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Abstract

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease that is increasingly common
all over the world with a high risk of progressive hyperglycemia and high microvascular and
macrovascular complications. The currently used drugs in the treatment of T2DM have
insufficient glucose control and can carry detrimental side effects. Several drug delivery
systems have been investigated to decrease the side effects and frequency of dosage, to also
increase the effect of oral antidiabetic drugs. In recent years, the use of microbubbles in
biomedical applications has greatly increased and research into micro active carrier bubbles
continues to generate more and more clinical interest. In this study, various monodisperse
polymer nanoparticles at different concentrations were produced by bursting microbubbles
generated using a T-junction microfluidic device. Morphological analysis by scanning electron
microscopy, molecular interactions between the components by FT-IR, drug release by UV
spectroscopy and physical analysis such as surface tension and viscosity measurement were
carried out for the particles generated and solutions used. The microbubbles and nanoparticles
had a smooth outer surface. When the microbubbles/nanoparticles were compared, it was
observed that they were optimized with 0.3 wt.% polyvinyl alcohol (PVA) solution, 40 kPa
pressure, and 110 pl /min flow rate, thus the diameters of the bubbles and particles were 100 +
10 pm and 70 £+ 5 nm, respectively. Metformin was successfully loaded into the nanoparticles
in these optimized concentrations and characteristics, no drug crystals and clusters were seen
on the surface. Metformin was released in a controlled manner at pH 1.2 for 60 min and at pH
7.4 for 240 min. The process and structures generated offer great potential for treatment of
T2DM.
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Introduction

Diabetes is a chronic disease that occurs when the pancreas can no longer make insulin or the
body cannot use insulin well!. Heterogeneous aetio-pathology includes defects in insulin
secretion, insulin action, or both, and disorders of carbohydrate, fat and protein metabolism.
Diabetes has several pathological mechanisms. Irregularity of hepatic glucose metabolism is a
major defect in the development of insulin resistance followed by Type 2 Diabetes Mellitus
(T2DM)?. As reported by the report of World Health Organization, there will be at least 578
million people living with diabetes by 2030 * . Pharmacological agents currently used for the
treatment of T2DM include oral anti-diabetic drugs, such as biguanides, sulfonylureas, and
thiazolidinediones, have limited usage due to inefficacy in the progression of diabetic
complications and undesirable side effects including nausea, hypoglycemia, liver, weight gain,
diarrhea, and heart failure*. Present clinical guidelines recommend metformin as the first-line
therapy for all newly diagnosed T2DM. As a biguanide, metformin is the most widely used oral
anti-diabetic drug and suppresses hepatic gluconeogenesis and increases the sensitivity of
hepatic insulin®®. With oral administration of metformin, nearly 90% of the absorbed drug is
eliminated renally within the first 24 hours. The plasma elimination half-life is nearly 6.2 hours,
therefore, metformin is administered either two or three times per day’. Metformin can cause a
important condition called lactic acidosis with symptoms such as tremors, dizziness, muscle
pain, severe drowsiness, fatigue, blue / cold skin, fast / difficult breathing, slow / irregular
heartbeat, nausea or vomiting, diarrheal stomach pain®. Several drug delivery systems have
been investigated to decrease the side effects and frequency of dosage, to also increase the effect
of oral antidiabetic drugs.

The use of microbubbles in applications such as the biomedical, cosmetic, food and chemical

industries has gained significant importance in recent years, and research is ongoing on micro
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active carrier bubbles” . Micro/nanoparticles containing biodegradable or biocompatible

polymers are used for imaging, specific targeting and drug delivery in the treatment of a variety
of diseases, such as cancer, diabetes, and tissue engineering'?'4,

