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Abstract

:

We present the anti-solvent precipitation of hydrophobic drugs griseofulvin (GF) and sulfamethoxazole (SMZ) in the presence of carboxylated carbon nanotubes (f-CNTs). The aqueous dispersed f-CNTs were directly incorporated into the drug particles during the precipitation process. f-CNTs with different levels of carboxylation were tested where the hydrophilicity was varied by altering the C:COOH ratio. The results show that the hydrophilic f-CNTs dramatically enhanced the dissolution rate for both drugs, and the enhancement corresponded to the hydrophilicity of f-CNTs. The time to reach 80% dissolution (t80) reduced from 52.5 min for pure SMZ to 16.5 min when incorporated f-CNTs that had a C:COOH ratio of 23.2 were used, and to 11.5 min when the ratio dropped to 16. A corresponding decrease was observed for SMZ for the above-mentioned f-CNTs. The study clearly demonstrates that it is possible to control the dissolution rate of hydrophobic drugs by altering the level of carboxylation of the incorporated CNTs.
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1. Introduction


Many drugs referred to as Class II and Class IV drugs have low solubility which limits their bioavailability and consequently their effectiveness as therapeutic agents [1]. The solubility and bioavailability are typically improved by particle size reduction, which is described by the Noyes Whitney equation [2]. Typically, micro and nano drug particles are formed via mechanical size reduction such as dry/wet milling and homogenization [3], and also via precipitation techniques [4]. Anti-solvent precipitation has been used to synthesize micro and nano particles of hydrophobic drugs [5,6]. Here, an antisolvent is used to precipitate crystals from a solution whose properties can be controlled by altering process conditions and the use of additives [7,8]. Dissolution rates of hydrophobic drugs have been enhanced by the addition of hydrophilic moieties to the formulation. For example, different cellulosic materials [9] have been used as co-precipitating agents and hydrophilic silica nanoparticles have been used to promote faster aqueous dissolution [10]. Various polymers have been employed as peptide carriers in diabetes, oncology, and cardiovascular drugs [11]. Solid dispersion is an increasingly popular method that uses hydroxypropyl methylcellulose (HPMC), polyvinylpyrrolidone (PVP), polyethylene glycol (PEG), and polymer micelles as carriers for insoluble drugs [12,13]. Glucosamine hydrochloride has been used in solid dispersions [14] and hydrophobic molecules have been included in cyclodextrin [15] to enhance dissolution rates.



A drug carrier can be directly incorporated into the drug crystal during anti-solvent precipitation, and the latter can play multiple roles. For example, it can serve as a nucleation site for crystal formation, provide colloidal stability during crystal formation, and be used as a drug delivery vehicle such as a targeting agent or one that alters bioavailability by changing the dissolution rate. It is well known that functionalization is an effective means with which to control aqueous behavior of nanotubes including colloidal stability as well as their solubilization capacity towards hydrophobic molecules [16,17,18]. Fiber-like carbon nanotubes (CNTs) can actually be incorporated into drug crystals, and if the functionalized CNTs) are hydrophilic, they can attract water molecules and bring them to drug crystals, leading up to faster dissolution. The hydrophilicity of functionalized CNTs can also be altered to change the dissolution rate, which is a phenomenon that can be used to control the release of the drug. One of the concerns for using CNTs in drug delivery and biomedical applications is the toxicity of oxidized CNTs. A number of in vitro and in vivo studies have been performed that show conflicting reports from both the type of CNTs and bioactivity of interest [19,20,21,22,23,24,25,26,27]. However, studies have shown that carboxylation is an effective way to reduce toxicity [28,29].



The unique properties of carbon nanotubes have led to various applications in biological and environmental fields [30,31]. There has been much interest regarding carbon nanotubes in nanomedicine and tissue engineering applications [32,33,34,35,36,37,38,39]. The CNTs have been used to deliver a wide range of small and large molecules for controlled release. Small drug molecules as well as peptides, vaccines, antibodies, nucleic acids, proteins, and genes have been attached to CNTs [40,41,42,43]. Targeted drug delivery using CNTs has been successful [44], and CNTs have shown permeability into tumor tissues via endocytosis [45].



The key to the applications of CNTs in drug delivery is their attachment to drug molecules. Different molecules/species can be attached to CNTs via covalent or non-covalent bonding. Covalent attachment to CNTs can provide secure loading of a molecule, and drugs such as paclitaxel, toxoid, doxorubicin, boron-bearing agents, methotrexate, and 10-hydroxycamptothecin have been linked to CNTs via non-biodegradable or degradable linkages [46,47]. If the drug is attached to the CNTs through a degradable linkage, the released drug’s activity and functionality need to be maintained, which can be a challenge. On the other hand, non-covalent approaches do not cause changes in the chemistry of drugs. The non-covalent approach to drug loading is to load the molecule onto the CNT surface by simple adsorption, π-stacking, hydrophobic interaction, or capillarity-induced filling [48,49,50]. Both pure CNTs and functionalized CNTs have been used in drug delivery, and in the case of noncovalent bonding, the advantages of functionalized CNTs can still be utilized.



