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Abstract—Brightly luminescent semiconductor quantum dots 

(QDs) continue to have an increasing role in biophotonic research 
and applications such as bioassays. Here, we present methods for 
the immobilization of QDs on the cellulose fibers of paper 
substrates for Förster resonance energy transfer (FRET)-based 
assays of proteolytic activity. Steady-state and time-resolved 
fluorescence characterization of FRET between immobilized QDs 
and self-assembled dye-labeled peptides within the paper matrix 
revealed a substantial enhancement in energy transfer efficiency. 
Compared to bulk solution, the rate of energy transfer increased 
approximately 4-fold resulting in a concomitant 7-fold increase in 
the ratio of FRET-sensitized acceptor dye emission and quenched 
QD emission. Spots of immobilized QDs with different amounts 
of dye-labeled peptide had bright luminescence under UV/violet 
illumination and the net QD and A555 emission was visible by 
eye as different colors. Tryptic digestion of the peptide linking 
the QD donor and acceptor dye resulted in loss of FRET. 
Changes in the dye/QD PL ratio permitted tracking of proteolytic 
activity, including the effect of increasing amounts of aprotinin, a 
potent inhibitor of trypsin. The combination of QDs, a paper 
substrate, and enhanced FRET has strong potential for 
developing bioassays. 
 

Index Terms—Quantum dots, fluorescence, Förster resonance 
energy transfer (FRET), fluorescence lifetime imaging 
microscopy (FLIM), paper diagnostics, biosensors, proteases, 
inhibition assay. 

I. INTRODUCTION 
HE unique optical and electronic properties of various 
nanoparticles (NPs) have been a major focus of 

biophotonic research in recent years. Materials as diverse as 
carbon allotropes [1, 2], noble metal NPs and nanoclusters [3, 
4], lanthanide NPs [5], and semiconductor quantum dots 
(QDs) [6], among many others, have been used as optical 
probes for cellular imaging, theranostics, and in vitro assays 
and diagnostics. In each case, properties such as size, surface 
area, cargo capacity, and light absorption and emission have 
provided distinct functional advantages. For in vitro assays 
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and diagnostics in particular, NPs can offer enhanced 
sensitivity [7-9], robustness, higher avidity and activity when 
functionalized with multiple biomolecular probes [10, 11], and 
greater capacity for multiplexing [12]. 

Although advances in the capabilities and availability of 
both NP materials and sophisticated optical technologies have 
led to the development of better bioassays, the accessibility 
and practicality of many of these approaches can be limited to 
advanced research and clinical laboratories. There is a 
significant need for simple, low-cost, portable, and robust 
bioassays that are suitable for lower resource settings such as 
field deployment, patient point-of-care, and use in developing 
countries. To address these needs, there has been a surge in 
research toward test strips, lateral flow assays, and micro-
paper analytical devices (µPADs) [13-15]. Many recent efforts 
have sought to incorporate NPs and their associated 
advantages into these technologies. In particular, gold NPs 
have been extensively utilized [16], largely due to their facile 
synthesis, intense coloration, red-to-blue color change upon 
aggregation [9], and silver enhancement methods [17]. In 
comparison, low-cost assays with QDs have been much less 
investigated, albeit that a few lateral flow immunoassays [18-
20] and paper-based assays [21, 22] have been reported. Here, 
we also investigate the potential for paper-based assays with 
QDs through both fundamental spectroscopic characterization 
and an example of a bioassay for proteolytic activity and 
inhibition. While not without potential challenges, paper-
based assays with QDs are a promising avenue for research 
given the widely reported capabilities of QDs in other 
bioimaging and bioanalysis formats. 

II. QUANTUM DOTS AS FRET-BASED BIOPROBES 
QDs have emerged as important labels for cellular, tissue, 

and single molecule imaging [12, 23, 24]. The principal 
advantages of QDs in these applications are their broad 
absorption spectra, large one-photon (104–107 M–1 cm–1) and 
two-photon (103–104 GM) absorption coefficients, narrow and 
symmetric PL emission spectra (25–35 nm full-width-at-half-
maximum, FWHM), the ability to tune the PL emission 
wavelength through nanocrystal size and composition, and 
resistance to photobleaching [6, 25]. These properties also 
offer superior performance and more straightforward 
implementation of multicolor imaging. QDs can be modified 
with antibodies or other affinity ligands to target various 
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Fig. 1. (A) QDs self-assembled with hexahistidine (His6) terminated A555-labeled peptides in bulk solution. Violet excitation of the QD (Exc) can result in FRET 
to the proximal A555 and sensitized emission (Em). (B) QD-peptide-A555 conjugates immobilized on a paper substrate. The peptide, Sub(TRP), can be cleaved 
by trypsin (TRP) at a specific site (see Table 1) resulting in loss of FRET and the ability to measure the inhibition of TRP by aprotinin. (C) Different ligands used 
to chemically modify the cellulose fibers of the paper to immobilize QDs via self-assembly. The PEI is drawn stylistically. Figure is not drawn to scale. 
 
biomarkers, cells, and tissues.  

