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Ultrafine bubbles with ultrasound stimuli have recently gained immense attention in developing drug
delivery systems. However, research into their construction, stability and the factors influencing this
aspect was conducted at the infant stage. This study aimed to utilize silk fibroin (a biocompatible protein
extracted from Bombyx mori silkworm) in conjugation with polyethylene glycol 400 to stabilize the
ultrafine bubble drug loading and releasing system. Light scattering laser imaging was used to examine
the effects of SF and PEG on system stability. In addition, fluorescence laser imaging and optical
absorbance measurements were performed to assess the role of these additives in the drug
encapsulation and release process. Results confirmed the bubble stability was enhanced by the
introduction of SF and PEG into the drug-carrier system. This study demonstrated that the proposed
drug-transportation system possessed an encapsulation capacity of more than 80% and a substantial
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Introduction

Drug delivery systems are methods or technologies designed to
efficiently introduce drugs into the human body.* Conventional
drug delivery systems using powder, capsules, tablets, etc.,
however, have been criticized for their incapability to penetrate
small blood vessels as well as the lack of release control.” These
issues are primarily due to the intrinsic non-polar nature of
most pharmaceutical compounds, resulting in their poor solu-
bility in water, the main component of the bloodstream.* In
addition, these drug-carrying vehicles are considerably large to
pass through the narrow blood capillaries or overcome the
immune system.* Consequently, these systems frequently suffer
from low absorption and poor bioavailability.> Moreover,
traditional delivery forms tend to release drugs in uncontrolled
bursts with a high initial concentration that rapidly declines in
the bloodstream, resulting in the inability to achieve the target
release.® With recent advancements in nanotechnology, smart
nanocarriers can overcome these challenges. These carriers are
small in size and equipped with a stimuli-responsive mecha-
nism, in which medicine molecules can be released to biolog-
ical sites in response to either internal or external stimuli (e.g.,
pH, optical, electrical, mechanical, and thermal)* External
stimuli techniques have gained more attention since they can
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released drug content of up to 50% after the application of ultrasonic radiation.

be performed non-invasively and allow easier spatiotemporal
manipulations of the releasing process.” Among these methods,
ultrasound (US) has been widely used due to its non-invasive
properties and its ability to simultaneously monitor images
during the US application.?®

Ultrasound refers to sound waves with a frequency greater
than 20 kHz. All sound waves require a medium containing
matters (in solid, liquid or gaseous phases) to propagate,'® as
particles within these media undergo a compression phase
(high air pressure or density) and rarefaction phase (low air
pressure or density) repetitively, creating a pressure wave.'* Due
to this nature, ultrasound can produce a series of thermal and
mechanical bioeffects, in which the creation of cavitation is
emphasized with the help of gas systems.” Cavitation occurs
when vibration and oscillation are applied to air bubbles by an
ultrasonic field. With low-density air filled inside the core,
bubbles can expand and contract, corresponding to the
compression and rarefaction phase changes of ultrasound.
The cavitation property of US and air bubbles was first har-
nessed in developing ultrasound contrast agents (UCAs) for
diagnostics. Ultrasound contrast agents are small gas systems
such as ultrafine bubbles (UFBs) and microbubbles (MBs).*
Microbubbles typically range in size from 1 to 10 pm, whereas
ultrafine bubbles are smaller than 1 pym.* MBs and UFBs were
investigated to enhance the resolution of image generation via
non-continuous (pulsed) ultrasound. The oscillation of the gas
bubbles returns a secondary wave signal alongside the primary
reflected ultrasound signal.’® Stimuli-responsive drug release
from ultrasound has also been developed from a similar
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cavitation mechanism. Microbubbles and ultrafine bubbles
decorated with additives (e.g., proteins, polymers, or monolayer
lipids) can encapsulate hydrophobic drugs at their air/water
interface.”®™" When the gas core oscillates in response to the
compression-rarefaction phase change, two types of cavitation
can be produced: non-inertial and inertial.”® Non-inertial cavi-
tation exerts a repetitive oscillation on bubbles, thus gradually
expanding the additive cover to release the pharmaceutical
payload without rupturing the gas pockets (Fig. 1a)."> On the
other hand, inertial cavitation causes bubbles to increase in size
beyond their elastic threshold and eventually collapse. The
complete destruction can release all inner contents simulta-
neously, along with undesirable effects such as microjets or
heat shocks (Fig. 1b)."”” These events can be controlled by
selecting appropriate ultrasound waves. US beams with high-
pressure amplitude and large mechanical index (an indication
for the ability to cause cavitation effects) are known to produce
inertial phenomena, whereas weaker ultrasound waves
primarily cause non-inertial cavitation.*

