CHAPTER SIX
An investigation into the potential for different surface coated quantum dots to cause oxidative stress and affect macrophage cell signalling in vitro
6.1 Introduction

Previous research using ufCB has demonstrated NPs to be more potent at generating ROS and oxidative stress compared to their larger particle counterparts (Oberdorster et al., 2005; 2007).  Additionally, it has been reported that these observed increases in oxidative stress caused by NPs, particularly in macrophage cells, can modulate intracellular Ca2+ signalling, causing increased expression of pro-inflammatory cytokines                          (Stone et al., 2000a; 2000b; Brown et al., 2000; 2004; 2007).

Recent studies investigating the toxicity of QDs have shown equivocal effects due to the diversity in their preparation as well as the biological and  surface modifications of these NPs (Tsay and Michalet, 2005;                       Hardman, 2006).  It has been suggested that the mechanism of QD toxicity is related to either (i) the degradation of QDs present within cells, thus causing interaction with the Cd core (Derfus et al., 2004), or (ii) the surface modification of QDs, which has been shown to determine the specific manner in which cells interact with these NPs                            (Shiohara et al., 2004: Hoshino et al., 2004b; Guo et al., 2007;             Maysinger et al., 2007).  It has been reported that the observed toxicity with QDs is relative to their size, as well as the specific dose and treatment times used (Shiohara et al., 2004; Lovric et al., 2005a).  In addition, it has been shown by Lovric et al. (2005b) that the addition of antioxidants can negate the toxicity of QDs.  These findings suggest that a number of mechanisms may be contributing to the toxicity observed in cells following exposure to QDs.

As previously highlighted by Tsay and Michalet (2005), and in regards to the previous findings relating to NPs present within ambient air pollution (Stone et al., 1998; Oberdorster et al., 2005; 2007; Brown et al., 2007), one possible mechanism that could be associated with QD toxicity, is the ability of these engineered NPs to produce ROS and induce oxidative stress in cells.  Research into these effects following exposure to QDs however, is limited. 

The aim of this study therefore, was to investigate the potential of a series of different surface coated QDs to cause oxidative stress, affect                  Ca2+ signalling and increase pro-inflammatory cytokine production in J774.A1 macrophage cells.  Also, the effects of both 20nm and 200nm PBs to cause oxidative stress in J774.A1 macrophage cells was investigated, using cell media either in the presence or absence of            10% FCS.  The potential for QDs and PBs to cause oxidative stress was estimated by measuring the level of the non-protein, intracellular thiol glutathione, based on the study by Hissin and Hilf (1976).  Ca2+ signalling was determined via fluorimetry using the Ca2+ chelator Fura 2-AM (Grynkiewicz et al., 1985).  Subsequent investigation of the effects of antioxidants on macrophage Ca2+ signalling was also examined using Trolox, an analogue of vitamin E, as well as Nacystelin, a derivative lysine salt of N-acetyl-L-cysteine (NAC) to determine if particle effects on macrophage Ca2+ signalling were oxidant mediated.  The ability of each different surface coated QD to affect pro-inflammatory signalling was determined via their ability to cause increased production of the                  pro-inflammatory cytokine TNF-.  It is hypothesized that (i) QDs will create increased oxidative stress within J774.A1 cells, causing increased pro-inflammatory signalling, (ii) the increased oxidative stress caused by QDs will modulate Ca2+ in macrophage cells, which will be decreased by the pre-treatment of cells with antioxidants, and (iii) the presence of             10% FCS in the RPMI cell media will decrease particle toxicity.

6.2 Materials and Methods
6.2.1 Oxidative Stress

Oxidative stress was estimated via determination of intracellular glutathione levels using ophthaldehyde (OPT) based on the study by Hissin and Hilf (1976).

Glutathione is an intracellular non-protein, thiol readily available within a wide range of living cells, and is a key factor in a number of biological functions, including oxidative stress (Hissin and Hilf, 1976).  Usually present in cells as GSH, however when existing in cells as its oxidised glutathione (GSSG) form, glutathione is rapidly converted to GSH via an enzymatic reaction using glutathione reductase.  In the method originally published by Hissin and Hilf (1976), the levels of both GSH and GSSG are determined via their pH sensitive reactions with the fluorescent reagent OPT. 

6.2.1.1 Measurement of Intracellular Glutathione – Cell extract preparation

In a 24 well-plate (Helena Biosciences, Gateshead, UK), 1ml of a 3x105cells.ml-1 J774.A1 cell suspension in complete medium was added to each well.  The plate was then incubated at an atmosphere of                    37°C, 5%CO2 for 24 hours.  Following the incubation period, cells were treated with 250μl of either QDs (at 20, 40 and 80nM) or                          PBs (suspended in RPMI 1640 containing phenol red L-G, P/S either in the presence or absence of 10% FCS, at concentrations of                            12.5, 25, 50 or 100µg.ml-1) in duplicate for 2, 4, 6, and 24 hours in an atmosphere of 37°C, 5%CO2.  Control cells were treated with complete medium only.  At each time point, cell supernatants were removed and frozen at -80°C for subsequent pro-inflammatory cytokine analysis (Section 6.2.3). 

All experimental analysis was subsequently performed in an environment of 4°C.  Following removal of the cell supernatants, 1ml of PBS was adjusted to pH 7.4, as previously described in chapter three                      (Section 3.2.2), and immediately added to the cells.  A total of 800μl PBS was then discarded from each well prior to cells being scraped from the bottom of the well to generate a cell suspension in the remaining 200μl of PBS in each well.  A total of 20μl of the cell suspension present in each well was removed and stored at 4°C for subsequent protein analysis (Section 6.2.1.1.3).  The remaining 180μl of cell suspension present in each well were then combined and incubated with 180μl of extraction buffer (9mM tetra ethylene diamine tetraacetic acid (EDTA) in               14% perchloric acid) at 4°C for 15 minutes.  During this incubation period, the extraction buffer lysed the cells, opening the membrane, and allowing the intracellular GSH to be released into the cell supernatant for subsequent analysis.  After the incubation period, the contents of each well were transferred to eppendorfs and centrifuged at 2370g for                       5 minutes, at 4°C (acceleration 9; de-acceleration 5).  In a series of falcon tubes (Becton Dickinson Laboratory Supplies, New Jersey, USA), 500μl of the sample supernatants were carefully transferred from the centrifuged eppendorfs and 250μl of neutralising buffer (1M potassium hydroxide (KOH) and 1M potassium bicarbonate (KHCO3)) was then added. Falcon tubes were then centrifuged at 1520g for 5 minutes, at 4°C to obtain the cell extract.  A total volume of 600µl of the J774.A1 cell extract was then transferred into a series of eppendorfs and measured for levels of GSH (Section 6.2.1.1.1) and GSSG (Section 6.2.1.1.2) respectively.

6.2.1.1.1 Determination of GSH in J774.A1 cell extracts

In a 96 well microplate (Krystal, White, opaque clear bottom 96 microplate, Porvair Sciences, Middlesex, UK) 10µl of cell extract or GSH standard (Appendix Three) was added to each well and mixed thoroughly with 180µl of GSH buffer (0.1M sodium dihydrogen orthophosphate (NaH2PO4.2H2O) and 0.005M tetra sodium EDTA, adjusted to pH 8.0 as previously described in chapter three (Section 3.2.2)).  A total of 10µl of 1mg.ml-1 OPT (diluted in methanol) was then mixed into each well via pipetting.  The microplate was then incubated at room temperature for 15 minutes before being measured at an excitation/emission λ of 350nm/420nm using a fluorescent plate reader (Fluostar Optima, BMG Labtech, Aylesbury, UK).  GSH levels in J774.A1 cells treated with QDs and PBs were assessed a total of three times (n=3).

