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Abstract: This work fcuses onthe synthesis of oilayered microbubbles using two

microfluidic T-junctions in series andvaluation ofthe effectivenessof thesemicrobubbles
loaded with doxorubicin and curcumin for cell invasion arrest from 3D spheroid models of triple
negaive breast cancer (TNBC), MDAB-231 cell line.Albumin microbubbles coated in drug
laden oil layer were synthesized usingeavmethodof connectingwo microfluidic T-mixersin
series Doublelayeredmicrobubble thus producedonsistof aninnermost cae of nitrogen gas
encapsulated in amqueous layer dbovine serum albumirBSA) which in turn, iscoated with
anouter layer of silicone ailln order to identify tk process conditions leading to the formation
of doublelayered microbubbles, @gimemapwas constructecbased on Capillary numbers for
aqueous and oil phaseBhe micrdoubble formation regime transitiofisom doublelayered to
single layermicrobubblesandthen to formation okingle oil droples upongradual change in
flow rates ofagueousand oil phasedn-vitro dissolutionstudiesof doublelayered microbubbles

in an airsaturated environmeimmdicated thata complete dissolution of such bubb@®duces



an oil dropletdevoid of gas bubbldncorporation of doxorubicin and curcumin wasifid to
produce a synergistic effect, which resulted in higher cell deaths in 2D monolayers of TNBC
cells and inhibition of cell proliferation from 3D spheroid models of TNBC cells compared to

control.
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Introduction: Microbubbles aréncreasingly being usdd acoustic imaging targeted drutf

and gene delivefy® In presence of ultrasound, microbulsbigenerateacoustic backscatter
which can be used tonage organs However, he efficacy of microbbbles as ultrasound
contrast agents decreases wathincrease irthe polydispersity of the microbubbleopulatiof.
There are numerous techniquesaitéable to producemicrobubbles for exampleprobe
sonicatiofd' 1° amalgamatio'® 2 freezedrying'®, microfluidic device¥"'8, etc. Out of all these
techniques the monodispersity of microbublsleproduced usingmicrofluidic devices is
unparalleled to any othemicrobubble synthesisechnique. Severallesigns ofmicrofluidic
devices exist in the literatureMost common devices reported argunction*??, v-junction and
coflow?® 24 and flowfocusing microfludic devices (FFMDP 2% T-Junction microfluidic
device is a crosBow type microbubble formation devicehare themicrobubblesare formed
due to the instability of the gdisjuid interface.The instabilityis mainly causedby shear stress
and pressure forcemcting onthe gadiquid interface. The outlet of the-jlinction containsa
sequence of the gaand liquid phases such that tlgas pocket is contained within two
consecutive liquid droplets 28 At the tip of the Ti junction, the liquid stream emerges out first

and encapsulates the incoming gas pocket.

Unlike singlelayer microbubbles where the amount of drug loading is restricted by the size of
the microbubbleand the encapsulating mateyidle drug loading capacity can be enhancgd
adding an ot#layer on the microbubblefResearchers hawesed microfluidic devices téorm
suchmultilayeredmicrobubbles as weft®3. These multilayered bubbles mairdgnsisted of gas
core encapsulated am oil or aqueous layer which in turn was coated in an aqueous or oil layer
respectively.Wan and Stone repored the encapsulation of a high volume fraction of gas

bubble/multiplegas bubbles in a wateil system. Monodisperse microbubbles were formed by



the flow focusing technique by contactitfte gas phase and water phasiéo¥ing which the
bubbles surrounded by water were dispersed in the continuous oil phalsawa et af® report

a methodto produce organic phase coatgals core microbubble dispersed in a water phase.
Bubbleswere formed at the lumpgdnction of the three channelfie gas was encapsulated by

the organic phase and dispersed in the main channel containing water. The bubble generation
rate was 40 bubbd# sec, and the diameter lmiibbles varied between 110 220 um.Both these
reports, however, did not provide insigtd the dynamics of the formation multilayered
microbubbles. Shih et af?used a flowfocusing technique to produce monodisperse drug
loadable microbubbles. Lipid was usedaaencapsulating lagr and oil as the drug carridrhe

auhors show that the microbubble formatiprocesstransitions from geometry controlled to
dripping regime upon increasing the lipid solutftow rate Theauthors report thatansition in

the microbubbledormation regime is a competition between wvissand surface tension forces.

The authors report thatthgld r ophobi c affinity of the oil anoc
a gl u e oagueeus hpid @&d gas phase to produce double layered microbubbles.

Wanget al®* used a ceaxial microfluidic setugo produce gas in oil in wateiouble emulsions.
Bubbles were formed at the exit of theaxal capillary by the contact of gas with oil and water
stream. The formation of microbubbles in the microfluidic setup, growth of the gas bubble and
break up, was dependent upon the flow rate of the outer stagexm Sanget al®! later used a

dual ceaxial microfluidic device for the formation of Gas/Liquid/Liquid hollakoplets The
authors modeld microbubble formatio in oil-water system using scaling laWwiie formation of

hollow dropletswas described as a two stage procéss filling or expansion stage and the
necking stage. The filling stage is described as the stage when the fluid occupies a critical

volume inthe outlet capillary such that the drag force acting on the fluid is higher than the



interfacial surface tension force. The necking stage is described as the axial stretching and radial
shrinkage of the fluid streams due to the drag force exerted bygthid Btream. The authors
compare the filling and the necking stages of the -gdswater system with the gdisjuid and
liquid-liquid systems. They show that the filing stage is similar to the filing stage in the gas
liquid systemandthe necking stage sembles the liquidiquid systemRecently,Churchman et
al>>employed a flowfocusing technique to form oil and lipid encapsulated microbubbles.
authors utilizea new approach that involves the formation of miafiiles by setassenbly of
lipid-coated oil nanodroplets at the gdiguid interface. The authors propase two-step
mechanism for microbubble formatiom) &dsorption of lipid nanodropletsn the bubble surface
and formation of a heterogeneous, sumiform layer of oil doplets coatedvith lipid molecules

and (ii) spreading of nanodropletsver the bubble surfadellowed by drainageof excess oll
from the interface.

