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Abbreviations  

 Cur: Curcumin, Cur_NC: Cur encapsulating nanocapsule, Cur_Tpt_NC: Cur and Tpt 

co-encapsulating nanocapsules, Cur_NC.MB: Nanoconjugates of Cur_NC and microbubbles, 

Cur_Tpt_NC.MB: Cur and Tpt co-encapsulating nanocapsule and microbubble 

nanoconjugates, DOPS-Na: 1, 2-dioleoyl-sn-glycero-3-phosphoserine, DSPC: 1, 2-distearoyl-

sn-glycero-3-phosphocholine, EDC: Ethyl (dimethylaminopropyl) carbodiimide 

hydrochloride, MB: Microbubbles, MB-ND: nile red loaded MB, NHS: N-

Hydroxysuccinimide, Tpt: Topotecan, Tpt_NC: Tpt encapsulating nanocapsules, 

Tpt_NC.MB: nanoconjugates of Tpt_NC and microbubbles, NC-FITC: FITC encapsulating 

nanocapsules, NC-Rh6g: Rhodamine 6g encapsulating nanocapsules, NC-FITC.MB-ND: 
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Covalent nanoconjugates of NC-FITC and MB-ND, NC_B: Blank nanocapsules, NC_B.MB: 

Blank nanocapsules and MB nanoconjugates, Rh6g: Rhodamine 6g, TPGS: D-alpha-

tocopheryl polyethylene glycol 1000 succinate, US: Ultrasound, US2.5: ultrasound exposure 

at 50 % duty cycle, 2.5 W/cm
2
 intensity for 15 sec, US2: ultrasound exposure at 50 % duty 

cycle, 2 W/cm
2
 intensity for 15 sec. US0.9: ultrasound exposure at 50 % duty cycle, 0.9 

W/cm
2
 intensity for 15 sec, US1.5: ultrasound exposure at 50 % duty cycle, 1.5 W/cm

2
 

intensity for 15 sec, UCA: Ultrasound contrast agent. 

Recommended section 

 Special section: Drug delivery and translational medicine 

ABSTRACT 

 Chemotherapy is limited by the low availability of drug at the tumor site and drug 

resistance of the tumor. In this study we report a combination therapy for co-delivery of two 

anticancer drugs with spatiotemporal control by ultrasound pulses. We developed curcumin 

and topotecan co-encapsulated nanoconjugates Cur_Tpt_NC.MB having ultrasound contrast 

property. MDA MB 231 and B16F10 cells were incubated with Cur_Tpt_NC.MB and 

exposed with ultrasound. Ultrasound exposure reduced the IC50 concentration of topotecan 

and curcumin significantly (P<0.05) as compared to free drug. Anti-tumor efficacy study of 

the Cur_Tpt_NC.MB in B16F10 melanoma tumor bearing C57BL/6 mice showed that 

ultrasound exposure of right tumor reduced the growth by 3.5 times as compared to the 

unexposed left tumor of same mice and 14.8 times as compared to the group treated with 

physical mixture of drug. These results suggest that the developed nanotherapeutic system 

induces site specific inhibition of tumor growth at higher rate and it has the potential to be 

used as therapeutic regimen for spatiotemporal delivery of dual drug for treatment of cancer. 
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INTRODUCTION  

 Trigger based modalities of drug delivery have beneficial edge over conventional 

chemotherapy as on demand release of drug from nanoparticles is catalyzed by either 

microenvironment of the tumor (viz. pH, over expressed enzymes, hyperthermia) or by site 

specific exposure of external agents (viz. ultrasound, magnetic field, photon) that enhance the 

payload drug at tumor site and minimize the systemic toxicity (Ordeig et al., 2016; Zhu et al., 

2016, Mura et al., 2013). Ultrasound is a minimally invasive well established diagnostic 

agent and is being evaluated for its therapeutic efficacy all across the world. In ultrasound 

mediated delivery of cargo, the ultrasound contrast agent (UCA) plays a very crucial role and 

sulfur hexafluoride gas (SF6) containing lipid shelled microbubble (MB) is the most widely 

studied UCA (Lv et al., 2016; Cosgrove, 2006). Ultrasound induced stable and inertial 

cavitation of MB leads to jet propulsion of surrounding fluid which in turn exerts shear stress 

over membrane of cells situated nearby and facilitates intracellular delivery through creation 

of transient pores (Ferrara, 2008; Liu et al., 2014; Zhou et al., 2012).
 
Furthermore, lipid 

shelled MB and doxorubicin (DOX) encapsulated liposome conjugates have shown to 

increase the cytotoxicity of DOX in BLM melanoma cells following exposure of ultrasound
 

(Lentacker et al., 2010; Geers et al., 2011). 

 Topotecan (Tpt) is a water soluble analogue of the camptothecin, an anticancer drug 

that blocks replication of DNA by inhibiting topoisomerase I activity. At neutral pH, Tpt is 

sparingly soluble in aqueous medium and moreover it ionizes from lactone to carboxylate 

form (Fassberg and Stella 1992; Drummond et al., 2010). This ionic transformation 

diminishes the anticancer activity of Tpt and its solubility at physiological pH in aqueous 

medium (Fassberg and Stella 1992; Drummond et al., 2010). Encapsulation of Tpt inside 

liposome stabilized the drug and retained its activity (Drummond et al., 2010). As far as the 
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therapeutic efficacy of curcumin (Cur) is concern, poor aqueous solubility compromises its 

anticancer activity due to inadequate cellular internalization. Encapsulation of Cur inside 

lipid or polymer based nanoparticles had found to be enhanced the cellular internalization and 

cytotoxicity of Cur (Rao et al., 2013).   

 Co-delivery of hydrophobic and hydrophilic drugs in the same carrier with high 

entrapments has been a challenge. There were no attempts to deliver multiple drugs through 

ultrasound responsive system for anticancer therapy. We describe here Tpt and Cur co-

encapsulated nanocapsule (Cur_Tpt_NC) and MB nanoconjugates Cur_Tpt_NC.MB for 

ultrasound triggered drug delivery in cancer. Being a hydrophobic core and hydrophilic 

polymeric shell, nanocapsules are more stable than the liposome and hence the 

nanoconjugates have advantage of higher stability than the microbubble-liposomes 

complexes and are suitable for encapsulation of both hydrophobic and hydrophilic drugs. To 

the best of our knowledge, MB-nanocapsule nanoconjugate and ultrasound mediated co-

delivery of hydrophobic and hydrophilic drugs have not been explored previously. 

MATERIALS AND METHODS 

Materials  

 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) (99%), N-

Hydroxysuccinimide (NHS) (>97%), 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 

bromide (MTT) (assay 98-102%), 2-(N-Morpholino) ethanesulphonic acid anhydrous (MES)  

(assay 99-102%), Dulbecco Modified Eagle Medium (DMEM), Trypsin-EDTA 1X, 

Dulbecco Phosphate buffer saline 1X (PBS), Lecithin (Soya) (30%), Dialysis membrane-50, 

Fetal Bovine Serum (FBS), Antibiotic-antimycotic solution 100X, Curcumin (Cur) (97%) 

were purchased from Himedia Laboratories Pvt. Ltd, India. 1, 2-Distearoyl-sn-glycero-3-

phosphocholine (DSPC) (99%) and 1, 2 -Dioleoyl-sn-glycero-3-phosphoserine (Sodium slat) 
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(DOPS-Na) (99%) were purchased from Lipoid GmbH, Germany. Rhodamine 6G (Rh6g) 

(99%), Propidium Iodide (PI) (≥94%), D-α-Tocopheryl polyethylene glycol 1000 succinate 

(TPGS) (96%), Nile red (≥98%), and Fluorescein isothiocynate (FITC) (≥90%), were 

purchased from Sigma-Aldrich, USA. Topotecan (Tpt) (99%) was purchased from Fresenius 

kabi India Pvt. Ltd. AnnexinV-FITC was purchased from Invitrogen, ThermoFisher 

Scientific Inc. Chitosan (85% deacetylation, Mw ≈7000 KDa) was procured from Marine 

chemicals, India. All solvents were of high performance liquid chromatography (HPLC) 

grade and procured from Merck Life Science Pvt. Ltd. India. Sulphur hexafluoride (SF6) was 

obtained from Med Gas N equipment, India.  β-glucuronidase (125 KU) was procured from 

Sigma Aldrich.  

Methods  

Preparation of nanocapsules and microbubbles 

 Tpt and Cur co-encapsulated nanocapsules (Cur_Tpt_NC) were prepared in two steps. 

