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A B S T R A C T   

Injectable scaffolds are a promising strategy to restore and regenerate damaged and diseased tissues. They 
require minimally invasive procedure and allow the formation of an in-situ structure of any shape. However, the 
formation of 3D in-situ structure with aligned morphologies using a method which could be easily transferred to 
clinical settings remains a challenge. Herein, the rational design of an aligned injectable hydrogel-based scaffold 
via remote-induced alignment is reported. Carboxylated multi-walled carbon nanotubes (cMWCNT) are aligned 
into hydrogel via low magnetic field. The uniform dispersion and alignment of cMWCNT into the hydrogel are 
clearly demonstrated by small angle neutron scattering. The obtained aligned cMWCNT-embodied hydrogel is 
stable over 7 days at room temperature and as well at body temperature (i.e. 37 ◦C). As unique approach, the 
formation of MWCNT-hydrogel composite is investigated combining rheology with molecular dynamic and 
quantum mechanical calculations. The increase of MWCNT concentration into the hydrogel decreases the total 
energy promoting structural stabilization and increase of stiffness. The remote aligning of injectable hydrogel- 
based scaffold opens up horizons in the engineering of functional tissues which requires specific cell orientation.   

1. Introduction 

Design of modular and tunable injectable scaffolds is of particular 
interest for the repair and regeneration of damaged and diseased tissues 
[1]. From clinical perspective, injectable scaffolds would enable mini
mally invasive procedures, the formation of an in-situ 3D structure in the 
shape of the patient injury and the seeding of patient own cells. While 
remarkable advancements in stem cell and induced-pluripotent stem cell 
methodologies offer new prospects of personalized tissue replacements 

[2,3], a three-dimensional (3D) biomimetic scaffold is required to sup
port the transition from cells to a functional tissue. As a rule of thumb, 
scaffolds should be designed to mimic the native extracellular matrix 
(ECM). Several natural and synthetic polymers such as chitosan, alginate 
and poly(ethylene glycol) have been reported to be used as injectable 
scaffolds [1]. Generally, these polymers are biocompatible, biodegrad
able and easy to modify with cell adhesive ligands and/or growth factors 
to modulate biological function of cells. However, they fail to provide 
the topological, mechanical and electrical cues necessary to promote 
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tissue formation. 
The encapsulation of nanomaterials into polymeric matrices have 

been an attractive approach to improve the scaffolds properties, 
enabling the control of physical cues to regulate cell fate and promote 
tissue regeneration [4,5]. For instance, carbon nanotube (CNTs) have 
been used to create conductive scaffolds for applications such as neural 
[6–10], cardiac [11–15] tissues and muscle tissues [16] in which elec
trical signal propagation is crucial for functional tissue formation. 
Generally, the reported studies have shown that CNTs composite scaf
folds are able to promote cell attachment, growth, differentiation and 
support long-term survival of cells [17]. CNTs have also demonstrated to 
sustain and promote neuronal activity in network cultured cells 
[18–20]. 

One of the major challenges of injectable scaffolds is to create a 3D 
structure with aligned and elongated morphologies. To create an 
injectable scaffold capable of inducing unidirectional cell orientation 
would be of relevance in several sub-fields of tissue engineering such as 
neural, cardiac and cartilage [21]. We have previously demonstrated 
that vertically aligned CNT micropillar templates is capable to induce 
specific guidance of human neurites and as well as seamless neuronal 
networks in any arbitrary shape and size [22]. Alignment of CNTs on 
rigid matrices have been achieved via different methods and found their 
applications on energy storage, sensors, thin film transistors, 3D printing 
and other electronic applications [23–25]. Aligned hydrogels scaffolds 
have been demonstrated by aligning the polymer used as main gel 
component (i.e. collagen and fibrin) via mechanical strain [26–28] and 
magnetic field [29–31], although the clinical application of the former 
method as injectable scaffold seems to be limited. Alignment of CNTs in 
hydrogel matrices has also been demonstrated by using dielectropho
resis [13,32,33], a non-uniform electrical field between planar metal 
electrodes. Overall, the reported in vitro studies have shown that 
hydrogels contained aligned CNTs are more effective to support cell 
differentiation and functionality than pristine or contained randomly 
CNT distributed hydrogels. While the reported studies are relevant for 
diagnostic and therapeutic tools (e.g. drug screening), the use of die
lectrophoresis as driven force to align the CNTs limits its translation of 
the technology to in-vivo. Furthermore, most of the published studies on 
CNTs-hydrogel composites employ saturable CNTs concentration, which 
often causes non-uniform CNTs dispersion and aggregation thus limiting 
clinical applications [34]. 

To address these issues, we developed a new approach to uniformly 
integrate and align multi-walled CNTs (MWCNT) into a hydrogel matrix 
via low magnetic field (<1000 mT). Magnetic field (<3000 mT) are 
generally regarded safe and have been widely used in radiology (e.g. 
magnetic resonance imaging) [35] and drug delivery studies [36,37]. 
Furthermore, the Food and Drug Administration (FDA) has established 
that patients exposed to static magnetic field ≤8000 mT for infants 
(above 1 month), children and adult does not present significant risk 
[38]. To enhance the MWCNT response to magnetic field, MWCNT were 
synthesized using a precursor of xylene and ferrocene mixture. Due to 
the high hydrophobicity nature of the MWCNT, functionalization with 
carboxylate groups was performed via acid treatment, promoting easy 
dispersion in aqueous based solutions. This allows application in various 
field as well as avoid contamination and side effects arising from 
non-volatile solvents and additives [39]. Homogenous MWCNT 
water-based dispersion was obtained after MWCNT carboxylation and 
several centrifugation steps. The ferromagnetic behaviour of pristine 
MWCNT and carboxylated MWCNT (cMWCNT) was assessed. 
Free-standing cMWCNT-embodied hydrogels were produced with 
different cMWCNT concentrations. As a hydrogel model system, gellan 
gum (GG) which is a well-known natural polysaccharide and 
FDA-approved food additive was selected due its recognized properties 
to form hydrogels with adequate mechanical properties, high biocom
patibility, no cytotoxicity and easy processability [29,40–42]. In addi
tion, GG has been demonstrated as potential injectable vehicle for 
therapeutic delivery and under thermal conditions suitable for tissue 