In this work, we present a new method for the production of ddapéred microbubbles with

the oil asan outerlayer, the agueouprotein solutioras the middldayer, andnitrogen (N2) gas

as thecoreof microbubbls. Doublelayered microbubbles are formesding two microfluidic F
junctions in series by sequential coating of the oil phase on the aqueass pihich
encapsulates the gas slug. Further, a regime map for the formation of -kyelpésl
microbubbleswas constructed byplotting the capillary numbefor aqueous phasagainst the
capillary numbefor oil phase. The doublwyered microbubbles weteaded with curcumin and
doxorubicin and were tésd on2D monolayer and 3Bpheroidmodels of tripe-negative breast

cancer cellsMDA-MB-231.



Experimental

Materials: Bovine serum albuminBSA) (98% Lyophilized powder) was purchased from
Proliant Biobgicals, New Zealand; sodium dodecyl sulphate (SDS) was purchased from Sigma
Aldrich (India) and used without further purification. Nitrogen (Ultrahigh pure grade) used for
microbubble preparation wamirchased from JP gas supplidrgdia. Phosphate buffed saline
(PBS) was purchased from Sigr&drich, India. Bovine serum albumin (BSA) was used as a
model protein for the synthesis of microbubblesear Silicone oil (70 cPWwaspurchased from
Kusum oils Mumbai India. 3D tumor models of MDAVIB-231 (M.D. Andersoni Metastasis
Breast 231) cells were generated using the established prétotbe MDA-MB-231 cells were
cultured and grown in an Esco incubator in 5 %.G0d 85 % Relative Humidit (RH)
condition at 37 °C. PhalloidiAlexa Fluor488 stain was procured from Invitrogen. The Tissue
Culture (TC) treated T25 flasks used for growing MD¥8-231 cells were obtained from Cole
Par mar Lt d. Dul beccods Mo d i1 fhighe dlucsE,aRghicdlia s Me d |
Streptomycin Solution (PeStrep Sol), Tryps#EDTA solution, Gibco Fetal Bovine Serum
Albumin (FBS), Phosphate Buffered Saline (PBS) (pH 7.2), 4% paraformaldehyde (4% PFA)
and Triton %100 was purchased from Sigma Aldrich Pvt. Ltd. CollaigeRat tail from Thermo
Fisher Scientific was utilized as Ext@ellular Matrix (ECM) for conducting cell invasion
assays. Hoechst 33258 solution and Mowi@8mounting medium were bought from Merck
Ltd. 96-well plates and 1-2vell plates used for cytokicity and cellular uptake assays were
purchased from Corning Pvt. Ltd.

Preparation of solutions for microbubble production: AqueousBSA solution (15% wi/w),

was prepared by dissolving BSA in deionized water at room temperature with constant magnetic

stirring for 1 hr. SDSat below CMCconcentration 08.5 mMwas added to the BSA solution to



decrease the surface tension of thelgpsd interface. SDS was added at below CMC levels to
avoid micelles formation. Due to the higher viscosity of glycetolvasadded to theaqueous
solutionof SDS and BSAN proportion of 15 % (v/v}o increase the viscosity of the solution.
Silicone oil of viscosity 70nPaswas used aanoil phasé’ 38

Microfluidic Apparatus: Microfluidic T-junction was custom made using a 25 mm X 25mm X
15 mm PDMS block. The PDMS ldk consisted of three openings, one for gas inlet and the
other for liquid inlet and the other for microbubble outlet respectively. Teflon FEP tubings with
internal diameter of 200 um were embedded into the PDMS block (Fig. 1A). The tubings were
connectedo the PDMS block using high performance fluidic connectors to secure the system
from leakage. The tubings were arranged to allow cross flow mixing of liquid and gas phases.
The mixing zone for the gas and liquid phases was kept similar to 200 um whicfilés to the

inner diameter of the tubes. TwoiTjunctions were assembled in series such that the bubbles
formed in the first T junction, were encapsulated by the liquid phase in the secondnttion

to form doublelayered microbubbles. The uppebing of the Ti Junctions was connected to a
gas supply unit and the horizontal tubing (Fig. 1A) for liquid inlet was connected to syringe

pumps to ensure constaran-pulsatingliquid flow into the channels.

Optical microscopy imaging and characterization of microbubbles: Microbubble formation

in the T- junction was captured using a Photron FASTCAM mini UX high speed camera (Fig 1
B&C). The videos were recorded at 4000 frames/sec. In order to distinguish between different
immiscible liquid streams, megtene blue was added to the BSA stream (aqueous phase).
Microbubble formation process in both thejlinctions was recorded sequentially at a constant

liquid flow rate and gas pressure for every experiment.



