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emiconductor nanocrystals have
S found numerous applications in bio-
logical assays as fluorescent
probes.'~8 When using nanocrystals for bio-
logical applications, control of the chemis-
try at the nanocrystal surface is of funda-
mental importance. Quantum dots (QDs)
are typically synthesized in high boiling
point, nonpolar organic solvents to obtain
high quality, monocrystalline particles with
narrow size distributions. Following synthe-
sis QDs are stabilized by hydrophobic
ligands.” "3 To disperse QDs in aqueous sol-
vents it is necessary to manipulate the sur-
face chemistry. The ideal biocompatible QD
must be homogeneously dispersed and col-
loidally stable in aqueous solvents, exhibit
pH and salt stability, show low levels of non-
specific binding to biological components,
maintain a high quantum yield, and have a
small hydrodynamic diameter (HD). It has
proved extremely difficult to achieve each
of these characteristics simultaneously. As a
result, over the past 10 years, since the first
experiments demonstrating the use of QDs
as biological probes,'? much of the litera-
ture has focused on improvements to the
surface chemistry of biocompatible nano-
crystals. Three main techniques for generat-
ing biocompatible nanocrystals have
evolved: (i) ligand exchange, (ii) silica encap-
sulation, and (iii) polymer encapsulation.
Ligand exchange phase transfer tech-
niques replace hydrophobic with hydro-
philic ligands on the QD surface. Hydropho-
bic ligands bind to metal atoms on the QD
surface typically through carboxyl, amine,
or phosphine oxide groups. To drive hydro-
philic ligands onto the QD surface it is nec-
essary that they have a terminal binding
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ABSTRACT We report a simple, economical method for generating water-soluble, biocompatible nanocrystals
that are colloidally robust and have a small hydrodynamic diameter. The nanocrystal phase transfer technique
utilizes a low molecular weight amphiphilic polymer that is formed via maleic anhydride coupling of poly(styrene-
co-maleic anhydride) with either ethanolamine or Jeffamine M-1000 polyetheramine. The polymer encapsulated
water-soluble nanocrystals exhibit the same optical spectra as those formed initially in organic solvents, preserve
photoluminescence intensities, are colloidally stable over a wide pH range (pH 3—13), have a small hydrodynamic
diameter, and exhibit low levels of nonspecific binding to cells.

KEYWORDS: quantum dots - water-soluble - biocompatible - amphiphilic
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group with a high affinity for the QD sur-

face atoms. As mercapto groups have the

highest binding affinity for the QD surface,

mercapto terminated hydrophilic ligands

have been the primary candidates for gen-

erating water-soluble QDs. Initially short

chain mercapto-alkyl-carboxyl ligands (e.g.,

mercaptoacetic acid,>'* mercaptopropionic

acid,’'® mercaptoundecanoic acid,"”'® di-

hydrolipoic acid (DHLA))'*?° were used to

yield water-soluble QDs. These ligands how-

ever rely on electrostatic stabilization, re-

quiring the solvent exposed carboxyl

groups to be ionized. This limits their pH

and salt stability to basic buffers with low

ionic strength. Mercapto-poly(ethylene gly-

col) (PEG) derivatives, in particular

DHLA-PEG,*' =23 have subsequently be-

come the ligand of choice. The ether groups

which form the backbone of the PEG chains  *Address correspondence to

do not rely on electrostatic interactions for ~ Mulvaney@unimelb.edu.au.

water solubility, but instead utilize hydro- Received for review February 12, 2009

gen bonding and steric stabilization. Asare-  and accepted April 17, 2009.

sult PEG-based ligands confer water solubil- . . .
Published online April 23, 2009.

ity over a wide pH range even at high salt  10.1021/nn900144n ccc: $40.75

concentrations.?'?? Importantly PEG- func-

tionalized QDs also exhibit reduced © 2009 American Chemical Society
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Figure 1. Schematic diagram showing the steps involved to prepare water-soluble QDs using PSMA. PSMA was added to CdSe/ZnS QDs
capped with hydrophobic ligands in CHCl;. An amine-terminated ligand, NH,-R, was added to PSMA capped QDs in CHCI; to ring open the
maleic anhydride groups and generate the amphiphilic polymer coating. The resulting QDs coated with amphiphilic PSMA are soluble
in aqueous media. The central box highlights the structures of the two amine terminated ligands used in this study (1) ethanolamine and
(2) Jeffamine M1000 polyetheramine.

