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A B S T R A C T   

We found that carmustine can be stored in the carbon nanotube (CNT) interior for a long time due to hydro
phobic interactions. The access of water to carmustine phase in the CNT interior can be controlled by the state of 
cytosine rich DNA fragments covalently bound to the CNT tips and to the presence of doxorubicin molecules 
intercalated within bundles of DNA fragments. More effective control of water access and subsequent decom
position of carmustine due to the contact with water was observed when some small amount of doxorubicin 
molecules cork the CNT ends. Our analysis shows that carmustine decomposition products naturally separate 
when decomposition occurs within the CNT. The alkylating agent, chloroethyl carbonium cation, spontaneously 
escapes from the CNT but the carbamylation agent, chloroethyl isocyanate, is still kept within the nanotube 
interior. The separation process and release of the alkylating agent needs uncorking the nanotube by doxorubicin 
molecules. The latter process is likely to occur spontaneously at acidic pH when intercalation of doxorubicin 
within the DNA fragments becomes ineffective. The features of the proposed molecular model, obtained from 
molecular dynamics simulations, can be beneficial in design of novel smart drugs carriers to a tumor microen
vironment revealing the reduced extracellular pH.   

1. Introduction 

In our recent studies we found that functionalization of carbon 
nanotubes, CNT, by short cytosine rich fragments of telomeric DNA, iM, 
can produce systems with interesting properties. Both noncovalent [1] 
and covalent [2] functionalizations led to obtaining pH sensitive drug 
carriers which however required some kind of activation by the presence 
of doxorubicin, DOX, molecules. The adsorption of iM molecules on the 
surface of CNT was weak without the presence of DOX, and, the struc
ture of covalently linked iM chains (folded or unfolded, Fig. 1 A, B) did 
not reveal ability to regulate the access to the CNT interior of other 
molecules without DOX molecules intercalated in those chains. Thus, 
the mentioned molecular architecture of the carrier had to be activated 
by the presence of doxorubicin and then it became truly functional 
carrier of DOX itself. 

Carbon nanotubes have been quite widely studied as carriers of small 
molecule drugs due to their empty internal volume and large external 
surface which could be further functionalized in order to produce 
biocompatibility [3–9]. Various anticancer drugs were studied as 

potential cargoes for delivery by CNTs [10]. However, carbon nanotubes 
always need additional treatment in order to reduce their possible 
toxicity, [11,12] improve solubility [13] or just to add additional 
function like selectivity to target site [14] and sensitivity to some trig
gering factor for the release of cargo [15,16]. 

Among possible factors which can produce property of controllable 
release of drugs from the CNT also the telomeric DNA fragments, iM, 
were studied. The iM is composed of the sequence 5’(CCCTAA)n3’ 
repeated at least four times. Then it reveals ability to performing 
reversible folding and unfolding into i-motif spatial shape in response to 
pH change [17,18]. That property of iM sequences was used several 
times in literature in construction of pH sensitive carriers of drugs 
[19–24]. The most frequently used drug in those studies was doxoru
bicin, DOX, a very well-known anticancer drug belonging to anthracy
cline group. DOX strongly interacts with the DNA strands and 
intercalates the duplex and finally inhibits the replication process. 
Strong interaction (or intercalation) of DOX with the unfolded iM se
quences (Fig. 1A) and loss of that property in the case of folded iM se
quences into i-motif (Fig. 1B) was found as the mechanism of action of 
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the drug carriers described in references [1,2]. In those models the role 
of doxorubicin was twofold: it was a kind of activating agent and, at the 
same time, it was the cargo encapsulated within the carrier. Thus, the 
functionalization of carbon nanotubes by iM molecules turned out to be 
very promising strategy for construction of pH sensitive carriers of DOX. 
Therefore it is useful to consider application of that molecular model and 
its mechanism of action in the case of the other drug molecules. 

One of the interesting and useful molecules in chemotherapy is 
carmustine, (1,3-bis(2-chloroethyl)-1-nitrosourea, BCNU). This mole
cule has been used in treatment of glioblastoma which is a WHO grade 
IV brain tumor which represents one of the most lethal human cancers 
[25]. Carmustine belongs to the class of alkylating agents and induces 
interstrand crosslinks between the guanine and cytosine bases in DNA 
[26–28]. Carmustine is highly unstable in aqueous media and sponta
neously decomposes into chloroethyl diazohydroxides (Fig. 1D) and 
chloroethyl isocyanate moieties (Fig. 1E) with half-life of a few minutes 
[27,28]. The latter is thought to be responsible for carbamylation of 
intracellular proteins while chloroethyl diazohydroxide decomposes 
further giving finally the true alkylating agent [26] which is the chlor
oethanyl ion (Fig. 1F). Thus, preventing carmustine from direct contact 
with water in intravenous administration and prior to contact with 
tumor tissue would be highly beneficial. Therefore a design of suitably 
tuned BCNU carrier which would be able to unload (or allow for its 
contact with water) the drug only at the target site would be an 
important achievement. 

