#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

Understanding the driving forces of camptothecin
interactions on the surface of nanocomposites
based on graphene oxide decorated with silica
nanoparticles

i ") Check for updates ‘

Cite this: Nanoscale Adv., 2020, 2,
1290

Leandro C. Fonseca, & * Marcelo de Sousa, Djalma L. S. Maia, Luis Visani de Luna
and Oswaldo L. Alves*

Camptothecin (CPT) is a potent antitumor drug frequently used in studies of drug delivery systems. The
poor water solubility and unfavourable pharmacokinetic conditions of CPT and the development of
nanomaterials such as mesoporous silica nanoparticles (MSNs), graphene oxide (GO) and a new family of
GO decorated with MSNs (GO-MSNs) motivated the present work, which sought to solve these
challenges. In this context, release assays showed rapid and prolonged release, respectively, by silica and
GO/GO-MSN nanomaterials; release was faster at pH 7.4 and slower at pH 5.0 in all situations. In
particular, GO-MSNs presented an important advantage compared to GO due to their slower drug
release at pH 7.4 (physiological conditions in blood; slowest release is expected under these conditions)
and faster drug delivery at pH 5.0 (acidic conditions in endosomes of cancer cells; fastest release is
expected under these conditions). The results, therefore, present the GO-MSN nanomaterial as
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(London forces, hydrogen bonds, and electrostatic and dipole—dipole interactions) are also exhaustively
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1. Introduction

Chemotherapy is the most common type of antitumor treat-
ment and consists of the application of antitumor drugs in the
fight against cancer cells.” In this context, some of the current
challenges in the use of these biological drugs, especially
hydrophobic species, include the following:

- Their low solubility in blood, a hydrophilic fluid, resulting
in an insufficient uptake by tumour cells*” and requiring an
increased applied dose concentration;

- Loss of biological activity shortly after intravenous admin-
istration, such as that observed for drugs that are inactive under
the physiological conditions found in blood,® also requiring
doses at increased concentrations;

- The biodegradability of the free drug during application,
also leading to a loss of biological activity;®

- Deficient biodistribution in the body, causing the applied
free drug to reach not only tissues affected by tumours but also
healthy tissues, leading to serious side effects;®
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nanomaterials and to comprehend the influence of pH on concomitant and dynamic interactions.

- Unfavourable pharmacokinetic conditions, i.e., the applied
drug is rapidly eliminated from the body by the kidneys,
requiring an increased dose concentration or continuous
application.®

Some hydrophobic antitumor drugs such as curcumin (Cur)’
and camptothecin (CPT),® among others, present challenges
such as those mentioned above, which motivated our group to
choose one of them, camptothecin (as a model drug), to solve
some of these problems. CPT is a substance that was discovered
in 1966, is extracted naturally from the herb Camptotheca acu-
minata® and has been reported as a potent antitumor drug that
plays an important role in the inhibition of DNA topoisomerase
I (TOPO I).** More specifically, TOPO I acts during DNA relaxa-
tion prior to replication, transcription and translation by
cleaving one of the DNA strands, restoring the bonds and
repeating the cycle, which is essential for cell multiplication
and maintenance.™ In this context, camptothecin interacts with
TOPO 1, preventing the restoration of bonds in DNA and
consequently inducing cell death by apoptosis. CPT is also an
FDA-approved drug-like molecule, similar to species such as
topotecan, irinotecan® and other substances under preclinical
phase studies of lurtotecan and silatecan.’” CPT is a molecule
comprising organic functions such as lactam, conjugated
aromatic rings, hydroxyl and lactone (lac) groups (Fig. 1).** The
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Fig. 1 Molecular structure of camptothecin (CPT) in its two lactone (CPT-lac) and carboxylate (CPT-carb™) forms in pH dependent chemical

equilibrium.

organic lac function maintains the biological activity of this
drug at pH 5.0, which is typical of cancer cell endosomes. At
neutral pH (physiological conditions in organisms), the lactone
function is hydrolysed to form the carboxylate (carb™) function,
resulting in antitumor inactivity."*"” pH significantly regulates
the biological activity of this drug in the active lactone form
(CPT-lac) in chemical equilibrium with the inactive carboxylate
form (CPT-lac™). Significant efforts are currently directed at the
development of nanocarriers to solve the problems of low drug
solubility in blood and under unfavourable pharmacokinetic
conditions (rapid release), as in the case of CPT. In this context,
nanomaterials can effectively transport these molecules to
cancer cells, facilitating their delivery and intracellular uptake,*®
prolonging their release time and optimizing their distribution
in the body. In addition, these molecular carriers can be
developed as high-capacity platforms for encapsulating anti-
tumor drugs,”>' an important property for optimizing the
amount of antitumor drugs within the cells. The main nano-
carriers include graphene oxide (GO),”*?* mesoporous silica
nanoparticles (MSNs)***” and a new family of nanocomposites
based on graphene oxide decorated with silica nanoparticles
(GO-MSNs).2#>

