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Abstract:



Here we report on the fabrication and characterization of temperature-responsive electrospun nanofiber meshes using N-isopropylacrylamide homopolymer (PNIPAAm). The effect of molecular weight on fiber formation and their thermoresponsive shrinking/dissolution behaviors were investigated. The PNIPAAm fiber meshes showed much faster temperature-dependent shrinking or dissolution than that of its corresponding film due to its unique fibrous structure. By utilizing these quick and dynamic shrinking/dissolution properties, we successfully demonstrated the temperature-modulated “on-off” capture/release systems for macroscopic or mesoscopic-scale objects. Finally, we explored the potential application of PNIPAAm meshes for cell storage.
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1. Introduction


Polymeric nanofibers are an exciting new class of material and have attracted great attention because of their remarkable properties, such as high specific surface area, high porosity, high molecular alignment, or nanosize effects. The increased surface area and reactivity allow them to offer potential applications for catalysis of chemical reactions, filtration, and separation technologies in medicine, and electronic devices [1,2,3]. Currently, there are several techniques available for the synthesis of nanofibers. Of these techniques, a process called electrospinning is the most widely studied technique and has also demonstrated the most promising results in various applications [4,5,6,7,8]. Electrospinning provides a relatively inexpensive and simple method of creating a variety of continuous fibers with uniform diameters from the micro- to the nanometer scale [9,10,11]. It is also versatile in that almost any soluble or fusible polymer can be processed into nanofibers. To date, several methods have been also developed to enhance electrospinning productivity, including gas flow-assisted electrospinning [12]. Melt blowing is a commercial one-step process for spinning polymers directly into a non-woven mesh by the drawing force of a gas flow [13]. With these additional stretching forces, small diameter fibers can be produced.



Recently, functional nanofibers have been successfully prepared from combined technology such as coaxial electrospinning, electrospinning of polymers blended with additional compounds, and electrospinning with surface modifications [14,15]. Nanofibers with multi-compositions, for example, can be prepared by electrospinning of polymers blended with nanoparticles, carbon nanotubes, ceramics, biomolecules and so on [16,17]. These functional nanofibers are promising for diverse applications such as in tissue engineering, sensors, and wound healing. Furthermore, functional nanofibers with core-shell structure prepared through coaxial electrospinning extend the applications of nanofibers to drug delivery [18]. Except for functional nanofibers fabricated from electrospinning with the combined installations mentioned above, nanofibers with “smart” or “stimuli-responsive” surfaces are of great interest for such applications as “on-off” switchable control of permeability, wettability, and/or swelling/deswelling behavior [19]. Because the electrospun fibers have a much larger external surface area, the meshes or mats electrospun from smart polymers display much quicker response times than the corresponding bulk materials such as hydrogels. Furthermore, the electrospun meshes can be easily manipulated as a macroscopic bulk matter that may create opportunities for profitable new uses as responsive actuators and so on.



Herein, we report on the fabrication and characterization of temperature-responsive nanofiber meshes using N-isopropylacrylamide homopolymer (PNIPAAm) by electrospinning (Figure 1). PNIPAAm is one of the most studied temperature-responsive polymers, which undergoes a transition from a hydrophilic state to a hydrophobic state in water at 32 °C (lower critical solution temperature; LCST) [20,21,22]. The high solubility of PNIPAAm in water below the LCST can be attributed to the ability of the macromolecule to form H-bonds to water molecules via the amide functional groups. At the same time, the apolar isopropyl substituents of the side chains induce a considerable ordering of water molecules. This ordering causes large negative contributions to both the enthalpy and entropy of mixing. When the temperature reaches the LCST, the entropy contribution to the free energy of mixing will overcome the negative enthalpy of solution. Thus, free energy of mixing takes a positive value, and the phase separation of the polymer solution begins [23]. Although there have been several studies on electrospun PNIPAAm nanofibers, a relatively higher molecular weight or polymer concentration has been required to obtain a handy PNIPAAm mesh [24]. Another approach is an incorporation of non-soluble components or crosslinkable moieties into PNIPAAm nanofibers [25,26,27]. We have previously reported “on-off” capture/release of cells using PNIPAAm nanofiber meshes [28]. One of the advantages of nanofiber system is that it does not require any reaction/degradation during cell capture/release processes. For example, most problems for hydrogel-based system such as in situ gelation lie with the reagents and by-products for the crosslinking reaction, which have the potential to be toxic to cells. In this study, we examined the formation condition of electrospun meshes using a non-crosslinked PNIPAAm homopolymer with tunable fiber size without changing polymer architecture or surface chemistry. The parameters influencing the electrospinning process and morphology of the fibers are investigated. Finally, the application of PNIPAAm nanofibers toward biomedical uses such as “on-off” capture/release of cells is also explored. The mammalian cell-wrapped nanofiber mesh was subjected to cryopreservation. The cell viability tests showed that cells entrapped in the nanofiber mesh maintained higher cell viabilities than those of the conventional method.


