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B
ranched hollow fibers can be found
in nature and play a significant role
in the functioning of biological bod-

ies. For example, as the most important ves-

sels, capillaries in the blood vessel system

own an abundance of branches, which en-

able the exchange of chemicals and water

between the blood and body tissues. With-

out the bronchial tree in the respiration sys-

tem, oxygen transportation will be ex-

tremely slow and any intensive body move-

ment will need great effort or even be-

come impossible. Branched hollow fibers

are also adopted by many types of birds in

their feathers.1,2 The branched structure of

feathers can reduce the weight and increase

the friction with air, and also act as a ther-

mal insulator.2 Mimicking unique branched

hollow structures in nature will help us to

produce novel advanced materials that can

find potential technological and medical

applications such as microfluidics,3 artificial

blood vessel generation,4,5 and lung tissue

engineering.6,7 However, synthesis of

branched hollow fibers remains a chal-

lenge up to date. Nonbranched solid and

hollow fibers of many types of materials

have been prepared in different ways, such

as chemical vapor deposition (CVD),8�10 an-

odic aluminum oxide (AAO) templating,11

electrospinning,12,13 and many other wet

chemical synthetic methods.14 So far,

branched hollow fibers were only reported

in the fabrication of carbon nanotubes15,16

and polyaniline nanotubes.17 The branched

carbon nanotubes were prepared by di-

rectly templating Y-branched nanochannel

alumina using CVD, and self-assembled

doped polyaniline was formed from the fu-

sion of micelles containing polyaniline and

dopants.

The polymer polyvinylpyrrolidone
(PVP) has found its application in many
scientific areas. For example, in adhesive
industry, PVP offers a unique combina-
tion of desired properties including
good initial tack, transparency, chemical
and biological inertness, and very low
toxicity. In material science, PVP has
acted as a key factor in the shape con-
trolled synthesis of silver and platinum
nanocrystals.18�20 For the synthesis of
these nanomaterials, PVP serves as a
polymeric capping agent, which can se-
lectively interact with the {100} facets of
Ag and Pt, and shape control was realized
through the preferential adsorption of at-
oms onto poorly protected facets such
as {111}.21 PVP has also been widely used
as an additive to manipulate solution
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ABSTRACT Branched hollow fibers are common in nature, but to form artificial fibers with a similar branched

hollow structure is still a challenge. We discovered that polyvinylpyrrolidone (PVP) could self-assemble into

branched hollow fibers in an aqueous solution after aging the PVP solution for about two weeks. On the basis of

this finding, we demonstrated two approaches by which the self-assembly of PVP into branched hollow fibers could

be exploited to template the formation of branched hollow inorganic fibers. First, inorganic material such as

silica with high affinity against the PVP could be deposited on the surface of the branched hollow PVP fibers to

form branched hollow silica fibers. To extend the application of PVP self-assembly in templating the formation of

hollow branched fibers, we then adopted a second approach where the PVP molecules bound to inorganic

nanoparticles (using gold nanoparticles as a model) co-self-assemble with the free PVP molecules in an aqueous

solution, resulting in the formation of the branched hollow fibers with the nanoparticles embedded in the PVP

matrix constituting the walls of the fibers. Heating the resultant fibers above the glass transition temperature of

PVP led to the formation of branched hollow gold fibers. Our work suggests that the self-assembly of the PVP

molecules in the solution can serve as a general method for directing the formation of branched hollow inorganic

fibers. The branched hollow fibers may find potential applications in microfluidics, artificial blood vessel

generation, and tissue engineering.

KEYWORDS: branched hollow fibers · polyvinylpyrrolidone · self-assembly ·
silica · gold · nanoparticles
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viscosity in the production of nanofibers through
electrospinning.12 In addition, in the fabrication of
various membrane products, PVP is added to in-
crease the hydrophilicity of the membranes.22�25 In
this work, we discovered that, after a relatively long
period of aging at room temperature, PVP could self-
assemble to form a macroscopic matrix made of a
branched hollow polymer fibers in an aqueous solu-
tion. By directly templating the silica formation on
the self-assembled fibrous network, branched hol-
low silica fibers were synthesized. Inspired from the
self-assembly of PVP into fibrous structures in the so-
lution, we also studied the self-assembly of PVP-
coated nanoparticles into branched fibers. We be-
lieve that the self-assembled fibrous PVP structures
could be potentially used as a universal template for
preparing branched hollow fibers through the syner-
gistic assembly of nanoparticles and PVP in the solu-
tion phase.

