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1. Introduction

The term ‘activated carbon’ is used to describe a variety of carbon-based materials.  These substances possess a large surface area and a high level of porosity, which may exceed 2000 m2 g-1 and 1.8 cm3 g-1 respectively [1].  Such parameters result in powerful adsorption capacity of activated carbon for a wide range of molecules - the property which has been exploited within both industrial and medical sectors.  The use of carbons as oral adsorbents for a variety of medical applications dates back centuries [2].  In more recent years there has been renewed interest in the incorporation of activated carbons into medical devices supporting extracorporeal therapies for conditions such as multiple organ failure, renal failure and sepsis [3] where applications include regeneration of patient plasma or ultra-filtrate and the development of new continual renal replacement therapies to replace or augment existing treatment modalities [4].  The use of activated carbon for extracorporeal therapy provides a number of advantages.  As compared with polymers, activated carbons are rigid materials which do not swell, they result in more stable flow characteristics and, as a result of the conditions required for synthesis, they do not contain plasticizers, catalysts or monomers [3].  Carbons have been produced from materials as diverse as petroleum coke, coconut shells, sawdust, wood char, peat and paper mill waste [2].  However, the use of natural precursor materials limits the end product in terms of its purity, homogeneity, mechanical strength and physical form.  These problems may be overcome by using polymeric precursors, whereby purity and reproducibility are under the control of the manufacturer [5].  Such control also allows the materials to be engineered to produce adsorbents with maximum efficiency towards target molecules.  Adsorbents employed for medical applications must meet acceptable standards of biological compatibility.  Biocompatibility has recently been described as “the ability of a biomaterial to perform its desired function with respect to a medical therapy, without eliciting any undesirable local or systemic effects in the recipient or beneficiary of that therapy, but generating the most appropriate beneficial cellular or tissue response in that specific situation, and optimising the clinically relevant performance of that therapy” [6].  Denti and Walker [7] described a number of tests which should be applied to evaluate activated carbons for medical use, including washability, attrition resistance, ion elution, blood compatibility, sterility, pyrogenicity and toxicity.  Early studies on the use of carbon adsorbents in extracorporeal therapies suffered from a number of drawbacks, such as the formation of fines which resulted in some patients experiencing emboli [8].  Consequently all commercially available activated carbons marketed for haemoperfusion are coated, for example with a cellulose membrane [3].  However, such coatings significantly impede adsorption of larger molecular weight substances [9] and are therefore less attractive for use in the clinical setting than uncoated absorbents.  Preliminary studies carried out by the authors on uncoated phenol-formaldehyde resin-based pyrolysed carbons (MAST Carbon International Ltd.) indicate that these carbon materials exhibit good haemocompatibility [10].  Furthermore, they are capable of adsorbing creatinine, a low molecular weight metabolite, and ‘middle molecules’, which accumulate in blood during acute and chronic renal failure [11, 12], or larger molecules such as inflammatory cytokines that trigger sepsis [13].  An important aspect of biocompatibility yet to be investigated is the toxicity of these materials, due to leachable components, towards eukaryotic cells which may occur through membrane damage, damage to genetic material or through perturbations of metabolic activity [14].  This study describes the evaluation of the cytotoxic potential of a range of carbon adsorbents using an extraction technique in conjunction with a colony formation assay based on the Japanese Guidelines for Basic Biological Tests of Medical Materials and Devices (ISO/TC194) [15, 16].

2. Experimental
2.1 Carbon adsorbents and precursor materials

A summary of the characteristics of the carbon materials investigated is given in Table 1.  Activated carbon SCN, produced by the pyrolysis of 4-vinylpyridine-divinylbenzene copolymer, was obtained from the Academy of Sciences, Ukraine.  A comprehensive characterisation of the porous structure of the SCN carbon series is given in Lahaye et al. [17].  MAST 1 (non-activated [0% burn-off], MAST 2 and MAST 3 (CO2 activated [40% & 60% burn off respectively]) are all carbons produced by MAST Carbon International Ltd. (Guildford, Surrey, UK) by pyrolysis of a phenol formaldehyde based resin precursor (Novolak phenolic resin), which was also tested alongside the carbon materials.  Carbon particle size was controlled by sieving post-activation.  A cellulose-coated (membrane thickness 3-5 m) Norit RBX1 peat carbon adsorbent was obtained from a commercial haemoperfusion column, Adsorba® 300C (Gambro Dialysatoren GmbH & Co. KG, Hechingen, Germany).  SCN and MAST carbons were cleaned using HCl (0.1 M) and washed with reverse osmosis (RO) water until a pH of 5 was obtained.  Carbons were dried in an oven at 110ºC until a constant weight was achieved.  Samples were dry-heat sterilised in an oven at 164(C for 2 h before use.  The resin precursor material was cured and milled and then combined with polyethylene oxide, Methocel and water to form a dough material. It was cut into small pieces, dried and sterilised in the same manner as the carbons.

