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ABSTRACT
Here, we developed functional nucleic acid (FNA)-encapsulated electrospun fibermats. To facilitate stable FNA encapsulation in the -PGA/GPTMS fibermats, we used the FNA as an FNA/streptavidin complex, and as a representative FNA, we selected a DNAzyme, the DNA/hemin complex, which is composed of G-quadraplex-forming single-stranded DNA and hemin and exhibits oxidation activity with the aid of a cocatalyst, H2O2. Scanning electron microscopy and Fourier-transform infrared spectroscopy measurements revealed that encapsulation of the DNA/hemin complex (~1 wt% against the -PGA/GPTMS hybrid) in the nanofibers of the -PGA/GPTMS fibermats did not affect the structure of the original nanofibers. However, because a unique MW-dependent molecular permeability originated from the 3D network structure of the -PGA/GPTMS hybrid, low-MW substrates such as 4-aminoantipyrine, N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3-methylaniline, and luminol were able to reach the encapsulated DNA/hemin complex by permeating to the inside of the nanofibers from an immersion buffer, and then underwent catalytic oxidation. Conversely, nucleases, which are proteins featuring high MWs (>5 kDa), could not penetrate the -PGA/GPTMS nanofibers, and the encapsulated DNA/hemin complex was therefore effectively protected against nuclease digestion. Thus, encapsulating FNAs on the inside of the nanofibers of fibermats offers clear advantages for the practical application of FNAs in sensors and drugs, particularly for use in the in vivo circumstances.

INTRODUCTION
Functional nucleic acids (FNAs) are single-stranded oligonucleotides that bind to specific substrates (aptamers) and either alter their tertiary structures according to substrate binding (riboswitches) or catalyze chemical reactions (ribozymes and DNAzymes).1,2 Recently, the systematic evolution of ligands by exponential enrichment (SELEX) method3,4 has been used to evolve non-natural FNAs to function as aptamers, riboswitches, ribozymes, and DNAzymes, which have attracted considerable research attention of their application as analytical tools not only for in vitro uses as sensor molecules, but also for in vivo uses such as in chemical biology5 and biomedicine.6 However, unlike in the case of their in vitro use, for the practical in vivo application of FNAs, protection against nuclease digestion is important; consequently, to date, diverse methods have been examined for suppressing or preventing FNA digestion by the ubiquitously present nucleases in biological fluids.7
	One of the FNA protection strategies tested involves changing natural nucleic acids to unnatural nucleic acids or unnatural alternative molecules. Because 2´-fluoro- or 2´-amino-modified ribonucleotides8 and circularly tethered nucleic acids9 can serve as substrates for enzymes used in the SELEX process,10,11 these unnatural nucleic acids have been used for synthesizing nuclease-resistant FNAs. A second effective strategy involves changing the phosphodiester bond to an unnatural chemical bond such as the phosphorothioate bond;12 the antisense oligonucleotides fomivirsen (Vitravene)13 and mipomersen (Kynamro),14 which contain phosphorothioate bonds instead of phosphodiester bonds, have been approved as oligonucleotide drugs for gene-silencing through the antisense mechanism.15 Another approach, which is distinct from the chemical modification of nucleic acids, is also recognized as a promising protection method for the in vivo use of FNAs: the encapsulation of FNAs in porous materials. Brennan and colleagues encapsulated FNAs in sol-gel materials and examined their properties in order to detect substrate molecules and the alteration of FNA tertiary structure in accordance with substrate binding to the FNAs within the viscous sol-gel materials.16,17 Irrespective of the viscosity of the materials, a substantial amount of the encapsulated FNAs functioned in a similar manner as they did in a buffer solution. Because of their entrapment in the 3D network structure of the sol-gel materials, the encapsulated FNAs were protected from nuclease digestion.
	Recently, we reported electrospun fibermats that were prepared from sol-gel materials consisting of poly(-glutamate) (-PGA) and 3-glycidyloxypropyl trimethoxysilane (GPTMS) hybrids.18 An electrospun fibermat is an assembly of nano- or micro-fibers, and various functional molecules can be readily encapsulated on the inside of each fiber through electrospinning performed using a precursor polymeric material that includes the functional molecules19,20 The -PGA/GPTMS fibermats, which can encapsulate protein-enzyme molecules in the constituent nanofibers without protein denaturation or leakage, were prepared by using a mixture of the -PGA/GPTMS hybrids and enzyme (protein) molecules as the fibermat precursor.21 The 3D network structure of the -PGA/GPTMS hybrids resulted in the emergence of a unique MW-dependence in the molecular permeability and leakage from nanofibers, which allowed the enzyme molecules to be held stably without leakage and, notably, protected the encapsulated enzymes against binding and inhibition by an inhibitor peptide (MW ~8 kDa) and the consequent loss of catalytic activity toward permeable low-MW substrates (<1 kDa). The average diameter of the nanofibers of the -PGA/GPTMS fibermats was set as ~250 nm, and thus the large surface area of the enzyme-encapsulated nanofibers ensured the preservation of adequate encounters between the enzyme molecules trapped in the nanofibers and the substrate molecules that permeated in from the outside of the nanofibers; this represents a key factor that allowed sufficient enzymatic activity to be exhibited despite the encapsulation of the enzyme molecules in the nanofibers prepared from -PGA/GPTMS hybrids.


