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Abstract: Nowadays, nanoparticles (NPs) are used to make safe and more effective biomedical
technologies for applications in highly targeted therapeutics and drug-delivery vehicles. This helps
avoid low cellular penetration and accumulation of the drug in intracellular endosomal compart-
ments that are not of interest to a particular therapy. A way to enhance therapeutic efficiency is
through nanoparticle loading systems. This study aims to develop low molecular weight (LMW)
and high molecular weight (HMW) chitosan and type B gelatin NPs. To enhance cell penetration,
the NPs were interfaced with the translocating peptide Buforin II. The obtained nanobioconjugates
were characterized by Fourier transform infrared spectroscopy (FTIR), scanning electron micro-
scope (SEM), confocal microscopy, and transmission electron microscopy (TEM). Their size and
surface zeta potential were estimated via DLS (Zetasizer Nano). Furthermore, to visualize their
endosomal escape, the NPs were marked with the fluorophore Rhodamine B and imaged with the
aid of confocal microscopy. The FTIR results showed bands corresponding to the polymers and
Buforin II after conjugation. The average NPs diameters were about 250 nm. The zeta potential of
the chitosan NPs approached neutrality, which may be problematic due to low colloidal stability.
The gelatin zeta potential of =7 mV was closer to the value required for colloidal stability, i.e., +10
mV. SEM microscopy of LMW and HMW chitosan NPs showed a round-shape and oval mor-
phology, respectively, while the gelatin NPs had a filamentous morphology. SEM also shows
agglomerates of the NPs. TEM microscopy results confirmed the LMW chitosan NPs morphology
and showed that their nominal size was 5-10 nm.
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1. Introduction

Nanotechnology has emerged as a powerful route to develop safer and more effec-
tive treatments for monitoring, diagnosing, and preventing diseases [1]. For instance,
nanostructured materials can be applied as drug-delivery agents (i.e., nanocarriers) or
increase the contrast in medical imaging techniques. Keeping in mind the complexity of
the human body, an important challenge to overcome is that drugs reach high bioavail-
ability at the site of action [2]. Due to the cell barriers and the body’s defense mecha-
nisms, only a small number of administered drugs reach the targeted cells in a medical
treatment [3]. Some strategies to improve cell-penetrating efficiency include the use of
cell-penetrating peptides as well as viral or non-viral vectors, such as nanomaterials [4,5].
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A large arsenal of nanomaterials from different families is currently available, including
metallic-oxide, carbon-based, or polymeric, which exhibit different morphologies, to-
pologies, and surface chemistries [3,5]. For instance, polymeric nanomaterials have
shown high effectiveness in protecting and maintaining the stability of peptides, pro-
teins, or DNA during potential degradation processes. The characteristics such as size,
surface charge, and morphology can be controlled to define the uptake and internaliza-
tion pathways and the nanocarriers’ final fate [3,4].

Among internalization mechanisms, the most relevant for nanomaterials include
clathrin- and caveolae-dependent or independent pathways, macropinocytosis, and
membrane fusion. However, even if the nanocarrier penetrates the cell, it might end up
trapped in the endocytic pathway, a process in which the cell membrane invaginates ex-
tracellular material by forming endosomes. The problem is that when endosomes ma-
ture, they can fuse with lysosomes, which contain enzymes that degrade the contents of
the endosomes, i.e., the therapeutic cargoes transported by the nanocarrier [6]. To achieve
a greater drug distribution, it is of great importance that the nanocarrier can escape the
endocytic pathway. Some endosomal escape methods include membrane fusion, mem-
brane disruption, proton sponge effect, and pore formation. This escape can also be en-
gineered with the aid of drugs and peptides that increase cell permeability or via nano-
particles (NPs) capable of inducing membrane rupture.

