time. This might be a promising antimicrobial coating for a
wide range of materials for biomedical or daily-life applica-
tions.

Experimental

PEI (MW 5000 g/mol) was purchased from Hyperpolymers (Frei-
burg, Germany). All other chemicals, if not stated otherwise, were
from Fluka and used without further purification. One gram of PEI
was suspended in 50 mL acetone and the mixture was cooled to 0°C .
Methacryloyl chloride (0.83 mL dissolved in 35 mL acetone) was
added dropwise to the stirred suspension within 20 min. After 30 min
at 0°C, 150 mL of methanol and 20.4 mL of HEA were added to give
a clear solution. The solvents were removed under reduced pressure,
the PEI-MA/HEA stock solution was further diluted with HEA to
control the PEI content, and 1 mg of the photoinitiator Irgacure 651
(Ciba) was dissolved in 1 mL of the solution. 20 uL of the this mixture
was spread on a commercial glass slide previously modified with
methacryloyloxy-propyltrimethoxysilane using a standard procedure
[20]. The slide was then covered with another glass slide, previously
coated with a polypropylene film. The liquid layer between the two
slides was UV cured in the UV reactor Heraflash from Heraeus-Kul-
zer (Hanau, Germany) for 180 s to give a transparent film. The films
were then washed with water/methanol/triethylamine (TEA)
(1:1:1 v/v/v), water/methanol (1:1 v/v), and water, than immersed in a
solution of 250 mg AgNOj; in 8 mL water for 30 s, washed with water,
and finally added to 50 mL of an aqueous solution of ascorbic acid
(10 mgmL™). The modification of the films with PEG was performed
as follows: The samples were washed with the water/methanol/TEA
mixture, methanol, and acetone, then immersed into a solution of 2 g
cyanuric chloride in 10 mL acetone at room temperature overnight,
rinsed with acetone and chloroform, and finally left in a solution of
2 g O-2-aminoethyl-O’-methoxy polyethylene glycol (MW 5000 g/
mol) in 10 mL chloroform for 24 h at room temperature. Prior to use
the films were thoroughly rinsed with chloroform and immersed in a
large amount of water for at least 24 h.

UV-vis measurements were carried out with the photospectrometer
Lambda 11 from Perkin Elmer. AFM images were recorded with a
Nanoscope 1II scanning probe microscope using Si cantilevers with a
fundamental resonance frequency of around 200 kHz. TEM measure-
ments were carried out using a LEO 912 transmission electron micro-
scope applying an acceleration voltage of 120 kV. The silver content
was determined using the flame-atom absorption spectrometer Var-
io 6 from Analytik-Jena-AG (Jena, Germany).

The bacterial susceptibility measurement was carried out according
to a modified procedure described earlier [21]. S. aureus (ATCC
25123) cells were cultivated by adding 100 uL of a suspension of the
bacterial cells in PBS (10" cells/mL) to 50 mL of a standard growth
medium from Merck and incubating it under shaking at 37 °C for 6 h.
The bacterial suspension was then centrifuged at 2750 rpm for
10 min, the cells were washed twice with PBS, pH 7.0, re-suspended
in PBS, and diluted with PBS to a concentration of 5 x 10% cells/mL
controlled by the absorbance at 600 nm. The films on glass were incu-
bated for 10 min in 50 mL of the sterile PBS and then transferred to
the bacterial suspension in PBS and shaken at 200 rpm and 37 °C for
2 h with the samples standing vertically. After washing with sterile
PBS three times the samples were again incubated for 1 h in PBS,
washed with distilled water, and air-dried. After three minutes of dry-
ing, the samples were put into a Petri dish and 25 mL of growth agar
(1.5 wt.-% agar in growth medium was heated at 100 °C for 5 min and
subsequently quickly cooled to 40°C) was added. The Petri dishes
were incubated at 37 °C in an humidified incubator and the number of
grown bacterial colonies was counted every 12 to 16 h.
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Intracellular Delivery of Quantum Dots
for Live Cell Labeling and Organelle
Tracking**

