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Bio‑multifunctional noncovalent
porphyrin functionalized
carbon‑based nanocomposite
Navid Rabiee1, Mojtaba Bagherzadeh1*, Amir Mohammad Ghadiri1, Yousef Fatahi2,3,4,
Nafiseh Baheiraei5, Moein Safarkhani1, Abdullah Aldhaher1 & Rassoul Dinarvand2,3
Herein, in a one-pot method, the reduced graphene oxide layers with the assistance of multiwalled
carbon nanotubes were decorated to provide a suitable space for the in situ growth of CoNi2S4, and
the porphyrins were incorporated into the layers as well to increase the sensitivity of the prepared
nanostructure. The prepared nanocomposite can establish π–π interactions between the genetic
material and on the surface of porphyrin rings. Also, hydrogen bonds between genetic domains and
the porphyrin’ nitrogen and the surface hydroxyl groups are probable. Furthermore, the potential
donor–acceptor relationship between the d7 transition metal, cobalt, and the genetic material
provides a suitable way to increase the interaction and gene loading , and transfections. The reason
for this phenomenon was optimized to increase the EGFP by up to 17.9%. Furthermore, the sensing
ability of the nanocomposite towards H2O2 was investigated. In this regard, the limit of detection of
the H2O2 obtained 10 µM. Also, the in situ biosensing ability in the HEK-293 and PC12 cell lines was
evaluated by the addition of PMA. The nanocomposite showed the ability to detect the released H2O2
after adding the minimum amount of 120 ng/mL of the PMA.
Carbon-based nanomaterials have been considered recently for different biomedical applications due to their
unique physical and chemical properties. Recently, The use of carbon-based nanomaterials due to their outstanding biocompatibility as well as biodegradability is increasing. Also, making multi-functional synthetic
materials can be a smart strategy to advance studies and technologies. In this regard, cost-effectiveness should
be considered, along with high accuracy and sensitivity. Meanwhile, studies based on different nano-bio sensors
have expanded significantly due to the importance of analytical techniques in various industries and human
health. Nevertheless, complexity of synthetic methods in some studies make this type of research away from the
competitive environment of different i ndustries1, 2.
The importance of the presence of hydrogen peroxide (H2O2) is not entirely unknown to scientists. However,
it has been considered a “necessary evil” for different kinds of mammalian cell signaling and other reactions.
The H2O2 is the most routine and known represents reactive oxygen species (ROS). The presence of H2O2 is
responsible for a different range of cellular phenomenona including cellular proliferation, migrations, and differentiation. Still, the overgeneration of that would indeed lead to disruption of the redox homostasis of cells
and, in the following unwanted bio tissues oxidative stress. Finally, it can lead to different kinds of cancer, aging,
cardiovascular dysfunctions, and Alzheimer’s and Parkinson’s diseases. Therefore, in situ measuring and monitoring the real-time concentration of H2O2 by a simple, low-cost, and ultra-sensitive nanosystem from living
organisms is very important3, 4.
In this regard, a wide range of electrochemical and optical biosensors have been designed, developed, that
studied for early and post-detection of diseases and biological phenomenon. These systems are based on the
detection of cellular secreted H2O2 in assistance of using metal oxide nanoparticles (Au, Mo, Ag, Zn), carbon
nanotubes (CNTs), reduced graphene oxides (rGOs), and protein-based microarrays. All of those mentioned
raw materials have their advantages, including simplicity and acceptable sensitivity. However, disadvantages
including lack of accuracy, time-consuming analysis, low-sensitivity, and hard tenability necessitae working on
different types of materials and n
 anocomposites5, 6.
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Figure 1.  The schematic illustration of the synthesized nanosystem.
Another emerging application of carbon-based nanomaterials is the gene delivery systems. Two of the essential features that this material should have for gene delivery applications are a small size and the ability to
interact with genetic material and form a stable c omplex7–11. Zeta-positive polymers are commonly used for
this purpose, and there is no comprehensive study on the use of nanocomposites in this field. However, this is
a positive charge that can lead to a relatively strong interaction, but physical cracks on the material surface can
lead to good interaction. In this research, we try to use the knowledge of chemistry. With the help of combining
various structures, we must prepare a nanocomposite with many steps with different sizes on the surface that
can lead to a stable interaction with genetic material.
In this study, we aimed to develop a promising and fully optimizable 3D carbon-based nanocomposite being
decorated with magnetic and other types of nanoparticles by the help of porphyrins. These carbon-based nanomaterials have acceptable biocompatibility and minimum cytotoxicity in a varied range of cell lines. In this
work, we aim to molecular engineer the carbon-based layer (rGO) to provide a suitable space for in situ and
one-pot growth of CoNi2S4 by introducing different mechanistic pathways. In this regard, the multiwalled carbon
nanotube (MWCNT), which can improve the cellular penetration with low immunogenicity, is incorporated
between the rGO layers to increase the space between them. Besides, investigating the possible donor–acceptor
electronic interaction between the d
 7 transition metal (Cobalt) and the genetic material (which has electron-rich
and electron-poor sites) could increase the interactions enhancing the gene delivery efficiency.
Along with that, CoNi2S4 has a semi-cylindric shape that can adsorb the domain of any genetic materials with
the help of space-selective interactions. For the first time, we developed the fully biocompatible nanocomposite
from non-biocompatible compartments, which have a large surface area and conductivity. This work also represents that the synthesized nanocomposite directly can improve the cellular uptake and is used as a suitable and
highly-promising candidate as a sensing nano-platform for conformal cell monitoring the particular mechanical
deformations. The schematic illustration of the nanosystem is observed in Fig. 1. In this work, we aimed to design
and synthesize of bio-multifunctional nanocomposite with the ability to make different physical interactions
with the genetic material. This is the first study to provide and represent a new type of interaction, and it should
be noted that more research is needed to prove the other capabilities of this nanocomposite. In addition, there
are lots of physical and chemical approaches in order to functionalized graphene and graphene-based nanomaterials for drug/gene delivery systems (Table 1); however, till now, there are no reports regarding the use of
semi-cylindric shape nanoparticles along with the other π–π and hydrogen bonding interactions at the same time.

Experimental section

Materials. The potassium permanganate (KMnO4), graphite powder, sulfuric acid ( H2SO4, 98%), hydrogen peroxide (H2O2, 30% v/v), hydrochloric acid (HCl, 36%), Mesitylene (98%), Mesitaldehyde, Chloroform,
trifluoride-diethyl ether, pyrrole, p-chloranil, Ni(NO3)2.6H2O, Co(NO3)2.6H2O, thiourea, dimethylformamide
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Functionalization method

Covalent

Non-covalent

The precursors and/or the mechanisms

References

Fe3O4

12

Chitosan

13

Sulfonic acid

14

Dextran

15

Gelatin

16

Folic acid

17, 18

Polyethylene glycol

19

Poly-L-lysine

20

Polyethyleneimine

21

Amphiphilic copolymers

22

Polyacrylic acid

23

Poly(vinyl alcohol)

21

Poly(N-isopropylacrylamide)

24

Polysebacic anhydride

25

π–π interactions

26, 27

Electrostatic

28, 29

Coordination bondings

30

Van der Waals

31, 32

Hydrogen bonding

33

π–π interactions + electrostatic + van der Waals interactions + hydrogen bonding

This work

Table 1.  A literature survey summary regarding the physical and chemical approaches in order to modify the
graphene-based nanomaterials for drug/gene delivery applications.

(DMF), multiwalled carbon nanotubes (MWCNTs, purity > 90%, length < 9 µm , OD = 10–20 nm) and sodium
acetate anhydrous (NaAc) were purchased from Sigma-Aldrich, Germany.

Synthesis of H2TMP.

The synthesis of porphyrin was conducted based on the literature34. For the synthesis
of H2TMP, briefly, 10 mmol mesitaldehyde and 10 mmol distilled pyrrole were added to 100 mL chloroform.
 2. Then, 3.3 mmol of boron trifluoride-diethyl ether
The solution was stirred for 10 min as well as purging the N
(10–3 M) was added to the reaction. The solution was stirred at room temperature for 1 h and oxidized with an
excess amount of DDQ, followed by absorption spectrophotometry. Then, 7.5 mmol of p-chloranil was added
to the reaction mixture and refluxed for 1 h. Finally, the reaction mixture was cooled to room temperature, and
3.3 mmol of trimethylamine was added following by rotary evaporation of the solution. The product was washed
several times with ultrapure water and methanol.

