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Assessing cellular internalization
and endosomal escape abilities
of novel BUFII-Graphene oxide
nanobioconjugates

Julian Daniel Torres-Vanegas®, Javier Cifuentes?®,
Paola Ruiz Puentes?!, Valentina Quezada?',
Andres J. Garcia-Brand?', Juan C. Cruz?* and Luis H. Reyes*

'Department of Chemical and Food Engineering, Grupo de Disefio de Productos y Procesos (GDPP),
Universidad de Los Andes, Bogota, Colombia, 2Department of Biomedical Engineering, Universidad de
Los Andes, Bogotd, Colombia

Cell-penetrating agents based on functionalized nanoplatforms have emerged
as a promising approach for developing more efficient and multifunctional
delivery vehicles for treating various complex diseases that require reaching
different intracellular compartments. Our previous work has shown that
achieving full cellular coverage and high endosomal escape rates is possible
by interfacing magnetite nanoparticles with potent translocating peptides such
as Buforin Il (BUF-II). In this work, we extended such an approach to two
graphene oxide (GO)-based nanoplatforms functionalized with different
surface chemistries to which the peptide molecules were successfully
conjugated. The developed nanobioconjugates were characterized via
spectroscopic (FTIR, Raman), thermogravimetric, and microscopic (SEM,
TEM, and AFM) techniques. Moreover, biocompatibility was assessed via
standardized hemocompatibility and cytotoxicity assays in two cell lines.
Finally, cell internalization and coverage and endosomal escape abilities
were estimated with the aid of confocal microscopy analysis of
colocalization of the nanobioconjugates with Lysotracker Green®. Our
findings showed coverage values that approached 100% for both cell lines,
high biocompatibility, and endosomal escape levels ranging from 30 to 45% and
12-24% for Vero and THP-1 cell lines. This work provides the first routes toward
developing the next-generation, carbon-based, cell-penetrating nanovehicles
to deliver therapeutic agents. Further studies will be focused on elucidating the
intracellular trafficking pathways of the nanobioconjugates to reach different
cellular compartments.
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1 Introduction

The quality of life of people worldwide has been affected by
several diseases, such as cancer, neurodegenerative disorders,
orphan diseases, and bacterial and fungal infections, among
many others (The top 10 causes of death, 2021). To treat
these conditions, several therapeutic compounds have been
considered, such as small molecules (e.g., chemotherapeutics,
antidepressants, anti-inflammatory, and antioxidant
compounds) (Dean et al, 2005; Deshpande et al, 2013;
Rodzinski et al., 2016; Ezrahi et al., 2019; Pereira et al., 2021;
Yang and Xie, 2021), biologicals (Adki and Kulkarni, 2020;
Iglesias et al., 2020; Nguyen et al., 2020; Wang et al., 2020),
and antifungal and antibacterial agents (Mudavath et al., 2014;
Lazaridou et al,, 2021; Hsiung et al., 2022). However, the delivery
of these therapeutics to specific intracellular targets usually
occurs with very low efficiencies, and only small fractions of
the molecules can reach the sites of action. Also, the potential side
effects of these treatments are generally unknown. These major
issues have been the focus of a large body of research in
pharmacology for the past three decades.

The fact that such therapeutics exhibit low efficiencies is
because they must pass through several biological barriers,
including physiological systems (e.g., their clearance by the
liver or kidney), extracellular defense mechanisms (e.g., their
uptake by the macrophage system (MPS)), and intracellular
barriers such as their entrapment by endosomes (Homayun
et al, 2019; Torres-Vanegas et al, 2021). In this regard,
endosomal compartments are vesicles capable of capturing the
their
degradation, which decreases their functional therapeutic
effect in the target tissue (Hou et al, 2015; Ahmad et al,
2019; Smith et al., 2019). Given the need to avoid endosomal
vesicles’ entrapment of the nanovehicles, extensive research over

nanostructured systems and causing enzymatic

the past two decades has focused on engineering strategies to
address this issue.
Nanomaterial-based ~ delivery systems have gained
considerable attention to efficiently deliver cargoes in a
targeted manner and surpass the biological barriers upon
administration (Ravichandran, 2009; Chou et al., 2011; Chao
et al,, 2021; Nguyen et al., 2021; Sahu et al., 2021; Younas et al,,
2021). These nanosystems comprise two main components: a
nanomaterial support or carrier and a functionalizing
biomolecule. Among an ample diversity of nanomaterials used
for the development of efficient delivery systems, graphene oxide
(GO) has emerged as a promising alternative (Yang K. et al,
2012; Chimene et al., 2015; Yin et al., 2017; Hasan et al., 2019;
Sandoval et al., 2019). Besides its low cost and scalable
production, recent manufacturing approaches have provided
routes for controlled thickness, maintaining a high surface
area, and incorporating highly reactive chemical groups such
as hydroxyls, epoxies, and carbonyls (de Melo-Diogo et al., 2018;

Wei et al., 2021; Ajala et al., 2022). These groups make GO an
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ideal nanoplatform for functionalization with different biological
and chemical molecules, improving its colloidal stability,
biocompatibility, and cellular uptake.

Among the different strategies to functionalize the
nanomaterials with bioactive agents, cell-penetrating peptides
have become attractive to improve cell internalization and
endosomal escape for these delivery nanoplatforms mainly
due to their high efficiencies. Previously, we synthesized
magnetite nanoparticles and modified their surface with the
cell-penetrating and antimicrobial peptide Buforin II (BUF-II)
(Cuellar et al., 2018; Perez et al., 2019; Ramirez-Acosta et al.,
2020). This peptide has shown a potent ability to translocate the
cell membrane (Mufoz-Camargo et al, 2018) and, when
immobilized on magnetite nanoparticles, showed a solid
ability to escape from endosomes upon internalization in
several cell lines, including Vero, THP-1, HaCaT, HFF, and
neuroblastoma cells (Cuellar et al., 2018; Perez et al., 2019;
Ramirez-Acosta et al., 2020). Regarding the need to improve
the efficiency of nanomaterial-based delivery systems and our
recent advances concerning the ability of endosomal escape, this
study extends the use of cell-penetrating peptides towards the
functionalization of GO to develop effective and biocompatible
nanoengineered vehicles.

In particular, we developed a methodology to synthesize and
functionalize GO with reducible or polymeric molecules and the
translocating peptide BUF-II. The resulting nanobioconjugates
were characterized through spectroscopic, thermogravimetric,
and microscopic techniques. Moreover, their biocompatibility,
cell penetration, and endosomal escape abilities were evaluated in
Vero and THP-1 cells. Our findings contribute to determining
the impact of the functionalization strategy on the cell
internalization and endosomal escape processes. In addition,
this study provides valuable insights into a novel graphene-
based nanoplatform to design more efficient nanovehicles
rationally. Further studies will focus on elucidating the
possible involved in these and

pathways penetration

intracellular trafficking processes.

2 Materials and methods
2.1 Reagents and cell cultures

Graphite powder purchased from Graphene
Supermarket (Ronkonkoma, NY, United States). Sulfuric acid
(H,SO,), phosphoric acid (H;PO,), potassium permanganate
(K,MnO,), hydrochloric acid (HCI), and hydrogen peroxide
were purchased from PanReac AppliChem (Chicago, IL,
United States). 3-[(2-amino ethyl) dithio] propionic acid-HCI
(AEDP),  NH,-PEG,,-Propionic (PEG), N-[3-
(dimethylamino)-propyl]-N’-ethyl carbodiimide
hydrochloride (EDC), N-hydroxy-sulfosuccinimide (NHS),
dimethyl-formamide (DMF), phosphate-buffered saline (PBS),

was

acid
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FIGURE 1

Scheme of the experimental procedure for constructing the nanobioconjugates. (A) Synthesis of GO; (B) Functionalization of GO with reducible
and polymeric linkers; (C) Conjugation of BUFII. Figure created with BioRender.com.
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3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT), Rhodamine B, Propidium iodide, and Triton X-
100 were purchased from Sigma-Aldrich (St. Louis, MO,
United States). Buforin 11 (BUF-II:
TRSSRAGLQFPVGRVHRLLRK) was synthesized by GL
Biochem (Shanghai, China). High-glucose Dulbecco’s modified
Eagle medium (DMEM) was purchased from Gibco (Amarillo,
TX, United States). Fetal bovine serum (FBS) was purchased
from BioWest (Riverside, MO, United States). Lysotracker Green
DND-26 and Hoechst 33,342 were purchased from Thermo
Fisher (Waltham, MA, United States). Vero cells (ATCC®
CCL-81) and THP-1 cells (ATCC® TIB-202) were used for the
cytotoxicity and cell internalization assays.

2.2 Synthesis of GO

To prepare the GO nanosheets, a modification of Hummer’s
method was conducted (Jankovsky et al., 2017). This method
consists of two main steps: the oxidation of graphite to obtain
graphite oxide and its subsequent acidic exfoliation to finally
produce graphene oxide (GO) (Figure 1A). The oxidation
process was conducted by mixing graphite powder (0.75g)
with potassium permanganate (4.5g) and a liquid solution
(100 ml) of sulfuric acid (90% v/v) and phosphoric acid (10%
v/v). This reaction mixture was left under continuous magnetic
agitation for 7 h at 50°C. Next, the mixture was rapidly cooled
down to room temperature. Distilled water ice (150 ml) and
hydrogen peroxide (2 ml) were added to the mix to quench the
oxidation reaction. The resulting solution was filtered to remove
excess reagents with the aid of a polyester fiber. The exfoliation
started by centrifuging the solution at 4,000 rpm, 10°C
(ThermoFisher Scientific Sorvall Legend XTR, Osterode,
Germany). The resulting pellet was resuspended in an
aqueous solution composed of HCI (50 ml, 37% v/v), ethanol
(50 ml, 96%), and deionized water (50 ml). To ensure a
homogeneous pellet dispersion in the acidic solution, samples
were sonicated for 15 min in an ultrasonic bath (Bransonic
2510R-DTH, Danbury, CT, United States). This process was
repeated five times to produce highly-dispersed GO nanosheets.
After the exfoliation process, samples were lyophilized for 48 h
and stored at 4°C for further characterization.

