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Formulation and characterisation of spray-dried o-carborane/ poly(vinylpyrrolidone) for boron neutron capture therapy of liver and lung cancer
James R. Smith1, Temidayo O. B. Olusanya1, Ashleigh J. S. Owens1, Eirini D. Tseligka2, Ioannis S. Vizirianakis2, John Tsibouklis1
1School of Pharmacy and Biomedical Sciences, University of Portsmouth, St Michael’s Building, White Swan Road, Portsmouth PO1 2DT, United Kingdom
2Laboratory of Pharmacology, Department of Pharmaceutical Sciences, Aristotle University of Thessaloniki, GR-54124 Thessaloniki, Greece

DOI: 10.56511/JIPBS.2017.v4.i04.pp09-15 | Published: 2017-10-05

Abstract
Boron neutron capture therapy (BNCT) is a non-conventional type of radio-chemotherapy that has been used to target a number of cancers, although predominantly brain tumours (gliomas). We report the co-spray-drying of o-carborane, as a model BNCT agent, with poly(vinylpyrrolidone) (PVP), a water-soluble polymer, to produce microparticle powders of high boron-content for BNCT treatment of liver and lung cancers. The powders have been characterised using NMR, particle sizing, electron microscopy and cytotoxicity tests. 1H NMR indicated the high temperatures (180 °C) of the spray drying process did not degrade the PVP. Mean particle diameters (x90) were in the 2–10 µm range, with finer fractions being present (x10 @ 1–2 µm), and were therefore considered suitable size for delivery to the lungs. SEM imaging showed particles to be spherical, with dimples and cavities, caused by the spray drier nozzle characteristics, and similarly sized irregularly-shaped crystalline particles, thought to be o-carborane. Boron chemical mapping was attempted using EDS, although the low atomic weight of boron did not allow this to be possible. Cytotoxicity studies, using neoplastic (human glioblastoma U-87 MG) and non-neoplastic (human fetal lung fibroblast MRC-5) cells, revealed the PVP/o-carborane co-spray-dried particles to be non-toxic, as expected.
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Introduction

conventional radio-chemotherapy technique that provides a way of selectively destroying malignant cells, sparing 10 surrounding normal cells [1-3]. Boron ( B) has a large neutron capture cross-section and when the element is irradiated with low-energy (thermal) neutrons, a nuclear fission reaction occurs to yield high linear energy transfer 7 (LET) α-particles (1.47 MeV) and recoiling Li nuclei (0.84 MeV), with only low energy  emission (478 keV) 7 + [4,5]. The penetration of α-particles and Li into surrounding tissues is only 8 and 5 μm, respectively, and so the highly-ionising energy dose is confined to the 10 original B-containing cell or at least to the adjacent cells. Since the collateral damage is very low, this in principle, allows for a particularly targeted therapy. For 10 this to occur, a sufficient quantity of B must be selectively localised into the cancer cells, and a sufficient 10 dose of thermal neutrons aimed at the B-containing 10 cancer cells (ca. 20–30 μg B/g tumour) [4,6].

BNCT has been mainly focused on treatment of brain tumours (gliomas), predominately for the historical reasons of low-energy thermal neutron beams having low penetration through tissues [7]. Other cancers, however, are increasingly being investigated, such as head and neck, lung and liver cancers [1,8-12]. Also, nonmalignant diseases, such as rheumatoid arthritis, are useful in BNCT treatment [13]. The high number of lung cancer incidences (1.6 million diagnoses pa) [14], prompt a wide-spectrum use of BNCT for this cancer type [15]. Diffuse, non-resectable tumours in the lung seem particularly attractive targets for BNCT [8], as does hepatocellular carcinoma, which has poor effective treatments and prognosis unless diagnosed at an early stage [10].

Carboranes, caged polyhedral molecules based on boron, exhibit high molar boron content, neutral charge and good stability and are therefore ideal candidate molecules for use in BNCT [5,6,16,17]. These molecules are highly hydrophobic [18], although can be chemically modified [19,20], exist in different forms (ortho- „o-‟, meta- „m-‟ or para „p-‟) [18] and are biocompatible [21].

