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ABSTRACT Quantum Dots (QDs) stabilized with dihydrolipoic acid (DHLA) were used as

DHLA-QDs
a template for layer-by-layer (LbL) modification to study the effect on the QD optical * Photo-oxidation
properties. We studied several different polyelectrolytes to determine that large % E & a"daggrega":"
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quantities of monodisperse DHLA-QDs could only be obtained with the weak polyelec-
trolyte pair of poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA). The key to
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three wash cycles. We found that adsorption of PAH had a negligible effect on the quantum yield and lifetime but an additional layer of PAA resulted in a

this success was the development of a two-step method to split the LbL process into

Optically and
colloidally stable

adsorption and centrifugation phases, which require different pH solutions for optimum
success. Solution pH is highlighted as an important factor to achieve sufficient QD surface
coverage and QD recovery during wash cycles. We optimized the process to scale up ‘ '

synthesis by introducing a solvent precipitation step before ultracentrifugation that, when
coupled with the correct pH conditions, results in a mean QD recovery of 86—90% after

substantial decrease in both quantum yield and lifetime that could not be recovered by the addition of more layers. The PAH coating provides a protective

coating that extends DHLA-QDs stability, prevents photo-oxidation mediated aggregation, alleviates concerns over batch variability, and results in

pH-dependent emission.
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tum dots (QDs) possess a number of

unique properties that could enable
them to revolutionize biomedical imaging
and sensing.' ~® The broad absorption spec-
trum of a QD sample increases toward the
UV, allowing efficient excitation by any
source with a wavelength shorter than the
QD bandedge; thus, the excitation source
can be spectrally separated from the emis-
sion, yielding a large effective Stokes shift.
Because of quantum confinement effects,
the optical properties are dependent on the
size of the nanocrystal core. As the core gets
larger, the optical properties (absorption
bandedge and emission spectrum) shift to
longer wavelengths. Size tunability allows a
single material system to cover applications
across a broad spectral region, tailoring
the optical properties to the specific appli-
cation. A key attractive feature of QDs for
long-term sensing and imaging is high re-
sistance to photobleaching, typically great-
er than an order of magnitude superior to

Semiconductor nanocrystals or quan-
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conventional fluorescent dyes.*® These
properties make QDs ideal alternatives to
organic dyes as donors in an energy transfer
sensing scheme.®™®

Nanocrystalline quantum dots with nar-
row size distributions and desired optical
properties are typically synthesized in non-
polar organic solvents and stabilized with
hydrophobic ligands.'® To ready QDs for use
in biomedical applications, some modifica-
tion and engineering of the QD surface is
typically necessary. There are many routes
to water solubilize QDs, with different meth-
ods having various tradeoffs between com-
plexity, conditional stability, hydrodynamic
size, and optical properties."'~'* Mercapto-
carboxylic ligands are commonly used be-
cause of the simple exchange process and
resulting exposed carboxylic acid groups
that provide for further functionalization.
Short chain mercaptocarboxylic acid ligands
offer the additional benefit of a resulting
small hydrodynamic radius, which greatly
improves efficiency for distance dependent
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energy transfer. Commonly used short chain species
include monothiolated molecules such as mercapto-
proprionic acid (MPA), mercaptoacetic acid (MAA), or
thioglycolic acid (TGA), but more recently the biden-
tate dihydrolipoic acid (DHLA)'>'® has emerged as a
more stable alternative because of the higher affinity of
the dithiol compared to a monothiol. The high affinity
of thiol ligands for metallic surfaces allows the hydro-
philic molecule to spontaneously exchange with the
more weakly bound hydrophobic trioctylphosphine
oxide (TOPO) ligands, often used during synthesis."”
However, the transfer to water is accompanied by a
severe and variable decrease in quantum yield'>'®
with a colloidal stability that is susceptible to photo-
oxidation mediated aggregation.'®

