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Abstract
Quantum dots (QDs) are increasingly employed in biologic imaging applications; however, anecdotal reports suggest difficulties in QD bio-
conjugation. Further, the stability of commercial QDs during bioconjugation has not been systematically evaluated. Thus, we examined fluo-
rescence losses resulting from aggregation and declining photoluminescence quantum yield (QY) for commercial CdSe/ZnS QD products from
four different vendors. QDs were most stable in the aqueous media in which they were supplied. The largest QY declines were observed during
centrifugal filtration, whereas the largest declines in colloidal stability occurred in 2-(N-morpholino)ethanesulfonic acid (MES) buffer. These
results enable optimization of bioconjugation protocols.

Introduction
The introduction of quantum dots (QDs) for biologic imaging
in 1998[1,2] was thought to herald a coming revolution in the
field. QDs, crystalline semiconductor nanoparticles, exhibit
many properties conducive to imaging because of their small
size. Broad excitation spectra enable imaging of multiple colors
with a wide variety of excitation sources. High absorption cross
sections enable improved photon generation compared to
molecular fluorescent dyes.[3] Narrow emission spectra and
size-tunable fluorescence are ideal for multiplexed applications
that require several distinct colors to be distinguished in the vis-
ible spectrum. Building on these initial reports, QD labels were
demonstrated for in vitro[4] and in vivo[5] labeling applications
across many organismal models. However, researchers were
poised for a revolution that never came. Although QD products
have been introduced by a variety of vendors, there are no clin-
ically approved QDs, and fluorescent dyes remain the mainstay
of biologic imaging.

One obvious limitation to the clinical adoption of QDs is
their toxicity.[6] The most popular QDs for imaging applica-
tions are composed of CdSe cores with ZnS passivating shells
(CdSe/ZnS). Cadmium is a heavy metal that yields chronic tox-
icity and carcinogenesis in humans, disrupting DNA repair,
hindering mitochondrial respiration, and interfering with sys-
tems that employ cations of similar charge (e.g., Zn2+, Mn2+)
as co-factors.[7] Despite the fact that studies in primate models

yielded no observable effects over 90 days, most of the admin-
istered dose remained in the organs of the reticuloendothelial
system,[8] suggesting the potential for long-term effects.
Thus, clinicians are reluctant to employ QDs in humans. This
problem has been addressed in recent years by the introduction
of “green” QDs composed of alternate materials,[9] such as
Mn-doped ZnSe[10] that eliminate Cd metal from the nanocrys-
tal. Some of these are even commercially available. However,
despite these improvements, QDs remain niche products, pri-
marily used for experiments requiring high numbers of multi-
plexed imaging targets or specific emission wavelengths.

Other possible limitations to QD use in biologic imaging are
anecdotal reports of poor optical properties. Although QDs have
shown increased resistance to photobleaching compared with
molecular dyes,[2,5] several researchers have observed QD fluo-
rescence loss throughout the bioconjugation process.[11,12] In
particular, losses in fluorescence resulting from dilution, disso-
lution in biologic buffers (particularly containing salts), and fol-
lowing purification procedures, such as centrifugal filtration or
dialysis, have been observed. However, a comprehensive anal-
ysis has not yet been performed. Further, the mechanisms of QD
failure are uncertain. QDs can undergo surface oxidation result-
ing in the release of free Cd2+ and generating fluorescence
quenching defects at the nanocrystal surface.[3] However,
QDs exposed to high salt concentrations can also undergo
aggregation as a result of reduced Debye charge screening of
the ionic ligands on their surfaces.[13] Further, recent reports
for organic phase QDs,[14] suggest that ligand equilibrium
dynamics play a strong role in fluorescence loss mechanisms.* These authors have contributed equally to this work.
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Here, we investigated fluorescence loss resulting from QD
bioconjugation processes. The most commonly employed QDs
for biologic applications are composed of CdSe/ZnS coated
with organic compounds (e.g., polymers) to promote solubility
in aqueous media.[15] Further, these QDs are often modified
with antibodies or other biomolecules to permit targeting to spe-
cific biomarkers, typically via 1-Ethyl-3-(3-(dimethylamino)
propyl)carbodiimide (EDC)-mediated bioconjugation to –

COOH groups on their surfaces.[16] Therefore, we examined
aqueous, CdSe/ZnS QDs functionalized with carboxylic acid
terminal groups (-COOH) from four vendors.