Spray drying is a convenient, attractive, one-step method of producing particles (typically, 1–10 μm dia.) from a liquid feed [22-24]. The technique can be used to microencapsulate active drugs/particles within a carrier (excipient) [22-26] and therefore might be effective in producing carriers to transport BNCT agents to cancers, such as those of the liver or lung; treatment of gliomas would require penetration through the blood-brain-barrier and therefore spray-dried particles would not be suitable owing to their large diameters [27]. In the case of liver cancer BNCT treatments, such formulations might be delivered orally or via injection since they are likely to end up in this organ. For lung cancer, delivery could be administered via metered-dose inhaler or dry powder inhaler (DPI) systems. Control of particle size, density and morphology can be achieved by varying spray drying operating conditions, such as air flow rate, inlet temperature, pump speed and feed concentration [22,23,28]. This is particularly useful for making DPI particulates [29,30], where the particle size broadly determines the locations within the airway the dispersed powders will be deposited [29,31]. For example, the smallest particles will end up in the alveoli, slightly larger ones will reach the bronchioles and the largest particles will only travel as far as the trachea.

In this paper, o-carborane (an underivatised, model BNCT agent) has been co-spray dried with poly(vinylpyrrolidone) (PVP, povidone), a water-soluble polymer that is effective as a drug delivery vehicle for dispersions of microparticles [32-35], to produce powders that could be further investigated for use as BNCT treatments for liver and lung cancers. Powders were characterised using NMR, particle sizing, electron microscopy and cytotoxicity tests.

Experimental

Materials

-1 PVP (MW 360,000 g mol ) was purchased from SigmaAldrich (Dorset, UK); o-carborane and di-sodium tetraborate (Na2B4O7.10H2O) were obtained from Alfa Aesar, UK and ThermoFisher Scientific (Loughborough, UK), respectively. Distilled water (MilliQ, Merck Millipore, Billerica, MA, USA) was used to prepare PVP/o-carborane solutions to be spray-dried. The cell culture reagents trypsin, Dulbecco‟s Modified Eagle‟s Medium (DMEM), Fetal Bovine Serum (FBS) and Penicillin-Streptomycin (PS) were obtained from Gibco (ThermoFisher Scientific).

Methods

Spray drying

Aqueous solutions of PVP (1 and 2 %w/v) with and without o-carborane (0.2 %w/v) were prepared (100 mL, 50 mL for o-carborane containing solutions) for spray drying (Table 1). Solutions were agitated (3000 rpm, electronic mini shaker) until all solids had dissolved (ca. 1 h) and left overnight (16 h). Spray drying was performed using a Buchi B-290 spray drier (Buchi, o Manchester, UK) using high inlet temperature (180 C) o and low outlet temperature (130 C, recorded not controlled) conditions; other spray drying conditions were speed 10 %, nozzle cleaner setting 3). After spray drying, % recovery for each run was calculated and the powders stored in vials in a desiccator.

NMR

1 H NMR spectra were obtained using a JEOL Eclipse+ 400 MHz NMR instrument (Oxford Instruments, Oxford, UK), operating at a field strength of 9.389766 T. PVP and o-carborane samples were dissolved in either CDCl or 3 CH OD.
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Particle sizing

Particle sizing was performed on the spray-dried powder PVP and PVP/o-carborane samples. The powders were dispersed using compressed air (2 bar) via the RODOS dry powder dispenser (RODOS, Sympatec GmbH Germany) prior to sizing analysis with a Sympatec HELOS laser diffractometer (HELOS Sympatec). The particle size distribution was recorded as x10, x50 and x90 values using WINDOW 4.0 software (Sympatec). The values presented were the mean of triplicate runs. Statistical analysis was performed using IBM Statistics SPSS (Version 21; Armonk, NY, USA) using a one-way ANOVA and post-hoc analysis (Tukey test).

SEM and EDS

Dry powders were sprinkled onto double-sided, carbonloaded disks attached to nickel SEM stubs. Excess powder was removed using a N2 stream and the samples were then sputter-coated with Au/Pd in an Argon atmosphere (<0.2 Torr, 18 mA for 5–10 min; Polaron E5000 SEM coating-unit, Quorum Technologies Ltd., East Grinstead, UK). SEM imaging was performed immediately using a JEOL JSM-6060LV SEM instrument (resolution = 4.5 nm, acceleration voltage=15 kV). EDS (Inca Oental FET×3 with high-angle, ultra-thin window Si(Li) detector; Oxford Instruments) analysis was also undertaken on some of the samples investigated by SEM. A spot size of 60 and a working distance of 11 was used for EDS.