Combination of carbon nanotubes and BCNU in a single device has 
been addressed in two theoretical works [29,30]. In one of them carbon 
nanotube was capped by magnetic nanoparticles which were linked to 
the CNT tips by pH cleavable hydrazone linkers [29]. BCNU was 
encapsulated in the CNT interior and due to strong interaction of mag
netic nanoparticles with CNT the permeation of water to the CNT inte
rior was impossible. Only after application of external magnetic field the 
nanotube became uncapped and BCNU was allowed to release. In the 
second publication [30] the authors considered transport and interac
tion of BCNU encapsulated in the (5,5) CNT with an active site of 

glutathione reductase enzyme. Release of BCNU was considered as a 
whole molecule but the applied length of the nanotube was small so only 
a single BCNU molecule could be stored in its internal space. However, 
the motivation for that study was rather determination of the binding 
site within the protein and enzyme inhibition due to strong interaction 
with BCNU at that site. 

The current study focuses on the analysis of possible application of 
iM functionalized carbon nanotubes as carriers of carmustine molecules 
and regulation of their contact with water molecules. The performed 
molecular dynamics studies of various molecular architectures of CNT- 
based systems led to several important conclusions. Namely, we found 
that application of doxorubicin as additional component may lead to 
construction of CNT-based pH controlled container of BCNU with 
regulation of water access by external factor which is the pH of solution. 
That container can also act as a ‘divider’ and ‘dispenser’ of BCNU 
decomposition products due to ability of selective releasing one of these 
products and stopping the other one product within the CNT internal 
space. 

2. Methods 

2.1. Definition of the analyzed systems 

The cytosine rich telomeric DNA fragments, iM, were used as pH 
sensitive moieties in construction of the CNT-based drug carrier. All 
building blocks and step by step stages of molecular construction of the 
model of the carrier were partially described in details in our previous 
paper [2]. However, the most important stages and assumptions related 
to the model construction need some description. Fig. 1 shows the 
essential components of the system. The general architecture of the 
carrier is presented in Fig. 1G. 

The atomic structure of (20,0) carbon nanotube (diameter 15 Å) was 
generated using self-designed script. The CNT tips were next assumed to 
be covalently functionalized by N-ethyl-N-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDC) molecules [31] by creating peptide 
bonds on one side and substituting of primary amine oligo DNA linkers 
on the second side. Technically, it was done by creating atomic co
ordinates pdb files for the whole molecule and using tleap program from 
the AmberTools16 package [32,33] in order to produce force field files 
for the whole construct. These force field files were next converted into 
gromacs format using the AcPyPe script [34] and are provided as the 
supplementary information. The application of the EDC molecule as the 
spacer molecule for linking DNA motifs with CNT has already been 
described in the literature [31]. 

Depending on pH value the DNA motifs may adopt either a random 
coil form Fig. 1A or fold into i-motif form Fig. 1B. The number of iM 
chains linked to the CNT, as shown in Fig. 1G, was four on each side of 
the CNT. This number was chosen mainly due to geometric/steric rea
sons. Larger number of iM chains would be difficult to fit within a 
relatively small area of (20,0) CNT tip. 

We considered three different cases of incorporation of BCNU and 
DOX to the carrier structure. These cases were built and tested according 
to previously collected knowledge about the interaction of these mole
cules with carbon nanotubes and iM fragments. Additionally each case 
was considered in either neutral or acidic pH so finally we had to analyze 
6 different systems. Note that in acidic pH the cytosines within the iM 
become partially protonated and it leads to folding of iM (Fig. 1A) into i- 
motif (Fig. 1B). Table 1 provides the essential information about each 
system. 

The systems B-N and B-A were studied in order to identify how the 
changes in the spatial forms of iM affect the state of carmustine mole
cules encapsulated in the interior of the nanotube. Particularly the ac
cess of water to BCNU molecules inside the CNT was studied. In the 
systems BD-N and BD-A we incorporated DOX molecules to the area of 
iM chains and this approach was used to make the spatial structure of iM 
chains more responsive to pH changes. Finally, the systems BD2-N and 

Fig. 1. (A) The unfolded cytosine rich fragment of telomeric DNA (5′-iM-3′) at 
the neutral pH, and (B) the same fragment after folding into i-motif at acidic 
pH. (C) is the chemical formula of carmustine, BCNU. (D) and (E) are its 
decomposition products. (F) is the true alkylating agents and it is formed due to 
decomposition of (D) in aqueous media. (G) is the schematic representation of 
the CNT-based drug carrier composed of 5′-iM-3′ chains linked to the CNT tips 
via the spacer molecule (blue fragment in (G)). (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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BD2-A were designed to better control the water access to BCNU phase 
within the nanotube. These two systems were constructed by addition of 
8 DOX molecules directly to the CNT interior but close to their ends. 