In a typical preparation for biologic imaging,[17] QDs
received from the manufacturer are first transferred into a con-
jugation buffer. Common buffers employed include borate and
2-(N-morpholino)ethanesulfonic acid (MES) buffer. Transfer
can be via simple dilution, especially if a small volume of
QDs is diluted into a much larger buffer phase, or via exchange,
typically using centrifugal filtration and re-suspension. Then,
conjugation chemicals and conjugate are added and incubated
for a specified period of time. Following incubation, some prep-
arations require neutralization by addition of an excess of a
compound that reacts with the conjugation chemicals. The
final product is then purified, usually by centrifugal filtration,
dialysis, or gel filtration.

In this work, we evaluated aggregation and fluorescence
quantum yield (QY) reduction during the initial steps of the
bioconjugation process, specifically, dilution in the original
buffer used by the manufacturer, purification via centrifugal fil-
tration, and dissolution in buffers commonly employed for
bioconjugation.

Aggregation was evaluated by measuring changes in the
fluorescence of the supernatant following centrifugation cycles,
whereas QY was evaluated using fluorometry. Thus, for each
sample, we evaluated fluorescence loss attributed to reduced
concentration, reductions in QY, and material loss to aggrega-
tion. The majority of studies employed red QDs (λem = 600–
630 nm) for consistency; however, some green QDs (λem =
545 nm) were also evaluated to identify differences across
emission wavelengths. In some cases, multiple lots were exam-
ined to evaluate lot-to-lot variation. These data provide impor-
tant guidance on optimization strategies for QD bioconjugation
and labeling protocols.

Materials and methods
Materials
To avoid potential conflicts of interest, the vendors used in this
study are not disclosed. Red CdSe/ZnS core-shell QDs (600
nm < λem < 630 nm) functionalized with carboxylic acid were
purchased from four vendors. Green QDs (λem = 545 nm)
were purchased from one of these vendors. All QDs employed
were shipped and stored in aqueous media, either pH 9, 50 mM
borate buffer or pure water. Amicon ultra 0.5 mL centrifugal
filters (cat. No. UFC505024, 100 kDa) were purchased from
MilliPoreSigma. MES Buffered Saline Packs (cat. No. 28390)
and BupH™Borate Buffer Packs (cat No. 28384) were purchased

from ThermoFisher Scientific. Rhodamine 6G (cat. No. 252433)
was purchased from Sigma-Aldrich (St. Louis, MO, USA).

UV-visible absorbance spectroscopy
UV-visible absorbance spectroscopy was used to estimate con-
centrations (against standard curves) of reference dye and QD
solutions for QY calculations. Absorbance spectra were
obtained using a Genesys 6 UV-Vis spectrophotometer.
Background subtraction was performed by scanning an equal
volume (400 µL) of fresh solvent inside a Hellma absorption
cuvette (path length 10 mm).

Fluorescence excitation and emission
spectroscopy
Fluorescence spectroscopy was performed to obtain the fluores-
cence emission and excitation spectra of reference dye and QD
solutions. For both excitation and emission measurements, 80
µL of sample solution was analyzed using a sub-micro quartz
cuvette. Fluorescence spectra were obtained with a PTI
QuantaMaster™ 40 steady-state spectrofluorometer (lamp
power: 75 W, detector voltage: 1100 V). Emission spectra
were collected using an excitation wavelength of 488 nm unless
otherwise specified.