For drug delivery systems, the gas systems used in
conjunction with ultrasonic waves include both microbubbles
and ultrafine bubbles. Between these, ultrafine bubbles have
recently attracted ~more attention in  therapeutic
applications.”*?® Compared with microbubbles, UFBs have
a diameter of less than 1 um, a more comparable size to effec-
tively interact with biological cells. Consequently, these bubbles
can travel in microvessels that are less than 20 um *” in diam-
eter, thereby enhancing target drug delivery.?® Additionally, the
nanometer-scale dimensions of UFBs provide a larger surface
area with more surface-active centers, thereby improving the
drug-loading efficiency.®
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Fig. 1 Ultrasound-mediated drug release mechanism in gas bubble
systems. (@) Non-inertial cavitation under low-pressure amplitude
sound wave. (b) Inertial cavitation under high-pressure amplitude
sound wave.
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An emerging concern regarding the use of UFBs in drug
transportation is their stability in bulk solutions. Calculations
have indicated that for sizes ranging from 10 to 100 nm, gas
diffusion in and out of air pockets occurs rapidly; thus, ultrafine
bubbles can only exist in nanoseconds.” This transient exis-
tence raises questions about their reliability as a component in
drug-delivery systems.>*

One of the most common ways to enhance the lifetime of
UFBs is to apply a monolayer surfactant coating on their gas/
water interface to limit the mass transfer between the two
phases. Surfactants, which can reduce the surface tension
between two phases, are diverse in size and charge.** Compared
with low molecular weight surfactants, proteins are considered
better bubble stabilizers because of their thicker adsorbed layer,
which lessens gas diffusion. This study investigated the effect of
SF on stabilizing bubbles within drug delivery systems.?>* Silk
fibroin (SF), a protein secreted from Bombyx mori silkworm,
consists of heavy and light chains. The heavy chain contains 12
repetitive domains of GAGAGAGS (with G as glycine, S as serine,
and A as alanine), forming a hydrophobic B-sheet crystallite.>***
On the other hand, its light chain is more hydrophilic due to its
more non-repetitive charged and uncharged amino acid
composition. Generally, proteins in bulk solution first dewet
some hydrophobic side chains to adhere to the air-water
interface. Its native structure can be subsequently unfolded,
allowing the interior nonpolar core to be exposed to air while
maintaining hydrophilic chains at the aqueous side of the
interface.** Because of this sticking mechanism, silk fibroins
reassemble into a rigid, branched structure to lower the surface
tension and stabilize polar-nonpolar interfaces such as bubble
surfaces, prolonging the bubble life.*”*® Beyond the substantial
stabilizing role, silk fibroin has been proven to be biocompat-
ible, environmentally stable, biodegradable, and low-
immunogenic, therefore, suitable for the introduction into
a biological matrix.*® In addition to surfactants, a low electrolyte
concentration, typically the physiological salt level in blood, has
been found to enhance UFB stability by forming an ionic shield
to prevent bubbles from coalescence.*® Therefore, in this study,
a solution with sodium chloride at physiological concentration
and SF was prepared to promote both stabilizing effects.*"**
Another water-soluble and non-toxic additive, polyethylene
glycol-400 (PEG-400), can also be introduced to preserve protein
integrity and prevent its denaturation from any undesirable
physical condition.**** Along with being a protein stabilizer,
PEG-400 can act as a cosurfactant. PEG-400 is expected to
spread a stable film at the air-water or oil-water interface as its
fairly hydrophobic -CH,-O-CH,- group can stick to the
nonpolar air side. The aligned PEG chains on the interface can
disturb the hydrogen network and reduce surface tension.*
This property facilitates the emulsification of drugs to enhance
the loading efficiency of oral, nasal, and intravenous delivery
formulations.**->°

In our earlier research, we concentrated on albumin, a glob-
ular protein,* whereas this study focused on silk fibroin,
a fibrous protein. The fibril-like characteristics of silk fibroin
may lead to unique interactions at the air-water interface,
potentially influencing drug release kinetics. The applied

© 2025 The Author(s). Published by the Royal Society of Chemistry
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loading and release mechanism is best suitable for hydrophobic
drugs, such as flavonoids, which have an intrinsic high affinity
to the bubble air/water interface facilitated by their aromatic
rings. In this study, quercetin was used as the model drug.

