[image: ]Version: 6th December 2017
		
Article Body Template

Abstract
Aim: A preclinical safety assessment of a novel nanoemulsion drug delivery system, initially developed to improve the posology of efavirenz (EFV), was conducted with a specific focus on possible immunological and haematological complications.
Materials and methods: Assessment of common acute toxicities, such as complement activation and cytokine secretion, was performed using validated assays known to have good correlation with in vivo endpoints. 
Results and Conclusion: Compared with a standard aqueous solution of EFV, the EFV nanoemulsion showed no, significant, effect on immune cell function or phenotype. Prolongation of activated partial thromboplastin time (aPTT) was observed for EFV-loaded nanoemulsions (88% at 4 µg/mL) as well as unloaded nanoemulsions (52%) highlighting the potential for drug-free anticoagulant activity and warranting further investigation of the mechanism and utility of these materials.
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Introduction
	The development of a novel nanoemulsion drug delivery system for the non-nucleoside reverse transcriptase inhibitor efavirenz (EFV) was previously reported. The formulation showed improved transcellular permeability across Caco-2 cells compared to an aqueous solution of EFV, and equivalent antiviral activity against HIV-1 IIIB [1]. Following pharmacological assessment of the lead nanoemulsion candidate, a preclinical assessment of common acute toxicities was conducted. This analysis focused upon pathways that have previously been illustrated to be important for nanomaterials[2,3].
Nanoemulsions  have, previously, been shown to be inducers of the pro-inflammatory chemokine IL-8 [4], which has multiple immunological roles including, but not limited to, chemotaxis and promotion of  phagocytosis. Work by Sakurai et al has shown that lipid-based delivery vehicles have a greater tendency to induce pro-inflammatory cytokines compared to nanoparticle delivery systems with a different composition [5]. Lipid-based nanoparticles have also shown a propensity for entrapment of endotoxin, which can lead to enhanced cytokine secretion, mitigating their use in parenteral administration formats and complicating robust preclinical assessment of immunological safety [6]. This phenomenon has previously been linked to positive charge on the surface of lipid- and polymer-based nanoparticles [7]. In an attempt to overcome these issues, the nanoemulsion described here was developed with no surface charge [1]  to minimise affinity for binding directly to endotoxins. 
Certain nanoparticles have previously been shown to interact with blood coagulation [8-11]. These interactions can be either beneficial or detrimental to the patient, and in some cases cause serious complications. If nanoparticles interact directly with the factors which regulate coagulation in such a way as to deplete these factors, it can lead to a condition known as disseminated intravascular coagulation (DIC). This is an acute toxicity that leads to the formation of clots and if untreated can progress to organ failure and ultimately death.  It has been reported that a certain type of nanoparticulate silica was shown to induce DIC when administered intravenously in an in vivo setting[12]. In another report different forms of carbon nanoparticles where demonstrated to increase the rate of platelet aggregation, leading to formation of deep vein thromboses in rodent models. Part of the mechanism of interaction reported was the ability of these carbon nanoparticles to upregulate glycoprotein IIb/IIIa, which is a receptor for both fibrinogen and von Willebrand factor, which are involved in the aggregation of platelets [13]. 
The protein corona is a layer of proteins and biomolecules that can absorb to the surface of nanomaterials[14], these proteins include the factors which regulate the coagulation pathways, such as fibrinogen and factor VIII. Any interaction with nanomaterial surfaces (or indeed any biomaterial) can lead to changes in the activity or conformation of the proteins[15], which in turn will modulate their immunological effect. An example of this is the activation of coagulation factor XII after interaction with a negatively surface[16], or the size dependant activation of intrinsic coagulation after interaction with negatively charged polystyrene nanoparticles[17]. Interestingly some clinical data available for nanoemulsion formulations of propofol show conflicting reports of having both a prothrombotic [18] and antithrombotic [19] in patients, with this ambiguity potential linked to underlying conditions in specific patients. 
	Thus, nanoparticles could be used to specifically induce interactions within coagulation pathways in order to modulate pre-existing complications in patients that have underlying pathologies and the need for anticoagulant therapy. Indeed, there are reports in the literature of nanomaterials specifically designed and engineered to either induce or inhibit coagulation. For example haemophilia requires treatment by administration of recombinant coagulation factors, to overcome the inherent deficiency in affected patients. In order to increase the effectiveness of these factors and to increase the half-life in plasma, formulation and conjugation to PEGylated liposomes has been demonstrated, with both factor VIIa and factor VIII attached to the outer surface of the liposome. This strategy both increased the half-life of the recombinant factors used, and reduced the number of infusions needed to complete the treatment in patients[20-22]. Conversely, other work has focused on the inhibition of coagulation for disease states that place a patient in a procoagulant state. Heparin, for instance, has been developed using nanoformulation to be delivered via oral or topical administration routes, negating the need for invasive intravenous administration as has been the traditional route, with this work showing efficacy in both in vitro and in vivo testing[23,24].
	Perhaps most interestingly is the potential for nanoformulation to provide dual application via both the therapeutic compound being delivered and the delivery system itself. This could be particularly useful for conditions in which the disease being treated also causes changes to a patient’s coagulation state, such as cancer. The progression of cancer has been linked with increased procoagulant state and the increased likelihood of formation of thrombosis [25]. Therefore developing a suitable carrier system for cancer therapeutics that inherently inhibited coagulation could provide a route to treating two disease states within a single dosage form.
Nanocarrier systems such as nanoemulsions are being investigated for a range of different routes of administration, which include direct systemic delivery via intravenous injection or infusion. Indeed, other lipid-based systems such as liposomes have already reached clinical application via this route [26]. In order to mitigate potential downstream risks and minimise the use of vertebrate animals in early development, the preclinical safety of these nanoemulsions is presented here. Importantly, nanoemulsions have previously been shown to exhibit lower haematological toxicity than comparator polymer micelles [27]. Nonetheless, all nanomaterials have the potential to interact on contact with blood components, and a battery of assays is recommended to de-risk translation. Therefore, a range of in vitro immunological and haematological assays has been employed to determine potential interactions when primary human immune cells and other blood constituents were exposed to these nanoemulsions. This work represents a complementary component of the nanoemulsion preclinical assessment [4,28] and relates to common acute toxicities associated with nanomaterial exposure. 

