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a b s t r a c t   

In recent years, unprecedented advances are noticed in wearable sensors and therapeutic devices because of 
their portability, low power consumption, m-health solution, and self-administration phenomena. A tri
boelectric nanogenerator (TENG) converts biomechanical energy into electricity through the combined 
effects of triboelectrification and electrostatic induction, gaining ubiquitous attention because of its sensing 
and energy harvesting properties. Nano carriers like stimuli-responsive biopolymers, nanoparticles, mi
croneedles, and liposomes are the most frequently used drug delivery vehicle in invasive as well as 
transdermal drug delivery (TDD) system that is stimulated and controlled by TENGs power supply. Hence, 
biomaterials and organelles are exploited in drug delivery systems along with TENG to achieve a site- 
specific controlled drug release. With the progress of biomechanical energy harvesting, self-power drug 
delivery has been proven to be a worthy substitute for oral or injectable drug delivery with high perfor
mance and therapeutic accuracy. Continuous power generation, sustainability, and precise functionality of 
self-powered devices and wearable sensors have still encountered some hitches during biomedical appli
cations. This focused review will summarize the recent developments of TENG-powered drug delivery 
systems. An in-depth explanation of current challenges and future directions to ensure precise and on- 
demand drug delivery will also be elucidated lucidly. 

© 2022 Elsevier Ltd. All rights reserved.    
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Introduction 

The development and advances of tiny, smart devices have 
gained a tremendous attraction for self-monitoring, health care 
systems, and therapeutics nowadays. Since the uses of IoT based 
health care, artificial intelligence (AI), and wearable devices are ex
panding rapidly and big data, deep learning, and AI implement in 
biomedical applications highly depend on sensor networks that re
quire an uninterrupted power supply, TENG would be a principal 
part to generate the desired power to fulfil this demand. TENG, using 
the combination of contact electrification (CE) and electrostatic in
duction can harvest biomechanical energy from human locomotion 
and transform it into electricity [1]. Based on the operation mode, 
TENG can convert 50–85% environmental and biomechanical energy 
paving the way to use it as an energy harvester [2]. The TENG can 
supply steady voltage to drug release devices [3]. Thus TENG ame
liorates the previous inconvenience of bulky power storage devices 
and feedback-controlled components when treating dermal an
algesia or local sweat induction-like diseases [4,5]. 

Some prolific scientists are trying to employ these real-time 
energy harvesting phenomena in embedded drug delivery systems 
in modern healthcare technology. In clinical practice, on-demand 
embedded drug delivery refers to a controllable drug release that 
supports patients with various indications and allows them to 
govern the individual location, measured quantity, rate or duration 
of dosages, and drug release efficacy [6]. Wearable and implantable 
site-specific drug delivery ensure high efficacy with improving 
outcomes and low side effects with overall therapeutic costs re
duction. Films (patches) and gels are considered a boon in TDD to 
treat skin diseases and wound healing over the past decades [7–14]. 
Films (patches) are used as a drug reservoir with adhesiveness 
properties, thorough performance at the targeted site, and pro
longed drug release with therapeutic perfections [15–18]. A wide 
range of trigger-able biopolymers that can be galvanized by en
dogenous (e.g. enzyme, glucose, pH) or exogenous (e.g. light, ultra
sound, electric-field) means make controllable drug release a 
feasible method of treatment at present time [19]. Endogenous sti
mulus depends on individual physiological conditions, and it’s quite 
difficult to ensure precise trigger and control over delivery rates. In 
addition, carrier-based delivery using exogenous stimuli provides 
more freedom than endogenous one. Thus TENG powered stimuli- 
based drug delivery solves the prior uncertainty of endogenous sti
mulations. 

