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ACTIVE CMOS BIOSENSOR CHIP FOR 
FLUORESCENT-BASED DETECTION 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is a continuation-in-part of US. patent 
application Ser. No. 11/431,405, ?led May 9, 2006, which 
claims the bene?t under 35 U.S.C. §119(e) of US. Provi 
sional Patent Application No. 60/679,545, ?led May 9, 2005, 
which are hereby incorporated by reference herein in its 
entirety. This application also claims the bene?t under 35 
U.S.C. §119(e) of US. Provisional Patent Application No. 
60/799,408, ?led May 9, 2006, which is hereby incorporated 
by reference herein in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

This invention was made with United States Government 
support under National Science Foundation Grant No. BES 
0428544 and National Institutes of Health Grant No. 
HG003089. The United States Government may have certain 
rights in this invention. 

BACKGROUND OF THE INVENTION 

1. Technical Field 
The present invention relates to ?uorescent-based detec 

tion. More particularly, the present invention relates to sys 
tems and methods for providing time-gated, time-resolved 
?uorescent-based detection on an active complementary 
metal oxide semiconductor (CMOS) biosensor chip. 

2. Description of the Related Art 
An assay is a qualitative and/or quantitative analysis of an 

unknown analyte. In one example, an assay can be a proce 
dure that determines the concentration and sequences of DNA 
in a mixture. In another example, an assay can be an analysis 
of the type and concentrations of protein in an unknown 
sample. 

Surface-based sensing assays are typically performed in 
environmental and biomedical diagnostics. The detection of 
analytes (targets) in a mixture is often implemented at a 
solid-liquid interface. Passive solid supports, which include 
glass substrates or polymer membranes, have probe mol 
ecules (i.e., “probes”) immobilized on the surface of the solid 
supports that are used to bind the analytes of interest. Probes 
include, for example, proteins and nucleic acids. Probes are 
selected based on the analytes of interest such that there is a 
strong and speci?c interaction between a particular type of 
probe and a particular target. 
More than one analyte can be detected using multiplexed 

detection. In multiplexed detection, different types of probes 
are arranged in an array on the surface of the solid supports. 
Each type of probe results in a strong and speci?c interaction 
with a different analyte of interest. For example, in DNA 
analysis, high density microarrays are used to examine gene 
expressions at the scale of entire genomes by simultaneously 
assaying mixtures derived from expressed mRNA against 
thousands of array sites, each bearing probes for a speci?c 
gene. Microarrays generally quantify target concentrations in 
relative terms, for example, in the form of a ratio to hybrid 
ization signal obtained using a reference target sample. Other 
biosensing applications are calibrated to provide absolute 
target concentrations. 

Fluorescent-based detection is commonly used for quanti 
fying the extent of probe-target binding in surface-based 
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2 
sensing assays. In ?uorescent-based detection, a target is 
labeled with a ?uorophore molecule, which can cause the 
target ?uorophore to be ?uorescent. Traditional microarray 
scanners include an excitation source, such as a laser, that 
emits light on the bound target ?uorophores. This causes the 
target ?uorophores to emit ?uorescent light that is focused 
and collected (through a generally lossy optical path) onto a 
cooled charge-coupled device (CCD) or a photomultiplier 
tube (PMT). Optical ?ltering is typically used to improve the 
signal-to-noise ratio (SNR) by removing background light or 
re?ected excitation light. In addition, the arrays are generally 
sensitive to particular ?uorophore concentrations from 108 to 
101 l cm_2. 

Characteristic lifetimes are associated with each ?uoro 
phore. The lifetime is de?ned by the transient exponential 
?uorescent decay of the ?uorophore once the excitation 
source is removed. The lifetime, which is typically on the 
order of nanoseconds for organic dyes, is characteristic of the 
dye and the environment, and can be used in addition to color 
and intensity for multiplexed detection. Quantum-dot ?uoro 
phores can have lifetimes exceeding 15 nanoseconds at the 
cost of slightly lower quantum yields. Fluorescent lifetime 
detection, for example, has been employed for capillary elec 
trophoresis in both the time and frequency domain. Fluores 
cent lifetime is also sensitive to excited-state reactions, such 
as ?uorescent resonance energy transfer (FRET), which 
allows for the detection of macromolecular associations 
labeled by two different ?uorophores. For micro-arrays, 
FRET can be used to detect in situ real-time hybridization 
kinetics in which both the probe and target are ?uorophore 
labeled. 

