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A B S T R A C T   

Various studies about harvesting energy for future energy production have been conducted. In particular, 
replacing batteries in implantable medical devices with electrical harvesting is a great challenge. Here, we have 
improved the electrical harvesting performance of twisted carbon nanotube yarn, which was previously reported 
to be an electrical energy harvester, by biscrolling positively charged ferritin protein in a biofluid environment. 
The harvester electrodes are made by biscrolling ferritin (40 wt%) in carbon nanotube yarn and twisting it into a 
coiled structure, which provides stretchability. The coiled ferritin/carbon nanotube yarn generated a 2.8-fold 
higher peak-to-peak open circuit voltage (OCV) and a 1.5-fold higher peak power than that generated by bare 
carbon nanotube yarn in phosphate-buffered saline (PBS) buffer. The improved performance is the result of the 
increased capacitance change and the shifting of the potential of zero charges that are induced by the electro
chemically capacitive, positively charged ferritin. As a result, we confirm that the electrical performance of the 
carbon nanotube harvester can be improved using biomaterials. This carbon nanotube yarn harvester, which 
contains protein, has the potential to replace batteries in implantable devices.   

1. Introduction 

Various energy harvesting studies have been conducted to address 
the need for supplying continuous electrical energy to electronic devices 
without a battery (Chen et al., 2016, 2020; Chen and Wang, 2017; 
Cottrill et al., 2018; Dong et al., 2017; Guo et al., 2016; Han et al., 2019; 
Hinchet et al., 2019; Jang et al., 2019; Pu et al., 2017; Ryu et al., 2019; 
Zhang et al., 2016, 2020). In particular, because a battery needs to be 
replaced in implanted devices, such as cardiac pacemakers, energy 
harvesting technologies that can eliminate batteries are considered vital. 
Although piezoelectric and triboelectric harvesters have been attempted 
for implantable power, it has still limitations in the service life and the 
bulky size (Meng et al., 2019, 2020; Wang et al., 2015; Yan et al., 2020; 
Zhou et al., 2020). Therefore, development of miniaturization and me
chanical durability are challenges. (Huang et al., 2020; Zebda et al., 
2018). 

The recently reported twisted carbon nanotube yarn harvester 
(twistron harvester), which electrochemically converts stretching me
chanical energy into electrical energy, provides 250 W/kg of electrical 
power in 0.1 M HCl (Kim et al., 2017). When the carbon nanotube yarn is 

stretched in the electrolyte, its volume is changed, which consequently 
induces a capacitance change due to ion movements in the yarn (Kim 
et al., 2017). As a consequence, electrical energy is induced by the po
tential change owing to the capacitance change. The twistron harvesters 
operate in a variety of environments, including electrolytes that contain 
ions such as sea water, and have a small diameter and no need for an 
external bias potential. These yarn- or fiber-type energy harvesters are 
useful for flexible, stretchable, and textile applications. Therefore, this 
tiny and high-powered twistron harvester offers advantages for fabri
cating alternatives to batteries in implanted devices. 

Although the electrical harvesting properties of the twistron 
harvester are noteworthy, there are dramatic decreases in performance 
in the biofluid environment due to the variation in the permeated ions 
according to the type and size of the physiological ions (Yun et al., 2019; 
Zhou et al., 2017). The electrical characteristics such as potential of zero 
charge (PZC) change depending on the electrolyte components. In 
addition, if the size of the ions is large, it will be difficult to penetrate the 
twisted yarn, which cause to decrease the energy harvesting perfor
mance (Jang et al., 2019). For this reason, in order to be used as a battery 
substitute in implanted devices, it is necessary to improve the 
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performance of electrical harvesters in biofluid environments. 
Here, we describe the enhanced energy harvesting performance of 

multi-walled carbon nanotube (MWNT) yarn biscrolled with ferritin 
without an external voltage. To increase the energy harvesting perfor
mance, there are two methods that can 1) increase capacitance change 
and 2) the chemical potential difference in the electrochemical system. 
Ferritin has been reported to have both electrical properties and 
biocompatibility (Sim et al., 2018; Watt et al., 2012). After biscrolling 
with ferritin, the capacitance of the harvester is increased 83.2% and the 
PZC is shifted from 180 to 425 mV because of the electrostatic force of 
the positively charged ferritin (Sim et al., 2018). The ferritin/MWNT 
energy harvester improved the peak power by 1.5-fold compared with 
that of bare MWNT in phosphate-buffered saline (PBS), and it increased 
the performance in other biofluid solutions (serum and Hank’s balanced 
salt solution (HBSS)). The enhanced energy harvester has a potential to 
be applied for implant devices due to its small size, stability, and me
chanical durability. 

