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Abstract: An unusual aggregation phenomenon that involves positively charged poly(L-lysine) (PLL) and
negatively charged gold nanoparticles (Au NPs) is reported. Discrete, submicrometer—sized spherical
aggregates are found to form immediately upon combining a PLL solution with gold sol (diameter ~ 14
nm). These PLL—Au NP assemblies grow in size with time, according to light scattering experiments, which
indicates a dynamic flocculation process. Water-filled, silica hollow microspheres (outer diameter ~ microns)
are obtained upon the addition of negatively charged SiO, NPs (diameter ~ 13 nm) to a suspension of the
PLL—Au NP assemblies, around which the SiO, NPs form a shell. Structural analysis through confocal
microscopy indicates the PLL (tagged with a fluorescent dye) is located in the interior of the hollow sphere,
and mostly within the silica shell wall. The hollow spheres are theorized to form through flocculation, in
which the charge-driven aggregation of Au NPs by PLL provides the critical first step in the two-step synthesis
process (“flocculation assembly”). The SiO, shell can be removed and re-formed by decreasing and
increasing the suspension pH about the point-of-zero charge of SiO,, respectively.

Introduction to direct the formation of thin films, from oppositely charged
er%anoparticle and polymer layers that are sequentially adsorbed
onto a substraté®2! Through such bottom-up synthesis ap-
proaches, macroscopic NP-based structures that exhibit the
optical, electronic, magnetic, or catalytic properties of the

constituent NPs can be accessed.

There has been a revived interest in the synthesis of inorganic
biotin,2 and diaminotriazinethymine pair$?, to the organiza- hollow microspheres (submicron and micron diameters) for
tion of NPs into rings? wires1415 and superlattic8$:1617 potential use in therapeutic, storage, and catalytic applica-

induced by solvent evaporation and by application of external fions®?2"2% Various chemical approaches to inorganic hollow
fields18.19 Layer-by-layer assembiy has also been conceived ~SPhere fabrication can be broadly classified into (1) sacrificial
core methobi26-27and (2) interfacial synthes?§;2%in which the

Recent years have seen the emergence of new synthesis rout
to nanoparticle-based materials in which there is controlled,
spatial ordering of the nanoparticle (NP) building blog¢ks.
Such routes range from the cross-linking of NPs functionalized
with molecules that participate in complementary binding (e.g.,
antibody-antigent® DNA oligonucleotides! streptavidin-
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inorganic (or organic) shell can be considered to form around indicating that the formation of NPbased hollow spheres may
a solid or liquid core, respectively. These approaches can involvebe described as a type of flocculation of NPs by charged
multiple steps and severe synthesis conditions in the formation polymers.
of the shell and requires the removal of the sacrificial core after The phenomenon of particle flocculation as a route to
shell formation. By comparison, organic hollow spheres such functional materials has not been emphasized thus far. Floc-
as vesicle$?32 “knedels”3334 and “polymersomes® are culation is generally a random process in which polyelectrolytes
formed more easily from the self-assembly of amphiphilic bind nonselectively and nondirectionally to oppositely charged
molecules, but they are generally less stable and smaller in sizeparticles. Charge neutralization and formation of interparticle
Notable examples of hollow spheres composed of NPs havePolymer bridges are identified as the two key mechanistic steps
been reported recently. The layer-by-layer assembly of NPs into involved in f|0CCU|<.":l'[IO.rf1,4 but the Ia'lck.of spatial anq directional
hollow microspheres was shown to be a versatile preparationcontrol of the binding and bridging results in randomly
route by Caruso and co-workers; the thin shell wall tended to Structured, fractal-like particle/polymer precipitdte:” Floc-
deform and collapse after removal of the sacrificial latex core culation of (submicron to micron sized, 106'$000’s nm)
in many cases, thoughi-2° SiO, NPs were used to coat and Particles has been studied over the last fifty years and has seen
stabilize micrometer-sized oil droplets by Binks and co- @PPlications in refining mineral ores, paper manufacture, water
workers®® These structures are not stable after removal of the "eémediation, food industry, and pharmaceuticals, for example.
oil core because the shell wall is too thin and the NPs are not EXténsive experimental and theoretical work continues today
bound together. Cross-linking the particles was shown to be alo understand better the kinetics of flocculation and the internal

successful method for a stable hollow sphere structure, in the Structure of the flocculent material (e.g., floc size distribution

i i i i 48—50
case where latex microparticles were adsorbed around the watef”1nd interparticle d|sta}nces), particularly for NPsLOO nm).
droplets and slightly sintered together (to form “colloido- A better understanding and control of the flocculation process
somes”)j2? would ultimately be needed to construct NP-based flocculated