Materials and Methods
Roswell Park Memorial Institute 1600 medium (RPMI 1600) and Hank’s balanced saline solution (HBSS) were bought from Sigma-Aldrich (Dorset, UK). Life Technologies (Paisley, UK) supplied foetal bovine serum. Cell culture flasks, cell culture plates, 10 and 25 mL pipettes, pipette tips, transfer pipettes, Ficoll-Paque, and isopropyl alcohol were purchased from Fisher Scientific (Loughborough, UK). Buffy coats were obtained from the National Health Service Blood and Transplant Special Health Authority (Liverpool, UK). FITC fluorescently labelled CD4 and CD8 antibodies, APC fluorescently labelled CD44 and CD69 antibodies and PE fluorescently labelled CD25 and CD95 were all bought from Miltenyi Biotec GmbH (Bergisch Gladbach, Germany). Miltenyi also supplied MACSQuant® running buffer, MACSquant® calibration beads, MACS separation beads (human CD8, CD56 and CD4), QuadroMACSTM magnetic separator, MACS LS separation columns, and human T-cell activation/expansion kit containing: Anti-Biotin MACSiBeadTM particles cell culture grade, human CD2-Biotin, human CD2-Biotin, and human CD28-Biotin. All reagents for cytokine secretion studies were supplied by Bio-Rad Laboratories LTD (Hemel Hempstead, UK) in the form of a Bio-Plex Pro kit, containing: coupled magnetic beads, detection antibodies (for IL-1β, IL-2, IL-6, IL-8 IL-10, TNF-α and IFN-γ), cytokine standards, standard diluent, sample diluent, assay buffer, wash buffer, detection antibody diluent, streptavidin-PE and a 96 well filter plate. Bio-Plex calibration and validation kits, along with Bio-Plex sheath fluid were also purchased from Bio-Rad Laboratories LTD. For NK cell studies, phosphate buffered saline, horse serum fetal bovine serum, MEM alpha modification, RPMI-1640, L-glutamine were purchased from GE Healthcare HyClone (Logan, USA), Myo-inositol and folic acid were purchased from Sigma-Aldrich (St Louis, USA), while 2-mercaptoethanol and trypan blue solution were bought from Invitrogen (Life Technologies, New York, USA). NK92 cells were purchased from the American Tissue Culture Collection (ATCC) (Manassas, US). For LAL studies sodium hydroxide and hydrochloric acid were bought from Sigma-Aldrich (St Louis, USA) while control endotoxin standard, LAL reagent and LAL water were purchased from Associates of Cape Cod (East Falmouth, USA). EFV was produced and supplied by LGC Pharma (London, UK), 3H thymidine was supplied by Moravek Biochemicals (California, USA).



