An Ultrasound Responsive Microbubble-Liposome Conjugate for Targeted Irinotecan-Oxaliplatin Treatment of Pancreatic Cancer. 
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Abstract: Survival rates in pancreatic cancer have remained largely unchanged over the past four decades with less than 5% of patients surviving five years following initial diagnosis. FOLFIRINOX chemotherapy, a combination of folinic acid, 5-fluoruracil, irinotecan and oxaliplatin, has shown the greatest survival benefit for patients with advanced disease but is only indicated for those with good physical performance status due to its extreme off-target toxicity. Ultrasound targeted microbubble destruction (UTMD) has emerged as an effective strategy for the targeted delivery of drug payloads to solid tumours and involves using low intensity ultrasound to disrupt (burst) MBs in the tumour vasculature, releasing encapsulated or attached drugs in a targeted manner. In this manuscript, we describe the preparation of a microbubble-liposome complex (IRMB-OxLipo) carrying two of the three cytotoxic drugs present in the FOLFIRINOX combination, namely irinotecan and oxaliplatin. Efficacy of the IRMB-OxLipo complex following UTMD was determined in Panc-01 3D spheroid and BxPC-3 human xenograft murine models of pancreatic cancer. The results revealed that tumours treated with the IRMB-OxLipo complex and ultrasound were 136% smaller than tumours treated with the same concentration of irinotecan / oxaliplatin but delivered in a conventional manner, i.e. as a non-complexed mixture. This suggests that UTMD facilitates a more effective delivery of irinotecan / oxaliplatin improving the overall effectiveness of this drug combination and to the best of our knowledge, is the first reported example of a microbubble-liposome complex used to deliver these two chemotherapies.  
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1.0 Introduction: Pancreatic cancer has the lowest survival rates of the 21 most common cancers with less than 5% of patients surviving 5 years following their initial diagnosis [1]. While most other cancers have seen survival prospects improve significantly in the past four decades, survival rates for pancreatic cancer patients remain largely unchanged. Gemcitabine (Gem), which first gained clinical approval in 1995, remains the chemotherapy most widely used in the treatment of pancreatic cancer, either alone or in combination with other chemotherapies such as albumin bound paclitaxel (Abraxane) [2]. FOLFIRINOX, which combines the chemotherapies 5-flurouracil (F) with irinotecan (IR) and Oxaliplatin (Ox) alongside the 5-fluoruracil adjuvant folinic acid (FOL), is the most widely used alternative to Gem-Abraxane but is only indicated for those with a good Eastern Cooperative Oncology Group (ECOG) performance status [3]. The benefit provided by Gem-Abraxane or FOLFIRINOX in the metastatic setting is an increase of median overall survival (OES) to 8.5 and 11.1 and months respectively, compared to 6.7 months for single agent Gem [4]. The use of Gem-Abraxane or FOLFIRINOX has also been extended to the neo-adjuvant setting with the intention to shrink the tumour in advance of surgery and increase the number of complete (R0) resections [5]. Nonetheless, despite the modest survival benefit afforded by both regimens, the off-target side effects are considerable, leading to a high proportion of Grade 3 / 4 toxicities [6]. Therefore, targeted delivery systems that can enhance payload localisation to the tumour and reduce exposure to healthy tissue are highly sought after. 
	Ultrasound targeted microbubble destruction (UTMD) has emerged as a minimally invasive method of targeted drug delivery [7-8]. Microbubbles (MBs) are 1-2 µm diameter spheres stabilised by lipid, protein or polymer-based shells that typically encapsulate a hydrophobic gas [9]. At the intensities used in diagnostic ultrasound scanners, MBs oscillate in a relatively symmetric fashion, a feature that is exploited in their use as acoustic contrast agents [10].  However, when the acoustic pressure is increased, but still within levels considered safe for use in humans, the MBs rupture, releasing their shell fragments and core gas at the site of destruction [10-11]. If the MB shell is engineered to carry drug payloads, their delivery can be largely confined to a target site by exposure of that site to an appropriate ultrasound stimulus [12]. In addition to the localised deposition of drug payloads, the physical forces that accompany MB inertial cavitation (i.e. microstreaming & microjeting) have been shown to enhance dispersion of the MB shell fragments into tissue [13]. This has particular relevance when considering drug delivery to pancreatic tumours as the dense protective tumour stroma is known to limit the effectiveness of systemically delivered chemotherapy [14]. We have previously demonstrated the ability of UTMD to target delivery of drug payloads to pancreatic tumours using a pre-clinical animal model of the disease [15-17]. In the work described in this manuscript, we wanted to evaluate the effectiveness of an Irinotecan-Oxaliplatin combination as a treatment for pancreatic cancer, using UTMD as a drug delivery platform. 
	The irinotecan-oxaliplatin drug combination has been used extensively as a clinical treatment for colorectal cancer [18]. Preclinical studies have shown a synergistic effect between oxaliplatin and the active metabolite of irinotecan (SN-38), which has been attributed to enhanced inhibition of DNA and RNA synthesis and slower repair of platinum-induced DNA damage [18-20]. Given that both drugs are also used as part of the FOLFIRINOX regimen, we were interested to determine how effective their combination would be in the treatment of pancreatic cancer. When considering their delivery using UTMD, it is necessary to develop an approach that enables encapsulation or attachment of both payloads to the MB. Hydrophobic drugs can be conveniently incorporated within the hydrophobic acyl layer of the MB phospholipid shell [21]. Unfortunately, irinotecan is typically administered as its hydrochloride salt to enhance water solubility while oxaliplatin is also hydrophilic and readily soluble in water. Incorporation of two water soluble entities within a single MB is challenging from a formulation perspective. To overcome this challenge, we incorporated the free base of irinotecan within the hydrophobic layer of the MB shell and loaded oxaliplatin in the aqueous core of a liposome. The oxaliplatin loaded liposome (OxLipo) was then conjugated to the irinotecan loaded MB (IRMB) using a biotin-avidin-biotin crosslink, to generate the IRMB-OxLipo conjugate (Figure 1). The UTMD mediated efficacy of the resulting conjugate was determined in a Panc-01 3D spheroid model of pancreatic cancer as well as a murine model bearing ectopic BxPC-3 pancreatic tumours.   
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Figure 1   Schematic representation of the Irinotecan loaded MB-Oxaliplatin loaded liposome conjugate (IRMB-OxLipo). IR loaded MB (IRMB) were first prepared which were surface functionalsed with biotin. Separately, oxaliplatin loaded liposomes (OxLipo) were also prepared and again were surface functionalsed with biotin. Avidin was then used to crosslink the IRMB with the OxLipo. For the free drug formulation, an aqueous supsension of IR and Ox was prepared. 
	


