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Abstract

:

The cooperative self-assembly of nanoparticles and amphiphilic block copolymers has attracted increasing interests as it offers effective routes to achieve nanocomposite supramolecular structures with desired structure and properties. The incorporation of nanoparticles usually tunes the self-assembly structure of block copolymers, as the copolymer–nanoparticle interactions may change the relative volume ratio of hydrophobic block/hydrophilic block copolymers. It should be noted that the micro-size length and the strong nonpolar feature of carbon nanotubes (CNTs) may cause the block copolymer–CNT interactions to differ from the the block copolymer–nanoparticle interactions. Herein, we show that the diameter of CNTs and the copolymer/CNT ratio have a profound effect on the self-assembly behavior of amphiphilic block copolymers. Upon the addition of carboxylated multi-walled carbon nanotubes (c-MWCNTs, diameter <8 nm,) to the methoxy polyethylene glycol-poly (D,L-lactic acid) (MPEG-PDLLA) solution, it is difficult to observe the c-MWCNTs directly in TEM images. However, it has been found that they form supramolecular nanocomposite structures with MPEG-PDLLA. Moreover, these supramolecular structures transform from core–shell spherical micelles into rod-like micelles and then into large composite aggregates with the increase of the c-MWCNT addition. However, in the case of the addition of c-MWCNTs with a diameter of 30–50 nm, the dispersed c-MWCNTs and spherical core–shell micelles could be observed simultaneously in the TEM images at a low c-MWCNT addition, and then the micelle structure disappeared and only well-dispersed c-MWNTs were observed in TEM images at a high c-MWCNT addition. A possible model was proposed to explain the rule of CNTs participating in the formation of copolymer/CNT nanocomposite structures. It was also shown that as-prepared copolymer/CNT supramolecular nanocomposites could be used as drug carriers, enabling the adjustment of the drug loading and release time.
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1. Introduction


The self-assembly of amphiphilic block copolymers offers a powerful route to enable the precise fabrication of multifunctional nanostructures [1,2,3,4,5,6]. These self-assembled nanostructures have been extensively studied and used for a range of biomedical applications including bioimaging and controlled drug delivery [7,8,9]. Key considerations of these nanostructures for biomedical applications include their size, morphology and functionalization. One simple and effective method to derive such nanostructures is to incorporate functionalized nanoparticles in the self-assembled nanostructures, forming nanocomposite supramolecular structures to achieve desired structure and properties [10,11,12,13,14,15,16,17]. These nanocomposites can combine the advantages of both components (nanoparticles and amphiphilic block copolymers) and show some new and interesting properties that can be used as nanocarriers for biomedical applications.



Generally, the incorporation of nanoparticles in self-assembled amphiphilic block copolymers can produce an interaction between nanoparticles and block copolymers that may have a significant impact on the hydrophobic interaction of hydrophobic blocks and the relative ratios of hydrophobic blocks/hydrophilic blocks. The change in these parameters caused by the interaction between nanoparticles and block copolymers can affect the self-assembly behaviors and be used to adjust the structures and properties of nanocomposite supramolecular structures [15].



Among the functional nanomaterials, carbon nanotubes (CNTs) have been shown to be potentially useful as medical imaging contrast agents and drug carriers due to their excellent intrinsic physical and chemical properties [18,19,20,21,22]. However, CNTs have a strong nonpolar feature that makes them poorly dispersive in physiological media and limits their use in biological applications [23,24,25]. Generally, a suitable modification for CNTs needs to be designed to resolve their poor dispersion for biological and biomedical applications [26,27,28,29]. Block copolymers have been successfully used to disperse CNTs in various solutions [30,31,32,33,34,35]. According to the strength of interaction between CNTs and polymers, two modes of interaction have been proposed [36]—one is wrapping mode (strong CNT–polymer interaction) [37,38,39], and the other is non-wrapping mode (weak CNT–polymer interaction) [40,41]. In the non-wrapping mode, when the amphiphilic block copolymers and CNTs mixed in an organic solvent are dialyzed against deionized water, a usually accepted dispersion mechanism in which the hydrophobic blocks of copolymers physically adsorb onto the surface of CNTs and screen the hydrophobic interactions among the CNTs, while the hydrophilic blocks dangle out of the CNTs, providing steric repulsion that causes the good dispersion of CNTs in an aqueous solution. It should be noted that CNTs have two dimensions—the width is nanoscopic and the length is mesoscopic. This size feature of CNTs allows two scenarios in terms of the interactions between CNTs and the hydrophobic blocks of copolymers. One is that hydrophobic block chain of the block copolymers is attached to the surface of CNTs along the diameter (end attachment). The other is that the hydrophobic block chain is adsorbed and arranged on the surface of CNTs along the length.



In the case of surface tether by the ends of the hydrophobic block chain of amphiphilic block copolymers, the amphiphilic block copolymers may form an adsorbed layer on the surface of CNTs known as a polymer brush. However, it should be noted that if the diameter of the CNTs is much smaller than the hydrophobic segment length of the amphiphilic copolymers, most of the hydrophobic chain may dangle outside the CNTs along with the hydrophilic chain. In this case, the amphiphilic block copolymer end-tethered CNTs will constitute a new “temporary shape amphiphile”. This new building block may cooperatively assemble with amphiphilic block copolymers into energetically stable nanocomposite supramolecular structures in an aqueous solution. The formation of “temporary shape amphiphiles” is determined by the size of the diameter of CNTs and the length of the hydrophobic blocks of amphiphilic copolymers. In addition, the copolymer/CNT ratio can also adjust the amphiphilicity of these “temporary shape amphiphiles” that would regulate cooperative self-assembly processes overall. Thus, it is of great interest to explore the effect of the diameter of CNTs and the copolymer/CNT ratio on the formation of supramolecular nanocomposite structures toward the controllable fabrication of functional nanostructures for biomedical applications.



In this paper, a block copolymer, methoxy polyethylene glycol-poly (D,L-lactic acid), and carboxylated multi-walled carbon nanotubes (c-MWCNTs) with varying diameters were used to explore the effects of the diameter of CNTs and the copolymer/CNT ratio on the formation of supramolecular nanocomposites structures. The change in morphology and size of the supramolecular nanocomposite structures were studied in detail by TEM and dynamic light scattering (DLS). Based on the experimental results obtained, a possible explanation for the rule of CNTs participating in the formation of copolymer/CNT supramolecular nanocomposites structures was developed. A representative hydrophobic chemotherapeutic drug, doxorubicin (DOX), was also used to investigate the drug loading and in vitro release behavior of as-prepared copolymer/CNT supramolecular nanocomposite structures in phosphate buffer solution (PBS).