engineering applications [41,42]. GG Spermine (SPM), a multivalent 
bioamine, was selected to cross-link the GG for a rapid and efficient 
gelation [43]. The alignment of cMWCNT in the GG matrix via low 
magnetic field was confirmed by small angle neutron scattering (SANS) 
and an in-situ optical arrangement. SANS is non-invasive method to 
investigate the structure of biomaterials composed of light elements in 
their native state. Hydrogels are challenging to probe with methods like 
conventional or cryo electron microscopy (scanning and transmission) 
since they require the sample to be dry, leading to non-representative 
results for such normally hydrated systems. SANS is a bulk method 
which samples the whole illuminated volume and thus delivers a very 
high statistical relevance, especially when compared to TEM or SEM 
where just a very small part of your sample is observed. The stability of 
cMWCNT alignment in the hydrogel matrix was investigated as a func
tion of the time (up to 7 days) and in different conditions (i.e. temper
ature and presence of culture media). The mechanical properties of 
pristine as well as cMWCNT-embodied hydrogels were assessed via 
rheological studies. To rationalize the interaction between hydrogel and 
CNTs at molecular level, molecular dynamic (MD) and quantum me
chanical (QM) calculations were performed. In addition to offering a 
new approach to injectable aligned hydrogel-based scaffolds, our work 
provides a comprehensive assessment on the formation of 
MWCNT-hydrogel composite all the way from molecular to macroscale. 

2. Materials and methods 

2.1. Materials 

Gelzan ™ CM (LOT#SLBP7450V), spermine tetrahydrochloride 
(SPM), sucrose (99.5%) and sterile-filtered water were purchased from 
Sigma Life Science, ferrocene was purchased from Fluka, Xylene was 
purchased from Alfa Aesar. Nitric acid (HNO3, purity 70%) and sul
phuric acid (H2SO4, purity 95–98%) were purchased from Sigma 
Aldrich. Acetone was purchased from VWR. Neurobasal medium was 
purchased from Thermofisher. Si/SiO 2 wafers were purchased from Si- 
Mat Germany. 

2.2. Synthesis of MWCNT 

MWCNT were synthesized by chemical vapor deposition (CVD) in a 
quartz tube reactor as described elsewhere [44–46]. In short, the cata
lyst precursor ferrocene (Fe(C2H5)2) was dispersed in xylene 
((CH₃)₂C₆H₄)) at a concentration of 20 g/L. Si/SiO2 chips were loaded on 
alumina boats in the reactor. The furnace was sealed with inlet con
sisting of a feeding tube with a copper hair ball connected to syringe, 
temperature probe and argon gas line and the outlet was connected to 
vacuum and water pump. The reactor was flushed with argon (Ar) and 
the furnace temperature was set to 770 ◦C with Ar flow at atmospheric 
pressure. After the temperature probe reached 150 ◦C, the precursor was 
introduced at 96 mL/h till the feeding tube looks wet, then change the 
rate to 6 ml/h for 60 min to facilitate the synthesis of MWCNTs. 

2.3. Carboxylation of MWCNT 

MWCNT (50 mg) were collected from the Si/SiO2 chips, grinded and 
transferred to a beaker filled with 150 mL of nitric acid and sulphuric 
acid blend at a ratio of 3:1. The mixture was sonicated for 5 h in room 
temperature (RT). Then, the dense dispersion was repeatedly centri
fuged (4000 rpm for 15 min) to replace the acid supernatant with 
deionized (DI) water. This mixture was filtered and washed on 0.2 μm 
cellulose nitrate membrane till the filtrate reached nearly neutral pH 
(approx. 5 L). The collected cMWCNT on the filter membrane were dried 
at 80 ◦C overnight at dry oven. 
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2.4. Homogenous aqueous dispersion of cMWCNT 

1 mg/mL concentration was prepared in sterile water and sonicated 
for 30 min. Then, the dispersion was centrifuged at 4000 rpm for 15 min 
from which the supernatant was collected. This step was repeated until 
no precipitation is visually observed. The concentration was determined 
by weighting PVDF filter paper with dispersed cMWCNT of known 
volume. 