Table 1.  Characteristics of the carbon adsorbents investigated.

	Sample
	Particle

shape
	Burn off 

%
	Particle size

m
	SBET 

m2/g1a
	V0.98

cm3/g1a
	Approximate mean mesopore/

macropore size (nm) 1a

	SCN
	Bead
	30%
	400-600
	1050
	0.7
	70

	Adsorba® 300C
	Cylindrical
	Information not available
	500-600 D1b
1000-2000 L1c
	900d
	0.511d
	Micro-porous 

	MAST 1
	Bead
	0%
	500-1000
	540
	0.84
	27

	MAST 2
	Bead
	40%
	90-125 
	1260
	1.27
	27

	MAST 3
	Bead
	60%
	425-1000
	1930
	1.97
	19


1a Obtained from low-temperature nitrogen adsorption using a Micrometrics Gemini II surface area analyser
1bD = Diameter

1cL = Length
1d [13]
2.2 Control materials
A PVC polymer containing 0.57% Dibutyltin maleate (Hydro Polymers Ltd, Co Durham, England), was used as a positive control for cell cytotoxicity (doped-PVC).  A US Pharmacopoeia standard high density polyethylene (HDPE control) was used as a negative control (LGC Promochem, Hertfordshire, UK).  Polymers were cut into small pieces prior to being weighed.  The samples were sterilised by exposure to UV light for 1 h on each side.  

2.3 Cells
A V79 cell line was used for cytotoxicity testing (Chinese hamster lung, male, ECACC No. 86041102).  Cells were routinely maintained in 75 cm2 cell culture flasks with Dulbecco’s Modified Eagles Medium (DMEM) containing L-glutamine, sodium pyruvate, pyridoxine and 4 500 mg L-1 glucose (BioWhittaker, Berkshire, UK) supplemented with 10% heat-inactivated foetal calf serum (FCS) (Lab-tech, Ringmer, UK).  Penicillin/streptomycin mix (BioWhittaker, Berkshire, UK) was added at levels to give 1000 U mL-1.  
2.4 Preparation of cells
V79 cells were trypsinised for 5 minutes and re-suspended in 1 mL of DMEM + 10% FCS.  Cells were seeded into 24-well plates (Iwaki Microplates, ASAHI TECHNO, Japan) at levels to give approximately 50 colony forming units per well in a total volume of 0.5 mL DMEM + 10% FCS.  The plates were incubated at 37(C (5% CO2) for 24 h (HeraSafe, Heraeus, Germany).
2.5 Material extractions
2.5.1 Comparing the effect of FCS addition pre/post extraction on colony formation

Two sets of bottles were prepared containing 0.4 g SCN carbon, 1.0 g SCN carbon, 0.4 g doped-PVC, 1.0 g doped-PVC or containing no material (medium only [MO] control).  To one set of samples, 4 mL DMEM + 2.5% FCS was added.  To the second set, 4 mL of DMEM (without FCS) was added.  All bottles were incubated at 37(C (5% CO2) for 24 h.  Following incubation, culture medium was removed from the seeded wells.  Material extracts were filtered using a 0.45 m surfactant-free cellulose acetate (SFCA) syringe filter (Nalgene() pre-conditioned with 3 ml of DMEM with or without 2.5% FCS as appropriate to the samples. An extract volume of 0.5 mL was added to the seeded wells.  Three wells were treated with each extract.  To those extracts that did not already contain FCS, 12.5 L of FCS was added per well.  The plates were incubated at 37(C (5% CO2) for 5 days.  The experiment was performed on three separate occasions.
2.5.2 Pre-treatment of materials prior to extraction