nonspecific binding to biological components, reduced
cellular toxicity, and increased circulation times.52*

While dithiol moieties (such as those present in
DHLA) exhibit greater colloidal stability than monothi-
ols, it is difficult to generate water-soluble QDs with a
long shelf life using this method. This has been attrib-
uted to oxidation of the thiol ligands to disulfides.'” An-
other drawback is that while thiol groups are optimal
for replacing hydrophobic ligands and minimizing
ligand desorption, thiols quench QD
photoluminescence.?>% This is reduced by using core/
shell QDs; however, the ligand exchange technique it-
self exposes the QD surface to water and oxygen spe-
cies which also act to quench the QD
photoluminescence. In summary, although the ligand
exchange phase transfer technique generates water-
soluble QDs with the lowest possible hydrodynamic di-
ameter, the photoluminescence is compromised and
the long-term colloidal stability remains questionable.

Silica encapsulation involves ligand exchange with
silica precursors, such as mercaptopropyltris(methylox-
y)silane (MPS), aminopropyltris(methyloxy)silane (APS),
or poly(vinylpyrrolidone (PVP), which are then cross-
linked to form a silica shell around the QD to impart solu-
bility in aqueous environments."?”28 By physically protect-
ing the QD from the external environment, silica-coated
QDs exhibit improved photostability.?’ Notably the silica
shell may be functionalized to incorporate PEG chains for
improved colloidal stability and biocompatibility. How-
ever the growth of a thin, uniform silica shell that encap-
sulates a single QD is at present nontrivial.

Polymer encapsulation with amphiphilic
polymers>3°~33 or micelles® has also been used to trans-
fer QDs into aqueous environments. The main advan-
tage with this approach is that the original hydropho-
bic ligands are retained on the QD surface. The
hydrophobic portion of the polymer intercalates with
the hydrophobic ligands on the QD surface leaving the
hydrophilic portion of the polymer exposed to solu-
tion. By circumventing the need for any direct ligand ex-
change at the QD surface, polymer encapsulated QDs

have the highest reported photoluminescence in wa-
ter. As with previous techniques, the polymer may be
functionalized to include PEG chains to impart colloidal
stability and biocompatibility. While polymer stabilized
QDs show superior colloidal stability and good reten-
tion of photoluminescence intensity, the polymers most
conducive to particle stabilization are often not com-
mercially available and functionalized PEG derivatives
are expensive. To combat these shortcomings, Yu et al.
employed poly(maleic anhydride-alt-1-octadecene)
(PMAO), a polymer which relies on maleic anhydride
coupling with primary amine derivatives to generate
an amphiphilic polymer.3? These authors devised a reac-
tion scheme using cheaper underivatized mPEG-OH to
generate PMAO-PEG. However, we found this phase
transfer route difficult to reproduce. We also note that
the large molecular weight of PMAO (30000—50000
g/mol) substantially increases the QD hydrodynamic
diameter.

Here we report a polymer encapsulation nanocrys-
tal phase transfer technique that utilizes a low molecu-
lar weight polymer, poly(styrene-co-maleic anhydride)
(PSMA, 1700 g/mol). The amphiphilic polymer is formed
using either ethanolamine (EA) or Jeffamine M-1000
polyetheramine (M1000), a cheap commercially avail-
able amino-PEG derivative, to ring open the maleic an-
hydride moiety. This simple, low cost method combines
the benefits of amphiphilic polymer phase transfer,
that is, retaining QD photoluminescence and colloidal
stability, while minimizing the hydrodynamic diameter
of the final particle.

This procedure is far simpler than the polymer en-
capsulation processes recently presented by Pellegrino
et al*° and by Anderson and colleagues.> Both their ap-
proaches involve extensive synthesis or postphase-
transfer modifications, while the protocol described
here involves spontaneous transfer of the nanocrystals.