. . . materials of controlled structure.
We recently reported on the synthesis of inorganic NP-based

holl h q bi diti d with ~~ In this work, we report the formation of spherical, submicron
101loW Spheres uncer am lent conditions and without & sacri- flocs of Au NPs and poly(lysine) (PLL), and demonstrate that
ficial template*! Silica/gold hollow spheres were generated

h h the f : ¢ Ioollvsine . the gold-thiolate bonds proposed for the palyysineb-L-
through the formation of Au NP polylysine-b-L-cysteine) __.cysteine) copolymer system is not required in the synthesis of
copolymer aggregates and their subsequent encasement WIth"P]O”OW microspheres. We investigate the unusual aggregation

a shell composed of SQCNP?" It was proposed that A9 NPs properties of Au NPs with PLL through confocal microscopy
reacted with the polytcysteine) block to form gold-thiolate 54 gynamic light scattering, and discuss their effect on the
covalent b(_)nds an_d that neggyvely charged;3i6s mteracted hollow sphere structure resulting from shell formation.
electrostatically with the positively charged pahiysine). We

found that the synthesis chemistry permitted the formation of Experimental Section

silica hollow spheres containing silver NPand CdSe/CdS Materials. Poly(L-lysine) (PLL) was procured as a hydrogen bromide
quantum dot$? For the latter material, it was suggested that salt (Sigma-Aldrich) and was used as-received. PLL1 and PLL2 are
electrostatic interactions contributed significantly to the forma- polymers with two different lengths, and PLL3 is a longer polymer
tion of quantum dot/polyflysineb-L-cysteine) copolymer ag- covalently conjugated to fluorescein isothiocyanate (FITC) through the
gregates. We subsequently found that poly&ine) formed e-amino group (Table 1). Starting polymer solutions (2 mg/mL) were
hollow spheres with quantum dots and $i@Ps without the Table 1. Various Poly-L-lysines Used for Experiments along with
poly(L-cysteine) block; we hypothesized the formation of Their Size and Polydispersity Information

quantum dots/PLL vesicle structures as the intermediate precur- molecular dispersity contour hydrodynamic
sor to the hollow spheréd.n this work, we provide new results polyiysine  weight kD*  index MyM* length,nm  diameter, nm®
PLL1 27.4 1.3 ~ 49 ~ 30
) . ) PLL2 57.9 1.15 ~ 104 ~ 45
(29) Dinsmore, A. D.; Hsu, M. F.; Nikolaides, M. G.; Marquez, M.; Bausch,
A. R.; Weitz, D. A.Science2002 298 1006-1009. PLL3® 68.6 NA ~ 123 NA
(30) Checaot, F.; Lecommandoux, S.; Gnanou, Y.; Klok, HARgew. Chem.,
Int. Ed. 2002 41, 1339-1343. o aData provided by the suppliet Measured by dynamic light scattering.
(31) 6\slillalker, S. A.; Kennedy, M. T.; Zasadzinski, J.Mature 1997, 387, 61— ¢FITC content: 0.006 mol/(mol lysine unit), reported by supplier.
ggg ﬁﬂg)nfgeﬁvy;?Ri%sst;:: EAgU_- Iz/lo?/\tgéigok:ii %ﬁv&gﬁiylffmm Chem prepared with 18.2 I deionized water and kept refrigerated when
S0c.1999 121, 3805-3806. T ’ ' ' not in use (pH~ 6.2).
(34) Thurmond, K. B.; Kowalewski, T.; Wooley, K. L. Am. Chem. Sod996 Au NPs were synthesized through the citrate reduction methgd.