2. Materials and Methods


2.1. Materials


Monomethoxy poly (ethylene glycol)-block-poly (D,L-lactide) (MPEG-PDLLA, 2K-10K) was obtained from Jinan Daigang Biological Technology Company (Jinan, China). Carboxylated multi-walled carbon nanotubes (c-MWCNTs, diameter <8 nm, length 0.5~2 μm; diameter 30~50 nm, length 0.5~2 μm, –COOH content = 1.23 wt.%) were obtained from Nanjing Xianfeng Nano-Material Technology Company (Nanjing, China). Doxorubicin hydrochloride (DOX HCl) was obtained from Beijing Huafeng United Technology Company (Beijing, China). Dimethyl sulfoxide (DMSO) was obtained from Sinophaim Chemical Reagent Company (Shanghai, China). Dialysis tubes (molecular weight cut off = 8000–12,000) and phosphate buffer solution (PBS) were obtained from Shanghai Yuanye Biological Technology Company (Shanghai, China). All solvents and reagents were of analytical grade and used as such without further purification.




2.2. Methods


2.2.1. Preparation of MPEG-PDLLA/c-MWCNT Nanocomposites


MPEG-PDLLA/c-MWCNT nanocomposites were prepared by a membrane dialysis method. Briefly, 10.0 mg DOX∙HCl and 0.5 mL triethylamine were co-dissolved in 5 mL of DMSO and then the mixed solution was stirred overnight to remove the hydrochloride of DOX∙HCl. Subsequently, 40.0 mg MPEG-PDLLA and different amounts of c-MWCNTs were added into the solution (the mass ratio of c-MWCNTs to MPEG-PDLLA was changed from 0:1 to 1:0 gradually). Next, the mixtures were stirred at room temperature for 2 h to form a uniform dispersion. Then, the mixed solutions were transferred to a dialysis tube (molecular weight cut off = 8000–12,000) and dialyzed against deionized water for 48 h to remove the organic solvent. Finally, the expected MPEG-PDLLA/c-MWCNT nanocomposites were obtained. Different MPEG-PDLLA/c-MWCNT nanocomposites were prepared by varying the ratio of copolymer/CNTs and the tube diameter of CNTs.




2.2.2. Characterization of MPEG-PDLLA/c-MWCNT Nanocomposites


A JEOL JEM-2010 microscope was used to obtain transmission electron microscopy (TEM) images of MPEG-PDLLA/c-MWCNT nanocomposites. The TEM was operated at an accelerating voltage of 100 KV. One drop of nanocomposite solution was placed onto a 200 mesh carbon-coated copper grid to make TEM samples. Then the samples were air-dried overnight at room temperature before observation. The average particle size of nanocomposite was determined by averaging the size of more than 100 nanoparticles using image software on TEM images. High-resolution transmission electron microscopy (HRTEM) was carried out using a JEM-2100F high-resolution transmission electron microscope 350 operated at an accelerating voltage of 200 KV.



The particle size distribution of MPEG-PDLLA/c-MWCNT nanocomposites was also determined at 25 °C by a Zetasizer Nano ZS90 instrument (Malvern Instruments) equipped with a multipurpose autotitrator (MPT-2) at a fixed scattering angle of 90° and the results were evaluated using the intensity distribution.



Thermal gravimetric analyses (TGA) of MPEG-PDLLA/c-MWCNT nanocomposites were conducted using a NETZSCH STA 449C instrument at a heating rate of 10 °C/min from 30 °C to 800 °C in a nitrogen atmosphere (flow rate of 60 cm3/min).



The dispersion stability of MPEG-PDLLA/c-MWCNT nanocomposites in the PBS (pH 7.4) was also determined using a digital camera at 37 °C.



For drug entrapment measurement, a known weight of DOX-loaded MPEG-PDLLA/c-MWCNT nanocomposites was dissolved in 1 mL of DMSO. The DOX loading content of nanocomposites was measured at an absorbance wavelength of 480 nm on an ultraviolet-visible (UV-vis) spectrophotometer (UV-VIS SP-752 PC spectrophotometer). The drug entrapment (DE%) was defined as follows:


DE% = (weight of DOX loaded in nanocomposites)/(total weight of nanocomposites) × 100%.



(1)








2.2.3. In Vitro Drug Release


A 2.0 mL aqueous dispersion of DOX-loaded MPEG-PDLLA/c-MWCNT nanocomposites (2.0 g/L) was introduced into a dialysis tube (molecular weight cut off = 8000–12,000), and then dialyzed against 5 mL of PBS buffer solution (pH 7.4, 10 mM) using a shaker at a speed of 150 rpm for 30 days. An in vitro release study was performed in the dark and at 37 °C simulated human temperature. Subsequently, 5 mL of liquid outside the dialysis bag (PBS buffer solution) was withdrawn at specific time intervals and an equal volume of fresh release medium was added again. The amounts of released DOX from the nanocomposites were determined using UV-vis spectrophotometry at 480 nm.






3. Results and Discussion


3.1. Characterization of MPEG-PDLLA/c-MWCNT Nanocomposites


To investigate the effects of different amounts of c-MWCNTs (diameter <8 nm, length 0.5~2 μm) on the structure of MPEG-PDLLA/c-MWCNT nanocomposites, we fixed the concentration of MPEG-PDLLA at 1.5 mg/mL, which is above the critical micelle concentration, and the mass ratios of c-MWCNTs relative to MPEG-PDLLA were 0, 0.005:1, 0.01:1, 0.02:1, 0.05:1 and 0.1:1, respectively. Transmission electron microscopy (TEM) was utilized to observe the morphology of MPEG-PDLLA/c-MWCNT nanocomposites. Figure 1 shows the morphology of the obtained MPEG-PDLLA/CNT nanocomposites and it can be seen from these images that the addition of c-MWCNTs has a great influence on the morphology of nanocomposites. As shown in Figure 1a, the MPEG-PDLLA molecules can easily self-assemble into spherical micelles with good dispersity and the average size is about 250 nm. When the mass ratio of c-MWCNTs/MPEG-PDLLA was 0.005:1, we found that some spherical micelles changed into rod-like micelles (Figure 1b). When the mass ratio of c-MWCNTs/MPEG-PDLLA further increased to 0.01:1, more spherical micelles changed into rod-like micelles, having a diameter of about 200 nm and a length of about 1 to 2 μm (Figure 1c). When the mass ratio of c-MWCNTs/MPEG-PDLLA reached up to 0.02:1, MPEG-PDLLA/c-MWCNT nanocomposites exhibited a rod-like morphology almost entirely, having a diameter of about 200 nm and a length of about 1 to 2 μm, as indicated in Figure 1d. However, in the case of the addition of c-MWCNTs at a ratio of 0.05:1, in addition to the rod-like micelles, some large irregular aggregates with a particle size of 200~500 nm also appeared in the TEM images (Figure 1e). When we continued to increase the mass ratio of c-MWCNTs/MPEG-PDLLA to 0.1:1, the TEM images showed such irregular aggregates almost completely (Figure 1f). Although the c-MWCNTs could not be observed directly in the TEM images, the length of the nanocomposites was within the length range of c-MWCNTs, and the diameter of the nanocomposite was close to the size of MPEG-PDLLA micelles with no c-MWCNT addition, which indicated that the c-MWCNTs were encapsulated in the formed MPEG-PDLLA/c-MWCNT supramolecular structures.



