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Abstract: The aim of this work is to study the kinetics of 
ultrasound (70  kHz) – using a kinetic model that takes 
into account cavitation events and drug re-encapsulation 
upon the cessation of the acoustic field. The simulation 
allowed the determination of three parameters α, β and λ 
that define the release and re-encapsulation behavior of 
this drug delivery system (DDS). The results showed that 
the drug release increased with increasing power density, 
as evidenced by the correlation between α and power den-
sity. The micelle re-assembly, quantified by the param-
eter β, also increased with increasing power density. The 
parameter λ, which is associated with the initial phase of 
the release process, showed a constant value regardless 
of the power density. The significance of these results 
was discussed. Additionally, a comparison between these 
parameters in folate-targeted and non-targeted micelles 
showed statistically significant differences for several 
power densities examined. A better understanding of the 
kinetics involved in this DDS is very important for the 
determination of the optimum ultrasound parameters to 
be used in future in vitro and in vivo experiments.

Keywords: cavitation; Dox; folic acid; micelles; Pluronic® 
P105; ultrasound.

Introduction
Cancer is the leading cause of death in Europe and North 
America, and the second leading cause of death in the 
less developed countries, especially in Africa (1, 2). 
Cancer treatment usually involves surgery, chemotherapy, 

radiotherapy or, more often, a combination of these. The 
high toxicity of chemotherapeutic drugs limits their use, 
as they do not discriminate between healthy and cancer-
ous cells. This is detrimental for healthy cells and organs, 
leading to the common side effects experienced by patients 
undergoing chemotherapy, including hair loss, nausea, 
fatigue, diarrhea, pain, and others. A way to overcome 
the unwanted side effects mentioned above is to design 
strategies to increase the drug delivered to cancer cells, 
while minimizing its concentration in healthy tissues and 
organs (3, 4). This involves controlling the drug delivery in 
space and time, and can be achieved using a nanocarrier 
to encapsulate the drug, and an internal or external stimu-
lus to trigger the release of the therapeutic agent (3–5).

There are many types of nanocarriers that can be 
used to design drug delivery systems (DDS), including 
liposomes, micelles, nanospheres, nanocapsules, den-
drimers, solid lipid nanoparticles and others (6).

The nanoparticles used in this work were polymeric 
micelles, which are colloidal particles with a diameter of 
5–100 nm, composed of amphiphilic block copolymers that 
self-assemble in aqueous solutions, when the concentra-
tion is above the critical micellar concentration (CMC) (7). 
The structure formed has a semi-solid hydrophobic core, 
which can trap the drug, and a hydrophilic corona which 
establishes hydrogen bonds with water molecules, thus 
stabilizing the micelles (7, 8). This corona also reduces the 
in vivo particle recognition by opsonin proteins, hence it 
protects the micelles from the phagocytic clearance by the 
reticuloendothelial system (RES) (9).

The most widely researched polymeric micelles in 
acoustically activated drug delivery are triblock copoly-
mers of poly(ethylene oxide) (PEO) and poly(propylene 
oxide) (PPO), commercially available as Pluronic® (10). 
One of the most studied Pluronic® compounds is P105 
(11–13). This copolymer has a (PPO)56-(PEO)37-(PPO)56 
structure, with an average molecular weight of 6500, and 
a CMC of approximately 1 wt% at room temperature (14). 
The micelles have a hydrodynamic radius between 5 and 
20 nm (15). Pluronic® P105 micelles have a core-shell struc-
ture, with a core formed by the hydrophobic PPO, while 
the hydrophilic PEO chains form the corona (Figure 1) (16).
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Polymeric micelles have several advantages as 
drug nanocarriers: (i) their CMC is very low, hence they 
remain stable at very low polymer concentrations (17); 
(ii) they have longer blood circulation times, which 
increases the drug bioavailability; (iii) their small size 
allows their preferential accumulation at the tumor 
site through the enhanced permeability and retention 
effect (EPR), also called passive targeting, by which 
nanoparticles preferentially extravasate at angiogenic 
tumor vessels (18); additionally, their size allows them 
to evade renal excretion (8); (iv) they can carry poorly 
soluble drugs (e.g. doxorubicin, Dox, commonly used in 
chemotherapy) in their cores which if administered in 
a free form, (8); (v) the use of ultrasound can destabi-
lize the micelles, allowing the drug to be released, but 
the drug is re-encapsulated when insonation ceases 
(19); (vi) Pluronic® copolymers can sensitize multi-drug 
resistance (MDR) cancer cells to increase the cytotoxic-
ity of several anticancer drugs, including Dox (20); (vii) 
micelles with cross-linked cores can be designed to have 
longer half-lives and stability [e.g. see (21)]; (viii) they 
have a prolonged shelf-life (19).

Despite all these advantages, there are still some chal-
lenges with the use of micelles as DDS, such as their small 
size which limits the amount of drug they can encapsulate 
(22). Increasing the size of the micelles decreases their sta-
bility and promotes aggregation.

Drug delivery systems using micelles can be modified 
to have an increased antitumor efficacy. Several methods 
have been explored to increase the accumulation of the 
micelles at the tumor site, and then trigger the release of 
their contents in a controlled manner. Hence, multifunc-
tional micelles have been designed, being used to achieve 
active and/or triggered targeting (23, 24).

