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The current study emphasizes the minimal toxicity observed in vitro and in vivo for carbon nanohorns
(CNHs) modified with third generation polyamidoamine (PAMAM) dendrimers. Initially, we investigated
the interactions between CNH-PAMAM and lipid bilayers, which were utilized as representative models
of cellular membranes for the evaluation of their toxicity in vitro. We found that the majority of those
interactions occur between the modified CNHs and the polar groups of phospholipids, meaning that
CNH-PAMAM does not incorporate into the lipid chains, and thus, disruption of the lipid bilayer
structure is avoided. This outcome is a very important observation for further evaluation of CNH-PAPAM
in cell lines and in animal models. Next, we demonstrated the potential of CNH-PAMAM for
complexation with insulin, as a proof of concept for its employment as a delivery platform. Importantly,
our study provides comprehensive evidence of low toxicity for CNH-PAMAM both in vitro and in vivo.
The assessment of cellular toxicity revealed that the modified CNHs exhibited minimal toxicity, with
concentrations of 151 pg mL™ and 349 ug mL™%, showing negligible harm to EO771 cells and mouse
embryonic fibroblasts (MEFs), respectively. Moreover, the histological analysis of the mouse livers
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These findings collectively indicate the safe profile of CNH-PAMAM and further contribute to the

DOI: 10.1035/d3na00471f growing body of knowledge on the safe and efficient utilization of CNH-based nanomaterials in drug
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carbonaceous materials with unique properties that make them
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Introduction

In recent years, nanotechnology has revolutionized the field of
biomedicine, offering unprecedented opportunities for the
development of advanced drug delivery systems such as porous
organic polymers or stable aqueous nanocolloids for increasing
the therapeutic index of various active pharmaceutical ingre-
dients."” The assembly approach for establishing delivery
systems is of paramount importance for the design and devel-
opment of nanoparticles for targeting specific tissues and
organelles.>* Among the plethora of nanomaterials, carbon
nanohorns (CNHs) have emerged as a promising class of
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well-suited for biomedical applications.>® CNHs, characterized
by their cone-shaped tip structure, possess a range of advanta-
geous features, including high purity, low toxicity, biodegrad-
ability, and excellent biocompatibility. These inherent
properties, coupled with their versatile surface chemistry,
render CNHs an attractive platform for various biomedical
applications, particularly as innovative drug carriers.*™*°

CNHs have shown great potential as drug delivery systems
due to their unique morphology and biocompatibility. They
have been shown to effectively encapsulate drugs and biomol-
ecules, protecting them from degradation and improving their
bioavailability.'*>* Moreover, their small size and high surface
area allow them to penetrate cellular membranes and deliver
drugs directly to targeted cells, making them an attractive
option for targeted drug delivery. In addition, the bio-
distribution and hydrophilicity of CNHs is notably affected by
the type of chemical functionalization they undergo.*** More-
over, oxidation of CNHs results in the creation of nanoscale
apertures along the sidewalls, enabling the infiltration of a wide
range of small biomolecules into the inner cavity, facilitating
the controlled and gradual release of biomolecules.'***
Furthermore, openings at the tips of CNHs permit the
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introduction of diverse substances, including pharmaceutical
drugs, which can be stored within the nanostructure and
subsequently released.'® Interestingly, covalent functionaliza-
tion approaches introduce functional groups that can be
utilized to further customize CNHs with suitable drugs,'”'®
biomolecules, or liposomes,*® increasing solubility at the same
time. Within this context, cycloaddition reactions were
employed to covalently attach polyamidoamine (PAMAM) den-
drimers onto the surface of CNHs to serve as effective bio
carriers.”*