Synthesis and physical characterisation of nanoemulsions
Nanoemulsions were prepared and characterised as previously described [1]. Briefly, 2.970 mL of volatile co-solvent (ethyl acetate) was added to 30 L of non-volatile oil (castor oil, containing 50 mg/mL dissolved EFV), to make a total oil/co-solvent phase of 3.00 mL. To this, 3 mL of a 5% w/v concentration of polymer (poly(OEGMA90-co-EGMDA0.95, Mw 3,181,000 g/mol) dissolved in water was added and this two-phase mixture was homogenised for 2 minutes using an Ultra Turrax T-25 digital homogeniser fitted with an S 25 N -10G dispersing element and set to maximum speed of 25,000 RPM. After homogenisation, the co-solvent was evaporated over a period of 24 hours by removing the vial cap and leaving in a fume hood at ambient temperature. Dynamic Light Scattering (DLS) was used to determine droplet diameter and surface charge using a Malvern ZetaSizer Nano ZS instrument (table 1).
Table 1. Physical characterisation of loaded and blank nanoemulsions
	Sample
	Dz (nm)
	PDI
	-potential (mV)

	EFV loaded nanoemulsions
	210
	0.07
	-0.901

	Blank nanoemulsions
	217
	0.06
	-0.933



Assessment of possible biological contamination of nanoemulsion samples prior to immunological assessment
Determination of biological contamination from endotoxin, mycoplasma, and bacteria was carried out as described previously [29]. Concentrations of test samples at 4 μg/ml and 40 μg/ml were used for LB agar plate streaking.  H460 cells were treated with 4 μg/mL of sample. Contamination of the nanoemulsion samples was avoided by use of pyrogen free glass and plasticware, with homogenisation and preparation of nanoemulsion samples carried out in a BSC Class II laminar flow hood. To preserve droplet size distribution, nanoemulsions were not passed through a sterile 0.22 µm filter at any point.
Preparation of peripheral blood mononuclear cells from human whole blood and separation of immune cell subsets
Peripheral Blood Mononuclear Cells (PBMCs) were isolated from buffy coats using, Ficoll-paque based, density centrifugation. PBMCs were placed in T-175 cell culture flasks and left in a cell incubator overnight at 37°C and 5% CO2. Immune cell subsets were isolated from PBMCs using Miltenyi Biotec QuadroMacsTM system (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), carried out as per manufacturer’s instructions, using CD4, CD14 and CD8 microbeads.
Determination of cytokine secretion from, primary, human immune cells
1 x 106 cells were seeded per well in 24-well culture plates. EFV aqueous solution was prepared by diluting DMSO/EFV solution into media, resulting in <1% DMSO,and EFV nanoemulsion diluted in media, added to appropriate wells to give a final concentration of 3.15 µg/mL of drug in 1 mL total of suspension. After incubation the supernatant fraction was collected and cytokine concentrations analysed using the Bio-Plex 200 Luminex Plate Reader (Bio-Rad Laboratories LTD, Hemel Hampstead, UK), as per manufacturer’s instructions and using the Bio-Plex ProTM Human Cytokine Standard 27-Plex Group 1 analytes. CD14+ cells were seeded at a density of 500,000 cells per well in 24-well plates to which 50 ng/mL of macrophage colony-stimulating factor (MCSF) was added and left for 7 days to allow the CD14+ cells to differentiate into macrophages, and cytokine concentrations analysed as previously described. 
Lymphocyte proliferation response to nanoemulsions and known mitogens
PBMCs were added to 96-well plates at a density of 250,000 cells per well and incubated with 50 μL of Phytohaemagglutinin (PHA, 20 µg/mL) to induce lymphocyte proliferation, whilst another set of PBMC were left un-stimulated. DMSO/EFV solution or EFV nanoemulsion was added to both the PHA+ and PHA- plates to give a final concentration of 3.15 µg/mL and incubated for 72 hours at 37°C and 5% CO2. During the last 16 hours of the incubation period, 1 mCi/mL stock solution of 3H labelled thymidine was added to each well to give a final concentration of 1 μCi of 3H thymidine per well. A MicroBeta counter (Perkin Elmer, Ohio, USA) was used to determine the level of 3H thymidine incorporation quantified to give a measure of lymphocyte proliferation.