RESULTS AND DISCUSSION
QD PSMA Phase Transfer. PSMA, prior to being function-
alized to an amphiphile, is soluble in organic solvents.
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Figure 2. (A—D) Normalized absorbance and photoluminescence (inset) spectra of four different-sized CdSe/ZnS QD samples in CHCl;
and in water capped with PSMA/EA. (E) Fluorescence image of the four QD samples in CHCI; (vials 1, 3, 5, 7) and in water (vials 2, 4, 6,
8). Samples were excited with a hand-held UV lamp at 365 nm. (F) Relative photoluminescence intensities of the four QD samples in wa-

ter compared with CHCls.

We found the most efficient and reproducible phase
transfer method was to introduce PSMA to QD samples
in CHCl; and then to convert PSMA to an amphiphile us-
ing either EA or M1000 to ring open the maleic anhy-
dride moiety forming a carboxylic acid and an amide
linkage to the ring-opening agent (Figure 1). QDs
capped with amphiphilic PSMA could then be trans-
ferred into water. Other primary amines, including ami-
nobutanol and 2-(2-aminoethoxy)ethanol, were also
successfully used as ring-opening agents; however, the
discussion in this manuscript will be limited to EA and
M1000. This transfer protocol was much simpler and
more reproducible than first forming the PSMA am-
phiphile and then capping the QDs.

Ethanolamine as a Ring-Opening Agent. Figure 2, panels
A—D, show normalized absorbance and photolumines-
cence (inset) spectra of four CdSe/ZnS QD samples
with first absorption maxima of 459, 509, 563, and 623
nm, respectively, in CHCl; and transferred into water
with PSMA using EA as the ring-opening agent. The
spectra of QDs in water match the original coated QDs
in CHCl; indicating no nanoscale aggregation or surface
degradation upon phase transfer. Figure 2E shows a
fluorescence image of the four QD samples coated with
the original ligands in CHCl; (vials 1, 3, 5, 7) and capped
with PSMA/EA in water (vials 2, 4, 6, 8). The photolumi-
nescence intensities in water were compared to those
in CHCl3 (Figure 2F). The optical densities for each
sample in CHCl; and in water were matched at their ex-
citation wavelengths in order to be able to directly com-
pare the photoluminescence intensities of the two
samples. The smallest QD sample, QD459, showed a re-
duction in photoluminescence intensity of 34% upon
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transfer into water. However for the three remaining
samples, QD509, QD563, and QD623, the photolumi-
nescence intensities in water were greater than in
CHCl5, with an increase of 13%, 73%, and 125%, respec-
tively. Amines are known to provide additional passiva-
tion to QDs, resulting in increased emission intensi-
ties.2 Consequently, we attribute the observed
photoluminescence enhancement to the amine groups
on the EA interacting directly with the QD surface. This
result shows remarkable preservation of QD optical
properties upon transfer into water using PSMA/EA.

Jeffamine M-1000 as a Ring-Opening Agent. It has almost
become a requirement for biocompatible QDs to incor-
porate PEG chains into the surface coatings. PEG-
functionalized nanocrystals are colloidally stable over a
wide pH range and at high salt concentrations. PEG also
has the ability to reduce nonspecific binding to biologi-
cal components, minimize cellular toxicity, and in-
crease circulation times. To functionalize QD surface
coatings with PEG chains it is often necessary for the
PEG ligands themselves to be functionalized. Carboxyl-,
amine-, and thiol-terminated PEG derivatives are
among the most common. Unlike underivatized PEGs,
o, o-PEG derivatives are often difficult to synthesize and
purify. Jeffamine M-1000 polyetheramine is a cheap,
commercially available, low molecular weight amino-
PEG derivative (bifunctionalized derivatives are also
available). The terminal amino group acts as a nucleo-
phile to spontaneously ring open the maleic anhydride
groups on PSMA.