By Austin M. Derfus, Warren C. W. Chan, and
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The ability to fluorescently tag and track subcellular struc-
tures in living cells represents a powerful tool in cell biology.
While the time scale of observation for conventional organic
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dyes is limited due to photobleaching, semiconductor quan-
tum dots (QDs) have surfaced as a bright, photostable alter-
native.!! Furthermore, the emission properties of QDs can be
tuned by size and composition, permitting the synthesis of a
large set of probes to monitor many dynamic processes occur-
ring inside living cells simultaneously. However, a key chal-
lenge in the use of QDs for intracellular tracking is the deliv-
ery of QDs to the cytoplasm and organelles such as the
nucleus and mitochondria. While organic dyes used to label
these organelles (DAPI, Mitotracker) are able to permeate
cell membranes, the size and surface properties of QDs pre-
vent passive diffusion across the lipid bilayer. Several groups
have demonstrated the use of receptor-mediated endocytosis
for intracellular delivery of QDs, but all have found that QDs
entering cells by this pathway remain sequestered in endocytic
vesicles, preventing the labeling of other intracellular struc-
tures.”™# As an alternative, one study reported the use of
microinjection as a means of introducing QDs into the cyto-
plasm, but only to track populations of cells and not for the
investigation of intracellular events.”! Furthermore, QDs have
yet to be targeted to specific organelles, proteins, or nucleic
acids inside living cells to observe subcellular events. As prog-
ress is made towards the goal of real-time, multiplexed analy-
sis of living cells, there is a need to: 1) explore alternative
strategies for delivering QDs into cells, 2) develop methods to
characterize and compare delivery schemes, and 3) investi-
gate targeting strategies for labeling subcellular compart-
ments.

With the goal of identifying an improved delivery scheme
for intracellular tracking, we studied both biochemical (trans-
location peptides, cationic liposomes, dendrimers) and physi-
cal methods (electroporation and microinjection) of deliver-
ing QDs into cells. These approaches are commonly used for
oligonucleotide delivery, however they have not been ex-
plored for delivery of semiconductor nanocrystals, despite ob-
vious similarities in size (on the order of nanometers) and
charge (negative). In order to compare these techniques
qualitatively and quantitatively, we combined the use of epi-
fluorescence microscopy to evaluate intracellular QD locali-
zation in single cells with flow cytometry to quantify the deliv-
ery efficiency over a population of live cells. To explore these
methods, we coated the nanoparticles with poly(ethylene gly-
col) (PEG)—an inert coating that minimizes cellular uptake
through endocytosis,[zl likely by preventing non-specific at-
tachment to the cell surface, unlike other QD coatings such as
silica and dihydrolipoic acid (DHLA).*# Figure 1A depicts a
composite (fluorescence/phase) micrograph verifying the lack
of internalization of PEG-coated QDs by direct incubation
with HelLa cells. Dimly fluorescent aggregates are qualita-
tively visible on the extracellular border. This non-specific
labeling was quantified using flow cytometry, where the
median cell fluorescence was measured as approximately six-
fold over background (Fig. 1A, right). Furthermore, this non-
specific binding was fairly uniform across a population of one
million cells, as indicated by the width of the cytometry peak.
In comparison, QDs that were complexed with transfection
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Figure 1. Improved intracellular QD delivery quantified by flow cytometry.
A) Incubation of PEG-coated QDs with Hela cells. The fluorescence/
phase overlay micrograph of QDs on Hela cells depicts dim, extracellu-
lar aggregates. Flow cytometry of cells incubated with QDs (green curve)
as compared to unlabeled cells (black) demonstrates the ability to quan-
tify labeling efficiency (graph). B) In contrast, QDs complexed with three
different transfection reagents are delivered to the interior of Hela cells
(micrograph). Flow cytometry showed higher labeling efficiency of cation-
ic liposomes (green) than dendrimers and translocation peptides (red,
blue). Orange line indicates median of cells alone (from A).

reagents (translocation peptide, cationic liposome, dendrimer)
prior to incubation with cells were internalized (Fig. 1B). The
internalization was verified by confocal microscopy, visualiz-
ing the membrane with 5,5’-Ph,pilCg (Molecular Probes), a
fluorescent lipophilic dye (data not shown). Flow cytometry
allowed quantification of relative labeling efficiency and dis-
tribution across the cell population (Fig. 1B). Median fluores-
cence was highest for cationic liposomes (349 a.u.) followed
by dendrimers (88 a.u.). Note that the median fluorescence
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for the QD-translocation peptide complexes (20 a.u.) was
unexpectedly lower than uncomplexed QDs (QDs alone,
52 a.u.), possibly due to increased scattering and quenching
effects of intracellular QD aggregates compared with a dis-
perse, extracellular fluorescence. In this case, epifluorescent
microscopy provided complementary data to cytometry by
indicating internalization of complexed QDs as compared to
extracellular localization with uncomplexed QDs. Thus, a
combination of flow cytometry and microscopy enabled the
qualitative and quantitative comparison of QD delivery strat-
egies.