QY calculations
To evaluate fluorescence loss resulting from altered QD mate-
rial properties, QY was calculated via comparison to a rhoda-
mine 6G reference dye, which has an expected QY of 95% in
ethanol.[18] Rhodamine 6G in ethanol was chosen because its
excitation wavelength (488 nm) does not interfere with the
range of emission wavelengths for the QDs tested (500–700
nm). Fluorescence emission spectra for QDs were obtained
by excitation at the first excitonic peak, λex , resulting in max-
imal emission or at 488 nm, as specified below. The latter exci-
tation wavelength was employed to collect a full emission
spectrum without bleed through of excitation light. From the
collected spectra, QD QY was calculated using Eq. (1).[19]

QYQD = QYref
IQD
Iref

lex ref

lex QD

Aref

AQD

h2
QD

h2
ref

(1)

where QYQD is the measured QY of the QDs, QYref is the QY
of the reference dye (i.e. 0.95 for Rhodamine 6G), IQD and Iref
are the integrated fluorescence intensities (for QDs and a refer-
ence, respectively) calculated by the area under the curve
obtained using the spectrofluorometer, λex QD and λex ref (for
QDs and a reference, respectively) are the excitation wave-
lengths used to obtain the emission spectra, AQD and Aref (for
QDs and a reference, respectively) are the absorbances
obtained using UV-Vis spectrophotometry at the excitation
wavelengths, and ηQD and ηref are the refractive indices for
the solvent containing QDs and the reference, respectively.
For excitation at the first peak of the excitation spectra, where
bleed through into the emission spectra occurs, IQD was
obtained by measuring half of the emission curve from the
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maximum peak and multiplying the measured area under the
curve by 2. For QDs excited at 488 nm, IQD was obtained by
calculating the area under the full emission curve.

Aggregation
Fluorescence losses resulting from particle aggregation in sol-
ution were identified by centrifugation. When QDs aggregate,
they form large clusters that precipitate easily. Thus, QDs in
a 1.5 mL test tube were subjected to centrifugation at low
speed (4000 rpm) for 1 min. The fluorescence of the superna-
tant was measured to determine the amount of fluorescence
lost to pellet formation, indicating the extent of aggregation.

Evaluating the effect of dilution in original
solvent
QDs from four vendors were shipped at different concentra-
tions in different solvents. Thus, to evaluate the effect of dilu-
tion, QDs were diluted across a range of concentrations using
the original solvent, either Milli-Q water or pH 9, 50 mM
borate buffer. The original concentrations from all vendors
were too high to obtain absorbance and/or fluorescence spectra
without saturating detectors. Thus, initially, QY was evaluated
for QDs diluted in their original solvents to absorbance values
between 0.01 and 0.1 at the longest wavelength absorption
maxima, which was sufficient to prevent saturation of
UV-Vis and fluorescence detectors.[20] Then, further dilution
using the original solvents for each sample was performed
across a range of concentrations corresponding to an absor-
bance range of 0.01 to 0.1. QY values were compared to
those at the original dilution using the student t-test. All sam-
ples were prepared and analyzed at N≥ 3.

Evaluating the effect of purification via
centrifugal filtration
To evaluate the effect of purification methods, specifically cen-
trifugal filtration, on QD fluorescence loss, QD fluorescence
was evaluated before and after purification via this method.
Filtration was conducted by washing 400 µL of QD solution
diluted with the original solvent (i.e. water, pH 9, 50 mM
borate buffer) to the highest concentration tested in the dilution
study using Amicon ultra 0.5 mL centrifugal filter devices at
12,000 rcf for 3 min. Then, concentrated QDs were immedi-
ately resuspended to the original volume of 400 µL in the orig-
inal solvent. Filtration was repeated up to 3 times, and QY was
measured after each repeat. QY values were then compared to
those before filtration using the student t-test. All samples were
prepared and analyzed at N≥ 3.

