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a b s t r a c t

Microfabricated devices will have a large impact on many aspects of analytical chemistry from clinical
diagnostics to security applications due to their small size, ease of fabrication, portability and low sample
volumes. In this report we compare quantum dot (QD)-peptide fluorescence resonance energy transfer
(FRET) and subsequent FRET-based monitoring of enzymatic proteolysis on both a conventional laboratory
fluorescent assay plate reader and an electroluminescent-charged-coupled device (EL-CCD) microchip
detection platform. The EL-CCD setup combines the spatial detection of CCD with the simple illumination
provided by EL strips to measure fluorescence from multi-well credit card-sized sample chips. Data on
FRET between a QD donor and a dye-labeled peptide acceptor along with their usage as a substrate
for trypsin proteolysis were collected on both platforms and analyzed. Despite a greater than 12-fold
rotease sensor
rypsin
icrofabricated device

iosensor

reduction in assay volumes in the microchip format and simplification of excitation/emission monitoring,
the data reflected a general agreement including an analysis of the QD donor–dye acceptor FRET efficiency
and the determination of proteolytic kinetic parameters such as enzymatic velocity Vmax and the Michaelis
constant KM. The EL-CCD was further utilized to monitor specific ovomucoid inhibition of trypsin activity.
The results suggest that the unique properties inherent to QDs can be combined with the reduced-scale
nature of microfabricated devices to make them suitable for a variety of focused bioanalytical applications,
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. Introduction

The benefits of performing all forms of chemical analysis in a
educed scale on microfabricated devices are rapidly being realized
1–4]. The myriad applications that utilize these devices including
oint-of-care (POC) clinical diagnostics, global healthcare applica-
ions, pharmaceutical screening, and stand-alone security sensors
ill all benefit from their resulting scaled-down properties. These

evices are portable, easy to fabricate and consume low sample vol-
mes which can all reduce operational costs [1–4]. As the design
nd fabrication aspects mature, the focus shifts to the develop-
ent and optimization of the assays performed on these devices
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tics and global healthcare applications.
© 2008 Elsevier B.V. All rights reserved.

4–7]. Of particular importance are the choices of assay design, the
ignal transduction modality and the reagents utilized. It is clear
hat both simplification and wide applicability are key criteria to
e incorporated [1–4].

The unique properties of luminescent semiconductor nanocrys-
als or quantum dots (QDs) suggest that they may be especially
ell-suited to broad utilization as a fluorescent label in microchip-
ased assays. Along with high quantum yields and exceptional
esistance to both chemical- and photo-degradation, QDs possess
arrow size-tunable photoluminescent (PL) emissions coupled to
road absorption spectra and high molar extinction coefficients.
n addition, the ability to excite them at any wavelength below
heir emission band allows large effective Stoke’s shifts [8,9]. QDs

lso have unique properties that make them ideal fluorescence
esonance energy transfer (FRET) donors [10,11]. They can func-
ion as both an exciton donor and a central nanoscale platform for
ttaching multiple dye-acceptors, which proportionally increases
he FRET efficiency [12]. A QD donor emission can be chosen such

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:Kim.sapsford@fda.hhs.gov
mailto:Igor.Medintz@nrl.navy.mil
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and unreacted Cy3 dye was removed by purification with three
consecutive 0.5 mL columns of Ni-NTA–agarose. After loading the
reaction onto the Ni-NTA media, the columns were washed with
10 mL PBS before the Cy3-peptide was eluted with 300 mM imi-
dazole in PBS. A reverse-phase OPC oligonucleotide purification
4 K.E. Sapsford et al. / Sensors

hat it optimizes spectral overlap with a designated acceptor and
he QD in this FRET pair can be excited at a wavelength that

inimizes direct acceptor excitation; two particularly important
RET requirements [10–12]. QDs also offer the possibility of mul-
iplex sensing based on immuno-fluorescence and FRET formats
13,14]. Cumulatively, these unique properties suggest that QDs
an simplify the excitation and emission instrumentation needed
o perform both fluorescent and FRET-based assays on microchip
evices.