Figure 1. Schematic illustration of fabrication of PNIPAAm nanofiber mesh by electrospinning method and its potential application for cryopreservation.
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2. Experimental Section


2.1. Materials


N-Isopropylacrylamide (NIPAAm) was kindly donated by Kohjin (Tokyo, Japan) and purified using recrystallization from hexane. 2,2′-Azobis(isobutyronitrile) (AIBN, Wako Pure Chemical Industries, Tokyo, Japan) was purchased and recrystallized from ethanol. PNIPAAm with a molecular weight of 17,100, determined by gel permeation chromatography (GPC, Jasco LC-2000 Plus, JASCO, Tokyo, Japan), was prepared by free radical polymerization with AIBN as the initiator in N,N-dimethylformamide (DMF). PNIPAAm with molecular weights of 10,200, 231,000 and 538,800 (Polymer Source, Inc., Dorval, QC, Canada) were commercially available and used as received. All other reagents were used without further purification if not otherwise specified. The MILLI-Q Lab System supplied the ultra-pure water. The tissue culture polystylene (TCPS) dish was purchased from Iwaki Labware (Tokyo, Japan). Dulbecco’s modified Eagle’s medium (DMEM, high glucose) and dimethylsulfoxide (DMSO) were purchased from Sigma-Aldrich (Tokyo, Japan). Fetal bovine serum (FBS) was obtained from MP Biomedicals (Santa Ana, CA, USA). Trypsin (0.25%)-EDTA (1 mM) solution and penicillin/streptomycin (P/S) were purchased from Nacalai Tesque (Tokyo, Japan) and Gibco (Tokyo, Japan), respectively. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay kit was purchased from Trevigen (TACSTM, Gaithersburg, MD, USA). CELLBANKER® was purchased from Wako (Tokyo, Japan).




2.2. Nanofiber Fabrication


PNIPAAm fiber meshes were prepared using an electrospinning setup (Nanon-01A, MECC Co., Ltd., Fukuoka, Japan). PNIPAAm with different molecular weights were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at given concentrations (1.0, 3.0, 5.0 and 10.0 wt %). The polymer solutions were placed in a plastic syringe connected with a metal needle (27G), and the solutions were supplied to the needle at a flow rate of 0.30 mL/h by a syringe pump. An aluminum foil was used as the collector and connected to the ground. A constant positive high voltage of 10 kV generated by a power supply was applied between the electrospun nozzle and the collector with a nozzle-to-collector distance of 15 cm. All the experiments were carried out at 23 °C and 50% humidity [29]. Preparation conditions of the fiber meshes are summarized in Tables S1 in the Supporting Information. The obtained fiber meshes were dried in a vacuum oven at 23 °C for 24 h before use. As a control, a PNIPAAm thin film with a smooth surface structure was prepared by a cast method. Briefly, PNIPAAm with a molecular weight of 17,100 was dissolved in tetrahydrofuran (THF), and the polymer solution was casted into a mold of Teflon® films (Nitto Denko Corp., Osaka, Japan). The average thickness and diameter of the cast film was 68.0 μm and 2.5 cm, respectively.