As a flavonoid, quercetin comprises two phenyl rings (A and
B) connected by a heterocyclic ring (C).** These hydrophobic
rings enable quercetin to interact with hydrophobic sites on
proteins, potentially inhibiting their activity. This mechanism
contributes to its anti-cancer effects by suppressing leukocyte
membrane proteins.*” Additionally, quercetin's hydroxyl groups
act as antioxidants, scavenging reactive oxygen species (ROS)
and further supporting its anti-inflammatory properties.*® The
aforementioned surfactants and cosurfactants should be ex-
pected to enhance the stability of the matrix as well as provide
certain effects on the quercetin loading and release capabil-
ities.> This study contributes to the existing literature by
providing additional data on silk fibroin's behavior at the air-
water interface. It also explores the feasibility of using silk
fibroin as an encapsulating agent in drug delivery systems,
particularly bubble-based systems. Furthermore, this investi-
gation examines the impact of incorporating PEG additives,
offering insights into their role in enhancing system stability
and efficiency.

Experimental
Materials

Bombyx mori silk fibroin 5% (w/v) was purchased from Sigma
Aldrich. The other chemicals used in this study were ethanol
(99.7%, Xilong Scientific), quercetin (Sigma Aldrich), and poly-
ethylene glycol-400 (Sigma Aldrich). Sodium chloride (99.5%,
Sigma Aldrich) was heated to 300 °C for 8 hours to remove
impurities. A Milli-Q ultrapure water system (Millipore, USA)
with a resistivity of 18.2 MQ cm was used to prepare the solu-
tions in this research.

Table-top ultrasonic bath (Derui, DR-MS13, 20 kHz), UV-Vis
spectrophotometer (JASCO, model V-730), high-frequency
acoustic wave generator (Portable Ultrasound, 1 MHz), centri-
fuge (HERMLE LaborTechnik, model Z306), monochromatic 10
mW 532 nm continuous wave laser (PGL-XII-E-532, CNI laser),
continuous wave diode laser source of the 405 nm violet beam,
and CCD camera (Matsushita, 7.5 MP, Venus Engine III) were
the instruments employed in the experiments.

Methods

Preparation of samples/controls and procedure of loading
quercetin. Samples were first prepared using sodium chloride
and quercetin in ultrapure water. The salt concentration in the
final solution was 154 mM to mimic the human physiological
condition and to produce a bubble-stabilizing effect. Quercetin
was maintained at 50 pM, consistent with a previous study in
which the same drug was loaded using UFBs.>® The solutions
were sonicated in the 20 kHz bath for 40 minutes in two
constituent stages. The first 20 minutes were with the two
aforementioned components (i.e., NaCl salt and quercetin) for
UFB generation and quercetin adsorption. This sequence

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ensured that quercetin was loaded onto the bubbles before the
surfactants, preventing premature adsorption of surfactants to
the air/water interface, which could hinder drug loading. Due to
the nonpolar nature of flavonoids, quercetin can be attracted to
the gas core of UFBs. The hydrophobic forces between quercetin
and gas molecules can position the drug for a short period,
enabling surfactant encapsulation.”® Consequently, the
adsorption coated a quercetin shell on the air/water interface of
the generated bubbles. This also helped prevent gas diffusion
into the environment, allowing the bubbles to last
temporarily.*®

In the subsequent 20 minutes, SF and PEG-400 were carefully
transferred into the container to develop a protective film
outside the quercetin-UFB system. The loading procedure is
illustrated in Fig. 2a. Throughout the procedure, the sonication
bath was coupled with a cooling system to strictly control the
experimental conditions.

The silk fibroin concentration was first chosen at 10 ug mL ™"
(or 0.10 puM), whereas PEG-400 at 2% compared with the
introduced SF volume (v/vgg) (or 564 pM) was chosen due to
their good performance during preliminary research. This
sample was named S10P2. In this study, investigations on these
two additives were conducted using formulations of lower
amounts since the smaller the amounts of these proteins and
polymers, the less impact the drug delivery system imposes on
the biological matrix. For instance, silk fibroin concentration
could be reduced to 5 pg mL " (0.05 pM) and PEG-400 to 1%(v/
vsp) (282 uM), giving another three tested samples, namely,
S10P1 - with 0.10 uM of SF and 282 uM PEG, S5P2 - with 0.05
uM of SF and 564 uM of PEG, and S5P1 - with 0.05 uM of SF and
282 uM of PEG.