Among functionalized CNTs, carboxylated CNTs (f-CNTs) are highly water dispersible and our studies have demonstrated their potential to enhance dissolution rates [51]. F-CNTs can be synthesized so that the carbon to oxygen atomic ratio can be varied to give different levels of hydrophilicity and it is conceivable that by varying the degree of functionalization, the drug can be released at different rates. Therefore, the level of functionalization is expected to be an important factor. The objective of this work was to study the effect of the degree of functionalization of the incorporated f-CNTs on hydrophobic drugs during anti-solvent synthesis of micron-scale drug particles as well as the dissolution rates. Of particular interest to this study were the antifungal agent griseofulvin (GF) and the antibiotic sulfamethoxazole (SMZ).




2. Material and Methods


2.1. Materials


Sodium dodecyl sulphate (SDS) was purchased from GFS (G. Frederick Smith) Chemicals Inc (GFS Chemicals Inc, Powell, OH, USA), hydrochloride acid was purchased from Fisher Scientific (Thermo Fisher Scientific Inc., Waltham, MA, USA), and raw multiwall carbon nanotubes nanotube (20–30 nm diameter, 10–30 µm length, purity > 95 wt%) was purchased from Cheap Tubes (Cheap Tubes Inc., Grafton, VT, USA), while GF, SMZ, sulfuric acid (95–98%), and nitric acid (70%) were purchased from Sigma Aldrich (MilliporeSigma Corporate, St. Louis, MO, USA). Purified Milli-Q Plus water (MilliporeSigma Corporate, St. Louis, MO, USA) was used in all experiments.




2.2. Methods


Carboxylated multiwall carbon nanotubes were synthesized following a methodology published previously in [51]. CNTs were reacted with a mixture of concentrated sulfuric acid and nitric acid at 140 °C for 5, 10, and 40 minutes, respectively, in a microwave reactor (model: CEM Mars). This led to the formation of various amounts of carboxylic groups on the CNTs surface that had different hydrophilicity [28]. The carboxylated CNTs were filtered through a 10μm polytetrafluoroethylene (PTFE) membrane filter, washed to a neutral pH, and dried under vacuum at 65 °C.



Drug/CNT composites were prepared by anti-solvent precipitation at room temperature. GF or SMZ (Figure 1) was saturatively dissolved in acetone. An antisolvent was prepared by dispersing f-CNTs in water under sonication for 10 min. The antisolvent was added dropwise into the drug solution under sonication and the solution turned cloudy immediately after the addition of the f-CNT suspension, which indicated crystal formation of the f-CNT/drug composites (which are referred to as GF-CNTX and SMZ-CNTX, respectively, where X represents the carbon to oxygen ratio). The resulting solution was filtered through a 10 μm PTFE membrane filter, washed, and dried in a vacuum oven until a constant weight was maintained.



The resulting drug/CNT composites were characterized with a scanning electron microscope (SEM), energy-dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM), differential scanning calorimetry (DSC), an X-Ray diffractometer (XRD), thermogravimetric analysis (TGA), and elemental analysis. The dissolution was tested by dissolution testing apparatus 2. SEM and EDX was performed with a LEO 1530VP (LEO Electron Microscopy Inc., Thornwood, NY, USA) and JEOL JSM-7900F (JEOL Ltd., Tokyo, Japan). TEM was performed with a Hitachi H-7500 Tungsten/LaB6 (Hitachi, Ltd., Tokyo, Japan) with a 100 KV energy bean. TGA was performed with a Perkin Elmer Pyris 1 thermogravimetric analyzer (PerkinElmer Inc., Waltham, MA, USA) which heated the samples from 30 °C to 1200 °C at 10 °C/min in air. Elemental analysis was performed using a Perkin-Elmer 2400 Series II elemental analyzer (PerkinElmer Inc., Waltham, MA, USA). Raman spectroscopy was performed with a Thermo Scientific DXR Raman Microscope (Thermo Fisher Scientific Inc., Waltham, MA, USA) with a 532 nm filter. Melting points were measured with a Perkin Elmer DSC 6000 (PerkinElmer Inc., Waltham, MA, USA). DSC was carried out under nitrogen; GF-CNTX samples were heated from 30 °C to 250 °C at 20 °C /min while SMZ-CNTX samples were heated from 30 °C to 200 °C at 20 °C /min. XRD was performed with a PANalytical EMPYREAN XRD (Malvern Panalytical Inc., Westborough, MA, USA) with a Cu tube as the X-ray source. A Symphony 7100 dissolution system (Distek, Inc., North Brunswick, NJ, USA) was used to study the dissolution behavior of the drug composites using a standard United States Pharmacopeia (USP) method (USP 41). The relative standard deviation of three repeat dissolution tests were below 4%.