2.3. Characterizations


The surface morphologies of the electrospun fibers were observed using a scanning electron microscopy (SEM, JEOL JCM-5000, JEOL, Tokyo, Japan) at 10 kV accelerating voltage. The diameter of nanofibers was measured by Image J software (n = 40) (National Institutes of Health, Bethesda, MD, USA). In order to evaluate the thermoresponsive behavior of the PNIPAAm fiber meshes, cold (20 °C) or hot (40 °C) water was added to the fiber meshes. The fiber meshes were cut into a circle shape with diameter of ca. 1.2 cm. The average thicknesses of the fiber meshes were ca. 70–90 μm. To estimate the shrinking kinetics of the fiber meshes above the LCST, the size of the meshes after adding hot water (40 °C) were measured using a CCD camera (DX-Macro750, Kyowa Optical Co., Ltd., Kanagawa, Japan) at given times. During the measurements, the fiber meshes were kept at 40 °C in water using a hot stage. The shrinking ratio was defined as a percentage of the area of the projection view of the fiber mesh at a given time after adding hot water. The dissolution behavior of the fiber meshes by adding cold water (20 °C) were also evaluated by taking photos of the meshes. To compare the results between fiber mesh and cast film, the same weights of samples were used (2.5 mg).




2.4. Cell Culture


A 100 μL of serum free DMEM containing normal human dermal fibroblasts (NHDF) (3000 cells) was dropped on PNIPAAm nanofiber mesh with Mn = 17,100 followed by addition of 1 mL of serum free DMEM containing DMSO (0%, 10%, or 20%) or conventional cryopreservation solution CELLBANKER®. After equilibration at 37 °C for 5 min, the solutions were frozen at −80 °C for 3 days. For thawing, samples were put into a 37 °C incubator for 10 min, then prewarmed serum containing medium was added to facilitate thawing. The medium was changed to remove residual DMSO at room temperature. Cell activity was assessed by MTT after thawing. After incubation, cells were treated with 500 μL of DMEM containing 50 μL of MTT solution for 4 hours and then incubated with 500 μL of detergent reagent for 2 h. The supernatants were placed 96-well micro plate and the absorbance at 570 nm was measured by ELISA micro-plate reader (BIO-RAD Laboratories) (Hercules, CA, USA). The viability was defined as the ratio of the cell numbers on day 3 to that on day 1.





3. Results and Discussion


3.1. Effects of Electrospun Conditions on the Fiber Morphology


Although electrospinning is the simplest and easiest method that can produce a fiber of nano dimension, there are many factors that influence web characteristics [4,11,30]. Usually, the factors that affect electrospinning can be classified into two categories. The first factor is concerned with the rheological behavior of polymer solutions, such as the concentration, viscosity, surface tension and conductivity of the polymer solution. The second factor is concerned with the processing of the diameters of the nozzle, applied voltage, as well as tip and collector distance. When processing electrospinning, the surrounding atmospheric conditions are also an important factor. Figure 2 shows the SEM images for electrospun PNIPAAm nanofibers prepared using different conditions. The electrospun samples show the various morphologies depending on the molecular weight and polymer concentration. As for PNIPAAm with a molecular weight of 10,200, bead-like structures are formed at any concentrations because the molecular weight is relatively low to form entanglement among polymer chains. In addition, the viscosity of solution is not high enough to be sprayed continuously from a nozzle during the electrospinning process. Evaporation and the associated solidification are also important factors that affect the diameter and morphology of electrospun nanofibers. Some reports suggested that incorporation of salts or surfactants can help to produce fine nanofibers from low molecular weight polymers [31,32]. On the other hand, the fiber production from PNIPAAm with a molecular weight of 17,100 notably depended on the solution concentration. At the lowest concentration of 1.0 wt %, bead-like structures are still observed. At higher than 5.0 wt %, continuous and smooth fibers were successfully produced, suggesting that the degree of chain entanglement was high enough to produce continuous fibers. PNIPAAm with a higher molecular weight (231,000 and 538,800) was also electrospun into continuous fibers. The continuous fibers can be formed only when the polymer concentration was low. The polymer solutions were not electrospun when the polymer concentration became higher. That is, it was possible to produce continuous fibers even from the dilute solutions when a high molecular weight of PNIPAAm was used. Okuzaki et al. reported the successful preparation of PNIPAAm nanofibers with a molecular weight of 35,000 by adjusting the polymer concentration and applied voltage as 15 wt % and 20 kV, respectively [24]. Rockwood et al. also prepared 3D fibrous mats using PNIPAAm with a high molecular weight of 300,000 by electrospinning from different solvents [30]. Thus, it is of great importance to select appropriate polymer concentrations depending on the selected molecular weight. Figure 3 shows the diameters of fibers electrospun from PNIPAAm with different molecular weights as a function of polymer concentration. The fiber diameter was controllable in a wide diameter range (several hundreds of nanometers to several micrometers) by changing the molecular weight and the solution concentration.