In active targeting, the surface of the nanoparticle is 
modified with a moiety that allows their specific binding 
to receptors overexpressed in cancer cells (25). Hence, 
there is an increased accumulation of the nanoparticles at 
the tumor site and an increased uptake via receptor-medi-
ated endocytosis (26). One of the most widely used ligands 
in active targeting is folic acid. Folic acid is vitamin B9, 
a molecule essential for several processes including cell 
growth and division, hence a folate receptor is highly over-
expressed in several tumor cells, such as in ovarian, brain, 
breast and lung cancer (27–31). Yoo and co-workers (32) 
synthesized Dox-encapsulating poly(D,L-lactic-co-glycolic 
acid) (PLGA) – poly(ethylene glycol) (PEG) micelles con-
jugated to folate, and studied their effect on human KB 
carcinoma cells. Flow cytometry and confocal microscopy 
showed that the cellular uptake of the targeted micelles 
was much higher than that of unconjugated micelles, and 
that the cytotoxicity of these micelles was higher than 
that of free Dox. In vivo studies using a nude mice model 
showed that the systemic administration of these micelles 
significantly regressed tumor growth, due to their accu-
mulation in the tumor tissue. Hayama et al. (33) prepared 
camptothecin-loaded polymeric micelles modified with 
folate moieties and studied the carriers’ uptake by KB cells 
(overexpressing the folate receptor FR+) and in HepG2 
cells (folate-negative control cells FR-), using flow cytom-
etry, fluorescence microscopy and confocal laser scanning 
microscopy. The results showed an increased uptake and 
increased cytotoxicity in the case of KB cells, but not in 
the HepG2 cells.

To further increase the specificity of the chemotherapy, 
it is desirable to control the release of the drug, encapsulated 
in polymeric micelles or other nanoparticles, when these 
reach the tumor site. This is called triggered or actuated 
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Figure 1: Schematic structure of the non-targeted and folate-targeted Pluronic® P105 micelles.
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targeting, and it uses stimuli, such as temperature increase, 
magnetic or electric fields, pH changes, ultrasound expo-
sure, to induce the release of the drug from the nanocarrier 
(9). The use of ultrasound to trigger the drug release from 
polymeric micelles has been widely researched (15, 16, 19, 
34). Husseini et al. (35) used folate-targeted Pluronic® P105 
micelles to study the US-induced release using 70-kHz US 
at several power densities. The results showed that above a 
threshold of 0.55 W/cm2, Dox is released from the micelles, 
and this release increases with increasing power density 
(up to 5.4 W/cm2). Kim et al. (36) also reported a study of 
triggered targeting using pH-sensitive micelles of poly(L-
histidine-co-L-phenylalanine)-b-PEG-folate. Their in vivo 
study used MDR ovarian-tumor (A2780/DoxR)-xenografted 
mouse models and studied the extravasation and drug 
biodistribution as a function of time, using noninvasive 
imaging techniques. Results showed that the drug accumu-
lated in the tumor during the first hour post-injection, that 
the micelles had a longer circulation time, and evidenced 
the intracellular drug delivery. Additionally, the authors 
reported a suppression of the tumor growth in animals 
treated with this micellar formulation.

In this paper, we implemented a previously described 
kinetic model of the Dox release and subsequent re-
encapsulation from polymeric Pluronic® P105 micelles 
(37, 38) in MATLAB (MathWorks, Natick, MA, USA), and 
used it to fit experimental data obtained in vitro. The data 
concerns the application of 70-kHz US, at different power 
densities, to Dox-containing micelles, either non-targeted 
(P105) (37), or folate-targeted (F-P105) (35). This allowed 
the calculation of rate constants related to Dox release 
and re-encapsulation, and the investigation of how these 
change with power density. A comparison between P105 
and F-P105 was also performed, and the results discussed.

Methodology
Model description

The model used in this work was originally used to calculate the 
kinetic parameters associated with the release and re-encapsulation 
phenomena associated with drug delivery systems (DDS), as 
described in (37) and (38). The main concept behind this model is the 
cavitation phenomenon that generates shock waves piercing/shear-
ing the micelles open and releasing the drug (38).

The first paper (38) proposes simultaneous mechanisms for the 
process of drug release, and it assumes the mechanism to be first 
order. The mathematical summary of this physical mechanism is 
given below.
(1)	 The micelles used were Pluronic® P105 with a diameter rang-

ing between 10 and 20 nm. The micelles were divided into five 

groups based on their diameter, with each group containing 
20% of the polymer. The fraction of the total number of micelles 
which were initially in each group (Mj,o) can be calculated using 
equation [1]:

	
,

1

( volume of polymer / volume of one micelle)

( volume of polymer / volume of one micelle)
j

j o n

ii

M
=

=
∑ �

[1]

(2)	 The number of micelles in each group changed with time due to 
two competing mechanisms: (i) the destruction of the micelles 
during insonation, and (ii) their reassembly. The change in the 
number of micelles with time is given by the equation:

	 destruction assembly

j j jdM dM dM
dt dt dt

   
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[2]

(a)	 The rate of micelle destruction is given as follows:

	
,
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[3]

where, kd,j is the rate constant which depends on the size of the 
micelles, with the following proportional relationship with the 
micelle diameter, jD :

	
,
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d j

D
k
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[4]

where α is a non-zero constant during insonation, turning to 
zero when the insonation period was over, and N0 is the initial 
number of cavitating nuclei.
N is the number of cavitating nuclei, and its value is assumed to 
decrease slowly with time because of bubble collapsing which 
happens at all power densities used to collect the release data. 
The rate of this decrease is given by:

	
N

dN k N
dt

=−
�

[5]

If equation [5] is integrated, the resulting solution is:

	 0 exp( )NN N k t= − � [6]

The rate of micelle reassembly is given as follows:

	
,
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j
a j FP
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[7]

ka,j is a rate constant that depends on the size of the formed 
micelles. The formation here depends on the polymer volume, 
so the constant is proportional to the inverse of the diameter 
cubed:

	
, 3( )a j

j

k
D

= β

�
[8]

VFP is the normalized volume concentration. It is obtained by 
dividing the volume of free polymer in the solution, νFP by the 
volume of the solution, νsol; then normalizing this value by the 
concentration that would occur if the polymeric chains were 
freely available in the solution νtot,o/νsol:

	
sol

tot , sol sol

/
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v v v
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The volume of free polymer νFP is equal to the initial total volume 
of polymer in the solution minus the volume of polymer in all 
the micelles at a certain time, then:

	

tot

tot ,

1FP
o

v
V

v
= −

�
[10]

To relate the total volume to the volumes of all micellar groups:
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Since Mj,o is the initial fraction of micelles in group j, which 
equals 1/n, hence:
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(3)	 The amount of drug encapsulated changes with time due to 
two mechanisms: the first is the release of the drug into solu-
tion, after the destruction of micelles, while the second is the 
re-encapsulation of the drug inside the micelles:

	 destruction encapsulation

j j jdE dE dE
dt dt dt

   
= +   

   
�

[13]

(a)	 The rate of drug release is related to the destruction of 
micelles. The drug concentration is assumed to be the aver-
age of the drug concentration within its corresponding 
group, Ej/Mj:
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	 Using Eq. [3]:
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(b)	 After micellar reassembly, the free drug is re-encapsulated. 
The amount of free drug, F, depends on the capacity of 
the newly formed micelles. This capacity is the difference 
between saturation (if the whole capacity is filled) and the 
actual amount,

	

sat
,

encapsulation

( )j
e j j j
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[16]

where Ke,j is a rate constant which depends on the ratio of 
the surface area to the volume, so it is inversely propor-
tional to the micellar mean diameter:
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[17]

The saturation concentration of the drug that can be 
encapsulated inside the micelles depends on the number 
of micelles in each group, the volume of each micelle and 
the amount of drug that can be stored per unit volume, 

sat
Doxρ :

	

sat 3 sat
Dox6j j jE M Dπ
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�

[18]

sat
Doxρ  can be considered as the total amount of drug that 

can be encapsulated in an initial total volume within the 
micelles:
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tot ,sat 3

tot ,6
o

j j j
o

E
E M D

v
π=

�
[19]

The total initial volume νtot,o can be related to the sum of the 
initial volumes of all micellar groups:
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The total amount of the drug is the sum of the free fraction 
and the encapsulated fraction, hence the free amount of 
the drug in the solution, F, is:

	 1F E= − � [21]

The amount of encapsulated drug, E is the sum of the 
fraction of encapsulated drug in each group:

	 1

n

jj
E E

=
=∑

�
[22]

In (37), a simplification of the encapsulation model (Eq. [16]) 
was described. It was assumed that the saturation amount of drug, 

sat
jE  is very large compared with the encapsulated drug amount in 

group j, Ej. So it was assumed that Ej is negligible, and equation [16] 
was simplified to:
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j
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[23]

Then by substituting all the terms from the previous equations, 
we obtained:
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The three constants sat
tot ,, , on Eγ  can be incorporated in one sin-

gle term; the encapsulation parameter, λ:
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[25]

The model was implemented in MATLAB and used to calculate 
all the parameters related to release, re-encapsulation and reassem-
bly, namely α, kn, β and λ. These four kinetic parameters were com-
pared for the acoustic release of Dox from folated versus non-folated 
micelles. The results obtained were also used to determine if these 
kinetic rates are a function of power intensity.

Experimental data collection

The experimental data used for the modeling process described in this 
work were obtained by Husseini et al., for folated micelles (35) and non-
targeted micelles (37). In both cases, the micelles used were Pluronic® 
P105 encapsulating Dox. Ultrasonication was performed at 70 kHz, 
using a sonicator bath (Sonicor 100, Copiague, NY, USA) at 37°C.

The P105 micelles were prepared by dissolving Pluronic® P105 
(BASF Corporation, Mount Olive, NJ, USA) in phosphate buffered 
saline, while the folate (Sigma-Aldrich, St. Louis, MO, USA) moiety 
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was attached as described in (35). Dox (obtained in a 1:5 mixture with 
lactose from Pharmacia & Upjohn Company, Kalamazoo, MI, USA) 
was encapsulated in the micelles by mixing at room temperature, to 
a final concentration of 10 μg/mL.