In most commercial time-resolved systems, PMT detectors 
use time-correlated single photon counting (TCSPC). In this 
case, sensitivity is limited by a dark count, which is typically 
about 400 Hertz (Hz). For a typical peak quantum e?iciency 
of 25%, this corresponds to a detection limit of approximately 
2><105 photons/cm2 sec (i.e., 5><10_7 lux) for an SNR of 20 
decibels (dB). For an effective lifetime measurement, a detec 
tion limit of at least ten times this can be expected. The time 
resolution (as determined by the full width at half maximum 
(FWHM) of the impulse response of the PMT) is limited by 
jitter in the PMT and instrumentation, and can be less than 50 
picoseconds (ps). 
The response of the ?uorophore is characterized by the 

absorption cross-section and quantum yield. Typical ?uoro 
phores have cross-sections between 2x10“ 1 7 cm2 and 8x10“ 1 6 
cm2, corresponding to molar extinction coef?cients between 
6:50,000 cm_lM_l and 200,000 cm_lM_l. Typical ?uoro 
phores also have quantum yields (11) of between 0.05 and 1.0. 
For example, for 11:05 and 6:50,000 cm_lM_l, under 
steady-state illumination, a detection limit of 2><106 photons/ 
cm2 sec could correspond to surface detection limits down to 
2><102 molecules/cm2 with an excitation power of 1020 pho 
tons/cm2 sec. Detection limits this low are said to characterize 
single-molecule detection capabilities. Actual detection lim 
its are usually several orders of magnitude greater than this 
and are limited by background4either the effectiveness of 
optical ?ltering in removing the excitation wavelength or in 
removing stray ?uorescence. Lower excitation power also 
results in higher detection limits. 
Known surface-based sensing assays are typically pro 

vided on external, macroscopic instruments. Such instru 
ments are often expensive, large, and complex. 

Therefore, there is a need in the art to provide a low cost, 
compact, and integrated chip for surface-based sensing arrays 
that provides capabilities similar to those on the macroscopic 
instruments. 
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Accordingly, it is desirable to provide methods and sys 
tems that overcome these and other de?ciencies of the prior 
art. 

SUMMARY OF THE INVENTION 

In accordance with the present invention, systems and 
methods are provided for providing time-resolved, time 
gated ?uorescent-based detection on an active complemen 
tary metal oxide semiconductor (CMOS) biosensor chip. 
An active CMOS biosensor chip for ?uorescent-based 

assays is provided that enables time-gated, time-resolved 
?uorescence spectroscopy. Analytes are loaded with ?uoro 
phores that are bound to probe molecules immobilized on the 
surface of the chip. Photodiodes and other circuitry in the chip 
are used to measure the ?uorescent intensity of the ?uoro 
phore at different times. These measurements are then aver 
aged to generate a representation of the transient ?uorescent 
decay response of the ?uorophores, which is unique to the 
?uorophores. This data can then be used for further analysis 
of the analytes. 

In addition to its low-cost, compact form, the biosensor 
chip provides capabilities beyond those of macroscopic 
instrumentation by enabling time-gated operation for back 
ground rejection, easing requirements on optical ?lters, and 
by characterizing ?uorescence lifetime, allowing for a more 
detailed characterization of ?uorophore labels and their envi 
ronment. The biosensor chip can be used for a variety of 
applications including biological, medical, and in-the-?eld 
applications. The biosensor chip can be used for DNA and 
protein microarrays where the biomolecular probe is attached 
directly to the chip surface. The biosensor chip can also be 
used as a general ?uorescent lifetime imager in a wide-?eld or 
confocal microscopy system. For example, the biosensor chip 
can be used as an imager in a conventional wide?eld epi?uo 
rescent microscope for lifetime imaging. 