Figure 2. Effects of molecular weight and polymer concentration on the PNIPAAm fiber formation and morphologies (scale bar 10 μm).
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Figure 3. The effects of molecular weight and polymer concentration on the PNIPAAm fiber diameter.
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3.2. Temperature-Responsive Behavior


The thermoresponsive behavior of the electrospun PNIPAAm fiber meshes was investigated. Figure 4a shows a photograph of the fiber mesh cut in a circle with a macroscopic size of ca. 1.2 cm in diameter, which was prepared from a 10.0 wt % solution of PNIPAAm with Mn = 17,100 at 10 kV. Upon adding hot water of 40 °C, the fiber mesh underwent a drastic and dynamic shrinking behavior due to a conformational change (a globule transition) of PNIPAAm above the LCST. On the other hand, a PNIPAAm cast film, which was prepared as a control and had a smooth surface with no fiber structures, hardly induced a shape change even after 24 h (Figure 4b). The shrinking ratios of the fiber meshes and the cast film are plotted in Figure 4c as a function of time after adding hot water. The fiber mesh shrank very rapidly and reached a plateau to their equilibrium state after 30 s. In contrast, the cast film shrunk very slowly over several hours and reached only 85% shrinking ratio even after 24 h. The significant difference in the shrinking behavior between the fiber meshes and the cast film was based on the fiber structural properties such as high specific surface area or porosity. It should be noted that the fiber mesh still maintained its fiber structure even after shrinking by adding hot water (see Figure S1 in the Supporting Information).


Figure 4. Time-dependent images of shrinking behavior of (a) PNIPAAm nanofiber mesh (Mn = 17,100) and (b) cast film after adding hot water (40 °C); (c) The size changes are plotted against time.
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Next, the dissolution behavior of the PNIPAAm fiber meshes was examined. Although PNIPAAm is hydrophobic and insoluble in aqueous media above the LCST, it becomes a water-soluble state below the LCST. As can be seen in Figure S2 in the Supporting Information, the fiber mesh prepared from PNIPAAm with Mn = 17,100 was dissolved very swiftly within 30 s by adding cold water (20 °C). As expected, the cast film exhibited a very slow dissolution behavior for ca. 15 min. Of particular interest is that it took 1 h for the fiber mesh produced from PNIPAAm with Mn = 231,000 to dissolve completely.




3.3. Capture and Release of Cells


To explore the potential application of PNIPAAm meshes to a novel temperature-modulated capture and release system, manipulation of macroscopic scale objects was demonstrated by utilizing their quick shrinking and dissolution responses. First, we used a glass bead of a few millimeters as a model. The bead was put on the fiber mesh and hot water was then added (Figure 5). The fiber mesh shrunk and progressively wrapped the glass bead. The glass bead was eventually captured by the mesh completely. Moreover, the captured glass bead was simply released from the fiber mesh by decreasing the temperature below the LCST since the fiber mesh was quickly dissolved at a lower temperature. These processes successfully indicated that the PNIPAAm fiber mesh can capture and release objects with macro- or mesoscopic dimensions in a precise manner based on its quick thermoresponsive behavior on a large scale.