There are different methods for preparing polymeric particles. Emulsion polymerization,
solvent evaporation, coacervation, nanoprecipitation, spray drying, precipitation
polymerization, phase separation, pressure spinning, electrohydrodynamic techniques can be
used to produce microparticles in uniform size'>'%. In previous work, metformin-loaded
particles have been produced by these techniques. Metformin-loaded pectin nanoparticles'®,
PLGA nanoparticles®, alginate nanoparticles®!, chitosan nanoparticles®’, chitosan-capped
nanoparticles®, solid lipid nanoparticles** have been produced by different techniques in the
recent years. Kumar et al. % loaded metformin into microcapsules coated with sodium alginate
and gum karaya, drug release studies showed that microcapsules with controlled release
properties have good mucoadhesive properties. Cao et al. 2® produced sustained release
metformin HCI microcapsules using the Wurster-fluidized bed, and continuous release of

1. %7 produced

metformin HCI from coarse microparticles of 213 um was demonstrated. Cetin et a
metformin HCI loaded nanoparticles by nanoprecipitation using Eudragit® RSPO polymer and
Eudragit / PLGA polymer blend, all formulations showed high drug release profiles and in vitro
drug release varied from 92 % to 100 % at 12 hours. However, these methods are not suitable
for the production of uniform nanoparticles®.

Microfluidics techniques have attracted attention recently because of their effectiveness in the
production of micro / nanomaterials, and this technique is cost effective and can be used
relatively easily because of its capabilities such as simple control of liquid flow and gas
pressure®”**. Microfluidic devices allow microbubbles to be manufactured in a sole step and

also have the potential to be used to produce multilayer coatings!-*2. There are various types of

devices that use microfluidic principles with different multiple intersections and flows. These



devices generate uniform size microbubbles and similar products due to continuous,
reproducible and scalable manufacturing®*3*4. T-junctions and flow-focusing nozzles are some
of the well-known methods with different device geometries used to produce microbubbles in
microfluidic platforms 3>*°, The T-junction microfluidic device is one of the simplest methods
of producing monodisperse and microbubbles at a high rate. Here the gas and polymer solution
meet, a neck is formed and microbubbles begin to evolve 3’. The amount of delivered gas and
the speed of the injector pump determines the size of the bubbles. In addition, the physical
properties of the polymer solution, such as surface tension and viscosity, affect the bubble size.
Natural and synthetic polymers can be used to produce micro and nanoparticle delivery
systems>®. Synthetic polymers are biocompatible, and can be biodegradable and absorbable.
These materials play an important role in tissue engineering, drug delivery systems, and
regenerative medicine®®. Natural polymers have a structure that can be exploited in therapeutic
applications, for example their non-toxic properties*’, and additional requirements can be input
by carefuly selecting additives. They are used to produce biodegradable organic polymers such
as polyvinyl alcohol (PVA) and sodium alginate (SA), nanocomposites and hydrogels for many
biomedical applications*. PVA is a biocompatible polymer with many properties such as
chemical stability, low toxicity, water solubility, good flexibility and excellent barrier
properties. *?. It is widely used due to its biocompatibility as part of biomedical and
pharmaceutical applications such as drug delivery systems, contact lenses, artificial blood
vessels *13. In addition, PVA prevents agglomeration of the particle surfaces, resulting in a
more monodisperse structure**. Biocompatible materials with the desired physical properties
are obtained by mixing natural polymers with PVA*. SA is one of the most widely used
biopolymers for nano/microparticle production and has biodegradable, biocompatible and
mucoadhesive properties®®. There are various advantages SA offers in numerous

pharmaceutical and biomedical application such as drug delivery systems and cell



encapsulation *7**, Also, alginate-based materials are known to be sensitive to pH. This feature
can be used for intelligent control of the release mechanism of encapsulated biomolecules from
the alginate drug delivery carrier®.

