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Doxorubicin (DOX), a well-known chemotherapeutic agent, is extensively used for cancer therapy.
However, cardiotoxicity and hypersensitivity are the major side effects of DOX. Other issues that need to
be addressed include the short half-life, low stability, and high rate of drug release. An injectable drug
delivery system (DDS) composed of pH-responsive crosslinked gelatin nanoparticles (Ge-NPs) is
reported to lessen the side effects and address the aforementioned obstacles. Ge-NPs were made via
a two-step desolvation procedure with two distinct concentrations of 5 wt% (Ge-NPs-5) and 10 wt%
(Ge-NPs-10). The physicochemical properties of the Ge-NPs were characterized using Fourier transform
infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), and dynamic light scattering (DLS).
The mean diameter of the Ge-NPs was measured at pH 7.4, 5.0, and 3.0. Doxorubicin was successfully
loaded into the Ge-NPs, with encapsulation efficiencies of 65.12% (Ge-NPs-5) and 53.7% (Ge-NPs-10).
Moreover, artificial neural networks (ANNs) were used to predict the cumulative release of DOX under
different experimental conditions. ANNs exhibited considerably improved prediction ability and there
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was good agreement between the ANN's anticipated and experimentally observed drug release data.
Overall, this study presents the synthesis of Ge-NPs for controlled drug release and the utilization of the

DOI: 10.1039/d3ma00825h

Open Access Article. Published on 18 January 2024. Downloaded on 10/27/2025 2:38:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/materials-advances

1. Introduction

Cancer is one of the leading causes of mortality worldwide; one
out of every six deaths is caused by this disease. According to an
estimation, over 1.9 million new cases and more than half a
million deaths are expected due to cancer in the United States
in 2022." There are several flaws in existing chemotherapy,
mainly related to poor bioavailability, low response, nonspecific
distribution, drug resistance, and several side effects, which result
in inconsistent clinical outcomes.” However, the most challenging
task in a chemotherapeutic formulation is controlling the drug
concentration in the body in the desired range with an effective
approach.> The advancement of techniques with controlled
release at the desired location without damaging the healthy
surrounding areas should be an exciting challenge for controlled
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ANN model as a tool to predict the release of DOX under different pH conditions.

drug delivery carriers.” Many researchers have been using poly-
meric nanoparticles in combination with chemotherapeutic
agents like doxorubicin, paclitaxel, and 5-fluorouracil to improve
cancer therapy in recent years.” DOX is a well-known anticancer
drug that is widely used in cancer therapy to treat various tumors
such as bladder, stomach, breast, and lung cancer. A low dose
of DOX has a significant disadvantage in terms of cancer cell
internalization. On the other extreme, its high dosage not only
compromises the cancer cell survival but also causes severe side
effects in healthy cells and tissues, such as hypersensitivity and
cardiotoxicity.® Other challenges related to DOX include a short
half-life, high rate of drug release, and lack of stability.”
To overcome these problems, a polymer-based controlled DDS is
used to release the drug at the desired rate for a given duration
of time.® Polymeric hydrogels are 3D arrangements of polymers
that absorb water due to their hydrophilic nature, making them
suitable for interacting with human tissues.” ™"

The development and design of stimuli-responsive hydrogels
for DDSs have gained considerable attention in recent years.
Stimuli-responsive DDSs are innovative platforms designed to
release therapeutic agents in response to specific stimuli,
ensuring precise control over drug release at targeted sites
within the body. These systems offer significant advantages
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over conventional drug delivery methods by enhancing the
therapeutic efficacy while minimizing side effects. There are
two main categories of stimuli for triggering drug release:
exogenous and endogenous stimuli. Exogenous stimuli origi-
nate externally and are applied or introduced into the body.
Examples of exogenous stimuli include light, magnetic fields,
ultrasound, and others. Among them, light-responsive DDSs
have gained significant attention due to their precise control,
non-invasiveness, and spatiotemporal specificity.'> On the
other hand, endogenous stimuli arise from physiological con-
ditions within the body, such as changes in pH, temperature,
enzyme concentration, or the presence of specific bio-
molecules. pH-sensitive DDSs intelligently release therapeutic
agents based on variations in acidity levels. pH-triggered DDSs
utilize changes in pH within body compartments, such as
tumor microenvironments, enabling selective drug release at
specific sites. This precision allows for targeted treatment,
minimizing side effects and enhancing therapeutic efficacy.
pH-sensitive DDSs signify a groundbreaking strategy in drug
delivery, offering tailored treatments that exploit physiological
variations for optimized therapeutic outcomes.*"?

