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ABSTRACT

We demonstrate that the technically simple, low-cost, and rapid method of template synthesis can be used to create arrays of nanowires and
nanofibers from the biocompatible, biodegradable polymer poly( e-caprolactone) (PCL). PCL substrates introduced into a standard laboratory
oven at temperatures as low as 65 °C are able to form nanostructures. Nanostructure morphology can be controlled, and complex patterning
can be achieved. Solvent-free and low-temperature fabrications also allow for the encapsulation of therapeutics for sustained release.

Rapid expansion in the fabrication of inorganic nanomate- one infinitely long fiber, which is collected in an unordered
rials, such as oriented carbon nanotubes and nanostructuremesh and is difficult to manipulate into higher order
of semiconductors and metals, has led to great progress inarchitectures other than uniaxial alignméht!

developing materials for miniaturized devices. This interest

) dered q is lated Another standard method, which may provide a better
In orgerea, ngnostructure rT“".“e”a.S as tran_s a.te 10 @Pyneans to control the hierarchical structure of the nanostruc-
plications in biology and medicine with recent findings that

cellular responses can be directed by nanotopography tured surface, is templating. Templating entails synthesizing

) ) . . ; ‘the desired material within the pores of a membréarnésing
Although inorganic materials are of choice for electronic and N late of alianed and ordered d imilarl
mechanical devices, these materials are not necessarilya emplate ot aligned and ordered pores produces simiiarly

appropriate for applications in biology and medicine. Similar ordered nanowire arrays p_erpend|cular to _the attached
nanostructures fabricated from polymeric biodegradable SuPstrate. Template synthesis has been previously used to

materials, on the other hand, have great potential for Prepare nangtuk;el;s and wires from méfal$ and semicon-
biomedical applications in areas such as tissue engineeringfluctor material3®’ By exploiting methods of electrochemi-
and drug delivery. In a physiological environment, cells €&l oxidation, phase separation, extrusion, or wetting in
respond to nanometric topologies such as fibrous and porouscombination V\_/lth templatg synthesis, similar structures have
materials formed by components of the extracellular matrix. also been fabricated in various nondegradable poly#h&ts®
By developing structured nanoscale topographies in syntheticHowever, these materials are not ideal for biomedical
materials, novel scaffolds, microdevices, and implant coatings applications such as tissue engineering and drug delivery.
can be fabricated to mimic the native cellular environment For such applications, it would be advantageous to create
and improve the integration of such artificial constructs.  nanoengineered constructs that are able to degrade and be
_ One standar_d qpproach to creating nanoscale_tOpographiesesorbed by the body naturally over time. Nonetheless,
is by electrospinning, a process that forms nanofibers throughtemplate-synthesized nanowires from biodegradable polymers
an electrically charged jet of polymer solution. Biodegradable are scarcely reported. Xu et al. described a method of
electros_pun poly_mer nanofibers _have bgen extensively ?tUQ'EC#abricating poly¢-caprolactone) (PCL) nanofibers by the
for ap_pllcatlonS in the regeneration Qf tissue due to their high oyirusion of a precursor solution through a template into a
porosity and surface-to-volume rafio Although electro- gy jigifying solvent under pressure utilizing custom instru-
Za:cnnmgt] caln be useqt;od(_:reatf[a nanofibers ;‘rom Ia nu?p\ber:;)fmentationz.7 However, in this work, template synthesis is
erent polymers with dlameters ranging rom 1ess than 5,5 o form oriented nanowire and nanofiber arrays from
nm to greater than gm, this process remains dependent on . . .
. - : ) . biodegradable polymers without the use of organic solvents,
jet stability (due to solvent viscosity, surface tension, and . . . .
9 o . pressure assistance, or custom instrumentation. This fast and
vapor pressure)? Electrospinning also essentially produces | . . . .
inexpensive method of creating biodegradable nanowires and
* Corresponding author. E-mail: tejal.desai@ucsf.edu. fibers can therefore be used to easily produce nanometric
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Figure 1. Nanostructures made from biodegradable polymers: (A) 50/50 PLGA, (B) 25/75 DLPLCL, (C) 80/20 DLPLCL, and (D) PCL.