Markedly, CNHs demonstrate enhanced biocompatibility
and safety in comparison to carbon nanotubes (CNTs).>
However, the toxicity of both CNHs and CNTs is contingent
upon the method of functionalization. Notably, the absence of
metal impurities in CNHs, unlike other carbon-based nano-
materials, has been identified as a crucial factor in mitigating
potential carcinogenic hazards in cellular environments.*
Although the toxicity of CNHs is well-established in the litera-
ture, the mechanism of their incompatibility is still under
investigation. Generally, the degree of cellular uptake, the
mechanism of internalization, localization into cells, as well as
the expression of inflammatory cytokines, are strongly depen-
dent on the colloidal dispersion, the shape, and the surface
modification and charge of nanohorns.*?¢® Namely, CNH
aggregates promote mitochondrial dysfunction-induced
apoptosis in hepatoblastoma cells by targeting sirtuin 3,
which is a short-chain protein expressed in this subcellular
organelle.”” The presence of CNH aggregates upregulates the
expression of sirtuin 3, which leads to the cascade of the
apoptosis mechanism. Combinations of CNHs with other
materials, such as lipids, polymers and magnetic nanoparticles,
have been used to ameliorate their biocompatibility and for
drug delivery and targeting purposes.'>*” They have also been
used to modulate tenocyte cellular response and tendon
biomechanics, which are very important for the subfailure
ligament and tendon injury.”®** For achieving this, oxidized
CNHs were immobilized on a titanium surface using material-
binding peptides/peptidic aptamers to enable targeted delivery.

PAMAM dendrimers are compact macromolecules with
defined chemical structures, known for their nanosized, regu-
larly branched and globular nature.*® They possess unique
characteristics such as biocompatibility, high adsorption
capacity, convenient modification of end groups and effective
antibacterial properties, making them valuable in biomedi-
cine.* Due to precise chemical synthesis, dendrimers exhibit
monodispersity, ensuring a uniform shape and size.** They can
be easily modified by incorporating functional groups and
enhancing solubility and reactivity, expanding their practical
applications. This modification capability enables precise
delivery of drugs, genetic material, antibodies, and signaling
molecules into cells.**?** Still, PAMAM dendrimer toxicity hinges
on factors like size, surface modifications and concentration.
Some studies raise concerns, but well-designed PAMAM den-
drimers can safely serve drug delivery and various applica-
tions.**** Lower generation PAMAM dendrimers (below G4) with
open structures have a higher drug entrapment capacity
compared to higher generations (>G6), characterized by a more
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rigid surface due to increased branching and surface group
density.** Combining PAMAM dendrimers with carbon nano-
structures enhances solubility and modifies structural charac-
teristics, leveraging their unique properties.>*** However, the
exploration of CNH-PAMAM conjugates is relatively limited in
comparison to their counterparts based on CNTs.

In this study, we employed third generation polyamido-
amine dendrimers to covalently decorate CNHs and conducted
a comprehensive investigation into their toxicity both in vitro
and in vivo. Initially, our focus was on understanding the
interaction between CNH-PAMAM and lipid bilayers, which
serve as models of cellular membranes, using differential
scanning calorimetry (DSC). According to the DSC results, the
majority of interactions occurred between the modified CNHs
and the polar groups of phospholipids, rather than being
incorporated into the lipid chains themselves. To the best of our
knowledge, this is one of the first reports where the interactions
of modified CNHs carrying polyamidoamine dendrimer units
with model lipid bilayers are investigated. Motivated by these
findings implying no disruption of the lipid bilayer structure,
we studied the behavior of CNH-PAMAM in the dispersion state
and explored their potential for complexation with insulin, as
a proof of concept for its usage as a delivery platform. The
dispersion and the complexes were subjected to physicochem-
ical characterization using dynamic and electrophoretic light
scattering techniques. Subsequently, we evaluated the in vitro
cellular toxicity and carried out in vivo studies in mice. Histo-
logical analysis of mouse livers revealed no signs of tissue
necrosis, inflammation, or any visual indications of severe
toxicity. These results underscore the biocompatibility of the
modified CNHs and support their potential applicability in
various biomedical applications.

Experimental
Methods

Differential scanning calorimetry. The protocol used for the
thermodynamic characterization, which utilizes DSC of the
lipid bilayers, is described in our previous investigation.*®

Physicochemical characterization and stability assessment
of functionalized CNHs (f-CNHs). For the physicochemical
characterization of f-CNHs and their stability assessment, we
used dynamic and electrophoretic light scattering (DLS and
ELS) to evaluate the size/size distribution and {-potential of the
prepared systems, respectively. Furthermore, the same tech-
niques were used for the characterization of f-CNH:insulin
complexes.

