the overall sensor response.
Differences in signal readings at the Amax of the internal reference before and after the
exposure can be used to separate the sensor response due to analyte-sensor interaction

from that due to changes in the sensor physical state.

Multiple reference materials can also be deposited on the sensor array and RGB
values measured from the reference areas can be used to normalize the sensor
response and climinate any variation that may be caused by illumination changes
during the image capture process. The normalization can reduce array-to-array

variations introduced in the manufacturing, storage, or sample application processes.

Secondary effects can limit the performance of an array defection system. These
effects include noise from the array sensor system, effects from environmental or
system parameters, defects caused during the manufacturing or sample application
_ processes, as well as unexplained outliers in the data set, such as interferences, that
alter the true analyte response. Minimizing secondary effects can be'accomplished by

using an individual reduction tool or by combining more than one tool, if approﬁriate.

Noise reduction can be uséd to improve array response using several categories of
data manipulation. In one envisioned form of noise reduction a digital image file is
generated and stored in a computer or microprocessor, and noise reduction methods
are applied to analyze the raw data. These can include, but are not limited to, Fourier
transforms, wavelet transform, Kalman filtering, Savitsky-Golay smoothing, running
mean, median, and polynomial methods. In the case of color response, RGB values
over cach sensor region can also be averaged. In another instance, selectived! data
elimination can be applied where one calculates standard deviations within a smaller

area centered at each pixel inside the sensor element, referred to as subset standard
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deviation. If the subset standard deviation of a group of pixels is greater than a pre-
set value, this group of pixels can be rejected from the set.

In another envisioned form of secondary effect reduction, the system can have
clements that sense environmental variables such as temperature, where the
temperature measure can be used to account for predetermined variations due to this
or similar environmental measures. Similarly, additional measurement elements can
be included to account for general system parameters such as sample clarity, system
conductivity, oxidation reduction potential, or similar variables that can affect array
response. Having measures of these additional variables allows the system- to

compensate for effects not fully compensated using simpler analytical tools.

In another envisioned form of secondary effect reduction, a system can be established
to eliminate response from defective solid sensor film defects. Some defects are
caused by out of spec formulations that are used to prepare the sensor films that result
in spatial inhomogeneities of the films, or might be introduced into the film .
preparation steps, such as inclusion of dust particles in the film. Foreign materials
might also be deposited on the film during the exposure to the sample matrix. A
digital image provides very high spatial resclution on color intensity distribution over
each sensor region. This spatial information can be exploited for noise reduction. A
variety of data analysis tools can be used to reduce errors from film defects, and an
algorithm may be applied to discriminate noises caused by the defects. For example,
averages and standard deviations of the RGB values for the whole area of the sensor
clement are first calculated. We refer to them as set averages and standard deviations,
respectively. 'Then the RGB values from each ‘pixel are compared with the set
averages. If the difference is greater than a pre-set multiple of the set deviation, this
pixel can be rejected from the set. A similar calculation can be used to reject a group
of pixels. Defects in the sensor elements may also exhibit unique color or/and spatial
patterns, such as lines and dots. Pattern recognition algorithm may be applied to
identify the defect regions. Additionally, defects in the sensor elements are not
normally distributed. The optical response from the defect regions is either greater or
less than the set average, Thus, normality test can also be used to reject readings from
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the defects. This is especially useful when the overall sensor film quality is poor and

a significant amount of white noise exists in the set.

Interacting system contaminants can also cause errors in array results. Compensation
for interferences can be inade if the concentration of the inferfering species can be
measured directly, or if it can be inferred from parallel response from dissimilar
sensor films. The interdependent nature of chemical species in solution could result
from interferences, where these interferences can be caused by competing reactions of
interfering species with the _sensing reagent. The traditional wisdom has been focused
on the development of interference fiee chemical reagents for an individual analyte.
Chemometric data analysis algoﬁthms have been used to analyze overlapping spec&al
response for interference reduction, and this has been described in the literature.

A ﬂareenpart data generation and analysis methed is used in this invention to solve
interference problems. First, we design sensors to measure parameters that define the
chemical and physical state of the sample. These parameters include temperature, pH,
and alkalinity. Second, we design sensors that respond independently to a group of
interference 'spgcies. Third, we design sensor films that respond to the same analyte,
but that have dissimilar interference response. The sensor responses from these
sensors are deconvoluted to review true concentration for each analyte among the
interference species. One can also compare the response pattern of the sensor suite
from the measured sample to the stored model. The stored model is built from the
responses of the sensor films to a range of analyte species and their combinations with
the additional responses of the sensor filis to expected interferences at their different
levels. By capturing different sensor response at vatious combinations of analytes
and interferences, the model captures the response pattern over the analytes dynamic
range of interest. The tools for quantitative analysis of sensor films in their
combination include neural netwotrk, principal components regression, locally

weighted regression, partial least squares and any others known in the art.

Multivariate analysis has been widely used in analytical chemistry, especially in
spectroscopic analysis. One aspect of the present invention is that a systematic

method is utilized to simultaneously determine multiple avalyte concentrations in a
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water or process sample. An exemplary method disclosed in this invention provides a
sensor array comprising multiple sensor clements that are chosen to de-convolute the
inter-dependent nature of the chemical equilibrium in water or process systems. The
sensor array provi'ded may include sensor elements that are specifically designed to be
responsive to water or process parameters that are needed for multivariate apalysis,
and that wonld otherwise not be needed as part of a simple, but less accurate analysis.
Additironally, the array platform allows systems with multi-response chemistties to be

used, and that are interpreted by deconvoluting the dual response results.

Determination of pH, alkalinity, hardness, and phosphate are non-limiting examples
of the complex nature of a water systerﬁ testing, where different analytes produce
intefdependent responses. pH is by definition a measure of hydrogen ion activity that
is defined by thermbdynamic properties of the water sample. pH is also affected by
carbonate concentrations in the same water sample, and carbonate exists in several
aqueous forms whose proportions are detérmined by a complex series of equilibria as
defined by the system pH. Carbonate and corresponding phosphate equilibria provide
buffering environments. Buffer is a mixture of a conjugate acid-base pair that can
resist changes. in pH when small amounts of strong acids or bases are added. The
buffer capacity of a solution is the number of moles of sfrong acid or strong base
needed to change the pH of 1 Liter of buffer solution by 1 pH unit. Hardness is
referred to as the total calcium and magnesium concentration, including numerous
forms of calcium and magnesium species that may exist in the system. Some of these
calcium and magnestum forms may include phosphates, and these phosphate salis are
in equilibrium with soluble forms of the contributing ions. The ion concentrations
exist in a complex equilibrium that balances the pH with carbonate, phosphate, and
hardness concentrations. Phosphate can also exist in additional forms in water, and
again, the respective phosphate forms are determined by a pH, alkalinity, and
counterion balance in a series of interrelated equilibria. One can use a phosphate
optode to measure phosphate, but a phosphate optode may reépond to just one ionic
form of phosphate in water, e.g., mono-hydrogen phosphate ions (HPO42') species. In
order to obtain the total phosphate conceniration, the sample pH, carbonate, and

hardness concentrations must also be known. All the species in the water system are
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in chemical equilibrium, and all the contributing equilibria must be accounted for
when determining a single analyte concentration. One must measure all these analyte
concentrations as well as account for envirommental properties like temperature to

make an accurate measure of the single analyte.

The mathematical details of this complex chemical and thermodynamic equlibria are ‘
well known in the art and will not be described in detail in the present disclosure, but
a simpler example based on alkalinity and pH will give an exemplary account of the
difficulties associated with multi-equlibria measurements made with solid film sensor
that use color responsive reagents. The purpose of this non-limiting example is to

illustrate one of the systematic methods disclosed in this invention.

pH is defined by equation below:

pH =-logl0 am,, {where ag. is activity of hydrogen ion).

Hydrogen ion is related to other chemical species in the system through the following
equilibrium:

H,0(l) = H'(ag) + OH (aq),

HA(aq) < H' (ag) + A (aq).

HA(aq) stands for a aqueous Bronsted acid, and A~ is the conjugate base of HA(aq).
The existence of Bronsted acids and bases give rise not only to acidity or basicity of
the system but also to pH buffer capacity. The pH buffer capacity is usually measured
as alkalinity in the water treatment industry, and this is primarily a function of the

total carbonate concentration.

When a sample is applied to a pH sensor region, a pH sensing reagent such as a pH

indicator dye, referred to as “Ind” hereafier, interacts with the hydrogen ion in the

sample throﬁgh equilibrium below:

Ind + H (aq) <> IndH".
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The change in the indicator concentration according to above equilibrium is used to
determine the pH value of the sample. The indicator molecules (Ind and Indd") have
different spectrum, and a change in épectral absorbancé indicates a shift in
equilibrium, which can reflect shifts in system pH, and the change of the indicator
concentration is nsually measured by a change in the optical properties of the sensor

region. The optical properties include absorbance and fluorescence.

Since the pH indicator itself is usually a Bronsted acid or base, as indicated in the
above equilibrium, the pH measuring process perturbs the acid-base equilibrium in the
sample, which results in a measurement error for pH. The numerical value of this
error is-a function of the buffer capacity of the system. Therefore, one has to know

alkalinity of the system to determine pH accurately.

A sensor array for pH and alkalinity analysis comprises multiple sensor elements.
Some elements measure sample alkalinity, while other elements measure sample pH, |
and the combination of- these multiple semsor elements are used to extend the
detection range for the array. The response of the sensor element to alkalinity can be
made independent of the sample pH, and the alkalinity of the sample can be obtained
from just alkalinity elements. As mention above, tﬁe response of the pH sensor
clements is a function of both pH and alkalinity. A two-dimensional‘ calibration
surface can be obtained for pH and alkalinity. The pH value of the sample can be
determined using the measured alkalinity value and interpreting the sensor response

using the two-dimensional calibration surface.
Kineiic Response

Often, for quantification, a sensor response should reach a steady state upon exposure
to the sample. In practice, some sensors have a long response fime and if takes an
unacceptably long time to reach steady state, and measuring the sensor response at
any single time may result in errors due to variations in timing. For a sensor array,
different response reading methods should be applied. For non-steady state sensors,

time-dependent measurements are required. Kinetic information can be interpreted
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interference effects, compensates for multivariate interactions, accounts for test array
history, and provides a reference system to calibrate the sensor array response to the
optical detection platforrh. This complex test array can be combined with time-based
' data acquisition to provide temporal test analysis that can further enhance overall
array response. The complex array elements described herein show how each element
enhances the array perfonnance, and how the combination of these elements prﬁduces

optimized environmental and biological measurements. Further, this enhanced optical

array platform is advantageously suited for non-laboratory environments.

In other aspects of the invention, internal reference materials are included as an
integrated part of the sensor array. The reference materials allow normalization of
sensor response to eliminate variations caused by variation in illumination, sensor
element quality, and environmental parameters. In addition, the present invention
provi&es éplutions to specific problems associated with the digital imaging techniques
known in the art.
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147.05 84. 465 168. 13 161.59 140.64 0.629325 4 147.2
wiabo7@0$5. 82 170. 18 164. 35 PCT/US2006/041352

In other aspects of the invention, the sample volume that each semsor element is
exposed to is controlled by a capillary-flow-based fluidic device which transports and
doses, in metered quantities, a controlled volume of sample liquid to the sensor
elements. In this way, the fluid delivery device of the present invention makes it
possible to efficiently construct a sensor array with both reversible and irreversible

sensor elements.