RESULTS AND DISCUSSIONS
The self-assembled fibrous PVP structure formed in

the aqueous solution was a jellyfish-like three-
dimensional aggregate with a centimeter scale (Sup-
porting Informaiton, Figure S1-a). However, when taken
out of the solution, the aggregate was collapsed imme-
diately into a semitransparent thin film. The SEM imag-
ing of the film revealed that the aggregate was con-
structed from a network of branched hollow PVP fibers
of micrometer size (Figure 1a). The collapsed morphol-
ogy indicated that the fibers formed might be hollow
when in the solution. A closer look at the ends of the
polymer fibers shows that the fibers are indeed hollow
(Figure 1b). The hollow nature of the PVP fibers was also
proved by TEM imaging (Supporting Information, Fig-
ure S2). To the best of our knowledge, the self-
assembled fibrous structure resulting from the self-
assembly of PVP in the aqueous solution has never
been reported, although it was not a surprise to us that
PVP could self-assemble to form this kind of structure.

The association behavior of polymers in a solution
phase has been extensively studied for decades. Gener-
ally, van de Waals force and hydrophobic and electro-
static interactions as well as hydrogen bonding are the
major driving forces responsible for inter- and intramo-
lecular interaction among polymer molecules.26 In PVP,

both the polymer backbone and methylene groups in
the five-member ring provide good sites for hydropho-
bic interaction, enabling the association of PVP through
hydrophobic interaction. In addition, polymer chains
with highly electronegative amide groups could be
strongly linked together through solvent-mediated
H-bonding interaction.26,27 Earlier, an aggregate of
around 100 nm nanoparticles was found to form in a
freshly prepared PVP aqueous solution by dynamic light
scattering (DLS); however, the detailed structure of the
aggregate was not mentioned.28 Actually, not only PVP,
but also other amide containing polymers, such as
poly(N,N-diethylacrylamide) (PDEA), could self-
assemble to form aggregates, due to their structural
similarity.29

We believe that the macroscopic PVP structures
shown in Figure 1 result from a self-assembly process
in which individual polymer chains interact with each
other through H-bonding and hydrophobic interaction.
To prove this mechanism, we suspended the polymer
aggregates into 1 M urea aqueous solution, which is a
common reagent used to break H-bonding in protein
science. After one week, we observed a dramatic de-
crease in the dimension of polymer aggregates, indicat-
ing that some polymer chains had been disassembled
from the major aggregated structures due to the loss of
H-bonding interactions. More detailed mechanism was
analyzed by a combination of DLS measurement and
SEM imaging.

By using DLS to measure the size distribution of the
particles formed during the aging of the aqueous PVP
solution, we found that even in the freshly prepared
PVP solution, there were particles ranging from 40�80
nm (Supporting Information, Figure S3). Given that the
individual polymer chain length (MW � 10 kDa, 91
monomers) should be less than 15 nm, the nanoparti-
cles detected by DLS must be generated from the asso-
ciation of polymer chains. However, after 1 and 4 days,
the particle size was increased to 90�160 and 210�490
nm, respectively (Supporting Information, Figure S3).
These facts indicate that the polymer molecules gradu-
ally self-assemble into larger particles in the solution.
At day 6, the PVP aggregates became visible by naked
eyes at the bottom of the vial (around 1 mm in diam-
eter). We further examined the tiny aggregates by SEM
(Figure 2). It could be seen clearly that in the center of
the aggregates there was a core made of chains of
PVP microspheres, from which polymer fibers were
grown and stretched toward all directions (Figure 2a).
A closer look at the core reveals that hollow micro-
spheres are fused into the chains (Figure 2b,c). Longer
hollow fibers (Figure 1) were grown from the micro-
spheres at the end of such chains (Figure 2d).