Figure 1. Molecular structure of the DNA/hemin complex, which is composed of G-quadraplex-forming single-stranded DNA, hemin, and potassium ions.

	In this study, the aim was to construct FNA-encapsulated -PGA/GPTMS fibermats by applying the method that we previously used for constructing the protein-encapsulated -PGA/GPTMS fibermats. As a representative FNA, we selected a DNAzyme, the DNA/hemin complex (Figure 1),22 because this FNA might be more stable than other FNAs and thus could be comparatively more suitable for testing the feasibility of the method used for preparing FNA-encapsulated fibermats. In the DNA/hemin complex, which comprises G-quadraplex-forming single-stranded DNA and hemin, the hemin molecule specifically binds to the inside of the quadraplex DNA and shows oxidation activity with the aid of a cocatalyst, H2O2. Travascio et al.23,24 first extensively studied the sequence PS2.M (5´-GTGGGTAGGGCGGGTTGG-3´), which was evolved using the SELEX method, for the construction of the DNA/hemin complex, and subsequently showed that two other sequences, T30695 (5´-GGGTTGGGTTGGGTTGGGTT-3´) and PW17 (5´-GGGTAGGGCGGGTTGGG-3´), also form stable hemin complexes exhibiting oxidation activity. Here, we selected T30695 as the G-quadraplex-forming DNA, and to assess the oxidation activity of the encapsulated DNA/hemin, we used two distinct substrates, the 4-aminoantipyrine (4-AAP)/N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3-methylaniline (TOOS) pair25 and luminol.25 Both substrates feature MWs under 1 kDa, which our previous study showed is necessary for ensuring sufficient permeability into the -PGA/GPTMS nanofibers. Furthermore, we measured the protection of the encapsulated FNA against nuclease digestion.


EXPERIMENTAL SECTION
Materials. The following reagents were purchased from the listed sources: -PGA (Mn 300,000–500,000), tris(hydroxymethyl) aminomethane (Tris), 4-AAP, streptavidin, Ca(OH)2, 30% H2O2 (aq), MgCl2, and KCl, Wako Pure Chemical Ind. Ltd. (Japan); GPTMS, chloro protoporphyrin IX iron (III) (hemin), and luminol, Sigma-Aldrich (USA); oligo DNAs, Eurofins Genomics (Japan); and TOOS (as a sodium salt dihydrate), Dojindo (Japan). Unless otherwise stated, all chemicals and reagents were obtained commercially and used without further purification.

Preparation of DNA/hemin complex. We dissolved 2.5 µmol of lyophilized DNA (T30695; 5´-GGGTTGGGTTGGGTTGGGT-3´) in 10 mM Tris-HCl (pH 8.0, 10 mL) and heated the solution at 95 °C for 10 min. After adding 200 µL of 10 mM Tris-HCl (pH 8.0) containing 100 mM KCl, the DNA solution was maintained at 25 °C for 30 min. Next, the DNA was diluted to 125 µM by adding 10 mM Tris-HCl (pH 8.0) containing 100 mM KCl (to a total solution volume of 20 mL), and then 225 µL of 10 mM hemin in DMSO was added dropwise to the DNA solution to prepare the DNA/hemin complex. After incubation for 40 min at 25 °C, the DNA/hemin complex solution was dialyzed thrice against 2 L of 10 mM Tris-HCl (pH 8.0) containing 2 mM KCl. The obtained DNA/hemin solution was concentrated to 2.5 mM by using an Amicon Ultra Centrifugal Filter (3000 NMWL, Merck Millipore, USA) before mixing it with the precursor solution used in fibermat construction.