In this study, we explored combinations of different biopolymers such as PVA and SA.
Thereafter, metformin-loaded microbubbles/nanoparticles were produced in the optimized
polymer concentration using a T-junction microfluidic device. Polymeric nanoparticles were
obtained in ideal properties such as a uniform shape, minimized size (~70 nm), and smooth
outer surface by bursting microbubbles. The resulting structures offer significant potential for

use in the treatment of T2DM, especially in drug delivery studies with nanoparticle forming

ability.
Materials and Methods
Materials

Polyvinyl alcohol (PVA, Mw=89,000-98,000, 99% hydrolyzed), Sodium alginate (SA,
Average molecular weight 216000 g/mol), and metformin were obtained from Sigma Aldrich,

USA.
Preparation of Solutions

Polymeric solutions were prepared at various concentrations. PVA was dissolved in 10 mL
distilled water at 90°C with magnetic stirring (Wise Stir®, MSH-20 A, Germany) for about 1
hour to obtain a solution consisted of 0.3 wt. % and 0.5 wt.% PVA. After 0.3 wt. % PVA and
0.5 wt. % PVA solutions reached room temperature (25°C), 0.5 wt. % SA was dissolved in this
solution and this mixture was stirred for 20 min. Thereafter, 1 mg of metformin was added to

the 3wt. % PV A (0.5 ml) solution for in vitro release study.

Characterization of Solutions



Density values were measured by using a standard 10 ml bottle. The surface tension of the
solutions was measured using a force tensiometer Sigma 703D, Attention, Germany. The
viscosity of solutions was determined using a DV-E, Brookfield AMETEK, USA instrument.

All the measurements were carried out at ambient temperature (25 °C).

Microfluidic Device Design and Construction

A T-junction microfluidic device for producing the bubbles/particles was designed and
constructed as shown in Figure 1. This microfluidic device was fabricated using poly(methyl
methacrylate) (PMMA) by CNC machining and designed to resist high gas pressures. Teflon
fluorinated ethylene polypropylene (FEP) capillaries with internal diameter (ID) = 100 um and
outer diameter (OD) = 1.6 mm were embedded in the PMMA block (dimensions: 22x27x15

mm).

Generation of Microbubbles

Teflon FEP tube was used to connect the inlets and outlet of the microchannels in the T-
junction, which supplies gas and polymeric solutions. The vertical capillary of the T-junction
device provided the gas exiting N> gas cylinder and it is connected to a manometer, which
provides the necessary degree of control over the gas pressure. The other horizontal capillary
channel allowed the flow of selected polymer solutions, and was fed and controlled using a 10
ml plastic syringe (Braun, Melsungen, GERMANY) connected to a digitally controlled syringe
pump (NE-300, New Era Pump Systems, Inc., USA). After optimization of the processing
conditions, both the polymeric solution and the gas met at the intersection region between the
two capillaries, subsequently microbubbles were produced at the junction. Bubbles from the

outlet channel were collected on glass slides or in the vials.

Bubble and Particle Characterization



An optical microscope (Olympus AnalySIS, USA) was used to examine the structure of the
obtained microbubbles. All bubbles collected on the glass slides were allowed to dry in the oven
at 25 °C for 24 hours. Morphological characterization of the dried samples was investigated
using Scanning Electron Microscopy (SEM, EVO LS 10, ZEISS). Before imaging, the
nanoparticles were coated by spraying with gold-palladium for 180 seconds using a Quorum
SC7620 Mini Spray Coater. The applied acceleration voltage was 5 kV. In addition, the average
bubble/nanoparticle diameter and distributions were measured using image software (Olympus
AnalySIS, USA). Fourier-transformed infrared spectroscopy (FTIR) analysis was performed
using a Jasco FT / IR-4700 model machine to examine the bonding structures and functional
groups of pure PVA powder, metformin and metformin-loaded PVA nanoparticles. The

measurements were taken at an average resolution of 4 cm™ and 4000-400 cm.
Encapsulation Efficiency and Drug Release Study

The drug-loaded PV A nanoparticles (0.5 ml) were dissolved in 1 ml phosphate buffer (pH 7.4)
at 37 °C for 1 h under vigorous stirring. After completing this process, 1 ml of solution was
taken and detected using a UV-visible spectrophotometer at 233 nm. The % encapsulation

efficiency was calculated using the following equation:

%EE = Wt x 100
Wi

where Wt is the actual amount of drug in the nanoparticles and Wi is the quantity of drug added
initially during nanoparticle generation. A series of standard solutions ranging from 2 to 10
pg/mL of metformin in distilled water was prepared and the absorbances were measured at 233

nm to draw the calibration curve.

