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Abstract
The spectroscopic properties of quantum dots can be strongly influenced by the conditions of their
synthesis. In this work we have characterized several spectroscopic properties of commercial,
streptavidin functionalized quantum dots (QD525, lot#1005-0045 and QD585, Lot#0905-0031 from
Invitrogen). This is the first step in the development of calibration beads, to be used in a generalizable
quantification scheme of multiple fluorescent tags in flow cytometry or microscopy applications. We
used light absorption, photoexcitation, and emission spectra, together with excited-state lifetime
measurements to characterize their spectroscopic behavior, concentrating on the 400-500nm
wavelength ranges that are important in biological applications. Our data show an anomalous
dependence of emission spectrum, lifetimes, and quantum yield (QY) on excitation wavelength that
is particularly pronounced in the QD525. For QD525, QY values ranged from 0.2 at 480nm excitation
up to 0.4 at 450nm and down again to 0.15 at 350nm. For QD585, QY values were constant at 0.2
between 500nm and 400nm, but dropped to 0.1 at 350nm. We attribute the wavelength dependences
to heterogeneity in size and surface defects in the QD525, consistent with characteristics previously
described in the chemistry literature. The results are discussed in the context of bridging the gap
between what is currently known in the physical chemistry literature of quantum dots, and the
quantitative needs of assay development in biological applications.
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Introduction
Over the past few years, there has been increasing interest in the use of quantum dots as
fluorescent tags in biology(1-7). Quantum dots are semiconductor nanoparticles with tunable
optical properties that are strongly dependent on size (8). In a large sample of semiconductor
material, the lowest electronically excited state features an electron and a hole orbiting each
other (a Wannier exciton(9)). The distance that separates the electron and the hole is called the
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Bohr radius of the exciton, and its magnitude depends on the composition of the semiconductor
material (typically 20-80Å for group II-VI semiconductors(10); 56Å for CdSe (11)). If the size
of a nanocrystal is less than the Bohr radius for the material, the electronic wavefunctions and
energies are altered by the boundaries (quantum confinement)(11,12). Whereas a large sample
has a quasicontinuum of electronic excited states, those of a quantum dot are split into discrete
states and shifted to higher energies. Thus, the absorption and emission associated with the
lowest-energy electronic transition are narrowed, and they shift to higher energies as the size
of the quantum dot decreases. The discrete nature of the electronic transitions of individual
dots is typically obscured by sample inhomogeneities such as distribution in size, shape and
stoichiometry (13,14).

To make them suitable for biological applications, quantum dots must be passivated (2,15).
Passivation is a chemical process by which a dot (the core) is surrounded by another material
of a larger optical bandgap (the shell). CdSe dots are commonly passivated with a ZnS shell
to prevent the contamination of the core material, and improve the optical properties of the
nanocrystal (1,2). The surface is then covalently attached to a layer of organic ligand, which
interacts with the hydrophobic part of a polymer layer. The outer part of the polymer coating
is hydrophilic and functionalized with carboxylic acid derivatives, and can thus be
functionalized with molecules of biological interest (2).

Biofunctionalized quantum dots are presently available from commercial sources. The
spectroscopic properties of dots are dependent on their size distribution, shape, and surface
defects (13,14,16-25). Subtle differences in preparation can lead to batch-to-batch variation in
basic spectroscopic properties such as luminescence quantum yield (13,14,16-25). To the best
of our knowledge, the commercial dots are not spectroscopically standardized, nor are they
characterized completely enough in the product literature for them to be used without further
evaluation(16).

In this work we have characterized several spectroscopic properties of commercial (Invitrogen)
streptavidin-functionalized quantum dots as a first step in the development of fluorescent
calibration beads for flow cytometry. We have focused on two samples of CdSe quantum dots,
with emission bands centered at 525 nm (QD525 lot#1005-0045) and 585 nm (QD585
Lot#0905-0031). We cite the lot numbers here to emphasize the notion that, unlike molecular
dyes, the spectroscopic characteristics of quantum dots can be influenced by details of their
synthetic history (16). Thus the quantitative data presented here are most appropriate for the
samples from the indicated lots. Nevertheless, they illustrate the concerns that arise when one
attempts to use a previously uncharacterized batch of dots. These specific quantum dots were
chosen because they can be readily analyzed through the optics of standard Becton Dickinson
(BD) flow cytometers, which are available in numerous labs. We used light absorption,
photoexcitation, and emission spectra, together with excited-state lifetime measurements to
characterize their spectroscopic behavior, concentrating on wavelength ranges that are
important in biological applications. Our data show an anomalous dependence of emission
spectrum and yield on excitation wavelength that are particularly pronounced in the QD525.
We attribute this behavior to size heterogeneity and surface defects in the QD525, consistent
with tendencies previously described in the literature (16,24,25). The results are discussed in
the context of bridging the gap between what is currently known in the physical chemistry
literature of quantum dots, and the quantitative needs of assay development in biological
applications (26).
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MATERIALS AND METHODS
Materials