In addition to the different formulations of SF and PEG-400,
three control formulations were prepared for the experiments,
as illustrated in Fig. 2b. Each would lack one or both of those
additives, listed as control without both silk fibroin and poly-
ethylene - C-@, control containing only SF - C-SF, and control
containing only PEG - C-PEG, to demonstrate the imperative
role of the protein and polymer in the proposed drug trans-
portation and delivery system. Table S11 summarizes the details
of the samples and controls used in this study.

Investigation of the stability of the loading system. The
stability of the UFB system is described by the change in the
bubble number density over a period of observation. The
bubble number density in each loaded sample was represented
by the elastic scattering intensity. The experimental setup and
methodology followed that of a previous study.*® As illustrated
in Fig. 3, a 532 nm CW laser was used to direct the light through
the sample/control, and the scattered solution was captured by
the camera. Subsequently, the images were analyzed using
Image] software (Version 1.53, the National Institutes of Health)
with a Color Histogram function to decompose the color into
three channels, red-blue-green. The software then reported the
average values for each channel from 0 to 255 (for 8-bit image).
The higher the value, the closer the color came to white, indi-
cating that it was more scattered. Given that only green 532 nm
photons were emitted by the laser and the bubbles, the green

RSC Adv, 2025, 15, 10873-10883 | 10875
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(a) Procedure of loading quercetin and additives:
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(b) Different controls, produced by removing one or both additives in the later 20-min:
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C-PEG
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stabilized by only PEG-400

Illustration of (a) quercetin loading and surfactant introduction procedure with two consecutive sonication periods and (b) different

controls for removal of one or both additives in the later sonication period.

channel value of each image was extracted as the scattering
intensity.

The solutions were observed over 1 hour, starting after the
completion of 20 kHz sonication, with images captured every 10
minutes. This timeframe was chosen considering that the
infusion time for the UFB system into a host system persists for
15-30 minutes and the transit time of bubble systems through
the bloodstream to reach target sites ranges from seconds to
minutes. The initial points (at 0™ min) served as a reference to
normalize the later data from the green channel value into
relative scattering intensity (%). Subsequently, the relative
scattering intensities were used to calculate Agcageering Of the
solutions using the following formula:

Ascattering = I(scaltering at Oth min) — I(scaltering at 60th min) (1)

where Licateering 1S the relative scattering intensity (%) computed
from the green channel values. The Agcagering represented how

Q0

O

o -

Oo 532 nm laser

m

Camera

Captured image
(example)

much of the bubble content had disappeared compared with
the initial observation, which is inverse to the bubble stability.
All four samples and three controls were tested. For each
sample/control, there would be five Agcqtering values from five
independent replicates, and they were used for six one-tailed
Mann-Whitney U tests between the chosen system S10P2 with
three controls and three other formulations. By comparing the
p-value of each pair to alpha = 0.05, this could evaluate the
effects of different surfactant concentrations on the system
stability and highlight the contribution of PEG and SF. Mean
values and positive-negative standard deviations were depicted
on line graphs plotting each sample/control Agcagtering OVer time.

Confirmation of the loading success of the bubble system.
The success of the drug loading procedure was determined by
analyzing the drug interactions with solvent and surfactant
molecules.>®

Two similar S10P2 samples were prepared but underwent
different treatments: one with the same 20 kHz sonication

Imagel,
Color Histogram

————— —

Green channel value
used for relative
scattering intensity

3 component channels
of the image

Fig. 3 Diagram of the green laser scattering experiment for loaded samples/controls.
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procedure as the bubble system preparation step described and
one without any sonication. The two samples were subsequently
analyzed using a UV-Vis spectrophotometer over a wavelength
range of 300-500 nm. The measured spectra were evaluated to
provide several insights into the loading success.

Calculation of the loading efficiency. Drug loading efficiency
(LE%) was defined as the percentage of quercetin successfully
loaded on bubbles compared to the introduced amount (50
uM). The loaded samples/controls were centrifuged at 6000 rpm
for 40 minutes to disrupt the bubble systems and settle the
loaded quercetin into the pellet.”” The supernatant, represent-
ing the unloaded quercetin amount, was scanned for absorp-
tion at 300-500 nm using a UV-Vis spectrophotometer.
Unloaded molecules are quercetin fully solvated in the bulk
solution, and they are characterized by a 368 nm peak from UV-
Vis spectra.”®* A series of solutions with different fully solvated
quercetin concentrations were prepared and measured with
a UV-Vis spectrophotometer for the same wavelength range. The
peak area was plotted against the known fully solvated quer-
cetin concentration to develop a standard curve. Afterward, the
peak area of the supernatants in the samples/controls was used
to calculate the unloaded quercetin concentration, and the
loading efficiency was calculated as follows:**

