
Givarian et al. 
Bulletin of the National Research Centre           (2024) 48:65  
https://doi.org/10.1186/s42269-024-01220-3

RESEARCH Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/.

Bulletin of the National
Research Centre

Dual-trigger release of berberine chloride 
from the gelatin/perfluorohexane core–shell 
structure
Mahshid Givarian1*  , Fathollah Moztarzadeh1, Maryam Ghaffari1, AmirHossein Bahmanpour1, 
Maryam Mollazadeh‑Bajestani2, Manijhe Mokhtari‑Dizaji3 and Fatemeh Mehradnia4 

Abstract 

Background The development of smart nanocarriers that enable controlled drug release in response to internal 
and external triggers is an emerging approach for targeted therapy. This study focused on designing pH‑sensitive, 
ultrasound‑responsive gelatin/perfluorohexane (PFH) nanodroplets loaded with berberine chloride as a model drug.

Results The nanodroplets were prepared using an emulsion technique and optimized by varying process parameters 
like homogenization rate, polymer concentration, surfactant, drug, and perfluorocarbon content. The optimal formu‑
lation yielded nanodroplets with a particle size of 281.7 nm, a drug encapsulation efficiency of 66.8 ± 1.7%, and a pas‑
sive drug release of 15.4 ± 0.2% within 24 h. Characterization confirmed successful encapsulation and pH‑responsive 
behavior. Ultrasound stimulation significantly enhanced drug release, with 150 kHz being more effective than 1 MHz 
in triggering acoustic droplet vaporization while minimizing heat generation. After 10 min of radiation, the optimal 
formulation showed 89.4% cumulative drug release. The nanodroplets displayed stability over 1 month at 4°C.

Conclusions Overall, the dual‑triggered nanodroplets demonstrate excellent potential for controlled delivery 
and targeted release of berberine chloride.
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Graphical abstract

Background
Recent advances in nanotechnology have revolution-
ized drug delivery systems by introducing nanocarriers 
for targeted and controlled drug release. Nanocarriers 
are nano-sized structures designed to encapsulate and 
transport therapeutic agents, such as drugs or genes, 
to specific target sites in the body. These nanocarriers 
can be composed of various materials, including lipids, 
polymers, metals, or hybrid combinations (Majumder 
and Minko 2021; Zhao et  al. 2020). The small size and 
increased surface-to-volume ratio of nanocarriers offer 
significant advantages in drug delivery. These charac-
teristics enable improved drug penetration, enhanced 
cellular uptake, and interaction with target cells and tis-
sues, ultimately leading to more effective therapeutic out-
comes (Naidu and Paulson 2011).

By harnessing the power of ultrasound energy and 
responsive materials, drug delivery can now be tar-
geted with precision, resulting in fewer side effects and 
increased treatment effectiveness. This approach allows 
for a controlled release of encapsulated therapeutic 
agents, specifically localized to the target tissue using an 
external stimulus. Ultrasound not only enables precise 
targeting but also enhances drug penetration through 

sonoporation, ensuring better interaction with cells 
and tissues. The integration of ultrasound and nano-
technology provides a noninvasive and patient-friendly 
approach, improving the quality of life for individuals 
undergoing treatment and opening up new possibilities 
for personalized medicine (Moradi Kashkooli et al. 2023). 
Liquid perfluorocarbon (PFC) nanoemulsions are fluori-
nated hydrocarbons that are chemically inert, biocompat-
ible, and have excellent oxygen and gas-carrying capacity. 
When formulated into nanoemulsions, PFCs can serve as 
carriers for therapeutic agents and exhibit unique prop-
erties that can be triggered by external stimuli (Yang et al. 
2023; Gorain et  al. 2020). Ongoing research in the field 
of PFC nanoemulsions is focused on optimizing their 
formulation, exploring novel stimuli-responsive behav-
iors, and developing strategies for targeted drug deliv-
ery to enhance the efficacy of therapies and reduce side 
effects. Low-boiling point perfluorocarbon nanodrop-
lets, such as perfluorohexane (PFH) droplets, have been 
investigated for various biomedical applications, particu-
larly in the field of ultrasound imaging and therapy. The 
low-boiling point characteristic of these PFH nanodro-
plets refers to their tendency to transition from a liquid 
to a gas phase at relatively low temperatures compared 
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to other substances. This property allows the nanodrop-
lets to undergo rapid phase transitions when exposed to 
certain stimuli, such as ultrasound. When PFH nanodro-
plets are exposed to ultrasound, they undergo a process 
called acoustic droplet vaporization (ADV). ADV is a 
phenomenon where the nanodroplets rapidly vaporize 
and transition into gas-filled microbubbles in response 
to ultrasound waves (Yang et al. 2023; Kwan and Borden 
2012).

PFH nanodroplets stimulated by ultrasound hold 
promise for cancer drug delivery. These nanodroplets can 
be designed to accumulate at tumor sites and, when trig-
gered by ultrasound, vaporize and release encapsulated 
drugs specifically within the tumor region. This localized 
drug release minimizes systemic exposure and reduces 
off-target effects. Ultrasound allows for precise control 
over the timing and extent of drug release, enhancing 
therapeutic efficacy and reducing toxicity. Moreover, the 
vaporization of PFH nanodroplets induces mechanical 
effects that enhance drug penetration into the tumor tis-
sue, improving the effectiveness of chemotherapy. The 
combination of PFH nanodroplets and ultrasound can be 
synergistically combined with other therapies and is non-
invasive, repeatable, and compatible with existing ultra-
sound technology. Ongoing research in this area aims to 
optimize these systems for improved cancer treatment 
outcomes (Samani 2023). While PFH nanodroplets have 
shown promise for drug delivery applications, there are 
some drawbacks associated with their use. Firstly, PFH 
nanodroplets have a limited payload capacity, restricting 
the amount of the drug that can be loaded into them. This 
can pose challenges for delivering high doses or large 
therapeutic molecules. Secondly, the circulation half-
life of PFH nanodroplets is relatively short, as they can 
be quickly cleared from the bloodstream by the body’s 
immune system or other clearance mechanisms. This 
may require repeated doses or alternative administration 
strategies to maintain therapeutic concentrations. Addi-
tionally, there is a potential risk of immunogenicity, as 
the immune system may recognize PFH or the encapsula-
tion materials as foreign substances, leading to immune 
reactions or toxicity. Stability is another concern, as PFH 
nanodroplets can be prone to coalescence or premature 
vaporization, requiring careful formulation optimization. 
Lastly, PFH nanodroplets generally lack active targeting 
capabilities, necessitating the incorporation of additional 
targeting ligands or strategies to achieve specific target-
ing of cells or tissues (Abou-Saleh et  al. 2016). Over-
coming these drawbacks will require addressing payload 
capacity, circulation half-life, immunogenicity concerns, 
stability challenges, and enhancing targeting strategies 
to fully leverage PFH for drug delivery systems. In our 
previous study (Baghbani et al. 2017), chitosan was used 