2.0 Experimental 
2.1 Materials and Reagents: 1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methOxy(polyethylene glycol) -2000] (DSPEPEG(2000)), DSPE-PEG(2000)-biotin and 25-[N-[(7-nitro-2-1, 3-benzOxadiazol-4-yl)methyl]amino]-27-norcholesterol (25-NBD Cholesterol) were purchased from Avanti Polar Lipids (Alabaster, Alabama, USA). Perfluorobutane (PFB) was purchased from Apollo Scientific Ltd., phosphate buffered saline (PBS) was purchased from Gibco, Life Technologies, U.K. Cholesterol, glycerol and propylene glycol (1kg, hydrolysed) were purchased from Sigma Aldrich (UK). Irinotecan hydrochloride and Oxaliplatin were purchased from Hefei Joye Import & Export Co Ltd, China. Agarose, MTT assay kit, avidin and ethanol were purchased from Sigma Aldrich (UK) at the highest grade possible. MBs and liposomes were formed using a Microson ultrasonic cell disruptor, 100 W, 22.5 kHz, from Misonix Inc. (NY, USA). Optical microscope images were obtained using a Leica DM500 optical microscope and fluorescence images were obtained using a NIKON Eclipse E400 Phase contrast microscope. 

[bookmark: _Hlk22546794]2.2 Preparation of oxaliplatin loaded biotin functionalised liposomes (OxLipo): OxLipo were prepared by dissolving DPPC, DSPE-PEG(2000)-biotin and cholesterol at a molar ratio of 90:5:5 in chloroform. The chloroform solvent was evaporated at 40 °C to leave a dried lipid film in a 5 mL round bottom flask. 2 mL of a 5 mg/mL oxalipatin solution in distilled water was added into the round bottom flask and heated at 85 °C for 45 min to form a milky suspension of multilamellar vesicles. The solution was sonicated with a Microson ultrasonic cell disruptor for four 30 s cycles (100 Watts, 22.5 kHz at power setting 25%) with a 30 s gap between cycles. For the preparation of fluorescent OxLipo, the cholesterol was replaced with 25-NBD Cholesterol. 