To obtain more intuitive size data of nanocomposites with different c-MWCNT additions, a dynamic light scattering (DLS) test was carried out to study the size and distribution of nanocomposites in water. The effect of c-MWCNT addition on the intensity-averaged diameter of MPEG-PDLLA/c-MWCNT nanocomposites is shown in Figure 2. DLS results showed that MPEG-PDLLA micelles had an average size of 250 nm at 25 °C. The effect of c-MWCNTs incorporated in the micelles on the size of hydrodynamic diameters had a change trend similar to that observed in the TEM images, where the average size of the nanocomposites increased with increasing c-MWCNT additions. It could also be seen from the DLS results that when the mass ratio of c-MWCNTs/MPEG-PDLLA increased from 0.05:1 to 0.1:1, the particle size distribution of the nanocomposites in the solution became larger, and the number of nanocomposites of the micron order also increased. Consequently, the TEM images and DLS data both indicate that MPEG-PDLLA/c-MWCNT nanocomposite structures were successfully prepared by the dialysis of MPEG-PDLLA and c-MWCNT mixed solutions against deionized water. Nanocomposites exhibiting the c-MWCNT addition-dependent structure transition demonstrate an effective method for the preparation of nanocomposite supramolecular structures.



High-resolution transmission electron microscopy (HR-TEM) analysis was also used to observe more details of the structure of MPEG-PDLLA/c-MWCNT nanocomposites and explore the interaction between the c-MWCNTs and MPEG-PDLLA. Figure 3 shows the HR-TEM images of MPEG-PDLLA/c-MWCNT nanocomposites with the mass ratios of c-MWCNTs/MPEG-PDLLA of 0.02:1 and 0.1:1. When a small amount of c-MWCNTs (MPEG-PDLLA/c-MWCNT ratio of 0.02:1) was added, c-MWCNTs were still not observed at a low magnification (Figure 3a). More closely observing the HR-TEM images at a high magnification, a c-MWCNT with a diameter of 7.49 nm was recognized in the residue of thermal degradation of nanocomposites, as indicated in Figure 3b, which confirmed that c-MWCNTs were encapsulated in the MPEG-PDLLA, forming rod-like micelles. In the case of a larger addition of c-MWCNTs (MPEG-PDLLA/c-MWCNT ratio of 0.1:1), some recognized c-MWCNTs were found to extend from the large aggregates and the diameter of individual c-MWCNTs was usually slightly larger than 8 nm, which was perhaps caused by the adsorption of MPEG-PDLLA on the surface of c-MWCNTs as indicated in Figure 3c. After careful observation of the HR-TEM images at high magnification, aggregates composed of c-MWCNTs and MPEG-PDLLA were well recognized, as shown in Figure 3d. Interestingly, c-MWCNTs, which had a relative larger diameter such as 12.49 nm, were not encapsulated in the aggregates.



The results obtained from the TEM images indicated that a small addition of c-MWCNTs to MPEG-PDLLA could effectively induce the supramolecular structure transition from core–shell spherical micelles to rod-like micelles. However, it was uncertain whether the transition from rod-like micelles to large aggregates at high c-MWCNT additions was caused by the self-assembly of MPEG-PDLLA regulated by the dispersed c-MWCNTs, which may also be the structure formed by the MPEG-PDLLA adsorbing onto the undispersed carbon nanotube bundles. To explore the formation mechanism of these large aggregates, the dynamic mixing process of MPEG-PDLLA micelle solutions with c-MWCNTs was monitored by TEM. In this experience, MPEG-PDLLA with a fixed concentration of 1.5 mg/mL was the first to form micelles and then the c-MWCNT addition, added to form a mass ratio of 0.1:1 c-MWCNTs/MPEG-PDLLA, was mixed with the MPEG-PDLLA micelles. Figure 4 shows the TEM images of MPEG-PDLLA/c-MWCNT nanocomposites prepared with different mixing times between the MPEG-PDLLA micelles and c-MWCNTs. When the mixing time was 30 min, as shown in Figure 4a, some spherical micelles changed into rod-like micelles, which was similar to the morphology observed with the low c-MWCNT addition, as indicated in Figure 1c. Furthermore, no carbon nanotube bundles were found. When the mixing time was extended from 30 min to 24 h, the morphology of the formed MPEG-PDLLA/c-MWCNT nanocomposites gradually changed from a rod-like morphology to irregular aggregates, and this morphology changing trend was similar to that of the nanocomposites prepared by the dialysis of c-MWCNTs/MPEG-PDLLA solutions against aqueous water with the c-MWCNT addition ranging from low to high. The time-dependent morphology change results confirmed that the irregular aggregates were formed by the interaction between MPEG-PDLLA and c-MWCNTs, rather than the self-agglomeration of c-MWCNTs.



Thermal gravimetric analysis (TGA) was further used to directly examine the content of c-MWCNTs that was involved in the formation of MPEG-PDLLA/c-MWCNT nanocomposites. The changes in the weight of MPEG-PDLLA micelles and MPEG-PDLLA/c-MWCNT nanocomposites under a nitrogen atmosphere as a function of temperature are given in Figure 5. As can be seen from Figure 5, the final remaining mass of samples after degradation was complete increased with an increase in the amount of c-MWCNT additions. The final residual mass increased with the increasing MWCNT additions because c-MWCNTs have high thermal stability and do not decompose in the test temperature range.



The above results demonstrated that the c-MWCNTs with a diameter <8 nm participated in the self-assembly process of MPEG-PDLLA and played a regulator role in the assembly into supramolecular structures. Moreover, a careful examination of the TEM images revealed that some c-MWCNTs with large diameters were not encapsulated in the aggregates formed at a high addition of c-MWCNTs, or that they could not be recognized. To further confirm this phenomenon, we carefully examined the TEM images in a large range in the case of a high addition of c-MWCNTs (the mass ratio of c-MWCNTs/MPEG-PDLLA was 0.1:1). As indicated in Figure 6, some well-dispersed single c-MWCNTs could be clearly recognized and they did not seem to participate in the self-assembly of MPEG-PDLLA. By measuring their diameter (Table 1), we found that the diameter of these c-MWCNTs ranged from 14 to 30 nm, which is far larger than 8 nm. These obtained results suggest that the diameter size of c-MWCNTs may play an important role in the cooperative self-assembly of c-MWCNTs and MPEG-PDLLA.