2. Experimental section 

2.1. Materials 

The MWNT forest, which was fabricated by a previously described 
method, was provided by Lintec (USA) (Foroughi et al., 2011; Zhang 
et al., 2005). The ferritin, PBS buffer (10 mM Na2HPO4, 137 mM NaCl, 
2.7 mM KCl, 1.8 mM KH2PO4) (pH 7.4), and HBSS (138 mM NaCl, 5 mM 
KCl, 0.3 mM Na2HPO4, 0.4 mM KH2PO4, 4 mM NaHCO3, 6 mM 
D-Glucose) (pH 7.4) were purchased from Sigma-Aldrich (USA). Serum 
(horse serum) were purchased from Invitrogen (USA). 

2.2. Fabrication of coiled MWNT and ferritin/MWNT yarn 

The coiled MWNT yarn was fabricated from a drawable MWNT 
forest. First, the MWNT sheets, which were drawn with dimensions of 
1.5 cm � 15 cm, were stacked in 10 layers on the glass slide. Then, the 
MWNT sheet rolled into a cylindrical structure. Using a twisting ma
chine, we twisted the cylindrical MWNT sheets (cone spinning method) 
until the coiled structure was under 10 MPa of stress (Kim et al., 2017). 
In the case of ferritin/MWNT, the ferritin was sprayed between the 10 
layers of MWNT sheets with spacings of 3-4-3 layers and dried thor
oughly at room temperature. After drying, we twisted the ferri
tin/MWNT sheet until the coiled structure was under 10 MPa of stress. 
Finally, both the coiled MWNT yarn and ferritin/MWNT yarn were 
placed in a beaker, following the procedure described in the previous 
report (Kim et al., 2017). 

2.3. Characterization 

The scanning electron microscope (SEM) images of the coiled MWNT 
and ferritin/MWNT yarn were obtained with a Hitachi S4700 (Japan). 
The transmission electron microscopy (TEM) images and energy- 
dispersive X-ray spectroscopy (EDX) images were obtained with a 
JEM-2010 (Japan). All the electrochemical measurements were ob
tained with a Gamry instrument (model: reference 3000). The traces of 
OCV, cyclic voltammetry (CV) (scan rate: 50 mV/s), and piezo
electroscopy (PECS) (scan rate: 5 mV/s) were collected using a 3-elec
trode system, and short-circuit current (SCC) was performed with a 2- 
electrode system. 

3. Results and discussion 

3.1. Characterization of the ferritin biscrolled MWNT yarn electrode 

The ferritin/MWNT yarn was fabricated by spraying ferritin 
dispersed in water between the MWNT sheets and twisting it until it 
formed a coiled structure. The details of the fabrication method are 

described in the experimental section. Fig. 1a shows the ferritin sprayed 
on the MWNT stacked sheets, which were drawn from MWNT forest. 
Ferritin is a globular protein, with a typical inner diameter of 8 nm and 
an outer diameter of 12 nm (Jin et al., 2019). As shown in the TEM 
image (Fig. S1), ferritins were attached to the MWNT bundles because it 
has a natural affinity for carbon nanotubes (Lee et al., 2008; Lin et al., 
2004). Moreover, Fe atoms, which are contained in ferritin, were 
detected on the MWNT sheet by EDX (Fig. S1). The loading weight of the 
ferritin was controlled by the concentration of the aqueous dispersed 
solution. The biscrolled method of modifying the MWNT sheet, previ
ously reported by Lima et al. (2011) enables twist-based spinning of the 
yarn from various powders while maintaining guest functionality (Choi 
et al., 2016; Lima et al., 2011). By biscrolling ferritin, the yarn dimeter 
was increased 7% compared to that of bare MWNT yarn (Fig. S2). The 
ferritin-sprayed MWNT sheet was then formed into a yarn structure 
(Fig. 1b, Fig. S3) by twisting 6454.7 turns/m and applying continuous 
twisting until the coiled structure was under 10 MPa of stress (Fig. 1c). 
To electrochemically characterize the yarns, the electrochemical cell 
was composed of the working electrode, a reference electrode, and a 
counter electrode in the electrolyte (Fig. S4) (Kim et al., 2017). Finally, 
the performance of the coiled ferritin/MWNT yarn as an electrical en
ergy harvester was measured by stretching and releasing. 