Another prominent area of interest that benefits from the 
above properties of QDs is the development of Förster 
resonance energy transfer (FRET)-based probes where 
changes in PL intensity are used to signal the presence or 
activity of biological targets [26, 27]. The most common role 
of QDs in FRET systems is as donors. The narrow PL of the 
QD allows the spectral overlap with an acceptor chromophore 
to be maximized while also minimizing crosstalk when 
measuring both donor and acceptor emission. Moreover, the 
ability to excite QDs across a broad range of wavelengths 
allows direct excitation of acceptors to be minimized. The 
FRET efficiency can also be systematically enhanced by 
arraying multiple acceptors per QD. Various dark quenchers 
[28, 29], fluorescent dyes [29, 30], fluorescent proteins [7, 31, 
32], and gold nanoparticles [33, 34] have been paired as 
acceptors with QD donors. Recent studies have further 
demonstrated energy transfer between QDs and carbon 
nanomaterials [35-37]. To a much lesser but nonetheless 
growing extent, QDs have also been utilized as acceptors for 
luminescent lanthanide complexes [38, 39], chemiluminescent 
species [40], and bioluminescent proteins [41]. 

QD-FRET probes have been developed for a multitude of 
different biological targets and operate through a variety of 
transduction mechanisms [26, 27]. One such mechanism is 
associative, where a biorecognition process generates the 
proximity needed for FRET. Examples have included 
sandwich immunoassays [42] and sandwich hybridization 
assays [8]. In contrast, a dissociative mechanism relies on a 
biorecognition process eliminating the proximity required for 
FRET, as demonstrated with hydrolytic enzymes such as 
proteases [29] and nucleases [43]. Competitive binding assays 
have been demonstrated with QDs and FRET for nutrients 
[44], DNA [45], and RNA [46], among other targets. 
Unlabeled endogenous target typically displaces dye-labeled 
exogenous target in these assays. As another transduction 

mechanism, changes in biomolecular conformation upon 
biorecognition are often utilized to modulate donor-acceptor 
distance and FRET efficiencies without complete dissociation. 
This format is epitomized by QD-based molecular beacons for 
DNA detection [47]. More recently, QD-FRET probes for 
detecting changes in biological environments have been 
developed on the basis of changes in spectral overlap between 
QD donors and dye acceptors, as demonstrated with pH 
sensing [48]. Detection of some analytes is also possible by 
altering acceptor re-emission rather than FRET efficiency. 
This type of format has been demonstrated for reagentless 
maltose sensing [49] and oxygen sensing [50].  

In addition to the diverse targets already mentioned, energy 
transfer-based QD probes have recently been reported for 
glucose and galactose [51], cocaine [52], kinase and 
phosphatase activity [53, 54], fluoride [55], mercuric ion [56], 
renin [57], carcinoembryonic antigen [58], mucin 1 [59], and 
many other analytes too numerous to mention here. The vast 
majority of the above assays have had a homogeneous format 
(i.e. solution phase). Comparatively few heterogeneous (i.e. 
solid phase) FRET-based assays have been developed with 
QDs. The few examples have included protease assays on 
glass chips [34] and nucleic acid hybridization assays on 
optical fibers [60], within microtiter plate wells [61], or, most 
recently, on paper substrates [21].  

In this study, we present and evaluate three different 
methods for the immobilization of QDs within a paper matrix, 
compare FRET between solution and paper environments, and 
demonstrate a paper-based protease inhibition assay. Alexa 
Fluor 555 (A555) labeled peptides are self-assembled to 
CdSeS/ZnS core/shell QDs in bulk solution (Fig. 1A) and 
within the paper matrix (Fig. 1B). For the latter, QDs are 
immobilized through self-assembly after chemically 
modifying the cellulose fibers of the paper with ligands 
(Fig. 1C) that have high affinity for the ZnS shell of the QDs. 
Within the paper matrix, substantial increases in the relative 
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amount of FRET-sensitized A555 emission and the FRET 
efficiency are observed using steady-state and fluorescence 
lifetime measurements. When the A555-labeled peptide 
sequences are designed to be a substrate for a protease such as 
trypsin (TRP), it is possible to detect proteolytic activity 
through changes in FRET and measure the effect of an 
increasing amount of a protease inhibitor such as aprotinin. 
Our results show that the combination of QDs, a paper matrix, 
and the concomitant enhancement in FRET is suitable for 
developing sensitive assays for proteolytic activity. 

III. MATERIALS AND METHODS 

A. Preparation of Water Soluble Quantum Dots 
Hydrophobic CdSeS/ZnS quantum dots with an emission 

maximum at 525 nm (Cytodiagnostics, Burlington, ON, 
Canada) were made water-soluble through ligand exchange 
with L-glutathione (GSH) or dihydrolipoic acid (DHLA) as 
described elsewhere [61]. 