2.3 Functionalization of GO

GO nanosheets were functionalized in a two-step process to
produce two nanobioconjugates using the EDC/NHS chemistry,
which facilitates the formation of amide bonds. In the first step, a
solution containing 10 mg of EDC and 20 mg of NHS was
dripped in 40 ml of GO (2.5mg/ml) at a rate of 1 ml/min
under continuous magnetic stirring. After adding EDC and
NHS, the solution was left under agitation for 15 min. Upon
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activating carboxyl groups via EDC/NHS, 5 mg of AEDP or PEG
(NH,-PEG;,-Propionic acid) molecules were added to the
corresponding samples, followed by continuous agitation for
24 h. To remove the excess reagents, samples were centrifuged
After this, two
nanoconjugates functionalized with either the AEDP (GO-
AEDP) or PEG molecules (GO-PEG) were obtained (Figure 1B).

The antimicrobial and cell-penetrating peptide BUF-II was

and resuspended in deionized water.

then immobilized by taking advantage of the terminal carboxyl
groups of the reducible and polymeric linkers, AEDP, and PEG
molecules. To do this, 10 mg of EDC and 20 mg of NHS were
added to 40 ml of both nanoconjugates GO-AEDP and GO-PEG
(Figure 1C). Samples were subsequently left under continuous
stirring for 24h. To remove the excess reagents from the
functionalization process, samples were centrifuged and
resuspended in type I water. The resulting nanobioconjugates
(GO-AEDP-BUFII and GO-PEG-BUFII) were stored at 4°C for
further characterization.

2.4 Characterization techniques

2.4.1 Spectroscopic analysis

To corroborate the synthesis and functionalization processes
for the obtention of GO-based nanobioconjugates, Fourier-
Transform infrared spectroscopy (FTIR) analyses were
performed. Small solid dry samples (approximately 5 mg) of
bare GO and GO-based nanobioconjugates were analyzed via a
Bruker Alpha IT FTIR Eco-ATR instrument (Bruker, Billerica,
MA, United States). The spectra were collected by averaging
three scans taken at a resolution of 2 cm™" in the spectral range of
4,000-400 cm ™.

To determine the extent of oxidation of bare GO and to
the

spectroscopy analyses were also conducted. Solid dry samples

confirm two-step functionalization process, Raman
were analyzed via an XploRA Confocal Raman Microscope

(Horiba Scientific, Japan).

2.4.2 Thermal stability analysis

Thermogravimetric analyses were performed to estimate the
efficiency of the conjugation of BUF-II on the surface of GO.
Three mg of solid dry samples were analyzed via a simultaneous
TGA/DSC instrument (TA Instruments, New Castle, DE,
United States). The analyses were conducted at a linear
heating rate of 10°C/min from 25 to 600°C under a nitrogen
atmosphere. The conjugation efficiency was estimated by
correlating the percentage of weight loss to the detachment of
the molecules chemically bound to the surface of GO.

2.4.3 Microscopic analysis

To analyze the morphology of the nanosheets for bare and
modified GO, the samples were imaged via scanning electron
microscopy (SEM, TESCAN LYRA3 FIB-SEM, Brno, Czech
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Republic) and transmission electron microscopy (TEM, Tecnai
F30 Microscope (Fei Company, Hillsboro, OR, United States).

In addition, height profiles of the nanosheets were obtained
via atom force microscopy (AFM 3D MPF Bio, Asylum
Research/Oxford Instruments, California, United States) to
estimate their thicknesses. A sharp silicon AC24TS scanning
probe (with a radius of 7 nm and an elastic constant of 1 nN/
nm—according to the manufacturer) was used to register high-
resolution topographical maps of the surface samples. To deposit
the samples for this analysis, small silicon chips were cleaned
with RCA1 (a solution containing NH4OH and H202) and
RCA2 (a solution composed of HCl and H202) and dried with
nitrogen (see details of the cleaning protocol in (Pillers et al.,
2015)). After this cleaning process, each bare and modified GO
liquid samples were deposited between two silicon chips like a
“sandwich.” The samples were heated at 40°C to remove excess

water.

2.5 Biocompatibility assays

2.5.1 Hemolysis assay
To the of the
nanobioconjugates, erythrocytes isolated from the freshly

evaluate hemolytic  activity
drawn blood of a healthy human donor were exposed to
the nanostructures. The blood sample was centrifuged at
1800 rpm for 5min to obtain the erythrocytes, and the
plasma (supernatant) was discarded. After the precipitation
of the erythrocytes, they were washed thrice by cyclically
centrifuging and resuspending them in PBS (1X). A stock
containing 1 ml of the isolated erythrocytes and 9 ml of PBS
(1X) was prepared upon washing the erythrocytes. The
nanobioconjugates were serially diluted in PBS (1X) from
200 to 12.5 pg/ml. Triton X-100 (1% (v/v)) and PBS (1X)
were selected as positive and negative controls, respectively.
After serially diluting the nanobioconjugates, 100 pl of each
treatment were seeded with 100 ul of the erythrocytes and
incubated at 37°C, 5% CO, for 1h. After the incubation,
samples were centrifuged at 1800 rpm for 5 min, and 100 ul
of the supernatant were placed in a 96-well microplate to read
their absorbance at 450 nm via a Multiskan FC microplate
(Thermo  Fisher Waltham, MA,
United States). Hemolysis percentage was calculated as
indicated in Eq. (1):

reader Scientific,

(Absorbance o f sample — Absorbance o f negative control)
(Absorbance of positive control — Absorbance o f negative control)

(1)

% Hemolysis = 100 -

2.5.2 Platelet aggregation assay

To determine the extent of platelet aggregation of the
nanobioconjugates, platelets extracted from freshly drawn
blood of a healthy human donor were exposed to the
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nanostructures. The blood sample was stored in a vacutainer
tube with sodium citrate as an anticoagulant to isolate the
platelets, avoiding aggregation. To obtain the platelet-rich
plasma (PRP), the blood sample was centrifuged at 1,000 rpm
for 15min at room temperature. The nanostructures were
serially diluted in PBS (1X) from 200 to 12.5 ug/ml. Thrombin
was used as a positive control, while PBS (1X) worked as a
negative reference. 50 pl of the PRP was pipetted into 50 pl of the
nanobioconjugates in a 96-well microplate. After seeding the
platelets, samples were incubated at 37°C, 5% CO, for 5 min.
Upon incubation, absorbance was read at 620nm via a
Platelet aggregation percentage
calculated by dividing the absorbance of the sample by the
absorbance of the control.

microplate reader. was

2.5.3 MTT cytotoxicity assay

The cytotoxicity of bare GO, GO-AEDP, GO-PEG, GO-
AEDP-BUF-II, and GO-PEG-BUF-II was evaluated in Vero
(ATCC®CCL-81) and THP-1 (ATCC® TIB-202) cells
((American Type Culture Collection, Manassas, VA,
United States). Vero cells are derived from the kidney of an
African green monkey and are a model line close to fibroblasts,
primarily present in human tissues due to their ability to form
connective tissue. This makes it one of the more commonly used
mammalian continuous cell lines in microbiology and molecular
and cell biology research (Ammerman et al., 2008). THP-1 is a
human leukemia monocytic cell line, which has been extensively
used to study monocyte/macrophage functions, mechanisms,
signaling pathways, and nutrient and drug transport (Chanput
et al,, 2014). To do the cytotoxicity tests, a colorimetric assay
based on the metabolic conversion of 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium (MTT) into formazan by active cells
was applied. The nanostructures were serially diluted from 200 to
12.5 ug/ml. Non-supplemented DMEM medium was used as the
negative control. 100 ul of a cell suspension stock in DMEM
medium supplemented with FBS (10%) was seeded in a 96-well
microplate at 10 x 10* cells/well. After this, the microplates were
incubated at 37°C, 5% CO,, and in a humidified atmosphere for
24 h. Upon incubation, cells were exposed to the different
treatments for 24 and 48 h by extracting and replacing a 10-
percent-FBS-supplemented  DMEM medium with a non-
different
nanobioconjugates. After exposure, 10l of MTT reagent

supplemented  DMEM medium containing the

(5 mg/ml) was added to each well, and the microplates were
then incubated as described above for 2 hours. After the action of
the MTT reagent, supernatants were discarded, and 100 pl of
DMSO was added to each well to dissolve the resulting formazan
crystal. As the last step, a microplate reader (Thermo Scientific
Multiskan™ FC Microplate Photometer) was used to record the
absorbance at 595 nm. Cell viability was computed as the division
between the absorbance of the sample and that of the negative
control. GraphPad Prism V 8.0.1 software (GraphPad Software,
La Jolla, CA, United States) was employed to compare the results
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statistically. The statistical comparisons were made through an
unpaired f-test. Results with p < 0.05 (*) were considered
significant.

2.6 Endosomal escape analysis

2.6.1 Labeling of GO-based nanobioconjugates

To track the nanobioconjugates GO-AEDP-BUFII and GO-
PEG-BUFII during the confocal microscopy analyses, these
were labeled with the fluorophore Rhodamine B. This
labeling was followed by the same EDC/NHS conjugation
protocol used to functionalize GO. As a first step, 30 mg of
EDC and 15 mg of NHS were chemically activated by dissolving
them in a solution with 5 ml of type I water. After this, 2 ml of
DMF and 5 mg of Rhodamine B were added to the solution and
stirred for 15 min at 40°C under dark conditions to activate the
carboxyl groups of the Rhodamine B and avoid photobleaching.
Upon the chemical activation of Rhodamine B, the resulting
added to 100-mg of
nanobioconjugate. The final samples were stirred via a

solution  was samples each
Compact Digital Mini Rotator shaker (Thermo Fisher
Scientific, Seoul, Korea) at 200 rpm for 24 h. To remove
excess reagents, the samples were thoroughly washed by
centrifuging and resuspending them in Type I water. This
washing process was cyclically repeated until a transparent
supernatant of the samples was obtained. Finally, the
samples were stored at 4°C under complete darkness until
further use.