Samples of SCN, Adsorba® 300C and doped-PVC (all 3 x 0.4 g) were exposed to 4 mL sterile water, to allow liquid to access pores, and incubated at 37(C (5% CO2) for approximately 24 h (it was determined using the colony formation assay that this treatment did not result in extraction from the doped-PVC, data not shown).  After this period, 3 mL water was removed and 4 mL DMEM (+ 2.5% FCS) was added and the materials incubated for 1 h at 37(C (5% CO2).  This medium was removed (4 mL), 4 mL fresh DMEM + 2.5% FCS added and extractions carried out as previously described.  MO controls and a set of non-pre-treated doped-PVC extracts were treated in the same manner without the 1 h incubation period. Following incubation, extraction medium was filtered as previously described. Doubling dilutions were performed on each of the 100% doped-PVC extracts, both pre-treated and not pre-treated.  Dilutions were carried out in DMEM + 2.5% FCS, resulting in extract concentrations of 50%, 25%, 12.5%, 6.25%, 3.13% and 1.56%.  Culture medium was removed from the seeded cells and 0.5 mL of each extract type added to wells in triplicate.  Plates were incubated for 5 days as previously described.
2.5.3 Cell exposure to extracts from 0.04 g material

A 0.04 g sample of the following materials was sterilised as previously described: SCN, Adsorba® 300C, MAST 1, MAST 2, MAST 3, doped-PVC & HDPE control polymer.  To each sample, 4 mL of DMEM with 2.5% FCS was added.  A control without material (MO) was also included.  Bottles were incubated at 37(C (5% CO2) for 24 h.  Following incubation, extracts were filtered as previously described.  Doubling dilutions were prepared of the 100% doped-PVC extract.  For each extract type, 0.5 mL was added to wells seeded with V79 cells (performed in triplicate) and plates were incubated for 5 days as previously described.  The experiment was performed three times.
2.5.4 Cell exposure to extracts from a resin precursor material
Material extractions were performed on 0.4 g samples of HDPE, doped-PVC and resin precursor material in 4 mL DMEM + 2.5% FCS, at 37(C (5% CO2) for 24 h.  Samples from two 4 ml extractions of carbon/resin materials were pooled to create one sample (6 extractions were performed to provide 3 samples).  A doubling dilution series was performed for both the resin and the polymer extracts creating final extract concentrations of 100, 50, 25, 12.5, 6.25, 3.13 & 1.56%.  Three extract samples of each type were prepared and, for each extract, 0.5 mL was added to triplicate wells seeded with V79 cells.  Plates were incubated over 5 days as described above.  

