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The safe and eﬀective delivery of anticancer drug molecules (e.g., doxorubicin [DOX]) into target sites is of great
signiﬁcance in cancer therapy. Recently, considerable attention has been devoted to non-covalently functionalized graphene as a potential anticancer delivery material. Herein, molecular dynamics simulations were performed to investigate the interaction mechanism between DOX and chitosan-decorated graphene with atomic
details at the molecular level. The results demonstrated that the controllable loading and release of DOX by
chitosan-decorated graphene may be achieved by adjusting the solution pH (the protonation state of chitosan)
and the concentration of both DOX and chitosan molecules. In particular, the bare surface of graphene can be
controlled by the aggregation and dispersion of chitosan, which further aﬀects the adsorption and release of DOX
molecules.

1. Introduction
Drug delivery systems can increase the eﬀectiveness of anticancer
drug molecules (e.g., doxorubicin [DOX]) and have shown excellent
therapeutic eﬀects on cancer therapy. (Hrubý, Koňák, & Ulbrich, 2005;
Zhang, Xia, Zhao, Liu, & Zhang, 2010; Yu, Li, Wang, Yang, Bligh &
Williams, 2015; Cai, Luo, Zhang, Du, & Lin, 2016). Owing to their favorable physical and biological properties, graphene-based materials
are considered promising drug carriers in drug delivery systems.
(Depan, Shah, & Misra, 2011; Goenka, Sant, & Sant, 2014; Hu, Yu, Li,
Zhao, & Dong, 2012; Wang, Mallela et al., 2013; Wang, Wang et al.,
2013). For instance, they possess physical properties such as a high
speciﬁc surface area and free π electron availability (Depan et al., 2011)
that enable graphene to interact with therapeutic molecules. These
properties also promote the cellular interactions of graphene-based
materials, allowing them to assist with the translocation of drugs into
cell membranes. (Goenka et al., 2014; Xue et al., 2019). However, in
biological applications, graphene-based materials are non-biodegradable, raising concerns about potential lung toxicity (Jachak, Creighton,

Qiu, Kane, & Hurt, 2012). Moreover, the promising biomedical applications of graphene-based materials are hampered by their aggregation
in physiological solutions. (Liu, Robinson, Sun, & Dai, 2008; Zhao et al.,
2017).
Over the last decades, considerable attention has been devoted to
non-covalently functionalizing graphene, which serves as a strategy to
either improve speciﬁc properties of graphene or reduce its toxicity.
(Parviz, Das, Ahmed, Irin, Bhattacharia & Green, 2012; Li et al., 2014).
The use of natural biodegradable polymers, such as polylactide, cyclodextrin, and chitosan, has been proposed to non-covalently modify
the surface of graphene and enhance its dispersion and biocompatibility
(Depan et al., 2011). Among these biodegradable polymers, chitosan
and its derivatives have demonstrated many advantages, including
biocompatibility, mucosal adhesion, and pH-responsive properties.
(Shu & Zhu, 2002; Liu, Guo, Han, Ren, Liu & Wang, 2012; Wang,
Mallela et al., 2013; Wang, Wang et al., 2013). Therefore, it is of interest to study the structure and performance of chitosan-decorated
graphene as a drug delivery system. For instance, Liu et al. (Liu, Guo,
Han, Ren, Liu & Wang, 2012) reported that chitosan-decorated
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NH3+-40@GRA.
Based on the structure of complexed chitosan-graphene at the end of
the MD simulation in this ﬁrst group, diﬀerent numbers of DOX molecules were added to the systems in Group 1 via the Packmol software
(Martínez, Andrade, Birgin, & Martínez, 2009). The pKa valve of amine
groups in DOX molecule is 8.3 and the charged states of the DOX molecules were calculated based on Mahdavi et al.’s work (Mahdavi et al.,
2016). Herein, consistent with the protonation state of chitosan, DOX
was protonated in systems containing –NH3+ chitosan and existed in its
neutral state in systems containing –NH2 chitosan. These systems were
named DOX-10/NH2-10@GRA, DOX-40/NH2-40@GRA, DOX-10/
NH3+-10@GRA, and DOX-40/NH3+-40@GRA. In the absence of chitosan, systems with diﬀerent numbers of positively charged DOX molecules and a single graphene sheet were also constructed and simulated
(i.e., DOX-10@GRA and DOX-40@GRA) to study the adsorption and
self-aggregation of DOX on the graphene surface. The detailed molecular structures of DOX, chitosan and graphene were shown in Fig. S1
in Support Information.