On the basis of the DLS and SEM analysis of the
early stage during the formation of the jellyfish-like
PVP aggregate, the aggregate formation process can
be divided into two steps: formation and fusion of PVP

Figure 1. SEM images of self-assembled hollow branched
PVP fibers: (a) an aggregate of branched fibers that may be
collapsed upon drying on substrate; (b) higher magnification
image of the tips of the fibers, showing the hollow nature
of the fibers.A
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microspheres into pearl-necklace-like chains and
growth of hollow fibers from the chains. In the chain
formation step, the polymer molecules, in the aqueous
solution, first interacted with each other to form hollow
spheres; when the hollow spheres reached a critical
size (typically larger than 2 �m as seen from SEM im-
ages), they started to aggregate and fuse into a pearl-
necklace-like chain (Figure 2b). Subsequent outgrowth
of longer fibers from the chain can be realized through
the assembly of free polymer molecules in the solution
onto the microspheres at the end of the pearl-necklace-
like chains (Figure 2d), rather than through continuous
attachment of microspheres, as there was a dramatic
morphological difference between the chains (rough,
Figure 2b and Supporting Information Figure S4-a) and
outgrowing fibers (smooth, Figure 2d and Supporting
Information Figure S4-b). However, the microspheres at
the end of the chains might have been elongated first
to facilitate the assembly of PVP molecules (Supporting
Information, Figure S5). A continuous morphological
transition from spherical particles into smooth fibers
was observed at the interface of pearl-necklace-like
chains and outgrowing fibers. With increasing distance
from the central chains, the PVP hollow microspheres
underwent the morphological change into ellipsoids,
which are further elongated into rods and eventually
smooth fibers. The hollow microspheres (Figure 2c)
constituting the chains may eventually be fused into
hollow fibers, which might be the same process of hol-
low nanoparticles fusing into nanotubes.17 The
branched character of the fibers was originated from
the attachment of microspheres, which did not take
part in the chain formation or was generated after the
formation of the chain, onto the sidewall of outside fi-
bers (Supporting Information, Figure S6). Once the at-
tached microspheres were fused with long fibers (i.e.,
stems), free polymer molecules in the solution would
also assemble onto them, leading to the growth of a
branch from the microspheres (Supporting Information,
Figure S6).

The self-assembly behavior of PVP in the aqueous
solution should be a general phenomenon, indepen-
dent of their molecular weight. To prove this claim, we
tried the same experiment with PVP of a higher molec-
ular weight (40 kDa). Interestingly, same branched hol-
low structures were observed by SEM (Figure S7). How-
ever, the average diameter had been increased from
2�3 �m to around 5 �m. Such increase is reasonable
because polymers with an increased polymer chain
length may lead to a larger dimension of self-assembled
microspheres and the consequent larger diameter of
the resultant long fibers grown on the basis of the
microspheres.

The formation of self-assembled branched hollow
PVP fibers encouraged us to use them as a template to
synthesize inorganic branched hollow fibers. Templat-
ing methods using chemical or biological templates

have been actively used in the synthesis of various nano-

materials, including nanowires,30,31 nanotubes,32�34 and

hollow spheres,35 and in the ordering of nanoparticles.36

The idea is that a molecule or material with a high affin-

ity to PVP, when added to the branched hollow PVP fi-

ber networks in the suspension, should attach to the

walls of networked PVP fibers and form a uniform coat-

ing layer, which will result in the replication of branched

hollow fibrous PVP structure. Silica was chosen for this

attempt for two reasons: first, silica is a biocompatible

biomineral existing in many mineralized biological sys-

tems,37 and thus the synthesis of branched hollow silica

fibers may find application in biomedicine; second,

silica is known to have strong hydrogen-bonding inter-

action with PVP38 and silica formation on PVP-coated

nanoparticles has been demonstrated in the synthesis

of core/shell nanoparticles39 and core/sheath nanow-

ires.40

The self-assembled fibrous PVP structure was stable,

with no visible destruction of the jellyfish-like bulk

structure, when transferred from pure aqueous to etha-

nol aqueous solution (see experimental section). After

silica deposition on the hollow PVP fibers, the mechan-

ical strength of self-assembled PVP structures was en-

hanced, which was evidenced by significantly reduced

collapse of the structures upon drying on the mica sub-

strate. Also, unlike pure PVP hollow fibers in the semi-

transparent film, silica-coated PVP fibers appeared as a

large white aggregate on mica. As shown in Figure 3a,

large bundles of silica fibers were produced by using

self-assembled branched PVP fibers as templates. In

Figure 2. SEM images of PVP aggregates formed at the early
stage: (a) an overall view of an aggregate with a core (made of
pearl-necklace-like linear chains) from which all the fibers
were grown; (b) a closer view of the core from the aggregate
shown in panel a, highlighting that the formation and fusion
of PVP microspheres into pearl-necklace-like chains (it should
be noted that the branched structures are found in the core,
as indicated by the arrow); (c) the pearl-necklace-like chains
with some broken microspheres highlighting the hollow na-
ture of PVP microspheres; (d) a closer view of the area high-
lighted by a white square highlighted in panel a, showing that
free PVP molecules in the aqueous solutions continued to as-
semble onto the microspheres at the end of the pearl-
necklace-like chains, and finally resulted in the formation of
jellyfish-like large aggregate.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 3 ▪ 1573–1579 ▪ 2010 1575