Preparation of DNA/hemin/streptavidin complex. We dissolved 305 nmol of lyophilized 5´-biotinylated DNA (5´-Bio-T30695; 5´-biotin-GGGTTGGGTTGGGTTGGGTT-3´) or 3´-biotinylated DNA (3´-Bio-T30695; 5´-GGGTTGGGTTGGGTTGGGTT-biotin-3´) in 10 mM Tris-HCl (pH 8.0, 1.2 mL) and heated the solution at 95 °C for 10 min. After adding 24 µL of 10 mM Tris-HCl (pH 8.0) containing 100 mM KCl, the DNA solution was maintained at 25 °C for 30 min, and then the DNA was diluted to 125 µM by adding 10 mM Tris-HCl (pH 8.0) containing 100 mM KCl (to a total solution volume of 5 mL); subsequently, 56 µL of 5 mM hemin in DMSO was added dropwise to the DNA solution to prepare the DNA/hemin complex. After incubation for 40 min at 25 °C, the DNA/hemin complex solution was dialyzed thrice against 2 L of 10 mM Tris-HCl (pH 8.0) containing 2 mM KCl. The dialyzed DNA/hemin solution was added dropwise to 5 mL of streptavidin tetramer (168 nmol, MW 53 kDa) in 10 mM Tris-HCl (pH 8.0) containing 2 mM KCl, and the resulting solution was maintained for 30 min at 25 °C to generate the DNA/hemin/streptavidin complex. The DNA/hemin/streptavidin solution was concentrated to 1.4 mM by using an Amicon Ultra Centrifugal Filter (3000 NMWL) before mixing it with the precursor solution used in fibermat construction.

Electrospinning of the -PGA/GPTMS hybrid containing DNA/hemin or DNA/hemin/streptavidin complex to construct DNA/hemin- or DNA/hemin/streptavidin-encapsulated -PGA/GPTMS fibermats. -PGA (500 mg) and Ca(OH)2 (128 mg) were dissolved in 2.5 mL of H2O before adding GPTMS (188 mg), and the solution was stirred at ambient temperature for 2.5 h. During this process, the GPTMS modification of the carboxylate groups in -PGA and the subsequent hydrolysis and polycondensation of alkoxysilyl moieties progressed to yield the viscous precursor solution. At this stage, DNA/hemin (2.25 µmol), DNA/hemin/streptavidin (275 nmol) dissolved in 1 mL of 10 mM Tris-HCl (pH 8.0) containing 2 mM KCl or hemin (2.25 µmol) in DMSO was added to the solution and stirred for 0.5 h to achieve homogeneous mixing. Due to pH of this solution was abuot ~5.5, destabilization for DNA/hemin and DNA/hemin/streptavidin was quite limited (Absorption spectra of DNA/hemin upon pH 4 - 8.5 were observed almost same). The final precursor solution was electrospun (17 kV, electrospinning distance 170 mm) to obtain fibermats in which DNA/hemin or DNA/hemin/streptavidin was encapsulated inside the nanofibers.

Scanning electron microscopy (SEM) examination of the surface morphologies of DNA/hemin- and DNA/hemin/streptavidin-encapsulated electrospun fibermats. The -PGA/GPTMS fibermats were coated with amorphous osmium by using plasma chemical vapor deposition with vaporized OsO4 and then their morphology was examined using field-emission SEM (JSM-6301F, JEOL, Japan).18,20 The average fiber diameter and standard deviation were determined from randomly chosen fibers’ images in the SEM images (n = 30).

Attenuated total reflection-Fourier-transformed infrared (ATR-FTIR) spectra of DNA/hemin- and DNA/hemin/streptavidin-encapsulated fibermats. ATR-FTIR spectra of the -PGA/GPTMS fibermats were acquired at ambient temperature by using an FT-IR-4000 instrument (JASCO, Japan).

Evaluation of leakage into an immersion buffer of the DNA/hemin or DNA/hemin/streptavidin encapsulated in fibermats. DNA/hemin- and DNA/hemin/streptavidin-encapsulated fibermats (weighing 1.5 and 6.0 mg, respectively) were cut into precisely 5 × 5 mm pieces, which were then immersed in 1 mL of 10 mM Tris-HCl (pH 8.0) containing 2 mM KCl at room temperature for 0–5 h to monitor leakage over time. After removing the pieces from the buffer, the A404 value, which is characteristic of the hemin in DNA/hemin or DNA/hemin/streptavidin, was measured to determine the degree of leakage during the examined period.

Evaluation of oxidation activity of DNA/hemin/streptavidin-encapsulated fibermats by using the 4-AAP/TOOS pair as a colorimetric substrate. DNA/hemin/streptavidin-encapsulated fibermats (weighing 1.1, 2.2, and 3.3 mg) were cut into precisely 5 × 5 mm pieces; The amount of the DNA/hemin/streptavidin complexes in the -PGA/GPTMS fibermats was quantified by extracting hemin after solubilizing the fibermats with 1 M NaOH (aq) (0.47, 0.86, and 1.42 µg, respectively). The fibermat pieces were immersed in 1 mL of 67 mM glycine-KOH (pH 7.5) containing 6.7 mM MgCl2 and gently stirred for 30 min at 37 °C. To initiate the enzymatic oxidative coupling reaction of 4-AAP and TOOS, 50 µL of the mixed solution of 4-AAP (20 mM), TOOS (20 mM), and H2O2 (20 mM) in 10 mM Tris-HCl (pH 8.0) containing 2 mM KCl was added to 850 µL of the suspensions of the DNA/hemin/streptavidin-encapsulated fibermats (1.1, 2.2, and 3.3 mg) in 10 mM Tris-HCl (pH 8.0) containing 2 mM KCl; thus, the final concentrations of 4-AAP, TOOS, and H2O2 were all 1.0 mM. The enzymatic oxidation reaction was performed for 30 min at 25 °C, and then the fibermats were removed from the solution and the A555 values of the supernatants were measured. The amount of the coupling product produced for each tested mass of the DNA/hemin/streptavidin-encapsulated fibermat was determined by using 555 = 3.92 × 104 L mol-1 cm-1 as the molar extinction coefficient of the coupling product. We plotted the amount of coupling product as a function of DNA/hemin/streptavidin (µg) and used a linear-fitting analysis to determine enzymatic activity (mmol mg-1 min-1). As a control, we used similar methods and measured the enzymatic oxidation activity of DNA/hemin/streptavidin that was not encapsulated in a fibermat.

