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ABSTRACT

Drug delivery systems (DDSs) improve therapy through controlled release and targeted delivery,
utilizing recognition elements, therapeutic agents, and carriers. Among various recognition
elements, aptamers have gained attention for their high affinity and specificity. Gelatin, a
biocompatible and biodegradable material, shows potential for DDSs due to its favorable
properties. This study investigated gelatin-based particles for aptamer delivery, focusing on their
preparation, characterization, and evaluation. Gelatin particles loaded with platelet-derived growth
factor-BB (PDGF-BB) aptamer were prepared using glutaraldehyde as a crosslinker, with sodium
dodecyl sulfonate (SDS) and Tween 20 as stabilizers. The particles were characterized through
spectroscopy techniques, dynamic light scattering (DLS), and scanning electron microscopy (SEM).
The reaction between aldehyde and amine groups was confirmed, and the effect of surfactants on
particle formation was examined. Aptamer release and stability were also studied. The ninhydrin
assay and Fourier-transform infrared (FTIR) analysis confirmed successful crosslinking between
gelatin and glutaraldehyde, forming stable particles. Zeta potential measurements showed that
both SGP and TGP maintained stability within the range of -30 to -60 mV. Particle size analysis via
DLS and SEM revealed that increasing surfactant concentration led to larger particles, with sizes
ranging from 95 to 120 nm. Weight loss studies demonstrated that SGP followed zero-order kinetics
while TGP exhibited first-order degradation, with both retaining over 90% of their weight within 72
hours. Aptamer release studies showed that SGP had a higher release rate than TGP, correlating
with their degradation profiles. Finally, electrophoresis confirmed the integrity of released
aptamers, emphasizing the protective role of gelatin particles. Overall, gelatin-based particles show
promise for aptamer delivery, offering stability and controlled release. These findings contribute to
the advancement of effective DDSs for targeted therapeutic delivery.

INTRODUCTION

Drug delivery systems (DDSs) have been applied in various therapeutic drugs because
they can be modified to control the drug release rate and deliver drugs to target areas
or organs in the body [1]. In addition, the use of DDSs offers several advantages over
traditional free drugs, including improvement of water solubility, enhancement of
cellular penetration, and controllability of pharmacokinetics and body distribution [1].
DDSs commonly consist of recognition elements, therapeutic components, and drug-
carrier materials [2]. The recognition ability of DDSs comes from binding ligands that
have been attached to the systems. Some reported binding ligands include monoclonal
antibodies [3], transferrin [4], various peptides [5], folate [6], and aptamers [7]. The
therapeutic components are active ingredients used for specific treatments such as
cancers [8], disorders [9], and diseases [10]. The active ingredients could be small drug
molecules (e.g., anti-cancer drugs) or bio-macromolecules (e.g., proteins and
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oligonucleotides) [11]. The drug-carrier materials should exhibit biocompatible and
biodegradable properties with less toxicity [12]. In this regard, natural-based
biomaterials such as gelatin [13], chitosan [14], and alginate [15] are common and
attractive candidates for developing DDSs. Though DDSs have promising advantages,
there are a few drawbacks to oligonucleotide delivery, such as limited absorption,
loading efficiency, and release kinetics [16]. Besides, natural-based biomaterials might
not be feasible to use due to their limitations on enzymatic degradation or physical
encapsulation [17]. Therefore, this work aims to seek a better understanding of DDSs in
a platform of gelatin-based particles for the delivery of aptamers, a binding functional
oligonucleotide that could enhance targeted therapeutic delivery efficacy.

Gelatin is a polypeptide-based biological material derived from collagen [18]. It exhibits
nonimmunogenic, biocompatible, and biodegradable properties [18]. Gelatin is used in
various applications, including the food industry, pharmaceutical drugs, and medical
materials [19]. Many researches have focused on further improving gelatin properties
by modifying its functional groups with chemical reactions [20]. In addition, gelatin has
been prepared as nano/micro particles applied for the delivery system for a number of
molecules such as growth factors and plasmid DNA [21, 22]. This inspires us that
gelatin is promising material for the delivery of aptamers, nucleic acid-based
macromolecules.