To explore whether this different assembly behavior of MPEG-PDLLA was caused by the diameter of c-MWCNTs, c-MWCNTs (tube diameter 30~50 nm, length 0.5~2 μm) were also chosen for the preparation of MPEG-PDLLA/c-MWCNT nanocomposites. As shown in Figure 7, the morphology of MPEG-PDLLA/c-MWCNT nanocomposites fabricated with c-MWCNTs (tube diameter 30~50 nm, length 0.5~2 μm) was quite different from that of the previous MPEG-PDLLA/c-MWCNT nanocomposites (tube diameter <8 nm, length 0.5~2 μm), as indicated in Figure 1. When adding c-MWCNTs (tube diameter 30~50 nm, length 0.5~2 μm) to the MPEG-PDLLA solution, the MPEG-PDLLA micelle structure gradually disappeared and the c-MWCNTs exhibited a well-dispersed individual nanotube state. In the case of a small addition of c-MWCNTs (Figure 8b), some large micelles coexisted with the dispersive c-MWCNTs, as shown in the TEM images. With the increase of the c-MWCNT addition, these micelles disappeared gradually, and only well-dispersed c-MWCNTs could be found in the TEM images at high c-MWCNT additions (Figure 7c,d).



Upon observing the TEM images more closely, we found that the diameter of c-MWCNTs increased with the decreasing addition in the MPEG-PDLLA solutions, as shown in Figure 8. When the mass ratio of c-MWCNTs/MPEG-PDLLA increased to 0.2:1 and 0.3:1, the diameters of MPEG-PDLLA/c-MWCNT nanocomposites were about 70 nm and 50 nm, respectively (Figure 8a,b), as compared to the 30 nm of the pure c-MWCNTs (Figure 8c). These results indicated that the MPEG-PDLLA was mainly adsorbed on the surface of c-MWCNTs (tube diameter 30~50 nm, length 0.5~2 μm), forming an adsorption layer, which resulted in the increasing diameter and the good dispersion of c-MWCNTs.




3.2. Proposed Possible Structures for MPEG-PDLLA/c-MWCNT Nanocomposites


By comparing the TEM images of MPEG-PDLLA/c-MWCNT nanocomposites, we found that the addition amount and diameter of c-MWCNTs have different effects on the formation of nanocomposites. The morphology of nanocomposites can transform from core–shell spherical micelles to rod-like micelles or large composite aggregate structures to encapsulate c-MWCNTs upon the increasing addition of c-MWCNTs with a small diameter. Meanwhile, when the c-MWCNTs have a large diameter, the amphiphilic copolymer is mainly adsorbed on the surface of c-MWCNTs, causing the c-MWCNTs to exhibit good dispersion.



When the mixtures of c-MWCNTs and MPEG-PDLLA were dialyzed against aqueous water, the hydrophobic segment of MPEG-PDLLA generally anchored the chain to the surface of c-MWCNTs via hydrophobic interactions. c-MWCNTs with a small diameter (tube diameter <8 nm, length 0.5~2 μm) can only provide a narrow surface on which the PDLLA segments can adsorb. In this case, it is very difficult for PDLLA segments and c-MWCNTs to fully contact and interact. Thus, most of the hydrophobic chain dangles outside the carbon nanotubes along with the hydrophilic chain and constituted a new “temporary shape amphiphile”. Then this new build block still can interact with the MPEG-PDLLA molecules and they can cooperatively assemble into energetically stable nanocomposite supramolecular structures in an aqueous solution. When the addition amount of c-MWCNTs (tube diameter <8 nm, length 0.5~2 μm) was small, the sufficient MPEG-PDLLA and MPEG-PDLLA-CNT amphiphiles would cooperatively assemble into a rod-like aggregate structure in which c-MWCNTs play a role as a template (Figure 1b–d). When the addition amount of c-MWCNTs was high, if MPEG-PDLLA still formed rod-like micelles directed by single c-MWCNTs, due to the lack of sufficient MPEG-PDLLA molecules, some hydrophobic segments of MPEG-PDLLA and c-MWCNTs would both be exposed in the solution, making the structures unstable. In this case, some small aggregates might be formed between c-MWCNTs and then MPEG-PDLLA would form new larger composite aggregates around the c-MWCNT aggregates to completely encapsulate the c-MWCNTs (Figure 1e,f).



When c-MWCNTs (tube diameter 30~50 nm, length 0.5~2 μm) were used to mix with MPEG-PDLLA, the large diameter of c-MWCNTs provided a wide graphene band-like substrate for PDLLA anchoring. In this case, the PDLLA segment could not only have a strong interaction with the surface of c-MWCNTs, but a strong intermolecular interaction could also occur between the PDLLA segments adsorbed and arranged on the surface of c-MWCNTs. In addition, the hydrophilic MPEG segments were dangled outside the c-MWCNTs, which also enhanced the PDLLA–c-MWCNT interaction and the interaction of the PDLLA segments adsorbed on the surface of CNTs. These combined effects lead to the good dispersion of c-MWCNTs even under the conditions of a high addition of c-MWCNTs, as indicated in Figure 7.



According to the above analysis, a schematic diagram of how c-MWCNTs combine with MPEG-PDLLA to form MPEG-PDLLA/c-MWCNT nanocomposites could be outlined, as indicated in Figure 9.




3.3. Stability of MPEG-PDLLA/c-MWCNT Nanocomposites


The dispersion stability of the obtained MPEG-PDLLA/c-MWCNT nanocomposites was evaluated using a digital camera. Optical images of the dispersion of MPEG-PDLLA/c-MWCNT nanocomposites with different c-MWCNT additions in phosphate butter solution are shown in Figure 10. All the MPEG-PDLLA/c-MWCNT nanocomposites showed stable dispersion in PBS and showed no occurrence of any observed precipitation in four days. As a hydrophilic non-ionic polymer, PEG segments could form a hydrophilic shell on the MPEG-PDLLA/c-MWCNT nanocomposites, which improved the dispersion stability and provided the bioavailability of these nanocomposites for biomedical applications. These results obtained from the TEM images and the dispersion stability analysis indicated that the MPEG-PDLLA/c-MWCNT nanocomposites exhibited a well-defined stable nanostructure, representing a crucial structure feature for these functional nanostructures to be used in biomedical field.




3.4. Drug Loading and In Vitro Release Studies


To explore the potential use of MPEG-PDLLA/c-MWCNT nanocomposites as carriers for chemotherapeutic drugs, the drug-loading ability and release behavior were studied. Table 2 and Table 3 show the drug loading of the MPEG-PDLLA/c-MWCNT nanocomposites with different diameters of c-MWCNTs. It was found that the addition of c-MWCNTs increased the drug loading of nanocomposites. The effect of c-MWCNT addition on the drug loading of amphiphilic block polymer MPEG-PDLLA was mainly due to its modification of the hydrophobic segment of MPEG-PDLLA. In the MPEG-PDLLA/c-MWCNT nanocomposites, that the MPEG-PDLLA adsorbed on the surface of c-MWCNTs could expand the space between the hydrophobic segments of MPEG-PDLLA compared with that in the pure MPEG-PDLLA micelles, and created a larger hydrophobic space. Thus, the nanocomposites exhibited increased interact sites with hydrophobic drugs and could encapsulate more drugs.