Evaluation of oxidation activity of DNA/hemin/streptavidin-encapsulated fibermats by using luminol as a substrate. DNA/hemin/streptavidin-encapsulated fibermats (10, 15, and 20 µg) were cut into 5 × 5 mm pieces and first immersed in Tris-HCl (pH 8.0) containing 8 mM MgCl2 for 30 min at 37 °C; The amount of the DNA/hemin/streptavidin complexes in the -PGA/GPTMS fibermats was quantified by extracting hemin after solubilizing the fibermats with 1 M NaOH (aq) (3.44, 6.88, and 8.60 ng, respectively). Each fibermat was placed in a cuvette and then the photoemission (RLU) for 120 min was measured using a luminometer (AB-2200, ATTO Corp., JAPAN) after adding 100 µL of luminol solution (0.1 mM) in 25 mM HEPES buffer (pH 9.0) containing 6 mM H2O2, 200 mM NaCl, and 20 mM KCl. We plotted the integrated photoluminescence over 120 min against the amount of DNA/hemin/streptavidin (µg), and then performed a linear-fitting analysis of the plots and used the obtained slope to calculate the enzymatic oxidation activity (in RLU µg-1 min-1). As a reference, we measured the relative photoluminescence (RLU) for 120 min of the luminol reaction catalyzed by DNA/hemin/streptavidin in solution, and then repeated the linear-fitting analysis and determined the reference enzymatic oxidation activities.

Evaluation of oxidation activity of DNA/hemin/streptavidin-encapsulated fibermats after exonuclease treatment. Before adding the oxidation substrate solution, 4-AAP/TOOS or luminol, exonuclease treatment was performed on DNA/hemin/streptavidin-encapsulated fibermats or the DNA/hemin/streptavidin complex in a buffer solution. As representative exonuclease, we selected an d an exonuclease, Exo I. The DNA digestion reaction was performed for 30 min at 37 °C.

RESULTS AND DISCUSSION
Construction of DNA/hemin-encapsulated -PGA/GPTMS fibermats
As a representative FNA, we selected one type of DNAzyme, the DNA/hemin complex.22 DNA/hemin complexes are composed of specific G-quadraplex-forming single-stranded DNAs and the Fe(III)-coordinated protoporphyrin IX chloride, hemin. Hemin binds to DNAs that fold in a quadraplex form, and the DNA:hemin stoichiometry is 1:1. When the cocatalyst H2O2 is used, these DNA/hemin complexes exhibit enzymatic oxidation activity similar to horseradish peroxidase (HRP), with the activity being >250-fold higher than that of free hemin.23 By using the SELEX method, several G-quadraplex-forming single-stranded DNAs suitable for DNA/hemin complexes have been identified. Because the maintenance of the catalytic activity of these complexes depends on the maintenance of the supramolecular structure of the DNA/hemin complex, the FNA enzymatic oxidation activity can be monitored to evaluate whether the supramolecular structures of the DNA/hemin complexes in the nanofibers of fibermats are maintained even after encapsulation. Here, we used the DNA T30695 (Experimental Section) for preparing the DNA/hemin complex.24 By adding a hemin solution in DMSO to the T30695 DNA in a quadraplex form in 10 mM Tris-HCl (pH 8.0) containing K+ ions and subsequently removing the DMSO through dialysis, we obtained the DNA/hemin complex in a buffer for constructing the DNA/hemin-encapsulated fibermats. By measuring A404, the characteristic absorbance of hemin in the DNA/hemin complex, we estimated the preparation yield of the DNA/hemin complex, which was >95%.
	The DNA/hemin-encapsulated -PGA/GPTMS fibermats were constructed using methods similar to those that we previously used for constructing protein-encapsulated -PGA/GPTMS fibermats.21 Briefly, an aqueous solution of the -PGA/GPTMS hybrid including DNA/hemin (1 wt% of the total molecular mass of -PGA and GPTMS) was electrospun and the produced nanofibers were collected at ambient temperature onto a plate-type collector, upon which the -PGA/GPTMS hybrid transformed into water-insoluble nanofibers due to further crosslinking between the silicate groups of GPTMS through efficient solvent volatilization during electrospinning. Thus, the obtained fibermats were water-insoluble and the DNA/hemin complexes were automatically encapsulated in the water-insoluble nanofibers (Scheme 1). As in our work on the protein-encapsulated -PGA/GPTMS fibermats,21 the obtained fibermats