Hydrogels are available in a variety of sizes, ranging from
nano-gels to macro-gels."* Generally, small particles are recom-
mended in drug treatment because they have a higher blood
circulation period as well as the highest loading efficiency.'®
Gelatin is a naturally occurring protein-polymer that is pro-
duced by heat denaturing collagen. It is divided into two types:
type A and type B. Type-A gelatin is cationic and is made up of
pigskin, whereas type-B gelatin is anionic and is formed from
alkaline bovine collagen.'*'™*8 It offers several advantages and
can interact with both hydrophobic and hydrophilic medicines
with good gelation characteristics.>'**° Gelatin-based nano-
particles have been extensively studied as drug carriers in
controlled DDSs.”* These NPs are effective drug delivery vehi-
cles because of their unique properties, such as biodegradabil-
ity and biocompatibility, low cytotoxicity, and high binding
capacity.”>*® Several techniques have been used to make Ge-
NPs depending on the required results, such as emulsification,
desolvation, coacervation-phase separation, water-in-oil emul-
sion, and so on.?*** One of the most often used methods for
making gelatin nanoparticles is desolvation. This technique
depends on the aqueous polymer solution and poor solvents
such as acetone, acetonitrile, or alcohol. Its challenging to
make homogenous Ge-NPs in size with the large molecular
weight distribution range of gelatin. The two-step desolvation
method has solved this issue and is the most preferred techni-
que for preparing Ge-NPs.?®™® Coester et al. first developed this
approach and removed the low molecular weight gelatin fol-
lowed by desolvation of the high molecular weight fraction.>®
Gelatin nanoparticles provide various distinct benefits, including
enhanced pharmacokinetics, release profile, and targeted drug
delivery. The size distribution of Ge-NPs in drug carriers is an
important factor because it influences how they interact with
the cell membranes and their ability to cross physiological
barriers. Therefore, controlling the size distribution, particle
size, and surface morphology of NPs is essential.®
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To enhance the characteristics of NP-based delivery systems,
many factors in both biological and material aspects need to be
optimized. However, prediction of the release kinetics from the
hydrogel matrix and living organisms is very challenging. Each
data point in NP-based delivery systems is labor-intensive and
time-taking, and necessitates the purchase of expensive labora-
tory supplies.”® Mathematical models have recently sparked a
surge of interest in the study of such systems. Many different
models have been developed to examine the controlled release
rates of therapeutic moieties from a 3D crosslinked polymeric
network. Artificial neural networks (ANNs) are one of these
methods. A neural network is a series of “neurons” that are
layered one on top of the other (or “nodes”). The design of
a neural network is made up of an ‘input’ layer, one or more
‘hidden’ layers, and an ‘output’ layer.>® It is a computational
model that is based on the functioning mode of the human
brain and can achieve, derive, and develop new information.
ANN is an efficient modeling tool with well-established benefits
across traditional mathematical and statistical techniques for
identifying complicated correlations in input-output data. ANN
has been studied as an effective technique to investigate and
comprehend biological systems for the various variables.>" The
main aim of this study was to develop and characterize pH-
responsive Ge-NPs as a controlled drug delivery vehicle. Two
different weight ratios (5 wt% and 10 wt%) of gelatin were used
to synthesize Ge-NPs through a two-step desolvation method.
The morphology and size of both Ge-NPs were analyzed by SEM
and DLS, respectively. Next, the DOX release profile from
the Ge-NPs was studied under different pH conditions (3.0,
5.0, and 7.4) for 48 hours. Moreover, an ANN-based model was
developed to predict the drug release profile. The model was
validated using the obtained experimental findings. Overall,
this study finds that ANN might be a useful tool for modeling
experimental datasets in the field of nanomedicine, allowing us
to precisely predict the effects of critical factors on a system
with less experimental effort and expenses.

2. Materials and methods

2.1. Materials

Gelatin type B from bovine skin (225 Bloom), acetone, glutar-
aldehyde (grade-I 25%), sodium hydroxide (NaOH), hydrochlo-
ric acid (HC1 37%), sodium chloride (NaCl), potassium chloride
(KCl), disodium hydrogen phosphate dihydrate (Na,HPO,:
2H,0), and monopotassium phosphate (KH,PO,) were pur-
chased from Sigma-Aldrich (St. Louis, OM, USA). Doxorubicin
was obtained from Carbosynth (Compton, UK). All the reagents
and chemicals used in this study were of analytical grade and
were used without further purification. Double distilled water
was used in all the experiments.

