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Abstract

Motivated by the design of an integrated CMOS-based detection platform, a simulation model for CCD and CMOS imager-based lumines-
cence detection systems is developed. The model comprises four parts. The first portion models the process of photon flux generation fron
luminescence probes using ATP-based and luciferase label-based assay kinetics. An optics simulator is then used to compute the incidel
photon flux on the imaging plane for a given photon flux and system geometry. Subsequently, the output image is computed using a detailec
imaging sensor model that accounts for photodetector spectral response, dark current, conversion gain, and various noise sources. Finall
signal processing algorithms are applied to the image to enhance detection reliability and hence increase the overall system throughput. Ti
validate the model, simulation results are compared to experimental results obtained from a CCD-based system that was built to emulate th
integrated CMOS-based platform.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Luminescence probes; Modeling; CMOS sensor; Post-processing

1. Introduction of these four steps into a single miniaturized platform as
shownFig. 2 39
Conventional biological assays are highly repetitive, labor A variety of assay methods have been developed far
intensive, and require microliter volume samples. The asso-molecular detection. These methods include electrochem-
ciated biochemical protocols often require days or weeks to istry (Woolley et al., 1998 optical absorptionKunz, 1997, 42
perform at a cost of hundreds of dollars per test. Problemsinterferometry Yerpoorte et al., 1992 luminescence and 43
remain in detecting and quantifying low levels of biological fluorescenceHaugland, 1998 In this paper we focused on 44
compounds reliably, conveniently, safely and quickly. There luminescence detection or luminometry. This technique is
is also a growing interest in the development of inexpensive becoming increasingly popular due to its high sensitivitys
portable biosensors for environmental and biomedical diag- wide dynamic range, and relatively inexpensive instrumenar
nostics. Solving these problems will require the develop- tation. Superior sensitivity and low background distinguisks
ment of new techniques and sensors, not only to selectivelyluminometry from other analytical methods. Luminometryo
identify target compounds, but also to assay large numbersis up to five orders of magnitude more sensitive than absorjp-
of samples. tion spectroscopy and more than 1000 times more sensitaze
A biochemical testing procedure can be divided into four than fluorometry. A state-of-the-art luminometer can detest
steps: sample preparation, assay, detection, and data analysas little as 0.6 pg of adenosine triphosphate (ATP) or 0.1 fg
as shown irFig. 1. Currently, each step is being separately of luciferase {1100 molecules), two common luminescenta
automated and miniaturized. However, there continues to analytes Turner et al., 198 Numerous bioluminescent ss
be a need for designs that accommodate efficient integratedand chemiluminescent reactions are studied using lunsé
circuit manufacturing techniques to realize associated costnometry and are commonly used in biotechnology research,
savings. We have been investigating the integration of threeenvironmental testing, industrial applications, and clinicak
research. Among its many applications are the measuse-
ments of gene expression using reporter gene assays, dhe
msponding author. Present address: Packard 257, 350 Serra Mall determmaﬂo_n of mtrace”mar ATP, and DNA sequencmg. ot
Stanford, CA 94305, USA. Tel.+1-650-725-0696: ’ '’ Commercially available platforms for photon Qetectlomz
fax: +1-650-724-3648. use bulky CCD camera-based setups and require the ese
E-mail addressknsalama@stanford.edu (K. Salama). of large quantities of reagents due to the light loss in the

0956-5663/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
d0i:10.1016/j.bios.2003.12.031
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Assay Detection Data
Analysis

Sample
Preparation

Fig. 1. General system currently used for biochemical testing.