Determination of lymphocyte activation markers by flow cytometry
PBMCs were isolated from buffy coats as described above. 1 x 106 cells were seeded per well in 1 mL volume within a 24-well plate. 1 mL of either DMSO/EFV solution or EFV nanoemulsion diluted in media was added to each well at a final concentration of 3.15 µg/mL of EFV. After 24-hour incubation samples were extracted and analysed on a MACSQuant® flow cytometer (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) using anti-CD4, CD8, CD25, CD44, CD69, or CD95 antibodies. Anti-CD2/CD3/CD28 beads were used as a positive control of activation, used as per manufacturer’s instructions.  The PBMC population was gated using linear forward and side scatter and a previously optimised compensation matrix applied, suitable for the antibody conjugates used. All samples and buffers were prepared as per manufacturer’s instructions.
Assessment of the haemocompatability of nanoemulsions 
The effect of nanoemulsions on the haemolysis of red blood cells, activation of complement, and aggregation of platelets, was determined as per the previously described experimental protocols [29]. For haemolysis studies, DMSO/EFV solutions and loaded and unloaded nanoemulsions were tested at final concentrations of 0.16, 0.8, 4 and 40 µg/mL. Platelet aggregation experiments used final concentrations of 4 µg/mL or 40 µg/mL of samples. For coagulation studies samples of DMSO/EFV solution, unloaded nanoemulsion, and EFV loaded nanoemulsion were added to test plasma at 40 µg/mL, 4 µg/mL, 0.8 µg/mL and 0.16 µg/mL.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 7 for Mac. Distribution of the data was assessed using a Shapiro-Wilk test. Where data were normally distributed, an independent samples t-test was performed to assess differences. Where data were non-normally distributed, a non-parametric Mann-Whitney U test was performed. A P value less than 0.05 was considered statistically significant.