Tissue culture and cytotoxicity studies

Human glioblastoma U-87 MG (cancer cell line) and human fetal lung fibroblast MRC-5 (normal cell line) o cells were grown in culture at 37 C in DMEM, supplemented with FBS (10 %v/v), penicillin (100 μg/mL), streptomycin (100 μg/mL) in a humidified atmosphere containing CO (5 %v/v). The medium was 2 changed every 2–3 days and cells were sub-cultured by trypsinisation before reaching ~80 % confluency in tissue culture flasks.

The effect of PVP/o-carborane materials (#2, #8 and #11; Table 1) on U-87 MG and MRC-5 cell proliferation capacity and viability was assessed in vitro. These samples were diluted in DMEM and homogenised prior 5 density of 10 cells/mL were seeded in a 24-well tissue culture plate. After 2 h following cell attachment to the substrate of the plate, material suspensions were added at various concentrations (0.1, 0.5 and/or 1.0 mg/mL) before cells were allowed to further grow for 48 h. At this point, cells were detached by trypsinisation and the cell density (number of cells/mL) determined using a Neubauer plate (cell counting plate). Cell proliferation was expressed as % cell growth compared to control-untreated cell cultures. Cellular death was also assessed using the trypan-blue dye exclusion method and reported as cell viability (% trypan blue negative cells in culture) [36]. The data presented were calculated based on at least four separate measurements from two biological replicate experiments.

Table 1. Samples for spray drying and instrument inlet temperature settings[image: Table 1. Samples for spray drying and instrument inlet temperature settings]
Spray drying successfully produced white, fine powdered products of PVP/o-carborane (Table 2). Lower % yields (% recoveries) were obtained using 1 w/v% PVP (5.7±3.5 %) than when using 2 w/v% PVP (30.1±1.4 %) and consequently, co-spray-dried formulations using ocarborane were carried using the higher PVP concentration; similar %yields were obtained (32.4±9.8 %; all using an inlet temperature of 180 °C). A small decrease in % yield was found when the inlet temperature was decreased from 180 °C (30.1±1.4 %) to 130 °C (23.0±11.0 %; Table 2).
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H NMR of PVP/o-carborane

To check that the integrity of PVP had not been 1 compromised during the spray drying process, H NMR experiments were performed. The literature spectrum was also obtained and used to help assign peaks [37]. The spectra before and after spray drying, both in the absence of o-carborane, looked very similar (Figure 1). The signal corresponding to H appeared slightly differently in that 3 the sharp, single peak within the doublet shifted slightly upfield. This may be associated with hydrogen bonded water, as spray drying is known to produce hygroscopic, very fine amorphous powders. Peaks H , H , H and H 1 2 4 5 were very similar to those in the literature [37], suggesting the PVP was unaffected by the spray drying process, as might be expected since there have been numerous reports on the spray drying of this material [38- 40].

Table 2. %Yields obtained for various spray-dried formulations Sample number %Yield Mean±SD %Yield #1 31.0 30.1±1.4[image: Table 2. %Yields obtained for various spray-dried formulations Sample number %Yield Mean±SD %Yield #1 31.0 30.1±1.4]
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[image: Figure 1. H NMR spectra of ‘as received’ o-carborane (blue), ‘as received’ PVP (green), spray-dried PVP (2 %w/v; brown) and co-spray-dried PVP (2 %w/v) with o- carborane (0.2 %w/v; purple). Labels refer to hydrogen]Figure 1. H NMR spectra of ‘as received’ o-carborane (blue), ‘as received’ PVP (green), spray-dried PVP (2 %w/v; brown) and co-spray-dried PVP (2 %w/v) with o- carborane (0.2 %w/v; purple). Labels refer to hydrogen
atoms in the PVP structure shown, with peak assignments having been made in [37].

1 H NMR spectra of co-spray-dried PVP/o-carborane and „as received‟ o-carborane were also obtained to see whether o-carborane could be detected in the co-spraydried powder and, if so, to ascertain whether its chemical structure had been modified (Figure 1). The multitude of peaks observed in the pure o-carborane were not apparent in the co-spray-dried product. This was probably due to spectrum being swamped with the backbone CH and 2 pendant pyrrolidone signals relative to the o-carborane BH and CH signals. Also, o-carborane was only present 1 at 10 %w/v of the PVP content. Thus, the H NMR data were inconclusive as to whether the o-carborane had been incorporated into the microparticles. The technique did establish, however, that PVP was unchanged by the spray-drying process, and particularly by the high temperatures (180 °C) involved.