3. Results and Discussion


EDX was used to examine the carbon and oxygen percentages in the functionalized CNTs. The degree of functionalization is shown in Table 1. As functionalization time increased, oxygen percentage increased and the C:COOH ratio decreased. After 40 min of functionalization, the oxygen percentage did not increase significantly and therefore treatment times beyond 40 minutes were not studied. The oxygen content of the different f-CNTs varied from 6.1 to 13.6% while the C:COOH ratio could be as low as 16:1. The f-CNTs were labeled based on the C:COOH ratio.



The concentrations of f-CNTs in GF were calculated from the TGA (Figure 2). The amount of f-CNTs in the GF crystals prepared from f-CNT23.2, f-CNT19.8, and f-CNT16.0 suspensions were found to be 3.9, 4.2, and 3.8%, respectively. The values were calculated based on the weight percent at the temperatures from which f-CNTs started to burn out (around 300 ℃) for each composite minus the corresponding weight percent of pure GF at the same temperature. Since the behavior of the f-CNTs was similar to SMZ during thermogravimetric analysis, it was difficult to predict the composition of the SMZ-CNT samples by TGA. The concentrations of f-CNTs in the SMZ-CNTs were measured based on elemental analysis. The sulfur content was used to calculate the amount of SMZ in the composite, from which the amount of f-CNTs could be predicted. The amount of f-CNTs in the SMZ crystals prepared from f-CNT23.2, f-CNT19.8, and f-CNT16.0 suspensions were found to be 2.9, 1.3, and 1.4%, respectively. These samples are referred to as SMZ-CNTX or GF-CNTX, where x is the C:COOH ratio. It appears that the degree of functionalization did not significantly affect the weight percent of f-CNTs in the drug crystals formed during the anti-solvent precipitation.



The GF-CNT and SMZ-CNT sample morphologies were studied using SEM. Figure 3a–c show SEM images of GF-CNT23.2, GF-CNT19.8, and GF-CNT16 at 25 K magnification. Figure 3d–f show SEM images of SMZ-CNT23.2, SMZ-CNT19.8 and SMZ-CNT16 at the same magnification. The SEM images show that the f-CNTs were present on the crystal surface. Compared to the SEM images of pure GF and pure SMZ in Figure 3g,h, the crystal shape and size did not depend on CNT functionalization or incorporation. The TEM images (Figure 3i,j) show that the f-CNTs were also partially embedded in the drug crystals.



Figure 4a shows the Raman spectra of f-CNTs, pure GF, and GF-CNTs with various degrees of functionalization. The typical spectral features of f-CNTs were overlaid with peaks from GF. The Raman spectra for pure GF and GF-CNT composites remained the same, indicating that the presence of the f-CNTs didn’t change the chemical nature of the GF or its polymorphism, which are important considerations in drug development. A similar observation was found in Figure 4b, which shows Raman spectra of f-CNTs, pure SMZ, and SMZ-CNTs with various degree of functionalization.



Crystal structures of GF-CNTx and SMZ-CNTx were also studied using XRD, and Figure 5 shows the diffractogram of GF-CNTx and SMZ-CNTx. It can be seen that the crystal structure remained unchanged with the incorporation of the f-CNTs. The diffractograms of pure drugs and drug-CNTs were identical. This implies that there were no changes in polymorphism.



The melting points of drug-CNT composites were analyzed by DSC 6000. The results are presented in Table 2. It can be seen that there was no significant change in melting points between the pure drug and its f-CNT composites.



Dissolution measurements were carried out based on the standard US Pharmacopeia Method (USP 41). GF-CNT composites were added to 4 mg/ml sodium dodecyl sulfate while SMZ-CNT composites were added to 0.1 N hydrochloric acid. The samples were stirred with a paddle at 75 rpm and heated to maintain a temperature of 37 °C. A small amount of medium was withdrawn at different times, filtered with a PTFE membrane to remove f-CNTs, and analyzed with Agilent 8453 UV-visible Spectroscopy System (Agilent, Santa Clara, CA, USA) to determine the amount of drug dissolved, at 291 nm for GF and 265 nm for SMZ. The dissolution data is presented in Figure 6.