2.5. Characterization of cMWCNT 

The morphology and elemental chemical composition of cMWCNT 
were investigated by transmission electron microscopy (TEM) and en
ergy dispersive x-ray spectroscopy (EDS). For this, few drops of 
cMWCNT dispersed in water were suspended in equal drops of ethanol. 
A drop of this suspension was dried at room temperature on copper mesh 
covered with Holey Carbon Film (HC300-Cu, Electron Microscopy Sci
ence). Images and elemental composition mapping were acquired on 
JEOL JUM 2200FS TEM. The outer diameter of 347 individual 
cMWCNTs were extracted using EM software Beta 0.85 (Teitz Video and 
Image Processing Systems GmbH). Data were then represented as col
umn graph using OriginPro2020b. Lorentz fit was used to estimate the 
diameter mean of cMWCNT and result given as d±σ, where d is the 
center and σ is the standard deviation calculated as width/2. Raman 
spectroscopy was conducted using a Horiba Jobin-Yvon LabRAM HR800 
UV–vis μ-Raman at λ = 488 nm. In this case, the cMWCNT dispersion 
was drop casted on a cover slip and dried overnight. Inductively coupled 
plasma mass spectrometry (ICP-MS) was used to quantify the amount of 
iron (Fe) in cMWCNT dispersions at concentrations of 0.1 and 0.025 mg/ 
mL. MWCNT dispersions were diluted in 5% HNO3 and analysed on an 
Agilent 8800 Triple Quadropole ICP-MS (ICP-QQQ) with a SPS 4 
Autosampler. The samples have been quantified against standards from 
Inorganic Ventures. The results are given with concentrations in mg/L 
and relative standard deviations (RSD) in %. Three measurements were 
performed for each sample. The reported values are on the same sample 
and the RSD is the instrument deviation for the ICP-MS. The magnetic 
properties of pristine MWCNTs and cMWCNT samples were measured 
using a Quantum Design’s VersaLab system installed with Vibrating 
Sample Magnetometer (VSM) option which can operate in a wide range 
of temperature from 50 K to 400 K and magnetic field can be applied up 
to 3 T. 

2.6. Preparation of pristine gellan gum (GG) and cMWCNT-embodied GG 

Pristine GG solution was prepared at 10% (w/w) sucrose solution at 
5 mg/mL. The GG was dissolved by heating at 90 ◦C in water bath in 
short interval till the solution became clear and filtered using Sterivex™ 
0.2 μm filter (Merck Millipore). 0.02 mg/mL cMWCNT in 5 mg/mL GG 
was prepared by mixing equal amount of 10 mg/mL GG solution and 
0.04 mg/mL cMWCNT diluted in 10% (w/w) sucrose at 90 ◦C. Similarly, 
0.1 mg/mL cMWCNT in GG was prepared by using 0.2 mg/mL cMWCNT 
in 10 mg/mL GG. Crosslinker SPM was prepared at 0.35 mg/mL con
centration in 10% sucrose [29]. For hydrogel preparation, the solutions 
were placed in water bath at 37 ◦C. SPM and GG or cMWCNT embodied 
GG were mixed at a ratio of 1:6.25 under constant stirring and casted 
into a suitable mould (e.g. cuvette or syringe) [29,47]. 

2.7. Preparation of aligned cMWCNT-embodied GG 

To investigate the alignment of cMWCNT into GG matrix, the pristine 
GG and cMWCNT-embodied GG hydrogels were prepared as described 
above and immediately placed in the bore of an electromagnet for 10 
min. The applied magnetic field was either 600 or 1000 mT and moni
tored by a magnetometer. Control samples were prepared without 
applying an electromagnet (i.e., at 0 mT). 

2.8. Small-angle neutron scattering (SANS) 

The alignment of the MWCNT in the GG matrix was investigated 
using SANS. SANS experiments were performed on the instrument D22 
at the Institute Laue-Langevin in Grenoble, France. The neutron wave
length was set to 6.0 Å and the sample-to-detector distance set to 17.6 
and 5.6 m to cover a q-range of 0.0025 Å− 1< q < 0.4 Å− 1 with q being 
the scattering vector q = 4π/λ sinϑ, and 2ϑ the scattering angle between 
the incident and the scattered neutron beam. Acquisition time was set to 
30 min. Boron carbide (B4C) was used as neutron absorber, measure
ment temperature was set to 25 ◦C, 2D data was corrected for the 
electronic background and the empty cell and normalized to absolute 
scale using the transmission of the empty beam. Data were azimuthally 
averaged to yield the typical 1D intensity distribution I(q). For analysis 
of the anisotropy, I(q) was averaged for q-values of 0.0048–0.0072 ̊A

− 1 

and plotted against the azimuthal angle. Samples were prepared in 30% 
D2O and 70% H2O solvent which correspond to the neutron scattering 
length density of the gellan gum (1.51 × 10− 6 Å− 2) (contrast matching 
the gellan gum) and allowing to study the structure and alignment of the 
CNTs within the gum. Data were reduced with the grasp software [48] 
provided at the beamline. Raw and reduced data are available at doi: 
http://doi.ill.fr/10.5291/ILL-DATA.9-11-1960 [49]. 1D data were fitted 
using IgorPro with NCNR SANS reduction macros and SASview [50]. 

2.9. In-situ optical arrangement 

An in-situ optical arrangement was used for measuring the optical 
transmission through the hydrogels at various optical polarization an
gles in reference to the magnetic field direction (Fig. 3). The optical 
arrangement consists in a beam of a random polarized HeNe laser 
passing through a polarizer by which the polarization plane of E→ is set 
(− 90◦ < φ < 90◦ in reference to B→). The transmitted power is measured 
by a Laser power and Energy Meters equipped with a photodetector. 
Note that the transmission decreases with the increase of MWCNT 
concentration. The measurements were performed 10 min after the 
magnetic field was applied. For stability measurements, the trans
mission versus the polarization angles were measured at day 0, 1, 3 and 
7. A minimum of 3 samples were prepared independently and measured 
using the in-situ optical arrangement for each studied condition. Results 
are reported as representative graphs of all the performed 
measurements. 