The nanomaterial GO, and the GO-AEDP and GO-PEG
nanoconjugates served as controls. These were labeled following
the same EDC/NHS conjugation protocol to track them during
the confocal microscopy analyses. However, propidium iodide
(5 mg) was used in this case as the fluorescent marker instead of
Rhodamine B.

2.6.2 Confocal microscopy analysis

The Rhodamine-B- and the Propidium-Iodide-labeled GO-
based nanobioconjugates were delivered in Vero and THP-1 cells
to analyze internalization. Briefly, one hundred thousand cells per
well were seeded on a circular glass slide of 18 mm diameter
previously coated with Poly-D-Lysine. Vero cells were incubated in
DMEM medium supplemented with 5% (v/v) FBS for 24 h (37 C,
5% CO,) to allow cell adhesion, while THP-1 were maintained in
RMPI medium supplemented with 10% (v/v) FBS (37°C, 5% CO,).
After incubation, cells were exposed to the Rhodamine B-labeled
nanobioconjugates for 0.5 and 4h in a non-supplemented
medium, at concentrations of 25 and 12.5 pg/ml for Vero and
THP-1 cells, respectively. Cells were then exposed to a DMEM or
RPMI solution with Hoechst 33,342 (1:10,000) and Lysotracker
Green DND-26 (1:10,000 for 5 min to label nuclei and endosomes,
respectively. Ten images of each treatment (10 cells per image)
were then taken via an Olympus FV1000 confocal laser scanning
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microscope (CLSM) with a 40X/0.6 UCPlan FL N and a PlanApo
60X oil immersion objective. The nuclei, endosomes, and
nanobioconjugates were detected at excitation/emission
wavelengths of 405 nm/461 nm, 488 nm/535 nm, and 559 nm/
600 nm, respectively. The surface area coverage by the
nanobioconjugates and Pearson Correlation Coefficient (PCC)
between the nanobioconjugates and Lysotracker Green® were
calculated to estimate the extent of internalization and
endosomal escape of the nanobioconjugates. The Fiji-Image]”
software was used to analyze the collected images (Schindelin
et al, 2012). GraphPad Prism V 8.0.1 software (GraphPad
Software, La Jolla, CA, United States) was employed to
statistically compare the results. The statistical comparisons
were made through an unpaired #-test. Results with p < 0.05 (*)
were considered significant.

3 Results

3.1 Characterization of
nanobioconjugates

3.1.1 Spectroscopic analysis

Figure 2A shows a schematic of the final chemical structures
of the GO-AEDP-BUF-II GO-PEG-BUEF-II
nanobioconjugates. To confirm the correct synthesis of these

and

nanobioconjugates, spectral analyses were conducted via FTIR
(Figure 2B) and Raman (Figure 2C) spectroscopy.

The distinctive chemical groups of GO, GO-AEDP-BUF-II,
and GO-PEG-BUF-II were identified by recording their
characteristic infrared spectral bands (Figure 2B). For the GO,
an ample peak at 3,300 cm™' can be attributed to the stretching
vibration of hydroxyl groups (O-H) (Marcano et al, 2010;
Jankovsky et al, 2017). Moreover, the carboxyl and epoxy
groups were identified by the peaks at 1720 and 1,228 cm™,
attributed to the stretching vibrations of C=0 and C-O bonds,
respectively (Marcano et al, 2010; Jankovsky et al, 2017).
Additionally, a peak at 1,630 cm™ was attributed to the
stretching vibration of C=C bonds in the GO’s laminar
structure (Marcano et al, 2010; Jankovsky et al., 2017). For
the GO-AEDP-BUFII and GO-PEG-BUFII nanobioconjugates,
additional characteristic bonds were detected in their spectra,
including the bending vibration of the N-H bond that was
observed at 1,582cm™ (Perez et al, 2019), which was
attributed to the amine groups of BUF-IL. In addition, the
bonds
corroborated by the C-N stretching vibration observed at
1,084 cm™' (Liu et al., 2016).

Additional information about the chemical structure of GO,
GO-AEDP-BUF-II, and GO-PEG-BUF-II was obtained by
GO-based
nanostructures showed two major bands: The D-band (at
1,350 cm™) and the G-band (at 1,600 cm™). The D-band was

amide formed after functionalization, which was

collecting their Raman spectra (Figure 2C).
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FIGURE 2

Characterization of the GO-AEDP-BUFII and GO-PEG-BUFII. (A) Schematic of the chemical structure of the developed nanobioconjugates

The obtention of these nanobioconjugates was successfully corroborated via: (B) FTIR spectral analyses; (C) Raman spectroscopic analyses; (D) TGA
profiles.
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FIGURE 3

Microscopic characterization of the developed nanostructures via (A) SEM imaging; (B) TEM imaging; (C) AFM imaging, and height profiles.
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Biocompatibility tendencies of the developed nanobioconjugates. Cytotoxicity tendencies were evaluated in: Vero cells after incubation with
treatments for (A) 24 h, (B) 48 h; and THP-1 cells after incubation with treatments for (C) 24 h, (D) 48 h. Results marked with (*) indicate significant
differences between them (p-value<0.05). Hemocompatibility assays were conducted to determine: (E) Hemolytic effect and (F) Platelet

aggregation levels.

attributed to defects in the laminar structure graphene layer.
These defects can be explained by the sp® hybridized carbon
atoms, which indicate the presence of functional groups in the
nanosheets (Marcano et al., 2010; Jankovsky et al., 2017). In
contrast, the G-band reflects the presence of sp>-bonded carbon
atoms in the graphene layer without defects (Marcano et al.,
20105 Jankovsky et al., 2017). After calculating the ratio of the
intensity of these two bands (i.e., In/Ig) for GO, GO-AEDP-BUEF-
II, and GO-PEG-BUE-II, we obtained 0.96, 1.07, and 0.99,
respectively. There was a slight increase in such ratio GO-
based nanobioconjugates, which was expected because the
D-band reflects the presence of amine, hydroxyl, and ketone
groups of the peptide structure.

Frontiers in Chemistry

3.1.2 Thermal Stability analysis

The thermal stability of GO, GO-AEDP-BUF-II, and GO-
PEG-BUF-II was determined via TGA analyses. These results
are shown in Figure 2D, where three significant weight losses
are noticeable: The first one below 100°C can be attributed to
the evaporation of residual water from the samples. The
second one (between 100 and 200°C) was related to the
degradation of oxygen-containing chemical functionalities
on the surface of the graphene layer. Furthermore, the
third one above 300°C can be explained by the degradation
of the Both GO-based
nanobioconjugates showed a larger total weight loss than
the unmodified GO. The efficiency of the two-step

graphene laminar structure.
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conjugation process for GO-AEDP-BUF-II and GO-PEG-
BUF-II was estimated at 7 and 8%, respectively.

3.1.3 Microscopic analysis

The morphology of GO, GO-AEDP-BUF-II, and GO-PEG-
BUEF-II was analyzed via SEM and TEM images, shown in Figures
3A,B, respectively. Figure 3A shows that bare GO nanosheets
exhibited marked wrinkles while GO-AEDP-BUFII and GO-
PEG-BUF-II looked smoother. GO-PEG-BUFII nanosheets
appeared smoother than GO-AEDP-BUF-II, which may be
attributed to the larger polymeric linker, PEG;,, compared
with AEDP. This size difference in each linker may play a
significant role in promoting steric hindrance that prevents
nanosheet folding. This agrees well with the higher peaks
observed in the Raman spectra (Figure 2C) of GO-PEG-BUFII
compared to GO-AEDP-BUFIL Similar results were obtained via
TEM images (Figure 3B) for nanosheets smaller than 200 nm.

To determine the thickness of GO, GO-AEDP-BUFII, and
GO-PEG-BUFII nanosheets, height profiles were obtained from
AFM images (Figure 3C). As shown in the height profiles of
Figure 3C, the maximum thickness for GO, GO-AEDP-BUFII,
and GO-PEG-BUFII rounded about 2.2, 1.7, and 2.7 nm,
respectively.

3.2 Biocompatibility

Figures 4A,B show the cell viability after exposure of Vero
cells to the nanomaterial GO and the GO-AEDP and GO-PEG
nanoconjugates tructures for 24 and 48 h, respectively. After 24 h
of exposure to the treatments up to 200 pug/ml, all nanostructures
showed cell viability levels above 80%. However, this viability
level significantly decreased to about 60% after 48 h of exposure
to GO and GO-PEG-BUF-II, while cells exposed to GO-AEDP-
BUF-II maintained their cell viability level. The modification of
GO with AEDP and PEG significantly reduces the viability of
Vero Cells after 24 h of exposure at concentrations above 100 pg/
ml and after 48 h at concentrations above 25 ug/ml (Figures
4A,B). Furthermore, the subsequent immobilization of the
peptide BUFII significantly reduces cell viability in Vero cells
after exposure for 48 h (Figure 4B). In contrast to the excellent
cytocompatibility observed in Vero cells, THP-1 cells were
considerably affected by the exposure to GO and the GO-
AEDP-BUFII and GO-PEG-BUFII nanobioconjugates (Figures
4C,D). After exposure for 24 and 48 h, the cell viability levels
were reduced to about 40% in this cell line. However, the
nanoconjugates without BUFII showed cell viability levels
above 80%in Vero cells.

Regarding the hemocompatibility of our nanobioconjugates,
4E that the hemolytic of the
nanobioconjugates remained below 10% for concentrations up
to 200 pg/ml. Interestingly, GO-AEDP-BUF-II showed a
considerably higher hemolytic effect than GO-PEG-BUF-II at

Figure shows level
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200 pg/ml. Figure 4F shows that the platelet aggregation effect of
the nanobioconjugates remained below 48% for concentrations
up to 200 pg/ml. For concentrations below 100 ug/ml, the
aggregation level approached that of the negative reference,
PBS 1X.