In our study, cationic liposomes provided the highest deliv-
ery efficiency of QDs to live cells. Though the mechanism of
delivery has not been specifically investigated in detail, we
suspect that QDs behave in a similar fashion to DNA during
lipofection, where DNA/liposome conjugates are formed ex-
tracellularly, endocytosed, and subsequently escape from the
endosomal vesicle to access the cytoplasm. Similarly, we
propose that negatively charged QDs complex with cationic
liposomes due to electrostatic interactions. Transmission elec-
tron microscopy was used to visualize the complexes where a
single liposome measuring 200 to 500 nm in diameter was
coated with approximately 20 to 40 QDs (data not shown).
Subsequent cellular entry of the complexes was confirmed mi-
croscopically, and may occur through endocytosis and endoso-
mal escape, as seen in DNA delivery. To determine whether
intracellular QDs were trapped in endosomes or free in the
cytoplasm, we conducted a multicolor QD experiment
(Fig. 2A). Green-light-emitting QDs were complexed with
the transfection agent and red-light-emitting QDs were coat-
ed by adsorption of epidermal growth factor (EGF) to pro-
mote endocytosis through the cell-surface receptor (EGFR).["!
Incubation of EGF-coated QDs yielded red-light-emitting
vesicular structures that were identified as a nearly complete
subset (>95 %) of the endolysosomal compartment by co-lo-
calization with a marker for acidic organelles (LysoSensor
Blue, data not shown). In contrast, QDs complexed with cat-
ionic liposomes (green) yielded a significant percentage
(>90 %) of fluorescence emission that did not co-localize with
the endolysosomal compartment (red), suggesting some es-

Transfection B
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Pros: more efficient than endocytosis alone
Cons: QD aggregates delivered

Pros: parallel delivery

Electroporation 15

Cons: QD aggregates delivered
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cape from endocytic vesicles. In principle, once QDs are free
in the cytoplasm, they could be utilized to track both whole
cells and intracellular processes. However, in order to fully ex-
ploit the potential of intracellular QD labeling, well-dispersed
QDs are imperative. Our studies indicate that while cationic
liposomes do promote efficient delivery for live cell labeling,
they also form QD aggregates of several hundred nanometers
in diameter that would prevent normal trafficking to the
nucleus or mitochondria.®*!

In an attempt to deliver single, monodisperse QDs to the
cell cytoplasm, we next explored the technique of electropora-
tion. Generally used to deliver DNA to cells, electroporation
temporarily generates hydrophilic pores in the plasma mem-
brane by applying an electric field pulse. The pores allow the
passive transport of DNA (or nanoparticles) into the cell.'%
Although we expected that electroporation would deliver sin-
gle QDs, we instead found that aggregates of up to 500 nm in
diameter were delivered (Fig. 2B, green QDs). We first sus-
pected that the application of a high-energy electric field
caused polarization of the QD surface, the loss of electrostati-
cally-adsorbed surface ligands (PEG, mercaptoacetic acid)
and subsequent QD aggregation, as has been reported for
QDs in aqueous solution upon loss of stabilizing ligand."'! To
test this possibility, we delivered QDs with a crosslinked bo-
vine serum albumin (BSA) coat!'?! (which is not prone to loss
of stabilizing ligand) via electroporation, and still observed
clumps of QDs both inside and outside the cells. These find-
ings suggest that stabilization of the surface ligand is not suffi-
cient to prevent particle aggregation, and points to alternate
mechanisms for aggregation. Interestingly, Golzio et al. re-
ported that negatively charged DNA plasmids also aggregate
when entering cells during electroporation.® They propose a
model in which the electric field causes the formation of a
complex between the plasmid (analogous to the nanoparticle
in this case) and the cell membrane, which is internalized
when membrane resealing occurs. While the mechanism of
particle aggregation remains undetermined, our data suggest
that electroporation under conventional conditions is a robust
tool for live cell labeling with aggregated, but not monodis-
perse QDs. Thus, electroporation may be best utilized as a de-