Aqueous
Stream
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Figure 1: (A) Experimental setup of T — junctions connected in series (B) High speed camera image of 1st T- junction (C) High
speed camera image of 2nd T- junction. Methylene blue was added to aqueous phase in the 2nd T —junction to distinguish
between oil and aqueous stream (D) Optical image of double-layered microbubbles and (E) Fluorescent image of double-
layered microbubbles. Rhodamine B was added to aqueous phase to identify the presence of oil and aqueous phase in the

double layered microbubble



Initially, a stable flow condition was identified produce double layered microbubbles. For a
given oil flow rate, the agueous phase flow rate and gas pressure was adjusted such that the
system produces double layered microbubbles. Once the stable condition of 0.045 mi/min of oll
phase flow, 0.075 ml/miof aqueous phase and 101.3 kRith gas pressure (gauge pressure)

was achieved, the oil flow rate and the gas pressure was held constant and the aqueous phase
flow rate was varied until the destabilization of the flow occurred leading to microbubble
formation. Double layered microbubbles were collected over a glass slide and collection vials
containingDI water as the collection phase and were imaged immediately under microscope
with 10X objective lens (Nikon Eclipse Ni upright microscope). Optical imagesured using

the microscope were exported to an image processing software, Image J, to measure the diameter
of the microbubble. Fluorescence imaging was performecbidirm the location ofaqueous

layer and oil layer on microbubble. Aqueous phase wastained with Rhodamine B.
Fluorescence images were captured under a Nikon Eclipse Ni upright microscope with mercury
lamp (Nikon Model CSHGL1).

Estimation of microbubble production rate in two T — mixers: High speed videos captured

during microbubble fanation were used to find out the production rate of the microbubble
formation. Frame rateto capture themicrobubble formationprocesswas 4000 frames/sec.
Production rate (buld/sec) was calculated usifguationl. Number of microbubbles pinched

off in a recorded video was calculated as the bubble count.

4Bubbless Bubblecount? Frames
Bubbleproductionratege———— 0= Sec (1)
¢ Sec +  Totalno.of frames

In-vitro stability of Double Layered Microbubbles: In-vitro dissolutionbehaviorof double
layeredmicrobubble was observed in a transparent dissmo chamber made of acrylidhe

sample volume of thehamber wasl 2mL. The chamber was sealed and made airtight after



addition of microbubbles to ensure that the dissolution is not affected due to an exposure to an
ambient air.Freshly preparediouble layerednicrobubble suspensions were injectatbithe
dissolution tiamber. The microbubble dissolution was observed using a Nikon Eclipse Ni
upright microscope with 10X or 20X objective lens. The tiapgse videos were recorded using a
high-resolution DS fi2 camera of the microscope. A sirdpeible layerednicrobubble inthe
dissolutionchamber was filmedintil its complete dissolution. The snapshots were taken from

the recorded video and processed using Image J Software to obtain the Radius v/s Time plots.
All the experiments were performed at a room temperatule2s3 .

In-vitro Drug release from double layered microbubbles: The kinetics of drug release from
doublelayered microbubbles, in presence and absence of ultrasoundestamtedusing
UVivis spectrophot omsynthegizedusMg tva Bjlnctions inesarieswe r e
CUR was dissolved in ethanol at a concentratioB70mM in order to prepare a stock solution

The stock solution was centrifuged at 144629 for 5 mins and 200 pl of the supewstadted

to the agueous phas2.mg of CUR dispersed it0 mL Silicone oil was used as oil phase.
Approximately 5 x 18 freshly prepared curcumin loaded doulalgered microbubbles were
collected in a vial and added ta"i. of 20% Ethanol and water solution. The temperature of the
solution was maintained at 37.  @stmatethe effect of ultrasound on drug release from the
microbubbles, one of the test samples was sonicated at an intensity of 0.5f@v/8ths, using
Electroson 608 ultrasonic system with 1 MHz mean frequency in 1:1 pulse mode (2 ms ON and
2 ms OFF cycle). The drug release study was conducted for 24 hours and repeated three times.
At regul ar i nterval s, 100 eL of the sampl e
centrifuged at 14462g. Theupernatantw a s anal yzed using UVT vVvi s

absorlance value was inserted to the calibration curve for 20% Ethanol water solution to obtain
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the concentration of curcumin released at each interval. The extenigofeliease was found out
by Equation2.
Drug released £Concentration of drug in samplg fitial media volumé [Sample volume*(n

DI} + n#Concentration of drug in the sample*Sample volume] 2

In-vitro cytotoxicity and LIVE/DEAD assays: Cytotoxicity evaluation of double layered
microbubbles loaded with varying concentrations of doxorubicin andieuncwere carried out

with MDA-MB-231 breast cancer cells in 2D culture conditions. The cells were seeded at a
concentration of 2xfoc el | s/ mL into a 48 well pl ate 37
5% CQ, and incubated overnight with growth medmmesi st i ng Dul beccods
Medium (DMEM) supplemented 10% Fetal Bovine Serum (FB®g day after the overnight
incubation, microbubbles prepared with varying active agent concentrations were added into
cells at a density of £bubbles per celind the samples were agitated for 10 s with ultrasonic
bath and left to incubate for 48 O pL of MTT (3(4,5Dimethylthiazot2-Yl)-2,5
Diphenyltetrazolium Bromide) agent at a concentration of 1 mg/mL was added per well and after
4 hours all supernatantvere removed and 200 pL dimethyl sulfoxide (DMSO) was added to
dissolve purple formazan crystals. Relative cell viabilities against negative control group were
calculated by the absorbance spectra at 570 nm wavelength. The cell viabilities were also
investigated with fluorescence based LIVE/DEAD assay kit (Invitrogen, Paisley, UK). After 48