2.6 Fixing and counting of colonies
Material-conditioned medium was removed from the wells which were then rinsed with 0.5 mL sterile PBS.  A 0.5 mL aliquot of 2.5% (v/v) glutaraldehyde (Grade II, Sigma, UK) was added and left at room temperature for 30 minutes.  Glutaraldehyde was removed and the cells rinsed with 0.5 mL of sterile deionised water before staining with 0.5 mL of 10% Giemsa stain prepared in RO water (Sigma diagnostics, St. Louis, Accustain().  After 40 minutes the stain was removed and the wells were again rinsed with 0.5 mL of sterile deionised water.  Wells were allowed to air dry and colonies were counted.
2.7 Ion adsorption to materials
Concentrations of calcium and magnesium ions remaining in cell culture medium after contact with test materials, under extraction conditions, were determined using an atomic absorption spectrophotometer (Perkin Elmer 1100B).  Samples (0.4 g) of SCN, Adsorba® 300C and doped-PVC were prepared in triplicate as described above and extractions were carried out for 24 h at 37(C (5% CO2) using DMEM containing 2.5% FCS.  A control consisting of 2.5% FCS-DMEM without test material was also included.  Extracts were filtered through 0.45 m SFCA syringe filters (Nalgene() pre-conditioned with 2.5% FCS-DMEM, and frozen at –20ºC prior to analysis.  Extracts were defrosted immediately prior to use and diluted 1:50 in RO water.   Calcium standards were prepared by diluting a 10,000 mg L-1 standard solution (Spectrosol BDH, Poole, Dorset, U.K) with RO water to give concentrations in the range 1-5 mg L-1.  Magnesium standards were prepared by diluting a 10 000 mg L-1 standard solution (Spectrosol BDH, Poole, Dorset, UK) with deionised water to give concentrations in the range 0.1 – 0.5 mg L-1.  Samples were analysed at 422.5 nm for calcium ions and 285.0 nm for magnesium ions and were not corrected for interference.
2.8 Protein adsorption to materials
The level of protein remaining in cell culture medium after contact with test materials under extraction conditions was assayed using a modification of the Bradford method [18].  Samples (0.4 g) of SCN, Adsorba® 300C and doped-PVC were prepared in triplicate.  Extractions were performed over 24 h, as previously described, using DMEM (without phenol red, excluded to prevent interference with the spectrophotometric assay) containing 4.5 g L-1 glucose (Cambrex Bio Science Wokingham Ltd., Wokingham, UK).  Glutamine (Invitrogen, Paisley, UK) was added separately to achieve a final concentration of 2 mM and FCS was added at 2.5%.  A control consisting of 2.5% FCS-DMEM only was also included.  Extracts were filtered through 0.45 m SFCA syringe filters pre-conditioned with 2.5% FCS-DMEM, and frozen at –20ºC prior to analysis.  Immediately prior to use, extracts were defrosted and diluted in DMEM appropriately.   A 10 mg mL-1 bovine serum albumin (Fraction V, Sigma, Dorset, UK) standard solution was prepared in DMEM and diluted in the same medium to create a range of standards, with protein concentrations ranging from 20-100 g mL-1.  Standards and test samples were added in triplicate to a 96 well plate (50 L) with DMEM serving as a reagent blank. Protein Assay Dye Reagent Concentrate (Bio-Rad Laboratories Ltd., Hertfordshire, UK) was diluted 1:5 with distilled water and 200 L added to each well.  The plate was allowed to stand for 5 minutes and the absorbance subsequently read at 595 nm (Labsystems, Finland).
2.9 Statistical analysis
Statistical analysis was performed using Minitab 15.0. Tests for analysis of variance were conducted and, if significant differences were observed, Tukey’s pairwise multiple comparisons were carried out.  P values of less than 0.05 were considered to be significant.  Statistical analysis was carried out on the means of three replicate wells (with the exception of the data presented in Figure 1).

3. Results and Discussion

Preliminary experiments were performed using SCN carbon.  Figure 1 shows the effect of the presence of FCS, during material extraction, on subsequent colony development.  
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Figure 1.  The effect of activated carbon extracts and doped-PVC extracts on the colony formation of V79 cells when FCS is added pre-/post-extraction (mean ( SEM [8 counts]).

Analysis suggests that extracts of activated SCN carbon in which FCS was added pre-extraction gave significantly lower colony counts than the MO controls (0.4 g p<0.001, 1.0 g p<0.001) indicative of a cytotoxic effect.  However,  when the FCS was added to culture medium post-extraction, the colony counts resulting from activated carbon extracts were not significantly different from the MO controls (0.4 g p=0.28 & 1.0 g p=0.07).  Extractions in the presence of FCS were shown to give significantly different colony counts from those carried out in the absence of FCS (p<0.001) however there was no significant difference between the results for the two control sets without material (p=0.53).  The doped-PVC sample was shown to be cytotoxic to the V79 cells, as indicated by the absence of colony formation for both sample sets.  Colony morphology was also much poorer when FCS was added pre-extraction indicating that the cells were stressed (data not shown).  These results may suggest that extraction of toxic materials is greater in the presence of FCS.  However, activated carbons are exploited for their highly adsorptive, large surface areas and also for their binding affinity for a wide range of substances.  It is possible, therefore, that the observed decrease in colony formation may have been due to adsorption of nutrients from the culture medium, resulting in nutrient deficiency during the 5 day colony development period which consequently inhibited colony formation.  The hypothesis that adsorption of components comprising the culture medium was taking place is further supported by the observation that the culture medium had lost its colour over the 24 h contact period with SCN, indicating the adsorption of phenol red from solution.  It is known that carbons exhibit a strong affinity for phenol-based compounds [19].  Thus the removal of nutrients from the culture medium by SCN was studied by analysing levels of cations and protein remaining in the extraction medium after a 24 h contact period.

The concentrations of calcium and magnesium ions in the MO control samples were found to be 78.9 mg L-1 and 13.2 mg L-1 respectively (Figure 2a).  
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Figure 2a. Levels of calcium and magnesium ions in the extraction media following 24 h incubation with 0.4 g carbon or doped-PVC (mean ± standard deviation [9 counts]).