as a shell to enhance nanodroplet stability and enhance 
drug bioavailability. Chitosan, being a cationic poly-
mer, can form electrostatic interactions with negatively 
charged components, including perfluorohexane and 
curcumin. This interaction contributes to the stability 
of the nanodroplets, preventing premature drug release 
and facilitating controlled drug delivery. In another study 
(Baghbani et  al. 2016), we investigated the properties 
and potential of doxorubicin-loaded alginate-stabilized 
perfluorohexane (PFH) nanodroplets as multifunctional 
drug delivery systems. The nanodroplets, synthesized 
using a nanoemulsion preparation method, exhibited 
ultrasound responsivity, imaging capabilities, and thera-
peutic effects. In the Gao et al. (2021) study, the chitosan/
alginate complex was investigated as the stable shells of 
the PFH nanodroplets. The use of chitosan and alginate 
together provided pH-sensitive properties based on the 
acidic characteristics of tumor tissues. Chitosan and algi-
nate formed a polyelectrolyte complex due to their oppo-
site charges, enabling targeted and sustained drug release 
in response to the tumor microenvironment. Despite the 
advantages and suitability for certain applications of chi-
tosan and alginate, chitosan and alginate showed mod-
erate stability. This instability may affect the long-term 
storage and shelf life of the nanodroplets, making them 
more prone to degradation or changes in their structural 
integrity over time. It is important to consider this aspect 
when designing and formulating PFH nanodroplets with 
chitosan or alginate shells to ensure their efficacy and 
stability throughout their intended shelf life. Gelatin is 
a biocompatible, versatile, and readily available material 
that offers excellent stability and mechanical properties, 
making it a suitable choice for the shell structure of PFH 
nanodroplets. Its ability to form a stable shell around the 
PFH core provides protection against degradation and 
ensures the long-term stability of the nanodroplets. Fur-
thermore, gelatin can be easily modified or functional-
ized to enhance specific properties such as drug loading 
capacity, controlled release, and targeting abilities. Addi-
tionally, gelatin is compatible with various fabrication 
techniques, allowing for the efficient production of uni-
form and well-defined nanodroplets. Its biodegradability 
and non-toxic nature further contribute to its suitability 
for biomedical applications. Overall, gelatin demon-
strates great potential as a shell material in PFH nanodro-
plets, enabling their successful use in drug delivery and 
other therapeutic applications (Shende and Jain 2019).

In this study, ultrasound-responsive nanodrop-
lets were developed as a type of emerging smart drug 
delivery system that enables nano-therapy for various 
diseases, especially cancer. Here, we developed multi-
functional smart gelatin/perfluorohexane nanodrop-
lets loaded with berberine chloride for targeted drug 



Page 4 of 15Givarian et al. Bulletin of the National Research Centre           (2024) 48:65 

delivery. Berberine chloride is a naturally occurring 
alkaloid extracted from various plants, including Ber-
beris vulgaris and Coptis chinensis. It has been tradi-
tionally used in Chinese and Ayurvedic medicine for its 
antibacterial, antifungal, and anti-inflammatory prop-
erties. In recent years, berberine chloride has gained 
increasing attention for its potential as an anti-cancer 
agent. Studies have shown that berberine chloride can 
inhibit cancer cell proliferation, induce apoptosis, and 
sensitize cancer cells to chemotherapy. Its ability to 
target multiple signaling pathways involved in cancer 
development makes it a promising candidate for cancer 
treatment. However, its clinical use has been limited by 
its poor solubility and low bioavailability (Majidzadeh, 
et  al. 2020). The encapsulation of berberine chloride 
within gelatin/perfluorohexane nanodroplets improves 
its solubility and stability, allowing for better drug dis-
persion and preventing precipitation. This enhances 
the bioavailability of berberine chloride and improves 
its therapeutic efficacy. Gelatin as the shell material 
provides a protective barrier around the berberine 
chloride, shielding it from degradation and enzymatic 
degradation in the biological system. This protection 
ensures the sustained release of berberine chloride 
and prolongs its presence at the target site, optimiz-
ing its therapeutic effect. Furthermore, the small size 
and surface properties of gelatin/perfluorohexane nan-
odroplets facilitate their accumulation at the target site 
through the enhanced permeability and retention (EPR) 

effect. This passive targeting mechanism allows for the 
preferential accumulation of the nanodroplets in tumor 
tissues, where berberine chloride can exert its thera-
peutic activity.

Methods
Materials
Gelatin (type B, Bloom250), Tween 80 as a surfactant, 
glutaraldehyde (25% (v/v) in water), and sodium hydrox-
ide were purchased from Merck (Darmstadt, Germany). 
Berberine chloride and perfluorohexane were supplied by 
Sigma-Aldrich (St. Louis, MO, Canada). Deionized water 
was used for all the experiments. All other chemicals 
were of reagent grade and obtained from Sigma-Aldrich.

Preparation of PFH nanodroplets with a gelatin shell 
containing berberine chloride
The nanoemulsion method was used for the synthesis of 
nanodroplets in this study. We have revised our previous 
methodology to suit our new study (Baghbani et al. 2016). 
First, gelatin solutions were prepared in different concen-
trations (Table 1) in deionized water under stirring on a 
magnetic stirrer (IKA RCT basic) at 500 rpm and at 50° 
C for 10 min to obtain a completely clear solution. NaOH 
(0.1 M) was added to adjust the pH to 6, which prevented 
deposition of gelatin. After cooling the gelatin to room 
temperature, the polymeric solutions were filtered. Ber-
berine chloride was dissolved in deionized water with a 
magnetic stirrer. Surfactant solution (Tween 80 0.5%v/v) 

Table 1 Formulations and process variables on the production of nanodroplets loaded with berberine chloride using PFH and gelatin

All components of the above formulations were added to 3 ml of deionized water

Formulation code Gelatin  (%w/v) Berberine chloride 
(mg)