A custom ultrasonication chamber was designed by the same 
group (39) to measure the fluorescence changes caused by the Dox 
release in the presence of US. The micellar samples were inserted in 
cuvettes and the fluorescence emissions were measured upon excita-
tion at 488 nm. As Dox exhibits a large decrease in fluorescence when 
transferred from the micelle hydrophobic core to the aqueous buffer 
solution (phosphate buffered saline, PBS), the release can be followed 
by monitoring this decrease in the presence of US. For this purpose, the 
sonication chamber was attached to a fluorescence detector that con-
tinuously monitored the fluorescence level of the sample. Before soni-
cation, the fluorescence level was measured for a 10 s period, which 
corresponds to a 100% encapsulation level (IP105). At the 10  s mark, 
the US was turned on leading to the release of some of the encapsu-
lated drug. The fluorescence level at this instant (IUS) was  < 100% – our 
experimental set-up was measuring the percentage of encapsulated 
drug. After 10 s of insonation, the US was turned off and the fluores-
cence level was monitored for another 10 s, leading to a total measure-
ment time of 30 s. The measurements of the fluorescence level were 
collected using a computer software that controlled the detector. The 
fraction of encapsulated Dox, E, was calculated using Eq. [26]:

	

US PBS

P105 PBS

I I
E

I I
−

=
−

�
[26]

where IPBS is the baseline fluorescence of Dox in PBS, in the absence 
of micelles (corresponds to 100% release).

Data Analysis

Data denoising and preparation: The first step in data analysis was 
the pre-processing of the raw experimental data, as it contains high 
levels of noise. The data were pre-processed as follows:

Data overlaying
As the US was manually turned on and off, the experimental results 
needed to be superimposed to make the on and off time points 
coincide. This was done by excluding some of the initial data col-
lected before the US was turned on. Afterwards a 5-point average was 
applied in order to reduce the noise. The wavelet denoising algorithm 
and the 5-point moving average were used to smooth the data and get 
a reasonable fit to our model.

Data Denoising
The noise was reduced using the wave menu property in the MATLAB 
software. This property is based on the wavelet concept which is 
robust in denoising data. In MATLAB software, the command wav-
menu opens a GUI that allows the user to perform dynamic denois-
ing by changing the parameters manually while observing the output 
continuously. This procedure was repeated for all runs. The graph 
was then divided into two parts: the release and the re-encapsulation 
parts, as shown in Figure 2.

Data modeling using the MATLAB designed program: The model 
described previously is the basis of this study, and data modeling 

1.04A

B

1.00

0.96

0.92

Fr
ac

tio
n 

of
 e

nc
ap

su
la

te
d 

dr
ug

0.88

0.84
3.5 5.5 7.5 9.5

Time, s
11.5 13.5 15.5

1.04

1.00

0.96

0.92

Fr
ac

tio
n 

of
 e

nc
ap

su
la

te
d 

dr
ug

0.88

0.84
14.5 16.5 18.5

Time, s
20.5 22.5 24.5

Figure 2: Averaging of the data (black bold lines) showing the 
temporal release for one of the micelle samples. (A) Release part, 
(B) re-encapsulation part. The figure shows nine replicates of a 
F-P105 sample, as an example.

was used to calculate the kinetic parameters involved in the acous-
tically activated release of Dox from Pluronic® micelles and subse-
quent re-encapsulation. The steps for the work were as follows:
(a)	 The model equations were rearranged as the two following 

equations:
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In these equations, there are four parameters α, β, λ and kN that 
need to be determined. The parameter kN, which is related to the 
number of cavitating nuclei, is assumed to be zero in the data 
collected. This parameter is calculated from the upward slope 
of the partial recovery phase. In the data used, the recovery 
phase is almost linear, hence kN was assumed to be negligible. 
The other three parameters have to be determined simultane-
ously, as described above. The modeling process at hand can-
not be done analytically, as there are two equations with three 
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unknowns, so numerical methods were used to represent the 
kinetics of the system.

(b)	 In order to determine these parameters numerically, the MATLAB 
program was designed, based on the least squares method. The 
code contains two files: the function file, and the script file. In 
the function file, the main equations used were defined along 
with their derivatives and the output was returned to the script 
file to be used in the least squares equation. The derivatives of 
these equations were calculated numerically using the finite dif-
ference forward formulas and a time step of 0.02 s. As an exam-
ple, the derivatives dM and dE were found as follows:

	

( 1) ( )
( )

j i j i
j i

M M
dM

dt
+ −

=
�

[29]

	

( 1) ( )
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j i j i
j i

E E
dE

dt
+ −
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�

[30]

The least squares method compares experimental data with the 
given model, and provides the best fit. The experimental data 
for our work are the percentage of drug release (E) for two differ-
ent micelles, folated micelles (F-P105) and non-folated micelles 
(P105). The initial values for the drug amount (Ej) were assumed 
to be the same for the five proposed groups of micelles: 0.2 for 
each group. The initial values for the model parameters reported 
by Stevenson-Abouelnasr et al. (38).
In the function file, the two main equations described earlier 
were adapted for each of the five groups of micelles, i.e. ten 
equations were entered, five for (M) and five for (E). The least 
squares method code was used with given upper and lower lim-
its within which the result should fall.

(c)	 The code was then executed using the data collected at the 
moment the US was turned on, until the point after the partial 
recovery phase such that the entire release profile was consid-
ered, as shown in Figure 3.

(d)	 After exporting the data, the start and end points, as well as 
entering the data length for every run, the code was executed. 
The resultant plot compares the fraction encapsulated vs. time 
of the experimental data with the kinetic model described 
above, and generates the values for the parameters. An example 
of the results is shown in Figure 4.
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Figure 3: Start and stop points for the modeling. The figure shows 
the phases of the curve used for the determination of the three 
model parameters α, β and λ.
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Figure 4: Example of a modeling result using the MATLAB program.