In this work, we explored layer-by-layer (LbL) elec-
trostatic self-assembly as a versatile method for surface
modification of colloidal DHLA-stabilized QDs (DHLA-
QDs). While LbL has been primarily applied to large, flat
substrates,>%2" a version of LbL was also developed for
coating micrometer scale colloids.>> However, apply-
ing LbL on nanoscale templates below 100 nm is not a
trivial adaptation and has realized variable success on
metals, >~ oxides,> polymeric particles®' and QDs.333
Both theoretical and experimental analyses have found
that as particle size decreases, LbL becomes increasingly
difficult due to the increasing nanoparticle surface
curvature that encumbers complete wrapping by a rigid
polyelectrolyte.?*%3343> The importance of choosing
the right conditions to prevent interparticle bridging
and flocculation was first outlined by Caruso, with
polystyrene®' and 10—30 nm gold nanoparticles.®
Utilizing the sensitivity of the plasmon band shift,
Schneider et al. systematically vetted the parameters
necessary for coating 13.5 nm gold nanoparticles.?*?’
A key finding of their work was the requirement for
dilute mixing conditions for adding a low concentra-
tion of nanoparticles to an excess of polyelectrolyte to
minimize aggregation and optimize particle recovery.
A more in-depth look at the history of this topic is given
in two recent reviews;**’ here, we will focus on the
unique challenges and added considerations when
extending this framework toward coating QDs.

The small size of QDs and the lower density com-
pared to gold nanoparticles makes recovery of QDs
and efficient separation of excess polyelectrolyte a
significant challenge.?*? High speed centrifugation
for long periods of time improves sedimentation, but
under improper conditions leads to the formation of
tightly packed pellets of irreversibly aggregated nano-
particles. Separation by any size-exclusion method
(filtration, size exclusion chromatography, or dialysis)
is virtually impossible, as particle circumference and
polyelectrolyte chain length must be specifically cho-
sen to be of similar size;*® resulting in either polyelec-
trolyte retention or QD loss. Furthermore, a trade-off in
volume and concentration exists: processing a large
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amount of dilute nanoparticles is both tedious and
expensive, whereas high concentration of sample
slows down the process and the excess polyelectrolyte
clogs small pore-size filters.

It appears that the work on individual polyelectrolyte
coated QDs is limited to two publications. Jaffar et al.
used one bilayer of poly (allylamine hydrochloride)
(PAH) and poly(vinylsulfonic acid) (PVSA) to invert the
charge of MAA modified QDs for surface patterning.
This work showed the practicality of LbL on QDs but
preceded the understanding provided by Schneider
to provide the largest quantity of monodisperse
LbL-coated QDs. Additionally, characterization of the
effects of the polyelectrolyte on the optical properties
was not an emphasis. Jin et al. used a lipid-PEG-COOH-
stabilized QD followed by two bilayers of PAH and poly-
(sodium-4-styrenesulfonate) (PSS) as spacers for dual
imaging modality plasmonic QDs. However, the meth-
od used for LbL was limited by the low recovery after
each wash step even when ultracentrifugation was
used.®? It is also noteworthy that long-chain polyelec-
trolytes have been used to produce controlled aggre-
gates as nanocapsules to mitigate QD toxicity®® and to
reverse the surface charge and adsorb negatively
charged species for sensing applications.3*~*' How-
ever, the intent of these studies was not to produce
monodisperse coated QDs, since the conditions used
are known to induce flocculation. The resulting QDs
were not characterized as monodisperse and were
likely unusable as stable suspensions.

On the basis of this limited knowledge, the focus of
this work was developing methods to coat and retain
large quantities of monodisperse QDs by following the
techniques outlined for gold nanoparticles. Preventing
aggregation was a major consideration, as availability
of individual modified QDs is important for many
applications; however, preservation of the QD optical
properties was the primary goal. The key to this is
understanding how the optical properties, specifically
the quantum yield and lifetime, are affected by the
interaction of different polyelectrolytes with the mer-
captocarboxylic acid modified QD surface.

RESULTS AND DISCUSSION

The basic LbL process is depicted in Scheme 1 where
(A) QDs in chloroform are transferred into water by
the addition of (B) DHLA, followed by adsorption of a
(C) cationic polyelectrolyte and then an (D) anionic
polyelectrolyte with wash cycles between each step.
Polyelectrolytes were chosen based on the following
criteria: low molecular weight, broad commercial avail-
ability, and previous success in coating nanoparticles
of similar size and surface coating. It is well understood
that polyelectrolytes should be low molecular weight
in order to prevent interparticle bridging. The lower
limit is less well-defined; theoretical modeling and
experimental work has shown that polyelectrolyte
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Scheme 1. (A) TOPO-QDs in chloroform; (B) anionic water-soluble DHLA-QDs; (C) cationic polyelectrolyte coated QDs;

(D) anionic polyelectrolyte coated QDs

chain length should be approximately equivalent to
particle circumference,**3 but this choice is greatly
limited by commercial availability. For cationic poly-
electrolytes, we chose to study 15 kDa poly(allylamine
hydrochloride) (PAH), 1.8 kDa linear poly(ethylenimine)
(PEl) and 8.5 kDa poly(diallyldimethylammonium
chloride) (PDADMAC). For anionic polyelectrolytes, we
chose 15 kDa poly(acrylic acid) (PAA), 8.5 kDa poly-
(sodium-4-styrenesulfonate) (PSS) and 4—6 kDa poly-
(vinylsulfonic acid) (PVSA).