2.3 Preparation of Irinotecan loaded MBs (IRMB): Irinotecan hydrochloride was free-based by washing 3 times with a saturated solution of sodium bicarbonate and extracting the irinotecan free base into chloroform. After drying the chloroform layer with anhydrous sodium sulfate, the slurry was then filtered and the resulting filtrate then evaporated to dryness yielding irinotecan free base (IR) as a yellow solid.
[bookmark: OLE_LINK2]IR loaded MB, were prepared by dissolving DBPC, DSPE-PEG(2000), DSPE-PEG(2000)-biotin in chloroform at a molar ratio of 82:9:9 along with 10 mg free based IR. The chloroform solvent was evaporated by heating the lipid solution at 40°C to form a dried lipid film. The lipid film was reconstituted in 2 mL of a PBS (pH 7.4 ± 0.1): propylene glycol: glycerol (8:1:1 v/v) mixture and the contents heated at 80°C under stirring for 45 min. The suspension was then sonicated with a Microson ultrasonic cell disruptor for 1.5 min (100 Watts, 22.5 kHz at power setting 89%), the headspace filled with perfluorobutane (PFB) gas and the gas / liquid interface sonicated (power 19) for 20 s to produce the IRMB.  The IRMB suspension was then  centrifuged (100 RCF) to remove the excess IR and non-incorporated MB lipids by discarding the infranatant.

[bookmark: _Hlk21521820]2.4 Preparation of IRMB-OxLipo conjugate: Avidin in PBS (1 mL, 5 mg/mL) was added to the suspension of the IRMB prepared in 2.3 and the contents mixed for 10 min on a rotary shaker. The suspension was centrifuged (100 RCF) and the infranatant discarded to remove excess avidin. 2 mL (5 mg/mL) of the OxLipo suspension was added to the IRMB suspension and the contents mixed for 10 min on a rotary shaker. The suspension was centrifuged (100 RCF) to remove unbound liposomes, the infranatant removed and 2mL of PBS was added.  The contents were again mixed for 10 min on a rotary shaker and centrifuged (100 RCF)). The infranatant was again removed and the IRMB-OxLipo cake reconstituted in a fresh mixture of PBS (pH 7.4 ± 0.1): propylene glycol: glycerol (8:1:1 v/v) (2 mL). 

2.5 Characterisation of OxLipo:  The liposome size was determined by dynamic light scattering (DLS) and scanning electron microscopy (SEM). DLS measurements were performed using a Malvern Zetasizer 3000HSA (Malvern, Worcs, UK). Samples were prepared for SEM images by applying a small amount of the liposome suspension onto an aluminium stub and the sample was then lyophilised overnight before being sputter coated with gold and palladium. The images were captured using a FEI Quanta SEM under a high vacuum in secondary electron mode. The loading of oxaliplatin within the OxLipo was determined by reference to  a standard curve constructed using reverse phase HPLC (high performance liquid chromatography) involving a Phenomenex C18 column (250×4.6 mm, 5 μm), a mobile phase consisting of acetonitrile: 0.01M phosphoric acid (5:95 v/v), a flow rate of 1.0 mL/min and UV detection at 210 nm.

2.6 Characterisation of IRMB-OxLipo:  The MB concentration and size was determined by recording optical microscope images of the MBs and processed using purpose-written MATLAB software (MathWorks, Natick, MA, USA). Analysis of IRMB-OxLipo prepared from liposomes comprising the fluorescent 25-NBD cholesterol was performed using a Nikon Eclipse E400 epi-fluorescence microscope equipped and the G-2A longpass emission filter set. The concentration of IR in the IRMB-OxLipo was determined using UV-Vis at a detection wavelength of 369nm and by reference to a calibration curve. The oxaliplatin loading was determined as described above in section 2.5. 

