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Abstract: Nanoparticle vesicles were spontaneously assembled from homopolymer polyamine polyelec-
trolytes and water-soluble, citrate-stabilized quantum dots. The further addition of silica nanoparticles to a
solution of quantum dot vesicles generated stable micrometer-sized hollow spheres whose walls were
formed of a thick, inner layer of close-packed quantum dots followed by an outer layer of silica. The method
employed here to assemble both the nanoparticle vesicles and the hollow spheres is in direct contrast to
previous syntheses that use either tailored block copolymers or oil-in-water emulsion templating. We propose
that the formation of charge-stabilized hydrogen bonds between the positively charged amines of the
homopolymer polyelectrolytes and the negatively charged citrate molecules stabilizing the quantum dots
is responsible for the macroscopic phase separation in this completely aqueous system. The ease and
processibility of the present approach gives promise for the production of a diverse array of materials ranging
in applications from drug delivery to catalysis to micrometer-scale optical devices.

Introduction is possible to synthesize hollow inorganic capsules formed of
The synthesis of stable organic micelles, vesicles, and large colloidal particles (termed colloidosomé&d)e present
inorganic hollow spheres has garnered much interest for a varietyhere a spontaneous, one-step synthesis of cadmium selenide
of applications ranging from drug delivery and chemical storage (CdSe) quantum dot (QD) vesicles using a combination of
and transport to waste removal. Organic micelles and vesiclespositively charged homopolymers and negatively charged
are typically constructed from surfactants and block copolymers semiconductor nanocrystals. Our QD vesicle assembly was
where the intrinsic differences in chemical potentials of the accomplished in a completely aqueous system and with single
hydrophobic/hydrophilic regions of the surfactant or polymer block polyelectrolyte homopolymers. We have previously
blocks guide the organization of the organic groups and the succeeded in creating multicompositional inorganic hollow
interface between the solvent medium and the final struétire. spheres through self-assembly by using specifically tailored
Recently, block copolypeptides have also been used to createplock copolypeptide® However, the cooperative assembly of
stable and responSive vesicles that can be used for both tranSpOﬁhorganic nanopartic]es into vesicles or hollow Spheres from
and delivery? homopolymer polyelectrolytes is unprecedented. In contrast to
Three-dimensional, macroscopically phase separated inorganiceariier work, the highly structured macroscopic phase separation
systems, such as nanoparticle vesicles and hollow spheres, havg griven by neither the polymers nor a previously introduced
been produced by using either a layer-by-layer (LBL) assembly separate phase (e.g., oil-in-water emulsion or preformed poly-
on sacrificial templates or surfactant-stabilized oil-in-water gy rene sphere) but instead by the molecular interactions between
emulsion droplet$.” For example, using the latter approach, it {he jigands on the inorganic phase and functional groups of the
t Department of Chemistry and Biochemistry. organic pqueleptrolyte. The spontaneous formation of. these
# Materials Department. hollow entities is proposed to occur through the formation of
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Materials and Methods Scanning and Transmission Electron Microscopy.Scanning
. ) electron microscopy (SEM) images were taken on a JEOL 6340F field
Homopolymer Polyelectrolytes.Poly- -lysineioo, poly-L-lysinexoo, emission gun microscope, and the transmission electron microscopy

and polyt-lysinesoo were synthesized from.-carboxybenzyl--lysine
N-carboxyanhydrides and the initiator 2[pyridyl-Ni(1,5-cyclo-
octadien€'f with polydispersities ranging from 1.05 to 1.4. The CBZ-
L-lysine polymers were then deprotected (to give the free amine

functi‘onal_gr‘oup) u;ing a mixtqre of triﬂuoroace?ic and 33% hydro- hollow sphere solution was sandwiched between a glass slide and a
bromic acid in glacial acetic acid; the excess acid was later removed coverslip. The solution used for this experiment was prepared from 50

by dialysis. Commfar_cial poly-lysine (mplecular weight range 25 060 4L of poly-L-lysinesgo solution, 125L of CdSe/CdS QD solution, and
60 000), polyt-arginine (molecular weight range 15 6600 000), and 125 4L of Snowtex 0 solution.

polyallylamine (molecular weight: 70 000) were purchased from
Sigma-Aldrich. Results and Discussion

Citrate-Stabilized CdSe/CdS Core-Shell QDs. Water-soluble, The additi fi bilized hell OD h |
citrate-stabilized QDs were synthesized as previously reported by e addition of citrate-stabilized corshell QDs to the poly-