When using either linear PEI or PVSA initial adsorp-
tion produced colloidally stable QDs, however, irrever-
sible aggregation was observed after several wash
steps. We believe that the nanoparticles are tempora-
rily stabilized by the very low molecular polyelectrolyte
acting similar to a surfactant, but the inability of
the polyelectrolyte to effectively wrap the particle
results in a weak electrostatic interaction that is dis-
rupted after several wash steps. In contrast, strong
polyelectrolytes such as PSS or PDADMAC result in
particle flocculation due to incomplete surface cover-
age because of their inability to wrap the highly curved
QD without increasing ionic strength (DHLA-QDs ag-
gregate in the presence of even very low salt concen-
trations) or the polyelectrolyte acting as mortar to form
bridges between neighboring QDs. Under all condi-
tions studied, we were only able to produce colloidally
stable and monodisperse QDs with one bilayer using
the weak polyelectrolyte pair of PAH and PAA.

The DHLA ligand used to make QDs water-soluble
imparts colloidal stability resulting from electrostatic
repulsion of the acid groups, however, this only holds
at a pH above the pl of the surface groups and under
low ionic strength conditions, requiring storage and
use in a buffer above pH 7.'® Therefore, to effectively
coat these anionic QDs with cationic PAH, the first
adsorption step must occur above pH 7 and near or
below the pK;, of PAH (8.5—9). We found that adsorp-
tion of the first layer of PAH at pH 8 or below resulted in
substantial loss of QDs (sticking to the container

NAGARAJA ET AL.

surface) as well as complete aggregation during cen-
trifugation. Increasing the adsorption pH to 8.1 or
above increases the QD surface charge density while
simultaneously decreasing the polyelectrolyte back-
bone charge density; producing coated QDs that no
longer adhere to the container surface. The interplay of
charge density between the QD and polyelectrolyte
allows for (1) a higher grafting density or better surface
coverage of the QD because of more effective wrap-
ping by the weaker charged polyelectrolyte and/or (2)
formation of a thicker coating by an increased the
number of polyelectrolyte chains required to over-
compensate for the highly charged QD. The resulting
QDs are colloidally stable; however, subsequent cen-
trifugation to remove excess polyelectrolyte causes
formation of an irreversibly aggregated pellet. To over-
come this problem, a two-step method was developed
wherein PAH is first adsorbed to the QD at a pH
between 8.1 and 9 to form a stable coating and then
the pH is decreased below pH 8 before centrifuga-
tion. Increasing the surface charge density of the PAH
coated QDs (PAH-DHLA-QDs) before centrifugation
prevents pellet formation and aggregation. The strong
electrostatic stability imparted by the polyelectrolyte
coating as well as the small size and low density of the
QD necessitates extended periods of high speed ultra-
centrifugation to efficiently remove the excess poly-
electrolyte, while minimizing the number of wash
steps and retaining the maximum amount of sample.
Using this procedure, the coated QDs can be ultracen-
trifuged at 210000 RCF for more than 12 h without
visible pellet formation. Instead, the particles form
loose sediment that is easily resuspended by a single
pipet aspiration.

The dilute mixing conditions and large polyelectro-
lyte excess required to inhibit particle cross-linking and
aggregation creates a tedious bottleneck for multiple
wash steps. This was overcome by introducing a sol-
vent precipitation and concentration step that pre-
cipitates both the QD and polyelectrolyte by lowering
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the solution dielectric constant with the addition of
excess isopropyl alcohol. After centrifugation at 10 000
RCF, the sediment mix can then be resuspended in a
small amount of buffer, decreasing the volume 25:1
before ultracentrifugation. This first ultracentrifugation
step needs to be longer in order to improve QD reten-
tion because the concentrated PAH becomes very
viscous. The second and third wash cycles were shorter
but varied depending on QD and polyelectrolyte con-
centrations. Using this procedure with an adsorption
pH of 8.1 or pH 8.25—9 and a centrifugation pH of 7.2
in both cases, an average recovery rate of 76% and
86—90% was achieved, respectively, after the three
wash steps were completed. This recovery rate is
similar to what was found with 13.5 nm AuNPs*® and
much higher than the 30% recovery reported for
similarly sized (5 nm) gold nanoparticles.? The process
is repeated to add a layer of PAA but using a pH of
6—7.2 for adsorption and pH 8—8.5 for centrifugation.