2.10. Rheology 

The mechanical properties cMWCNT-embodied GG were analysed 
using rotational rheometer MARS40 (Thermo-Haake, Germany) with Ø 
20 mm titanium parallel-plate measurement geometry and 1.5 mm gap 
height. Samples were prepared in cut syringe moulds, covered with 
parafilm, stored at room temperature overnight to allow gelation pro
cess to be complete and then measured. The measurement temperature 
was kept constant at 37 ◦C with a Peltier-plate and an accompanying 
temperature control element and evaporation cover. First, amplitude 
sweep measurements were conducted to 5 parallel samples with 
amplitude strain range 0.0001–10.0% and constant 1 Hz frequency. This 
way we determined the strain amplitude range in which the dynamic 
mechanical properties of the material are independent of strain ampli
tude, i.e. the linear viscoelastic region (LVER). Next, frequency sweep 
with range 0.1–10 Hz, was used to verify the gel-like material behaviour 
of the cMWCNT-embodied GG. The strain amplitude was kept constant 
during a frequency sweep at a material-dependent value (γ = 0.02 for 
pristine GG, γ = 0.005 for cMWCNT-embodied GG at MWCNT concen
tration of 0.1 mg/mL, and γ = 0.01 for cMWCNT-embodied GG at 
MWCNT concentration of 0.02 mg/mL). 
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2.11. Molecular dynamic and quantum mechanical calculations 

Molecular Dynamic (MD) calculations were performed using the 
Reactive Force Field (REAX) [51], implemented in Lammps program 
suite [52], where temperature effects (T = 337 K) could be considered. 
In all these MD calculations the initial conformations were optimized to 
obtain the most energetically stable conformer, independently of system 
size. Quantum Mechanical (QM) calculations were carried out based on 
Hartree-Fock theory using the PM7 semi-empirical method [53] and the 
MOZYME routine [54] implemented at MOPAC program [55]. In the 
case of QM method, the geometries of the systems were not optimized 
due the high number of atoms. 

3. Result and discussion 

3.1. cMWCNT synthesis and characterization 

MWCNT were synthesized by chemical vapor deposition (CVD) on 
Si/SiO2 substrates in a tube reactor at 770 ◦C using a precursor of xylene 
and ferrocene mixture. During the synthesis process iron (Fe) nano
particles are co-deposited inside the hollow nanotube, enhancing the 
MWCNT response to external magnetic field. Vertically aligned MWCNT 
with height ranges from 400 μm to 600 μm were obtained and detached 
from the templates by simply scratching the SiO2 surface with spatula. 
The obtained pristine MWCNT were then carboxylated. The introduc
tion of carboxyl functional groups and as well the presence of Fe 
nanoparticles were confirmed by energy dispersive x-ray spectroscopy 
(EDS) (Fig. 1A). In addition, the mass of Fe in cMWCNT dispersions were 
quantified by ICP-MS (Table 1), showing that the Fe content corresponds 
to 0.8% of the total mass of cMWCNT. The outer diameter distribution 
was obtained from TEM images indicating that the diameter of cMWCNT 
is found to be 30 ± 9 nm (Fig. 1B–C). The typical D and G bands of sp3 

and sp2 hybridized carbon for MWCNTs was observed by the means of 
Raman spectroscopy measurements (Fig. 1D). The ratio of intensity of 
D/G peaks (ID/IG) was found to be 0.85 for carboxylated MWCNT 
(cMWCNT), while earlier work has found 0.46 for pristine MWCNT [56]. 

The increase of ratio of intensity from pristine to cMWCNT indicated the 
amount of defect created during 5 h of carboxylation. 

The ferromagnetic behaviour of both pristine MWCNT and cMWCNT 
was confirmed by the magnetic field dependence of magnetization (M −
H curves) taken at temperatures 400 K and 50 K (Fig. 1E and F). It can be 
observed that both pristine MWCNT and cMWCNT display hysteresis 
indicating the presence of ferromagnetism. In general, MWCNT show no 
magnetic ordering, however, the presence of metal catalysts remained in 
the nanotubes after the growth results in ferromagnetic behaviour [39, 
57]. For both samples at high temperature (i.e. 400 K), hysteresis loops 
are constricted, indicating the presence of more than one ferromagnetic 
phase, which with the decrease in temperature results in a single 
dominated ferromagnetic phase. M − H hysteresis loops were repeated 
at various temperatures to obtain the saturation magnetization versus 
temperature for both samples (Fig. 1G, respectively). Temperature 
dependence of saturation magnetization of a ferromagnetic material will 
be governed by Bloch’s law given by Equation (I), 

MS(T)=MS(0)
[

1 −
(

T
TC

)α]

(I)  

where MS (0) is spontaneous magnetization at absolute zero and TC is 
Curie temperature. Generally, the exponent α = 1.5 for bulk materials 
and α > 2 for ferromagnetic nanoparticles [58,59]. The obtained data 
fits well with Bloch’s law giving MS(0) = 4.9 emu/g and 2.4 emu/g, 
exponent α = 2.4 and 2.2 and TC = 650 K and 684 K for pristine MWCNT 

Fig. 1. Physicochemical characterization of 
cMWCNT. (A) EDS mapping: Carbon (marked as C), 
oxygen (marked as O) and iron (marked as Fe) (Scale 
bar 50 nm). (B) TEM images of cMWCNT, white 
arrow: Fe nanoparticles encapsulated in the cMWCNT 
(Scale bar 50 nm). (C) Diameter distribution for 
cMWCNT measured from series of TEM images. (D) 
Raman spectrum of cMWCNT. (E-F) Magnetic field 
dependence of magnetization plotted at 50 K and 400 
K for (E) pristine MWCNTs and (F) cMWCNT. Satu
ration magnetization (G) versus temperature for 
pristine MWCNT and cMWCNT.   

Table 1 
Concentration of iron obtained by ICP-MS for each cMWCNT concentration, and 
corresponding mass percentage of iron from total mass of cMWCNT dispersion.  