2.2. Synthesis and characterization of gelatin nanoparticles

Gelatin nanoparticles were synthesized using a two-step deso-
Ivation technique as described previously.**> Two different con-
centrations (5 and 10 wt%) of gelatin solutions were prepared

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in distilled water at 50 °C. For this, 1.25 gm and 2.5 gm of
gelatin was dissolved in 25 mL of distilled water to yield 5 and
10 wt% solutions, respectively. As a desolvating agent, 25 mL
of acetone was added in each solution to separate the high
molecular weight (HMW) gelatin. Sedimentation was allowed
to happen by keeping the solutions at room temperature for
10 minutes. After that, the supernatant was discarded, and the
precipitates of gelatin were collected and re-dissolved in 25 mL
of distilled water at 50 °C. The pH of both gelatin solutions was
adjusted to 3 with 6 N HCL. To form nanoparticles, 75 mL of
acetone was added dropwise into the gelatin solutions under
constant stirring at 50 °C. For the crosslinking of the nano-
particles, 300 pL of 25% glutaraldehyde was used to make
Ge-NPs-5 and 600 pL was used to crosslink Ge-NPs-10. The
resulting mixtures were stirred again for the next 2 hours at
50 °C. Finally, centrifugation was performed at 4400 rpm for
20 minutes, and the resultant nanoparticles were washed with
an acetone/water mixture (3:7). The obtained nanoparticles
were stored at 4 °C for further use. The structural information
of gelatin, Ge-NPs-5, and Ge-NPs-10 was investigated through
Fourier transform infrared (FTIR) spectroscopy. The surface
morphology of the Ge-NPs-5 and Ge-NPs-10 was examined
through scanning electron microscopy. For this, samples were
collected on cleaned silicon wafers and dried overnight in a
desiccator. Next, silicon wafers were attached to metal stubs
with the aid of double-sided carbon tape and the surfaces of the
NPs (Ge-NPs-5 and Ge-NPs-10) were coated with a thin layer
of gold (~15). The sample was observed under a microscope
at 10.0 kV accelerated voltage with 500k magnification. The
diameters of the Ge-NPs were measured with Image]®. Moreover,
the particle size of the Ge-NPs-5 and Ge-NPs-10 was measured in
three pH conditions (3.0, 5.0, and 7.4) by using a dynamic light
scattering (DLS) instrument (Malvern Instruments, Ltd, Malvern,
UK) with a Zetasizer 3000. Before measuring the size of the Ge-
NPs, a suspension of Ge-NPs was sonicated for a short time using
a sonicator and diluted with distilled water. The data was inter-
preted by examining the size distribution based on dispersed light
intensity.

2.3. Drug loading and release studies

DOX was used as a model drug for drug loading and release
studies. To measure the drug loading efficiency, the drug
content in the DOX-loaded Ge-NPs was determined by the
difference between the total quantity added in the Ge-NP
dispersion and the amount of free drug present in the solvent
system. DOX was dissolved in distilled water to prepare stock
solutions (1 mg mL ‘). Both Ge-NPs-5 and Ge-NPs-10 nano-
particles (15 mg) were dispersed in 3 mL of PBS separately,
which contained 300 pg of DOX. For maximum drug loading,
the resulting solution was shaken continuously at around
75 rpm for 2 hours at room temperature and then incubated
in the dark for 24 hours. Next, centrifugation was carried out at
4000 rpm for 10 minutes to remove the unbound drug and the
pellet was then resuspended in ultrapure water. The absor-
bance of the supernatant was measured with a UV-VIS Spectro-
photometer (UV-2800 Biotechnology Medical Services, USA) at
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480 nm. To determine a standard calibration curve, different
concentrations of DOX solutions were prepared. Eqn (1) was
used to calculate the drug encapsulation efficiency:

Encapsulation efficiency (%) = Wrug/Wo X 100
1)

where W, is the initial weight of the drug and Wy, is the
weight of the loaded drug. Drug release studies were carried out
at three different pHs (7.4, 5.0, and 3.0) in PBS at physiological
temperature (37 °C). 1N HCI solution was used to alter the pH
of the PBS buffer. Drug-loaded nanoparticles were immediately
re-dispersed in 3 mL of PBS and kept on shaking at 100 rpm.
To measure the release of DOX from both types of nano-
particles (Ge-NPs-5 and Ge-NPs-10), each sample in triplicate
was taken and centrifuged for 20 minutes. Next, 0.2 mL from
each sample was withdrawn at different time points (1, 2, 3, 4,
6, 10, 12, 24, and 48 h) to check the released drug. After each
withdrawal, the solution volume was adjusted by adding the
same quantity of fresh PBS. The release of DOX was calculated
using eqn (2) at various time intervals.