h incubation with microbubbles, cell media and microbubble residue were removed from the
wells and subsequently PBS solution containingM2calcein AM and 4M ethidium
homodimerl was added. Cells interacted with fluorescence dyes at dark for 45 min and
representative images of green (live) and red (dead) cells were shot with fluorescence

microscopy (Leica Microsystems, Germany).
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Cell Invasion Studies: Cell invasion assy for double layered microbubbles loaded with
curcumin (CUR) was carried out on 3D spheroid models of a Triple Negative Breast Cancer
(TNBC) cell line, MDAMB-231. Collagen T Rat Tail obtained from Thermo Fisher Scientific
was used as the Exif2ellular Matrix (ECM) in this experimeniCUR was dissolved in ethanol

at a concentration of 27 mM in order to prepare a stock solution. The stock solution was
centrifuged at 14462g for 5 mins and 200 pl of the supernatastadded to 15wt % BSA
solution. The radtant final CURBSA solution was used as the aqueous phase for double
layered microbubble synthesis. 2 mg of CUR dispersed in 10 mL Silicone oil was used as oill
phase. MDAMB-231 3D spheroids used for the cell invasion studies were prepared by hanging
drop culture metho¥. For preparation of hanging drops, a T25 flask with 85 % confluency was
trypsinized using 1 mL trypsin. 4 mL of fresh complete medium was added to the trypsinized
solution andmixed well. The medium containing cells were centrifuged3atgfor a period of

10 minutes. The obtained pellet was resuspended in 4 mL fresh complete mediumuLhe 35
cells contained in the medium were added in the form of drepsthe inner surfacof the tri

dish lid. Around 30 mL Phosphate Buffer Saline (PBS) was added to the Petri dish base for
providing moisture environment for spheroid growth. The Petri dish lid containing cell droplets
was placed upside down covering the Petri dish base.cEls were allowed to grow until
spheroid formation was observed. The wefined spheroids were harvested from the hanging
drop at 38 hour. These harvested spheroids were then used for cell invasion assays. One
hanging drop comprises one tumor spherdihe tumor spheroid contained in the hanging drop
was harvested and dispersed inghOof ECM-complete medium (at 2:1 volume ratio) matrix in

a 12well plate. The spheroids were then treated with appropriate sanijplesappropriate

controls and the sphads subjected to different treatments were then incubated in incubator

12



containing 5% C@at 98 % Relative Humidity (RT) and 3Z. The tumor models investigated in

this assay comprises the 3D spheroidtho6ur, 3D spheroid without any treatment (négat
control) after 24 hours, 3D spheroid treated with raw CUR (as a positive control) after 24 hours,
3D spheroids treated with 3. of CUR loaded microbubbles after 24 hours in presence and
absence of ultrasound treatment at an intensity of 0.5 YM@n10 sec (The concentration of
microbubbles used was maintainedjas0® -10*#/mL in all the samplesYhis condition mimics

the physiological condition of the tumor clumps in thevivo environment. After 24 hours, the
spheroids with ECM were carefully isolated and fixed using 4% paraformaldehyde (4 % PFA)
solution folowed by staining with Hoechst and Phalloiditexa 488 stains. After staining, the
spheroids were mounted using mowiol as mounting medium on the glass slide for confocal
microscopic image analysis using Leica DMI8 Confocal microscope. The excitatiorengtesl

405 nm and 488 nm were used for confocal imaging of the 3D tumor models. The migration
distances of tumor cells from the 3D tumor models were calculated using ImageJ software. The
Cell Invasion Indices of the tumor models were further calculatedy tisé following equatiof?,

Equation 3

(Distancemigratedby cellsfrom surfaceof thespheroid)

Cellinvasionindex = _ : 3)
(Diameterof thecorespheroid

It should be noted that the distance migrated by the tumor cells from the 3D spheroid model at

0" hour is the diameter of the spheroid harvesteftesh from the hanging drop culture.
Results and Discussion

Production and characterization of double-layered microbubbles: Fig. 1 presents the
pictures of a duble Tjunction device used to produce double layered microbubbigs. 1D
and 1Epresentthe optical and fluorescemhicroscopicimages of double layered microbubbles.

Rhodamine Bwas usedo stain the aqueous BSA solutioMicrobubbles produced usinghe

13



double TFjunction devicewere imaged under florescence microsctpadentify presence and
sequence of liquidBSA solution and silicon oilayers on the double layered microbubkte
could beobserved from the fluoresceimhages(Fig. 1E) that the inner layer of the double
layered microbubbkwas fluorescentwhile the outer layewas not, indicating thatthe inner
layer of microbubblewas theaqueouslbumin layer and the outer lay®as theoil layer.