Aptamers are single-stranded DNA (ssDNA) or RNA sequences that fold into
secondary and three-dimensional conformation and inherit recognition ability with
high affinity and specificity [23]. Targets for aptamer binding include proteins, small
molecules, metal ions, bacterial cells, viruses, cancer cells, and even live cells [24].
Aptamers also have many features, including small size, easy modification, low
immunogenicity, and high selectivity [25]. These properties make aptamers good
candidates for replacing antibodies. The aptamers’ nano-drug delivery systems have
been modified and developed in recent years to improve the therapeutic efficacy and
decrease unwanted side effects. Zhan et al. constructed a nanomedicine in a platform of
a DNA tetrahedron composed of AS1411 aptamer and 5-fluorouracil (5-FU), an
antimetabolite drug [26]. Their results showed that this nanomedicine could exhibit
high therapeutic efficacy on target cells when compared to free 5-FU. The effective
recognition ability of aptamers to various proteins on the cell membranes or in the
blood circulation modulators makes aptamers promising therapeutic agents [27].

This research aimed to prepare PDGF-BB aptamer-loaded gelatin particles by using
glutaraldehyde as a cross-linker and sodium dodecyl sulfonate (SDS) and tween 20 as
particle stabilizers. The particles were characterized by spectroscopy techniques, light
scattering, and scanning electron microscopy. The reaction between aldehyde and
amine groups was confirmed by ninhydrin assay and FTIR spectroscopy. The effect of
surfactant on particle formation was investigated. The PDGF-BB aptamer was
incorporated into the prepared particles. The aptamer released from the particles and
its stability were studied.

MATERIALS AND METHODS
Reagents

Acetic acid, analytical-grade ethanol, gelatin from bovine skin, glutaraldehyde,
potassium bromide (KBr), and ninhydrin reagent were purchased from Sigma-Aldrich
(Saint Louis, Missouri). Glycine and SDS were purchased from Bio-Rad laboratories
(Hercules, California). Phosphate-buffered saline (PBS) and Tween 20 were obtained
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from Fisher Scientific (Rockford, Illinois). The PDGF aptamer was sourced from
Integrated DNA Technologies (Asia Pacific Production, Singapore), and the sequence is
5-ACA GGC TAC GGC ACG TAG AGC ATC ACC ATG ATC CTG-3'.

Preparation of gelatin particle

Gelatin was dissolved in deionized (DI) water at a concentration of 40% w/v. The
resulting solution was then diluted to 2% w/v using surfactant solutions (SDS and
Tween 20) with surfactant-to-critical micelle concentration (CMC) ratios of 0.4, 2.0, and
10.0. CMC of SDS and Tween 20 reported in the product description was 8 and 0.02
mM, respectively. Subsequently, 20 mL of the gelatin-surfactant solution was mixed
with 100 mL of ethanol using a hot plate stirrer (SCILOGEX, Rocky Hill, Connecticut),
stirred at 1,500 rpm, 60°C for 15 minutes, and further combined with 150 uL
glutaraldehyde for crosslinking. The reaction proceeded for 2 hours, after which cross-
linked gelatin particles were separated via centrifugation at 3000 rpm (GYROZEN Mini
centrifuge, Seoul, South Korea) for 20 minutes and freeze-dried overnight (Christ Alpha
2-4 LSCplus, Osterode am Harz, Germany). The gelatin particles prepared in the
presence of SDS and Tween 20 were named SGP and TGP, respectively. Here, SGP and
TGP represent particles synthesized in the presence of SDS and Tween 20, respectively.

Determination of amine group in gelatin particle by ninhydrin assay

Unmodified gelatin and gelatin particles were suspended in 0.05% (v/v) acetic acid at a
concentration of 0.01% (w/v). These suspensions (2 mL) were mixed with 1 mL of 2%
(w/v) ninhydrin solution and heated in a boiling water bath for 10 minutes. After
cooling to room temperature, the mixtures were transferred to mL of 95% ethanol, and
absorbance was recorded at 570 nm using a UV-Vis spectrophotometer (PharmaSpec,
Shimadzu, Japan).