Microinjection

Pros: single QDs inside cell (enables subcellular labeling)
Cons: serial technique

Figure 2. Comparison of delivery methods. A) Fluorescence/phase micrograph of Hela cell transfected with green PEG-coated QDs (via complexation
with cationic liposomes) and red EGF-QDs (as an endosomal label). B) Fluorescent/phase micrograph of a HelLa cell after electroporation in a solu-
tion of green QDs followed by incubation with red EGF-QDs as endosomal label. A,B) depict aggregated QDs and significant lack of green/red co-local-
ization consistent with endosomal escape. C) Fluorescence (left) and phase (right) micrograph of Hela cell 2 h after cytoplasmic injection of green
QDs. Diffuse cytoplasmic staining is consistent with non-aggregated QDs and nuclear exclusion (though fluorescence can be seen in focal planes
above and below the nucleus).
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livery scheme in applications such as whole cell tracking and
cytometry.

Using these two approaches (complexing with cationic lipo-
somes and electroporation), we have demonstrated the ability
to label a large population of cells in parallel. Both tech-
niques, however, deliver QD aggregates that are not ideal for
intracellular assays. For single-cell labeling, microinjection is a
superior approach, albeit a serial one, that enables delivery of
QDs to the cell’s interior in a monodisperse form. Figure 2C
depicts the microinjection of PEG-QDs into the cytoplasm of
a single cell, resulting in a diffuse cytoplasmic stain. Passive
transport through the nuclear envelope is limited to sub-
stances 9 nm or less in diameter, 'l explaining the observed
nuclear exclusion of the PEG-QDs (~28 nm diameter deter-
mined by dynamic light scattering (DLS)).

In order to explore the utility of monodisperse QDs for
studying subcellular phenomena, we next synthesized ‘multi-
functional’ QDs that combined narrow fluorescence emission
with an inert coating (PEG) and a peptide localization se-
quence for delivery via microinjection. Our goal was to direct
subcellular localization of the QDs by alteration of the
peptide sequence, thereby enabling visualization of specific
intracellular organelles. We specifically explored the use of a
23mer nuclear localization sequence (NLS) peptide and a
28mer mitochondrial localization sequence (MLS) peptide to
traffic QDs to the nucleus and mitochondria respectively. The
NLS peptide contains the canonical 7mer (PKKKRKYV) func-
tional domain from the SV40 T antigen plus additional resi-
dues that have been shown to increase nuclear accumula-
tion.!> This peptide recognizes the nuclear transport protein
importin (karyopherin) alpha, leading to active transport
through the nuclear pore complex.!®! Gold colloids as large as
~39 nm in diameter have been transported into the nucleus in
this manner,'® and the ~25 nm diameter PEG-QD-NLS con-
jugate (measured by DLS) is well below this threshold. The
MLS consists of the targeting presequence from human cyto-
chrome oxidase subunit VIII (COXS8), a protein that is
synthesized in the cytoplasm and actively transported into the
mitochondria.”!”! Each of these peptides was synthesized to
contain a free cysteine residue, whose sulfhydryl group al-
lowed electrostatic adsorption to the QD surface.'® Fig-
ure 3A depicts the successful nuclear localization of the
NLS-conjugated QDs as compared to the cytoplasmic distri-
bution of the rhodamine-dextran (70 kDa molecular weight)
control 18 h after microinjection. Comparison of nuclear
localization of NLS-conjugated PEG-QDs to cytoplasmic
localization of PEG-QDs alone (Fig. 2C) supports the conclu-
sion that adsorption of the NLS peptide is sufficient to specify
nuclear trafficking. Similarly, MLS-conjugated QDs were ob-
served around mitochondria by 18 h, as indicated by co-locali-
zation of QDs with an organic mitochondrial dye that readily
permeates the cell membrane and accumulates due to a thiol-
reactive chloromethyl moiety (MitoTracker Red) in Fig-
ure 3B.") For both peptides, significant localization of QDs
had occurred after 30 min, and additional accumulation
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occurred over 2 h and 18 h. No further changes were ob-
served through 24 h. While these localization kinetics are
slower than previous reports of DNA delivery to the nucleus
(5-30 min),™” they are consistent with the time scale of
cytoplasmic transport of larger complexes such as intact ade-
no-associated viruses (~90 nm),[14] reflecting that size plays a
role in localization kinetics. For these viruses, perinuclear
accumulation begins within 30 min, and significant intranuc-
lear accumulation of the smaller inner core occurs by 2 h. Pos-
sible reasons for the prolonged localization of QD bioconju-
gates relative to biomolecules include their relative size, as
well as suboptimal live cell microscopy conditions (repeated
exposure to room temperature and basic pH due to CO, buf-
fering), and an excess of free localization peptide competing
with QD conjugates for a fixed number of transporters. In the
current report, our goal was to demonstrate proof-of-principle
for use of signaling peptides to traffic quantum dot nano-
particles although the subcellular localization kinetics of
nanoparticle bioconjugates merit further study.