Particle sizing

Particle diameters for the spray-dried products were obtained from laser diffraction histogram plots (Figure 2). The mean x , x and x particle diameters (n=3) were 10 50 90 obtained from these profiles for spray-dried PVP and PVP/o-carborane samples (Figure 3). The x value refers n to the particle diameter exhibited by n % of the particles; i.e., for x10, 10% of the particles will have a diameter x. The x50 and x90 are also given, which have similar definitions, and have progressively larger values since more of the particles will have these particular size thresholds. The „bell-shaped‟ curve („envelope‟, Figure 2), noting the log-scale axis, can have shoulders on either side of the peak maximum; shoulders on the right of the maximum almost always are an indication of agglomerated particles. Repeating the sizing measurement at higher pressures can reduce this effect.

[image: Figure 2. An example Sympatec particle size distribution output plot from sample #1 run 1 of 3; x10 = 1.31 μm; x50 = 3.47 μm; x = 8.48 μm; SMD = 2.50 μm; x = 1.65 μm; 90 16]Figure 2. An example Sympatec particle size distribution output plot from sample #1 run 1 of 3; x10 = 1.31 μm; x50 = 3.47 μm; x = 8.48 μm; SMD = 2.50 μm; x = 1.65 μm; 90 16
x84 = 7.15 μm; x99 = 13.43 μm; SV = 2.40 m²/cm³; Sm = 23973.67 cm²/g. Two plots are displayed: a particle diameter frequency plot and a cumulative frequency (‘S- shaped’) curve of particle size from which median and interquartile range data is automatically generated. In

this example, the mean particle diameter is ca. 3 m,

although finer particles (‘fines’) and larger particles, the latter of which may be agglomerates, can be observed.

The x data shows that mean particle diameters were ca.

90 2–10 μm, although #11 was 17.27±3.77 μm. No statistical differences (p>0.05) were observed between different batches of spray-dried PVP (#1 to #4), in the absence of o-carborane, using an inlet temperature of 180 °C. When this temperature was decreased to 130 °C, again, no significant differences (p>0.05) in x values were 90 although batch differences were seen between #1 and #7 (p<0.05), and #2 and #7 (p<0.05) only. Statistical differences between x values were also generally not 90 observed (p>0.05) when the PVP concentration was lowered to 1 %w/v. When PVP was co-spray-dried with o-carborane, x values were unaffected (p>0.05), 90 although for #11, x values were all much higher (p<0.01 90 or p<0.001) than all the other samples. The reason for this batch variation is uncertain, but may be due to variations

[image: Figure 3. Mean particle diameters of spray-dried PVP and co-spray-dried PVP/o-carborane samples: red = x , 10 green = x , blue = x values; particles determined using]Figure 3. Mean particle diameters of spray-dried PVP and co-spray-dried PVP/o-carborane samples: red = x , 10 green = x , blue = x values; particles determined using
50 90

spray drying (mean ± SD, n = 3).

Particle sizes characterised by x50 and x10 values followed a very similar trend to the x90 values; x10 sizes were much less than x50 and, in turn, less than x90 sizes, due to the definition of the xn term.

Morphology

The morphology of the spray-dried powders of PVP with and without o-carborane was investigated using SEM. Prior to this, imaging of the „as received‟ PVP and ocarborane was performed (Figure 4). The former consisted of large, smooth-sided crystals with dimensions typically in the 100–500 μm range (Figure 4a,b). The particles of o-carborane appeared smaller, 5–100 μm (Figure 4c,d).

SEM images of spray-dried PVP, produced in the absence of o-carborane and using an inlet temperature of 180 °C, all showed small, rounded particles of relatively uniform size (< 5 μm; Figure 4e). Dimples and hollows in the particles were observed and have been encountered in numerous other spray-dried products [22]: they are thought to result from the nozzle characteristics as the emerging droplet is formed [41]. The particle surfaces appeared smooth, although in some cases, smaller particles were attached, possibly being due to interparticulate forces or capillary forces causing agglomeration. No obvious differences in morphology were seen between different batches of spray-dried PVP (samples #1 to #4, not shown). No obvious changes in morphology or particle size were observed when the inlet temperature was reduced to 130°C (not shown), in

[image: Figure 4. SEM images of (a,b) ‘as received’ PVP, (c,d) ‘as received’ o-carborane, (e) spray-dried PVP (sample #4, inlet temperature 180 °C), (f) co-spray-dried PVP/o- carborane (sample #13, inlet temperature 180 °C);]Figure 4. SEM images of (a,b) ‘as received’ PVP, (c,d) ‘as received’ o-carborane, (e) spray-dried PVP (sample #4, inlet temperature 180 °C), (f) co-spray-dried PVP/o- carborane (sample #13, inlet temperature 180 °C);
magnification (a) 100×, (b) 2200×, (c) 100×, (d) 800×, (e)

2200×, (f) 2200×.