118 7239-7240.
(35) Discher, B. M.; Won, Y.Y.; Ege, D. S.; Lee, J. C. M,; Bates, F. S.; Discher,
D. E.; Hammer, D. ASciencel999 284, 1143-1146.

The NPs were 14 2 nm in diameter as characterized by transmission

(36) Khopade, A. J.; Caruso, Rano Lett.2002 2, 415-418. (44) Dickinson, E.; Eriksson, LAdv. Colloid Interface Sci1991, 34, 1—29.
(37) Schuler, C.; Caruso, Biomacromolecule200], 2, 921-926. (45) Biggs, S.; Habgood, M.; Jameson, G. J.; Yan, YCbem. Eng. J200Q
(38) Park, M. K,; Xia, C. J.; Advincula, R. C.; Schutz, P.; Carusd,&gmuir 80, 13—22.
2001, 17, 7670-7674. (46) Glover, S. M.; Yan, Y. D.; Jameson, G. J.; BiggsCBem. Eng. J200Q
(39) Caruso, F.; Yang, W. J.; Trau, D.; Renneberd,d&hgmuir200Q 16, 8932— 80, 3—12.
8936. (47) Thomas, D. N.; Judd, S. J.; Fawcett,WMater Res1999 33, 1579-1592.
(40) Binks, B. P.; Lumsdon, S. @Phys. Chem. Chem. Phyk999 1, 3007~ (48) Berlin, A. A.; Solomentseva, |. M.; Kislenko, V. N. Colloid Interface
3016. Sci. 1997 191, 273-276.
(41) Wong, M. S.; Cha, J. N.; Choi, K. S.; Deming, T. J.; Stucky, GNano (49) Larsson, A.; Walldal, C.; Wall, $olloid Surf. A-Physicochem. Eng. Asp.
Lett. 2002 2, 583-587. 1999 159 65-76.
(42) Cha, J. N.; Bartl, M. H.; Wong, M. S.; Popitsch, A.; Deming, T. J.; Stucky, (50) Wong, K.; Cabane, B.; SomasundaranCBlloids Surf.1988 30, 355—
G. D. Nano Lett.2003 3, 907-911. 360.
(43) Cha, J. N.; Birkedal, H.; Euliss, L. E.; Bartl, M. H.; Wong, M. S.; Deming,  (51) Immuno-Gold Labeling in Cell Biolog¥_RC Press: Boca Raton, Florida,

T. J.; Stucky, G. DJ. Am. Chem. So@003 125, 8285-8289. 1989.
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Table 2. Nanoparticles Used for Experiments were collected over an analysis time of at least 15 min using the
hydrodynamic ¢ potential, concentration, software packagéOKDLSW.” For studying the evolution of Au NP/
nanoparticle diameter, nm mv particles/mL PLL flocs with time, time dependent size measurements were taken of
AuNP 1442 a5 2 67 102 Au NP/PLL floc suspensions immediately after vortex mixing, at
SiO, NP 13+ 3 ~16 1.14% 1017 1—minute intervals using the software package “9KPSDW". Measure-

ments of Au NP/PLL flocs started three minutes after the-4€cond

vortex mixing (the three-minute time gap was due to transferring the
electron microscopy and dynamic light scattering. The number con- suspension from the synthesis vial to the DLS cuvette and parameter
centration of the stock colloidal sol (pkk 7.0) was estimated from setup).
the optical density at the plasmon resonance frequency (520 nm) using Zeta Potential Analysis.Zeta potentials were calculated using phase
an extinction coefficient of 2.4 10 M~'cm™%; an optical density value analysis light scattering (PALS), a variation of electrophoretic dynamic
of 1.064 gave a concentration of 4.4310°° M (2.67 x 10%2 NP/ light scattering (DLS}? from electrophoretic mobility measurements
mL).! SiO, NPs (Snowtex O, Nissan Chemicals) were supplied as a using Henry's equaticf (i.e., 0.1< xa < 100, wherec is the Debye-
colloidal sol (20.4 wt % solids, pH 3.4); the number concentration was Hiickel parameter and is the patrticle radius). A dip-in (Uzgiris type)
calculated to be 1.14 10 NP/mL. These NPs measured £33 nm electrode systePiwith 4 mL polystyrene cuvettes was used.
in diameter as characterized by dynamic light scattering. The Zgta ( Fluorescence Spectroscopy:luorescence measurements were taken
potentials of Au and Si&NPs were calculated from their electrophoretic ~ with Jobin-Yvon Horiba Fluoromax 3 spectrophotometer. Standard
mobility (measured in their native solution) using Henry’s equatfon,  quartz cells with a path length of 1 cm were used. Solutions were
respectively (Table 2). The value for the Au NP zeta potential is constantly stirred during analysis with a magnetic Teflon bar; it was
underestimateéf, but does not affect the conclusions of this paper.  verified that the stirring did not contribute to any interference in the