Concentration of 
cMWCNT dispersion 
(mg/mL) 

Measured 
concentration of iron 
(mg/mL) by ICP-MS 

RSD 
(%) 

Mass percentage of 
iron from total mass of 
MWCNT dispersion 
(%) 

0,100 0,00081 1,0 0,80 
0,025 0,00020 2,6 0,79  
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and cMWCNT, respectively. Therefore, the ferromagnetic ordering 
present in these samples resemble ferromagnetic nature of nanoparticles 
which could be plausible mechanism due to metal catalysts present in 
the nanotubes. At 50 K the values of saturation magnetization (MS) of 
pristine MWCNTs and cMWCNT are determined to be ~4.93 emu/g and 
~2.42 emu/g, respectively. Saturation magnetization decreased to 
~3.32 emu/g for pristine MWCNTs and ~1.66 emu/g for cMWCNT with 
increase in temperature to 400 K. The obtained data clearly indicating 
that carboxylation of MWCNTs decreased the magnetization compared 
to pristine MWCNT. The reduced magnetization of the cMWCNT can be 
justified by the partial dissolution of the catalyst nanoparticles (i.e. iron) 
during the carboxylation process. Yet, it is clear that a residual iron 
remains encapsulated inside of the cMWCNT yielding a considerable 
ferromagnetic polarization, which can be used to induce spatial align
ment of nanotubes in aqueous dispersions by an applied magnetic field 
[39]. 

3.2. Design of aligned cMWCNT-embodied GG 

The cMWCNT-embodied hydrogel was produced by mixing a ho
mogenous cMWCNT aqueous dispersion into the GG solution, which was 
then cross-linked by SPM. The concentrations and ratios of GG and SPM 
were selected based on previous work [29] to achieve gelation in few 
minutes. The cMWCNT-embodied GG were obtained as freestanding 
scaffolds having different cMWCNT concentrations (Fig. 2A). Homoge
nous dispersion of cMWCNT in aqueous solution prior to mixing with GG 
is crucial to produce cMWCNT-embodied GG without cMWCNT ag
glomerates or clamps, and to enable isotropic alignment of the cMWCNT 
inside of the formed hydrogel. The homogeneous dispersion of cMWCNT 
in aqueous solution is achieved up to 0.25 mg/mL by adopting a pro
tocol originally developed to produce water based MWCNT inks for 
printed electronics [30]. 

The alignment of the cMWCNT into the GG matrix was performed by 
placing cuvettes filled with pristine GG/SPM or cMWCNT/GG/SPM in 
the bore of an electromagnet. Based on the knowledge that cMWCNTs 
achieve full alignment in water-based solution within few seconds [39] 
and GG is crosslinked in 2–5 min after adding SPM [29], a 10min 
exposure time to the magnetic field was selected to ensure that the 
cMWCNT-embodied GG is fully gelated before moving the hydrogel to 
the experimental conditions. A magnetic field of 1000 mT was applied 
on cMWCNT/GG mixture at a cMWCNT final concentration of 0.1 
mg/mL. The alignment of the cMWCNT-embodied GG was confirmed via 
small-angle neutron scattering (SANS) as shown in Fig. 2B–E). All 

measurements were taken at the contrast match point of GG (30% D2O), 
i.e. the GG contrast is matched to D2O and the signal stems from 
cMWCNT only. The 1D scattering patterns of cMWCNT dispersed in a 
solution of 30% D2O (grey triangle), cMWCNT-embodied GG at 0 mT 
(black squares) and cMWCNT embodied GG at 1000 mT (red circles) 
were azimuthally averaged to yield the typical 1D intensity distribution I 
(q) (Fig. 2 B). In all three samples, there was no sign of aggregation 
within the cMWCNT and a I(q) dependency of q− 1 around q = 0.007 ̊A

− 1 

was observed, which is typical for elongated objects. All data were fitted 
with a cylinder model, yielding a cMWCNT radius of 15.1 ± 0.05 nm 
(cMWCNT 0 mT), 15.1 ± 0.08 nm (cMWCNT embodied GG 0 mT) and 
15.1 ± 0.14 nm (cMWCNT embodied GG_1000 mT), which is in good 
agreement with our TEM measurements, showing that the structure of 
cMWCNT is not altered upon incorporation into the GG. The 2D scat
tering pattern of cMWCNT embodied GG at 0 mT (Fig. 2C) and cMWCNT 
embodied GG at 1000 mT (Fig. 2D) were both acquired in 30% D2O 
solvent matching the structure of GG. The anisotropy pattern was clearly 
observed (Fig. 2D), due to the magnetic field polarization of the 
encapsulated iron nanoparticles in the cMWCNT. This anisotropy was 
further analysed by averaging the scattering intensity over a narrow 

q-range of 0.0048–0.0072 Å
− 1 

(as indicated in Fig. 2E, inset) and plot
ting it against the azimuthal angle (Fig. 2E). In particular, this result 
highlights the intensity variation in dependence of the azimuthal angle 
for aligned cMWCNT embodied GG at 1000 mT (red dots), whereas no 
variation is observed for the sample prepared without applying mag
netic field (i.e. cMWCNT/GG 0 mT, black dots). The major orientation 
plane is aligned with respect to the incoming neutron beam, which 
corresponds to the direction of the magnetic field. 