One‑pot synthesis of rGO/MWCNT/CoNi2S4/H2TMP. The desired nanocomposite was prepared by
an in situ one-pot solvothermal procedure35. The one-pot synthesis method was introduced for the growth of
CoNi2S4 in the physical space between the rGO sheets, which were provided by the MWCNT’s. Furthermore,
the reduced graphene oxide (rGO) was synthesized by the modified hummer’s m
 ethod36. Briefly, 50 mg of the
MWCNT and 100 mg of the rGO were dispersed in ethylene glycol (50 mL) and sonicated for about 5 min. In
the next step, 55 mL of IPA/water (1:1) was added, and the final mixture was sonicated (4.5 h; 40 kHz frequency).
The obtained mixture was centrifuged (15 min; 2000 rpm), and the supernatants were removed and filtered (the
non-reacted exfoliated materials) by an additional centrifuge (15 min; 3000 rpm). Furthermore, Ni(NO3)2.6H2O
(2 mmol), Co(NO3)2.6H2O (1 mmol), and thiourea (9 mmol) were added to the above solution (40 mL) and
stirred for about 20 min. After that, ammonia (1 mL) was added dropwise to the solution and sonicated (60 min;
40 kHz frequency). In another experiment, the synthesized H
 2TMP (5 mg) was dispersed into DMF (12 mL) and
sonicated in a dark place for 20 min, and then added to the first solution. The obtained mixture was transferred
to a 200 mL autoclave (Teflon-lined stainless steel) and kept at 175 °C for a day (24 h). The obtained black powders were washed a few times with ultrapure water and ethanol and freeze-dried for 36 h.
Cell evaluations.

MTT and LDH assay. Before cell culture, samples were sterilized using ultraviolet exposure followed by washing with ethanol (75%) and PBS solution. Cytocompatibility assessment was performed
using MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (MTT, Sigma) colorimetric assay
at 24, and 48 h. PC12 cells (ATCC CRL-1721), HEK-293(ATCC CRL-1721), HeLa (ATCC CCL-2), and HepG2
(ATCC HB 8065) were used for this experiment. Briefly, 1 × 105 cells/well were cultured on the synthesized nanocomposite substrate in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) containing 100 IU/ml penicillin,
100 IU/ml streptomycin (Invitrogen), and 10% fetal bovine serum (FBS; Gibco) and incubated at 37 °C at 5%
CO2. At each time point, 100-µL MTT solution (5 mg/mL in PBS) was added to each well. After 4 h. Incubation,
the medium was removed, and formazone precipitates were dissolved in dimethyl sulfoxide (DMSO; Sigma-
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Aldrich). The optical absorbance was measured at 570 nm using a microplate Elisa reader (ELX808, BioTek). At
least three samples were averaged to calculate each time point.
In onrder to conduct the lactate dehydrogenase (LDH) leakage assay, HepG2 cells were cultured with the
density of 1 × 105 cells/well for 24 h. The grown cells were treated with the nanocomposite by the procedure same
as the MTT assay. After the incubation, the media of cell culture was transferred to a microtube, and centrifuged
at 12,000 rpm for 10 min. In the next step, 100 µL of of the working reagent (contains sedum pyruvate (2.5 mM)
and NADH (0.2 mM)) was prepared, and 10 µL of the supernatant was added to it. The optical absorbance was
measured at 340 nm using a microplate Elisa reader (ELX808, BioTek). At least three samples were averaged to
calculate each time point.
Biosensor assay. For this assay, both PC12 and HEK-293 cell lines were cultured in conditions mentioned
above. First, 1 × 105 cells/well were seeded on the synthesized nanocomposite. After about 24 h, the implanted
cells were evaluated for the H2O2 releasing the study, based on the mechanism of destruction of porphyrin
(TMP) with the released H2O2.

Loading CRISPR and tagged DNA on the surface of modified Materials. The different procedures
of the loading of CRISPR and tagged DNA on the surface of modified materials were reported previously37, 38.
Initially, the modified nanocomposite was dispersed with a concentration of 22 mg m
 L−1 in the ultrapure water.
Then, different weight ratios of the modified nanocomposite and CRISPR plasmid (pCRISPR) formulated
through nanocomposite with different concentrations to an exact volume of the solution of CRISPR, and the
homogenous solutions were prepared. Briefly, the weight ratios of 1, 10, 20, 30, 50, and 100 of the nanocomposite
to pCRISPR were prepared and incubated for about 30 min to form the ultimate nano complexes. The entirely
physical interactions between the active sites of the nanocomposite and the pCRISPr and,or DNA leads to make
an acceptable and suitable final nano complex.
Size and surface charge analysis. The size of the nanocomposite (NC)/CRISPR/Cas9 (CC) nanocomplex was investigated using dynamic light scattering on a Zetasizer Nano ZS (Malvern Instruments, UK). The
investigations were performed at standard angles of 25° and 173°, and each measurement was verified three
times. In this technique, the size of the nanocomplex is reported as the mean diameter achieved by the refractive
index and viscosity of water correlation functions cumulants analysis. For aggregation kinetics measurements,
the final nanocomplexes were diluted with a ratio of 1:4 with double HBSS at the neutral pH, which obtained
isotonic formulations that are identified as the technique used in the transfection experiments. For zeta potential
investigation, doppler velocimetry was applied on the same instrument.
Statistical analysis. All of the statistical analysis was performed by one-way analysis of variance (ANOVA)
followed by OriginPro 9.1 software compatible tests using Bonferroni post-hoc tests. Also,, all data represented
are the mean ± SD of at least n = 3 independent sets of experiments.

Results and discussion

Synthesis of the nanocomposite. Based on the FTIR results (Fig. 2a), a broad peak at around 3400 cm−1
represents stretching vibrations of N–H and the complex peaks in the range of 900–1200 cm−1 assigned to the
bending vibrations of N–H. Furthermore, the weak peaks in the range of 2850–3050 cm−1 correspond to the
stretching vibrations of C–H of the porphyrin rings. The 1400 cm−1 peak assigns to the C=N pyrrole ring vibrations. Also, the complex peaks in the range of 600–800 cm−1 represent the main vibrational peaks of the porphyrins. All of these observations represent the successful synthesis of H2TMP39. For the synthesized nanocomposite, all of the sharp and indicates absorption peaks of the H
 2TMP observed clearly, which presents the proper
incorporation of the porphyrin to the nanocomposite structure. Besides, the fingerprint absorption peaks of
CoNi2S4, which are 3451 cm−1, 1630 cm−1, 1370 cm−1, 901 cm−1, and 610 cm−1 corresponds to the stretching
and bending vibrations of the water compartment (O–H) on the surface of the Co (Co–O–H), C–O–C vibrations, N–C=S and C=S vibrations of the thiourea, r espectively40, 41. These peaks indicate the successful in situ
and one-pot synthesis of nanocomposite along with CoNi2S4. It should be noted that the synthesis method of
Ni3S2 is the same as the CoNi2S4 with some minor modifications. However, the fingerprints of the Ni3S2 are
2217 cm−1, 2108 cm−1, 1870 cm−1, and 618 cm−1, which have differences with the present spectrum42–44. The
synthesized nanocomposite has minimal covalent interactions with the H2TMP; if the cobalt had any covalent interactions with the porphyrin, some major and sharp peaks at 1099 cm−1, 920 cm−1, and also 802 cm−1
should be observed45–47. In the FTIR spectrum of the synthesized nanocomposite compared to the H2TMP, those
absorption peaks are not observed critically; therefore, there are no significant and strong covalent interactions
between them. So, the porphyrin ring is free of any coordinated metal, or even partially free, which leads to the
hypothesis that the metal is located at the bottom of the porphyrin plane and only interacts with the central ring
of porphyrin due to the high density of electrons. Therefore, the center and top of the porphyrin plane are free of
any coordination, which is highly suggested for any physical interactions with the biomolecules for gene delivery
applications.It ia also suitable for chemical and biological reagents for biosensor use. The XRD pattern (Fig. 2b)
represents the indicative peaks at 2θ = 77.6°, 68.8°, 64.6°, 55.0°, 50.2°, 47.1°, 38.0°, 31.4°, 26.6° and 16.2°, which is
the proof of the successful in situ synthesis and incorporation of C
 oNi2S4 in the n
 anocomposite48, 49. Those peaks
are in good agreement with the JCPDS 00-024-033450. The broadening in the diffraction peaks corresponds to
the presence of H2TMP as well as the byproducts51, 52. In this study, the aim was to provide a facile, one-pot, and
tunable synthesis method with potential biomedical applications. Therefore, the byproducts do not consider as
a contradiction for this type of study. Besides, FESEM (Fig. 2c–e) and AFM (Fig. 2f,g) analysis were conducted.
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Figure 2.  FTIR (a), XRD (b), FESEM (c–e), AFM (f,g) ,and TEM (h–k) of the synthesized nanocomposite.
It has been depicted that; the nanocomposite has the 2D nanosheet subunits as well as 1D tubular framework
nanostructure, which is because of the presence of CoNi2S4 in the and on the nanostructure of carbon-based
nanomaterial53, 54. In addition, another strong fact regarding the presence of CoNi2S4 was provided by elemental
mapping (Figure S1). Based on this analysis, the presence of C
 oNi2S4 compared to the carbon-based substrate,
has the higher intensity; and among the different elements on the C
 oNi2S4, sulfur has the highest intensity, which
is another fact regarding the successful synthesss of this structure. Also, the presence of H
 2TMP leads to more
aggregations and crossling of different parts of the nanocomposite55–57. These crosslinking leads to the formation
of different open and void space channels, which could interact with any types of materials, including genetic
materials and CRISPR/Cas9. These voids and free channels may enable different active sites in the porous and
hierarchical nanostructure that can act as electron/ion transport routes and increase the kinetic of any types of
reactions and interactions. These open and void space channels can be observed in the TEM (Fig. 2h–k) images;
also, the structure of the irregular sheets of the rGO is observed. Based on the both FESEM and TEM images,
the size of the CoNi2S4 is withing the range of 100–200 nm in the length, and 5–20 nm in diameters. These sizes
are normal and based on the literature, the size of the synthesized CoNi2S4 are varied in the range of ± 40% of the
mentioned numbers. However, in this study, due to the presence of carbon-based substrate, and the porphyrins,
substantial aggregations would leads to considerable physical interactions between the compartments. Therefore, analyzing the exact size of each compartment is not applicable in this study. The aim of this study was not to
provide a clear, sharp and high-quality material, but the aim was to design and provide a low-cost, one-pot and
environmentally-friendly synthesis method with the applicable biomedical products.

