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ABSTRACT

capability and remote control is of great importance in the field of medicine.
These systems show significant potential in improving therapeutic efficacy
by increasing drug half-life and stability, optimizing drug dosage, and reducing side
effects. Microbubbles (MBs) have been introduced as novel imaging agents and
ultrasound-responsive drug carriers. These structures, consisting of a gas core enclosed
in a shell, have the ability to deliver drugs in a targeted manner to the desired tissue.
These unique features have made microbubbles a promising option for theranostic
applications.
Methods: In this research, an ultrasound-responsive drug carrier was developed
through the synthesis of microbubbles with a polymeric shell made of block copolymer
poly(ethylene glycol) and polycaprolactone (PEG-b-PCL) and a perfluorohexane
K ds: (PFH) core, capable of releasing its contents in response to ultrasound and temperature
stimuli. The diblock copolymer PEG-b-PCL is biodegradable, biocompatible,
amphiphilic, and at the same time, its polymerization method is relatively simple.

l lypothesis: The development of drug delivery systems with high-dose

icrobubble, s . ; :
MICrOBUBRIE Findings: Optical microscopy results showed that the synthesized nanodroplets
ultrasound, (NDs) are spherical and respond well to ultrasound. The stability of the particles and
cancer, their size distribution were examined by dynamic light scattering (DLS). Finally,

doxorubicin hydrochloride (DOX), as a model drug, was successfully loaded onto
the particles, achieving encapsulation efficiencies of 98.4% for the shell, where the
perfluorohexane drug was predominantly confined, and 95.84% for the particles, reflecting an overall
high loading capacity throughout the structure. Additionally, drug release and its
responsiveness to ultrasound were investigated. The results indicated that the particles
were ultrasound-responsive, and drug release increased significantly during ultrasound
exposure, making this drug carrier an ideal candidate for use as a theranostic agent in
cancer treatment.

drug delivery,
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Fig. 4. Optical microscope images of (a) the synthesized particles and (b) microbubbles.
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Fig. 10. The effect of high-intensity and low-intensity

ultrasound on the distribution of the synthesized particles.

oS 4 aS ol ods b Clj.a\ Jheel Lyl o 55 ¢ Jlie 53 550

Bad e Jase 3 O] Clle

S O9 y Tue 33 0l ST b 89518 by
03,5003 smS b OAS o Joli ol By 4w T gene Jsba
Slr o plesd el 5 Sakes WSS LSS (Kb

30 { —=—74NUS
—e—74US

25 -
20 A
15 1

10 A

Cumulative release (%)

0 10 20 30 40 50
Time (h)
(b)

3 51 Lilay Slsses (0) 5 PHEV/Y L 3L Jstls 55 ooslize slacdale U DOX Jjlons 4 bogs o 03 So oS e (@) =) S

DOX L el 138 L

Fig. 12. (a) Calibration curve of DOX solution having with different concentrations in the buffer with pH=7.4 and (b) drug release

profile from particles loaded with DOX.

\‘H VEY 592 3= 313 30 X' 0 )loss castuadig i Jlw posly 539)9385 9 p9le ok dlxo



S 5

S oy Sl el p 0 Sl gails Jals lasn ol 0o
axeys PFH wies 5 PEG-D-PCL (g 0k aiusy b lacls 3,
Splp S b1 355 (Slyme 3leslil bl 4 ol aly
SFTIR (glad o5l s 51w PEG-H-PCL (glankss ol S ol 5 s
450 |, PEG-H-PCL (glanksd 55 joily 58 suslnis so 5 '"HANMR
o3 w355 5 5 4SSl 52, PRH s 54yl 3 S
5235w 3 Sas SaSay b s DLS 25, L U fuwilyy 5 il
Dyl Sl A 0B DSl S )5
Loy b ools QLS ol 5 A SL5)) (605 (sSs Son L
S M5 S (L s Kol gl B S e 0 i 5o
Slacl 5 (ol 530 )y » DLS laslinad Lol sl b
213 ala) 5 el atle b g0 L DOX Ol ks (55515 ol
ga,\.:j;-wk;uyt?ﬁ)c:\:ou@u.mw,ﬁusgjﬁ@,a
Dol b Sl g Liten ol Sl L 5l ula ) B il s
Sl ol Ol oty K15 oo g 550 ) s o rlin oy