Preparation of f-CNH:insulin complexes. The f-CNH:insulin
complexes were prepared by adding different amounts of
insulin solutions to the f-CNH dispersion of the same volume
(300 uL) and concentration (1 mg mL ™), under stirring. Finally,
appropriate volumes of HPLC-grade water were added to ach-
ieve a constant final volume and ionic strength for all disper-
sions prepared. Thus, the concentration of f-CNHs was kept
constant throughout the series of dispersions, while that of
insulin varied to control the required ratio of the two compo-
nents. The dispersions of the complexes were left for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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equilibration for an hour. The physicochemical characteriza-
tion of the complexes was performed by using DLS and ELS, as
described in the previous section.

Insulin complexation and complexation efficiency (%EE)
studies. The complexation protocol for the loading of all the
prepared systems with insulin is described elsewhere.*® Free
insulin was separated from the insulin complexed with f-CNHs
by using the ultrafiltration centrifugal method. In detail, the
complexes were centrifuged for 30 min at 4000 rpm using
centrifugal filter tubes [molecular weight (MW) cutoff = 100
kDa; Millipore]. The particles were separated from the aqueous
phase, and the free insulin was analyzed in the supernatant by
the bicinchoninic acid (BCA) protein quantification method
according to the kit protocol. Protein quantification using BCA
(Pierce™ BCA Protein Assay Kit, Thermo Scientific ™) protein
assay was carried out following the manufacturer's instructions.
Briefly, the samples were incubated up to 30 min at 37 °C, with
25 pL of the sample and 200 pL of the working reagent.
Absorbance was then measured at 562 nm using an INNO
microplate reader. Centrifuged samples of the respective empty
carriers were also analysed by BCA assay and used as a blank.
The loading % was calculated according to the following
equation:

(loading)% = (1 - 7@““"“‘“‘")%

Ctotal

where Cgupernatant i the concentration of insulin that was
quantified in the supernatant (non-entrapped) and Cyo is the
total concentration of the insulin added in the dispersion.*'

Cell viability assays. The EO771 cells were purchased from
CH3 BioSystems and cultured in a complete RPMI 1640
medium supplemented with 10% fetal calf serum, 100 U mL ™"
penicillin and 100 mg mL™" streptomycin. Mouse embryonic
fibroblasts (MEFs) were generated as a primary cell culture, and
subsequently grown in DMEM medium containing 10% fetal
bovine serum (FBS), 100 U mL™" penicillin and 100 mg mL ™"
streptomycin at 37 °C. To test the inhibitory activities of
compounds using a cell-based assay, MTT assays were per-
formed for cell viability. Briefly, EO771 cells and MEFs were
plated at a density of 3000 cells per well in a 96-well plate. After
24 h, the cells were treated with f-CNHs in a dose-dependent
manner for 72 h. Viable cell numbers were determined by
tetrazolium conversion to its formazan dye. All the experiments
were performed three times and the tested concentrations in
each experiment were evaluated in quadruplicate wells.

In vivo acute toxicity assays. All animal studies were
approved by the National Hellenic Research Foundation
(NHRF) Animal Care and Use Committee. The study protocol
was approved by the local ethics committee (Athens Prefecture
Veterinarian Service; (315856/15-03-2023)). Animal care was
provided in accordance with the procedures outlined in the
“Guide for Care and Use of Laboratory Animals (National
Research Council; 1996; National Academy Press; Washington,
D.C.). The in vivo study was conducted in the ISO 9001: 2015
operating (registration number I-030-02-100-01430) animal
model unit of the Institute of Chemical Biology of the NHRF.
Briefly, to study the acute toxicity of the CNHs we injected I.P 6

© 2023 The Author(s). Published by the Royal Society of Chemistry
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C57BL/6 female mice, bred in our facility, with f~CNHs at
a concentration of 100 pg mL™" (the final volume was 200 puL
dose ). Another 6 C57BL/6 female mice were also injected with
200 pL saline and served as our control group. The mice were
monitored for any signs of discomfort or morbidity, for a period
of 7 days. At the end of the experiment the mice were euthanized
and examined macroscopically for signs of acute toxicity, and
their livers were collected for subsequent histopathological
evaluation.