As a super-family of enzymes, proteases play key functions in
any normal biological processes [15,16], are participants in many

iseases including cancer along with several genetic disorders
15–18], and many infectious bacterial and viral microorganisms
se proteases as essential virulence factors [15,19,20]. As such,
onitoring proteolytic enzymes is directly important to pharma-

eutical drug development, certain biowarfare agent detection and
linical diagnosis [5,16,21]. FRET-labeled peptide substrates have
lready been applied to detecting a number of proteases including
otulinum neurotoxins [22], Hepatitis C virus protease [23], trypsin
24–26], and HIV protease [27]. In a previous report we described
he use of specifically designed peptide substrates conjugated to
Ds, where control over the average number of peptides attached
er QD, allowed us to specifically monitor the activity of the pro-
eases chymotrypsin, collagenase, caspase-1, and thrombin [28].

e further demonstrated the utility of this QD-peptide sensor con-
ugate by performing a pharmaceutical screening assay of potential
hrombin inhibitors [28].

In this report, we demonstrate the use of an electrolumines-
ent (EL)-charged-coupled device (CCD)-microchip platform for
haracterizing FRET-based QD-peptide bioconjugates as substrates
or protease sensing and compare the results to the same assays
arried out in a standard 96-well assay plate with a conven-
ional fluorescent plate reader. Changes in FRET were monitored
n response to trypsin addition, which cleaved the dye-labeled
eptides and altered the FRET in a concentration-dependent man-
er (see schematic in Fig. 1A), and data were analyzed within
he Michaelis–Menten kinetic model. Measurements in the pres-
nce of the trypsin inhibitor ovomucid were also carried out on
he microchip. Despite an order of magnitude reduction in assay
olumes and simplification of excitation/emission monitoring on
he microchip, the data showed a remarkable equivalence across
he two platforms, suggesting that QDs may indeed be ideal fluo-
ophores for utilization on these devices.

. Materials and methods

.1. Materials

All chemicals were reagent grade and used as received from
he manufacturer. N-[2-hydroxyethyl] piperazine-N′[2-ethane sul-
onic acid] (HEPES), phosphate buffered saline (137 mM NaCl,
0 mM phosphate, 2.7 mM KCl, pH 7.4, PBS), imidazole, HPLC
rade acetonitrile, Tween-20, Corning® 96-well white polystyrene
on-binding surface (NBSTM) plates, trypsin (from bovine pan-
reas, MW ∼24 kDa, 10,000 BAEE units/mg) and the trypsin
nhibitor, ovomucoid, were obtained from Sigma–Aldrich (St.
ouis, MO). The peptide sequence CSTRIDEANQRATKL(P)7S(H)6
as synthesized by EZBioLab custom peptide service (West-

eld, IN). Nickel-nitroloacetic acid (Ni-NTA) agarose media was
urchased from Qiagen (Valencia, CA). OPC oligonucleotide purifi-
ation cartridges and triethylamine acetate buffer (TEAA) were
btained from Applied Biosystems (Foster City, CA). Cy3-maleimide
ono-reactive dye was purchased from Amersham Biosciences

Piscataway, NJ).
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.2. QD synthesis

CdSe–ZnS core–shell QDs with emission maxima centered at
30 nm were synthesized using stepwise reactions of organometal-

ic precursors in hot coordinating solvent mixtures following
he procedures described in references [29–32]. The nanocrystals
ere made hydrophilic by exchanging the native capping shell

f trioctyl phosphine and trioctyl phosphine oxide (TOP/TOPO)
ith bifunctional dihydrolipoic acid–poly(ethylene glycol)-ligands

DHLA–PEG600, PEG Mw ∼= 600), as described in references [33,34].
D absorption and emission spectra and DHLA–PEG600 ligand

tructure are provided in Fig. 1B and C.