topographies for potential drug delivery and biointegrative 1A—D). However PCL, the only crystalline polymer used,
applications. produced the most monodisperse nanowires. Additionally,
As a template, an aluminum oxide membrane can be usedthe PLGA and PLCL polymers have very high melting
In general, anodic aluminum oxide films are formed by the points, which exclude their use in the encapsulation of drugs,
electrochemical oxidation of aluminum, as documented in especially proteins, by any melt method. Therefore, PCL was
the literature. Depending on the type of anodization processused for all further characterization.
and growth regime used, aluminum oxide membranes can In order to overcome the need for fabricating nanoporous
be fabricated to contain nanopores in a wide range of aluminum oxide membranes of varying thickness to produce
diameters, lengths, and interpore distarf€e¥.In order to varying nanowire lengths, nanowire length was instead tuned
facilitate nanowire fabrication, here, commercially available as a function of melt time and temperature (Figure 2A,B).
aluminum oxide membrane filters were used instead of At a temperature of 130C, nanowire lengths of 2:527.0
custom membranes. The anodized aluminum oxide mem-um could be produced in less than 60 min by varying contact
branes contained pores 20 nm in diametery60in length, time. At 65°C, similar structures could be formed; however,
and with a porosity of 18 pores/cri. increase in nanowire length took place over longer intervals.
Several biocompatible, biodegradable polymers and com-Nanowires less than 1@m in length, formed at both 65 and
posites were utilized for nanostructure formation, including 130°C, were found to be freestanding (Figure 2C), although
50/50 poly(DL-lactideco-glycolide) (PLGA) (amorphousy the wires shift to pack in loose clusters as the wires are
= 45-50°C), 25/75 poly(DL-lactidezo-e-caprolactone) (25/  removed from aqueous solution and dried (Figure 2C,E).
75 DLPLCL) (amorphousTy = 20 °C), 80/20 poly(DL- When greater than 1@m in length, the nanostructures

lactide€o-e-caprolactone) (80/20 DLPLCL) (amorphodsg, instead folded over to form long strands of arrayed, flexible
= 20 °C), and PCL Tm = 58-63 °C, T, = —65 to —60 nanofibers layered over the substrate base (Figure 2D,F).
°C). Polymer melts were formed at 13Q while in contact No correlation was observed between nanowire diameter

with the nanoporous template. After etching the template in and contact time at either temperature. At 280nanowire

a dilute solution of sodium hydroxide, examination by diameters of 196.3% 60.0 nm were observed, and at 85
scanning electron microscopy (SEM) showed that nanostruc-diameters of 168.14 39.1 nm were seen. The difference
tures could be achieved with all of the polymer melts (Figure between the nanowire diameters at the two melting points
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Figure 2. Nanowire morphology as a function of temperature and time. (A) Nanowire length &C13B) Nanowire length at 65C. (C)
SEM image of free-standing array of nanowires 2rb in length. (D) SEM image of an array of flexible nanofibers:2i in length. (E)
20 um intermittent contact AFM 3D image of nanowires 2% in length. (F) 1um intermittent contact AFM image of a nanofiber array.

is statistically significant (one-way ANOVA = 5.2 x 10°%) pore. Therefore, as the polymer expands during the melt, a
showing that nanowire diameter can be regulated to a certainlarger submicron wire, rather than a nanowire, is created
degree by increasing melt temperature. In both cases, theduring the template process.

average nanowire diameter is considerably larger than the The surface roughness of the PCL nanowires and nano-
template pore size. SEM analysis of the template membranefibers was examined using atomic force microscopy (AFM).
showed a range of pore diameters with an average diameteiin order to capture a representative sample of the topography,
of 29.04 9.0 nm, larger than the listed pore diameter, though 20 um scan size intermittent contact images were analyzed.
not significant enough to explain the increase in diameter As expected, the formation of nanowires on the surface of
over theoretical values. A similar increase in nanofiber the PCL increased the roughness of the substrate (Table 1).
diameter over pore size has been shown elsewliétdt Both the average roughned’) and the root-mean-square
has been suggested that when the diameter of the templateoughnessR) increase with nanowire length. The change
pore is smaller than the thickness of the polymer melt in wettability due to the surface roughness was investigated
traveling along the inside of the pore (typically-180 nm), using contact angle measurement (Table 1). Contact angles
a massive nanowire will forr®f In this particular situation  for solvent-cast PCL and PCL treated with heat and exposure
where the pore diameter is 20 nm, it is possible that the to sodium hydroxide etchant were not significantly different.
polymer melt cannot be confined within the volume of the Disks of PCL nanowires, however, were found to have an
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Table 1. Surface Roughness Parameters
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NW length (um) R, (nm) Ry (nm) 6(°) 7 (dynes/cm)

g 4
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0, 60.3+45 517+25 ¢ 061 { {
0 5.9 77 665+38 482427 23 3
2.5 7103 8222 700420 457415 g Soetr
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a0,= PCL; O, = heat, NaOH-treated PCR, = average roughness (20
um scan size)R,; = root-mean-square roughness (2@ scan size)p = ok - - - . :
water contact angle; = wetting tension. 0 5 10 15 20 25