Synthesis.The synthesis of Si@Au NP-based hollow spheres is  fluorescence spectrum.

accomplished in two steps, similar to that described by Wong ®t al. UV —Vis Spectroscopy.Absorption spectroscopy was carried out
125 uL of the Au colloidal sol was micropipetted into @ 1.5 mL  in Shimadzu 2401-PC U¥vis spectrophotometer to characterize the
microcentrifuge test tube that contained 21 of a PLL solution (2 Au NP. Standard quartz cuvettes with a path length of 1 cm were used.

mg/mL). The synthesis mixture was agitated at low speed (*4” speed  coulter Counter. Sphere size distribution was measured with a
on a 10 scale) for 10 s using a vortex mixer (Fisher Scientific), t0 Beckman Coulter counter having an orifice diameter ofi0. The
provide thorough and rapid homogenization and mixing of the Au NP/ |ower limit for measuring sizes for this equipment wagn. 10uL of

PLL suspension. To this suspension, 1d5of SiO; sol was added g pollow sphere suspension (as synthesized) was diluted in 10 mL of
immediately and vigorously vortex-mixed (“8” speed) for 20 s, resulting aqueous Isotone solution (composition: 7.93 g/L NaCl, 0.38 g/L
in water-containing microspheres. The final pH of the synthesis mixture N&EDTA, 0.40 g/L KCI, 0.19 g/L HNaPQ, 1.95 g/L HNaPQ;, 0.30

was measured to be 4.9. g/L NaF; Beckman Coulter).

For the hollow sphere s_ize control experiments, the f_Ioc suspension Scanning Electron Microscopy. Scanning electron microscopy
was left to stand for 3 min, 20 minr@ h before the Si@sol was  (sgm) was carried out in JEOL 6500 field emission microscope
added. _ equipped with in-lens thermal field emission electron gun. Secondary

For studying the pH effect on the hollow sphere structure, the as- g|eciron image (SEI) was taken at 15 kV electron beam with a working
prepared sphere suspension (pH.9) was acidified by adding 40 distance of 10.0 mm. The microsphere suspension was aged for 2 days,

of 1 N HCl and vortex-mixed at *8” speed for 10 s (final pH0.5). washed with Isotone solution, and suspended in 2-propanol before being
The cloudy suspension turned clear. It was then combined wighL.60 loaded and air-dried onto carbon tape for imaging.

Of_ i NhNaOH and_ vortex-_mixeld a:jus,, spged for 10's (final pH10), Transmission Electron Microscopy. Transmission electron mi-
Wltct;[ € suspeq5|on(:tur?|ngliou ysagaln_. Wi Confocal croscopy was performed on JEOL 2010 FasTEM system at 100 kV
aracterization. Confocal Laser Scanning Microscopytonfoca electron beam accelerating voltage. Microspheres aged for 2 days were

images were cr_:\ptured.with Car_l _Zeiss ITSM 4_10 _inverted confocal washed with Isotone solution, suspended in 2-propanol, and loaded on
microscope equipped with a 1QMmil immersion objective (NA= 1.4). a 200 mesh copper grid

The laser excitation wavelength of 488 nm was chosen for FIEC (
= 494.5 nmAegm = 519 nm). Samples were mounted on conventional Results and Discussions

glass slides and sealed under a cover slip to prevent drying. All samples

were prepared42 h prior to imaging. We first describe the formation of Sy&u NP-based hollow

Image ProcessingA freely available NIH image processing software  microspheres using dye-tagged PLL, and then discuss the
called “ImageJ”®® was used for calculating the line intensity profile ~formation of the Au NP/polymer flocs and its importance to
across the sphere. Also, the size distribution of spher@8Q spheres microsphere formation.
were analyzed for each sample) from confocal microscopy images was  Hqllow Microsphere Formation. Figure la shows the

erhancs the mages; fwas enaured that thee wat no o of miormatior.10CAI IMage of a flomogeneous agueous solution of PLLS,
) mages, Itw : . in which no visible aggregates in the solution were observed.
or incorporation of any image processing artifacts.