.3. Fluorescent labeling of the peptide

1 mg peptide was initially dissolved in 1 mL of 10× PBS and
he peptide solution then combined with Cy3-maleimide mono-
eactive dye. The reaction mixture was incubated overnight at 4 ◦C
ig. 1. QD-Cy3-peptide sensor construct and the optical characteristics of the uti-
ized fluorophores. (A) Schematic diagram of the QD-Cy3-peptide FRET-based sensor
onstructs. Cy3 labeled peptides containing appropriate cleavage sites for trypsin are
elf-assembled onto the QD surface. FRET from the QD to the Cy3 dye quenches the
D PL. Trypsin cleaves the peptide altering the FRET signature. (B) DHLA–PEG600

hemical structure. (C) Normalized absorption and emission profiles of the 530 nm
Ds and Cy3 dye used in this study.
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artridge was then used to remove the imidazole and desalt the
y3-peptide. The OPC was first washed with 3 mL acetonitrile fol-

owed by 3 mL 2 M TEAA. The Cy3-peptide was loaded onto the
olumn and washed with 50 mL 0.02 M TEAA and the desalted Cy3-
eptide eluted, using 1 mL 70% acetonitrile in H2O. The column was
hen regenerated by washing with 3 mL acetonitrile followed by
mL 2 M TEAA, and the remaining sample solution reloaded for

urther rounds of purification as needed. The desalted Cy3-peptide
as characterized by UV–vis spectroscopy before being aliquoted,
ried down and stored at −20 ◦C until required.

.4. Fabrication of the 16-well sample chips

The 16-well sample chips used in this study were designed
n CorelDraw11 (Corel Corp. Ontario, Canada) and then micro-

achined in 1/8 inch black poly(methyl methacrylate) (PMMA)
Total Plastics, Harrisburg, PA) using a computer controlled Epilog
egend CO2 65W laser cutter (Epilog, Golden, CO). Before cutting,
oth sides of the acrylic sheets were coated with 3 M 9770 adhe-
ive transfer double sided tape (Piedmont Plastics, Beltsville, MD),
hich was later used to attach the polycarbonate (PC) tops and

ottoms which were also cut using the laser cutter. The wells were
leaned using Versa Clean® (FisherBrand, Pittsburgh, PA), followed
y washing with MilliQ water before drying with air, see Fig. 2.

.5. Fluorescence detection

A schematic of the assembled microchip sensing platform devel-
ped at the FDA is shown in Fig. 2 and consists of a Royal Blue
lectroluminescent (EL) strip (width 2.5 cm, length cut to the length
f the chip ∼7 cm) with a broad emission over the blue-green
avelength range (Being Seen Technologies, Bridgewater, MA), a
lue bandpass excitation filter HQ480/20× (Chroma Technology
orp, Rockingham, VT), a green bandpass emission filter D535/40 m
Chroma Technology Corp Rockingham, VT), and a cooled CCD

tik 16 camera (Adirondack Video Astronomy, Hudson Falls, NY),
quipped with a 5 mm Pentax extension and Pentax 12 mm f1.2
ens (Spytown, Utopia, NY: Model Number C61229). A number
f Pentax CCTV manual focus lenses, of varying focal lengths,
ere investigated and the lens chosen (Model Number C61215)

ig. 2. Schematic configuration of the EL-CCD microchip platform designed by
asooly and co-workers [42] (note, not to scale). The Atic-16 CCD camera is equipped
ith a 5 mm extension tube attached to a 12 mm Pentax f1.2 lens, pertinent dimen-

ions are included. A green band pass emission filter is mounted on the end of the
ens. The black acrylic box was designed to hold the blue EL strip, the blue band pass
xcitation filter and the acrylic 16-well sample chips, shown in more detail in the
hotograph (US penny coin included for scale). Sample chip dimensions of 5.4 cm
y 7 cm fit the acrylic box platform that holds the EL excitation source and the blue
xcitation filter. The 16-sample wells are confined within a 1.2 cm × 1.2 cm square
ocated in the optimal position for imaging.
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as found to be optimal for the current configuration of the EL-
CD detector platform described. All the system components are
nclosed in a black plastic box of dimensions 3 in. × 6 in. × 8 in.
Radioshack; www.radioshack.com). The EL requires 110 AC volts
upplied by an inverter (Being Seen Technologies, Bridgewater,
A). The CCD was equipped with a 16-bit analog-to-digital con-

erter allowing a dynamic range of 65,536 levels of grayscale to
e discerned. For assays, the microchip’s wells were filled with
�L/well and imaged with the EL-CCD platform using exposure

imes of 30 s and 60 s. The fluorescence images collected on the
CD were integrated and the intensities analyzed using ImageJ
oftware (rsb.info.nih.gov/ij/download.html). The ImageJ software
llows the mean intensity from the CCD image to be measured in
reas defined by the user. As described previously [42], intensities
rom individual samples wells within the CCD image were analyzed
sing a circle that encompassed an area ∼20% of the overall well
rea, allowing us to avoid the lighter circles that appear around the
arameter of the well images, see later figures. Mean intensity mea-
urements for all 16 wells in the CCD image were then imported
nto Microsoft Excel (Microsoft, Redmond, WA). The plate assays

ere conducted using standard 96-well plates and spectra were
ollected using a Tecan Safire Dual Monochromator Multifunction
late Reader (Tecan, Research Triangle Park, NC), set to average 9
eadings per well.