acts upon a luminescent probe. The second category is indi-

o, Assay & rect or linked detection in which the luminescent species inz
ample ? . ..
Dit:;t;g?s& directly measures the targeted characteristic, usually throwgh

an intermediate chemical proce3afg et al., 1995; Kosterios
et al., 1997; Van Dyke et al., 2002; De Mello, 199%/hile 105
multiplexing is feasible in direct target detection, indirects
Fig. 2. Proposed system for future biochemical testing. detection requires confinement of the photon generation pro-
cess as well as physical barriers for the independent raae-
tions. This physical isolation complicates the integration wb

optical path. As a result these systems are not well suitedj,qirect detection methods to miniaturized systems, since
to low cost applications. The development of imaging sen- high density mechanical barriers (e.g. micro-wells) as well

sors in standard complementary metal-oxide-semiconductor, g micro.scale solution delivery systems would be requirec.
(CMOS) technologies makes it possible to integrate SeNSINgince indirect detection is the more general of the two cats

and processing on the same integrated circuit, enabling ManYeqories, it is the focus of the following analysis. 114
low power and low cost applications. We have designed an

integrated CMOS-based detection platform for use with lu- 5 1 Luminescence light generation
minescent microarraysk(toukhy et al., 200%A major con-

cern in the design_ of such a miniaturized system is that th_e The time-dependent light generation from a typical lumits
photogenerated signals can be very weak and therefore dif+,oqcence process is a function of the underlying chemical

ficult to detect reliably. To quantify the detection limits of reaction kinetics. The rate of a reaction, in general, is the

the envisioned system for the required assay concentrationgee at which reactants are converted into products. If an-

and throughput, we built a complete model for simulating ,yme speciek (the catalyst) converts the substrate molecute
the path from photogeneration through the optical path to gy, productP, the stoichiometric formula is given by 121
detection and image post processing. Such modeling is used v,

fsKr

to guide the overall system design, whereby the special char-g + E"S'E + P, (1) 122
acteristics of a wide array of luminescent assaying methods o ) o
can be exploited to enhance detection sensitivity beyond thatwhereks andk; are the association and disassociation rate

115

of off-the-shelf CCD or CMOS-based sensors. constants. In (1) the reaction rate is defined by 124
In Section 2 we describe the light generation process d[P] d[s]
of luminescent probes and formulate the complete kinetic 3= dr . dr ke [SILE] — ke[ EILP], 2 15

model of ATP-based and luciferase label-based assays. In h q th trati fih
Section 3 we describe the model of the proposed lumi- where EJ, [§, and [P] are the concentrations of the enzymezo

nescent detection system including the associated Opticalsubstratetzn?tﬂroggctg tf:ecmsdliurg,lLerTs;ir)nectgler:)é N;‘q";'f:;ﬂ
pathway, imaging array characteristics, and applied signal Suppose that the above process 1 escence y ¢

processing algorithms. Finally, iSection 4 we present reaction with quantum yield, then the photon generation2e
simulation and experimental re’sults ratel in volumeV of the reaction mediumA(is Avogadro’s 130

number) would ‘be 131
d[P]
I= (OtVA)F = (aVA[E] k¢ [S] — ke[ P])- ) 13

2. Luminescence light generation processes
The total number of photons generated by this luminass

Luminescence assay techniques are divided into two gen-cence proceshlph (T), in the time intervall, would be 134
eral categories. The first is direct target detection in which
the photon emitting species physically interacts with the tar- Npn(7) = («VA)[ E] / (ki [S] — ke[ P])d. (4) 135
T

get of interest at a predetermined location. An example of

this approach is luminescence-based immunoassays, which In luminescence assays the experiment is typically setiep
usually involve probing a protein of interest with a primary in such a way that the luminescence probe (e.g. a light gen-
antibody that reacts with a secondary antibody. Light is pro- erating enzyme) either reports the quantity of a substrete
duced when the enzyme bound to the secondary antibodymolecule (e.g. ATP) or the molecule to which it binds (e.ge
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luciferase-based labels in immunoassays). The photon gen- Insuch assays, the number of target molecules can be very
eration rate from the luminescence reaction, which is a func- small resulting in a low but steady light. Long integratiofrs
tion of the target concentration, is then measured and corre-times, however, can be used to collect a significant number

lated to the target concentration. of photons. 177

2.1.1. Substrate detection kinetics 2.2. Models of specific luminescent assays 178
In the first group of luminescence assays, the rate at which