2.2. Force field and computational details 

The applied force field for DNA molecules/motifs was amber ff99 
with bsc1 modifications [35,36] while for the other species we used gaff 
branch of the amber force field [32,33]. Because application of gaff 
needs properly determined partial charges on atoms we applied for that 
purpose the RESP/ESP charge derive server [37,38]. The step by step 
instructions concerning the generation of force field sets of parameters 
and construction of simulation boxes can be found in our previous 
publication [2]. Technically, they were based on creation of atomic 
coordinates pdb files, submitting them to the RESP/ESP charge derive 
server, and using the resulting mol2 files in either tleap program or 
AcPyPe script for production of the force field topology files according to 
the general amber force filed (gaff) scheme [32–34]. That procedure was 
applied to CNT and its linkage with DNA motifs using EDC molecule, for 
doxorubicin, carmustine and all of its decomposition products. The 
mixing of bsc1 parameterization for DNA motifs and gaff for other 
components of the systems is fully justified since both branches of the 
amber force field are fully compatible. 

The applied water model was TIP3P with particle mesh Ewald 
summation of long range electrostatic interactions. We also accounted 
for the presence of saline ions with the concentration of 0.145 M. The 
calculations were performed using gromacs [39] molecular dynamics 
engine in NPT ensemble with 2 fs integration timestep. The pressure and 
temperature were set to 310 K and 1 atm, respectively. The applied 
thermostat and barostat were Berendsen velocity rescaling and 
Parinello-Rahman, respectively, as implemented in gromacs molecular 
dynamics program [39]. 

2.3. Outline of the systems construction and research methodology 

The applied methodology, various research approaches and concepts 
utilized in this study can be summarized as follows.  

• The DOX, BCNU, EDC and BCNU decomposition products were first 
subjected to quantum chemical computations in order to determine 
the values of the partial charges. This was done using RESP/ESP 
charge derive server. The DNA fragments in bsc1 parameterization 
have all the components of the force field ready to use, including the 
values of the partial charges. The CNT was assumed to be charge 
neutral.  

• The CNT was assumed to be on-tip functionalized by carboxyl groups 
and thus it was further functionalized by EDC molecule using its 
amino end. This step was done by applying the tleap program from 
AmberTools16 package. On each end of the CNT four EDC linkers 
were added in that way.  

• The second ends of the EDC linkers were coupled with 5′ ends of C- 
rich DNA fragments using tleap program. Two cases were consid
ered: the neutral C-rich fragment in the random coil form (Fig. 1A) 
and acidic C-rich fragment folded into i-motif (Fig. 1B). In that way 

the systems with suffixes -N and -A were obtained and they corre
spond to ‘neutral.top’ and ‘acidic.top’ force field files in the sup
plementary material.  

• The BCNU molecules were inserted to the internal space of CNT using 
self-designed scripts and next solvation was done using the standard 
gromacs module. The DOX molecules were inserted at the vicinity of 
the CNT ends using the previously obtained atomic structures and 
inputs. The force field files are available in the supplementary ma
terial as ‘DOX.itp’ and ‘BCNU.itp’.  

• The decomposition of the selected BCNU molecules inside the CNT 
was done by replacing atomic coordinates of those BCNU molecules 
by coordinates of the decomposition products and modification of 
the force field files. (The names of the force field files are: 
‘OCNCH2CH2CL.itp’ and ‘CH2CH2Cl.itp’) That replacement was 
done using fully relaxed structures obtained from runs with the 
BCNU molecules intact.  

• The analysis of the numbers of molecules staying or escaping the 
CNT was done using simulation trajectories processed by self- 
designed scripts in Tcl code and using the VMD program. 

3. Results and discussion 

As already mentioned carmustine is a hydrophobic molecule and its 
interaction with CNT is strong. Indeed the results obtained from the 
analysis of systems B-N and B-A confirm that expectation. Incorporation 
of BCNU molecules to the internal space of CNT led to formation of 
dense and impermeable to water clusters. Fig. 2 shows simulation 
snapshots obtained after 100 ns of simulation of the B-N and B-A 
systems. 

As seen in Fig. 2 the spatial structure of iM chains will be different 
depending on the assumed pH of solution. In the neutral case we can see 
that iM molecules are in forms of random coils and they are freely 
flanking in the bulk solution without any tendency to aggregate or 
adhere to the CNT surface. Similar behavior was already observed in our 
previous studies: on tip attachment of iM chains to the CNT leads to 
dendrimer-like structures of iM chains [2]. In the current study this 
behavior is even more pronounced because we do not see any interac
tion of BCNU with iM chains which was a fundamental observation in 
ref. [2]. The system B-A, representative to acidic pH, leads to formation 
of more dense structures around CNT tips due to more compact spatial 
forms of iM molecules, which are i-motifs. In both cases the CNT tips are 
either totally open to water (or other species from the bulk) or only very 
slightly obscured by fragments of i-motifs. Thus, the general and 
straightforward conclusion is that folding/unfolding transitions of iM 
chains do not regulate capping/uncapping of the nanotube tips. 