The following examples are included to demonstrate the broad applicability of the
present invention. It should be appreciated by those of skill in the art that the
techniques disclosed in the examples which follow represent techniques discovered by
the inventors, and thus can be considered to constitute exemplary modes for its
practice. However, those of skill in the art should, in light of the present disciosure,
appreciate that many changes can be made in the specific embodiments which are
disclosed and still obtain a like or similar vesult without departing from the scope of

the invention.
Example 1

Reservoir fill time as a function of charmel and reservoir geometric parameters. The
channel and reservoir layout are shown in Fig. 20. The device comprises three layers
ag shown similarly in Fig. 1. The top cover layer 2 is a heat sealable hydrophilic film.
Vent holes 7 (1.5 mm diameter) were cut throngh this layer. The middle channel
layer 4 is a 0.78 mm thick polycatbonate sheet with open channels 5 and rectangle
openings (i.e., reservoirs) 8 cut by means of computer numerical controlled (CNC)
machining. The bottom sampler binding layer 6 is a 40 Shore A silicone gasket,
providing seal to a substrate. Rectangle openings are die cut through the gasket.
When these layers are laminated to form a fluid delivery device, channels are created
between the top hydrophilic layer 2 and middle channel layer 4. The rectangle
openings of the channel layer and sampler binding layer define an open-bottom
reservoir, with the hydrophilic layer as its top wall. When this assembly is attached to
a substrate, closed reservoirs are formed and connected to a central sample entry port

through channel.
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142.98 0.632149 5 153. 32 153.27 89.03 172. 23 166. 67

144.92 0.634814 6 154.87 156.16 88.95 174. 44 169. 12

147.71 0.622807 - - Avenge 0.635304 37.7 ppm1l
wb3be728053416. 95 PCTIUS2006/041352

Channel and reservoir parameters tested in this example are listed below in Table 1.

Tt was found that reservoir fill time (t/seconds) can be expressed a function below:

Log(t) = X - 0.97251Log(W) -2.43118Log(D} + 1.34630log(L) + 1.70630 * Log(D sk} Equation
(n

where L, W, and D are channel length, width, and depth, respectively; Dgasket is the
gasket thickness. Constant K equals -1.9944 for single channel to single reservoir
configuration, and —1.7740 for single channel to two reservoirs configuration. Figuré
21 shows the comparison of fill time predicted by the equation above with

experimental data.

Table 1
Ranges of channel and reservoir parameters studies in Example 1.
W/mm D/mm L/mm Gasket/mm Reservoir  per
channel

1 0.2 45 0.47 1,2.
1 0.3 -1 45 0.47 1,2

2 02 45 0.47 1,2

2 0.3 145 047 1,2

1 0.2 45 0.55 1,2

1 0.3 45 0.55 1,2

2 0.2 45 0.55 1,2

2 0.3 45 0.55 1,2

1 0.2 12 0.55 1,2

1 03 12 0.55 1,2

2 0.25 12 0.55 1

2 1025 ‘ 21 0.55 1

2 (.25 30 0.55 i

2 0.25 385 - 0.55 1

Reservoir depth = Gasket + (.78 mm
Reservoir length = 6.0 mm
Reservoir width = 5.0 mmm

Based on this equation, one can desigh a device to allow all the reservoirs being filled
in a narrow time range although the distance of a reservoir fo the central entry port
varies. If it is desirable, reservoirs can be filled sequentially by choosing channel

parameters according to the equation above.
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98.97 169.39 164.92 144.31 0.743674 2 134.93 144.73

95.6 168.45 162.99 142.68 0.721466 3 136.82 144 89. 99

167.09 161. 07 141.07 0.683823 4 137.45 141.81 88. 41
wbBdo70305308. 89 137.82 0.682634 5 PCT/IIS2006/041352

Example 2

A 54-reservoir sample delivery device is shown in Fig. 1. The device 10 is assembled
- from four components by a method similar to that described in Example 1. The
channel 5 depth and width are 0.33 mm and 1.5 mm, respectively. The length and
width of reservoirs 8 are 5.5 and 4 mm, respectively. The sampler binding layer 6 is
cut from a 0.55 mm thick, adhesive backed, and transparent silicone rubber sheet.
The thickness of the polycarbonate channel layer 4 is 0.78 mm. Selection of these
design parameters was guided by the equation shown in Example 1. A 2.7ml sample
solution containing 100 ppm Basic Blue was delivered to the sample eniry port. Real
time flow in the channels and reservoirs were monitored using a digital video camera.
Fill timer for each reservoir was retrieved from the recorded video films. Average fill
times for all 54 reservoirs obtained from six devices are presented in Fig. 22. The
data demonstrate that the device allows delivering a liquid sample to multiple

reservoirs in a narrow time range.
Example 3: Determination of chlorine concentration in a water sample

Six chlorine sensitive films were deposited on a thin translucent polyethylene sheet.
A 20 pl chlorine standard solution, prepared from a 5% NaOCl by dilution with
deionized water, was spotted on each film. The water sample was removed from the
films 1 minute after spotting. A blue color was developed as chlorine in the water
sample reacts with the chlorine sensitive reagent immobilized in the films. The image
of these six films was captured with Hewleit Packard scanner ScanJet 6300C and is
shown in Fig. 5. The digital file produced from the scanner was in the JPEG format
(67KB). The color depth was 255. The pixel resolution is 200 dpi.

The digital image was processed with Adobe Photoshop® 6. The film areas were
sclected using the selection tools provided by the Photoshop software package.
Average RGB values for each selected color area are listed in Table 2 below. RGB
values for the white paper area of the image, referred to as Ry, Gy, and By, are also

listed in Table 2.
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133 140. 36 96.32 162.02 156.08 134.82 0.755211 6

137.23 138.96 81.32 158.58 153.87 131.44 0.649633
Average 0.706073 75.5 ppm 116.72 144.57 110.98 17432
Wi gho#050539 PCT/US2006/041352

As shown in Fig. 6, the quantity defined in Equation 2 below can be used to quantify

chlorine concentration,
Retlorine = ~10g(R/Ry) - 10g(G/Gy) - log(B/Bw) Equation (2)
Table 2 '
Color analysis of chlorine sensitive films shown in Fig. 5
Chlorine/ppm R G B Log(R,/R) +
, | logGue)
log(B./B)
1 233.63 242.67 246.35 0.0724
2 228.52 | 243.90 241.61 | 0.0883
4 219.94 24200 23637 0.1178
5 ~ 211.46 23844 235.95 0.1421
10 184.87 | 22844 230.34 (.2295
50 124.76 199.12 190.77 (0.5418
White paper background | 254.56 254.60 254.62 0.000

Example 4: Determination of alkalinity with multiple sensor regions

Six alkalinity sensitive films were deposited on a glass slide. Suitable sensor types
used for this example are described in our co-pending patent applications entitled
“Material Compositions for Sensors for Determination of Chemical Species at Trace
Concentrations and Method of Using Sensors” and “Self~Contained Phosphate
Sensors and Method for Using Same” filed on the same date as the present
application, and will not be repeated herein. Unlike chiorine analysis, multiple films
were used for determination of alkalinity of a single water sample. A 20 pl alkalinity
standard solution was spotted on each of the six films. The water sample was
removed from the films 2 minutes afier spotting. Ten alkalinity solutions were

measured.

As shown in Fig. 7, the image of total 60 exposed films was capturéd with Hewlett
Packard scanner ScanJet 6300C. The digital file produced from the scanner was in
the JPEG format (48KB). The color depth was 255. Absorbance of the each expdsed
film at 650 nm was measured with an Ocean Optics USB2000 spectrophotometer.
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146.2 0.871262 2 117.94 148.16 114.66 177.59 170.89

149 0.880748 3 120.48 150.52 115.13 178.24 172.04

150. 85 0.865707 4 123.11 153.27 113.07 180.76 174. 86
wibR80 86089837891 5 132. 76 156.82 111. 64 PCT/US2006/041352

Average RGB values for the selected color areas are listed below in Table 3. RGB
values of the white paper background are 239.41, 239.34, and 244.19, respectively.
The following quantity Rax is used to quantify alkalinity:

Ru = [Re-RY + (G — G)? + B4/, Equation (3)
Table 3
Color analysis of films shown in Fig. 7
Alkalinity/ppm Film number R G B R{alk)
18.8* 1 227.44 22746 137.72 0.5682
: 12 226.92 226.73 140.2 0.578725
3 221.63 225.69 135.00 { 0.560781
4 221.69 225,33 135.85 0.563968
5 219.89 224.98 136.94 0.569506
6 216.71 225.18 143.37 0.59726
Average 0573073
37.7¢ 1 221.76 225.26 139.83 0.580045
2 194.52 218.29 168.23 0.718228
3 202.97 22022, 152.49 0.646812
4 195.72 219.17 165.31 0.705072
5 187.68 215.39 15751 - 0.685975
6 179.48 214.16 162.75 0.717686
Average 0.675636
75.5° 1 180.0% 212,71 157.7 0.608513
2 170.68 211.28 173.25 0.779415
3 15929 206.99 17837 0.811646
4 152.1 204.67 185.54 0.851659
5 14923 203.04 186.75 0.862184.
6 152.45 203.97 187.63 0.859187
Average 0.810434
39.0° 1 210.27 220,64 132.93 1 0562534
2 19288 216.61 150.25 0.65082
3 189.62 216.16 159.76 0.691825
4 182.28 213.28 153.63 0.680802
5 1 176.07 212.64 169.23 0748012
6 183.77 214.95 173.%6 0.754201
Average 0.681366
58.5° 1 187.5 215.83 154.64 0.674907
2 176.74 213.27 178.27 0.781173
3 174.38 212.25 17224 - 0.762069
4 167.33 210,12 176.22 0788816
5 164.12 208.65 178.48 0.803171
6 171 | 210,72 1 193.42 0.848307
| Average 0.776407
97.5° 1 158.03 20639 10339 0.86976
2 150,32 203.24 188.28 0.865716
3 133.93 198.84 180.03 0.892229
4 - 139.27 19877 192.7 0.90472
5 13526 196.68 194 44 0.920039
6 133 195.89 198.3 0.038624
Average 0.898515
117.0° 1 42.43 200.58 197.08 0.913398
2 1262 198.84 19374 0.008514
3 133,99 19692 - | 198.26 0.935815
4 132.53 195.84 195.89 0.931041
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182.99 177.51 156.33 0.794189 6 140 159. 85 107. 86

184.27 179. 33 158. 15 0.747441 Aver age 0.832873
39.0 ppm 1 157.33 167. 69 116 34 187.75 181.8 161. 13
WD Yod/deds PCT/US2006/041352
5 131.33 195.88 199.17 0.9449
6 132,71 196.04 196.04 0.931068
Average 0.927456
156.0° 1 i32.22 195.53 | 1975 0.937564
2 12795 193.56 202.14 0.963713
3 123.56 | 191.45 200.69 0.969018
4 110.08 189.51 2053 : 1.014351
5 119.48 189.62 202.06 0.983554
6 124.03 192.11 203.77 0.97827
Average - | 0.974418
60.0° 1 187.97 215.12 143,39 0.631634
2 168.96 200.56 165.01 0.744808
3 160 207.17 168.27 0.773279
4 159.19 207.64 180.98 0.821017
5 155.67 206.24 178.99 0.820522
6 158.72 208.13 192.23 0.863269
. Average 0.775763
121.9° 1 148.73 203.1 195.32 0.896101
2 140.39 199.41 195.24 0.911284
3 138.33 198.51 198.69 0.928096
4 132.01 . 195.96 199 0.942936
5 130.44 164.99 199.12 0.94712%
6 133.34 196.93 201.73 0.949377
Average 0.920134

a. Solutions prepared from NayCOs

b. Solutions prepared from a mixture of Na;CO;, NaHCOs, and NaHPO,. The percentage alkalinity
coniributions of WNa,CQ;, NalICOs, and Na,HPO,. are IO%, 80%, and 10%, respectively.

¢. Sclutions prepared from NaHCO;

In Fig. 8, the average Ran value of the six films is plotted as a fimetion of solution
alkalinity. Note that the calibration curve for alkalinity analysis is not necessarily a
straight line, The curvature in the calibration curve is not due to the current color
analysis method. This is supported by the linear correlation of R,y to absorbance

measured with the spectrophotometer at 650 nm as shown in Fig. 9.