H2O2 biosensor performance. The hydrogen peroxide detection performance from a living cell with an

on-line and in situ experiment was conducted using the synthesized nanocomposite (Fig. 3a). Based on the
results, there is a decline in the fluorescence emission of the nanocomposite in the presence of different concentrations of H
 2O2 up to 80 µM, which led to hydroxylation of the meso- position of the porphyrin rings, then, the
oxidative ring reaction starts from this position58–60. The estimated linear detection range was calculated to be
from 10 µM to 25 mM (Figure S2), with a considerable limit of detection (LOD) of about 10 µM (S/N = 3). These
results could be because of the space-hindrance porphyrin structure, H
 2TMP, with the large substituents that
inhibit the potential chelation or coordination. There is no active metal in our system, and also it cannot interfere
with any type of material in this system. Therefore, great LOD and linearity could be expected. By comparing
this study’s results with the same scope works on even electrochemical biosensors, our designed biosensor has
more comprehensive linear range with a significant LOD and considerable accuracy. Based on the literature, the
interaction results in changes in the structural geometry of porphyrin from the flat state. This curved structure
disrupts the electron structure of porphyrin, which reduces the porphyrin stability and increases the oxidation
rate of the meso-position61–64. Also, based on the mentioned mechanism, electron-donating groups on the mesoposition of the porphyrin ring increase the electron density on the porphyrin ring, followed by the increase in
the oxidation rate of the meso-position and degradation of the porphyrin, and the electron-withdrawing groups
decrease the electron density on the porphyrin ring, as well as a decrease in the oxidation rate of the mesoScientific Reports |
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Figure 3.  Fluorescence emission spectra of the synthesized 3D nanocomposite in the presence of different
concentrations of hydrogen peroxide (a), FESEM (b–e), and AFM (f–i) images of the synthesized 3D
nanocomposite after exposure to the hydrogen peroxide.

position and degradation of the porphyrin. Consequently, meso-position oxidative rate of the H
 2TCPP is lower
than the meso-position oxidative rate of the H2TPP, and the highest meso-position oxidative rate belongs to the
H2TMP. Our designed nanocomposite is tunable to be optimized based on different analytes and different cellular conditions. These optimizations can be conducted by changing the substitutions on the porphyrin ring from
electron withdrawing to electron donating groups and conversely. After completing the experiment regarding
the biosensor performance, FESEM (Fig. 3b–e) and AFM (Fig. 3f–i) analysis were conducted on the synthesized
3D nanocomposite. These results showed the structural deformation on the surface of that because of hydrogen
peroxide and destroying the porphyrins. Based on the results, this is the first study in the study and monitoring
of the hydrogen peroxide release from the living cells in the quenching of the porphyrin’s fluorescence spectra.
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Figure 4.  Fluorescent image of the cells seeded on the nanocomposite after 16 h, for HEK-293 cell line (a,b)
and PC12 cell line (c,d). (b,d) represents the fluorescence image after + 1 s after (a,c) captures. Fluorescence
emission spectra of the synthesized 3D nanocomposite in the presence of different concentrations of PMA
added to the HEK-293 cell line (e). Fluorescence emission spectra of the synthesized 3D nanocomposite in the
presence of different concentrations of PMA added to the PC12 cell line (f). 2D (g) and 3D (h) AFM images and
(k,i) FESEM images of the synthesized 3D nanocomposite after removing from the PC12 culture and exposure
to the hydrogen peroxide; 2D (i) and 3D (j) AFM images and (m,n) FESEM images of the synthesized 3D
nanocomposite after removing from the HEK-293 culture and exposure to the hydrogen peroxide.

However, some efforts were made based on highly-stretchable electrochemical biosensors with the best limit of
detection of 12 µM and a linear range of 40 µM to 15 mM by using gold nanowires65. The fluorescence one had
the limit of detection of 200 µM by using organic hydrogels66.

In situ and real‑time monitoring of hydrogen peroxide from the living cell.

HEK-293 and PC12
cells were selected to assess the potential of using the synthesized nanocomposite in the living cells to determine and detect the released hydrogen peroxide. Figure 4 shows the fluorescence image of the cells that have
been seeded on the synthesized 3D nanocomposite, rGO/MWCNT/CoNi2S4/H2TMP, after 16 h (Fig. 4a,c) and
16 h + 1 s (Fig. 4b,d). It has been observed that most of the HEK-293 cells are alive, but the ratio of dead cells of
the PC12 cell line is much higher than HEK-293. These results support the significant adhesion and growth of
the mentioned cells (mammalian cells) on the synthesized 3D nanocomposite. However, the nanocomposite’s
cytotoxicity towards the PC12 cells does not change the ratio of adhesion and the growth of them on the substrate. It should be noted that, based on the literature67–69, the similar nanocomposites, mainly cobalt-based70–72,
cannot be well used to identify and detect different parameters for in situ analysis because of their considerable
cytotoxicity as well as their low cellular adhesion. Still, in this study, based on fluorescence images, it can be concluded that the synthesized nanocomposite has acceptable cell adhesion that can perform this process.
To monitor the hydrogen peroxide release from living cells, the phorbol 12-myristate 13-acetate (PMA) was
used as a standard and routine stimulus agent to express hydrogen p
 eroxide73–75. By adding this stimulus agent,
PMA, a series of signaling pathways activated, and the hydrogen peroxide released from the living cells in a noncontrolled manner. The hydrogen peroxide release mechanism is based on the oxidation of oxygen by NADPH
oxidase and generating the O2-. To optimize the release of hydrogen peroxide upon the addition of PMA, a series
of studies were designed and optimized based on the presence of HEK-293 and PC12 cell lines. Based on the
results on the HEK-293 cell line (Fig. 4e), upon addition of 120 ng mL−1 of PMA to the cultured cell lines on
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the 3D nanocomposite, a distinctive decline in the fluorescence spectra of the media was observed, which was
an equivalent phenomenon same as the addition of 20 µM of hydrogen peroxide. The maximum fluorescence
intensity of the 3D nanocomposite decreased up to below a third compared to the absence of PMA. Furthermore,
the PC12 cell line (Fig. 4f) represents not too much decrease in the presence of PMA, which could be considered
a promising result based on the designing of a semi-selective fluorescence biosensor towards the HEK-293 cell
line. Also, the maximum decrease of the fluorescence intensity in the presence of up to 260 ng mL-1 of PMA is
equivalent to 40 µM of hydrogen peroxide. Therefore, this biosensor is not sensitive to both of the PC12 and
HEK-293 cell lines. However, this is sensitive and accurate for analyzing released hydrogen peroxide from the
HEK-293 cell line. Furthermore, the morphology of the synthesized 3D nanocomposite was investigated after
removing from the PC12 and HEK-293 cultures via AFM (Fig. 4g–j) and FESEM (Fig. 4k–n), which have been
shown that the surface morphology does not change significantly. However, the bulk breaks down into smaller
pieces because of the in situ hydrogen peroxide and the the nanocomposite’s cellular environment. Interestingly, by comparing the results of Fig. 4g–j with Fig. 3f–i, it is understood that in the presence of pure hydrogen
peroxide, the surface has changed. Still, in the presence of hydrogen peroxide produced by PC12 and HEK-293
cells, the surface has not changed much, and only bulk has changed significantly. These results could indicate
the specific intracellular and in situ measurement ability of this nanocomposite, which can even be used more
than once. Based on the literature, this is the first work on the application of nanocomposites, especially with
the assistance of the porphyrins, in real-time monitoring of the generated hydrogen peroxides from living cells.
Most of the works in the literature are focused on the electrochemical devices (with the limit of detection of
20–100 µM)76, 77, chemiluminescence nanoprobes (with the detection limit of 60–300 µM)78, and some unique
chemical mechanisms (with the detection limit of above of 300 µM)79, 80; therefore, the results of this study with
the limit of detection of lower as 20 µM could be considered promising.