Fig. 2A presents the average size of double layered microbubbles as a function of the ratio of
aqueous phase flow rate A{Dto oil phase flowate (Qi) (as black dotted line)nlike single F
junction setup where the reduction nmcrobubblesize is dependent updhe fluid properties
andthecross flow sheanffered bythesingle liquid strear?, in case of two Jjunction setupthe
size of the bubble is affected by the liquid streamisoth the Functions.Fig. 5 shows thathe
microbubble diametedecreased linearly as flow ratio A€Qoi) increased from 0 to 5, and then
became steady with an increase in flow ratio beyor&lIlhear decrease in the microbubble size
at lower flow ratios (0-5) suggests that witlan increase in £/Qoi caused by @& increase in
aqueous flow rate () in the second Junction the net downward forcexerted by the &
stream(in the first Tjunction) at a constant gas pressutecreasesvhich thenreduces bubble
size in the second-junction due tancreasedplitting of the incoming gas slug as a result of the
high crossflow shear applied by the aqueous stre&milar observation was reported by Jiang
et al?? during experimental investigatioro tproduce single microbubbles using twgufictions
where he authors showed that the diameter of the bubble is dependent on the combimatkflow
of fluidsin two T-junctions and observed a linedgaeasean diameter with respect to flovates

of gas and liquid phases.
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Figure 2: (A) Average size of the double layer microbubbles (black dotted line) and average oil layer thickness (red dotted line)

of the double-layered microbubbles synthesized using two T — junctions as a function of liquid flow ratio, Qaq/Qoil. Inset to Fig.

2 (A) presents variation in the outer diameter at lower flow ratios (B) Average production rate of the double layer

microbubbles synthesized using two T —junction as a function of liquid flow ratios. Inset to Fig 2 (B) presents variation in

production rate at lower flow ratios
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At higher flow ratios (@/Qii©O 5) however, the shear and the
acquire a balance for a given capillary size ef THunction resulting in no further reduction of
the microbubble size. Similar observation was reported by Pancholif*®toalsinglelayered
microbubbles where the authors ebsed that there is a limit to which an increase in flow ratios
and viscosity can decrease the diameter of the bubble for a given capillary diameter and the
orifice size.Fig. 2A also presents the variation in the thickness of oil layer of delayered
microbubbles(dottedred line)as a function of @/Qoii. The oil layer thickness wasund to
decreasesQaq/Qoil increasedip to 5 and then become constastQ/Qoi increased beyond. 5

At lower flow ratios(¢ 5), the thickness of the oil layer wagjher as compared to the oil layer
at higher flow ratiog? 5). This suggests that at lowa§dQoil, the volume of oil present at the tip

of the junction to encapsulate the BSA microbubble is lédge to high Qi) which produces
thicker doubldayeredmicrobubbles while at higher & Qoi, the lesser oil availablglue to low

Qoi) at the tip of the junction produces thinner oil layered microbubbles.

Fig. 2B presents the effect 0fgdQoil on the production rate of microbubbles. The inset presents
the effect of flow ratios at low £/Qoi. It can be observed that fQuq/Qoi < 1, the production
rate is moderate and varies between 46 bubbles/seclhe production rate increasatihigher
Qaq/Qoil and wenthrough a maximum, indicating that aniiease in the aqueous flow ratetfie
second Fjunction increasethe number of bubbles pinched off per second in the fijghEtion.
However,for Qaq/Qoil ranging between 2 to §or a constant gas pressyréhe production rate
decreased sharply an@dameconstant aQaq/Qoi greater than 5. This suggests that at higher
aqueous flow rates, aqueous phas¢he 29 T-junction pushes the oil and gas the first T
junctionupstream due to increased pressurd therebyesulting in a reduction of gasnah-off

frequency and hence the low bubble productiorftdteFig. 2B also gives an overview ofnge
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of bubble production rates that can be achieved for the arrangement of -jwatidns
connected in serie#f. one operates at a highest production rateCobBbbles/secorresponding

to Qag/Qoil Of 2, 5 million bubbles (510°) can be produced in approximately 3 hours. On the
other hand, at a lower production rate of 10 bubblesisgesponding to £/Qoil greater than 5
production o5 million bubbles (510°) can be achieved iapproximately 14 hours.

Operating regimes for formation of double T-junction device: During microbubble
production, not always the operating conditions resulted in a successful formation of double
layered microbubbles. At certain atitions, only liquid droplets were obtained or only single
layered microbubbles were formed. Fig. @Bpresents the optical images for droplets, single
layer and double layer microbubbles produced using tjgm@tions in series.

In order to identify theperating conditions for the formation of double layered microbubbles, a
regime map shown in Fig. 3A was generated based on the experimental observations. To
generate the regime map, the capillary number for aqueous phagew@saplotted against the
cgpillary number for the oil phase (G Capillary number (Ca) is defined as the ratio of viscous

forcetosurfacetensionforcea=ti,uisthesalt il on viscosity, Vv is

the surface tension. Transport properties used for calculation of capillary numbers are given in

Table 1.
Table 1. Transport properties of liquid solution used in the experiments
Viscosity Surface tension
SN Sample (mPaxsec) (mN/m)
1 15 wt% BSA, 15% v/v Glycerol ar@l5 mM SDS 2.7 52.1
2 Silicone QOil 70 21.2
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Figure 3: (A) Phase map for operation of T-junction devices connected in series. Capillary

number of aqueous phase (Caaq) has been plotted against capillary number of oil phase

(Cait). The gas pressure was held constant at 101.3kN/m? (gauge pressure) when the BSA

solution flowrate was varied from 0.025 to 0.25 mL/min corresponding to Caaq from 0.001

to 0.007 and the oil flowrate was varied from 0.010 to 0.175 mL/min corresponding to Cauil

from 0.017to 0.296.Violet markers represent BSA droplets, red markers represent double

layered microbubbles, pink markers represent mixture of single layered and double

layered microbubbles, blue marker represents mixture of droplets and double layered
microbubbles and green markers represent single layered microbubbles. Optical Images of

double layer microbubbles, (B) double layer microbubble (DLMB), ratio of Aqueous phase (L1)

to Oil phase (L.) flowrate 1.7, (C) single layer microbubble (SLMB), Li/L ratio 3, (D) BSA

droplets (BDL), Li/L ratio 0.7. (Scale bar = 100 pm).