Example 5: Determination of alkalinity using a digital camera --Normalization

against internal reference areas

The image of total 60 films was captured with Sony DSC S$75 digital camera. The
camera was set in the automatic mode in which white balance, focusing, and aperture

were automatically adjusted. The glass slides were placed near a 40-Watt desk lamp.

B

Average RGB values for the selected color dreas are listed below in Table 4. Unlike
~ the image captured by a digital scanner, illumination cross the subject is not uniform.
In order to correct this, RGB values of a white paper background near each film were

taken. Instead using a single set of RGB values for the white background in Equation
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150. 41 163.15 109.64 185.09 179.19 157.94 0.735136
152.52 161.57 107.71 182.21 176.47 154.05 0.731686 5

wbmopdsed#0. 2 107. 31 180.93 174.54 152. 83

PCT/US2006/041352

3, each color film has a set of R,GyBy values, as listed in Table 4 below. The

calibration curve is shown Fig. 10.

Table 4
Color analysis of the digital camera image for Example 5
Film # [R ia I'B | Rw | Gw | Bw | R{alk)
18.8 ppm
i 140.86 143.1 84.25 16269 | 157.08 135.4 0.651018
2 140.67 142.3 82.65 165.08 159.68 137 0.641711
3 146.04 147.05 84.465 168.13 161.59 140.64 0.629325
4 1 147.2 147.73 £5.82 170.18 164,35 142,98 0.632149
5 153.32 153,27 89.03 172.23 166.67 144.92 0.634814
6 154.87 156.16 88.95 174.44 169.12 147.71 0.622807
Average 0.635304
37.7 ppma
1 ) 131.98 146.95 98.97 169.39 164.92 144,31 0.743674
2 134.93 144.73 95.6 168.45 162.99 142.68 0.721466
3 136.82 144 89.99 167.09 161.07 141.07 0.683823
4 137.45 141.81 88.41 164.71 158.89 137.82 0.682634
5 133 140.36 96.32 162.02 156.08 134.82 0.755211
6 137.23 138.96 81.32 158.58 153.87 131.44 0.649633
Average 0.706073
75.5 ppm
1 116.72 144.57 110.98 174.52 168.4 146.2 0.871262
2 11754 148.16 114.66 177.59 170.89 149 0,880748
3 12048 150.52 115.13 178.24 172.04 150.85 0.865707
4 123.11 153.27 113.07 180.76 174.86 153.65 0.837801
3 132.76 156.82 111.64 182.99 177.51 156.33 0.794189
6 140 159.85 107.86 184.27 179.33 158.15 0.747441
Average 0.832873
39.0 ppm
1 157.33 167.69 116.34 187.75 181.8 161.13 0.75142
2 152.00 166.7 113.08 186.53 180.76 159.11 0.748171
3 150.41 163.15 109.64 185.09 1'79.19 157.94 0.735136
4 152.52 161.57 107.71 182.21 176.47 154.05 0.731686
5 153.53 160.2 107.31 180.93 174.54 152.83 0.730729
3 154.42 158.39 96.93 178.45 172.23 150.17 0.671364
Average 0.728084
58.5 ppm : .
1 130.39 144.37 108.43 169.76 163.45 141.56 0.825964
2 130.02 147.89 110.69 173.18 166.58 145.38 0.827266
3 125.14 148.35 105.91 174.06 168.29 ° 1463 0.808982
4 i33.16 152.51 105.58 176.9 170.27 148.63 1 0.778131
5 137.64 155.4 111.67 178.51 172.87 152.00 0.790259
6 148.67 158.83 102.81 179.85 175.19 154.16 0.704914
[ Average 0.789253
97.5 ppm
1 106.9 154.16 124.43 1 181.09 175.61 154.76 0.946293
2 107.42 152.28 120.38 179.55 174.12 152.9 0.028874
3 109.2 150.24 117.63 177.87 171.84 150.24 0.917926
4 107.62 146.64 113.12 174.96 169.24 147.67 0.904533
5 124.06 148.49 113.67 174 167.34 147.23 0.852047
6 118.91 143.63 110.02 170.08 163.88 142.39 0.863954
) Average 0.902418
117.0 ppm
1 1 102.02 F139.66 1 111.68 11700 {16447 114333 10931683
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0.730729 6 154.42 158.39 96.93 178.45 172. 23 150. 17

0.671364 Average 0.728084 58.5 ppm 130. 39
144. 37 108.43 169.76 163.45 141.56 0.825964 2 130.02
w60 B80s30. 69 PCT/US2006/041352
2 99.01 141.84 11246 174.03 167.55 146.01 0.942463
3 103.35 144.47 114 175.36 168.9 «| 147.89 0.926593
4 106,92 147.08 11741 177.91 17232 149.94 0.930408
5 115.69 152.03 117.52 . 179.77 174.24 152.46 0.880973
6 121.83 155.64 120.84 181.74 176.32 155.59 0.876998
Average 0.916353
156.0 ppm
1 114.04 147.2 11791 174.8 _168.63 146.92 0.914541
2 104.21 148.52 121.67 178.71 173.28 150.76 0.960464
3 100.84 150.88 121.22 180.18 174.49 152.95 -| 0.959709
4 100.8% 153.52 126 182.97 177.44 155.97 0.976259
5 101.37 155.15 127.03 184.47 179.49 158.37 0.970738
- 6 104.23 157.53 130.45 186.1 180.74 160.09 0.972901
. Average 0.959102
60.0 ppm
1 122.73 135.27 98.11 160.28 154.92 | 1315 0.812717
2 116.3 136.7 19448 163.61 157.33 135.23 0.796112
3 120.64 139.51 99.26 165.64 158.85 138.02 0.801963
4 127.22 142791 95.65 168.63 161.2 141.11 0.75017
5 13311 | i46.56 9741 169.92 163.69 141.93 0.743554
6 144,59 151.32 93.69 170.84 165.67 144 44 0.680008
Average (.764237
121.9 ppm .
1 115.97 158.6% 127.09 17625 170.76 149,63 (.943514
2 113.09 157.26 124.81 172.85 169.22 148.45 0.935635
3 115.71 155.67 121.02 174.25 168.47 147.28 0.916013
4 117.18 154.2 120.59 172.42 166.52 14439 0,922578
5 117.79 151.55 117.27 170.7 163.44 141.64 0.912184
6 122,59 149.93 113,83 167.05 155,76 138.39 0.885897
. Average 0.919454

The image in this example was capturéd about 36 hours after the image in Example 2
was taken. In order to compare the digital camera results with those obtained with
scanners, another image was prepared using Canon N650U scanner at the same time
when the camera image was taken. Correlation of the relative blue intensity from the
Canon scanner to that from Seny digital camera is shown in Fig. 11. The result
shown in Fig, 11 indicates that normalization against an internal color reference can
effectivelj eliminate errors caused by non-uniform illumination when a camera is

used to capture the sensor image.

Example 6: pH determination by means of multivariate calibration

H

A pH sensitive film was deposited on a polycarbonate sheet. The film contains pH
indicator dye bromothymo! Blue and other additives. The pH standard solutions used
in this example were prepared from sodium carbonate and sulfuric acid solutions. A
glass electrode, calibrated against two pH buffers (7.00 and 10.00 from Fisher
Scientific, traceable to NIST standards), was used to measwe pH values for the
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173.18 166. 58 145.38 0.827266 3 125.14 148.35 105.91
174.06 168.29- 146.3 0.808982 4 133.16 152.51 105. 58
176.9 170. 27 148.63 0.778131 5 137.64 155.4 111.67

wo/fohidsodkg2. 87 152.09 0.790259 6 148.67 PCT/US2006/041352

standard solutions. No correction was made for the ionic strength effects on hydrogen
ion activity coefficient and liquid junction potentials. Alkalinity was measured by

titration against a 0.2 N sulfuric acid solution.

A 40 yl aliquot of the pH standard solution was spotted on the film. The sample was
removed after 2 minutes, and the spotted area was dried by a modest blow of airflow.
Digital images of the film before exposure and after exposure were captured with
using Canon LiDE 80 scanner in 48-bit color mode with 300 dpi spatial resolution.
The image file was saved it the uncompressed TIFF format. Photoshop CS was used
to retrieve RGB values from the file. The RGB values listed below in Table 5 were
“averaged over a 1000-pixel square centered at the spotted area. The following

quantity R,y 1s chosen as a sensor response to quantify sample pH:

R‘pH = (R/ G — B/ G)exposed — (R/G — B/ G)u_uexpased Equation (4)
Table 5
Color analysis of digital images for Example 6
PH Alkalinity/ppm Unexposed Exposed Response
: R G B R G B RLLH
8.34 07.4 9345 175.28 158.23 87.61 157.64 139.94 0.3705
848 100.6 94.67 177.02 155.89 109.57 161.73 129.58 0.3695
6.07 1124 94.06 176.91 159.30 117.92 164.81 128.52 | 0.3365
9.36 92.4 92.97 175.08 . | 158.03 120.51 166.85 127.96 | 0.2017
1943 1032 83.95 17648 4 159.21 136.19 173.50 12834 | 0.2778
10.18 100.0 93.67 176.33 158.83 | 125.32 165.97 12532 | 6.1106
9.80 303.2 93.84 176.33 158.82 124,92 169.49 130.35 | 0.0376
3.94 3110 93.23 175.63 158.26 116.45 165.61 129.50 | 0.2447
840 303.6 94.13 177.03 159.34 115.52 165.44 130.51 0.3045
7.97 301.8 102.17 | 178.73 | 158.17 | 10140 | 161.05 | 134.05 | 0.3293
7.08 308.6 93.67 176.33 158.83 125.32 165.97 12532 | 0.4150
7.04 510.8 94.91 17601 | 15653 3 11866 | 15656 | 11685 | 03617
8.18 516.8 9542 176.31 156.27 100.98 155.56 125.36  { 0.1884
.54 506.0 08.57 17733 | 156.99 | 102.86 | 153.85 | 123.80 | 0.1933
8.34 490.0 9421 17545 | 15548 | 9751 15432 | 12618 | 0.1634
9.12 504.0 99.25 177.38 157.83 95.49 158,61 135.8¢ | 0.0755
9.48 500.0 101.78 177.08 155.51 86.71 150.73 133.38 [ -0.0062
9.63 492.0 ‘ 97.58 176.17 15758 | B2.32 151.37 138.21 -0.0286

The sensor responses are plotted as a function of sample pH and alkalinity in Fig. 12.
It is clear from Fig. 12 that the sensor response is a function of both sample pH and

alkalinity as described in the above section. Tt was found that experimental pH values
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158.85 102.81 179.85 175.19 154.16 0.704914

Average 0.789253 97.5 ppm 106.9 154.16 124.43 181.09
175. 61 154.76 0.946293 2 107..42 152.28 120.38 179.55

Wi hoiasod52. 9 _ J PCT/US2006/041352

could fit into the following two-variable calibration equation within 0.09 pH unit

(average absolute deviation).
pH =2y + a; alk + (ap + a3 alk) Ry + (a4 +as alk) (RPH)Z Equation (5)
Values of fitting parameters a0 to a5 are listed below i Table 6. The pH values

calculated from the above équation are compared with experimental values in Table 6.