3.3 Internalization and endosomal escape

Visual indication of the nanobioconjugates GO-AEDP-
BUFII and GO-PEG-BUFIT’s ability to penetrate Vero and
THP-1 cells is shown in Supplementary Figures S1 and S2.
Although both nanostructures exhibited an excellent ability to
enter both cell lines, cell morphology appears significantly altered
for THP-1 compared with Vero. Supplementary Figures S3, S4,
and S5 show internalization of GO, GO-AEDP, and GO-PEG in
Vero and THP-1 cells.

To determine the endosomal escape ability of the
labeled with Rhodamine B,
microscopy analyses were conducted to look for colocalization

nanobioconjugates confocal

of the nanobioconjugates with Lysotracker Green®. Figure 5
of the of the
nanostructures to escape from endosomes. This ability was

illustrates  visual indications ability
quantitatively estimated by calculating the Pearson correlation
coefficient (PCC). This coefficient varies from 0 (indicating
complete endosomal escape) to 1 (suggesting an absence of
any endosomal escape).

Results of the PCC of the nanobioconjugates internalized in
Vero cells are shown in Figure 6A. The PCC of GO-AEDP-BUFII
was estimated at 0.550 £ 0.001 after incubation for 0.5 h with no
additional changes after 4 h. This value was the lowest of all
evaluated treatments, indicating the best endosomal escape
abilities among the nanobioconjugates tested in Vero cells.
The GO-PEG-BUFII showed a PPC of 0.701 + 0.022 after
incubation for 0.5h and a further decrease to 0.633 +
0.031 after incubation for 4 h. The PCC decreased over time
for bare GO and nanoconjugates in the absence of immobilized
BUEF-IL. However, this reduction was statistically significant only
for GO-AEDP, which showed a PCC of 0.401 + 0.018 after
incubation for 0.5h and a further reduction to 0.250 =+
0.026 after 4 h.

To obtain a quantitative measure of how well our
nanoconjugates enter the cells, the cell coverage area
percentage was estimated using the Fiji Image]® software.
Results regarding cell coverage of the nanobioconjugates upon
internalization in Vero cells are shown in Figure 6B. Cells
exposed to GO-AEDP-BUFII for 0.5h showed an area
coverage percentage of 91,676 + 9,348%. After 4h of exposure,
there was an increase to 95.923 + 1,482%, which was not
statistically significant. A similar tendency was observed for
GO-PEG-BUFII, which reached a coverage in Vero Cells of
86.840 + 10,315 and 93.654 + 2.895 after incubation for

0.5 and 4 h. Interestingly, bare GO only could reach an area
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FIGURE 5

Visual inspection of colocalization studies via confocal imaging. Yellow arrows show the colocalization between the nanobioconjugates (red
channel) and endosomes (green channel). White arrows show the absence of colocalization (nanostructures escaping from endosomes).

coverage percentage of 58.842 + 2.378% after incubation for
0.5h, and significantly increased to 67.171 + 1.820% after
incubation for 4h. Moreover, GO-AEDP showed an area
coverage percentage of 25.542 + 7.565% after incubation for
0.5 h, followed by a significant increase to 79.639 + 5.822% after
4h. GO-PEG showed a non-significant reduction in the area
coverage percentage level over time. After 0.5h of incubation,
this value reached 42.587 + 19.904% and slightly decreased to
41.371 + 10.606% after 4 h of exposure.

Figure 6C shows the colocalization analyses for the
nanobioconjugates in THP-1 cells. In contrast to the superior
endosomal escape abilities observed in Vero cells, GO-AEDP-
BUFII showed a tendency to be progressively captured by
endosomes. This was evidenced by the PCC, estimated at
0.763 * 0.029 and 0.864 + 0.034 after incubation for 0.5 and
4 h, respectively. This suggests that the nanobioconjugates can
internalize THP-1 cells through the interplay of non-endocytic
pathwaysConversely, GO-PEG-BUFII showed a low endosomal
escape ability in THP-1 cells. This can be corroborated by the
slightly decreasing tendency of PCC values, estimated at 0.883 +
0.033 and 0.874 + 0.004 after incubation for 0.5 and 4h,
respectively. However, this reduction was not statistically
significant. For the nanoconjugates with no immobilized
the PCC was below 0.3. the
nanostructures failed to show a significant difference in the
PCC, except for GO, which showed a PCC of 0275 *

peptide, Over time,

Frontiers in Chemistry
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0.028 and 0.200 + 0.025. In terms of cell internalization in
THP-1 cells, both GO-AEDP-BUFII and GO-PEG-BUFII
showed an almost complete internalization in THP-1 cells, as
shown in Figure 6D. Oppositely, nanostructures lacking the
peptide only could reach an area coverage percentage close
to 50%.

4 Discussion

4.1 Synthesis and characterization of
nanobioconjugates

Previous contributions in our research group have been
dedicated  to
nanoplatforms formed by interfacing magnetite nanoparticles

describing ~ various ~ magnetite-based
with translocating proteins and peptides (Cuellar et al., 2018;
Perez et al, 2019; Ramirez-Acosta et al., 2020). This study
expands the use of cell-penetrating peptides to the graphene-
based nanomaterials, which were obtained by functionalizing GO
with reducible molecules (to favor delivery of cargoes under
typical cytosolic redox conditions) and polymeric spacers (to
high
cytocompatibility) onto which the translocating peptides were

facilitate cell internalization and maintain

conjugated. Our work, therefore, features a robust methodology
for the synthesis and functionalization of GO to obtain novel
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Statistical analysis of the confocal images. Endosomal escape and internalization of the nanobioconjugates were quantitatively analyzed by
evaluating Vero cells to observe tendencies in: (A) Colocalization with endosomes by calculating the PCC values; (B) Covered area of the
nanobioconjugates. Similarly, THP-1 cells were analyzed to look for tendencies in (C) Colocalization with endosomes; (D) Coverage area percentage
of the developed nanostructures. Results marked with (*) indicate significant differences between them (p-value<0.05).

carbon-based nanoplatforms with cell-penetrating and
endosomal escape abilities.
GO was functionalized to obtain two different

nanoplatforms: the first one by functionalizing it with a
reducible linker (AEDP), followed by conjugation of BUFII
antimicrobial peptide Buforin II, while for the second one, we
employed a heterobifunctional carboxyl-amine-ended-polymeric
molecule (PEG) to which BUFII was conjugated. Both
nanoplatforms were successfully characterized via spectral
analyses, which confirmed the presence of the expected
chemical bonds, including hydroxyls, carboxyls, and epoxies
for GO (Marcano et al, 2010; Jankovsky et al., 2017).
Additionally, the presence of amine groups for the GO-
AEDP-BUFII and GO-PEG-BUFII nanobioconjugates (Perez

et al., 2019) and the amide bonds formed after the
functionalization processes (Liu et al,, 2016).
Thermogravimetric analyses demonstrated proper

immobilization of BUFII with an efficiency close to 7% (for
GO-AEDP-BUFII) and 8% (for GO-PEG-BUFII). These values
are close to those determined in previous works for the

Frontiers in Chemistry

12

conjugation of BUFII to magnetite nanoparticles (Cuellar
et al, 2018; Perez et al., 2019; Ramirez-Acosta et al., 2020).
The morphology of the nanobioconjugates was effectively
determined via microscopic analyses, showing smooth
nanosheets as previously reported by authors following similar
functionalization approaches to develop drug delivery systems
(Chen et al., 2021; Mirza-Aghayan et al., 2022). The thicknesses
reported in this study (less than 3 nm) are in the range of
previous reports for graphene layers (Chen et al., 2021; Mirza-

Aghayan et al., 2022; Molaparast et al., 2022).

4.2 Biocompatibility

The development of novel nanovehicles for medical purposes
requires evaluating possible biocompatibility issues to elucidate
whether these nanovehicles can be further considered for pre-
clinical and clinical assays. In this regard, we conducted
cytotoxicity, hemolytic, and platelet activity assays with the
synthesized nanobioconjugates. Figures 4A,B show that Vero

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.974218

Torres-Vanegas et al.

cells showed viability levels up to 80% after 24 h of exposure to
the nanobioconjugates. Interestingly, the modification of GO
with AEDP or PEG does not considerably compromise the
viability of Vero cells. However, after immobilizing BUFII on
the GO-PEG’s surface, the cell viability level in this cell line was
reduced by 60% after 48 h of exposure. This might indicate that
the peptide immobilized in a conformation that favor its
interaction with the cell membrane and other cellular
components, most likely altering intracellular trafficking and
eventually leading to a viability reduction. This behavior
might be due to the larger size of the PEG spacer compared
to AEDP.

In contrast to this tendency, cells maintained viability
levels above 80% after 48 h of exposure to the GO-AEDP-
BUFII This that
incorporating a reducible linker may not significantly

nanobioconjugates. might indicate
reduce viability for Vero cells. Previous reports have
corroborated enhanced nanocarrier biocompatibility upon
immobilizing reducible molecules (Li et al., 2014). This was
not the case for THP-1 cells, which were considerably affected
by the exposure to bare GO and the GO-AEDP-BUFII and
GO-PEG-BUFII nanobioconjugates (Figures 4C,D). After
exposure for 24 and 48h, the cell viability levels were
reduced to about 40%, which has been previously reported
for GO in THP-1 cells (Gurunathan et al., 2019). However,
GO-based nanoconjugates without the peptide showed cell
viability levels above 80%. This suggests that the peptide
remained bioactive after immobilization on GO, and its
interaction with the cellular membrane and eventual
intracellular trafficking might alter the metabolism of THP-
1 cells, thereby leading to death. This opens a need to study
further
intracellular trafficking pathways involved upon cellular

the possible cell membrane interactions and
internalization and to search for novel approaches to
further engineer our nanobioconjugates to maintain their
potent cell-penetrating abilities without compromising the
viability of THP-1 cells.