TENG-based TDD used electroporation (EP), which requires a 
high voltage electrical pulse (up to 1000 V) to the skin to create 
transient pores in plasma membranes which are essential for bio
molecules to reach into the cells [20,21]. Electroporation is the 
method of transferring DNA into the cells by exposure to a rapid 
pulse with high voltage. Whereas, electrophoresis is the method of 
separation of molecules based on their electric charge. With the 
assistance of electrophoresis, charge molecules can drive through 
the skin after applying a current of ˂ 0.50 mA per centimetre square 
area [22]. During electrophoresis separation/migration of drug mo
lecules occurs under an electric field and electrodes (anode, cathode) 
are connected by a conducting medium (electrolyte) collectively 
known as the electrophoretic system. Migration/separation occurs 
due to the varying velocity of charge molecules that is the product of 

particle mobility and electric field strength. Electrical parameters 
(current, voltage, power) and chemical factors (pH value, ionic 
strength, pore size, and viscosity) are the most influential factors in 
an electrophoretic system. The TDD system uses the iontophoresis 
principle to transport hydrophilic and/or charge molecules across 
the skin that is powered by TENG [23–25]. Voltage-controlled or
ganic electronic ion pumps release both small charge particle/bio
chemical ions as well as large protein molecules and thus facilitate 
on-demand drug delivery [26–28]. There is a precedent that TDD 
amounts of fentanyl, timolol [29,30], salmon calcitonin, parathyroid 
hormone [29,31,32], DNA [29,33], and fluorescein iso-thiocyanate- 
dextrans [29,34] have been increased at a notable rate by using EP. 
Results showed that electrically stimulated drug carriers could re
lease drugs of 3 μg/cm2 upon 1.5 min of hand rotation [35]. More
over, it is also possible to control drug discharge levels by tuning the 
TENG maneuver time or resistance of the power management circuit 
from 0.05 μg/cm2 to 0.25 μg/cm2 per minute [35]. The electric field 
generated by TENG in drug delivery mechanisms plays dual roles to 
create pores in the skin and provide the local driving forces for the 
hydrophilic molecules' transportation [36]. Despite having myriad 
applications in cell modulation, microbial disinfection, IoT based 
health monitoring, and biodegradable electronics, TENG still pos
sesses some challenges in encapsulation, implantation and bio
compatibility that must be attained. An effective correction of these 
inconveniences can lead to TENG driven drug delivery a key medium 
for future medicine and therapeutics. 

The central theme of this review will convey three integral parts 
of the TENG-related drug delivery system that remained untouched 
under huge loads of existing research. First, the fundamental concept 
of TENG-based embedded drug delivery will be summarized in the 
earlier section. Secondly, current challenges assuming in TENG 
technology that hobble its currency in drug delivery will be dis
cussed. Finally, we will expound on the future direction that makes 
TENG-driven drug delivery commercially fit as a candidate for health 
care and patient monitoring. 

Working mechanism of triboelectric nano-generator 

Triboelectric Nanogenerator (TENG) uses the coupling effect of 
triboelectricity (TE) and electric induction that was developed by 
Wang et al. in 2012 [37]. Although it was an ancient process used 
more than two thousand years ago, the fundamental understanding 
was perceptible in 2019 [38]. TENG's basic operation is simply de
scribed as a combination of two materials disjointed by a gap that 
behaves like a capacitor. Its capacitance can vary according to 
Maxwell’s displacement current [39,40]. In 2017, Wang et al. gave a 
comprehensive theoretical calculation and origin of electricity be
tween two dielectric materials [41]. When it was studied at the 
nanoscale, it became fathomable that the electron transfer me
chanism is governing in TE [42]. To understand the foundation of 
triboelectricity, Wang and Wang [1] suggested the interatomic in
teraction model clarifies TE on a submicroscopic level, in which 
triboelectrification occurs between two particles with partial overlay 
in their micro/nano-electronic clouds or wave functions [38]. The 
interaction of two atoms and their interatomic distance is shown in  
Fig. 1A(i-ii). The author showed that partial overlap was established 
between two atoms when an external compressive force was 
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applied, creating a minimum atomic distance of X. An intrinsic 
pressure arises at the minimum interatomic distance that causes a 
significant electron transfer. Electron transfer occurs in the repulsive 
force condition only, which refers to a strong overlap of electron 
cloud or wave function shown in Fig. 1B(i-ii) [2]. The surface state 
model shows the electron transfer between two dielectrics that are 
shown in Fig. 1C [43]. The surface and probable point defects occur 
due to the surface and defect states in the band gap, i.e. the con
duction and valence bands [44]. Since the unoccupied surface state 
of dielectric A is lower than that of dielectric B, upon contact ne
gative charge transmission occurs from dielectric A to dielectric B 
(Fig. 1C). Fundamental physics describe the TENG principle which is 
originated from Maxwell’s displacement which is [41,45] defined as, 