Streptavidin coated and biotin coated polystyrene particles (6.7 μm in diameter, 0.5% w/v)
were purchased from Spherotech Inc. (Libertyville, IL). Streptavidin coated quantum dots
QD525 and QD585 were purchased from Invitrogen Corp. (Carlsbad, CA). QD605 was
obtained from the erstwhile Quantum Dot Corp. FLAG peptide (DYKDDDDK), M2 anti-
FLAG antibody and paraformaldehyde (PFA), were purchased from from Sigma (St. Louis,
MO). Phosphate-buffered saline (PBS) was purchased from Mediatech, Inc, Herndon, VA).
Biotinylated FLAG (FLAGbio) and FITC conjugated FLAG peptides (FLAGFITC) were
synthesized at UNM as described elsewhere(27). TRIS (10 mM or 25 mM Tris, 150 mM NaCl,
pH 7.5) and HHB (30 mM HEPES, 110 mM NaCl, 10 mM KCl, 1mM MgCl26H2O and 10
mM glucose, pH 7.4) buffer were used in the presence or absence of 0.1% bovine serum
albumin (BSA).

Determination of the relative emission yields of quantum dots
Absorption and spectrofluorometric measurements were performed using a Hitachi model
U-3270 spectrophotometer (San Jose, CA) and a Photon Technology International
QuantaMaster™ Model QM-4/2005 spectrofluorometer (Lawrenceville, NJ) respectively.
QD525, QD585, QD605, fluorescein, FITC biotin, FITC labeled FLAG peptide (FLAGFITC)
and Rhodamine B solutions were prepared in PBS (pH 7.4 or pH 8.0). The optical densities of
all the samples were matched at either 405 nm or 488 nm. Excitation spectra were collected
for all samples using a 16 nm bandpass at the excitation and detection monochromators.
Emission spectra were measured with 2nm bandpass at the excitation and emission
monochromators.

Correcting excitation spectra for spectral distribution of the lamp
An uncorrected excitation spectrum differs from the “true” spectrum primarily because of the
spectral distribution (Lλ) of the lamp (28) where the latter varies according to the characteristics
of the lamp and monochromators. In cases where a spetrofluorometer instrument lacks the
capability to automatically perform a correction of Lλ of excitation spectra, several manual
approaches which involve the evaluation of Lλ have been described elsewhere (28,29). For a
dilute solution, the true excitation spectrum is directly proportional to the quantity εϕf (where
ε is the extinction coefficient and ϕf is the quantum yield). Since for many organic
fluorophores, ϕf is independent of the wavelength of the exciting light, the true excitation
spectrum is a replica of the absorption spectrum i.e. Kasha's rule (30). Because of Kasha rule,
the lineshape of Lλ can be extracted from a comparison of the raw excitation spectrum of
common standard dyes like fluorescein and rhodamine with their corresponding absorption
spectra (29). The imprint of Lλ in an excitation spectrum can be extracted by dividing a
normalized excitation spectrum with the normalized absorption spectrum of the standard
solution. The resulting plot of Lλ can then be used to correct the excitation spectra of the non
standard samples (Qdots) (28,29).

Reduced Emission Spectra
Emission spectra were acquired as photons per unit wavelength (λ) and initially plotted versus
wavelength (Iλ). Analysis of the data is usually more straightforward for spectra expressed in
photons per unit energy, frequency or wavenumber (ν = 1/λ), namely Iν (29). The two
representations are related by Iν |dν| = Iλ |dλ|, or Iν = Iλ/ν2. To analyze spectral profiles, it is
convenient to remove an additional factor of ν3 that arises from coupling of the transition
moment(s) to the radiation field(31). Therefore, for purposes of analysis, emission spectra were
plotted as reduced spectra (32), i.e., Iλ/ν5 versus ν.
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Fluorescence Lifetime Measurements
Fluorescence lifetime measurements of dots, fluorescein and fluorescein conjugates, were
performed on a Model TM-3/2005 Lifetime Spectrofluorometer from Photon Technologies
International (PTI). The out put (pulsewidth; ≈ 800 ps, repetition rate; 10 Hz) from a GL-3300
Nitrogen pumped Dye laser (Model GL-302) was used to excite the probes at various
wavelengths between 420 nm and 500 nm. Data collection and analysis was performed using
the FeliX32™ Advanced Fluorescence Analysis Software Package (PTI). In a typical
experiment, a 40 μL cuvette was placed in the spectrofluorometer's temperature-controlled
sample holder. Lifetime measurements were performed at room temperature.