M =C/xV+Y CoyxV (2)

where M, represents the mass released during time ¢, C; denotes
the concentration of drug at time ¢, V represents the total
volume of released solution (3 mL), and V; is the volume of
sample withdrawn (0.2 mL). The percentage of cumulative drug
release, Q, was determined by using eqn (3).

Q=M,/M,, x 100 (3)
where M, represents the total weight of DOX-loaded into Ge-NPs.

2.4. Artificial neural network (ANN) model development

The neural network toolbox and MATLAB® 2019a were used to
develop the ANN model. Three input variables (Ge-NPs concen-
tration, pH, and time) and one output variable (drug release)
were used to develop the ANN model. The training and test
groups were selected at random using the dataset given in
Table 3. The designed ANN model was used to validate with test
data. The data was obtained from 66 different in vitro experi-
ments to investigate the DOX release rate from the Ge-NPs at
different pH levels and time intervals. The effects of time, pH,
and concentration of Ge-NPs on the cumulative release of DOX
were predicted using an ANN model and compared with
experimental data. 70% of the dataset was used for training
purposes, while the remaining 30% was employed to validate
the model. 48 samples were used as training data, whereas 18
samples were employed as test data. These values correspond
to the system’s experimental boundaries. The neural networks
must be trained to modify the weights and biases.** A network
can be trained by using multiple methods such as genetic
algorithm (GA), quasi-Newton (Levenberg-Marquardt), gradient
descent, and other techniques may be used. The Levenberg-
Marquardt optimization technique (‘trainlm’) was used in this
study to train the model and modify the weights because it is a
fast-response and highly preferred methodology for drug release
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Fig. 1 Schematics of the synthesis of gelatin nanoparticles (A), investigating the loading and release kinetics of DOX in various pH media (B), and the ANN

model to predict the release kinetics of DOX (C).

profiles with the lowest mean square error (MSE). A varying
number of epochs were tried to generate a well-trained network
(100, 300, 1000). In this study, the network is made up of an input
layer with 3 neurons, a hidden layer containing 10 neurons, and
an output layer of a single neuron. This output is referred to as the
target. To evaluate the validity of ANN and to predict the drug
release rate from the Ge-NPs, the feedforward backpropagation
methodology was chosen, and the number of hidden layers was
modified until the testing results had the lowest mean squared
error (MSE) and the highest correlation determination (R?).*'
The following eqn (4) was used to calculate R*:

R=1- (77 / S 09y (1)
i=0 =0

2350 | Mater. Adv, 2024, 5, 2347-2358

where y;, J, and y are the dependent variables being known as
observed, predicted, and mean, respectively. Root-mean-squared
error (RMSE) is calculated by using eqn (5):

RMSE = \/m / n (5)

3. Results and discussion

The Ge-NPs have multiple physicochemical properties, such as
surface charge influence, size, shape, drug delivery efficiency,
therapeutic release kinetics, in vivo circulation time, and meta-
bolic activity.>® We evaluated the particle size, entrapment

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of the ANN parameters

Parameters The release rate of DOX from the Ge-NPs

Backpropagation type
Number of layers
Maximum number of epochs 1000
Minimum number of epochs 1 x 107’

Levenberg-Marquardt
2

efficiency, and surface structure of the synthesized gelatin
nanoparticles. The main steps involved in the present work
are represented in Fig. 1. In this study, we first synthesized two
types of gelatin nanoparticles, Ge-NPs-5 and Ge-NPs-10, using a
two-step desolvation method illustrated in Fig. 1A. Following
that, we loaded DOX into the Ge-NPs and tested the drug
release in three distinct pH mediums 7.4, 5, and 3. The drug
release profile from the pH responsive Ge-NPs was studied at
various time intervals (Fig. 1B). Finally, we developed an ANN
model to predict the drug release rates at different time inter-
vals using different pH media and varied Ge-NP concentrations.
Three inputs (Ge-NPs concentration, pH, and time), as well as
one output variable (drug release rate) were used to develop the
ANN model. The schematic of the ANN model is illustrated in
Fig. 1C, and the parameters that we used to train the ANN
model are provided in Table 1.