In first step, Cur nanoemulsions (Cur_NE) were prepared by oil in water emulsion method 

followed by evaporation of solvent. In brief, 80 mg of lecithin and 10 mg of Cur was 

dissolved in 5 ml chloroform and then 5 ml acetone was added. This organic phase was 

poured into 20 ml aqueous phase under stirring at 600 rpm. Then the emulsion was passed 

through homogenizer (Avestin Emulsiflex C3 homogenizer) at 10000-15000 psi for three 

cycles and thereafter solvent was evaporated to obtain the Cur_NE’s solution (figure 1.A). In 

second step, these Cur_NEs were further coated with chitosan and Tpt to synthesize 

Cur_Tpt_NC. In order to coat the Cur_NE with chitosan and Tpt, 10 mg of Tpt was dissolved 

in Cur_NE’s solution then 10 mg of chitosan, dissolved in 0.5% acetic acid solution, was 

added under continuous stirring (figure 1.A). Solution was stirred for 1 hour and then 

centrifuged (SIGMA 3K-30 Laboratory centrifuge) at 20000xg for 20 min. The pellet thus 
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obtained contains Cur_Tpt_NC (figure 1.A.a) and was resuspended in 2 ml Milli-Q water 

(MQ). The supernatant was kept separately to estimate the amount of non-encapsulated Tpt 

and Cur. Supernatant was also used to estimate amount of chitosan coated over NE 

(Muzzarelli, 1998). The amount of encapsulated Tpt and Cur was measured by determining 

encapsulation efficiency (EE) using HPLC (JASCO International) through indirect method 

using formula, 

 

Blank nanocapsules (NC_B) were prepared similarly without addition of Cur and Tpt. For 

flow cytometry analysis, FITC stained nanocapsules (NC-FITC) were prepared by dissolving 

2 mg of FITC in balnk NE’s solution and then chitosan was added. Rest of the process was 

similar to the preparation of NC_B. To synthesize rhodamine 6g (Rh6g) encapsulated 

nanocapsules (NC-Rh6g), 1 mg of Rh6g dye was dissolved in 5 ml chloroform alongwith 

lecithin and then 5 ml acetone was added. Rest of the process was similar to the preparation 

of NC_B. 

 SF6 gas containing microbubbles (MB) were prepared by thin film hydration method 

followed by purging of SF6 with simultaneous agitation as shown in figure 1.B. DSPC, 

DOPS-Na and TPGS were dissolved in 5 ml chloroform in 20:1:1.5 molar ratio and final 

concentration of lipid was maintained 2 mg/ml. Thin film of lipid was developed in round 

bottom flask using rotatory evaporator at 50
0 

C and then hydrated in 10 ml phosphate buffer 

saline with pH 7.4 (PBS) at 60
0 

C for 1 hour. 2 ml of hydrated lipid suspension was 

transferred in eppendrof tube and purged with SF6 at flow pressure 0.5 kg/cm
2
 for 30 sec in 

sealed condition. Solution was further agitated for another 2 min using vortex and kept 

undisturbed for 10-15 mins that led its separation into three distinct layers (supplemental 

data, figure S.1). MBs contained the middle layer were isolated and analysed for size and zeta 
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potential. In order to estimate the amount of lipid which indeed synthesized the MB, total 

amount of lipids contained this middle layer was estimated by ammonium ferrothiocynate 

reagent (Stewart, 1980). It is documented that the bubbles reside in upper most layer are of 

larger size and that is why they were not considered for further study (Xing et al., 2010). 

Similarly, the lowermost layer was also not selected for the study as it comprised the free 

lipid molecules that could not synthesize MB (Xing et al., 2010). Nile red stained MBs (MB-

ND) were prepared for flow cytometry analysis by dissolving 1 mg of nile red in 5 ml 

chloroform along with DSPC, TPGS and DOPS-Na. Rest of the process was similar to the 

preparation of blank MB.   

Physiochemical characterization 

 Both Cur_Tpt_NC and MB were diluted appropriately and characterized for its 

hydrodynamic diameter and zeta potential by DLS (Brookhaven® DLS) and Zeta 

Potentiometer (Brookhaven®) respectively. Intensity correlation functions were measured at 

90
0
 angle, 25

0 
C temperature

 
and 632 nm wavelength. Electron microscopic analysis was 

done to study the topography and diameter of the Cur_NE, Cur_Tpt_NC and MB. Both 

Cur_NE and Cur_Tpt_NC were negatively stained with 1% phosphotungustic acid (PTA) for 

transmission electron microscope (TEM) imaging. In TEM imaging Cur_NE and 

Cur_Tpt_NC were diluted appropriately and then 20 µl of sample was mixed with 20 µl of 

1% PTA filtered solution. Thereafter 20 µl of PTA stained samples were mounted carefully 

on copper TEM specimen support grids. Grids were kept in desiccators for 12-14 hours for 

drying and then they were analyzed. In scanning electron microscopic (SEM) analysis, MB’s 

concentration was diluted appropriately and froze in liquid nitrogen. Frozen samples were 

sublimed at -90
0
 C for 10 minutes and coated with platinum at current 10 mA for 45 sec 

before analysis.  
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Preparation of nanoconjugates Cur_Tpt_NC.MB/NC_B.MB/NC-FITC.MB-ND/NC-

Rh6g.MB 

 DOPS-Na present in MB provides carboxylic group (figure 1.B.b) and chitosan 

present in the Cur_Tpt_NC provides amine group (figure 1.A.a) for the amide bond synthesis 

through EDC-NHS coupling reaction (Bartczak and Kanaras, 2011). Briefly, stock solution of 

EDC (concentration: 4 mg/ml) and NHS (concentration: 11 mg/ml) was prepared in 0.1M 

MES buffer (pH 6.0) supplemented with 0.5M NaCl. 200 µl of EDC solution was added first 

to 50 µl of MB (stock concentration: 3 mg/ml, with respect to lipid) solution and then 200 µl 

NHS was added after 5 mins. Thereafter, reaction mixture was kept for 20 mins on rocker for 

end to end mixing. After 20 mins 100 µl of Cur_Tpt_NC (stock concentration: 1.25 mg/ml, 

with respect to chitosan) solution was added and then volume was adjusted to 1.0 ml using 

PBS. Reaction mixture was kept for 2 hours on rocker for end to end mixing at room 

temperature. Remnants of activated EDC and NHS were quenched by 0.5 ml, 10 mM glycine 

containing phosphate buffer pH 7.4 and kept at room temperature for 30 mins with 

continuous end to end mixing. After quenching, the nanoconjugates Cur_Tpt_NC.MB (figure 

1.C) were ready for the further analysis. Similarly blank nanoconjugates NC_B.MB were also 

developed but in this case nanocapsules were not loaded with drugs. The nanoconjugates NC-

FITC.MB-ND were developed by same method where Cur_Tpt_NC was replaced with NC-

FITC and MB with MB-ND. Also, the Rh6g loaded nanoconjugates NC-Rh6g.MB were 

prepared by same method through substituting Cur_Tpt_NC with NC-Rh6g. 

Characterization of nanoconjugates Cur_Tpt_NC.MB 

 The covalent nanoconjugates NC_B.MB developed form NC_B and MB through 

EDC-NHS coupling were analyzed by FTIR spectroscopy (Bruker, 3000 Hyperion 

Microscope with Vertex 80 FTIR system) within the range of 400-4000 cm
-1 

using KBr 
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pellets.  But to avoid the false positive results in FTIR analysis, glycine PBS buffer was not 

added at the end to quench the EDC and NHS.  In order to quantify the efficiency of coupling 

reaction, MB-ND (0.15 mg/ml of nile red) and NC-FITC (1.2 mg/ml of FITC) were coupled 

by EDC-NHS reaction and then the amount of total nanoconjugates NC-FITC.MB.ND 

present in the reaction mixture was quantified by flow cytometry (BD FACS Aria™, Becton, 

Dickinson and Company) through measuring fluorescence intensity using PI-A (for nile red) 

and FITC-A (for FITC) filters. Coupling reaction was also proved by determining 

hydrodynamic diameter, zeta potential, and morphology through Cryo FEG SEM analysis. 

Nanoconjugates were also analysed for the amount of drug retained after conjugation 

reaction. 

Release kinetics through ultrasound pulses 

 Cur_Tpt_NC and Cur_Tpt_NC.MB were transferred to dialysis bag at concentration 

such that both the conjugates have 2 and 1 mg/ml of Cur and Tpt respectively and then at 

time t=0, 55, 115 and 175 min of release profile study nanoconjugates were exposed to 

ultrasound at intensity 2 w/cm
2
 for 60 and 15 sec at 50% duty cycle. At time points 0, 30, 55, 

60, 115, 120, 175, 200 and 210 min of the study sampling was done as reported previously 

(Chandan and Banerjee, 2018). Amount of released drug was estimated by HPLC. 