Graphene oxide is a two-dimensional carbon nanomaterial
comprising regions of carbon atoms with sp> hybridization and
sp® carbons associated with oxygenated functional groups,
including carboxylic acid, ketone, aldehyde, epoxide, hydroxyl
and lactol groups.® This material intrinsically has interesting
characteristics, such as good water dispersibility, high
mechanical strength and a significant theoretical surface area
(2630 m* g~ ").*° These important properties of GO contribute to
its wide range of possible applications in photocatalysis,**
supercapacitors®* and biosensors.** However, the use of GO in
antitumor applications is still a new scientific trend. Studies
related to GO materials comprising CPT as a drug host molecule
are still rare and show promising results from the point of view
of high encapsulation capacity.*** However, the literature has

This journal is © The Royal Society of Chemistry 2020

reported toxic effects of GO, such as cell membrane damage and
a high capacity to cause haemolysis,***® thus increasing the
chance of toxicity in intravenous applications. There are also
studies that show opposite effects, characterized by a low hae-
molytic effect. The controversial biological results may be
related to the employed method of production of these mate-
rials. The surface functionalization of this nanomaterial with
polymers has been shown to be strategic from the point of view
of biocompatibility and nanosafety. Because research in this
direction is still new, the influence of the external environment
on the physicochemical interactions of graphene oxide with
hydrophobic antitumor drugs such as CPT is not very well
understood. In this context, understanding the influence of
biological conditions such as pH on nanomaterial-molecule
interactions is one of the objectives of the present work.
Mesoporous silica nanoparticles are nanomaterials with
important physicochemical characteristics, including the pres-
ence of surface silanol groups (Si-OH) that allow several func-
tionalization strategies for the acquisition of new properties.
The high surface area (>900 m” g) and presence of pores in these
nanoparticles allow the encapsulation of desired molecules.** In
this context, the interior of the nanoparticles can be function-
alized with hydrophobic organic groups to enable further
interaction with antitumor drugs (which are mostly hydro-
phobic), and the outer surface can be chemically modified to
optimize colloidal stability” and biocompatibility*” and for
covalent attachment in nanomaterials such as graphene oxide.
Studies related to the use of MSNs in CPT encapsulation
processes are better known and include important studies
showing distinct incorporation strategies, purification
methods, long-term drug release tests and in vitro/in vivo
applications.”®?” The mentioned studies use drug encapsula-
tion strategies through non-covalent chemical interactions. In
such cases, the strength of drug-pore interactions is dependent
on the presence of functionalized organic functions on the
inner surface of silica nanoparticles. The presence of these
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hydrophobic species is crucial for minimizing premature drug
release during systemic circulation and for optimizing the
retention of the host molecule. Recent studies have shown new
strategies of CPT incorporation into silica nanoparticles
through covalent bonds*~*° that optimize interactions with the
nanostructure. Despite efforts in the development of meso-
porous silica nanoparticles encapsulated with CPT, these
nanomaterials present a low encapsulation capacity limited to
20%, and the majority of the results are in the range of 1 to
9%.>>* In this context, understanding drug-nanocarrier
chemical interactions based on encapsulation optimization is
another focus of the present work.

A new family of nanocomposites based on graphene oxide
decorated with spherical mesoporous silica nanoparticles has
recently been reported,*>*' and interesting results have been ob-
tained from the point of view of their application as nanocarriers.
Huang et al.*® obtained a nanocomposite of GO functionalized
with silica nanoparticles containing smaller nanoparticles of iron
oxide and quantum dots of ZnO in its pores and proved its
application as a magnetic nanocarrier and for bioimaging. Yang
et al.*' reported the development of a graphene oxide nano-
composite decorated with silica nanoparticles containing
a magnetic core of Fe;O, nanoparticles and externally function-
alized with polyethyleneimine (PEI), used for the encapsulation of
gambogic acid (GA), an antitumor molecule. As a new trend in
nanocarrier applications, GO-MSNs are novel nanomaterials from
the point of view of interactions with biological systems, such as
haemolytic and protein interactions (corona effect), and can be
used to investigate the body's biological responses (including the
immune system). The evaluation of haemolytic and corona effects
by GO-MSNs was first performed in our previous work,* which
showed reduced levels of haemolysis and minimization of protein
adsorption; the results indicated that these nanocomposites are
possible biocompatible materials.