graphene presents pH-responsive behavior and disperses well in both
acidic and basic solutions. Moreover, Wang et al. (Wang, Mallela et al.,
2013; Wang, Wang et al., 2013) developed a chitosan-modiﬁed graphene nanogel drug carrier and found that it exhibited thermo-responsive characteristics and a high DOX-loading capacity.
It is well known that most tumor tissues are more acidic than
normal tissues and that the pKa valve of amine groups in chitosan is 6.5,
thus chitosan can become positively charged during drug delivery to
tumor tissues. (Anthonsen & Smidsrød, 1995; Forgac, 2007; Kanamala,
Wilson, Yang, Palmer, & Wu, 2016). This protonated primary amine
functional group enables chitosan to oﬀer outstanding biological
properties during drug delivery. (Bravo-Osuna, Vauthier, Farabollini,
Palmieri, & Ponchel, 2007; Dünnhaupt et al., 2012; Morrow, Payne, &
Shen, 2015; Shen, Li, Zhao, Zhang, Peng & Liang, 2017). Several studies
have shown that the delivery eﬃciency of therapeutic molecules is
signiﬁcantly inﬂuenced by the protonation of chitosan. For instance,
Morrow et al. (Morrow et al., 2015) revealed that chitosan can undergo
structural transitions when transferred to lower pH solutions. Our most
recent study (Shen, Li, Zhao, Zhang, Peng & Liang, 2017) also demonstrated that the protonation of chitosan can improve the dispersal
capacity of polynucleotides. Moreover, due to its positively charged
character, chitosan can bind to several mammalian cells (Katas & Alpar,
2006). Therefore, it is important to study the inﬂuence of the protonation of chitosan’s primary amine functional group on chitosan-decorated graphene complex drug delivery systems.
Over the past few years, molecular dynamics (MD) simulations have
been established as a powerful tool to provide useful molecular-level
information on drug delivery systems. (Hasanzade & Raissi, 2018;
Mahdavi, Rahmani, & Nouranian, 2016; Moghadam & Larson, 2017;
Shariatinia & Mazloom-Jalali, 2019). For example, Shariatinia et al.
(Shariatinia & Mazloom-Jalali, 2019) assessed the eﬃcacy of chitosan
nanocomposites for the anticancer drug ifosfamide and found that the
nanocomposite containing N-doped graphene was the most eﬃcient
drug delivery system with the lowest ifosfamide diﬀusion coeﬃcient.
Mahdavi et al. (Mahdavi et al., 2016) revealed the underlying mechanisms of DOX loading and release in pristine graphene and graphene
oxide nanocarriers. However, the molecular interactions between
poorly water-soluble anticancer drugs (e.g., DOX) and chitosan-decorated graphene remain obscure, especially regarding the latter’s underlying adsorption and release mechanisms of DOX. In this work, MD
simulation was employed to investigate the interaction mechanisms
between DOX and chitosan-decorated graphene at the molecular level,
speciﬁcally the inﬂuence of the concentrations and protonation states of
chitosan.

In each system, the MD simulations were performed by the
GROMACS 5.0.7 package (Van Der Spoel, Lindahl, Hess, Groenhof,
Mark & Berendsen, 2005). The force ﬁeld parameters for the chitosan
(Shen, Li, Zhao, Zhang, Peng & Liang, 2017), DOX (Xue et al., 2019),
and graphene (Xue et al., 2019) molecules were the same as those in
our previous work. These molecules were optimized at the HF/631G + level by the Gaussian 03 software (Frisch et al., 2004) before
being solvated with TIP3P water molecules and counter ions in a
12 × 12 × 12 nm3 box. The time step of each MD simulation was 2 fs,
and periodic boundary conditions (PBC) applied in all three dimensions. The cut-oﬀ of the van der Waals (vdW) interaction was set at
1.2 nm, and the long-range electrostatic interaction was calculated via
the particle mesh Ewald (PME) method (Darden, York, & Pedersen,
1993). The Lorentz–Berthelot rule (Hirschfelder, Curtiss, Bird, & Mayer,
1954) was used to describe the non-bonded cross interactions between
the diﬀerent types of atoms. The bond lengths were constrained by the
LINCS algorithm (Hess, Bekker, Berendsen, & Fraaije, 1997). All MD
simulations were performed in the NVT ensemble, and the temperature
was maintained at 300 K via the velocity rescaling method with a stochastic term (Bussi, Donadio, & Parrinello, 2007). During all MD simulations, position restraints with a constant of 1000 kJ·mol−1 nm−2 in
three directions were performed on the edge atoms of the graphene to
keep it in the middle of the box.