.6. QD-peptide FRET and trypsin assays

QD-donor to Cy3-acceptor labeled peptide FRET efficiency was
valuated by self-assembling an increasing molar ratio of dye-
abeled peptide per QD. This data was also used as a calibration
urve for converting changes in FRET efficiency collected from the
rypsin assay into enzymatic velocity (detailed below). The Cy3-
eptide was resuspended by dissolving in DMSO (∼5% of the final
olume) followed by 20 mM HEPES + 0.1% Tween-20 pH 8. Samples
onsisted of 20 pmoles of the QD-DHLA–PEG600 mixed with Cy3-
eptide at molar ratios of peptide-to-QD ranging from 0 to 10 in
EPES buffer. Final sample volumes utilized were 7 �L for the EL-
CD microchip studies and 100 �L for the plate reader studies. The
olutions were incubated at room temperature for 30 min before
se. Control experiments were carried out with free Cy3 alone and
D with free Cy3 to account for direct excitation of the dye and

olution-based FRET interactions.
For the trypsin assay, an optimal QD:Cy3-peptide ratio of 1:2

as exposed to the indicated concentrations of trypsin or no
nzyme control. Samples were mixed with enzyme and imme-
iately loaded into the sample microchips or the 96-well plate
or 5–10 min incubations and subsequent fluorescent measure-

ent. Trypsin inhibition by ovomucoid was also monitored using
he 16-well sample chips. The trypsin inhibition assay was pre-
ormed as described above with the addition of 1 �g of ovomucoid
o each trypsin concentration point prior to the addition of the
y3-peptide-QD. All assay points were performed in duplicate to
riplicate and standard deviations are shown where appropriate.

.7. Data analysis

Experimentally, the FRET efficiency En (n is the number of dye-
cceptors per QD) was determined using:

n = (FD − FDA)
(1)
FD

here FD and FDA designate the fluorescence intensities of the
onor alone and the donor in the presence of acceptor(s), respec-
ively [35]. The data from FRET efficiency were then analyzed within
he Förster formalism to determine values for center-to-center (QD-

http://www.radioshack.com/
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o-dye) separation distance r using expression (2) developed for a
entro-symmetric QD-peptide-dye conjugates [11,12]

=
(

n(1 − En)
E

)1/6

R0 (2)

0 designates the Förster distance corresponding to En=1 = 0.5 [35].
ecause of the rather high FRET efficiencies measured for our
et samples (compact conjugates), heterogeneity in the conjugate
alence needed to be accounted for in the analysis, in particular
or low ratios [28]. Using a Poisson distribution function, p(k,n), to
escribe the heterogeneity in conjugate valence, the FRET efficiency
in Eq. (2) can be further written as [36]:

(n) =
∞∑

k=1

p(k, n)E(k) with p(k, n) = e−nnk

k!
(3)

here n is the average acceptor-to-QD ratio used during reagent
ixing and k the exact number of peptide-dye conjugated to the
D.

For the trypsin assays, changes in the FRET efficiencies follow-
ng exposure of QD-substrate to increasing enzyme concentrations

ere compared to the FRET calibration curves, and a measure for
he concentration of digested substrate was determined as detailed
n reference [28]. Enzymatic velocities were then deduced by con-
erting the amount of digested peptide P to a concentration of
igested substrate per unit time (d[P]/dt). In the excess enzyme
ssay conditions used here, the maximum reaction rate Vmax and
he Michaelis constant KM (the enzyme concentration at which the
eaction proceeds at half the maximum rate) were then determined
sing:

= d[P]
dt

= Vmax[E]
KM + [E]

(4)

here [E] is the enzyme concentration [37–40]. For assays carried
ut in the presence of ovomucoid a known competitive inhibitor of
rypsin, the inhibition constant Ki was determined using:

app
M = KM

(
1 +

{
[I]
Ki

})
(5)

here Kapp
M is the apparent Michaelis constant in the presence of a

ompetitive inhibitor [37–40].