Effect of buffer exchange
Centrifugal filtration was also used for buffer exchange studies.
QDs were processed as above, except, after removing the orig-
inal solvent, QDs were washed with MilliQ water before dis-
persion into a new buffer. For QDs shipped in water, QDs
were resuspended in new buffer after only one washing cycle.
For QDs shipped in other solvents, three washing cycles were

performed prior to dispersion into the new buffer. Buffers
tested included pH 4.7, 0.1 M MES buffer and pH 9, 50 mM
borate buffer because they are commonly used in bioconjuga-
tion procedures. In addition, pH 7.3, 50 mM borate buffer
was tested to examine the effect of buffer ionic strength on
QD stability. QY values were then compared to those before
buffer exchange using the Student’s t-test. All samples were
prepared and analyzed at N≥ 3.

Results and discussion
Initial QY calculations
QDs received from vendors were highly concentrated. Thus,
samples were diluted to avoid saturation of detectors for initial
measurements. QY was then determined at this initial concen-
tration using excitation wavelengths corresponding to the first
excitation peak and also at 488 nm (to prevent excitation
bleed through in the emission spectrum) [Fig. S1(a) (summary)
and Fig. S1(b) (full spectra)].

Measured QYs ranged from∼ 60% or 40% for green and
red QDs, respectively, to as little as ∼5% (red QDs). All ven-
dors provided expected QY values for their QDs, although
the methods of measurement were not indicated. QY values
measured by our methods, following dilution and compared
to a known reference, were substantially lower than reported
values in all but two cases (Red, vendors #2 and 3). This
may result from the methodology employed (i.e., QY measure-
ment against a reference versus use of the integrating
spheres[21]), which prevented evaluation at the as shipped con-
centration. QYs of >50% are generally desired for imaging
applications.[22] Nonetheless, QDs with QY <10% have been
successfully employed for cell labeling,[23] suggesting that
even products with low QY may still result in successful imag-
ing results. We also observed only slight differences in QY val-
ues regardless of the excitation energy employed (i.e., first
excitation peak versus 488 nm), with the largest difference
observed for Vendor #1 Red. Thus, we do not believe that exci-
tation wavelength contributes to this discrepancy between mea-
sured and reported values. In subsequent experiments, an
excitation wavelength of 488 nm was employed to permit the
full emission spectra to be collected without excitation bleed
through.

Effect of dilution with original solvent
Most bioconjugation and labeling protocols require dilution of
QD stock solutions before use. QD stability is critically linked
to the local environment, and in particular, the ionic strength of
the media.[24] The presence of proteins and other additives in
cell culture medium and serum can further alter this
response.[25] Thus, we evaluated the influence of dilution on
QD fluorescence losses resulting from aggregation and reduced
QY. To decouple fluorescence QY losses resulting solely from
dilution from those resulting from buffer incompatibility, we
first evaluated QD fluorescence loss upon dilution with the
original aqueous solvent in which QDs were shipped and
stored. QDs were diluted across a range of concentrations
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consistent with absorbance values between 0.01 and 0.1 at the
longest wavelength absorption maxima, with maximal concen-
tration values corresponding to those used in Fig. S1 (Figs. 1
and S2).

Fluorescence intensity, which is correlated to the total num-
ber of photons emitted, is concentration dependent, and thus
should decline with dilution. However, QY, which reflects
the number of photons emitted over those absorbed, is concen-
tration independent, provided that QDs are not affected by the
local aqueous environment. As expected, fluorescence intensity
for all vendors declined with dilution (Fig. 1). Also, for QY, no
statistical difference (α = 0.05) was observed across the samples
and dilutions investigated; suggesting that the borate buffer and
water in which products were shipped did not influence QD sur-
faces and their photoluminescence emission sites. Further, no
aggregation was observed, suggesting colloidal stability in
these original aqueous solutions.