Nanomaterial-based cell-penetrating vehicles are primarily
administered intravenously. For this reason, evaluating the
hemolytic and platelet aggregation activities of our
nanobioconjugates is critical to determine whether they can
be suitable for such an administration route. As shown in
Figure 4E, the hemolytic level of the nanobioconjugates
remained below 10% for concentrations up to 200 pg/ml.
Interestingly, GO-AEDP-BUFII showed a higher hemolytic
level compared with GO-PEG-BUFII at 200 pg/ml. The use of
reducible molecules and PEG-based polymers to covalently
functionalize GO has been reported previously as a strategy to
enhance hemocompatibility (Yang et al., 2010; Yang et al,,
2012b; de Melo-Diogo et al., 2018). In parallel, the platelet
aggregation level of the nanobioconjugates remained below
48% for concentrations up to 200 pg/ml (Figure 4F). For

concentrations below 100 ug/ml, the aggregation level
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approached that of the negative reference, PBS 1X. Taken
together, these biocompatibility findings indicate that the
developed nanobioconjugates are suitable for their intended
application and encourage us to advance to pre-clinical
studies.

4.3 Internalization and endosomal escape
of nanobioconjugates

In terms of cell internalization, our nanobioconjugates
tend to
nanovehicles, in which this process can last for up to 8h
(Schweiger et al., 2012). This is confirmed by the high cell
coverage area levels of the nanostructures, which ranged from
76 to 100% for Vero cells (Figure 6B) and approached 100%
THP-1 6D).
nanoconjugates lacking BUF-II showed cell coverage area

rapidly penetrate cells compared to other

for cells (Figure Conversely, those

levels ranging from 40 to 70%. This highlights the crucial role
of BUF-II in the
nanobioconjugates. These findings align with our previous

cellular internalization of our

studies on  developing cell-penetrating  magnetite
nanobioconjugates based on BUFII (Perez et al, 2019;
2020). This ability might be
associated with the synergy between the antimicrobial
peptide BUFII and the PEG spacer. This cationic peptide

can induce the translocation of cell membranes due to its

Ramirez-Acosta et al.,

interaction with negatively charged components of the
bilayer through the transient formation of peptide-lipid
supramolecular complexes of toroidal shape that might act
as pores (Kobayashi et al., 2004; Koren and Torchilin, 2012;
Cuellar et al., 2018; Ramirez-Acosta et al.,, 2020). This
capacity has been already demonstrated by us for
magnetite-BUF-II nanobioconjugates (Cuellar et al., 2018;
Perez et al.,, 2019; Ramirez-Acosta et al.,, 2020). Another
critical factor is the surface chemistry obtained after the
6B that the

conjugation of a reducible spacer in GO’s surface leads to

functionalization process. Figure shows
a significant increase in cell coverage area percentage over
time. Previous studies have shown that molecules containing
a disulfide bond in their structure may be reduced during the
interaction with cellular membranes, leading to translocation
processes (Gasparini et al., 2014).

The endosomal entrapment of nanomaterial-based cell-
penetrating systems (e.g., the nanobioconjugates) is a critical
drawback for the efficient delivery of different therapeutic
cargoes (Selby et al,, 2017; Donahue et al., 2019). This
entrapment has been thought to be related to a multi-
pathway endocytic mechanism that involves either clathrin-
mediated or caveolin-mediated endocytosis (Bareford and
Swaan, 2007; Hillaireau and Couvreur, 2009; Ayala et al,,
2013; Parton and Del Pozo, 2013; Mayor et al., 2014; Elkin
et al., 2016; Donahue et al., 2019). While our previous studies
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showed potent endosomal escape abilities approaching levels
ranging from 60 to 85% (Perez et al., 2019; Ramirez-Acosta
et al, 2020), our GO-based nanobioconjugates reached
endosomal escape levels ranging from 12 to 45% (Figures
6A,C). These differences might be associated with possible
interactions of bare GO’s chemical moieties (e.g., epoxies,
hydroxyls, and carboxyls) with the lipidic bilayer of the
endosomal membrane (Feng et al., 2021). However, further
studies need to be conducted to uncover the impact of the core
nanomaterial on the ability of the nanobioconjugates to
escape from endosomes. Another factor to consider is the
impact of the resulting surface chemistry after completion of
the cell-penetrating nanobioconjugate’s synthesis. This could
be observed in the significant reduction of the PCC over time
for GO-AEDP in Vero cells. Based on previous work, we
hypothesize that the disulfide bond reduction might trigger
endosomal membrane disruption due to interactions with the
resulting thiol group (Gasparini et al., 2014).

Our results indicate that incorporating a reducible
molecule into the nanobioconjugates’ structure confers a
rapid endosomal escape ability in Vero cells. This might be
attributed to the release of BUF-II upon reaching the cytosol,
which triggers an endosomal breakdown. It has been
that the
membrane may be mediated by either a proton sponge
effect (Yezhelyev et al., 2008; Freeman, Weiland and Meng,
2013; Thapa and Sullivan, 2018; Lopez-Barbosa et al., 2020;
Ramirez-Acosta et al., 2020) or by interactions between the

hypothesized disruption of the endosomal

membrane and the peptide, triggering the formation of pores
causing the eventual endosomal escape (Kobayashi et al,
2004). The use of reducible molecules has been previously
reported in similar systems to facilitate the release of cargoes
under physiological reducing environments, such as those
found in the cytoplasm (Kam, Liu and Dai, 2005; Park
et al.,, 2013). In parallel, polymeric spacers facilitate cellular
uptake and a progressive endosomal escape afterward. The
PEGylation of nanomaterials has been widely used for the
development of nanovehicles because they confer more
stability, cytocompatibility, and immunological properties
to the PEGylated nanostructures upon cellular uptake
(Oishi et al., 2006; Yang K. et al., 2012; Shen et al., 2012;
Feng et al., 2014; Sun et al., 2016; Lopez-Barbosa et al., 2020).
Although intracellular entrapment in endosomes/lysosomes is
the preferred destination of nanoplatforms internalized in
cells, a small fraction has been reported to reach the
nuclear region (Figure 5). Our research group previously
this the magnetite-BUF-II
nanobioconjugates (Cuellar et al., 2018; Perez et al., 2019;

reported capability  for
Ramirez-Acosta et al., 2020). This opens an avenue for the
development of graphene-based gene delivery systems.
However, details about the ability to penetrate the nuclear
membrane must be explored further in future work. Unlike

what was observed in Vero cells, our nanobioconjugates were
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mainly captured by endosomes in THP-1 cells. Only 12-15%
of the nanostructures escape from endosomes in these cells.
For some of the developed nanobioconjugates, the endosomal
entrapment increased over time. This might indicate their
internalization via the interplay of multiple pathways (e.g.,
caveolin-mediated and/or clathrin-dependent endocytosis,
membrane translocation) (Hillaireau and Couvreur, 2009).
Therefore, future studies will be focused on elucidating the
relative contribution of such pathways and the possible
intracellular trafficking routes and underlying mechanisms.
Furthermore, the endosomal capture of the nanostructures in
THP-1 cells might be attributed to the previously reported toxic
dose-dependent dependence of GO in such cells. This effect has been
attributed to the stimulatory cellular mechanisms such as ROS
proliferation and the imbalance of antioxidants, which may lead
to the activation of pro-apoptotic gene expression cascades and the
concomitant suppression of anti-apoptotic gene expression. As a
result, the secretion of various cytokines and chemokines is notably
affected (Gurunathan et al., 2019). Additionally, this is consistent
with the cytotoxicity trends observed in this work. These results
reflect the impact of different functionalization strategies on the
ability of graphene-based nanoplatforms to penetrate various cell
lines and escape from endosomes upon cellular uptake. However,
the specific interactions triggering a different stimulation of these
cytotoxic mechanisms in each cell line is still an underlying factor
requiring further studies.
the
were

abilities of our
The

nanostructures took less than 30 min to completely cover the

In summary, cell-penetrating

nanobioconjugates verified. developed
cell cytoplasm in both cell lines, while the absence of the cell-
penetrating peptide led to a significantly reduced cell coverage
area in both cell lines. This reflects a rapid cell internalization
compared to most reported cell-penetrating nanoplatforms. In
terms of endosomal escape properties, different behaviors were
observed depending on the chemical structure of the
nanobioconjugate and the cell line. The cleavable linkage in
the GO-AEDP-BUFII nanobioconjugates showed a rapid
endosomal escape process in Vero cells. This was reflected in
a Pearson Correlation Coefficient (PCC) of about 55%, the lowest
value reported in this study. We hypothesized that this might be
associated with the breakdown of the disulfide bond under the
reducing conditions of the cytosol.

In contrast, nanostructures with a polymeric linker showed
a slow but progressive endosomal escape process. We believe
that the presence of PEG-based molecules confers chemical
stability, cytocompatibility, and immunological properties to
the nanobioconjugates that enable steady intracellular
trafficking, which agrees well with several similar reports of
carbon-based delivery systems. Unlike the tendencies
observed in Vero cells, the nanobioconjugates were strongly
entrapped by endosomes in THP-1 cells. This was reflected in
a PCC in the 76-86% range. Regarding these findings, this
study shows the impact of changing the functionalization
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strategy on the cell-penetrating and endosomal escape
processes taking place in different cell lines. Further studies
become vital to explore more details about the pathways
involved in these cellular processes. Considering that
endosomal escape is a critical drawback for the delivery of
therapeutic agents, this study opens an avenue to engineer
functionalization strategies to develop novel, effective
graphene-based delivery systems.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed
and approved by Ethical Committee at the Universidad de Los
Andes (minute number 928-2018). The patients/participants
provided their written informed consent to participate in this
study.