PFH  µ)L) Tween 80  (%v/v) Homogenization 
speed  (rpm)

Variable: polymer concentration (%w/v)

Aa 2.3 5 150 0.5 24,000

Ab 2 5 150 0.5 24,000

Ac 1.67 5 150 0.5 24,000

Variable: amount of drug (mg)

Ba 1.67 4 150 0.5 24,000

Bb 1.67 5 150 0.5 24,000

Bc 1.67 7 150 0.5 24,000

Variable: amount of perfluorohexane (µl)

Ca 1.67 5 150 0.5 24,000

Cb 1.67 5 200 0.5 24,000

Variable: Surfactant content (% v/v)

Da 1.67 5 150 0.3 24,000

Db 1.67 5 150 0.5 24,000

Variable: Homogenizer speed (rpm)

Fa 1.67 5 150 0.5 17,000

Fb 1.67 5 150 0.5 24,000
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and drug solution were added to perfluorohexane and 
they were homogenized for 2 min at 24,000 rpm using 
Ultra Turrax T25 homogenizer. Then, the prepared poly-
mer solution was added dropwise to the above emulsion 
under homogenization at 13,000 rpm for 5 min. Glutar-
aldehyde solution was then added to the emulsion as the 
cross-linking agent dropwise and stirred at 5000 rpm. 
The cross-linking process was terminated by the addi-
tion of 8 mL of aqueous sodium metabisulfite solution 
(1.6% w/v). In order to prepare nanodroplets with suit-
able size in the nano range and high drug loading effi-
ciency, various formulations were tested by adjusting 
different process parameters. The size of the nanodrop-
lets, drug loading efficiency, and drug release kinetics all 
depend on these parameters. In order to optimize these 
properties, several factors were considered such as poly-
mer concentration, drug content, surfactant concentra-
tion, and perfluorohexane amount. Additionally, process 
parameters like homogenizer rate were also investigated. 
Table 1 summarizes different combinations in the synthe-
sis procedure.

Characterization of berberine chloride‑loaded 
nanodroplets
Particle size, size distribution and zeta potential
The average particle size, polydispersity index (PDI), and 
zeta potential of the nanodroplets were measured via 
dynamic light scattering (DLS) using a Zetasizer Nano 
ZS (VASCO2, Cordouan Tech, France). The nanodroplet 
emulsions were diluted 1:4 with deionized water before 
the measurement.

Morphology of drug‑loaded nanodroplets
Transmission electron microscopy (TEM) is a powerful 
technique used for imaging and characterizing nanoscale 
materials and structures. While it is commonly used for 
solid samples, it can also be used to study nanodroplets. 
The morphology and structure of the nanodroplets were 
observed using a TEM (FEI TEC9G20, Hitachi, Tokyo, 
Japan). To prepare the samples, a drop of the emulsion 
was poured on a 400-mesh carbon-coated copper grid 
and dried at room temperature. To enhance contrast for 
imaging, the sample was treated with 1% alkaline phos-
photungstic acid (PTA) for several minutes and allowed 
to dry at room temperature before analysis.

Fourier transform infrared (FTIR) spectroscopy
FTIR spectroscopy provides information about the 
chemical composition of the drug delivery system. It can 
identify functional groups present in the system, allow-
ing it to confirm the presence of specific compounds, 

polymers, or drug molecules. Nanodroplets were lyophi-
lized for preparing micronized KBr pellets. The samples 
were scanned in the 4500–400  cm−1 spectral range.

Evaluation of encapsulation efficiency
To determine the encapsulation efficiency (EE), drug-
loaded nanodroplet emulsions were centrifuged at 15,000 
rpm for 40 min and 4 °C (Universal320R, Hettich) to do 
the differential separation of the encapsulated drug from 
the non-encapsulated drug. Carefully collect the super-
natant, which contains the non-encapsulated drug, with-
out disturbing the pellet of nanodroplets. The amount 
of non-encapsulated berberine chloride was quantified 
by measuring its absorbance at 418 nm using a UV–
Vis spectrophotometer (UV-5100PC Shanghai Metash 
Instruments Co., Ltd., China) and comparing the results 
to a standard curve prepared beforehand. Drug entrap-
ment efficiency (EE) was determined by calculating the 
ratio of the amount of non-encapsulated drug concen-
tration to the total amount of drug used for nanodroplet 
preparation, using the following equation:

M0 is the total amount of drug added to the formula-
tion and Mf is the amount of free drug in the supernatant 
calculated based on the constructed calibration curve 
using standard solutions of known drug concentrations.

Stability of nanodroplets
The experiment involved suspending nanodroplets in 
PBS with a pH of 7.4 and incubating them at 4 °C for spe-
cific time intervals. The stability of the nanodroplets was 
determined by measuring any changes in their size and 
drug entrapment efficiency over a month.

In vitro evaluation of drug release
Evaluation of  drug release under  passive conditions In 
this study, we employed the dialysis method to investigate 
the kinetics of drug release from nanodroplets. The release 
behavior of berberine chloride was evaluated at two dif-
ferent pH values (7.4 and 5.5) to simulate the physiologi-
cal conditions and the slightly acidic extracellular matrix 
of most tumors. The pH range in tumor tissues can vary, 
but it is generally lower (more acidic) compared to healthy 
tissues. The pH range in tumors is typically reported to be 
between 6.5 and 7.0, with some studies suggesting even 
lower pH values. The extracellular pH in the tumor micro-
environment tends to be more acidic, while intracellular 
pH can be closer to neutral or slightly alkaline in some 
tumor cells (Zhang et al. 2010).

Entrapment efficiency (%) =

(M0)− (Mf)

M0
× 100
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To conduct the experiment, 2 ml of the optimized nan-
odroplet emulsion containing berberine chloride was 
placed in a dialysis bag (molecular weight cutoff 12,000 
Da), and the bags were then immersed in 10 ml of PBS 
with pH 7.4 and citrate buffer with pH 5.5. A magnetic 
stirrer was used to maintain conditions at a constant tem-
perature of 37 °C and a speed of 100 rpm. At specific time 
intervals (0–8 and 24 h), 2 ml of the buffer was removed 
and replaced with an equal volume of fresh buffer. The 
amount of berberine chloride released was determined 
by a UV–Vis spectrophotometer (UV-5100PC Shanghai 
Metash Instruments Co., Ltd., China) at 418 nm.