= + = +D
t

Px
t

E
t

Px
t

JD (1) 

Where D refers to the electric displacement field and JD is the total 
displacement current density, Px denotes polarization field, which is 
generated by electrostatic surface charges due to triboelectric effect. 
E and refer to the electric field and vacuum permittivity, respec
tively. The term ε (δE/δt) indicates that induced current originated 
through the varying electric field, which is responsible for electro
magnetic waves in TENG. Another term for Eq. (1) that is δPx/δt 
refers to the current point to surface polarization that gives birth to 
the nanogenerators. The surface integral of total displacement cur
rent JD is the required displacement current (ID) and is written as 

= = = = =J ds
D
t

ds
t

D dr
t

dr
Q
t

I .DD (2)  

Where Q and denote total free charges and distribution of 
charges in space, respectively. Eq. (2) shows that displacement 

current is dominant in the internal circuit of TENG, whereas capa
citive conduction current is in the external circuit. 

Working mechanism of biomechanical motion driven of TENG 

Biomechanical motion-driven triboelectric nanogenerator can 
produce voltage from random ambient body movement (e.g. distant 
running, walking, cardiac compression, exhale and inhale during 
breathing, etc.). Biomechanical energy harvesters are frequently 
used in wearable sensors and implantable devices. Fig. 2A(i-ii) shows 
an implantable magnet triboelectric nanogenerator (m-TENG) in 
which polytetrafluoroethylene (PTFE) and titanium were used as 
friction layers, magnetron sputtered Cu film as an electrode and 
PDMS film used as encapsulation layers [40]. A pair of the magnet 
was put on the back of two layers and its’ repulsion force was used as 
a spacer (Fig. 2A(iii)). The energy harvesting principle is shown in  
Fig. 2A(iv). When m-TENG was implanted subcutaneously in streaky 
pork, biological movements create periodic loading and unloading 
that resulted in opposite charges depending on the polarity of ma
terials. A compressive force causes a strong contact between two 
surfaces. During unloading force, two layers separated due to re
pulsion of magnetic force thus generating a potential drop in one 
material and rise in another. The free charges then drive from one 
electrode to another via load to compensate for voltage drop and 
produce a half cycle of AC. Then further application of force gen
erates a reverse flow of electrons to complete the full cycle. The 
output voltage in the open circuit condition was 70 V and in short 
circuit current, the transferred charge was 0.55 μA, and 25 nC re
spectively irrespective of its encapsulation and implantation under 
subcutaneous tissue (Fig. 2A(v)). Thus biomechanical energy can be 
harvested from body movement. The abovementioned 

Fig. 1. Schematic of electron cloud model describing contact electrification (CE) and charge transmission between two atoms. (A) (i)(ii) Interatomic interaction under compressive 
force (attractive and repulsive condition).(B)(i)(ii) Illustration of the electron cloud and potential energy well model for two different conditions that are separated and in close 
contact, respectively. The low potential barrier between material pairs makes it possible to transition to CE.(C) Surface state model with charge transmission: prior interaction, 
during an interaction, and after contact between two unlike dielectric materials, for instance, that electronegativity En of the 1st dielectric is greater than that of the2nd. [42] 
(A) Reproduced with permission [2]. Copyright 2020, Wiley-VCH. (B) Reproduced with permission [2]. Copyright 2020, Wiley-VCH. (C) Reproduced with permission [42]. 
Copyright 2019, Elsevier. 
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biomechanical motion TENG harvest biomechanical energy using 
two electrodes that are attached to moving layers of TENG. However, 
the deposited electrode attachment causes difficulty in real-time 
application in biomechanical energy harvesting. To address the issue 
single electrode-based TENG is introduced in which one electrode 
and layer interact with the object only and the other electrode serves 
as a reference electrode that provides electrons [47]. Micro-pat
terned PDMS triboelectric layers were deposited onto both the ITO 
electrodes and PET substrates (Fig. 2C (i-ii)). Copper electrodes serve 
as reference electrodes and are connected to the ground. The 
working mechanism is shown in Fig. 2C(iii-iv). When an object 
touches the PDMS layer, it produces charges at the interface. After 
the separation of the object from the PDMS surface, the free-electron 
drive to the ITO electrode. These charges balance the electrostatic 