Figure 3A shows normalized absorbance spectra of
CdSe/ZnS QD samples with first absorption maxima of
582 nm in CHCl; and transferred into water with PSMA
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Figure 3. (A) Normalized absorbance spectra of CdSe/ZnS QDs in CHCl; and
in water capped with PSMA with different ratios of M1000:MA groups. The re-
maining MA groups were ring-opened with EA. (B) Gel shift of QD/PSMA
samples with different ratios of M1000 in 1% agarose gel buffered with 1x
TBE buffer: (1) 0% M1000 (100% EA), (2) 20% M1000, (3) 40% M1000, (4) 60%
M1000, (5) 80% M1000, (6) 100% M1000, (7) excess M1000.

using different ratios of M1000:MA groups. For each
sample the remaining maleic anhydride groups were
ring opened with EA. As with the QD PSMA/EA samples
(Figure 2A—D) the spectra of QDs capped with PSMA/
M1000 in water match the original coated QDs in CHCl;
indicating no nanoscale aggregation or surface degra-
dation upon phase transfer. Electrophoretic separation
of the QD PSMA/M1000 samples in a 1% agarose gel
shows a direct correlation between the ratio of M1000:
EA used to ring open the maleic anhydride groups and
the QD electrophoretic mobility (Figure 3B). QDs
capped with PSMA/EA, that, is, 0% M1000, migrate fur-
thest toward the positive electrode (lane 1). As increas-
ing amounts of M1000 were doped into the surface
coating the electrophoretic mobility of the QDs system-
atically decreased (lanes 2—7).

A reduction in electrophoretic mobility may be at-
tributed to either an increase in hydrodynamic volume
(molecular weight) or to a reduction in net surface
charge. It is important to note that the number of QD
surface charges is not affected by the choice of ring-
opening agent. Both EA and M1000 are uncharged. The
only contribution to the surface charge arises from car-
boxylic acid groups associated with the maleic anhy-

Figure 4. Fluorescence image set of 598 nm emitting CdSe/ZnS QDs
capped with (A) PSMA/EA and (B) PSMA/M1000 (M1000 100%) in PBS
at various pH values after 7 days at room temperature. For each se-
ries a sample in water is shown as a reference (boxed). Samples were
excited using a hand-held UV lamp at 365 nm.
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TABLE 1. Hydrodynamic Diameter of CdSe/ZnS QD
Samples with First Absorption Maxima of 551 nm Capped
with Different Surface Chemistries®.

surface chemistry HD (nm)

DHLA-PEG 148 =28
PSMA/EA 134 =34
PSMA/M1000 17.8 =43
PMAO/EA 245*82

“Data were obtained from DLS measurements. Standard deviations are shown.

dride moieties. As evident from the linear relationship
between electrophoretic mobility and M1000 ratio, the
observed reduction in electrophoretic mobility may
simply be attributed to the increase in hydrodynamic
volume with increasing ratios of M1000. The data pre-
sented in Figure 3 shows that we are able to systemati-
cally control the QD surface chemistry by doping in sto-
ichiometric quantities of M1000.

Colloidal Stability. Figure 4 shows fluorescence images
of 598 nm emitting CdSe/ZnS QD samples transferred
into water with either (A) PSMA/EA or (B) PSMA/M1000
(100% M1000) diluted into PBS solutions with pH values
ranging from 3—13, where the pH was adjusted using
either HCl or NaOH. Images were taken 7 days after di-
lution into the PBS solutions with specified pH values.

The QD PSMA/EA samples at pH 5—7 exhibit colloi-
dal stability as evident from the homogeneous fluores-
cence of the samples. At high pH values (pH 8—13)
there is evidence of colloidal instability seen by the
brighter band of fluorescence at the bottom of each
vial, and at low pH values (pH 3 and 4) the QD PSMA/EA
samples have lost all stability as they have aggregated
and crashed out of solution. This result demonstrates
that the PSMA amphiphile alone (PSMA/EA) relies at
least partially on the carboxyl groups being ionized to
electrostatically stabilize the QDs. At low pH values,
when the carboxyl groups are protonated the polymer
no longer confers colloidal stability to the QDs. Interest-
ingly at high pH values the QD PSMA/EA samples
showed early signs of instability, even though in this
pH range the carboxyl groups are ionized. It is difficult
to rationalize this observation other than to say it is un-
likely this instability is caused by electrostatic coupling
of free amines to the carboxyl groups as the QD
samples have been purified using ultracentrifugal de-
vices to remove excess ligands, including free
ethanolamine.