Two samples of nanoparticles containing 1 mg drug (0.5 ml) were collected into Eppendorf

tubes and 1 ml PBS solution (1.2 pH and 7.4 pH) were added on each sample. The release of



metformin from 0.3 wt.% PVA nanoparticles samples was performed in both 1.2 and 7.4
phosphate buffer solutions in a shaking incubator (37 °C, 200 rpm). At determined time
intervals, 1 ml solution was collected from the tubes and the amount of drug release was
measured at 233 nm by UV-Vis spectrophotometer. Then an equal amount of fresh PBS
solutions were added again to maintain the original volume. Each experiment was carried out

in triplicate.

In vitro Release Kinetics

To investigate the drug release mechanisms and metformin release profiles from microbubbles
four equations; zero order, first order, Higuchi, and Korsmeyer-Peppas equations, were

considered, as represented in Eqns. 1-4.

Q = min(Kot,1) (1)
In(l — Q) = —Kit 2)
Q = min(Kut"? ,1) (3)
0= K" (4)

where Q is the fractional amount of drug release at time #; Ko, K;, K and K are the kinetic
constants for zero order, first order, Higuchi, and Korsmeyer-Peppas models, respectively. n is
the Korsmeyer-Peppas release exponent, which is indicative of the drug release mechanism. As
there are too few points on the release curve below 60% release to make meaningful deductions

from the Korsmeyer-Peppas model we have instead used the expression(62)

O = tanh(K "), (5)



in which the parameter K may be related to the diffusion coefficient of the drug in a spherical
particle. Equation (5) is based on Fickian diffusion out of a sphere, but is applicable across the
whole release profile. All the expressions may be generalised to include the maximum release

fraction as an additional parameter, but this does not affect our main conclusions.
Results and discussion

In this study, diverse monodisperse polymeric and drug loaded nanoparticles were produced
with bursting microbubbles using a T-junction device. Changing the bubble size can affect the
particle size 2®. The two different components consisting of the liquid and gas phases from two
independent supply channels intersect in the mixing area of the microfluidic device. Because
of their density differences, the polymer mixture is encapsulated by gas bubbles. Under the
influence of gas pressure, the outlet is expelled through the capillary. As a result of the
continuous flow of bubbles, a cloud of bubbles are generated at the outlet. The dimensions and
shapes of these bubbles vary depending on the different geometric orifices in the gas/liquid

intersection region and fluctuations in the outlet of the gas source?*%->!,

In addition, surface tension and viscosity are two important solution properties that affect the
formation of monodisperse microbubbles/particles. These are the dominant factors in
microfluidic systems®”>2. The physical characterics of the polymer solutions are shown in Table
1. The surface tensions of 0.3wt.%, 0.5 wt.% PV A and 0.5wt.% (PVA-SA) solutions in distilled
water are 42.9 mN / m, 42.4 mN/ m, and 44.9 mN / m, respectively. As the PVA concentration
increased from 0.3wt. % to 0.5wt. %, the surface tension values of the solutions decreased. In

a study by Bozic et al. >

, surface tension values decreased up to 0.5 wt.%. PVA concentration.
After this point, surface tension increased as the PVA concentration increased. The surface
tension value was slightly increased by adding 0.5wt.% SA to the solution containing 0.5wt.%

PVA. It was also observed that the viscosity of the solutions increased with increasing polymer

concentration. The viscosity increased from 286 to 330 mPa.s as the PVA concentration
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increased from 0.3wt. % to 0.5wt.%. Furthermore, the viscosity increased when 0.5wt. % SA
was added to 0.5wt. % of PVA solution>*. With the addition of metformin to 0.3 wt. % PVA
solution, the surface tension and viscosity increased to 43.0 mN / m and 290 mPa.s,

respectively.