The in vitro drug release profiles of MPEG-PDLLA/c-MWCNT nanocomposites with different addition amounts of c-MWCNTs were studied in PBS at 37 °C and pH 7.4, mimicking the temperature and pH of the human body. As indicated in Figure 11 and Figure 12, MPEG-PDLLA/c-MWCNT nanocomposites at all tested groups showed an initial burst release of loaded DOX in the first two days, releasing almost 60% of the total loaded DOX, then continuing releasing at a slightly slower steady rate for 30 days.



The rate of drug release from the nanocomposites was calculated according to the drug release curve (Figure 11 and Figure 12). It can be seen from the data that when the addition amounts of c-MWCNTs (tube diameter <8 nm, length 0.5~2 μm) increased, the sustained release rate of the drug also increased. The initial burst release phenomenon may be due to the release of DOX that adsorbed in the shell. During the steady release phase, DOX that was loaded in the inner hydrophobic core of micelles was released, causing a slow release rate. During the drug release process, the morphology of nanocomposites has an important effect on the drug release rate. Although c-MWCNT additions (tube diameter <8 nm, length 0.5~2 μm) increased the spacing between hydrophobic segments of MPEG-PDLLA for drug loading, it also weakened the interaction force between hydrophobic segments of MPEG-PDLLA, leading to an accelerated release rate of the drug. Therefore, the greater the addition amount of c-MWCNTs, the faster the drug release rate that can be achieved.



However, the change trend of the release rate from the MPEG-PDLLA/c-MWCNT nanocomposites with a diameter of 30~50 nm was different from that of MPEG-PDLLA/c-MWCNT nanocomposites with a diameter less than 8 nm, as indicated in Figure 12. With the addition of c-MWCNTs, all the sustained drug release rates also increased compared with that of the pure MPEG-PDLLA micelles. However, when the mass ratio of c-MWCNTs to MPEG-PDLLA was 0.05:1, the sustained release rate of the composite drug carrier was the fastest. When the addition amounts of c-MWCNTs continued to increase, the sustained drug release rate began to decrease. This phenomenon can be ascribed to the fact that the hydrophobic segments of MPEG-PDLLA fully interacted with c-MWCNTs (tube diameter 30~50 nm, length 0.5~2 μm), forming an adsorption layer on the surface of c-MWCNTs. The distance between the hydrophobic segments was larger compared to that of the micelles with no c-MWCNT addition, which weakened the interaction force with the drug and thus accelerated the drug release rate. When increasing the addition amount of c-MWCNTs, the distance between the hydrophobic segments of MPEG-PDLLA adsorbed on the surface of c-MWCNTs also increased. In this case, a portion of the drug was loaded onto the surface of c-MWCNTs and the stronger interaction force between the DOX and c-MWCNTs caused the drug release rate to decrease.





4. Conclusions


In conclusion, we explored the effect of adding c-MWCNTs to methoxy polyethylene glycol-poly (D, L-lactic acid) (MPEG-PDLLA) micelles on the structure and corresponding drug release. The cooperative self-assembly of MPEG-PDLLA and c-MWCNTs with a diameter <8 nm can change from core–shell spherical micelles to rod-like micelles and then to large composite aggregates by increasing the addition amount of c-MWCNTs. The morphological transition mechanism of the cooperatively self-assembled structures was proposed based on the TEM results. Due to the narrower size of diameter, c-MWCNTs with a diameter <8 nm could not provide space enough to allow the MPEG-PDLLA to fully anchor on the surface of CNTs, so most of the hydrophobic chain dangled outside the carbon nanotubes along with the hydrophilic chain and constituted a new “temporary shape amphiphile”. These “temporary shape amphiphiles” and MPEG-PDLLA could cooperatively assemble into different supramolecular aggregates, providing an adequate hydrophobic cargo to adopt the c-MWCNTs according to the addition amount of c-MWCNTs. However, in the case of adding c-MWCNTs with a diameter of 30~50 nm to the MPEG-PDLLA solutions, the wide diameter of c-MWCNTs allowed the PDLLA segments of MPEG-PDLLA to fully anchor onto the surface of CNTs and screen the hydrophobic interactions among the CNTs, while the hydrophilic block dangled out of the CNTs and enabled their good dispersion. Furthermore, as-prepared MPEG-PDLLA/c-MWCNT nanocomposites could be used as drug carriers to control the drug loading and release. The results obtained provide new insights into the understanding of the role of carbon nanotubes in adjusting the self-assembly behavior and drug release of amphiphilic block copolymers and further demonstrate the future potential for the controllable fabrication of functional nanostructures for biomedical applications.







Author Contributions


Z.W. S.T. Y.C. X.Y. and Q.T. made critical contributions to the collection and interpretation of data. Q.T. conceived and designed the experiments; Z.W., S.T. and Y.C. performed the experiments; Q.T. and Z.W. wrote the paper.




Funding


This research received no external funding.




Acknowledgments


The authors acknowledge the financial support from the National High Technology Research and Development Program of China 863 (2012AA022606), the National Science Foundation of China (50603019) and the Fundamental Research Funds for the Central Universities.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Epps, T.H., III; O’Reilly, R.K. Block copolymers: Controlling nanostructure to generate functional materials—Synthesis, characterization, and engineering. Chem. Sci. 2016, 7, 1674–1689. [Google Scholar] [CrossRef]

	



Letchford, K.; Burt, H. A review of the formation and classification of amphiphilic block copolymer nanoparticulate structures: Micelles, nanospheres, nanocapsules and polymersomes. Eur. J. Pharm. Biopharm. 2007, 65, 259–269. [Google Scholar] [CrossRef]

	



Mai, Y.; Eisenberg, A. Self-assembly of block copolymers. Chem. Soc. Rev. 2012, 41, 5969–5985. [Google Scholar] [CrossRef]

	



Moughton, A.O.; Hillmyer, M.A.; Lodge, T.P. Multicompartment Block Polymer Micelles. Macromolecules 2012, 45, 2–19. [Google Scholar] [CrossRef]

	



Zhu, J.; Hayward, R.C. Spontaneous generation of amphiphilic block copolymer micelles with multiple morphologies through interfacial instabilities. J. Am. Chem. Soc. 2008, 130, 7496–7502. [Google Scholar] [CrossRef] [PubMed]

	



Rosler, A.; Vandermeulen, G.W.M.; Klok, H.A. Advanced drug delivery devices via self-assembly of amphiphilic block copolymers. Adv. Drug Deliv. Rev. 2001, 53, 95–108. [Google Scholar] [CrossRef]

	



