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ABSTRACT: In this study, we used electrospinning to fabricate nucleobase-
functionalized and photo-cross-linkable poly[1-(4-vinylbenzyl uracil)]
(PVBU) nanofibers. PVBU of high-molecular-weight (M, > 250550 g/
mol) possessed a high thermal stability and sufficient chain entanglement to
produce uniform fibers without forming beads. These uracil-functionalized
nanofibers were further photo-cross-linked through exposure to UV light at a
wavelength of 254 nm. After immersing in N,N-dimethylacetamide, the
pristine PVBU fibers dissolved, while the cross-linked PVBU fibers
maintained their shape; thus, the cross-linked PVBU nanofibers exhibited

good dimensional stability and improved solvent resistance.

Hydrogen—bonding interactions found in DNA and RNA
are useful for organizing novel structure through selective
complementary nucleobase recognition [e.g., thymine—adenine
(T—A), cytosine—guanine (C—G), and uracil—adenine (U—A)
complexes].'"~* The specific self-recognition properties of
cDNA or RNA strands have widespread applications in various
aspects of biotechnology and nanotechnology.>® Nucleobase-
functionalized polymers exhibiting similar self-recognition
capabilities can also form interesting structures for advanced
applications.”™"" Indeed, several reports have appeared of
nucleobase functionalities introduced into main- and side-chain
polymers to take advantage of their biocomplementary
hydrogen bonding.'>™'* Recently, we also reported the
biocomplementary interactions between a nucleobase-like
side-chain homopolymer and alkylated nucleobases, stabilized
by T—A and U—A base pairs.">'® Such approaches are being
used to prepare well-defined polymers with a broad range of
applications.'”'® The synthesis and utility of synthetic polymers
bearing complementary nucleobases is an interesting subject in
polymer fields and will likely expand further in the future.
Electrospinning is a technique, employing a strong electro-
static field, for the production of polymer fibers having
diameters ranging from the nanometer to the submicrometer
regimes.'”~>* The properties of electrospun fiber mats
possessing high specific surface areas and high porosities are
unlike those of their original polymers, making them very useful
in a wide range of advanced applications (e.g, filtration,** drug
delivery,” tissue engineering scaffolds,”® sensors®”). Through
appropriate architectural design, nucleobase-functionalized
fibers can be tailored for specific applications. Long et al.*®
used molten electrospinning to prepare biocompatible and
biodegradable fibers from star-shaped poly(p,L-lactide)
(PDLLA) polymers end-functionalized with complementary
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A/T base pairs. These nucleobase-functionalized fibers are,
however, difficult to prepare, due to the limitations of the
molecular weight (MW) or applicable solvents, potentially
causing the polymeric jet to fail to extend during the
electrospinning process. Therefore, the ability to prepare
nucleobase-functionalized polymers of appropriate MWs or
providing sufficient entanglement is of critical importance.
Uracil, a specific base of RNA, is a supramolecular
functionality that has the ability to associate with A moieties
of both DNA and RNA through complementary hydrogen
bonding; it can also self-associate through self-complementary
interactions.””*® We recently reported that the hydrogen
bonding strength of the U—A base pair of RNA is stronger
than that of the T—A base pair of DNA." In addition, U is a
photoactive pyrimidine base that can undergo 27 + 27
photodimerization.*' ~>* Polymers functionalized with U bases
potentially possess a number of interesting properties: (1)
recognition capability between U and A units; (2) two or three
parallel hydrogen bonding sites extending from the U units;
and (3) UV-induced photo-cross-linking without the need for a
photoinitiator or curing agent. To the best of our knowledge,
electrospun fibers based on U-functionalized polymers and
their photo-cross-linking properties have not been reported
previously. Herein, we report a new method for the synthesis of
high-MW poly[1-(4-vinylbenzyl uracil)] (PVBU) and the
subsequent prepared of nanofibers through electrospinning.
We then used ultraviolet—visible (UV—vis) spectroscopy,
Fourier transform Raman (FT-Raman) spectroscopy, and
field-emission scanning electron microscopy (FE-SEM) to

Received: August 9, 2011
Accepted: December 6, 2011
Published: December 8, 2011

dx.doi.org/10.1021/mz200009x | ACS Macro Lett. 2012, 1, 159-162


pubs.acs.org/macroletters
http://pubs.acs.org/action/showImage?doi=10.1021/mz200009x&iName=master.img-000.jpg&w=182&h=133

ACS Macro Letters

determine the physical characteristics and photoactive cross-
linking capabilities of the PVBU fibers.

The VBU monomer, synthesized as described previously,
was subjected to free radical 3p;olymerization to produce high-
MW PVBU. When Lutz et al.”* attempted conventional radical
polymerization of a homopolymer from VBU, the MW did not
increase significantly, due to the high polarity and hydrogen
bonding of the polymer. In previous studies performed in our
laboratory, we have successfully synthesized nucleobase-
functionalized polymers, with a high conversion and narrow
polydispersity index (PDI), through atom transfer radical
polymerization (ATRP).'>'® The MWs of those nucleobase-
functionalized polymers were, however, still too low for
practical use; high MW is an important factor for determining
the mechanical strength of a polymer. To overcome this
problem, in this present study we have developed a strategy of
synthesizing a styrenic monomer containing a U potassium salt
and then converting it into a high-MW PVBU, resulting in a
substantial increase in glass transition temperature (Tg) relative
to that of low-MW PVBU (see Scheme la and Supporting
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Scheme 1. Synthesis and Photo-Cross-Linking Reactions of
PVBU
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Information). The increase in T, was predictable because the
rigid U groups inhibit the free rotation of the PVBU; that is, the
rigid U groups possess a “connective effect” to assist the
formation of intermolecular hydrogen bonds.