Furthermore, the size of the microbubbles produced varies depending on the flow rate of the
polymer solution and the pressure of the gas source*’. Three different solutions at different
concentrations were prepared for the production of microbubbles. One of these, 0.5wt.% PVA
solution was injected from inlet I (Figure 1). At the same time, N> gas was pumped through the
inlet II in Figure 1. The constant gas pressure was applied with a flow rate of 90 ul / min to
form microbubbles. To produce the smallest and monodisperse microbubbles, the solution flow
rate was changed and increased from 90 to 110 pl/min while maintaining a constant gas pressure
of 70 kPa. As shown in the optical microscope images of the microbubbles in Figure 2A, the
average microbubble diameter decreased from 267 + 32 um to 2504+ 45 um when the solution
flow rate was increased from 90 pl / min to 110 pl / min at a constant gas pressure of 70 kPa.

Increasing the flow rate at constant pressure reduces the bubble size?’.

Explosion-like disintegration occurs with the release of N> gas in these microbubbles °°.

Spherical solid PVA nanoparticles are formed simultaneously. According to the micrographs
in Figure 2B, the diameter distributions of 0.5 wt.% PVA nanoparticles are 205 + 40 nm for
110 pl/ min and 469 + 114 nm for 90 ul/ min at a fixed gas pressure of 70 kPa. Thus, increasing
the flow rate at a constant pressure reduces the nanoparticle size. When micrographs were
closely examined, agglomeration between nanoparticles was observed. To prevent this,
0.5wt.% SA was added to 0.5wt.% PVA . From the optical microscope images in Figure 3A,
the size of 0.5 wt. % PVA-0.5 wt. % SA bubbles decreased from 323 + 30 um for 90 pl / min
to 290 + 31 pum for 110 ul / min at a constant gas pressure of 120 kPa. A similar situation was

observed in the size of 0.5 wt. % PVA-0.5 wt. % SA nanoparticles. According images in Figure
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3B, particle sizes decreased from 572 + 86 nm for 90 pl / min to 386 + 86 nm for 110 pl / min
at a gas pressure of 120 kPa. SA added to 0.5 wt. % PVA solution increased the particle size.
Considering that SA increases the particle size in all the PVA images, it was not added to PVA
in the continuation of this research. The particle size was increased by the addition of SA to the
pure PVA and the particle distribution was made more polydisperse. This may be due to the
higher molecular weight of SA. In addition to that, agglomeration was prevented by adding SA
as shown in figures 3A and 3B. Based on these results, it can be reported that addition of SA
increased the size of the nanoparticles although it prevented agglomeration. One of the most
crucial aims of this study was to produce the smallest nanoparticles, hence the PVA ratio was
reduced from 0.5wt.% to 0.3wt.% because particle size increases when the PVA ratio was
increased. In a study of Hiisler et al. °’, the average particle size was found to be 76 £ 2 pm

with 2 wt.% PVA.

For the production of microbubbles containing 0.3wt.% PV A, the gas pressure was kept fixed
at 40 kPa and the flow rates were raised from 40 to 80, 100, then 110 pl / min. When examining
the optical microscope images of the bubbles (Figure 4), the rise in fluid flow rate caused a
decrease in the diameter of the bubbles from 116 + 5 um to 101 = 11 um. Moreover, it was
observed that the bubbles were distributed more regularly and monodisperse®’. The SEM
images of nanoparticles produced from these microbubbles demonstrated that the average
diameters of the nanoparticles with different flow rates were 198 + 35 nm for 40 pl / min, 141
+ 20 nm for 80 pl / min, 116 + 13 nm for 100 pl / min, 70 + 5 nm for 110 pl / min as shown in
Figure 5. According to these results, it was clearly seen that the nanoparticles produced at the
higher flow rate were more uniform>®. In addition, the nanoparticles generated at the highest

flow rate were of a constant size (~70 nm diameter).