6.2.1.1.2 Determination of GSSG in J774.A1 cell extracts

In a series of eppendorfs, 100µl of cell extract or GSSG standard (Appendix Four) was added and mixed thoroughly with                           40µl N-ethylmaleimide (NEM). Eppendorfs were then incubated at room temperature for 30 minutes.  After the incubation period, 430µl NaOH was added to each eppendorf and mixed thoroughly.  In a 96 well microplate (Krystal, White, opaque clear bottom 96 microplate, Porvair Sciences, Middlesex, UK) 180µl of the standard/cell extract, NEM and NaOH mixture was added to each well.  A total of 10µl of 1mg.ml-1 OPT was then mixed into each well via pipetting.  The microplate was then incubated at room temperature for 15 minutes and measured using a fluorescent plate reader as previously described in section 6.2.1.1.1.  GSSG levels in J774.A1 cells treated with QDs and PBs were assessed a total of three times (n=3).

6.2.1.1.3 Determination of J774.A1 cell protein content

In a 96 well-plate (Helena Biosciences, Gateshead, UK), 10μl of cell protein sample or protein standard (Appendix Five) was added to each well in triplicate.  Immediately, 200µl of Bio-Rad protein assay                              (Bio-Rad Laboratories GmbH, Munchen, Germany) diluted (1:5) in sterile H2O was then added to each well.  The optical density of each protein sample and standard was then determined at 595nm using a Dynex plate reader (MRX II, Dynex Technologies Limited, West Sussex, UK).  In accordance with GSH and GSSG analyses, J774.A1 cell protein was determined a total of three times (n=3).

At this point, it is essential to note that all results pertaining to the oxidative stress potential of QDs and PBs are only expressed as GSH.protein-1.  Both the data collected in reference to GSH:GSSG and GSSG.protein-1 are not presented within this data chapter, as the levels of GSSG measured within the J774.A1 cell extracts were observed to be below the limit of detection of the fluorescent plate reader used.  

6.2.2 Ca2+ Signalling

J774.A1 cytosolic Ca2+ was determined using the fluorescent Ca2+ chelator Fura 2-AM (Grynkiewicz et al., 1985).  

6.2.2.1 Measurement of Intracellular Ca2+
Initially, J774.A1 cells were adjusted to a suspension of 1x106cells.ml-1 in 10ml of complete medium.  Cells were then centrifuged at 380g for            two minutes and re-suspended in 1ml PBS.  The cell suspension was subsequently transferred into an eppendorf and centrifuged at 145g for      two minutes, at 4°C and then re-suspended in 1ml of cell culture medium (RPMI 1640 containing phenol red, L-G, P/S and 23mM HEPES buffer, in the absence of 10% FCS).  Cells were then loaded with 2(l of                   1µg.µl-1 Fura 2-AM, diluted in DMSO and incubated in the dark, for 20 minutes, in a shaking water bath at 34°C. During the incubation period, intracellular esters were able to remove the acetoxymethyl (AM) group from the Fura 2-AM molecule, revealing the membrane impermeable and Ca2+ sensitive fluorescent dye, Fura 2.  Cells were then centrifuged at 145g for two minutes at 4°C and re-suspended in 1.5ml of culture medium (RPMI 1640 containing L-G and P/S, in the absence of phenol red and 10% FCS).  Fura 2-AM loaded cells were then transferred into a quartz cuvette. Intracellular Ca2+ was then assessed over a 60 minute period via fluorimetry (LS 50B Luminescent Spectrophotometer, Perkin Elmer, Beaconsfield, England).  The level of fluorescence in J774.A1 cells was measured at an excitation λ of 340nm and 380nm respectively, and an emission λ of 510nm. All analysis was performed at a slit-width of 5nm and at a controlled environmental temperature of 37°C.  Throughout the duration of the experimental protocol, the magnetic stirrer was turned on (high) to maintain the cell suspension. 

Intracellular Ca2+, in untreated (no particulate treatment), Fura 2-AM loaded J774.A1 cells, was recorded for a total of 200 seconds prior to cells being treated with either QDs (40nM), PBs (50µg.ml-1), fine or ufCB (125µg.ml-1) (Section 6.2.2.1.1) respectively for 1700 seconds                  (Figure 6.1).  All particles were suspended in RPMI 1640 cell culture medium containing L-G, P/S and 10% FCS, in the absence of phenol red.  The protocol was repeated with cells receiving cell culture medium only (RPMI 1640 containing L-G, P/S and 10% FCS, in the absence of phenol red), which served as the control.  Cells were then stimulated with 7.5µl of a 20µM thapsigargin stock concentration (resultant final treatment concentration equating to 100nM), diluted in DMSO, for 400 seconds to assess cell viability (Figure 6.1).  Treating cells with thapsigargin allows the release of the Ca2+ stores within the endoplasmic reticulum (ER).  An observed depletion in intracellular Ca2+ following stimulus with thapsigargin is suggestive of the cell undergoing cell death via apoptosis                          (Stone et al., 1998).  Cells were subsequently treated with 20µl of 5% Triton X100, diluted in PBS, for a further 500 seconds, to lyse cells and provide a maximum fluorescence value (Rmax) (Figure 6.1 and also section 6.2.2.3).  The minimum fluorescence value (Rmin) (Figure 6.1) was then determined via treatment with 15µl of 0.5M ethylene glycol tetraacetic acid (EGTA), diluted in 3M tris-hydroxymethyl-amino methase (tris)-HCl for 500 seconds (Section 6.2.2.3).  The protocol was subsequently terminated after a further 500 seconds of analysis or until the trace settled (Figure 6.1).  The effects of QDs, PBs, CB and ufCB on calcium signalling in J774.A1 macrophage cells was repeated a total of three times (n=3).

6.2.2.1.1 Carbon black - Particle characteristics and preparation

Both fine CB and ufCB were used as particle controls and were obtained from Degussa (Frankfurt, Germany).  The characteristics for the CB and ufCB particles have previously been published by Stone et al. (1998).  Fine CB had a mean Ø of 260 ± 13.7 (ranging from 129nm to 592nm), with a surface area of 7.9m2.g-1. In contrast, ufCB ranged from 7.7nm to 28.2nm, with a mean Ø of 14.3 ± 0.6nm.  The surface area of the ufCB particles was 253.9m2.g-1.  Particles were suspended in culture medium (RPMI 1640 containing L-G, P/S and 10% FCS, in the absence of phenol red) and then sonicated for ten minutes prior to cellular treatment at a concentration of 125µg.ml-1. 
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Figure 6.1: Example fluorimeter trace reading of J774.A1 intracellular Ca2+ levels following treatment with organic QDs (40nM), as determined via the use of the fluorescent calcium chelator Fura 2                       (Grynkiewicz et al., 1985).  Figure shows (A) rest period,                         (B) treatment period, (C) thapsigargin response, (D) 0.1% Triton X100 treatment, (E) Rmax value, (F) Rmin value and (G) termination of protocol.  The results compare A with B (rest period vs. treatment period) for all particles and B (treatment with cell culture medium only (RPMI 1640 containing L-G, P/S and 10% FCS, in the absence of phenol red)) with B (treatment with each different particle type).

6.2.2.2 Measurement of intracellular Ca2+ - Antioxidant pre-treatment 

Prior to the determination of intracellular Ca2+, J774.A1 cells were           treated with either 25µM of the hydrophobic antioxidant Trolox, diluted in DMSO, or 400µM of the hydrophilic antioxidant Nacystelyn, diluted in cell culture medium (RPMI 1640 containing L-G and P/S, in the absence of phenol red and 10% FCS) for 30 minutes.  Intracellular Ca2+ of              J774.A1 cells treated with either QDs (40nM) or PBs (50µg.ml-1) was then determined using an adapted version of the protocol previously described in section 6.2.2.1.  The experimental protocol used was consistent with section 6.2.2.1 however, the thapsigargin response of J774.A1 cells               pre-treated with either Trolox or Nacystelyn, was not measured.  The protocol was repeated with cells receiving (i) cell medium only (RPMI 1640 containing L-G, P/S and 10% FCS, in the absence of phenol red) (control), and (ii) cell culture medium in the presence of either Trolox or Nacystelyn (antioxidant control).  Investigation into the effects of Trolox and Nacystelyn pre-treatment on J774.A1 macrophage cells treated with QDs and PBs was repeated a total of three (n=3) and six (n=6) times respectively.     
6.2.2.3 Measurement of resting Ca2+ - Data analysis

Intracellular Ca2+ was determined immediately at the termination of each repetition of the experimental protocol. The Rmax and Rmin ratios (fluorescence values at 340nm and 380nm) were calibrated using the intracellular ion calcium concentration application of the supporting fluorimeter computer software, FLWinLab (Version 4.00.03, 2006©,    Perkin Elmer, Beaconsfield, England).  The Ca2+ concentration (nM) of each sample was then immediately determined by FLWinLab using the equation described in Grynkiewicz et al. (1985):

 [Ca2+] = Kd (R-Rmin/Rmax-R)

Where Kd is the effective dissociation constant (strength of binding between receptors or ligands) for Ca2+ and Fura 2 – in this case 224nM.   R equates to the ratio of the mixture of both free and Ca2+ bound fluorescence at each wavelength (340nm and 380nm).  All data collection, as well as all subsequent data and statistical analysis was performed by Mr. Matthew S. P. Boyles (Napier University). 