photons are generated represents the substrate concentratidh2.1. ATP measurement 179

given by (3). As the substrate is consumed by the catalyst, ATP bioluminescence assays are designed to meagsstre
the light intensity decreases and eventually approaches zerothe quantity of adenosine-Fiphosphate (ATP) in a sam-s1
If we assume that the disassociation rate is insignificant (i.e. ple (Schena et al., 1995Its applications include indirectis2
negligible inhibition), the light intensity with initial substrate measurement of bacteria, yeasts, fungi and other mss

concentration $] becomes croorganisms, which have a regulated number of ATPiia
d[P(1)] _{E: foodstuffs, beverages, water and other media. The assay
1(1) = (aVA) a—— (aVAYki[E][ Sole ™. ) typically employs recombinant luciferase to catalyze the
reaction 188
The total amount of photons from time= 0, the start of .
the process, to=T is ATP + luciferin 4- O3 luelterase AMP + oxyluciferin 189
Npn(T) = (@VA)[So] (1 — e MIEIT), (6) +COy, + PPi+ hv. (9) 190

The photon intensity in (6) is proportional to the target  In most practical assays, the concentration of luciferiniis
concentration, but the light intensity decays exponentially high enough that we can consider it to be in deep saturatian
with a time constant, which is a function of the catalyst as shown inFig. 3a In this case, and when product inhites

concentration and turnover rate bition is negligible, the rate of ATP consumption is givems
by 195
2.1.2. Catalyst detection kinetics
The second approach in luminescence assays is to link AIATP] — Iy [E][luciferinma][ATP g]e ki [Ellluciferinmads
the target molecule quantity to a luminescence catalyst. In ~ dt " T
this approach, excess substrate is used, making sure that (10) 198

its consumption does not affect the reaction kinetics. If the
saturation concentration for the substrateSgsJl and the
target concentration is equal to the catalyg}, [the light
intensity becomes

d[P
10 = @AM _ Ak [smadl E1 @)

wherek, is the association rate of luciferase macro-reactiape
We can rewrite (10) by substitutirkg = k| [ E][luciferinmay] 200
as the turnover rate of the ATP consumption to obtain 201

1(1) = (VA [ATPole . (11) 202

The quantum efficiency of luciferase is about 0.88, and

Since the light intensity based on (7) is time independent the turnover rate of the enzyme, depending on the raticcof
and proportional to the target (or the catalyst) concentration, luciferase to ATP, can vary from 0.1 to 1]‘5.(9|°‘.N com- 205
the total number of photons generated from this process isPared to flash). In the glow process, the light intensity 4%

a function of the integration time, i.e. approximated by 207
Noh = (@VAK [Smad[E]T: @ 1) ~53x10P?V[ATPole V. (12) 208
(e [ee]
[Luciferin] [Luciferin]
[ee]
ATPt  [Luciferase] H—p ATP A[Luciferase] Lo
Target Target
Molecule Molecule

@) (b)

Fig. 3. Block diagram of (a) ATP detection assay and (b) luciferase detection systemod)t®yifibol indicates excess concentration.
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2.2.2. Luminescent labels Pi, phosphate. As shown iRig. 4 this enzymatic system,u,

If the reporter of a specific biological process is the cata- regulates the light generation by recycling PPi, but the des
lyst of a luminescence reaction, the assay can be optimizedgrading enzyme, apyrase, breaks all nucleotide and Al
in such a way that the rate-limiting factor becomes the cat- molecules in time, thus decreasing the light intensity. If wer
alyst concentrationKricka, 1989. In such an assay, any assume that PPi regulation has a unity gain positive feed-
change in target concentration changes the catalyst concenback, and the turnover rate of apyrasedsthen the light 249
tration, therefore altering the photon flux intensity as shown generated by single incorporation from this bioluminometo

in Fig. 3h The light intensity in the case where luciferase ric assay is 251
is the label of the target becomes 1) = (aVA)k,[DNA]e"‘a’. (18) 252
1(1) ~ 5.3 x 10%?V[Eq]. (13) , o
For most practical applicationss ~ 0.05s ! andk, ~ 253
1s1, and thus the light intensity becomes 254
2.2.3. Pyrosequencin
yroseq g I() = 5.3 x 1073V[DNAJe 095 (19) 255