Histopathological analysis. Mouse livers were surgically
removed postmortem, fixed in 10% neutral buffered formalin
(NBF, Sigma) and then routinely processed and paraffin
embedded. Liver sections were dewaxed and rehydrated and
then were stained with hematoxylin and eosin (H&E).

Statistical analysis. Statistical analyses and graph generation
were performed with GraphPad Prism 9.2.0 (San Diego, CA,
USA).

Results and discussion
Preparation of f-CNHs

The growth of PAMAM dendrimers by in situ polymerization
onto the CNH surface was accomplished according to Scheme 1,
yielding functionalized CNHs (f-CNHSs). To begin, the aniline
derivative tert-butyl 2-(2-(2-(4-aminobenzamido)ethoxy)ethoxy)
ethylcarbamate 2 was employed to in situ generate aryl diazo-
nium salts, resulting in the production of butoxy carbonyl
(BOC)-modified CNH-based material 3. The amino-units were
liberated (material 4), before PAMAM growth was initiated. The
process involved the addition of methyl acrylate to the amino
groups in material 5 via Michael addition, followed by amida-
tion of the terminal ester groups with ethylenediamine, result-
ing in first-generation PAMAM dendrimers on the surface of
CNHs (material 6). Subsequently, 6 undergoes a two-step reac-
tion with methyl acrylate and ethylenediamine to produce
second-generation PAMAM, resulting in material 8. Performing
the same reaction again on 8 leads to an increase in PAMAM
generation to third, yielding f-CNHs.

The preparation of f-CNHs was carefully monitored at each
stage using various spectroscopic techniques, including ATR-IR
and Raman spectroscopy, as well as thermogravimetric analysis
(TGA). Initially, the ATR-IR spectrum of material 3 revealed
characteristic bands associated with the carbonyl stretching of
the benzamide and BOC protective groups at 1643 and
1701 cm™ ', respectively. Additionally, bands ranging at 2833-
2980 cm " were attributed to the C-H bending and stretching
modes (Fig. S11). The ATR-IR spectrum of material 4, which is
based on ammonium-modified CNHs, did not show a band
related to the BOC group (Fig. S1t). This provides evidence that
the cleavage of the amine units was successful and the BOC
group was liberated. The Kaiser test was conducted to confirm
the BOC cleavage and it yielded a positive result for the
ammonium-modified CNH-based material 4 (93 umol g ). The
presence of ester carbonyl vibrations can be observed at
1715 cm™ ' in material 5, followed by the amide carbonyl
vibrations shifted to 1635 cm ™' in material 6 (Fig. 1a). A similar
pattern is observed for materials 7-9 and f-CNHs, where

Nanoscale Adv., 2023, 5, 6847-6857 | 6849
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Scheme 1 |llustrative preparation of f-CNHs.

vibrations of the ester group are obvious in materials 7 and 9
(Fig. 1a).