Time (Day) © BSA  m Fluorescein

initial contact angle of approximately 1§nanowires mea-
sured less than 2@m in length) or 32 (nanowires measured
greater than 2um in length). After dewetting, the disks
reached an equilibrium contact angle measurement of ap-
proximately 70.3t 2.9, regardless of nhanowire length. The
heat treatment and exposure to sodium hydroxide did not
significantly change the wettability of the PCL; however,
the surface roughness of both the free-standing nanowires
and flexible nanofibers formed by template synthesis de-
creased the wettability of the surface (one-way ANOVA,

= 0.007, post-hoc Tukey'’s test). Different models have been
proposed to understand the affect of surface roughness on
contact angle. The “wetted surface” model assumes that the
liquid fills the depressions in the region where it contacts
the rough surfacé, whereas the “composite surface” model
dictates that the liquid is lifted up by the roughness feattfres.

According to the wetted surface model, the contact angle Figure 3. PCL nanowire release and degradation. (A) Cumulative
on arrays of 2.5 and Zdm nanowires fabricated from the release of fluorescein and BSA from PCL nanowires. (B) SEM

aluminum oxide membrane template will both approach image of PCL nanowires after a degradation period of 7 weeks.
approximately 90.2 According to the composite surface

model, both nanowire arrays should approach a contact angle As a biocompatible and biodegradable polymer, PCL has
of 94.&. Several groups have used experimental results to been investigated for the controlled delivery of low molecular
correlate surface roughness of patterned materials, such asveight drugs. PCL is known to be highly permeable, though
nanowires, with wetted or composite contact anglés,3® insoluble in wate£83° Combined with its high crystallinity
and it has been suggested that, generally, surfaces exhibitingand low degradation rate, PCL is well-suited for implantable,
hydrophilic properties § < 90°) will follow the wetted long-term drug delivery systems. Potential therapeutic sub-
surface model for roughness, whereas surfaces exhibitingstances such as proteins and peptides may be encapsulated
hydrophobic propertie®)(> 90°) will follow the composite in PCL in the absence of denaturing organic solvents by way
surface model, although either can be induced by physical of hot-melt encapsulation. Previous studies have shown that
manipulation. The difference between the experimental and melt encapsulation of proteins within PCL produces feasible
theoretical contact angle values here can be attributed to thesystems for controlled delivery of stable protetté: The
tight packing of the nanowires as well as the nanowire method of template synthesis with a PCL polymer melt
diameter, as suggested by Martin et’aHere, the compact  provides not only a means to fabricate nanowire arrays, but
packing of the nanowires (interpore distanre0 nm) does also a potential means to incorporate protein molecules in
not allow either water or air to be trapped between the the nanowires without the use of organic solvents. Here,
projections. In the case where distance between wires isfluorescein (MW= 389.38 DaRy = 6.5 A, R; = 9.8 A)
negligibly close, the ratio of the rough surface area to the was used as a small molecule model, and bovine serum
projected arear} approaches closer to 1. The increase in albumin (BSA) (MW= 66 kDa,Ry = 3.7 nm,Rg = 2.87
diameter of the PCL nanowire in comparison to the template nm) was used as a model protein for encapsulation and
pore size causes the contact area with the liquid to increaserelease from PCL nanowires (6n in length). Fluorescein
and therefore the ratio of the contact area to the rough surfacewas found to release steadily over a period of a week (Figure
area {y) also approaches closer to 1. Similarly, in the case 3A). A linear regression analysis of the log percent drug
of the nanofiber arrays, the folded-over nanofibers cause areleased versus log time was performed using the first 60%
decrease in the projected surface area (as the wires are nof the release curve to obtain the diffusional exporiéihe
longer free-standing), as well as an increase in the liquid diffusional exponentr() for release of fluorescein from the
contact area. Therefore, the wettability of the nanostructured PCL nanowire substrate & 0.46,R? = 0.997) was found
PCL remains relatively similar to smooth PCL rather than to fall in the range 0.43< n < 0.5, indicating release
forming superhydrophobic or superhydrophilic surfaces.  controlled by Fickian diffusior? The release profile for
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BSA, however, was characterized as a short burst phase
during the first 8 h, where approximately 30% of the
cumulative protein released was delivered. Sustained release
was achieved over a period of 21 days, after which release
leveled off and no additional protein was released (Figure
3A). The diffusional exponent for release of BSA from the
PCL nanowire substrate & 0.26,R? = 0.997) was found