RESULTS
Some Basic Spectroscopic Properties of Quantum dots: (a) Absorption Spectra

Figure 1A shows the absorption spectra of fluorescein and dots, where the optical densities of
the fluorophores were all matched at 488 nm. The absorption spectrum of fluorescein (a in
Figure 1A) has textbook features, and fluorescein is used here as a fluorescence standard with
known spectroscopic characteristics (29). The lowest energy band in the absorption spectra of
the quantum dots is labeled 1S3/2<—1Se, where 1S3/2 and 1Se are conventional descriptors for
the HOMO and LUMO of a CdSe dot and the arrow points in the direction of the electronic
transition (33). Higher energy transitions (e.g., 1P3/2 ← 1Se) appear as shoulders on a
continuum of increasing extinction coefficient with decreasing wavelengths (10). Spectral hole
burning experiments have shown the fine structure of the electronic transitions buried under
the broad bands which correspond to atomic transitions of single dots (10). The energy level
of the band edge transition is a characteristic of the size of the dot (34). A useful theoretical
formula has been developed to correlate the absorbance maximum of the lowest-energy
transition to the size of the core of the quantum dot. This is shown in its simplified algebraic
form in Equation 1(8).

E1S3∕2<−1Se
= Eg + Ry∗ π

2( ab
adot )2 − 1.786( ab

adot ) − 0.248 (1)

Here, E1S3/2 <−1Se is the energy of the first electronic transition, as calculated from the
absorption spectrum (2.4 eV for QD525; 2.16 eV for QD585), Eg is the band-gap energy for
bulk material (1.84 eV for CdSe), ab is the exciton Bohr radius (5.6 nm for CdSe), adot= radius
of the Qdot, and Ry* is the Rydberg constant (0.016 eV for CdSe) (8,10,11). We can thus
estimate the respective core sizes of QD525 (b in Figure 1A) and QD585 (c in Figure 1A) to
be 2.8 nm and 3.6 nm. Very nearly the same values are obtained using the experimental size
calibration curves published by Peng et al (35). It is worth noting that after passivation (15)
and biological functionalization (2) the net size of the dot is on the order of 10-15nm according
to the product literature (www.probes.invitrogen.com).

Excitation and Emission spectra
To analyze the photo excitation spectra, we began by correcting for the uneven spectral
distribution (Lλ) of the lamp (28) as described in the methods. The corrected spectra are shown
in Figure 1B. According to Kasha's rule, the emission spectrum and quantum yield should be
independent of the excitation wavelength (37). For the present, dilute samples the
photoexcitation spectrum should be proportional to the absorbance spectrum. Unlike the case
of fluorescein, photoexcitation spectra of the dots do not match the absorption spectrum (e.g.
Figure 2A). One potential cause for this anomalous behavior is sample heterogeneity. The
emission spectra of the dots are sensitive to their size, with smaller dots emitting bluer light
than larger dots (21-23,36). The photo excitation spectrum of QD525 (shown in figure 1B) was
collected at 525 nm using a fairly broad bandpass for excitation and detection (16 nm). Even
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so, in a heterogeneous sample, the data thus collected are likely to be biased in favor of those
dots whose emission maxima are near the detection wavelength. In principle one can probe the
size distribution of the dots by selecting detection wavelengths on either the blue or the red
side of the emission spectra (data not shown). Alternatively, one can examine the emission
spectra obtained with various excitation wavelengths. We collected a series of emission spectra,
exciting at the wavelengths marked with asterisks in Figure 2A. To optimize the ability to
resolve different sized dots, we set the slitwidths to a 2nm bandpass for both excitation and
emission. The results are summarized in Figure 2B and Table 1.