. Results and discussion

.1. Peptide self-assembly and fluorescent monitoring

Upon assembling the peptide-dye onto the QD, FRET inter-
ctions cause significant quenching of the QD donor PL. Added
rotease cleaves the peptide freeing the acceptor dye from the sur-

ace of the QD donor resulting in concentration-dependent increase
n QD donor PL, which is monitored for readout. The 530-nm QDs
sed in this study are made biocompatible through cap exchange of
he native capping ligands with DHLA–PEG600 (see Fig. 1B and C).
imilar to the design criteria outlined in our previous study [28], the
eptide structure used here consists of three essential components;
1) the polyhistidine (His)6 segment which attaches the peptide to
he surface of the QD via self-assembly, (2) the enzyme cleavage
ite, and (3) a unique terminal cysteine-residue which is labeled
ith the Cy3 acceptor dye in this case. We have recently confirmed
hat formation of the QD conjugate is mediated by metal-affinity
oordination interactions between the peptide’s N-terminal (His)6-
ract and the metallic surface of the CdSe–ZnS core–shell QDs [41].

e demonstrated that these interactions are driven by a strong
inding affinity with a derived dissociation constant of ∼1–10 nM

P
E
u
t
d
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nd provides for stable and functional conjugates within 10–15 min
f reagent mixing [28,41].

In this study we characterize the FRET-based protease biosen-
or using both a standard laboratory 96-well Plate Reader and an
L-CCD microchip platform, schematically shown in Fig. 2. The
L-CCD microchip platform was designed with the aim of pro-
ucing a portable, simple and inexpensive fluorescence detection
ystem capable of measuring multiple samples simultaneously and
as recently demonstrated using a commercial FRET-assay for
otulinum neurotoxin A [42]. Within the fluorescent detector, min-

mal optics are required beyond a focusing lens coupled with a blue
andpass filter used to select a narrow excitation band and a green
andpass filter (placed after the sample) used to isolate the QD
L and discard the excitation signal from the final CCD image. The
eed for waveguides, line generators, and mirrors that typically
ccompany other optical-based detection systems are bypassed.
he 16-well microchips require a rather small sample volume of
7 �L. The number of available wells on the microchip can, and has
een, easily scaled up to 96 during fabrication as desired. This setup
ontrasts with the Plate Reader which uses a complex excitation
nd multi-mirror/multi-lens/multi-PMT setup, and where assays
equire 100 �L sample volume [28].

.2. Determination of FRET efficiency

We began by evaluating the FRET characteristics for the peptide-
D bioconjugates collected on both platforms. Fig. 3A shows the
omposite PL spectra for increasing molar ratio of peptide-dye-to-
D collected on the Plate Reader (excitation at 300 nm). Fig. 3B

hows the corresponding loss in QD PL (converted to percentage
f the initial value) along with the FRET efficiency E. Fig. 3C and D,
espectively, show a typical fluorescence image for the same sample
atios collected on the EL-CCD microchip setup and the correspond-
ng FRET efficiencies. Also shown within each figure is the QD PL
oss as a function of the Cy3-peptide:QD ratio (plotted as percent-
ge of the initial value). Clearly, the QD PL decrease traces the ratio
f Cy3-peptide-to-QD used for either set of data. On the EL-CCD
icrochip, the donor PL decrease can be easily detected from the

uorescence image before integration and analysis, an indication
hat the emission filter allowed effective selection of the QD PL with

inimal contribution from the dye. Control experiments on the
tandard plate reader using solutions of QDs mixed with free dye or
ye-alone showed that solution-phase FRET and direct excitation
ontribution to dye emission were very small (data not shown).
imilarly, control experiments on the EL-CCD microchip platform
sing solutions of QDs mixed with free Cy3 dye showed a QD PL

oss due to solution-phase FRET much smaller than those mea-
ured for Cy3-peptide conjugates. Cy3 dye only controls showed
hat leakage of the acceptor emission into the QD channel as well
s direct excitation contribution to the Cy3 emission are negligible
see supplementary data Figure S1).