[bookmark: OLE_LINK1]2.7 Cytotoxicity of IRMB-OxLipo in Panc-01 3D spheroids: 96 well plates were coated with agarose solution (15 mg/ml in Dulbecco's Modified Eagle's Medium (DMEM) - low glucose, 60 μL/well) and air-dried in a laminar-flow hood for 30 min. Panc-01 cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) containing high glucose (4.5 g/L) which were supplemented with 10% (v/v) foetal bovine serum in a humidified 5% CO2 atmosphere at 37 °C. 6×103 Panc-01 cells were seeded in each well and placed in an incubator (37 °C, 5% CO2) for 96 h to generate the spheroids. 100 µL of a PBS : medium (50:50 v/v) solution containing either irinotecan hydrochloride (50 µM) or  IRMB (50 µM IR and 9.55×108 MB/mL) were added to the spheroids and selected wells treated immediately with ultrasound delivered using a Sonidel SP100 sonoporator (1 MHz, 30 s, 3W/cm2, duty cycle=50%, and PRF=100 Hz) for 30 secs from underneath the plate using ultrasound gel to mediate contact. Untreated spheroids and spheroids treated with ultrasound only were used for comparative purposes. Following treatment, the spheroids were incubated for a further 48 h when the medium was removed and spheroids then washed 3 times with PBS. The spheroids were then treated with a solution of propidium iodide in PBS (100 μg/ml) for 30 min after which time the propidium iodide solution was removed and the spheroids were again washed 3 times with PBS. Micrographs were captured using a NIKON Eclipse E400 phase contrast microscope in bright field and fluorescence modes (540 nm band pass excitation and 590 nm long pass emission filters). Image J software was used to quantify propidium iodide fluorescence and it was expressed as a % of P.I. fluorescence intensity/μm2, i.e. the propidium iodide fluorescence was normalized according to the area of the spheroid. In a second experiment, spheroids were treated using the same procedure as outlined above but with IRMB-OxLipo at two concentrations (1st: 25 µM IR + 129 µM Ox and 2nd: 50 µM IR + 258 µM Ox). The spheroids were either treated or not with ultrasound using the same parameters as above and again stained for cell viability using propidium iodide.

2.8 Cytotoxicity of IRMB-OxLipo in mice bearing subcutaneous BxPC-3 xenograft tumours: All animals employed in this study were treated humanely and in accordance with the licenced procedures under the UK Animals (Scientific Procedures) Act 1986. BxPC-3 cells were maintained in RPMI-1640 medium supplemented with 10% foetal calf serum. Cells (3 x106) were re-suspended in 100μL of Matrigel® and implanted into the rear dorsum of 6-week old female Balb/c SCID (C.B-17/IcrHan®Hsd-Prkdcscid) mice. Tumour formation occurred approximately 2 weeks after implantation and once tumours became palpable, dimensions were measured using Vernier callipers. Tumour measurements were taken every other day using callipers. Tumour volume was calculated using the equation: tumour volume = (length x width x height)/2. Once tumours reached approximately 100mm3 animals were randomly allocated to the following groups (n = 4 per group) : Group 1 received no treatment, Group 2 received a tail vein injection IRMB-OxLipo conjugate ([IR] = 4.75 ± 0.83 mg/kg, [Ox] = 0.91 ± 0.34 mg/kg) with ultrasound applied to the tumour during and after injection for a total of 3.5 min.  Ultrasound was administered using a Sonidel SP100 sonoporator (1 MHz, 3.5 W/cm2, 30% duty cycle, and PRF = 100 Hz; PNP = 0.48 MPa; M.I. = 0.48) and ultrasound gel was used to mediate contact. Group 3 received the same treatment as for Group 2 but without ultrasound. Group 4 received a tail vein injection of IR and Ox (i.e. not MB or liposome encapsulated) at the same concentration as present in IRMB-OxLipo for that particular day’s treatment. Animals were treated on days 0, 1, 2, 3 and both the tumour volume and body weight measurements recorded at the indicated times. 

2.7 Statistical analysis: Statistical analysis was carried out using Microsoft Excel (Microsoft Excel for Office 365 MSO) and GraphPad Prism 5 for Windows (Version 5.01). Data were analysed using a two tailed, unpaired t-test. * denotes p<0.05, *** denotes p<0.0001, ns denotes no significance.













3.0 Results and discussion: OxLipo were prepared by encapsulating the hydrophilic oxaliplatin within the aqueous core of the liposomes. SEM images of the resulting nanoparticles are shown in Figure 2a and reveal spherical morphology with a mean diameter of (113.7 ± 27.42 nm) which was slightly smaller than the hydrodynamic diameter (160.7 ± 57.58 nm) determined by DLS (Figure 2b). 
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Figure 2  (a) SEM image and (b) DLS trace of OxLipo. 