33 e e gl 5 4 Sl

S8
Jsa ol s i BT 5 o8l i Lolel S5 BT
B ‘;}“J.WJ JJ‘ 45 QLJM))‘ dud)m 9 C)ﬂbﬁ AK.:MJ 43‘)\

b}&dﬁ Lf‘J)Jéng‘lJMW EIRAES J:’"h.ﬁ}.’. U'i‘ JM

&y

1. Poursadegh H., Barzegarzadeh M., and Amini-Fazl M.S.,,
Synthesis of Magnetic Graphene Quantum Dot/Chitosan
Biona nocomposite Hydrogel Beads for Drug Delivery System,
Iran. J. Polym. Sci. Technol. (Persian), 2023.

2. Lei G., Zhuang L., and Gan B., The Roles of Ferroptosis in
Cancer: Tumor Suppression, Tumor Microenvironment, and
Therapeutic Interventions, Cancer Cell, 42, 513-534, 2024.

3. El Tekle G. and Garrett W.S., Bacteria in Cancer Initiation,
Promotion and Progression, Nat. Rev. Cancer, 23, 600-618, 2023.

4. Tacar O., Sriamornsak P., and Dass C.R., Doxorubicin: an
Update on Anticancer Molecular Action, Toxicity and Novel
Drug Delivery Systems, J. Pharm. Pharmacol, 65, 157-170,
2013.

- 9 (JgSalS i) Sy (slanloSy poalsS daly s ugaol 5 &y 9Suunly SO o) Sl

Tl (N5 03 e DOX lad Sy 3586 4 Ol
S e e B S b Cwgnol aws 05,0 L ol
sl glp YA h wwe b ol ula, IS lade sl
clle IS 5I¥ 5\ LB o e V/E US 5 V/F NUS
sols ol e e OLAS &S WS s sl 5,108 ,L DOX
oo las U jlitler sl o il il Cday Ssel b1 o
kS absas sl el 5 bae kel o)l 500 0555 50l
Lol Ohlay pde (S las il 5l sl e
Lol osllae Gua bl 4y Oiewy 51 2w OF BBl 2ol
G e 53 kB IELL gl IS S AL b s 4 g
e 55 5,5 L 5TV °C les s Jil csle b V/Y NUS
Skl gsls Jal lle cnl (6ols 5 0 sl sl 3 ol S Ol
Aas e OIS (invivo) 50555 sbas 8 gl sabs

b p 2ol e Jols aes o el Oldllas b acslis o
S5 S0l sk ol IYAXTIFIPEG-b-PCL jeily 5
Sl ol iy 3 sl 5wl hlay sl S
03 3,8 Gl aS s e e gl sddd 1S 5 b Auls,
S5k S e a3 Olejan Hbas 15 Obeys 5 (6)ls 5 s
Sl 53 VAL oS Sl adsl ialay Jol slalm a5 s
S pelsal ool Sl ol by g pd s s ()
boalie 55 (Shy cnl ol Ghasn ool e gbaosls Sl
omlay il Saksas 5 S8 J S O (e gla g,
LS o wnl 31, 5l

5. Avramovi¢ N., Mandi¢ B., Savi¢-Radojevi¢ A., and Simi¢ T.,
Polymeric Nanocarriers of Drug Delivery Systems in Cancer
Therapy, Pharmaceutics, 12, 298, 2020.

6. Topuz F. and Uyar T., Advances in the Development of
Cyclodextrin-Based Nanogels/Microgels for Biomedical
Applications: Drug Delivery and Beyond, Carbohydr. Polym.,
297, 120033, 2022.

7. Rommasi F. and Esfandiari N., Liposomal Nanomedicine:
Applications for Drug Delivery in Cancer Therapy, Nanoscale
Res. Lett., 16, 95, 2021.

8. Plaza-Oliver M., Santander-Ortega M.J., and Lozano M.V,
Current Approaches in Lipid-Based Nanocarriers for Oral Drug
Delivery, Drug Delivery Transl. Res., 11, 471-497, 2021.