Author contributions

Conceptualization, JCC. and LHR; methodology, JDT-V,
JCC and LHR; formal analysis, JDT-V, JC, JCC. and LHR;
investigation, JDT-V, JC, PRP, VQ, and AJG-B; resources,
JCC and LHR; writing—original draft preparation, JDT-V;
writing—review and editing, JDT-V, JCC and LHR;
visualization, JDT-V, JC, PRP, VQ, and AJG-B; supervision,
JCC and LHR; project administration, JCC and LHR; funding
acquisition, LHR. All authors have read and agreed to the
published version of the manuscript.

References

Adki, K. M, and Kulkarni, Y. A. (2020). Chemistry, pharmacokinetics,
pharmacology and recent novel drug delivery systems of paeonol. Life Sci. 250,
117544. doi:10.1016/].LFS.2020.117544

Ahmad, A., Khan, J. M., and Haque, S. (2019). Strategies in the design of
endosomolytic agents for facilitating endosomal escape in nanoparticles.
Biochimie 160, 61-75. doi:10.1016/].BIOCHI.2019.02.012

Ajala, O.]., Tijani, J., Bankole, M., and Abdulkareem, A. (2022). A critical review
on graphene oxide nanostructured material: Properties, Synthesis, characterization
and application in water and wastewater treatment. Environ. Nanotechnol. Monit.
Manag. 18, 100673. doi:10.1016/].ENMM.2022.100673

Ammerman, N. C., Beier-Sexton, M., and Azad, A. F. (2008). Growth and
maintenance of Vero cell lines. Curr. Protoc. Microbiol. 11, 1-7. doi:10.1002/
9780471729259.MCA04ES11

Ayala, V., Herrera, A. P., Latorre-Esteves, M., Torres-Lugo, M., and Rinaldi, C.
(2013). Effect of surface charge on the colloidal stability and in vitro uptake of
carboxymethyl dextran-coated iron oxide nanoparticles. J. Nanopart. Res. 15 (8),
1874. doi:10.1007/s11051-013-1874-0

Frontiers in Chemistry

10.3389/fchem.2022.974218

Funding

This work was supported by the Colombian Ministry of
Science, Technology, and Innovation (Minciencias), Grant ID
120380763212-PPTA # 8352.

Acknowledgments

We thank Humberto Ibarra, Monica Lopez, and Juan Camilo
Orozco for performing the SEM and Confocal experiments.
Johana Arboleda for TEM imaging, and Laura Lopez for the
collection of the Raman spectra.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2022.974218/full#supplementary-material

Bareford, L. M., and Swaan, P. W. (2007). Endocytic mechanisms for targeted
drug delivery’, advanced drug delivery reviews. Adv. Drug Deliv. Rev. 59, 748-758.
doi:10.1016/j.addr.2007.06.008

Chanput, W., Mes, J.. ]., and Wichers, H. J. (2014). THP-1 cell line: An in vitro cell
model for immune modulation approach. Int. Immunopharmacol. 23 (1), 37-45.
doi:10.1016/].INTIMP.2014.08.002

Chao, X., Zhao, L., Ma, N., Mou, Y., and Zhang, P. (2021).
Nanotechnology-based drug delivery systems for the improved
sensitization of tamoxifen. J. Drug Deliv. Sci. Technol. 61, 102229. doi:10.
1016/].JDDST.2020.102229

Chen, S., Zhang, S., Wang, Y., Yang, X,, Yang, H., and Cui, C. (2021). Anti-
EpCAM functionalized graphene oxide vector for tumor targeted siRNA delivery

and cancer therapy. Asian J. Pharm. Sci. 16 (5), 598-611. doi:10.1016/].AJPS.
2021.04.002

Chimene, D., Alge, D. L, and Gaharwar, A. K. (2015). Two-dimensional
nanomaterials for biomedical applications: Emerging trends and future
prospects. Adv. Mat. 27 (45), 7261-7284. doi:10.1002/adma.201502422

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fchem.2022.974218/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2022.974218/full#supplementary-material
https://doi.org/10.1016/J.LFS.2020.117544
https://doi.org/10.1016/J.BIOCHI.2019.02.012
https://doi.org/10.1016/J.ENMM.2022.100673
https://doi.org/10.1002/9780471729259.MCA04ES11
https://doi.org/10.1002/9780471729259.MCA04ES11
https://doi.org/10.1007/s11051-013-1874-0
https://doi.org/10.1016/j.addr.2007.06.008
https://doi.org/10.1016/J.INTIMP.2014.08.002
https://doi.org/10.1016/J.JDDST.2020.102229
https://doi.org/10.1016/J.JDDST.2020.102229
https://doi.org/10.1016/J.AJPS.2021.04.002
https://doi.org/10.1016/J.AJPS.2021.04.002
https://doi.org/10.1002/adma.201502422
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.974218

Torres-Vanegas et al.

Chou, L. Y. T, Ming, K, and Chan, W. C. W. (2011). Strategies for the
intracellular delivery of nanoparticles. Chem. Soc. Rev. 40 (1), 233-245. doi:10.
1039/COCS00003E

Cuellar, M., Cifuentes, J., Perez, ., Suarez-Arnedo, A., Serna, J., Groot, H., et al.
(2018). Novel BUF2-magnetite nanobioconjugates with cell-penetrating abilities.
Int. J. Nanomedicine 13, 8087-8094. doi:10.2147/IJN.S188074

de Melo-Diogo, D., Lima-Sousa, R., Alves, C. G., Costa, E. C., Louro, R. O., and
Correia, L. J. (2018). Functionalization of graphene family nanomaterials for
application in cancer therapy. Colloids Surfaces B Biointerfaces 171, 260-275.
doi:10.1016/j.colsurfb.2018.07.030

Dean, M., Fojo, T., and Bates, S. (2005). Tumour stem cells and drug resistance’,
Nature Reviews Cancer. Nat. Rev. Cancer 5, 275-284. doi:10.1038/nrc1590

Deshpande, P. P., Biswas, S., and Torchilin, V. P. (2013). Current trends in the use
of liposomes for tumor targeting. Nanomedicine 8, 1509-1528. doi:10.2217/nnm.
13.118

Donahue, N. D., Acar, H., and Wilhelm, S. (2019). Concepts of nanoparticle
cellular uptake, intracellular trafficking, and kinetics in nanomedicine. Adv. Drug
Deliv. Rev. 143, 68-96. doi:10.1016/j.addr.2019.04.008

Elkin, S. R, Lakoduk, A. M., and Schmid, S. L. (2016). Endocytic pathways and
endosomal trafficking: A primer’. Wien. Med. Wochenschr. 166, 196-204. doi:10.
1007/s10354-016-0432-7

Ezrahi, S., Aserin, A., and Garti, N. (2019). Basic principles of drug delivery
systems — The case of paclitaxel. Adv. Colloid Interface Sci. 263, 95-130. doi:10.
1016/j.cis.2018.11.004

Feng, L., Li, K., Shi, X,, Gao, M,, Liu, J., and Liu, Z. (2014). Smart pH-responsive
nanocarriers based on nano-graphene oxide for combined chemo- and
photothermal therapy overcoming drug resistance. Adv. Healthc. Mat. 3 (8),
1261-1271. doi:10.1002/adhm.201300549

Feng, Y., Zhang, Y., Liu, G., Liu, X,, and Gao, S. (2021). Interaction of graphene
oxide with artificial cell membranes: Role of anionic phospholipid and cholesterol in
nanoparticle attachment and membrane disruption. Colloids Surfaces B
Biointerfaces 202, 111685. doi:10.1016/J.COLSURFB.2021.111685

Freeman, E. C., Weiland, L. M., and Meng, W. S. (2013). Modeling the proton
sponge hypothesis: Examining proton sponge -effectiveness for enhancing
intracellular gene delivery through multiscale modeling. J. Biomaterials Sci.
Polym. Ed. 24 (4), 398-416. doi:10.1080/09205063.2012.690282

Gasparini, G., Bang, E. K., Molinard, G., Tulumello, D. V., Ward, S., Kelley, S. O.,
etal. (2014). Cellular uptake of substrate-initiated cell-penetrating poly(disulfide)s.
J. Am. Chem. Soc. 136 (16), 6069-6074. doi:10.1021/ja501581b

Gurunathan, S., Kang, M. H., Jeyaraj, M., and Kim, J. H. (2019). Differential
immunomodulatory effect of graphene oxide and vanillin-functionalized graphene
oxide nanoparticles in human acute monocytic leukemia cell line (THP-1). Int.
J. Mol. Sci. 20 (2), 247. doi:10.3390/ijms20020247

Hasan, M. N, Nafiujjaman, M., and Lee, Y.-K. (2019). 2D nanomaterials for gene
delivery, biomedical applications of graphene and 2D nanomaterials. Amsterdam,
Netherlands: Elsevier. doi:10.1016/B978-0-12-815889-0.00004-0

Hillaireau, H., and Couvreur, P. (2009). Nanocarriers’ entry into the cell:
Relevance to drug delivery. Cell. Mol. Life Sci. 66, 2873-2896. doi:10.1007/
s00018-009-0053-z

Homayun, B., Lin, X., and Choi, H.-J. (2019). Challenges and recent progress in
oral drug delivery systems for biopharmaceuticals. Pharmaceutics 11 (3), 129.
doi:10.3390/pharmaceutics11030129

Hou, K. K., Pan, H.,, Schlesinger, P. H., and Wickline, S. A. (2015). A role for
peptides in overcoming endosomal entrapment in siRNA delivery — a focus on
melittin. Biotechnol. Adv. 33 (6), 931-940. doi:10.1016/].BIOTECHADV.2015.
05.005

Hsiung, E., Celebioglu, A., Chowdhury, R,, Kilic, M. E., Durgun, E., Altier, C,,
et al. (2022). Antibacterial nanofibers of pullulan/tetracycline-cyclodextrin
inclusion complexes for Fast-Disintegrating oral drug delivery. J. Colloid
Interface Sci. 610, 321-333. doi:10.1016/J.JCIS.2021.12.013

Iglesias, N., Galbis, E., Valencia, C., Diaz-Blanco, M. J., Lacroix, B., and de-
Paz, M. V. (2020). Biodegradable double cross-linked chitosan hydrogels for
drug delivery: Impact of chemistry on rheological and pharmacological
performance. Int. J. Biol. Macromol. 165, 2205-2218. doi:10.1016/].
IJBIOMAC.2020.10.006