3.1. FTIR analysis

FTIR spectroscopy was used to determine the crosslinking
of the Ge-NPs. Fig. 2A shows the FTIR spectrum of gelatin,
Ge-NPs-5, and Ge-NPs-10. The main characteristic peaks of pure
gelatin at 1627 cm ™ * and 1539 cm ™! correspond to C=O0 stretch-
ing for amide I, and N-H bending of amide II. Other sharp peaks
at 3348 cm ™' and 2927 cm™ " of gelatin are related to the N-H
stretching of the amide group and asymmetric stretching of the
C-H group, respectively.*>?*

A)

View Article Online
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All these peaks can be seen in the Ge-NPs-5 and Ge-NPs-10
spectra. In the amide-I and amide-II regions, there was a minor
shift. The increased intensity of the amide-I absorption peaks
at 1635 cm™ ' and 1632 cm™!, of Ge-NPs-5 and Ge-NPs-10,
respectively, as compared to pure gelatin, which is at 1627 cm™ %,
confirmed that the gelatin chains were successfully crosslinked
with glutaraldehyde."® The amide-II absorption peaks of the
Ge-NPs-10, Ge-NPs-5, and gelatin samples are at 1528 cm™?,
1532 em™ ', and 1540 cm™ " respectively. Moreover, strong peaks
were observed at 1442 cm™ ' and 1444 cm™ " in the crosslinked Ge-
NPs-5 and Ge-NPs-10 due to aldimine linkage.”” The aldehyde
group of glutaraldehyde, which behaves like a cross-linking agent,
reacts with the amino groups of the gelatin protein. As a result,
after crosslinking, the overall intensity of this peak increased. As a
result, the gelatin crosslinking was satisfactorily validated by the
FTIR spectra.

3.2. Surface morphology and particle size analysis

The surface morphology of the Ge-NPs was investigated
through a scanning electron microscope (SEM), as shown in
Fig. 2B and C. As demonstrated, the average size of the Ge-NPs
as examined by SEM microscopy is smaller than that of DLS
analysis because the samples are dried before SEM imaging
compared to the fully hydrated particles in aqueous dispersion.*®
In our study, Image J® was used to measure the particle size
(n=50), and we found the sizes of the Ge-NPs-5 and Ge-NPs-10 in
SEM to be 94 + 48 nm and 118 + 24 nm respectively, as opposed
to the DLS analysis, where the size range was found to be between
190 + 91 nm and 459 £+ 92 nm. The observed images further
reveal that the particle shape in the Ge-NPs-10 is nearly spherical
and more homogeneous compared to the Ge-NPs-5. Moreover, the
hydrodynamic size distribution measurements and polydispersity
index (PDI) of the synthesized Ge-NP samples were carried out via
DLS. The particle size data shows that the produced nanoparticles
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2936
160
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140 H

N
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]

100 -
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Transmittance (a.u)
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20008m
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Fig. 2 FTIR spectra of gelatin (black color), Ge-NPs-5 (red color) and Ge-NPs-10 (blue color) (A). Surface morphology analysis of Ge-NPs-5 (B) and

Ge-NPs-10 (C).
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Fig. 3 The size profiles of the Ge-NPs-5 at pH levels 7.4 (A), 5.0 (B), and 3.0 (C), and for Ge-NPs-10 at pH levels 7.4 (D), 5.0 (E), and 3.0 (F).

were quite small with a low polydispersity index indicating a
relatively narrow distribution of particle sizes.*®* We examined the
hydrodynamic size of Ge-NPs in three distinct pH environments:
pH 7.4, pH 5.0, and pH 3.0. Our observations show that the
swelling of the particles is caused by the ionization of the carboxyl
groups in an acidic medium. The diameters of the Ge-NPs-5 were
measured to be 255 £+ 80 nm and 190 £+ 91 nm at pH 3.0, and 5.0,
respectively (Fig. 3C and B). In the case of Ge-NPs-10, we dis-
covered a similar trend. The size profiles of the Ge-NPs-10 were
459 £ 92 nm and 295 + 84 nm at pH 3.0, and 5.0, respectively, as
shown in Fig. 3F and E. Furthermore, the zeta sizes of the Ge-NPs-
5 and Ge-NPs-10 at physiological pH were observed to be 220 +
74 nm and 396 + 122 nm, respectively (Fig. 3A and D). These
findings revealed how Ge-NPs react to different pH, as shown in
Table 2.