Zeta potential measurements are reported in
Figure 1 for DHLA-QDs (—38.6 £ 1.6 mV) in 5 mM pH
8 Tris buffer and full charge reversal for PAH-DHLA-QDs
(+67 + 7.08 mV) and PAA-PAH-DHLA-QDs (—51.5 £+
2.21 mV) in 5 mM pH 7.2 Tris buffer. The large magni-
tude of charge reversal of the PAH layer is higher than
observed with MAA-QDs*? or iron oxide coated with
PAH3® but similar to that found with gold nano-
particles.”® One benefit of PAH-DHLA-QDs is the added

PAH- PAA-PAH-
DHLA-QD DHLA-QD DHLA-QD

80 -
60
40

20 -

0 T T
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-40 -
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Figure 1. Zeta potential of the DHLA-QD in 5 mM Tris buffer
pH 8, PAH-DHLA-QDs and PAA-PAH-DHLA-QDs in 5 mM Tris
pH7.2 (n=3).

B) PAH-DHLA-QD

stability at lower pH conditions. PAH is expected to be
fully ionized below pH 7.5, and particles coated with
PAH are both highly charged and stable; in contrast,
DHLA-QDs aggregate as the solution becomes acidic.

TEM was employed to assess aggregation states and
morphology of the DHLA-QDs before and after coating
with polyelectrolytes. TEM micrographs in Figure 2
show the (A) DHLA-QDs, (B) PAH-DHLA-QDs and (C)
PAA-PAH-DHLA-QDs. It is clear from these micrographs
that after coating with two polyelectrolyte layers
the QDs are still well-defined with little to no visible
aggregation.

Typical emission and absorption spectra are shown
in Figure 3A and quantum yield relative to Rhodamine
6G in Figure 3B for DHLA-QDs (10.12%), PAH-DHLA-
QDs (9.8 + 0.6%) and PAA-PAH-DHLA-QDs (0.73 £
0.1%).** There appears to be some increased scattering
after the addition of polyelectrolyte, but there is no
clear shift in the first exciton or emission peak. The
adsorption of PAH has an insignificant effect on
the quantum yield, while the addition of PAA is accom-
panied by a substantial decrease in quantum yield. We
found the change in quantum yield after the addition
of PAH was variable depending on the initial DHLA
coating and the ZnS shell thickness. With a thinner ZnS
shell the quantum yield would initially increase, but
the addition of an anionic polyelectrolyte layer still
resulted in a substantial decrease in quantum yield
below that of the original DHLA-QDs (Figure S1). The
quantum yield could not be recovered by the addition
of more PAH. The strong quenching of QD lumines-
cence observed in the presence of PAA was also
observed for PVSA (Figure S1) and PSS (Figure S2);
both of the latter also triggered aggregation (Figure
S3). We attribute the quenching to a localized acidic
environment created by the anionic polyelectrolytes
causing quenching by the same mechanism that renders
the DHLA-QDs pH sensitive. To gain further insight into
the processes involved, we studied the change in the
long and short luminescence lifetime components after
the addition of each polyelectrolyte. The mean long
lifetime component was 7.66 + 0.47 ns for DHLA-QDs,
8.11 £ 0.49 ns for PAH-DHLA-QDs and 3.21 4 0.36 ns

C) PAA-PAH-DHLA-QD

Figure 2. TEM images of (A) DHLA-QDs, (B) PAH-DHLA-QDs and (C) PAA-PAH-DHLA-QDs.
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Figure 3. (A) Typical emission and absorbance spectra normalized to peak intensity and first exciton peak absorbance,
respectively. (B) Quantum yield relative to Rhodamine 6G in water (one batch of DHLA-QD stock suspension, and n = 3
separate, parallel batches of coated QDs prepared from the same DHLA-QD stock). (C) Normalized raw luminescence lifetime.