2. Computational methods and details

3. Results and discussion

2.1. Model setup

3.1. Chitosan-decorated graphene drug carrier systems

In this work, all MD simulations were classiﬁed into two groups: (1)
systems containing chitosan, graphene, solvent, and counter ions; (2)
systems containing equilibrated chitosan-graphene complex, DOX, solvent, and counter ions. The details of all simulations used herein are
listed in Table 1. To start, simulations of systems containing diﬀerent
numbers of chitosan chains (i.e., 10 and 40) and a single graphene sheet
were performed to create chitosan-decorated graphene drug carrier
systems. As discussed above, the drug delivery process was inﬂuenced
by the protonation of the chitosan’s primary amine functional group;
hence, a chitosan chain formed by 10 units with diﬀerent charged states
(e.g., –NH2 and –NH3+, similar to our recent work (Shen, Li, Zhao,
Zhang, Peng & Liang, 2017)) was constructed to mimic the protonation
state of a chitosan chain in highly basic and acidic solutions. The graphene sheet was constructed via visual molecular dynamics (VMD)
software (Humphrey, Dalke, & Schulten, 1996). The edge length of the
graphene in the x and y directions was set to be 12 nm. These systems
were named NH2-10@GRA, NH2-40@GRA, NH3+-10@GRA, and

The normalized densities of the chitosan adsorbed on the graphene
surface under diﬀerent conditions (Table 1) were calculated; the results
are shown in Fig. 1(a). In all systems, the maximum normalized densities were located 0.5 nm away from the graphene surface, indicating
that a larger number of chitosan molecules could be found near the
graphene surface. This conﬁrmed that chitosan can be utilized to develop chitosan-decorated graphene surfaces. Additionally, in Fig. 1(a),
the peak of the black curve (NH2-10@GRA system) was much higher
than that of the other systems, indicating that –NH2 chitosan molecules
with a relatively low concentration tend to be tightly adsorbed and well
dispersed on the surface of graphene. As the number of –NH2 chitosan
molecules increased (NH2-40@GRA system), the peak of the red curve
decreased; however, it had a wide distribution within 1–2 nm from the
graphene surface. A probable explanation for this is that the –NH2
chitosan molecules with higher concentrations had a smaller adsorption
area on the graphene surface and tended to self-aggregate on top of the
adsorbed chitosan because of the hydrophobic interaction between

2.2. Simulation details
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Table 1
The details of all simulations performed in this study.
MD simulations
Name of system

NH2-10@GRA
NH2-40@GRA
NH3+-10@GRA
NH3+-40@GRA
DOX-10/NH2-10@GRA
DOX-40/NH2-40@GRA
DOX-10/NH3+-10@GRA
DOX-40/NH3+-40@GRA
DOX-10@GRA
DOX-40@GRA