[QCT}initial - [QCT} supernatant
[QCT} initial

where [QCTJinitial is the total or initially introduced quercetin
concentration (equal to 50 uM), and [QCT]supernatant iS the
quercetin concentration obtained from the supernatant peak
area or the unloaded one. The expression ‘[QCT|initial

[QCT]supernatane’ represented the loaded drug concentration.
This experiment was performed using the most effective SF-PEG
formulae from the stability test (in this case, S10P2 and S5P2)
and the three controls. Each task was performed in triplicate
independently. In addition, these LE% results are represented
as column charts with mean values and standard deviation
error bars for further comparison. Mann-Whitney U test was
performed for each sample versus each control. P-Value was
compared with o = 0.05 to compare the average efficiencies.

Procedure of releasing quercetin. After drug loading by
sonication at 20 kHz, quercetin underwent another sonication
for drug release using a 1 MHz ultrasound transducer. One
megahertz is the frequency commonly used for clinical appli-
cations to produce the non-inertial cavitation effect, thereby
preventing harmful results from biological bodies.*** The
container of the loaded solution was covered with a thin film of
ultrasound coupling gel. The 1 MHz probe was then applied to
the gel for 5 minutes at an output intensity of 1.6 W cm > and
8% duty cycle for quercetin release.*

Confirmation of the releasing success. The hydrophobic
interaction of quercetin with nonpolar molecules such as
ambient air in UFBs exhibits a distinctive red fluorescence upon
excitation at 405 nm.** As quercetin is released out of the UFB
system and into the aqueous solution, this interaction no longer
exists; thus, no fluorescence is produced or detected.®* This on—
off mechanism provides an approach to confirm the success of

LE% = % 100% )

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the release procedure. However, when quercetin is released into
the bulk solution, it may aggregate under hydrophobic driving
force.®® This aggregation can produce additional red fluores-
cence, potentially obscuring the light emission of loaded
quercetin and introducing noise into the experiment. To
address this issue, after release, samples were first subjected to
aggregation removal. The samples were centrifuged at 1500 rpm
for 5 minutes to settle the aggregates as pellets. The supernatant
was then removed using a syringe with a 0.5-mm needle.**
Subsequently, the solutions were placed in front of a 405 nm
laser for quercetin excitation. The images were also captured by
the camera and analyzed by Image]'s Color Histogram for
a three-channel subdivision. The red channel values were
collected to represent the fluorescence intensity. The images
were taken before and after the application of 1 MHz sonication
to detect changes in fluorescence.

The S10P2 sample was prepared five times independently,
and its ‘before released’ and ‘after released’ red channel values
were used to perform the Wilcoxon signed-rank test. The p-value
was compared with a = 0.1 to confirm the success.

Calculation of releasing efficiency. Releasing efficiency
(RE%) was calculated as the percentage of released quercetin
amount relative to the loaded concentration, which was calcu-
lated from the expression [{QCTlinitai — [QCT]supernatant iN €gn
(2). In contrast, Fig. 4 describes the computation of the released
amount, by taking the difference between the loaded amount
and quercetin concentration remaining on the bubbles after
release (denoted as ‘remained’). Since quercetin content can be
quantified from its fluorescence intensity,*»** a standard curve
was constructed to provide the correlation between the
remaining quercetin amounts and the red channel values
(Fig. 4). From this curve, the red channel values of each sample/
control were used to calculate the remaining quercetin
concentration.

Releasing efficiency RE% was then computed using the
following formula:

[QCT} released
[QCT] loaded

where [QCT]jpaqeq is the loaded concentration calculated from
‘[QCT]initial - [QCT]supematant’ and [QCT]reIeased is the released
amount computed from the procedure in Fig. 4. Statistically, the
same samples/controls used for the LE% test were used in this
experiment. The RE% results are also displayed in column
charts with the corresponding positive and negative error bars.
Then, the Mann-Whitney U test (¢ = 0.05) was performed with
each sample-control pair to compare the efficiency.

RE% = % 100% 3)

Results and discussions

The development of a drug-delivery system encompasses two
critical aspects: drug transport and drug delivery. Drug trans-
port accounts for the distribution of molecules in the blood-
stream to the target site; therefore, this process depends on the
stability of the system. Conversely, drug delivery can be broken
down into drug loading and drug release processes. The
experimental results from this study indicate that the
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Fig. 4 Diagram of developing the standard curve between loaded quercetin concentrations and their red value as well as illustrating how to use
the curve in calculating the released quercetin amount in released samples/controls.

surfactants, silk fibroin and PEG-400, might influence these two
phases.