Therefore, the motivation of the present work is the
comparative encapsulation of camptothecin in nanocomposites
of graphene oxide decorated with silica nanoparticles as well as
in the raw nanomaterials, MSNs and GO. The drug-nanocarrier
chemical interactions were individually assessed, discussed and
compared in all situations to understand the differences in the
encapsulation capacity and drug release properties over time of
each nanomaterial. Especially for the nanocomposite, first
developed by our group, the CPT-(GO-MSN) interaction is dis-
cussed for the first time. In this context, the amount of adsorbed
drug on each of these nanomaterials was comparatively quan-
tified in order to assess the efficiency of three types of drug
delivery systems. In addition, drug release studies of GO-MSN
and their comparison with CPT release properties of the raw
nanomaterials (GO and MSN) were also performed for the first
time and reveal release phenomena and interactions fully dis-
cussed from fundamental chemistry concepts.

2. Experimental
2.1. Materials

Camptothecin (CPT, >90.0%) was obtained from Oakwood
Chemical (USA). Dialysis membranes (MWCO: 3.5 kDa) were
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obtained from Spectra/Por (USA). Tablets of phosphate buffer
were obtained from Sigma Aldrich (USA). A polysorbate 80
surfactant (Tween 80-T80) was obtained from Makeni Chem-
icals (Brazil). Mesoporous silica nanoparticles with internal
phenyl groups and external amino functions (MSNs), graphene
oxide (GO) and nanocomposites based on graphene oxide
decorated with 10 wt% added MSNs (GO-MSN;,) were obtained
as described in our previous work.*® The characterization data
of these nanomaterials are also available in our previously
published work.**

2.2. CPT encapsulation in MSN, GO and GO-MSN;,,
nanomaterials

Camptothecin encapsulation was performed in mesoporous
silica nanoparticles (MSNs), graphene oxide (GO) and nano-
composites based on graphene oxide decorated with meso-
porous silica nanoparticles (GO-MSNy).

Camptothecin encapsulation in MSNs was performed
according to the described protocol in the work published by de
Paula et al.,”” with some modifications. In this context, 10 mg of
nanoparticles suspended in 20 mL of deionized water (0.5 mg
mL~ ') was sonicated for 10 minutes, followed by the addition of
10 mg of camptothecin (the MSN : CPT mass ratio was 1 : 1).
The system was sonicated again for 10 minutes and subjected to
constant stirring for 12 h in the absence of light and at room
temperature. Purification of the silica nanoparticles containing
encapsulated camptothecin was performed by two cycles of
centrifugation at 500 rpm for 2 minutes at room temperature. In
this process, the bottom solid was the excess free camptothecin,
and the supernatant was the product of interest. The latter was
subjected to a decanting process for 48 h to optimize the puri-
fication process. In this last stage, therefore, the supernatant
containing the target nanomaterial was separated from the free
decanted CPT and stored as dispersion at a concentration of
0.5 mg mL™" at 4 °C. The encapsulation capacity (EC) of
camptothecin in the sample was determined according to the
quantification procedure described below. The obtained sample
was denoted as MSN + CPT.

Camptothecin encapsulation in GO was performed accord-
ing to a described protocol in the published work of de Sousa
et al** In this process, a solution of 10 mg CPT in 2 mL of
dimethyl sulfoxide (DMSO) was prepared. Subsequently, this
solution was added dropwise to a dispersion of 10 mg of gra-
phene oxide in 18 mL of deionized water under constant stir-
ring. The formed mixture was sonicated for 10 minutes and
subsequently kept under constant stirring for 12 h in the
absence of light and at room temperature. The purification of
graphene oxide-encapsulated camptothecin was accomplished
by filtration with a 0.22 pm PVDF membrane, followed by
washing three times with 20 mL of a 1:1 (v:v) water-

: methanol mixture and twice with 20 mL of water to eliminate
excess free camptothecin. In this process, after each filtration,
the resulting solid on the membrane was suspended in the
wash fluid by sonication for 5 minutes, after which filtration
and subsequent washing were repeated. At the end of the last
wash, the final product was suspended in 20 mL of deionized

This journal is © The Royal Society of Chemistry 2020
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water (0.5 mg mL ™" of GO) and stored at 4 °C. The sample was
denoted as GO + CPT.

Camptothecin encapsulation in GO-MSN;, was performed
using the above method by only changing the volume of DMSO
(4 mL) in the preparation of the drug solution and the volume of
water (36 mL) in the initial dispersion of GO-MSNj,; the other
process variables remained the same, and the production steps
were executed in a similar manner to the above method. The
resulting dispersion was stored at 4 °C at a GO-MSN;, concen-
tration of 0.5 mg mL . The sample was denoted as GO-MSNj, +
CPT. The EC values of camptothecin in the GO + CPT and GO-
MSN;, + CPT dispersions were determined according to the
quantification procedure described below.