Results
Nanoemulsion sterility and contamination testing
Results from the turbidimetric endotoxin analysis showed that there were 0.8 endotoxin units per mL (EU/mL) of blank emulsion sample and 0.1 EU/mL of EFV loaded nanoemulsion. This was confirmed by gel-clot assay confirmed the results of the LAL assay. Visual analysis of the LB agar plates (figure S1) that had been streaked with blank and EFV loaded nanoemulsion samples showed that there was no bacterial growth after 2 days incubation. Samples from H460 cells that had been exposed to 4 g/mL of either blank or EFV loaded nanoemulsions were sent to the Fredrick National Laboratory for Cancer Research (Fredrick, USA). The results from that analysis showed that there was no mycoplasma present in the nanoemulsion samples.
Impact of nanoemulsions on cytokine secretion from PBMCs, monocyte-derived macrophages, and proliferation of lymphocytes
The extracellular media from the cell surface marker expression assay was isolated and analysed for the secretion levels of cytokines IL-2, IL-10 and IFN- using a Bioplex 200 system and assay kit (Bio-Rad). Data for cells that were pre-stimulated with a T-cell activation kit showed that the levels of IL-10 were the same between control cells, EFV aqueous solution and nanoemulsion EFV (p > 0.05). For IL-2, there was no difference observed between the control cells and either EFV aqueous solution or EFV nanoemulsion (p > 0.05 for all conditions) and the same was true for IFN- (p > 0.05). The same experiment was conducted on un-stimulated cells, where cytokines were undetectable across all conditions (figure 1 (A)). Cytokine secretion from monocyte-derived macrophages is shown in figure 1 (B). The secretion of IL-6 showed no difference from the control cells for both EFV aqueous solution and EFV nanoemulsion (p > 0.05), whilst IL-8 also showed no difference between the EFV aqueous solution and EFV nanoemulsion as compared with the cellular control (p = 1.000). No significant difference in the incorporation of 3H thymidine was observed for PBMC samples treated with either EFV aqueous solution or EFV nanoemulsion (p > 0.2). Similarly, the aqueous solution and nanoemulsion had no significant inhibitory effect on the proliferation caused by addition of PHA (p> 0.3) (figure S2).
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[bookmark: _Hlk25571173]Figure 1. A) Secretion of IL-2, IL-10 and IFN-γ from 1x106 T-cells per well in a 24-well plate. Cells were separated from PBMCs and incubated with 3.15 µg/mL of either aqueous EFV, blank nanoemulsions or EFV loaded nanoemulsion sample for 24 hours prior to analysis. Data shown as +/- standard deviation N=3. Data for IL-2 and IFNg for non-activated PBMCs was below the limit of detection for the assay (0.85 pg/mL and 2.13 pg/mL respectively) B) Secretion of cytokines IL-1, IL-6, IL-8 and TNF-α from 0.5x106 monocyte derived macrophages per well in a 24-well plate. Cells were incubated either aqueous EFV, blank nanoemulsion, or EFV loaded nanoemulsion sample for 24 hours prior to analysis. Data shown as +/- standard deviation N=4.
Effect of nanoemulsions on the expression of immune cell surface antibodies
The expression of cell surface activation markers (CD25, CD44, CD69 and CD95) were determined using both CD4+ cells (figure 2a) and CD8+ cells (figure 2b) separated from the PBMC’s. The data for the non-activated PBMC showed that there was no difference in the expression of the activation markers as a result of exposure to the EFV nanoemulsion or EFV aqueous solution, when compared to untreated control cells. The data for the bead-activated PBMC set again showed no difference in the expression of these surface markers and showed that neither EFV nanoemulsion nor EFV aqueous solution impacted the expression by either inducing or supressing surface marker expression.
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Figure 2. Expression of cell surface markers on both bead-activated (anti CD2/CD3/CD28) and non-activated PBMCs after exposure to EFV aqueous solution, EFV nanoemulsion and blank nanoemulsion. CD4+ cells are shown in (a), whilst CD8+ cells are shown in (b). PBMCs were seeded at a density of 1x106 cells per well in a 24-plate, and samples incubated for 24 hours prior to analysis. Cell population was gated on the flow cytometer using linear forward and side scatter, and a previously optimised compensation matrix. Data is showed as +/- standard deviation, N=4.

Haemolysis studies
The data showed that for the aqueous solution of EFV at 40 μg/mL there was a significantly greater percentage of haemolysis observed as compared to the negative control (0.9% w/v saline) with values of 86% and 3% respectively (p = < 0.001). At the lower concentrations, the percentage haemolysis was similar to that of the negative control (p = > 0.05). There was no haemolysis observed for the blank nanoemulsion formulation at any of the concentrations tested (p > 0.8). For the EFV loaded nanoemulsion greater haemolysis was observed in the at 40 μg/mL with values of 17% compared with 3% for the negative control, but this was not significant (p = 0.96) however there was a significant decrease in the amount of haemolysis observed when EFV loaded nanoemulsions were compared with aqueous EFV solutions (P= 0.0002), with the same being true for blank nanoemulsion compared to aqueous EFV solutions (P=0.0001) There was no haemolysis observed for the EFV loaded nanoemulsion at 4.0, 0.8 and 0.16 μg/mL concentrations (figure 3). 1% (w/v) Triton was used as the positive control.
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Figure 3. Haemolysis of erythrocytes following addition of aqueous EFV (white bars), blank nanoemulsion (grey bars), and nanoemulsion EFV (black bars). Samples were incubated for 3 hours at 37°C, and were mixed every 30 minutes. Triton X 1% (w/v)  Data expressed as percentage haemolysis as compared to positive control, +/- standard deviation.