B. Peptide Labeling 
The peptide sequences in Table 1 (Biosynthesis Inc., 

Lewisville, TX) were labeled with Alexa Fluor 555 C2 
maleimide (Life Technologies, Carlsbad, CA) at their C-
terminal cysteine residue as described previously [62]. In 
experiments with unlabeled peptides, the cysteine residue was 
capped with pyridyl disulfide to avoid oxidative crosslinking 
between peptides or coordination of the cysteine to the surface 
of the QD. Unlabeled peptide (100 µL, 100 µM) in 50% 
acetonitrile with borate buffer (100 mM, pH 8.7, 50 mM 
NaCl) was mixed with a solution of Aldrithiol-2 (100 µL, 500 
µM; Sigma-Aldrich) in the same solvent and let stand at room 
temperature overnight. 

TABLE 1 
PEPTIDE SEQUENCES 

Name Sequence (N-terminal to C-terminal) 
Pep-A555 H6SP6SGQGEGEGNSAAYASGNGC-A555 
Sub(TRP)-A555a H6SP6SGQGEGEGNSGRGGSGNGC-A555 
a The TRP cleavage site is highlighted in bold. 

C. Chemical Modification of Paper Substrates 
Whatman (Florham, NJ) no. 4 cellulose filter paper was 

incubated in 100 mM NaIO4 (Sigma-Aldrich, Oakville, ON, 
Canada) for 1 h in the dark. The paper was washed three times 
with deionized water, rinsed once each with methanol and 
dichloromethane (DCM), then dried in vacuo for ≥ 6 h. One of 
three different derivatization protocols (i-iii) was utilized 
thereafter: 

(i) To derivatize the oxidized paper substrates with 1 (see 
Fig. 1C), a 20 µL solution with 290 µM of the peptide 
sequence GSGPPPPPGSGHHHHHH (Biosynthesis Inc.) and 
50 mM NaCNBH3 was spotted onto the paper and incubated 
for 24 h in a humid chamber. The paper was then rinsed with 
borate buffer (25 mM, pH 8.7). 

(ii) To derivatize oxidized paper with 2a (see Fig. 1C), the 
paper was incubated in a solution of 50 mM NaCNBH3 and 
44 mM poly(ethyleneimine) (PEI; MW ~12 kDa, Sigma-
Aldrich) in bicarbonate buffer (pH 9) for 1 h. The paper was 

then washed twice with deionized water, once with ~0.01 M 
HCl (aq), again with water, and once with ethanol. Next, the 
paper was treated with a 2 mL solution of 60 mM lipoic acid, 
67 mM N-hydroxysuccinimide, and 69 mM N,N’-diisopropyl-
carbodiimide (Sigma-Aldrich) in tetrahydrofuran (THF) for 
24 h. The paper was then washed three times with THF, once 
with ethanol, and once with deionized water. 

(iii) To derivatize oxidized paper with 3a (see Fig. 1C), the 
paper was incubated in a ca. 20 mM solution of N-(2-
aminoethyl)-5-(1,2-dithiolan-3-yl)pentanamide in DCM for 
≥ 3 h, washed three times with DCM, incubated with 50 mM 
NaCNBH3 (aq) for 1 h, and then washed three times with 
water, once with methanol, and once with DCM. The paper 
was dried in vacuo for ≥ 20 min and then stored at –20 °C.  

The paper with 2a or 3a was reduced to 2b and 3b, 
respectively, with a 50 mM NaBH4 solution for ≥ 2 h, then 
washed with water and ammonium acetate buffer (pH 4.5). 
The paper was dried in vacuo for 10–30 min. 

D. Stepwise Immobilization of QDs and Peptides 
DHLA- or GSH-QDs (2.8 µM) were spotted on paper 

modified with 3b in two consecutive 0.5 µL increments and 
let stand for 1 h. Next, 4 µL of peptide solution (50 µM) was 
spotted on the spots of QDs and let stand for 1 h. Both 
incubation steps were done in a humid chamber. The paper 
substrates were then washed in borate buffer (25 mM, pH 8.7). 
Samples were kept hydrated prior to measurements. 

E. Immobilization of Pre-Assembled QD-Peptide Conjugates 
GSH-QD-peptide conjugates were pre-assembled by mixing 

QDs with the desired ratio of peptide in borate buffer 
(100 mM, pH 9.2) for 1 h. The final concentration of QDs was 
2.8 µM. The conjugates were then spotted on paper modified 
with 3b in two 0.5 µL increments then let stand for 1 h before 
washing with borate buffer (25 mM, pH 8.7). 