Gelatin is a polyamphoteric macromolecule because its side
chains include many carboxylic (-COOH) and amino groups
(-NH,). The swelling behavior and size distribution range of
gelatin are fully dependent on whether it is acting as an acid or
a base at particular pH levels.’® Shifting the pH levels from a
physiological range to an acidic medium triggers a significant

Table 2 The particle sizes and polydispersity index of Ge-NPs-5 and Ge-
NPs-10 were measured under varying pH conditions in a PBS buffer

Ge-NPs-5 Ge-NPs-10
Medium Zeta size (nm) PDI Zeta size (nm) PDI
pH 3.0 255 £+ 80 0.258 459 + 92 0.247
pPH 5.0 190 + 91 0.223 295 + 84 0.297
pH7.4 220 £ 74 0.232 396 + 122 0.173
2352 | Mater. Adv,, 2024, 5, 2347-2358

swelling response in gelatin nanoparticles, primarily due to the
increased degree of ionization. On the other hand, due to their
isoelectric point at pH 5.0, the Ge-NPs-5 and Ge-NPs-10 hardly
swell.*" The medium has a low ionic strength, and also at this
PH, gelatin achieves its isoelectric point, where the amount of
positive and negative charges is equal and the electrical inter-
action between these opposed charges will cause network
collapse.*” Therefore, the Ge-NPs-5 and Ge-NPs-10 exhibited
the smallest size at pH 5 (Fig. 3B and E).

The gelatin network formed a cationic gel at low pH and an
anionic gel at high pH. The swelling degree of the cationic gel
was greater than that of the anionic gel. Similar findings have
been observed in prior research.*®** Eqn (6) and (7) illustrate
the anionic and cationic gel formation of gelatin, respectively.

(6)
)

Gelatin — NH, + H" — Gelatin — NH,"

Gelatin — COOH + OH™ — Gelatin — COO™ + H,O

3.3. Drug loading and release studies

Stimuli-responsive biomaterials have shown the ability to
improve the delivery of drug moieties to cancerous cells in
a controlled and sustained manner.'* As previously reported,
pH-responsive Ge-NPs were used to selectively target an acidic
tumor microenvironment. In this study, DOX was loaded into
Ge-NPs-5 and Ge-NPs-10. The calibration curve of DOX was
plotted by using the mean absorbance value versus the drug
concentration (Fig. 4A). The drug loading efficiency of the
Ge-NPs-5 and Ge-NPs-10 was found to be 65 £ 12% and 53 + 07%,
respectively. Higher encapsulation efficiency was noted in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Calibration curve of DOX (A). The percentage release profiles of DOX from Ge-NPs-5 (B) and Ge-NPs-10 (C) across three different pH

environments (3.0, 5.0, and 7.4).

Ge-NPs-5. Drug loading into the Ge-NPs may occur through
various mechanisms, including electrostatic attraction, physi-
cal entrapment, or chemical bonding. In our study DOX is
loaded into Ge-NPs through electrostatic interactions** on the
surface and inside the particles as well. Fig. 4B and C illustrate
the release kinetics of DOX from Ge-NPs-5 and Ge-NPs-10 at
37 °C in three distinct pH media (3.0, 5.0, and 7.4). The release
mechanism of DOX-loaded Ge-NPs was significantly influenced
by the pH environment. After 24 hours, the percentage of DOX
release rate from the Ge-NPs-5 and Ge-NPs-10 was evaluated as
23% and 17%, respectively at physiological pH (Fig. 4B and C).
When these Ge-NPs were incubated at a slightly acidic pH 5, the
percent drug release increased to 68% in Ge-NPs-5 and 55%
in Ge-NPs-10. To confirm the impact of pH on drug release,
we conducted a cumulative drug release assessment in a more
acidic solution with a pH of 3.0. In this environment, the
release rates significantly increased, reaching 95% for Ge-
NPs-5 and 81% for Ge-NPs-10. These findings reveal that the
drug was released quickly in an acidic (pH 3.0) medium as
compared to a neutral condition (pH 7.4). Moreover, these
results show that the pH of the medium has a direct impact
on the overall amount of DOX released. The drug release
mechanisms from Ge-NPs include desorption, diffusion, and
the biodegradation of the Ge-NPs. Moreover, the release pattern