Jankovsky, O., Jirickova, A., Luxa, J., Sedmidubsky, D., Pumera, M., and Sofer, Z.
(2017). Fast synthesis of highly oxidized graphene oxide. ChemistrySelect 2 (28),
9000-9006. doi:10.1002/slct.201701784

Kam, N. W. S, Liu, Z., and Dai, H. (2005). Functionalization of carbon
nanotubes via cleavable disulfide bonds for efficient intracellular delivery of
siRNA and potent gene silencing. J. Am. Chem. Soc. 127 (36), 12492-12493.
doi:10.1021/ja053962k

Frontiers in Chemistry

10.3389/fchem.2022.974218

Kobayashi, S., Chikushi, A., Tougu, S., Imura, Y., Nishida, M., Yano, Y., et al.
(2004). Membrane translocation mechanism of the antimicrobial peptide buforin 2.
Biochemistry 43 (49), 15610-15616. doi:10.1021/BI1048206Q

Koren, E., and Torchilin, V. P. (2012). Cell-penetrating peptides: Breaking
through to the other side. Trends Mol. Med. 18 (7), 385-393. doi:10.1016/j.
molmed.2012.04.012

Lazaridou, M., Nanaki, S., Zamboulis, A., Papoulia, C., Chrissafis, K., Klonos, P.
A., et al. (2021). Super absorbent chitosan-based hydrogel sponges as carriers for
caspofungin antifungal drug. Int. J. Pharm. 606, 120925. doi:10.1016/].IJPHARM.
2021.120925

Li, Y., Feng, L., Shi, X,, Wang, X,, Yang, Y., Yang, K,, et al. (2014). Surface coating-
dependent cytotoxicity and degradation of graphene derivatives: Towards the
design of non-toxic, degradable nano-graphene. Small 10 (8), 1544-1554. doi:10.
1002/SMLL.201303234

Liu, X, Liang, M., Liu, M, Su, R,, Wang, M., Qi, W., et al. (2016). Highly efficient
catalysis of azo dyes using recyclable silver nanoparticles immobilized on tannic
acid-grafted eggshell membrane. Nanoscale Res. Lett. 11 (1), 440-449. doi:10.1186/
s11671-016-1647-7

Lopez-Barbosa, N., Garcia, J. G., Cifuentes, J., Castro, L. M., Vargas, F., Ostos, C.,
et al. (2020). Multifunctional magnetite nanoparticles to enable delivery of siRNA
for the potential treatment of Alzheimer’s. Drug Deliv. 27 (1), 864-875. doi:10.1080/
10717544.2020.1775724

Marcano, D. C,, Kosynkin, D. V., Berlin, J. M., Sinitskii, A., Sun, Z., Slesarev, A.,
et al. (2010). Improved synthesis of graphene oxide. ACS Nano 4 (8), 4806-4814.
doi:10.1021/nn1006368

Mayor, S., Parton, R. G., and Donaldson, J. G. (2014). Clathrin-independent
pathways of endocytosis. Cold Spring Harb. Perspect. Biol. 6 (6), a016758. doi:10.
1101/cshperspect.a016758

Mirza-Aghayan, M., Heidarian, M., Mohammadi, M., and Boukherroub, R.
(2022). Synthesis and characterization of a novel multi-functionalized reduced
graphene oxide as a pH-sensitive drug delivery material and a photothermal
candidate. Appl. Surf. Sci. 583, 152568. doi:10.1016/]. APSUSC.2022.152568

Molaparast, M., Malekinejad, H., Rahimi, M., and Shafiei-Irannejad, V. (2022).
Biocompatible functionalized graphene nanosheet for delivery of doxorubicin to
breast cancer cells. J. Drug Deliv. Sci. Technol. 70, 103234. doi:10.1016/].JDDST.
2022.103234

Mudavath, S. L., Talat, M., Rai, M., Srivastava, O., and Sundar, S. (2014).
Characterization and evaluation of amine-modified graphene amphotericin B
for the treatment of visceral leishmaniasis: In vivo and in vitro studies. Drug
Des. devel. Ther. 8, 1235-1247. doi:10.2147/DDDT.S63994

Mufioz-Camargo, C., Salazar, V., Barrero-Guevara, L., Camargo, S., Mosquera,
A., Groot, H,, et al. (2018). Unveiling the multifaceted mechanisms of antibacterial
activity of buforin II and frenatin 2.3S peptides from skin micro-organs of the
orinoco lime treefrog (Sphaenorhynchus lacteus). Int. J. Mol. Sci. 19 (8), 2170.
doi:10.3390/ijms19082170

Nguyen, D. D,, Luo, L. J., and Lai, J. Y. (2020). Effects of shell thickness of hollow
poly(lactic acid) nanoparticles on sustained drug delivery for pharmacological
treatment of glaucoma. Acta Biomater. 111, 302-315. doi:10.1016/]. ACTBIO.2020.
04.055

Nguyen, T. T., Dung Nguyen, T. T., Vo, T. K,, Tran, N. M. A., Nguyen, M. K,, Van
Vo, T., et al. (2021). Nanotechnology-based drug delivery for central nervous
system disorders. Biomed. Pharmacother. 143, 112117. doi:10.1016/].BIOPHA.
2021.112117

Oishi, M., Nakaogami, J., Ishii, T., and Nagasaki, Y. (2006). Smart PEGylated gold
nanoparticles for the cytoplasmic delivery of siRNA to induce enhanced gene
silencing. Chem. Lett. 35 (9), 1046-1047. doi:10.1246/c1.2006.1046

Park, K, Yang, J. A, Lee, M. Y., Lee, H,, and Hahn, S. K. (2013). Reducible
hyaluronic acid-siRNA conjugate for target specific gene silencing. Bioconjug.
Chem. 24 (7), 1201-1209. doi:10.1021/bc4001257

Parton, R. G., and Del Pozo, M. A. (2013). Caveolae as plasma membrane sensors,
protectors and organizers. Nat. Rev. Mol. Cell Biol. 14 (2), 98-112. doi:10.1038/
nrm3512

Pereira, P., Serra, A. C., and Coelho, J. F. J. (2021). Vinyl Polymer-based
technologies towards the efficient delivery of chemotherapeutic drugs. Prog.
Polym. Sci. 121, 101432. doi:10.1016/].PROGPOLYMSCI.2021.101432

Perez, J., Rueda, J., Cuellar, M., Suarez-Arnedo, A., Cruz, J. C., and Munoz-
Camargo, C. (2019). Cell-penetrating and antibacterial BUF-II nanobioconjugates:
Enhanced potency via immobilization on polyetheramine-modified magnetite
nanoparticles. Int. J. Nanomedicine 14, 8483-8497. doi:10.2147/1JN.S224286

Pillers, M. A, Shute, R., Farchone, A., Linder, K. P., Doerfler, R., Gavin, C,, et al.
(2015). Preparation of mica and silicon substrates for DNA origami analysis and
experimentation. J. Vis. Exp. 2015 (101), €52972-8. doi:10.3791/52972

frontiersin.org


https://doi.org/10.1039/C0CS00003E
https://doi.org/10.1039/C0CS00003E
https://doi.org/10.2147/IJN.S188074
https://doi.org/10.1016/j.colsurfb.2018.07.030
https://doi.org/10.1038/nrc1590
https://doi.org/10.2217/nnm.13.118
https://doi.org/10.2217/nnm.13.118
https://doi.org/10.1016/j.addr.2019.04.008
https://doi.org/10.1007/s10354-016-0432-7
https://doi.org/10.1007/s10354-016-0432-7
https://doi.org/10.1016/j.cis.2018.11.004
https://doi.org/10.1016/j.cis.2018.11.004
https://doi.org/10.1002/adhm.201300549
https://doi.org/10.1016/J.COLSURFB.2021.111685
https://doi.org/10.1080/09205063.2012.690282
https://doi.org/10.1021/ja501581b
https://doi.org/10.3390/ijms20020247
https://doi.org/10.1016/B978-0-12-815889-0.00004-0
https://doi.org/10.1007/s00018-009-0053-z
https://doi.org/10.1007/s00018-009-0053-z
https://doi.org/10.3390/pharmaceutics11030129
https://doi.org/10.1016/J.BIOTECHADV.2015.05.005
https://doi.org/10.1016/J.BIOTECHADV.2015.05.005
https://doi.org/10.1016/J.JCIS.2021.12.013
https://doi.org/10.1016/J.IJBIOMAC.2020.10.006
https://doi.org/10.1016/J.IJBIOMAC.2020.10.006
https://doi.org/10.1002/slct.201701784
https://doi.org/10.1021/ja053962k
https://doi.org/10.1021/BI048206Q
https://doi.org/10.1016/j.molmed.2012.04.012
https://doi.org/10.1016/j.molmed.2012.04.012
https://doi.org/10.1016/J.IJPHARM.2021.120925
https://doi.org/10.1016/J.IJPHARM.2021.120925
https://doi.org/10.1002/SMLL.201303234
https://doi.org/10.1002/SMLL.201303234
https://doi.org/10.1186/s11671-016-1647-7
https://doi.org/10.1186/s11671-016-1647-7
https://doi.org/10.1080/10717544.2020.1775724
https://doi.org/10.1080/10717544.2020.1775724
https://doi.org/10.1021/nn1006368
https://doi.org/10.1101/cshperspect.a016758
https://doi.org/10.1101/cshperspect.a016758
https://doi.org/10.1016/J.APSUSC.2022.152568
https://doi.org/10.1016/J.JDDST.2022.103234
https://doi.org/10.1016/J.JDDST.2022.103234
https://doi.org/10.2147/DDDT.S63994
https://doi.org/10.3390/ijms19082170
https://doi.org/10.1016/J.ACTBIO.2020.04.055
https://doi.org/10.1016/J.ACTBIO.2020.04.055
https://doi.org/10.1016/J.BIOPHA.2021.112117
https://doi.org/10.1016/J.BIOPHA.2021.112117
https://doi.org/10.1246/cl.2006.1046
https://doi.org/10.1021/bc4001257
https://doi.org/10.1038/nrm3512
https://doi.org/10.1038/nrm3512
https://doi.org/10.1016/J.PROGPOLYMSCI.2021.101432
https://doi.org/10.2147/IJN.S224286
https://doi.org/10.3791/52972
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.974218

Torres-Vanegas et al.