Preparation of agarose phantom model and echogenicity measurement of MB and 

Tpt_NC.MB  

 Echogenicity of both MB and Cur_Tpt_NC.MB was elucidated in agarose phantom 

model (figure S.3, supplemental data). 1% agarose was dissolved in degassed MQ at 80
0 

C 

and then it was poured in a cubiodal open end small acrylic casting tray. In order to create 

wells of 1 ml volume, open end of casting trey was covered with a 3D printed (Graphite 

software, Ultimaker
2
 3D printer) lid with spikes on one face. Then whole tray was kept inside 
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freeze at 4
0 

C for 1 hour. After 1 hour, tray was taken out and lid was removed to generate 

wells. Finally, solidified agarose block was removed out carefully from tray (figure S.2). 1 ml 

of degassed PBS, sonovue
TM

, MB and Cur_Tpt_NC.MB equivalent to 5 mg/ml of lipid was 

added to each well and then B-mode imaging was performed using sonography instrument 

(GE Healthcare, LOGIC
TM 

P9) at parameters of mechanical index (MI) 1-1.2, frequency 10 

MHz and thermal index for soft tissue (TIs) 0.4. Ultrasound probe (9L-D, GE healthcare) was 

placed at angle of 90
0
 to the depth of the well. Distance between well and ultrasound probe 

was 3 cm.  

Cell culture  

 M. D. Anderson metastatic breast cancer cell (MDA MB 231) and B16 melanoma 

F10 cells (B16F10) were cultured in DMEM supplemented with 10% FBS and 1% antibiotic 

antimycotic solution maintained in humidified environment of 5% CO2 at 37
0 

C. In 24 well 

plates cells were seeded in number 1X10
5 

cells per well where as 3X10
4 

in 96 well plates. In 

all cases cell viability was determined by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide (MTT) assay (Mosmann, 1983). In brief, culture medium of 

each well was replaced with 200 µl MTT solution (0.05%) in Hank’s balance salt solution. 

MTT led the formation of formazan crystals inside the cells which were dissolved by a 

reagent comprised 10% triton X 100, 0.1N HCl in anhydrous isopropyl alcohol. After 

complete dissolution of crystal absorbance was taken at 590 nm and baseline was corrected 

by taking absorbance at 620 nm. Cells were procured from National Centre for Cell Sciences, 

Pune, India. 

MB and sonoporation   

 Cells were seeded in 96 well plates in number 3X10
3
 and allowed to grow for 24 hour 

to get 90% confluence. Then wells were decanted and replaced with fresh DMEM culture 
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medium having 150 µg of MB followed by treatment with ultrasound at intensity 2 W/cm
2
, 

50% duty cycle for time period of 15 sec and just after treatment cells were fixed with 10% 

formaldehyde containing PBS and incubated for 10 mins. Thereafter, cells were frozen in 

liquid nitrogen and then sublimed at -90
0
C for 10 mins. After sublimation it was coated with 

platinum at 10 mA for 60 sec and then analyzed by SEM.  

Cellular Internalization   

 To study the cellular internalization, MDA MB 231 cells in number 1X10
5 

cells/well 

were allowed to grow till 90% confluence in 24 well plates then medium was decanted and 

fresh medium having 10 µg Rh6g encapsulated inside NC-Rh6g and NC-Rh6g.MB was 

added. Just after addition, cells were treated with ultrasound (SONIDEL SP100
®

) at 50% duty 

cycle, 0.9 W/cm
2 

intensity and for a time period of 15 sec. After 1.5 hours of incubation, 

culture medium was discarded and cells were washed twice with ice cold PBS and then fixed 

with ice cold 10% formaldehyde solution prepared in PBS and observed through Confocal 

Laser Scanning Microscope (CLSM) (Olympus Fluoview, FV500, Tokyo, Japan) at 

excitation and emission wavelength of 525 and 548 nm respectively for Rh6g and images 

were obtained at 60x through oil immersion objective using the fluoview software (Olympus, 

Tokyo, Japan). For single cell analysis through flow cytometry, cells were washed twice with 

PBS (temperature 37
0
C) and then 300 µl of Trypsin EDTA was added. After 2-3 mins of 

incubation, 300 µl of DMEM was added to neutralise the trypsin and cells were isolated 

through centrifugation at 3000xg for 2 mins. Isolated cells were resuspended in 500 µl of 1% 

formaldehyde and analyzed though flow cytometry using PE-A filter for fluorescence 

intensity of Rh6g/NC-Rh6g internalized by the cells.   
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In vitro cytotoxicity 

 MDA MB 231 and B16F10 cells were allowed to grow for 24 hours in 96 well plates 

and then wells were decanted and filled with Tpt, Tpt_NC, Tpt_NC.MB, containing culture 

medium with the Tpt concentration 50, 12.5, 3.1, 0.8, 0.2, 0.04 and 0.01 µM. After addition 

of Tpt_NC.MB, cells were treated with ultrasound at 0.9, 1.5, 2 and 2.5 W/cm
2
 intensity at 

50% duty cycle for 15 sec by placing the culture plate over ultrasound probe (SONIDEL 

SP100). To prevent the attenuation of ultrasound by air, a thin layer of gel (KIRAN 

SONOGEL) was applied over probe before placing the well plate. To determine cytotoxicity 

of Cur in presence of ultrasound, 100, 25, 6.3, 1.6, 0.4, 0.1, 0.02 µM concentration of free 

and encapsulated Cur such as Cur_NC, Cur_NC.MB was incubated with cells and just after 

that ultrasound was applied. In free drugs treatment, Cur and Tpt were dissolved in DMSO at 

concentration 20 mg/ml and were further diluted in DMEM to obtain the required 

concentration. In order to determine the combination index, the physical mixture of two drugs 

and drugs co-encapsulated inside nanoconjugates Cur_Tpt_NC.MB were incubated with two 

cell lines at same concentration as were used earlier to determine cytotoxicity and ultrasound 

treatment was given at same parameters. The concentration of Cur and Tpt was used 

uniformly in all the treatments. After treatment with ultrasound cells were incubated for 72 

hours and thereafter cell viability was determined by MTT assay.  

Apoptosis assay 

 To test the apoptotic induction ability, MDA MB 231 cells were seeded in 24 well 

plates and allowed to grow till 90% confluence and then treated with Tpt, Tpt_NC, 

Tpt_NC.MB and Tpt_NC.MB+US2 at concentration 70 nM (IC50 concentration of 

Tpt_NC.MB+US2). Similarly for Cur, cells were treated with 220 nM (IC50 concentration of 

Cur_NC.MB+US2) of Cur, Cur_NC, Cur_NC.MB and Cur_NC.MB+US2. In dual drug 
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treatment, cells were treated with 50 nM of Tpt and 100 nM of Cur  as Cur free, Tpt free, 

Cur+Tpt free physical mixture, Cur_NC.MB+US2, Tpt_NC.MB+US2 and 

Cur_Tpt_NC.MB+US2. After 72 hour incubation, cells were isolated through trypsinization 

and washed with ice cold washing buffer (0.1% azide+5% FBS in PBS) before resuspdending 

it in 500 µl of ice cold binding buffer (10 mM 4-(2-hydroxyethyl) piperazine-1-

ethanesulphonic acid+150 mM NaCl+5 mM KCl+1 mM MgCl2+1.8 mM CaCl2 at pH 7.4). 

After 5-10 mins incubation in binding buffer, 3µl of Annexin-V FITC (Invitrogen
TM

, 

ThermoFisher Scientific) was added to each tube and incubated for 45-60 mins in ice cold 

condition. 15-20 mins before analysis 2.5 µg of PI was added. Population of necrotic cells, 

live cells, early apoptotic and late apoptotic cells were differentiated by flow cytometry.  

In vivo pharmacokinetic study 

 Ethical committee approval, organized by Apt Testing and Research Pvt. Ltd, Pune 

was taken before commencing all type of in vivo study and no inhuman means were used to 

treat the animals. To study the plasma concentration of drug over the period of time, 10 and 5 

mg/kg body weight dose of Cur and Tpt in free form and encapsulated inside 

Cur_Tpt_NC.MB was administered through tail vein in female wistar rat (n=6, 6-8 weeks 

old, 200-250 g body weight). A single dose of formulation was administered and at 0, 1, 2, 6, 

8, 10, 24 hour post injection 0.5 ml of blood samples were collected through retro orbital 

puncture and stored at -20
0
C for 8-10 hours before estimation. The amount of Cur and Tpt 

plasma were co-estimated through HPLC (Tiwari et al., 2014; Vareed et al., 2008). Briefly, 

100 µl of plasma was mixed with 25 µl of β-glucuronidase (500 units) in 0.1 M phosphate 

buffer (pH6.8) and incubated for 3.5 hours at 37
0
C as reported by Vareed et al., 2008. 