Rogach et ai! Two final sets of QDs corresponding to green and L-ySine solutions caused the initial transparent polymer mixtures
orange-red emission were used for the vesicle assembly. The as-t0 become visibly turbid and cloudy, indicating aggregation of
synthesized coreshell QDs were characterized by TEM, UVis the positively charged polypeptide with the negatively charged
absorbance, and fluorescence measurements. The results of thes®Ds. Upon continued mixing, the solutions changed from
characterizations agreed with the data presented by Rogach'et al.  cloudy to clear, and light microscopy imaging revealed what
Thioglycolic Acid Solubilized TOPO-Stabilized CdSe QDsTrioct- looked like oil droplets in an aqueous medium (Figure 1).
ylphosphine oxide (TOPO)-stabilized CdSe QDs were synthesized and Fluorescence microscopy, using the QDs as emitting species,
rendered water-soluble throggh ligand exchange with thioglycolic acid reyealed that the QDs are concentrated in/on the droplets, Figure
as reported by Chan and Nie. 1b. Dynamic light scattering measurements gave effective
fQuIantuIm Dot \éesicle ggserrb'é’-_T hg PO'YG'SCUO'W‘ES* regardless  giameters similar to those seen by optical microscopy. When
of molecular weight, were dissolved in deionized water at concentrations : :
of 5 mg/mL. 100uL of the as-synthesized QD solution was first diluted o P N9 the samples prepared by poliysineios poly-L-
lysinexoo, and polyt-lysinesgo by DLS, we found that the

to 200uL total volume with deionized water. The 200 QD aliquot : . . .
was then added to 50L of the polyelectrolyte solution, whereafter effective diameter of the as-synthesized vesicles appeared to

the solution turned cloudy. The reaction was vigorously mixed by increase almost linearly (from 0.85 to 1.6ih) with the length
manual pipetting, during which the solution altered in turbidity from Of the polypeptide. However, there was very little difference in
the initial cloudy suspension to a macroscopically clearer solution. The vesicle dimension between those made using the 300- and
vesicles were imaged using both bright field and fluorescence optical 400mer polymers.
microscopy; the fluorescence images were done using a continuous \While the as-assembled QD nanoparticle vesicles collapsed
wave argon ion 365 nm laser line. upon air-drying, the addition of silica nanoparticles to the
Dynamic Light Scattering Measurements of the Nanoparticle  reaction media, after the introduction of QDs, produced stable
Vesicles.All nanoparticle vlesri]cles were prepared immediately priordto three-dimensional hollow spheres with distinct compositional
measurements. Dynamic light scattering measurements were made on.... - .
a Brookhaven Instruments BI-9000AT Digital Correlator as a function rrg'r:til:rgog::g:/t‘c/;/fottgepek?oﬁ];Cvars]gEzlc:ecsl;a:arlli/ ersﬁgwenénglgogfgg
of scattering angle (30150°) at room temperature with sampling delay . . . .
dimensional, hollow nature of the final structures (Figure 2A).

times from 1us to 10 s. The raw data were analyzed by least-squares i
fits to a cumulant expansion to which two additional long decays were 1he shell walls of these hollow spheres are formed of a distinct

added: ap + a1 exp2kit + kat? — (Ya)ketd) + a2 exp(—2kort) + ag inner Iay_er of st followed_ b)_/ a thinner outer layer of silica
exp(—2ksi7). The two long decay rate monoexponential functions were hanoparticles (Figure 2B). Similar QD hollow spheres produced
included to model very large assemblies, probably arising from using specifically tailored diblock copolypeptides have been
conglomerates of spherical assemblies and/or the presence of dust. Thghown to provide single mode quantum dot microcavity lasing.
hydrodynamic radiusRy, of the spheres was extracted by fitting the The formation of these QD vesicles was found to be
Stokes expression to the decay rate constalits: k. = oD = ¢°Tke/ stringently dependent on the overall molar charge ratios of the
6”_7_';“0' q f QD vesicle si | hain lenath negative citrate molecules to the positive amines of pely-
e dependence o vesicle size on polymer chain length was | : :