Amount of
Chitosan

DOX

Counter ions

10
40
10
40
10
40
10
40
0
0

0
0
0
0
10
40
10
40
10
40

0
0
100
400
0
0
110
440
10
40

–NH2 chitosan molecules themselves. When progressing from the –NH2
chitosan to the –NH3+ chitosan system, the peak heights of the NH3+10@GRA and NH3+-40@GRA systems were much lower than those of
the other two –NH2 chitosan systems. This could be attributed to the
stronger hydrophobic interaction between the –NH2 chitosan and graphene, as the –NH3+ chitosan chain was more hydrophilic. Moreover,
in both –NH3+ chitosan systems, some chitosan molecules were located
far from the graphene surface. This indicated that once the chitosan
molecules were positively charged, their distribution around the graphene drastically decreased. Because of the strong electrostatic repulsion between positively charged chitosan molecules, the normalized
density distribution of the chitosan near the graphene surface in the
NH3+-40@GRA system was much lower than that in the NH3+10@GRA system. A similar ﬁnding was previously reported by Zhu et al.
(Zhu et al., 2015), who revealed that the pH-responsive method can
rapidly reverse the adsorption and desorption processes of oil or organic solvents via switching a copolymer-grafted graphene foam’s
surface property between hydrophobic and hydrophilic.
The adsorption of the chitosan molecules was also characterized by
monitoring the average number of contacts between the graphene and
each chitosan chain. Then, this value was calculated by dividing the
total number of contacts (between all chitosan chains and the graphene) by the total number of chitosan chains. As shown in Fig. 1(b), at
the end of the simulation, the NH2-10@GRA system had the greatest
average number of contacts. The order of this value in the systems was
consistent with the normalized density results.
Snapshots taken at the end of the simulations in the diﬀerent systems are displayed in Fig. 2(a)–(d). Fig. 2(a) shows that the –NH2
chitosan with a low concentration was well adsorbed and dispersed
onto the graphene surface. Meanwhile, in the NH2-40@GRA system
(Fig. 2[b]), the –NH2 chitosan molecules had stronger self-aggregation,

Fraction of protonated
DOX (Ncharged/Ntotal)

Simulation
time (ns)

/
/
/
/
0/10
0/40
10/10
40/40
10/10
40/40

200
200
200
200
100
100
100
100
100
100

and some of them were partially adsorbed on the bare graphene surface. Once the chitosan molecules were positively charged (Fig. 2[c]
and [d]), the interaction between the hydrophilic chitosan and hydrophobic graphene was relatively weak compared with the interaction
between the –NH2 chitosan and hydrophobic graphene, as proved by
the density distribution of chitosan on graphene surface and average
number of contacts shown in Fig. 1. Therefore, some free –NH3+
chitosan molecules were located far from the graphene surface. These
conﬁgurations under diﬀerent conditions were in accordance with the
normalized density results and average number of contacts.
In Fig. 3, the average solvent-accessible surface area (SASA) in the
diﬀerent systems versus the simulation time is displayed. Herein, the
average SASA was calculated by dividing the total SASA of all chitosan
molecules by the total number of chitosan chains to quantitatively
characterize the self-aggregation or dispersion of the chitosan molecules observed in Fig. 2. Compared with the other systems, the –NH2
chitosan molecules in the NH2-40@GRA system had the lowest average
SASA value at the end of the simulation, suggesting that the –NH2
chitosan molecules with a higher concentration around the graphene
surface formed stronger aggregated structures. In addition, because of
the repulsive electrostatic interaction between the positively charged
–NH3+ groups of chitosan, –NH3+ chitosan molecules in both the
NH3+-10@GRA and NH3+-40@GRA systems had a higher average
SASA value than the other two –NH2 chitosan systems. This indicates
that the aggregation eﬀect of the chitosan on the graphene surface was
partially eliminated by adjusting the concentration or protonation state
of the chitosan’s amine group. That is, the chitosan’s aggregation and
dispersion on the graphene surface could be controlled by adjusting the
concentration or pH of the solution. Chitosan molecules have been
noted for their high solubility at a low pH (Pillai, Paul, & Sharma,
2009), consistent with the current ﬁndings (most of the –NH2 groups

Fig. 1. (a) The normalized densities of the chitosan adsorbed on the graphene surface. (b) The average number of contacts between each chitosan chain and the
graphene versus the simulation time.
3
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Fig. 2. The side and top views of the chitosan-decorated graphene at the end of the 200 ns MD simulation: (a) NH2-10@GRA, (b) NH2-40@GRA, (c) NH3+-10@GRA,
and (d) NH3+-40@GRA. The –NH2 and –NH3+ chitosan and graphene molecules are respectively shown in the blue, red, and cyan licorice model. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article).