F. PL Measurements 
Absorption and PL emission spectra of QDs and QD-

peptide conjugates in solution were obtained with an Infinite 
M1000 Pro multifunction plate reader (Tecan Ltd., 
Morrisville, NC, USA) using non-binding 96-well plates. 
Absorption and PL emission spectra of QDs and QD-peptide 
conjugates immobilized on paper substrates were also 
obtained using the Infinite M1000 Pro by sandwiching pieces 
of paper substrate between the windows of a NanoQuant plate 
(Tecan Ltd.). For PL emission measurements, an excitation 
wavelength of 400 nm was used. Excitation and emission 
bandwidths were both 5 nm.  

FLIM was done with a Zeiss LSM510 scanning confocal 
microscope equipped with a time-correlated single-photon 
counting (TCSPC) fluorescence lifetime imaging module 
(Becker & Hickl GmbH, Berlin, Germany) and a tunable 
Chameleon XR femtosecond laser (Coherent, Santa Clara, 
CA) for two-photon excitation (840 nm). Data acquisition was 
done over 16 wavelength channels with an xy-resolution of 
128 × 128 pixels and 256 time channels. QD PL was detected 
in the 525 nm channel. 

For assays of proteolytic activity, PL measurements were 
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made using the simple setup shown in Fig. 2. A low-cost LED 
with emission at 405 nm (Visual Communications Company, 
VAOL-5GUV0T4, Poway, CA, USA) was used as the 
excitation source and simple optics were used to collect PL 
emission from QD-modified paper substrates. Scattered 
excitation light was rejected using a 450 nm longpass filter 
(Thor Labs, Newton, NJ, USA) and emission was coupled into 
a portable fiber-optic spectrometer (GreenWave 16 VIS-50, 
StellarNet, Tampa, FL, USA). Spectra were collected at 
regular intervals using a custom data acquisition program 
written in LabVIEW (National Instruments, Austin, TX, 
USA). 

All PL measurements were made on paper samples 
hydrated with buffer. 

 
Fig. 2. Schematic of the optical setup used to measure QD and A555 PL from 
modified paper substrate during TRP inhibition assays. LP = long pass filter. 
LED = light emitting diode. 

G. Analysis of FRET 
A555/QD PL ratios, ρA/D, were calculated with (1), where 

I(λ) is the PL intensity at wavelength λ, and σD, λ (≈ 0.02 at 
570 nm) is a correction factor accounting for the relative 
crosstalk of the QD emission at a wavelength with 
predominant A555 emission. 

ρA/D =
I(570 nm)−σ D, 570  nmI(525 nm)

I(525 nm)
 (1) 

FRET efficiencies, E, were measured from changes in QD 
PL intensity or lifetime relative to samples without any 
acceptor according to (2), where I is the PL intensity of a 
sample with acceptor, I0 is the reference intensity (no 
acceptor), τav is the average lifetime of a sample with acceptor, 
and τ0, av is the average reference lifetime.  
E = 1− I I0( ) = 1− τ av τ 0, av( )  (2) 

The average lifetime used in (2) is the amplitude weighted 
lifetime (3) derived from fitting PL decay curves with a 
biexponential function (4) [63]. 

τ av =
A1τ1 + A2τ 2
A1 + A2

 (3) 

I(t) = A1e
− t τ1 + A2e

− t τ 2  (4) 
FRET efficiencies were also estimated from the relative QD 

donor and A555 acceptor emission using (5), where IA(λ) and 
ID(λ) are the acceptor and donor emission intensities as a 
function of wavelength, and ΦA and ΦD are the respective 

quantum yields.  

E =
IA(λ)dλ∫

ΦA ΦD( ) ID (λ)dλ∫ + IA(λ)dλ∫
 (5) 

Plots of FRET efficiency versus number of acceptors per 
QD, a, were fit with (6), where R0 is the Förster distance for 
the QD-acceptor dye pair and r is their center-to-center 
separation. 

E = aR0
6

aR0
6 + r6

= a
a + r / R0( )6

 (6) 

The Förster distance was calculated from (7), where n 
(= 1.33) is the refractive index of the medium, κ2 (= 0.67) is 
the orientation factor, ΦD is the quantum yield of the QD 
donor, ID(λ) is the PL intensity of the QD donor at wavelength 
λ, and εA(λ) is the molar absorption coefficient (cm2 mol–1) of 
the acceptor at λ [63]. The integrals on the right-hand side 
represent the spectral overlap, J. 