Dynamic Light Scattering. Size distribution and zeta potential The conformation of PLL (Ma ~ 11,'1) n aqugous solution
analysis were carried out with Brookhaven ZetaPALS dynamic light d€Pends on the degree of protonation of ¢kgmino group of
scattering (DLS) equipment with BI-9000AT digital autocorrelator at  the side chain. At neutral pH, the polymer would be in an
656 nm wavelength. All studies were done at & 96attering angle  €xtended, random coil conformation due to complete protona-
and temperature controlled at 2&; standard 5Q:L cuvettes were tion. The addition of the negatively charged Au NPs to PLL3
used for size distribution analysis. Two types of size analysis studies clearly led to the formation of Au NP/PLL3 flocs, observed as
were performed in this work. Timeaveraged particle size distributions  discrete fluorescent spots at different focal planes in the
z-direction (Figure 1b). Most of the flocs appeared larger than

(52) Frens, GNat. Phys. Scil973 241, 20—22.
(53) Rajagopalan, R.; Hiemenz, P. @rinciples of Colloid and Surface

Chemistry 3rd ed.; Marcel Dekker: New York, 1997. (56) McNeil-Watson, F.; Tscharnuter, W.; Miller, Golloid Surf. A-Physico-
(54) Kimura, K.; Takashima, S.; Ohshima, Bl. Phys. Chem. R002 106 chem. Eng. Aspl998 140, 53-57.

7260-7266. (57) “Instruction Manual for BI-Zeta Potential Option,” Brookhaven Instrument
(55) http://rsb.info.nih.gov/ij/. Corporation, 2000.
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(a) (b) (c)

Figure 1. Confocal microscopy images showing the step-by-step formation of microspheres using PLL, Au NP, ainPS{@) PLL3 (conjugated to
FITC dye) in solution, (b) globular flocs formed from Au NP/PLL3, and (c) microspheres formed after addition oNBi@® Au NP/PLL3 flocs.

250 4

200

150 +

100 4

Intensity (Pixel Value)

50

Position (Pixel Number)

Figure 2. Line intensity profile across a microsphere showing the core-
shell structure. Note that the fluorescence intensity is nonzero in the core
and in the background.

their actual sizes in solution, likely due to their spreading on
contact with glass (cover slip and glass slide). The larger flocs
were spherical in shape and uniformly fluorescent within each
floc.

SiO, NP addition to the Au NP/PLL3 suspension resulted
instantaneously in hollow spheres, in which the SiQPs
adsorbed around the Au NP/PLL3 flocs. The observed fluores-
cent ring structure (Figure 1c) indicated the presence of PLL3
within the SiQ shell wall. The core region of the hollow spheres
exhibited weak but nonzero fluorescence, which was verified
through line intensity profile analysis (Figure 2). The hollow
sphere interior contained PLL3, but apparently at a lower
concentration than that in the shell wall. PLL1 and PLL2 gave
rise to hollow microspheres also (see the Supporting Informa-
tion).

When the spheres were air-dried overnight after aging for 2
days in suspension, and subjected to reduced pressure for 10
min, the microspheres decreased roughly by 50% in diameter

(Figure 3); the size reduction was verified to result from drying Figure 3. (@) Scanning electron microscopy image and (b) confocal
microscopy image of microspheres (made from PLL3) after they have been

and not f_rom the low pre_s§ure. dried and subjected to a vacuum ofx5107° torr at room temperature.
The dried spheres exhibited fluorescence from the shell wall Autoquant deblurring software was used to process the raw image in Figure

and, curiously, from the core interior also (Figure 3b). Confocal 3b.