Nasongkla, N.; Bey, E.; Ren, J.; Ai, H.; Khemtong, C.; Guthi, J.S.; Chin, S.-F.; Sherry, A.D.; Boothman, D.A.; Gao, J. Multifunctional polymeric micelles as cancer-targeted, MRI-ultrasensitive drug delivery systems. Nano Lett. 2006, 6, 2427–2430. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Grailer, J.J.; Rowland, I.J.; Javadi, A.; Hurley, S.A.; Steeber, D.A.; Gong, S. Multifunctional SPIO/DOX-loaded wormlike polymer vesicles for cancer therapy and MR imaging. Biomaterials 2010, 31, 9065–9073. [Google Scholar] [CrossRef]

	



Jain, T.K.; Richey, J.; Strand, M.; Leslie-Pelecky, D.L.; Flask, C.A.; Labhasetwar, V. Magnetic nanoparticles with dual functional properties: Drug delivery and magnetic resonance imaging. Biomaterials 2008, 29, 4012–4021. [Google Scholar] [CrossRef]

	



Balazs, A.C.; Emrick, T.; Russell, T.P. Nanoparticle polymer composites: Where two small worlds meet. Science 2006, 314, 1107–1110. [Google Scholar] [CrossRef]

	



Mai, Y.; Eisenberg, A. Selective Localization of Preformed Nanoparticles in Morphologically Controllable Block Copolymer Aggregates in Solution. Acc. Chem. Res. 2012, 45, 1657–1666. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Li, W.; Zhu, J. Encapsulation of inorganic nanoparticles into block copolymer micellar aggregates: Strategies and precise localization of nanoparticles. Polymer 2014, 55, 1079–1096. [Google Scholar] [CrossRef][Green Version]

	



Gao, X.H.; Cui, Y.Y.; Levenson, R.M.; Chung, L.W.K.; Nie, S.M. In vivo cancer targeting and imaging with semiconductor quantum dots. Nat. Biotechnol. 2004, 22, 969–976. [Google Scholar] [CrossRef] [PubMed]

	



Berret, J.F.; Schonbeck, N.; Gazeau, F.; El Kharrat, D.; Sandre, O.; Vacher, A.; Airiau, M. Controlled clustering of superparamagnetic nanoparticles using block copolymers: Design of new contrast agents for magnetic resonance imaging. J. Am. Chem. Soc. 2006, 128, 1755–1761. [Google Scholar] [CrossRef]

	



Hickey, R.J.; Haynes, A.S.; Kikkawa, J.M.; Park, S.-J. Controlling the Self-Assembly Structure of Magnetic Nanoparticles and Amphiphilic Block-Copolymers: From Micelles to Vesicles. J. Am. Chem. Soc. 2011, 133, 1517–1525. [Google Scholar] [CrossRef] [PubMed]

	



Kao, J.; Thorkelsson, K.; Bai, P.; Zhang, Z.; Sun, C.; Xu, T. Rapid fabrication of hierarchically structured supramolecular nanocomposite thin films in one minute. Nat. Commun. 2014, 5. [Google Scholar] [CrossRef]

	



Mun, J.H.; Cha, S.K.; Kim, H.; Moon, H.-S.; Kim, J.Y.; Jin, H.M.; Choi, Y.J.; Baek, J.E.; Shin, J.; Kim, S.O. Nanodomain Swelling Block Copolymer Lithography for Morphology Tunable Metal Nanopatterning. Small 2014, 10, 3742–3749. [Google Scholar] [CrossRef]

	



McDevitt, M.R.; Chattopadhyay, D.; Kappel, B.J.; Jaggi, J.S.; Schiffman, S.R.; Antczak, C.; Njardarson, J.T.; Brentjens, R.; Scheinberg, D.A. Tumor targeting with antibody-functionalized, radiolabeled carbon nanotubes. J. Nucl. Med. 2007, 48, 1180–1189. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Cai, W.; He, L.; Nakayama, N.; Chen, K.; Sun, X.; Chen, X.; Dai, H. In vivo biodistribution and highly efficient tumour targeting of carbon nanotubes in mice. Nat. Nanotechnol. 2007, 2, 47–52. [Google Scholar] [CrossRef]

	



Cherukuri, P.; Gannon, C.J.; Leeuw, T.K.; Schmidt, H.K.; Smalley, R.E.; Curley, S.A.; Weisman, R.B. Mammalian pharmacokinetics of carbon nanotubes using intrinsic near-infrared fluorescence. Proc. Natl. Acad. Sci. USA 2006, 103, 18882–18886. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



De La Zerda, A.; Zavaleta, C.; Keren, S.; Vaithilingam, S.; Bodapati, S.; Liu, Z.; Levi, J.; Smith, B.R.; Ma, T.-J.; Oralkan, O.; et al. Carbon nanotubes as photoacoustic molecular imaging agents in living mice. Nat. Nanotechnol. 2008, 3, 557–562. [Google Scholar] [CrossRef][Green Version]

	



de la Zerda, A.; Liu, Z.; Bodapati, S.; Teed, R.; Vaithilingam, S.; Khuri-Yakub, B.T.; Chen, X.; Dai, H.; Gambhir, S.S. Ultrahigh Sensitivity Carbon Nanotube Agents for Photoacoustic Molecular Imaging in Living Mice. Nano Lett. 2010, 10, 2168–2172. [Google Scholar] [CrossRef]

	



Goodman, S.M.; Ferguson, N.; Dichiara, A.B. Lignin-assisted double acoustic irradiation for concentrated aqueous dispersions of carbon nanotubes. RSC Adv. 2017, 7, 5488–5496. [Google Scholar] [CrossRef][Green Version]

	



Khandare, J.J.; Jalota-Badhwar, A.; Satavalekar, S.D.; Bhansali, S.G.; Aher, N.D.; Kharas, F.; Banerjee, S.S. PEG-conjugated highly dispersive multifunctional magnetic multi-walled carbon nanotubes for cellular imaging. Nanoscale 2012, 4, 837–844. [Google Scholar] [CrossRef]

	



Mahajan, S.; Patharkar, A.; Kuche, K.; Maheshwari, R.; Deb, P.K.; Kalia, K.; Tekade, R.K. Functionalized carbon nanotubes as emerging delivery system for the treatment of cancer. Int. J. Pharm. 2018, 548, 540–558. [Google Scholar] [CrossRef] [PubMed]

	



Biju, V. Chemical modifications and bioconjugate reactions of nanomaterials for sensing, imaging, drug delivery and therapy. Chem. Soc. Rev. 2014, 43, 744–764. [Google Scholar] [CrossRef] [PubMed]

	



Wu, H.-C.; Chang, X.; Liu, L.; Zhao, F.; Zhao, Y. Chemistry of carbon nanotubes in biomedical applications. J. Mater. Chem. 2010, 20, 1036–1052. [Google Scholar] [CrossRef]