Stability of loading systems

Comparison S10P2 with controls. Fig. 5 illustrates the rela-
tive scattering intensity at seven time points, from the initial
observation point (0™ min) to the final measured point (60"
min). Each replication of the loaded samples/controls would
report a Agcateering value after 1 hour.

The statistical results from the one-tailed Mann-Whitney U
test comparing the S10P2 system with the three controls (Table
S271) showed that the formulation with both surfactants showed
a significantly lower Agcattering. The comparison elucidated that
the combined presence of SF and PEG improved the stability of
the drug-loading UFB system over time compared with the
presence of no surfactant or only one surfactant.

Comparison among different SF-PEG formulations. Simi-
larly, the 0™ and 60™ min data points in Fig. 6 were used to
calculate the Agcatrering Values for each replication of the four

-
o
o

O
o
1

Relative scattering intensity (%)
(2]
o

N
o

0 20 40 60
Observation time (min)
—8—S10P2 C-@ C-SF

C-PEG

Fig. 5 532 nm laser light scattering intensity monitored in an hour
from four samples: the chosen formulae S10P2 and three controls C-
@, C-SF, and C-PEG. The error bars represent the standard error of the
mean (SEM) of five repetitions for each sample at each observation
time point.
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samples. According to the statistical results from the one-tailed
Mann-Whitney U test comparing four different SF-PEG formu-
lations (Table S31), S10P2 displayed a significantly lower
Ascattering Value, indicating higher stability over time.

Specifically, S10P2 was significantly more stable than S10P1
and S5P1, but comparable to S5P2. It also showed that S10P2
had smaller error bars, demonstrating better consistency in the
loading system. These results indicated that different ratios of
SF and PEG present different influences on
performance.

The most stable formulations were those with both surfac-
tants, and the large amount of PEG-400 contributed greatly to
the system, as can be seen in S10P2 (Fig. 5) and S5P2 (Fig. 6).

An explanation for this was that SF might work as the
primary surfactant to create a rigid shell outside the bubbles,
thereby extending their lifetime. However, due to its small size
(MWopgg.400 = 0.3 kDa), the addition of PEG-400 allows it to fill
in the intermolecular gaps between large silk fibroin structures
(average MWgp = 100 kDa), thus preventing further gas diffu-
sion, which reduces bubble collapse.®® In addition, it is worth
noting that in C-@, although there were no surfactants, the
scattering intensity appeared to be as high as the other controls.
As mentioned, quercetin can adsorb on the air/water interface
of bubbles and help prevent mass transfer. This phenomenon
may help to preserve a high concentration of freshly produced
UFBs, nevertheless, the effects are only temporary, resulting in
poor stability over time.

Although the scattering laser imaging results showed
a noticeable difference in intensity reduction between test
samples and controls, there was uncertainty due to the lack of
investigation into the size of the bubbles inside the solution,
which may have contributed to the scattering phenomenon.®”
Here in this study, it is hypothesized that adsorbed SF, PEG-400
and NaCl can effectively prevent cross-bubble
interactions.

system

layers

Loading effects of the bubble system

Confirmation of the loading success. In this experiment, the
two samples were similar in terms of content, with the same
amount of NaCl, QCT, SF, and PEG; the only difference was the
presence or absence of UFBs. Fig. 7 illustrated that without

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 UV-Vis spectra change from without bubbles (black curve with
one fitted peak at 368 nm) to with bubbles (four red curves with fitted
peaks at 324, 368, 374, and 423 nm from left to right) in quercetin-
containing samples with both SF-PEG.

bubbles, the UV-Vis spectrum revealed only one peak at 368 nm.
Introducing bubbles reduced this peak and revealed the emer-
gence of three more peaks at 324, 374, and 423 nm. Before being
transferred into to the sample solution, quercetin was prepared
in ethanol. While fully solvated by ethanol molecules, quercetin
exhibits an absorption band of 300-400 nm, by the interaction
of rings B, C (in Fig. 8) and solvent molecules.

Their resulting cinnamoyl system is commonly observed
with a maximum peak at 368 nm.*** This phenomenon was
demonstrated clearly in the sample without bubbles, confirm-
ing that quercetin might still be in the fully solvated form,
without any interactions with air bubbles or surfactants.