The QD PSMA/M1000 samples on the other hand re-
main stable across all pH values (pH 3—13) showing
no signs of aggregation. Incorporation of M1000 ex-
tends the pH range over which the QDs are stable. This
indicates that the QD dispersion no longer relies on
electrostatic stabilization from the PSMA, but rather is
stabilized by the PEG chains. It is noteworthy that QDs

www.acsnano.org
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Figure 5. Representative fluorescence (left) and bright field (right) images of fixed LIM1215 cells stained with a 1 .M solu-
tion of 592 nm emitting CdSe/ZnS QDs capped with (A) PSMA/EA and (B) PSMA/M1000 (M1000 100%).

capped with PSMA/M1000 dispersed in water exhibit
long-term stability, having been stored for up to 6
months with no signs of aggregation.

Hydrodynamic Diameter. The hydrodynamic diameter
obtained from DLS measurements of CdSe/ZnS QD
samples with first absorption maxima of 551 nm trans-
ferred into PBS with either (i) DHLA-PEG, (ii) PSMA/EA,
(i) PSMA/M1000 (100% M1000), or (iv) PMAO/EA are
listed in Table 1. QDs coated with PSMA/EA exhibit a
similar HD to those capped with DHLA-PEG, 134 = 3.4
and 14.8 = 2.8 nm, respectively. Incorporation of M1000
into the polymer surface coating slightly increased the
HD to 17.8 = 4.3 nm. Conversely, capping the QDs with
PMAOQ/EA significantly increased the HD to 24.5 + 8.2
nm. One of the main drawbacks until now of using am-
phiphilic polymer encapsulation of nanocrystals has
been the significant increase to the QD hydrodynamic
diameter. This is due to the bilayer created when using
an amphiphilic polymer (the original hydrophobic
ligands plus the polymer shell) and the high molecular
weight polymers that have been used (PMAO,
30000—50000 g/mol). The data presented here clearly
demonstrate that QDs capped with a low molecular
weight amphiphilic polymer can achieve a hydrody-
namic diameter as low as the ligand exchange method.
This is vital for the use of QDs in in vivo studies, as diag-
nostic and therapeutic agents where QD biodistribu-
tion and renal clearance are highly sensitive to hydrody-
namic diameter.?®
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These particles present the smallest hydrodynamic
diameter for polymer encapsulated QDs to date, while
maintaining the monodispersity of the semiconductor
nanocrystals. Smith et al. have very recently outlined a
novel synthetic route for generating water-soluble
QDs;* while it leads to small hydrodynamic diameters,
the nanocrystals themselves are synthesized in situ and
do not have the monodispersity achieved through cur-
rent nonaqueous routes.

Nonspecific Binding. An important requirement for bio-
compatible QDs is that they display minimal nonspe-
cific binding to biological components. That way when
a protein, antibody, or DNA oligomer of interest is at-
tached to a QD the background contribution from non-
specifically bound QDs is minimized. Figure 5 shows
fluorescence (left) and bright field (right) images of
fixed LIM1215 human carcinoma cells stained with a 1
.M solution of 592 nm emitting QDs capped with (A)
PSMA/EA and (B) PSMA/M1000 (100% M1000). The QD
PSMA/EA sample shows a high level of nonspecific
binding to the cells as seen by the strong fluorescence
associated with the cells. Conversely, the QD PSMA/
M1000 sample shows negligible nonspecific binding as
seen by the minimal cellular associated fluorescence.
This result is in agreement with previous reports which
have found that on the one hand charged QDs exhibit
high levels of nonspecific binding to cell surfaces. How-
ever the nonspecific binding is subsequently reduced
when the QD surface is functionalized with uncharged
PEG.23'24

ACRT AN
VOL.3 = NO.5 = 1121-1128 = 2009 MJNMAJ\)\‘

1125



CONCLUSION

Encapsulating QDs in amphiphilic polymers is a well-
established method for generating biocompatible QDs.
However incorporating PEG chains into the polymer
surface coating has previously been either costly or
nontrivial, and the hydrodynamic diameter of the final
water-soluble QD has been significantly increased using
this method. This drastically reduces the viability of QD
labeling in in vivo studies. We have developed an am-
phiphilic polymer phase transfer scheme that (i) utilizes
a cheap amino-PEG derivative to functionalize the poly-
mer for improved colloidal stability and biocompatibil-