According to one or more embodiments of the invention, a 
method is provided for operating an imager with time-re 
solved, time-gated ?uorescent-based detection comprising: 
(a) receiving light from a ?uorescent source on a complemen 
tary metal oxide semiconductor (CMOS) biosensor chip, 
wherein the ?uorescent source is excited by an external 
pulsed excitation light source; (b) directing the light source to 
turn off after a ?rst time period; (c) measuring a ?uorescent 
light from the ?uorescent source on the CMOS biosensor chip 
after a second time period measured from when the light 
source is directed to turn off; (d) repeating (a)-(c) a number of 
times; and (e) averaging results from each measuring. The 
biosensor chip can be used as a microarray or as an imager in 
a wide?eld epi?uorescent microscope for lifetime imaging. 

According to one or more embodiments of the invention, a 
system is provided for time-resolved, time-gated ?uorescent 
based detection comprising: an external pulsed excitation 
light source; and a complementary metal oxide semiconduc 
tor (CMOS) biosensor chip coupled to the light source, 
wherein the CMOS biosensor chip is operative to (a) direct 
the light source to turn on, (b) direct the light source to turn off 
after a ?rst time period, (c) measure a ?uorescent light from a 
?uorescent source on the CMOS biosensor chip after a sec 
ond time period measured from when the light source is 
directed to turn off, (d) repeat (a)-(c) a number of times, and 
(e) average results from each measure. The CMOS biosensor 
chip can include at least one driver, at least one photodiode, 
processing circuitry (e. g., sample-and-hold circuitry, analog 
to-digital converter, and accumulator), and control circuitry. 
The CMOS biosensor can also include delay circuitry. The 

20 

30 

35 

40 

45 

50 

55 

60 

65 

4 
biosensor chip can be used as a microarray or as an imager in 
a wide?eld epi?uorescent microscope for lifetime imaging. 

According to one or more embodiments of the invention, 
an apparatus is provided for time-resolved, time-gated ?uo 
rescent-based detection comprising: a ?rst printed circuit 
board on which is mounted a pulsed excitation light source; a 
second printed circuit board on which is mounted a comple 
mentary metal oxide semiconductor (CMOS) biosensor chip; 
and at least one cable with a ?rst connector attached to the ?rst 
printed circuit board and coupled to the light source and a 
second connector attached to the second printed circuit board 
and coupled to the CMOS biosensor chip. The CMOS bio 
sensor chip can be operative to measure a ?uorescent decay 
response of at least one ?uorescently labeled target, wherein 
the target is bound to a probe immobilized on the surface of 
the CMOS biosensor chip, and wherein the ?uorescent decay 
response is measured a plurality of times at a time period 
measured from a time when the light source is turned off after 
a period during which the light source is turned on. 

There has thus been outlined, rather broadly, the more 
important features of the invention in order that the detailed 
description thereof that follows may be better understood, 
and in order that the present contribution to the art may be 
better appreciated. There are, of course, additional features of 
the invention that will be described hereinafter and which will 
form the subject matter of the claims appended hereto. 

In this respect, before explaining at least one embodiment 
of the invention in detail, it is to be understood that the 
invention is not limited in its application to the details of 
construction and to the arrangements of the components set 
forth in the following description or illustrated in the draw 
ings. The invention is capable of other embodiments and of 
being practiced and carried out in various ways. Also, it is to 
be understood that the phraseology and terminology 
employed. herein are for the purpose of description and 
should not be regarded as limiting. 
As such, those skilled in the art will appreciate that the 

conception, upon which this disclosure is based, may readily 
be utilized as a basis for the designing of other structures, 
methods and systems for carrying out the several purposes of 
the present invention. It is important, therefore, that the 
claims be regarded as including such equivalent constructions 
insofar as they do not depart from the spirit and scope of the 
present invention. 

These together with the other objects of the invention, 
along with the various features of novelty which characterize 
the invention, are pointed out with particularity in the claims 
annexed to and forming a part of this disclosure. For a better 
understanding of the invention, its operating advantages and 
the speci?c objects attained by its uses, reference should be 
had to the accompanying drawings and descriptive matter in 
which there are illustrated preferred embodiments of the 
invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Various objects, features, and advantages of the present 
invention can be more fully appreciated with reference to the 
following detailed description of the invention when consid 
ered in connection with the following drawings, in which like 
reference numerals identify like elements. 

FIG. 1 is a block diagram of a sensor chip in accordance 
with an embodiment of the invention. 

FIG. 2 is a timing diagram of time-resolved, time-gated 
?uorescent-based detection in accordance with an embodi 
ment of the invention. 






