; . ysine. The allowed window was narrow and determined to be
studied through D.LS measurements made on an ALV DLS-SLS 5000 between 0.30 and 0.40 (negative citrate charges to positive amine
system as a function of scattering angle {3B07). The samples were harges). At ratios below 0.3, the addition of citrate-stabilized

gharges). .3,

again prepared immediately prior to measurements and were made suc . - . ¢
that the molar concentrations of polymer chains and QDs were kept QDS Ieads to neither cloudiness nor vesicles, and at ratios above

constant throughout and that the only changing variable was the number0-4, the solutions initially turned cloudy followed by a rapid

of repeat units per polypeptide chain. precipitation of both nanoparticles and polymer. At high ratios
Nanoparticle Hollow Sphere SynthesisThe silica QD hollow of QDs to polymer, the substantial charge matching between

spheres were generated by adding 20@f the commercially available  the negative citrate and positive amine groups presumably causes

colloidal silica, Snowtex 0 (1620 nm particle size, Nissan Chemical), insolubility.

to the preformed QD vesicle solutions. The hollow sphgreg were alIovyed To further understand the molecular chemistry occurring at

to settle to the bottom of the tub_es before characterization by optical {hea interface between the nanoparticles and the polyelectrolyte,

and electron (SEM and TEM) micrascopy. QDs with other negatively charged stabilizing ligands were

synthesized and reacted with the cationic polyelectrolytes.

(TEM) was done on a JEOL 2000FX analytical microscope.
Confocal Microscopy. Laser scanning confocal microscopy was
performed using a Zeiss 510 microscope equipped with an ArKr laser
using 488 nm light to excite the QDs. A droplet of the nanoparticle

(10) Deming, T. JNature 1997 390, 386—390.
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Polymer + CdSe QDs

Bright Field

Excitation
@ 365 nm

Figure 1. Bright field and fluorescence optical microscopy images of polymer solutions before and after the addition ofystlgoo to the citrate-
stabilized CdSe/CdS coreshell QDs at a ratio of 0.375 carboxylate to amine charges. The fluorescence images were obtained using the 365 nm line of a
continuous wave argon ion laser. While the polyelectrolyte solutions demonstrated no visible macroscopic phase separation, the additicatioélhe neg
charged QDs caused an oil-in-water-like emulsion to form. The size of these droplets visibly varied from approximatelyri. &m@ these values roughly
correlated to the effective diameters determined from dynamic light scattering measurements.

Chart 1. The Chemical Structures of the Polyamine-Based
Polyelectrolytes Used in the Reactions?
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a(P1) Polyt-lysine hydrobromide. (P2) Poly-arginine hydrochloride.
(P3) Polyallylamine hydrochloride. The chemical structure of citric acid
with the carboxylic acid denoted from lowest to highekt;pC1 with a
reported K, of 3.128, C2 with a reportedip of 4.761, and C3 with a

CdSelCdS —_____ reported |3 of 6.3962!
guantum dots . - . .
' is not sufficient to drive phase separation and assemble the QDs
$i0, nanoperiicies / into vesicles. The initial part of the synthesis of the citrate-
2

stabilized CdSe nanoparticles involves the complexation of free
1 pum Cd?* ions with citrate molecules in water at pH 9.0. From the
d three relative g4's of citric acid, it can be deduced that the
Figure 2. (A) Laser scanning confocal image of a single nanoparticle CCP* ions are binding the carboxylic acid groups with the two
hollow sphere. The cross-sectional pictures are shown in series from thelowest [Kj's, specifically 3.1 (1) (Chart 1, C1) and 4.8 ()
top of the sphere (top left image) to the bottom (bottom right image), clearly (Chart 1, C2). This binding scheme is in accordance with the

depicting the three-dimensional, hollow nature of the final structure. The . 2 5
imaged hollow sphere is about 3¢ in diameter. (B) Transmission electron  0PSe€rved behavior of Al(ll), Ga(lll}y! and Zn(I1}> in crystal

micrograph of a self-assembled hollow sphere where the cavity wall is Structures. The final QDs are then structured such that the only
composed of a close-packed inner layer of esskell CdSe/CdS citrate-  surface accessible carboxylic acid group is that corresponding
stabilized QDs followed by a distinct outer layer of silica nanoparticles. to the most basick of 6.4 (Ks) (Chart 1, C3), and, hence, it