field distribution in the ITO electrode that was created by the tri
boelectric charges remaining on the PDMS layer and result in gen
erating a currents pulse. Again the second contact on the PDMS layer 
compensates the triboelectric charges and the free charges amassed 
in the electrode move back into the circuit to generate a second 
current pulse opposite to the first one. Thus electrical energy can be 
harvested simply from any object coming in contact with the tri
boelectric layer of PDMS. A prototype (Fig. 2C(v)) showed that tap
ping with a polyethylene (PE) glove rather bare hand can produce 
40% more voltage and replacement of the PDMS layer with PET 
substrate reduce the performance by 30%. However, this mechanism 
paved the way to harvest biomechanical energy from the promising 
skin surface. 

Fig. 2. (A) Schematic illustration of (i) device structure of encapsulated 3D m-TENG. ii) friction layers and electrodes of m-TENG. iii) neutral state condition. The two friction layers 
separate from each other due to magnetic repulsion. iv) Working principle of the m-TENG. v) Voc graph of the m-TENG before encapsulation, after encapsulation, and implanted 
subcutaneously in streaky pork. (B) Energy harvesting mechanism of the S-TENG i) Schematic of the single friction surface TENG (S-TENG) ii) The micro-structured PDMS 
triboelectric friction surface iii) the triboelectric friction surface shows a tendency to attract electrons since in contact with the active object iv) equivalent circuit model of the S- 
TENG upon stimulation by a human finger. v) Photo of the S-TENG demonstrating high transparency and flexibility. 
(A) Reproduced with permission [40]. Copyright 2019, Wiley-VCH. (B) Reproduced with permission [47]. Copyright 2015, Wiley-VCH. 
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TENG operation modes 

Triboelectric nano-generator uses four basic modes of operation 
based on the motion of the layers and electrode arrangement [46,47] 
known as contact separation (CS) mode, lateral sliding (LS) mode, 
single electrode (SE) mode, and free-standing triboelectric (FT) layer 
mode to generate alternating current (Fig. 3(A-D)). Triboelectric 
surface charge density, surface structure, dielectric properties, and 
material robustness are the key factors contributing mostly to TENGs 
performance [48–50]. Zhu et al. [51] described the CS mode where 
electricity conversation uses contact electrification and electrostatic 
induction. The author used poly-methyl methacrylate (PMMA) and 
polyimide (KAPTON) as desired materials and describe a complete 
sequence of electricity production procedures in open and short 
circuit conditions of CS mode. Electricity generation uses contact and 
separation of two dielectric layers under periodic loading and un
loading. CS mode is found feasible to collect energy from the shoe 
insole and cardiac rhythm of the body to power drug delivery de
vices or pacemakers. 

LS model uses a similar principle of periodic contact and se
paration between two dielectric layers of different materials [52,53]. 
Triboelectric energy is generated from the friction force when the 
lateral sliding movement of parallel surfaces occurs. The relative 
displacement of two planes and corresponding potential generation 
in LS mode provides more benefits than in CS mode since power 
conversion efficiency increased enormously because of full layers of 
contact [47]. Because of increased contact and friction force, there is 
a high level of erosion between materials, which leads to a low life 
expectancy. However, PTFE nanoparticles [54] or macro balls and 
macro rods provide [55] satisfactory results to successfully address 
this problem. Some research showed that lateral sensitivity, cycle 
speed, and contact-separation process in every cycle could be in
creased significantly or even multiple times using a simple grated 
structure [54,56,57]. Joint movements of humans are the main 

sources to generate energy using LS mode. Ankle joint and elbow 
joints based TENG was already implemented in the TDD system that 
uses LS mode operation [58]. 

Arbitrary and free movement energy harvesting is frequently 
hindered by double electrode design, i.e., CS and LS modes. Such a 
close circuit double electrode scheme limits the practical application 
of TENG’s energy collecting that must be attained. SE mode was 
introduced to address the issue of the double electrode close circuit 
strategy [59] and extensive research was performed in 2014 [60–63]. 
SE mode uses periodic contact-separation of the moveable layer and 
its electrode with the moving body while other electrodes serve as a 
reference electrode (e.g., conductor or grounding) that is the con
tinuous source of electron supply. Both the CS mode and LS mode 
can be implemented in SE mode and used in TENG-based TDD [64]. 