contrast to PVP fibers in Figure 1, most silica fibers

maintained their cylindrical morphology, which is con-

sistent with the above observation that the silica-

coated PVP fibers had a much less structural collapse

than the self-assembled pure PVP fibers when trans-

ferred from a solution phase to a solid substrate. The

hollow character of PVP fibers was also duplicated by

the silica fibers due to the formation of silica on the hol-

low PVP fiber surface (Figure 3b). Our investigation on

the growth mechanism of silica onto PVP fibers demon-

strated that the silica coating was actually occurring si-

multaneously on both outer and inner walls of the PVP

fibers, though the silica growth rate on the outside sur-

face might be faster than on the inner surface as the dif-

fusion of the precursor to the outside surface is easier.

This was evidenced directly from the fact that when the

concentration of the silica precursor (TEOS) was in-

creased, solid fibers without hollow channels were ob-

served, suggesting the complete occupation of silica in

the hollow channels due to silica deposition on the in-

ner wall of the PVP fibers.

The silica fibers in Figure 3 are closely packed, which

prevents us from visualizing the actual branched struc-

ture easily. So the sample shown in Figure 3 was treated

with ultrasound in order to break up the bundles into in-

dividual fibers for verifying the branched structures of the

silica fibers by SEM (see Experimental Section). It turned

out that the branched nature was ubiquitous for long fi-

bers. Figure 4a showed a typical image of branched long

silica fibers. A three-branched fiber and a two-branched

one are highlighted by arrows in the image. The angles

between branches and main fiber axes were not fixed,

but almost exclusively fell into a range of 45°�90° (Fig-

ures 4b�f). This is of dramatic difference from the

branched polyaniline and carbon nanotubes, in which

angles between the branches and stems were all less than

45°.15,16 Nonbranched fibers were also observed when

the fibers were short, which indicates that they might be

derived from the breaking of branched long fibers at the

connection point between the branches and the stems. It

should be noted that some nonfibrous silica products

and flat fibers (Figure 4b) also exist on the mica substrate

but they are very uncommon. They might arise from the

negative effect of ultrasound, which caused the detach-

ment of silica from some fibers and further disassocia-

tion of the fibers into tiny particles.

Although direct templating of the preformed self-

assembled fibrous PVP structures can produce nice

branched hollow fibers, unlike silica, most materials do

not have such strong interaction with PVP in the solution

phase. For example, in an attempt to use the branched

hollow PVP fibers as a template to form gold, HAuCl4 was

added to the PVP fibers and reduced with either sodium

citrate or NaBH4. However, no gold was formed on the in-

ner or outer walls of the PVP fibers. To take advantage of

the self-assembly of PVP and extend the use of the self-

assembled PVP structures as a universal template for syn-

thesizing branched hollow fibers, self-assembly of PVP-

coated nanoparticles was adopted as an alternative. We

hypothesize that PVP-coated nanoparticles, when dis-

solved in PVP solution, will coassemble with the free PVP

molecules to form branched hollow fibers with the nano-

particles embedded in the solid walls of the fibers. Gener-

ally, in the coassembly of nanoparticles with PVP, the sur-

face coat of the presynthesized nanoparticles (which

could be any type of inorganic nanoparticles) was ligand

replaced by PVP and the resultant PVP-coated nanoparti-

cles were redispersed into a PVP aqueous solution (typi-

cally 5.7 wt % in this work). Since PVP can self-assemble to

form a network of microfibers (Figure 1), PVP in the PVP-

coated nanoparticles and the free PVP in the solution will

co-self-assemble to form branched fibers due to the in-

herent self-assembly behavior of PVP.

Gold nanoparticles were used as a model to demon-

strate the coassembly process. The PVP-coated gold

Figure 3. SEM images of silica fibers formed by silica depo-
sition on the branched hollow PVP fibers shown in Figure 1:
(a) bundles of silica fibers; (b) higher magnification showing
that these fibers are hollow. The branched structures of indi-
vidual fibers are not obvious because of the close packing
of the branched fibers.