This set of data proves that changes in the PL spectra result from
RET interactions between QD and dye. In both cases, rather large
RET efficiencies were measured, though the values extracted from
he microchip were slightly higher. For instance, at an average ratio
f one peptide per QD ∼70% QD quenching is measured for the plate
ssay and ∼80% is measured on the microchip. For this reason, only
he plots for peptide-Cy3-to-QD ratios ranging between 0 and 4
re included; E essentially saturates at higher values. Fits to the
ata, carried out within the Förster formalism combined with the

oisson distribution to account for conjugate heterogeneity using
qs. (2) and (3), are shown in Fig. 3B and D. The experimental val-
es for the FRET efficiencies collected on both systems were higher
han those predicted for ratios between 0 and 2, even though the
ifference between experiment and fit is less pronounced for data
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Fig. 3. QD-to-Cy3-peptide FRET efficiency. (A) PL spectra resulting from assembling an increasing number of Cy3-peptides per 530 nm QD-DHLA–PEG600, taken using the
Tecan Plate Reader and a 96-well assay plate (only ratios 0–4 plotted). (B) Corresponding FRET efficiency (blue) and the corrected FRET efficiency (pink) from (A) as a function
of Cy3-peptide:QD ratio. Inset, QD PL quenching from (A) as a percentage (red). (C) EL-CCD image of 16-well sample chip loaded with samples consisting of an increasing
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atio of Cy3-peptides per 530 nm QD-DHLA–PEG600. Samples were loaded consecu
eing the highest ratio (10) and 4D a buffer control (no QD or Cy3-peptide). (D) Corr
unction of Cy3-peptide:QD ratio. Inset, QD PL quenching from (C) as a percentage
olour in this figure legend, the reader is referred to the web version of the article.)

ollected on the plate reader, compare Fig. 3B and D. The discrep-
ncy may be attributed to difficulties in estimating E when using
olar ratios smaller than one. For the microchip, however, the

xperimental E may be slightly overestimated since the emission
lter used (with a 515–555 nm bandpass range) discards a fraction
f the QD PL spectrum on both ends.

Regardless, analysis of the FRET E data (using a QD quantum
ield of 20% and a R0 value of 5.3 nm for this QD-dye pair) yielded
n average center-to-center separation distance of 4.5 nm for the
late Reader and 4.1 nm for the microchip data. These values clearly
eflect a compact QD-peptide-dye configuration and very close
roximity between dot surface and dye. This may be further facil-

tated by the peptide structure; the latter includes several proline
esidues in its sequence, which promote bending and an overall
onformation that brings the dye closer to the QD surface [43]. Our
easured FRET efficiencies contrast with those reported by Shi et al.

44] where 48 dye-labeled peptides were used to achieve compara-
le rates of FRET. The necessity for this high ratio in their conjugate
an be partially attributed to the low quantum yield of their QDs
fter surface capping with the peptides.

.3. Trypsin proteolytic assays
Confident that the microchip format could provide reason-
ble information on FRET efficiency and its dependence on the
ye-peptide-to-QD ratio, we proceeded to perform monitoring
f trypsin proteolytic activity. Trypsin cleaves peptidyl sequences

s
i
t
d
a

with increasing ratios from 1A (ratio 0) to 1D followed by columns 2–4, with 4C
ding FRET efficiency (blue) and corrected FRET efficiency (pink) from (C), both as a
ial value (red) and calculated using ImageJ. (For interpretation of the references to

n the C-terminal side of lysine (K) and arginine (R) amino acid
esidues and the peptide substrate sequence used in this study is
esigned to express three potential cleavage sites, two following
rginine residues and one following lysine. We chose to utilize this
nzyme for a comparison of the two analytical platforms as trypsin
s well characterized, readily available and widely applied.