METHODS

Materials. Poly(styrene-co-maleic anhydride) terminated with
cumene (PSMA, ~1700 g/mol), poly(maleic anhydride-alt-1-
octadecene) (PMAO, ~30000—50000 g/mol), phosphonoacetic
acid (PsAA, 98%), tetramethylammonium hydroxide (TMAOH, 25
wt % in methanol), paraformaldehyde (PFA, 95%), and bovine se-
rum albumin (BSA, 98%) were purchased from Sigma-Aldrich.
Jeffamine M-1000 polyetheramine (M1000, 1000 g/mol) was pur-
chased from Huntsman. Ethanolamine (EA, 97%) was purchased
from Unilab, Ajax Chemicals. RPMI medium 1640 and fetal calf
serum (FCS) were purchased from Invitrogen. Analytical grade
(AR) chloroform (CHCls) was obtained from Merck. AR grade hex-
ane was purchased from Univar, and AR grade methanol, etha-
nol, and acetone were purchased from Chem Supply. All chemi-
cals and solvents were used as received. Milli-Q grade (R > 18
MQ cm) water was used throughout.

Quantum Dot Phase Transfer. CdSe/ZnS core/shell QDs were syn-
thesized according to previously reported methods.3”*® QDs
were transferred into aqueous media employing either (i) PSMA/
EA, (ii) PSMA/M1000, (iii) PMAO/EA, or (iv) DHLA-PEG (PEG, n =
12), the synthesis of which is described elsewhere.”!

PSMA/EA. QDs (50 nmol) in CHCl; were added to 5 pumol PSMA
predissolved in CHCl; to give a 100-fold molar excess of PSMA.
The reaction mixture (~1 mL) was tumbled at room temperature
(RT) for at least 3 h. A 2 mL portion of water containing ~20 pL
EA was added to the QD/PSMA CHCl; solution and tumbled for
30 min at RT, after which time the QDs had transferred into the
water phase with ~100% efficiency. The sample was centrifuged
at 7000 rpm for 5 min to speed up the separation of the CHCl3
and water phases. The aqueous QD solution was extracted and
passed through a 0.22 pm filter.

PSMA/M1000. To obtain PSMA/M1000 capped QDs, the QDs
were first capped with PSMA as outlined above. M1000 dis-
solved in CHCl; was added to the QD/PSMA solution. Samples
with molar ratios of M1000: maleic anhydride (MA) ranging from
1:5 to 5:5 were prepared assuming ~32 wt % MA. (The Sigma-
Aldrich product contains 68 wt % styrene: 32 wt % MA in the
polymer chain. Therefore 5 umol (8.5 mg) PSMA contains 27
wmol (2.7 mg) MA.). As an example, for 20% of the MA groups
to be ring opened with M1000 (M1000: MA, 1:5) in a 50 nmol
QD/5 pmol PSMA solution, 5.5 umol M1000 was required. The
reaction mixture (~1.5 mL) was tumbled overnight at RT. A 2—3
mL portion of water was added to the QD/PSMA/M1000 CHCls
solution with ~ 20 p.L EA to ring open any remaining MA groups.
The solution was tumbled for 30 min at RT. CHCl; was removed
by rotary evaporation to yield a turbid QD H,O solution. 2—3 mL
of fresh CHCl; was added to the QD H,0 mixture and tumbled
for 3 h at RT to back-extract any hydrophobic ligands. The
sample was centrifuged at 7000 rpm for 5 min in order to speed
up the separation of the CHCl; and water phases. The QD H,0 so-
lution was extracted and passed through a 0.22 um filter.

It is noteworthy that for samples with a 1:1 or excess
M1000:MA ratio, addition of EA aided the phase transfer into wa-
ter. The EA acts as a base and deprotonates the PSMA carboxyl

ity and (i) minimizes the hydrodynamic diameter of
the final QD particle to a size comparable to those ob-
tained using direct ligand exchange techniques. These
improvements to the amphiphilic polymer phase trans-
fer route have enabled us to design the ideal biocom-
patible QD. QDs functionalized with PSMA/M1000 ex-
hibit the same optical spectra as those formed initially
in organic solvents, are colloidally robust, exhibit low
levels of background fluorscence, have a small hydrody-
namic diameter, and are equipped with a carboxyl
group for conjugation to proteins, antibodies, or DNA
oligomers.

groups generated from the ring-opening of the maleic anhy-
dride moieties and can be substituted with TMAOH or NaOH.