3.2. Electrical energy harvesting for the coiled ferritin/MWNT yarn 
harvester 

The electrochemical measurements for the MWNT harvester were 
collected using a potentiostat. All of the electrochemical characteriza
tions involved 40.1 wt% ferritin biscrolled MWNT coiling yarn in 0.01 M 
PBS buffer, which is frequently used as a biological fluid (Lewis et al., 
2005; Vidal and Mu~noz, 2008). Fig. 2a shows the time dependence of the 
open-circuit voltage (OCV) and short-circuit current (SCC) of the coiled 
ferritin/MWNT and bare MWNT yarn at 1 Hz and maximum 30% si
nusoidal stretching in 0.01 M PBS buffer. The OCV depending on the 
strain is shown in Fig. S5. Fig. S6 shows the results for mechanical 
durability and stability in the electrolyte. The ferritin/MWNT yarn 
maintained 98% after 3000 cycles (Fig. S6a). Also, peak-to-peak OCV 
values were retained 91% after 2 weeks (Fig. S6b). The peak-to-peak 
OCV (37 mV) and peak SCC (135 A/kg) of ferritin/MWNT yarn are 
2.8-fold higher than those of bare MWNT yarn. In HCl, the coiled bare 
MWNT yarn showed a peak-to-peak OCV of 94 mV (Fig. S7). Fig. 2b 
shows the peak power for energy harvesting at 1 Hz for impedance 
matching. The maximum peak power is 6.1 W/kg at a load resistance of 
200 Ω. In the case of bare MWNT yarn, the peak power was 4.2 W/kg 
and was matched at 180 Ω (Fig. S8). The energy conversion efficiency 
was 0.07% when calculated by tensile mechanical energy input and 
electric energy output during cycling to 30% strain at 1 Hz (Fig. S9). As 
the frequency of an applied strain gradually increased, peak power 
increased and eventually plateaued at about 4 Hz because the yarn 
harvester is limited by its electrical impedance, wherein the peak power 
was 10.4 W/kg (Fig. 2c) (Kim et al., 2017). When comparing gravimetric 
peak power of other energy harvesters that is mentioned in 
bio-environmental applications, our ferritin/MWNT harvester is higher 
peak power than previosly reported harvesters (Table S1) (Cho et al., 
2014; Bai et al., 2013; Hu et al., 2011; Hwang et al., 2016; Jang et al., 
2019; Jeong et al., 2014; Kim et al., 2013, 2017; Mun et al., 2020; 
Sharpes et al., 2015; Wu et al., 2014; Zeng et al., 2014, 2016; Zhang 
et al., 2014; Zhong et al., 2013). The decrease in the peak-to-peak OCV 
with increasing frequency occurs because the ions cannot match the 
speed of mechanical deformation (Wee et al., 2010). Fig. 2d shows the 
peak power for the ferritin/MWNT and bare MWNT yarn in different 
biofluid electrolytes: HBSS (pH 7.4), PBS buffer (pH 7.4), and serum. 
The peak power of the ferritin/MWNT yarn was 8.2, 6.1, and 3.1 W/kg 
in HBSS, PBS buffer, and serum, respectively. For bare MWNT yarn, the 
peak power was 7.2, 4.2, and 2.3 W/kg in Hank’s balanced salt solution 
(HBSS), PBS buffer, and serum, respectively. 
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3.3. Electrochemical characterization for the coiled ferritin/MWNT yarn 
harvester 

Fig. 3 shows the electrochemical characteristics of ferritin biscrolled 
MWNT yarn and the reasons for the improved performance. Fig. 3a 
shows the peak-to-peak of OCV and capacitance change according to the 
ferritin loading weight percent in the coiled MWNT yarn for 30% 
stretching. The highest peak-to-peak OCV (37 mV) was observed at 40 
wt%, decreasing dramatically after increasing the ferritin loading 
weight. The cyclic voltammetry (CV) curves for 0% and 30% stretching 
of coiled MWNT yarn and 40 wt% biscrolled ferritin/MWNT yarn are 
compared in Fig. 3b. The CV curves indicate electrochemical double- 
layer charging (EDLC) capacitance and pseudocapacitance of the 
MWNT and ferritin, respectively (Kim et al., 2005). The capacitances of 
the 0% stretched bare MWNT and ferritin/MWNT yarn were 1.5 mF/g 
and 2.8 mF/g, respectively. The capacitance enhancement of the ferri
tin/MWNT yarn was caused by a combination of the EDLC capacitance 
of the MWNT and pseudocapacitance of the ferritin. The contribution to 
the capacitance by double-layer capacitive process were above 86% 
(Fig. S10) (Huang et al., 2017; Zhou et al., 2019). Although ferritin 