to be less than 0.5. It has been previously suggested that
drug release from a system with a diffusional exponent less
than 0.5 may be due to a combination of diffusion through
the matrix and partial diffusion through water-filled pof@$>
Therefore, the initial burst in protein release was most likely
due to drug desorption at the nanowire surface, where the
surrounding fluid is able to begin dissolving exposed protein
immediately, whereas the diffusional release phase is at-
tributed to molecule diffusion from near the surface. As the
protein at the surface is dissolved, the porosity of the PCL
nanowires is increased, allowing fluid to dissolve protein
molecules embedded in the nanowire. Protein molecules fully
coated and embedded within the nanowire, however, are
gradually released due to the hindrance of diffusion of BSA
from the inner part of the nanowire. The morphology of the
PCL nanowires after degradation in PBS over 7 weeks was
observed using SEM. After degradation, the nanowire
morphology is less apparent; the nanowires are matted
together or degraded completely from the surface (Figure
3B).

The ability to fabricate arrays of nanowires and nanofibers
from biodegradable polymers using this fast and inexpensive
method of template synthesis holds many advantages over
the electrospinning and combination templating methods
previously described. First, the method is simple, and there
is no need for specialized equipment or setup. Second, thefigure 4. Potential applications of PCL nanowires. (A) SEM image

neral structure of the nanowir nb ntrolled by th of PCL nanofiber patterns (square outline) atop an array of
general structure of the nanowires can be controlied by € g ires. Inset: magpnification of the nanofiber/nanowire interface

tem_platg Qesign itSElf- While restricted to a single template gepicted by arrows. (B) SEM image of fibroblast cells interacting
design, it is still possible to control nanowire length and, to on the PCL nanowire surface after 3 days in culture. Arrows point

a degree, nanowire diameter. This allows for the fabrication to examples of individual cells.

2f na“f?serd rartrhayrsthofnfrie-itatrr;dlrr\% narr]:owwe:‘l'_shitr)(; ﬂﬁ)r(]'ble hterfaces with hierarchical nano- and microarchitecture. For
anotibers rather than an unoraered surface. » althoug example, Figure 4A shows an example of nanofibers

the presence of densely pacl_«?d nanowires and nanofibersp(,ﬂ,[erned in the shape of an 86n square atop an array of
of PCL decreases the wettability of the surface, the addedfree-standing nanowires. Other preliminary work has shown

roughne;s does not cause _d_rastic changes to form sgpgrhythat cell morphology may be controlled by subcellular
drophobic or superhydrophilic surfaces. Therefore, similar interactions with the nanowire substrates (Figure 4B). The

chemical modlflcatlp N processes may be used to alter bOthability to design hierarchical structures on the nano and micro
smooth anq nanowireffiber ECL_surfaces fpr furthe_r co_ntrol level will allow for even more sophisticated constructs

over protein and cell adhesion in b|0med|cal_appl|cat|ons. capable of controlling the delivery of therapeutics and cellular
Furthermore, the use of template SV”FheS'S allows the responses. The capability to control cell responses at both
nanowires and nanofibers to be loaded with drug molecules "~ and microscale using material properties will be

without the urs1e of orge;nic sqlventz, Whi‘?g ishespecia_lly useful not only in the regeneration of hard and soft tissues,
m;]portfant 'r;]tr?_ %aserfo protein an | peptl € t ferapeutl_cs.but also in determining the biointegration of implantables
Therefore, the high surface area-to-volume ratio of nanowire/ such as microdevices, stents, orthopedic implants, and

fiber arrays made of PCL would ensure biodegradation and biosensors.

resorption as well as provide a means for delivering
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