microscopy eliminates fluorescence contributions from sample also provides evidence that hollow spheres as smat 230
features not in the focal plane, and so the observed fluorescencexm in diameter can be prepared.

from the microsphere interior indicated the presence of the Au NP/PLL Floc Formation. Charge-driven flocculation
FITC-tagged PLL suspended within the center of the spheres.occurs when a colloidal sol is destabilized by the adsorption of
TEM images of PLL3/Au NP/Si9@ NP hollow spheres con-  oppositely charged polyelectrolytes, which neutralizes the
firmed the presence of the hollow (Figure 4). The TEM image particle surface charge and leads to interparticle polymer

5 microns
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100 nm

Figure 4. TEM images of hollow spheres made from PLL-FITC/Au NP/SNIP. The spheres were aged for 6 days before imaging.

bridging8-61 The initial flocculation period for Au NPs in the
presence of salts under rapid coagulation conditions (von
Smoluchowski kinetics) is known to be very short, with a
characteristic aggregation time of about 60 milliseconds and a
coagulation rate constant of 12:2 10718 m3/s (at 298 K)!

We expect the initial stages of Au NP/PLL flocculation to follow
rapid coagulation kinetics also, in which PLL binds to several
NPs (to form a “multiplet’)6263 Floc growth after initial
formation is generally not well understood still, as nonequilib-
rium conditions combined with the simultaneous fast dynamics
of polymer adsorption, floc restructuring, and interparticle
collisions under turbulent mixing conditions complicate the
study of flocculatiorf* Still, some conclusions can be made
for the Au NP/PLL floc system.

Light scattering experiments were performed on the floc
suspension to study the Au NP/PLL floc size as a function of
aging time. Larger Au NP/PLL flocs were found with longer
aging times and with larger molecular weights (Figure 5). The
floc sizes ranged from a hydrodynamic diameter of 440 nm (at
3 min with the shortest PLL chain, PLL1) to Juin (at 21 min
with the longest PLL chain, PLL3), much larger than the

1200

1000

800 —

600 —

Hydrodynamic Diameter (nm)

400 A PLL3 - Au NP Flocs

® PLL2-Au NP Flocs
0 PLL1-Au NP Flocs

—rTTTT 7T
8 10 12 14 16 18 20

Aging Time (min)

200 4——1—

6 22

Figure 5. DLS time measurements of Au NP/PLL floc suspensions
prepared with different PLL chain lengths. The error bar at each data point
was=+ 20 nm.

polymer and/or NP onto the floc occurs at a slower rate than
their bulk diffusion to the floc outer surface. A sub-linear,

measured hydrodynamic diameters of the polymer and Au NPs Square-root dependence of diameter to time, on the other hand,

(Tables 1 and 2). The hydrodynamic diameter was found to
increase monotonically with time for all three PLL chain lengths,
with fluctuations appearing after 15 min. Such time-growth
behavior of polymer-colloidal particle flocs has been observed
before?5.65.66

The shape of the floc growth curves can provide insights into
the aggregation process of the polymer and the Au NPs.
Assuming irreversible aggregation of PLL and NPs upon
contact, a linear increase in floc diameter with time indicates
the flocculation is reaction-limited, in which the adsorption of

(58) Spalla, OCurr. Opin. Colloid Interface Sci2002 7, 179-185.
(59) Finch, C. A., Ed.Industrial Water Soluble Polymer&Royal Society of
Chemistry: Cambridge, U.K., 1996.
(60) Sonntag, H.; Strenge, KCoagulation Kinetics and Structure Formation
Plenum Press: New York, 1987.
(61) Dobias, B., EdCoagulation and FlocculatiarMarcel Dekker: New York,
93

(62) Nowibki, W. Colloid Surf. A-Physicochem. Eng. A3001, 194, 159—
173

(63) Spalla, O.; Cabane, Eolloid Polym. Scil993 271, 357-371.

(64) Adachi, Y.; Matsumoto, T.; Stuart, M. A. Colloid Surf. A-Physicochem.
Eng. Asp.2002 207, 253-261.

(65) Ovenden, C.; Xiao, H. NColloid Surf. A-Physicochem. Eng. As{002
197, 225-234.