R0
6 = 8.79 ×10−28mol( )n−4κ 2ΦD

ID (λ)εA(λ)λ
4 dλ∫

ID (λ)dλ∫
 (7) 

FRET rates, kFRET, were calculated from (8) after obtaining 
the value of (R0/r)6 from least-squares fitting of efficiency 
versus acceptors per QD curves and substituting τ0, av from 
fluorescence lifetime measurements [63]. 

kFRET = τ 0, av
−1 R0 r( )6  (8) 

H. Proteolytic Assays 
Spots of QD-Sub(TRP)-A555 conjugates were immobilized 

on paper substrates as described above. A 100 µL solution of 
2 µM trypsin (TRP; ≥10000 BAEE units/mg protein; EC 
number: 3.4.21.4) and 0–40 µM aprotinin in borate buffered 
saline (BBS; 10 mM, pH 8.7, 50 mM NaCl) was added to a 
spot of QD-Sub(TRP)-A555 and the PL spectrum was 
measured at 1 min intervals for 1 h under LED illumination 
(405 nm). The PL ratios were calculated from the measured 
spectra and, for each sample, normalized to the initial PL ratio. 
To account for any changes in QD brightness over the assays, 
each data set was then normalized to a negative control sample 
(0 µM TRP, 40 µM aprotinin) at all time points. The data was 
fit with an empirical function and the initial rate of substrate 
digestion estimated as the slope of the tangent at 1 min. 

IV. RESULTS AND DISCUSSION 

A. Immobilization Methods 
Three different strategies were investigated for the 

immobilization of water soluble QDs on the cellulose fibers of 
paper substrates. In control experiments, the fibers themselves 
were found to have no measurable affinity for QDs. As shown 
in Fig. 3, QD PL could not be detected after exposure of 
untreated paper to an 11 µM solution of DHLA-QDs with 
subsequent washing. To impart affinity, the fibers were 
modified with ligands that were able to tightly bind the QDs. 
In each case, the cellulose fibers were first activated by mild 
oxidation with sodium (meta)periodate [64] then reacted in 
one or more steps to generate pendant ligands. The details of 
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the chemistry are described in the Materials and Methods 
section and Fig. 1C shows the molecular structures.  

 
Fig. 3. Background corrected PL emission spectra of paper substrates after 
exposure to QDs with and without modification of their cellulose fibers with 
the affinity ligands shown in Fig. 1C. 
 

The first ligand (1) that was tested for the immobilization of 
QDs on paper fibers was inspired by the widely reported 
success of conjugating polyhistidine-appended biomolecules 
to QDs. Medintz and coworkers have demonstrated that 
proteins [32, 44, 65-68], peptides [29, 68-71], and DNA [30, 
47, 72] can be controllably self-assembled to QDs through 
dative interactions between the imidazole ring of histidine 
residues and the ZnS shell of QDs. Other groups have also 
utilized this methodology for bioconjugation of QDs [73-75], 
and planar glass surfaces modified with polyhistidine 
appended peptides have been shown to immobilize QDs [76]. 
In our experiments, we reacted oxidized paper fibers with the 
N-terminus of a short (17 residue) peptide with a C-terminal 
hexahistidine sequence. As indicated by the QD PL emission 
spectrum in Fig. 3, the peptide modified paper fibers were able 
to bind and immobilize DHLA-QDs. 

The second (2a/b) and third (3a/b) methods that were tested 
for the immobilization of QDs made use of lipoic acid 
derivatives as pendant ligands on cellulose paper fibers. 
Similar to imidazole rings, thiol groups also have high affinity 
for the ZnS shell of QDs. Bifunctional thiolate molecules, 
such as DHLA, are widely used to modify the surface of QDs 
to provide aqueous solubility [77-79], and lipoic acid 
derivatives have been used to immobilize thin films of QDs on 
glass and fused silica substrates [80]. Here, activated paper 
fibers were either first reacted with branched PEI and then 
modified with lipoic acid (2a/b), or, alternatively, were 
directly reacted with a lipoic acid derivative (3a/b). The 
affinity of these modified paper substrates for QDs was tested 
both with and without reduction of the lipoic acid dithiolane 
group (2a, 3a) to a dithiol group (2b, 3b). In both cases, the 
dithiol form (2b, 3b) had ca. 2–3-fold greater affinity than the 
dithiolane form (2a, 3a). Fig. 3 shows an example of 
representative data. Overall, the immobilization method that 
produced the brightest spots of QDs was direct modification of 
paper with a lipoic acid derivative (3b). The brightness of the 

spots of QDs was determined by both the immobilization 
efficiency and the effect (if any) of immobilization on the 
quantum yield of the QDs, albeit that the former was expected 
to be the dominant factor. Spots of QDs immobilized using the 
peptide (1) and PEI-lipoic acid (2a/b) methods had < 30% and 
< 75%, respectively, of the brightness of spots prepared using 
direct modification with lipoic acid (3b). No significant 
differences in the peak emission wavelength or FWHM of the 
QDs was observed between the three immobilization methods. 
The superior brightness, simpler preparation (cf. PEI), and 
lower-cost reagents (cf. peptide) made the direct modification 
of cellulose fibers with lipoic acid the preferred method for 
QD immobilization on paper substrates. Therefore 3b was 
used in all subsequent experiments. 