To enhance the rigor of our analysis, we repeated these
experiments with a second lot of material. Unfortunately,
only one vendor (Vendor #1) had multiple lots available for
purchase, thus our analysis was limited to products from
Vendor #1 (Fig. S2). The expected QY reported by the manu-
facturer for Lot 2 was higher than that of Lot 1 by 6%.
However, the measured QYs for these two lots were not statisti-
cally different (α = 0.05) across the range of concentrations
investigated. Thus, the second lot displayed a slightly greater
difference from the manufacturer’s reported QY. No aggrega-
tion was observed in these studies. Therefore, in this limited
evaluation, we did not observe substantial lot-to-lot variability,
although further investigation of many lots from each of the
vendors would be required to conclusively evaluate this
variable.

Next, we evaluated the influence of emission wavelength on
fluorescence loss. CdSe/ZnS QD fluorescence derives in part
from the nanocrystal surface,[26] which is much less stable
than the interior of the nanocrystal. Thus, smaller QDs (emit-
ting toward the blue end of the spectrum), which have a higher
surface to volume ratios, are expected to exhibit a greater pro-
pensity for QY loss as a result of surface defects than larger
QDs (toward the red end of the spectrum). Therefore, we eval-
uated fluorescence loss upon dilution for green-emitting
carboxylate-functionalized CdSe/ZnS QDs (λem = 545 nm)
from Vendor #1. For these materials, the manufacturer’s
reported QY was lower than that of red QDs (Lot 1) by 25%,
but the measured QY was higher than that of red QDs
[Fig. S2(B) versus Fig. S1(A)]. Consistent with our previous
results, QY measured after dilution was lower than the manu-
facturer’s reported value. Although the difference between
the manufacturer’s reported QY and the measured QY after
dilution was lower than that observed for red QDs, green
QDs showed a larger standard deviation in QY values. This
could potentially result from the larger surface to volume
ratio of green QDs, reducing stability. However, no aggregation
was observed across these experimental conditions, suggesting
colloidal stability was maintained.

Effect of centrifugal filtration
Most bioconjugation protocols require concentration and puri-
fication steps,[17] and for QDs, centrifugal filtration devices are
often used for these purposes. Purification can result in reduced
fluorescence intensity, in part from the loss of sample in the fil-
ter, but also from increased solution ionic strength, which low-
ers colloidal stability.[24] Thus, we investigated fluorescence
losses resulting from centrifugal filtration and up to three wash-
ing steps. For these experiments, samples were investigated at
the highest concentration tested in the dilution study and
were washed with the aqueous media in which they were
shipped and stored. Because of possible material losses during
filtration (i.e., entrapment in the filter), absorbance for QY cal-
culations was determined at the beginning of each filtration
cycle. Thus, the reported values are concentration-corrected.

All samples experienced reductions in total fluorescence
intensity (Figs. 2 and S3), in some cases by as much as 96%
(Vendor 4), which could result from either loss in the filter or
reduction in QY. Specific investigation of QY indicated modest
declines (Table I), suggesting that much of the reduction in
fluorescence intensity reflects material loss on the filter.
Sample QY was generally stable against a single filtration
cycle; however, samples from Vendors 2 to 4 displayed statisti-
cally significant reductions in QY with increasing numbers of
washes. QDs from Vendor 1 displayed mixed results, although
they were more resistant to QY reduction than all competing
vendors. QDs from Red Lot #1 demonstrated a statistically sig-
nificant reduction in QY after three washes, whereas as Red Lot
#2 and the Green Lot did not demonstrate reduced QY across
the three washes performed. For green QDs; however,
sample-to-sample variation, reflected by their relatively larger
standard deviations, was consistently observed (Table I). This
is consistent with the larger variations observed in our dilution
study as well. However, conclusive results would require a
larger study with multiple lots from each vendor. As in our pre-
vious studies, aggregation was not observed across all experi-
ment conditions, suggesting colloidal stability in original
aqueous media was not affected by centrifugation or filtration
steps.