Table 6 :
Parameters for the pH calibration equation and pH values calculated from the
calibration equation

Response Alalinity/ppm pH_calculated pH Measured - Difference
0.3705 974 8.45 3.34 ] 0.11
0.3695 100.6 8.45 8.48 0.03
0.3365 1124 8.83 1 %.07 0.24
0.2917 ‘| 924 9.39 . 9.36 .0.03
0.2778 103.2 %.47 9:43 0.04
0.1106 100.0 10.25 1018 0.07
-0.0376 303.2 8.73 9.80 0.07
0.2447 3110 8.86 8.94 0.08
0.3045 303.6 8.38 8.40 0.02
0.3293 301.8 8.14 7.97 0.17
0.4150 - 308.6 7.10 : 7.08 0.02
03617 510.8 6.98 7.04 0.06
0.1884 516.8 8.42 8.18 0.24
0.1933 506.0 8.43 8.54 0.11
0.1634 490.0 8.70 8.84 0.14
0.0755 504.0° 9.16 ] 9.12 0.04
~0.0062 500.0 9.52 9.48 0.04
-0.0286 492.0 9.60 9.63 0.03
Parameters for equation 3 in example 4 :
AG Al 1 A2 A3 Ad A5
10.067 -0.00i13 7.8279 -0.02317 -20.2109 0.04331

Example 7: Noise Reduction

Several solid sensor films have been produced with defects that were caused by
undissolved reagents of the sensor film formulation prepared from a polymer solution.
Sbme defects were introduced in the film preparation steps, such as inclusion of dust
particles in the film. Foreign materials could be deposited on the film during the
exposure to the sample matrix., A digital image provides very high spatial resoluiion
on color intensity distribution over each sensor region. This spatial information can
be exploited for noise reduction. A variety of data .analy;sis tools can be used to
reduce errors resulied in by the film defects. This example demonstrates a simple

statistical approach to reject readings from the defect areas.
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0.928874 3 109.2 150.24 117.63 177.87 171.84 150. 24
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An enlarged color image of a pH sensor spot taken from Example 6 is shown in Fig.
13. A dust particle, indicated by the reference number 130, is visible in this image.
RGB values for a 40—15ixél horizontal line containing this dust particle are shown in
Fig. 14. In Example 6, RGB values averaged over the whole sensor region are used to
calculate the sensor response. For simplicity, we use one-dimensional data in this
example to demonstrate the noise reduction method. We first calculate averages and
standard deviations of this data set respectively for R, G, and B. Then, we reject those
points with deviation from the set average greater than a pre-set multiple of the
standard deviation for the set. Finally, averages and standard deviation are calculated

from pixels excluding the dust areas.

A similar calculation can be used fo reject a group of pixels. We first calculate the
standard deviations for the whole sensor regions. Then, we calculate standard
deviations within a smaller area (a 6-pixel circle chosen for this example) centered at
each pixel along each horizontal pixel line. Fig. 15 shows resulis from these

calculations. It is clear that an area centered at the 40th pixel should be rejected.

Fig. 16 shows a calibration curve for a calcium sensor film. The film was prepared
from a polymer solution, which contains a calcium responsive dye. The film was
prepared on a polycarbonate sheet with a film applicator. When the film is dry, some
dye aggregate to form small dark areas randomly distributed across the entire film,
barely seen by naked eyes. A digital image of the exposed film was scanned with
Canon LiPE 80 scanner in 16-bit color mode with 300 pdi spatial resolution. The
same equation as used for pH calibration was used to calculate the sensor response.
The data filtering methods described above (2x standard deviation) was used to
rejected data points ‘originated from the dye aggregates. Generally, 90 to 145 pixels
are rejected among a 2700 pixel area. The R-squared value of the calibration is
0.9930, which is siguificantly improved compared to 0.9886 obtained with un-filtered
RGB values retrieved using Photoshop CS.
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Example 8. Kinetic Response

A polymer solution containing molybdate sensing reagents was prepared. The
polymer solution was deposited on a polycarbonate sheet using a film applicator. The
polycarbonate substrate was cut into 20x80 mm sirips. The bulk of sensor film on
each strip was cut and removed, which left only a 6x6 mm sensor spot on the strip. A
200 pm deep, 6.5 mm wide channel was built using a glass slide and double-sided
tapes to cover the 6x6 spot to form a fluidic assembly. This assembly, a Canon LiPE
80 scanner, and a 10-ppim molybdate standard solution were placed in a temperature-
controlled room. Afier an equilibration for about one hour, sample solution was
introduced to the sensor film through the chamnel by capillary action. Images of the
sensor film were acquired at time intervals shown in Table 7 below. Images obtained
at 25.3°C ére shown in Fig. 18.

In this exémple, we want to demonstraie the importance of data analysis for sensor
responses, which is an important part of the systematic method for simultaneously

determination of multiple analytes disclosed in this invention.

It was found that the initial sensor response of an unexposed film is a function of
temperature. For convenience, we normalize the sensor response after exposure by

calculating the ratio below to quantify molybdate concentration:
Table 7

Kinetic data at three temperatures

Time/s R | G | B [ Ruo
T=45°C

0 198.71 81.40 65.34 1.0000
21 185.96 87.22 84.54 | 1.4146
68 179.06 38.60 88.85 1.6092
112 173.74 87.29 8§7.22 1.6530
170 17118 86,73 86.79 1.6830
221 169.87 87.04 87.22 1.7255
204 168.82 87.03 8733 1.7498
486 168.50 87.36 83.05 1.7792
612 168.62 §7.68 8851 1.7933

T=253°C

39




0. 926593 4 106.92 147.08 117.41 177.91 172.32 149. 94
0.930408 5 11169 152.03 117.52 179.77 174.24 152. 46
0.889973 6 121.83 155.64 120.84 181.74 176.32 155.59

W B899 PCT/US2006/041352
1] 196.73 74.73 56.43 1.0000
40 189.06 71.78 , 6443 1.0813
150 154.68 68.39 66.73 1.4642
225 148.57 67.56 . 65.76 - 1.5317
302 146.36 67.57 65.83 1.5753
350 144.61 6731 65.70 1.6014
477 - 143.61 67.09 65.51 1.6128
575 14210 6767 66.06 1.6708
T=34.5°C
0 200,69 78.13 56.06 1.0000
34 199,14 76.14 62.32 1.4146
83 189.60 76.14 70.23 1.6092
133 184.29 76.8 74.20 1.6530
221 175.36 74,87 ) 73951 1.633%
326 . 165.41 71.69 7092 1.7255
409 160.84 020 . 60945 1.7498
514 158.14 69.54 68.75 1.7792
588 157.16 69.49 68.78 1.7933

This quantity is plotted as a function of time in Fig. 17. Unlike many chemical sensor -
reactions, the sensor response as defined above does not reach a platean. It rather
cortinues to increase linearly with time. Linear fits of the last four points for each

temperature are shown in Fig. 19.

Taking a singlé reading from this unsteady film response may result in a large error.
For this type of sensor response, we intend to use a quantity derived from the kinetic
measurement 1o quantity the analyte concentration. It is found that the intercepts of
the linear curves shown in Fig. 17 are a linear function of temperature. Thus, a
multivariate-calibration equation, in ﬁvhich temperature and the sensor responses at

several exposure times are independent variable, is suitable for this type of sensor.

Those who are familiar with the art would recognize that many statistical and
mathematic models could be used to interpret the kinetic data presented in this
example. The methods include Kalman filtering, least square fitting, and other time

series prediction tools as detailed in analytical literature.
Example 9: Samplé—volmne conirolled sensor array

Eight magnesium sensitive sensor films were screen printed on a 127.8 x 85.0 mm
polycarbonate sheet. A sample delivery device, similar to that described in Example
2, was put on the top the polycarbonate sheet to form enclosed channels and

reservoirs. The sensor films are 4 mm long, 4 mm wide, and about 0.01 mm thick.
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The reservoirs are 5.25 mm long, 5.25 mm wide, and 1.6 mm deep. The volume of
the reservoirs is 44.1 pl. When sample is introduced to the central entry port, the
capillary force drives the sample to fill the reservoirs. This delivery device provides a

volume controlled sample distribution means for the sensor array.

A custom-made 4x4 LED/photodiode array detector was used to monitor the sensor
film response. The LEDs have emission maximum at 467, 530, and 634nm. The
LEDs and photodiodes were fixed on two separated print circuit boards. The print
circuit boards were held parallel inside an enclosure, where the sensor array assembly

can be inserted and aligned with the LED/photodiode atray.

A 3.0 ml water sample containing 12 to 100 ppm magnesium was first introduced to
the sample entry port. The sensor absorbance at 530nm (G) 634nm (R) was measured
3 minutes after sample introduction. It was found that the ratio G/R is linear with
respect to magnesium concentration in the sample. The calibration curve is shown in

Fig. 23.

We also disclose sampling methods and systems for delivering controlled volumes of
fluid samples to sensor arrays. One application of the present invention is to provide
means for delivering controlled volumes of liquid samples to sensor arrays on optical
disks. Methods for producing sensor arrays on optical disks are described in several
of our prior patent applications, for example U.S. Patent Application 2005/0112338,
U.S, Patent Application 2005/0111000, U.S. Patent Application 2005/0111001, and
U.S. Patent Application 2005/0111328, the disclosures of which are all hereby

incorporated by reference herein.

In accordance with exemplary embodiments of the present invention, we provide
sampling systems and methods wherein a fluid sampling system is comprised of a
removable sampling structure located in proximity to an array of chemically sensitive
sensor regions Jocated on a substrate. The removable sampling structure permits each
sensor region to individually interact-with sample fluid introduced into the sampling

system.
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Fig. 24 shows an exemplary sampling system 240 incorporating a soft material
sampling layer 241 detachably mounted to a substrate 242 haviﬁg a plurality of sensor
regions 244. The sensor regions 244 may be iﬁtegraﬂy formed with the substrate 242
or may be disposed on a bottom surface of the layer 241. The layer 241 may be
mounted to the substrate 242, for example, by a reversible adhesive. The exemplary
sampling system 240 and the sensor regions 244 were exposed to controlled volumes

of sample fluid in each reservoir.

Fig. 25 illustrates the literature concept of vértica.l dipping a substrate 242 and
attached reservoirs 262. As shown in Fig. 25, the substrate / reservoir structure is
dipped in a sample fluid 260 in order to fill each reservoir 262 with a sample volume
of fluid. Next, when the substrate 242 is removed from the liquid 260 (as indicated by
the upward arrow), a controlled portion of the sample volume is maintained in each
reservoir by the surface tension of the walls of the reservoir, even though the
reservoirs 262 are oriented substantialty vertical to the surface of the fluid 260 when
the substrate 242 is removed. In this exemplary embodiment, the reservoirs 262 may
be formed with an attached reservoir-formed sampling layer (not shown) adhered to

the substrate 242 as described above.

As best shown in Fig. 27, the present invention also contemplates providing means for
delivering controlled volumes of liquid samples to sensor arrays located on optical
disks 281. To demonstrate fluid delivery to a DVD, CD, Super-audio CD, double-
Iayer blu-ray disk and/or to other types of substrates, we fabricated the sampler
device shown in Fig. 27. Here, there is illustrated a concept wherein the substrate is 2
DVD disk 281 comprising a plurality of sensor regions 244.  The device illustrates
the use of individual open or partially closed reservoirs 262 on top of each of the
sensor regions 244. The exemplary sampling system therefore takes the form of a
DVD disk 281 enclosed in a disk case 282 with sensor regions 244 and a fluid entry
port 12 located in the middle of the disk 281.

As shown in Fig. 27, the sensor optical disk such as DVD, CD, Super-audio CD,
double-layer, blu-ray disk and the like is contained in a jewel (i.e. disk) case 282. The
optical disk 281 is assembled with a detachable sample layer configured in
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accordance with Fig. 1. Additionally, the disk case 282 contains a blotting layer that
serves to remove residual water from the disk before measurement. The blotting layer
is made of any porous material that is capable of absorbing water through contact with

the substrate.