Thereafter, this whole mixture was precipitated by addition of ice cold 1 ml mixture of ethyl 

acetate and methanol (95:5, v/v) with strong agitation. Precipitated mixture was then 

centrifuged at 10000xg for 15 mins at 4
0
C. Uppermost separated solvent layer was then 
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isolated and process was repeated thrice to isolate the maximum amount of Cur and Tpt. This 

collected solvent mixture was then evaporated under stream of nitrogen vapour and 

reconstituted in 0.5 ml mobile phase acetonitrile: methanol: 20 mM acetate buffer pH 3 

(40:30:30, v/v). 20 µl of extract was injected and mobile phase was pumped through column 

(RP-18, 5 µm, LiChrosorb
® 

Merck) with a flow rate 1ml/min. Photo diode array detector was 

set at 420 and 228 nm for Cur and Tpt respectively. The amount of drug in plasma was 

quantified by standard curve interpolation method through drug spiking in blank plasma with 

concentration range 0, 1, 2, 3, 4, 5, 6, 7 µg/ml of Cur and Tpt. For estimating the amount of 

Cur and Tpt in vital organs, each organ was weighted and then 0.5 g of the organs including 

liver, kidney, spleen, lung, brain, Peyer’s patch and heart was homogenized in 2 ml 0.5 M 

acetate buffer (pH 5). 3 ml of ice cold ethyl acetate and methanol (95:5, v/v) was added and 

agitated for 5 mins to precipitates the whole extract. Rest of the process was similar to the 

extraction of drugs from plasma. Tissues were extracted thrice to isolate the maximum 

amount of drug.  

In vivo anti-tumor efficacy 

 Maximum tolerated dose (MTD) of the drug in mice was determined by administering 

(I.V. through tail vein) higher amount of drug and then gradually concentration was 

decreased. MTD study was conducted for the C57BL/6 mice (n=3, body weight 22-25 g) at 

concentration 20 and 10, 10 and 5, and 5 and 2.5 mg/kg body weight of the Cur and Tpt 

respectively. After injection physiological behavior of the animals was monitored.  

 In order to determine the antitumor efficacy of the formulation subcutaneous B16F10 

melanoma tumor model was generated on both right and left flank of the C57BL/6 mice 

(body weight 22-25 g, n=6). 2x10
6
 cell/0.2 ml was injected subcutaneously on both the flanks 

and growth of the tumor was monitored. After 15 days the tumor volume reached up to 50-
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100 mm
3
 and treatment was started. First three treatments were given on alternative days and 

thereafter two treatments were given keeping a gap of two days. The dose of administered 

(I.V. through tail vein) drug was 5 and 2.5 mg/kg body weight for Cur and Tpt respectively. 

Just after injection the ultrasound treatment was given to the right tumor at parameters 2 

W/cm
2
, 50% duty cycle for 60 sec, whereas the left tumor was kept unexposed. Tumor size 

was taken with vernier caliper for 15 days after initiation of treatment and tumor volume was 

calculated using formula,  

 

Where, W is width of the tumor and L is length of the tumor. 

 To demonstrate the spatiotemporal delivery of dye in presence of ultrasound another 

experiment was done where NC-Rh6g.MB (dose: 10 mg/kg body weight ) was administered 

intravenously through tail vein and just after that right tumor was exposed with ultrasound at 

2 W/cm
2 

intensity and 50% duty cycle for 60 sec. Thereafter, tumors were excised and fixed 

in 2.5% gluteraldehyde solution. The fixed tissue samples were then dehydrated by increasing 

concentration of ethanol and cleared with xylene. Cleared tissues were now casted in molten 

wax. After the formation of wax block, 40-50 micron thick sections were prepared using 

microtome and placed over glass slide. It was kept in hot air oven at 30-40 
0
C for 15-20 mins 

and then slides were analyzed by CLSM at excitation wavelength of 525 nm and emission 

wavelength of 548 nm at 20x magnification.  

Data Analysis  

 All the experiments were performed in triplicates unless stated otherwise. IC50 values 

were determined by Graphpad Prism 5 and all flow cytometry data were analyzed by FCS 

Express 5. Data are presented in the form of mean ± SD and p value was calculated by 
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student t-test (two tailed). Error bars represent the positive and negative SD from the mean 

value. 

RESULTS 

Preparation and characterization of Cur_Tpt_NC and MB 

 Cur encapsulated lecithin nanoemulsions (Cur_NE) and Cur_Tpt_NC, both were 

prepared and characterized. Schematic of the nanocapsule and its preparation procedure is 

provided in figure 1. Different ratio of lecithin Cur and chitosan Tpt was used to optimise the 

hydrodynamic diameter, zeta potential and encapsulation efficiency (EE) of Cur_Tpt_NC 

(table S.1, supplemental data). The Cur_Tpt_NC with EE (%) of 35±4.4 and 60.6±4.3% for 

Tpt and Cur respectively was chosen for the further study as it entrapped maximum amount 

of drugs and got uniformly dispersed in MQ. Hydrodynamic diameter of the Cur_NE and the 

Cur_Tpt_NC was found to be 55.5±7.2 nm and 170.9±20.3 nm respectively (figure 2.I.A). 

Chitosan coating over Cur_ NE increased the size and gave core-shell feature to the 

Cur_Tpt_NC. Electron microscopic examination had reconfirmed the size of both the 

particles and also depicted the internal features and topology of the Cur_NE (figure 2.II.A) 

and the Cur_Tpt_NC (figure 2.II.B). Zeta potential of Cur_NE was -35.6±9.5 mV and coating 

of chitosan completely reversed the same to 23.3±5.7 mV. Reversal of zeta potential occurred 

due to coating of a positively charged chitosan over Cur_NE. Hydrodynamic diameter and 

zeta potential of MB was found to be 1200.6±201.8 nm (figure 2.I.C) and -15.9±4.8 mV 

respectively. Electron microscopic imaging illustrated its spherical shape and reconfirmed the 

size obtained through DLS (figure 2.II.C). The EE (%) of respective dye in NC-FITC, NC-

Rh6g and MB-ND was found to be 60±10, 62.7±3 and 75±5% respectively.  
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Characterisation of nanoconjugates Cur_Tpt_NC.MB  

 Cur_Tpt_NC and MB were conjugated through formation of amide linkage. In FTIR 

spectroscopic analysis, an intense new peak was obtained in spectrum of nanoconjugate 

NC_B.MB (figure 3.II.A, shown inside rectangle) at 1417 cm
-1

 that was initially not present 

in blank nanocapsule (NC_B) and MB. This new peak confirms the synthesis of new C-N 

bond (shown in red, figure 3.II.C) between chitosan of NC_B and DOPS of MB. This new 

peak at 1417 cm
-1

 appeared due to stretching vibration of newly developed C-N amide bond. 

Similarly, other peaks those are evident to formation of amide bond are, peak at 1577 cm
-1

 in 

NC_B.MB due to NH amide bending and peak at 1647 cm
-1

 in NC_B.MB spectrum due to 

stretching vibration of carbonyl group of amide bond (Morelli et al., 2011; Jain et al., 2012; 

Wang et al., 2016). To quantify the efficiency of conjugation reaction, the MB-ND and NC-

FITC were linked together by amide linkage and flow cytometry assay was performed to 

assess the amount of covalently linked nanoconjugates NC-FITC.MB-ND out of total 

existing population including MB-ND, NC-FITC and NC-FITC.MB-ND. In flow cytometry 

analysis, MB-ND occupied quadrant Q4 (figure 3.I.A) and NC-FITC occupied quadrants Q1 

and Q3 (figure 3.I.B). Therefore, nanoconjugates NC-FITC.MB-ND occupied quadrant Q2 as 

it comprised both MB-ND and NC-FITC (figure 3.I.C). Other parameters those correspond to 

change in the size of the analyte are Forward Scatter (FSC-A) and Side Scatter (SSC-A). The 

value of both SSC-A and FSC-A was enhanced by two and three fold respectively that 

conferred evidence to the increase in size due to conjugation of NC-FITC and MB-ND (table 

1). Gottstein et al demonstrated the same concept and reported the increase in FSC-A and 

SSC-A values upon aggregation of nanoparticles (Gottstein et al., 2013). Concentration of 

EDC: NHS in 1: 2 and 1: 3 molar ratio provided conjugated population of 84.6±5.6 % and 

80.4±4.5 % respectively as shown in table 2. We carried out rest of the study using 1: 2 molar 

ratio as it had provided maximum population of NC-FITC.MB-ND. The nanoconjugates are 
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dual nanoparticles system with small nanometer size Cur_Tpt_NC adsorbed over MB (central 

micrometer size particle) (figure 2.II.D, E & F). The hydrodynamic diameter of the 

developed nanoconjugtae was 1760.4±350.3 nm (Supplemental data, figure S.2) that is in 

agreement of with the diameter obtained from cryo FEG SEM analysis. The zeta potential of 

nanoconjugates was found to be -12.7±2.3 mV (supplemental data, table S.1). The percentage 

EE of Cur and Tpt inside Cur_Tpt_NC.MB was found to be 33.1±2.3 and 58.32±2.9 % 

respectively (supplemental data, table S.1).  