VEY )9a =313 0 Y 0 sl (ainbig o Jn crasly 5J9J9is5 9 pole «pole alzo Y-



9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

- 9 (UsSHS i) Sy (5laslays poslioS Al s 239,013 &3 9S5uunly LRSS o) jiian

Entzian K. and Aigner A., Drug Delivery by Ultrasound-
Responsive Nanocarriers for Cancer Treatment, Pharmaceutics,
13, 1135, 2021.

Deprez J., Lajoinie G., Engelen Y., De Smedt S., and Lentacker
1., Opening Doors with Ultrasound and Microbubbles: Beating
Biological Barriers to Promote Drug Delivery, Adv. Drug
Deliv. Rev., 172, 9-36, 2021.

Fournier L., de La Taille T., and Chauvierre C., Microbubbles for
Human Diagnosis and Therapy, Biomaterials, 294, 122025, 2023.
Dijkmans P., Juffermans L., Musters R., van Wamel A., Ten Cate
F., van Gilst W., Visser C., de Jong N., and Kamp, O., Micro-
bubbles and Ultrasound: from Diagnosis to Therapy, Eur J.
Echocardiogr, 5, 245-246, 2004.

Feng Z., Zhao J., Li Y., Xu S., Zhou J., Zhang J., Deng L.,
and Dong A., Temperature-Responsive In Situ Nanoparticle
Hydrogels Based on Hydrophilic Pendant Cyclic Ether
Modified PEG-PCL-PEG, Biomater. Sci, 4, 1493-1502, 2016.
Danafar H., Jaberizadeh H., and Andalib S., In Vitro and In
Vivo Delivery of Gliclazide Loaded mPEG-PCL Micelles and
Its Kinetic Release and Solubility Study, Artif. Cell. Nanomed.
Biotechnol., 46, 1625-1636, 2018.

Andalib S., Molhemazar P., and Danafar H., In Vitro and In
Vivo Delivery of Atorvastatin: A Comparative Study of Anti-
Inflammatory Activity of Atorvastatin Loaded Copolymeric
Micelles, J. Biomater. App!., 32, 1127-1138, 2018.

Abdipour H., Abbasi, F., Nasiri M., Ghamkhari A., and Ghorbani
M., Multifunctional Microbubbles Comprising Poly(lactic-co-
glycolic acid), Chitosan, Polyethylene Glycol, and Folic Acid
for Targeted Cancer Therapy, J. Drug Deliv. Sci. Technol, 94,
105469, 2024.

Abdipour H., Nasiri M., and Abbasi F., Iran Polym. Tech.,
Res. Dev., 1, 0-0, 2020.

Baghbani F., Moztarzadeh F., Mohandesi J.A., Yazdian F., and
Mokhtari-Dizaji M., Novel Alginate-Stabilized Doxorubicin-
Loaded Nanodroplets for Ultrasounic Theranosis of Breast
Cancer, Int. J. Biol. Macromol., 93, 512-519, 2016.

Manjili H.K., Ghasemi P., Malvandi H., Mousavi M.S., Attari
E., and Danafar H., Pharmacokinetics and In Vivo Delivery
of Curcumin by Copolymeric mPEG-PCL Micelles, Eur J.
Pharm. Biopharm., 116, 17-30, 2017.

Sumar B. and Jayakannan M., Stimuli-Responsive
Poly(caprolactone) Vesicles for Dual Drug Delivery Under the
Gastrointestinal Tract, Biomacromolecules, 14, 4377-4387, 2013.
Deng H., Zhao X., Liu J., Deng L., Zhang, J., Liu J., and Dong,

Y" V&Y )93 04— 313 po ' 0 Loy (auiindig o Jw (pouly S39J9iS5 9 pole (ole Alxo

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

A., Reactive Oxygen Species (ROS) Responsive PEG-PCL
Nanoparticles with pH-Controlled Negative-to-Positive Charge
Reversal for Intracellular Delivery of Doxorubicin, J. Mat.
Chem. B, 3, 9397-9408, 2015.