6.2.3. Pro-inflammatory Cytokine - TNF-
Levels of the pro-inflammatory cytokine TNF- produced by J774.A1 cells treated with QDs (20, 40 and 80nM) or PBs (12.5, 25, 50 and                   100µg.ml-1 either in the presence or absence of 10% FCS) at 2, 4, 6 and 24 hours were determined manually, using an enzyme linked immunosorbant assay (ELISA) kit provided by BioSource Diagnostics (Oxford, UK).  All TNF- analysis was performed using cell supernatants previously obtained in section 6.2.1.1. Assessment of the level of TNF- production by particulate treated J774.A1 cells was repeated a total of three times (n=3).

6.2.4 Statistical Analysis
All data is presented as the mean ± SEM.  Statistical analysis of all quantitative data sets was performed as previously described in             section 2.6.

6.3 Results

6.3.1 Oxidative Stress 

6.3.1.1 GSH.Protein-1 following treatment with QDs 
A significant decrease (p<0.0001) in the level of GSH.protein-1 in J774.A1 cell extracts was evident following treatment with organic QDs at all time points and concentrations tested (Figures 6.2 a-d).  

COOH QDs showed a significant decrease in the level of GSH.protein-1 in J774.A1 cell extracts at 80nM after two (p=0.0017) and four hours (p=0.0048) respectively (Figures 6.2a and b).  No changes in the level of GSH.protein-1 were observed from control levels following treatment with COOH QDs at all concentrations for six hours (Figure 6.2c).  Analysis at 24 hours however, found COOH QDs to significantly decrease the level of GSH.protein-1 in J774.A1 cell extracts at 20nM (p=0.0381),                       40nM (p=0.0003) and 80nM (p=0.0000) (Figure 6.2d).

A significant decrease in the amount of GSH.protein-1 in J774.A1 cell extracts was observed following treatment with NH2 (PEG) QDs at all concentrations after two hours (p<0.05) (Figure 6.2a).  Investigation at four hours also found NH2 (PEG) QDs to significantly decrease the level of GSH.protein-1 at 40nM and 80nM (p<0.01) (Figure 6.2b).  No significant differences (p>0.05) were observed following treatment of J774.A1 cells with NH2 (PEG) QDs compared to control cells, after six hours at any of the concentrations examined (Figure 6.2c).  Subsequent analysis at              24 hours also demonstrated NH2 (PEG) QDs to cause a significant decrease in GSH.protein-1 at all concentrations (p<0.0001) (Figure 6.2d).  
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Figure 6.2a: GSH.protein-1 levels in J774.A1 cell extracts after treatment with organic, COOH and NH2 (PEG) QDs for two hours (n=3).  Data is expressed as mean ± SEM.  *, ** and *** indicate a significant difference compared to control cells treated with complete medium (0nM) only of p<0.05, p<0.01 and p<0.0001 respectively.
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Figure 6.2b: GSH.protein-1 levels in J774.A1 cell extracts after treatment with organic, COOH and NH2 (PEG) QDs for four hours (n=3).  Data is expressed as mean ± SEM. ** and *** indicate a significant difference compared to control cells treated with complete medium (0nM) only of p<0.01 and p<0.0001 respectively. 
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Figure 6.2c: GSH.protein-1 levels in J774.A1 cell extracts after treatment with organic, COOH and NH2 (PEG) QDs for six hours (n=3).  Data is expressed as mean ± SEM. *** indicates significant difference (p<0.0001) compared to control cells treated with medium only (0nM).







Figure 6.2d: GSH.protein-1 levels in J774.A1 cell extracts after treatment with organic, COOH and NH2 (PEG) QDs for 24 hours (n=3).  Data is expressed as mean ± SEM.  *, ** and *** indicate a significant difference compared to control cells treated with complete medium only (0nM) of p<0.05, p<0.01 and p<0.0001 respectively.

6.3.1.2 GSH.Protein-1 following treatment with 20nm PBs
The 20nm PBs elicited no significant changes in the level of GSH.protein-1 in J774.A1 cells compared to control cells, in either the presence or absence of 10% FCS after two hours at all concentrations tested             (Figure 6.3a).  Investigation after four and six hours however, demonstrated 20nm PBs, in the presence of 10% FCS, to cause a  significant decrease in the amount of GSH.protein-1 present in J774.A1 cell extracts at 12.5µg.ml-1 (p=0.0156) and 50 µg.ml-1 (p=0.0486)                      (Figures 6.3b and c).  No significant differences in the amount of GSH.protein-1 present in cell extracts were observed compared to control levels at 4, 6 and 24 hours following treatment with 20nm PBs in the absence of 10% FCS (Figures 6.3b-d).  Conversely, examination of the effects of 20nm PBs in the presence of 10% FCS after 24 hours of exposure, found a significant decrease in the level of GSH.protein-1 at 25µg.ml-1 (p= 0.0048), 50µg.ml-1 (p=0.0007) and 100µg.ml-1 (p<0.0001) compared to control cells (Figure 6.3d).

6.3.1.2.1 GSH.Protein-1 - 20nm PBs; + 10% FCS vs. -10% FCS
The 20nm PB particles had no significant effect (p>0.05) on the GSH.protein-1 content of J774.A1 cell extracts either in the presence or absence of 10% FCS after 2, 6 and 24 hours at all of the concentrations tested (Figures 6.3a, c and d).  It was however, observed that the presence of 10% FCS in the suspension media induced a significant depletion in the GSH.protein-1 content of J774.A1 cells at 25µg.ml-1 (p=0.0125) compared to cell culture medium without 10% FCS                   (Figure 6.3b).  


Figure 6.3a:  GSH.protein-1 levels in J774.A1 cell extracts after treatment with 20nm PBs either in the presence (+) or absence (-) of 10% FCS for two hours (n=3).  Data shown is mean ± SEM.




Figure 6.3b: GSH.protein-1 levels in J774.A1 cell extracts after treatment with 20nm PBs either in the presence (+) or absence (-) of 10% FCS for four hours (n=3).  Data shown is mean ± SEM.  * indicates significant difference (p<0.05) compared to control cells treated with cell culture medium only (+ 10% FCS) (0µg.ml-1).  † indicates significant difference (p<0.05) between the presence and absence of 10% FCS.



Figure 6.3c: GSH.protein-1 levels in J774.A1 cell extracts after treatment with 20nm PBs either in the presence (+) or absence (-) of 10% FCS for six hours (n=3).  Data shown is mean ± SEM.  * indicates significant difference (p<0.05) compared to control cells treated with cell culture medium only (- 10% FCS) (0µg.ml-1).



