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Abstract

:

In this paper we investigate a potential new treatment option for basal cell carcinoma using electrospun polymer nanofibers. Poly(ε-caprolactone) fibers incorporated with the anti-cancer drug imiquimod were successfully produced for the first time. These fibers were characterized and their diffusion release profile tested in vitro. A range of different electrospinning parameters were investigated in order to determine the most effective approach in optimizing the fibers for future in vivo testing. Characterization showed stable and homogeneous distribution of imiquimod. Although the drug was released faster than what would be needed to replicate the current treatment model, this system would ideally allow for a treatment option which reduces side effects and is more convenient for the patient than the current topical treatment.
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1. Introduction


Skin cancer is the highest incidence cancer across many countries in the world [1,2,3,4,5]. Whilst melanomas have the highest mortality for skin cancers, it is the non-melanoma skin cancers (NMSCs) such as basal cell carcinoma (BCCs) and squamous cell carcinoma (SCCs) that are more common [5]. The economic impact of skin cancers is on the rise so therefore it is necessary to investigate effective but also low cost treatments [6,7]. The current treatment options of NMSCs are extremely varied and very situational [6,8]. Surgical removal of BCCs is favored due to the speed of treatment, particularly for larger tumors [6]. However, an area of healthy skin around the tumor must also be removed to ensure complete excision [9,10]. The exact size of this added margin can vary greatly between surgeons and can be as large as 15 mm [6,9,10,11]. Factors like location (face, neck, etc.) can impose limitations on surgery so other avenues must be sought. The desire to reduce scarring in visible areas alongside the added difficulty of the surgery plays an important role in this decision.



Topical treatments [8] are the most common non-surgical method but other options like radiotherapy [12], photodynamic therapy [13] and cryotherapy [14] have their niches. Combinations of surgical and non-surgical treatment options are also used [8,14]. Imiquimod is one such drugs used as a topical treatment. It is an imidazo-quinoline amine and acts as an immunomodulating agent [15,16,17]. It is known to induce a range of cytokines and chemokines, in particular, interferon-α (IFN-α) through activation of the Toll-like Receptor 7 (TLR-7) pathway [15,16,17,18]. Imiquimod, commonly marketed as Aldara™, is used as a self-administered 5% topical cream for treatment of BCC. Various dosages and treatment periods have been shown to be effective [19,20,21]. In particular, Geisse et al. [21] have showed clearance rates of 75% and 73% over a 6 week period for 5 applications per week and 7 applications per week respectively. The current FDA approved dose of imiquimod in the treatment of BCC is 5 applications per week for 6 weeks [17,22]. However, a common side effect of the treatment is inflammation of the skin at the treatment site as well as scabbing and flaking. In separate randomized, double blind trials by Beutner et al. [20] and Geisse et al. [21] almost all patients exhibited some form of adverse reaction at the local site of treatment. The severity and frequency of the reactions were seen to increase as the frequency of application was increased. In some cases the reaction was severe enough to require a rest day from treatment. In addition to inflammation, patient compliance [21], difficulty reaching the treatment area (e.g. BCC located on the back) and also the low penetration of the drug into the skin [23] are major problems. Current topical treatments need to have high doses of cancer treating medication to combat poor retention, which can lead to issues of over medication. This also results in a higher cost of treatment.



A possible alternative is to develop a nanotechnology based system for delivery of the anticancer drug into the tumor [24,25,26,27,28,29,30,31]. External patches [32] have been investigated for use with imiquimod [33], however an implantable system has not yet been developed. Poly(ε-caprolactone) (PCL) is an FDA approved biodegradable polymer used for a wide range of biomaterial applications [24,27,34,35,36]. Moreover, it is easily electrospun into nanofiber using a range of solvents and preparation parameters [34,35,36,37,38,39,40]. Electrospinning has a wide range of uses due to the customization available. Fibers can be produced with different length, thickness, tensile strength and many more unique properties. The produced fibers can be on the nanoscale but due to the spin process they are able to form a strong mesh as a macrosystem [35,38,39]. Nanofibers provide excellent applications in biomaterials due to many properties including high surface area and porosity [36,41,42,43,44]. In this work, we look at the viability of a PCL electrospun nanofiber system loaded with imiquimod as a treatment option for basal cell carcinoma by implantation under the tumor. The fiber system could potentially be implanted through a simple procedure like injection or a small incision. Developing this type of system could potentially allow for a great reduction in the dosage required when compared to topical treatments by removing the losses experience through the skin (Figure 1). The high surface area of a nanofiber system would also allow for a fast release of imiquimod from the implant and potentially reduce dosage requirements.
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Figure 1. Schematic illustration for the nanofiber-based treatment of basal cell carcinoma. 
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2. Experimental Section