Statistical analysis: The Tukey method is a statistical multiple com-
parison test used to determine if individual means are significantly 
different from a set of means (40). The test makes use of the aver-
age of each set of data, calculates the difference between any pair 
of these averages, and compares it to the standard error. If the dif-
ference is less than the standard error, the means are assumed to 
have no statistically significant difference; otherwise, the means are 
considered statistically significantly different. For unequal sample 
sizes, a modification of this method, introduced by Clyde Kramer in 
1956 (41), can be used, and the test is referred to as the Tukey-Kramer 
test. In this work, the Tukey-Kramer test (with 95% confidence) was 
performed for the means of every parameter obtained for every power 
density studied, to investigate if the results were significant (i.e. if α, 
β, and λ significantly changed with increasing power densities).

To assess the significance of the differences between folated and 
non-folated micelles, for α, β, and λ, a t-test was performed, using a 
cutoff value of p < 0.05.

Results and discussion
Modeling studies are extremely important in a research 
strategy. Models integrate and interpret data, and allow 
in silico predictions, guiding the design of new wet lab 
experiments.

In this study, experimental data concerning the kinet-
ics of Dox release and re-encapsulation in folate-targeted 
(35) and non-targeted (37) P105 polymeric micelles, were 
used to study four parameters related to this process. As 
one of them, kN, was assumed to be zero, the other three 
were estimated by a regression model. We then studied 
how each changed with increasing US power densities 
(Figures 5–7, Tables 1–6), followed by a comparison of 
the results obtained for targeted and untargeted micelles 
(Figures 5–7, Table 7). The power density used in the 
experiments was changed by varying the voltage input of 
the US transducer. Then the voltage values were converted 
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Figure 5: The relation between the parameter α and the ultrasound 
power density, for folated and non-folated P105 micelles.
Alpha is a measure of the micellar destruction induced by ultra-
sound. *Power densities for which αP105 is significantly higher 
(p < 0.05) than αF-P105; **Power densities for which αP105 is signifi-
cantly lower (p < 0.05) than αF-P105.
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Beta is related to the micellar re-assembly rate. *Power densities 
for which βP105 is significantly higher (p < 0.05) than βF-P105; **power 
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Figure 7: The relation between the parameter λ and the ultrasound 
power density, for folated and non-folated P105 micelles.
Lambda is related to the drug re-encapsulation when ultrasonica-
tion ceases. *Power densities for which λP105 is significantly higher 
(p < 0.05) than λF-P105.

to power densities, as shown in Table S1 (Supplementary 
Data). Studying the variability in release between power 
densities and between the targeted and non-targeted 
micelles offers the information needed to optimize an 
ultrasound induced micellar DDS in future in vivo studies.

To investigate if α, β, and λ significantly change with 
increasing power densities, the Tukey-Kramer test (with 
95% confidence) was performed for the means of every 
parameter obtained at each power density. The results are 
summarized in Tables 1–6. The upper part of these tables 
indicates the minimum significant difference (standard 
error), while the bottom part shows the results for the 

actual difference between each set of data. Significantly 
different results are shown in bold. To investigate if the 
results are significantly different for targeted vs. non- 
targeted micelles a t-test was performed and the results 
are presented in Table 7.

Alpha (α)

Alpha is a destruction parameter which represents how 
micelles are quickly destroyed upon insonation (38). 
Based on the equation of micelles ( dM

dt
), as α increases, 

the amount of micelles (M) decreases, proving the concept 
that after insonation starts, micelles are rapidly destroyed 
due to cavitation. Alpha depends on temperature, the 
diameter of the micelles and increases with increasing 
power densities, as reported by Husseini et  al. (37) for 
non-targeted P105 micelles.

The results obtained for α, for both folated and 
non-folated micelles, are presented in Table S2 (Supple-
mentary Data), and were plotted in the graph shown in 
Figure  5, where results are the average±standard devia-
tion of the replicate number indicated in Table S1 (Supple-
mentary data). For both types of micelles, a clear positive 
relationship exists between α and the power density. The 
Tukey-Kramer test results show that only about 50% of the 
data are significant, emphasizing that the significant dif-
ferences are between the lowest ( < 2 W/cm2) and highest 
( > 2 W/cm2) power densities (Tables 1 and 2). The release is 
assumed to be the result of cavitation, however, at higher 
power densities, other parameters such as the local/
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Table 1: Tukey-Kramer test results for the parameter α in F-P105 micelles.

Power density, 
W/cm2

  1.009   1.062   1.030   1.267   2.183   2.389   2.546   3.540   5.013   5.432   5.914