Because QY values are concentration corrected, these losses
cannot be attributed to product loss during washing. Thus, the
most likely cause for reduced QY during centrifugal filtration is
the loss of surface ligand, which is a well-documented problem
during solution exchanges.[12] However, QY reductions were
not observed with sample dilution, which would have been
expected if ligand loss were driven by equilibrium reactions
alone. We hypothesize that ligand loss could occur during cen-
trifugal filtration, but not dilution, because of the additional
shear forces applied during this process. This hypothesis
could be further confirmed by quantitative NMR experiments
to examine ligands on the QD surface.[27] An alternative possi-
ble cause of reduced QY is surface oxidation,[28] which could
be evaluated using x-ray photoelectron spectroscopy or catho-
doluminescence.[29] It is notable; however, that the surface
changes that resulted in reduced QY did not result in reduced
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colloidal stability as no aggregation was observed throughout
the study. These data suggest that filtration steps should be lim-
ited in number to reduce QY losses throughout the purification
process.

Effect of buffer exchange
Bioconjugation protocols are typically performed in buffers
such as MES,[17] although some QD vendors recommend
borate buffer. Biologic buffers inherently present solutions
with different pH and ionic strength than water, and as such
could affect colloidal stability.[24] Thus, we examined the effect
of QD dissolution in water; pH 9, 50 mM borate buffer (i.e.,
recommended by one vendor for bioconjugation); and pH
4.7, 0.1 M MES buffer (consistent with common bioconjuga-
tion protocols[17]) to examine the effect of dispersing QDs in
solvents with different pH and ionic strengths. Buffer exchange
was performed using centrifugal filtration to reduce the volume
of the original solvent, followed by dispersion in the new sol-
vent. Three washes in the new solvent were performed before
measurement to ensure removal of residual solvent. QD con-
centrations employed were consistent with those used in the
centrifugal filtration study.

Products generally displayed highest QYs in the buffers in
which they were supplied (i.e., either water or borate buffer)
(Fig. 3 and Table I). Thus, there were no trends across all
four vendors indicating an ideal buffer that maximized QY
for all products. However, dissolution in MES buffer, recom-
mended in many bioconjugation protocols, yielded decreased
stability or statistically significant declines in QY for all prod-
ucts tested. QDs from Vendor 1, regardless of lot number or
color, aggregated instantaneously in MES buffer (Fig. S4).
QDs from vendors 2 and 4 did not demonstrate visible aggrega-
tion, but fluorescence emission peaks were red-shifted, suggest-
ing aggregation. QYs for QDs from these two vendors were
also reduced, although by levels roughly consistent with
those observed in response to centrifugal filtration (three
washes), suggesting that these QY losses most likely result
from centrifugal filtration processes and not buffer incompati-
bility. QDs from Vendor 3 did not present observable aggrega-
tion or red-shifted emission peaks; however, there was a slight,
statistically significant decline in QY compared to that in other
buffers. This decline was consistent with that observed during
centrifugal filtration studies, and most likely can be attributed to
purification rather than buffer incompatibility. To evaluate the

Figure 1. Photoluminescence intensity (PL) and QY of red QDs from four vendors as a function of concentration. Fluorescence intensity is concentration
dependent and thus is expected to decline with dilution, whereas QY is not.
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Figure 2. Photoluminescence (PL) intensity and QY of red QDs from four vendors (fixed concentration) after centrifugal filtration repeated up to 3 times.

Table I. QY of QDs following centrifugal filtration and in different buffers.