nm, which may have resulted from the tight contacts between the DOX
and graphene with a ﬂuctuating surface. The peak value of the DOX-40/
NH2-40@GRA system decreased compared with that of the DOX-10/
NH2-10@GRA system, and the DOX molecules were primarily distributed within 0–3 nm from the surface of the chitosan-decorated
graphene. This could be attributed to the aggregated structure the –NH2
chitosan formed on the graphene surface (Figs. 2[b] and 5 [c]). In addition to being directly adsorbed on the bare graphene surface, some of
the DOX molecules were encapsulated in the network of the chitosan
clusters or adsorbed on top of the ﬁrmly adsorbed chitosan chains, as
shown in Fig. 5(c).
In the DOX-40/NH3+-40@GRA system, the peak value experienced
a signiﬁcant decrease, and most of the DOX molecules were located far
from the chitosan-decorated graphene surface. The primary reason for
this was that the majority of the bare graphene surface was occupied by
the –NH3+ chitosan; as DOX molecules have a relatively weak aﬃnity
to –NH3+ chitosan, they preferred to self-aggregate due to the strong
π–π stacking interactions between conjugated anthraquinone rings, as
shown in our previous simulations of DOX molecules in carbon nanotubes (Zhang et al., 2018). These results were in accordance with the
diﬀerence of the average number of contacts between the DOX and
graphene in these systems, as shown in Fig. 4(b). Herein, the average
number of contacts was calculated by dividing the total number of
contacts between all DOX molecules and the graphene by the number of
DOX molecules (Ntotal/NDOX). Moreover, the average number of contacts between a single DOX molecule and one chitosan chain (Ntotal/
NDOX*Nchitosan) in these systems is shown in Fig. S2, which also conﬁrmed the results derived from snapshots in Fig. 5 and correlated discussion above.
To conﬁrm the diﬀerent adsorption states of these systems, probability distribution maps of the chitosan and DOX molecules on the
graphene surface were calculated and plotted (Fig. 6). In Fig. 6, corresponding to the adsorption area of the chitosan (marked by the black
dotted line), the bare surface area of the graphene in the DOX-10/NH210@GRA and DOX-10/NH3+-10@GRA systems was much higher than
in the other two systems. Additionally, as shown in Fig. 6(a) and (b),
the DOX molecules preferred to bind to the bare surface area of the
graphene. As the number of –NH2 chitosan molecules increased, the
bare surface area of the graphene decreased (Fig. 6[c]). In this case,
DOX molecules could be found on top of the surface of the adsorbed

Fig. 3. The average SASA of the chitosan molecules on the graphene versus the
simulation time.

herein were protonated).
3.2. Adsorption of DOX onto the chitosan-decorated graphene surface
In Fig. 4(a), the normalized density of the DOX molecules adsorbed
onto the chitosan-decorated graphene surfaces under diﬀerent conditions (Table 1) is displayed. The peak heights of the black and blue
curves (DOX-10/NH2-10@GRA and DOX-10/NH3+-10@GRA systems,
respectively) were much higher than those of the other two systems.
The results demonstrate that when the concentrations of chitosan and
DOX were relatively low, the DOX molecules preferred to be directly
and tightly adsorbed on the bare surface of the graphene. It is unsurprising that the graphene’s free surface area provided plenty of free
π electrons (Depan et al., 2011), enabling the graphene to bind the
conjugated anthraquinone ring of the DOX molecules through π–π
stacking interactions, as shown in Fig. 5(a) and (b). Sun et al. (Sun
et al., 2008) also found that simple physisorption via π–π stacking interactions can be used to load DOX on single-layer nano-graphene oxide
sheets. Moreover, some DOX molecules were found at separation = 0
4
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Fig. 4. (a) The normalized density of the DOX adsorbed on the chitosan-decorated graphene surface. (b) The average number of contacts between each DOX molecule
and the graphene versus the simulation time.

–NH2 chitosan, in the chitosan cluster network, and on the bare surface
of the graphene. Interestingly, upon comparing Fig. 6(c) and (d), it can
be observed that the bare surface area of the graphene in the DOX-40/
NH3+-40@GRA system was lower than that in the DOX-40/NH240@GRA system. This mainly arose from the more dispersed structure
of the positively charged –NH3+ chitosan on the graphene surface. As a
result, the contact area between the DOX and bare surface area of the
graphene in the DOX-40/NH3+-40@GRA system was greatly reduced.
Moreover, the surface of the chitosan-decorated graphene in the DOX40/NH3+-40@GRA system was positively charged. Therefore, in the
DOX-40/NH3+-40@GRA system, positively charged DOX molecules
could hardly bind to the surface of the chitosan-decorated graphene. To
conﬁrm this result, a 100 ns MD simulation contain a single graphene
sheet and diﬀerent numbers of positively charged DOX molecules was
performed (Table 1); the snapshots taken at the end of the simulation
are displayed in Fig. S3. It was observed that when the DOX concentration was relatively low, all DOX could be adsorbed on the graphene surface. As the number of DOX molecules increased, the majority
could still be found around the graphene surface, although some aggregated and resided away from the surface. These results conﬁrmed
that DOX molecules prefer to bind to the bare surface area of graphene.
This further indicates that few DOX molecules can be released from the
graphene surface, which may reduce the eﬃciency of drug delivery
cargo only containing pristine graphene. Although early work on