Cell evaluations. Before any transfection studies, cell viability against different cell lines was investigated
following 24 and 48 h. treatment with the nanocomposite (Fig. 5). As can be seen, carbon-based nanomaterial
and the C
 oNi2S4 part have the HEK-293 cell viability of about 91% ± 1.30 in low WR of nC to CC (WR of 10) and
70% ± 1.09 in the highest WR of nC to CC (WR of 100). By the addition of porphyrin (H2TMP) to the nanocomposite, the cell viability decreased from 91% ± 1.30 to 88% ± 1.12 for the WR of 10 and increased from 70% ± 1.09
to above of 78% ± 1.10 for the WR of 100. The corresponding value, then, decreased significantly (p ≤ 0.001) to
75% ± 1.10 and 67% ± 1.05 for the WR of 10 and 100, respectively. After the optimizations, the only parameter
that changes during the process is the zeta potential and hydrodynamic size of the particles; however, the zeta
potential range of changes is minimal. Therefore, the only parameter that can correspond to the relative cell
viability changes is the hydrodynamic size. Interestingly, the increase of the cell viability by addition of H2TMP
for the high WR of nC to CC (50 and 100), would be because of decreasing the particle size in these WR’s substantially. The same trend was observed for HeLa, HepG2, and PC12 cell lines, as well. Briefly, the cell viability of
rGO/MWCNT/CoNi2S4 after addition of H
 2TMP increased from 65% ± 1.03 to 73% ± 1.08 for the WR of 10 and
from 46% ± 0.93 to 58% ± 1.01 for the WR of 100 after treatment with the HeLa cell line. Both values experienced
a significant drop to 69% ± 1.05 (p ≤ 0.001) and 58% ± 1.01 (p ≤ 0.005) after the addition of C
 oNi2S4, respectively.
Also, cell viability increased from 69% ± 1.05 to 78% ± 1.10 for the WR of 10 and from 48% ± 0.93 to 70% ± 1.05
for the WR of 100 against the HepG2 cell line. After treatment with the PC12 cell line, cell viability increased
from 78% ± 1.09 to 84% ± 1.20 for the WR of 10 and from 64% ± 1.04 to 70% ± 1.05 for the WR of 100. In fact,
adding more C
 oNi2S4 in the forms of nanoparticles to the nanocomposite, the cell viability decreased in all of the
cell lines and all of the WR’s; however, this decrease was more obvious for the HEK-293 and HepG2 cell lines.
It should be noted that the same trend was observed for 24 h of treatment time as well. Based on the literature,
there is no report regarding the cell viability of the synthesized nanocomposite and even similar components;
however, the cell viability of the nanocomposites and their components in comparison to the similar inorganic
compounds based on Cobalt (cell viability on the HEK-293 and PC12 is around 50–70%)81, 82, Nickel (cell viability on the HEK-293 and PC12 is around 49–67%)83, and porphyrins (cell viability on the HEK-293 and PC12
is around 54–79%)84, 85, has higher percentages. Also, the LDH results (Figure S3) confirmed the MTT assay
results, and showed that the membrane of the cells were approximately intacts, however, the interactions were
remained strongly. In addition, it should be noted that, further assay regarding the exact cellular and molecular
mechanisms of these MTT and LDH in the presence of these types of nanocomposites, and derived nanomaterials should be conducted before any in vivo trials.
CRISPR/Cas9 investigations. To optimize the synthesized 3D nanocomposite for the gene delivery application, the role of size and zeta potential should be investigated. In this regard, the zeta potential of the 3D nanocomposite was evaluated (Fig. 6a), and the zeta potential of the 3D synthesized nanocomposite was recorded
about 20 mV in the top. All of the data indicates that by increasing the weight ratio (WR) of nanomaterial (nM)
to CRISPR/Cas9 (CC), the zeta potential naturally shifted to more positive numbers, and this shift is in the less
slope in the presence of H2TMP and CoNi2S4 due to their chemical nature. Furthermore, the role of active species nanoparticles, CoNi2S4, in trends of zeta potential was investigated and revealed that by addition of 10 and
20 mg mL−1 of this part to the 3D nanocomposite, zeta potential increased a little in the range of 10–20 weight
ratio of nanomaterial to CRISPR/Cas9, however, above of this range (30–100 WR of nM/CC), a slight decrease
in the zeta potential was observed which would be because of the presence of H
 2TMP on the surface that has
been covered the surface of the carbon-based nanomaterial completely. The C
 oNi2S4 helps that to decrease the
zeta potential. Based on the literature86–89, these results are in good agreement with the potentially active species in delivering CRISPR/Cas9. However, the size of this nanocomposite should analyze as well. To investigate
and assess the potential of interaction between each compartment of the nanocomposite and different types of
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Figure 5.  MTT results of the rGO/MWCNT/CoNi2S4, rGO/MWCNT/CoNi2S4/H2TMP, rGO/MWCNT/
CoNi2S4/H2TMP + CoNi2S4 (a) and rGO/MWCNT/CoNi2S4/H2TMP + CoNi2S4 (b) on the (a) HEK-293, (b)
HeLa, (c) HepG2 and (d) PC12 cell lines after treatment time of 48 h; and rGO/MWCNT/CoNi2S4, rGO/
MWCNT/CoNi2S4/H2TMP, rGO/MWCNT/CoNi2S4/H2TMP + CoNi2S4 (a) and rGO/MWCNT/CoNi2S4/
H2TMP + CoNi2S4 (b) on the (e) HEK-293, (f) HeLa, (g) HepG2 and (h) PC12 cell lines after treatment time of
24 h; (a) represents for 10 mg mL−1 and (b) 20 mg mL−1 concentrations of the excess CoNi2S4. *p value < 0.05
and **p value < 0.01.
that, they were blended with the CRISPR/Cas9, and the particle size of them was evaluated (Fig. 6b). It should
be noted that some parts of the nanocomposite, including the rGO/MWCNT does not feel capable of making
strong interactions with the CRISPR/Cas9. However, they can be able to physically interact with genetic materials. For gene delivery applications, the final carrier’s size is significant due to the critical mechanisms that should
be done90–92. For CRISPR/Cas9 delivery, the size of the final non-viral gene delivery vector with the CRISPR/
Cas9 should be below 200 nm, and in some cases, below 120 nm would lead to significant results in terms of
especially endosomal escape m
 echanism93–95. The results of the particle size of this study showed by increasing
the WR of nM to CC from 10 to 100 for rGO/MWCNT and rGO/MWCNT/CoNi2S4, the size of the final nanoplex increased from ⁓ 80 to ⁓ 160 nm and from ⁓ 100 to ⁓ 140 nm, respectively. This is completely normal due
to the rising physical interaction of the carbon-based nanomaterial with the CRISPR/Cas9 by increasing the WR
that leads to increasing the particle size. However, the results of the rGO/MWCNT/CoNi2S4/H2TMP showed
completely different evidence; the particle size decreased from ⁓ 100 nm to below ⁓ 80 nm, which is an observation for a different mechanism. In this regard, the hypothesis is that by increasing the WR of the nanocomposite,
the aggregations decrease substantially, which is in agreement with microscopy results. As a result, the net WR
of the nanocomposite and in the following, the particle size decreased substantially. This phenomenon would be
because of large porphyrin groups on the surface of the nanocomposite, which could increase the J-aggregation
between the porphyrins and decrease the total aggregations between the carbon-based nanomaterials.
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Figure 6.  (a) The zeta potential results of the synthesized 3D nanocomposite along with each compartment
of that and by addition of the excess amount of CoNi2S4 (through blending with the nanocomposite) with
(a) 10 mg mL−1 and (b) 20 mg mL−1 concentrations; and (b) the particle size results of the synthesized 3D
nanocomposite along with each compartment blended with CRISPR/Cas9 of that and by addition of the excess
amount of CoNi2S4 (through blending with the nanocomposite) with (a) 10 mg mL−1 and (b) 20 mg Ml–1
concentrations. One point regarding the zeta potential and particle size is that they were investigated in the
presence of CRISPR/Cas9 and its biological matrix.