Figure 4. SEM images of individual silica fibers separated from
the samples shown in Figure 3 by sonication: (a) low magnifi-
cation image showing two branched fibers; (b�d) higher mag-
nification of three branches of the fiber in upper center of im-
age shown in image a; (e, f) higher magnification of two
branches of the fiber on the left side of image shown in im-
age a. Branches are indicated by arrows in image a.
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nanoparticles were prepared by following a reported
procedure.39 The self-assembled structure formed
through the co-self-assembly of the PVP-coated gold
nanoparticles and the free PVP in the solution was simi-
lar to that in the case of only PVP, but it was black (Sup-
porting Information, Figure S1-b) when in solution and
golden in color when dried on silicon wafer. As shown
in Figure 5, gold fibers were very similar to the PVP
microfibers shown in Figure 1 in terms of hollow and
branched character, indicating that they were formed
under a similar self-assembly mechanism. The energy
dispersive X-ray spectrum (EDS) (Figure 5d) showed an
intensive peak corresponding to gold. (The highest sili-
con peak was from the silicon wafer substrate; due to
the limitation of X-ray detector used in our work, only
elements beyond oxygen can be detected, so PVP was
“invisible” under EDS.)

We found that the original gold nanoparticles solu-
tion was wine red in color, whereas the fibrous PVP-
gold aggregate showed a black color (Supporting Infor-
mation, Figure S1-b). So we believe that the gold
nanoparticles in the fibers are in close proximity, which
will lead to strong plasmon coupling between neigh-
boring nanoparticles.41 To further confirm this, we son-
icated the PVP-gold aggregate for 15 min. After this
treatment, the remaining visible aggregate was dis-
carded and a TEM sample was prepared from the solu-
tion containing fiber debris. As can be seen from Figure
6a, the fibers are still composed of nanosized gold par-
ticles. Therefore, the black color of the PVP-gold aggre-
gates must have arisen from the close packing of nano-
particles. Further evidence could also be found directly
from the end of a broken fiber where only a few layers
of gold nanoparticles were left (Figure 6b) and from de-
bris that were stripped from the fiber sidewalls (Figure
6c). In addition, when the concentration of gold nano-
particles was decreased by 5 times, we could only ob-
tain a red-colored jelly fish like PVP-gold aggregate,
which was of the same color as the initial nanoparticle
solution (Supporting Information, Figure S1-c; Figure
S8). This fact is consistent with the explanation given
above. Namely, a lower concentration of gold nanopar-
ticles increased interparticle spacing of gold nanoparti-
cles in the PVP fibers, which further weakened or can-
celed the plasmon coupling between nanoparticles.42

To investigate whether gold can form a fibrous
structure when PVP matrix was damaged, PVP-gold fi-
bers shown in Figure 5 were treated in an oven at 220
°C for 24 h, which was far above the glass transition
temperature of the polymer. Under this condition, pure
self-assembled fibrous PVP structure was found to be
completely deformed into a continuous film without
any fibrous character. A polymer film was also observed
after heating the gold fibers, indicating that there was
phase separation of melted PVP matrix from gold. Nev-
ertheless, the main structure of gold fibers was intact.
As shown in Figure 7a, hollow character was maintained

in almost all the fibers, although they were slightly col-

lapsed from cylindrical into elliptical shape. A significant

difference was seen at a higher magnification. Before

Figure 5. SEM images of hollow gold fibers formed throught
the co-self-assembly of PVP-coated gold nanoparticles with
free PVP in a solution: (a) low magnification; (b) higher mag-
nification showing the branched nature of fibers (branches
are indicated by arrows); (c) higher magnification of the tip
of the fibers showing that the fibers are hollow and have
smooth cross section; (d) EDS spectrum showing the exist-
ence of gold in the fibers (inset is an amplification of the gold
peak, the highest peak is from silicon substrate).

Figure 6. TEM images of debris of PVP-gold fibers after the fi-
bers were sonicated for 15 min: (a) the fibers were still com-
posed of nanosized gold particles, which were not fused into
larger particles; (b, c) higher magnification showing dense
packing of gold nanoparticles in the fibers highlighted by a
square in top left and bottom, respectively. The gold aggre-
gate shown in the bottom in image a was detached from the
PVP-gold fibers due to sonication. All scale bars are 200 nm.