1.009   –   0.0153   0.0169   0.0221   0.0191   0.0169   0.0175   0.0175   0.0182   0.0169   0.0247
1.062   0.0089   –   0.0166   0.0219   0.0189   0.0166   0.0172   0.0172   0.0179   0.0166   0.0245
1.030   0.0105   0.0016   –   0.0230   0.0202   0.0180   0.0186   0.0186   0.0193   0.0180   0.0255
1.267   0.0088   0.0177   0.0193   –   0.0247   0.0230   0.0234   0.0234   0.0240   0.0230   0.0292
2.183   0.0165   0.0254   0.0271   0.0077   –   0.0202   0.0207   0.0207   0.0213   0.0202   0.0271
2.389   0.0262   0.0351   0.0368   0.0174   0.0097   –   0.0186   0.0186   0.0193   0.0180   0.0255
2.546   0.0270   0.0359   0.0375   0.0182   0.0105   0.0008   –   0.0191   0.0198   0.0186   0.0259
3.540   0.0373   0.0462   0.0479   0.0285   0.0208   0.0111   0.0103   –   0.0198   0.0186   0.0259
5.013   0.0376   0.0465   0.0482   0.0289   0.0211   0.0114   0.0106   0.0003   –   0.0193   0.0264
5.432   0.0405   0.0494   0.0511   0.0317   0.0240   0.0143   0.0135   0.0032   0.0029   –   0.0255
5.914   0.0425   0.0514   0.0531   0.0337   0.0260   0.0163   0.0155   0.0052   0.0049   0.0020   –

Table 2: Tukey-Kramer test results for the parameter α in non-targeted P105 micelles.

Power density, 
W/cm2

  1.030   1.267   2.183   2.389   2.546   3.540   5.013   5.432   5.914

1.030   –   0.01472   0.01472   0.01472   0.01472   0.01472   0.01544   0.01472   0.01472
1.267   0.01916   –   0.01472   0.01472   0.01472   0.01472   0.01544   0.01472   0.01472
2.183   0.02021   0.00105   –   0.01472   0.01472   0.01472   0.01544   0.01472   0.01472
2.389   0.01021   0.00896   0.01001   –   0.01472   0.01472   0.01544   0.01472   0.01472
2.546   0.00340   0.02256   0.02361   0.01361   –   0.01472   0.01544   0.01472   0.01472
3.540   0.00472   0.02389   0.02494   0.01493   0.00132   –   0.01544   0.01472   0.01472
5.013   0.01126   0.03042   0.03147   0.02147   0.00786   0.00654   –   0.01544   0.01544
5.432   0.01485   0.03401   0.03506   0.02505   0.01145   0.01012   0.00359   –   0.01472
5.914   0.01282   0.03198   0.03303   0.02303   0.00942   0.00810   0.00156   0.00203   –

Table 3: Tukey-Kramer test results for the parameter β in F-P105 micelles.

Power density, 
W/cm2

  1.009   1.062   1.030   1.267   2.183   2.389   2.546   3.540   5.013   5.432   5.914

1.009   –   1058   1165.5   1526   1321.5   1165.5   1206.4   1206.4   1257   1165.5   1706.1
1.062   503.4   –   1146.1   1511   1304.5   1146.1   1187.7   1187.7   1239.1   1146.1   1692.9
1.030   477.6   981   –   1588   1393   1245.9   1284.3   1284.3   1331.9   1245.9   1762
1.267   926.8   1430.2   449.2   –   1706.1   1588.2   1618.5   1618.5   1656.6   1588.2   2018.6
2.183   1045.4   1548.8   567.8   118.6   –   1393   1427.4   1427.4   1470.4   1393   1868.9
2.389   2260.9   2764.3   1783.2   1334   1215.5   –   1284.3   1284.3   1331.9   1245.9   1762
2.546   2666.3   3170   2188.7   1740   1620.9   405.5   –   1321.5   1367.9   1284.3   1789.3
3.540   2444.1   2947.5   1966.5   1517   1398.7   183.26   222.22   –   1367.9   1284.3   1789.3
5.013   2521.3   3024.7   2043.7   1595   1475.9   260.44   145.04   77.18   –   1331.9   1823.8
5.432   2575.6   3079   2098   1649   1530.2   314.76   90.72   131.5   54.32   –   1762
5.914   2886.7   3390   2409   1960   1841.2   625.8   220.31   442.5   365.4   311.03   –

micro-temperature might contribute to the release behav-
ior, affecting the destruction parameter.

Figure 5 also shows that for power densities lower 
than 2 W/cm2, α seems to be higher for P105 micelles, while 
for higher power densities the opposite pattern can be 
observed. A statistical analysis of the results revealed that 
the only significant differences are obtained for the lowest 
power density (1.03 W/cm2), with α being significantly 

higher (p = 0.03) for non-targeted P105 micelles. For the 
highest power density (5.914 W/cm2), on the contrary, α 
is significantly lower (p = 4.42 × 10−4) for F-P105 micelles, 
but this result must be considered carefully, as previously 
mentioned. At lower power densities, the presence of the 
folic acid moiety seems to for high power densities, when 
temperature may be a factor in the release mechanism, the 
presence of folic acid does not seem to play a role.
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Table 4: Tukey-Kramer test results for the parameter β in non-targeted P105 micelles.

Power density, 
W/cm2

  1.030   1.267   2.183   2.389   2.546   3.540   5.013   5.432   5.914

1.030   –   1609.39   1609.39   1609.39   1609.39   1609.39   1687.94   1609.39   1609.39
1.267   1134.4   –   1609.39   1609.39   1609.39   1609.39   1687.94   1609.39   1609.39
2.183   890.7   243.69   –   1609.39   1609.39   1609.39   1687.94   1609.39   1609.39
2.389   222.48   1356.8   1113.2   –   1609.39   1609.39   1687.94   1609.39   1609.39
2.546   265.39   869   625.3   487.9   –   1609.39   1687.94   1609.39   1609.39
3.540   309.15   1443.5   1199.8   86.66   574.5   –   1687.94   1609.39   1609.39
5.013   982.4   2116.8   1873.1   760   1247.8   673.3   –   1687.94   1687.94
5.432   1452.6   2586.9   2343.3   1230.1   1718   1143.4   470.1   –   1609.39
5.914   1323.4   2457.8   2214.1   1100.9   1588.8   1014.3   341   129.15   –

Table 5: Tukey-Kramer test results for the parameter λ in F-P105 micelles.