In this study, pCRISPR expressing GFP was applied as a receptor to evaluate the synthesized nanocomposite’s
capability in terms of in vitro gene delivery for the HEK-293 cell line. It should be noted that our goal was to
design a new type of interaction in the gene delivery systems. Therefore, the only important objective for us is to
provide and represent an acceptable GFP expression on the cell lines. Also, the aim of this study is the same as
our previous study on the 2D layered double hydroxide study, with some advanced modifications11. Fluorescent
microscopy methods were used to investigate the EGFP expression in HEK-293 cells at different weight ratios
of the synthesized nanocomposite to pCRISPR to study gene transfection efficiency (Fig. 7a–g). Based on the
results, by increasing the WR’s of nC to CC from 1 to 20, the transfection efficiency of GFP increased from 2.9
to 8.9%, which is a significant slope for this purpose. By increasing the WR’s of nC to CC from 20 to 30, another
peak is conquered by increasing up to two-fold at 16.3%. However, by increasing this WR’s from 30 to 50, just
about 1.6% added to the EGFP and reached to 17.9%. Interestingly, by doubling this ratio (50) to 100, a considerable decline in the GFP positive cells observed (declined to 7.5%), which would be because of increasing
the aggregations of the nanocomposite and each part of that, especially the porphyrins together, that resulted
in the destruction of cell walls. In this study, investigation of the genetic material release into the targeted cell
was not important was not studied. So, more optimizations as well as critical investigations in order to adjust
these types of interactions for possible gene delivery systems are mandatory. Furthermore, the morphology of
the synthesized 3D nanocomposite was investigated via normal FESEM (Fig. 7h–k). The results showed that
the nanostructure of the nanocomposite is wholley deformed, and as in the previous microscopic images, the
thin and long carbon strands of the nanotubes were not observed. Still, here they can be seen very irregularly.
Although multiple washes have been performed, a cell layer is observed on the surface that results from the
destruction of cell walls. This study was designed based on the concept of chemical/physical interactions between
the host (nanocomposite) and guest (pCRISPR). Therefore, these host–guest interactions lead to the acceptable
EGFP, and could be considered as the next generation of any host–guest biomedical applications including drug
delivery, biosensors and tissue engineering. Based on the literature96–99, there are several reports regarding the
use of different nanomaterials and nan-viral nano-vectors in order to facilitate or generate a suitable interaction
between the cargo (drug andor gene) and nanocarrier; however, this study revealed a new type of host–guest
interaction between these materials, and showed very promising results. After the gene transfection procedure,
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Figure 7.  The results of (a–f) 2D fluorescence microscopy, and (g) GFP positive cells for the synthesized
nanocomposite at different WR’s of nanocomposite (nC)/CRISPR/Cas9 (CC) on HEK-293 cell line. The
data indicate the 2D fluorescence microscopy and EGFP read are presented as the mean (± SD) from three
independent experiments. The Scale bar of (a,b) is 50 µm, and for (c–f) is 10 µm. The normal (h–k) FESEM
analysis of the synthesized 3D nanocomposite removed from the cell culture after the pCRISPR gene
transfection experiments.

the surface of the nanocomposite was studied with elemental mapping (Figure S4), and the results showed that
the carbon-content is still low due to the coverage with the cobalt- and nickel-based nanomaterial, and the presence of cobalt, nickel and sulfur is still high. However, is some parts, the coverage with the inorganic components
decayes, which is normal because of the cellular conditions, and the FESEM images confirmed the results as well.
In addition, based on the literature (Table 2), till now, there is no report regarding the use of one-pot and easy
synthesized carbon-based nanomaterial in the delivery of pCRISPR in assistance of EGFP. Therefore, this study
could be considered as the cutting-edge result for the upcoming studies.
Generally, this study was focused on the investigation of the new type of host–guest interaction for potential
biomedical applications. In this manner, the host (nanocomposite) has several active sites including CoNi2S4,
Graphene, MWCNT and porphyrin. Each one can interact with the guest (pCRISPR) in a chemical andor physical
way. The CoNi2S4 compartment can be able to interact from the spatial approach, in order to capture the domain
of the genetic material on its semi-cylindric shape. Also, graphene can be able to interact with the genetic material with its π–π interactions/aggregations along with the ability to provide the in situ growth of C
 oNi2S4. And at
last, the porphyrin rings can be used as both stimuli-responsive agent for the both biosensor and gene delivery
applications. This study proved that all of these factors affect each other, and enhance/improve the biosensor
and gene delivery applications via their synergistic effects.

Conclusion

Based on the aim of this study, a one-pot and cost-effective synthesis method for a carbon-based nanocomposite,
rGO/MWCNT/CoNi2S4/H2TMP, was developed, optimized, and characterized. This nanocomposite showed
interesting new and promising interaction with the genetic material. The surface morphology of the synthesized
nanocomposite was studied carefully, and a chemicophysical relationship between the surface morphology of
the nanocomposite, and each of the compartments of that with the biosensor and gene delivery applications was
observed. In this case, an enhanced and extraordinary biosensor activity for in situ and real-time monitoring of
hydrogen peroxide from living cells with the limit of detection of 20 µM was observed, which is a record by itself.
Furthermore, for the first time, entirely physical interaction with the CRISPR/Cas9 was observed microscopically.
The GFP transfections were recorded up to 17.9% by just physical interactions via their cracks and different step
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The category

SWCNT

Used materials

Notes

References

NH2-PEG-COOH, SWCNT-COOH, Aptamer, shRNA, Bcl-xL, PEI

Expensive method, not applicable for clinical trials, used for the transfection
of Bcl-Xl shRNA

100

PEG-NH2, SWCNT-COOH

Not applicable for clinical trials, used for the transfection of different range of
genetic material, non-covalent modifications and attachements

101

TERT siRNA, SWCNT, modified groups -CONH

Expensive carrier, not easy to produce and scale up, used to transfecr siRNA,
used in the suppression of TERT expression approaches

102

Succinate, SWCNT modified with PEI (different kDa’s)

Chemical bindings to the modifiers were selected, not green approach

103

MAM2 siRNA, DSPE-PEG-Amine functionalized, SWCNT

Used to transfer siRNA-based genetic material, not green approach, not easy
synthesis method

104

hTERT siRNA, SWCNT, NGR peptide, PEI

Used to transfer siRNA-based genetic material, not green approach, not easy
synthesis method

105

CdTe QDs, PAMAM, MWCNT, PEI, PDDA, Chitosan

Used electrostatic approach for the gene transfection, not green, not applicable
for scale up for clinical trials

106

Glycidyl trimethylammonium chloride siRNA, Dendron, MWCNT

Used electrostatic and chemical approach for the gene transfection, not green,
not applicable for scale up for clinical trials

107

siRNA, PAA, PEI, MWCNT

Used chemical and physical interaction for the immobalizations, not green, not
applicable for clinical trials

108

Cy3, MWCNT, pGL-3, PAA

Used a novel approach for the intracellular evaluation of the carrier using Cy3
labeled pGL-3

109

PEI, pDNA, PLGA, oxidized graphene

Used electrostatic interaction for the gene delivery, Not green, Not applicable
for clinical trials

110

Graphene oxide, PEI, PSS, Adriamycin

Co- and simultaneouse delivery of both anti-miR-21 and Adriamycin, showed
acceptable endosomal escape, not easy and green and cost-effective synthesis
method

111

Quantum dots, graphene, pDNA, MPG-2H1 chimeric peptide

Used graphene quantum dots functionalized with not cost-effective linkers,
showed successful endosomal escape and cellular nuclear targeting

112

LNA-m-MB, graphene, PEI

Both chemical and physical interactions, acceptable endosomal escape and
transfection efficiency

113

siRNA, EGFP, oxidized graphene

Great transfection efficiency, not easy to scale up, may have significant cytotoxicity in the clinical trials

114

pCRISPR, EGFP, CoNi2S4, graphene, ZnO

One-pot and easy synthesis method, acceptable transfection efficiency, acceptable endosomal escape ability, superior stability, can be scale up for clinical
trials

This work

MWCNT

Graphene

Table 2.  A literature survey on the functionalized and modified carbon-based nanomaterials for gene delivery
applications.

sizes, which would be considered as a revolution in gene delivery applications. More investigations should be
conducted in order to optimize the results and applying them in clinical trials.
Received: 27 October 2020; Accepted: 11 March 2021