The Raman spectra of modified and pristine CNHs were
obtained by exciting them at 514 nm. In the Raman spectrum of
the latter, there are two bands with similar scattering strengths,
namely, the D-band at 1342 cm ™" and the G-band at 1587 cm ™"
(Fig. 1b). The D/G ratio, which is the ratio of the intensities of
the two bands, changes from 1.1 for pristine CNHs to 1.3 for 3
and 4. The D-band indicates the density of defects in the CNHs
and can be used to monitor the degree of functionalization.
Material 3 shows an increase in the intensity of the D-band due
to the hybridization changing from sp® to sp® in the CNH
framework caused by the incorporation of the aryl diazonium
salt, while the D/G ratio in 4 remains the same as that in 3
because removing the BOC protecting group with acidic treat-
ment does not further disturb the CNH skeleton. The same
applies for intermediate steps and the final f-~CNH material
bearing eight amino groups (data are shown in Fig. 1b only for f-
CNHs). The ATR-IR and Raman spectral results for up to
second-generation PAMAM dendrimers align with earlier
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studies, confirming their consistency with previous findings.*?
The analysis of CNH-based materials continued with thermog-
ravimetric analysis. The TGA data allow us to estimate the
loading of organic units attached to the modified CNHs and
provide information about the thermal stability of the materials
as the temperature changes. Pristine CNHs remain thermally
stable under a nitrogen atmosphere up to 800 °C. However,
modified-CNHs 3 and 4 begin to decompose at temperatures
above 550 °C, after losing their organic addends at 200-550 °C.
This occurs due to the gradual destruction of the graphitic
skeleton in sp® hybridized sites, where functionalization took
place. The data presented in Fig. 1c¢ show that materials 3 and 4
experienced a mass loss of 21% and 18%, respectively, in the
temperature range of 200-550 °C. The lower mass loss in
material 4, compared to material 3, indicates the efficient
removal of the BOC protecting group. Based on this, the loading
in material 4 was determined to be one functional unit (e.g. one
positive charge) for every 94 carbon atoms of CNHs. Further-
more, it is important to note that there is an increase in mass
loss during the incremental expansion of PAMAM units (as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) ATR-IR spectra, (b) Raman spectra (514 nm), and (c) ther-
mogravimetric analysis graphs, obtained under a nitrogen atmosphere,
of materials 5 (black), 6 (red), 7 (blue), 8 (green), and 9 (grey) and f-
CNHs (pink).

depicted in Fig. 1c) from first-generation (23%) to second-
generation PAMAM (28%). The mass loss for third-generation
PAMAM reaches an unimpressive 31%, while the loading was
determined to be one functional unit for every 286 carbon
atoms. It should be emphasized that the dendritic units
employed in this study are not analogous to the precursors
utilized. Probably the strong attachment formed primarily
impedes the growth of amido and amino subunits, resulting in
a limited yield of PAMAM functionalization.** Additionally, the
positive Kaiser test with an increased amino-loading of 129, 167

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and 201 umol g~ * for 6, 8 and f-CNHs, respectively, verifies the
TGA results.

Insight on the morphology of the material was provided by
TEM imaging. Briefly, TEM images of high (Fig. 2a and b) and
low magnification (Fig. S2f) revealed the presence of
amorphous-like species adhering to the surfaces of CNH
aggregates and the conical edges. In contrast, pristine CNHs
exhibited a purely cone-like structure (Fig. 2c). Moreover, the
absence of metal impurities is apparent, in both pristine and
modified CNHs, which is an advantage of the material when it is
employed in biological assessment. These observations provide
additional visual confirmation of the functionalization of CNHs
with the PAMAM dendritic units.

Interactions of f~CNHs with models of cellular membranes

DSC is widely used for the study of interactions between
different materials.** Lipid membranes composed of phospho-
lipids are used as models of cellular membranes. In this
investigation, we used DPPC:DPPG (9:1 molar ratio) lipid
bilayers as a model of a cellular membrane for the quantifica-
tion of interactions of f~CNHs with them. The results from DSC
experiments could be a roadmap for the prediction of the
toxicity/biocompatibility of f~CNHs. The DSC heating and
cooling curves of DPPC : DPPG (9 : 1 molar ratio) with increasing
concentrations of f-CNHs are presented in Fig. 3, while all the
calorimetric values are summarized in Table S1.f The calori-
metric values of pure DPPC:DPPG (9:1 molar ratio) lipid
bilayers are in line with the values observed in the literature (Ts,
which has a weak peak at around 36 °C, and Tm, which has
a sharp peak at around 41 °C, Fig. 3a).** As a negative control, we
used the pure DPPC : DPPG lipid membranes, and we compared
the thermotropic parameters of these pure membranes with
those after the addition of the modified CNHs (Table S11 and
Fig. 3). It should be pointed out that in the temperature range of
the DSC experiments, the f-CNHs did not show any thermal
event, as expected. For this reason, it can not necessarily be
used as a positive control. We observed that the addition of f-
CNHs caused a decrease in absolute values of AHs of the pre-
transition thermal event. The decrease was higher with an
increase in the concentration of f-CNHs. The cooperativity of
the DPPC:DPPG (9:1 molar ratio) lipid bilayers was also
differentiated by using the increased concentration of the
carbon-nanomaterial guest, as the ATy, values revealed (Table
S1t). These findings revealed interactions of f-~CNHs with the
polar groups of the phospholipids. Namely, the animo groups of
f-CNHs interacted with the phosphate groups of DPPC and
DPPG, causing increased mobility of the polar groups as AT,
values revealed. These interactions were also concentration-
dependent because higher concentration of f-CNHs led to
a higher increase in ATy, and AHs values (Table S1t). The
pretransition temperature (Ts) remained unaffected after the
addition of f-CNHs (Fig. 3 and Table S1t); however, there was
a broadening of the pretransition peak, especially at the highest
concentration of f-~CNHs leading to different lateral organiza-
tions (Fig. 3).*° On the other hand, the addition of f-CNHs did
not alter the main transition temperature and the transition