Figure 6.3d: GSH.protein-1 levels in J774.A1 cell extracts after treatment with 20nm PBs either in the presence (+) or absence (-) of 10% FCS for 24 hours (n=3).  Data shown is mean ± SEM.  ** indicates significant difference (p<0.01) compared to control cells treated with cell culture medium only (+ 10% FCS) (0µg.ml-1).
6.3.1.3 GSH.Protein-1 following treatment with 200nm PBs 
No significant differences (p>0.05) in the level of GSH.protein-1 detected in 200nm PB treated J774.A1 cell extracts, in both the presence and absence of 10% FCS, were observed compared to control levels after two and four hours at all concentrations tested (Figures 6.4a and b).  Exposure of J774.A1 cells to 200nm PBs in the absence of 10% FCS for six hours however, caused a significant increase in the level of GSH.protein-1 at 25µg.ml-1 (p=0.0077), 50µg.ml-1 (p=0.0038) and 100µg.ml-1 (p=0.0001) compared to control cells (Figure 6.4c).  No changes were observed in the level of GSH.protein-1 in J774.A1 cell extracts after six hours treatment with 200nm PBs in the presence of 10% FCS compared to control levels (Figure 6.4c).  Examination after 24 hours also showed no significant difference (p>0.05) in the level of GSH.protein-1 elicited by J774.A1 cells exposed to 200nm PBs, either in the presence or absence of 10% FCS and control cells treated with cell culture medium only (Figure 6.4d).  

6.3.1.3.1 GSH.Protein-1 - 200nm PBs; +10% FCS vs. -10% FCS
The GSH.protein-1 content of J774.A1 cell extracts treated with                  200nm PBs suspended in media without 10% FCS was significantly greater at 12.5µg.ml-1 (p=0.0042) and 25µg.ml-1 (p=0.0000) after                    two hours, as well as 50µg.ml-1 (p=0.0009) and 100µg.ml-1 (p=0.0064) after four hours, compared to 200nm PBs suspended in cell culture medium with 10% FCS (Figures 6.4a and b).  Examination of the GSH.protein-1 content of J774.A1 cells treated with 200nm PBs in the absence of 10% FCS after six hours also found a significant increase at particle concentrations of 25µg.ml-1 (p=0.0003), 50µg.ml-1 (p=0.0001) and 100µg.ml-1 (p=0.0000) compared to the presence of 10% FCS in the cell culture medium (Figure 6.4c).  It was further demonstrated after 24 hours, that cells treated with 200nm PBs in the absence of 10% FCS caused a significantly greater amount of GSH.protein-1 in J774.A1 cell extracts at a particulate concentration of 100µg.ml-1 (p=0.0020) compared to cells treated with 200nm PBs in the presence of 10% FCS (Figure 6.4d).



Figure 6.4a: GSH.protein-1 content in J774.A1 cell extracts after treatment with 200nm PBs either in the presence (+) or absence (-) of 10% FCS for two hours (n=3).  Data shown is mean ± SEM.  ‡ indicates significant difference (p<0.01) between in the presence and in the absence of          10% FCS.  $ indicates significant difference (p<0.0001) between in the presence and in the absence of 10% FCS.



Figure 6.4b: GSH.protein-1 content in J774.A1 cell extracts after treatment with 200nm PBs either in the presence (+) or absence (-) of 10% FCS for four hours (n=3).  Data shown is mean ± SEM.  ‡ indicates significant difference (p<0.01) between in the presence and in the absence of            10% FCS.




Figure 6.4c: GSH.protein-1 content in J774.A1 cell extracts after treatment with 200nm PBs either in the presence (+) or absence (-) of 10% FCS for six hours (n=3).  Data shown is mean ± SEM.  * indicates significant difference (p<0.05) compared to control cells treated with cell culture medium only (- 10% FCS) (0µg.ml-1).  ‡ indicates significant difference (p<0.01) between in the presence and in the absence of 10% FCS.              $ indicates significant difference (p<0.0001) between in the presence and in the absence of 10% FCS.


Figure 6.4d: GSH.protein-1 content in J774.A1 cell extracts after treatment with 200nm PBs either in the presence (+) or absence (-) of 10% FCS at 24 hours (n=3).  Data shown is mean ± SEM.  ‡ indicates significant difference (p<0.01) between in the presence and in the absence of             10% FCS.

6.3.1.4 GSH.Protein-1 - 20nm PBs vs. 200nm PBs
Analysis of the level of GSH.protein-1 in J774.A1 cell extracts after treatment with 20nm PBs in the presence of 10% FCS showed a significant higher amount of GSH.protein-1 at 12.5µg.ml-1 (p=0.0091) and             25µg.ml-1 (p=0.0303) after two hours compared to 200nm PBs in the presence of 10% FCS.  Subsequent analysis in the absence of 10% FCS found a significantly higher level of GSH.protein-1 in J774.A1 cells treated with 20nm PBs after six hours at 12.5µg.ml-1 (p=0.0378),                        50µg.ml-1(p=0.0259) and 100µg.ml-1 (p=0.0000) as well as after 24 hours at 100µg.ml-1 (p=0.0010) compared to treatment of J774.A1 cells with 200nm PBs.

6.3.2 Intracellular Ca2+

For all experiments, the resting cytosolic Ca2+ concentration of J774.A1 cells was found to be between 58nM and 66nM.  Also, the addition of cell culture medium alone (medium only) did not significantly alter the level of cytosolic Ca2+ concentration in J774.A1 cells (Figures 6.5a – 6.7b). 

6.3.2.1 Resting Cytosolic Ca2+
A significant increase in the resting cytosolic Ca2+ concentration of J774.A1 cells was found following treatment with organic, COOH and NH2 (PEG) QDs (Figure 6.5a), as well as 20nm PBs, 200nm PBs, ufCB and CB after 30 minutes (p<0.05) (Figure 6.5b).  Subsequent analysis also demonstrated J774.A1 cytosolic Ca2+ concentration to significantly increase following treatment with organic QDs and ufCB (p<0.05), compared to treatment with cell culture medium only (Figures 6.5a and b).  





Figure 6.5a: Cytosolic Ca2+ concentration (nM) of J774.A1 cells following treatment with organic, COOH and NH2 (PEG) QDs for 30 minutes (n=6).  Data shown is mean ± SEM.  * and *** indicate a significant difference compared to the rest period of p<0.01 and p<0.0001.  † indicates significant difference (p<0.05) compared to control cells treated with cell culture medium only.





Figure 6.5b: Cytosolic Ca2+ concentration (nM) of J774.A1 cells following treatment with 20nm PBs, 200nm PBs, ufCB and CB for 30 minutes (n=3).  Data shown is mean ± SEM.  *** indicates significant difference compared to the rest period (p<0.0001).  † indicates significant difference (p<0.05) compared to control cells treated with cell culture medium only.

6.3.2.2 Thapsigargin response

Thapsigargin was found to cause no significant effect (p>0.05) on the cytosolic Ca2+ concentration of J774.A1 cells treated with cell culture medium only (Figures 6.6a and b).  Subsequent investigation of particulate treated J774.A1 cells found no significant difference (p>0.05) in the thapsigargin response of cells treated with organic, COOH or                 NH2 (PEG) QDs (Figure 6.6a), as well as 20nm PB, 200nm PB or CB compared to cells treated with complete medium only (Figure 6.6b).  J774.A1 cells treated with ufCB however, did result in a significant increase (p=0.0096) in the Ca2+ response to thapsigargin of J774.A1 cells (Figure 6.6b).  


Figure 6.6a: Thapsigargan response of J774.A1 cells following treatment with organic, COOH and NH2 (PEG) QDs for 30 minutes (n=6).  Data shown is mean ± SEM.


Figure 6.6b: Thapsigargan response of J774.A1 cells following treatment with 20nm PBs, 200nm PBs, ufCB and CB for 30 mintues (n=3).  Data shown is mean ± SEM.  ** indicates significant difference (p<0.01) compared to control cells treated with cell culture medium only.

6.3.2.3 Antioxidant Pre-treatment with Trolox and Na-cystelyn

The addition of Trolox to cell culture medium illustrated no significant effect (p>0.05) on J774.A1 cytosolic Ca2+ concentration compared to the rest period, or treatment with cell culture medium only (Figure 6.7a).  Subsequent analysis of J774.A1 cells treated with organic QDs at 40nM, after pre-treatment with Trolox, demonstrated a significant increase (p=0.0282) in cytosolic Ca2+ concentration when compared to the rest period (Figure 6.7a).  No significant effect on cytosolic Ca2+ was observed following treatment with COOH QDs, or NH2 (PEG) QDs following pre-treatment of J774.A1 cells with Trolox (Figure 6.7a). 