The alignment of the cMWCNT-embodied GG was corroborated by 
measuring the optical transmission at various optical polarization angles 
with reference to the magnetic field direction (Fig. 3). In such in-situ 
optical arrangement, the maximum/maximum transmission is detected 
when the cMWCNT is aligned perpendicular/parallel to the polarization 
plane (Fig. 3B). As expected, the transmitted intensities vary according 
to the cMWCNT concentration, which is related to the degree of ab
sorption in and scattering on the cMWCNT. The alignment of the 
cMWCNT into GG matrix was also demonstrated for lower magnetic 
field (i.e. 600 mT) at a cMWCNT final concentration of 0.1 mg/mL 
(Fig. 4A and D, black curves). However, for lower concentrations of 
cMWCNT (i.e. 0.02 mg/mL) higher magnetic field (i.e. 1000 mT) was 
required to achieve alignment (Fig. 4 B, C, E and F, black curves). 
Therefore, higher magnetic field is required to achieve cMWCNT 
alignment for lower concentrations of cMWCNT in GG. The selected 10 

Fig. 2. A) Freestanding cMWCNT-embodied hydrogel 
with different concentrations of cMWCNT (B) SANS 
intensities for cMWCNT dispersed in a solution of 
30% D2O (grey triangle), cMWCNT-embodied GG at 
0 mT (cMWCNT/GG 0 mT, black squares) and 
cMWCNT-embodied GG at 1000 mT (cMWCNT/GG 
1000 mT, red circles). (C-D) 2D SANS patterns of 
cMWCNT/GG in 30% D2O at 0 mT (C) and cMWCNT/ 
GG in 30% D2O at 1000 mT (D). (E) Average of the 
scattering intensity I(q) for q = 0.0048–0.0072 Å

− 1 

(inset) of the 2D patterns in (C) and (D), plotted 
against the azimuthal angle. (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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min exposure time demonstrated to be enough time for cMWCNTs to 
achieve alignment before GG is fully crosslinked independent of 
cMWCNT concentration and/or magnitude of magnetic field. 

3.3. Stability of cMWCNT-embodied GG regarding time, temperature and 
presence of culture media 

To investigate the stability of the aligned cMWCNT-embodied GG, a 
series of measurements over time applying different conditions was 
performed (Fig. 4). At room temperature (RT), while the alignment of 

cMWCNT-embodied GG seems to weak overtime for 0.1 mg/mL aligned 
at 600 mT (Fig. 4D), it remains up to 7 days for 0.02 mg/mL aligned at 
1000 mT (Fig. 4F). A slight shift of the minimum/maximum trans
mission was observed, which could be related to changes of the GG 
structure (e.g., dehydration). This hypothesis is based on the common 
knowledge that water evaporation will affect the gel structure, which is 
as well the reason of the controversial acceptance for the use of scanning 
electron microscopy (SEM) as an imaging tool for hydrogel character
ization [60–62]. While there is clear evidence of the drying effects of GG 
at microstructure level when using different drying techniques [63], it is 

Fig. 3. A) Schematic of electromagnetic setup along with optical arrangement used for alignment and measuring of cMWCNT embodied GG, respectively. B) 
Schematic illustrating the two-extreme condition of laser interaction with polarizer and aligned cMWCNT-embodied GG on the detector. C) Transmission (%) with 
respect to the polarization plane and optical transmission for pristine GG and 0.1 mg/mL cMWCNT embodied GG at room temperature (RT) using the optical 
arrangement. 

Fig. 4. Transmission (%) with respect to the polarization plane and optical transmission for 0, 1, 3 and 7 days at RT. (A) 0.1 mg/mL cMWCNT/GG at 0 mT, (B-C) 
0.02 mg/mL cMWCNT/GG at 0 mT, (D) 0.1 mg/mL cMWCNT/GG at 600 mT, (E) 0.02 mg/mL cMWCNT/GG at 600 mT and (F) 0.02 mg/mL cMWCNT/GG at 1000 
mT. Note that data showed in (B) is from a different sample than data showed in (C) and used as control sample regarding the data showed in (E), while (C) was 
taking as control sample regarding the data showed in (F). Data for pristine GG under same conditions are not shown since no alignment is observed. 
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still an open question how natural evaporation at RT will affect the gel 
microstructure along the time. A shift of the minimum/maximum 
transmission means that the orientation of the alignment has changed. 
Thus, assuming that the GG microstructure sightly changes due to water 
evaporation (i.e. dehydration), a slight change of the orientation of the 
cMWCNT alignment may occur. 

By aiming to employ this system as an injectable scaffold for tissue 
engineering, the aligned cMWCNT-embodied GG was kept in 37 

◦

C with 
and without culture media for 7 days (Fig. 5). At 37 

◦

C without the 
presence of culture media, the alignment stability is comparable to the 
aligned cMWCNT-embodied GG stored in RT (Fig. 5A and C). In this 
case, the shift of the maximum/minimum transmission intensity is more 
evident, which is in agreement with our hypothesis that the dehydration 
of the GG matrix along the time takes places. The alignment is lost at day 
1 after the introduction of culture media (Fig. 5B and D), which could be 
explained by the fact that the addition of culture media increases the GG 
crosslinking density and mechanical strength by forming tighter crys
talline junction zone [64,65], hence changing the anisotropy achieved 
right after the applied magnetic field. 

3.4. cMWCNT-embodied GG mechanical properties 

The mechanical properties of the cMWCNT-embodied GG were 
investigated by rotational rheometer, which provides information on the 
structural properties of the hydrogel network, efficiency of polymer 
crosslinking, and on the interactions between the cMWCNT and gel host 
in the composite hydrogel [66,67]. The sweep verified that the sample 
shows a linear response to shear, with a slight upward trend at higher 
frequencies (Fig. 6A), indicating that the cMWCNT-embodied GG pre
sents the gel-like behaviour regardless of the cMWCNT concentration or 
alignment. At frequencies higher than 10 Hz the system becomes un
stable (data not shown). Average values of storage (G′) and loss (G′′) 
moduli were obtained from the LVER as indicators of the hydrogel 
stiffness. As is typical for a self-standing gel, the obtained ratio G’/G′′ for 