Nanoscale Adv., 2023, 5, 6847-6857 | 6851
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Fig. 2 Representative TEM high magnification images of PAMAM-functionalized f-CNHs (a and b) and pristine CNHs (c). The red arrows in (b)
highlight the presence of amorphous-like species attached to the surface of CNHs.

enthalpy of the lipid bilayers. There was only a slight increase in
Tm and AHm at the highest concentration of f-CNHs. The
strong interaction of f-CNHs with polar groups of DPPC/DPPG
phospholipids at 1 mg mL ™' caused the re-orientation of

Heat flow (endothermic)

phospholipid chains and consequently, a slight differentiation
of calorimetric values. The last observation means that there are
no interactions between the lipid chains of the lipids with f-
CNHs. Summarizing all the above from DSC experiments, we

Temperature (°C)

o

/

SR -

Hcal flow (endothermic)

N
J.

8

Iy
2
&
& -
8 -
Y 4
'
&

Temperature (°C)

Fig.3 The DSC (a) heating, and (b) cooling curves of DPPC : DPPG (9 : 1 molar ratio) at O (black line), 0.1 (red line), 0.2 (purple line), 0.5 (green line)

and 1 mg mL™? (blue line) of f~-CNHs.
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can conclude that f-CNHs strongly interact with the polar
groups of phospholipids, and there is no incorporation of them
into lipid chains, meaning that there is no disruption of the
lipid bilayer structure.**-** The latter means that the penetration
of the carbon-based nanomaterial is limited at concentrations
up to 1 mg mL™' (the highest concentration that we used)
without any destruction of the structure of the model lipid
membranes. Last but not least, the aforementioned results
show a quite different behaviour of f-CNHs and their interaction
with models of lipid membranes, which is the generation of
nanoscale holes and the enhancement of membrane
permeability.*

Physicochemical characterization and stability assessment of
f-CNHs

We also studied the colloidal behaviour of f-CNHs in HPLC-
grade water. The concentration of f-CNHs was 1 mg mL "
(appropriate amount of f-~CNHs was diluted in an appropriate
amount of HPLC water followed by 20 min sonication). After the
preparation of the f-CNH dispersion in an aqueous medium, we
measured its physicochemical characteristics (Fig. 4).