(66) Spicer, P. T.; Pratsinis, S. BVater Res1996 30, 1049-1056.
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indicates a diffusion-limited flocculation process (in which
adsorption occurs at a faster rate than diffusion). In our case,
Au NP/PLL floc growth appears better described as a diffusion-
limited process than a reaction-limited one.

Additional mechanisms may be involved during floc growth
and cannot be ruled out yet: (1) the internal restructuring of
smaller flocs of higher density into larger flocs of lower density
(at constant floc population) to minimize the ensemble entfépy;
(2) coalescence of smaller flocs into larger flocs (with decreasing
floc population); (3) Ostwald ripening, in which the larger flocs
grow at the expense of smaller flocs (with decreasing floc
population); and (4) a combination of some or all of these
processes.

Spectroscopy measurements of the Au NP/PLL3 floc suspen-
sions before and after vortex mixing and aging for 5 min
indicated~90% of the polymer was incorporated into the floc
structures. This percentage did not change when the flocs were
aged for 15 h, suggesting that floc growth occurs through some
process other than the incorporation of free polymer. Additional
findings have also indicated that floc formation is sensitive to
other factors, such as ionic strength and temperature of the
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Figure 6. Confocal images of hollow microspheres prepared for Au NP/PLL3 floc suspensions aged from (a) 3 min, (b) 20 min, and (c) 2 h.
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Figure 7. Coulter counter analysis of hollow microspheres prepared from
Au NP/PLL3 floc suspensions aged for (a) 3 min, (b) 20 min, and (c) 2 h.
The lower limit of detection was 1.04m. Inset: comparison of size
distributions of the Au NP/PLL3 flocs (from DLS) and resultant hollow
microspheres (from Coulter counter and confocal image analysis).

suspending aqueous medium. Comprehensive studies to unde
stand better the Au NP/PLL flocculation process, particularly
at short aging times, is currently underway.

Sphere Size Control.The strong dependence of aging time
on Au NP/PLL floc size suggested a method to control the size
of the silica hollow spheres. This hypothesis was tested by

synthesizing spheres from Au NP/PLL3 floc suspensions aged

for different times (i.e., 3 min, 20 min, and 2 h), and indeed, a

distinct size difference was observed among the resultant hollow

spheres (Figure 6).

Coulter counter measurements revealed that, with increasedf
floc aging time, (1) the average sphere size increased, (2) the

size distribution broadened, and (3) the sphere population

decreased (Figure 7). The size and size distribution of the hollow
microspheres are several times larger than those of the corre

sponding Au NP/PLL3 flocs, which could point to a rapid ftec
floc aggregation during Sigshell formation which leads to the
severalfold larger hollow spheres (Figure 7, inset). From Coulter

counter and confocal image analyses, the hollow sphere yields

were estimated at 25, 14, and 3.5 million spheres per batch
prepared from floc suspensions aged for 3 min, 20 min, and 2
h, respectively.

Interestingly, the fluorescence emanating from the hollow
sphere core appeared to vary with sphere diameter, based o
intensity profile analysis of different sized spheres within a
single confocal image frame (Figure 6b,c). The hollow spheres

exhibited little to no fluorescence from the interior when the
diameter exceeded4 um. The Au NP/PLL floc core may be
structurally unstable inside the larger spheres even when
suspended in a water medium, resulting in adsorption of PLL
chains and Au NPs onto the inner wall of the sphere.

Proposed Formation Mechanism of Hollow Spheres-loc
formation is the key step in microsphere synthesis, which was
confirmed by changing the reaction order of the precursors.
Combining SiQ NPs and PLL3 led to sheetlike aggregates,
which did not lead to hollow spheres after Au NP addition
(Figure 8b). Combining PLL3 with a mixed Si@nd Au NP
sol led to sheetlike aggregates also (Figure 8c), indicating the
importance of the Au NP/PLL3 floc to the formation of hollow
spheres.