(D) Slow and fast lifetime component values (n = 3).

for PAA-PAH-DHLA-QDs (Figure 3CD). The small
lifetime component decreased after the addition of
each layer, from 0.92 £ 0.02 ns for DHLA-QDs to 0.71 &+
0.22 ns and 0.47 &+ 0.16 ns for PAH-DHLA-QDs and
PAA-PAH-DHLA-QDs, respectively. The slow lifetime
component showed no significant change after the
addition of PAH but decreased extensively after the
addition of PAA, indicating that PAA might be affecting
the surface properties of the QD.** This is partially
consistent with the findings of Rama et al., when the
effect of long-chain polyelectrolytes absorbed on MPA-
QDs was studied a minimal effect on QD lifetime was
observed for addition of both PAH and PSS.*' Our
results confirm their observations for PAH, but we
observe a large decrease with the addition of the
anionic polyelectrolyte. This could be attributed to
our use of PAA instead of PSS or our LbL method
providing more complete surface coverage of the
second layer because we are maintaining monodis-
perse QDs. Based on the conditions used in their study
we speculate that their methods produce agglomer-
ates of QDs buried in the PAH, such that many of the
QDs contributing to the optical measurements were
unable to interact with the second layer of anionic
polyelectrolyte.

Figure 4A illustrates the pH-dependent lumines-
cence and stability of the PAH-DHLA-QDs in 50 mM
Tris buffer between pH 3—9. As expected, above pH 8
we observe particle settling as the charge density of
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the PAH-DHLA-QD decreases. Below pH 8, the PAH-
DHLA-QD:s are colloidally stable. However, below pH 6
there was an irreversible blue shift in the emission
(>20 nm), a change also observed with DHLA-QDs that
we attribute to the stronger acidic conditions etch-
ing the QD surface or reducing the affinity of the ZnS
overcoat. The pH-dependent intensity measurements
of PAA-PAH-DHLA-QDs, PAH-DHLA-QDs and DHLA-
QDs are presented in Figure 4B. Error bars for the
intensity measurements represent triplicate measure-
ments of the same sample taken 5 min apart, showing
the stability of PAH-DHLA-QDs for repeated optical
interrogation. The intensity of PAH-DHLA-QDs has a
linear relationship with pH between pH 6.5 and 8 with
a 15.9% change in luminescence for each 0.1 pH units.
At pH 8.5 and above, the QDs settle out of solution,
precluding accurate measurements. QD surface mod-
ification with mercaptocarboxylic acid ligands results
in a reduction in overall quantum yield as well as a
pH-dependent sensitivity based on protonation of the
carboxylic acid group causing changes in trap states
and electron—hole recombination.**** This mechan-
ism has been previously exploited several times to
produce both photoluminescence intensity*~*” and
lifetime decay based pH sensors.** The PAH-DHLA-QDs
retain this sensitivity to the surrounding environ-
ment although they exhibit a shift of the linear range
toward higher pH. The PAA-PAH-DHLA-QDs are also
colloidally stable over the pH range of 6—9. Compared
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to PAH-DHLA-QDs, these exhibit an increase in lumi-
nescence intensity with increasing pH as well (Figure S4),
but the magnitude of change is not significant compared
to measurement error (Figure 4B).

Although it has been reported that DHLA-QDs are
stable for 6—24 months,® we found that irreversible
aggregation could be observed as quickly as a few days
to weeks after production. It was observed that any
exposure to light, including measurements of fluores-
cence or absorption, may initiate an avalanche of
aggregation. This makes DHLA-QDs highly unsuitable
for sensor applications, as each attempt to interrogate
the system with light induces changes in optical
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Figure 4. (A) Visual colloidal stability and luminescence
intensity of PAH-DHLA-QDs in pH 3—9 Tris buffer under
UV illumination. (B) Intensity measurements for different pH
values normalized to the first exciton peak absorbance for
DHLA-QDs (black ¢), PAH-DHLA-QDs (red O), and PAA-PAH-
DHLA-QDs (blue O).
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properties and stability. When exposed to UV irradia-
tion (100 W, 365 nm) for 30 min, the DHLA-QD emission
shifted toward the red and subsequently aggregated,
whereas PAH-DHLA-QDs exhibited no shift in emission
spectrum or aggregation even after 3 h of UV irradia-
tion (Figure 5A). Furthermore, even when refrigerated
and protected from light, DHLA-QDs still eventually
aggregate; in contrast, PAH-DHLA-QDs remain stable
for at least an additional 8 months compared to
the very same source batch of uncoated DHLA-QDs
(Figure 5B). This implies that the PAH coating may
ameliorate concerns over batch-to-batch variability
and unknown long-term stability of DHLA-QDs by
preventing pathways to aggregation.