Pyrosequencing is a DNA sequencing method based on
the detection of released inorganic pyrophosphate during | (19) the negative effects of product inhibition are nets
DNA synthesis. Using a linked enzymatic reaction, visible jncluded. While these unwanted pathways can potentiaty
light (at 562 nm) proportional to the number of incorporated ajter the kinetics of the reaction and the light intensity s

nucleotides is generateBrovko etal., 1994; Ronaghi etal.,  general, one can still approximate light intensity in casesvia
1996; Ronaghi, 2001 The enzymatic cascade begins with a \hich the sample concentration is low. 260

DNA polymerization reaction in which inorganic pyrophos-

phate (PPi) is released as a result of nucleotide incorporation

by polymerase. The released PPi is subsequently converted. Detection system modeling 261
to ATP by ATP—sulfurylase. The synthesized ATP provides ) ) .

the energy for luciferase to generate photons. Unincorpo- Having established a comprehensive model for the quas-
rated deoxy-nucleotides and ATP are degraded by the en-tlum efficiency of bioluminometric assays, we now discuss
zyme apyrase to chemically reset the enzymatic system af.the detection portion of the system. \{anous detection
ter the incorporation test. The enzymatic reactions in this SyStéms have been developed for luminometry. By fas

method are given by the most sensitive detection devices are photomultiplies
tubes (PMTs), which via a photocathode and a serieszof
(DNA), + dNTP F>0|L>e""se(DNA)nHJr PPi (14) amplifying dynodes can generate up to one million eless

trons for every incident photon. These devices are vesy
sensitive since their noise can be removed easily usingra
level-discriminator. However, they are costly and require
_ high operating voltages (1000 VDC), precluding their use

ATP + luciferin + O» '“C'ﬂie AMP + oxyluciferin in a portable system. Furthermore, the overall photon des-
) tection efficiency of PMT-based systems is limited to 1-48%

+COz + PPi+ hv (16) by the optics and the low quantum efficiency (10%) ofs

PMTs. Finally, multiplexed imaging is not readily feasiblers

dNTP AL”"sdeMer 2Pi, (17) using PMT’s, as they are relatively large and thus unsuitz
able for dense arrays. It is this aspect of PMT’s that has

where APS is adenosine phosphosulfate, AMP, adenosinemost limited their use and applicabilitvgn Dyke et al., 279

. —Sulfuryl
PPi+ APS " "V ATP + 50,2 (15)

monophosphate, dNTP, deoxynucleotide triphosphate, and2002. 280
Target Molecule
[DNA] [APS]OO
* [Luciferin]
dNTP ATP

. ATP- L . PPl_hUQ

| [Polymerase] 'TF Ly Sul[furylase] »| [Luciferase] >

»  [Apyrase] [Apyrase]