Power density, 
W/cm2

  1.009   1.062   1.030   1.267   2.183   2.389   2.546   3.540   5.013   5.432   5.914

1.009   –   228.85   252.08   330.05   285.83   252.08   260.93   260.93   271.88   252.08   369.01
1.062   146.46   –   247.89   326.86   282.14   247.89   256.88   256.88   268.00   247.89   366.16
1.030   314.53   168.08   –   343.52   301.29   269.48   277.78   277.78   288.09   269.48   381.11
1.267   31.51   114.95   283.03   –   369.01   343.53   350.07   350.07   358.31   343.53   436.61
2.183   80.07   226.53   394.60   111.58   –   301.29   308.73   308.73   318.04   301.29   404.23
2.389   93.96   240.41   408.50   125.46   13.88   –   277.78   277.78   288.09   269.48   381.11
2.546   31.29   177.75   345.80   62.80   48.78   62.67   –   285.83   295.86   277.78   387.02
3.540   150.38   296.84   464.90   181.89   70.31   56.43   119.09   –   295.86   277.78   387.02
5.013   26.99   173.44   341.50   58.49   53.08   66.97   4.30   123.40   –   288.09   394.48
5.432   85.62   232.08   400.20   117.13   5.55   8.34   54.33   64.76   58.63   –   381.11
5.914   123.92   270.38   438.50   155.43   43.85   29.96   92.63   26.46   96.93   38.30   –

Table 6: Tukey-Kramer test results for the parameter λ in non-targeted P105 micelles.

Power density, 
W/cm2

  1.030   1.267   2.183   2.389   2.546   3.540   5.013   5.432   5.914

1.030   –   284.56   284.56   284.56   284.56   284.56   298.45   284.56   284.56
1.267   176.99   –   284.56   284.56   284.56   284.56   298.45   284.56   284.56
2.183   282.40   105.40   –   284.56   284.56   284.56   298.45   284.56   284.56
2.389   159.75   17.25   122.65   –   284.56   284.56   298.45   284.56   284.56
2.546   9.78   186.77   292.18   169.53   –   284.56   298.45   284.56   284.56
3.540   11.79   188.79   294.19   171.54   2.01   –   298.45   284.56   284.56
5.013   16.12   160.88   266.28   143.63   25.90   27.91   –   298.45   298.45
5.432   89.67   87.32   192.72   70.07   99.45   101.47   73.56   –   284.56
5.914   346.80   169.81   64.41   187.06   356.60   358.60   330.70   257.13   –

Beta (β)

Beta is another temperature-dependent parameter, which 
is related to micelle reassembly (37). The model equations 
indicate that any increase in this parameter translates to 
an increase in the number of micelles (M) with time. This 
can be explained as follows: since most of the micelles 
are destroyed rapidly, the reassembly process increases 

proportionally. Furthermore, micelle destruction and re-
assembly happen simultaneously during insonation, until 
a pseudo-equilibrium is reached, when the number of 
micelles remains relatively constant over time (38).

The results obtained for the second parameter, β are 
shown in Table S2 (Supplementary Data) and in Figure 6, 
where the results are the average±standard deviation of 
the replicates indicated in Table S1 in the Appendix. The 
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Table 7: Comparison between parameters α, β and λ for P105 and 
F-P105 micelles. 

Power density, 
W/cm2

  α, μm–1s–1   β, μm3s–1   λ, μms–1

1.03   0.0295   0.4395   0.0109
1.267   0.0796   0.7154   0.0198
2.183   0.6473   0.0147   0.9606
2.389   0.4486   0.0173   0.6262

2.546   0.3383   0.3934   0.7488
3.54   0.9217   0.7850   0.3447
5.013   0.3895   0.5314   0.6167
5.432   0.2616   0.6008   0.7381

5.914   0.0004   0.0020   0.1161

The results are p-values obtained from a t-test. Significant results 
are shaded in gray (P105 > F-P105) and blue (P105 < F-P105).

results show a pattern of increase with increasing power 
density for this parameter, similar to the case of α. Since 
at lower power densities there are fewer cavitation events, 
there will be less microstreaming and lower incidences of 
shock waves, hence the amount of micelles destroyed is 
lower compared with that at higher power densities. Thus, 
re-assembly at lower intensities will also be lower. For tar-
geted F-P105 micelles, the Tukey-Kramer test results are 
similar to the ones obtained for the α parameter, i.e. the 
differences observed between high and low power densi-
ties are significant (Table 3). This behavior is not as evident 
for P105 micelles, where β is only significantly higher for 
power densities equal or above 5.013 W/cm2 (Table 4).

A comparison between F-P105 and P105 micelles 
revealed that β is significantly higher for non-targeted 
micelles at power densities of 2.183 W/cm2 (p = 0.015) and 
2.389 W/cm2 (p = 0.017). Just like in the case of α, the β 
value at 5.914 W/cm2 is significantly lower (p = 2.05 × 10−3) 
for F-P105 micelles Again, for the reasons mentioned pre-
viously, this result must be considered carefully.