CONCLUSIONS

This work expands on the applicable knowledge
for colloidal LbL by taking into account solution pH
as a crucial aspect when dealing with electrostatically
stabilized nanoparticles and weak polyelectrolytes.
Separation of the LbL process into two distinct phases
provides more effective control of the charge density
interplay between the QD and weak polyelectrolyte
garnering a high recovery of monodisperse particles.
The generality of the LbL process permits the use of
these methods to coat a variety of other materials,
which is especially important for low density nanopar-
ticles of similar size which require ultracentrifugation
for separation.

An interesting finding is that once the polyelectro-
lyte is adsorbed in a lower charge density state, a
change in the pH to increase charge density does not
induce complete desorption. Further study is neces-
sary in order to precisely understand how variable
solution pH affects polyelectrolyte grafting density
and thickness during and after the adsorption phase.
The PAH layer remains on the surface and provides a
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0.25 - // ..0 ‘\ o..
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500 525 550 575 600
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Figure 5. (A) Emission peak of DHLA-QDs and PAH-DHLA-QDs after 30 min and 3 h of UV exposure, respectively.
(B) Visualization of colloidal stability of DHLA-QDs and PAH-DHLA-QDs after 8 months of storage under refrigeration in

50 mM pH 8 Tris buffer.
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protective coating that overcomes batch-to-batch
variability, affording superior long-term stability for
storage. The ability to respond to changes in the local
environment while withstanding repeated optical in-
terrogation, makes PAH-DHLA-QD:s a suitable alterna-
tive to DHLA-QDs for long-term sensing applications.

The low quantum yield of PAA-PAH-DHLA-QDs re-
presents severe limitations for practical applications.
Additionally, the PAA coating procedure could not be
optimized since the QDs could not be incubated near

METHODS

QD Synthesis. CdSe/ZnS core/shell QDs were synthesized
according to previously reported procedures.'®*®4° The syn-
thesis was carried out in a single mode CEM Discover microwave
reactor operating at 300 W, 2.45 GHz. In a typical experiment,
cadmium oxide (CdO, 99.99%, Alfa Aesar, 0.0514 g, 0.4 mM),
tetradecylphosphonic acid (TDPA,98%, Alfa Aesar, 0.2232 g,
0.8 mM) and TOPO (3.7768, 9 mM) were heated with continuous
stirring in @ 50 mL glass flask. The mixture was heated
to ~300 °C under argon (Ar) flow (~1 mL/s) for 35 min. To this
mixture, a selenium stock solution (0.0411 g, 0.5 mM, Aldrich,
99%) dissolved in 2.4 mL (2 g) of tri-n-octylphosphine (TOP, 99%,
Aldrich) was injected at 270 °C and the reaction was continued
for 4 min to allow the growth of the CdSe QD cores. This was
followed by the addition of Zn and S precursors: 1.6 mL (12 mM)
of dimethylzinc (DMZ, 1 M in heptane, Aldrich), 0.42 mL (2 mM)
of hexamethyldisilathiane (HMDS, Aldrich), and 6.3 mL (14 mM)
of TOP, for the ZnS shell formation. The reaction mixture was
heated at 200 °C for 30 min.

DHLA Synthesis. DHLA was freshly prepared according to
previously reported methods.® In a typical experiment, 4 g of
(£)-o-lipoic acid (98%, Sigma) was reduced with a fresh stock of
excess (3 g) sodium borohydride (NaBH4, 98%, Sigma). The
reaction mixture was chilled to 4 °C and allowed to stir for 2 h
under a constant argon blanket. It was then acidified with 15 mL
of 12 M hydrochloric acid followed by the addition of ~100 mL
of toluene. Pure DHLA was extracted from this mixture by
evaporation using a rotovap leaving behind ~4 mL of DHLA.
About 0.5 mL of pure DHLA was added to few hundred
milligrams of QDs and heated at ~90 C on a hot plate with
continuous stirring for 12 h. The resulting mixture was sus-
pended in 3 mL of methanol followed by the addition of excess
(approximately 1 g) potassium tert-butoxide (K-tBuO). The
solution was centrifuged and the resulting DHLA-QDs were
then suspended in Tris buffer pH 8—8.5. DHLA-QDs were filtered
using a 0.2 um syringe filter (Nalgene, PES 0.2 um) and then a
30 kDa centrifuge filter in order to remove any excess K-tBuO in
solution.