SEM imaging of PVP co-spray-dried with o-carborane (Figure 4f), in agreement with the particle sizing data, generally showed similarly sized particles, although some particles were larger than 10 μm. In some of the SEM images of the co-spray-dried product, small irregularlyshaped crystalline particles were seen, which were not encountered in the pure spray-dried PVP products. These crystals appeared to be similar to those seen in the „as received‟ o-carborane material (Figure 4d). It may be that the o-carborane, which is not water-soluble, although assisted to form suspensions by the viscosity/swelling of the PVP, was largely unchanged by the spray drying process. A less-magnified image of the PVP/o-carborane spray-dried product revealed there to be a significant number of such small crystals, thought to be o-carborane; these were not apparent in similar images of pure spraydried PVP (not shown). The extent of this phase separation is unknown. To address this situation, EDS PVP was intimately mixed with o-carborane, a boron chemical map would appear very similar to the SEM image. However, the boron signal was quite low and darker depressions marked regions where the particles resided, suggesting that the boron content was less than on the double-sided, adhesive, carbon tape. It is known that elements with atomic masses below carbon are often not shown in EDS studies and therefore this might explain the absence of boron in the EDS map of the cospray-dried particles. This was verified by attempting to obtain boron maps from di-sodium tetraborate, where again, no contrast was observed from the low atomic mass element.

Cytotoxicity studies

To check for cytotoxicity, the spray-dried powders (PVP #2 and #8, and PVP/o-carborane #11) were exposed to neoplastic (human glioblastoma U-87 MG) and nonneoplastic (human fetal lung fibroblast MRC-5) cells. Cell proliferation and cell death were determined over a range of PVP/o-carborane concentrations (0–1.0 mg/mL; Figure 5). In all cases, cell proliferation did not fall below 87% and values were otherwise greater than 90%. Similarly, the highest cell death value was only 2.5%. No obvious change in cellular morphology, cell proliferation or cell death was noted over the duration of the experiment (48 h). Therefore, the PVP/o-carborane cospray-dried product was described as being non-cytotoxic at the concentrations investigated. This is in agreement with the known low toxicity data of the constituent PVP

[image: Figure 5. Effect of spray-dried PVP (samples #2 and #8) and co-spray-dried PVP/o-carborane (sample #11) on (a) cell proliferation and (b) cell death; blue = U-87 MG cells, orange = MRC-5 cells.]Figure 5. Effect of spray-dried PVP (samples #2 and #8) and co-spray-dried PVP/o-carborane (sample #11) on (a) cell proliferation and (b) cell death; blue = U-87 MG cells, orange = MRC-5 cells.
Conclusions

In this paper, PVP (2 %w/v)/o-carborane (0.2 %w/v) spray-dried microparticles were produced with the aim providing a boron-delivery system for use in BNCT 1 treatment of liver and lung cancers. H NMR studies revealed the high temperatures (180 °C) of the spray drying process did not degrade the constituent PVP. Mean particle diameters (x90) were in the 2–10 μm range, with finer fractions being present (x10  1–2 μm), and the particles were therefore considered suitable for delivery to the lungs. The particle sizes were in the micrometre range (too large to cross the blood-brain-barrier) and therefore would not be of use for the BCNT treatment of brain tumours. Further optimisation of particle sizes could be carried out to decrease x90, for example, by changing air and liquid flow conditions. SEM imaging showed the particles to be spherical, with dimples and cavities caused by the spray drier nozzle characteristics, as typical with the spray drying process. Some small irregularly-shaped crystalline particles, thought to be o-carborane, were observed by SEM, although the proportion accounted for less than that in the formulation (10 %w/w). An attempt was made to map the boron content in spray-dried powders on a surface using EDS, although the low atomic weight of boron made detection not possible. Cytotoxicity studies, using neoplastic (human glioblastoma U-87 MG) and non-neoplastic (human fetal lung fibroblast MRC-5) cells, revealed the PVP/o-carborane co-spray-dried particles to be non-toxic, as expected.
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