© 2024 The Author(s). Published by the Royal Society of Chemistry

is dependent on the drug’s solubility in various pH buffers.
Specifically, DOX demonstrates high solubility at lower pH
levels, potentially accelerating its release from the Ge-NPs due
to the protonation of amine groups present in DOX.** Further-
more, gelatin has a chain conformation that is affected by
temperature and pH levels. Additionally, gelatin can relax at
acidic pH levels due to the electrostatic repulsion among the
charged gelatin molecules. This leads to a reduced tendency for
the molecules to form a helix or a three-dimensional network,
as reported by Zandi et al.*® As a result, the relaxed Ge-NPs and
reduced electrostatic interactions enable a higher degree of
DOX release from DOX-loaded Ge-NPs in an acidic environ-
ment. The release patterns of DOX from the Ge-NPs are also
influenced by the crosslinker concentrations. The rate of drug
release from the Ge-NPs was reduced by increasing the glutar-
aldehyde concentration.”” In the present study, we used two
different concentrations of glutaraldehyde such as 300 pL and
600 pL to synthesize Ge-NPs-5 and Ge-NPs-10, respectively. The
reduced doxorubicin release rates observed in the Ge-NPs-10 in
comparison to Ge-NPs-5 could be due to the higher degree of
crosslinking.?” In the Ge-NPs, drug loading may not affect a
highly crosslinked network produced by significant crosslink-
ing. However, it's important to consider various factors that
may affect the behavior and properties of Ge-NPs, such as pH

Mater. Adv., 2024, 5, 2347-2358 | 2353
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level, concentration of crosslinking agent and isoelectric point.
That’s why the encapsulation effectiveness of DOX in Ge-NPS-10
was slightly poor as compared to Ge-NPs-5.

3.4. Predicting the release kinetics of DOX loaded Ge-NPs

Recently, ANNs have been used to optimize complex data.
In this work, we used an ANN model to predict the drug release
profile from a Ge-NP system. We developed an experimental
dataset that included 66 data points. Moreover, we used three
input variables, including gelatin concentration, pH, and time,
and one output variable, which was the drug release profile.
We used different layers and nodes to form the neural network
and randomly divided it into training and test groups. The
Levenberg-Marquardt model predicted a release rate with a
strong correlation to train the data.”® Our primary objective in
employing this approach was to identify the optimal neural
network configuration that would enable effective generalization.

Table 3 Observed and predicted release profile for the test data set

R® values around “1” for the given dataset (train and test)
indicate a better model prediction.>* We aimed to discover the
best setup for accurate predictions while avoiding overfitting.
This involved systematically testing various numbers of hidden
layers and comparing the performance metrics. Furthermore,
Fig. 5 indicates a reasonably good correlation between the experi-
mental and predicted DOX release profile from Ge-NPs. For
training data (Fig. 5A) and testing data (Fig. 5B), the R values
were computed as 0.97 and 0.98, respectively.

The ANN model was trained using 48 datasets as shown in
ESIt Table S1. Following the training of the model, the testing
and validation steps were carried out. For testing the ANN
model, 18 datasets (Table 3) were used.

Fig. 6 shows 3D surface plots illustrating the actual release
pattern of DOX from Ge-NPs. In the acidic medium, the amount
of DOX released increases with decreasing pH of the medium
and the particles swell more due to the ionization of the

Sample No.  GNPs conc. (%) pH  Time (h) Experimental DOX release rate (%)  Predicted release rate (%)  Release rate error (%)
1 5 7.4 1 1.655 -1.71 —3.365

2 5 7.4 6 11 14.44 3.44

3 5 7.4 12 22 17.96 —4.04

4 5 5.0 1 5.655 6.629 0.974

5 5 5.0 6 45.569 41.626 —3.943

6 5 5.0 12 63.832 67.771 3.939

7 5 3.0 1 8.655 11.014 2.359

8 5 3.0 6 58.76 58.94 0.18

9 5 3.0 12 86.32 87.89 1.57

10 10 7.4 1 0.655 0.49 —0.165

11 10 7.4 6 8.787 8.86 0.073

12 10 7.4 12 14.72 12.45 —2.27

13 10 5.0 1 3.655 2.30 —-1.35

14 10 5.0 6 31.569 34.438 2.869

15 10 5.0 12 51.832 59.223 7.391

16 10 3.0 1 5.655 8.514 2.859

17 10 3.0 6 48.76 49.246 0.486

18 10 3.0 12 71.32 72.93 1.61

2354 | Mater. Adv,, 2024, 5, 2347-2358 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Plots are constructed by using the data from Table S1 (ESI¥).