In order to determine the accumulated release of ber-
berine chloride from nanodroplets, the following formula 
was used:

where V is the sampling volume, V0 is the initial volume, 
Ci and Cn are the berberine chloride concentrations, i and 
n are the sampling times, and mdrug is the mass of berber-
ine chloride in nanodroplets.

Evaluation of  stimulated drug release To investigate 
the effects of ultrasound waves on the release of ber-
berine chloride from nanodroplets, a nanoemulsion of 
nanodroplets was applied onto a culture dish as a scaf-
fold and exposed to a low-frequency ultrasound con-
verter (SM3678B, Shrewsbury Medical Ltd., Shropshire, 
UK),150 kHz, 0.2 W/cm2, continuous mode, and 0.5 cm 
distance from the dish with a cross-sectional area of 
5   cm2 probes inside the chamber and high-frequency 
of ultrasound converter (Enraf Nonius, Rotterdam, The 
Netherlands), 1 MHz, 0.2 W/cm2, continuous mode, and 
0.5 cm distance from the dish ultrasound waves for vary-
ing durations of 30 s, 5 min, and 10 min. Previous studies 
have shown that the frequencies of 150 kHz and 1 MHz 
are safe for cells and do not cause cell lysis (Barati and 
Mokhtari-Dizaji 2010). The effective radiation area (ERA) 
was 30   mm2 with a geometric cross-sectional area of 
5  cm2 probes. Following exposure, the nanodroplet solu-
tion was centrifuged at 15,000 rpm, and the concentration 
of the released drug in the supernatant was measured as 
described above. The drug release obtained from both low 
and high frequencies was compared.

Statistical analysis
All experiments were performed at least in triplicate. 
Two-way ANOVA and Tukey’s multiple comparison 
tests were used for the statistical analysis with significant 
reports when P < 0.05.

Accumulated release (%) =

V n− i(Ci + V0Cn)

mdrug

Results
The effect of different processes and structural param-
eters on the average particle size, zeta potential, entrap-
ment efficiency, and cumulative drug released from 
different formulations of nanodroplets are collected in 
Table  2. In what follows, the results were discussed in 
detail.

Discussion
Effect of polymer concentration variation
Changes in particle size and drug loading were observed 
by altering the polymer concentration of the emulsion 
system in formulations Aa, Ab, and Ac. With a decrease 
in the weight percentage of gelatin, a reduction in par-
ticle size from 635.1, 458, to 281.7 nm was achieved, as 
shown in Table  2. Also, as expected, with decrease in 
polymer concentrations (2.3, 2, and 1.67% w/v), less drug 
was trapped between polymer chains, and drug loading 
decreased from 73.3 to 69.2% and 66.8%. The polymer 
concentration in the emulsion system has a significant 
impact on both particle size and drug loading (Lagreca, 
et  al. 2020). Lower polymer concentrations result in 
smaller particle sizes, leading to a reduction in drug load-
ing. In emulsion systems, the polymer acts as a stabilizer, 
helping to maintain the dispersion of the drug particles 
within the system. When the polymer concentration is 
high (as in formulation Aa), there is more polymer avail-
able to stabilize the particles, resulting in larger particle 
sizes (Krishnamachari et al. 2007). Since polymer chains 
can act as a matrix to trap the drug molecules, increasing 
the polymer concentration (as in formulation Aa) in the 
emulsion system provides more available polymer chains, 
which enhances the capacity for drug encapsulation. This 
can prevent or delay the saturation of drug encapsulation, 
leading to higher drug loading and improved encapsula-
tion efficiency. On the other hand, the amount of berber-
ine chloride released from formulations Aa, Ab, and Ac 
during 24 h was 10.2%, 12.1%, and 15.4%, respectively. 
The higher percentage of berberine chloride released 
from formulation Ac (with smaller droplets) compared 
to formulation Aa (with larger droplets) suggests a slower 
percent drug release from formulation Ac. The formation 
of larger droplets can have implications for percent drug 
release. Typically, smaller droplets have a larger surface 
area-to-volume ratio, allowing for faster drug release. 
When the amount of polymer increases and the viscos-
ity of the emulsion system increases, it can limit the dif-
fusion of drug molecules from the organic phase to the 
aqueous phase. The increased viscosity and larger parti-
cle size, as a result of higher polymer concentration, cre-
ate a longer diffusion path for drug molecules to travel 



Page 7 of 15Givarian et al. Bulletin of the National Research Centre           (2024) 48:65  

from the particle to the surrounding aqueous phase 
(Görner, et  al. 1999). This longer path can impede the 
drug’s ability to diffuse out of the particles and into the 
aqueous medium. As a consequence, the drug molecules 
may have a higher tendency to be trapped within the 
particles, leading to increased drug retention or reduced 
drug release. This can result in a higher amount of drug 
being trapped in the particles, as observed in the formu-
lations with larger particle sizes due to increased polymer 
concentration. According to the nanodroplet size, EE, 
and drug release profile, Ac formulation with 1.67% w/v 
gelatin was selected as an optimum polymer concentra-
tion. In addition, PDI in all samples has a value between 
0.2–0.3. PDI is a parameter used to characterize the size 
distribution of particles, including nanodroplets. A PDI 
value between 0.1 and 0.3 is often considered reasonable 
for many applications, including drug delivery systems 
(Kushwaha et al. 2019; Focarete and Tampieri 2018).

The positive zeta potential value of nanodroplets is 
reported in Table  2. Gelatin has an amphoteric nature, 
meaning it can have both positive and negative charges 
depending on the pH of the surrounding medium. At 
its isoelectric point (pI), gelatin has a near-neutral zeta 
potential. However, in most practical drug delivery appli-
cations, the pH of the medium is not at the pI of gelatin, 
and therefore, gelatin nanodroplets tend to have a slightly 

positive zeta potential in aqueous solutions. The zeta 
potential measurements were in the range of 30–32 and 
changes in formulations did not influence them.