In choosing the peptide-QD substrate ratio for assaying with
he enzyme, we utilize the above FRET efficiency data as a cal-
bration curve where selection of dye-to-QD ratio satisfies two
mportant criteria: (1) high initial FRET efficiency, followed by (2)

large change in the measured FRET efficiency upon interaction
ith the target enzyme, which would result in a broad dynamic

ange of accessible changes in FRET correlating to changing enzy-
atic velocity. We thus chose to utilize an average ratio of two

abeled peptides per QD. The QD-bioconjugates were allowed to
elf-assemble for 30 min prior to use and then exposed to the indi-
ated increasing concentrations of trypsin for short 5–10 min assay
imes. This format allows access to a wide range of enzyme concen-
rations and spans the range from near zero activity to maximum
elocity while allowing us to visualize the initial rates at each point.
he resulting CCD image taken from the microchip trypsin assay is
hown in Fig. 4A. Clearly as the concentration of trypsin increases

o too does the QD PL recovery, resulting in larger fluorescence
ntensities collected on the CCD image. This is a direct result of
he peptide cleavage and reduction of FRET-induced quenching,
ue to trypsin protease activity. The normalized QD PL recovery for
ssay solutions measured with both the Tecan Plate Reader and the
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Fig. 4. QD trypsin assay. (A) EL-CCD image of 16-well sample chip loaded with the substrates. Samples were loaded consecutively with increasing concentrations of trypsin
from 1A (0 nM trypsin) to 1D followed by columns 2–4, with 4D containing the highest concentration of trypsin, and each well containing the same amount of Cy3-peptide-QD
bioconjugate. (B) Plot of normalized QD PL recovery due to protease activity versus the concentration of trypsin, as measured at 530 nm with the Tecan Plate Reader (blue
circles) and from the microchip assay EL-CCD image in A (red circles). (C) and (D) are the trypsin activity plots derived using the data taken from the plate reader and the
m ssay.
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icrochip assay, respectively. Estimated KM and Vmax values are indicated for each a
he velocities at the initial concentrations of enzyme used for each assay format. (Fo
he web version of the article.)

icrochip platform are shown in Fig. 4B. The data collated from
he two systems show good agreement, with a limit of detection
LOD) of 6.2 nM trypsin (equivalent to 0.14 �g/mL). This 0.14 �g/mL
rypsin LOD value, obtained after a 10 min incubation, is almost a
0-fold improvement over the 12.3 �g/mL detected by Grant and
oworkers using a dual-organic fluorophore FRET peptide substrate
mmobilized on silica nanobeads and comparable to Shi et al., who
btained 0.1 �g/mL using peptide-QD FRET substrates and a 2 h

ncubation time [25,44].

The plots shown in Fig. 4C and D show the data converted
nto units of enzymatic velocity for the plate reader and the

icrochip, respectively. The resulting kinetic parameters includ-

e
s
t
i

able 1
inetic parameters determined in this study

ethod/conditions KM (nM) Vmax (nM min

late Reader
rypsin 2 ± 0.6 67 ± 4

L-CCD microchip
rypsin 0.3 ± 0.1 14 ± 1
rypsin + inhibitorb 20 ± 10c 9 ± 2

a kcat = Vmax/[E] in excess substrate, where [E] = 400 nM (at highest concentration).
b Ovomucoid (MW 28 kDa) concentration used = 1200 nM; Ki = 18.2 nM.
c KM

app = KM(1 + {[I]/Ki}).
Error bars represent standard deviations. Inset of each shows an expanded view of
rpretation of the references to colour in this figure legend, the reader is referred to

ng the Michaelis constant KM, the maximal velocity Vmax, the
urnover number kcat and the kcat/KM ratio are summarized in
able 1. There is a good overall agreement between the data
xtracted from both systems, with the microchip yielding a slightly
igher-affinity KM value. In comparison, the KM = 34 �M derived
y Grahn et al. using a DABCYL/EDANS dual-labeled FRET-based
eptide substrate for trypsin suggests much lower affinity than
hat determined here [24]. This is most-likely a result of the pres-

nce of three potential cleavage sites within the peptidyl substrate
equence used in this study, contributing to the increased sensi-
ivity by increasing the number of productive enzyme–substrate
nteractions.