2.1. Preparation of Poly(ε-caprolactone) (PCL)


PCL were synthesized by ring-opening polymerization from terminal hydroxyl groups of tetrametylene glycol using tin octoate as a catalyst [45,46]. The ε-caprolactone (105 mL, 0.99 mol) and 1,4-butandiol (221 μL, 2.47 mmol) were placed in round-bottom flask under N2 gas. Tin(II) 2-ethylhexanoate (0.50 mmol) was dropped into the reaction flask. The mixing solution was allowed to react under stirring at 120 °C for 72 h. The product was completely dissolved in tetrahydrofuran (THF). The obtained PCL was purified by reprecipitation from hexane and diethylether. 1H NMR (300 MHz, CDCl3): δ/ppm 1.3 (m, 2H, CH2 backbone), 1.6 (m, 4H, CH2 backbone), 2.2 (m, 2H, CH2 backbone), 3.6 (t, –CH2OH end group), 4.0 (m, 2H, OCH2 backbone).




2.2. Fiber Production


Nanofibers were produced through electrospinning the PCL using an applied voltage of 20 kV (Nanon-01A, MECC Co., Ltd., Fukuoka, Japan) with an 11 cm needle and collector plate separation. The flow rate and PCL to solvent (hexafluoro-2-propanol (HFIP)) ratio (w/v%) were varied in order to produce different fibers. Each set of parameters were used for a 5 wt% and 10 wt% loading of imiquimod.




2.3. Characterization


Fiber morphology was characterized using a FE-SEM (SU8000, Hitachi High-Technologies Corporation, Tokyo, Japan) at 1 kV. Samples were coated with ~3 nm of platinum before imaging due to the poor reflectivity of the PCL. Images were analyzed using ImageJ software. Energy Dispersive X-Ray Spectroscopy (FE-SEM SU8000 EDX, Hitachi High-Technologies Corporation, Tokyo, Japan) Mapping (with Bruker QUANTAX EDS for SEM, 5 kV) for the Nitrogen in the imiquimod was used to show the localization of the drug within the fibers. 1H NMR (300 MHz JNM AL300, JEOL Ltd., Tokyo, Japan) was used to investigate the molecular weight and molecular ratio of PCL to imiquimod. This produced an approximation of the drug loading within small sections of the fiber. Samples from each mesh (5–10 mg) were solubilized in CDCl3 with HFIP (96:4). The molecular weight (Mn) and polydispersity (Mw/Mn) of PCL were determined by gel permeation chromatography (GPC) with columns of TOSOH TSK-GEL α-2500 and α-4000 (Tosoh, Tokyo, Japan) and a RI-2031 refractive index detector (JASCO International Co., Ltd., Tokyo, Japan) (THF, 30 °C, 1.0 mL/min). XRD (Rint 2000 Ultima- III, RIGAKU Corporation, Tokyo, Japan) was used for X-ray Diffraction analysis of the fibers. Samples were scanned from 5° to 45° at a scan rate of 1°/min. Scanning occurred at 40 kV/40 mA using a Cu target Kα source.




2.4. Drug Release Profile


1.5 cm2 segments of each fiber mesh (performed in triplicate) were weighed and placed in individual tubes. 100 mL of pre-warmed Phosphate Buffered Saline (PBS, pH 7.4, Sigma-Aldrich, Tokyo, Japan) was added to each tube and placed into 37 °C shaking water bath in order to mimic the conditions seen in the body. As the electrospinning process creates layers of polymer in an arbitrary manner the resulting mesh is often not uniform with areas of the same mesh exhibiting different fiber distributions. The segments were cut to 1.5 cm2 sections in order to eliminate variance in the drug release due to the size and shape of the sample. The segments varied in weight between 0.73 mg and 3.82 mg. At specified time intervals, 2 mL of solution was removed from each tube and replaced with fresh, pre-warmed PBS in order to maintain the total volume through the trial. The removed solutions were analyzed for imiquimod concentration with UV-Vis spectroscopy using a Jasco V-650 spectrophotometer.