Effect of drug amount variation
The particle sizes of the core–shell nanocarriers 
increased with higher drug loading concentrations. The 
sizes recorded for drug loadings of 4 mg, 5 mg, and 7 mg 
were 278.2 nm, 281.7 nm, and 351.2 nm, respectively. 
The observed increase in particle size indicates that 
higher drug loading leads to larger nanocarrier struc-
tures. Interestingly, the entrapment efficiencies showed 
an unexpected trend. The entrapment efficiencies for 
the drug loading concentrations of 4 mg, 5 mg, and 7 
mg were 63.4 ± 1.5%, 66.8 ± 1.7%, and 53.7 ± 1.9%, respec-
tively. Contrary to the particle size results, the entrap-
ment efficiency decreased with higher drug loading. This 
unexpected finding suggests that factors other than drug 
loading concentration may be influencing the encapsu-
lation process. The increase in particle size with higher 
drug loading can be attributed to the increased amount 
of drug incorporated into the nanocarrier system. While 
the decrease in entrapment efficiency with higher drug 
concentration is intriguing and warrants further investi-
gation. It is possible that at higher drug concentrations, 
the drug molecules might have a tendency to aggregate 

Table 2 The effect of different formulations and structural parameters on the average particle size, polydispersity index (PDI), zeta 
potential, encapsulation efficiency (EE), and cumulative drug release

All components of the above formulations were added to 3 ml of deionized water

Formulation 
code

Variable Mean particle size (nm) Mean PDI Zeta‑potential EE (% ± SD) Cumulative drug 
released within 24 h 
(% ± SD)

Gelatin concentration (%w/v) Variable: polymer concentration 
(%w/v)

Aa 2.3 635.1 0.30 30.61 73.3 ± 2.3 10.2 ± 0.3

Ab 2 458 0.26 31.50 69.2 ± 2.1 12.1 ± 0.4

Ac 1.67 281.7 0.24 31.52 66.8 ± 1.7 15.4 ± 0.2

Berberine chloride (mg) Variable: drug amount (mg)

Ba 4 278.2 0.32 31.63 63.4 ± 1.5 12.4 ± 0.1

Bb 5 281.7 0.24 31.52 66.8 ± 1.7 15.4 ± 0.2

Bc 7 351.2 0.19 31.45 53.7 ± 1.9 14.1 ± 0.4

PFH (μL) Variable: amount of perfluorohexane 
(µl)

Ca 150 281.7 0.24 31.52 66.8 ± 1.7 15.4 ± 0.2

Cb 200 363.3 0.4 31.38 71.8 ± 3.5 12.9 ± 0.3

Tween 80 (%v/v) Variable: surfactant content (% v/v)

Da 0.3 366.4 0.38 31.35 59.9 ± 3.8 10.9 ± 0.3

Db 0.5 281.7 0.24 31.52 66.8 ± 1.7 15.4 ± 0.2

Homogenization speed Variable: Homogenizer speed (rpm)

Fa 1700 467.3 0.22 31.32 45.3 ± 3.5 11.2 ± 0.3

Fb 2400 281.7 0.24 31.52 66.8 ± 1.7 15.4 ± 0.2
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and precipitate on the shell surface so reducing their 
incorporation into the core–shell nanocarriers (Focarete 
and Tampieri 2018). As expected, the formulation with 
higher entrapment efficiency (Ba formulation) demon-
strated a higher cumulative drug release within the initial 
24-h period (Fig. 1b). This finding suggests a correlation 
between entrapment efficiency and drug release kinet-
ics in the studied system. This can be attributed to the 

improved retention of the drug within the nanocarrier, 
resulting in a more efficient drug release process.

Effect of perfluorohexane amount variation
Perfluorohexane plays a crucial role in core–shell nano-
carriers as the core material. It enables the generation 
of microbubbles upon ultrasound stimulation, provid-
ing contrast enhancement and targeted therapy. With its 

Fig.1 Cumulative drug‑released percentage within 24 h in different formulations. Variables included a polymer concentration, b drug amount, 
c perfluorohexane amount, d surfactant amount, and e homogenization rate. Polymer amount, perfluorohexane amount, surfactant amount, 
and homogenization rate showed significant effects on drug‑released profiles
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low surface tension, high volatility, biocompatibility, and 
chemical stability, perfluorohexane facilitates efficient 
dispersion, controlled release, and gas exchange, mak-
ing it a versatile and valuable component in nanocarrier 
design (Yazdian Kashani et al. 2020). The investigation in 
this study focused on the effect of increasing the amount 
of perfluorohexane, an important component of the sys-
tem’s core, on the size of nanodroplets and drug loading. 
The findings revealed that an increase in the amount of 
perfluorohexane resulted in an increase in particle size, 
as shown in Table  2. Nanodroplets obtained from the 
Ca and Cb formulations had mean sizes of 281.7 nm 
and 363.3 nm, respectively. This increase in particle size 
can be attributed to the emulsions containing a higher 
oil phase content, in this case, perfluorohexane. When 
emulsions have a higher oil phase content, there may not 
be enough surfactant available to adequately cover the 
surface of each droplet and prevent them from merging. 
Consequently, larger droplets are formed, resulting in a 
lower specific surface area and larger particle sizes (Fuhr-
mann et al. 2019). It appears that alterations in the per-
fluorohexane content do not greatly impact drug loading. 
This suggests that the majority of drugs are trapped effec-
tively within the gelatin shell. This finding suggests that 
the drug encapsulation process is primarily determined 
by the properties of the gelatin shell rather than the 
amount of perfluorohexane in the core.

With the increase in the oil phase, the percent drug 
release decreased from 15.4 to 12.9% in Ca and Cb, 
respectively (Fig.  1c). The reduction in specific surface 
area as a result of increasing the size of the nanocarrier 
can affect the drug release kinetics. A lower surface area 
may result in decreased drug diffusion and slower drug 
release from the nanodroplets, leading to a decreased 
percentage of drug release (Yasmin et  al. 2017). These 
findings highlight the importance of considering the 
composition and formulation parameters in drug deliv-
ery systems. The amount of perfluorohexane plays a cru-
cial role not only in particle size but also in drug release 
kinetics. Optimizing the formulation parameters can 
help achieve desired drug release profiles and enhance 
the therapeutic efficacy of the delivery system. Increas-
ing the content of perfluorohexane in the system creates 
nanodroplets with larger cores and thinner shells. The 
thinner the shell and the larger the particle size result in 
lower loading of the drug. In addition, smaller nanodrop-
lets need less energy to become microbubbles so the heat 
generation after ultrasound stimulation is reduced (Gao 
et al. 2008).