B. The QD-A555 FRET Pair 
The absorption and emission spectra for the QD and A555 

labeled peptide are shown in Fig. 4 along with the qualitative 
spectral overlap. Table 2 summarizes important photophysical 
parameters. Note that GSH-coated QDs were used in all FRET 
experiments because they provided a 4-fold higher quantum 
yield than DHLA-coated QDs. The quantum yield of A555-
labeled peptide was measured to be ~0.09. 

 
Fig. 4. Absorption (Abs) and PL spectra for the QD-A555 FRET pair. The 
qualitative spectral overlap is shaded. These spectra are also a useful reference 
for interpreting Fig. 5 and Fig. 7. 
 

TABLE 2 
PROPERTIES OF THE QD-A555 FRET PAIR 

λem,D
a 

(nm) 
ΦD λabs , A

b 
(nm) 

εmax,A
c 

(M–1 cm–1) 
J d 

(cm6 mol–1) 
R0 

(nm) 
525 0.20 554 150 000 6.4 × 10–10 5.4 

a Wavelength of maximum donor PL emission; b wavelength 
of maximum acceptor absorption; c peak molar absorption 
coefficient for acceptor; d spectral overlap integral 

 
To serve as a point of comparison for studying FRET with 

QDs immobilized on paper fibers, QDs were first assembled 
with different ratios of Pep-A555 peptide (Table 1) in bulk 
solution (ca. 0, 4, 8, 12, 16, and 20 per QD). Assembly was 
through the high-affinity interaction between the QDs and the 
hexahistidine tag of the peptide. The number of peptides per 
QD was confirmed by measuring the absorption spectra of the 
conjugates (Fig. 5A) with knowledge of the relative molar 
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Fig. 5. Solution-phase FRET. (A) Representative absorption spectra showing the nominal assembly of ca. 0, 4, 8, 12, 16, and 20 per QD. The spectra are used to 
determine the actual number assembled. (B) PL emission spectra corresponding to the samples in panel A. The inset shows the FRET efficiency calculated from 
quenching of QD PL as a function of the number of Pep-A555 per QD. (C) The A555/QD PL ratio as a function of the number of Pep-A555 per QD averaged 
over three replicate experiments. 
 

 
Fig. 7. Paper-phase FRET. (A) Representative absorption spectra showing the paper-phase assembly of increasing amounts of A555-labeled peptide per QD 
(from a 0:6 to 6:0 mixture of labeled and unlabeled peptide). The spectra are used to determine the actual number of Pep-A555 assembled per QD. (B) PL 
emission spectra corresponding to the samples in panel A. (C) The A555/QD PL ratio as a function of the number of Pep-A555 per QD averaged over three 
replicate experiments. The line-of-best-fit from the solution-phase data in Fig. 5C is shown for reference. The inset shows the FRET efficiency calculated from 
the ratio of QD and A555 PL as a function of the number of Pep-A555 per QD for both the solution-phase data (black open circles; data from Fig. 5B) and paper-
phase data (blue closed circles; data from panel B, this figure). 

 
absorption coefficients (~420 000 M–1 cm–1 for the QD at 506 
nm; see Table 2 for A555). PL spectra showed a progressive 
decrease in QD PL and increase in sensitized A555 PL, which 
is characteristic of FRET (Fig. 5B). Analysis of the FRET 
efficiency from steady-state quenching (Fig. 5B, inset) 
indicated that the acceptor was situated ~7.1 nm away from 
the center of the QDs, or approximately 4 nm from the surface 
of the QD (~6 nm diameter). The A555/QD PL ratio increased 
linearly as the number of A555 acceptors per QD increased, as 
shown in Fig. 5C. A linear trend is expected for an ideal FRET 
pair with a fluorescent acceptor [39]. 

 

 
Fig. 6. Color digital camera image of spots of immobilized QDs on paper 
substrates assembled with different ratios of (an excess) of A555-labeled and 
unlabeled peptide. The green color is QD PL and the orange/red color is 
FRET-sensitized A555 PL. The image was taken under violet LED 
illumination (405 nm) with a long-pass filter (500 nm cutoff). 

C. FRET on Paper Substrates 
QDs were immobilized on paper substrates via 3b and 

peptides were assembled on the QDs from solutions with 
different ratios of unlabeled and A555-labeled peptide. This 
method permitted variation of the number of acceptors per 
QD. Since the exact number of QDs retained in the paper 
matrix was unknown, the peptides could not be 
stoichiometrically self-assembled from solution. Instead, 
sufficient peptide was added to saturate the surface of the QDs 
so that the relative amount of A555-labeled peptide in solution 
would determine the number of acceptors per immobilized 
QD. A saturating quantity of peptide was also expected to 
minimize heterogeneity across the spot of immobilized QDs. 
Fig. 6 shows a color image, taken under violet LED light 
(405 nm), of spots of immobilized QDs on paper substrates 
with different ratios of labeled and unlabeled substrate. As the 
amount of labeled substrate increased, the color of the spots 
changed from green to yellow, indicating increasing 
quenching of QD PL and sensitization of A555 emission due 
to FRET. 