Following contact with SCN significantly lower concentrations of ions were found in the culture medium, compared to the MO control: only 11 % of calcium (8.9 mg L-1) and 14% (1.8 mg L-1) magnesium (p<0.001).  Contact with Adsorba® 300C also resulted in significantly lower concentrations of the two ions: 29% (22.9 mg L-1) and 48% (6.3 mg L-1) of calcium and magnesium remained respectively (p<0.001).  Adsorba® 300C is supplied in a saline storage solution, thus, the lower level of ion adsorption observed in comparison to SCN could, in part, be due to binding sites already being occupied by monovalent ions.  Furthermore, disparity in available surface area or surface functional groups could also contribute to this result.  Results for SCN and Adsorba® 300C differed significantly from each other and from the PVC positive control (p<0.001).  The results for calcium ion concentration following contact with the doped-PVC sample were not significantly different from the MO control (p>0.9), however, those for magnesium were found to be significantly different (p<0.05).

Although activated carbon adsorbs molecular substances mainly via physical adsorption mechanisms, it is known to have surface functional groups with ion exchange properties capable of adsorbing ions [20]. The amount of calcium and magnesium adsorbed on carbons can be estimated using equation (1):
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where a is amount adsorbed, mg g-1; C0 and Ce are the initial and final concentrations respectively, mg L-1; V – volume of the solution, L; m – mass of carbon, g.  Alternatively, the adsorbed amount can be expressed in the units of equivalence, meq g-1.  The results of these estimations are shown in Table 2. 
Table 2. Amount of metal adsorbed on activated carbon from the cell culture medium2a.

	Metal
	SCN
	Adsorba® 300C

	
	mg g-1
	meq g-1 2b
	mg g-1
	meq g-1 2b

	Ca
	0.70
	0.035
	0.56
	0.028

	Mg
	0.11
	0.0092
	0.069
	0.0058


2a Calculated from experimental data using Eq (1).

2b Adsorption in milli-equivalents per gram, meq g-1, calculated for a divalent cation of Mg and Ca as: a (in meq g-1) = 2a (in mg g-1) / M (molecular mass in mg mmol-1)  

Assuming that Ca and Mg cations bind only to the surface functional groups such as carboxylic and phenolic groups, via an ion exchange mechanism, these results are in good agreement with the estimated density of acidic surface functional groups on SCN which exceeds 0.1 meq g-1 [21].
The adsorption of essential ions from cell culture medium by the test material has been reported previously, in relation to cytotoxicity studies on silicate cement [22].  A rapid decrease in calcium and magnesium levels was observed in cell culture medium in contact with the material, which, the authors concluded, could have contributed to the observed cytotoxicity.  Early work has demonstrated that calcium and magnesium deficiencies can influence cellular morphology and growth characteristics [23, 24]. 
Following 24 h incubation with samples of SCN and Adsorba® 300C significant differences were observed in the amount of protein remaining in the extraction medium as compared with the MO control (Figure 2b).  
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Figure 2b.  Levels of protein remaining in the extraction media following contact with 0.4 g carbon samples or doped-PVC (mean ± standard deviation [9 counts]).

SCN adsorbed 47% of the protein present (p<0.001) and Adsorba® 300C 9% (p<0.05).  The adsorption of protein by SCN was shown to be significantly greater than adsorption by Adsorba® 300C (p<0.001).  This difference is not unexpected as semi-permeable coatings which encase adsorbents to improve their biological compatibility [8], such as the cellulose coating of Adsorba® 300C, have been shown to restrict the rate of adsorption and decrease adsorption capacity, a trend which becomes more pronounced as molecular weight increases [9, 25].  Furthermore there are differences in the microstructure of the two adsorbents, with Adsorba® 300C lacking mesoporous structure.  In contrast, the doped-PVC sample did not demonstrate significant protein adsorption when compared with the MO control (p=0.17).  These results further suggest that inhibition of colony formation following FCS-containing extractions may be due to the reduction of essential nutrients in the culture medium and not the presence of toxic leachate.  
Whilst it is evident that loss of serum components onto the carbon surface occurs, the extraction of materials in the absence of serum is not a desirable option.  It was demonstrated that such extracts of the doped-PVC gave higher colony counts when compared with those conducted in the presence of serum, suggesting reduced extraction efficiency (data not shown).  To represent the environmental conditions relevant to extracorporeal medical devices designed for direct contact with blood, extraction in a serum-containing medium was performed.  Carbon materials and doped-PVC were pre-treated with cell culture medium for 1 h, prior to extraction, in an attempt to saturate binding sites for protein and ions before being subjected to extraction conditions.  The results obtained suggest that the 1 h pre-treatment has no effect in terms of extraction from the cytotoxic polymer as results were comparable to those from samples which did not receive pre-treatment (Figure 3).  
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Figure 3.  The effect of a 1 h material pre-treatment, prior to extraction, upon V79 colony formation (mean ± standard deviation [9 counts]).