FT layer mode uses two electrodes underneath a moving layer 
separated by a gap. The moving layer is charged using triboelec
trification before moving on the electrode. Electrically charged 
moving layers generate an asymmetric charge distribution and 
subsequent electron flow while moving between the electrodes. FT 
layer mode has some advantages like high energy conversion and 
robustness [65] rather than other traditional mode operations. Its 
versatility and easy adaptability provide some extra benefits for ar
bitrary movement energy harvesting from human locomotion or gait 
cycle without an attached electrode similar to SE mode. Triboelectric 
series (developed by Alpha Lab) used as a reference for TENG de
velopment [66,67] and figure of merits used to compare common 
standards among TENGs [68]. 

Transdermal drug delivery principle 

TDD provides an interesting alternative to oral drug delivery and 
is poised to represent an alternative to hypodermic injection  
[69–72]. TDD expands its application from pharmaceuticals to skin 
care industries because of its low rejection rate, convenience and 

Fig. 3. Illustration of four basic modes for TENG operation: (A) vertical contact mode, (B) lateral sliding mode, (C) single electrode mode, and (D) free-standing triboelectric layer 
mode. 
(D) Inspired from [47]. Copyright 2015, Wiley-VCH. 
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persistency among patients, and superb ease of administration. TDD 
ensures the prevention of nonspecific delivery to cells and tissues 
that are not targeted by the drug and also inhibits local buildup in 
drug concentration [73]. The major challenge in TDD is the paucity of 
drugs that are amenable to administration by this route. It is difficult 
to use transdermal routes to deliver hydrophilic drugs, peptides, and 
macromolecules (e.g. DNA, small interfering RNA) that possess par
ticular challenges [74]. To address this issue, electrical stimuli-based 
delivery has been introduced to deliver drugs and extract molecules 
(analytes) through the skin [75]. TENG-based drug delivery use 
iontophoresis, sonophoresis, and electrophoresis principles to de
liver drugs with optimum accuracy and control. 

Iontophoresis 

Iontophoresis enhances TDD with accurate control by applying 
continuous low voltage current to the skin. Iontophoresis allows 
TDD through the ions manipulation, which occurs due to electro- 
osmosis and electromigration [4]. The main benefit of iontophoresis 
is that the drug delivery rate can be achieved with precise con
trollability of the parameters and electrified time [76]. Iontophor
esis-based TDD has already been performed and its commercializing 
process is on its way. Gelfuso et al. [77] examine iontophoresis for 
voriconazole delivery that showed the capability of iontophoresis to 
increase drug penetration and potency. In addition, it was found that 
a precise amount of ropinirole hydrochloride could be delivered 
through the skin in different current densities, which permitted the 
customized treatment of Parkinson’s disease [78]. Despite being an 
excellent technique for the delivery of small drugs (e.g. diclofenac, 
calcein [79,80], and methotrexate [81]), iontophoresis showed lim
itations for macromolecules (e.g. proteins) due to the stratum cor
neum [82,83]. Although iontophoresis provides numerous benefits 
in the TDD system, its application is often hindered by the need for a 
bulky power source. To overcome this issue microneedles ionto
phoretic method has been used extensively, which has shown sy
nergistic effects, increase flux and enhancing skin permeability  
[84,85]. Yang et al. [86] proposed an iontophoresis-microneedle 
array patch (IMAP) to deliver macromolecular drugs. Insulin was 
encapsulated in positively charged nanovesicles to improve drug 
permeation due to electrostatic interactions and electroosmosis. The 
IMAP combined with iontophoresis and nanovesicles showed safe 
and synergistic enhancement of the in vivo treatment of type 1 
diabetes. Results showed excellent control over body glucose level 
and sufficient avoidance of hypoglycemia with the highest normo
glycemic state for 6.8 h which was 3.1 times higher than the injec
tion group. Fig. 4 shows a schematic diagram of the iontophoresis 
principle in which repulsion of drug cations are moved through the 
skin due to electro-repulsion [87]. A bunch of molecules with phy
sicochemical properties like molecular weight  < 500 Da, low 
melting point, and adequate lipophilicity are able to penetrate the 
skin only due to the stratum corneum. However, iontophoresis as
sists to overcome the strong barrier properties of the stratum cor
neum using small current pulse to skin. Smartphone powered the 
iontophoresis driven circuit, that stabilizes input voltage and out
puts current. The TENG-based power source could be a feasible way 
to attain this inconvenience and exploit this promising method in 
drug delivery. TENG power TDD system employing iontophoresis 
was first reported in 2019 [35] and extensive research is going on for 
its commercialization. This integrated system seems very promising 
for future transdermal drug delivery. 