One advantage of particles with size dimensions in this range is their ability to passively target solid tumours through the enhanced permeation and retention (EPR) effect [22]. The EPR effect is a consequence of the leaky vasculature and poor lymphatic drainage typified by most solid tumours and ultimately results in a net accumulation of particles with mean diameters less than 200 nm [23-24]. Therefore, given the size dimensions of the OxLipo, they are ideally suited to exploit passive targeting to solid tumours following their UTMD mediated release from the IRMB-OxLipo complex.
[image: ]
Figure 3 (a) Bright field and (b) fluorescence micrograph images of IRMB-OxLipo conjugates prepared with NBD-cholesterol incorporated within the liposomal shell. (c) Size distribution of IRMB-OxLipo conjugates shown in (a) and (b). 
IRMB were prepared by hydrophobically integrating the free base of irinotecan within the lipid shell of the MB during the lipid hydration step. As both IRMB and OxLipo were formulated using DSPE-PEG(2000)-biotin as a constituent lipid, avidin was used to crosslink the respective biotin units in the shells of IRMB and OxLipo to generate the IRMB-OxLipo particles. To confirm this approach was successful in loading OxLipo onto the IRMB shell, OxLipo were formulated containing fluorescently labelled NBD-cholesterol in place of unmodified cholesterol. Micrographs (bright field) of the resulting IRMB-OxLipo conjugate are shown in Figure 3a and reveal spherical particles with a mean diameter of 1.17 ± 0.71 µm (Fig 3c) and a MB yield of 1.86×109 MB per mL. When visualised in fluorescent mode, the particles displayed bright green fluorescent shells characteristic of NBD harboured by the liposomes and confirming successful attachment of the OxLipo to the IRMB (Fig.3b). This experiment was also repeated in the absence of avidin under otherwise identical conditions. The results are shown in Figure 4 and reveal that in the absence of the avidin, limited fluorescence was observed from the MBs indicating limited loading of the NBD-cholesterol labelled liposomes to the MBs. In contrast, in the presence of avidin, significant fluorescence was observed confirming the avidin is key to facilitating attachment of the liposomes to the MBs. 
To determine the loading of IR and Ox in the IRMB-OxLipo conjugate, a sample of MBs were destroyed and the IR / Ox concentrations determined as 1.05 ± 0.32 and 0.3 ± 0.43 mg / mL respectively, using UV-Vis spectroscopy and HPLC respectively.
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Figure 4 Optical (a+c) and fluorescence (b + d) micrograph images of microbubbles that were mixed with dye-labelled liposomes in the presence (a + b) or absence (c 
+ d) an avidin crosslinker (e) Plot of % increase in fluorescence intensity per µm2 for the images shown in b+d relative to completely dark background (i.e no MB-liposome conjugates) under the fluorescent microscope **p < 0.01.





	The next step was to determine the efficacy of UTMD using the IRMB-OxLipo complex to treat a Panc-01 3D spheroid model of pancreatic cancer. UTMD is known to enhance the dispersion of drug payloads into impermeable tissue by cavitation induced microstreaming / microjetting processes [25]. While the 3D spheroid Panc-01 model does not perfectly recapitulate the characteristics of a solid tumour, it can serve as an appropriate model to determine how effective UTMD mediated chemotherapy treatment is when compared to conventional chemotherapy treatment. To this end, our initial study focussed on UTMD using IRMB alone compared to the same concentration of free irinotecan. Spheroids were treated with either 50 µM irinotecan or IRMB with an irinotecan concentration of 50 µM. Selected spheroids were subjected to ultrasound and cell viability of the spheroids determined 48h later using propidium iodide staining. Propidium iodide passes freely across the membrane of non-viable cells but cannot cross the membrane of viable cells and therefore the intensity of its fluorescence can be used as a measure of cell viability [26]. The results are presented in Figure 5 and reveal a 42% increase in propidium iodide fluorescence for spheroids treated with IRMB + US compared to those treated with Irinotecan + US. In addition, the size of the spheroids treated with IRMB + US were noticeably smaller and less structurally intact than those treated with Irinotecan hydrochloride + US. This enhanced efficacy for MB delivered IR when compared to free irinotecan (i.e. non-MB bound) is most likely due to the physical effects (i.e. microstreaming / microjetting) that accompany MB cavitation, enabling a more effective dispersion of the IR into the compact spheroid structure. 