3. Results and Discussion


3.1. SEM of PCL/Imiquimod Nanofibers


The molecular weight and polydispersity of PCL were summarized in Table 1. The calculated molecular weights agreed between 1H NMR (Mn,NMR = 27,600 g/mol) and GPC (Mn,GPC = 27,000 g/mol) results and the polydispersity was relatively narrow (Mw/Mn = 1.35).
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Table 1. Characteristic data of poly(ε-caprolactone) (PCL).
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PCL

	
Mn,NMR

	
Mn,GPC

	
Mw/Mn




	
(g/mol)

	
(g/mol)

	
(-)




	
27,600

	
27,000

	
1.35









The characterization of PCL/Imiquimod fibers was shown in Table 2. The prepared fibers with no drug were considerably larger than their drug-inclusive counterparts. The fiber size showed no consistent trend between differing imiquimod concentrations. Figure 2 shows only slight differences in the surfaces of the fibers. In particular, the 10 wt% fibers (sample B) showed small nodules on the surface more frequently than the 5 wt% fibers (sample A). EDX mapping of Nitrogen in the fibers can be seen in Figure 3 showing that there is no nucleation of imiquimod within the fibers due to the even distribution of the Nitrogen signal shown as green dots. This was consistent across all samples. A non-homogeneous distribution would create issues in the practicality of this type of system as the local concentration may not be representative of the entire system. Any aggregation of the imiquimod could alter the release of the drug from the system due to the changes to the particle size.
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Figure 2. 1 kV SEM images of each PCL/imiquimod nanofiber sample. The images are labeled with the sample name shown in Table 2. 
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Table 2. Electrospinning variables and fiber size analysis of PCL/Imiquimod nanofibers.
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Sample

	
PCL w/v%

	
Flow rate (mL/h)

	
Imiquimod wt%

	
Average fiber size (nm) ± standard deviation






	
1

	
15

	
1

	
0

	
540 ± 281




	
1A

	
15

	
1

	
5

	
72 ± 22




	
1B

	
15

	
1

	
10

	
120 ± 56




	
2

	
15

	
2

	
0

	
1028 ± 382




	
2A

	
15

	
2

	
5

	
94 ± 20




	
2B

	
15

	
2

	
10

	
95 ± 92




	
3

	
20

	
1

	
0

	
1320 ± 504




	
3A

	
20

	
1

	
5

	
132 ± 33




	
3B

	
20

	
1

	
10

	
150 ± 36
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Figure 3. Energy Dispersive X-Ray Spectroscopy (EDX) mapping of sample 1A showing the nitrogen signal produced by imiquimod (green). Signal was detected for 1 min 30 s. Homogeneous distribution was seen across all samples. 
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3.2. X-Ray Diffraction


XRD scan results are shown in Figure 4. The imiquimod only sample (A) shows clear peaks due to the crystalline nature of the imiquimod powder. These peaks are not seen in the fiber samples which confirms that imiquimod is not in a crystalline state. Crystallization would increase the particle size significantly which would also interfere with the release of imiquimod. The results of the XRD and EDX mapping suggest that the electrospinning process allows for a homogeneous distribution of imiquimod inside of the nanofibers with no crystallization occurring.
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Figure 4. XRD results for imiquimod only (A), PCL only (B) and samples 1A, 1B, 2A, 2B, 3A, 3B (C to H respectively). The fiber samples only exhibit peaks for PCL and do not show any indication of imiquimod crystallinity due to no peaks observed matching the imiquimod only sample. 
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3.3. Drug Release Profile


First, the content of imiquimod in the nanofiber was measured using 1H NMR (1H NMR, CDCL3/HFIP (96:4), 25 °C: δ (ppm) 7.93 (d, 1H), 7.83 (d, 1H), 7.79 (s, 1H), 7.58 (t, 1H), 7.40 (t, 1H)). Peaks seen for PCL were as reported in Sinnwell, et al. [47]. From analysis of the molecular ratio between PCL and imiquimod peaks, the wt% of imiquimod was seen to be at the intended concentration (~±1 wt%). This measurement confirms that the signals detected in earlier EDX measurements were produced by imiquimod whilst also showing that imiquimod was still within an acceptable range of the intended concentration.