Moreover, it is possible to employ polymers with pendant amine groups, which can
buffer the endosomal compartment and favor escape via proton sponge effect [7]. An
appealing approach is to combine both translocating agents and nanomaterials. In this
regard, we have developed novel nanobioconjugates by interfacing magnetite with
cell-penetrating proteins and peptides [8-13]. When developing nanocarriers for endo-
somal escape, a significant obstacle is the limited availability of analytical methods to
quantitatively measure the escape efficiency while detecting the endosomal pathways
involved. One strategy involves labeling the nanocarriers with fluorescent molecules to
estimate their colocalization with endosomes via confocal imaging [7]. Moreover, an in-
direct indicator of escape is the transfection assay. Electrotransfection is a non-viral
method applied in gene delivery. A hypothesis proposes that multiple endocytic path-
ways can take part in the uptake and cellular transport of electrotransfected plasmid
DNA [14]. As DNA transport to the nucleus can be challenging, cytoplasmic release can
be studied with RNA interference (RNAi) through the delivery of short interfering RNAs
(siRNAs) that silence reporter genes [7,15]. In addition, leakage of dye from dye-loaded
liposomes and the lysis of red blood cells are methods that can provide an understanding
of the ability of NPs to destabilize the endosomal membrane [16].

Here, we synthesized polymeric NPs with type B gelatin and chitosan of low and
high molecular weight, which were then conjugated with Buforin II—a translocating
peptide with endosomal escape capacity —and the fluorophore Rhodamine B to study
their endosomal escape. Type B gelatin was used due to its low price, biodegradability,
and biocompatibility. Simultaneously, chitosan has antibacterial and mucoadhesive
properties; plus, the different molecular weights can potentially lead to favor different
routes of intracellular trafficking and endosomal escape [7,17]. The NPs’ synthesis and
functionalization were corroborated via Fourier-transform infrared spectroscopy (FTIR).
Their morphology was studied via SEM and TEM microscopy imaging, and their size
and surface charge—which can be related to their colloidal stability —were evaluated
with the DLS instrument Zetasizer Nano.

2. Materials and Methods
2.1. Materials

Hydrochloric acid (HCI), glutaraldehyde, acetone, phosphate-buffered saline 1X
(PBS), sodium hydroxide (NaOH), vacuum filtration unit with 0.45 um filters, Type I, and
Type II water were used. Type B gelatin and sodium tripolyphosphate (TPP) were pur-
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chased from Quimicos Campota (Bogota, Colombia). Low and high molecular weight
chitosan were obtained from Sigma-Aldrich, and Buforin II—with a purity of 97% —was
purchased from GL Biochem. All the chemicals were used as received without any fur-
ther purification.

2.2. Synthesis of Type Il Gelatin and Chitosan Nanoparticles

The desolvation method was used to synthesize the gelatin NPs. Here, 10 mL of the
desolvating agent acetone was added dropwise to an aqueous solution of 200 mg of gelatin
in 10 mL of water. A two-phase solution was obtained where the supernatant was dis-
carded, and the precipitate was mixed with 10 mL of an HCl aqueous solution at pH 3 and
10,000 RPM. After that, 30 mL of acetone and 100 uL of a 25% (v/v) glutaraldehyde solution
were added and left mixing for 30 min to crosslink the NPs. The formed NPs were washed
by centrifugation at 10,000 RPM and stored in PBS at 4 °C until further use [18].

The ionic gelation method was used to synthesize chitosan NPs. Briefly, chitosan
was dissolved in a 1.25% (v/v) aqueous acetic acid solution at a concentration of 1.25
mg/mL. The mixture was left stirring for 24 h, and the pH was adjusted to 4.7 witha 1 N
NaOH solution. Then, the solution was vacuum filtered with a 0.45 um PTFE filter, and a
0.56 mg/mL TPP aqueous solution was slowly added and left mixing for 30 min. After
that, the NPs were washed by centrifugation at 3200 RPM and stored in type I water at 4
°C until further use [19].

2.3. Functionalization of Nanoparticles with Buforin 11

The NPs were functionalized with Buforin II (BUF-II) by adding 50 pL of glutaral-
dehyde in a 30 mL aqueous solution containing 100 mg of NPs. The mixture was stirred,
and after 1 h, 1 mg of Buforin II was added and left under agitation for 48 h. Next, the
obtained NPs-BUF-II-nanobioconjugates were washed by centrifugation five times and
stored in type I water at 4 °C until further use.