Different operating regimes observed during operation-pinttion devices connected in series,
were identified based on the extent of encagigat of microbubbles in oil layer for a given

liquid and oil flow rate and gas pressure. The % of microbubbles encapsulated at given flow
rates was estimated based on Image J analysis of optical microscopy images of microbubble
samples collected. If % eagppsul ati on for a given flow rate
operating regime was considered to fall under the double layer microbubble formation regime. If
% encapsul ation of double | ayered microbubbl e
the single layer microbubble formation regime. If the % encapsulation was found to vary
between 30 to 75%, then the regime was considered to fall under a mixed region of double
layered and single layered microbubbles. When the proportions of single or dawete |
microbubbles were less than 10 % with rest of the sample consisting of droplets, it was

considered to be a droplet formation regime.
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Droplet formation regime: It can be observed from Fig. 3A that at low capillary numbers of oil
phase (0 < Ga< 0.08§ and low to moderate capillary numbers for agueous phase (Qq< Ca
0.004), chances of liquid droplets formation were high (region highlighted as violet in a phase
map shown in Fig. 3A). Highpeed videos captured under these conditions (see \d@teo
swggest that the majority of microbubbles emerging at the tip of the second junction were
unstable. The gas slugs arriving at the tip of the junction were found to be surrounded largely by
an oil phase and inadequate agueous phase. It was observed tleatjas shug emerges out at

the tip, it merges into other gas slugs which ultimately become unstable (Fig. S1 an&Yideo
Under these circumstances, the aqueous phase disperses in the oil phase and forms BSA solution
droplets shown in Fig. 3D.

Double layered microbubble formation regime: Upon increasing Ga beyond 0.08 and Ga
ranging between 0.002 to 0.004, double layer microbubble formation started to occur (Fig. S2
and Video S Video S3 (captured for the secondjlinction) and VidedS4 (captured fo the
capillary tube of the second-jlinction) show the process of double layered microbubble
formation. In the first Jjunction, the shear and the pressure fa@cing on the gas stream splits

the streaminto a series of small gas slugehese gaslugsthen enter into the secondiT
junction where the aqueous phase also joins the stream of oil droplets and gas slugs (Video S3).
The correct sequence of liquid and gas phases is vital for the formation of double layered
microbubbles in the double Tjunction setup. Fig. S3 presents the snapshots of second T
junction and the outlet capillary of -Tjunction set up. It can be observed from Fig. S3A that the
sequence is, gas pocket (G, Black) followed by oil (O, Transparent) followed by aqueous phase
(A, Blue), [[G-O-A-]. Thus, for two consecutive gas pockets thgusace isG-O-A-G-O-A-

(Fig. SAA). If the repeating units are unchanged, then the aqueous phase should come out first
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followed by oil and gas phases. Interestingly, it was observed that the seqfephases is
changed in the outlet capillary of the-Junction. The sequence actually changesGé\-O-G-

A-O- from -G-O-A-G-O-A- as shown in Fig. S3B. The fluid phases appear tarnange
themselves in the capillary in the increasing order of vigcas they move downstream where

the oil phase rips through the aqueous phase resulting in a changed in sequence. Therefore, the
oil phase emerges out at the tip of th@uiiction setup first followed by agqueous phase and then
the gas phase. As oil comest first, the gas phase gets encapsulated in aqueous BSA layer first
and then with the oil layer, resulting in a double layered microbubble.

Single layered microbubble formation regime: As the capillary number of aqueous phase
(Cag was increased beyor@l004 at a given Ga the double layer microbubble formation
continued to occur (region highlighted as red in the phase map shown in Fig. 3A) until the
agueous stream becomes dominant and disrupts the double layered microbubble formation
regime. High sped videos captured at higher aqueous phase flow rate (corresponding>o Ca
0.005) suggest that the shear force acting on the gas pocket splits it into number of smaller
bubbles (See Video S5 and S6). Out of these bubbles, only the last bubble fotnoédheu
original gas slug can get covered in an aqueous layer as well as an oil layer and the rest of the
bubbles only get covered in an agueous layer thereby resulting formation of a small number of
doublelayered microbubbles and a large number of sirglered microbubbles (Video S6).

This mixed region consisting of single layered and double layered microbubble has been
highlighted in pink in the phase map shown in Fig. 3A. The single layered microbubble
formation region has been highlighted in greerine phase map shown in Fig. 3A. Asagia

increased further, beyond 0.006, an increase in aqueous flow rate enhances the frequency of
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splitting of gas slugs into smaller bubbles resulting mostly in formation of single layered
microbubbles and a very lomumber of double layered microbubbles.