The BCNU molecules due to their hydrophobicity form dense clusters 
inside the CNT. However, if there is no total filling of the inner CNT 
space by the BCNU molecules then water readily goes inside and fills the 
available space. This is better seen in Fig. 3 where plots of water density 
as a function of axial position in the CNT are shown. We can see that 
BCNU phase is impermeable to water in the areas of total filling the 
nanotube aperture. At the same time the density of water close to CNT 
ends is large and these areas are places of close contact of water and 
BCNU. However, the BCNU molecules move in the CNT collectively as 
the whole phase. Therefore, the areas of mixed density profiles appear 
due to instantaneous moves of the BCNU phase to the right or left and 
then water fills that space immediately. The peak of water density at z =
10 Å observed for B-N system was generated by an initial incorporation 
of some water molecules to the CNT by ‘gmx solvate_box’ command. As 
we can see in Fig. 2 for B-N that bulb resides in the CNT during the whole 
100 ns run. However, we still observed some small exchange of water 
between this bulb and bulk water. 

An intense exchange of water occurs at the areas of CNT tips. The 
right panel of Fig. 3 shows quantitatively determined factor describing 
that phenomenon. This is the flux toward the CNT interior and flux 
outside the CNT. The fluxes were determined as the numbers of 

Table 1 
Essential information about the analyzed systems. The applied CNT diameter 
and length were 15 Å and 100 Å, respectively. The water flux to the CNT was 
determined during simulation of every system.  

System Number of BCNU Number of DOX pH Water flux, ns− 1 

B-N 30 0 Neutral 218 ± 48 
B-A 30 0 Acidic 197 ± 48 
BD-N 30 20 Neutral 84 ± 30 
BD-A 30 20 Acidic 160 ± 45 
BD2-N 20 28 Neutral 16 ± 12 
BD2-A 20 28 Acidic 54 ± 20  
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molecules which newly entered the CNT and just exited the CNT in given 
intervals of time. As seen in Fig. 3 these fluxes are actually constant in 
time and have similar values for both B-N and B-A systems. As shown in 
Table 1 the determined mean values of the fluxes are 218 ± 48 and 197 
± 48 molecules per nanosecond for the neutral and acidic pH, respec
tively. The conclusion is thus that the state of iM molecules (folded or 
unfolded) does not significantly affect the water flux into the CNT and its 
access to the BCNU phase. Moreover we also do not recognize any 

alteration of the iM structures or behavior due to the presence of BCNU 
in the CNT. In the other work [2] we found that doxorubicin slowly goes 
outside the CNT and next intercalate between iM chains at the neutral 
pH. Here, we do not observe a similar effect for the BCNU. 

The observed in ref. [2] ‘zipper’ function of DOX suggested us 
application of DOX as the additional compound of carmustine carrier 
and led to construction and analysis of systems BD-N and BD-A. In these 
systems DOX molecules were initially put in the area of iM chains but 

Fig. 2. Snapshots of the systems B-N and B-A after 100 ns simulations. The DNA fragments (iM) are drawn in cartoon representation while the magenta spheres show 
atoms of BCNU molecules. The right panels show edge views of CNT in order to underline that in both cases the CNT ends are open. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Atomic density of water and BCNU molecules as a function of axial position within the CNT for both B-N and B-A systems (left panel). The net flux of water 
molecules into and out the nanotube (right panel) determined from the last 50 ns of simulations. 
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beyond the nanotube. The final structures obtained after long 100 ns 
simulation times are shown in Fig. 4. 

The behavior of these systems is actually similar like the B-N and B-A: 
there is no escape of BCNU molecules from the nanotube either at 
neutral or in the acidic pH. In the BD-N system the BCNU phase split into 
two clusters, however, this is not very significant difference to the B-N 
system. More important and interesting is the influence of DOX mole
cules on the structure of iM chains, particularly at the neutral pH, BD-N. 
We can clearly see that the DNA chains have been clipped by the DOX 
molecules and formed clusters at the vicinity of the CNT ends. These 
clusters are however not able to cork the nanotube entrances but they 
effectively link all iM chains together. At acidic pH, BD-A, the DOX 
molecules are not able to link the i-motifs formed due to folding of iM 
fragments after protonation of cytosines. DOX is more mobile and 
readily diffuses on the CNT surface. We also found that at least one DOX 
molecule entered to CNT interior. 