Fourier transform infrared spectrometer

Unmodified gelatin and gelatin particles, mixed with KBr and pressed into discs, were
analyzed using a Fourier transform infrared (FTIR) spectrometer (Perkin Elmer,
Spectrum GX) to characterize the functional groups of the gelatin particles.

Dynamic light scattering and Zeta potential measurement

The size distribution and zeta potential of gelatin particles were measured using a
Nano Particle Analyzer (HORIBA, Nano Partica SZ-100) at 25 °C with a scattering angle
of 173°. The particles were suspended in DI water at a concentration of 0.02 mg/mL for
measurements.

Scanning electron microscopy

Dried particles adhered to an adhesive scanning electron microscopy (SEM) stub and
coated with gold were examined for particle morphology using SEM (JSM 5410, JEOL)
at 40000x magnification, 5kV. The size of gelatin particles was manually measured from
the SEM images.
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Examination of weight loss

0.02 g of gelatin particles were placed in microcentrifuge tubes containing 500 pL of
PBS and incubated at 25°C. During the incubation period, samples were shaken by an
orbital shaker (N-Biotek, South Korea). At predetermined times, the particle suspension
was centrifuged at 3,000 rpm. The particles were removed from the PBS, dried in a
vacuum chamber overnight using a single-stage pump (SR Brand, SPG-1A model,
Bangkok), and weighed (TC205, Denver Instrument Company, Denver, Colorado) to
determine the weight loss. The percentage weight loss was calculated from the ratio
between the weight of dried particles and the initial weight. The experiment was
conducted in triplicate.

Preparation of aptamer loading gelatin particle

Gelatin particles (0.50g) were incubated in 5 mL of 5 uM aptamer under agitating
conditions overnight. The suspension was centrifuged at 3,000 rpm, and a supernatant
(4.5 mL) was transferred to an additional test tube, with 4.5 mL fresh PBS refilled. The
amount of PDGF-BB aptamer in the supernatant was determined by absorbance at 260

nm using a Nanodrop spectrophotometer (BecThai, Thailand). Aptamer loading was
Apt;—Apts

weight of gelatin

an initial amount of PDGF-BB aptamer (mg), Apt; is an amount of the aptamer

remained in supernatant after particle incubation [28].

calculated by the following equation, Aptamer loading = , Where Apt; is

Aptamer release

Aptamer-loaded gelatin particles were incubated in 5 mL of PBS as a release medium.
This particle suspension was kept in a 15 mL capped tube and continuously agitated
with the orbital shaker at 25 °C. At predetermined time points, 100 uL of release
medium was collected, and fresh PBS was refilled. Aptamer concentration in the release
medium was quantified by the spectrophotometer. The aptamer cumulative release was
calculated using the ratio between the amount of aptamer detected at the
predetermined time and the total amount of aptamer released. All experiments were
performed in triplicate [29].

Stability of released aptamer

To confirm the stability of released aptamers, the aptamer solution collected at each
specified time during the release study was subjected to 10% polyacrylamide gel
electrophoresis, and the gel was imaged using Gel documentation system (GelDoc Go,
Bio-Rad Laboratories).