Fig. 26 illustraies an exemplary tree-type structure for introduction of fluid samples
from a fluid entry port 12 to multiple sensor regions 244 directed by a plurality of
-ﬂuidic channels 5. It is understood by those skilled in the art that many different
methods may be used for moving the fluids through the sampling sy;stem including
electro-osmotic flow, capilléry force, electro-wetting (wherein electrocapillary
pressure is created by a conductive liquid that shares a capiilary with a confined
insulating liquid), thermo-capillary pumpiﬁg (involving temperature gradients in
capillaries), magnetic fields, surface directed flow (surface tension in capillaries,
chemically modified surfaces), electrochemical control (redox-active surfactants for
valving), mechaﬁical means (syringes, pressure initiated forces), centripetal (including

spinning liquids), and surface energy gradients, and/or combinations thereof.

It is understood that the present invention is adapted for operation in reflection,
transmission, emission, and/or scatter modes of analysis. It is also understood that the
present invention can be applied to different types of sensor arrays and can be
operated in the step-wise or continuous modes. In the step-wise mode, sensor array
operation and readout can be performed before and after, or only after the sensor
elements have been exposed to the sample liquid. In the continuous mode, sensor
array operation and readout can be performed during the liquid exposure. To
accommodate the different modes of operation, the sampling layer structure may be
removed from the substrate before measurement occurs, or the structure may be kept

intact during the measurement process.

In further aspects of therpresent invention, the total analysis sysiem includes an
optical array pla;tform comprising diverse chemically or physically responsive sensor
materials in a form of water-swellable films or/and water-dissolvable films or/and
water-leachable films. The system produces an optical response proportional to the

desired chemical or physical parameter, provides secondary ‘effect reduction from
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noise, defect, and interference effects, compensates for multivariate interactions,
accounts for test array history, and provides a reference system to calibrate the sensor
-array response to the optical detéction platfoﬁn. This complex test 7array can be k
combined with time-based data acquisition to provide temporal test analysis that can |
further enhance overall array response. The array elements described herein show
how each element enhances the array performance, and how the combination of these
clements can be used to produce optimized environmental and biological
measurements. Further, this enhanced optical array platform is advantageously suited

for non-laboratory environments.

Another aspect of the invention is each semsor element or film is exposed to a
controlled sample volume. Two different fluid delivery systems are disclosed herein
for the transport and dosing of sample liquid to the sensor elements that is required to
effect a chemical reaction between the sample liguid and the sensor element. The two
delivery systems described below are a capillary-flow-based fluidic delivery device
and a dip-cell based fluidic delivery device. Both the fluid delivery devices of the
present invention are capable of being combined with the test array card comprising

of the sensor elements described herein.

Another aspect of the invention is each sensor element is exposed fo a controlied
sample volome where the sensor element is in a form of a watér-swellable film or/and
water-dissolvable film or/and wafer—leachable film. Because of the controlled sample
vohune, the chemical reagents in the film responsible for the gencration of the optical
signal upon interaction of water with the sensor element stay in the sample volume,

providing an accurate signal measurement.
Test Array Card

Fig, 28 illustrates a single-use or disposable test array card 9, also referred to as a disk
or substrate, comprising diverse chemically or physically responsive sensor films 3 in
accordance with an exemplary embodiment of the present invention. The sensor films

3 can be grouped into chemical or physically similar sets of one or more films
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depending on the desired fidelity of a sensor response through the use of outlier

elimination or statistically processing of the individual film responses.
Fluidic Delivery Device

Fig. 29 illustrates a fluidic delivery device 10 that can be aligned and assembled to the
test array card 9 using the locating holes 1. The delivery device 10 transports a
controlled amount of a liquid sample injected at the entry port 12, in metered
quantities, to an array of reservoirs 8 through channels 5 radiating out of the eniry port
12 to the reservoirs 8 in order to effect a chemical reaction between the sample fluid
and the sensor element 3 connected to the cell. In addition ihe fluidic delivery device
provides four sidewalls and the roof of the reservoirs with the test array card 9
providing the bottom floor. The roof of the reservoirs comprises a film that has
circular vent holes 7 that vent air out of the reservoirs as they are filled with sample
liquid. The vent hole material, diameter and depth are optimized to regulate the
effective venting of air and confainment of sample fluid within the controlled
dimensions of walls of the reservoirs 8. The hydrophobic walls of the cylindrical vent
hole 7 are critical to keeping the sample fluid contained in the reservoir even in
instances when the fluid-delivery device is subject to a tilt relative to the horizontal
plane resulting from conducting the measurement on typically bench-top surfaces that

may deviate slightly from an absolute level of zero degrees.

Referring again to Fig. 1, an exemplary fluidic delivery device configured in
accordance with an exemplary embodiment of the present invention generally
comprises, but is not limited to, four components, namely: an O-ring 11 with an
adhesive or other common polymer welding methods applied to bind to components -
of the delivery device and effectively creating a holding and containing wall for the
injected sample fluid; a cover seal film 2 fabricated from a hydrophobic plastic
material (e.g., polypropylene, oriented polypropylene, polyethylene terephthalate, and
the like) that has a modified hydrophilic bottom surface by means of coating,
chemical treatment, surface modiﬁcation and the like to create the roof of the
_reservoifs 8 and material removed in the roof o create air venting holes 7 on the top

of channels 5 and wells or reservoirs 8; a fluidic channel plate 4 with several through-
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| Tn another embodiment of the fluidic delivery device, the Oing is a partially
absorbent material that is hydrophobic at the center and is hydrophilic fowards the
outer diameter. This allows any excess water injected into the entry port that spills
over the top due to a splash or tilt of the fluidic delivery device té the hoﬁzontal plane
to be absorbed by the porous material. This minimizes any excess injected sample
fluid from running off to the top of the cover seal film 2 and resulting in increased and
uncontrolled introduction of sample fluid to the plurality of reservoirs from surface
vent holes 7 or possible cross-contamination through carryover of reacted sample
fluid from one or more reservoirs to others from the surface route and down the vent

holes 7.

In one embodiment of the test array platform, the fluidic fielivery device is combined
with thé test array card during the measurement. Within this embodiment, the body of
fluid sample is allowed to reside in the reservoir of sample fluid interacting with the
sensor element during the measurement, 1.¢., the measurement’ is done “wet” as the

reaction occurs or proceeds towards an equilibrium.
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With reference now to Figs. 30a-¢, the u1d1c samphng device may comprise a fluidic
channel plate 4 attached to the test array card 9, wherein the cover layer 2 forms the
roof portion of the reservoirs 8 and vent holes 7 and forming the fluidic channels 5
communicating with the entry port 12 sealed by o-ring 11 (Fig. 30a). Alternatively,
as best shown in Figs. 30b-c, the combined fluidic channel test array 13 may comprise
sensor elements 3 disposed within the reservoirs 8 (Fig. 30b) or the sensor elements 3

may be disposed on the bottom surface of the cover layer 2 (Fig. 30c).

The sensor elements 3 may be integrated into the fluidic-delivery system and the
combined fluidic channel test array 13 is modified to include a plurality of wells 8
instead of throngh-thickness openings of a separate fluidic channel plate 4 that forms
the four walls of the reservoir. Such embodiments also eliminate the need for a bind
layer 6 since there is no longer a separate test array card 9. The advantage of such
embodiments is that it reduces the total number of components to be assembled for
the test array platform to generally three components, namely: an O-ring 11, a cover
seal film 2, and a modified fluidic-channel plate 13 that includes wells for containing
the sample fluid. Within such embodiments, the sensor elements may be placed on
top of the sample fluid (i.¢., bottom surface of cover layer 2) rather than on the bottom

(i.e., within the reservoir 8), as is the case for other embodiments described herein.

In yet another embodiment of the test array platform, a molded plate designed to
contain an O-ring feature at the topside replaces the cover film 2. The o-ring / cover
plate combination retains all the venting features and hydrophilic bottom surface of
the film. This embodiment allows reduction of components to be assembled to two

for increasing manufacturing efficiency.
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In another embodiment of the total analysis system, the fluidic delivery device 10 is
detachable from the test array card 9. Within this embodiment, the test array card 9 is
dried to the extent that no sample fluid droplet§ reméin on the su:rface-of sensor
elements 3. The test therefore consists of an additional absorbing step wherein after
the reservoirs are filled and adequate time is allowed for the sensor elements to react,
the fluidic delivery device is separated from the test array card also resulting in
sample fluid from the reservoirs transporting away along the peel interface. The
remaining water droplets on the surface of the sensor clements are preferably
absorbed away with an absorbent sheet before the test array card is introduced into the
detecting device for measurement of the sensor element responses. A characteristic of
this embodiment is that the absorbent material will have a controlled range of surface
characteristics, i.e., wicking characteristics including absorption rate and lquid
capacity to effectively remove the sample fluid from the surface of the sensor
elements without creating undesirable deformation at the surface of the sensor
elements as a result of rapid fluid removal. The dip-cell-based fluidic delivery system
disclosed herein may also be referred to as a detachable fluidic-delivery system

embodiment.
Hydrophilic-Coated Hydrophobic Cover Film /Plate

Most common plastics -such as poly (ethylene) terephthalate, polycarbonate,
polystyrene, poly (methyl) methacrylate, polyethylene, polypropylene, nylon, ABS,
and the like have contact angles with water ranging from about 60° to about 110°. In
this exemplary embodiment, the present invention comprises a combination of
hydrophilic surfaces in contact with the fluidic channels and sample reservoirs
connecting the two in a continnous single plane forming the roof of the channel-
reservoir structure. The two sidewalls of the channels, the channel floor and four
sidewalls of the reservoir are generally surfaces of a typical plastic with contact
angles about 65-90°. The combination of contact angle from these walls does not
provide the required capillary force to drive fluid flow from the fluid introduction area
through the channels and into the reservoirs. The importance of the hydrophilic
surface of the cover film/plate is that it augments the channel and reservoir

construction and helps draw the fluid sample into the channels from the holding area,
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propel the flow through the channel towards the reservoirs, and subsequently helps
transition from the channel into the reservoir along the roof. The fluid is rapidly
drawn fo accunulate aiong the roof and drawn down into the reservoir with the help
of gravity force and capillary forces along the edges of the reservoir walls. The
hydrophilicity of this surface of the cover film/plate is qualified by requiring the
contact angle to be preferably lower than about 30 degrees, and more preferable lower
than about 20 degrees. Typically, engineering plastic materials do not have contact
angles of 30 degrees or lower. Thercfore, to overcome this characteristic, the bottom
surface of the hydrophilic cover film/plate is preferably modified to a hydrophilic
surface by way of surface physical modification, surface chemical treatment, surface
coating, or surface polarity-enhancing methods.

The hydrophilic coated cover film 2 shown in Fig. 1 is preferably obtained from
Adhesives Research Inc. as ARFlow® 90128. This film advantageously provides for
easy assembly to the fluidic chaﬁilél plate 4 by incorporating an adhesive ingredient in
the blend of the hydrophilic coating applied to one-side of the backing film. The
backing film can be a variety of films formed by film extrusion, blown-film, or film
casting. However it is advantageous to have a film with a high contact angle such as
polypropylene which comprises a contact angle ranging from about 90-110 degrees.
Generally speaking, the greater the contact angle, the better the ability of the fluidic
delifery device to prevent the water in the reservoir from seeping out of the vent holes
due to manufacturing variations in the vent dimensions, or spatial variations in surface
properties of the polym'er' ﬁIm, or incidence of tilt to the test-array system during a

measurement keeping the fluid from spilling out or over-dosing to the reservoir.

Referring égain to the embodiment shown in Fig. 1, the cover film coating is a blend
of both hydrophilic and adhesive active ingredients of the type available from
Adhesives Research as ARFlow® 90128 film.  In this embodiment, no additional
binding material is required to assemble the cover film/plate with the fluidic channel
plate. Although it is convenient to use a hydrophilic/adhesive coated cover film that
combines hydrophilic and adbesive properties in the components for producing a
fluidic device, it may be desirable in some embodiments to produce a hydrophilic

surface by using an additional step particularly in the cover plate embodiment
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described above that replaces the cover film with a O-ring featured plate. In this
regard, it is understood that polyvinyl pyrrolidone has been used extensively in the
Jiterature to hydrophilize surfaces of polymer surfaces, membranes, and filters.