Platelet aggregation studies
No aggregation of platelets was observed after exposure to either the aqueous solution or the nanoemulsion at 4 μg/mL and 40 μg/mL EFV concentrations. These two conditions had the same values as for the negative control of 0.9% saline solution and significantly lower than the collagen spiked positive control sample (figure 4A). When the collagen positive control was also added to the aqueous and nanoformulations there was no effect seen on aggregation, with both aqueous EFV and nanoemulsion EFV showing the same levels of aggregation as the positive control, showing that aggregation was not being prevented when stimulated (figure 4B). The data for ATP release from platelets mirrored that of the aggregation data in that both formulations at both concentrations had no effect on causing aggregation to occur, or from preventing it when stimulated to aggregate (figure 4).
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Figure 4. Amount of platelet aggregation after 15-minute exposure to collagen (positive control), saline (negative control), aqueous EFV solution, blank nanoemulsion and EFV nanoemulsion, without 1 µg/mL collagen co-incubation (A), and with 1 µg/mL collagen co-incubation. Samples were incubated at 37°C with data shown as both area under the curve (AUC) and ATP release (SLP), +/- standard deviation.
Effect of nanoemulsions on the coagulation of plasma via either tissue factor, common, or contact activation pathways
The data for coagulation of plasma was separated into 3 areas to assess 3 major pathways to coagulation. In both the prothrombin time (PT) (to assess the tissue factor pathway) and thrombin time (TT) (to assess common pathway) data sets, there was no difference observed between aqueous DMSO/EFV solution, blank nanoemulsion and EFV-loaded nanoemulsion, in the time taken for plasma coagulation to occur). A significant prolongation in activated partial thromboplastin time (APTT) (to assess contact activation pathway) was observed for the EFV loaded nanoemulsions at 40 and 4 μg/mL, which demonstrated a 147% and 88% greater coagulation time as compared to test plasma respectively (p < 0.001). Similarly, for the unloaded nanoemulsions, significant prolongation of APTT were observed at both 4 μg/mL (52 % increase) and 40 μg/mL (159% increase) (p < 0.001) (figure 5).
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Figure 5. Prothrombin time induced by neoplastine (white bars), thrombin time induced by thrombine (grey bars), and Activated Partial Thromboplastine time induced by CaCl2, in healthy volunteer plasma in response to DMSO/EFV solution, blank nanoemulsion, and EFV nanoemulsion. Data expressed as % difference in time taken for coagulation, compared to controls. N= 4. 



Discussion
The amount of endotoxin present in nanoemulsions was below that of the USP and FDA limit of 5 EU/mL [30], which suggests the synthesis protocol and subsequent handling and storage was appropriate to prevent contamination. The low concentrations of endotoxin also enabled progression to subsequent immunological assays, because it has previously been shown to interfere and skew the results of some immunological tests [31]. If endotoxin is detected in a nanomaterial, sterilisation is complicated because traditional techniques involving high temperature incubations (e.g. autoclaving) damage polymer and lipid structures. This can also impact stability of the pharmaceutical cargo.  Mycoplasma and bacterial contaminations were also not detected, which again supports the suitability of the synthesis and the progression to immunological assessments. This has been demonstrated to be problematic for other materials [32,33]. 

Cytokines have a wide-ranging effect on the immune system, and have therefore been suggested to be a good marker for investigating nanomaterial immunotoxicity [34]. Accordingly, the data from the cytokine secretion assays is very promising as it clearly shows the absence of inhibitory or enhancing effects in primary human immune cells. All three cytokines assayed (IL-2, IL-10 and IFN-) were unchanged compared to untreated control cells. A number of reports have shown other nanomaterials that  have no effect on the secretion of cytokines [35,36], but other studies have demonstrated nanoparticle induced activation of cytokine secretion[37,38]. Therefore, assessment of cytokine release is required on a case-by-case basis. Indeed, previous work in Liverpool demonstrated that gold nanoparticles augment release of cytokines from PBMCs [39], but that solid drug nanoparticles do not [40,41]. A lack of immune stimulation in response to nanoemulsions was also seen when looking at the secretion of cytokines from macrophages. When LPS was used as a positive control, greater secretion of IL-1, IL-6 and TNF- was observed.  Previously, nanoparticles have been shown to interact with macrophages, affecting their function and cytokine secretion [42-45], with nanoemulsions in particular being inducers of IL-8 secretion [4].