In Table 1 we have listed the emission maxima and spectral bandwidths (FWHM) measured
for each excitation wavelength. The emission spectra between 465 and 515 nm were found to
be sensitive to excitation wavelength and varied in terms of their respective band maxima and
widths. For example, excitation of the sample at 470 nm (abbreviated 470EX hereafter)
produced an emission spectrum that was red shifted by 6nm relative to the 525nm maxima of
the “parent” system indicating the photoselection of relatively larger dots(8,20,24,25,36). In
contrast, excitation at 490 nm (490EX) yielded an emission spectrum with a 7nm blue shift
signifying the photoselection of smaller dots at this excitation wavelength(20,36). Excitation
at 480 nm produced a very broad (44nm FWHM, compared to ∼30 nm for the other spectra)
low intensity band centered at 525 nm. At excitation wavelengths between 490 and 515 nm
the emission maximum gradually returned to the nominal value of 525 nm (cf. 515EX excitation
in Figure 2B).

In contrast, the band maxima and FWHM of QD585 did not change significantly from 585 nm
and 28 nm, respectively throughout the excitation window from 400 nm to 575 nm (Table 1).

Kasha's rule (30) – that the emission spectrum should be independent of the excitation
wavelength – applies if (a) excitation at any wavelength leads to the same excited state with
the same probability (here, the lowest excited state of a dot and unit probability), and (b) only
one species is present (here, dots of identical size and shape). The differences in the shapes of
the excitation and absorption spectra at shorter wavelengths (≤ 420 nm) are believed to
represent a violation of the first condition (37,38). Such a violation would affect the overall
intensities, but not the shapes of the emission spectra. The deviations at longer excitation
wavelengths, of greater interest for our practical application, appear to represent a violation of
the second condition, i.e. a heterogeneous sample of dots. Evidence for sample heterogeneity
is summarized in Figure 3 where the QD525 dots were probed between 470nm and 490nm.

To illustrate that the varying spectra can be understood in terms of a distribution of dot sizes
(or shapes), we have plotted the spectra (reduced and normalized) resulting from excitation at
470nm, 480nm, and 490nm (a, c, and b respectively in Figure 3A). The variations over this
narrow range of excitation wavelength are particularly striking. The 480EX spectrum can be
reproduced, approximately, by averaging the 470EX and 490EX spectra. This is the expected
result if 470EX (or 490EX) excites a population of larger (or smaller dots), and 480EX excites
the two populations equally. The extra breadth of the 480EX spectrum is a consequence of this
less selective excitation. Taken at face value, the 470EX and 490EX spectra represent dots of
core radii 2.9 and 2.5 nm, respectively- as calculated from Equation 1. The 480EX spectrum
is reproduced fairly well, but not perfectly. Taking a weighted average and optimizing the
weights does not change the situation. There are clearly more than two distinct populations of
sizes and/or shapes.

Within the 470nm –490nm range of excitation wavelengths, it seems counterintuitive that
redder excitation (490 nm) yielded a blue shifted spectrum and bluer excitation (470 nm),
470EX produced a red shifted spectrum relative to the putative “parent” band maxima of
525nm. To rationalize this result, we turn to Figure 3B. The two curves are an instructive model
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representation of the overlapping absorption spectra of small dots and large dots. The peak of
the lowest electronic transition (1S3/2<—1Se) of the larger dots is shown at nominally lower
energy than the smaller dots as one might expect (8). The spectral mismatch (≈20nm) of the
two model dots is such that the peak of the 1S3/2<—1Se transition associated with the smaller
dots is centered at 490nm. Consequently, the onset of the next highest 1P3/2<—1Se transition
occurs in the 470nm region of the spectrum where it overlaps with the trough in the absorption
spectrum of the smaller dots. The excitation wavelengths of interest are marked by asterisks
in Figure 3B. In this model, at 470 nm (or 490 nm), the larger (or smaller) dots absorb more
strongly and are excited somewhat selectively, and the emission maximum tends to that of the
larger (or smaller) dots. (At 480 nm, the two populations are excited equally.)

Quantum Yields
Emission yields of dots were determined from the analysis of the integrated emission intensities
of the dots relative to fluorescein or rhodamine B (QD585). QD525 and fluorescein were
absorbance-matched and excited at 420 nm and 490, while QD585 and Rhodamine B were
absorbance-matched and excited at 488 nm. The quantum yields were derived as described in
Note 3 of Table 2. Figure 4 shows the emission bands of fluorescein, rhodamine B, QD525
and QD585, the intensities are shown normalized to optical densities at the excitation
wavelengths. Thus, their magnitudes as shown, are nearly proportional to their quantum yields
relative to fluorescein (cf. Note 3 in Table 2).