The density profiles shown in Fig. 5 also do not differ significantly 
from the corresponding profiles in Fig. 2. It is clearly seen that water has 
access to the BCNU phase no matter what is the state of iM chains 
crosslinked by DOX or not. The water density peak at z ≈ 0 for the BD-N 
system indicates that the empty space in the corresponding Fig. 4 is filled 
in water. 

The mean flux of water to the CNT (Table 1) is, however, signifi
cantly reduced when compared to the previous cases. Thus, the presence 
of DOX affects the access of water to the CNT interior because the fluxes 
in BD- systems are much smaller than in B- only systems. Moreover, we 
should underline that change of pH and the resulting change of iM 
chains structure and their interaction with DOX affects significantly the 
flux of water into the CNT. The flux at acidic pH is twice as that in the 
neutral pH thus the BCNU molecules are, at the neutral pH, ‘protected’ 
to some extent against interaction with water. Of course, this is not fully 
efficient protection because the flux is still significant. 

The above effect suggested an another modification of the system 
structure which should reveal more pronounced regulation of water 
access to the BCNU phase localized inside the CNT. This is a system in 
which some parts of the CNT space (close to the ends) are filled by DOX 
molecules. Graphical illustration of such architecture is presented in 
Fig. 6 for both cases of the neutral and acidic pH. Fabrication of such 
types of systems is probably possible by applying sequential impregna
tion of the nanotubes by BCNU and next DOX and finally linking the pre- 

filled nanotubes with the iM molecules. For now, however, let us focus 
on possible properties of such kind of systems which can be predicted 
from molecular modeling. 

Visual analysis of systems in Fig. 6, where DOX additionally corks the 
entrances to the nanotube, leads to the conclusion that their behaviors 
are actually very similar to those in Fig. 4. Thus, at neutral pH the system 
is stable and no qualitative changes of its structure can be observed 
within a long 100 ns simulation time. We can also predict that even in 
the macroscopic timescale the system at the neutral pH will preserve the 
same structure, which is stable binding of DOX and BCNU within iM 
chains and in the CNT. This conclusion comes from analysis of potentials 
of mean force for DOX detachments from iM chains in both cases of pH 
and their associated spatial forms. Thus, as found in [1] DOX molecule 
needs to overcome of ca. 150 kJ mol− 1 energetic barriers during 
detachment from the random coil of iM chain at the neutral pH. This 
means that the escape of DOX from the network of iM chains in Fig. 6 is 
thermodynamically blocked at the neutral pH. However, the determined 
potential of mean force for the acidic form of iM, that is the spatial form 
of i-motif, is not bigger than 50 kJ mol− 1, as found in [1]. Indeed, as seen 
in Fig. 6, in the acidic form of the system (BD2-A) DOX molecules were 
able to spontaneously detach from the iM fragments and move on the 
CNT surface or even escape to the bulk. The release of DOX from the 
internal space of CNT is more complex process and its likelihood will be 
discussed later on. At the moment we can assume that the free energy 
barrier against release of DOX from the internal space of CNT to the bulk 
should be comparable to the already determined in ref. [40] value i.e. 
ca. 22 kJ mol− 1. Some difference in the nanotube chirality (20,0) vs. 
(30,0) may lead to a slightly larger value of the barrier for the current 
system with the narrower nanotube. Thus, the final state of the system 
BD2-A should be with DOX molecules transferred to the bulk and the 
BCNU molecules kept inside the CNT but with full access to water, like in 
the case of systems B-N and B-A. Reaching this final state requires 
probably macroscopic times - unreachable in molecular dynamics 
simulations. 

The density profiles for BD2- systems shown in Fig. 7 reveal that 
water access to the BCNU phase is strongly reduced when compared to 
previous cases. However, as can be seen there is no perfect isolation of 
the BCNU phase from water - some overlapping of density profiles is still 
visible. Very important changes appear however for the water flux. For 
both neutral and acidic pH the fluxes have been reduced strongly due to 

Fig. 4. Final structures of the systems BD-N and BD-A obtained after 100 ns of simulations. The colour scheme is identical as in Fig. 2 but here the systems 
additionally contain DOX molecules represented by the yellow spheres. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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the presence of DOX clusters near the CNT ends. The reduction of water 
flux is more than tenfold in the case of BD2-N when compared to B-N and 
about fourfold for BD2-A system. There is also a large difference be
tween BD2-N and BD2-A systems (16 vs. 54 molecules per nanosecond) 
which suggest ability to modulate the water flux to the nanotube by 
utilizing changes of pH. 