Following treatment with material extracts, the number of colonies formed was significantly smaller for both SCN (p<0.05) and Adsorba® 300C (p<0.05) when compared with the MO control.  Colony counts for SCN and Adsorba® 300C were not significantly different (p=0.84).  However, the appearance of the colonies was improved with respect to previous tests without pre-treatment.  It was apparent that some adsorption from the medium had still taken place as loss of phenol red from solution was again observed.

As previously discussed, one of the unique properties of carbon adsorbents is their extremely large surface area.  Table 3 shows equivalent surface areas per 0.4 g of each material.  
Table 3.  A comparison of the surface areas of 0.4 g samples of the various carbons and doped-PVC material used in cytotoxicity tests.

	Material
	Surface area (m2) per 0.4 g material

	MAST 1
	220

	MAST 2
	500

	MAST 3
	770

	SCN
	420

	Adsorba® 300C
	360

	Doped-PVC
	0.0006


The corresponding weight of PVC polymer provides an extractable surface area six orders of magnitude lower than any of the carbons tested.  By reducing the sample to 0.04 g the potential for nutrient adsorption is considerably lowered whilst still providing a surface area available for extraction far in excess of the doped-PVC.  Colony formation in the presence of 0.04 g material extracts is shown in Figure 4.  
[image: image6.emf]0

10

20

30

40

50

60

MO

control

SCN Adsorba

300C

MAST 1 MAST 2 MAST 3 HDPE Doped-

PVC

100%

Doped-

PVC 

50%

Sample

Number of colonies formed


Figure 4.  The effect of 0.04 g material extractions upon V79 colony formation (mean ± standard deviation [9 counts]).

Statistical analysis demonstrates that there are no significant differences (p>0.9) between the effect of the carbon sample extracts, the control without material and the negative HDPE control, suggesting that there is no cytotoxic effect.  Even so, a substantial change in the colour of the medium was observed following contact with MAST 2 and 3 carbons and to a lesser extent with MAST 1, again suggesting adsorption of the phenol red indicator.  Adsorba® 300C and SCN caused only a slight reduction in colour.  Despite a substantial difference in surface area available for extraction, a 0.04 g doped-PVC 100% extract gave colony counts which were significantly different from all other samples (p< 0.001) demonstrating 100% colony inhibition, whilst the 50% extract resulted in colony counts which were not significantly different from the other samples.
Figure 5 shows that the carbon-precursor resin material exhibits greater cytotoxicity than the doped-PVC, which can be attributed to the phenol formaldehyde component.  
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Figure 5.  The influence of extracts from 0.4 g samples of resin precursor and doped-PVC upon V79 colony formation (mean ± standard deviation [9 counts]).

This material does not possess the intricate pore structure of activated carbon and therefore does not exhibit a comparable surface area.  Hence it is unlikely that nutrient adsorption would account for the observed effect.  No colony formation was observed at extract concentrations of 100, 50, 25 (data not shown on graph) or at 12.5%.  At an extract concentration of 6.25%, colony formation was only 4.8% of the MO control.  By comparison, although no colonies were observed in the presence of 100, 50 and 25% doped-PVC extracts, a colony reduction of < 50% was obtained with a 12.5% extract of doped-PVC (63.8% of the MO control).  Crucially, the cytotoxicity observed following cell contact with resin extracts indicates that the procedure employed is suitable for the extraction of the relevant molecules from the carbon precursor material and that the carbon manufacturing process removes leachable substances of a toxic nature.  During the carbon production process, the source material is heated to temperatures of 600-900(C [26] and organic matter is combusted, being converted to either carbon or gases.  Consequently, activated carbon should be chemically inert, a distinct advantage over some polymer-based adsorbents [3].  Furthermore, the production of phenolic resin-derived carbons results in materials with a high inherent purity [5].  The data in Figure 4 showed that a 100% carbon extract gives colony counts which are not significantly different from the MO control whilst the 100% doped-PVC extract inhibits colony formation completely.  As it has been shown that the resin extract is more cytotoxic than the doped-PVC, it can be concluded that, within the detection limits of the assay used, the conversion process from resin precursor to activated carbon adsorbent removes molecules of a toxic nature. 