Like the preceding examples, the following. examples are included to demonstrate the
broad applicability of the present\ invention. It should be appreciated by those of skill
in the art that the techniques disclosed in the examples which follow represent
~ techniques discovered by the inveni:ors, and thus can be considered to constitute
exemplary modes for its practice. However, those of skill in the art should, in light of
the present disclosure, appreciate that many changes can be made in the specific
embodiments which are disclosed and still obtain a like or similar result without

departing from the scope of the invention.
Example 10:

A polyethylene film coated on one side with a silicone release film was soaked in a
1% solution of polyvinyll pyrrolidone (PVP) ovemnight at 40°C. The heat promotes
the bonding of PVP to the polymer film and makes the surface hydrophilic. This
coated film was used in place of the cover film 2 in Fig 1. The fluidic channel plate 4
was sprayed with a 3M-spray adhesive and the PVP coated film was laminated to the
plate and using other elements of Fig 1, a test array system incorporating the fluidic
cover was produced. The filling profiles of 44 cells in the test array system using
PVP coated polymer film for hydrophilic flow are shown in Fig. 33 using Acid blue
80 dye measured using identical pumber of LED-PD pairs at 630 nm wavelength.

The profiles shown in Fig 33 consist of absorbance measurements collected at 6
seconds time-intervals from a time before the sample was injected (no sample in the
cells) to the point when the cells were completelj( filled (showing an absorbance of ~
0.2). The proﬁles that do shéw an increase in absorbance either were not connected by
channels or were in an area of the PVP-coated film that did not effectively coat with

the PVP solution.

Since the cover film/plate is directly in the optical path of the sensor system for

several of the embodiments described herein, the plastic is chosen to be suitable for
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transparent film/plate. However, in one of the alternate embodiments of the fluidic
device that is detachable, a polymer that forms translucent or opaque film/plate can

also be considered.
Example 11:

As shown in Figs. 31a-d, dynamic absorbance imaging of operation kinetics of the
assembled sampler are shown at different stages of filling of the assembled sampler
with a water sample. Here, dynamic absorbance imaging was performed to evaluate
the operation kinetics of the assembled sampler. In these measurements, the image in
Fig. 31a of a dry assembled sampler was taken as a reférence, and the images shown
in Figs. 31b-d were taken at different stages of filling of the sampler, respectively. In
this évaluation, performance of individual sensor elements was evaluated

simultaneously.
Example 12:

As shown in Figs. 32a-c, dynamic absorbance imaging was performed to evaluate the
operation kinetics of assembled sampler with sensor elements that provide controlled
leaching of reagents into the controlled sample volume. Here, dynamic absorbance
imaging of operation kinetics of assembled sampler are shown at different stages of
filling of the assembleti sampler with a water sample. The lefi-top and left-bottom
quadrants of each Fig. 32a, 32b, 32c¢ did not contain senéor elements, and therefore
show a very uniform water-filling kinetics. The right-top and right-bottom quadrants
of each Fig. 32a, 32b, 32c also contain replicate sensor elements and show a very
uniform water-filling kinetics and reagent-release kinetics. Because of the controlled
sample volume, the chermical reagents in the film responsible for the generation of the
optical signal upon interaction of water with the sensor element staj} in the sample
volume, providing an accurate signal measurement. In these measurements an image
of a dry assembled sampler was taken as a reference as shown in Fig. 32a. In this

evaluation, performance of individual sensor elements was evaluated simultaneously.
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Dip sample delivery

Figs. 34a, 34b illustrate yet another embodiment of the present invention. As shown
in Figs. 34a, 34b, a mask made of a suitable hydrophobic material (e.g. silicone, -
neoprene, and the like) with holes that act as sample reservoirs is positioned on top of
a substrate 350 containing sensor films. The reservoirs 352 in the mask 354 can be
produced by methods including molding, punching, cutting, drilling and the like. The
diameter of the reservoirs (which are numbered 1-12) combined with the thickness of
the mask defines the sample volume capacity of the reservoirs 352. The mask 354
may be attached to the substrate via a number of methods including, but not limited to

adhesives or conformal contact.

As best shown in Figs. 36a-c, when the device 360 is inserted into a liquid sample
370, the sample enters the reservoirs in the mask 354. Upon removal of the sample
container, surface tension of the reservoir walls results in the isolation of discreet
volumes 372 of sample in the mask reservoirs. Factors that impact the uniformity of
sample delivery include reservoir diameter, reservoir depth, mask surface energy and

mask withdrawal rate.
Example 13:

Fig. 37 illustrates the performance of a sample delivery device configured in
accordance with Figs. 34a-b. In this Example 13, the substrate 350 was made of
polycafbonate while the reservoir mask 354 was produced from a 1.5 mm thick sheet
of polydimethylsiloxane (PDMS). Reservoirs 352 were punched in the PDMS mask
such that 5 mm diameter holes were produced, The substrate 350 with attached mask
354 was vertically dipped into a vessel containing deionized water and then rapidly
withdrawn (~2.5 cm/s). Water isolated in individual reservoirs was quantified with an
analytical balance. In the described configuration, the delivered sample mass was

29.4 +/- 1.7 pg, resulting in a reservoir-to-reservoir reproducibility of 5.7%.

In other exemplary embodiments, it is understood that the reservoir mask 354 can be
modified to incorporate both hydrophobic and hydrophilic functionalities. In the

embodiment of Example 13, one of the potential causes of degraded sample mass
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coatings on treatment (UV or plasma). Sample volume isolation occurs by
maintaining a hydrophobic region immediately surrounding the individual reservoirs.
Droplets initially located between the individual reservoirs coalesce on the

hydrophilic regions of the mask and are removed by gravity.
Example 14:

Fig. 38 illustrates the performance of a sample delivery device configured in
accordance with Figs. 35a-b. In this Example 14, the substrate 350 was made of
polycarbonate while the reservoir mask 354 was produced from a 1.5 mm thick sheet
of PDMS. Reservoirs 352 were punched in the PDMS mask such that 5 mm diameter
holes were produced. The reservoirs were temporarily covered with 9 mm diameter
pieces of tape to allow for surface modification. The PDMS was modified with an air
plasma o produce a hjdrophilic surface in exposed areas. The tape was then
removed fo produce a multi-functional surface. The substrate with attached mask was
vertically dipped into a vessel containing deionized water and then rapidly withdrawn
(~2.5 cm/s). Water isolated in individual reservoirs was quantified with an analytical
balance. In the described configuration, the delivered sample mass was 27.0 +-1.2

ug, resulting in a reservoir-to-reservoir reproducibility of 4.6%.

Also disclosed are materials and methods for rapid fabrication of microfluidic
devices. The microfluidic devices include one or more microfluidic channels, which
are configured for applications such as chemical separations, chemical extractions
(such as afﬂmt;r or a:nﬁbody- based methods), electro-osmotic pumping, and
electrophoresis. The microfluidic channels may be connected to each other to form an
interconnected channel network. Further, for solution-based chemisiry, the channel

networks may be connected to a series of reservoirs containing chemical reagents,
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products and/or waste to form a microfluidic device, such as a lab-on-chip. As used
herein, term “lab-on-chip” refers to a device that is configured to perform a
combination of analysis on a single miniaturized device for applications, such as
biological, pharmaceuticals etc. In a lab-on-chip type microfluidic device, during
operation the different reagents may be brought together in a specific sequence, mixed
and allowed to react for a predetermined period of time in a controlled region of the
channel network using processes, such as electro-kinetics or hydrodynamic pumping.

For example, electro-kinetics may include electro-osmosis or electrophoresis.

FIG. 39A illustrates a cross-sectional view of a stacking arrangement 110 of three
layers 112, 114 and 116 that form the microfluidic device 120 as illustrated in FIG.
39B. The stacking arrangement 110 includes a ﬁrst substrate 112 having cavities or
microfluidic channel patterns 118 defining one or more of the plurality of microfluidic
channels. Depending on the material used, the microfluidic channel patterns 118 may
) be formed in the substrate 112 by employing patterning techniques, such as
* embossing, injection molding, photolithography, chemical etching, laser micro
-forming, or combinations thereof. In an exemplary embodiment, where the substrate
112 is made of glass, photolithography may be employed to form microfluidic
channel patterns 118. Aliernatively, the substrate 112 may include polymer-based
material, semiconductors, ceramics, glasses, silicone, fused silica, quartz, silicon, or
combinations thereof. Non-limiting examplés of polymer-based materials may
include SU-8, cyclic olefin copolymer (COC), poly(methyl methacrylate),
polystyrene, polyethylene terephthalate (PET), polycarbonate; polyvinylchloride,

polydimethylsiloxane, or combinations thereof.

The stacking arrangement 110 further includes a porous material 114 and a second
substrate 116. The second substrate 116 may or may not include microfluidic channel
patterns depending on the desiralﬂé' shape of the microfluidic channels in the device.
The porous material is configured to allow a flow of a sample solution there through.
In one embodiment, the porous material 114 may be produced by methods, such as,
but not limited to foaming, electrospinning, self-assembly, burn-out, sol-gel, reactive
gelation, reactive vapor sintering, melt down, extrusion, or combinations thereof. The

porous material produced by such methods may be inorganic, organic, polymeric,
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hybrid, or combinations thereof Other examples of the porous material may include
porous fiberglass composite sheets, porous polymer sheets, polymeric fibers, porous
. membranes, silicone foam sheets, rubber foam sheets, or combinations thereof.
Further, the porous material 114 may be formed from either a single layer or may
~ include two or more layers of the porous material. In this embodiment, the two or

more layers may include different porous materials.

Referring now to FIG. 39B, a microfluidic device 120 is fabricated by using the
stacking arrangement 110 (see FIG. 39A) having layers 112, 114 and 116. The
stacked arrangement 110 is compressed by applying pressure at predetermined
temperatures. The fabrication step include compressing the stacking arrangement 110
at a temperature in a range of from about 700C to about 1600C, while maintaining
pressures in a range of from about 50 psi to about 1000 psi. In one embodiment, the
porous material 114 and one or both of the first and second substrates 112 and 116
may be permanently bonded. Upon éonlpression, a portion of the porous material 114
disposed between the first and second substrates 114 and 116 and overlapping with
the microfluidic channel pattern 118, fills the area 122 of the microfluidic channel

patterns 118 to form microfluidic channels 124.

As illustrated in FIG. 39B, the porous material in the area 122 of the microfluidic
channel patterns 118 experiences little or no compression force. The porous material
122 in the area 122 is configured to allow a flow of a fluid or sample solution there
through.. Whereas, the porous material 114 in the area 126 disposed between and in
contact with the first and second substrates 112 and 116, is compressed by the applied
pressure and becomes relatively denser than the porous material in the area 122, The
porous material 114 in the area 126 may not allow the sample solution to flow there
' through, thereby defining the microfluidic channels 124 and preventing the fluids
from seeping out of the microfluidic channéls 124. In one embodiment, a porosity of
the porous material 114 in the uncompressed regions, i.c., area 122 may be in a range
of from about 30 percent to about 90 percent. However, the porosity of the porous
material in the area 126 may be in a range of from about 70 percent to about 100

percent.
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Further, the porous material 114 may include a non-uniform porosity. For example,
the porous material 114 may include non-uniform porosity along the length of the
microfluidic channel. In 6116 embodiment, the porous material 114 may have a
gradient porosity having a gradient along a direction of the liquid flow. As will be
described in detail below, this non-uniform density may facilitate the function of

microfluidic channels in applications, such as exiraction, or separation.

In addition, one or more composite sheets may be positioned on. either side of the
porous material. These sheets upon compression make the surface of the porous
material relatively non-porous, thereby preventing the fluids from seeping out of the

microfluidic channeéls.