Effect of tween 80 concentration
The selection and concentration of the surfactant can 
influence the particle size of the nanocarriers. The 

surfactant molecules can act as steric or electrostatic 
barriers, preventing the aggregation or coalescence of 
nanodroplets and leading to smaller particle sizes. Addi-
tionally, surfactants can influence the emulsion droplet 
size, which in turn affects the final particle size of the 
nanocarriers (Wanx and Lee 1974; Quintanar-Guerrero 
et  al. 1996). Tween 80 or polysorbate 80 is a nonionic 
surfactant that has excellent emulsifying properties, 
making it effective in stabilizing oil-in-water emulsions. 
It can reduce the interfacial tension between oil and 
water phases, leading to the formation of stable emul-
sions with small droplet sizes. This property is particu-
larly advantageous in the preparation of nanocarriers, as 
it helps in achieving uniform and stable nanodroplet dis-
persions. In addition, its lipophilic portion can improve 
the solubility and dispersibility of poor water solubil-
ity drugs like berberine chloride in aqueous media. By 
forming micelles or solubilizing the drug, Tween 80 
can enhance the drug’s bioavailability and facilitate its 
encapsulation within the nanocarrier system (Kwon 
et al. 2020). To explore how varying surfactant concen-
trations affect particle size, drug loading rate, and per-
cent drug release, two distinct concentrations of the 
surfactant were employed. By adjusting the concentra-
tion of surfactant in the formulation, the particle size 
and encapsulation efficiency can be modified. Increas-
ing the surfactant concentration (0.3 and 0.5% volume of 
tween 80) resulted in smaller particle sizes in Da (366.4 
nm) and Db (281.7 nm) formulations, and increased 
encapsulation efficiency in formulations Da (59.9%) and 
Db (66.8%). The higher percentage of Tween 80 in the 
formulation can promote the formation of smaller and 
more uniform nanodroplets. As a surfactant, Tween 80 
reduces the interfacial tension between the oil and water 
phases, allowing for better dispersion and stabiliza-
tion of the hydrophobic compound within the aqueous 
medium. This leads to the formation of smaller droplets 
or nanodroplets during emulsification or self-assembly 
processes. The presence of Tween 80 at higher concen-
trations also enhances the encapsulation efficiency of 
berberine chloride (Table  2). The surfactant molecules 
can interact with the hydrophobic compound, forming 
micelles or complex structures that facilitate its entrap-
ment within the nanocarrier system. This improves the 
loading capacity and reduces the potential loss of the 
drug during the formulation process. The amount of 
berberine chloride released from the system during 24 
h of the mentioned formulations were 10.9% and 15.4%, 
respectively (Fig.  1d). It was anticipated that the drug 
release would be greater in the Db formulation due to 
the smaller size of the nanocarriers, as previously men-
tioned in   "Effect of perfluorohexane amount variation" 
section.
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Effect of speed of homogenizer
The main role of homogenizer is to facilitate the emulsifi-
cation and dispersion of the components to achieve a sta-
ble and uniform formulation. The homogenizer applies 
mechanical shear forces to break down the immiscible 
component (perfluorohexane (oil phase)) and aqueous 
components (berberine chloride, Tween 80, gelatin). It 
helps in overcoming the interfacial tension between these 
components and creates smaller droplets of the oil phase 
dispersed in the aqueous phase. In the synthesis of nan-
odroplets, varying homogenization rates of 17,000 rpm 
and 24,000 rpm were utilized. It was noted that the parti-
cle size decreased as the velocity increased, which was in 
line with expectations (Table 2). The high-speed rotation 
of the homogenizer generates intense shear forces, result-
ing in the fragmentation of larger droplets into smaller 
droplets. Smaller droplets provide a larger interfacial 
area, which is beneficial for encapsulating the hydro-
phobic berberine chloride within the perfluorohexane 
droplets and improving the stability of the formulation 
(Budhian et  al. 2007). Furthermore, when the homog-
enization speed was increased to 24,000 the encapsula-
tion efficiency also increased to 66.8%. By increasing 
the homogenizer speed, these factors collectively con-
tribute to improved emulsification, enhanced mixing, 
and optimized surface coverage, resulting in increased 

encapsulation efficiency of the drug within the nanodro-
plets. Smaller droplets provide more opportunities for 
the hydrophobic berberine chloride molecules to parti-
tion and become encapsulated within the oil phase (per-
fluorohexane) of the nanodroplets, leading to improved 
encapsulation efficiency. More efficient mixing ensures 
better distribution of the hydrophobic drug within the 
oil phase and improves the chances of drug molecules 
being encapsulated rather than remaining in the aqueous 
phase. In addition, the increased homogenizer speed pro-
motes better coverage of the droplet surfaces by the sur-
factant (Tween 80) molecules. A higher speed allows for 
more effective adsorption and arrangement of surfactant 
molecules at the oil–water interface, forming a stable 
and well-structured interfacial layer. This improved sur-
face coverage helps to stabilize the nanodroplets, prevent 
coalescence, and enhance the encapsulation of the hydro-
phobic drug (Zamani et al. 2022). The nanodroplets syn-
thesized at 24,000 rpm had a higher percent drug release 
(15.4%) compared to the larger nanodroplets obtained at 
17,000 rpm (11.2%) after 24 h (as shown in Fig. 4). It was 
anticipated that the drug release would be greater in the 
Fb formulation due to the smaller size of the nanocarri-
ers, as previously mentioned in  "Effect of perfluorohex-
ane amount variation" section.

Fig. 2 Physicochemical characterization of optimum formulation (Ac). a Precipitated berberine chloride‑loaded nanodroplets after centrifugation 
that separated for further analyses. b The size distribution of nanodroplets obtained from DLS. The graph showed the particle size and high 
monodispersity of the nanodroplets. c TEM images of gelatin nanodroplets containing berberine chloride. Nanodroplets had a distinct core material 
(PHF) surrounded by a gelatin shell. High‑magnitude detail inset: Inset in the top‑left corner showcases a high‑magnitude view of one nanodroplet 
within the TEM image. d The FTIR spectrum of Ac formulation besides the drug and gelatin
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Physicochemical properties of optimum formulation
Among various formulations tested for synthesizing nan-
odroplets containing berberine chloride with a gelatinous 
shell, the Ac formulation with an average particle size 
of 281.7 nm and an encapsulation efficiency of 66.8% is 
the optimal formulation for continuing further testing. 
The size and morphology of drug-loaded nanodroplets 
were observed using DLS and TEM (Fig. 2b, c). The TEM 
image displays nanodroplets with a semi-circle shape and 
a size of approximately 280 nm. This size corresponds 
with the DLS results. In addition, DLS showed an accept-
able polydispersity index. Upon observation using TEM, 
it was evident that the nanodroplets had a distinct core 
material (PHF) surrounded by a gelatin shell. The pres-
ence of a suitable amount of perfluorohexane in the sys-
tem can create nanodroplets whose core–shell structure 
can be easily identified in the TEM image.