The properties of BD2- systems lead to following general conclusions: 
(i) At the neutral pH the system is highly stable and neither DOX nor 
BCNU can spontaneously leave the carrier. This property is thus useful 
during the transportation of the carrier in bloodstream prior to reaching 
tumor microenvironment. However, some small access of water to 
BCNU phase exists anyway. (ii) After reaching the acidic pH of tumor 
microenvironment the folding of iM occurs and DOX should gradually be 
leaving the carrier. At the same time water will have better and better 
access to the BCNU molecules. 

As already discussed BCNU quickly decomposes in water solution so 
we have to remember that in both BD2-N and BD2-A systems the 

decomposition products must be present inside the CNT because of 
nonzero access of water. Thus, the next step of the study is the analysis of 
the behavior of the BCNU decomposition products within the nanotube. 
As already discussed the BCNU molecule decomposes into chloroethyl 
isocyanate and chloroethyl diazohydroxide. The latter in turn de
composes into chloroethyl carbonium cation, which is the true alkylat
ing agent, and nitrogen molecule and hydroxide anion. 

In order to model this process within the framework of the nonre
active force field we simply converted several BCNU molecules within 
the BD2-A system into the mentioned species and of course adjusted the 
force field topology to the new system composition. Then we ran 
simulation with that new chemical composition of the simulation box 
changed only in the area of the CNT interior. To sum up we had within 
the CNT the following species: DOX, BCNU, water, chloroethyl isocya
nate, chloroethyl carbonium cations, nitrogen molecules and hydroxide 
anions. That system composition mimics the BD2-A system after 
decomposition of a few BCNU molecules and Fig. 8A shows its state after 
additional 100 ns of simulation. 

As can be seen in Fig. 8A the decomposition products are locked 
within the nanotube interior and only some permeation of nitrogen 
molecules seems to occur. The carbonium cations though small and 
hydrophilic are not able to cross the layer of DOX molecules. This is 
because DOX molecules are positively charged and they electrostatically 
hinder the motion of carbonium cations through DOX layers. The 
conclusion is thus that within the analyzed 100 ns timescale any transfer 
of BCNU decomposition products from the CNT to the bulk has not 
occurred. What happens at macroscopic timescale is unknown though 
we can safely assume that until DOX molecules are present in the 
nanotube the diffusion of carbonium cations will be blocked. Thus the 
crucial role plays doxorubicin: if it escapes from the nanotube then we 
can expect that the final system state will be like that shown in Fig. 8B. 
This state shows what happens after intentional removal of DOX from 
the system shown in Fig. 8A. We can clearly see that both ions, i.e. 
chloroethyl carbonium cation and hydroxyl anion quickly escaped to the 
bulk and this phenomenon occurred without any bias applied. More
over, the rest of BCNU molecules (10) still reside in the nanotube and, 
what is the most striking, also the chloroethyl isocyanate molecules stay 
within the nanotube. This is very important observation because it offers 
application of carbon nanotubes as agents able to lock and isolate car
bamylation agent within the CNT and, at the same time, releasing the 
alkylating agent to the bulk. Both coming from the decomposition of the 
BCNU in aqueous environment. 

Fig. 5. Axial density profiles of BCNU molecules and water determined for the BD-N and BD-A systems (left panel) and flux of water molecules into and outside the 
CNT (right panel). 

Fig. 6. Final structures of the systems BD2-N and BD2-A obtained after 100 ns 
of simulations. The colour scheme is identical as in Figs. 2 and 3. Here the 
systems additionally contain DOX molecules in the inner space of CNT, repre
sented by the yellow spheres. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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The release of DOX from the interior of the CNT at acidic pH is very 
important for the efficacy of working of the considered systems as pH 
controlled carriers of both DOX and BCNU. However, we have not 
observed such a phenomenon within the overall simulation time which 
reached several hundreds of nanoseconds. These are very large and 
complex systems and the escape of DOX molecule from the interior of 
CNT must follow multi stage and complex path and the process may 
effectively need macroscopic timescale. Of course we attempted to 
determine the free energy of DOX binding within the CNT in order to 
estimate the thermodynamic likelihood of its escape. But due to the 

mentioned large size and complexity of the reaction path these attempts 
failed due to lack of the convergence. Thus, the only parameter that 
could approximately describe the release phenomena of the analyzed 
species from the CNT interior is the work done during enforced dragging 
of these species out of the nanotube. These works were determined by 
attaching a moving spring to a given molecule and applying constant 
velocity pulling. Fig. 9 shows results of such calculations for chloroethyl 
carbonium cation (A) and chloroethyl isocyanate (B) all dragged out 
from the interior of the nanotube shown in Fig. 8A. 

The constant velocity dragging can formally be used for determina
tion of the free energy according to Jarzynski inequality [41]. However, 
it requires a number of trajectories determined from various initial 
configurations (all taken from canonical distribution) and averaging of 
work exponents which makes the overall procedure numerically very 
demanding even for small systems. Because the obtained work profiles 
shown in Fig. 9 represent only single runs from only one molecular 
configuration they cannot be identified with free energies. Nevertheless, 
analysis of these profiles and events occurring during the dragging is 
instructive and valuable. 