Lambda (λ)

Lambda is the drug encapsulation parameter, which is 
related to the rapid initial phase after insonation starts. 
This parameter is also temperature-dependent, and 
describes how quickly this initial phase of release ends, 
meaning that a long initial phase indicates a small value 
of λ and vice versa (37).

The results obtained for the third parameter (λ) are 
summarized in Table S2 (Supplementary Data) and in 
Figure 7, which shows results as average±standard devia-
tion of the replicates indicated in Table S1 in Supplemen-
tary Data. The results do not show a clear pattern of λ with 

increasing power densities (Figure 7). Instead, λ values 
seem to fluctuate, probably indicating that this parameter 
is constant, for the power density range used in this study. 
The statistical analysis shown in Tables 5 and 6 confirm 
this observation: the values are not significantly different, 
except for a power density of 1.030 W/cm2, when λ is sig-
nificantly lower than any other power density, for F-P105 
micelles. However, this result seems to be an outlier, since 
at the lower power densities (1.009, 1.062 and 1.030 W/cm2) 
the values of λ are constant and higher than the one at 
1.030 W/cm2, as are the values obtained at power densi-
ties equal or higher than 2.183 W/cm2. Hence, for the range 
of power densities used in this study, λ does not seem to 
be correlated to the power density. The encapsulation rate 
depends on two mechanisms, encapsulation and diffusive 
rate (37), related to the fact that as micelles dissociate, 
their polymers possibly diffuse away. It was hypothesized 
that the higher the ultrasonic intensity, the higher the 
scatter of the polymers of the destroyed micelles (38). 
Thus, we would expect that, at higher power densities, 
the re-encapsulation process should take a longer period, 
with decreasing λ values.

The comparison between F-P105 and non-targeted 
P105 micelles shows that λ is significantly higher for P105, 
for the two lower power densities, 1.03 W/cm2 (p = 0.011) 
and 1.267 W/cm2 (p = 0.02). It is interesting to note that α 
is also significantly higher for P105, at the lowest power 
density, i.e. 1.03 W/cm2. If micelles are quickly destroyed, 
then the end of the rapid phase will also be faster, with 
higher λ. This result suggests that non-targeted micelles 
are more sensitive to 70-kHz US, possibly due to a sta-
bilizing role of the folate moiety, which may associate 
with more than one polymeric chain, thus strengthening 
the physical structure of the micelles. However, this was 
observed for the lower power density only. Studies with a 
range of lower power densities, up to 2 W/cm2, would help 
test this hypothesis.

Conclusion
In this work, a DDS composed of Dox-encapsulating Plu-
ronic® micelles (non-targeted or folate-targeted) as drug 
carriers and US as a trigger, was used to investigate the 
kinetics of acoustic release and subsequent re-encapsula-
tion, when the insonation stops. For this purpose, a kinetic 
model (37, 38) was implemented in MATLAB and used to 
calculate three parameters related to the mechanism, 
α, β and λ. These parameters were studied as a function 
of power density for the two types of micelles, and the 
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statistical significance of the results was assessed using the 
Tukey-Kramer statistical test. Parameter α, which quanti-
fies the rate of micellar destruction, and β, which meas-
ures the micelles’ reassembly rate, were found to generally 
increase with increasing power densities. The parameter 
λ, which is related to the re-encapsulation of the drug in 
the micelles, did not change significantly with increasing 
power density, which suggests that the re-encapsulation is 
independent of the power densities used in this study.

A comparison between the results of folated and non-
folated micelles was also conducted to examine the differ-
ence between both carriers. This comparison is critical as 
it signifies the difference in release behavior between two 
carriers that have the potential to be employed as DDS in 
vivo (32, 36, 42, 43). At lower power densities the param-
eters α and β for non-targeted micelles are significantly 
higher than for F-P105. This may indicate that the folated 
micelles are more stable than the non-targeted ones, for the 
reasons discussed previously. For power densities higher 
than 2.5 W/cm2, there are no significant differences for any 
parameter, between F-P105 and P105. Possibly at these 
power densities, folate does not play a part in the structure 
stabilization. At the highest power density (5.914  W/cm2) 
α and β are significantly higher for F-P105, but this result 
should be considered carefully since at this power density, 
other mechanisms such as hyperthermia and a change in 
micro viscosity may influence the drug release.

The modeling results obtained here are important in 
planning future experiments that may help understand 
the physical mechanism behind acoustically-triggered 
micellar drug delivery.

The fact that there are significant differences in the 
parameters obtained for folated and non-folated micelles at 
lower power densities, while no significant differences were 
observed for higher ones, suggest that further studies should 
use a lower range of power densities (up to 2.5  W/cm2). 
Additionally, a larger number of replicates will increase the 
model robustness. Also to further refine this kinetic model, 
it will be important to automatically control several experi-
mental parameters, such as the turning on and off of the 
US. The denoising process can also be improved using more 
accurate and specialized software, such as an automated 
wavelet processing software or other optimization methods. 
Furthermore, different models and optimization techniques 
(e.g. the Gauss-Newton method and Gradient descent algo-
rithm) can be used and compared to the one described here, 
in order to achieve more accurate results. An optimized 
model will allow a better understanding of the mecha-
nisms behind this DDS, which will contribute for the study 
and optimization of parameters used when the therapy is 
employed in a clinical setting.
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