Fig. 4. Block diagram of pyrosequencing in which PPi released from DNA polymerization is measuredodfhsyifibol corresponds to excess
concentration. Apyrase competes with polymerase and luciferase for dNTP and ATP consumption.
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281 The most commonly used visible range imaging sensor minescent assay signals, thereby drastically increasing ao-
282 architectures employ either charge-coupled device (CCD) ortodetection efficiency to ne®E limited percentages whiles22
283 CMOS photosensor arrays. The major difference betweeneliminating expensive and bulky optics. This improvemest
284 the two is the specific readout mechanism used. CCDs em-alone can increase sensitivity of the system by an ordesnf
285 ploy a “bucket brigade” to serially shift out the photogener- magnitude. Although other&fgers et al., 1994; Lamtures2s
286 ated electrons accumulated at each photosite. CCDs are fabet al., 1994 performed such detection using a CCD-based
287 ricated in a nonstandard semiconductor process that is solelysensor, it is the leveraged use of an integrated CMOS pto-
288 optimized for sensing and charge transfetolst, 199). cess that leads to considerable overall gains in system par-
289 As a result, CCD image sensors achieve very high sensi-formance. More specifically, CMOS makes true low powen
290 tivity, low noise, and low non-uniformity; hence they have operation possible, with the ability to integrate both the ADszo
201 earned a central place in the biological imaging arena. Al- and the DSP on chip enabling high quality detection coms
292 though PMTs are more sensitive, unfortunately it has been bined with incomparable portabilitye{ Gamal et al., 1999 332
293 our experience that ensuring the reliability of the chem- Intelligent use of CMOS circuitry can be used to compesss
204 istry itself places the true lower bound on detection re- sate for non-idealities engendered by the poorer quality (k-
295 quirements and thus CCDs do not have practical deficien- ative to CCDs) of added noise from the readout chain. ks
296 cies in this respect. Since the thermal and shot noise gen-clusion of transparent on-chip background subtraction ans
297 erated from the photodiode junction cannot be differenti- signal averaging circuitry are two examples that can he#p
208 ated from the photogenerated signal, cooling the device isimprove CMOS detection quality beyond that of CCD’sss
299 the primary means of reducing such noise to negligible lev- Background subtraction removes the deterministic thermatly
300 els. Although liquid nitrogen is used in applications requir- generated portion of the photodiode signal, leaving only its
301 ing extreme sensitivity (77 K), a lower cost and typically shot noise component that has a variance equal to the sqsrare
302 adequate solution involves incorporating a stack of Peltiers root of its mean. Signal averaging lowers the independesat
303 to cool the sensor down to as low as 200K. This, how- noise components by#, wherenis the number of indepen-sas
304 ever, requires the use of several high supply voltages result-dent samples. Indeed, using CMOS as a biological platfasn
305 ing in high power consumption. Moreover, no other ana- has the potential of making “in the field” biological testing s
306 log or digital circuits, such as for clock generation, timing, reality. 346
307 analog-to-digital (A/D) conversion, digital processing and A conceptual schematic of the proposed integrated sys-
308 storage, can be integrated with a CCD image sensor on a sintem in which the chemistry is directly coupled to th®s
309 gle chip resulting in multi-chip imaging system implemen- CMOS-based detection chip is shownhig. 5a A block 349
310 tations with high power consumption, high cost, and large diagram of the proposed detection chip is showfim 5h 350
311 Size. It consists of a 2D array of pixels, each containing a phess
312 CMOS, on the other hand, offers the benefits of CCDs todetector and transistors for readout. The collected charge
s13 With the possibilities of circumventing many of their draw- from each pixel is read out and converted in parallel te=
s14 backs. For instance, CMOS offers complete customizability digital format via an array of per-pixel analog-to-digital corss
a15 Of the photodetection array to suit the requirements of the verters (ADCs). The system includes memory for on-chigs
a16 Specific biological application. Hence the detection area of storage of multiple frames. Moreover, a dedicated digitaé
317 €ach photodiode can be optimally sized with respect to the signal processor (DSP) is integrated on the chip to perfasn
a1 assay volume and its light generation characteristics. Fur-any needed computations, such as for background subtsgec-
s19 thermore, this quality allows one to forego intermediary op- tion and read noise reduction. A detailed description otz
a0 tics and to perform “contact” photonic detection of chemilu- prototype is provided inEltoukhy et al., 200%

Pixel Array

Per-Pixel ADC Array

Memory
DSP

(a) (b)

Fig. 5. (a) Conceptual schematic of the proposed integrated platform demonstrating the tight coupling between the sensor array and the &dglogical as
reactions and (b) block diagram of the detection chip showing its main components.
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U=2f

(c) (d)

Fig. 6. (a) Model of light loss in camera-based system, (b) optical model of sensor-coupled assay, (c) simulated 2D sensor-plane intengity, distribut
and (d) 3D sensor-plane intensity distribution.