Scheme 1. Preparation of DNA/hemin- or DNA/hemin/streptavidin-encapsulated -PGA/GPTMS fibermats.

maintained a homogeneous nanofiber structure even after immersion in a neutral buffer for several months, although silicate groups were found to be gradually released from the fibermats into an immersion buffer in an ICP elemental analysis (data not shown).20 This gentle alteration of the solubility of -PGA/GPTMS hybrids from water-soluble to -insoluble during electrospinning and the use of water as the only solvent in the mixture of -PGA/GPTMS hybrids and biomacromolecules should be highly favorable for constructing fibermats that maintain the supramolecular structure of the DNA/hemin complex. 
   To be able to evaluate the enzymatic oxidation activity of the encapsulated DNA/hemin complexes in -PGA/GPTMS fibermats, the complexes must be stably retained in the nanofibers without leakage. Therefore, before examining the enzymatic oxidation reaction, we monitored the leakage of the encapsulated DNA/hemin complexes into an immersion buffer. The amount of DNA/hemin complexes in the -PGA/GPTMS fibermats was quantified by extracting the hemin after solubilizing the fibermats with 1 M NaOH (aq). Subsequently, we using the molar extinction coefficient

Figure 2. Leakage profile of DNA/hemin complex () and DNA/hemin/streptavidin complex () over the indicated period of immersion in a buffer solution at 25 °C.

of hemin in DMSO, we determined the amount of DNA/hemin complexes (µg) in the defined weight of fibermats, which was 7.0 µg in 1 mg of fibermat. Figure 2 shows the leakage profile of encapsulated DNA/hemin complexes over time into an immersion buffer, and Table 1 lists the extent of leakage in 120 min. Unlike protein molecules such as chymotrypsin (MW 25 kDa) and green fluorescent protein (28 kDa),21 the encapsulated DNA/hemin complex showed considerable leakage from the -PGA/GPTMS fibermats into the immersion buffer: approximately 80% of the encapsulated DNA/hemin complexes leaked into the buffer in 120 min and it went up to 90% in 300 min immersion. SEM analysis of the DNA/hemin-encapsulated -PGA/GPTMS fibermats (Figure 3) revealed that encapsulation of the DNA/hemin complex did not adversely affect either fiber formation or the surface nanostructure; homogeneous, unfused nanofibers (249 ± 41 nm for without DNA/hemin complex and 148 ± 15 nm for with DNA/hemin complex in diameter) were observed without and with encapsulation of the DNA/hemin complex. Thus, the high leakage might be caused by the low MW (7 kDa) of the DNA/hemin complex and also by the repulsion between the negative charge originating from the phosphodiester bonds in the G-quadraplex DNA and the negatively charged -PGA/GPTMS hybrids. These results indicated the requirement for improved retention of the DNA/hemin complex in the -PGA/GPTMS fibermats.

Table 1. Leakage of Molecules Encapsulated in Nanofibers of -PGA/GPTMS Fibermats

	Encapsulated molecule
	MW
	Degree of leakage (%)
in 120 min

	ANS a
	229
	78 ± 1.7

	FITC-PEG1000 a
	~1388
	20 ± 0.4

	GFP a
	~28000
	~ 0

	-chymotrypsin a
	~25000
	~ 0

	DNA/hemin complex
	~7000
	80

	DNA/hemin/streptavidin complex 
	~67000
	~ 0


a Data from Ref. 20.

  a)                                 b)
      
Figure 3. SEM images of -PGA/GPTMS fibermats with (a) and without (b) the encapsulated DNA/hemin complex; the content of the DNA/hemin complex was 0.70 wt% of the precursor -PGA/GPTMS network polymer.