[image: ]
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Figure 5 Brigtfield (a, c, e, g, h, k) and fluorescent (b, d, f, h, j, l) images of spheroids stained with propidium iodide recorded following either no drug treatment (a-d),  treatment with irinotecan hydrochloride (e-h) or IRMB (i-l) with (c, d, g, h, k, l) or without (a, b, e, f, g, i) ultrasound exposure. A plot of fluorescent intensity per square micron of spheroid is also provided for each group (m). 
The above experiment was then repeated with two different concentrations of the IRMB-OxLipo conjugate ([IR] = 25 µM and 50 µM; [Ox] = 129 and 258 µM; [MB] = 2.28×108 MB / mL). Interestingly, while spheroids treated with the lower dose (25 µM IR) IRMB-OxLipo formulation were considerably smaller and less structurally intact following ultrasound exposure, the intensity of propidium iodide fluorescence was not significantly enhanced (Figure 6). Furthermore, spheroids treated with the higher dose (50 µM IR) IRMB-OxLipo formulation in the absence of ultrasound exposure displayed more intense propidium iodide fluorescence (32%) and were also smaller, with reduced structural integrity than those treated with the lower dose IRMB-OxLipo formulation in the presence of ultrasound. This suggests that at the higher dose, the combined IR / Ox concentration was sufficient to cause significant cell death and disrupt the spheroidal integrity even in the absence of ultrasound. Indeed, when spheroids treated with this higher dose of IRMB-OxLipo were exposed to ultrasound, the intensity of propidium iodide fluorescence increased by a further 52% and was also considerably more intense than spheroids treated with 50 µM IRMB plus ultrasound, when normalised to the ultrasound only control from each experiment. Therefore, these results indicate that UTMD using IRMB-OxLipo is more effective than UTMD using IRMB and that treatment efficacy was also significantly enhanced when the formulations were exposed to ultrasound using this particular spheroid model of pancreatic cancer.   
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Figure 6 Brigtfield (a, c, e, g, h, k) and fluorescent (b, d, f, h, j, l) images of spheroids stained with propidium iodide recorded following either no drug treatment (a-d),  treatment with IRMB-OxLipo  (25 µM) (e-h) or IRMB-OxLipo (50µM)  (i-l) with (c, d, g, h, k, l) or without (a, b, e, f, g, i) ultrasound exposure. A plot of fluorescent intensity per micron of spheroid is also provided for each group (m).
While in vitro methods such as the 3D spheroid model described above provide important information regarding the potential of UTMD mediated chemotherapy treatment, in vivo experiments remain the most effective approach to determine the utility of MBs as a drug delivery vehicle. Therefore, human BxPC-3 pancreatic tumours were established in SCID mice and the animals treated as described in section 2.8. The results are shown in Figure 7a and reveal that tumours in animals treated with the IRMB-OxLipo formulation and exposed to ultrasound were 136% smaller than animals treated with the same formulation but no ultrasound or the free (i.e non-MB bound) solution of irinotecan / Oxaliplatin. Previous work using this murine model of pancreatic cancer has also demonstrated that the ultrasound conditions employed in this study cause no effect on the rate of tumour growth [15]. Therefore, the results suggest that UTMD facilitates a more effective delivery of the drug payloads to the tumours resulting in improved efficacy. In addition, no acute toxic effects were observed during the treatments and the animals maintained healthy weights throughout the study indicating the treatment was well tolerated (Figure 7b). 
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Figure 7 Plot of (a) % tumour growth  and (b) % body weight change for mice that were  either (i) untreated (black line), (ii) treated with a solution of irinotecan / Oxaliplatin (i.e. non-MB bound) (red line) (iii)  an IV injection of the IRMB-OxLipo conjugate without (blue line) or with (green line) ultrasound applied to the tumour during administration.

	In conclusion, a microbubble-liposome conjugate has been developed to enable the delivery of both irinotecan and oxaliplatin to pancreatic tumours using ultrasound to stimulate MB cavitation and deposition of the drug payloads. The UTMD mediated combined treatment was significantly more effective at controlling tumour growth than the same concentration of drugs administered as a non-MB bound solution. Furthermore, as the drugs and excipients present in the IRMB-OxLipo formulation have previously been used safely in humans, clinical translation of this technology should not face significant regulatory challenges. 
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