In-vitro stability of double layered microbubbles in air saturated agueous environment:

Fig. 4A presentdissolutionkinetics of doublelayered microbubblesf different initial sizes
Freshly prepared double layerexicrobubbles were suspended am airsaturated aqueous
environment andvere imageduntil the microbubblegdisappeared completelfthe pressure

inside the microbubblis higher than the atmospheric pressure dueaflace pressure inside the

bubble & = Papm + :f). As themicrobubble size reduces during dissolution, the pressure inside

the microbubble increases. With an increase in the pressure inside the microbubble, the
concentration gradient for diffusion of the gas from the bubble increasaking n a further
decrease in microbubble sizewas observed that as the double layered microbubble dissolved,
the inner diameter of the bubble reduced in size (see Figevithereas the outer diameter of

the microbubble (corresponding to the oil layer)rdased only slightly (See Vide&rin Sl). As

the double layered microbubble dissolved completely, it eventually transformed into an oll
droplet as shown in Fig.4B (and in Vide®d7 in Sl). It was also observed that larger
microbubbles exhibited higher didation times as compared to the smaller bubbles which could

be attributed to slower mass transfer rates in case of larger bubbles owing to lower concentration
gradients for microbubble dissolution. Interestingly, no increase in microbubble size was
obsened during microbubble dissolution which was observed for dissolution of single layered

microbubbles made of gases other than air, in aquecsataiated mediufi®®.
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Figure 4: (A) Dissolution profile of BSA-silicone oil double layered microbubbles dissolving in air saturated aqueous

environment. (B-E) Optical images of different stages of double layered microbubble dissolving in an air saturated aqueous

environment. (Scale bar = 100 pm)
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In-vitro Drug release from drug loaded double layered microbubbles: Fig. 5 shows the
percentage (%) drug releasé curcuminfrom doublelayered microbubbles in presence and
absence of ultrasound. It can be observed that the retéasercuminfrom doublelayered
microbubblesat the end of 24rs was higher in presence of ultrasound as compared to drug
release in absence of ultrasound. The maximum drug release.\iasd9 % compared to 2.7

+ 1.6 % drug release in tlpFesence andbsence of ultrasoun@spectively This indicates that

the application of ultrasound as an external trigger to the double layered microbubbles results in
the higher release of curcumin from the microbubble sk higher release of curcumin in
presence of ultrasound can be attributed to thé@ateon of doublelayered microbubbles where
the microbubble undergoe®lumetric expansion and contraction of in response to the incident
ultrasound® and due to disruption of dihyer of the doubldayered microbubblén presence of

ultrasound
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Figure 5: In-vitro release profile of curcumin from double layered microbubbles
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In-vitro cytotoxicity and LIVE/DEAD assays studies for double layered microbubbles

Fig. 6 presets MTT results obtained for MDMB-231 cells incubated with double layered
microbubbles containing anticancer drugs such as doxorubicin and curcumin. Quantitative cell
viabilities were measured with MTT ass&ell viabilities significatly decreased with respect to
control groups (AC) in a dosedependent manner. Doxorubicin use at 10 and 25 uM
concentrations exhibits moderate cytotoxicity -@®b6 cell viability) against MDAVIB-231
whereas the highest concentration of doxorubicin inhitiore than 70% of the cell&lthough
curcumin treatment reduced cell viabilities, curcumin was less cytoabx@ncentration below

543 uM, while it was moderate to hifyh cytotoxic at concentrati@nhigher than543 puM.
However, cedelivery of two actie agents creates a synergic effect and the same cytotoxicity
level of 50 uM doxorubicin treated sample groups was achieved with 10 uM doxorubicin only
with the aid of curcumin incorporatiorthe calculationswvere performedio determinethe
synergy betweethe drugs, DOX and CUR using the methodology proposed by-Thlalay’.

Using data presented kg 6, the cenbination indexCl) for the drug combination of DOX and
CUR was estimatetb be0.472[SeeSupplementary Information (SIpr detailedcalculations.
Since, the CI of the drug combination is less than 1, it is cleaattetrease in the cell viability

of MDA -MB-231 cell lines is due to synergistic effect of DOX and ¢Ufhen CUR and DOX
were used together in the aihd aqueoufayer respectively The interaction of doublayered
microbubblesand cds is facilitated byultrasound mainly due to cavitation and bursting of
microbubbles Cavitationand bursting of microbubblekadto thedisruption ofan oil layer in
presence of ultrasourr@sulting inenhancd drug releasen the vicinity of thecells. Moreover,

the ultrasound is known to induce sonoporation in cell memifaiése pores formed on cell
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membranesdue to sonoporation in presence of ultrasouadable internalization of drug

moleculegeleasedor the doubldayered microbubbles leading to higher cellttea
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Figure 6: MTT results of MDA-MB-231 cells. MTT results of MDA-MB-231 cells. (A) control,
(B) interacted with BSA microbubbles, (C) interacted with double layered microbubbles, (D-F)
double layered microbubbles containing with varying concentrations of doxorubicin (10, 25
and 50 uM) treated cells, (G-1) double layered microbubbles containing varying concentrations
of (271, 542 and 1357 pM) curcumin treated cells, (J-L) double layered microbubbles
containing 10 uM doxorubicin and varying concentrations of (271, 542 and 1357 uM) curcumin
treated cells, (M) interacted with ultrasound. All sample groups were interacted with

microbubbles at a density of 10° cells/well subsequent to 10 second ultrasonic treatment
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Fig. 7 shows the MDAVIB-231 cell viabilitiesof after interaction with microbubbles. The
number of viable cells and cell morphologies shows no difference amongst control and

microbubbles without active agent groups.