It is evident from both profiles that the increase in the level of functionalization in the f-CNTs enhanced the release of the drugs. The f-CNTs were hydrophilic and increased contact between the water and the drug crystals. The water molecules adsorbed on the hydrophilic carboxylic groups and then used these as a conduit to the drug crystal to increase dissolution.



The time necessary to reach 50% (t50) and 80% (t80) dissolution reduced with the incorporation of the f-CNTs. For GF samples, t50 and t80 reduced by as much as 50% and 75%, while for the SMZ samples, t50 and t80 were reduced by as much as 74% and 78%. As the C:COOH ratio decreased from 23.2 to 16, the t50 of GF dropped from 6.0 to 4.0 min, a reduction of 33%, and the t80 of GF dropped from 60.0 to 30.5 min, a reduction of 49%. The corresponding drop for SMZ was from 8.5 to 6.0 min, a reduction of 31% for t50 and from 16.5 to 11 min, a reduction of 33% for t80.




4. Conclusions


The CNTs were oxidized to form f-CNTs with different levels of carboxylation. The SEM and TEM images show CNT incorporation into the drug crystals, and their presence was seen inside as well as outside the crystals. Based on Raman, XRD, and DSC measurements, it was evident that the f-CNTs did not change the crystal structure or the melting point. The dissolution rate was significantly enhanced with the incorporation of f-CNTs. By decreasing the C:COOH ratio in the f-CNTs, dissolution rates increased. Additionally, higher levels carboxylation showed lower values of these parameters. Therefore, it is evident that by varying the level of carboxylation, it is possible to control the dissolution rate of the hydrophobic drugs. This paper presents a novel approach to controlling the release rate by altering the level of CNT carboxylation. It is also possible that the degree of carboxylation can be used to alter other aspects of drug delivery, such as targeting capabilities.
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Figure 1. Structural formula for (a) griseofulvin (GF) and (b) sulfamethoxazole (SMZ). 
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Figure 2. Thermogravimetric analysis (TGA) of GF-CNTx. 
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Figure 3. Scanning electron microscope (SEM) images of (a) GF-CNT23.2, (b) GF-CNT19.8, (c) GF-CNT16, (d) SMZ-CNT23.2, (e) SMZ-CNT19.8, (f) SMZ-CNT16, (g) pure GF, (h) pure SMZ, and Transmission electron microscopy (TEM) images of (i) GF-CNT16, (j) SMZ-CNT16. 
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Figure 4. (a) Raman spectra of (A) f-CNT23.2, (B) pure GF, (C) GF-CNT23.2, (D) GF-CNT19.8, and (E) GF-CNT16; (b) Raman spectrum of (A) f-CNT23.2, (B) pure SMZ, (C) SMZ-CNT23.2, (D) SMZ-CNT19.8, and (E) SMZ-CNT16. 
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Figure 5. (a) X-Ray diffractometer (XRD) diffractogram of (A) f-CNT23.2, (B) pure GF, (C) GF-CNT23.2, (D) GF-CNT19.8, and (E) GF-CNT16; (b) XRD diffractogram of (A) f-CNT23.2, (B) pure SMZ, (C) SMZ-CNT23.2, (D) SMZ-CNT19.8, and (E) SMZ-CNT16. 
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Figure 6. (a) Dissolution of GF-CNTs, (b) dissolution of SMZ-CNTs, and (c) time to reach 80% dissolution for drugs (t80) with a degree of functionalization of CNTs. 
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Table 1. Analysis of carboxylated carbon nanotubes (f-CNTs) with different levels of functionalization.
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Treatment Time (min)

	
% by Weight

	
C:COOH




	
C

	
O






	
0

	
92.7

	
6.1

	
39.5




	
5

	
89.7

	
9.9

	
23.2




	
10

	
87.9

	
11.2

	
19.8




	
40

	
86.3

	
13.6

	
16.0
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Table 2. Dissolution and melting point of sulfamethoxazole-CNTs (SMZ-CNTs) and griseofulvin-CNTs (GF-CNTs).
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Incorporation %

	
C:COOH

	
T50 (min)

	
T80 (min)

	
Mp (°C)






	
GF-CNTx

	
0

	
39.5

	
8.0

	
>120.0

	
221.25




	
3.9

	
23.2

	
6.0

	
60.0

	
220.75




	
4.2

	
19.8

	
4.5

	
44.0

	
220.92




	
3.8

	
16

	
4.0

	
30.5

	
221.01




	
SMZ-CNTx

	
0

	
39.5

	
23.5

	
52.5

	
170.37




	
2.9

	
23.2

	
8.5

	
16.5

	
170.21




	
1.3

	
19.8

	
7.5

	
15.0

	
170.06




	
1.4

	
16

	
6.0

	
11.5

	
170.05
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