	To improve retention, we modified the method by using a streptavidin complex of the DNA/hemin complex instead of the aforementioned DNA/hemin complex. Increasing the total MW through streptavidin conjugation could effectively suppress leakage of the DNA/hemin complex from the fibermats because of the 3D network structure of the -PGA/GPTMS hybrids in the nanofibers of -PGA/GPTMS fibermats; leakage of encapsulated molecules into an immersion buffer shows a dependence on the MW of the encapsulated molecules, and molecules featuring MWs of >10 kDa can be held in the nanofibers without leakage. We used 3´-biotinylated T30695 DNA instead of T30695 DNA (Experimental Section) and prepared the streptavidin complex of the DNA/hemin complex: the 3´-biotinylated T30695 DNA in 10 mM Tris-HCl buffer (pH 8) was denatured by heating to 95 °C and then the DNA solution was gradually cooled to ambient temperature in the presence of 2 mM KCl, during which time the 3´-biotinylated T30695 DNA folded into a quadraplex form. After forming a complex of the DNA with 1 equiv. of hemin, the mixture was added dropwise into a solution of streptavidin tetramer in 10 mM Tris-HCl buffer (pH 8). The molecular ratio of the streptavidin tetramer to the DNA/hemin complex was set to 1:2, which increases the total MW from ~7 kDa for one DNA/hemin complex to 67 kDa for the 1:2 complex with the streptavidin tetramer (67 kDa in tetramer form); this suggested that the DNA/hemin complex would be stably retained in the nanofibers of the -PGA/GPTMS fibermat without leakage. We refer to this 1:2 complex as the DNA/hemin/streptavidin complex.
	Fibermats including the DNA/hemin/streptavidin complex were constructed similarly as the DNA/hemin-encapsulated fibermats, and SEM analysis (Figure 4) revealed that the obtained DNA/hemin/streptavidin-encapsulated -PGA/GPTMS fibermats were composed of homogeneous nanofibers much like the DNA/hemin-encapsulated fibermats; the results suggest that fiber formation was not hindered and that the electrospun fibers did not fuse together. To evaluate how encapsulation of the DNA/hemin/streptavidin complex affects the crosslinking state of the silicate groups in -PGA/GPTMS hybrids, we obtained ATR-IR spectra of the fibermats prepared with and without the DNA/hemin/streptavidin complex (Figure 5). The IR bands corresponding to cyclic Si-O-Si, linear Si-O-Si, and free Si-OH were observed in the case of both fibermats at 1100, 1030, and 910 cm-1,20 respectively. Comparison of these bands in the IR spectra revealed that the ratios of three silicate states were almost identical, which indicates that inclusion of the DNA/hemin/streptavidin complex did not hamper the crosslinking reaction between silicate groups in the nanofibers of - PGA/GPTMS fibermats. Because the amount of the DNA/hemin/streptavidin complex included was small relative to that of the -PGA/GPTMS hybrids, the IR bands originating from the DNA, hemin, and streptavidin were not observed in the spectra of the DNA/hemin/streptavidin-encapsulated fibermats. The amount of the DNA/hemin/streptavidin complexes in the -PGA/GPTMS fibermats was quantified by extracting hemin after solubilizing the fibermats with 1 M NaOH (aq), and it was found to be 0.35 µg in 1 mg of fibermat.


Figure 4. SEM image of an -PGA/GPTMS fibermat including the DNA/hemin/streptavidin complex (465 ± 30 nm); the content of the DNA/hemin/streptavidin complex was 0.035 wt% of the precursor -PGA/GPTMS network polymer.

Figure 5. ATR-IR spectra of -PGA/GPTMS fibermats with (upper trace) and without (lower trace) the encapsulated DNA/hemin/streptavidin complex; the content of the DNA/hemin/streptavidin complex was 0.035 wt% of the precursor -PGA/GPTMS network polymer.

	The leakage over time of the DNA/hemin/streptavidin complex into an immersion buffer was assessed by quantifying the hemin concentrations in the supernatant after immersion for the periods indicated in Figure 2. In contrast to the DNA/hemin complex, the DNA/hemin/streptavidin complex showed no leakage: leakage was completely suppressed, ~0% even after 300 min immersion (Table 1), which is similar to what was measured with chymotrypsin- or GFP-encapsulated -PGA/GPTMS fibermats. Hindrance of stable encapsulation of low-MW FNAs is one of the characteristic properties of -PGA/GPTMS fibermats, and complex formation with streptavidin is an effective method for circumventing this drawback that will allow construction of various -PGA/GPTMS fibermats encapsulating diverse FNAs.
Characterization of enzymatic oxidation activity of DNA/hemin/streptavidin-encapsulated -PGA/GPTMS fibermats
Because DNA/hemin complexes were successfully encapsulated in the nanofibers of -PGA/GPTMS fibermats through the use of the streptavidin complex, we next