It was observed that the process was optimized with 0.3 wt.% polyvinyl alcohol (PVA) solution,

40 kPa pressure, and 110 pl /min flow rate. The diameters of the bubbles and particles were
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100 £ 10 um and 70 + 5 nm, respectively. Metformin was successfully loaded into nanoparticles
in these optimized concentrations and parameters. The diameters of metformin-loaded bubbles
and nanoparticles produced at the same flow rate and pressure are 102 + 9 pm and 78 £ 5 nm,
respectively (Figure 6). These results show that the addition of metformin to the PVA solution
slightly affected the diameter of the bubbles and particles. In Figure 6, when the optical and
SEM images of metformin-loaded PVA microbubbles and nanoparticles were examined, no
drug crystals and clumps were observed on the surface. This proves that the drug was well-

dispersed as supported by the literature 2>,

The results of the FTIR analysis for PV A nanoparticles, metformin, and metformin-loaded PVA
nanoparticles are shown in Figure 7. All major peaks clearly demonstrate the FTIR spectrum of
PVA naonoparticles are indicated in Figure 7 (a). For example, the broadband observed
between 3550 and 3200 cm! is associated with O-H stretching from strong intermolecular and
intramolecular hydrogen bonds. Furthermore, the vibration band at 30002800 cm™' is related
to C-H of the alkyl groups. Peak at 1166 cm™ indicates CO stretching®>. Figure 7 (b) shows
characteristic infrared bands of metformin, N-H stretching of the primary amine group at 3147
cm’!, stretching and N-H bending vibrations of the primary amine group at 1574 cm™. The N-
H bending / C-N stretching / C=0 stretching band is at 1621 cm™’. In addition, CH3 asymmetric
bending at 1472 cm™!, C-H bending at 1445 cm™', CHs symmetrical bending vibration at 1417
cm !, and C=0O tension at 1166 cm™ were observed®®. In Figure 7 (c), major peaks of
metformin and PVA were obtained in the spectrum for nanoparticles loaded with metformin.

Thus, successful drug encapsulation was achieved.

In vitro drug release studies were carried out with metformin-loaded 0.3wt.% PVA
nanoparticles, optimised as described above. Firstly, the UV absorbance spectra obtained with
the concentration range of metformin set from 4 to 14 pg/mL are shown in figure 8a. A linear

standard calibration curve was constructed from the absorbance at 233 nm of metformin (R?
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=0.99) to calculate quantitative drug release data (Figure 8b). The encapsulation efficiency of
drug-loaded nanopaticles is 78% according to eq.l. In vitro metformin release from
nanoparticles was investigated in gastric (1.2 pH) and intestine (7.4 pH) fluids conditions at 37
°C. As illustrated in figure 8c, the release of metformin in neutral condition is more gradual
than in acidic. In gastric pH almost 42% of the drug was released during the first 10 minutes,
while the corresponding figure for pH 7.4 was almost 30%. Metformin continued to be released
at pH 7.4 for 240 minutes, whereas within 60 minutes at pH 1.2 the release amount reached
almost 100%. This difference may be attributed to the fact that metformin was bi-protonated at
this pH and this may cause unstable binding with PVA particles. These results are consistent
with studies in which metformin has been produced for controlled release drug delivery systems
65

Various kinetic release models were used to determine the release mechanism of metformin
from PVA nanoparticles (obtained from the microbubbles) under neutral and acidic pH. The
kinetic constants and regression coefficients (R?) obtained from all samples after the zero order,
first order, Higuchi, and tanh function models were fitted are given in Table 2. The tanh function
had better agreement with higher R? values for both drug release profiles than other kinetics,
which is consistent with Fickian diffusion, with a diffusion coefficient of about 107"’ m? s! for
metformin in the polymer.