To estimate the quantum yield per unit wavelength, between 400 and 500 nm, for fluorescein
and each dot sample, we divided the excitation spectra (Figure 1B) with the absorption
spectrum (Figure 1A). The quantum yield values were then scaled to the emission yields
measured at 420EX (0.37 for QD525) and 488EX (0.20 for QD585). The results are shown in
Figure 5. In Figure 5 we have included the quantum yield determination of a 4 year old sample
of QD605 (from the erstwhile Quantum Dot Corp.) for reference purposes. As noted the
spectroscopic behavior of these dots was very close to those of QD585. QD585 and QD605
were largely constant between 425 and 500 nm. For the QD525 sample, the emission yield
changed from a high of 0.4 at 450nmEX to the low of 0.20 at 480EX. This behavior was
attributed to sample heterogeneity as discussed below. It is important to recognize that quantum
yields that are derived from excitation spectra are more likely to be biased towards reporting
the emission yield of dots whose emission band maxima are centered at the wavelength of
detection when probing a heterogeneous sample (vide supra). Evidence for this bias is shown
in the QD525 data (b in Figure 5) where the wavelength-specific quantum yield values that
were derived from excitation spectra markedly deviate (475-500nm measurement window)
from the results that were derived from data based on integrated emission.

Excited State Lifetimes
We used excited state lifetime measurements to elucidate the differences in the excited state
behavior of small and large dots in the QD525 and QD585 samples. In principle we expected
to selectively probe the excited state lifetimes of smaller and larger dots by profiling the blue
edges and the red edges of the emission spectra respectively (17,39,40). Figure 6A shows an
overlay of emission spectra measured at the following excitation wavelengths: (a) 438EX, (b)
470EX, (c) 480EX and (d) 490EX. The arrows indicate the detection wavelengths at which the
luminescence decay lifetimes were analyzed. Emission intensity decay data were collected at
room temperature and were analyzed using PTI's FELIX™ software. The data are summarized
in Figure 6B and 6C. Figure 6B shows a semilog 3D plot of emission intensity decays of excited
state species profiled along the 438EX band (a in Figure 6A). At 438Ex the emission lifetimes
of the species emitting blue edge photons (i.e. 500 nm and 510 nm) were nominally biphasic,
yielding 15.0±1.0ns and 22.0±1 ns lifetimes of comparable amplitudes. The excited state decay
of the species emitting red edge photons (530-540 nm) was single-exponential; 22±0.1ns.
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These fluorescence decay characteristics were typical of excitations at wavelengths <465 nm.
Our analysis of QD585 samples found lifetimes to be largely single exponential ≈ 22ns over
the wavelength range from 420EX to 570EX. Because the QD585 dots appeared well behaved,
we did not profile the emission spectra of these dots in the same detail as the QD525 dots.

Figure 6C shows a 3D plot of emission decays from the profile of 480EX (c in 6A). The data
shown are representative of the decay profiles of excitation within the 470-590 nm spectral
region where probing the blue edges (500-510nm) of the emission spectra b-d in Figure 6A
were dominated by intense Rayleigh scattering (41) of light identifiable by its temporal
characteristics which matched our laser (800ps pulsewidth). The scatter was on the order of
100 times the emission signal. Because of this extremely high background we did not attempt
to extract lifetimes from these data.

Figure 7 shows typical excited stated decay characteristics of QD525 dots. In general,
excitation at wavelengths below 460 nm and then at wavelengths longer than 500nm obtained
excited state species with single exponential decays. On the other hand, in exciting the sample
at wavelengths between 465 and 490 nm, multiexponential decays were observed. In this
spectral region, laser excitation was in resonance with overlapping electronic transitions that
corresponded to dots of different sizes. We therefore obtained multiphasic decays as shown in
Figure 7B. To summarize the general qualitative trends, the blue edge photons (500-510) from
480EX and 490EX experiments qualitatively appeared to be associated with excited state
species of relatively short lifetimes <10ns (much shorter than the excited state species emitting
blue edge photons that were the progeny of excitations at wavelengths <460nm. The excited
state species emitting red edge photons in the emission spectra in this region exhibited excited
state lifetimes ranging from <10, 15.4 ns to 23ns.