Figure 6. (a) Enzymatic oxidative coupling of 4-AAP and TOOS by oxidative catalysts in the presence of the cocatalyst H2O2. (b) Enzymatic oxidative coupling of 4-AAP/TOOS catalyzed by DNA/hemin/streptavidin (0, 0.3, 0.6, 0.9, 1.9 µg) in the nanofibers of -PGA/GPTMS fibermats in the absence or presence of H2O2 (1 mM) for 10 min. (c) Plot of the amount of coupling product (nmol) vs. DNA/hemin/streptavidin complex (µg) without () or with () pretreatment with Exo I (15 U for 30 min at 37 °C).
evaluated the enzymatic oxidation activity of the DNA/hemin complex in the nanofibers. We used two different oxidation substrates to measure the enzymatic oxidation activity of the DNA/hemin/streptavidin-encapsulated -PGA/GPTMS fibermats. First, we used the 4-AAP/TOOS pair as a colorimetric substrate;25 4-AAP and TOOS yield a purple-colored coupling product after oxidative coupling catalyzed by oxidative enzymes such as HRP with the cocatalyst H2O2 (Figure 6a). Enzymatic oxidation activity was determined from the proportional constant (unit) between the gravities of DNA/hemin/streptavidin complex (µg) and the product amount (µmol) of the coupling reaction for 10 min. By measuring the A555 value, which corresponds to the characteristic absorbance of the coupling product (555 = 3.92 × 104 L mol-1 cm-1), we determined the molar amounts, and then calculated enzymatic activity in units of mol min-1 g-1. As a control, we measured the enzymatic activity of the DNA/hemin/streptavidin complex in a buffer.
[bookmark: _GoBack]	When both DNA/hemin-encapsulated fibermats and H2O2 were added in a buffer, oxidative coupling of 4-AAP and TOOS clearly progressed, and an increase in the amount of the DNA/hemin-encapsulated fibermats resulted in a corresponding increase in the amount of the coupling product (Figure 6b); the amount of the DNA/hemin/streptavidin complex (µg) in the fibermats was plotted against the amount of the coupling product (µmol) in Figure 6c ( and red line), and the estimated enzymatic activities are listed in Table 2 (left column). The enzymatic activity of the DNA/hemin/streptavidin complex in the nanofibers of the fibermats was estimated to be 397 ± 7 mol min-1 g-1, which is almost identical to that of the DNA/hemin/streptavidin complex in buffer solution (390 ± 20 mol min-1 g-1); this result suggests that enzymatic activity was successfully retained in the fibermats. As a control, we prepred the -PGA/GPTMS fibermat only encapsulating hemin in the constituent nanofibers and checked oxidation activities. But due to aggregation of hemin in the nanofibers, oxidation activity was almost not detected. 



Table 2. Enzymatic Oxidation Activity of the DNA/Hemin/Streptavidin Complex or hemin in the -PGA/GPTMS fibermat for the 4-AAP/TOOS Pair
	
	Enzymatic activity (nmol mg-1 min-1)

	
	Without Exonuclease I
treatment
	With Exonuclease I
treatment a

	DNA/hemin/streptavidin Complex in a fibermat
	397 ± 7
	394 ± 13

	DNA/hemin/streptavidin complex in a buffer
	390 ± 20
	230 ± 11

	hemin in the -PGA/GPTMS fibermat
	n.d.
	n.d.



a Before enzymatic reaction, fibermat pieces were immersed in a buffer with Exo I (15 U) for 30 min at 37 °C. b not detected

   To ascertain how a difference in the substrate chemical structure affected the enzymatic activity of the DNA/hemin/streptavidin complex in fibermats, we measured the enzymatic oxidation activity of the complex by using another substrate, luminol.26 Luminol is a substrate featuring a low MW (177.2), and in enzyme assays, photoluminescence from the oxidized intermediate produced through the catalytic oxidation of luminol can be measured (Figure 7a). As with the 4-AAP/TOOS pair, we used different amounts of fibermats and compared the integrated photoluminescence in the luminol reaction catalyzed by the DNA/hemin/streptavidin complex for 5 h; in Figure 7b, the amount of the DNA/hemin/streptavidin complex (ng) in the fibermat is plotted against the integrated photoluminescence (RLU) for 120 min ( and red line).
 
Figure 7. (a) Luminol oxidation by oxidative enzymes and H2O2. (b) Integrated photoluminescence (RLU) plotted against the amount of the DNA/hemin/streptavidin complex (ng), without () or with () pretreatment with Exo I (15 U for 30 min at 37 °C).

Table 3. Enzymatic Oxidation Activity of the DNA/Hemin/Streptavidin Complex or hemin in the -PGA/GPTMS fibermat for Luminol

	
	Enzymatic activity (103RLU ng-1 min-1)