contains an iron ion which is known to exhibit a redox reaction, the 
ferritin/MWNT yarns are highly capacitive at potential between 0 to 0.6 
V vs Ag/AgCl in PBS solution. After 30% stretching, capacitance of the 
bare MWNT and ferritin/MWNT yarn decreased 10.8% and 25.3%, 
respectively. Fig. 3c and d shows piezoelectroscopy (PECS) for the 
characterized potential of zero charge (PZC) for each harvester. The 
PECS method was utilized according to previous reports for measuring 
PZC using CV during stretching of the harvester (Kim et al., 2017). 
Determining the PZC of the harvester is necessary for evaluating the 
equilibrium charge state because energy harvesting can occur by 
generating an equilibrium charge on the electrode. From the PECS 
measurements, the PZC is where the ac current is minimized, and the 
current phase is reversed. Accordingly, the PZC of coiled MWNT yarn is 
observed at 180 mV in 0.01 M PBS buffer solution (pH 7.4) (Fig. 3c). In 
the case of the coiled ferritin(40 wt%)/MWNT yarn, PZC is shifted from 
180 mV to 430 mV owing to the positively charged ferritin. The baseline 
of the OCV and PZC by ferritin concentrations are shown in Fig. S11. In 
these harvesters, the difference between the baseline of the OCV and the 
PZC is the intrinsic bias potential. Consequently, one of the reasons why 
the ferritin/MWNT yarn energy harvester performance is higher than 

Fig. 1. Fabrication process for the harvester electrode. a) Schematic image of the ferritin spray coating on the MWNT sheet. b) Schematic images of the ferritin 
biscrolled MWNT yarn and cross section of ferritin/MWNT yarn and ferritin. c) Coiled structure of the ferritin/MWNT yarn. 

Fig. 2. Electrical energy harvesting per
formance of the coiled ferritin/MWNT 
yarn. a) Results of open-circuit voltage 
(OCV) and short-circuit current (SCC) during 
applied sinusoidal 30% stretching in the PBS 
buffer solution. b) Generated peak power 
and peak voltage versus load resistance for 
coiled ferritin/CNT yarn. c) Frequency 
dependence of peak-to-peak OCV and peak 
power (sinusoidal stretching: 30%, electro
lyte: PBS buffer solution). d) Comparison of 
peak power for coiled bare MWNT yarn and 
ferritin/MWNT yarn in the different biofluid 
electrolytes (sinusoidal stretching: 30%). 
Error bars represent standard deviation. 
Statistical significance was accepted for p- 
values <0.05(*).   
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that of bare MWNT yarn is that the difference between the baseline of 
OCV and PZC is 133 mV, which is larger than that of 83 mV of bare 
MWNT yarn. Additionally, it was found that OCV-PZC is higher in both 
serum and HBSS (Table S2). As a result, the performance improvement 
from biscrolling ferritin in the MWNT is due to the increase in the 
capacitance change and the baseline of OCV-PZC according to formula 
Q ¼ CV (where Q is the charge, C is the capacitance, and V is the voltage) 
(Kim et al., 2017). 

4. Conclusion 

In conclusion, the present study showed that the biscrolled ferritins 
improve the energy harvesting performance of a coiled MWNT yarn in 
biological condition. The coiled ferritin/MWNT yarn loaded 40.1 wt% of 
ferritin shows a 2.8-fold higher peak-to-peak OCV and a 1.5-fold higher 
peak power than those of the bare MWNT yarn. This improved electrical 
performance resulted from the increased capacitance change and the 
shifted PZC owing to the positively charged ferritin when stretched. 
Therefore, it suggests that the improved performance increase the po
tential to expand the applicability of the energy harvesting technology 
of MWNT yarn in a biological environment. However, further studies are 
warranted to improve the power and/or to connect MWNT yarns in 
series/parallel for practical application to implantable device. 
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