Release kinetics through ultrasound pulses 

 The nanoconjugates and nanocapsules were treated with ultrasound stimulus to 

observe the effect of ultrasound on release of drug from carrier. It was found that stimulus 

enhanced the release of drug from nanocarriers. Exposure with ultrasound released 

28.9±2.1% of Cur from Cur_Tpt_NC.MB within 3.5 hours and 43±4.5% of Tpt within the 

same time after three insonation of 60 sec at interval of 1 hour whereas same amount of 

nanoconjugates relasesed just 7±3.1% and 14±2.9% of Cur and Tpt within same period in 

absence of ultrasound stimulus. In case of 15 sec exposure with ultrasound, 12±2.3 % of Cur 

and 24.29±3.24 % of Tpt released from nanoconjugates which was higher than the drug 

released in non-stimulus condition but lower than the 60 sec exposure time. Although, we did 

get enhancement in release of drug from nanocapsules Cur_Tpt_NC due to ultrasound 

expsoure even in absence of MB but the degree of enchancement was lower than the case 

where MB was conjugated to nanocapsules (figure 4). 

Echogenicity of MB and Cur_Tpt_NC.MB in agarose phantom model 

 B mode image was captured and found that both MB and Cur_Tpt_NC.MB showed 

ultrasound contrast. A small bright circular area can be seen against the dark background in 

the B mode image (figure 5.I). Both Cur_Tpt_NC.MB and MB had shown ultrasound 

contrast and pixel intensity of the image was similar to that of image obtained from 
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commercialized Sonovue
TM 

(figure 5.I.E). Degassed PBS used as control was hardly showing 

any contrast against the background. 

MB and ultrasound induced sonoporation in MDA MB 231 and B16F10 cells 

 The study was done to observe the effect of insonation on cells in presence and 

absence of MB. The number and diameter of the pores obtained through sole ultrasound 

treatment over MDA MB 231 cells was limited to 1-2 pores/cell of 220 nm (figure 5.II.B, 

black dotted circle) but in presence of MB, ultrasound exposure increased the number to 6-8 

pores/cells (figure 5.II.C) and also increased the diameter of few pores to 400-600 nm (figure 

5.II.C, black dotted circle) whereas others were relatively smaller in diameter (figure 5.II.C, 

white dotted circle). Experiment was repeated in B16F10 melanoma cells and the similar 

results were observed in terms of diameter and number of pores generated in plasma 

membrane of cells (figure 5.II.D,E,F). Therefore, it is now evident that the presence of MB in 

the culture medium had increased the diameter as well as the number of sonopores per cell 2-

3 times greater to the cells treated with ultrasound solely. The trend of sonoporation that is 

number of pores/cell with ultrasound exposure in presence and absence of MB is shown in 

figure 6.  

Cellular internalization study 

 Effect of MB assisted ultrasound treatment on internalization of nanoparticles was 

studied by both CLSM and flow cytometry. CLSM image of MDA MB 231 cells showed   

enhanced cellular internalization on application of ultrasound (Figure 7.I (a).D) as compared 

to the controls (figure 7.I (a).A, B, C). The pixel intensity of the red fluorescent cells was 

plotted for all the four images and is summarised in figure 7.I (b). It showed that the 

ultrasound application enhanced the fluorescence intensity of cells by 2.5-3 times due to 

higher internalization as compared to unexposed cells. In another experiment the degree of 

enhancement was quantified by flow cytometry and found that the fluorescence intensity was 
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gradually increasing with the increase in ultrasound intensity from 0.8 to 1.1 W/cm
2 

at 50 % 

duty cycle and 15 sec exposure time (figure 7.II.). The fluorescence intensity inside cells is 

the measure of amount of internalized rhodamine 6g (Rh6g) contained in nanoconjugates 

NC-Rh6g.MB and nanocapsules NC-Rh6g. Single cell quantification by flow cytometry gave 

the fluorescence intensity of 3480±498.7, 5427±354.3 5930±395.7 and 6470±639.2 (figure 

7.II) at ultrasound intensity 0.8, 0.9, 1 and 1.1 W/cm
2 

respectively. On the other hand, in 

negative controls where NC-Rh6g.MB and NC-Rh6g were simply incubated with cells 

without any ultrasound treatment, fluorescence intensity was found to be as low as 

1656.3±160.5 and 2083±307.6 respectively (figure 7.II). These results showed that the 

insonation increased the cellular internalization 2-4 fold as compared to negative control and 

it was in agreement with the CLSM analysis of the Rh6g internalized cells. In flow cytometry 

assay, it was found that insonation not only enhanced the cellular internalization but also 

increased the population of cells positive for Rh6g. Only 32.7% (figure 7.III. B & E) of 

population internalized the encapsulated dye in the absence of ultrasound but the exposure of 

ultrasound in presence of NC-Rh6g.MB increased the population of Rh6g positive cells up to 

89.4% (figure 7.III.C & F). In CLSM analysis also a few cells were lacking fluorescence at 

all (figure 7.I (a) A, green arrow) or having very low fluorescence (figure 7.I (a) B, green 

arrow) in absence of ultrasound exposure but insonation made the cells positive for Rh6g 

uniformly (figure 7.I.(a) C) with very high intensity.  

In vitro cytotoxicity  

 The concentration of drug at which 50% of the exiting population of the cells were 

dead is known as IC50 value, was determined for both free and encapsulated drug in presence 

of ultrasound in MDA MB 231 and B16F10 cell (figure 8) and summarized in table 3. When 

ultrasound was applied on MDA MB 231 cells in presence of Cur_Tpt_NC.MB, IC50 of Tpt 

and Cur reduced to 0.04±0.011 and 0.08 ± 0.010 µM respectively (Combination index: 0.93) 
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(table 3) that is 112 and 265 times lower than the IC50 concentration of free Tpt and Cur 

respectively (figure 8.A). Also, in B16F10 cells, after ultrasound exposure in presence of 

Cur_Tpt_NC.MB, the IC50 concentration of Tpt and Cur was 0.06±0.019 and 0.11 ± 0.01 µM 

respectively (combination index: 0.85) that is 100 and 150 times lower than the IC50 

concentration of free Tpt and Cur respectively (figure 8.B, table 3). Although the 

combination index value in both the cells does not indicate towards strong synergism 

between Tpt and Cur but it does indicate towards additive effect. Also the increase in 

intensity of ultrasound at constant duty cycle and exposure time increased the cytotoxicity of 

both Tpt_NC.MB and Cur_NC.MB at intensity 0.9, 1.5, 2 and 2.5 W/cm
2
 as shown in figure 

8 C and D. Although, the further increase in intensity was not taken into account as even 

blank nanoconjugates NC_B.MB was causing very high cytotoxicity at 3 and 2.5 W/cm
2 

and 

maximum
 
cell viability was found to be 45 and 80% respectively at lowest concentration of 

(0.007 µg/ml, MB) NC_B.MB where as ≥90% of MDA MB 231 cells were viable at 2 W/cm
2
 

(supplemental data, figure S.4). Contrastingly, ultrasound in absence of MB and drug was 

non toxic at the intensity 0.9, 1.5, 2 and 2.5 W/cm
2
 with fixed duty cycle of 50% and 

exposure time of 15 sec (supplemental data, figure S.5). 

Apoptosis assay 

 Ultrasound exposure increased the sum of necrotic and apoptotic cells significantly as 

compared to free drug and their physical mixture (figure 9). Treatment with ultrasound, at 

intensity 2 W/cm
2
, duty cycle 50% for 15 sec time period, had significantly increased the sum 

of apoptotic and necrotic cells by 4 fold as compared to Tpt_NC.MB and Tpt (figure 9.A). 

Similarly, in case of Cur, the enhancement occurred by 5.5 and 2.5 fold as compared to Cur 

and Cur_NC.MB (Figure 9.A). In combinational treatment, the sum of apoptotic and necrotic 

cells increased significantly due to ultrasound exposure and additive effect of drug (Figure 

9.B). Sum of apoptotic and necrotic cells increased by 3.2 fold in Cur_Tpt_NC.MB+US2 
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treatment as compared to physical mixture of drugs (Figure 9.B). The apoptosis induction 

ability of Tpt, Tpt_NC and Tpt_NC.MB was not significantly different from each other as 

IC50 concentration of Tpt_NC.MB+US2 is quite low and at this concentration the 

formulations including Tpt, Tpt_NC and Tpt_NC.MB were giving almost similar 

cytotoxicity.  

In vivo pharmacokinetic study  

 All pharmacokinetic parameters were evaluated using non-compartmental analysis 

after determining the plasma concentration of drug over the period of time. The elimination 

half life (T1/2) of free Cur and Tpt was 2.1±0.3 hr and 2.3 ± 0.2 hr but their encapsulation 

inside nanoconjugates Cur_Tpt.NC.MB increased the same to 11.5±2.8 hr and 9.7±1.6 hr 

respectively. The encapsulation has also increased the peak plasma concentration (Cmax) of 

drugs from  8.8 ± 0.7 and 12.3±0.8 µg to 28.6 ± 2.3 and 38.5 ±3.5 µg for Cur and Tpt 

respectively due to encapsulation inside nanoconjugate. Total drug exposure (AUC0-∞) for the 

free Cur and Tpt was 21.4 ± 1.2 and 27.6±2.7 µg.hr/ml where as their encapsulation inside 

nanoconjugates increased it upto 402.9±5.3 and 424 ± 6.7 µg.hr/ml respectively. Not only the 

AUC0-∞, T1/2 and Cmax but also the biodistribution of the drugs in vital organs increased 

(supplemental data table S.2) upon encapsulation inside nanoconjugates. Pharmacokinetic 

study showed thhat the  encapsulation of both Cur and Tpt inside nanocapsules increased the 

T1/2, Cmax, AUC0-∞ and biodistribution of drug in various vital organs (figure 10, table 4). 