Fig. 7. Axial density profiles of BCNU molecules and water determined for the BD2-N and BD2-A systems (left panel) and flux of water molecules into and outside the 
CNT (right panel). 

Fig. 8. (A) BD2-A system after decomposition of 8 BCNU molecules according 
to the scheme shown in Fig. 1. The colour code is the same as in previous figures 
but here there are 4 new species: chloroethyl carbonium cation (green spheres), 
chloroethyl isocyanate (grey spheres), nitrogen molecules (blue spheres) and 
hydroxyl ions (red spheres). (B) BD2-A system after removal of DOX molecules. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 9. Works done during enforced dragging of chloroethyl carbonium cation 
(A) and chloroethyl isocyanate (B) molecule from the nanotube shown in 
Fig. 8A. In the insets the dragged molecules are represented by green spheres: 
the upper panel for curve (A) and the lower panel for curve (B). The applied 
pulling velocity was 1.5⋅10− 4 Å ps− 1 and the applied spring force constant was 
50 kJ Å− 2. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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First of all we can notice that dragging of carbonium cation requires 
large work to be done, i.e. reaching 400 kJ mol− 1. This is rather sur
prising because the picture shown in Fig. 8B suggests that carbonium 
cation leaves the nanotube spontaneously and quickly. The mechanism 
of the release of this cation can be understood from simulation snapshots 
shown in Fig. 9. It can be noted that dragging of that cation, which is 
relatively small molecule, leads to simultaneous pushing out the 4-mole
cule cluster of DOX (intentionally denoted as yellow spheres). In the 
final step the carbonium cation leaves the CNT together with at least two 
DOX molecules. Thus, the large work recorded during this process is 
actually associated with two events i.e. release of DOX and carbonium 
cation. This is interesting observation and its justification can be based 
on the assumption that both species are positively charged and the force 
imposed on the small cation is immediately applied also to the DOX 
cluster due to electrostatic repulsion between them. Thus, the carbo
nium cations are indeed effectively blocked inside the CNT by the 
presence of DOX molecules localized at its ends. 

A totally different picture is observed for isocyanate molecule. This 
small molecule is charge neutral and the force applied during dragging 
leads to sliding between DOX molecules in the direction of the CNT end. 
The recorded work is smaller than in previous case but it still reaches ca. 
190 kJ mol− 1. It compares well with the observation in Fig. 8B where the 
isocyanate species stay within the nanotube together with non- 
decomposed BCNU molecules and do not leave the CNT within the 
applied simulation time. This means that the energetic barrier against 
escape is in this case generated either by the presence of DOX molecules 
or there is also a contribution from the hydrophobic interactions with 
the nanotube itself. In the previous case the energetic barrier was 
generated mainly by the DOX molecules. It suggests that changes (in
crease) of nanotube diameter should not significantly affect the barrier 
for carbonium cation because there is no contribution from the nanotube 
walls. However, the isocyanate molecule should experience contribution 
from the nanotube even in the case of wider nanotubes. 

Fig. 10, in turn, shows work profiles determined for DOX molecules. 
Two approaches were studied; the first one assumes dragging of the 
whole cluster (group) of DOX molecules localized on one side of the CNT 
and the second one assumes the dragging of a single DOX molecule. The 
processes of single molecule dragging were repeated several times using 
various DOX molecules localized initially in various places within the 
nanotube. The obtained in that way work profiles were very different in 
terms of maximum work accumulated or just the shape of work vs. 
distance profiles. The most important are of course values of work at 

plateau when the molecule finally exited the nanotube and those values 
were from 80 to 180 kJ mol− 1. An example of one curve together with 
the snapshots showing successive stages of the dragging process is 
shown in Fig. 10. That curve corresponds to one of the highest work 
values which is ca. 180 kJ mol− 1. However in all cases the process 
required breaking of attractive interaction with other molecules in the 
nanotube and pulling apart the bundle of DOX and iM chains molecules 
beyond the nanotube. The dragging of the whole group of DOX mole
cules proceeds in even more complex way: the pulling apart of the 
molecular knot localized at the nanotube entrance is the necessary step 
but in further stages the cluster of DOX molecules splits into two. One of 
them goes to the bulk but the other still stays within the nanotube. The 
work associated with the whole process reaches 440 kJ mol− 1 but it can 
be divided into two components. The stage associated with the plateau 
at about 150 ns corresponds to the splitting the cluster into two parts. 
The rest of the curve beyond 150 ns is actually difficult to interpret since 
it corresponds to dragging of center mass of two independent clusters. 