Vendor 1 Vendor 1 Vendor 1 Vendor 2 Vendor 3 Vendor 4
Red, Lot 1
(0.1 µM)

Red, Lot 2
(0.1 µM)

Green
(0.25 µM)

Red
(0.1 µM)

Red
(0.06 µM)

Red
(0.5 µM)

Filtration

Pre-Washa 39.2 ± 0.9 40.0 ± 2.7 54.8 ± 4.7 19.82 ± 2.1 22.5 ± 0.5 5.9 ± 0.1

Wash 1 36.3 ± 0.9 41.4 ± 1.4 57.3 ± 2.8 19.06 ± 0.6 21.4 ± 0.3 3.5 ± 0.3b

Wash 2 37.1 ± 0.4 41.9 ± 1.2 57.4 ± 5.0 17.4 ± 0.3b 18.9 ± 0.4b 1.8 ± 0.2b

Wash 3 33.9 ± 0.8b 40.9 ± 0.9 55.8 ± 3.3 16.6 ± 0.6b 18.3 ± 0.3b 2.3 ± 1.5b

Buffer

Borate pH 9,
50 mM

33.9 ± 0.8 41.0 ± 0.9 55.8 ± 3.3a 24.12 ± 0.8c 17.2 ± 0.7c 3.1 ± 0.1c

Water 36.4 ± 0.5c 33.7 ± 0.6c 52.1 ± 2.0c 19.8 ± 0.2 22.5 ± 0.5 3.5 ± 0.3

MES pH 4.7,
0.1 M

Aggregation Aggregation Aggregation 13.6 ± 0.7c 17.3 ± 0.05c 1.1 ± 0.2c

aAs reported in Figs. 1 and S2.
bIndicates statistical difference (α = 0.05) from pre-wash values.
cIndicates statistical difference (α = 0.05) between QY before and after buffer exchange.
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effect of pH, in a more limited set of samples, we examined QD
compatibility with pH 7.4, 50 mM borate buffer, which was
recommended by one of the vendors as a conjugation buffer
(Fig. S5). QD samples from Vendor 1 (Lot 2) and Vendor 2
were stable in pH 7.4 borate buffer, consistent with prior results
using pH 9, 50 mM borate, and did not demonstrate statistically
significant differences in QY from measurements conducted in
their original buffers.

Colloidal stability is typically inversely proportional to ionic
strength, with increasing ionic strength yielding greater Debye
screening and therefore reduced colloidal particle stability.[24]

However, the buffers used in this study had ionic strengths of
4.7 mM and 104.1 mM for MES and pH 9 borate buffers,
respectively. Thus, QDs in borate buffer would be expected
to demonstrate the least colloidal stability, which is contradic-
tory to our findings. These results indicate that buffer incompat-
ibility, separate from that attributed to ionic strength, can
induce aggregation of commercial QD products (Vendors 1,
2, and 4 in MES buffer), and should be carefully considered
when designing QD conjugation protocols.

Conclusion
This study evaluated the colloidal stability and QY of –COOH
terminated CdSe/ZnS QDs from four commercial vendors.
These materials were chosen because they are the most com-
mon QDs employed in biologic imaging studies. Three pro-
cesses required in bioconjugation protocols were examined:
dilution in the manufacturer’s original buffer, purification via
centrifugal filtration, and dilution in biologic buffers employed
in bioconjugation protocols. Across the range of concentrations
investigated, all products investigated demonstrated unchanged
QY and no aggregation upon dilution in the solvent in which
they were shipped. Further, although limited investigation
was performed, no lot to lot variation was observed.
However, the measured QYs for nearly all vendors were
lower than those reported by the manufacturers. This may result
from the method of measurement. The most significant declines

in QY were observed in response to centrifugal filtration, with
declines increasing as a function of increasing number of wash
cycles. The most significant declines in colloidal stability were
observed in MES buffer. These data suggest caution in devel-
oping bioconjugation protocols, which should employ the min-
imum number of purification and washing cycles. Further, in
this limited study, ionic strength was not a predictor of QD
stability in a given buffer. Thus, care should be taken to eval-
uate stability experimentally when developing a new protocol.
These results provide some of the first systematic investigation
of stability and QY for commercial QD products during prepa-
ration steps for biologic use.
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