The physicochemical characteristics of f-CNHs in the
dispersion state were evaluated by dynamic and electrophoretic
light scattering for their size/size distribution and zeta-
potential, respectively. The size of f-CNHs was found to be
around 1 pm and the size distribution showed a monodisperse
population of particles considering the nature of the material
and the dilution protocol. The zeta potential values were around
20 mV due to the presence of anino groups on the surface of the
carbon-based nanomaterial (Table S21). The dispersion was
stored at 4 °C and we performed stability studies for 40 days. All
the physicochemical characteristics remained unaffected for 2
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Fig. 4 Stability assessment of f-CNHs via examination of the (a)
hydrodynamic diameter and (b) scattering intensity with time.
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days (Fig. 4). We observed an increase in the size of the colloidal
particles at one week and a decrease in scattering intensity
values (I-KCps). The population of the particles became poly-
disperse. After three weeks, the size was around 3 pm and
a further decrease in scattering intensity values was observed
(Fig. 4 and Table S27). The same trend was also identified from
the measurements forty days after the preparation of the f-~CNH
colloidal system. Aggregation phenomena took place in the
dispersion and led to an increase in the Dh and PDI values,
accompanied by a decrease in scattering intensity values (Fig. 4
and Table S2t). The presence of van der Waals interactions is
responsible for the aggregation phenomena in colloidal
dispersions, according to Derjaguin, Landau, Verwey and
Overbee's (DLVO) theory for the kinetic stability of nano-
colloids. These attractive interactions can overcome the elec-
trostatic repulsions (as zeta potential values revealed). For this
reason, coagulates are formed.*®* The last observation means
that the structure of the coagulates was not compact because
the mass of the systems decreased (decrease in scattering
intensity values). Additionally, the values of zeta potential
showed that the electrostatic repulsion between the coagulates
was not strong enough to avoid the aggregation of the f-CNH
particles.”” We also should point out that a slight decrease in
zeta potential values during the stability studies was observed,
meaning that the surface of aggregates/coagulates was quite
different from the initially formed dispersed particles, masking
their charge network. On the 40th day of the stability studies,
sedimentation appeared and for this reason the stability
protocol measurements were carried out. The sedimented
system was subjected to 20 min sonication to study the poten-
tial reversibility of the aggregation process. After the annealing
of the system, we also measured all its physicochemical char-
acteristics. The results from the physicochemical characteriza-
tion showed that there was a decrease in size and the size
distribution values, and an increase in the mass of the system
(Table S2 and Fig. S37). The same results were obtained after the
sonication of the sedimented systems for 40 min (Table S2 and
Fig. S3t). These results revealed that the aggregation
phenomena were not reversible with sonication.

Evaluation of f-CNH:insulin complexes

Having in mind the biocompatibility profile and the colloidal
behaviour of f~CNHs, we decided to load them with a model
protein. Insulin was chosen due to its surface charge and low
molecular weight in comparison to other proteins. To best of
the authors' knowledge, this is the first report in the literature
where functionalized nanohorns are used for loading of insulin.
Concentration of insulin ranged between 0.001 mg mL ™" and
0.05 mg mL™". The driving force of the complexation process is
electrostatic interactions developed between the positive
surface charge of f-CNHs, as zeta potential values indicated, and
negative surface charge of insulin.*>** It should be noted that
insulin was selected as a model protein due to its physico-
chemical characteristics, i.e., low molecular weight in compar-
ison to other proteins and negative surface charge. The
physicochemical characteristics of the complexes are presented
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Fig. 5 (a) Hydrodynamic diameter and (b) scattering intensity over
time, and (c) {-potential versus insulin concentration, of f-CNH:insulin
complexes.

in Fig. 5. The increase in insulin concentration led to a decrease
in the size and the size distribution, increase in the mass, and
decrease in the zeta potential of the complexes (Fig. 5 and Table
S31). These alterations of the physicochemical characteristics of
the complexes revealed the successful complexation between
the f-CNHs and the model protein. It should be noted that when
the concentration of insulin was 0.01 mg mL™", we observed
a shift of the zeta potential from positive to negative values
(Fig. 5 and Table S3+t). As insulin concentration was increased,
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each anino group of f~CNHs interacted successfully with an
increasing number of insulin molecules, and the degree of
charge neutralization became higher, as zeta potential values
revealed. Additionally, the population of complexed particles
became more homogenous, as the PDI values and size distri-
bution curves show (Fig. S47).

We also tested the loading capacity of the complexes. The
results are presented in Table S3.f The loading efficiency is
strongly dependent on the physicochemical characteristics of
the complexes and partially dependent on the initial amount of
added insulin at the formulation or complexation stage. The
highest loading efficiency was observed when the initial
concentration of insulin was 0.01 mg mL . Generally, the
loading efficiency was increasing with the increase in the initial
amount of insulin. Then, it reached a plateau at 75% and
remained unaffected, taking into account the SD values (Table
S31). The shift of the zeta potential to negative values means
that there is insulin, which is free in the dispersion.