Statistical analysis

All data are presented as the mean + standard deviation (SD) from at least three
replicate samples. Comparisons between the control and study groups were conducted
using Student’s t-test, with statistical significance defined as P <0.05.
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RESULTS
Role of surfactant on crosslink reaction

According to the ninhydrin assay results (Figure 1), the unmodified gelatin (UG)
exhibited a higher count of amine groups compared to gelatin particles (e.g., SGP and
TGP). This observation suggests a crosslink reaction involving amino and aldehyde
groups, resulting in the formation of solid gelatin particles. While surfactant
concentrations were altered, the quantity of glutaraldehyde remained constant across
all preparation formulations. As a result, the remaining amine groups detected after the
reaction in all formulations were consistent in terms of magnitude. The crosslink
reaction was further validated through FTIR analysis (Figure 2). For TGP and SGP, a
distinct peak between 1640-1690 cm™ was identified, corresponding to C=N stretching.
Notably, this peak was absent in UG. The C=N stretching signifies the presence of an
aldimine bond formed by the reaction between amino groups from gelatin and
aldehyde groups from glutaraldehyde. Additionally, gelatin displayed amide peaks
around 1652 cm™, 1539 cm, and 1241 cm™[30]. A marginal shift in these peaks
observed in TGP and SGP serves as another indication of the crosslink reaction [31].
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Figure 1. Quantification of amine groups on particles using ninhydrin assay: UG denotes unmodified gelatin,
while SGP and TGP represent particles synthesized in the presence of SDS and Tween 20, respectively. The
error bars indicate one standard deviation (n=3). *P < 0.05 indicates a significant difference.
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Figure 2. FTIR spectra of UG, SGP, and TGP indicate functional groups available on the gelatin particles. UG
denotes unmodified gelatin, while SGP and TGP represent particles synthesized in the presence of SDS and
Tween 20, respectively. %T refers to percent transmittance.
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Effect of surfactant concentration to CMC ratio on Zeta potential of gelatin particle

From studying the particle stability by determining the zeta potential on the particle
surfaces, it was found that the zeta potential of TGP and SGP measured falls within the
range of -30 to -60 millivolts (Figure 3). Zeta potential has long been considered a
reliable indicator for evaluating the stability of colloidal systems. In general, particles
with zeta potential above +30 mV or below -30 mV are deemed stable [32]. This
suggested that gelatin particles were not aggregated because of the negative charge on
each particle. The zeta potential of SGP was significantly lower than that of TGP. In
addition, the surfactant concentration to CMC ratio showed no statistical differences on
the measured zeta potential.
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Figure 3. Effect of surfactant concentration to CMC ratio on particle zeta potential. The gelatin particles were
suspended in DI water. CMC denotes critical micelle concentration. The error bars indicate one standard
deviation (n=3). *P < 0.05 indicates a significant difference.

Effect of surfactant concentration to CMC ratio on size of gelatin particle

DLS technique is particularly useful for studying particles in the nanometer to
submicron size range, making it suitable for applications such as measuring the size of
gelatin particles (Figure 4). After studying the size of TGP prepared at different
tween20 concentrations, it was found that the particle sizes were relatively close and
did not differ significantly, and they are approximately 95 nm. The prepared particles
also exhibited a uniform distribution. For SGP, their sizes ranged between 95-120 nm
and increased upon increasing SDS concentration.

The SEM was used to identify and determine the morphology of the gelatin particles.
The results showed that SGP and TGP had a round shape with a smooth surface
(Figure 5). From SEM images, average diameters of TGP prepared at 0.4, 2, and 10
surfactant concentration to CMC ratio were 84.3, 90.0, and 98.6 nm, respectively, while,
average diameters of SGP prepared at 0.4, 2, and 10 surfactant concentration to CMC
ratio were 99.0, 101.4, and 120.0 nm, respectively. It is seen that the size of the gelatin
particle increased upon increasing the surfactant concentration. The size analyzed by
SEM was also the same magnitude as the size detected by DLS reported in the earlier
section. However, agglomerated particles were less found in SGP prepared at 10
surfactant concentration to CMC ratio and TGP prepared at two surfactant
concentration to CMC ratio. This suggested that these two surfactant formulations were
the optimal conditions for preparing stable gelatin particles for further particle
degradation and aptamer loading studies.
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Figure 4. Effect of surfactant concentration to CMC ratio on particle diameter. The gelatin particles were
suspended in DI water. CMC denotes critical micelle concentration. The error bars indicate one standard
deviation (n=3). *P < 0.05 indicates a significant difference.