Trioctylphosphine (TOPO)-stabilized CdSe QDs made water- Must be this specific functionality that interacts with the primary
soluble by ligand exchange with thioglycolic atigvere mixed amine of poly§-ly3|n§. _ . .
with solutions of polyt-lysine or polyallylamine (for a discus- To substantiate this theory, we investigated the influence of

sion of polyallyamine in the assembly process, see below), but, PH on the QD vesicle assembly. As demonstrated in Table 1,

unlike Fhe results obtained using the citrate-functionalized _QD_S, (14) Matzapetakis, M.; Kourgiantakis, M.. Dakanali, M. Raptopoulou, C. P.:

no vesicles or any other observable supramolecular organization ~ Terzis, A.; Lakatos, A.; Kiss, T.; Banvali, |.; lordanidis, L.; Mavromoustakos,
H ; H T.; Salifoglou, A.Inorg. Chem.2001, 40, 1734-1744.

was detected. This result demonstrates that Slmply using (15) Swanson, R.; lsley, W. H.; Stanislowski, A. G.Inorg. Biochem1983

negatively charged, carboxylic acid-functionalized nanoparticles 18, 187-194.

J. AM. CHEM. SOC. = VOL. 125, NO. 27, 2003 8287



ARTICLES Cha et al.

Poly-L-Lysine + QDs Poly-L-Arginine + QDs
. . : . "
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Figure 3. Bright field optical microscopy images revealing the effect of the addition of sodium chloride (25 mM NacCl) to the reaction mixtures. While the
poly-L-lysinexoo QD vesicles remained macroscopically intact up to at least 40 mM NacCl, the addition of as little as 2 mM NaCl caused rapid and massive
flocculation in the poly=-arginine reactions.

Table 1. Data Detailing the Effect of pH on the Synthesis of the Electron microscopy of the final products showed no vesicular
83:2'&%%@?;c;'g;'?fg‘fgf%?g%gggf(f,[;t:?g'iegir?edSE/ cds geometries and only coagulated materials. However, the non-
Charges amino-acid-based polyamine, polyallylamine, with its corre-
oH of citrate-capped oH of poly-L-iysine Tesidle sponding [, of ~10.5 (Chart 1, P3), spontaneously produced
QD solution solution formation? nanopatrticle vesicles when mixed with the citrate-functionalized
50 70 no CdSe QDs. One possible explanation of the striking differences
55 7.0 no observed in the products obtained between pelysine and
6.0 7.0 no poly-L-arginine is that the higherliq, of poly-L-arginine (K,
g'g ;8 522 ~ 12.5) leads to weaker hydrogen bonding (see below).
8.0 7.0 ves The assembly process and the responsiveness and stability
9.0 7.0 yes of the assemblies were further investigated by adding salt (NaCl)
3-8 1;-3 ves to a solution of the QD vesicles. It has previously been shown

that the addition of salt to polyelectrolyte complexes (PECSs)
] ] . causes substantial flocculation of the PEEY.As demonstrated
the spontaneous formation of the nanoparticle vesicles appeareg, Figure 3, while final working concentrations of-50 mM
to depend on both the of citric acid (6.4) as well as thei NaCl induced drastic changes in the polgrginine nanoparticle
of poly-L-lysine (10.5). At pH values below 6.5 and above 11, yeactions with substantial flocculation of QDs and polymer, the
the spontaneous formation of vesicles was prohibited, and, 5qgition of salt caused little or no qualitative change in the poly-
furthermore, no initial cloudiness or turbidity was detected L-lysine reactions. Furthermore, microscopy analyses of the
during any stage of the reactions. Furthermore, the synthesizedyine systems revealed that the assembled QD vesicles became
QD vesicles were found to be sensitive to pH: when the pH of smajier upon addition of salt and remained intact up to a final
the vesicle solutions was changed to either below 6 or above nsc| concentration of at least 40 mM. Preliminary light
11, the assembled structures were destroyed. This observationcattering data indicate that the vesicles remain intact to a NaCl
is of particular interest with respect to the possible use of the concentration of 250 mM. The flocculation observed in the poly-
vesicles as pH-controlled transport vehicles. These pH experi-| _rginine reaction mixtures provides strong evidence that the
ments demonstrate that the supramolecular assembly of themglecular interactions in the poly-arginine/QD complexes are
vesicles is charge dependent because both the neutralization Ofjmilar to that of the traditional organic PECs and are predomi-
the citrate carboxylic acid (pH 6.5) and the amine of poly-  nantly electrostatic. However, in the palylysine system, the
L-lysine (pH > 10.5) hindered the assembly process. Further- siapjjity of the nanoparticle vesicles to salt substantiates the
more, the negative result obtained at pH 6.0 provides strong pypothesis that the ligands on the nanoparticles and the polymer
evidence that the r_nolecular interaction between the QDs apdare interacting through charge-stabilized hydrogen bonding.
the polyelectrolyte is dependent on the C3 (Chart 1) carboxylic o the basis of the visible and microscopic observations, pH
acid of citric acid. o _ . titration, and salt gradient experiments, a model can be proposed
We also tried a different cationic polypeptide, pokarginine g6 the interfacial molecular forces that drive the macroscopic
(pKa &~ 12.5, P2 in Chart 1), as a reagent with the citrate- phase separation and formation of the polysine nanoparticle