Discussion
In this study we have examined some spectroscopic properties of commercial streptavidin
functionalized dots with the view of advancing a rational basis for developing calibration beads
(42,43) based on quantum dots (26). In this work we have relied on the theoretical and
experimental framework established by the earlier work of Brus et al (10,11,44,45), Bawendi
et al (18,19,22,23,46-49) and others (15,24,25,50,51). Experimental data have shown a strong
correlation between the method of dot preparation and excited state behavior (23). Several
authors reported a decrease of emission yield with decreasing wavelength, suggesting an
anomalous dependence of excitation on wavelength (24,25,37,38,52). Potential mechanisms
for this process have been postulated, including the hypothesized existence of electronic
relaxation channels of “hot” electrons, which bypass the lowest excited state (37,38). More
recent studies have suggested that the deviation between the absorption and photoexcitation
spectra may be in part accounted for by artifacts of size dispersion, light scatter and preparation
history of the dots (16). The preparative history of commercial dots is largely unknown to the
end user. Therefore in this study, we have used three different experimental measures of the
spectroscopic properties of a pair of different sized dots, in order to evaluate their ground state
properties relative to the excited state.

On the Correspondence of Absorption and Photoexcitation Spectra of QD525 and QD585
Qdots

To accurately evaluate the emission yield as a function of excitation wavelength it is necessary
to perform measurements at optical densities below 0.1. In this limit, errors due to inner filter
effects alone are on the order of 10% (28). Experiments performed at or above this threshold,
or in cases were light scatter is a concern, require a correction for the actual number of photons
absorbed rather than relying on the measured absorbance (16,24,25). The fraction of photons
absorbed is proportional to 1-T; where T=I/I0 is the fraction of transmitted light, with I0 being
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the incident light and I the transmitted light. It has been shown that 1-T is within 10% of
measured absorbance when the optical density is < 0.1(16). In our experiments the optical
densities were limited to ≤ 0.02 at 400 nm where the subsequent error in ϕ□ due to inner filter
effects is 2% (28).

Photoexcitation spectra are shown in Figure 1B. Based on the quantum yield calculation (Figure
5), the excitation spectrum of the QD585 dots appears to essentially replicate the absorption
spectrum between the 400 nm and 500 nm interval. However, the quantum yield appears to
fall by 50% at 350nm. In contrast, the quantum yield of the QD525 dots is seriously dependent
on excitation wavelength in the same wavelength window (400-500 nm) where the QD585
dots appear to be consistent with expectation. The emission yield of the QD525 dots also
significantly drops to 15% at 350 nm from a high of 40% at 450 nm. The level of drop (≤50%)
in quantum yield at the high-energy end for both samples is consistent with literature reports
(16,52). The difference in behavior between the QD525 and QD585 dots appears to originate
more from differences in size distribution rather than intrinsic properties where the smaller
QD525 dots appear to be more heterogeneous (c.f. Table 1 and Figure 2).

Emission Spectra and Radiative lifetimes
Emission spectra and lifetime measurements provide a complementary experimental measure
for delineating the influence of size distribution and purity of dot populations (40,53). The
differences in the emission spectra in terms of bandwidth and band maxima of the QD525 dots
(Figure 2) are very striking relative to the QD585 samples (Table 1).

In our fluorescence lifetime measurements, we profiled the emission spectra by measuring the
excited state lifetimes of the species emitting photons localized in the blue (smaller dots) and
red (larger dots) edges of the spectrum(17,39,40). Our analysis of the excited state decays along
the blue edges of the emission spectra between 470EX and 490EX were hindered by strong
resonance Rayleigh scatter (29). It turns out that resonant Raleigh scattering can be strongly
enhanced in the vicinity of areas of inhomogenous broadening of electronic transitions, arising
from a finite distribution of sizes (cf. Table 1) (41). It is worth noting that Rayleigh scatter of
this magnitude was neither observed when QD585 samples at wavelengths correspondingly
near to the detection wavelength for this sample, nor at shorter wavelengths e.g. 420EX, or
438EX even though one would expect more scatter in the blue region due to the ν−4 dependence
of scattering phenomenon (29).

In summary our spectroscopic characterization of the QD525 and QD585 dots shows that the
larger QD585 dots are fairly “monodisperse” and have a fairly constant quantum yield when
excited between the commonly used excitation window of 400 and 500 nm. Several factors
including size heterogeneity and potential impurities (c.f. resonance Rayleigh scatter) appear
to cause the anomalous variations in the quantum yield of the QD525 dots when excited
between 400 and 500 nm. While the wavelength dependent quantum yield of the 525 dots is
twice as high (40%), at some wavelengths, as the QD585 (20%), unfortunately it drops to 20%
in the 490 nm region, which represents an important excitation window in flow cytometry and
microscopy.