Absorption and PL measurements were done on similarly 
prepared paper substrates to investigate FRET quantitatively.
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Representative data is shown in Fig. 7A-B. The absorbance 
spectra appear much the same as those for QD-Pep-A555 
conjugates in bulk solution; however, the PL spectra show 
much more intense A555 emission. Note that both the 
absorption and PL spectra are normalized to account for 
variations in absorbance and PL intensity between paper 
samples. These variations arise from the high scattering 
background of the paper, the uncertain path length through the 
paper, and different relative amounts of fiber volume and void 
space in different regions of interest. Normalization permitted 
determination of the relative number of Pep-A555 per QD and 
the corresponding A555/QD PL ratio. Fig. 7C shows the 
change in PL ratio as the number of A555 per QD increased 
on the paper substrates. The slope of the trend line through the 
data is > 7-fold larger than for bulk solution, suggesting a 
substantial enhancement in the ensemble rate of FRET. 

The FRET efficiency was estimated from the relative QD 
and A555 PL intensities in Fig. 7B and is plotted in the inset 
of Fig. 7C. From this data, an effective QD-A555 separation of 
~6.1 nm was calculated. An analogous calculation using the 
bulk solution PL spectra in Fig. 5B returns a value of ~8.2 nm. 
This value is somewhat larger than the 7.1 nm measured from 
only quenching of QD PL in solution, which is expected to be 
the more accurate value. Nonetheless, there is a clear 
enhancement of FRET. 

D. Fluorescence Lifetime Imaging Microscopy 
To further investigate the apparent enhancement of FRET 

within the paper matrix, FLIM measurements were done. This 
technique is ideal for this purpose since the time-domain PL 
data is relatively immune to differences in absolute steady-
state intensity and background levels between samples. To 
provide the best possible comparison between bulk solution 
and the paper matrix, we switched from a two-step 
immobilization method to a one-step immobilization method 
with pre-assembled QD-peptide conjugates (see Materials and 
Methods). In this manner, precisely the same conjugates were 
measured between bulk solution and the paper matrix. 

Fig. 8A-F shows fluorescence lifetime images for paper 
substrates modified with QD-Pep-A555 conjugates with 
nominal valences of 0, 4, 8, 16, and 20 labeled peptides per 
QD. The QDs in solution had an average lifetime of 5.5 ns 
whereas the immobilized QDs had a lifetime of 4.0 ns. In both 
bulk solution and paper formats, there is a clear decrease in 
the lifetime of the QDs as the number of A555 acceptors per 
QD increases. Lifetime distributions for the conjugates in bulk 
solution and immobilized in the paper matrix are shown in 
Fig. 8G-H. The FRET efficiencies for the two environments 
are calculated and compared in Fig. 8I. Once again, there is a 
clear enhancement of FRET efficiency for the paper samples. 
Analysis indicates that the effective donor-acceptor distance 
decreased from ~7.4 nm in bulk solution (cf. 7.1–8.2 from 
steady-state measurements) to ~6.3 nm in the paper matrix 
(cf. 6.1 nm from relative steady-state PL measurements). 
Further analysis indicated that the rate of FRET per acceptor 
(8) increased from 2.5 (± 0.9) × 107 s–1 in bulk solution to ~1.1 
× 108 s–1 in the paper matrix. As before, the number of 

acceptors per QD was determined from absorbance 
measurements for both systems. While the measured and 
nominal values of acceptors per QD were in good agreement 
for the bulk solution samples, a negative deviation was 
observed for the analogous paper samples. This effect may be 
due to actual displacement of some bound peptide when QDs 
are immobilized on paper fibers or perhaps a change in the 
absorption properties of A555 within the paper matrix 
(although no spectral shifts in support of this hypothesis were 
observed). Nonetheless, even if the measurement of the 
number of A555 per QD has a small negative bias, the 
enhancement of FRET in the paper matrix remains substantial. 

One possible reason for the enhancement in FRET in the 
paper matrix is a real change in the average distance between 
the QD donor and dye acceptor. This change could result from 
a change in the average conformation of the peptide bridge. 
However, between bulk solution and the paper matrix, the 
peptide remains bound to the same QDs under the same buffer 
conditions. Although possible, it is not clear that there should 
be a significant change in the interaction between the peptide, 
the interface of the QDs, or the solvated environment. 
Alternatively, enhanced FRET may be observed within the 
paper matrix because of the immobilization of multiple QD-
Pep-A555 conjugates within close proximity to one another. 
The single donor-multiple acceptor systems in bulk solution 
could become a more complex multiple donor-multiple 
acceptor system with higher rates of FRET because of the 
greater overall number of donor-acceptor interactions. The 
QD-A555 separation values reported for the paper matrix are 
“effective” values because, in contrast to bulk solution, it is 
not clear that the immobilized QD-A555 assemblies can be 
treated as being centrosymmetric. Rather, there may be a 
distribution of donor-acceptor distances. Ongoing work is 
aimed at modeling these systems to better understand the 
source of the enhancement. 