Figure 7. SEM images of gold fibers that have been treated in
the oven at 220 °C for 24 h: (a) fiber structure is not destroyed
by heating upon the glass transition temperature of PVP; (b)
after PVP has been melted away, the cross sections of the fi-
bers become porous.
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heating, the gold-PVP fibers had a smooth cross sec-
tion (Figure 5c), which became porous after heating
(Figure 7b). On the basis of the above observations, it
is reasonable to conclude that (1) PVP-coated nanopar-
ticles coassemble with PVP to form branched hollow fi-
bers in the solution phase; (2) in the as-prepared gold fi-
bers, gold nanoparticles had a very high density in the
PVP matrix; and (3) upon heating above the glass tran-
sition temperature of PVP, PVP is gradually melted
away, and meanwhile, gold nanoparticles are fused to-
gether to form porous fibers.

CONCLUSIONS
Jellyfish-like self-assembled fibrous PVP structure

was observed after a relative long-term aging of PVP so-

lution under room temperature. By directly templating
the formation of silica on the self-assembled fibrous
PVP structure, branched hollow silica fibers were syn-
thesized for the first time. To demonstrate that PVP can
be potentially employed as a universal template to pre-
pare branched hollow fibers of various materials,
branched hollow gold fibers were synthesized from
PVP-coated gold nanoparticles through the synergistic
self-assembly of PVP-coated gold nanoparticles and the
free PVP molecules in the solution phase. The gold fi-
bers were structurally stable when heated above the
glass transition temperature of the polymer. The
branched fibers produced in this work may serve as
new templates for the synthesis of fibers or tubes of
other materials.

EXPERIMENTAL SECTION
Formation of Self-Assembled Hollow Fibrous PVP Structures. In a 15-ml

vial, 600 mg of PVP (10 kg/mol) was dissolved into 10 mL of dis-
tilled water (PVP 5.7 wt %). The solution was then sonicated for
10 min to ensure homogeneous distribution of the polymer. Af-
ter this step, the vial was capped and the solution was placed
on the benchtop at room temperature for about 2 weeks. Dur-
ing this period of time, tiny polymeric aggregates were found at
the bottom of the vial in one week and slowly grew larger and
larger in the following week.

Growth of Silica on Self-Assembled Hollow Fibrous PVP Structures. The
polymer aggregate made of self-assembled hollow PVP fibers
was transferred to a 5-ml vial by Pasteur pipet and washed with
distilled water twice to remove free polymer in the solution. The
aggregate was then suspended in a 1 mL of ethanol aqueous so-
lution (ethanol/water � 4:1 v/v). To the resultant suspension
were added 50 �L of tetraethoxysilane (TEOS) and 50 �L of
NH4OH. The suspension was further mixed by gently inverting
the vial for several times. To form a uniform silica layer onto the
polymer aggregate, during the reaction, the vial was placed onto
an aliquot mixer rocker for about 2 h. The as-grown silica microfi-
bers were washed twice with ethanol to get rid of the products
that might be formed in the hydrolysis reaction other than the
silica microfibers.

Formation of Hollow Gold Fibers by Co-self-assembly of PVP-Coated Gold
Nanoparticles and Free PVP Molecules. Gold nanoparticles were synthe-
sized through the reduction of gold chloride (HAuCl4) by sodium
citrate. The synthesis system included 5 mL of 5.9 mM HAuCl4, 3 mL
of 38.8 mM sodium citrate and 42 mL of distilled water. Ligand re-
placement of citrate ions by PVP on the surface of gold nanoparti-
cles was carried out according to the procedure reported in the lit-
erature.39 50 mL of PVP-stabilized gold nanoparticles were
centrifuged and redispersed into 10 mL (Supporting Infomation,
Figure S1b) or 50 mL (Figure S1c) of PVP aqueous solution (PVP 5.7
wt %). The mixture was then allowed to stay on the benchtop at
room temperature for 2 weeks. Gold microfibers were formed
through the coassembly of the PVP-coated gold nanoparticles
and PVP.

Characterization. Silica and gold microfibers were character-
ized by scanning electron microscope (SEM) JEOL 880 at 15 kV
in both bundled and individual fibers. The bundles of fibers were
prepared by directly placing a bulk piece of as-synthesized silica
onto a piece of freshly cleaved mica. Individual fibers were pre-
pared by sonicating the bundles for 2�3 min, and then by cast-
ing a drop of suspension onto mica. Gold microfibers were pre-
pared in the same way, except that instead of using mica, silicon
wafer was employed as a substrate. Samples of silica were coated
with a thin layer of gold platinum by sputter-coating prior to
SEM imaging; whereas gold microfibers samples were directly
subjected to SEM examination without any additional coating.
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