Figure 7: LIVE/DEAD stained fluorescence micrographs showing 2D culture of MDA- MB-231
cells. (a) control, (b) interacted with BSA microbubbles, (c) interacted with double layered
microbubbles, (d-f) double layered microbubbles containing with varying concentrations of

doxorubicin (10, 25 and 50 uM) treated cells, (g-i) double layered microbubbles containing with

27



varying concentrations of (271, 542 and 1357 uM) curcumin treated cells, (j-I) double layered
microbubbles containing 10 uM doxorubicin and varying concentrations of (271, 542 and 1357

M) curcumin treated cells. Scale bar shows 100 pm. All sample groups were interacted with
microbubbles at a density of 10° cells/well subsequent to 10 second ultrasonic treatment.

In all drug treated sample groups number of dead (red) cells increases with the active agent
concentration. Additiorlly, large black areas indicate cell proliferation was also inhibited. Red
cells dominate the population in all doxorubicin concentrations, whereas curcumin is much more
effective against cancer cells at a concentration level of iIB&7The last row ) shows that
curcumin presence significantly reduces the cell proliferation at low concentrations of
doxorubicin indicating calelivery of curcumin and doxorubicin can be exploited more

efficiently, having the chance of eliminating side effects of doxomulise at high doses.

In-vitro Cell invasion of MDA-MB-231 cells: Fig. 8 presents confocal images of various 3D
spheroidsshowingregions stained witlinoechst phalloidin and overlay ohoechststain and
phalloidin stain without and with different conceattons & curcumintreatment in presence and
absence of ultrasound. The cell invasion indices calculated for the 3D tumor models investigated
in this work are presented in TablelRis interesting to note that 3D tumor models treated with

20 uL of CUR-MBs with ultrasound treatment exhibited a cell invasion index of 0.05 which is
lower than that of the 3D tumor model treated withuRGf CUR-MBs and also than that of the

cell invasion index calculated for tumor model treated with raw CUR. It was obsbatadse of

ultrasound results in enhanced uptake of curcumin (F§LRJ
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Figure 8: Confocal Images of MDA-MB-231 Breast cancer cells (A-C) untreated sample,
(D-F) treated with curcumin alone, (G-I) treated with curcumin loaded double layered
microbubbles without ultrasound, (J-L) treated with curcumin loaded double layered

microbubbles with ultrasound.
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It is also evident that use of ultrasound influences the integrity of spheroids. The spheroid treated
with CUR-MBs and ultrasound seems to be sligliligintegrated/loosened (Fig.-81) whereas
the spheroid treated with CUMBSs (and without ultrasound) remained intact (Fig-8(

Table 2. Cell Invasion Indices calculated for double layered microbubble treated spheroids

SN Sample Cell Invasion Index
1 3D tumour model without treatment 0.26
2 3D tumour model treated with raw CUR 0.15
3 3D tumour model treated with CURBs (20 pL) in absence ¢ 0.10
Ultrasound
4 3D tumour model treated with CURBs (20 pL) in presenct 0.05

of Ultrasound

Conclusions: In this work a new method of using two miciftuidic T-junctions in series has

been describedbr production of doublayered microbubbles with oil as an outer layer, the
agueousprotein solutionas the middle layer, and nitrogen2jNjas as the cordhe size of
double layered microbubbles, thickness of oil layer and the production rate of microbubbles was
found to be strongly dependent on the flow ratio of aqueous to oil pRag€i). As Qaq/Quil
increased, the size and the thickness of oil layéally decreased linearly with the flow ratio

and then became steady at higher flow ratios. The microbubble production rate however
exhibited maximum with an increase @ng/Qoi initially and became steady at highekq@oi.

The microbubble size vgafound to vary fron280 + 30 pmto 100 +20 um and the microbubble
production rate was found to vary betwégh+ 15to 10 + 3 bubble/secTheregime map was

developed to identifydifferent regimesfor formation of double layeed microbubblessingle
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liquid droples and single layexd microbubbles It was observed that double layst
microbubble were formedat low to moderate capillary numbers faqueous phasand at
moderate to high capillary numbeim the oil phase.In-vitro dissolution of microbubles was
carried outin an air saturatecagueousenvironmentwhere t was observedthat during
dissolution the size of the microbubblenly decreasednd it did not show any growth phase
Nitrogen present in the core of the bubble continuously dissotvedei surrounding medium
resulting in an oil droplet at the end of the dissolution prodessble layeed microbubble
were loaded withvarying concentration of doxorubicid0 - 50uM) and curcumin271- 1357
uM) andweredelivered to MDAMB-231 cells It was observed that ttmbination of drugs
produces a synergistic effect which leads higher cell deathscarhbinedeffect of 1uM and
543 uM is equivalent tahe effect ofonly 50uM of doxorubicin. Thuswith the combination of
drugs,the harmful effets of higher doxorubiciconcentratiortan beeliminated Double layered
microbubbles loaded with curcumin were also testedHeir efficiency to inhibitcell invasion
of 3D spheroids of MDAMB-231 cell lines.It was observed that the extent of prolidion of
cells was minimum forcells treated withcurcumin loadedmicrobubblesin presence of
ultrasound.This suggests that double layered microbubbliesombination with ultrasoundan

be used for efficient reduction tife cell proliferatiorfrom tumos.
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