Sonophoresis 

Sonophoresis (SP) provides a microstreaming flow of ultrasound 
to the proximity of skin that helps augmentation of shear stress to 
the stratum corneum and results in channels for transdermal drug 

delivery [88]. It was reported that ultrasound provokes thermal ef
fects on the sonophoresis skin that positively influence skin per
meability coefficient and drug diffusion coefficient [89]. However, 
the intensity of SP is not sufficient enough to impact the molecular 
kinetic energy of the influenced tissue and drugs substantially. 
Moreover, thermal energy sometimes causes heating damage to the 
thermally unstable drugs [89]. To overcome these inconsistencies, SP 
combined with iontophoresis to minimize thermal effects. TENG has 
an immense opportunity to replace bulky power sources used in SP 
and provide small sizes, portable, and cost-effective compelling so
lutions in this case. SP found it handy for insulin delivery because of 
its long-term treatment of diabetes, cost, and inconveniences in the 
syringe. Feiszthuber et al. [90] investigated transdermal insulin 
transport into skin agar model and porcine skin in vitro using SP. 
Results showed a remarkable increase in insulin delivery for both 
models, but the agar model showed much penetration depth with 
satisfactory output. In another work, Yu et al. [91] compared com
mercial transdermal patches with sonophoretic delivery of rivas
tigmine (RIV) on porcine skin using a 20 kHz ultrasound frequency. 
Results showed that RIV permeation enhances remarkably by low- 
frequency sonophoresis on the back skin of suckling pigs. The in 
vitro study indicated that the steady-state transdermal flux and 
excised skin permeation after 24 h of sonophoresis increased sig
nificantly by a factor of 3.1 and 2.99 times respectively, compared to 
control groups (Fig. 5A. (i)). The plasma concentration vs time graph 
is shown in Fig. 5A(ii) after the administration of RIV containing the 
coupling medium (gel-like liquid used between skin and transducer 
probe). The maximum concentration was found 0.83 ± 0.16 and 0.28 
± 0.07 μgmL–1 for the sonophoresis and the control group, respec
tively. Acoustic cavitation was considered the key mechanism of 
action in sonophoresis-mediated enhancement in TDD. Pharmaco
kinetic parameters (e.g. drug concentration in blood) were measured 
using the HPLC-UV method which showed a satisfactory result in 
this study. Furthermore, Bok et al. [92] combine both sonophoresis 
and iontophoresis techniques to deliver hyaluronic acid (HA) and 
rhodamine B in vitro using gelatin hydrogel (Fig. 5B). It was found 
that permeability of the material serves as a key factor for the ma
terial property. This study showed that combining both iontophor
esis and ultrasonication in microneedles enhances permeation, thus 
reducing the delivery time required for the passive or ultrasonica
tion alone. The result highlights the significance of the combined 
principle in drug delivery. The author anticipates that this system 
could be feasible for macromolecular and dependence delivery in 
the future based on drug response time. 