References

1. Xin, Q. et al. Antibacterial carbon-based nanomaterials. Adv. Mater. 31, 1804838 (2019).
2. Patel, K. D., Singh, R. K. & Kim, H.-W. Carbon-based nanomaterials as an emerging platform for theranostics. Mater. Horizon.
6, 434–469 (2019).
3. Liu, Y. et al. A novel non-enzymatic electrochemical biosensor based on the nanohybrid of bimetallic PdCu nanoparticles/carbon
black for highly sensitive detection of H2O2 released from living cells. Sensors Actuators B: Chem. 290, 249–257 (2019).
4. Zhao, Y. et al. Biosensor based on 3D graphene-supported Fe3O4 quantum dots as biomimetic enzyme for in situ detection of
H2O2 released from living cells. Sensors Actuators B Chem. 244, 1037–1044 (2017).
5. Dai, H. et al. High-performance electrochemical biosensor for nonenzymatic H2O2 sensing based on Au@ C-Co3O4 heterostructures. Biosens. Bioelectron. 118, 36–43 (2018).
6. He, S.-B. et al. Protein-supported RuO2 nanoparticles with improved catalytic activity, in vitro salt resistance, and biocompatibility: Colorimetric and electrochemical biosensing of cellular H
 2O2. ACS Appl. Mater. Interfaces. 12, 14876–14883 (2020).
7. Farjadian, F. et al. Bacterial components as naturally inspired nano-carriers for drug/gene delivery and immunization: Set the
bugs to work?. Biotechnol. Adv. 36, 968–985 (2018).
8. Ahmadi, S. et al. Stimulus-responsive sequential release systems for drug and gene delivery. Nano Today 34, 100914 (2020).
9. Hajebi, S. et al. Stimulus-responsive polymeric nanogels as smart drug delivery systems. Acta Biomater. 92, 1–18 (2019).
10. Rabiee, N. et al. Synthesis, characterization and mechanistic study of nano chitosan tetrazole as a novel and promising platform
for CRISPR delivery. Int. J. Polym. Mater. Polym. Biomater. 2, 1–11 (2020).
11. Rabiee, N. et al. ZnAl nano layered double hydroxides for dual functional CRISPR/Cas9 delivery and enhanced green fluorescence protein biosensor. Sci. Rep. 10, 1–15 (2020).
12. Chen, W. et al. Composites of aminodextran-coated F
 e3O4 nanoparticles and graphene oxide for cellular magnetic resonance
imaging. ACS Appl. Mater. Interfaces. 3, 4085–4091 (2011).
13. Rana, V. K. et al. Synthesis and drug-delivery behavior of chitosan-functionalized graphene oxide hybrid nanosheets. Macromol.
Mater. Eng. 296, 131–140 (2011).
14. Singh, S. K. et al. Amine-modified graphene: Thrombo-protective safer alternative to graphene oxide for biomedical applications.
ACS Nano 6, 2731–2740 (2012).

Scientific Reports |
Vol:.(1234567890)

(2021) 11:6604 |

https://doi.org/10.1038/s41598-021-86119-z

12

www.nature.com/scientificreports/
15. Zhang, S., Yang, K., Feng, L. & Liu, Z. In vitro and in vivo behaviors of dextran functionalized graphene. Carbon 49, 4040–4049
(2011).
16. Liu, K. et al. Green and facile synthesis of highly biocompatible graphene nanosheets and its application for cellular imaging
and drug delivery. J. Mater. Chem. 21, 12034–12040 (2011).
17. Wei, G. et al. Covalent modification of reduced graphene oxide by means of diazonium chemistry and use as a drug-delivery
system. Chem. A Eur. J. 18, 14708–14716 (2012).
18. Zhang, L., Xia, J., Zhao, Q., Liu, L. & Zhang, Z. Functional graphene oxide as a nanocarrier for controlled loading and targeted
delivery of mixed anticancer drugs. Small 6, 537–544 (2010).
19. Liu, Z., Robinson, J. T., Sun, X. & Dai, H. PEGylated nanographene oxide for delivery of water-insoluble cancer drugs. J. Am.
Chem. Soc. 130, 10876–10877 (2008).
20. Shan, C. et al. Water-soluble graphene covalently functionalized by biocompatible poly-L-lysine. Langmuir 25, 12030–12033
(2009).
21. Sahoo, N. G. et al. Functionalized carbon nanomaterials as nanocarriers for loading and delivery of a poorly water-soluble
anticancer drug: A comparative study. Chem. Commun. 47, 5235–5237 (2011).
22. Hu, H., Yu, J., Li, Y., Zhao, J. & Dong, H. Engineering of a novel pluronic F127/graphene nanohybrid for pH responsive drug
delivery. J. Biomed. Mater. Res. Part A 100, 141–148 (2012).
23. Lu, Y.-J. et al. Improving thermal stability and efficacy of BCNU in treating glioma cells using PAA-functionalized graphene
oxide. Int. J. Nanomed. 7, 1737 (2012).
24. Pan, Y., Bao, H., Sahoo, N. G., Wu, T. & Li, L. Water-soluble poly (N-isopropylacrylamide)–graphene sheets synthesized via
click chemistry for drug delivery. Adv. Func. Mater. 21, 2754–2763 (2011).
25. Gao, J. et al. Functionalized graphene oxide modified polysebacic anhydride as drug carrier for levofloxacin controlled release.
RSC Adv. 1, 1737–1744 (2011).
26. Liu, J. et al. Synthesis, characterization, and multilayer assembly of pH sensitive graphene−polymer nanocomposites. Langmuir
26, 10068–10075 (2010).
27. Liu, J. et al. Thermosensitive graphene nanocomposites formed using pyrene-terminal polymers made by RAFT polymerization.
J. Polym. Sci., Part A: Polym. Chem. 48, 425–433 (2010).
28. Feng, L., Zhang, S. & Liu, Z. Graphene based gene transfection. Nanoscale 3, 1252–1257 (2011).
29. Depan, D., Shah, J. & Misra, R. Controlled release of drug from folate-decorated and graphene mediated drug delivery system:
Synthesis, loading efficiency, and drug release response. Mater. Sci. Eng., C 31, 1305–1312 (2011).
30. Yang, X. et al. Superparamagnetic graphene oxide–Fe3O4 nanoparticles hybrid for controlled targeted drug carriers. J. Mater.
Chem. 19, 2710–2714 (2009).
31. Shen, J. et al. Facile synthesis and application of Ag-chemically converted graphene nanocomposite. Nano Res. 3, 339–349 (2010).
32. Duch, M. C. et al. Minimizing oxidation and stable nanoscale dispersion improves the biocompatibility of graphene in the lung.
Nano Lett. 11, 5201–5207 (2011).
33. Zheng, X. T. & Li, C. M. Restoring basal planes of graphene oxides for highly efficient loading and delivery of β-lapachone. Mol.
Pharm. 9, 615–621 (2012).
34. Rabiee, N. et al. Recent advances in porphyrin-based nanocomposites for effective targeted imaging and therapy. Biomaterials
232, 119707 (2020).
35. Ye, L., Fu, J., Xu, Z., Yuan, R. & Li, Z. Facile one-pot solvothermal method to synthesize sheet-on-sheet reduced graphene oxide
(RGO)/ZnIn2S4 nanocomposites with superior photocatalytic performance. ACS Appl. Mater. Interfaces. 6, 3483–3490 (2014).
36. Shen, W., Ren, B., Wu, S., Wang, W. & Zhou, X. Facile synthesis of rGO/SmFe5O12/CoFe2O4 ternary nanocomposites: Composition control for superior broadband microwave absorption performance. Appl. Surf. Sci. 453, 464–476 (2018).
37. Radmanesh, F. et al. Photoluminescent functionalized carbon dots for CRISPR delivery: Synthesis, optimization and cellular
investigation. Nanotechnology 2, 2 (2019).
38. He, X. et al. Simple and efficient targeted intracellular protein delivery with self-assembled nanovehicles for effective cancer
therapy. Adv. Funct. Mater. 190, 6187 (2019).
39. Gill, H. S., Harmjanz, M., Santamaría, J., Finger, I. & Scott, M. J. Facile oxidative rearrangement of dispiro-porphodimethenes to
nonplanar and sheetlike porphyrins with intense absorptions in the near-IR region. Angew. Chem. Int. Ed. 43, 485–490 (2004).
40. Patil, S., Kim, J. & Lee, D. Self-assembled Ni3S2//CoNi2S4 nanoarrays for ultra high-performance supercapacitor. Chem. Eng.
J. 322, 498–509 (2017).
41. Du, W. et al. Facile synthesis and superior electrochemical performances of C
 oNi2S4/graphene nanocomposite suitable for
supercapacitor electrodes. J. Mater. Chem. A 2, 9613–9619 (2014).
42. Zhao, J., Song, L., Liang, X. & Zhao, Z. Ion diffusion-assisted preparation of Ni3S2/NiO nanocomposites for electrochemical
capacitors. Inorg. Chem. Commun. 107, 107469 (2019).
43. Wang, X., Zhang, W., Zhang, J. & Wu, Z. Fe-doped N
 i3S2 nanowires with surface-restricted oxidation toward high-current-density
overall water splitting. Chem. ElectroChem 6, 4550–4559 (2019).
44. Yin, X., Yu, S., Wang, K., Cheng, R. & Lv, Z. Fluorine-free preparation of self-healing and anti-fouling superhydrophobic Ni3S2
coating on 304 stainless steel. Chem. Eng. J. 124, 925 (2020).
45. Guergueb, M. et al. Effect of the coordination of π-acceptor 4-cyanopyridine ligand on the structural and electronic properties
of meso-tetra (para-methoxy) and meso-tetra (para-chlorophenyl) porphyrin cobalt (ii) coordination compounds. Application
in the catalytic degradation of methylene blue dye. RSC Adv. 10, 6900–6918 (2020).
46. Braddock-Wilking, J., Levchinsky, Y. & Rath, N. Synthesis and characterization of diplatinum complexes containing bridging
µ-η2-H− SiHAr ligands. X-ray crystal structure determination of (Ph3P) Pt [µ-η2-H− SiHAr] 2 (Ar= 2, 4, 6-(CF3) 3C6H2,
C6Ph5). Organometallics 19, 5500–5510 (2000).
47. Kurokawa, M. et al. Structural and transport properties of neutral radical crystals of Co III (tmp)(CN) 2 (tmp= 5, 10, 15,
20-tetramethylporphyrinato) and the CN-bridged polymer [Co III (tmp)(CN)] n. Dalton Trans. 46, 4422–4429 (2017).
48. Li, Z. et al. Reduced CoNi2S4 nanosheets with enhanced conductivity for high-performance supercapacitors. Electrochim. Acta
278, 33–41 (2018).
49. Mei, L. et al. Hierarchical mushroom-like CoNi2S4 arrays as a novel electrode material for supercapacitors. Nano Energy 3,
36–45 (2014).
50. Tsukasaki, H. et al. Exothermal mechanisms in the charged LiNi1/3Mn1/3Co1/3O2 electrode layers for sulfide-based all-solidstate lithium batteries. J. Power Sour. 434, 226714 (2019).
51. Hu, J.-S., Guo, Y.-G., Liang, H.-P., Wan, L.-J. & Jiang, L. Three-dimensional self-organization of supramolecular self-assembled
porphyrin hollow hexagonal nanoprisms. J. Am. Chem. Soc. 127, 17090–17095 (2005).
52. Carrado, K. A., Thiyagarajan, P., Winans, R. & Botto, R. Hydrothermal crystallization of porphyrin-containing layer silicates.
Inorg. Chem. 30, 794–799 (1991).
53. Sarkar, A., Bera, S. & Chakraborty, A. K. CoNi2S4-reduced graphene oxide nanohybrid: An excellent counter electrode for
Pt-free DSSC. Sol. Energy 208, 139–149 (2020).
54. Han, D. et al. Metal–organic framework derived petal-like Co 3 O 4@ CoNi 2 S 4 hybrid on carbon cloth with enhanced performance for supercapacitors. Inorgan. Chem. Front. 7, 1428–1436 (2020).