In 2004, we presented some of our findings which indicated that the outcome of cytotoxicity testing could be influenced by the adsorptive nature of the carbon test materials [27].  In recent years the explosion of interest in nanomaterials has generated many papers aimed at unravelling the complexities of their behaviour towards eukaryotic cells.  The cytotoxicity of these materials has become the focus of much scrutiny and similar findings have emerged.  Activated carbons have a large surface area by virtue of their intricate and well-developed pore structure, whereas nanomaterials possess a large surface area, albeit somewhat less than many activated carbons, as a result of their fine particulate size.  Nonetheless, they demonstrate considerable adsorptive properties and much discussion has ensued as to how these properties could impact upon toxicity analyses [28, 29].  A recent study focused on the interactions between single walled carbon nanotubes (SWCNTs), the surface of which can exceed 500 m2 g-1, and cell culture media [30].  These materials were shown to adsorb phenol red, a variety of amino acids, interacting particularly well with those having hydrophobic side chains, and also resulted in depletion of several vitamins from the medium.  A further study also demonstrated adsorption of phenol red, vitamins and bovine foetal serum by SWCNTs concluding that this could result in a secondary rather than a primary cytotoxic effect [31].  It is not only the constituents of cell culture medium which may be adsorbed.  It has been demonstrated that SWCNTs can adsorb the end products of cytotoxicity assays, such as insoluble MTT-formazan crystals [32] resulting in a false cytotoxic result.  All of these findings point to special considerations for both the design and the interpretation of cytotoxicity tests involving highly porous materials with a large surface area.

4. Conclusions

Phenol formaldehyde resin-based pyrolysed MAST carbons and SCN carbon produced by the pyrolysis of 4-vinyl pyridine-divinylbenzene copolymer were assessed for their in vitro cytotoxicity towards a V79 cell line and results compared with Adsorba® 300C, a coated carbon adsorbent used for haemoperfusion.  It has been demonstrated in previous studies that MAST carbons are suitable for the removal of molecules relevant to acute renal failure [11] and preliminary haemocompatibility studies on carbons of a similar nature show excellent promise for these materials in the treatment of sepsis [10].  The assay used to assess the cytotoxic activity of the materials was a colony forming assay conducted over a 24 h period with a sample/extraction medium ratio of 1:10.  Initial cytotoxicity studies on SCN carbon beads gave poor results, suggesting a cytotoxic action against the V79 cell line.  It was determined, however, that the poor colony formation was most likely attributed to nutrient limitation caused by adsorption of essential nutrients, including metal ions and protein, to the carbon materials.  Using a reduced ratio of sample/extracting medium (1:100), with an available carbon surface area still far in excess of that available from the doped-PVC positive control, it was shown that extracts from SCN and a range of MAST carbons did not cause changes in colony numbers and that results were comparable to a commercially available adsorbent.  From the work carried out in this study it can be concluded that in addition to their excellent adsorptive properties and haemocompatibility, the MAST carbon adsorbents appear to be non-toxic to a V79 cell line under the conditions used and thus may be considered further for potential clinical applications.  Due to the atypical surface properties of activated carbons, standard methods developed for the evaluation of biomedical materials must be treated with caution when applied to the assessment of these types of materials.  Changes to established methods were necessary in order to avoid misleading results.  In a discussion on toxicological risk evaluation using cell culture, Harmand [33] acknowledged that alterations in culture medium, such as protein adsorption or denaturation, may occur due to reactions between the cell culture medium and the test material and that this could influence the outcome of the test.  The same author also concludes that there is a requirement for precise standardisation of testing procedures to encompass medical devices from ‘diverse clinical interests’.  Such developments are particularly pertinent to these unique adsorptive materials.
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