Figure 6.7a: Cytosolic Ca2+ concentration of cells treated with the antioxidant TROLOX at 25µM for 30 minutes prior to treatment with organic COOH and NH2 (PEG) QDs for an additional 30 minutes (n=3).  Data shown is mean ± SEM.  * indicates significant difference (p<0.05) compared to the rest period.

Cytosolic Ca2+ was found to be significantly increased following treatment with cell culture medium containing Nacystelyn, compared to both the rest period (p=0.0000), and cell culture medium only (p=0.0027)                   (Figure 6.7b).  Analysis of the effects of QDs on J774.A1 cytosolic Ca2+ following pre-treatment with Nacystelyn, showed a significant increase after treatment with organic QDs (p=0.0000), COOH QDs (p=0.0003) and NH2 (PEG) QDs (p=0.0000) compared to the rest period (Figure 6.7b).  Subsequent analysis also found all QD treatments to cause a significant elevation in cytosolic Ca2+ in the Nacystelin pre-treated cells compared to cell culture medium only (p<0.01) (Figure 6.7b).  No significant differences (p>0.05) were observed between Nacystelin only treated macrophage cells and Nacystelin + QD treated cells (Figure 6.7b).





Figure 6.7b: Cytosolic Ca2+ concentration of cells treated with the antioxidant Na-cystelin at 400µM for 30 minutes prior to treatment with organic COOH and NH2 (PEG) QDs for an additional 30 minutes (n=6). 
Data shown is mean ± SEM.  ** and *** indicate a significant difference compared to the rest period (p<0.0001).  ‡ indicates significant difference (p<0.01) compared to cells treated with medium only.

6.3.3 Pro-Inflammatory Cytokine TNF-
6.3.3.1 Detection of TNF-production following treatment with QDs

Investigation of TNF- production by J774.A1 cells following treatment with organic, COOH and NH2 (PEG) QDs, as well as both 20nm and 200nm PBs at two, four and six hours was not possible, as all results were below the limit of detection (lowest standard) for the ELISA kit used            (data not shown).  Subsequent analysis at 24 hours also found results for  cells treated with COOH QDs (at all concentrations), as well as for cells treated with both organic QDs and NH2 (PEG) QDs (20nM and 40nM only) to be below the limit of detection (lowest standard) for the ELISA kit (Figure 6.8).  Both organic QDs and NH2 (PEG) QDs however, were found to cause a significant increase (p<0.0001) in TNF- production after                24 hours at 80nM compared to control cells treated with complete medium only (Figure 6.8).





Figure 6.8: Stimulation of the pro-inflammatory cytokine TNF- detected in J774.A1 cell supernatants after treatment with organic, COOH and           NH2 (PEG) QDs at 24 hours (n=3).  Data shown is mean ± SEM.                     ** indicates significant difference (p<0.01) compared to control cells treated with cell culture medium only (0nM).
6.3.3.2 Detection of TNF-production following treatment with PBs

Investigation of J774.A1 cells treated with 20nm PBs found significant increases in TNF- production at 50µg.ml-1 and 100µg.ml-1 after 24 hours compared to control cells in both the presence and absence of 10% FCS (p<0.05) (Figure 6.9a).  In contrast, 200nm PBs, in the presence of             10% FCS had no significant effect on TNF- production by J774.A1 cells compared to control cells after 24 hours of treatment (Figure 6.9b).  TNF- production was found however, to be significantly increased (p=0.0250) by exposure of J774.A1 cells to 200nm PBs at 100µg.ml-1 suspended in cell culture media without 10% FCS for 24 hours (Figure 6.9b).






Figure 6.9a: Stimulation of the pro-inflammatory cytokine TNF- detected in J774.A1 cell supernatants after treatment with 20nm PBs either in the presence (+) or absence (-) of 10% FCS at 24 hours (n=3).  Data shown is mean ± SEM.  * and *** indicate a significant difference compared to control cells treated with cell culture medium only (0µg.ml-1) of p<0.05 and p<0.0001 respectively.

6.3.3.3 Detection of TNF-production - 20nm PBs vs. 200nm PBs

No significant differences (p>0.05) were observed in the TNF-production by J774.A1 macrophage cells treated with 20nm PBs compared to cells treated with 200nm PBs. 

6.3.3.4 Detection of TNF- production - +10% FCS vs. -10% FCS
No significant differences (p>0.05) were observed between the presence and absence of 10% FCS on the TNF- production by 20nm PB treated J774.A1 cells after 24 hours at all concentrations tested.  The                      TNF-production by 200nm PB treated J774.A1 cells was however, found to be significantly greater in the absence of 10% FCS compared to the presence of 10% FCS at 50µg.ml-1 (p=0.0136) and 100µg.ml-1 (p<0.0001) after 24 hours.



Figure 6.9b: Stimulation of the pro-inflammatory cytokine TNF- detected in J774.A1 cell supernatants after treatment with 200nm PBs either in the presence (+) or absence (-) of 10% FCS at 24 hours (n=3).  Data shown is mean ± SEM.  † indicates significant difference (p<0.05) between the presence and absence of 10% FCS.

6.4 Discussion

ROS production can be associated with severe pulmonary and cardiovascular diseases, such as asthma and COPD (Hoidal, 2001).  Previous literature investigating the effects of PM10 (including its surrogate CB), asbestos and silica has shown these pathogenic particles to produce ROS, causing associated oxidative stress following exposure to the lung (Oberdorster et al., 2007).  In addition, it has been demonstrated that NPs can elicit a greater amount of ROS production and oxidative stress compared to their larger sized particle counterparts                   (Oberdorster et al., 2007), and this is thought to be linked, via inflammation, to subsequent exacerbations of pre-existing respiratory and cardiovascular diseases (Peters et al., 1997).  As previously discussed in chapter five, QD toxicity has been attributed to either release of Cd2+ from the core (Derfus et al., 2004), or their specific surface coating                       (Guo et al., 2007).  Recently however, both Lovric et al. (2005b) and    Chan et al. (2006) have suggested that QD toxicity could be attributed to the ability of these NPs to produce ROS, causing subsequent oxidative stress.  The ability of QDs to generate ROS and cause oxidative stress, subsequently affecting cell signalling as a mechanism of QD toxicity however, is not fully understood (Tsay and Michalet, 2005).  Consequently, the aim of this study was to investigate the potential for a series of different surface coated QDs to cause oxidative stress, as well as affect both pro-inflammatory cytokine expression and cytosolic Ca2+ signalling in J774.A1 macrophage cells. 

This study clearly showed QDs with a hydrophobic, organic coating to significantly decrease the level of GSH in J774.A1 macrophage cells over 24 hours at 20, 40 and 80nM.  The ability of the organic coated QDs to cause oxidative stress, support the findings of Chan et al. (2006) who demonstrated TOPO capped QDs to cause increased ROS production, assessed via DCFH, following treatment for 24 hours at both 150nM and 300nM in IMR-32 cells.  In addition, the findings of the present study are similar to those reported by Stone et al. (1998), who showed ufCB to elicit a significant decrease in the level of GSH in A549 epithelial cells after six hours at a concentration of 0.78µg.mm2.  Despite this, although the decrease in GSH levels observed following treatment with organic QDs indicates an increased level of oxidative stress within macrophage cells, it could be suggested that this decrease is resultant of the cytotoxicity which has been shown to occur following exposure to organic QDs (chapters three and five).  In chapter five, it was suggested that the cytotoxicity observed with organic QDs could be related to either the O.S. or the Cd material located within the core of QDs, if it were to be released.  Previous research has shown Cd to cause increased oxidative stress, as determined via assessment of GSH depletion in HepG2 hepatoma and C6 glioma cells over three hours (Yang et al., 2004).  The present study did not however, measure the potential for the chemical components of QDs to cause oxidative stress, and therefore it is not known if these could contribute to the oxidative stress observed.  Furthermore, a direct measurement of the ability of organic QDs and their chemical components to generate ROS was not performed.  Additional investigation is required therefore to fully understand the potential for organic QDs, as well as the chemical components of QDs, to cause ROS in order support these observations.  Also assessment of the potential for organic QDs to cause oxidative stress, via GSH depletion, at non-lethal doses (<20nM) would also provide further information as to the ability of these QDs to induce oxidative stress in cells.