Figure 5. SEM images of gelatin particles prepared at varying surfactant concentration to CMC ratios. The

particles were coated with gold and observed at 40,000x magnification. The upper row depicts SGP at (A) 10,
(B) 2, and (C) 0.4 ratios. The lower row illustrates TGP at (D) 10, (E) 2, and (F) 0.4 ratios. The scale bar
indicates 100 nm in length.

Degradation characteristics of gelatin particle

To further investigate the degradation characteristics of the gelatin particles prepared
by using the two different surfactants, a weight loss study in PBS was conducted under
ambient conditions. At one hour of incubation, SGP and TGP showed weight losses of
9.33% and 4.67%, respectively (Figure 6). Thereafter, SGP showed a linear dependence
between weight loss and time of incubation with overall rates of 0.066 %/hour, which
followed zero-order degradation kinetics. Whereas TGP demonstrated its degradation
characteristics fitting with first-order kinetics with a degradation rate of 0.96%. As
described in the literature, the weight loss kinetics of gelatin-based materials depended
on preparation conditions [33]. In addition, within 72 hours of the weight loss study,
both SGP and TGP regained their weight over 90 %, indicating the particle stability
improvement due to the chemical crosslink reaction compared to the degradation of
unmodified gelatin reported in the previous study [34, 35].
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Figure 6. Weight loss of SGP and TGP. The particles were incubated in PBS at 25°C. At set intervals,
suspensions were centrifuged, and the particles were removed, vacuum-dried overnight, and weighed to
assess weight loss. The error bars indicate one standard deviation (n=3).

Aptamer release from gelatin particle

Aptamer loading in SGP and TGP was 59.6 and 53.6 mg/g of particles, respectively. The
release study was further investigated. Aptamer release from SGP and TGP was tested
in neutral (pH 7.4) PBS solutions, and the release of aptamer was recorded for up to 72
hours (Figure 7). After 1 hour, the majority of aptamers were released from the particles:
87% for SGP and 78% for TGP. The cumulative release from SGP reached a plateau
after 2 hours, while that from TGP kept constant and maximum level after 1 hour of the
release study. The cumulative release level from SGP was higher than that from TGP.
The release results did agree with the results from the weight loss study. SGP exhibited
higher levels in both degradation and release rate than TGP did. This indicated the
impact of surfactants used for particle preparation. Moreover, the abrupt release rates
with 2 hours of incubation suggested that the aptamer was successfully loaded onto the
surface of the prepared particles. As reported in the literature, SDS and Tween 20 can
impact particle size, affecting the loading and release of drugs or bioactive compounds
from gelatin particles [36]. Their presence can influence the affinity of molecules for the
gelatin matrix, affecting their encapsulation efficiency and release kinetics [37].
Especially, SDS may enhance particle stability depending on the acid-basic

environment [38].
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Figure 7. Cumulative release of PDGF-BB aptamer from SGP and TGP. The gelatin particles were incubated
in PBS at 25°C. At set intervals, 100 uL of medium was sampled and replaced with fresh PBS. Aptamer
concentration was measured via spectrophotometry. The error bars indicate one standard deviation (n=3).

Integrity and stability of released aptamers from gelatin particle

The integrity and stability of released aptamers from gelatin particles are paramount
for their efficacy across various applications. Our analysis demonstrated the continuous
presence of intact aptamers, evidenced by a consistent single band detected via
electrophoresis assay throughout the release period. Notably, each band exhibited
comparable fluorescent intensity, as depicted in Figure 8. This indicated the protective
role of both SGP and TGP in maintaining aptamer integrity, shielding them from
degradation by external factors. Our findings parallel those of a previous long-term
storage study involving a nano-formulation incorporating Tween 80 as a co-surfactant
for etoposide delivery [39]. This similarity highlighted the significance of surfactants in
formulations, as they played a crucial role in promoting emulsification properties. Such
protective mechanisms provided by surfactant-modified gelatin particles underscored
their potential in preserving the integrity of bioactive molecules, thus enhancing their
utility in biomedical applications [40].