For CPT quantification in the MSN + CPT, GO + CPT and GO-
MSN;, + CPT samples, 100 puL of each dispersion was added to
4.9 mL of methanol. The formed system was subjected to 30
minutes of sonication and centrifuged at 15 000 rpm at 4 °C for
30 minutes. Thus, CPT (soluble in methanol) was extracted
from the nanomaterial, and the latter was obtained as a dec-
anted solid in the centrifuge tube. A volume of 1 mL of the
supernatant (consisting of free extracted camptothecin) was
subjected to UV-Vis analysis to obtain the absorbance at
360 nm; the resulting value was compared to the calibration
curve for the encapsulated drug. The quantification procedure
was performed in triplicate.

2.3. CPT release studies from the MSN + CPT, GO + CPT and
GO-MSN,, + CPT materials

Drug release assays of the MSN + CPT, GO + CPT and GO-MSN;,
+ CPT nanomaterials were performed by adding 3 mL of each
dispersion to a dialysis membrane (MWCO: 3.5 kDa). The
membrane containing the nanomaterial was immersed in two
types of release media: 100 mL of phosphate buffer (pH 7.4),
mimicking the pH of physiological conditions in living organ-
isms, and 100 mL acetate buffer (pH 5.0), mimicking the pH of
endosomes, acidic organelles found in cancer cells. Both media
contained 1% (v/v) Tween 80, a neutral surfactant used to
facilitate camptothecin release from the nanomaterials, since
the hydrophobic nature of this drug also contributes to
increased interactions with the nanostructures present in the
described hydrophilic fluids. The release studies were
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performed at 37 °C (human body temperature) for 192 h. In this
period, 1 mL of release medium was collected at predetermined
time intervals and subjected to UV-Vis absorbance reading at
360 nm. Thus, the released CPT percentage was estimated in
relation to the total amount of this drug present in the nano-
material in the dialysis membrane. For each sample volume
collected from the release medium, an equal volume of the
corresponding medium was added to maintain a constant
volume of 100 mL.

2.4. Characterization of the MSN + CPT, GO + CPT, and GO-
MSN;, + CPT nanomaterials

The physicochemical characterization of MSN + CPT, GO + CPT,
and GO-MSN;, + CPT samples was performed using several
techniques. Ultraviolet-visible (UV-Vis) absorption spectroscopy
was performed on a Shimadzu UV 1650 PC spectrometer. X-ray
diffraction (XRD) analyses were performed on a Shimadzu XRD-
7000 diffractometer with CuKa X-ray radiation at a wavelength
of 1.54056 A with a voltage generator set to 40 kV (5° < 24 < 50°)
and a scan rate of 2° min~'. The morphology of the nano-
structures was observed by transmission electron microscopy
(TEM) using a Zeiss LIBRA 120 microscope coupled to an Omega
Filter-spectrometer with an accelerating voltage of 80 kV.

3. Results and discussion

3.1. CPT encapsulation in the MSN, GO and GO-MSN,,
nanomaterials

Mesoporous silica nanoparticles, graphene oxide and the
nanocomposite GO-MSN;, were subjected to the camptothecin
encapsulation process. In this process, the drug was added to
the nanomaterial by simple addition and constant stirring at
room temperature for 12 h in the absence of light. MSN + CPT,
GO + CPT and GO-MSN,, + CPT were characterized by UV-Vis,
XRD and TEM as previously discussed.

UV-Vis spectra of the nanocarriers in the absence and pres-
ence of camptothecin are shown in Fig. 2(A). First, this tech-
nique enabled the calculation of the encapsulation capacity of
the antitumor drug in each of the nanocarriers: 8.1 £ 0.4%
(MSN + CPT), 81.1 £ 3.7% (GO + CPT) and 80.9 £+ 0.9% (GO-
MSN;, + CPT). The GO and GO-MSN;, nanocarriers have

(B)
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Fig. 2 UV-Vis spectra (A) and XRD patterns (B) of the MSN, GO and GO-MSN;o nanomaterials in the absence and presence of camptothecin.
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a similar EC. Their percentage values are 10 times higher than
those of silica nanoparticles. This result suggests strong drug-
nanocarrier interactions for the GO + CPT and GO-MSN,, + CPT
systems.