In vitro cellular toxicity

Despite the fact that CNHs were considered as a material with
increased cellular toxicity, our results in EO771 cancer cells and
in normal fibroblasts revealed that the f-~CNHs showed minimal
cellular toxicity with an ICs, of 151 pg mL™" and 349 pg mL™,
respectively (Fig. 6). The minimal cellular toxicity renders this
material a suitable nanocarrier for drug delivery systems. We
should point out that pristine CNHs are not water soluble. For
this reason, surface modification is very important for
increasing water solubility, followed by the in vitro and in vivo
evaluation using cellular lines and animal models, respectively.
Additionally, the observed values for the toxicity of f-CNHs are
comparable to those observed in the literature.>

Evaluation of the acute toxicity in vivo

The observed minimal in vitro cellular toxicity prompted us to
further examine the toxicity of f~CNHs in vivo, and assess any
potential acute toxicity. A high dose of 200 pL of f-CNHs at
a concentration of 100 ug mL~ " was injected intraperitoneally to
6 C57/Bl6 mice, and 6 other mice (controls) received an equal
amount of saline. The mice were monitored for any signs of

IC50 curves

-EO771
-- MEFS

T - T
10 100 1000

Concentration of f-CNH (pg/mL)

Fig. 6
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ICs0 curves of cancer cell lines EO771 (blue) and normal fibroblasts MEFs (red) treated with various concentrations of f-CNHs.
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CONTROL LIVER

F-CNH LIVER

H&E STAIN

Fig. 7 Hematoxylin and eosin staining of the livers of mice treated
with saline and f-CNHs, respectively. The morphology of the hepa-
tocytes and the infiltration of immune cells were similar in both the
control and the treated groups. Representative images of the two
groups are presented. The bar indicates 1000 um.

discomfort for a period of 7 consecutive days. No visual signs of
acute toxicity, signs of internal pain or discomfort, rough fur or
impairment of movement was observed. The treated and the
control mice were fed ad libitum, and no signs of reduction in
appetite or loss of weight was observed in both groups. The
mice remained well hydrated throughout the course of the
experiment and no signs of de-hydration or loss of appetite in
drinking water was observed. In general, a dose of 100 ug mL ™"
of the f-CNHs was well tolerated with no signs of toxicity, which
is in accordance with our in vitro results. The subsequent
histological analysis of the mouse livers did not reveal any
tissue necrosis, inflammation, or any visual signs of severe
toxicity (Fig. 7).

Moreover, the histopathological analysis of the lungs and
kidneys did not reveal any damage, or infiltration of immune
cells, indicative of potential inflammation (Fig. S57).

Conclusions

In conclusion, this work underscores the low toxicity observed
in both in vitro and in vivo settings for CNHs modified with
polyamidoamine dendrimers. Following the successful func-
tionalization of CNHs with third-generation PAMAM den-
drimers, we investigated their interactions with lipid bilayers to
gain further insights. DSC measurements showed that the
majority of interactions occurred between the modified CNHs
and the polar groups of phospholipids, rather than being
incorporated into the lipid chains themselves. In addition, the
complexation of insulin was carried out using CNH-
polyamidoamine dendrimers for the first time, while their
stability assessment was realized through DLS and ELS tech-
niques. The loading of insulin took place at different concen-
trations of this model protein, showing that the complexation is
strongly dependent on the electrostatic interactions between
the positive surface charge of f-CNHs, implying the added value
of this functionalization for protein delivery. We proceeded to
assess the potential harm caused by the modified CNHs by
conducting tests on EO771 tumor cells and MEFs in vitro. The
experiments showed that the CNH-polyamidoamine den-
drimers are potential candidates due to their low cellular
toxicity, as the IC50 values revealed. In order to further evaluate
the safety of the modified CNHs, we conducted in vivo studies
using mice. Upon performing histological analysis on the livers

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of the mice, no indications of tissue necrosis, inflammation, or
any visible signs of severe toxicity were observed. These findings
strongly support the compatibility of the modified CNHs with
living organisms and suggest their potential usefulness as
platforms for delivery of substances with pharmaceutical and
biomedical interest.
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