In addition to cytokine secretion, expression of cell surface markers was unaffected by nanoemulsions. These markers were selected for analysis for different reasons; CD25 is the alpha chain of the IL-2 receptor [46] whereas CD44 is involved in cell-to-cell interactions and is used to assess cell migration due to chemoattraction [47]. CD69 is one of the earliest cell surface markers for lymphocyte proliferation [48] and CD95 is the FAS receptor, involved in apoptosis [49]. As these data were produced using primary immune cells from 4 separate blood donors, inter-sample variability was expected. Thus, primary immune cells are more representative than immune cell lines, such as CEM or THP-1 [50]. It is well documented that immortalised cell lines, although convenient, lack the expression of important enzymes and proteins compared to primary cells [51]. T-cells play a vital role in the immune response and dysregulation can have profound consequences. T-cell proliferation was seen to be like that of untreated control T-cells when incubated with nanoemulsions, regardless of whether the T-cells were stimulated with PHA. Therefore, the nanoemulsions had neither a stimulatory nor a suppressive effect. However, this assay was conducted with isolated T-cells and should be interpreted in the context that the interplay between cells of the immune system is complex and often involves multiple cell types in concert. 
Over 80% haemolysis of red blood cells was observed at 40 μg/mL of an EFV/DMSO aqueous solution, but not at 4 μg/mL. However, no haemolysis was observed with unloaded or EFV-loaded nanoemulsions at either of the tested concentrations. These data suggest that the haemolysis was due to high concentrations of free EFV, and that encapsulation within the nanoemulsion prevented this effect. This observation is encouraging, particularly in the context that the antiretroviral activity of EFV was not impacted in previous experiments[1].  
The experiments on coagulation took into consideration the three main routes by which coagulation can be triggered, the intrinsic [52], extrinsic [53], and common pathways. The extrinsic pathway was assessed by inducing coagulation using neoplastine and then measuring the prothrombin time, and no difference was observed between the aqueous solutions or nanoemulsions. The same was true for the common pathway, which was assessed by triggering coagulation using thrombine and then measuring the thrombin time. Again, there was no difference observed in the thrombin time between aqueous solution and the nanoemulsion. Differences were seen when assessing the intrinsic pathway, which was measured by inducing coagulation with CaCl2 and recording the activated partial thromboplastine time (APTT). These data showed a prolongation in APTT for both the blank nanoemulsion and the EFV-loaded nanoemulsion at 4 and 40 μg/mL EFV equivalents. One possible explanation for this prolongation of coagulation time may be the sequestration of factors involved in the coagulation cascade by the particles found in the nanoemulsions. Protein adsorption by nanoparticles is well documented  and is known to affect both their biodistribution and immunocompatibility [54-63].The prolonged APTT times, observed here, may be partially explained by the potential for the nanoemulsion to interact with factor VIII (FVIII) as this interaction has previously been shown to result in prolongation of APTT times [64]. Whilst this may, initially, indicate a possibility of complications when used clinically, it is vital to now determine the mechanism of this anticoagulant effect and to investigate the impact in vivo as any effects may be transient and linked to the dose used. Additionally, these data may indicate that this drug-free nanoemulsion system may have benefits when used as a carrier system for certain disease applications. It is well known that, during the management of cancer patients, monitoring must be performed for thromboembolic changes that may increase the risk of developing adverse events [65-68]. Therefore, a nano-carrier system that does not induce coagulation and may inhibit coagulation could prove beneficial in the delivery of chemotherapeutic drugs. Indeed, inhibition of the intrinsic pathway has been demonstrated to provide an anticoagulant effect, without increased bleeding risk[69,70].
In summary, the reported nanoemulsion system has a favourable safety profile across the selected assays reported here. Interference with the intrinsic coagulation pathway should be considered during further development of this platform but may present bespoke therapeutic opportunities for indications beyond HIV. These data open the path to further translation of the nanoemulsions through in vivo studies, as well as programmes to investigate utility of the platform for other diseases.
Summary Points
· Nanoemulsions loaded with EFV were tested for their sterility and suitability for a battery of preclinical immunological safety assays
· Nanoemulsions were found to be well within the USP limits for endotoxin content
· EFV-loaded nanoemulsions were shown to have no impact on health and expression of a range of T-cell subsets
· Drug-loaded and unloaded nanoemulsions were shown to prolong coagulation of plasma via the APTT assay, but not via PT or thrombin time assays
· EFV-loaded nanoemulsions were shown to elicit lower hemolysis as compared to an equivalent concentration of DMSO/EFV aqueous solution
· Nanoemulsions appear to be a suitable delivery vehicle for therapeutic agents
· Further studies are needed in vivo to confirm the utility of this system
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