2.4. Labeling of NPs-BUF-II-Nanobioconjugates with Rhodamine B

The NPs-BUF-II-nanobioconjugates were labeled with the fluorophore Rhodamine
B by first dissolving 10 mg of NHS and 20 mg of EDC in 10 mL of type II water. Then, 1
mL of dimethylformamide and 20 mg of rhodamine were added and mixed at 40 °C for
15 min. This procedure was completed in the darkness to prevent the photodegradation
of the fluorophore [20]. Finally, the nanobioconjugates were washed by centrifugation
five times and sonicated in cold water before use.

2.5. Characterization

The Fourier Transform Infrared Spectroscopy (FTIR) from Bruker Alpha II (Bruker,
Karlsruhe, Germany) was used to identify the functional groups in the NPs’ samples and
corroborate their functionalization. The presence of all NPs’ functional groups was veri-
fied by collecting the absorbance spectrum from 600 to 4000 cm™ and a spectral resolu-
tion of 2 cm. Then, the spectra were softened. The DLS instrument Zetasizer Nano was
used to measure their size distribution and surface charge in solution. The morphology of
lyophilized and gold-spin-coated NPs was observed with the scanning electron micro-
scope (SEM) JEOL JSM-6490LV. The transmission electron microscope (TEM) Tecnai F30
from FEI Company (Fremont, CA, USA) was used to observe the NPs’ structure and
morphology, with a resolution of 134 eV and reference energy of 5.9 keV. The confocal
microscope Olympus FV1000 was used with a PlanApo 60X/1.42 N oil-immersion objec-
tive to see the dispersion of the rhodamine B-labeled NPs and study their preliminary
cellular internalization in THP-1 monocytes (derived from the peripheral blood of a
childhood case of acute monocytic leukemia). The samples were imaged with a 559 nm
laser that could excite the fluorophore, and then, they were visualized with Image]J [21].
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3. Results and Discussion
3.1. Size Distribution and Surface Charge (Z Potential)

For three replicas (n = 3), gelatin NPs approached an average diameter of 297 + 79
nm, while HMW chitosan and LMW chitosan NPs approached average diameters of 255
+52 nm and 182 + 62 nm, respectively. The surface charge of gelatin NPs in PBS was —7.07
+0.17 mV, while for HMW chitosan NPs, it was —0.16 + 0.14 mV, and for LMW chitosan
NPs, it was —0.40 = 0.16 mV. According to several studies, NPs’ size is usually between
100 and 500 nm, and these sizes tend to have facilitated cellular penetration routes such
as phagocytosis and clathrin- or caveolin-mediated endocytosis [22,23]. Nanomaterials
with absolute surface charge below 10 mV exhibit low colloidal stability, causing aggre-
gation and faster sedimentation [22,24]. Gelatin NPs appear to have higher colloidal sta-
bility, probably because the accumulationof type B gelatin NPs is reduced at pH values
far from its isoelectric point [25]. Moreover, the number of positively charged chitosan
groups might have decreased after crosslinking with TPP [26].