Investigation of the effects of COOH QDs also showed a significant depletion in the level of GSH in J774.A1 macrophage cells after 2 and             4 hours, as well as 24 hours.  In contrast to organic QDs, as shown in chapter five, the COOH QDs caused no cytotoxicity (as assessed via both MTT and LDH assays) at 2 and 4 hours, as well as causing only a limited reduction in cell viability at 24 hours.  These findings suggest that the depletion in GSH observed at 2, 4 and 24 hours is most likely related to the ability of these QDs to cause oxidative stress and not their cytotoxicity.  In addition, the findings of the present study support those of                         Lovric et al. (2005b) who reported QD toxicity to be associated with an increase in ROS production and oxidative stress effects.                              Lovric et al. (2005b) showed that MPA coated QDs, at a concentration of 5µg.ml-1 and 10µg.ml-1 caused increased levels of ROS production in cells following treatment for 30 minutes, as determined by imaging of DHE treated MCF-7 human breast cancer cells.   Subsequent studies assessing the ability of QDs to cause ROS and oxidative stress in cells however, are limited at this time to these findings.  

NH2 (PEG) QDs treated J774.A1 cells also expressed a significant decrease in GSH levels after 2, 4 and 24 hours.  Similarly to COOH QDs, these polymer coated QDs elicited limited cytotoxicity over a 24 hour period, as previously presented in chapter five.  Therefore, it could be proposed that the depletion in GSH demonstrated over 24 hours, is indicative of oxidative stress and not related to their ability to cause a reduction in the metabolic activity or disrupt the membrane of macrophage cells.  After six hours treatment with both COOH QDs and NH2 (PEG) QDs however, no significant changes in the GSH levels of J774.A1 macrophage cells were observed.  These findings are in contrast to           Stone et al. (1998) who, as previously mentioned, reported a significant depletion of GSH in epithelial cells after six hours.  As this time point has not previously been examined in this thesis, it is unknown what the cytotoxicity of each QD is after this acute time period, and therefore it is unable to determine if this observed depletion is related to their cytotoxicity, as previously suggested with organic QDs.  It could be proposed however, that the macrophage cells are increasing the level of GSH production as a defence mechanism to protect against particle induced oxidative stress.  Further study is required however, to support this suggestion, as well as to understand the potential cytotoxicity and ROS production following treatment with QDs after six hours.  

Investigation into the effects of the presence and absence of 10% FCS in the cell media demonstrated that treatment with either 20nm or               200nm PBs suspended in cell media in the absence of 10% FCS, caused a greater level of GSH to be present in J774.A1 cell extracts compared to when particles were suspended in media in the presence of 10% FCS.  This is interesting, as previous research has shown the presence of FCS in cell culture media to cause a protective effect against the onset of oxidative stress in B-cells (Stoppiglia et al., 2002) and neonatal rat cardiac myocytes (Takeda et al., 2006).  Although the effects observed in the present study are not clear, it could be suggested that the higher level of GSH found in cells treated with NPs in the absence of 10% FCS, is related to the immediate up-regulation of the cells’ antioxidant defence system in order to maintain cell viability and to negate any oxidative stress effects, which may be occurring due to the lack of FCS present in the cell culture medium.  Therefore, it could be suggested that a particulate effect is not being observed when cells are treated with either 20nm or 200nm PBs in the absence of 10% FCS, as the antioxidant system is overwhelming the particulate effect that is observed when cells are treated with each different sized PB in the presence of 10% FCS.  Further research is necessary however, in order to support these suggestions.

Investigation of the effects of QDs on cytosolic Ca2+ signalling in J774.A1 cells, found all QDs and PBs to cause an increase in cytosolic Ca2+ concentration, similar to the effects of ufCB, within macrophage cells following 30 minutes of treatment, indicating that all QDs disturb normal cell signalling homeostasis following a short exposure period.  These findings support previous examination by Stone et al. (2000a; 2000b) and Brown et al. (2000; 2007) that ufCB significantly increased the cytosolic Ca2+ concentration in both primary macrophages (human blood monocytes) and macrophages cell lines (MM6) respectively.  

Thapsigargin was used to assess the viability of the cells via Ca2+ signalling.  Thapsigargin stimulates release of Ca2+ from the ER; a loss of cell viability, via apoptosis, is associated with a depletion of the ER Ca2+ store and therefore a reduced Ca2+ response to thapsigargin stimulation.  It was observed that none of the QDs induced any change in J774.A1 cell Ca2+ concentration in the response to stimulation with thapsigargin.  Similarly, neither sized PB had any significant effect.  Despite this, ufCB, but not CB, induced an increase in the response to thapsigargin.  Therefore, it can be concluded that organic, COOH or NH2 (PEG) QDs (all 40nM), and 20nm or 200nm PBs (both 50µg.ml-1), as well as CB (125µg.ml-1) do not induce cell death via apoptosis after 30 minutes of treatment, although ufCB (125µg.ml-1) did.  These findings further support past research of ambient air NPs on Ca2+ signalling in macrophage cells (Stone et al., 2000a; 2000b; Brown et al., 2000; 2004; 2007), which all showed ufCB not to cause cell death via apoptosis, but instead to induce an increase in cytosolic Ca2+ concentration after 30 minutes of treatment, suggesting enhanced Ca2+ signalling.  The observation that QDs did not induce apoptosis in macrophage cells is in contrast to the findings of Lovric et al. (2005b) who showed that mercaptopropionic acid (MPA) coated QDs caused apoptosis in MCF-7 tumour cells, as determined via the production of cytochrome c after 24 hours of treatment at concentrations of 5µg.ml-1 and 10µg.ml-1.  The precise mechanism of cell death was not studied in this thesis however, and therefore further research is required to determine the process of cell death that QDs might undergo.  Additionally, cell viability was only measured after 30 minutes in the present study, and therefore subsequent investigation is required over extended time periods in order to fully understand the potential mechanism of QD induced cell death.

Investigation of intracellular Ca2+ signalling using J774.A1 macrophage cells pre-treated with the antioxidant trolox showed that organic QDs cause a significant increase in the level of cytosolic Ca2+ concentration after only 30 minutes of treatment, despite the addition of an antioxidant.  The antioxidant trolox was effective however, at preventing COOH and                   NH2 (PEG) QD induced Ca2+ increase, suggesting that the increase in Ca2+ previously observed following treatment with COOH and                         NH2 (PEG) QDs is mediated via ROS and oxidative stress.  Although the effects observed with organic QDs support the findings of                           Lovric et al. (2005a), subsequent analysis with both COOH and                    NH2 (PEG) QDs support Lovric et al. (2005a), who reported that trolox was unable to prevent cationic QD toxicity (MTT assay) in PC12 cells over           24 hours, and subsequently concluded trolox not to be a good pharmaceutical agent against QD toxicity.  

Subsequent analysis using Nacystelin as an antioxidant to determine whether ROS are involved in QD induced Ca2+ signalling was not possible due to the fact that Nacystelin alone induced a significant increase in macrophage Ca2+ levels.  The QD added to Nacystelin treated cells did not induced a further increase in Ca2+, but it is difficult to interpret this lack of response due to the high background already present.  

Although it was observed in this study, that QDs, particularly COOH QDs and NH2 (PEG) QDs, exhibit similar characteristics to previously studied surrogates of ambient air particles, such as ufCB, in terms of their potential to cause oxidative stress, examination of their potential to cause inflammation showed limited TNF- protein production over time, with only an increased level of TNF- observed following treatment for 24 hours at the highest concentration used (80nM).  These effects are in complete contrast to the previous findings of the inflammatory properties of NPs, such as ufCB and TiO2 (Oberdorster et al., 2007).  This lack of cytokine expression could be attributed to the sensitivity of the ELISA kit and cell type used, although, J774.A1 macrophage cells have been shown to cause increased levels of TNF-, determined via an ELISA diagnostic kit, following treatment with transition metals and ufCB (Wilson et al., 2002).  