E. Proteolytic Assays 
To demonstrate the bioanalytical utility of QD-peptide 

conjugates immobilized in a paper matrix, a model trypsin 
(TRP) inhibition assay was done. TRP is a serine protease that 
selectively cleaves peptide bonds C-terminal to arginine and 
lysine residues [81] and is critical in food digestion, cellular 
signaling, and even neurological processes [82]. In addition to 
being overactive in pancreatitis [83], TRP produced by tumor 
cells is thought to contribute to tumor growth and invasion 
[84]. TRP inhibitors are also important as, for example, 
pancreatic secretory TRP inhibitor (PSTI), also called tumor 
associated TRP inhibitor (TATI), is a marker for adverse 
prognosis in pancreatitis and kidney, bladder, and ovarian 
cancers [85]. 

Here, we assay the inhibitory action of aprotinin on TRP. 
Aprotinin is a well-known and potent inhibitor of TRP and 
many other serine proteases [86]. It has been used as a anti-
fibrinolytic and anti-inflammatory agent during cardiac 
surgery [87]. Fig. 9A shows progress curves for the digestion 
of immobilized QD-Sub(TRP)-A555 conjugates over 20 min 
by 2 µM TRP in the presence of 0–40 µM aprotinin. The 
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Fig. 8. Fluorescence lifetime images of paper substrates modified with pre-assembled QD-Pep-A555 conjugates at nominal valences of (A) 0, (B) 4, (C) 8, 
(D) 12, (E) 16, and (F) 20 A555 per QD. (G) Normalized fluorescence lifetime distributions for the six different conjugates in bulk solution: (i) 0, (ii) 4, (iii) 8, 
(iv) 12, (v) 16, and (vi) 20 A555 per QD. (H) Fluorescence lifetime distributions for the same conjugates subsequently immobilized on paper substrates. The 
lowercase letters correspond to the data in panels A-F. (I) Comparison of the FRET efficiency calculated from the decrease in QD PL lifetime between bulk 
solution (panel G) and the paper substrates (panel H). 

 
normalized progress curves show progressively lower TRP 
activity as the concentration of aprotinin increases. 
Normalization of the FRET ratio to a control sample with no 
TRP accounts for non-proteolytic changes in the PL ratio over 
time and any small differences in initial FRET ratio between 

different spots or paper substrates. In Fig. 9B, a dose-response 
curve plotting the initial rate of change in normalized PL ratio 
versus aprotinin concentration shows a sharp transition 
between full activity and almost no activity. Such a sharp 
transition is expected given the high-affinity of aprotinin for 
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trypsin (Kd ~ 10–13 M) [88]. The IC50 value derived from 
Fig. 9B is 2.7 µM. The data demonstrate that paper substrates 
are a potential low-cost platform for assaying enzyme 
inhibitor potency for applications such as drug screening.  
 

 
Fig 9. (A) Normalized progress curves for the digestion of paper-immobilized 
QD-Sub(TRP)-A555 conjugates by TRP (2 µM) in the presence of increasing 
amounts of aprotinin: (i) 0, (ii) 1.0, (iii) 1.5, (iv) 2.0, (v) 2.5, (vi) 2.65, (vii) 
2.75, (viii) 2.8, (ix) 2.85, (x) 3.0, (xi) 4, (xii) 16, and (xiii) 40 µM. The curve 
(xiv) is a sample with no TRP that serves as a reference point for correcting 
data for non-proteolytic changes in PL signals and variations between 
different spots of QDs. The y-axis can be effectively read as the fraction of 
peptide substrate remaining. (B) Dose-response curve corresponding to the 
data in panel A. The activity was estimated from the initial rate of change in 
the normalized PL ratio. 

V. CONCLUSION 
In conclusion, we have (i) evaluated methods for the 

immobilization of QDs on cellulose paper fibers via self-
assembly, (ii) identified enhancements in the rate and 
efficiency of FRET between immobilized QD donors and 
proximal dye acceptors within a paper matrix, and 
(iii) demonstrated the utility of such a system for assaying the 
inhibition of proteolytic activity. Both steady-state and time-

resolved fluorescence analyses suggest a shorter effective 
donor-acceptor distance, resulting in an approximately 4-fold 
enhancement in the rate of FRET. This enhancement lends 
itself to assays where changes in the QD donor PL and FRET-
sensitized acceptor dye PL are used to track or measure 
biomolecular activity. This capability was apparent in a semi-
quantitative protease inhibition assay with TRP and aprotinin. 
Overall, the immobilization of QDs on paper substrates is a 
promising platform for new methods of bioanalysis. 
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