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_ Eff|c_|ent mfrqred Ium_oph_ores are urger_ltly_needed in a h_ost of 100 B orginal ook 20 capped POS nanocrysial i ene
biological sensing applicatiosSuch applications demand light I . O exchanged MTPEG capped PbS nanocrystals in water
emitters that meet a number of requirements simultaneously. First,

the light-emitting species must be stable and bright (quantum yield “r
>10%) under biologically relevant conditions including buffered
conditions. In addition, emission in the near-IR (NIR) and short- @ 80
wavelength IR (SWIR) range of 88300 nm allows greatly 2":

&

reduced absorption of emitted light in biological samples: optical wk
penetration depths as high as 1 cm have been reported in %issue. I
Finally, lumophores must have hydrodynamic diameters smaller
than~10 nm to promote circulation transport in living organisins.
To date, no single material displaying all of these attributes I
simultaneously has been reported. Insteadi0% quantum yield 0 ——— el e —l e
(QY) has been reported at tissue-penetrating SWIR emission Hydrodynamic radius (nm)
wavelengths, but these materials were unstable in physiologically rigure 1. Dynamic light scattering measurements of hydrodynamic radius,
relevant buffe—8 IR-emitting quantum dots with hydrodynamic by % mass modeled as solid Rayleigh spheres, of unexchanged PbS
diameters<10 nm were reported following a HV/Il —VI core— nanocrystals with oleic acid ligands (solid bars) in toluene, and PbS
shell colloidal synthesis; however, these particles exhibited sub- nanocrystals exchanged to having MTPEG ligands (shaded bars) in water.
10% QY in water Efficient size-effect tunable>10% QY
nanoparticle suspensions in water have been achieved using TOPO i o i
copolymer-PEGylation of #VI core—shell nanoparticles; however, used MTPEG did we obtain high QY PbS nanocrystals stable in

this approach produced nanoparticles with-88 nm hydrodynamic ~ Piclogically relevant buffer. - _
diameters We selected the MTPEG ligand for three reasons. First, mono-
Here we report high QY infrared lumophores that are stable under dentate complexation of the thiol group is expected to achieve good
buffered conditions for greater than 5 days. The result was achievedPassivation of PbS nanocrystals in view of thiéib binding affinity
through straightforward mercaptan-PEGylation ligand exchange (Strong thiol-metal affinity has been widely exploited in, for
which rendered organometallically synthesized lead sulfide (PbS) €xample, Au nanoparticle functionalizatiohpecond, its hydro-
quantum dots stable in aqueous solution. phobic single-bonded carbon chain was expected to conserve QY.
The infrared lumophores described simultaneously meet require- Third, its polar terminal group was expected to yield stable
ments on brightness, stability, wavelength, and hydrodynamic suspensions in agueous solutions at physiological pH. Finally, these
diameter. The PbS quantum dots were synthesized using ancompact ligands enable hydrodynamically small nanoparticles that
organometallic route previously describ&@ihe particles exhibited are comparable in size with a single antibody.
hydrodynamic diameters less than 10 nm and, through quantum Dynamic light scattering (DLS) was used to investigate nano-
size effect tuning readily accessed in the organometallic route particle hydrodynamic diameters before and after exchange, as
synthesis, have emission peaks tunable from 700 to 1600 nm.  shown in Figure 1. Prior to ligand exchange, oleate-capped
The material was transferred from organic solvent into agueous nanoparticles in toluene constitute a monodispersed colloid with
solution by replacing oleate capping ligands with (1-mercaptoundec- hydrodynamic diameter of-6 nm. Following exchange, 90% by
11-yltetra(ethylene glycol) (MTPEG). A solution of MTPEG in  mass of these particles have 200.5 nm hydrodynamic diameter.
HEPES, Tris, or PBS buffer was mixed with oleic acid capped PbS The remaining 10% of these nanoparticles have formed small 40
nanocrystals{80 mg/mL) in toluene. An aqueous phase containing 60 nm and larger aggregates. Ligand exchange is also supported
nanoparticles was separable from the toluene phase that previousl)by density phase segregation of MTPEG-exchanged nanocrystals
solubilized the PbS. These results contrast with previous reportsin, o0 mmM HEPES buffer from fresh excess addition of organic
describing aqueous suspension of organometallic lead sulfide qqyent.
nanocrystals using carboxylic acid or amino mercaptan strategy.  gigyre 2 reports the absorbance and photoluminescence spectra
Experlme_ntally, we found that thioglycerol, 6-_mercapto-1-hexanpl, for the nanoparticles prior to and following exchange. The excitonic
and 2,3-dimercapto-1-propanol all produce high QY stable colloids gy,c1re remains but is somewhat reduced in sharpness following

t Department of Electrical and Computer Engineering. exchange. There is a rt_ad_shlfteVO meV in the photoluminescence
* Department of Biochemistry and Faculty of Pharmacy. and a~60 meV red shift in absorbance as a result of the exchange

in polar solvents following this strategy; however, only when we
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Figure 2. Absorption and luminescence spectra 6f10 mg/mL) PbS Figure 3. Photoluminescence intensity of lumophores in buffer. The dashed
qguantum dots prior to and following exchange to aqueous solution. Solid line is for a sample stored in the dark and periodically measured. The solid
lines represent absorption spectra. Dashed lines represent photoluminescendie is for a sample that was illuminated continuously gsiné mw, 300
spectra. Dark lines represent original OA capped PbS nanocrystals in tolueneum excitation spot from a HeNe laser.

Gray lines represent MTPEG-exchanged capped PbS nanocrystals in 20

mM HEPES buffer. Solid bar represents excitation wavelength used for over 1 day’s active use. Samples stored in the dark were periodically
PL spectra collection. characterized for brief periods under these same excitation condi-

tions; these samples demonstrated no appreciable loss in PL over

procedure. One mechanism that may explain the observed red shift® 9&ys- ) _
is an effective growth in the nanocrystal size upon exchahge. The modification of organometallic route synthesized nanocrys-

We measured QY of luminescence in the infrared using the 2-port [&!S presented herein results in hydrodynamically small, bright
integrating sphere approach of MelfoTwo sample positions, nanopart_lcles emitting in the short-wavelength m_frared. The aqueous
corresponding to direct and indirect excitation regimes, were used, SUSPensions are stable over days at physiological pH. Future work
with collected power spectra acquired using a calibrated mono- mu;t include experlmentall determlr?atlon.of the cor?centratlon
chromator, lock-in amplifier, and liquid nitrogen-cooled infrared "€9ime of lumophores that is compatible with cell survival.
sensitive germanium detector. We chose excitation sources to be Acknowledgment. We thank Mallika Das for help with DLS
slightly blue shifted relative to the first excitonic peak of all measurements, and Nan Ma and Kelly Stewart for advice on buffer
nanocrystals studied. Oleate-capped nanocrystals suspended igonditions.
toluent_a were found to have QY lying betweeq 40 and 50%. Supporting Information Available: Experimental procedures,
Following exchange, typical batches of nanoparticles had QY @S gte data, and additional optical characterization. This material is

high as 26%_- ) ] available free of charge via the Internet at http://pubs.acs.org.
We used time-resolved single-photon counting measurement to

investigate the origins of the decrease in QY. A HorilJabin—
Yvon time-resolved fluorometer was used with a 785 nm nano-
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