Some Practical considerations of Qdots in flow cytometry and microscopy
We will now attempt to present a measurement model that provides a framework intended to
translate the results of the present spectroscopic characterization to the development of
calibration beads as described elsewhere (26). In flow cytometry, the quantitation of
fluorophore tagged ligands and receptors, is achieved by the use of standard beads of known
calibration (42,43). The calibration beads that are currently available are targeted towards a
handful of specific fluorophores (e.g. fluorescein). In order to develop a general use calibration
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bead, it is useful to derive a simple ratiometric formula for comparing the number of
fluorophores of Sample 1: an analyte, capable of emitting radiation of intensity I1 that is
equivalent to a single unit of Sample 2: a calibration standard. For simplicity both samples
must be excited at the same wavelength, using non-saturating light intensity, and emit in the
same spectral region as defined by the same bandpass filter. Equation 2 shows a formalism
derived from simple spectroscopic parameters; extinction coefficients (ε), quantum yields
(ϕ), and the bandpass transmittance (%T) of sample emission. Equation 1 allows one to
determine the number density (ρi) of sample analyte molecules with calibration beads.

I1
I2

=
ελ,1
ελ,2

•
ϕ1
ϕ2

•
% T1
% T2

•
ρ1
ρ2

(2)

In Equation 1, ε can be readily measured from absorption spectra for most probes. The quantum
yields ϕi can be determined by the end-user relative to known textbook standards (28,29).
Because dots are not yet fully standardized one would like to verify basic spectroscopic
properties beginning with photoexcitation spectra as described here. In Figure 4 we have
overlaid the emission spectra of fluorescein, QD525, and QD585 with bandpass filter cross
sections associated with the two detection channels (FL1 and FL2) of a model BD flow
cytometer. The filters are a 30 nm band pass filter centered at 530 nm (515 nm ≤ 530 ≤ 545
nm) and a 42 nm bandpass filter centered at 585nm (564 nm ≤ 585 ≤ 606 nm). Only 28%
fluorescein's emission radiance is transmitted to the detector. For the dots, the emission bands
are relatively narrow and symmetrical, thus a larger percentage of radiance is transmitted.
Interestingly, based on our current study, the heterogeneity in the QD525 sample results in a
differential spectral mismatch with the bandpass filter such that 48% or 38% of total intensity
is transmitted if the sample is excited at 450 nm or 488 nm respectively. As it turns out, the
most common excitation line used in an Argon ion laser is 488 nm, where the selective photo
excitation of the smaller sized dots with a blue shifted, 518 nm, emission band is recorded. On
the other hand, over 90% of QD585 is transmitted. Having described all the necessary
spectroscopic parameters herein, (Table 2) elsewhere (26) we have described the assembly of
quantum dots with known surface density (ρ2 in Equation 1) on beads, in order to test and
demonstrate the applicability of these beads as calibrations standards.
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Figure 1.
Comparison of absorbance (A), and lamp corrected excitation spectra (B) of quantum dots and
fluorescein: (a) Fluorescein (b) QD525 (c) QD585. 1S3/2<—1Se and 1P3/2<—1Se are the
spectroscopic term symbol notations associated with the first (band edge) and second excitonic
transitions (n.b. the 1P3/2<—1Se annotation is only showing the location of the transition of
QD525). The samples' optical densities were matched at 488 nm by design. The excitation
spectra were measured using the same samples characterized in panel A. The excitation and
emission monochromators' resolution was set at 16nm. The detection wavelengths for
fluorescein and QD525 were set at 525nm, while QD585 was set at 585nm. The correction for
the lamp's uneven spectral distribution (Lλ) was as described in the text.
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Figure 2.
A. Overlay of the absorption and excitation spectra of QD525 dots (same data from Figure1).
Asterisks are drawn on the absorption spectrum to indicate the wavelengths of excitation
associated with the emission spectra shown in B. The excitation and emission monochromators'
slitwidths were set at 2nm resolution. B 3D plot of emission spectra of QD525 from excitation
at the wavelengths shown along the z-axis. Spectra were background corrected for light scatter
and are normalized for the optical density at the excitation wavelengths, and for excitation
lamp's spectral distribution, Lλ. The spectral bandwidths and maxima are anomalously
dependent on the excitation wavelength.
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Figure 3.
A. Normalized reduced spectra from excitations at (a) 470EX (b) 490EX (c) 480EX. (d)
Mathematical averaged spectrum of 470EX and 490EX spectra. B. Generally, the band edge
transitions of larger dots are characteristically lower in energy than their smaller counterparts
(8). Model absorption spectra of larger-sized (bold squares) and smaller-sized dots (open
squares) are shown here to display the spectral mismatch of the absorption bands, which
correspond to their respective lowest electronic transitions. Resonance excitation at the
wavelengths marked by asterisks yielded the (a) red shifted, (b) blue shifted, and (d) broad
spectra shown in panel A.
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Figure 4.
Emission spectra of fluorescein, rhodamine B and quantum dots. The spectra of rhodamine B
(54), QD525 and QD585 are scaled to correspond to their quantum yields relative to
fluorescein. Green and orange bars represent band pass filters used in a standard flow cytometer
(530/30 BP for FL1, and 585/42 BP for FL2). The resonance overlap between the bandpass
filters and emission spectra regulates the amount of light that is transmitted or rejected by the
BP filter: Less than 28% fluorescein emission is transmitted through the FL1 filter, compared
to 48% of QD525, and 65% of QD585 emission that is transmitted to the FL2 channel.
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Figure 5.
Plot of quantum yields of (a) fluorescein (b) QD525, (c) QD585, and (d) QD605 versus
excitation wavelength. The quantum yields were calculated as described in Table 2. The lines
are data derived from excitation spectra while data points represent data derived from integrated
intensity.—
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Figure 6.
A. Emission spectra measured at (a) 438 (b) 470, (c) 480, and d 490nm excitations. Arrows
indicate wavelengths at which emission lifetimes were probed. B 3D Semi-log plot of
fluorescence lifetime decay data obtained from exciting QD525 dots at 438nm. Emission
decays were measured at the detection wavelengths shown along the z-axis. C. 3D Semi-log
plot of fluorescence lifetime decay data obtained from exciting QD525 dots at 480nm. Emission
decays were measured at the wavelengths shown along the z-axis. The fast component decays
shown in C correspond to strong resonance Rayleigh scatter (see text).
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Figure 7.
Plots of fluorescence decay measured at 530 nm. Samples were excited at: A. 500 nm and B
480 nm. Excitation at 500 nm produces excited state species with single exponential decay
emission suggesting a single population of dots, whereas exciting at 480nm probes a wide
distribution of dot sizes. Data were fit to a double exponential decay (minor component, t1/2≈
4ns; and major, t1/2≈ 23 ns). As the residuals show a two-parameter fit was insufficient to
analyze the data suggesting the contribution of multiple sizes of dots (see text for details)
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Table 2
Summary of spectroscopic properties of fluorescein conjugates and QD525, (lot#1005-0045) and QD585,
(Lot#0905-0031) Quantum dots.