The question thus arises whether the release of DOX at acidic pH is 
possible due to relatively large work values obtained in nonequilibrium 
processes. Precise answering of this question is very difficult neverthe
less we can anticipate that spontaneous escape of DOX from the CNT 
interior may occur after sufficiently long time and after probing many 
configurations of the phase space. The obtained work profiles, differing 
strongly in maximum work at plateau, suggest that continuation of 
calculations starting from other initial configurations might produce 
smaller work values and, according to Jarzynski inequality, the smallest 
value is the most representative in exponential averaging. Additionally, 
that conclusion can be supported by the determined free energy of DOX 
release from the interior of (30,0) nanotube and without any kinetic 
obstacles, as obtained in [40]. The presence of obstacles, like other DOX 
molecules entangled in iM chains at the CNT tips, kinetically hinder the 
motion but these obstacles must disappear because DOX spontaneously 
detach from i-motifs, as seen in Figs. 4, 6, and 8, and can go to the bulk. 
On the other hand, the binding of DOX within the nanotube can be 
controlled by adjusting the diameter of the nanotube. Wider nanotubes 
may store more water and thus DOX molecules can easier diffuse out of 
such nanotubes. Therefore, the presented model can be fine-tuned by 
adjusting the CNT diameter, length, density of iM fragments attached to 
the tips etc. So, finally such type of the molecular system can reveal the 
properties of pH controlled BCNU carrier or just allows for the control of 
the release of the BCNU decomposition products. 

4. Summary 

The performed research led us to recognition of several new physical 
insights related to properties of DOX and BCNU molecules interacting 
with carbon nanotubes. The first observation was a very stable binding 
of BCNU molecules inside nanotubes and totally free access of water 
molecules to the BCNU phase inside the CNT. The access of water to 
BCNU and possible decomposition of the BCNU molecules was found to 
be controllable to some extent by the presence of DOX molecules 
localized within the iM areas of the system. The water flux was found to 
be dependent on pH or more precisely on the spatial shape of iM frag
ments which together with DOX formed stiff or soft areas at the CNT 
interiors. 

The most interesting features of the considered system were observed 
when some small amount of DOX molecules was incorporated to the 
CNT. Then, the system was found as more sensitive to pH in terms of 
water flux into the BCNU phase localized in the CNT interior. Further 
analysis focused on the behavior of BCNU decomposition products led to 
important conclusion that though the decomposition products are small 
molecules or ions they are still blocked against release by the DOX 
molecules. Both chloroethyl carbonium cation and chloroethyl isocya
nate were blocked by the DOX molecules but after intentional removal of 
DOX from the system only the chloroethyl carbonium cation spontane
ously and quickly left the nanotube. This is the true alkylating agent and 

Fig. 10. Works done during enforced dragging of a single DOX molecule (red) 
and a group of four molecules together (violet) from the nanotube from the 
configuration shown in Fig. 8A. In the insets the dragged molecules are rep
resented by yellow spheres: the upper panel is for group of DOX molecules and 
the lower panel is for the single DOX molecule. The applied pulling velocity was 
1.5⋅10− 4 Å ps− 1 and the applied spring force constant was 50 kJ Å− 2. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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because the second component i.e. chloroethyl isocyanate was still kept 
within the nanotube we concluded that carmustine decomposition 
products can be naturally divided inside the nanotube and only the 
alkylating component can be released while the carbamylating agent is 
still isolated from the environment. This is very interesting and useful 
property of BCNU decomposition occurring in the inner space of carbon 
nanotubes. 

Finally, we found that DOX molecules are kept inside the nanotube 
the least strongly when compared to the other species, as found in 
analysis of works associated with enforced dragging of those species out 
of the nanotube. Combining various sources of information about 
binding of DOX inside the nanotube we concluded that it is possible to 
tune the system parameters in such a way that DOX will be spontane
ously released in the acidic pH. Then the release of chloroethyl carbo
nium cation will occur but chloroethyl isocyanate molecule will still be 
blocked inside the CNT. The predicted phenomena deserve further 
extensive studies including the experimental trials as the described 
properties are potentially useful in designing of novel smart drug 
carriers. 
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Appendix A. Supplementary data 

The provided files are the force field topology files for all constituents 
of the analyzed systems. The files ‘acidic.top’ and ‘neutral.top’ are the 
force field topologies for the whole constructs composed of carbon 
nanotube, spacer molecules and C-rich DNA fragments in folded into i- 
motif/protonated state and unfolded/uprotonated state, respectively. 
The files ‘DOX.itp’, ‘BCNU.itp’, ‘OCNCH2CH2CL.itp’ and ‘CH2CH2Cl. 
itp’ are the force field topologies for the other small molecules used in 
the computations. The associated gro files are atomic coordinate files for 
the considered molecules. Supplementary data to this article can be 
found online at doi: https://doi.org/10.1016/j.bioadv.2022.212835. 
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