A formation mechanism that accounts for the dynamic growth
of the Au NP/PLL floc intermediate is proposed (Scheme 1).
In the two-step formation process, the PLL molecules bind
electrostatically to negatively charged Au NPs. The PLL chain
can bind to multiple NPs and NPs can serve as docking sites
Irf_or multiple PLL chain adsorption, thereby leading to bridging
flocculation4445.67Poly(allylamine) was also observed to form
flocs with Au NPs, which leads to the contention that Au NP/
polymer floc aggregates can be induced by cationic polyelec-
trolytes. The floc assemblies continue to grow with time after
combining and mixing the two precursors together, in a dynamic
process that can be exploited to form larger hollow spheres.
The floc acquires a positive charge due to an excess of polymer
concentration over the Au NPs (confirmed throuppotential
measurements). On the addition of silica sol, the negatively
harged SiQNPs adsorb onto the floc surface and initiates the
ormation of the shell structure. The SiGhell wall is thick
and contains multiple layers of SiOIPs (Figure 4), and PLL
chains are incorporated within the shell to bind the SNP’s
together (Figure 1c); how the PLL and the NPs combine to form
the thick shell is still under investigation. The final, as-
synthesized hollow spheres contain the Au NP/PLL floc and
water in the center, of which the relative amounts depend on
the sphere size.

Reversible Assembly of Hollow SpheresAn interesting

'feature of the as-prepared hollow spheres is their ability to dis-

assemble and re-assemble in response to pH variations in the
suspension medium. It was conjectured that, if electrostatics
were primarily the driving force in the shell formation, the shell

"Lould be broken apart by “turning” off or reversing the $iO

(67) Akinchina, A.; Linse, PMacromolecule002 35, 5183-5193.
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Figure 8. Confocal images of resultant suspensions (a) aftep 8iRs were added to Au NP/PLL3 flocs, (b) after Au NPs were added te [SRIPLL3,
and (c) after PLL3 was added to a combined Au NP/SWP sol.
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Figure 9. Images from confocal microscopy showing the structural reversibility of microspheres using a pH trigger. (a) As prepared hollow sphere suspension

(pH =~ 4.9), (b) acidification of suspension (final pd 0.5) causes the spheres to break due to re-dispersion efNg?Qvall, and (c) addition of base to
the acidified suspension re-assembles the microspheres (final #610).

25 microns

Scheme 1. Proposed Flocculation-Based Self-Assembly of A higher pH than the original synthesis pH of 4.9 was required
ﬁlr:,gsan'c_'”orgamc Hollow Spheres from PLL, Au NPs, and SO, to counteract the effect of increased ionic strength of the
suspension (due to the additions of acid and base).

Conclusions

In this paper, we have demonstrated that PLL and Au NPs
form (sub)micron-sized flocculated aggregates that are critical
to the formation of organieinorganic NP-based hollow spheres.
The formation of the spherical floc structures is consistent with
charge-driven flocculation, in which polyelectrolyte molecules
can adsorb onto several oppositely charged colloidal particles,
and the particles can bind to more than one polyelectrolyte chain.
The Au NP/PLL flocs act as a template around which SNP's
and PLL molecules adsorb to form a stable silica shell. The
sizes of the hollow spheres can be roughly adjusted by the size
of the Au NP/PLL floc (determined by aging time of the floc
suspension). The floc structure within the sphere appears to span
surface charge. The point-of-zero charge of S€~2, and so the volume of the hollow sphere interior, except if the spheres
the net surface charge would be negative at pH’s above thisare larger than-4 um. The formation of Au NP/polymer flocs
value (e.g., the final synthesis pH of 4.9). When the original may be generalized (from PLL and poly(allylamine)) to any
hollow sphere suspension (Figure 9a) was acidified and cationic polyelectrolyte.
subsequently imaged through confocal microscopy, only bright The two-step formation of these Au and Si®@P-based
spots and a fluorescent background were observed (Figure 9b)hollow spheres can be considered an NP self-assembly process
Hollow spheres were concluded to be broken down, releasing induced by the presence of polyelectrolytes, in which the hollow
Au NP/PLL3 flocs and free PLL3 into solution. The pH of the spheres are rapidly generated at room temperature, near neutral
suspension was then increased-tt0, at which hollow spheres  pHs, in water, without the need of a solid template, and with
were again detected, thus indicating re-assembly (Figure 9c¢).minimal human intervention. These attributes of the flocculation
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