Ramirez-Acosta, C. M., Cifuentes, J., Castellanos, M. C,, Moreno, R. J., Mufioz-Camargo,
C, Cruz, J. C, et al. (2020). PH-responsive, cell-penetrating, core/shell magnetite/silver
nanoparticles for the delivery of plasmids: Preparation, characterization, and preliminary
in vitro evaluation. Pharmaceutics 12, 561. doi:10.3390/pharmaceutics12060561

Ravichandran, R. (2009). Nanotechnology-based drug delivery systems.
Nanobiotechnology 19, 71. doi:10.1007/s12030-009-9028-2

Rodzinski, A., Guduru, R,, Liang, P., Hadjikhani, A., Stewart, T., Stimphil, E., et al.
(2016). Targeted and controlled anticancer drug delivery and release with
magnetoelectric nanoparticles. Sci. Rep. 6 (1), 20867. doi:10.1038/srep20867

Sahu, T., Ratre, Y. K., Chauhan, S., Bhaskar, L., Nair, M. P., and Verma, H. K.
(2021). Nanotechnology based drug delivery system: Current strategies and
emerging therapeutic potential for medical science. J. Drug Deliv. Sci. Technol.
63, 102487. doi:10.1016/].JDDST.2021.102487

Sandoval, J., and Ventura-Sobrevilla, J., Boone-Villa, D., Ramos-Gonzélez,
R., and Veldzquez, M., Silva-Belmares, Y., et al. (2019). Carbon nanomaterials
as pharmaceutic forms for sustained and controlled delivery systems.
Nanomater. Drug Deliv. Ther. 2019, 403-434. doi:10.1016/B978-0-12-
816505-8.00003-5

Schindelin, J., Arganda-Carreras, I, Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
et al. (2012). Fiji: An open-source platform for biological-image analysis. Nat.
Methods 9 (7), 676-682. doi:10.1038/nmeth.2019

Schweiger, C., Hartmann, R., Zhang, F., Parak, W. ], Kissel, T. H., and Rivera_Gil,
P. (2012). Quantification of the internalization patterns of superparamagnetic iron
oxide nanoparticles with opposite charge. J. Nanobiotechnology 10 (1), 28-11.
doi:10.1186/1477-3155-10-28

Selby, L. I, Cortez-Jugo, C. M., Such, G. K,, and Johnston, A. P. (2017).
Nanoescapology: Progress toward understanding the endosomal escape of
polymeric nanoparticles. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 9
(5), €1452. doi:10.1002/wnan.1452

Shen, H,, Liu, M., He, H., Zhang, L., Huang, J., Chong, Y., et al. (2012). PEGylated
graphene oxide-mediated protein delivery for cell function regulation. ACS Appl.
Mat. Interfaces 4 (11), 6317-6323. doi:10.1021/am3019367

Smith, S. A,, Selby, L. L, Johnston, A. P. R, and Such, G. K. (2019). The endosomal
escape of nanoparticles: Toward more efficient cellular delivery’. Bioconjugate
Chem. 30, 263-272. doi:10.1021/acs.bioconjchem.8b00732

Sun, P., Huang, W, Jin, M., Wang, Q., Fan, B, Kang, L., et al. (2016). Chitosan-
based nanoparticles for survivin targeted siRNA delivery in breast tumor therapy

and preventing its metastasis. Int. J. Nanomedicine 11, 4931-4945. doi:10.2147/TJN.
S$105427

Frontiers in Chemistry

17

10.3389/fchem.2022.974218

Thapa, R. K, and Sullivan, M. O. (2018). Gene delivery by peptide-assisted
transport. Curr. Opin. Biomed. Eng. 7, 71-82. doi:10.1016/j.cobme.2018.10.002

The top 10 causes of death (2021). WHO. Available at: https://www.who.int/
news-room/fact-sheets/detail/the-top-10-causes-of-death ~ (Accessed: May 17,
2021).

Torres-Vanegas, J. D., Cruz, J. C, and Reyes, L. H. (2021). Delivery systems for
nucleic acids and proteins: Barriers, cell capture pathways and nanocarriers.
Pharmaceutics 13 (3), 428. doi:10.3390/pharmaceutics13030428

Wang, Y., Tao, B,, Wan, Y., Sun, Y., Wang, L., Sun, ], et al. (2020). Drug delivery
based pharmacological enhancement and current insights of quercetin with
therapeutic potential against oral diseases. Biomed. Pharmacother. 128, 110372.
doi:10.1016/].BIOPHA.2020.110372

Wei, L., Li, G., Lu, T., Wei, Y., Nong, Z., Wei, M,, et al. (2021). Functionalized
graphene oxide as drug delivery systems for platinum anticancer drugs. J. Pharm.
Sci. 110 (11), 3631-3638. doi:10.1016/].XPHS.2021.07.009

Yang, K., Wan, J., Zhang, S., Tian, B., Zhang, Y., and Liu, Z. (2012a). The influence
of surface chemistry and size of nanoscale graphene oxide on photothermal therapy
of cancer using ultra-low laser power. Biomaterials 33 (7), 2206-2214. doi:10.1016/
J.BIOMATERIALS.2011.11.064

Yang, K., Zhang, S., Zhang, G., Sun, X,, Lee, S. T., and Liu, Z. (2010). Graphene in
mice: Ultrahigh in vivo tumor uptake and efficient photothermal therapy. Nano
Lett. 10 (9), 3318-3323. doi:10.1021/nl1100996u

Yang, X., Niu, G., Cao, X., Wen, Y., Xiang, R., Duan, H., et al. (2012b). The
preparation of functionalized graphene oxide for targeted intracellular
delivery of siRNA. J. Mat. Chem. 22 (14), 6649-6654. do0i:10.1039/
c2jm14718a

Yang, X, and Xie, Y. (2021). Recent advances in polymeric core-shell
nanocarriers for targeted delivery of chemotherapeutic drugs. Int. J. Pharm. 608,
121094. doi:10.1016/].JPHARM.2021.121094

Yezhelyev, M. V., Qi, L., O'Regan, R. M., Nie, S., and Gao, X. (2008). Proton-
sponge coated quantum dots for siRNA delivery and intracellular imaging. J. Am.
Chem. Soc. 130 (28), 9006-9012. doi:10.1021/ja800086u

Yin, F., Gu, B, Lin, Y., Panwar, N, Tjin, S. C,, Qu, J., et al. (2017). Functionalized
2D nanomaterials for gene delivery applications. Coord. Chem. Rev. 347, 77-97.
doi:10.1016/j.ccr.2017.06.024

Younas, A., Gu, H., Zhao, Y., and Zhang, N. (2021). Novel approaches of the

nanotechnology-based drug delivery systems for knee joint injuries: A review. Int.
J. Pharm. 608, 121051. doi:10.1016/].]JPHARM.2021.121051

frontiersin.org


https://doi.org/10.3390/pharmaceutics12060561
https://doi.org/10.1007/s12030-009-9028-2
https://doi.org/10.1038/srep20867
https://doi.org/10.1016/J.JDDST.2021.102487
https://doi.org/10.1016/B978-0-12-816505-8.00003-5
https://doi.org/10.1016/B978-0-12-816505-8.00003-5
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1186/1477-3155-10-28
https://doi.org/10.1002/wnan.1452
https://doi.org/10.1021/am3019367
https://doi.org/10.1021/acs.bioconjchem.8b00732
https://doi.org/10.2147/IJN.S105427
https://doi.org/10.2147/IJN.S105427
https://doi.org/10.1016/j.cobme.2018.10.002
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://doi.org/10.3390/pharmaceutics13030428
https://doi.org/10.1016/J.BIOPHA.2020.110372
https://doi.org/10.1016/J.XPHS.2021.07.009
https://doi.org/10.1016/J.BIOMATERIALS.2011.11.064
https://doi.org/10.1016/J.BIOMATERIALS.2011.11.064
https://doi.org/10.1021/nl100996u
https://doi.org/10.1039/c2jm14718a
https://doi.org/10.1039/c2jm14718a
https://doi.org/10.1016/J.IJPHARM.2021.121094
https://doi.org/10.1021/ja800086u
https://doi.org/10.1016/j.ccr.2017.06.024
https://doi.org/10.1016/J.IJPHARM.2021.121051
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.974218

	Assessing cellular internalization and endosomal escape abilities of novel BUFII-Graphene oxide nanobioconjugates
	1 Introduction
	2 Materials and methods
	2.1 Reagents and cell cultures
	2.2 Synthesis of GO
	2.3 Functionalization of GO
	2.4 Characterization techniques
	2.4.1 Spectroscopic analysis
	2.4.2 Thermal stability analysis
	2.4.3 Microscopic analysis

	2.5 Biocompatibility assays
	2.5.1 Hemolysis assay
	2.5.2 Platelet aggregation assay
	2.5.3 MTT cytotoxicity assay

	2.6 Endosomal escape analysis
	2.6.1 Labeling of GO-based nanobioconjugates
	2.6.2 Confocal microscopy analysis


	3 Results
	3.1 Characterization of nanobioconjugates
	3.1.1 Spectroscopic analysis
	3.1.2 Thermal Stability analysis
	3.1.3 Microscopic analysis

	3.2 Biocompatibility
	3.3 Internalization and endosomal escape

	4 Discussion
	4.1 Synthesis and characterization of nanobioconjugates
	4.2 Biocompatibility
	4.3 Internalization and endosomal escape of nanobioconjugates

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