In vivo anti-tumor efficacy 

 As a proof of concept study, Rh6g dye conatining NC-Rh6g.MB was administered to 

mice and thereafter ultrasound exposure to the right tumor enhanced the intra-tumoral 

internalization and therby fluorescence intensity by 2.5 fold in both central as well as 

peripheral region of right tumor (figure 11) as comapred to corresponding regions of left 
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tumor. It reflects that nanocojugates can be a suitable carrier for spatiotemporal delivery of 

drug in presence of ultrasound. As this combination of drug was not reported before in any 

lietrarture, the MTD study was conducted as per the lietrature which clarifies that more often 

mice may survivie at the specific dose of individual drug but it may not survive if 

adminsitered at same dose in combaintion of same two or more durgs. Therefore, as 40 

mg/kg body weight of Cur was permssible in oral dose in mice (in another oral delivery 

formulation, data are not shown here), in combination of two drugs, 20 and 10 mg/kg body 

weight (for Cur and Tpt respectively) was chosen as mximum dose in intravenous 

administration. In this study, MTD was determined totally on the basis of survival and 

external physiological behavior of mice and no toxicity profiling or histopathological study 

was done. MTD study showed that the 5 and 2.5 mg/kg body weight dose was non-lethal for 

all the groups to be studied (supplemental data, table S.4). Hence, this dose was chosen for 

the study. Tumor exposed with ultrasound showed faster reduction in tumor volume as 

compared to the unexpsoed tumor of same mice. Also, the reduction in tumor volume 

occurred most pronouncely in tumor treated with ultrasound in group Cur_Tpt_NC.MB and 

least in tumor not expsoed to ultrasound in group Cur+Tpt free (Figure 12.A & D). The 

relative growth rate reduced significantly by 12 times in treatment Cur_Tpt_NC.MB+US as 

compared to the Cur+Tpt free+US on 11
th

 day (figure 12.B). The Cur_Tpt_NC.MB+US 

treatment reduced the relative growth rate of tumor significantly by 15 fold as compared to 

the Cur+Tpt free (figure 12.C). Moreover, in the same group the ultrasound exposed right 

tumor showed significanlty reduced growth rate as compared to left tumor (not exposed with 

ultrasound), as observed in Cur_Tpt_NC.MB treatment (Figure 12.C). Also, in treatment 

groups Tpt_NC.MB and Cur_NC.MB, Cur_Tpt_NC.MB the relative growth of  ultrasound 

exposed right tumor reduced 1.8, 1.4 and 4 fold higher to the non-insonated left tumor in 

same group (figure 12.C). Due to additive effect of the drugs the rate of tumor growth in 
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treatment Cur_Tpt_NC.MB+US was significantly higher than both Tpt_NC.MB+US and 

Cur_NC.MB+US (figure 12.C). Also, Kaplan-Meier suruvival analysis showed that the 

21.8%  and 26.2% of the animals were alive in group saline and Cur+Tpt free whereas 

93.7%, 78.7% and 93.7% of the animals were alive at the end of treatment in group 

Cur_NC.MB, Tpt_NC.MB and Cur_Tpt_NC.MB (figure 12.E). It is evident from the results 

that the encapsulation of the drugs inside nanoconjugates increased the rate of survival and at 

the same time it also increases the anti-tumor efficacy. Body weight in every group of 

treatment increased in later phase with very minimal downward deflection in initial phage of 

treatment (Figure 12.F).  

DISCUSSION 

 We developed and characterized the Cur and Tpt co-encapsulated Cur_Tpt_NC and 

MB. Thereafter, Cur_Tpt_NC and MB were conjugated and characterized by DLS, zeta 

potentiometer, flow cytometry and FTIR which confirmed the synthesis of  nanoconjugates 

Cur_Tpt_NC.MB. It is evident from experimental result that both MB and Cur_Tpt_NC.MB 

has ultrasound contrast property. The compression and rarefaction of MB and 

Cur_Tpt_NC.MB in presence of ultrasound would have led the generation of secondary 

harmonics and these secondary harmonics are the basis of ultrasonographic image (figure 5.I) 

obtained in our agar phantom model study (Qin et al., 2009). MB and Cur_Tpt_NC.MB were 

proved to be efficient contrast agent as their echogenicity was similar to the marketed 

formulation sonovue
TM

. 

 Cavitation of MB in presence of ultrasound generated secondary harmonics and these 

secondary harmonics as well as primary incident ultrasound wave developed shear stress 

around the cells and generated pores in the plasma membrane. Although, the pores were also 

generated in cells after ultrasound exposure when MB was not added to the culture but pores 
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were of comparatively smaller diameter and lesser in number. It reflects that in absence of 

MB the magnitude of developed shear force was small and that is why pore’s diameter was 

small. But in presence of MB, developing shear stress would have been of higher magnitude 

due to cumulative action of primary incident ultrasonic wave and secondary harmonics. 

Consequently the generated pores were of higher diameter as well as number. Such sonopores 

in the plasma membrane with increased diameter and number would give an additional 

advantage over the conventional cellular internalization of drug and increase the intracellular 

concentration of drug. Moreover, the number of sonopores observed in SEM image (figure 

5.II.B, C, E & F) of ultrasound treated cells may not mimic the exact number of pores 

generated due to ultrasound exposure as the process is transient and some of the pores might 

have re-sealed themselves before fixation. Therefore, the present result gives an insight into 

the comparative aspect of the effect of ultrasound on cells in absence and presence of MB.  

 Ultrasound application in presence of MB would increase the cellular internalization 

due to generation of sonopores. This we have further proved by studding the internalization 

of NC-Rh6g.MB in presence of ultrasound and it was evident form the result that increased 

intracellular red fluorescence is attributed to the higher internalization of Rh6g in the form of 

NC-Rh6g.MB/NC-Rh6g/Rh6g through pores generated due to ultrasound exposure. 

Moreover, it was also found that application of ultrasound in presence of MB not only 

increased the cellular internalization but also the number of cells participating in the process. 

Hence, the ultrasound exposure would ensure effective regression of tumor through enabling 

the maximum internalization of drug by maximum number of tumor’s constituent cells. That 

is why, IC50 of Tpt_NC.MB+US2 and Cur_NC.MB+US2 in MDA MB 231 cells reduced by 

112 and 265 fold as compared to free Tpt and Cur respectively (table 3). Moreover, the 

additive effect of drugs would have also contributed in reducing the IC50 of 

Cur_Tpt_NC.MB+US2. Similarly, in case of B16F10 melanoma cells, due to additive effect 
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between drugs and the ultrasound exposure IC50 concentration reduced by 150 and 100 fold 

as compared to free Cur and Tpt respectively. When ultrasound was applied over cells in 

presence of Tpt_NC.MB, Cur_NC.MB and Cur_Tpt_NC.MB, inertial cavitation of these 

nanoconjugates led the opening of cell membrane (figure 4.II) and hence provided an 

opportunity for higher internalization of Tpt/Tpt_NC, Cur/Cur_NC, Cut_Tpt_NC/Cur/tpt and 

indirectly compensated the exocytic activity of P-glycoprotein receptors by ensuring adequate 

amount of drug inside the cells for effective inhibition of proliferation of cancer cells. 

 The decrease in IC50 would have occurred due to some other factors as well, for 

example, the encapsulation of Tpt and Cur inside Cur_Tpt_NC.MB. Encapsulation of Tpt 

inside Cur_Tpt_NC prevented the Tpt from being exposed by outside neutral or alkaline pH 

solution. Hence, Tpt did not ionize to carboxylate form and retained the cytotoxic efficacy 

that could have been compromised otherwise due to ionization into carboxylate form 

(Fassberg and Stella 1992; Drummond et al., 2010). Similarly, the encapsulation of Cur 

inside Cur_Tpt_NC.MB would have increased the solubility of Cur and thereby cellular 

internalization increased which in turn enhanced the cytotoxicity (Rao et al., 2013).  

 Moreover, intensity of ultrasound also played a crucial role in enhancing cytotoxicity 

of Tpt_NC.MB and Cur_NC.MB as the cytotoxicity had increased gradually with the 

increase in intensity of ultrasound such as 0.9, 1.5, 2 and 2.5 W/cm
2 

(figure 8.C&D). Such 

increase in cytotoxicity would have occurred due to gradual increase in magnitude of shear 

stress with increase in intensity of ultrasound in presence of MB. This is in agreement with 

previously reported literature which says that increase in the acoustic pressure decreases cell 

viability in presence of MB even at same concentration of drug (Escoffre et al., 2013). 