Imiquimod release from the fibers in PBS was initially noted to max at ~4 μg/mL. Therefore the total volume (100 mL) was chosen to guarantee that even with 100% drug release, the total concentration would remain below this limit. Drug release rate is extremely important for this type of system as the drug needs to maintain an effective concentration at the treatment site for an appropriate duration. Failing to do so could cause potential underdosing and subsequent failure to treat the problem.



Figure 5 shows that all imiquimod was released in varying time periods over 48 h. The rate of release was averaged for all replicates of each sample. The samples were cut into 1.5 cm2 square segments in order to maintain consistency for size and shape. Due to the non-uniform distribution of fibers produced by electrospinning, the thicknesses of each segment varied at different locations in the mesh. Therefore the samples were weighed in order to determine the total amount of imiquimod within the fiber. The heavier segments were subsequently accepted as being thicker than the lighter segments due to each sample being the same area. The total amount of imiquimod within the sample was taken as 5% (Sample a) or 10% (Sample B) of the total weight but as there was a variance of ±~1 wt% some samples showed greater than 100% release implying these samples had more than the 5 wt% or 10 wt% of imiquimod. Figure 6A shows there is an apparent trend in which the weight of the sample affects the release rate likely due to the smaller surface area to volume ratio (SA:V) seen for thicker samples. During the release tests, the fibers initially were an opaque white. However, as the release progressed, the fibers became slightly transparent. The heavier samples (smaller SA:V ratio) took a longer time to reach this transparent state. It was noted that at this time point, the release rate of the drug greatly increased. It was believed that this is the transparency occurred by the “wetting” of the fibers. Imiquimod is a very small molecule which increases its potential for rapid diffusion. Therefore, it is possible that the imiquimod releases as soon as the PBS “wets” the sample area. The smaller the SA:V ratio for the fiber mesh, the longer it takes for the PBS to penetrate. In order to investigate this hypothesis, the electrospinning conditions used for Sample 3A were repeated but with 3 times the volume. This created a much thicker mesh sample (labeled 3A-Thick). Parameters for sample 3 were chosen due to the fibers produced being more stable and easier to handle than the other options. Drug release testing was repeated with a 1.5 cm2 3A-Thick sample. The 3A-Thick tests showed the same trend for drug release as seen earlier. The thicker 3A-Thick samples were slower to release and also due to the added thickness, contained a larger dosage of drug (Figure 6B).
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Figure 5. Drug release profiles for all samples. The profile shown is the average for all 3 technical replicates. 100% drug release assumed 5 wt% and 10 wt% (sample A and B respectively) loading of imiquimod. 
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Figure 6. (A) Release rate vs. weight for original samples. The release rate time was determined by the first measurement where the drug concentration no longer increased. n = 3, 6, 5 and 4 from left to right; (B) Additional test showing results for sample 3A-Thick for comparison the original lighter samples. n = 3. 
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It is important to find a balance between what is an effective treatment dosage and the release duration. Miller et al. [48] showed the effective concentration of imiquimod in human cells to initiate a response was between 1 and 5 μg/mL. Fibers could be customized to maintain this effective concentration with an adequate release rate. However, release rates presented in this paper would likely be much faster than desired for an in vivo model. Current estimates for an effective drug delivery system would match closely with the current ~6 week treatment period used for the topical cream. In order to achieve a slower release there has been great promise in a range of techniques. The use of dendrimers [49], PEG conjugates [50,51] or micelles [52,53] are all viable options for slowing the release of drugs. These types of systems could either make the imiquimod part of a bigger molecule or trap the imiquimod into a multi-stage release. However, to be a feasible treatment this system must not inhibit the mechanism of action for imiquimod. Therefore whilst further investigation is necessary into the compatibility of imiquimod with these types of release mechanisms it is promising that a suitable option can be found.





4. Conclusions


Electrospinning provides a wide range of parameters for customizing PCL nanofibers. In combination with the anti-cancer drug imiquimod, fibers were produced with homogeneous distribution of the drug. The created fiber samples showed excellent potential for a diffusion release system. However the rate of release was faster than optimal. By combining this technology with drug encapsulation methods, a viable solution for a slower release rate can be found. With optimal customization of the release rate and the total dosage within the fibers, this system may be used for drug delivery to basal cell carcinomas. This could allow for a treatment option which reduces side effects significantly and is more convenient for the patient than the current topical treatment.
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