FTIR analysis of the nanocarrier loaded with berber-
ine chloride can provide valuable information regarding 
the presence of gelatin and berberine chloride, chemi-
cal interactions between them, structural changes, and 
the stability of the composite material. The FTIR spectra 
of gelatin are characterized by the main amide bands. 
The amide I band in the frequency range of 1650–1630 
 cm−1 represents the C = O stretching vibrations of the 
amide bonds in the protein backbone. The amide II in the 
range of frequency of 1560–1530  cm−1 corresponds to 
N–H bending and C–N stretching vibrations (indicated 
in Fig. 2d). It provides information about the secondary 
structure of gelatin, including α-helices, β-sheets, and 
random coils (Hermida-Merino 2022). The presence of 
these peaks in the nanodroplet formulation with small 
shifts confirmed that there are not any changes in the 
secondary structure of the gelatin shell caused by the 
presence of berberine chloride. In addition, a wide peak 
at 3300–3500  cm−1 region may be attributed to N–H 
stretching vibrations of the amide group of the gelatin 
and is a characteristic Amide A band (Khan et al. 2016) 
Berberine HCl exhibited significant peaks at 2920–2930 
 cm−1 that represents stretching vibrations of the aliphatic 
carbon–hydrogen bonds in the molecule. This peak pre-
sented at 2927  cm−1 in the nanodroplet formulation. The 
peak at 1537  cm−1 corresponds to the stretching vibra-
tions of the aromatic C = C rings and the peak at 1030 
 cm−1 indicates the C–H vibrations present in berberine 
chloride (Lam et al. 2012). The spectrum of nanodroplets 
loaded with berberine chloride showed the characteristic 
peaks of berberine HCl and gelatin.

Passive drug release
It is generally desirable to optimize the design of stim-
uli-responsive nanocarriers to achieve a high degree 

of control over drug release while minimizing passive 
release. The idea is to minimize the passive or uncon-
trolled release of the drug when it is not needed, thereby 
reducing potential side effects and improving the thera-
peutic efficacy. The optimum level of passive drug release 
will vary depending on the specific requirements of the 
application. In cancer treatments, it is crucial to mini-
mize passive release to avoid unnecessary drug exposure 
to healthy tissues and reduce systemic toxicity (Adepu 
and Ramakrishna 2021). In Ac formulation, the cumu-
lative release after 24 h was 15.4% at neutral pH. The 
level of release is slightly higher than our previous drug 
delivery system, which utilized alginate as a shell (Bagh-
bani et  al. 2016). Considering the structural properties 
of alginate and its ability to form a gel-like structure, it 
was expected that gelatin forms a denser and less porous 
matrix compared to alginate. This could potentially 
restrict the passive diffusion of drugs from the nano-
carrier. The variation can depend on the specific for-
mulation, preparation method, and other factors that 
influence the release kinetics of drugs from nanocarri-
ers and lead to different outcomes than what might be 
expected based on general properties. It is also worth 
considering that gelatin is a protein-based material, and 
proteins can undergo changes in conformation or degra-
dation over time, potentially altering the permeability of 
the gelatin shell and affecting drug release. It is important 
to note that the choice of nanocarrier material depends 
on various factors, including the specific drug being 
delivered, the desired release profile, and the target appli-
cation. While protein-based materials like gelatin may 
have limitations in terms of passive release control, they 
can still be advantageous in certain contexts, such as for 
specific drug types or when a higher percent drug release 
is desired. The Ac formulations possessed significantly 
higher berberine chloride release at acidic pH (5.5, the 
pH of endosomal/lysosomal environment) compared to 
normal pH (7.4) (Fig. 3). The cumulative amount of drug 
release at acidic was about 27.2% which was significantly 
(p < 0.05) higher than normal pH (7.4). This behavior can 
be attributed to the pH-responsive characteristics of the 
formulations. Acidic pH can cause protonation of car-
boxyl groups in gelatin or other acidic functional groups. 
This protonation leads to the conversion of –COO– ionic 
groups to COOH groups. In other words, the carboxyl 
groups, which typically carry a negative charge at neu-
tral pH, become neutralized due to the presence of excess 
protons in the acidic environment (Mahdian 2023). In an 
acidic environment, such as the endosomal/lysosomal 
compartments where the nanocarriers may be taken up 
by cells, the pH-sensitive components of the formulations 
may undergo changes, leading to increased drug release.
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Ultrasound‑induced drug release
When perfluorocarbon nanodroplets are initially injected 
into the body, they remain in a liquid state. However, 
when exposed to ultrasound at a specific frequency and 
intensity, the nanodroplets can be triggered to vaporize 
and form gas bubbles. This vaporization process occurs 
due to the absorption of acoustic energy by the nanodro-
plets, leading to their rapid expansion and conversion 
into gas bubbles. The ADV process can induce the rapid 
expansion and disruption of the nanodroplets, facilitating 
the release of encapsulated drugs or therapeutic agents 
(Wang et al. 2012). The vaporization of perfluorohexane 
nanodroplets can generate mechanical forces that cause 
the disruption or fragmentation of the gelatin shell. The 
combination of ADV and gelatin shell disruption can lead 
to enhanced drug delivery. The vaporization process can 
create transient pores or openings in the gelatin shell, 
facilitating the controlled release and diffusion of ber-
berine chloride. This can potentially improve the drug’s 
bioavailability, increase its concentration at the target 
site, and enhance its therapeutic effects. The frequency of 
ultrasound plays a critical role in determining the thresh-
old at which vaporization occurs. Different perfluorocar-
bon nanodroplets have specific vaporization thresholds 
that correspond to specific ultrasound frequencies. This 
threshold efficiency is typically in the range of  101 to  103 
kHz (Zhao 2023). We studied the ADV effect for Ac for-
mulation via injection through a thin needle and 150 kHz 
and 1 MHz ultrasound exposure at room temperature, in 
PBS solution for 10 min. Figure  3b clearly displays that 
the release of berberine chloride was significantly higher 
at 150kHz (89.4%) after 10 min compared to 1 MHz stim-
ulation (63.9%). In general, lower ultrasound frequencies 
have a lower vaporization threshold for ADV compared 
to higher frequencies. This causes a higher percentage of 
nanodroplets to undergo vaporization at this frequency 