Despite the lack of TNF- production by J774.A1 cells following treatment with each different surface coated QD, it was observed that following exposure to 20nm PBs, in the presence and absence of 10% FCS, as well as 200nm PBs, in the absence of 10% FCS only, that J774.A1 cells produced a significant amount of TNF- production after 24 hours.  In addition, the 20nm PBs were found to be more potent than the 200nm PBs, in both cell media environments at this time point, with a significant increase in TNF- expression observed at the highest concentrations tested (50µg.ml-1 and 100µg.ml-1).  The finding that these low solubility, polystyrene particles were more susceptible to inducing increased                  pro-inflammatory protein expression in cells when <100nm supports previous literature that has shown 64nm PBs to increase the level of                IL-8 expression compared to larger sized PB particles (202nm and 535nm) in A549 epithelial cells (Brown et al., 2001).  It was further concluded by Brown et al. (2001), that this increase in pro-inflammatory cytokine production by epithelial cells was attributed to the greater surface area and reactivity of the smaller PBs compared to the larger PBs.  Further study is necessary however, in order to determine if this mechanism could be responsible for the differences observed in pro-inflammatory cytokine production by J774.A1 cells in the present study.

Interestingly, the 200nm PBs, in the absence of 10% FCS demonstrated an increase in the level of TNF- production by J774.A1 cells following treatment with 100µg.ml-1 at 24 hours.  Although this finding is not significantly different from control levels, it is greater than the TNF- levels observed following exposure of J774.A1 macrophage cells with any of the QDs studied. This finding suggests that larger, low solubility, low toxicity polystyrene particles are more effective at causing pro-inflammatory protein expression in macrophage cells than QDs.  Literature investigating the potential for QDs to cause inflammation, or induce pro-inflammatory cytokine release from cells is severely limited at this time.  Further research is imperative therefore, to further understand the ability for QDs to cause inflammation, as well as to determine if the findings of the present study are representative of the pro-inflammatory effects of QDs, or, as previously stated, they are merely related to the specific cells and/or ELISA diagnostic kit used.

This study clearly demonstrates that both negatively surface charged QDs and NH2 (PEG) QDs can cause oxidative stress, leading to modulated Ca2+ signalling in macrophage cells over a prolonged period of exposure at sub-lethal concentrations.  Organic QDs do show the ability to cause oxidative stress and disrupt cell signalling, although this could be attributed to their relatively high cytotoxicity.  Both organic and                        NH2 (PEG) QDs caused limited TNF- expression by J774.A1 cells, at a high concentration (80nM), although COOH QD caused no TNF- production.  From these findings, it can be suggested that QDs exhibit similar characteristics to previously studied ambient air NPs, such as ufCB, in their ability to cause oxidative stress, thus supporting previous literature that suggests that a relationship exists between oxidative stress and NP toxicity (Stone et al., 1998; Brown et al., 2004;                         Donaldson et al., 2003). Therefore, in conclusion the potential for ROS production and oxidative stress to be attributed as a mechanism for QD toxicity is supported by the findings of this study, although further investigation is required.  

CHAPTER SEVEN
General Discussion

7.1 General Discussion

QDs are intended for use as advantageous tools in both diagnostics and therapeutics due to their light emitting characteristics (Bailey et al., 2004;  Hardman, 2006; Pison et al. 2006; Azzay et al., 2007; Hild et al., 2008).  The interaction of these semi-conductor NPs with biological systems and their subsequent toxicity however, is not fully understood.  The aim of this research project therefore, was to investigate the interaction of a series of different surface coated QDs on macrophages, assessing their uptake patterns, kinetics and cellular distribution, as well as their subsequent toxicity.  Macrophages were specifically used, as these cells are the most likely fate of untargeted QDs within the tissue.

The findings of this project demonstrated that COOH and NH2 (PEG) surface coated QDs are highly fluorescent and could be identified clearly within macrophages following exposure in vitro in the presence of               10% FCS, when the cells were chemically fixed and imaged via confocal microscopy.  The uptake patterns and kinetics were observed to be different between these two surface coated QDs, with the COOH QDs easily taken up by J774.A1 cells, showing a rapid and more widespread uptake by the macrophage cells than the NH2 (PEG) QDs over a two hour period.  Interestingly however, the intracellular fate of both COOH QDs and NH2 (PEG) QDs was similar, with both types of QDs locating within endosomes, lysosomes and the mitochondria of J774.A1 cells.  Previous research by Lovric et al. (2005a) has shown that QD size determines their intracellular localisation and distribution within PC12 neuronal cells, with smaller QDs able to penetrate into the nucleus.  This project did not assess different sized QDs.  DLS of both COOH QDs and NH2 (PEG) QDs however, demonstrated that the COOH QDs were more aggregated than the NH2 (PEG) QDs after 30 minutes.  Despite this difference in size, it was not possible to distinguish a difference between the intracellular localisation of COOH QDs and NH2 (PEG) QDs.  In addition, although the COOH QDs were larger than the NH2 (PEG) QDs, COOH QDs were able to penetrate the membrane more easily than the polymer coated QDs, suggesting that the PEG coating reduces QD uptake, but does not completely prevent it in the presence of 10% FCS.  

Investigation of 20nm PBs and 200nm PBs indicated that the 20nm PBs were more extensively taken up than the 200nm PBs, supporting previous research that has shown a difference in the response of cells to PB particles due to their size (Rejman et al., 2003).  As previously shown for both the COOH and NH2 (PEG) QDs, there was no clear difference in the subsequent intracellular localisation of the different sized PBs within the J774.A1 macrophage cells, suggesting that size does not affect NP intracellular distribution and localisation in vitro.  Further study is necessary however, both in vitro and subsequently in vivo, to support the suggestion that the size of QDs may affect their intracellular localisation and distribution, as well as how a difference in QD size may affect their subsequent toxicity. 

Organic QDs were not able to be observed in fixed cells observed via confocal microscopy due to their toxicity.  Subsequent analysis via live cell confocal microscopy, flow cytometry and T.E.M. however, did show organic QDs to be present within J774.A1 cells.  The loss in fluorescence after 30 minutes during live cell confocal microscopy, as well as the decrease in GMFI (as determined via FACS analysis) at this time point, was attributed to a loss in fluorescent intensity at pH 4.0, indicative of a reduction in fluorescent stability and suggestive of their cytotoxicity.  T.E.M. analysis subsequently illustrated that organic QDs were present within membrane-bound vesicles, and thus most likely to be in an environment of pH 4.0 to pH 5.0.  It could therefore, be suggested that the ability of organic QDs to significantly reduce the mitochondrial metabolic activity (MTT assay) as well as disrupt the integrity of the cell membrane (S.E.M.), causing subsequent increases in the amount of LDH released from cells is related to their location within J774.A1 macrophage cells.  Although these findings support previous research that has shown exposure of organic TOPO capped QDs to primary rat hepatocyte cells (Derfus et al., 2004), as well as IMR-32 cells (Chan et al., 2006) to significantly reduce the cell metabolic activity over time, additional research is necessary to determine if the uptake of organic QDs, as well as their localisation within cells is related to their toxicity.  

In contrast to organic QDs, which were highly cytotoxic (MTT and LDH assays) at all time points (2, 4, 24 and 48 hours) and concentrations           (20, 40 and 80nM) tested, COOH QDs and NH2 (PEG) QDs were observed to cause limited cytotoxicity as assessed via both the MTT and LDH assays.  It has been previously shown that the Cd core can cause QD toxicity through the release of Cd ions (Derfus et al., 2004), as well as, conversely, that the specific surface coating, and not the Cd core causes the toxicity associated with QDs (Guo et al., 2007).  In order to determine the component(s) responsible for the observed toxicity with the organic QDs, an investigation into the toxicity of each chemical component that constituted the organic QDs was performed.  It was evident following assessment of the toxic effects of CdCl2 (as a surrogate of the CdTe/CdSe core), ZnS, and the O.S., that the O.S. was highly cytotoxic and could therefore be responsible for the toxicity of the organic QDs.  This increased toxicity observed to J774.A1 cells following treatment with the O.S., as well as organic QDs, could be due to the ability of organic solvents to dissolve or disrupt lipophilic structures, such as the cell membrane, thus allowing easy access to the cell via diffusion or disruption of the cell membrane structure.  