The camptothecin spectrum shows a broad band at 365 nm,
corresponding to n — w* electronic transitions present in this
molecule in its carboxylate (CPT-carb ™) form." It is important to
mention that the presence of camptothecin mostly in the
lactone form (CPT-lac) can be analysed by observing this broad
band, but the band contains two shoulders at approximately
355 and 370 nm." As previously discussed, CPT-carb™ and CPT-
lac are mostly formed at pH values of approximately 7.4 and 5.0,
respectively. From an antitumor action point of view, the
carboxylate group-containing structure is inactive against
cancer cells, while the structure comprising the lactone ring is
biologically active.'” CPT also has a broad band at 253 nm
ascribed to w — 7* electronic transitions.*

After CPT encapsulation in silica nanoparticles, camptothe-
cin bands at 253 nm (w — 7* transitions) and two shoulders at
354 and 368 nm (n — 7* electronic transitions) are observed,
confirming the presence of CPT in the nanomaterial. The UV-
Vis spectrum of graphene oxide (GO) shows a significantly
broad band at 232 nm containing a broad shoulder at 294 nm,
corresponding respectively to the 7t — 7* electronic transitions
of conjugated rings (C=C) and n — w* transitions of C=0
groups.” The addition of camptothecin to graphene oxide
significantly influences the electronic profile of the system, as
observed in the GO + CPT spectrum. In this context, two broad
bands are observed at 218 and 251 nm, corresponding to over-
lapping w — 7* electronic transitions from GO and CPT. The
absence of the intense peak at 232 nm (as previously observed in
the GO spectrum) is notable. This set of results suggests phys-
icochemical interactions between graphene oxide and campto-
thecin by w-m stacking. Fortunately, the spectral region in the
wavelength range between 325 and 425 nm comes only from the
electronic absorption of camptothecin, making it possible to
use this region to draw important conclusions. Unexpectedly,
the spectrum of the GO + CPT system presents another band at
396 nm, suggesting a new type of electronic transition not
observed in the spectrum of free CPT discussed above. This
result has also been observed in previously published
studies®**** related to graphene oxide-based materials con-
taining encapsulated camptothecin. However, these studies do
not explain the phenomenon. The hypothesis proposed by our
group is that CPT-CPT molecular association is favoured by the
presence of graphene oxide as a template, which has a favour-
able morphology for -GO-CPT-CPT- stacking. The high
concentration of camptothecin in the GO + CPT sample (81.1 £
3.7%) is another relevant factor for this intermolecular inter-
action between camptothecin molecules since an increase in
concentration favours this association.***” CPT-CPT interac-
tions have been discussed in the literature*”** for other types of
nanocarriers and contexts; previous reports corroborate the
presented hypothesis, and the current work is the first to
discuss such interactions in systems based on graphene oxide.

According to the GO-MSN;, + CPT UV-Vis spectrum pre-
sented in Fig. 2(A), the electronic effects observed in the CPT
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encapsulation process are similar to those in the GO + CPT
system since the band at 237 nm disappears, while two others
are observed at 218 and 251 nm, suggesting m-m stacking
between CPT and graphene oxide. The observed bands in the
region between 325 and 425 nm have the same profile as those
shown in the GO + CPT spectrum, complementing the dis-
cussed hypothesis of drug-nanocarrier interactions and sug-
gesting the presence of CPT-CPT interactions on the GO-MSN;,
surface.

The crystallographic structures of the nanomaterials in the
absence and presence of camptothecin were analysed by X-ray
diffraction, and the results are presented in Fig. 2(B). The
XRD patterns of GO exhibited a diffraction peak for the (002)
plane at 260 = 10.4°, indicating an interplanar spacing of
0.84 nm resulting from the introduction of oxygen groups onto
the GO surface. The presence of this diffraction peak suggests,
in itself, some or few stacked sheets of GO. After the function-
alization of GO with MSNs, a decreased intensity in the
diffraction peak for the (002) plane was observed, suggesting
a decrease in long-range order in the sheets of GO-MSNj,, due to
the decrease in 7— re-stacking. In this context, the addition of
silica nanoparticles to the surface of graphene oxide promotes
exfoliation, and no intercalation phenomenon was observed
since the interplanar spacing, estimated to be d = 0.84 nm (26 =
10.4°), remained constant before and after functionalization
with MSNs. The addition of CPT to GO and GO-MSN,, also
caused a decrease in the peak intensity of the (002) plane in
both situations due to a similar effect occurring during the
introduction of silica nanoparticles into graphene oxide. In this
context, the presence of the drug also reduces the re-stacking of
the sheets, improving the exfoliation process and thus
increasing chemical accessibility. Additionally, the interplanar
spacing of the (002) plane in both samples was estimated at d =
0.88 nm (26 = 10.0°). This result indicates that CPT does not
intercalate in these nanomaterials and promotes their exfolia-
tion. This exfoliation phenomenon (reduced m-m stacking) is
schematically presented in Fig. 3. The scheme shows the
consequences of CPT addition and MSN functionalization in
the structures of the corresponding nanocarriers.