In one embodiment, the sheet of the porous material employed to fill in the
microfluidic channel patterns 118 is subjected to a physical sheet-modification step.
This step increases material density of one of the surfaces of the material over a
predetermined thickness of the material. In another embodiment, the porous material
114 is subjected to a_chemiéal sheet-modification step. This step modifies material
chemical properties of one of the surfaces of the material over a predetermined
thickness of the material. These modification steps provide modified transport
properties to the species in the sample solution, which flows through the microfluidic

channels 124,

In one embo.diment, the porous fnaterial 114 may be functionalized to perform various
applications, as will be described in detail below. In one embodiment, the porous
maéerial may be fumctionalized with an appropriate orgamic stationary phase fo
provide enhanced partitioning in chromatography applications. For example, in one
embodiment, the porous material 114 may include glass fibers in a polyméric binder
mairix. In this embodiment, the combination of glass fibers and polymeric binder
provides a glass surface available inside a fluidic channel, which facilitates

functionalizing the fluidic channel by means of glass surface modification methods.

Additionally, the porous material 114 be functionalized by employing one or more of

an electrolyte, an ionic solution, an antibody-based solution, a chemical reagent, a
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the porous material 114. In another embodiment, a biological or chemical
modification of the fluid sample may be accomplished by changing the biological or
chemical state of the liquid. One example'of this is an unfolding or folding of a
protein or nucleic acid due to a chemical reaction with a reagent incorporated into the
porous material 114. For chemical modifications of the fluid in the microfluidic
channel, various reagenis may be employed. Non-limiting examples of reagents
employed for chemical modifications of fluids may include colorimetric and
fluorescent reagents. Based on the chemistry betweeﬁ the fluid and the reagénts, ‘
these reagents may undergo a change in optical properties upon interaction with a
particular fluid. The change in the optical properties may then be detected through

one of the surfaces of the microfluidic chamnels 124.

It should be appreciated that fluids flowing in a microfluidic channel exhibit laminar
flow behavior due to low Reynolds number conditions. This feature may be utilized
for applications, such as particle sepéraﬁon and sensing. The particlé separation may
be based on the difference in diffusion coefficients of the particles. For example, in
one embodiment, two separate fluids may be pﬁmped through inlets at one end of the
microfluidic channel, such as channels 124, these fluids may meet inside the
microfluidic channels 124. Due to the laminar flow property, the two fluids may run
side by side and generally may not mix except by inter-diffusion. It should be
appreciated that since smaller particles diffuse faster as compared to larger particles,
the smaller particles may diffuse into the parallel flow stream. Consequently, when
the fluids are separated at the outlet of the microfluidic channels 124, mostly smaller
particles would have diffused into the other fluid. Such a separation techniqué may
be employed to separate blood cells from plasma. For immunoassay applications,
suéh a technique may be used to separate large interfering molecules from samples,
thereby allowing relatively more accurate analysis of analytes. Further, it is also
useful to allow intermixing of fluids containing antigéns with those confaining large
particles with immobilized antibodies, to let the immébﬂized antibodies react with
antigens, and to later separate beads from antigens through sequential microfluidic

washing or extraction steps.
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Tn another embodiment, the microfluidic channels 124 filled with the porous material
114 may be functionalized with molecules that display an affinity (ionic, nucleic-acid
 or antibody-based) towards a speciﬁé target molecule. Ac‘ébrdingly, as a fluid having
a mixture of molecules including the target molecule is passed through these channcls
124, the target is selectively removed from the flow of the liquid, and concentrated on
the functionalized porous material 114, such as glass fibers. Such channels may be
used as a filter to remove undesired molecules or interferents. Conversely, these

channels may be used as a pre-concentrator for a desirable target molecule.

In one embodiment, the porous material 114 in the microfluidic channels 124
enhances transport of the fluid from one location to another of the microfluidic device
120 by capillary action. In some embodiments, this feature may facj]itate transfer of
fluids between different locations in the microfluidic channels 124, where the
different locations have varying dimensions and shape so as to create a difference in
the capillary' action between the locations. Additionélly, the capillary pressure
difference between these locations may be controlled by the porosity and/or
hydrophilicity of the porous material. For example, the porous material may be
modified to convert from a hydrophobic to ultra hydrophilic material, with water
contact angle less than 10 degree, thereby changing the capillary action of the

microfluidic channel.

In the illustrated embodiments of FIGS. 40A and 40B, an alternate embodiment of a
microfluidic device is illusirated. The device 136 includes a substrate 130. The
substrate 130 includes cavities or microfluidic channel patterns 132, Which'déﬁne
microfluidic channels 138 in the microfluidic device 136. As illustrated in the
stacking arrangement 128 of FIG. 40A, the device 136 further includes a porous
material 134. The porous material 134 is positioned on the substrate 130. In one
embodiment, the poroué material 134 may be subjected to chemical and/or physical

surface-modification step followed by fabrication of a microfluidic device.

The device 136 is formed by compressing the porous material 134 against the
substrate 130. Upon compression, a portion of the porous material 134 fills the

microfluidic channel patterns 132 in the areas 140 to form the microfluidic channels
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138. The porous material 134 in the areas 140 may undergo little or no compression,
thereby allowing passageway for the fluid flown through the microfluidic channels
138 during operation of the device 136, In areas 142, the porous material 134 is
compressed to form a dense layer, effectively eliminating air from the pores in this

area.

The processing fabrication step includes compressing the stacking arrangement 128 at
a. temperature varying in a range of from about 700C to about 1600C, while
maintaining pressures in a range of from about 50 psi to about 1000 psi. Upon
applying a processing step, the porous layer is flattened to form a layer with variable
density and filling in the microfluidic chammels. Due to the chemical and/or physical
surface-modification steps, which make the exposed surface 144 of the porous
* material 134 non-porous, the microfluidic device 136 requires only two layers, the
substrate 130 and the porous material 134, and does not need a second substrate, such
as substrate 116 (see FIGS. 39A and 39B). Further, other modifications, such as
~ chemical treatments, functionalizing of the porous material may also be applied to the

microfluidic device 136.

In the illustrated embodiments of FIGS. 41A, 41B, 41C, 41D and 41E, an alternate
embodiment of a microfluidic device 135 is illustrated. FIG. 41A. illustrates an
. exploded cross-sectional view of a stacking arrangement 121 of three layers 123, 125
and 127 of the microfluidic device 135 of FIG. 41C. FIG. 41B illustrates another
cross-sectional view, from a side, of the stacking arrangement 121 of FIG. 41A taken
along line 41B-41B. As illustrated, the first and second substrates 123 and 127
include microfluidic channel patterns in the form of step structures 131 and 133,
respectively. The two substrates 123 and 127 may bave similar, complementary, or
different step structures, illustrated generally as 131 and 133. Further, the stacking
arrangement 121 includes a porous material 125 positioned between the substrates

123 and 127.

Compressing the stacking amangement 121 forms the device 135. FIG. 41C
illustrates the front view of the device 135 and FIGS. 41D and 41E illustrate the
cross-sectional view of the device 135 taken along the lines 41D-41D and 41E-41E,
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respectively, of FIG. 41C. While forming the device 135, the substrates 123 and 127
may be positioned relative to each other such that the step structures 131 and 133
together may form microftuidic channel 137. For example, in the region 139 having
the microfluidic channel 137, the step structures 131 and 133 as shown are disposed at
an offset relative to each other such that the region 139 baving the microfluidic
channel 137 experience little or no compression and therefore has relatively less
denser porous material 125 as compared to regions 141, where the porous material
125 is more dense by compression forces. The porous material 125 in these relative
less dense regions 139 may undergo little or no densification. The microfluidic
channel 137 formed in this embodiment may extend over different horizontal planes
due to the step structures 131 and 133 of the substrates 123 and 127. In the illustrated
embodiment, the microftuidic channel 137 in the region 139 may follow the steps 131
and 133 of the first and second substrates 123 and 127 to form a three-dimensional
continuous microfluidic channel extending over different horizontal planes of the first
and second substrates 123 and 127 along the steps 131 and 133. The porous material
. 125 in the region 141 may follow the step structures 131 and 133 alongside the
microfluidic channel 137 to define the region of the microfluidic channel 137 and to
retain the fluidic sample in the microfluidic channel 137 due to reduced porosity of
the porous material 125 in the region 141. It should further be appreciated that the
step structures 131 and 133 may be disposed relative to one another in a relationship

that is not offset, thereby causing the regions 139 to have more dense material.

FIG. 42 represents an alternate embodiment of the microfluidic channel 137 of FIGS.
41C and 41D. In the illustrated embodiment, the microfluidic device 143 includes
individual microfluidic channels 145 that are formed on different horizontal planes
defined by the steps 131 and 133 of the first and second substrates 123 and 127. The
microfluidic channels 145 in the different hotizontal planes may not be in
communication with each other. In other words, the microfluidic channels 145 may
not be continuous from one ]:ioﬁzontal plane to another. The microfluidic channels
145 are formed by aligning the substrate 123 and 127 with respect to each other such
that the porous material 125 in the regions 147 is under little or no compression force

when the stacked arrangement having the substrates 123, 127 and porous maierial 125
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68.78 1.7933 This quantity is plotted as a function
of time in Fig. 17. Unlike many chem cal sensor
reactions, the sensor response as defined above does
wiPleof/esh a plateau. It rather continues to gd@liRABB41352
linearly with tine. Linear fits of the last four
points for each tenperature are shown in Fig. 19.
Taking a single reading fromthis unsteady film
if £5831038q T Yok lgbvibd 125 | AL8raflythe ggﬂarus Liliial YPSin the
of sensor response, we intend to Use quantity
regionsy B honottundelgd depsitication s herves) tthe egipnad#? oY thehperous

e 12 FERE PR b iy il SR 1A T o gpmption

due kd eR@redsionforeéd. on of tenperature. Thus, a
mul tivariate-calibration equation, in which
I

rature and the sepsor onses_at sever. .
BB Pt R o B R TR LA Ry e st a2 gfsgosea
Wwithin thd SadiddBored 1S£NT0E midbasidicandl e46 andisp@ed betiwleen a

the art woul d recognize that naqg tistical and

t
B RAIS 1S PBA Feo0nR SRSTTHE 1 9% cRoth &6 tnf e sepppd! substrates
148 rhls‘aai 1@0%%1%@&&&%@& dhBnrdel biteRXRNE reBiE 158 kb @dne the

include Kalman filtering, |east square fitting, and
rpictpdlpidi¢ ehaned lt6s Dwriad ifabricetipn; Be|portins i dppere mpferial 152
t G L1.en > - Lo -
BB L 818 LR L e SO BV st b
lsghes porobity as compared tr therpopidnntfetic paraais 12ferBl sn 8. Hearh§s.

ol ycarbonate s I..A S | e,delivery. deyi . .
Aot I e TR p6 nRPR P i kS bt 1 imoged in the
didacl 3604e Tdigerbdny thardonndh @ttsh ashs, tsac ay 158 nisdrelgesdlowing the

hannel s, and reservoirs, The nsor filnms are 4 nun
iy , lquldrrﬁ{%la@e%ﬂa@m 2D %m ¢ hi k. The

reservoirs are 5.25 ramlong, 5.25 nmw de, and 1.6
iGN deeflustldie ¥ Gystam 060 tehiployages niciosluidic 4dvite WE2. In an