In Sections 3.1, 3.2 and 3We describe the modeling fraction of light collected by the lens) is proportional ter2
and algorithms involved in the optics, image sensor and (NA)?2, the efficiency of a camera-based system (Bgp 373

post-processing components of the detection chain. 64 for typical parameter values @ = 0.5 f andU = 2f, 374
wheref, the focal length is a mere 1.6%. Optical efficiencys
3.1. Optics model can be greatly improved by directly coupling the chemisteys

to the detection chip surface as proposed in our integrated
We first compare the optical efficiency of direct coupling system. For example, takin = 100um (photodetector 378
to a conventional camera-based imaging system. Assumingsize) andU = 15um, the optical efficiency becomes 91%z79
that the object to be imaged is a point source located a To accurately compute the optical efficiency for theo
distanceU away from the lens (or the imaging surface in direct coupling scenario, we use an optical simulatet
the case of direct coupling), the numerical aperture NA of (LightTools™) and the specific luminescent assay and ses

the object side can be approximated using geometric opticssor parameters of the proposed setup to compute the paint
by Sin @max), Wherefmax = tan~t (D/2U) whereD is the spread function, PSF (i.e. the function describing the distti4
diameter of the lens aperture. Since optical efficiency (i.e. bution of light at the imaging plane due to a point source

Vb

QA
Reset

Vo Qmax

i \ high light
S N l TG

— — >
(a) () Tin t

ow light

Fig. 7. (a) Simplified photodiode pixel model and (b) photocharge vs. time under different illumination conditions.
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Qshot Qread g

idc
i, (0) T

© +0.) 4

Fig. 8. Image sensor model, including added dark current, shot and read noises.

at the object plane). The PSF relates to the degree of blur-
ring encountered in an optical system and can be used to
calculate the resultant light intensity at the image plane due
to the finite separation distance between the assay and the
sensor. This is performed by convolving the derived PSF
with the intensity distribution at the object plane to obtain
the corresponding distribution at the imaging plafig. 6b
depicts a simplified model of the imaging setup and the
simulated intensity distribution at the sensor plane is plotted
in Figs. 6¢c and d

-
3.2. Image sensor model (@) (b)
Fig. 9. Microarray image (a) before post-processing and (b) after applying
An image sensor comprises an array of pixels each havingcross-talk reduction algorithm.
a photodetector and devices for readout. The sensor is typ-
ically operated in direct integration as illustratedHiy. 7.
Photons incident on the photodetector are converted into
photocurrent. The photocurrent is directly integrated over
the photodiode capacitan€®, into chargeQ. The amount
of charge that can be collected is limited by the well ca-
pacity Qmax- At the end of integration tim@j, the charge
is read out as a voltage signd}, which is related ta@Q by
the conversion gaig, i.e. Vo = gQ. Fig. 8 summarizes the
overall image sensor model, including dark current, added
shot and read noise, and the conversion gain.
The efficiency of converting incident photons to photocur-
rentipn(t) is governed by the spectral respongg) of the
detector, where. is the emission wavelength, and is given

by

iph(®) = n(A) Iincident(?). (20)
Several sources contribute to noise during the collection

of the photogenerated signal including dark currigaiand

photocurrent shot noise, reset noise, and readout noise. The
total added average noise power can be expressed as

3.3. Image post-processing 425

Once the image data is collected, post-processing alge-
rithms can be applied to correct for non-idealities in botbr
the optics and image sensor. For instance, the PSF camzbe
used to correct for assay cross-talk using conventional equal-
ization techniques, such as Weiner filtering. This enables
higher throughput for the detection system, since tighter &s-
say pitches can be toleratdelg. 9 shows an example of thisss2
filtering technique on an image with excessive cross-talks
Additionally, subtraction of both the chemical and detecton
backgrounds as well as digital accumulation incorporatisg
the reaction kinetics can be performed to enhance SNR and,
thus, detection reliability. 437