Although, in absence of MB, ≥95% cells were viable at intensity 0.9, 1.5, 2 and 2.5 W/cm
2 

because the development of shear stress in culture medium would have been considerably 

low due to absence of MB essential for generating secondary harmonics and amplification of  
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signal (Qin et al., 2009; Sirsi and Borden 2012). Moreover, the ultrasound exposure over 

MDA MB 231 breast cancer cells in presence of Cur_NC.MB, Tpt_NC.MB and 

Cur_Tpt_NC.MB resulted into significant enhancement in sum of apoptotic and necrotic cells 

as compared to individual drugs as well as their physical mixture (figure 9). Such increase in 

sum of apoptotic and necrotic cells on ultrasound exposure in both the drugs might have 

occurred due to higher cellular internalization of drug which in turn increased drug induced 

apoptosis. Additionally, the shear stress created by ultrasound would have activated the 

intracellular signaling cascade that led to the apoptosis of cells. Although, the exact 

mechanism of ultrasound mediated apoptosis is still unclear but few pathways are suggested 

which might be responsible for ultrasound induced apoptosis (Bohari et al., 2017; Feng et al., 

2010; Li et al., 2012). As far as the pharmacokinetic parameters are concern, the increase in 

AUC0-∞, T1/2, Cmax and biodistribution of the both the drugs is attributed to the encapsulation 

inside nanoconjugate Cur_Tpt_NC.MB (Kurita and Makino 2013; Petschauer et al., 2015; 

Dobrovolskaia et al., 2008). 

 The antitumor efficacy study at this dose showed that the ultrasound expsoure over 

right tumor enhanced the growth inhibtion. As tumors were grown on both the flanks but only 

right tumor was exposed with ultrasound, the reduction in tumor volume or relative tumor 

growth inhibition was higher in right tumor as compared to the left tumor not exposed with 

ultrasound. Ultrasound application would have disrupted the whole Cur_Tpt_NC.MB 

assembly due to inertial cavitation and generated secondary harmonics that disrupted the 

endothelial membrane (figure: visual abstract). Compromised endothelial lining would have 

made the way for intratumoral transport of the <200 nm size Cur_Tpt_NC or released 

Cur/Tpt (Stieger et al., 2007; Cool et al., 2013). It is explained in another result obatined 

through thin section CLSM imaging of slice of tumor and found that the internalization of the 

dye was higher in ultrasound exposed tumor as compared to left tumor. It revealed that 
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ultrasound pulses can permeablize the tumor and enhance the penetration of dye. Moreover, 

the insonation catalyzed the on demand release and therefore it facilitated both release as well 

internalizarion concurrently. In addition to that the particles internalized by tumor in presence 

of ultrasound expsoure would release the drugs sustainably to induce the tumor regression. 

Although, the reduction in volume occurred significantly even in non-insonated left tumor of 

treatment group Cur_Tpt_NC.MB as compared to left tumor of group  treated with physical 

mixture of Cur and Tpt. This might have happened due to compressible nature of 

nanoconjugates, which can squeeze through neovasculature of tumor and enabled the 

regression but rate of regression was lower than the right tumor (Chandan and Banerjee, 

2018). Additional factors that might have played role in reducing the tumor size is that the 

cavitaion of Cur_Tpt_NC.MB might release the energy which in turn breaks the oxygen 

molecule into oxide and hydroxide radicals that intiate the apoptosis of cell (Wan et al., 

2016). Moreover, the Tpt induces ROS generation which in turn irreversibly modifies the 

biomolecules viz. protein, DNA, lipid, carbohydrate and leads to apoptosis of the cells (Circu 

and Aw, 2010).  As far as change in body weight of mice is concern, body weight in every 

gorup decreased very minimally in initial phase due to injection of cells and initiation of 

tumor development but later it increased gradually due to rapid growth of tumor and that is 

why the increase in body weight was highest in group treated with saline and lowest in 

Cur_Tpt_NC.MB (Chandan and Banerjee, 2018). Also, the ultrasound exposure leads to 

localized mild hyperthermia and that would have also contributed in reducing tumor size 

through non-coagulative necrosis (Tang et al., 2015). Hence, the current study furnishes a 

nanoconjugate Cur_Tpt_NC.MB that has great potential to be used as ultrasound triggered 

dual drug delivery carrier for spatiotemporal combination therapy of cancer.  
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FOOTNOTES 
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LEGENDS FOR FIGURES  

Figure 1 Preparation of (A) nanocapsules (Cur_Tpt_NC) and (B) SF6 encapsulated 

microbubbles (MB). (C) Schematic of Tpt encapsulated nanocapsule-microbubble 

nanoconjugates Cur_Tpt_NC. MB). 

Figure 2.I. Hydrodynamic size distribution of (A) Cur_NE (B) Cur_Tpt_NC (C) MB. II. 

Electron microscope image of nanoparticles (A) TEM image of Cur_NE (B) TEM image of 

Cur_Tpt_NC (C) SEM image of MB, (D,E&F) FEG SEM image of nanoconjugates 

Cur_Tpt_NC.MB. Central micrometer size represents MB and nanoscale particle adsorbed 

over its surface represents Cut_Tpt_NC (arrow). 

Figure 3.I. Flow cytometry assay for determination of conjugation efficiency, (A) quadrant 

Q4 comprised nile red stained microbubbles (MB-ND), (B) FITC stained nanocapsules (NC-

FITC) occupied quadrant Q1 and Q3, (C) the nanoconjugates (NC-FITC.MB-ND) of MB-ND 

and NC-FITC occupied quadrant Q2. II.(A) FTIR spectrum of NC_B, MB and NC_B.MB. 

New peak obtained at 1417 cm
-1

 in NC_B.MB corresponds to stretching vibration of newly 

sythesized C-N bond (B) Schematic representation of NC_B.MB and (C) Chemcial structure 

of conjugated chitosan and  DOPS. The red line indicates newly syntheised amide bond 

between MB and NC_B. DOPS  and chitosan is the constitiutent of MB and NC_B 

repsectively.   

Figure 4 Release kinetics of the (A) Cur (B) Tpt from Cur_Tpt_NC and Cur_Tpt_NC.MB in 

presence of ultrasound exposure at 2 W/cm2 at 50 % duty cycle for 15 and 60 sec. Arrows 

show time at which ultrasound exposure was given. 

Figure 5.I Ultrasound contrast property of UCAs and comparison of pixel intensity. (A) 

Degassed PBS, (B) Sonovue
TM

, (C) MB, (D) Cur_Tpt_NC.MB, (E) Comparison of pixel 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 15, 2019 as DOI: 10.1124/jpet.119.256487

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 256487  37 
 

intensity of white spherical area. II. Effect of ultrasound on MDA MB 231cells in presence of 

MB, (A) no ultrasound treatment, (B) ultrasound treatment 2 W/cm
2
, 50% duty cycle, for 15 

sec without MB, inset image is showing magnified view of pore indicated by black dotted 

circle, scale bar in inset is 0.25 µm, (C) ultrasound treatment 2 W/cm
2
, 50% duty cycle, for 

15 sec with MB, inset image is showing magnified view of pore indicated by black dotted 

circle. Black dotted circles denote snopores with 400-600 nm diameter. Scale bar in inset is 

0.5 µm.  Black  and white dotted circles are showing sonopores. In B16F10 melanoma cells, 

(D), (E) & (F) similar affects were oberved. Reaction condition of A, B and C was similar to 

D, E and F respectively. (E) Pore circled by black dotts is shown in inset and scale bar in 

inset is 0.5 µm. (F) Pore circled by black dotts is shown in inset and scale bar in inset is 0.5 

µm. 

Figure 6 It shows the graphical representation of the increase in number of pores/cell due to 

ultrasound (2 W/cm
2
, 50% duty cycle, 15 sec) exposure in presence and absence of MB. 

White dots inside cells represent pores. Abbreviation, US: ultrasound, MB: microbubble. 

Figure 7.I (a) CLSM image shows internalization of NC-Rh6g and NC-Rh6g.MB in MDA 

MB 231 cells. (A) Only cells, (B) NC-Rh6g, (C) NC-Rh6g.MB and (D) NC-Rh6g.MB 

+Ultrasound (0.9 W/cm
2
 intensity, 50 % duty cycle and 15 sec.). II. Increase in amount of 

internalized rhodamine 6g inside cells with the increase in intensity of ultrasound from 0.8 to 

1.1 W/cm
2
. Green arrow indicates cell without fluorescence or very minimal fluorescence. 

I.(b) The comparison of the pixel intensity of red fluorescencent area of A,B,C&D. III. 

Increase in population of the MDA MB 231 cells involved in internalization. Green 

population (M1) indicates Rh6g negative cells whereas red population (M2) indicates Rh6g 

positive cells. (A) & (D) Only cells, histogram of cell count versus fluorescence intensity, 

M1: 99.6%. (B) & (E) NC-Rh6g treated cell, histogram of cell count versus fluorescence 

intensity, M2: 32.7% and M1: 67.3%. (C) & (F) NC-Rh6g.MB +Ultrasound (0.9 W/cm
2
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intensity, 50 % duty cycle and 15 sec.) treated cells, histogram of cell count versus 

fluorescence intensity, M2: 89.4% and M1: 10.6%.  