	



Mazzaglia, A.; Scala, A.; Sortino, G.; Zagami, R.; Zhu, Y.; Sciortino, M.T.; Pennisi, R.; Pizzo, M.M.; Neri, G.; Grassi, G.; et al. Intracellular trafficking and therapeutic outcome of multiwalled carbon nanotubes modified with cyclodextrins and polyethylenimine. Colloids Surf. B-Biointerfaces 2018, 163, 55–63. [Google Scholar] [CrossRef] [PubMed]

	



Dong, X.; Sun, Z.; Wang, X.; Leng, X. An innovative MWCNTs/DOX/TC nanosystem for chemo-photothermal combination therapy of cancer. Nanomed. Nanotechnol. Biol. Med. 2017, 13, 2271–2280. [Google Scholar] [CrossRef]

	



Kharissova, O.V.; Kharisov, B.I.; de Casas Ortiz, E.G. Dispersion of carbon nanotubes in water and non-aqueous solvents. RSC Adv. 2013, 3, 24812–24852. [Google Scholar] [CrossRef]

	



Bilalis, P.; Katsigiannopoulos, D.; Avgeropoulos, A.; Sakellariou, G. Non-covalent functionalization of carbon nanotubes with polymers. RSC Adv. 2014, 4, 2911–2934. [Google Scholar] [CrossRef]

	



Yao, X.P.; Li, J.; Kong, L.; Wang, Y. Surface functionalization of carbon nanotubes by direct encapsulation with varying dosages of amphiphilic block copolymers. Nanotechnology 2015, 26, 10. [Google Scholar] [CrossRef]

	



Kubotera, A.; Saito, R. Architectural effect of poly(acrylic acid) and poly(amide imide) block copolymers on dispersion of carbon nanotubes in water. J. Appl. Polym. Sci. 2016, 133. [Google Scholar] [CrossRef]

	



Li, B.; Li, L.; Wang, B.; Li, C.Y. Alternating patterns on single-walled carbon nanotubes. Nat. Nanotechnol. 2009, 4, 358–362. [Google Scholar] [CrossRef] [PubMed]

	



Ha, J.-M.; Jang, H.-S.; Lim, S.-H.; Choi, S.-M. Selective distributions of functionalized single-walled carbon nanotubes in a polymeric reverse hexagonal phase. Soft Matter 2015, 11, 5821–5827. [Google Scholar] [CrossRef]

	



Szleifer, I.; Yerushalmi-Rozen, R. Polymers and carbon nanotubes—dimensionality, interactions and nanotechnology. Polymer 2005, 46, 7803–7818. [Google Scholar] [CrossRef][Green Version]

	



Dieckmann, G.R.; Dalton, A.B.; Johnson, P.A.; Razal, J.; Chen, J.; Giordano, G.M.; Muñoz, E.; Musselman, I.H.; Baughman, R.H.; Draper, R.K. Controlled Assembly of Carbon Nanotubes by Designed Amphiphilic Peptide Helices. J. Am. Chem. Soc. 2003, 125, 1770–1777. [Google Scholar] [CrossRef]

	



Star, A.; Stoddart, J.F. Dispersion and Solubilization of Single-Walled Carbon Nanotubes with a Hyperbranched Polymer. Macromolecules 2002, 35, 7516–7520. [Google Scholar] [CrossRef]

	



O’Connell, M.J.; Bachilo, S.M.; Huffman, C.B.; Moore, V.C.; Strano, M.S.; Haroz, E.H.; Rialon, K.L.; Boul, P.J.; Noon, W.H.; Kittrell, C.; et al. Band Gap Fluorescence from Individual Single-Walled Carbon Nanotubes. Science 2002, 297, 593–596. [Google Scholar] [CrossRef]

	



Nativ-Roth, E.; Shvartzman-Cohen, R.; Bounioux, C.; Florent, M.; Zhang, D.; Szleifer, I.; Yerushalmi-Rozen, R. Physical Adsorption of Block Copolymers to SWNT and MWNT:  A Nonwrapping Mechanism. Macromolecules 2007, 40, 3676–3685. [Google Scholar] [CrossRef]

	



Shvartzman-Cohen, R.; Levi-Kalisman, Y.; Nativ-Roth, E.; Yerushalmi-Rozen, R. Generic Approach for Dispersing Single-Walled Carbon Nanotubes:  The Strength of a Weak Interaction. Langmuir 2004, 20, 6085–6088. [Google Scholar] [CrossRef] [PubMed]








[image: Materials 12 01606 g001 550]





Figure 1. Transmission electron microscopy (TEM) images of drug-loaded methoxy polyethylene glycol-poly (D,L-lactic acid) (MPEG-PDLLA)/carbon nanotube (CNT) nanocomposites obtained at different mass ratios of carboxyl-modified multi-walled carbon nanotubes (c-MWCNTs)/MPEG-PDLLA: (a) 0; (b) 0.005:1; (c) 0.01:1; (d) 0.02:1; (e) 0.05:1; (f) 0.1:1. 
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Figure 2. Size distributions of drug-loaded MPEG-PDLLA/c-MWCNT nanocomposites prepared from different amounts of c-MWCNTs added to the MPEG-PDLLA/c-MWCNTs mixed solutions (determined by dynamic light scattering (DLS) at 25 °C). 
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Figure 3. High-resolution transmission electron microscopy (HR-TEM) images of drug-loaded MPEG-PDLLA/c-MWCNT nanocomposites prepared at different mass ratios of c-MWCNTs/MPEG-PDLLA: (a,b) 0.02:1 and (c,d) 0.1:1. 
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Figure 4. Transmission electron microscopy (TEM) images of mixing MPEG-PDLLA micelles with c-MWCNTs (addition at a mass ratio of c-MWCNTs/MPEG-PDLLA 0.1:1) for different times: (a) 0.5 h; (b) 2 h; (c) 6 h; (d) 24 h. 
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Figure 5. Thermal gravimetric analysis (TGA) curves (50–800 °C) of drug-loaded MPEG-PDLLA/c-MWCNT nanocomposites prepared from different amounts of c-MWCNTs added to the MPEG-PDLLA/c-MWCNT mixed solutions. 
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Figure 6. Transmission electron microscopy (TEM) images of drug-loaded MPEG-PDLLA/c-MWCNT nanocomposites prepared with a mass ratio of c-MWCNTs/MPEG-PDLLA of 0.1:1 (tube diameter <8 nm, length 0.5~2 μm). 
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Figure 7. Transmission electron microscopy (TEM) images of drug-loaded MPEG-PDLLA/c-MWCNT nanocomposites obtained at different mass ratios of c-MWCNTs (tube diameter >30 nm, length 0.5~2 μm) to MPEG-PDLLA: (a) 0; (b) 0.05:1; (c) 0.2:1; (d) 0.3:1. 
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Figure 8. Transmission electron microscopy (TEM) images of drug-loaded MPEG-PDLLA/c-MWCNT nanocomposites obtained at different mass ratios of c-MWCNTs (tube diameter >30 nm, length 0.5~2 μm) to MPEG-PDLLA: (a) 0.2:1; (b) 0.3:1 and (c) 1:0. 
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Figure 9. Schematic representation of the possible formation structures of drug-loaded MPEG-PDLLA/c-MWCNT nanocomposites prepared with different amounts of c-MWCNTs added to the MPEG-PDLLA solutions: (a) a low addition of c-MWCNTs with a small diameter; (b) a high addition of c-MWCNTs with a small diameter; (c) a low addition of c-MWCNTs with a large diameter; (d) a high addition of c-MWCNTs with a large diameter. 
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Figure 10. Dispersion stability of drug-loaded MPEG-PDLLA/c-MWCNT nanocomposites prepared from different amounts of c-MWCNTs added to the MPEG-PDLLA solutions in phosphate buffer solution (PBS): (a) c-MWCNTs with a small diameter (tube diameter <8 nm, length 0.5~2 μm) and (b) c-MWCNTs with a large diameter (tube diameter 30~50 nm, length 0.5~2 μm). 
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Figure 11. Release profiles of doxorubicin (DOX) from DOX-loaded nanocomposites prepared from the different addition amounts of c-MWCNTs (tube diameter <8 nm, length 0.5~2 μm) in the MPEG-PDLLA/c-MWCNT mixed solutions: (a) cumulative DOX release from drug-loaded micelles and (b) the DOX release rate. Data are shown as means ± S.D. (n = 6). 
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Figure 12. Release profiles of DOX from DOX-loaded nanocomposites prepared from the different addition amounts of c-MWCNTs (tube diameter 30~50 nm, length 0.5~2 μm) in the MPEG-PDLLA/c-MWCNT mixed solutions: (a) cumulative DOX release from drug-loaded micelles and (b) the DOX release rate. Data are shown as means ± S.D. (n = 6). 
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Table 1. Diameter of c-MWCNTs in drug-loaded MPEG-PDLLA/c-MWCNT nanocomposites prepared with a mass ratio of c-MWCNTs/MPEG-PDLLA of 0.1:1 (tube diameter <8 nm, length 0.5~2 μm).
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	Number
	Size/nm