−1) kcat
a (min−1) kcat/KM (M−1 min−1)

0.167 8.35 × 107

0.035 1.17 × 108

0.022 1.10 × 106
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Fig. 5. QD trypsin inhibition assay. (A) and (B) are EL-CCD images of the 16-well
sample chip loaded with the QD-peptide-Cy3 conjugates exposed to increasing con-
centrations of trypsin in the absence and presence of inhibitor, respectively. (C) Plot
of QD PL recovery versus the concentration of trypsin in the absence (blue circles)
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nd presence (red circles) of inhibitor, as measured from the EL-CCD images (A) and
B). The corresponding kinetic parameters are presented in Table 1. (For interpre-
ation of the references to colour in this figure legend, the reader is referred to the
eb version of the article.)

.4. EL-CCD microchip inhibition assay

To demonstrate the utility of this peptide-QD protease biosensor
n an on-chip format, we assayed trypsin activity in the pres-
nce of the known specific inhibitor ovomucoid. Pre-assembled
y3-peptide-QD bioconjugates were exposed to the various con-
entrations of trypsin in the absence or presence of 1.2 �M
vomucoid. In the absence of inhibitor, trypsin efficiently cleaves
he peptide resulting in the expected PL increase of the QD (see
ig. 5A). This is clearly not the case in the presence of ovomucoid
here almost no significant recovery of QD PL is seen, shown in

ig. 5B. Plots of the QD PL recovery measured from the CCD images
re summarized in Fig. 5C and the corresponding kinetic param-
ters are listed in Table 1. Previous studies have demonstrated
hat ovomucoid functions as a competitive/reversible inhibitor of
rypsin [45,46] and this is supported by the present set of data
see Table 1). The resulting dissociation constant Ki for ovomu-
oid calculated using a competitive inhibition model was found
o be 18.2 nM, which is in excellent agreement with that deter-

ined by Lineweaver and Murray (16–18 nM) when ovomucoid
nhibitor properties were first characterized more than 60 years
go [47].

. Conclusions
By utilizing a peptide-QD substrate in a prototypic proteolytic
ssay we have been able to demonstrate several key QD-related
ttributes that may be important to their use in assays designed
or microfabricated devices. In particular, the ability to control
D-acceptor FRET efficiency within the conjugate is key to opti-
tuators B 139 (2009) 13–21 19

izing an assay’s performance and deriving quantitative results.
he ability to use pH stable QDs capped with PEGylated ligands
s demonstrated here will also allow access to a variety of assay
H’s and conditions [33,34]. Beyond the protease assay demon-
trated here, QDs may lend themselves to simplifying a variety of
ther detection needs using these devices including other enzy-
atic assays [48], immunoassays [13], or biosensing [49,50]. QDs
ay also allow access to multiplex FRET formats on microchips,
here two or more assays are performed simultaneously. The lat-

er is particularly challenging to achieve with conventional dyes in
ny format [10,14].

We also demonstrate the general parity of the results between
he two QD-based assay formats and detection platforms even
hough the volumes utilized by the microchip were reduced by

ore than an order of magnitude. In this study the two detec-
ors (EL-CCD platform and the Tecan Safire plate reader) showed
ood agreement with one another, with a similar LOD of 6.2 nM
rypsin. The slight differences observed between the two instru-

ents are likely a result of variations in measurement parameters;
he plate reader used optimal excitation of 350 nm coupled with
arrow excitation/emission bandwidths of 2.5 nm. The EL-CCD
latform in comparison used an excitation of 480 nm with much
roader bandwidths of between 20 and 40 nm, which may have
ontributed to the slight variations observed from donor–acceptor
ross-talk. Although the microchip format may not be appropriate
or extremely sensitive FRET studies, the simple design and nature
f the EL-CCD platform, coupled to simpler monitoring when using
Ds, makes it particularly suited to performing high-throughput

ow-sample volume screening not only of proteases and inhibitors
ut to a variety of other enzymatic, immunological and sensing
ssays. The 16-well microchips used in this study were optimized
or the dimensions of the EL strip and the Pentax lens used, how-
ver, we are currently investigating and optimizing alternative wide
ngle lenses coupled with larger EL strips which would allow us to
xpanded and accommodate more sample wells up to and includ-
ng 96 within the same microchip dimensions (5.4 cm × 7 cm), as
esired. Applications for this platform may include onsite screening
f large numbers of food, water or other consumable/agricultural
amples, screening medical/clinical markers for POC diagnosis and
lobal health applications.
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