A

1thr 2hr 6hr 12hr 24hr 48hr 72hr

6hr 12hr 24 hr 48 hr 72hr

Figure 8. Gel electrophoresis of PDGF-BB aptamer release from (A) SGP and (B) TGP at specified time points.
The aptamer solution was collected at each specified time during the release study.
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DISCUSSION

While numerous approaches exist, this study focuses on the use of gelatin in drug
delivery systems based on particle formulations. Various strategies have been
developed for preparing gelatin-based particles, including desolvation, emulsion,
chemical crosslinking, nanoprecipitation, and coacervation [41]. Gelatin particles offer a
large surface area suitable for functionalization with specific ligands, enabling tailored
applications. Additionally, they exhibit rapid drug absorption and release [42]. Recent
advancements in gelatin-based drug delivery systems include the following. Gelatin
was crosslinked with chitosan using glutaraldehyde to form nanoparticles, which were
tested for doxorubicin delivery to H22 cells [43]. Gelatin/alginate particles with basic
fibroblast growth factor (bFGF) were prepared via coacervation. These particles
effectively stabilized bFGF and enhanced fibroblast viability, migration, and pro-
collagen synthesis [44]. Hybrid lipid particles with gelatin, fatty acid, and siRNA were
developed. The methacrylate-modified hybrid particles protected siRNA from
enzymatic degradation at tumor sites, improving its therapeutic efficacy [45].

Aptamers are promising recognition molecules with advantageous properties,
including ease of chemical modification, low immunogenicity, commercial availability,
and broad target specificity. Aptamers have been integrated into various applications.
Aptamers labeled with chromophores or fluorophores have been used as aptamer
beacons for biomolecule monitoring [46]. Alternatively, coupling aptamers with dye-
binding assays preserves the aptamer's recognition domain structure by avoiding direct
sequence modifications [47]. Aptamers have demonstrated therapeutic potential for
diseases such as ocular disorders, hematological conditions, and cancers [48]. In 2004,
the FDA approved a VEGF-targeting aptamer for treating Age-Related Macular
Degeneration (AMD) [49]. Additionally, a PDGF-BB-targeting aptamer was shown to
suppress colon cancer cell proliferation by downregulating the Ras/Raf/MEK/ERK
signaling pathway [50].

Although our study highlights the crucial role of surfactant selection and preparation
conditions in optimizing gelatin particles for drug delivery applications, several
challenges remain. First, the degradation and aptamer release studies were limited to 72
hours, which may not fully capture long-term stability and release dynamics.
Extending the study duration could provide deeper insights into sustained release and
degradation kinetics. Additionally, aptamer release was primarily assessed in a neutral
PBS environment (pH 7.4), whereas physiological conditions vary, such as acidic tumor
microenvironments or enzymatic degradation in biological fluids. Evaluating particle
behavior under diverse pH and enzymatic conditions would enhance the relevance of
the findings for real applications.

CONCLUSIONS

This work elucidated the successful preparation and characterization of gelatin
particles, comparing unmodified gelatin with surfactant-modified gelatin particles
(SGP and TGP). The ninhydrin assay and FTIR analysis confirmed -effective
crosslinking between gelatin and glutaraldehyde, resulting in stable particles. Zeta
potential measurements indicated that both SGP and TGP remained stable within a
range of -30 to -60 mV. DLS and SEM analyses showed that higher surfactant
concentrations led to larger particles, measuring between 95 and 120 nm. Weight loss
studies revealed that SGP followed zero-order kinetics, while TGP exhibited first-order
degradation, with both retaining over 90% of their weight after 72 hours. Aptamer
release studies demonstrated a higher release rate for SGP compared to TGP, aligning
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with their degradation profiles. Lastly, electrophoresis confirmed the integrity of
released aptamers, highlighting the protective function of gelatin particles. Overall,
these findings underscore the importance of surfactant choice and preparation
conditions in tailoring the properties of gelatin particles for various biomedical
applications.
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