Conclusions

In the present study, different biopolymers such as PVA and SA were used and also metformin
was loaded into optimized polymer concentration using a T-junction microfluidic device to
produce microbubbles. Subsequently, homogeneous polymeric nanoparticles were obtained by
bursting microbubbles. It has been shown that these nanoparticles can be used as nanocarriers
for a hydrophilic drug such as metformin. Microbubbles/nanoparticles were optimized at 0.3

wt.% PVA solution, 40 kPa pressure, and 110 pl /min flow rate. The diameters of the bubbles
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and particles were 100 £ 10 pum and 70 = 5 nm, respectively. Metformin was successfully
loaded into nanoparticles in these optimized concentrations and parameters. The nanoparticles
had a smooth and uniform structure, and no drug crystals and clusters were seen on the surface.
Metformin was released in a controlled manner at pH 1.2 for 60 min and at pH 7.4 for 240 min,
and analysis suggests that release was by a simple Fickian diffusion process. Thus, metformin-
loaded PVA nanoparticles produced with bursting microbubbles generated by using a T-
junction device offer great potential in the treatment of T2DM, primarily because of their ability

to metformin release in a controlled manner.
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Captions for Figures and Tables

Table 1. Physical characterics of solutions used

Table 2. Results from four kinetic models of metformin release from metformin-loaded PVA
nanoparticles at different pH values

Figure 1. Schematic drawing showing the process of obtaining microbubbles/nanoparticles

using T-junction microfluidic device

Figure 2. A) Optical images of 0.5 wt.% PVA bubbles prepared at various flow rates (90 and
110 pl/min) and their size distributions. B) Scanning electron microscopy (SEM) images of 0.5
wt. % PV A nanoparticles prepared at various flow rates (90 and 110 pl/min) and their diameter

distributions

Figure 4. A) Optical images of (0.5 wt. % PVA-0.5 wt. % SA) bubbles prepared at various
flow rates (90 and 110 pl/min) and their size distributions. B) Scanning electron microscopy
(SEM) images of (0.5 wt. % PVA-0.5 wt. % SA) nanoparticles prepared at various flow rates

(90 and 110 pl/min) and their diameter distributions
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Figure 6. Optical images of 0.3 wt. % PV A bubbles prepared at various flow rates (40, 80,100,

and 110 pl/min) and their size distributions.

Figure 5. Scanning electron microscopy (SEM) images of 0.3 wt. % PVA nanoparticles

prepared at various flow rate (40, 80, 100, and 110 pl/min) and their diameter distributions

Figure 6. Metformin-loaded microbubbles / nanoparticles prepared at 110 pl / min flow rate
and 40 kPa. Optical microscope images and diameters of microbubbles (A), SEM images and

diameter distributions of nanoparticles (B)

Figure 7. FTIR Spectra of a) PVA nanoparticles, b) metformin, and c¢) the resultant

PV A/Metformin nanoparticles.

Figure 8. a) UV absorbance spectra of metformin and b) Calibration curve for metformin at
233 nm. ¢) In vitro release studies of metformin from nanoparticles under acidic (PBS, pH 1.2)

and neutral (PBS, pH 7.4) environments. Each bar represents as average (n = 3) = SD
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Table 1

Concentration of Density (kg/m?) Surface Tension Viscosity
Solutions (mN/m) (mPa s)
0.3 wt. % PVA 0.98 42.9 286

0.5 wt. % PVA 0.99 42. 4 300

0.5 wt.% (PVA-SA) 1.00 44.9 330

0.3 wt. % PVA/0.2 wt. Metformin 0.99 43.0 290
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Table 2

Zero Order First Order Higuchi tanh
Sample R? Ko R? K R? Kn R? n
Ph 7.4 0.327 4.760 0.721 0.107 0.765 17.53 0.953 0.236
Ph 1.2 0.443 8.988 0.504 0.214 0.593 26.87 0.721 0.350
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