QD Characterization Techniques. Absorption spectra were re-
corded on a Hitachi U-4100 UV—vis-NIR spectrophotometer.
Steady-state photoluminescence spectra were collected on a
QuantaMaster 40 system by Photon Technology International
(Ontario, Canada) with a 75 W continuous xenon arc lamp and
digital PMT detection system using 1 nm excitation and emis-
sion slit widths, 1 s integration time. Fluorescence lifetime was
collected using a TimeMaster LED system by Photon Technol-
ogy International (Ontario, Canada) using a 405 nm LED (1.5 ns
pulse width) for excitation and stroboscopic detection with
25 nm emission slit width, a 495 long pass filter, and sequential
scanning with a logarithmic collection interval. Lifetime model-
ing was performed using the algorithm included in PTI's Felix32
software using a 3 exponential terms to fit the decay traces. The
quality of fitting was determined by the reduced chi-squared
method. QD samples were imaged using Transmission Electron
Microscopy (TEM). TEM grids were glow discharged using
PELCO easiGlow (Ted Pella, Inc., Redding,CA) in order to make
the grid surface hydrophilic. Two microliters of solution was
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the pK, of PAA (~4.5) without degradation of the QD.
We believe that the anionic polyelectrolyte quenching
of QD luminescence would occur for any QD surface
coating that imparts pH sensitivity. Future work will
focus on alternative methods for water solubilizing QDs
that provide surface passivation to prevent pH sensitiv-
ity and resistance to acidic degradation. Achieving this
protective effect with sufficiently thin layers to preserve
nanoscale energy transfer is a key challenge for advanc-
ing these materials.

dropped on a 200 lines/in.? mesh copper grids (Electron Micro-
scopy Sciences, Hartfield, PA). Grids were analyzed on a FEI
Tecnai G2 F20 at an accelerating voltage of 200 kV. Images were
recorded using a Gatan CCD camera. Zeta potential was mea-
sured using a ZetaSizer Nano Series ZEN 3600 Spectrometer
(Malvern Instruments Ltd., Malvern, Worcestershire, United
Kingdom). The measurement was carried out with a concentra-
tion of 100 nmol/L of QDs in 5 mM Tris buffer.

Layer-by-Layer. Poly(allylaminehydrochloride) (PAH) M,, =15 000
g-mol ’1(Sigma—AIdrich), linear poly(ethylenimine) (PEIl) M,, = 1800
g-mol ~' (Sigma-Aldrich), poly(diallyldimethylammonium chloride)
(PDADMAC) M,, = 8500 g-mol -1 (Polysciences), poly(sodium-4-
styrenesulfonate) (PSS) M,, = 8500 g-mol -1 (Polysciences),
poly(acrylic acid) (PAA) M,, = 15000 g-mol ~' (Sigma-Aldrich),
poly(vinylsulfonic acid) (PVSA) M,, = 4000—6000 g - mol -1 (Sigma-
Aldrich). All polyelectrolytes were suspended in desired pH buffer
and sonicated for 1 h prior to use in an ultrasonic bath. DHLA-QDs
were added to a final concentration of 10 nm to the PAH solution
under sonication for 5—7 min with intermittent mixing and
vortexing, and then left under mild shaking for 1 h in the dark.
Both the QDs and polyelectrolytes were precipitated by the
addition of excess isopropyl alcohol (IPA) and collected by cen-
trifugation at 10000 RCF for 15 min at room temperature in a
Beckman Coulter Allegra 64 centrifuge and FO685 rotor. The
sediment was dissolved in a small amount of pH 7.2—8 Tris and
ultracentrifuged overnight (12 h) at 210 000g in a Beckman Coulter
Optima Max XP ultracentrifuge and either the MLA-50 rotor with
Optiseal tubes or the TLA-50 rotor with polyallomer microfuge
tubes. The supernatant was carefully removed, using minimal UV
illumination to ensure QD retention. The sediment was resus-
pended by pipet aspiration in the same pH buffer and the process
was repeated for 3 total wash cycles, the second and third
centrifuge cycles were 6 and 4 h, respectively. This process was
repeated to add the second layer of PAA except the adsorption pH
was 6—7.2 and the centrifugation pH was 8—8.5.
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