the cMWCNT-embodied GG is close to 10 [68]. The simultaneous and 
equal increase in G′ and G′′ indicates stiffening response to higher fre
quency shear caused by rigidity of the crosslinked polymer network. 
Moreover, the increase of cMWCNT concentration slightly and gradually 
increases the storage moduli, suggesting good interaction between GG 
and cMWCNT. This result is in agreement with the previous work that 
hybrid CNT hydrogels albeit different technique was used to evaluate 
the mechanical properties [69]. In the amplitude sweep, a clear linear 
viscoelastic region (LVER) was observed for all hydrogels, after which 
the samples start to yield, and then a cross-over point is noted (Fig. 6B). 
At the nonlinear elastic region at the end of LVER, all tested samples 
have a short rise in G′′ before starting to yield. The rise in G′′ is a typical 
rheological response at larger amplitude oscillatory shear called “weak 
strain overshoot” and is associated with intermolecular hydrogen 
bonding and a weak secondary network resisting the deformation [67]. 
When an increased stress is applied to a viscoelastic material, the 
dissipation of energy via viscous flow occurs and is essentially measured 
by G’‘. However, as the shear amplitude and rate increase too much, 
dissipation increases until it cannot deal with all the energy input 
anymore, the polymer chains do not have enough time to relax and the 
peak in G′′ is observed before the material yields. This is a quite common 
phenomenon in polysaccharide gels [67,70]. Moreover, the yield point 
(i.e. where G′ and G′′ are equal) is gradually shifting towards higher 
amplitudes and higher moduli values confirming the strengthening ef
fect caused by cMWCNT in the hydrogel. This result is also supported by 
the obtained average values of G′ and G′′ at LVER, which clearly high
lights the gradual increase of stiffness when the cMWCNT concentration 
increases (Fig. 6C). The alignment of the cMWCNT into the GG matrix 
did not affect the G′ and G′′ while comparing to non-aligned 
cMWCNT-embodied GG (Fig. 6C). This might be explained by the di
rection of the cMWCNT alignment and direction of forces applied during 
rheological measurement. Previous work has reported that the Young’ 
modulus for horizontally aligned CNT hydrogel was similar to 
non-aligned (i.e. random) CNTs hydrogel while an increase of Young’s 

Fig. 5. Transmission (%) with respect to the polarization plane and optical transmission for 0.1 mg/mL cMWCNT- embodied GG at 37 
◦

C for 0, 1, 3 and 7 days. (A) 
600 mT, without culture media. (B) 600 mT with culture media. (C) 0 mT without culture media. (D) 0 mT with media. 
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modulus was observed for vertically-aligned CNT hydrogel [69]. Indeed, 
CNTs present better mechanical properties in their axial direction than 
radial direction [71]. Thus, in non-aligned cMWCNT-embodied GG is 
expected that there are always cMWCNTs in a favourable alignment 
taking the load applied during rheology measurements, resulting in a 
clear reinforcing of the composite hydrogel. In contrast, in the aligned 
cMWCNT-embodied GG, the force from rotational rheometer might be 
coming perpendicular to the cMWCNTs and thus, the reinforcing effect 
is reduced but still more profound than in the pristine GG. The average 
values obtained for G′ and G′′ also indicates that the stiffness for pristine 
GG can be increased by applying magnetic field during gelation. 

3.5. Molecular dynamics and quantum mechanical calculations on CNT- 
GG interaction 

Molecular dynamic (MD) and quantum mechanical (QM) calcula
tions were carried out to rationalize the experimental findings and un
derstand how CNTs interacts with GG+SPM matrix. For the calculations, 
a bundle of single-walled CNTs was used instead of MWCNT (here 
named as CNT). The proportion of atoms for constituent molecules on 

the final system (i.e. GG+SPM+CNT) was estimated based on the 
experimental concentrations used in this work. Note that the theoretical 
values for the concentrations are an estimate, since there is no 
straightforward correlation between concentrations used in the experi
mental work and the number of atoms for each individual molecule in 
the system. The calculations were performed considering low-to-high 
(<0.1 mg/mL) and super-high (>0.9 mg/mL) CNT concentrations. The 
energy (E) of complex formation for the studied system is given by 
Equation (II): 

Ecomplex formation =ECNT+xGG+ySPM −
(
ECNT +ExGG+ySPM

)
(II)  

where y and x correspond to the number of GG and SPM model mole
cules in each system. The formation energy was calculated considering 
the total energy calculated for each individual molecule and as well for 
the system MD calculations (see Supporting Information, Table S1). The 
obtained theoretical calculations showed that GG+SPM system has low 
formation energy, which increases with the CNT insertion (Fig. 7A). It is 
well known that in conservative systems, the force acting on a particle 
within a system equals the negative derivative of the energy system. 
Therefore, the addition of low concentrations of CNT (<0.02 mg/mL) to 
the GG+SPM system generates a local energetic/structural unbalance 
that spread throughout the entire system as a consequence of the 
decreasing of internal forces on CNT+GG+SPM system. Yet, this finding 
does not seem to reflect in the storage modulus, which was experi
mentally showed to slightly increase by adding 0.02 mg/mL of cMWCNT 
to the GG+SPM (Fig. 6C, solid black and blue). For high CNT concen
trations (>0.04 mg/mL) the formation energy starts to decrease 
(Fig. 7A), suggesting that the increase of CNT concentration enhances 
the system stability. For super-high concentrations (>0.9 mg/mL), QM 
calculations were performed considering a CNT with chirality (40, 0), 
diameter around 32.32 Å and length around 101.95 Å. This model 
molecule has 3840 atoms, 3760 of which are carbon and 80 are 
hydrogen. The number of GG molecules were fixed while varying the 
number of CNTs inside the GG+CNT system. Note that only structures 
with GG and CNT molecules were considered since that in super-high 
concentration the presence of SPM do not generate significant effect in 
the total energy values. Four structures of zCNT+xGG were considered 
with x being 48, 96, 120 and 240. Increasing the size of GG structures 
around the tube means to maximize the interaction between the CNT 
and GG and minimize the interaction between inside and outside tubes, 
allowing to assess the role played by the CNT insertion on the GG matrix. 
Our findings verify that the increasing number of CNTs stabilizes ener
getically all the xGG structures independently of the number x of GG 
molecules (Fig. 7B–E). As expected, the internal forces increase with the 
inclusion of CNT into the xGG structures (Fig. 7F). Nevertheless, there is 
point force which is reached after certain amount of CNT is inserted in 
the GG system. In summary, the MD and QM calculations indicate that at 
low concentrations of CNT an energetic unbalance into the GG matrix; as 
more CNT is inserted to the matrix, the internal forces increase 
decreasing the total energy in the system and promoting structural 
stabilization of the system. 