To investigate the effect of the PVBU concentration on the
fiber morphology, we subjected different concentrations (5, 7.5,
10, and 20 wt %) of PVBU in N,N-dimethylacetamide (DMAc)
to electrospinning under otherwise identical conditions. Figure
1 displays representative FE-SEM images of the resulting
electrospun PVBU nanofibers. Table 1 lists the viscosities and
fiber diameters obtained from the different concentrations of
PVBU. The diameter of the fiber increased upon increasing the
PVBU concentration. One of the most important parameters
influencing the fiber diameter is the solution viscosity, which
may have an effect on the morphology and continuous fiber
forming ability. The SEM images reveal that bead-free and
continuous fibers were spun from 10 and 20 wt %
concentrations of PVBU. In other words, the increase in
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Figure 1. Representative FE-SEM images of as-electrospun fibers
prepared from (A) 20, (B) 10, (C) 7.5, and (D) S wt % solutions of
PVBU in DMAc.

Table 1. Representative Viscosities and Average Fiber
Diameters of Electrospun PVBU Solutions

concentration of PVBU in DMAc  viscosity (cp)” at  avg fiber diameter

(wt %) 25 °C (nm)
5.0 13.1
7.5 51.6 20
10.0 202.5 420
20.0 539.2 800

“cp = centipoise (mPa-s).

viscosity resulted in higher viscoelastic forces that prevented the
break-up of the jet. When the solution viscosity was too low
(7.5 or S wt %), we obtained beaded and irregularly shaped
fibers, indicating that a low viscosity was insufficient to counter
the high Coulombic force. Thus, the charged jet broke up into
droplets and formed beaded structures.>*” Among the four
tested concentrations of PVBU, the most uniformly distributed
fibers with the narrowest diameter, without beaded structures,
resulted from the used of 10 wt % PVBU; therefore, we used
this concentration in our subsequent studies.

Under UV radiation, pairs of U bases can undergo 27 + 2
photodimerizations to form cyclobutane rings.*' ~** We wished
to use this cross-linking method to improve the dimensional
stability of our PVBU fibers. Scheme 1b displays the structure
of the photo-cross-linked PVBU fiber after exposure to UV
light at a wavelength of 254 nm. We used UV—vis and Raman
spectroscopy to investigate the structures formed after photo-
cross-linking the U groups. Figure 2 presents the UV—vis
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that the cross-linking of the structures did indeed occur

predominantly through the formation of U-U dipyrimidines.
Figure 4 displays FE-SEM images of the cross-linked PVBU

fibers after 1 h of exposure to 254 nm UV light. Notably, the

Figure 4. FE-SEM images of PVBU fibers after exposure to 254 nm
UV light for 1 h.

Figure 2. UV—vis spectra of the film formed from 10 wt % PVBU after
exposing it to UV light at 254 nm for up to 1 h.

spectra of the PVBU film after exposure for up to 1 h. The
initial signal at 269 nm is the absorption of the U functional
groups. After exposure to the UV light, the intensity of this
signal peak decreased graduall‘zr, suggesting the occurrence of
27 + 27 photodimerization.*”** We determined the extent of
the cross-linking of the PVBU fibers in terms of the UV—vis
intensity; the decrease in intensity of the peak at 269 nm
revealed 44% cross-linking of the U units after exposure for 1 h
(Figure 2 inset)—that is, a highly cross-linked network
structure had formed.

Figure 3 presents the Raman spectra of the PVBU fibers
before and after photo-cross-linking for 1 h. Table S1 of the
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Figure 3. Raman spectra of fibers formed from 10 wt % PVBU before
and after photo-cross-linking for 1 h.

Supporting Information lists the assignments of the pertinent
Raman bands.*'™** The intensities of the C(5)=C(6)
stretching modes at 1583 and 1602 cm ™" decreased significantly
after UV exposure, consistent with the double bond between
atoms C(5) and C(6) being involved in cyclobutane ring
formation. In addition, a wide band appeared near 1677 cm™,
corresponding to C(4)=0O and C(5)=C(6) in-phase
stretching of the U groups of the cross-linked fiber, implying
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surface features of the fibers remained unchanged. We
performed solvent-resistance studies to confirm the presence
of specific cross-linking structures within the fibers and to test
the expected resulting improvement in dimensional stability.
The pristine and cross-linked PVBU fibers were immersed into
DMAc for 10 min at room temperature and then dried under
vacuum. The pristine fibers lost their original shape (Figure

Figure S. FE-SEM images of (A) noncross-linked and (B) cross-linked
PVBU fibers that had been immersed in DMAc for 10 min.

SA), and the cross-linked PVBU fibers maintained their original
shape (Figure SB). Thus, the cross-linking of PVBU nanofibers
through photodimerization of U groups significantly improved
the dimensional stability.

In summary, we have successfully synthesized high-MW
nucleobase-functionalized PVBU (M, > 250 550) through free
radical polymerization in aqueous solution. This high-MW
PVBU exhibited significantly improved thermal properties as a
result of increased entanglement of its polymer chains. We used
electrospinning of PVBU in DMAc at a controlled concen-
tration to fabricate continuous bead-free PVBU fibers, which
were further photo-cross-linked upon exposure to UV light at a
wavelength of 254 nm. After immersion in DMAc, the pristine
fibers were seriously damaged, due to dissolution, while the
cross-linked PVBU fibers maintained their original shape; thus,
the cross-linked PVBU nanofibers exhibited good dimensional
stability and solvent resistance. We suspect that this novel
PVBU fiber will have great potential for use in many
applications (e.g, drug binding and delivery and metal ion

adsorption).* !
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