When bubbles were introduced into the system, the 368 nm
peak declined. As mentioned, flavonoids like quercetin possess
the ability to adsorb onto the air/water interfaces due to their
hydrophobic interactions with the gas core.® Since silk fibroin
has both negative and positive sites as well as a hydrophobic
core, it is likely to have SF perform the aforementioned inter-
actions with quercetin, resulting in emerging peaks.

View Article Online
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Fig. 8 Quercetin structure with the named rings, A, B, and C.%°

The decrease in absorbance at 368 nm might have resulted
from the movement of quercetin from being fully solvated in
bulk solution to partially bound on the bubble surface, indi-
cating the successful loading of the drug to the system. In
addition, the other three shifted peaks besides the 368 nm peak
in Fig. 7 illustrate that quercetin interacts with the surfactant
layer adsorbed on the air/liquid interface of the bubbles.
Amphiphilic structures such as surfactants were found to shift
quercetin’'s maximum absorption to longer wavelengths by both
hydrophobic and electrostatic forces.” In this case, anionic
surfactants were more likely to interact with quercetin by
hydrophobic force at ring B, thus changing the corresponding
absorption band 300-400 nm and creating new peaks at 374 and
423 nm. Conversely, cationic surfactants can deprotonate
quercetin at 3 and 7 positions (Fig. 8), altering another
absorption band from rings A and C, 240-280 nm, and causing
a new peak at 324 nm.

Determination of loading efficiency. The standard curve
used to calculate the solvated quercetin concentration was also
based on the maximum absorption at 368 nm when the quer-
cetin molecules were surrounded by solvent molecules. The
established curve is shown in Fig. S1.7 The LE% values calcu-
lated from eqn (2) are illustrated in the following chart. A
comparison between two samples (S10P2 and S5P2) and three
controls (C-@, C-SF, and C-PEG) was conducted using one-tailed
Mann-Whitney U tests. The results are shown in Table S5.7
According to the tests, the samples only had a better or equal
loading efficiency than C-PEG, while being outperformed by the

Quercetin UV-Vis absorption

© o o
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o
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— fitted peaks for ‘with bubbles’ sample
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Fig.7 532 nm laser light scattering intensity monitored in an hour from four samples: selected S10P2 and three other formulations, S5P2, S10P1,
and S5P1. The error bars represent the standard error of the mean (SEM) of five repetitions for each sample at each observation time point.
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other two controls. When comparing the two samples, S10P2
also displayed a slightly poorer LE% compared to S5P2, which
was absent of 5 pg mL™" (0.05 puM) in SF concentration.
However, both samples exhibited a loading efficiency of greater
than 80%, which was equivalent to more than 40 pM of quer-
cetin delivered at once.

It appeared that the high concentrations of surfactants in
S10P2 and S5P2 seemed to replace a small amount of quercetin
at the interface during the 20 kHz sonication, which led to their
slightly lower LE% compared to C-@ and C-SF (Fig. 9).
Regarding C-PEG, the SD error bars showed the inconsistency of
loading capability when introducing PEG alone to the bubble
system. Compared with the apparent hydrophobic regions on
SF, PEG-400 contains only an uncharged but polar chain, which
means it has less affinity to the air/water interface of the
bubbles.” Together with the poorer adsorption to the interface,
polyethylene glycol 400 does not display significant interactions
with quercetin like SF; thus, the loading efficiency in the
replicates was more arbitrary as a result from the unstable
coating.

Overall, it can be inferred that the lower the surfactant
concentration in the system, the higher the drug loading effi-
ciency due to less adsorption competition against the bubble
decorating layer. According to the chart, the sample without any
additives (C-@) showed the highest LE%. Whereas the sample
with only SF dropped the efficiency slightly, the addition of only
PEG significantly affected the LE%.

Releasing effects of the bubble system

Confirmation of releasing success. The red channel values of
five S10P2 samples before and after the 1 MHz release process
were grouped to perform the Wilcoxon signed-rank test
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Fig. 9 Loading efficiency of samples and controls, with the report of
SD error bars (* means P < 0.05, ns means no significant difference).
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Fig. 10 Red channel values of sample ‘before the releasing process’
and ‘after the releasing process’. *Red channel value was the average
red color intensity of all pixels in images, ranging from 0-255 (8 bit),
detected by Imaged.

(Fig. 10). The release process by 1 MHz sonication created
a substantial drop in the fluorescence of the drug. This decrease
indicated the successful liberation of the drug from the bubble
system, as quercetin stopped producing light emission.