4. Conclusion 

We have successfully developed a reproducible method to uniformly 
integrate and align cMWCNT into hydrogel matrices using low magnetic 
field. The cMWCNT embodied GG can be injected right after mixing the 
components (while it is still in liquid form) and the alignment can be 
achieved before the crosslinking is completed, providing a proof-of- 
concept that it can be used as an aligned injectable scaffold. In addi
tion, it has been demonstrated that the injectable scaffold can be tuned 
to any shape as different moulds have been used according to the re
quirements of each used characterization techniques (e.g. thin glass vial 
for SANS, round syringe for rheology, UV cuvette for optical arrange
ment). The cMWCNT alignment into GG is best achieved at cMWCNT 

Fig. 6. Rheological testing of the pristine GG, pristine GG, 0.02 mg/mL 
cMWCNT/GG, 0.1 mg/mL cMWCNT/GG and aligned 0.1 mg/mL cMWCNT/GG 
(at 600 mT). (A) Representative curves of frequency sweep. (B) Representative 
curves of amplitude sweep (C) Average values of G′ and G′′ at LVER (n = 3). 
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concentrations of 0.1 mg/mL for magnetic fields of 600–1000 mT. The 
alignment of cMWCNT into GG remains up to 7 days at RT and 37 ◦C. 
According to in-situ optical measurements, the alignment slightly 
changes its orientation along the days due to dehydration. No alignment 
was seen after day 1 with introduction of culture media in the samples, 
which might occur due to the formation of tighter crystalline junction 
zone in GG. The use of other hydrogels should be considered to over
come this challenge. SANS measurements showed the uniform disper
sion of cMWCNT into the GG matrix and the anisotropy of the system 
after applying a magnetic field. Rheologically, the stiffening of the GG is 
observed with increase cMWCNT concentration, which is supported by 
MD and QM calculations. The proposed strategy offers a promising and 
feasible method to create an aligned injectable scaffold in-situ by 
applying low external magnetic fields, opening new possibilities for 
engineering tissues such as cardiac, neural and muscle which structural 
orientation and electrical cues are of fundamental importance to recover 
tissue function. 
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Fig. 7. MD and QM calculations. (A) Formation energy for the GG+SPM and GG+SPM+CNT for different CNT concentrations based on MD calculations. (B-E) Total 
energy vs number of atoms for (B) zCNT+48GG, number of nanotubes varies from 1 to 9 (insert: top view of system with nine CNTs and 48 GG molecules). (C) 
zCNT+96GG, number of CNTs varies from 1 to 5 (insert: top view of system with five CNTs and 96 GG molecules). (D) zCNT+120GG, number of nanotubes varies 
from 1 to 9 (inset: top view of system with nine carbon nanotubes and 120 GG molecules). (E) zCNT+ 240GG, number of CNTs varies from 1 to 5, (insert: top view of 
system with five CNTs and 240 GG molecules. (F) Calculated force for each system according to the function F = − ▽E. 
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Hyttinen J, editors. Reproducible preparation method of hydrogels for cell culture 
applications – case study with spermidine crosslinked gellan gum BT - EMBEC & 
NBC 2017. Singapore: Springer Singapore; 2018. p. 811–4. 

[48] Dewhurst Charles. Grasp _V9 2020. https://www.ill.eu/users/support-labs-infrast 
ructure/software-scientific-tools/grasp. 

[49] Gabriela Lorite, Janne Koivisto, Andrea Lassenberger, Anne Martel, Lionel Porcar. 
Structure of aligned carbon nanotubes/gellan gum hybrid hydrogels for guided 
neural cell growth. 2020. https://doi.org/10.5291/ILL-DATA.9-11-1960. 

[50] Sasview 2018. http://www.sasview.org. 
[51] Aktulga HM, Fogarty JC, Pandit SA, Grama AY. Parallel reactive molecular 

dynamics: numerical methods and algorithmic techniques. Parallel Comput 2012; 
38:245–59. https://doi.org/10.1016/J.PARCO.2011.08.005. 

[52] Plimpton S. Fast parallel algorithms for short-range molecular dynamics. J Comput 
Phys 1995;117:1–19. https://doi.org/10.1006/JCPH.1995.1039. 

[53] JJ S. Optimization of parameters for semiempirical methods VI: more 
modifications to the NDDO approximations and re-optimization of parameters. 
J Mol Model 2013;19:1–32. https://doi.org/10.1007/S00894-012-1667-X. 

[54] Stewart JJP. Application of Localized Molecular Orbitals to the Solution of 
Semiempirical Self-Consistent Field Equations n.d. https://doi.org/10.1002/(SICI) 
1097-461X(1996)58:2. 

[55] James SCC, Stewart SCC JP. MOPAC2016 program. 2016. 
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