Jagdale S., Gattani M., Bhavsar D., Kuchekar, B., and Chabuk-
swar A., Formulation and Evaluation of Chewable Tablet of
Levamisole, Int. J. Res. Pharm. Sci., 1, 282-289, 2010.
Hassanzadeh F., Maaleki S., Varshosaz J., Khodarahmi G.A.,
Farzan M., and Rostami M., Thermosensitive Folic Acid-
Targeted Poly(ethylene-co-vinyl alcohol) Hemisuccinate
Polymeric Nanoparticles for Delivery of Epirubicin to Breast
Cancer Cells, Iran. Polym. J., 25, 967-976, 2016.

Adeli F., Abbasi F., Babazadeh M., and Davaran S., Thermo/
pH Dual-Responsive Micelles Based on the Host—Guest Inter-
action between Benzimidazole-Terminated Graft Copolymer
and B-Cyclodextrin-Functionalized Star Block Copolymer for
Smart Drug Delivery, J. Nanobiotechnol., 20, 91, 2022.

Wang K., Liu T., Lin R., Liu B., Yang G., Bu, X., Wang W.,
Zhang P., Zhou L., and Zhang J., Preparation and In Vitro
Release of Buccal Tablets of Naringenin-Loaded MPEG-PCL
Nanoparticles, RSC Adv., 4, 33672-33679, 2014.

Petrova S., Jager E., Konefat R., Jager A., Venturini C.G.,
Spévacek I., Pavlova E., and Stépanek P., Novel Poly(ethylene
oxide monomethyl ether)-b-Poly(e-caprolactone) Diblock
Copolymers Containing a pH-Acid Labile Ketal Group as a
Block Linkage, Polym. Chem., 5, 3884-3893, 2014.

LiZ. and Tan B.H., Towards the Development of Polycaprolac-
tone Based Amphiphilic Block Copolymers: Molecular Design,
Self-Assembly and Biomedical Applications, Mater. Sci. Eng.
C, 45, 620-634,2014.

LiY, Liu R, Liu L., Zhang Y., Sun J., Ma P, Wu Y., Duan S.,
and Zhang L., Study on Phase Transition and Contrast-Enhanced
Imaging of Ultrasound-Responsive Nanodroplets with Polymer
Shells, Colloids Surf. B Biointerfaces, 189, 110849, 2020.
Almeida T.C.A., Larentis A.L., Ferraz H.C., Evaluation of the
Stability of Concentrated Emulsions for Lemon Beverages Using
Sequential Experimental Designs, PloS one, 10, 0118690, 2015.
Mohan P. and Rapoport N., Doxorubicin as a Molecular Nano-
theranostic Agent: Effect of Doxorubicin Encapsulation in
Micelles or Nanoemulsions on the Ultrasound-Mediated Intra-
cellular Delivery and Nuclear Trafficking, Mol. Pharmaceutics,
7, 1959-1973, 2010.

Raj W., Jerczynski K., Rahimi M., Przekora A., Matyjaszewski
K., and Pietrasik J., Molecular Bottlebrush with pH-Respon-



S omlie S0 5 sgas e Sals o 9(U9SalS i) s cslankans raslsS Ayl ¢ aga0l b &y 9Seunly slreslin g i

sive Cleavable Bonds as a Unimolecular Vehicle for Anticancer Tumor Imaging and Nanotherapy Using Drug Loaded, Block

Drug Delivery, Sci. Eng. C, 130, 112439, 2021. Copolymer Stabilized Perfluorocarbon Nanoemulsions, J.
32. Hutchins K.M., Functional Materials Based on Molecules with Control. Release, 153, 4-15, 2011.

Hydrogen-Bonding Ability: Applications to Drug co-Crystals 34. Rapoport N.Y., Kennedy A.M., Shea J.E., Scaife C.L., and

and Polymer Complexes, R. Soc. Open Sci., 5, 180564, 2018. Nam K.-H., Controlled and Targeted Tumor Chemotherapy by
33. Rapoport N., Nam K.-H., Gupta R., Gao Z., Mohan P., Payne Ultrasound-ActivatedNanoemulsions/Microbubbles, J. Control.

A., Todd N., Liu X., Kim T., and Shea J., Ultrasound-Mediated Release, 138, 268-276, 2009.

VEY )9a =313 0 Y 0 sl (ainbig o Jn crasly 5J9J9is5 9 pole «pole alzo Y-y