	
	Without Exonuclease I
treatment
	With Exonuclease I
treatment a

	DNA/hemin/streptavidin Complex in a fibermat
	173 ± 9
	153 ± 8

	DNA/hemin/streptavidin Complex in a buffer
	244 ± 12
	78 ± 4

	hemin in the -PGA/GPTMS fibermat
	n.d.b
	n.d.b



a Before enzymatic reaction, fibermat pieces were immersed in a buffer with Exo I (15 U) for 30 min at 37 °C. b not detected
We observed a linear relationship (R2 = 0.998) between the DNA/hemin/streptavidin complex amount (ng) and the RLU, and therefore we could calculate the enzymatic activity (RLU g-1 min-1) from the slope of this plot. The control measurement was obtained using the DNA/hemin/streptavidin complex in a buffer. Table 3 lists the enzymatic activities. The estimated enzymatic activity of DNA/hemin/streptavidin in the fibermat (173 ± 9 RLU g-1 min-1) was approximately 70% of that in the buffer (244 ± 12 RLU g-1 min-1). These data indicate that the DNA/hemin/streptavidin complex encapsulated in the nanofibers of -GPA/GPTMS fibermats maintains its original oxidation activity; however, because of the difference in the molecular permeability of 4-AAP/TOOS and luminol in the -GPA/GPTMS nanofibers, the measured enzymatic activity for luminol was comparatively lower. As a control, we checked oxidation activities of the -PGA/GPTMS fibermat only encapsulated hemin in the constituent nanofubers. But oxidation activity was almost not detected.
	Encapsulation of biomacromolecules in the nanofibers of fibermats can protect the biomacromolecules against deactivation due to either an alteration of external factors (solvent, salt strength, temperature, etc.) or enzymatic digestion.21 Therefore, we next characterized the ability of the -PGA/GPTMS fibermats to protect the encapsulated DNA/hemin/streptavidin complex from nuclease digestion. The G-quadraplex DNA is generally stable and is not digested by endonucleases such as DNase I, which is why DNase I treatment is used as a method of DNA foot-printing analysis to identify quadraplex-forming regions in chromosomal DNA.27 Thus, for our experiment, we selected the exonuclease Exo I.28 Prior to the enzymatic oxidation reaction, the DNA/hemin/streptavidin complex in -PGA/GPTMS fibermats or in buffer solution was subjected to Exo I digestion for 30 min at 37 °C, and the activity was subsequently measured with the 4-AAP/TOOS pair or luminol used as the substrate (Tables 2 and 3, respectively). Whereas the activity of the DNA/hemin/streptavidin complex in the buffer was decreased to 40%–70% of control after 30-min digestion with Exo I, the activity of the complex in the fibermats was maintained almost unchanged relative to the original oxidation activity for both substrates. Because Exo I digests single-stranded DNA preferentially from the 3´-side, we sought to test whether the digestion was affected by the biotinylation of the 3´-end of T30695 DNA; thus, we chcked oxidation activity of DNA/hemin/streptavidin in a buffer by using 5´-biotinylated T30695 DNA instead of 3´-biotinylated DNA (Experimental Section). Our results showed that the enzymatic oxidation activity of this DNA/hemin/streptavidin complex in buffer was almost the same before and after Exo I treatment. FNAs are biomacromolecules that exhibit several useful activities, but their nuclease susceptibility is one of the major drawbacks that hinders their practical application. Our findings suggest that immobilization on electrospun fibermats both prevented a loss of the original FNA activity and effectively protected the FNA against nuclease digestion.

Table 4. Comparison of Enzymatic Oxidation Activities of the DNA/Hemin/Streptavidin Complex in a buffer before and after Exo I treatment using 5´-biotinylated T30695 DNA and 3´-biotinylated T30695 DNA

	
	Enzymatic activity (nmol mg-1 min-1)
for the 4-AAP/TOOS Pair
	Enzymatic activity (103RLU ng-1 min-1)
for luminol

	
	Without Exonuclease I
treatment
	With Exonuclease I
treatment a
	Without Exonuclease I
treatment
	With Exonuclease I
treatment a

	5´-biotinylated T30695 DNA
	512 ± 26
	248 ± 12
	263 ± 13
	74 ± 4

	5´-biotinylated T30695 DNA
	390 ± 20
	230 ± 11
	244 ± 12
	78 ± 4


a Before enzymatic reaction, fibermat pieces were immersed in a buffer with Exo I (15 U) for 30 min at 37 °C.




CONCLUSIONS
In this study, we constructed DNA/hemin-encapsulated -PGA/GPTMS fibermats. By using the streptavidin complex as an alternative for the simple DNA/hemin complex, we succeeded in stable encapsulation of the DNA/hemin complex in the -PGA/GPTMS fibermats, with the DNA/hemin complex exhibiting no leakage into an immersion buffer and maintaining its original activity. Moreover, encapsulation in the nanofibers of the fibermats completely protected the complex against DNase digestion. Our data clearly reflect the considerable benefits of using electrospun fibermats as a novel immobilization substrate, which not only retained the original functions of the FNA but also ensured their resistance to nuclease digestion. Fibermats encapsulating other FNAs could be constructed to further demonstrate these benefits of using electrospun fibermats, and our group is currently engaged in this effort.
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Construction of DNAzyme-Encapsulated Fibermats Using the Precursor Network Polymer of Poly(-glutamate) and 4-Glycidyloxypropyl Trimethoxysilane
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