PMAO/EA. QDs (50 nmol) in CHCl; were added to 500 nmol
PMAO predissolved in CHCI; to give a 10-fold molar excess of
PMAQO. The reaction mixture (~1 mL) was tumbled overnight at
RT. A 2 mL portion of water containing ~20 pL EA was added to
the QD/PMAO CHCl; solution and tumbled for 30 min at RT.
CHCI; was removed by rotary evaporation to yield a turbid QD
H,0 solution. A 2—3 mL portion of fresh CHCl; was added to the
QD H,0 mixture and tumbled for 3 h at RT to back extract any hy-
drophobic ligands. The sample was centrifuged at 7000 rpm for
5 min in order to speed up the separation of the CHCl; and wa-
ter phases. The QD H,0 solution was extracted and passed
through a 0.22 pum filter.

DHLA-PEG. To obtain DHLA-PEG-capped QDs, the QDs were
first transferred into water using PsAA. Approximately 7.5 nmol
QDs in CHCl; were precipitated with methanol/acetone and re-
dispersed in a 0.1 M PsAA/methanol solution where the pH had
been adjusted to 8 using TMAOH. The QD/PsAA solution was
heated to 60 °C overnight, precipitated with hexane/ethanol and
redispersed in water. A 10000 molar excess of DHLA-PEG was
added to the QD/PsAA solution and heated to 60 °C overnight.

All QD samples in aqueous media were purified or buffer ex-
changed into phosphate buffered saline (PBS) using an ultracen-
trifugal filtration device (Vivaspin, 50 kDa MWCO) with a mini-
mum of three cycles of concentration/dilution to remove any
excess ligands.

Quantum Dot Characterization. Absorption spectra were recorded
on a Cary 5 UV—vis—NIR spectrophotometer. Steady-state pho-
toluminescence spectra were recorded on a Fluorolog-3 spec-
trofluorimeter (Horiba Jobin Yvon) with slit widths of 1 nm and
an integration time of 1 s. Concentrations were adjusted such
that the QD samples had optical densities of >0.1 at the excita-
tion wavelength. Wavelengths of 385, 400, 475, and 515 nm were
used to excite quantum dot samples with first absorption
maxima of 459, 509, 563, and 623 nm, respectively.

Samples were separated in a 1% agarose gel buffered with
1X tris-borate EDTA (TBE) buffer, pH 8, and run at 100 V for 45
min. A 20 pL portion of T wM QD samples mixed with 30% glyc-
erol was loaded per well. Gel shift bands were visualized using
a transilluminator (Syngene) with UV light excitation.

Dynamic light scattering (DLS) was employed to measure
the hydrodynamic diameters of water-soluble QDs capped with
different surface chemistries. QD samples (100 nM) in PBS were
analyzed using a high performance particle sizer (HPPS, Malvern
Instruments) operated at 25 °C. All measurements were per-
formed in triplicate.

Cell Staining. LIM1215 human colon carcinoma cells*® were
seeded onto coverslips in six well plates and grown to conflu-
ency in RPMI 1640 media with ADDS (2 M hydrocortisone, 10
.M thioglycerol, 100 nM insulin) supplemented with penicillin
(60 pg/mL), streptomycin (100 wg/mL), and 10% FCS at 37 °C in
5% CO.. Cells were washed with PBS (1 X 5 mL), fixed with 4%
PFA for 15 min, washed again with PBS (1 X 5 mL), and blocked
with 2% BSA/PBS overnight at 4 °C. Cells were washed with PBS
(1 X 5 mL) and stained with 750 uL of a T wM QD (first absorp-
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tion maxima at 582 nm) PBS solution for 30 min at RT. Cells
were washed 3—5 times with PBS (5 min each). Cells were im-
aged using a Nikon TE2000-E inverted microscope fitted with a
60X water immersion lens (Nikon, Plan APO, NA 1.2, VC). Fluores-
cence images were collected using a TRITC fluorescence filter
cable (Nikon, excitation 540BP25, emission 605BP55) with 2 s ex-
posure times. Images were acquired using a Roper CoolSNAP
HQ camera (Roper Scientific).
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