(Xu et  al. 2018). Additionally, 150 kHz ultrasound fre-
quency generates larger vaporized bubbles during ADV. 
These larger bubbles undergo expansion and contraction 
cycles without immediate collapse. Stable cavitation can 
enhance drug release and improve the efficiency of ADV 
while minimizing potential bioeffects. Lower ultrasound 
frequencies are more likely to promote stable cavita-
tion. ADV, the process of perfluorocarbon nanodroplets 
vaporizing into gas bubbles, can generate localized heat. 
This heat is a result of the conversion of acoustic energy 
into kinetic energy, causing rapid expansion and sub-
sequent collapse of the vaporized bubbles. The energy 
dissipation during bubble collapse can lead to the genera-
tion of heat in the surrounding medium. At high frequen-
cies, the bubbles that form are larger in size and fewer in 
number. These bubbles are visible to the naked eye and 
are the main cause of heat generation (Husseini et  al. 
2000). Ultrasound has also proven to be safe and effective 
for therapeutic applications in clinical settings. In drug 
delivery systems stimulated by ultrasound, safety consid-
erations like local heat generation and safe intensity are 
of paramount importance. In many medical applications, 
it is recommended to limit the increase in local tissue 
temperature to no more than 2–4 °C above the baseline 
body temperature. This range is generally considered safe 
to avoid damaging or injuring the surrounding tissues 
(Miller, et al. 2012). To explore the effects of ultrasound 
radiations, the temperature rise caused by radiations was 
monitored. The findings of the research confirmed our 
assumption, as there was a clear temperature increase 
in the 1 MHz radiation (as seen in Fig.  3c). However, 
it should be noted that this temperature increase can 
be harmful to the surrounding tissues and should be 
avoided. As a result, 150 kHz radiation is safe and effec-
tive for drug release.

Fig. 3 The comparison between passive and stimulated drug release of the optimum formulation and heat generation after ultrasound 
stimulation. a Berberine chloride release profile from  AC formulation at neutral pH (7.4) and acidic pH (5.5). The acidic condition changed the release 
profile b The active release profile of berberine chloride from the optimal formulation (Ac) under low (150 kHz) and high (1MHz) frequency 
ultrasound for 10 min. c The temperature changing in the Ac formulation caused by the radiation of 1 MHz and 150 kHz ultrasound frequencies 
within 10 min, measured in degrees Celsius
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Stability of nanodroplets
Based on the observations made in Fig. 4 a, b, it can be 
inferred that there were almost no changes in the size 
and entrapment efficiency of nanodroplets for a period of 
1 month at a temperature of 4 °C. This stability period is 
promising for the development of an effective drug deliv-
ery system. However, the acceptability of this 1-month 
stability period largely depends on the specific require-
ments and intended use of the drug delivery system. In 
our previous study (Baghbani et  al. 2016), the alginate 
nanodroplet showed 4 months of stability. Negatively 
charged nanoparticles like alginate often exhibit greater 
colloidal stability in aqueous solutions, as they repel 
each other due to electrostatic repulsion. On the other 
hand, proteins like gelatin are generally more suscepti-
ble to degradation over time compared to polysaccha-
rides which can lead to reduced stability. In this study, we 
chose material with a positive surface charge in favor of 
higher cellular uptake and pH-responsive delivery. Posi-
tively charged nanoparticles can interact more favorably 
with negatively charged cell membranes. This electro-
static attraction can enhance cellular uptake, which is 
beneficial when the goal is to deliver drugs or therapeu-
tic agents inside cells. In addition, gelatin nanodroplets 
showed pH-responsive behavior that can improve drug 
delivery to specific tissues.

Conclusions
In conclusion, this study successfully developed and 
optimized gelatin/perfluorohexane (PFH) nanodrop-
lets loaded with berberine chloride as a model drug for 
dual pH and ultrasound-triggered release. The nanodro-
plets were fabricated using an emulsion-based tech-
nique and the effects of various formulation and process 
parameters were systematically investigated. An optimal 

formulation was identified containing 1.67% w/v gelatin, 
5 mg berberine chloride, 150 μL PFH, 0.5% v/v Tween 80, 
and 24,000 rpm homogenization speed. This formula-
tion yielded nanodroplets with a size of 281.7 nm, poly-
dispersity index of 0.24, and encapsulation efficiency of 
66.8%. Physicochemical characterization using TEM and 
FTIR verified the distinct core–shell structure of the nan-
odroplets and confirmed the successful encapsulation of 
berberine chloride. In vitro release studies demonstrated 
that the nanodroplets exhibited pH-responsive behavior, 
with a higher cumulative release of 27.2% under acidic 
conditions compared to 15.4% at neutral pH over 24 h. 
This is attributed to the protonation of the gelatin shell 
under acidic environments. More importantly, ultra-
sound stimulation triggered rapid acoustic droplet vapor-
ization and subsequent burst release of the encapsulated 
drug, especially at a lower frequency of 150 kHz which 
generated minimal heat. After 10 min of ultrasound 
exposure, 150 kHz and 1 MHz stimulated the release of 
89.4% and 63.9% berberine chloride, respectively. Finally, 
the optimized nanodroplets displayed excellent stability 
over 1 month of storage at 4°C.

Overall, this work successfully developed a promising 
dual-triggered nanocarrier formulation for controlled 
and targeted release of berberine chloride. The nanodro-
plets leverage the synergy between pH responsiveness 
and ultrasound stimulation to achieve enhanced drug 
release specifically at the target site. This improves the 
bioavailability and therapeutic efficacy of the drug while 
reducing systemic side effects. The gelatin/PFH platform 
presents an efficient, biocompatible, and stable system 
that can potentially be applied for the delivery of vari-
ous hydrophobic drugs. Further in vitro cytotoxicity and 
in  vivo studies are warranted to fully evaluate the effi-
ciency of these nanocarriers for practical drug delivery 

Fig.4 Changes in a particle size and b encapsulation efficiency of berberine chloride‑loaded gelatin system in  AC formulation at a storage 
temperature of 4° C for predetermined time intervals. The trend showed stability of particle size and encapsulation efficiency over 1 month
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applications. This study provides valuable insights into 
the rational design and engineering of smart multifunc-
tional nanocarriers for targeted therapy.
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