Fig. 4(A-C) show transmission electron microscopy (TEM)
images of the MSN, GO and GO-MSN;, nanomaterials in the
presence of camptothecin. The nanoparticles (Fig. 4(A)) main-
tained a spherical morphology with a porous structure and
irregular topography after the addition of camptothecin,
retaining the morphological and structural aspects of the used
raw material (MSN) described in our previous work.** CPT could
not be visualized, possibly due to its reduced amount (8.1 +
0.4%) in the nanoparticles and because it was located in the
porous interior. Fig. 4(B) shows the GO + CPT system: the gra-
phene oxide sheets are indicated by red arrows, and the unex-
pected formation of camptothecin crystals is indicated by blue
arrows. The image reveals GO sheets with micrometric dimen-
sions that retain the structural integrity of the used raw material
(GO) described in our previous work.* In addition, the CPT
crystals reveal a needle-like morphology with micrometric
lengths. The formation of this chemical structure corroborates
the discussed hypothesis regarding CPT-CPT interactions on

This journal is © The Royal Society of Chemistry 2020
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the surface of GO and GO-MSN;,. Fig. 4(C) shows a TEM image (indicated by red arrows); the system retains the structural
of the GO-MSN,, + CPT system, revealing graphene oxide sheets integrity of the used raw material (GO-MSN;,) discussed in our
in the micrometric domain decorated with silica nanoparticles previous work.** The image also shows needle-shaped
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camptothecin crystals with similar dimensions to the GO + CPT
system and corroborates the mentioned intermolecular associ-
ation between camptothecin molecules.

The presented set of characterization techniques confirms
the preparation of mesoporous silica nanoparticles, graphene
oxide and nanocomposite GO-MSN;, that contain encapsulated
camptothecin. In addition, the UV-Vis, XRD and TEM results
collectively suggest the adsorption of camptothecin in the GO
and GO-MSN;, nanocarriers and show a reduction in -7 re-
stacking after CPT incorporation. As discussed above,
a decrease in stacked sheets also occurred after MSN func-
tionalization on the GO surface.

3.2. CPT release studies from the MSN + CPT, GO + CPT and
GO-MSN,, + CPT materials

Camptothecin release studies were performed for 192 h under
sink conditions by using 1% Tween 80 in the release media at
pH values of 7.4 (phosphate buffer) and 5.0 (acetate buffer),
which mimic, respectively, the pH of fluids under physiological
conditions and the cytosol of acid endosomes.

The release graph is shown in Fig. 4(D). The silica nano-
particles show a rapid release of 70% of the encapsulated drug
within the first 12 h. In contrast, the graphene oxide and
nanocomposite nanomaterials showed a prolonged release
profile of up to 78% of the camptothecin over a period of 192 h.
First, these results reveal the weak interaction between CPT and
MSNs and the strong adsorption of CPT on the surface of the
two remaining nanomaterials, corroborating the low encapsu-
lation capacity of silica nanoparticles (8.1 & 0.4%) and the high
antitumor molecule content exhibited by GO + CPT (81.1 +
3.7%) and GO-MSNj, + CPT (80.9 & 0.9%). In fact, the limited
spatial distribution of phenyl groups, restricted by the silica
pore structures, can influence the low -7 stacking interactions
between CPT and the aromatic groups of this nanocarrier. In
the GO and GO-MSN;,, systems, the sheets have a larger contact
area, as characterized by the number of electronically conju-
gated aromatic rings, which favours more effective - inter-
actions in the adsorption of camptothecin. The graph shown in
Fig. 4(D) reveals a faster release of camptothecin at pH 7.4 by all
nanocarriers. The release from silica is more discrete and
almost imperceptible, and the release from graphene oxide and
the nanocomposite is significantly more pronounced. Under
these conditions, the lactone ring of camptothecin (CPT-lac) is
hydrolysed to carboxylate (CPT-carb ), " which is more
hydrophilic species and therefore more soluble in the release
medium (hydrophilic), accelerating the release process. Addi-
tionally, w7 stacking interactions are attenuated due to lactone
ring breaking, which also contributes to the faster release at pH
7.4. The acidification of the environment to pH 5.0 facilitates
conversion of the carboxylate function in CPT-carb™ to a lactone
ring, generating the more hydrophobic CPT-lac species and
favouring higher interactions with the nanomaterials (con-
taining hydrophobic regions) than the external environment
(hydrophilic). In this situation, the release rate is slower and
prolonged due to the higher drug-nanocarrier interaction.
From a biological point of view, camptothecin is inactive during
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intravenous circulation due to the formation of carboxyl groups
by the neutral pH of the blood." " In the acidic pH environ-
ment of the endosomes of cancer cells, the carboxylic group on
CPT is converted to a lactone ring, transforming CPT into
a biologically active molecule. In this context, a rapid drug
release at pH 7.4 by nanocarriers is undesirable because release
may occur prior to the nanocarrier reaching the target cell.
Therefore, the GO + CPT and GO-MSNj, + CPT systems are more
promising than silica nanoparticles due to their slow release for
192 h, which is probably sufficient to allow the nanocarriers to
reach cells while carrying significant amounts of the drug. From
a kinetic point of view, the slow or non-existent delivery of the
drug at pH 7 (during systemic circulation) and the faster and
more complete release at pH 5.0 (within endosomes) are ideal.
Due to the physicochemical characteristics of camptothecin
and biological fluids, neutral and acidic conditions show, in all
observed situations, faster and slower release rates, respectively;
these results are the opposite of ideal conditions. In this
context, the optimization of the nanocarriers to reduce the
release velocity at pH 7.4 and to accelerate release at pH 5.0 is
one of the achieved goals in this work. The comparative analysis
of the GO + CPT and GO-MSN;, + CPT nanocarriers in the graph
in Fig. 4(D) shows the reduction and increase in the delivery
rates of camptothecin at pH 7.4 and 5.0, respectively, by the
nanocomposite in relation to those with graphene oxide. The
results suggest a stronger interaction of camptothecin with the
nanocomposite than with graphene oxide at pH = 7 (slower
release rate) and weaker interactions of CPT with GO-MSNj,
than with GO under acidic conditions (faster release rate). In
this context, although silica has a fast release profile, its pres-
ence on the surface of the graphene oxide is important from the
point of view of kinetic modulation of the system and charac-
terizes the difference between the nanocomposite and the GO
and MSN nanocarriers. In addition, the GO-MSN,, nano-
material presents significantly reduced haemolysis rates rela-
tive to those of graphene oxide, according to our previously
published work.*°