Electroporation 

Electroporation requires high voltage pulses of electricity to 
create aqueous pores that are essential for percutaneous transport. 
Electroporation serves as an important method of TDD and is being 
investigated for its synergistic effects with sonophoresis. EP-based 
skin permeability is contingent upon some specific characteristics of 
electrical pulses that as time duration, pulse shape and number, and 
amplitude of the pulses. Among these properties, pulse length and 
amplitude play a crucial role in electrical attributes, and finding the 
balance among parameters is the main challenge in EP research [93]. 
Liu et al. [94] developed a nanoneedle electroporation-based in
tracellular drug delivery that ensures high efficiency, on-demand 
delivery, and minimal cell damage (Fig. 6). A hand-powered TENG 
was used to generate an electric pulse between cathode and anode. 
For the in vitro study, TENG-generated electric pulses pass through 
the nano-needles and cause electroporation in the cells (Fig. 6A). The 
in vivo delivery is shown in Fig. 6B in which a rectangular free
standing TENG was used to cause electroporation. Nano needle 
electrode serves as an anode and is attached to the mice's skin 
whereas a stainless-steel needle was embedded under dorsal skin as 
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a cathode. To minimize cell damage [95–97], the author chose a 
single electrode with a pointed tip (Fig. 6C). An electric field simu
lation showed an applied voltage of 20 V and the increasing electric 
field confined at the peak of each needle up to ~2800 V cm−1. 

(Fig. 6D). The result showed that this integrated system was able to 
deliver small molecules, siRNA, and macromolecules with a delivery 
efficiency of 90% and cell viability of 94%. EP-based micro/nano 
needles serve as another promising approach in transdermal drug 

Fig. 4. Schematic of TDD system using iontophoresis principle. The combination of multiple drug delivery principles and influencing factors enhance the flow rates of micro 
molecules and macromolecular drugs. 
Reproduced with permission [87]. Copyright 2021, Springer Publishing Company. 

Fig. 5. Schematic of sonophoresis TDD principle. (A) (i) penetration of RIV through excised pig skin and plasma concentration-time graph. (ii) administration of RIV containing 
couple media. (B)(i) Hyaluronic microneedle (HA) attachment in gelatin hydrogel. (ii) Combination of electric field and ultrasonic vibration in gelatin hydrogel. The inset image 
shows the vibration in the HA microneedle. (iii) Dissolution of HA microneedle upon vibration. (iv) The prediction dissolution mechanism and ions flow direction under the effect 
of electricity. When (v) voltage >  0 (vi) voltage <  0. 
(A) Reproduced with permission [91]. Copyright 2015, Avoxa-Mediengruppe Deutscher-Apotheker GmbH. (B) Reproduced with permission [92]. Copyright 2020, Springer Nature. 
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delivery that takes advantage of both transdermal patches and hy
podermic syringes [98]. The microneedle system provides some 
advantages: i) site-specific delivery with exact penetration depth ii) 
painless drug delivery with a high flow rate of drug iii) minimal skin 
damage with the flexibility of uses at any time. To ensure a high 
output delivery Pamornpathomkul et al. [99] tested the combined 
effects of low-frequency SP with microneedles in vitro TDD of 
fluorescein isothiocyanate dextrans (FSD). The result showed the 
greatest delivery at combined technique rather than individual 
method. In addition, Tokumoto et al. [100] examined IP with SP or EP 
to evaluate their impacts on electro-osmosis. The electroosmotic 
activity of mannitol into mouse skin showed substantial enhance
ment for SP with IP, while EP demonstrated no notable changes to 
mannitol flux. Conversely, a comparative study of each possible 
combination: EP, microneedles, and SP by Petchsangsai et al. [101] 
for percutaneous delivery of FSD showed incorporation of all these 
methods performed synergistically to enhance skin permeability. 
The highest amount of FSD transport that is 16.58 ± 2.35 µg/cm2/h 
was recorded and permeability was found 100 times greater than 
that of individual SP. Comprehensive study among these method 
suggested that combination of any two or three might be handy for 
each aspects of TDD. 

High-performance TENG structure for drug delivery 

Because of the low side effects and non-invasive manner, TDD 
retains more benefits than usual drug delivery means like oral or 
injection [102]. TDD is considered promising for several benefits like 
(i) it successfully bypasses the first-pass effect of both gastro
intestinal and hepatic (ii) ensures stable and durable blood con
centration (iii) convenient to use and termination at any time (iv) 
improvement in patient compliance. Electrically stimulated drug 
carriers are used to deliver the drug to a specific site in a precise way. 
Ouyang et al. [35] proposed an iontophoresis patched-based TENG 
structure to deliver the drug. The TDD system consisted of three 
components: TENG, power management unit (PMU), and patches 
(drug patch and iontophoresis patch) (Fig. 7A(i)). The drug-loaded 
electrode and counter electrode are unified in screen-printed elec
trodes (SPE) (Fig. 7A(ii)). Upon electrical stimulation, PPy film re
leases the drug from the drug patch. Active drug transportation is 
needed for effective and deep penetration in the skin that is 
achieved by iontophoresis by controlling a bidirectional switch in a 