	1
	30



	2
	22



	3
	15



	4
	14



	5
	23



	6
	20










[image: Table]





Table 2. Drug entrapment (DE%) of drug-loaded MPEG-PDLLA/c-MWCNT nanocomposites prepared from the MPEG-PDLLA/c-MWCNTs mixed solutions with different c-MWCNT (tube diameter <8 nm, length 0.5~2 μm) additions.
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	c-MWCNT Addition
	Drug Entrapment (DE%)





	0:1
	4.35 ± 0.20



	0.01:1
	4.72 ± 0.25



	0.02:1
	4.51 ± 0.15



	0.05:1
	5.38 ± 0.32



	0.1:1
	6.22 ± 0.35



	1:0
	2.53 ± 0.10
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Table 3. Drug entrapment (DE%) of drug-loaded MPEG-PDLLA/c-MWCNT nanocomposites prepared from the MPEG-PDLLA/c-MWCNTs mixed solutions with different c-MWCNT (tube diameter >30 nm, length 0.5~2 μm) additions.
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	c-MWCNT Addition
	Drug Entrapment (DE%)





	0:1
	4.35 ± 0.20



	0.05:1
	4.97 ± 0.27



	0.1:1
	5.71 ± 0.31



	0.2:1
	5.13 ± 0.23



	0.3:1
	6.86 ± 0.36



	1:0
	3.65 ± 0.13











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
Remaining mass/%

100

50 100 1:

50 200 250 300 350 400 450 500 550 600 650 700 750 800
Temperature/°C





media/file13.png
120 88282






media/file12.jpg





media/file18.jpg
11500

1:500°0
1100
1200
1500
vzo
Leo

2 e

PBS 7.4
0days

PBS7.4
4days

(b)





media/file9.png
Remaining mass/%

100

90 - —_—:1
80 - —_—().01:1
—_—().05:1

o8 —0.1:1

60 -

50

40 -

30 -

20

10 -

0

|
S0 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

Temperature/°C





media/file14.jpg





media/file20.jpg
TR

Cumulative DOX release/ug

Release rate(ug/d)

nE62

30

0246 81012141618202224262830
Timerd

(@)

02468 1002141618202224262830
Timeld

(b)





media/file23.png
Cumulative DOX release/ug

120
1104 e
100 . ——
904 /’f*" '
80 [ ET
707 jF°
60 ,".:, ¥ —0:1
504 % —0.05:1
40 — 01
—0.2:1
30 —0.3:1
20 —1:0
10+
0 T I T T T T T T T T 1 T T T T
0 2 46 81012141618202224262830

Time/d

(a)

Release rate(ug/d)

5.0
4.5 -
4.0
3.9
3.0
2.5+
2.0
1.5
1.0+
0.5

)]
—&—0.05:1
i (). 1:1
—p—.2:1
——0.3:1
i 1.0

0.6 0.8 1.0
Time/d

0 2 4 6 81012141618 202224262830

Time/d

(b)





media/file5.png
e
i
e
AP

e
e i
ok e g PR






media/file15.png
02 2382






media/file19.png
Y 0
-
%d
D-4





media/file2.jpg
Intensity/%

T T T T—1—T T
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

Size/nm





nav.xhtml


  materials-12-01606


  
    		
      materials-12-01606
    


  




  





media/file11.png





media/file6.jpg





media/file1.png





media/file10.jpg





media/file7.png





media/file16.jpg





media/file3.png
Intensity/%

|
100 200 300 400 500 600

700 800 900 100011001200 13001400
Size/nm





media/file22.jpg
Cumulative DOX release/ug

zsz23es

Release rate(ugt)

03468 Risten0nizen 0
Timeid
(@)

02468 1012141618202224262830






media/file17.png





media/file4.jpg





media/file0.jpg





media/file21.png
Cumulative DOX release/ug

90 -
80
70 -
60 - Vsl —s
50 e
40 £
f'z e | 1] |
307 ——0.01:1
¥ —0.02:1
20 ——0.05:1
104 —0.1:1 |
~ —1:0 |
0 1 1 I 1 1 1 1 I 1 1 1 | 1 1 1 1
0 2 4 6 8101214161820222426283

Time/d

(@)

Release rate(ug/d)

5.04 1§ 100 ;
4.5- o i
g —h—0.02:1 |
4.0 ¥ ol —v—0.05:1 |
S ——0.1:1
3.5- —~=10 |
f—_': 40
3.0 g
2.5 . . :
2.0 . 'l'inm!(l. . -
1.5 1
1.0 -
0.5
0 2 4 6 8 101214161820222426283