From a physicochemical point of view, the fast release of
camptothecin from silica nanoparticles has its origins in the
weak interaction of this drug with phenyl groups present inside
the pores (see Fig. 5(A)), which explains the low encapsulation
capacity of this nanomaterial compared to that of the other
nanocarriers. For graphene oxide, the drug—nanocarrier inter-
action showed significant differences in the release rate under
the two studied conditions. At pH 7.4, in which CPT-carb™ is
predominant, we propose the following intermolecular inter-
actions: London dispersion interactions between CPT-carb and
GO are reduced since the more hydrophilic characteristics of
CPT minimize these interactions and increase the solubility of
the drug in the environment, enabling dipole-dipole type
interactions to prevail. Additionally, negative charges origi-
nating from the O~ (hydroxyl) and COO™ (carboxyl) groups on
the surface of graphene oxide electrostatically interfere in the
repulsion of negative CPT-carb™ molecules, contributing to
rapid release. Considering the interior of the dialysis membrane
containing GO « (CPT-carb™ = CPT-lac) as the system — where
“=” indicates chemical equilibrium and “<” symbolizes the

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 pH Influence on the chemical equilibrium perturbation between the camptothecin lactone (CPT-lac) and camptothecin carboxylate
(CPT-carb™) species in dynamic intermolecular interactions with mesoporous silica nanoparticles (A), graphene oxide (B) and nanocomposite

based on graphene oxide decorated with silica nanoparticles (C).

intermolecular interactions between the nanocarrier and the
molecule in dynamic chemical equilibrium on its surface - and
the release medium as the environment, as CPT-carb™ is elim-
inated to the environment, the equilibrium moves towards the
formation of more CPT-carb™ according to the chemical equi-
librium perturbation law of Le Chatelier; the release cycle is
repeated, and rapid release to the environment occurs. The
functionalization of graphene oxide with silica nanoparticles to
form a more hydrophilic nanocomposite (due to the presence of
silica with a hydrophilic outer surface) is one of the crucial
points explaining the different release rates between GO-MSNj,
+ CPT and GO + CPT. Due to its more hydrophilic character in
relation to GO, the nanocomposite presents smaller hydro-
phobic regions in the sheets of graphene oxide. At pH = 7.4,
therefore, the predominant CPT-carb™ species (more hydro-
philic) interacts more strongly with the nanocomposite (more
hydrophilic than GO), and dipole-dipole type interactions

This journal is © The Royal Society of Chemistry 2020

predominate over London dispersion interactions for GO,
culminating in a force that contributes to attraction between
CPT-carb™ and the nanocomposite in the newly adopted
system: GO-MSN,, < (CPT-carb™ = CPT-lac). In this situation,
there is also competition with the hydrophilic environment. In
this context, the dipole-dipole forces act in opposite directions
to attract the molecule into the system (towards the nano-
carrier) and to release the molecule to the environment (towards
the hydrophilic fluid). Interestingly, another attractive force
drawing CPT-carb™ towards the surface of GO-MSN;, occurs:
new electrostatic attractions between the NH;" groups on silica
nanoparticles and the negatively charged groups on CPT-carb™
(attractive electrostatic forces are absent in GO and present in
GO-MSN;,,). Consequently, the release rate of the most strongly
retained antitumor molecule in GO-MSN;, at neutral pH is
slower than that in GO. Furthermore, the release rate of CPT-
carb™ at equilibrium (CPT-carb™ = CPT-lac) is slower in the

Nanoscale Adv., 2020, 2, 1290-1300 | 1297
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nanocomposite since fewer camptothecin carboxylate mole-
cules are eliminated to the release medium.