Finally, in order to demonstrate the feasibility of tracking
organelles without photobleaching limitations, we monitored
labeled mitochondria in live cells over eight minutes of con-
tinuous exposure with no measurable loss in signal intensity
(Fig. 3C). In comparison, dye-labeled mitochondria photo-
bleached beyond detection in less than 30 s (Fig. 3D). Collec-
tively, these experiments demonstrate that the use of peptide
localization sequences and PEG coating in conjunction with
microinjection enable the delivery and subcellular localization
of QDs in live cells. The appropriate intracellular trafficking
of conjugated QDs is consistent with the persistence of both
PEG (required to prevent aggregation) and localization pep-
tides (required for targeting) on the QD surface even in the
intracellular biochemical milieu, thereby suggesting that ad-
sorption of a thiolated peptide is an adequate method of QD
conjugation for at least some intracellular assays.

In conclusion, we have explored and characterized several
strategies to enhance delivery of QDs to live cells using epi-
fluorescent microscopy and flow cytometry. Endocytosis of
QDs results in sequestration of the majority of QDs in the en-
dolysosomal compartment where they are unavailable for
subsequent intracellular assays. Delivery of QD/cationic lipo-
some complexes and electroporation are efficient schemes to
deliver QDs to the cytoplasm of a large population of cells,
yet QDs form large aggregates that can restrict subsequent
trafficking (e.g., passage through nuclear pores). In contrast,
microinjection delivers QDs to the cell interior as monodis-
perse nanoparticles, but requires each cell to be individually
manipulated. Using microinjection of QD-PEG peptide con-
jugates, we demonstrated the ability to target QDs to subcel-
lular sites using known localization sequences. In fact, a
plethora of localization sequences exist to extend our findings
to the labeling of other organelles (endoplasmic reticulum,
golgi, peroxisomes, etc.). Moving forward, the ability to deliv-
er and target QDs to intracellular sites will help to realize the
promise of these versatile nanoparticles.

Adv. Mater. 2004, 16, No. 12, June 17
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MitoTracker

QD+MLS

Figure 3. Subcellular localization of single QDs. PEG-QDs were conjugated to localization sequence peptides, which permit active transport to the nu-
cleus. (NLS, A) or mitochondria (MLS, B), and were delivered to 3T3 fibroblast cells by microinjection. A) Fluorescence and phase micrographs of a
Hela cell 24 h after co-injection of NLS-QDs with 70 kDa rhodamine dextran control. The four spots in the nucleus that are not stained with QDs are
the nucleoli, and are also seen on the phase image. B) Fluorescence and phase micrographs 24 h after injection of MLS-QDs. Co-localization with Mi-
totracker Red confirms mitochondrial labeling. C) QDs remain fluorescent after 8 m of continuous mercury lamp exposure, while conventional Mito-
Tracker dye (D) bleaches beyond detection after 30 s of continuous excitation. Different cells were imaged for (C,D).

Experimental

Quantum Dot Preparation: CdSe/ZnS nanocrystals were synthe-
sized [20,21] and water-solubilized with mercaptoacetic acid (MAA)
as previously described [2]. For PEG-QDs, methoxy poly(ethylene
glycol) amine (mPEG-NH,, 5000 MW) (Shearwater) was reacted
with equimolar 2-iminothiolane (Sigma) to add a thiol group, and
then conjugated directly to MAA-QDs via a thiol exchange reaction
[22]. For EGF-QDs, epidermal growth factor (EGF, Becton Dickinson
Biosciences) was thiolated with equimolar 2-iminothiolane and
reacted with PEG-QDs at room temperature for several hours. Green
(550 nm emission maxima, 40 nm full width at half maximum
(FWHM)) and red QDs (630 nm emission maxima, 38 nm FWHM)
were used for these experiments.