graphene-based drug delivery systems contained anticancer drugs (e.g.,
DOX) and unmodiﬁed graphene sheets (Yang, Zhao, & Xu, 2014),
McCallion et al. (McCallion, Burthem, Rees-Unwin, Golovanov, &
Pluen, 2016) discovered that drug eﬀectiveness can be increased by
introducing a non-covalently modiﬁed graphene surface. In our simulations, because of the positively charged and limited bare surface area
of the graphene observed in the DOX-40/NH3+-40@GRA system, most
DOX molecules could be released from the chitosan-decorated graphene, indicating that controllable loading and release of DOX by
chitosan-decorated graphene may be achieved by adjusting the solution
pH (the protonation state of chitosan) and the concentration of both
DOX and chitosan molecules.
In Fig. 7, the number of DOX molecule clusters in diﬀerent systems
versus the simulation time is displayed. Compared with the other two
systems, the DOX-10/NH2-10@GRA (black line) and DOX-10/NH3+10@GRA (blue line) systems experienced the smallest change in the
number of clusters during the 100 ns simulation, indicating that the
DOX dispersed well on the chitosan-decorated graphene surface. This
result also shows that when the concentration of DOX increased, the
aggregation eﬀect of DOX was more obvious. For further comparison,
the DOX-40/NH2-40@GRA system had the largest number of clusters at
the end of the simulation, suggesting that the aggregation eﬀect of DOX
was partially eliminated because of the hydrophobic interaction between the DOX and –NH2 chitosan molecules. This result was consistent

Fig. 5. The side and top views of the DOX adsorption on the chitosan-decorated graphene surface at the end of the 100 ns MD simulation: (a) DOX-10/NH2-10@GRA,
(b) DOX-10/NH3+-10@GRA, (c) DOX-40/NH2-40@GRA, and (d) DOX-40/NH3+-40@GRA. The DOX molecules are shown in the yellow licorice model.
5
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Fig. 6. The probability distribution maps of the chitosan and DOX molecules within 1 nm from the graphene surface: (a) DOX-10/NH2-10@GRA, (b) DOX-10/NH3+10@GRA, (c) DOX-40/NH2-40@GRA, and (d) DOX-40/NH3+-40@GRA. The adsorption area of chitosan is marked by a black dotted line.

Meanwhile, for higher concentrations of –NH3+ chitosan and DOX, the
positively charged surface and limited bare surface area of graphene
were conducive to the release of most of the DOX molecules. These
results suggest that controllable loading and release of DOX by chitosan-decorated graphene may be achieved by adjusting the solution pH
(the protonation state of chitosan) and the concentrations of both DOX
and chitosan molecules. This study could provide novel ideas for the
design and application of future graphene-based drug delivery systems.
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In this study, MD simulations were performed to investigate the
interaction mechanisms between DOX and chitosan-decorated graphene with atomic details. It was found that the aggregation and dispersion of chitosan on the graphene surface can be controlled by adjusting the concentration or pH of the solution (the protonation state of
chitosan). Moreover, the bare surface area of graphene was controlled
by the aggregation and dispersion of chitosan, further aﬀecting the
adsorption and release of DOX molecules. Here, when the concentrations of chitosan and DOX were relatively low, the bare surface area of
graphene was much larger, and the DOX molecules preferred to bind to
it. As the numbers of –NH2 chitosan and DOX molecules increased, in
addition to the direct adsorption of DOX on the bare graphene surface,
some DOX molecules were encapsulated in the network of chitosan
clusters or adsorbed on top of the ﬁrmly adsorbed chitosan chains.

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.carbpol.2020.116809.
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