At pH = 5.0, CPT-lac species (hydrophobic) are predominant
at chemical equilibrium and begin to interact more strongly
with the hydrophobic regions of GO; in this case, London
dispersion interactions prevail over dipole-dipole interactions
with the hydrophilic external medium. Accordingly, the release
of the drug from the system into the environment is signifi-
cantly slower, and the release rate of CPT-lac from CPT-carb™ to
restore equilibrium occurs at significantly reduced velocity. For
this reason, the release rates at pH 5.0 are significantly slower
than those at pH 7.0 for GO + CPT and GO-MSN,, + CPT. This
situation is illustrated in Fig. 5(B). In the presence of the acidic
release medium, the described chemical equilibrium is shifted
towards the formation of the more hydrophobic CPT-lac. In this
context, electrostatic forces have no significant influence
because the camptothecin lactone ring form is neutral, and in
this case, London dispersion forces are more important. As the
nanocomposite is more hydrophilic than GO, induced-dipole/
induced-dipole interactions (London dispersion) between
CPT-lac and GO-MSN;j, are less pronounced than those between
CPT-lac and GO, so CPT interactions with the nanostructure are
weaker and release to the external environment is faster at pH
5.0 compared to the results observed for GO + CPT. This
phenomenon is illustrated in Fig. 5(C).

To complement the hypothesis regarding the influence of
the molecular structure of camptothecin on its UV-Vis spectrum
and, consequently, on the observed differences in drug release
profiles, a study was carried out to evaluate the molecular
structure of CPT in release studies using visible UV-Vis spec-
troscopy. For this purpose, spectra of the free drug in the release
media at pH 5.0 and 7.4 over the course of 192 h were acquired
and evaluated. Fig. 6 shows the spectra of camptothecin
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Influence of pH on the variation of the chemical structure of camptothecin released by graphene oxide (A), nanocomposite (B) and silica

released at pH 7.4 by GO (Fig. 6(A)), GO-MSN,, (Fig. 6(B)) and
MSNss (Fig. 6(C)). In these figures, it is notable that the increase
in the absorbance of a broad band at approximately 365 nm,
corresponding to the n — 7* electronic transitions of camp-
tothecin, is proportional to the concentration of this molecule.
In the spectra of CPT released from the nanomaterials at pH 5.0
(Fig. 6(A-C)), two shoulders at approximately 355 and 370 nm
are clearly visible in the GO + CPT, GO-MSN;, + CPT and MSN +
CPT spectra at all release times, which are also related to n —
m* electronic transitions. These observed shoulders correspond
to electronic transitions occurring in the antitumor molecule
with the lactone organic function (mostly formed at pH = 5.0).
After hydrolysis of this function to generate the carboxylate
species in pH = 7.4, the said shoulders are not observed, and as
a result, the broad band at 365 nm is typical of the CPT-carb™
molecular structure. Thus, the present study corroborates the
discussions regarding CPT release experiments and is in
agreement with the data in the literature.**

The above discussion clearly shows the differences in the
nanocomposite based on graphene oxide decorated with silica
nanoparticles as a nanocarrier; this material has optimized
drug delivery characteristics compared with those of MSN and
GO materials. These properties suggest the potential applica-
tion of GO-MSN nanomaterials as nanocarriers in antitumor
treatment.

4. Conclusion

Characterization techniques comprising UV-Vis, XRD and TEM
confirm the encapsulation of camptothecin in three types of
nanomaterials: mesoporous silica nanoparticles (MSNs), gra-
phene oxide (GO) and a nanocomposite based on graphene
oxide decorated with silica nanoparticles (GO-MSNj;). An

This journal is © The Royal Society of Chemistry 2020
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unexpected phenomenon of CPT-CPT association on the
surface of GO and GO-MSN;, was proposed and discussed in
terms of intermolecular forces, including hydrogen bonds and
-7 stacking interactions. Drug release studies in conjunction
with the characterization results showed a rapid camptothecin
release by silica nanoparticles (12 h) and prolonged release by
the GO and GO-MSN;, materials (192 h). The antitumor mole-
cule has a higher chemical interaction with the latter two
materials, and the presence of silica nanoparticles on the
surface of the graphene oxide showed strategic importance in
the modulation and optimization of the release rate at pH 7.4
(relevant to the physiological conditions in living organisms)
and pH 5.0 (relevant to the endosomes of cancer cells), indi-
cating that the GO-MSN;, nanomaterial is a potential candidate
for antitumor applications with lower risk in the context of
nanosafety.
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