In contrast, ZnS did not cause any toxic effects and is therefore unlikely to contribute to the toxicity of the organic QDs.  This is consistent with the findings of the COOH and NH2 (PEG) QD, which also contained ZnS but were relatively lower in terms of toxicity.  CdCl2 was also found to be toxic at all concentrations tested (20, 40 and 80nM).  These findings suggest that if released from the core of QDs, Cd could play a significant role in QD toxicity.  Further investigation into the possibility for the Cd material present in the core of QDs to be released, as well as the effectiveness of the ZnS shell to contain the Cd core is required however, to fully understand and determine the component responsible for QD toxicity.

Subsequent examination of the ability of COOH and NH2 (PEG) QDs to induce oxidative stress in J774.A1 macrophage cells observed that        sub-lethal concentrations could elicit a decrease in the level of GSH in macrophages, and an increase in Ca2+ signalling.  Since antioxidants (Trolox) were able to prevent the COOH and NH2 (PEG) QD induced Ca2+ signal, we hypothesise that these specific QDs can induce oxidative stress leading to activation of a Ca2+ signal.  These findings support previous studies using ambient air particles and their surrogate CB and ufCB that have suggested a relationship between oxidative stress, Ca2+ signalling, pro-inflammatory gene expression and NP toxicity (Stone et al., 1998; Brown et al., 2003; Donaldson et al., 2003).  Organic QDs were also shown to cause a decrease in GSH content of macrophage cells over a   24 hour period at all concentrations tested, as well as increased                  Ca2+ signalling, comparable to the effects induced by ufCB.  It is suggested however, that these findings could be related to the observed decrease in cell viability (MTT and LDH assays) which would clearly impact upon both the GSH and Ca2+ signalling within the J774.A1 cells.  In addition, an analysis of the ability of low concentrations (<20nM) of organic QDs in order to identify sub-lethal concentrations would be required to identify whether these QDs can elicit oxidative stress and Ca2+ signalling.  Additionally, research into the potential process of cell death is necessary as it was observed, although only after 30 minutes treatment, that none of the QDs caused macrophage cell death via apoptosis following analysis of their response to thapsigargin. 

The highest concentrations of organic and NH2 (PEG) QDs tested (80nM) were observed to cause a small but significant increase in the production of TNF- after 24 hours, suggesting that in vivo they could have the potential to induce inflammation.  Although COOH QDs, in comparison to all QDs examined, were found to enter the cells more extensively, thus causing an increased intracellular dose, these QDs did not cause any TNF- production over a 24 hour period at the concentrations tested             (20, 40 and 80nM).  These findings suggest that the COOH QDs would be less likely to induce inflammation in vivo.  Analysis of negatively charged 20nm and 200nm PBs did demonstrate however, a significant increase in the level of TNF- production by macrophages after 24 hours.  The            20nm PBs were found to be more potent than the 200nm PBs, causing a significant increase in TNF- production at the highest concentrations used (50μg.ml-1and 100μg.ml-1).  These findings support previous literature that has shown PBs which are <100nm in size to cause a greater production of pro-inflammatory cytokines compared to their larger counterparts in cells (Brown et al., 2001).  It was reported by                     Brown et al. (2001) that 64nm PBs caused a significant increase in IL-8 expression in A549 epithelial cells compared to 202nm and 535nm PBs.  It was subsequently concluded by Brown et al. (2001) that the increased pro-inflammatory activity associated with the 64nm PBs was related to their larger surface area.  Although the findings of the present study support this conclusion, further research is necessary in order to confirm this.  Interestingly however, the 200nm PBs also showed an increase in TNF- production at 100μg.ml-1.  Although this finding was not significant from control levels, it was observed to be greater than the levels induced by treatment with either organic, COOH or NH2 (PEG) QDs.   It is unclear as to the reason why both sized PBs invoked a greater production of   TNF- from J774.A1 cells than the QDs.  Literature assessing the capacity of QDs to cause inflammation or produce pro-inflammatory cytokines is limited, and therefore further study is required in order to determine if the effects presented in chapter six are representative of QDs, or are due to the specific cells and/or ELISA diagnostic kit used.

In addition, as previously mentioned, NH2 (PEG) QDs suspended in cell media containing 10% FCS were able to penetrate cells.  Subsequent analysis of live cells via confocal microscopy, without 10% FCS present in the suspension media, demonstrated that these particles did not enter cells, however only attached to the surface of J774.A1 cells, suggesting that the FCS may interact with the PEG on the surface of the QDs.  The suggestion that the presence of 10% FCS could interact with the PEG coating causing their uptake was investigated via characterisation of particles in regards to their zeta potential.   It was demonstrated that the presence of 10% FCS created a positive surface charge compared to a negative charge in the absence of 10% FCS in the suspension media at pH 4.0.  These results illustrate that the presence of FCS significantly affects the surface charge of NH2 (PEG) QDs compared to when 10% FCS is absent, and can thus have a significant affect on the interaction of NH2 (PEG) QDs with macrophage cells.  Despite these findings, further research is necessary to characterise NH2 (PEG) QDs, in correlation with their size, at different pH levels; such as pH 7, as this is the pH level in which the NH2 (PEG) QDs were used in all toxicity assays (MTT, LDH, GSH) throughout the project; in order to understand how these NPs are affected by different environments, as well as how this might affect their subsequent toxicity.  

The effects of the presence and absence of 10% FCS on QD toxicity were not performed in this project.  Analysis using 20nm and 200nm PBs in the presence and absence of 10% FCS however, demonstrated that no significant difference between the two conditions in terms of the abililty of the particles to induce cytotoxicity, as assessed via the MTT and LDH assays.  Investigation into the effects of each different sized PBs in regards to their ability to induce oxidative stress via a loss in GSH however, found that in the presence of 10% FCS, the background concentration of GSH in the control cells was lower than in the absence of 10% FCS.  In addition, subsequent treatment with the particles caused detectable oxidative stress as indicated by GSH depletion in the presence of 10% FCS, but not in the absence of 10% FCS when the cells were treated with either 20nm or 200nm PBs.  This finding could be attributed to the macrophage cells up-regulating their antioxidant defence system in the absence of 10% FCS.  Serum (10% FCS) free conditions are relatively stressful to the cells, resulting in a middle oxidative stress                    (Donaldson et al., 2003), which could stimulate the cells to up-regulate GSH production.  This therefore enhances the basal level of GSH and provides relatively more protection against the potential oxidative stress induced by the particles compared to the conditions containing serum.  , The serum itself however, possesses antioxidant activity, and therefore further research is required to investigate this result.  As previously suggested, it is also possible that serum could alter the surface charge of QDs affecting their interaction with macrophage cells and their subsequent toxicity.  

The findings of this project demonstrate therefore, that QDs differ in their uptake by macrophages according to their surface coating.  The organic surface coated QDs were the most toxic, although the increased level of oxidative stress could be related to their heightened cytotoxicity.  At sub-lethal concentrations, in the presence of 10% FCS, the COOH and NH2 (PEG) QDs are taken up resulting in GSH depletion and modulated Ca2+ signalling.  Despite this, only the NH2 (PEG) QDs, as well as the organic QDs, elicit limited TNF- production in J774.A1 macrophage cells at the highest concentration (80nM) tested.  Interestingly however, despite these observations, QD surface coating does not affect the intracellular fate of these NPs, with all QDs being found in endosomes, lysosomes and the mitochondria of J774.A1 cells.  The surface coating of QDs therefore, plays a significant role in their interaction with macrophages, their uptake and their subsequent toxicity.  

In conclusion this project does provide evidence that advances the current understanding of QD induced cellular effects, and the role of modifying NP surface chemistry in generating such effects.  Additionally, the project has clearly shown that QDs (apart from the organic QDs) are effective fluorescent markers for bio-imaging purposes in vitro. In addition, the observations of this project suggest that these NPs could provide an advantageous basis for their use as nanomedicines in both diagnostics and therapeutics. Further, in-depth research is required however, both in vitro and in vivo, in order to fully understand the potential adverse health and occupational risks associated with exposure to these fluorescent NPs.
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