Transfection-Agent-Assisted QD Labeling: Transfection reagents
from three different classes were used—cationic liposomes (Lipofec-
tamine 2000, Invitrogen), activated dendrimers (Superfect, Qiagen),
and translocation peptides (Chariot, Active Motif). The reagents were
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applied to cells based on the manufacturer’s instructions for DNA/
protein transfection. Briefly, 10 uL of transfection reagent in Dulbec-
co’s Modified Eagles’ Medium (DMEM) and 15 ug of QDs in
DMEM were used for each 35 mm well (80 % confluent) and al-
lowed to complex. For Chariot, the protocol was altered slightly
(6 uL reagent in water complexed with QDs in phosphate-buffered
saline (PBS)). The QD/reagent solutions were diluted in DMEM (to
1 mL per well) and incubated with the cells. Six hours later, the
transfection media was removed and DMEM with 10 % FBS (fetal
bovine serum) and pen/strep (penicillin/streptomycin) was added.
Approximately 6 h later, the cells were trypsinized and prepared for
flow cytometry or re-plated on glass coverslips for imaging. All cell
images were captured by a cooled CCD (charge-coupled device)
camera (CoolSnap HQ, Roper Scientific) and processed on MetaVue
software (Universal Imaging). Flow cytometry was performed on a
FACSCalibur (BD Biosciences) with a 488 nm Ar laser. Signal from
the FL1 bandpass emission (530/30) was used for the green QDs and
WinMDI software (http:/facs.scripps.edu) was used to generate pop-
ulation histograms.
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Electroporation: A BTX 600 electro cell manipulator was used to
deliver PEG-QDs to HeLa cells. Electroporation parameters were
varied using several solutions (phosphate-buffered saline, Krebs
Ringers Buffer, Dulbecco’s Modified Eagles’ Medium, and HEPES-
buffered  (HEPES—4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid) isotonic glucose solution), charging voltages (100-500 V), and
pulse lengths (0.5-20 ms). Optimal intracellular delivery without ex-
tensive cell death (greater than 50 % viability) occurred in PBS with a
single 100-200 V, 1-5 ms pulse. Approximately 10° cells were sus-
pended in 400 uL of DMEM with 250 pgmL™" QDs. The electropora-
tion charge was applied, and, after 10 min, the cells were pelleted to
remove the QD solution, and then plated on coverslips. All steps were
performed at 4 °C to prevent endocytosis of QDs.
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Free-Standing Gold Nanoparticle
Membrane by the Spontaneous
Reduction of Aqueous Chloroaurate
Ions by Oxyethylene-Linkage-Bearing
Diamine at a Liquid-Liquid Interface**

By PR. Selvakannan, P. Senthil Kumar,
Arvind S. More, Rahul D. Shingte,
Prakash P. Wadgaonkar, and Murali Sastry*

The combination of nanoscale inorganic materials with or-
ganic polymers has immense potential for future applications
such as device technology, separation methodologies, and
drug delivery and consequently has attracted considerable
attention during the last decade.'*! Polymeric systems have
played important roles as templates with different morpholo-
gies and tunable sizes for nanofabrication of a range of inor-
ganic materials, as they can be easily removed after reaction
and can be further modified with different functional groups
to enhance interaction with the guest.[z]

Incorporating nanoparticles into the polymer matrices using
external porous membranous templates is a well-known pro-
cedure.[*” There is increasing interest in using such synthetic
membranes, particularly in biological applications such as pro-
tein separation and tissue engineering.[*"! Potential advan-
tages of membrane-based protein separations include low
cost, high speed, and high throughput of the process. In addi-
tion, membrane-based separations can, in principle, be scaled
up for large-scale use in commercial production. Gold nanotu-
bule membranes are ideal model systems to explore how pore
size affects the rate and selectivity of protein transport in syn-
thetic membranes.*”)

Development of experimental methods for the in situ gen-
eration of nanoparticles in a polymeric matrix during the
polymerization process itself opens up much wider possibili-
ties for macromolecular applications.[” There are very few
reports on the synthesis of inorganic-nanoparticle-polymer
composite structures wherein the metal ions and monomers in
solution react spontaneously to yield such composites.”®! Tamil
Selvan and co-workers have shown that the reduction of
AuCly ions sequestered in micelles of a diblock copolymer
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