Scientific Reports |

(2021) 11:6604 |

https://doi.org/10.1038/s41598-021-86119-z

13
Vol.:(0123456789)

www.nature.com/scientificreports/
55. Gidi, L. et al. Study of the hydrogen evolution reaction using ionic liquid/cobalt porphyrin systems as electro and photoelectrocatalysts. Catalysts 10, 239 (2020).
56. Gkini, K. et al. Manganese porphyrin interface engineering in perovskite solar cells. ACS Appl. Energy Mater. 2, 2 (2020).
57. Das, S. K., Mukhopadhyay, S. & Basu, O. ZIF‐8 MOF Encapsulated Co‐porphyrin, an Efficient Electrocatalyst for Water Oxidation in a Wide pH Range: Works Better at Neutral pH. ChemCatChem.
58. Kamachi, T., Nishimi, T. & Yoshizawa, K. A new understanding on how heme metabolism occurs in heme oxygenase: Waterassisted oxo mechanism. Dalton Trans. 41, 11642–11650 (2012).
59. Lai, W. et al. Enzymatic ring-opening mechanism of verdoheme by the heme oxygenase: A combined X-ray crystallography and
QM/MM study. J. Am. Chem. Soc. 132, 12960–12970 (2010).
60. Matsui, T., Iwasaki, M., Sugiyama, R., Unno, M. & Ikeda-Saito, M. Dioxygen activation for the self-degradation of heme: Reaction mechanism and regulation of heme oxygenase. Inorg. Chem. 49, 3602–3609 (2010).
61. Senge, M. O., Bischoff, I., Nelson, N. Y. & Smith, K. M. Synthesis, reactivity and structural chemistry of 5, 10, 15, 20-tetraalkylporphyrins. J. Porphyrins Phthalocyanines 3, 99–116 (1999).
62. Barondeau, D. P., Kassmann, C. J., Tainer, J. A. & Getzoff, E. D. Structural chemistry of a green fluorescent protein Zn biosensor.
J. Am. Chem. Soc. 124, 3522–3524 (2002).
63. Scheidt, W. R. & Ellison, M. K. The synthetic and structural chemistry of heme derivatives with nitric oxide ligands. Acc. Chem.
Res. 32, 350–359 (1999).
64. Fleischer, E. B. Structure of porphyrins and metalloporphyrins. Acc. Chem. Res. 3, 105–112 (1970).
65. Lyu, Q. et al. Real-time and in-situ monitoring of H2O2 release from living cells by a stretchable electrochemical biosensor
based on vertically aligned gold nanowires. Anal. Chem. 91, 13521–13527 (2019).
66. Cheng, C. et al. Halloysite nanotube-based H2O2-responsive drug delivery system with a turn on effect on fluorescence for
real-time monitoring. Chem. Eng. J. 380, 122474 (2020).
67. Schexnailder, P. J., Gaharwar, A. K., Bartlett, R. L. II., Seal, B. L. & Schmidt, G. Tuning cell adhesion by incorporation of charged
silicate nanoparticles as cross-linkers to polyethylene oxide. Macromol. Biosci. 10, 1416–1423 (2010).
68. Gaharwar, A. K., Schexnailder, P. J., Jin, Q., Wu, C.-J. & Schmidt, G. Addition of chitosan to silicate cross-linked PEO for tuning
osteoblast cell adhesion and mineralization. ACS Appl. Mater. Interfaces. 2, 3119–3127 (2010).
69. Gaharwar, A. K., Rivera, C., Wu, C.-J., Chan, B. K. & Schmidt, G. Photocrosslinked nanocomposite hydrogels from PEG and
silica nanospheres: Structural, mechanical and cell adhesion characteristics. Mater. Sci. Eng., C 33, 1800–1807 (2013).
70. Hallab, N. J., Bundy, K. J., O’Connor, K., Moses, R. L. & Jacobs, J. J. Evaluation of metallic and polymeric biomaterial surface
energy and surface roughness characteristics for directed cell adhesion. Tissue Eng. 7, 55–71 (2001).
71. Abou Hammad, A., Abd El-Aziz, M., Hasanin, M. & Kamel, S. A novel electromagnetic biodegradable nanocomposite based
on cellulose, polyaniline, and cobalt ferrite nanoparticles. Carbohydr. Polym. 216, 54–62 (2019).
72. Prasath Mani, M., Jaganathan, S. K., Prabhakaran, P., Nageswaran, G. & Pandiyaraj, K. N. Fabrication and characterization of
polyurethane patch loaded with palmarosa and cobalt nitrate for cardiac tissue engineering. Int. J. Polymer Anal. Character. 24,
399–411 (2019).
73. Gao, W., Liu, Y., Zhang, H. & Wang, Z. Electrochemiluminescence biosensor for nucleolin imaging in a single tumor cell combined with synergetic therapy of tumor. ACS Sensors 5, 1216–1222 (2020).
74. Jiao, J. et al. A non-enzymatic sensor based on trimetallic nanoalloy with poly (diallyldimethylammonium chloride)-capped
reduced graphene oxide for dynamic monitoring hydrogen peroxide production by cancerous cells. Sensors 20, 71 (2020).
75. Ma, Z. et al. A porous hollow fiber sensor for detection of cellular hydrogen peroxide release based on cell-in-lumen configuration. Sensors Actuators B Chem. 128, 516 (2020).
76. Li, X. et al. Real-time electrochemical monitoring of cellular H2O2 integrated with in situ selective cultivation of living cells
based on dual functional protein microarrays at Au−TiO2 surfaces. Anal. Chem. 82, 6512–6518 (2010).
77. Dou, B., Yang, J., Yuan, R. & Xiang, Y. Trimetallic hybrid nanoflower-decorated MoS2 nanosheet sensor for direct in situ monitoring of H2O2 secreted from live cancer cells. Anal. Chem. 90, 5945–5950 (2018).
78. Ye, S. et al. A Highly selective and sensitive chemiluminescent probe for real-time monitoring of hydrogen peroxide in cells and
animals. Angew. Chem. Int. Ed. 59, 14326–14330 (2020).
79. Lippert, A. R., Van de Bittner, G. C. & Chang, C. J. Boronate oxidation as a bioorthogonal reaction approach for studying the
chemistry of hydrogen peroxide in living systems. Acc. Chem. Res. 44, 793–804 (2011).
80. Liu, T., Wang, H. & Zhang, M. Fabrication of a solid H 2 O 2 vapor sensor using Cu (II) chelating chitosan as catalyst and PVA/
NaNO 2 as electrolyte. J. Mater. Sci. Mater. Electron. 31, 12561–12569 (2020).
81. Dianat, S. et al. In vitro antitumor activity of parent and nano-encapsulated mono cobalt-substituted Keggin polyoxotungstate
and its ctDNA binding properties. Chem. Biol. Interact. 215, 25–32 (2014).
82. Kongot, M. et al. ONS donor entwined iron (III) and cobalt (III) complexes with exemplary safety profile as potent anticancer
and glucose uptake agents. New J. Chem. 43, 10932–10947 (2019).
83. Mirzaei-Kalar, Z. et al. Investigation of biological activity of nickel (II) complex with naproxen and 1, 10-phenanthroline ligands.
J. Biomol. Struct. Dyn. 2, 1–16 (2020).
84. Hirabayashi, A., Shindo, Y., Oka, K., Takahashi, D. & Toshima, K. Photodegradation of amyloid β and reduction of its cytotoxicity
to PC12 cells using porphyrin derivatives. Chem. Commun. 50, 9543–9546 (2014).
85. Chen, X. et al. A gadolinium (III)-porphyrin based coordination polymer for colorimetric and fluorometric dual mode determination of ferric ions. Microchim. Acta 186, 63 (2019).
86. Kim, J., Kim, H. & Kim, W. J. Single-layered MoS2–PEI–PEG nanocomposite-mediated gene delivery controlled by photo and
redox stimuli. Small 12, 1184–1192 (2016).
87. Kashkouli, K. I., Torkzadeh-Mahani, M. & Mosaddegh, E. Synthesis and characterization of aminotetrazole-functionalized
magnetic chitosan nanocomposite as a novel nanocarrier for targeted gene delivery. Mater. Sci. Eng., C 89, 166–174 (2018).
88. Oyane, A. et al. Controlled superficial assembly of DNA–amorphous calcium phosphate nanocomposite spheres for surfacemediated gene delivery. Colloids Surf., B 141, 519–527 (2016).
89. Zhou, Q. et al. Stabilized calcium phosphate hybrid nanocomposite using a benzoxaborole-containing polymer for pH-responsive
siRNA delivery. Biomater. Sci. 6, 3178–3188 (2018).
90. Braun, C. S. et al. Structure/function relationships of polyamidoamine/DNA dendrimers as gene delivery vehicles. J. Pharm.
Sci. 94, 423–436 (2005).
91. Bivas-Benita, M., Romeijn, S., Junginger, H. E. & Borchard, G. PLGA–PEI nanoparticles for gene delivery to pulmonary epithelium. Eur. J. Pharm. Biopharm. 58, 1–6 (2004).
92. Griesser, J. et al. Highly mucus permeating and zeta potential changing self-emulsifying drug delivery systems: A potent gene
delivery model for causal treatment of cystic fibrosis. Int. J. Pharm. 557, 124–134 (2019).
93. Noureddine, A. et al. Engineering of monosized lipid-coated mesoporous silica nanoparticles for CRISPR delivery. Acta Biomater.
2, 2 (2020).
94. Eoh, J. & Gu, L. Biomaterials as vectors for the delivery of CRISPR–Cas9. Biomater. Sci. 7, 1240–1261 (2019).
95. Li, M. et al. Knockdown of hypoxia-inducible factor-1 alpha by tumor targeted delivery of CRISPR/Cas9 system suppressed the
metastasis of pancreatic cancer. J. Control. Release 304, 204–215 (2019).