Figure 8 (A) IC50 concentration of formulations in MDA MB 231 cells. **P≤0.01 and 

***P≤0.001, (B) IC50 concentration of formulations in B16F10 melanoma cells. *P≤0.05, 

**P≤0.01 and ***P<0.001, (C) Decrease in IC50 with increase in intensity of ultrasound (0.9, 

1.5, 2 and 2.5 W/cm
2
) at fixed duty cycle (50%) and time period (15 sec) in MDA MB 231 

cells in presence of Tpt_NC.MB, *P≤0.05 and **P≤0.01, (D) Decrease in IC50 with increase 

in intensity of ultrasound (0.9, 1.5, 2 and 2.5 W/cm
2
) at fixed duty cycle (50%) and time 

period (15 sec) in MDA MB 231 cells in presence of Cur_NC.MB, *P≤0.05 and **P≤0.01 

was calculated by student t-test and data is represented as mean ± SD. Abbreviations, US2.5: 

ultrasound exposure at 50 % duty cycle, 2.5 W/cm
2
 intensity for 15 sec, US2: ultrasound 

exposure at 50 % duty cycle, 2 W/cm
2
 intensity for 15 sec, US1.5: ultrasound exposure at 50 

% duty cycle, 1.5 W/cm
2
 intensity for 15 sec, US0.9: ultrasound exposure at 50 % duty cycle, 

0.9 W/cm
2
 intensity for 15 sec. 

Figure 9 It shows percentage population of apoptotic and necrotic cells in presence of (A) 

Tpt, Tpt_NC, Tpt_NC.MB and Tpt_NC.MB+US2 at 70 nM concentration (IC50 

concentration of Tpt_NC.MB+US2) and Cur, Cur_NC, Cur_NC.MB, Cur_NC.MB+US2 at 

220 nM concentration (IC50 concentration of Cur_NC.MB+US2), (B) Cur, Tpt, Cur+Tpt, 

Cur_Tpt_NC, Cur_NC.MB+US2, Tpt_NC.MB+US2 and Cur_Tpt_NC.MB+US2 at 50 nM 

Cur and 100 nM Tpt, **P≤0.01 and ***P≤0.001. P value was calculated by student t test and 

data is presented in the form of mean ± SD. 

Figure 10 Pharmacokinetic study of drugs when they were administered in both free and 

encapsulated form, (A) Cur, (B) Tpt.  Abbreviations, Cur_Tpt_NC.MB (Cur): plasma 

concentration of Cur when Cur_Tpt_NC.MB was administered, Cur_Tpt_NC.MB (Tpt): 
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plasma concentration of Tpt when Cur_Tpt_NC.MB was administered. Cur: plasma 

concentration of Cur when free drug was administered, Tpt: plasma concentration of Tpt 

when free drug was administered. Biodistribution of drugs in vital organs (C) Cur, (D) Tpt. 

Abbreviations, Cur_Tpt_NC.MB (Cur): Cur concentration in vital organs when 

Cur_Tpt_NC.MB was administered, Cur_Tpt_NC.MB (Tpt): Tpt concentration in vital 

organs when Cur_Tpt_NC.MB was administered. Cur: Cur concentration in vital organs 

when free drug was administered, Tpt: Tpt concentration in vital organs when free drug was 

administered. 

Figure 11 CLSM image of the tumor tissue section after intravenous injection of NC-

Rh6g.MB followed with ultrasound exposure (2 W/cm
2
, 50% duty cycle for 60 sec). (A&B) 

control, (C&D) peripheral region of tumor, (E&F) Central region of tumor. II. 10 points 

selected from image and its pixel intensity in terms of red fluorescence was plotted for 

different region and tumors. **P=0.006 and ***P=0.001. 

Figure 12 (A) Regression of tumor volume in different groups of treatments, (B) relative 

tumor growth at the end of 11
th

 day after treatment started, (C) relative tumor growth at the 

end of 15
th

 day after treatment started. (D) Photographic image showing reduction in tumor 

size in treatment groups, (i) saline, (ii) Cur+Tpt free, physical mixture of Cur and Tpt, (iii) 

Cur_NC.MB, (iv) Tpt_NC.MB, (v) Cur_Tpt_NC.MB. +US stands for the right tumor 

exposed to ultrasound whereas –US stands for left tumor not exposed with ultrasound, (E) 

Kaplan-Meier survival analysis, (F) change in body weight of mice during course of 

treatment. Results are shown in the form of mean ± SD and p value was calculated by student 

t-test. Abbreviations, US: ultrasound exposure at 50 % duty cycle, 2 W/cm
2
 intensity for 60 

sec, Cur+Tpt free: physical mixture of Cur and Tpt. 
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Visual abstract: (A) Nanoconjugtes Cur_Tpt_NC.MB developed for ultrasound mediated 

combinational therapy for cancer. (B) In presence of ultrasound these nanoconjugates 

undergo repetitive compression and rarefaction and generate secondary harmonics that is the 

basis of ultrasonographic image. (C) Due to cumulative action of inertial cavitation and 

secondary harmonics, the ultrasound exposure leads to extravasation of circulating drug/drug 

laden nanocarriers Cur_Tpt_NC through compromising the integrity of endothelial lining of 

tumor’s capillaries and we exploited that for intra-tumoral delivery of anticancer drug. 
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TABLES  

Table 1 Increase in forward scatter (FSC) and side scatter (SSC) after conjugation of 

nanoparticles. 

Nanoparticles  FSC  SSC  

NC-FITC
ϒ

  1540±114  1302.3±170  

MB-ND
‡
  1675±112.9  1268.3±140.7  

NC-FITC.MB-ND
†
  3080±136.5  3842±178  

ϒ: FITC stained chitosan nanocapsules, ‡: nile red stained microbubbles, †: covalently linked MB-ND 

and NC-FITC 
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Table 2 Molar ratio of EDC.HCl:NHS and corresponding percentage of conjugates 

(Cur_Tpt_NC.MB) formed after coupling reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EDC.HCl:NHS (mM)  Percentage of nanoconjugates  (Cur_Tpt_NC.MB)  

1:2  84.6± 5.56   

1:3  80.4± 4.47  
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Table 3 IC50 concentration and combination index (C.I.) of the developed formulation in 

MDA MB 231 and B16F10 cells.  

Nanoparticle/drug  MDA MB 231  B16F10  

Tpt  4.51±0.75 µM   

 

 

 

 

 

C.I.= 0.93  

6.4±0.98 µM   

 

 

 

 

 

C.I.=0.85  

Cur+Tpt (Tpt)  3±0.10 µM  2.8±0.2 µM  

Tpt_NC 0.90±0.03  µM   1.1±0.08 µM  

Cur_Tpt_NC (Tpt) 0.35±0.09 µM 0.43±0.12 µM   

Tpt_NC.MB  5.75±0.42  µM  1.89±0.23 µM  

Tpt_NC.MB +US2  0.07±0.013 µM  0.12±0.01 µM  

Cur_Tpt_NC.MB (Tpt)  0.91±0.23 µM  0.9±0.23 µM  

Cur_Tpt_NC.MB+US2 

(Tpt)  

0.04±0.011 µM  0.063±0.02 µM  

Cur  21.25± 4.2  µM  16.67±3.4 µM  

Cur+Tpt (Cur)  4±0.40 µM  6.56± 1.2 µM  

Cur_NC  0.48± 0.04 µM   1.77± 0.45 µM  

Cur_Tpt_NC (Cur)  0.28±0.01 µM   0.3±0.03 µM   

Cur_NC.MB  1.34±0.28  µM  1.77±0.45 µM  

Cur_NC.MB+US2  0.22±0.023 µM  0.33±0.02 µM  

Cur_Tpt_NC.MB (Cur)  0.85±0.1 µM  0.93±0.1 µM  

Cur_Tpt_NC.MB+US2 

(Cur)  

0.08±0.010 µM  0.11±0.02 µM  
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Table 4 Pharmacokinetic study in wistar rat shows enhancement in T1/2 and Cmax upon 

encapsulation inside nanoconjugate Cur_Tpt_NC.MB as compared to free drug Tpt and Cur. 

Nanoparticles/drug  T1/2   (hr)  Cmax   (µg)  AUC0-∞ (µg.hr/ml) 

Cur_Tpt_NC.MB(Tpt) I.V.  9.7±1.6   38.5±3.5  424±6.7  

Cur_Tpt_NC.MB(Cur) I.V.  11.5 ±2.8   28.6±2.3  402.9±5.3  

Tpt (I.V.)  2.3±0.2   12.3 ± 0.8  27.6±2.7  

Cur (I.V.)  2.1±0.3  8.8±0.7  21.4±1.2  
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FIGURES 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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