When sampl e.i s introduc to the central. entry port
B R hE ST JELEK b Saioh s Bt L sty
WIRSHEFWOM SynthERE Sindl Sdrbdh@IYofRMhIES dAFifNs, CRtfe sﬁstt‘}ﬁ' 160®rovides
controlled sanple distribution neans for the sensor

shoricagd ontiEretienncyela dimssd apdry Gorbtebl@rthigedus foafhe much lower
- 1 PR hOLystef1 Glied tht Bbility f
a?%&%gﬁgggﬁgﬁg&@%%g ﬁave %niégion %ﬁgﬁnuﬁTat is?zogga?mﬁ
ofinebngBlnpyer thee chaBDstranenviphoment] idirdetly Wenoaglf jdewige ongsident
1:D%;eparated print circuit boards. The print circuit
oards were held parallel inside an enclosure, where

the sensor array assenbly can be inserted and aligned
Usiiglly inhepnivEdiophlobaich trghncdegyayalidatien @udroptivmizetiorns afipsaetions

taln 12 to 100 j f.i ..
P CRITE X
cafisd rona figrebialogio3Dmany @) chldingh asidys. watsddinkamlly, ettle 3mounts of

m nutes after sanple introdyction. Jf was.found that
e Benegied 6 HRAPD FiRIhe (RsQpse Dy BONMbR PAREL et of
ORI Hui@e tinndél t he sanple. The calibration curve is

shown in Fig. 23. W al so disclose sanpling methods

nd systems for livering. controlled vol unes of
Th arigroBuiiA %gﬂqeofjﬁ?e'ﬁgla?es P&%‘?‘Lm@nﬁﬂﬁllﬁ‘gaﬁ%o 268,170 and
170€ ThE sieRiuldY 8RdnneI8 163, 168, R6SVIWEAERNSIEP include same or
delivering controlled vol unes of liquid sanples to

difterepd r parpysaymatesial oot clipstetedks . Thet fragrnts orampalp digegenty A
sensor arrays on optical disks are described in

several of our prior patent applications, for exanple
U.S. Patent Application 2008/ 0112358, U.S. Patent
Application 2005/0111000, U. S. Patent Application
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i ncorporated by reference herein. In accordance wth
exenpl ary enbodi nents of the present invention, we
provi de sanpling systens and net hods wherein a fluid




Test Array Card Fig. 28 illustrates a single-use or

di sposable test array card 9, also referred to as a

di sk or substrate, conprising diverse chemcally or
Wi &adsby responsive sensor filnms 3 in accon@@2e/041352
with an exenpl ary enbodi nent of the present
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Li ke the precedi ng exanples, the foll ow ng exanpl es

are included to denonstrate the broad applicability

of the present invention. It should be appreciated by
widaemosedseskill in the art that the techni quagT/us2o06/041352
di scl osed in the exanpl es which foll ow represent

t echni ques di scovered by the inventors, and thus can
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hybrid, or conbinations thereof. O her exanples of

the porous material may include porous fiberglass

conposite sheets, porous polyner sheets, polyneric
whi-B@teSeszpor ous nenbranes, silicone foam sheecsus2006/041352

rubber foam sheets, or conbinations thereof. Further,

the porous material 114 may be fornmed fromeither a

Si ngle | ayer or may include two or nore |ayers of the
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Conpressing the stacking arrangenent 121 forns the
device 135. FIG 41C illustrates the front view of
the device 135 and FIGS. 41D and 41E illustrate the
cross-sectional view of the device 135 taken al ong
the lines 41D 41D and 41E-41E, respectively, of FIG
41C. Wi le form ng the device 135, the substrates 123
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What is clained is: 1. A nethod for sinultaneously
~measuring a plurality of chem cal or biologica
anal ytes in a sanple liquid, said nethod conprising
the steps of: provi di ng an optical sensor array
conmprising.a plurality of solid-filmsensor elenents
for responding to at |east one of said plurality of
anaiilyfies said optical respbaseH Myesausamohiord st it icorrentration
_ devi ce t.o the sensor array, the sanple distribution
0f%%§¥?§@a$8ﬁﬂgﬁﬁmﬁ ®lurality of fluidic channels '
| eading froma sanple entry port to a plurality of
reservoirs aligned with said sensor elenents, wherein
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said reserv0|rs |ntrodu0|ng said sanple |iquid
into said saﬁg%g di stri bution device through the

3. saﬂm wetnd of clagn(2; further comgpriyng fresierpt, W@% Chrpngl and
reserfiP D AALE SIRANG & Bl WMALORR bt Guigttdage of the
COVEr I]flaye-ap and into sard reservoirs; creating
a chemical reaction between said at |east one anal yte
and at | east one reagent in said sensor e
4. i The mgthed O cldel. VBISTEIB pald s EY 4R @Oflﬂanf‘sd"g%wg of said
Eﬁnﬁheﬂg&gl§ver the .top hydrophilic surface above the
reservoir to forma pendant droplet; : al | owi ng
graV|tat|onaI force to enable the droplet to reach a

bot.t om of the eservo en usin
5. CaPia Mgt pBFEER Lo PR AR PR A P OB gcpRfigFed in
a brabdMed-t{SS&FMREE. Lo drive the sanple liquid to fill the
» entire reservoir while air escapes through the vent
hol e as the reserv0|r fills with sanple liquid,

in. the dr bIC o rfa .
T PSR AR R Pothe Ry &Rt TS B SR e
asen%@@rﬁﬁ&ﬂelﬁ@ﬁ@ﬁ:o&ﬁ?ﬁﬁ%ﬁéﬁ capi | | ary bar riers by
i npedi ng the sanple liquid fromflow ng through the

vent holes to reach the hydrophobic outer surface of
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et 5 detiog Gt Cainy AR PG o BB OOhBle o wast
ramﬁﬁﬁﬁﬂ&hﬂﬁﬂ@bﬁnmSL dellvered to each reservoir and -
sensor el enment wi thout requiring an external force
other than gravity to nove the sanple through the
- Sl rﬁetﬂb? bF LBHA1ORERYA Cha sgl?dﬂ%'[rﬁtsbﬁkgr 8RR IafBdeposited
response trom sai d sensor elenments; recording, said
onto @pubstedte, raad pRsEse@nts are posmonedtqﬂ fopi aigashjodidefpitn’ salsor
response to neasure, nonitor, and contro
elem@Ghcent rati on of said analytes in said sanple. 2.The
met hod of -claim 1, further conprising the step of
directing said sanpl e through capillary barriers
9. béﬁ:‘hmeths@nﬂclenn ly whorein said recarding else pymoprsss use of a digital
, amg of claim2, further conprising the step of
0% B%FHﬂQP% “YHannel and reservoir geonetric paraneters
to control and neter flow of said sanple. 4. The
met hod of claim1l, wherein said reservoirs are
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channel s and reservoirs are configured in a series or
) ﬂﬁ“mﬁérallel series configuration. 7. The method of
claim1 reservoir and a delay channel. - er conprising
the step of providing a waste' 8. The nethod of
claiml, wherein said solid-filmsensor elenments are
dep03|ted onto a substrate, and said reservoirs are
positioned on top of sai %ol id-filmsensor el enents.
9. The nethod of claim1l, wherein said recording step
conprises use of -a digital or anal og inmagi ng device.



12. The nethod of claim1l, wherein said array
response is dynamc or steady state. 13. The nethod
of claim1l, wherein said sensor elenments are a

conbi nation of reversible and irreversible sensor

el ements. 14. The nethod of claim1, further
conprising the step of utilizing a response of one
anal-yt e respOnsive sensor elenent to enhance analysis
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i fferent analytes to determ ne concentration of
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fl uorescence analysjs, chegoluninescence anal ysi s,

hwﬁéﬁ%W%WE%Wﬁegééﬁgemﬁﬁﬁf9@ pol arinetric analysis, or
conbi nations thereof. 17. The method of cl aim 16,
wherein said optical response is obtained in the :
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18. The nmethod of claim 16, wherein said optica
response is obtained in the spectral range from about

13. 206heMetn@d aRUYLin? 1 SQBetdfN said 18rsof BRniMREhAE OforehiRhitdn of
16, wherein said optical response is obtained in the

reversipecind atreveasible senspmelgbsuts- 200 urn to about 1,500 nm
20. The nethod of claim1, further conprising the -
step of repeating steps at predetermned tine

14, | NERryahsd RetRES: 1, duifthdd Gomphgingfthe kte® P aslFife begahet of

' sanpl e to obtain a t enpor al response and utilizing

one ywiXie tresoosise seasporigEcaictiodentBnr dealyds ¢f §e qegpyibee-
mscm%5e§§§9ré %%r array, and concentrations of anal ytes
P fd's 21. The nethod of claim 20, further

conpr|3|ng the step of utilizing said tenpora
response to identify system variables fhat, ar

heguetaed Phcledigo Figheg REmGESNE ARSPRS gpviding two or more

: senso'r nél%gﬁatg RSSO TR QBN O Bh AL S ol BARRhe | &A8Entration of
WO- Sensor array responses to I nprove control of said
-conmmnnnem&wmmson of analytes in said substance. 22. The
met hod -of claim 21, wherein said tenporal response is

used to identify and elimnate outlier responses that

16. deﬂf%%et.rh@é |0?Q:‘1a1fr? 8l whY e 58 NANEE Sespod isTBRaBd BOising
claim1, further conprising the step of prOV|d|n?
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analyﬁ@"ﬁ%‘ldrﬁﬁén@ﬁnaﬂ?hh clcompaRapsetheRbLEr i al conpri si ng
dyes, paints, and/or pignents. 25. The method of

. claim 23, mhereln said reference material conprises
an-aqp t c r
17 S TyShLa8y T ORRTaR, MR ShioPOARA! et N B Gy, e
spectiibidnpe frofn fHoat MP@3m twhabe&i10,00aink. r ef er ence materi al
" is incorporated into said senor elenents or is
positioned in proximty to said sensor elenents. 27.
T f [
18| 1Ge SRURER ol 1, SEHE) 280 AR Rehe R RO, e
spectrat mg@fmgl dboat 3@iminao dbeitt 2L Wtrinon devi ce to the base
pl ate, wherein the sanple distribution device
conprises the cover lTayer . and a fluidic distribution
layer, and wherein the fluidic distribution |ayer has
a plurality of grooves and cutouts that formthe
channel s and reservoirs. 28.The method of claim 27
further conprising providing a doubl e-si ded adhesi ve
filmw th through holes & to match said reservoirs
in said fluidic distribution |ayer and binding said
sensor filmcarrying base plate with said fluidic



19, The method of claim 16, wherein said optical response is obtained in the

spectral range from about 200 nm to about 1,500 nm.

20.  The method of claim I, further comprising the step of repeating steps at
predetermined time intervals before, during, and after exposure to said sample fo
obtain a temporal response, and utilizing said temporal response to determine rates of

response for said sensor array, and concentrations of analytes in said sample.

21.  The method of claim 20, further comprising the step of utilizing said temporal
response 1o identify systemn variables that are reflected in temporal changes in noise or
interference information obtained from at Ieast fWO-sensor array responses to improve

controi of said concentration of analytes in said substance.

22, The method of claim 21, wherein said temporal response is used to identify

“and eliminate outlier responses that do not reflect real system changes.

23, The method of claim 1, further comprising the step of providiﬂg an internal

optical reference material to calibrate said array response of said sensor elements.

24. - The method of claim 23, wherein said r_eference material comprises an optical

" response material comprising dyes, paints, and/or pigments.

25.  The method of claim 23, wherein said reference material comprises an optical

response material comprising inorganic, organic, and/or polymeric photonic crystals.

'26.  The method of claim 23, wherein said reference material is incorporated into

said sensor elements or is positione& 1n proximity to said SENSor elemerits.
27, The method of claim 1 further comprising depositing the plurality of sensor

elements on a base plate and attaching the sample distribution device to the base plate.

wherein the sample distribution device comprises the cover layer and a fluidic
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| distribution layer, and wherein the fluidic distribution layer has a plurality of groo;ves

and cutouts that form the channels and reservoirs.

28.  The method of claim 27 further comprising providing a double-sided adhesive
fiim with through holes cut to match said reservoirs in said fluidic distribution -layer
and binding said sensor film carrying base plate with said fludic distribution layer

‘using said adhesive film to create the plurahty of reservoirs, each containing one of

said sensor films, and channels connecting said reservoirs to said sample entry port.
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