3.2. Fourier Transform Infrared Spectroscopy (FTIR)

The absorbance spectra of the different types of NPs had similar absorbance bands
compared to the spectra of pure polymers. In this regard, we found the amide (C=0)
stretching vibration at 1643 cm™! and the amide (N-H) bending vibration at 1616 cm™ for
type B gelatin (Figure 1a), and the C=0O stretching vibration at 1661 cm™ and N-H bend-
ing vibration at 1562 cm™ for chitosan (Figure 1b). HMW and LMW chitosan NPs showed
absorbance peaks at 1579 and 1570 cm™' that corresponded to the bending vibrations of
N-H groups. Additionally, we identified bands at 1665 cm™ and 1650 cm™', which corre-
sponded to the stretching vibrations of C=O groups (Figure 1b). Moreover, type B gelatin
NPs showed absorbance peaks at 1595 and 1676 cm™ that corresponded to the bending
vibrations of N-H groups and the stretching vibrations of C=O groups, respectively
(Figure 1a). For BUF-II, we identified the amine (C-N) stretching vibration at 1115 cm™,
the N-H bending vibration at 1567 cm™, and the C=O stretching vibration at 1678 cm™
(Figure 1c—e). For the NPs-BUF-II-nanobioconjugates, we identified the C-N stretching
vibration at 1123 cm™ and the C=O stretching vibration at 1653 cm™! for type B gelatin
NPs (Figure 1c); the C-N stretching vibration at 1127 cm™ and the C=O stretching vibra-
tion at 1653 cm™ for HMW chitosan NPs (Figure 1d); and the C-N stretching vibration at
1127 cm™ and the C=O stretching vibration at 1651 cm™ for LMW chitosan NPs (Figure
1le), which confirmed effective conjugation of BUF-II.
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Figure 1. (a) Spectrum of type B gelatin NPs (blue) and pure type B gelatin (black). The absorbance band analyzed con-
tains the C=0 stretching vibrations in the range of 1640-1690 cm™ and the N-H bending vibrations in the range of 1550—
1640 cm™. (b) Spectra of LMW chitosan NPs (red), HMW chitosan NPs (blue), and pure chitosan (black). The absorbance
band analyzed contains the C=O stretching vibrations in the range of 1640-1690 cm™ and the N-H bending vibrations in
the range of 1550-1640 cm™. (c) Spectrum of type B gelatin NPs before and after functionalization with Buforin II (blue)
and pure Buforin II (black). Here, the absorbance bands analyzed contain the C=O stretching vibrations in the range of
1640-1690 cm™, the N-H bending vibrations in the range of 1550-1640 cm™, the N-H stretching vibrations in the range of
3100-3500 cm™, and the C-N stretching vibration band in the range of 1080-1360 cm™. (d) Spectrum of LMW chitosan
NPs before and after being functionalizedwith Buforin II (blue) and pure Buforin II (black). Here, the absorbance bands
analyzed contain the C=O stretching vibrations in the range of 1640-1690 cm™, the N-H bending vibrations in the range of
1550-1640 cm™, the N-H stretching vibrations in the range of 3100-3500 cm™, and the C-N stretching band in the range
1080-1360 cm™. (e) Spectrum of HMW chitosan NPs before and after functionalization with Buforin II (blue) and pure
Buforin II (in black). Here, the absorbance bands analyzed contain the C=O stretching vibrations in the range of 1640-1690
cm™, the N-H bending vibrations in the range of 15501640 cm™, the N-H stretching vibrations in the range of 3100-3500
cm, and the C-N stretching band in the range of 1080-1360 cm™.

3.3. Microscope Imaging (SEM, TEM and Confocal)
SEM images showed that gelatin nanoparticles, LMW, and HMW chitosan nano-
particles had a filamentous, round, and oval-like morphology, respectively (Figure 2).
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TEM images of LMW chitosan NPs confirmed their morphology and showed that their
nominal size of individual particles was 5 to 10 nm (Figure 3). These results demon-
strated the NPs aggregate in solution, as evidenced by the increased size observed via
DLS (see above). The confocal microscope showed HMW chitosan NPs-BUF-II-
nanobioconjugates cellular internalization (Figure 4).

Cud X 4k3 c8 STRC Ry, AL o SN
10kv X3000 5pum UNIANDES 10kv X3000 5pm UNIANDES X400 50um UNIANDES

£

Figure 2. (a) SEM image of LMW chitosan NPs. (b) SEM image of HMW chitosan NPs. (¢) SEM image of type B gelatin
NPs. The white arrows point to the obtained materials.

S Operator: ‘UdeA i TotatamagmTication: 438:00kx

caliBagnificarion: 43.00kx

Figure 3. (a) TEM image of LMW chitosan NPs with a total magnification of 43kx. (b) TEM image of LMW chitosan NPs
with a total magnification of 38kx.

Figure 4. Confocal microscopy of THP-1 cells after being incubated with HMW chitosan NPs,
which were previously functionalized with Buforin II and conjugated with rhodamine B.

4. Conclusions

The synthesis of the polymeric type B gelatin and chitosan NPs was successful, as
was their functionalization with Buforin II and subsequent labeling with rhodamine B.
Their low surface potential can explain their tendency to agglomerate. In addition, HMW
chitosan NPs were successfully internalized in the human monocytic THP-1 cell line.

The different morphologies obtained for the NPs suggest the possibility for different
internalization rates and intracellular trafficking routes, as indicated by recent studies
that reported lower internalization rates for spherical NPs compared with oval NPs [27].
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Accordingly, our future efforts explorewhether different potential intracellular routes
can be enabled by NP type. This could be further exploited for targeting specific subcel-
lular compartments.
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