Determination of releasing efficiency. The standard curve
described in Fig. 4 was reported in Fig. S2.1 The measured red
channel values of two samples, S10P2 and S5P2, as well as those
of three controls, are summarized in Table S6,T together with
their corresponding remained and released concentrations. The
releasing efficiency is reported in the following chart and used
to perform one-tailed Mann-Whitney U tests comparing the
mean differences. One-tailed Mann Whitney U tests were per-
formed to compare two samples, S10P2 and S5P2, with three
controls, C-@, C-SF, and C-PEG. From the results in Table S7,+
the releasing efficiency seemed to be more similar between the
samples and controls than LE%. Both S10P2 and S5P2 produced
similar loading (Fig. 9) and releasing amounts (Fig. 11) of
quercetin from the system despite the difference in the silk
fibroin concentration. However, the S10P2 formulation showed
better consistency with a smaller error bar. Through the
statistical test, the samples indicated a slight increase in the
RE% value. Both SF-PEG formulations had an equivalent RE%,
being able to free roughly 20 uM quercetin out of the matrix
after 5 minutes of ultrasound exposure.

In alignment with a previous study of using human serum
albumin (HSA) and PEG in UFB systems,** the incorporation of
PEG-400 alongside protein surfactants might enhance the
release effect, as the RE% values of S10P2 and S5P2 surpassed
their controls. In addition, most existing quercetin delivery
systems focused on a controlled release mechanism. This is
only preferable when a long time is available for drug release.

One study used a graphene oxide (GO) sheet attached with
quercetin, with a loading efficiency of at most 92% and
releasing efficiency of approximately less than 10% after 1-2
hours after the formulation.” A study using pH as a stimuli for
releasing quercetin was conducted on chitosan liposomes. The
results showed that the polymer scheme can enhance the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.11 Releasing efficiency of the samples and controls, with report of
SD error bars (ns means no significant difference).

encapsulating efficiency but block drug release, with approxi-
mately 5% of the drug released within the first hour.” On the
other hand, using cellulose-porous beads can produce a cumu-
lative release of approximately 40% after 200 minutes.”
Superparamagnetic iron nanoparticles were tested for loading
and releasing quercetin under magnetic field stimulation. The
RE% can achieve nearly 100%; however, the condition of the
released drug was in 50% ethanol solution, and this might not
reflect the true physiological condition of biological systems.”
Another study using ultrasound to trigger the release of
quercetin-coated polymer nanodroplets achieved an RE% of 3%
after 5 minutes and 8% after 25 minutes.** Compared with these
results, the UFB system might represent a promising stimuli-
response mechanism for encapsulated flavonoid drug
delivery. The LE% values of both samples (S10P2 and S5P2) were
higher than 80%, and the RE% was nearly 50% after 5 minutes.
Further pharmacokinetic and pharmacodynamic examinations
can be performed to evaluate the effectiveness of the UFB
system in the biological matrix. In this study, in vitro release
analysis of the UFB systems has not been conducted because
the common Franz diffusion method can cause shear stress at
the pores and damage the carrier bubbles. However, with a well-
protected carrier and a prolonged lifetime, these stabilized
bubbles are expected to perform good drug liberation at the
target site.

Conclusions

This study used silk fibroin, physiological NaCl, and conjugated
PEG-400 to support an ultrasound-mediated ultrafine bubble
drug transport and delivery system. Although these surfactant
coatings did not substantially enhance the encapsulation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compared with the negative controls, the light scattering
measurements confirmed the notable bubble stabilizing effects
when incorporating both additives into the system. These
stabilizing effects are crucial during the transportation of drug
molecules. In addition, the adsorbed SF-PEG layer did not
substantially hinder drug loading and release, as demonstrated
by the 80% loading efficiency. The UFB system showed
a potential triggered release mechanism with ultrasound, as it
was able to release nearly 50% of the loaded content after 5
minutes of ultrasound exposure.

While these results primarily highlighted the potential of the
SF-PEG conjugated bubble system, several challenges must be
addressed in future research. Particularly, the interactions
between surfactants, drugs, and the bubble surface are complex
and not yet fully understood. More detailed surface-sensitive
techniques are highly desirable to better understand the deco-
rating adsorption layer at the air/water interface of bubbles and
to deeply evaluate the performance of the delivery carrier.
Future studies can also benefit from real-time imaging to track
UFB dynamics, drug encapsulation, and release processes at the
tissue level. Finally, to advance this silk fibroin-stabilized drug
delivery system in clinical settings, in vivo studies are needed to
gain a more comprehensive understanding of the pharmaco-
kinetics, bioavailability, and therapeutic efficacy of UFB-based
drug delivery systems.
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