Figure 5. Temperature-modulated manipulation of a glass bead using PNIPAAm nanofiber mesh. The bead was put on the fiber mesh and hot water was added. The fiber mesh wrapped the glass bead. The captured glass bead was finally released from the fiber mesh by decreasing a temperature below the LCST.
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Using this quick and dynamic response, we envision the temperature-responsive meshes in a cell storage application. As described in the Section 2.4, DMEM containing NHDF was dropped on PNIPAAm nanofiber mesh and incubated in cryoprotective DMSO solution or CELLBANKER® at 37 °C. These cryoprotective reagents are usually used to reduce the freezing point of the medium and also allow a slower cooling rate, greatly reducing the risk of ice crystal formation, which can damage cells and cause cell death [33]. The sample was then frozen at −80 °C. After 3 days, the sample was placed into a 37 °C incubator to facilitate thawing. The medium was changed to remove residual DMSO and dissolved PNIPAAm at room temperature. The viability of the cells was validated by MTT assay (Figure 6). As expected, the cells were dead after 3 days in liquid nitrogen without cryoprotective DMSO or CELLBANKER® (data not shown). On the other hand, cells stored with these cryoprotective reagents retained higher cell viabilities after the freezing process. The cell-containing nanofiber meshes were also subjected to the same freezing process. As shown in Figure 6, cells encapsulated in nanofiber mesh show lower viabilities than those in CELLBANKER® (open bar). However, cells in the mesh show higher cell viabilities than those without a mesh although this effect is not so significant. One of the plausible reasons is that dehydrated PNIPAAm chains suppressed the formation of large extracellular ice crystals during the freeze/thaw process. Generally speaking, when PNIPAAm is well hydrated, the hydration shell is stabilized through extensive hydrogen bonding interactions between the amide groups and water [34]. Once above the LCST, the solvent is expelled from the network accompanying the phase transition. During this process, hydrogen-bonded networks of water clusters are disrupted and broken. We postulate that the cryoprotective effect of the PNIPAAm nanofibers occurs because dehydrated PNIPAAm networks can buffer the entrapped cells from the formation of large ice crystals [35,36]. Further work is needed to determine the details of this mechanism. Nonetheless, the work described here suggests that not only is the cryopreservation of cells within the nanofiber mesh feasible, but encapsulation within the fiber mesh also provides additional protection during cryopreservation as compared to the unencapsulated cells. The future focus will be their potential of manipulating and delivering therapeutic purpose cells such as embryoid bodies.


Figure 6. Viabilities of cells with (gray bar) and without (white bar) PNIPAAm nanofiber mesh in different cryoprotective reagents (CELLBANKER®, DMEM with 10% or 20% DMSO). * p < 0.005, ** p < 0.05, Student’s t-test.
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4. Conclusions


In conclusion, temperature-responsive nanofiber meshes with a quick and dynamic response were developed by electrospinning from PNIPAAm. The fiber meshes were successfully fabricated from PNIPAAm with various molecular weights by setting electrospinning conditions properly. The molecular weight of PNIPAAm was found to be one of the most important key parameters. The obtained PNIPAAm fiber meshes exhibited temperature-responsive size/shape changes or dissolution behavior, and their response speeds were extremely high owing to the fiber structures despite their macroscopic dimensions. Furthermore, we described the cryopreservation of mammalian cells without a loss of viability during the freezing process by using a PNIPAAm mesh. Cells encapsulated in a nanofiber mesh had higher viabilities at various conditions than unencapsulated cells. The future focus will be on the effect of the storage time and mechanical properties of the mesh on cell functions such as protein expression. In addition, the details of the mechanism of the cryopreservative effect of PNIPAAm are currently being investigated.
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