carboxyl groups.*® The total amount of constant charge increases
depending on the level of ionization, which increases the electro-
static repulsion force across the chains. In general, when the pH
becomes more acidic, the release rate increases dramatically.
Initially, a significant amount of loaded DOX is released, but with
the passage of time, the release rate slows down as equilibrium
states are achieved. As shown in Fig. 6, in Ge-NPs-5, the release of
DOX after 48 hours varied with the pH level: it was 95% in an
acidic environment, 69% at pH 5, and 24% at pH 7.4. In the
context of Ge-NPs-10, after 48 hours, the release of DOX was 85%
in an acidic environment, 59% at pH 5, and 18% at pH 7.4. This
information showcases how the drug release varies under differ-
ent pH conditions for this particular nanoparticle formulation.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Moreover, Fig. 7 illustrates the expected outcome of the DOX
release rate by using the developed ANN model. According to the
test results, the ANN model could predict the drug release rate
effectively when parameters like Ge-NP concentration (5 wt% and
10 wt%), time interval (1, 6 and 12 h), and pH of the medium
(7.4, 5.0, and 3.0) were changed. In our study, at an acidic pH, we
investigated a high release rate of DOX from Ge-NPs whereas at
physiological pH, the drug release rate was sustained and much
lower. After 12 hours, Ge-NPs-5 released around 17.9% of the drug
at normal body pH, while Ge-NPs-10 released about 12.4%.
Whereas at pH 3, the predicted drug release rates from Ge-NPs-
5 and Ge-NPs-10 drastically increased to 86.3% and 71.3%,
respectively. The release rate of DOX from Ge-NPs-10 was slower

Mater. Adv., 2024, 5, 2347-2358 | 2355
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than that of Ge-NPs-5 because of increased gelatin crosslinking.
The actual drug release profile and the expected one had minor
differences. Fig. 6 and 7, along with Tables S1 and Table 3 (ESIT),
clearly demonstrate the high accuracy of the developed model.

The results of the predicted release revealed that the devel-
oped model was able to properly estimate the drug release
rate; however, certain observations slightly changed from the
expected values. The information gained from parameter fitting
might be beneficial for analyzing and predicting the release
rate of DOX.

4. Conclusions

In the present study, we developed pH-responsive gelatin
nanoparticles designed for the controlled release of doxorubi-
cin. These nanoparticles were synthesized using a two-step
desolvation method, employing two distinct weight ratios,
specifically 5% and 10%. We used glutaraldehyde as a cross-
linking agent in the process. Various techniques were used to

2356 | Mater. Adv, 2024, 5, 2347-2358

investigate detailed physicochemical characterizations such as
FTIR, SEM, and DLS. It has been demonstrated that particle
size is a significant property of a nanoencapsulation product
used for drug delivery because the drug release rate depends on
size and size distribution. The experimental results showed
that when the pH level is changed from normal to acidic, the
gelatin nanoparticles undergo a remarkable swelling effect due
to the increase in degree of ionization. On the other hand, due
to their isoelectric point at pH 5.0, Ge-NPs-5 and Ge-NPs-10
have the smallest size. The experiment demonstrated that the
amount of DOX released from the Ge-NPs varied with pH,
concentration, and time. Moreover, we developed an artificial
neural network model and validated it using an experimental
data set. This model was used to predict the cumulative release
of DOX under different experimental conditions. The ANN
model results accurately showed how the release rate of doxor-
ubicin varied at various time points and pH conditions. In this
way, we were able to estimate the release of doxorubicin from
different kinds of Ge-NPs. Overall, this study demonstrates that
the artificial neural networks might be a valuable tool for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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modeling experimental data sets in nanomedicine, allowing us
to correctly predict the impacts of critical factors on a system
with minimal experimental effort and expenditure. Conclusively,
this study might be able to take a step forward towards the goal of
enhancing therapeutic effects while minimizing side effects.
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