4. Simulation and experimental results 438

By combining the models and algorithms discussed 41
the previous sections for the reaction kinetics, optical pati,
of = %(Q + Qdo) + Qlead (21) image sensor and post-processing, the minimum detectahle
analyte concentration can be estimated for a given seuaf
where the first term is the average power of the integrated detection system parameters. A block diagram of the lumis
shot noise of both the signal and the dark curré,_ is nescence detection system simulator that implements these
the average read noise power, apd= 1.602 x 10-19C. models is shown ifrig. 10 The simulator, including the re-ass
The signal-to-noise ratio, SNR, is defined as the ratio of the action kinetics and image sensor models, are coded in Mad-
photogenerated signal power to the noise power and is givenlab, while the optical efficiency and PSF for a given systemnr

by geometry are calculated using LightToBfsand passed ass
5 arguments to the Matlab script. 449

SNR = Q_2 (22) To validate the above simulation model, we built an isaso
On lated imaging chamber for luminescence detection. The sis-
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[Luminescence Reaction H Optics H Photon Detection HPost-Processing}

kt : Turnover rate of ATP System Geometry n(A) : Spectral response Background subtraction
ka : Turnover rate of Luciferase Material properties Idc : Dark Current Cross talk reduction

o, : Luciferase Efficiency Tint: Integration Time SNR Enhancement

V : DNA Volume o, : Read Noise

Fig. 10. Block diagram of luminescence detection system simulator.

Robot Arm

Ultrasonic sprayer

CCD

Fig. 11. Image of the prototype system including a robot-arm, an ultrasonic sprayer and a cooled CCD sensor.

tem employs an ultrasonic sprayer attached to a roboticin an integrated CMOS detection system, a scientific-grade
arm for nucleotide and enzyme delivery to the target assaysCCD (Hamamatsu HC230) is incorporated with the ultra
above the imaging apparatus as showhim 11 In order to sonic sprayer. The system allows direct placement of the
simulate the types of conditions that would be encountered assay slide onto the CCD. The CCD output is connected to

0.6 T T 1.6 T T
1.4} .
0.5F ~
1.2F b
0.4} .
1k -
S =
=0.3 - s0.8| -
g >
0.6} -
0.2 -
0.4} -
0.1 -
0.2F E
0 4 i 0 . A
0 200 400 600 0 200 400 600
(a) Pixel Column (b) Pixel Column

Fig. 12. (a) Plot of measured output signal voltage from each column of the CCD array for two adjacent 0.1 pmol wells and (b) same output aftel
applying signal processing algorithms to reduce the effect of the system PSF.
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8 T T T e junction with Tiny = 10 s and 10@um x 100um diode sizes 494
would be needed to achieve a signal-to-noise ratio of 1.
7 d

This implies that an integrated CMOS-based luminescenge
detection system would be capable of performing pyroser
guencing with as little as 1 fmol of DNA, an amount three ofes
L | ders of magnitude lower than current commercial machines.
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5. Conclusion 500

Sensor Signal (V)
B~

We described a simulation model for CCD and CMOSs
based luminescence detection platforms. The model quaaoti-
fies the photon flux generated by luminescence probes using
--------- ATP-based and luciferase label-based assay kinetics. ddae
i ; ; i i photon flux coupled with the system geometry is then usesl
¢ 8 9 .nm;'?sec) = 3 0 to calculate the incident photon flux on the imaging plarses

Subsequently, the output image is computed using a ste-
Fig. 13. Expgrimental Qata VS. comb_ineq chemistry ar_1d sensor simulat_ion tailed image sensor model. We constructed a prototype sys-
?Q:Cegsﬁted signal vs. time of nucleotide incorporation in a Pyrosequencing tem to experimentally verify the developed models. Usisg
' this experimental setup we are able to obtain accurate mea-
surements of the quantum efficiency, temporal kinetics and
a dedicated PC for simultaneously controlling the robotic spatial distribution of the reaction, which are used to calz
arm of the sprayer, capturing images, and processing the aseulate the optimal assay sizes and throughput limits for the
say data to achieve accurate detection. We implemented &CMOS-based system. 514
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