Fluors. Bandwidth
FWHM (nm)1

λex(nm);
ε(M−1cm−1)2

ϕs3 = ϕref
Is

Iref

ODref
ODs

ns2

nref2
% Trans.

(BP Filter)4

BiotinFITC

FLAGFITC Asymmetric 488; 80,000a 0.82a

0.20a 28(530/30)a

QD525 33
488; 130,000b

458;216,000
405;360,000
350;710,000

0.30a

0.40a

0.27b

0.15b

38(530/30)b

48(530/30)c

QD585 28
488; 530,000c

458; 1,100,000
405; 2,200,000
350; 3.500,000

0.20b , 0.67c

0.20d

0.14d

0.10d
65(585/42)

QD605 28
488; 1,100,000c

458; 1,700,000
405; 2,800,000

0.20b , 0.67c

0.18d

0.14d

Notes:

1
The bandwidth for QD525 corresponds to excitation at 420nm.

2
Extinction coefficients obtained from www.probes.invitrogen.com. (a). The extinction coefficient of fluorescein and some derivatives vary from 85,000

for the NIST fluorescein solution standard reference material SRM 1932 to 75,000 for some FITC derivatives, and values are for pH dependent. We have
selected a median number here.

3
Relative quantum yields (ϕs) were calculated using the integrated intensity of sample relative to: a). Fluorescein, ϕref= 0.95; Is and Iref are the integrated

band intensities. The optical densities (OD) of the sample (s) and reference (ref) were kept close. n is the index of refraction of the solvent; 1.32 for water.
(b). ϕs determined from photoexcitation spectra and scaling to values obtained in a) (c.f. Figure 5). (c). ϕs determined relative to Rhodamine B, ϕref=
0.31 in water (Magde et. al., Photochem. Photobiol. 1999). (d). ϕs determined from photoexcitation spectra and scaling to values obtained in Figure 5.

4
See Figure 4, the bandpass filters are those on a standard model BD Facscan flow cytometer. (a) Spectral mismatch between fluorescein and derivatives

is assumed to be negligible in this table (b) Emission spectra from the excitation of QD525 at 488 nm (c) Excitation of QD525 at 450 nm.
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