stabilized QDs. Surprisingly, using polymer chain length \egjcles (Figure 4). When the negatively charged citrate-
dimensions and working concentrations similar to those em-

ployed for polyt-lysine, we found that the addition of citrate-  (16) Buchhammer, H.-M.; Petzold, G.; Lunkwitz, Kangmuir1999 15, 4306-
i . ; 4310.

stabilized QDS iny Caused_ the ponarglnln_e_ so!unons t_o (17) Dautzenberg, H.; Karibyants, Nlacromol. Chem. Phy4.999 200, 118—

become turbid with no ensuing phase transition into vesicles. 125.
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acid-functionalized QDs creates a zone of water exclusion
around each nanoparticle where the water molecules originally
solvating the charged ligands are driven to the bulk phase of
water. This provides an entropy increase that further lowers the
assembly free energy. As stated earlier, an excess number of
positive charges associated with the polymer relative to the
number of carboxylic acid groups Kpg) is required for these
vesicles to form, and it is therefore safe to assume that the
initially negatively charged I§s carboxylic acid group of the
citrate-coated QDs is effectively neutralized after reaction with
the polypeptide. These screened QDs in essence then become
what is typically the lipid layer of a conventional organic vesicle,
and the excess pobHysine chains that are not interacting with
any nanoparticle become what are usually the polar headgroups
(Figure 4).

One predominant noncovalent interaction used in biological
systems is that of directional, charge-stabilized hydrogen
Figure 4. A schematic diagram of the nanoparticle vesicles and the bonding, Where the strength of these interactions is dependent
directional charge-stabilized hydrogen bonds that form between the aminesON the relative K, values of the donor and acceptor groups.
of the poly+-lysine and the carboxylic acid groupKp of the citrate- The model that we propose here is an adaptation of this
stabilized QDs. The quantum dots form the “oily” zone and what extends noncovalent chemistry for the supramolecular assembly of
into the exterior and interior water regions are the portions of the poly- semiconductor nanoparticles into vesicles starting from com-

lysine chains that are not coordinated with the carboxylic acid groups of

the citrate-stabilized nanoparticles. pletely charged species. While one of the more common
bioinspired techniques for producing nanoparticle superstructures
stabilized QDs are first introduced into the pahlysine has been to use entire biomolecules and molecular recognition,

solutions, the transparent polymer solutions become turbid, we have provided here an alternative, simpler, more generalized,
indicating aggregation due to long-range Coulombic attractive and possibly versatile approach for the multicompositional,
forces and charge matching. The initial cloudy solutions then three-dimensional cooperative assembly of organic and inorganic
undergo a phase change to an oil-in-water-like emulsion (Figure species into spatially defined domains.

1), and it is proposed that this is due to a transition in the
interfacial molecular forces from pure electrostatic charge
charge interactions to directional charge-stabilized hydrogen
bonding (Figure 4). Hydrogen bonds are expected to be stronges
when the difference inky, between the donor and acceptor is
small18-20 The substantial difference of &g units between

the primary amine of poly-arginine and the carboxylic acid
group (Chart 1, C3) of citric acid may explain why polyally-
lamine (Ka~ 10.5) and poly=-lysine (K, ~ 10.5), which have

a smaller difference of~4 pK, units, could successfully
assemble the citrate-stabilized QDs into vesicles, while poly-
L-arginine could not. However, it is also possible that the
bulkiness and charge delocalization of the arginine side chain
play additional inhibiting roles.
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Conclusions
We propose that the combination of electrostatic affinities

and hydrogen bonding between the poHysine and the citric Note Added after ASAP Publication: The version pub-

lished on the Web 6/13/2003 contained errors in Chart 1. The
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(19) Overgaard, J.; Schiott, B.; Larsen, F. K.; lversen, BCBem.-Eur. J200],
7, 3756-3767. are correct.
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