Scientific Reports |
Vol:.(1234567890)

(2021) 11:6604 |

https://doi.org/10.1038/s41598-021-86119-z

14

www.nature.com/scientificreports/
96. Karim, A. A., Dou, Q., Li, Z. & Loh, X. J. Emerging supramolecular therapeutic carriers based on host–guest interactions.
Chemistry 11, 1300–1321 (2016).
97. Zhang, J., Sun, H. & Ma, P. X. Host–guest interaction mediated polymeric assemblies: multifunctional nanoparticles for drug
and gene delivery. ACS Nano 4, 1049–1059 (2010).
98. Zhang, J. & Ma, P. X. Polymeric core–shell assemblies mediated by host–guest interactions: Versatile nanocarriers for drug
delivery. Angew. Chem. 121, 982–986 (2009).
99. Ma, X. & Zhao, Y. Biomedical applications of supramolecular systems based on host–guest interactions. Chem. Rev. 115, 7794–
7839 (2015).
100. Taghavi, S. et al. Preparation and evaluation of polyethylenimine-functionalized carbon nanotubes tagged with 5TR1 aptamer
for targeted delivery of Bcl-xL shRNA into breast cancer cells. Colloids Surf. B 140, 28–39 (2016).
101. Nettem, L. J. & Saritha, N. Preparation and evaluation of phospholipid-polyethylene glycoylamine functionalized single walled
carbon nanotubes for gene transfer. IOSR J. Pharm. Biol. Sci. 13, 32–36 (2018).
102. Zhang, Z. et al. Delivery of telomerase reverse transcriptase small interfering RNA in complex with positively charged singlewalled carbon nanotubes suppresses tumor growth. Clin. Cancer Res. 12, 4933–4939 (2006).
103. Nia, A. H. et al. Evaluation of chemical modification effects on DNA plasmid transfection efficiency of single-walled carbon
nanotube–succinate–polyethylenimine conjugates as non-viral gene carriers. MedChemComm 8, 364–375 (2017).
104. Chen, H. et al. Functionalization of single-walled carbon nanotubes enables efficient intracellular delivery of siRNA targeting
MDM2 to inhibit breast cancer cells growth. Biomed. Pharmacother. 66, 334–338 (2012).
105. Wang, L. et al. Synergistic anticancer effect of RNAi and photothermal therapy mediated by functionalized single-walled carbon
nanotubes. Biomaterials 34, 262–274 (2013).
106. Jia, N. et al. Intracellular delivery of quantum dots tagged antisense oligodeoxynucleotides by functionalized multiwalled carbon
nanotubes. Nano Lett. 7, 2976–2980 (2007).
107. Herrero, M. A. et al. Synthesis and characterization of a carbon nanotube−dendron series for efficient siRNA delivery. J. Am.
Chem. Soc. 131, 9843–9848 (2009).
108. Nunes, A. et al. Hybrid polymer-grafted multiwalled carbon nanotubes for in vitro gene delivery. Small 6, 2281–2291 (2010).
109. Liu, M. et al. Polyamidoamine-grafted multiwalled carbon nanotubes for gene delivery: Synthesis, transfection and intracellular
trafficking. Bioconjug. Chem. 22, 2237–2243 (2011).
110. Wang, Z. et al. Graphene oxide incorporated PLGA nanofibrous scaffold for solid phase gene delivery into mesenchymal stem
cells. J. Nanosci. Nanotechnol. 18, 2286–2293 (2018).
111. Zhi, F. et al. Functionalized graphene oxide mediated adriamycin delivery and miR-21 gene silencing to overcome tumor multidrug resistance in vitro. PLoS ONE 8, e60034 (2013).
112. Ghafary, S. M., Nikkhah, M., Hatamie, S. & Hosseinkhani, S. Simultaneous gene delivery and tracking through preparation of
photo-luminescent nanoparticles based on graphene quantum dots and chimeric peptides. Sci. Rep. 7, 1–14 (2017).
113. Dong, H., Ding, L., Yan, F., Ji, H. & Ju, H. The use of polyethylenimine-grafted graphene nanoribbon for cellular delivery of
locked nucleic acid modified molecular beacon for recognition of microRNA. Biomaterials 32, 3875–3882 (2011).
114. Mullick Chowdhury, S., Zafar, S., Tellez, V. & Sitharaman, B. Graphene nanoribbon-based platform for highly efficacious nuclear
gene delivery. ACS Biomater. Sci. Eng. 2, 798–808 (2016).

Acknowledgements

The authors acknowledge the Sharif University of Technology Research Council for support of this study.

Author contributions

N.R. and M.B. conceived the original idea and with the contributions of A.M.G. and M.S. and A.A. developed
the study. N.R. performed the experiments with the contribution of A.M.G. and N.B. and A.A., and analyzed
the results with the contribution of R.D. The manuscript was written by N.R., Y.F. and R.D. and was finalized
with all authors’s assistance. M.B. and N.B. provided advice, expertise, reagents and materials. All authors read
and edited the manuscript.

Competing interests

The authors declare no competing interests.

Additional information

Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-021-86119-z.
Correspondence and requests for materials should be addressed to M.B.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2021

Scientific Reports |

(2021) 11:6604 |

https://doi.org/10.1038/s41598-021-86119-z

15
Vol.:(0123456789)