circuit. The author used dexamethasone sodium phosphate (DEX-P), 
which is frequently used in inflammation and allergic reactions to 
musculoskeletal injuries [103]. Using electro-polymerization, the 
author electrodeposited the DEX-P-loaded PPy spongy layers onto 
the electrode. Anionic charge DEX-P is loaded into the polymer 
matrix of the pyrrole to balance positive charges on the backbone 
surface of PPy films. High drug loading capacity and increasing 
surface area of the PPy films were gained by using nanostructured 
pores in the PPy films. When an electrical stimulus (negative voltage 
~ −0.8 V to ~ −1.5 V) is given to the PPy films via electrodes, it is 
electrochemically reduced and releases DEX-P into the skin surface 
and subsequent neutralization occurs in PPy backbone surface  
[104,105]. Iontophoresis treatment was given using a patch electrode 
(Fig. 7A(i)). After the application of voltage using electrodes drug 
molecules penetrates the skin due to electrophoresis and electro- 
osmosis. The drug release rate was calculated for every 20 min of 
electric stimulus with a pause of 60 min and a comparison was made 
between conventional power delivery devices and TENG. The drug 
release amounts in a 60-minute time duration were 35 μg/cm2 and 
27 μg/cm2 for TENG and potentiostat, respectively. This radial array 
TENG (Fig. 7A(iii)) increases the drug delivery rate significantly and 
the most notable feature of this delivery system was the tunable 
delivery that can tune the delivery rate from 0.05 μg/cm2 to 0.25 μg/ 
cm2 per minute by altering TENG charging time or resistance in 
PMU. Despite achieving a promising result, this rotatory structure 
TENG is not suitable for energy harvesting from regular human 
movement. Flexible design and size reduction could be a feasible 
way. However, size reduction has a crucial impact on TENG output 
and power supply to the drug-loaded patch which could reduce the 
operational accuracy. 

In another work, Wu et al., [58] suggested a CS mode-based in
sole TENG to deliver cationic drug (e.g. Rhodamine 6 G (R6G) & 
methylene blue (MB)) in which the drug patch was made using two 
side by side hydrogel cells embedded with carbon cloth electrode 
(Fig. 7B(i)). Between these two cells, one cell was preloaded with 
R6G during fabrication. R6G is a fluorescent organic dye used as a 
contrast medium and MB is used to treat urinary tract infection, 
methemoglobinemia, and cyanide poisoning for medical purposes. 
The TENG used polytetrafluoroethylene (PTFE) as triboelectric ma
terial and aluminum (Al) as other triboelectric material and elec
trode, polyethylene terephthalate (PET) as substrate, and Kapton as a 
spacer. This TENG was able to produce an open circuit voltage of 

Fig. 6. Schematic illustration of TENG driven in vivo electroporation system. (A) the in vitro electroporation system (B) the in vivo electroporation system (C) Scanning electron 
microscopic image of the silicon nano-needle array (D) Electrical field distribution of the nano-needle array under a 20 V electrical potential. 
(D) Reproduced with permission [94]. Copyright 2019, Wiley-VCH. 
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1200 V with a short circuit charge transfer of 370 nC per cycle and an 
optimum short circuit current of 20 μA. To assess the performance of 
the TENG-driven iontophoretic TDD system, pig skin was taken as a 
surrogate for human skin. Since the R6G was cationic, the electrode 
on the drug-loaded hydrogel patch was connected to the positive 
side of the rectifier to the TENG and the other electrode to the ne
gative end. The linear motor was used to operate the insole TENG, 
and drug patches were placed in an oven (at 37 ) to simulate body 
temperature (Fig. 7B(ii)). The result showed that approximately 320 
nC charge was delivered per cycle and an 8 V AC peak to peak voltage 
was achieved. After rectification, the pulse DC and voltage reached 
12 μA and 4 V, respectively. TENG stimulates the ion inside the hy
drogel drug patch and since the drug patches were separated by a 
polydimethylsiloxane (PDMS) frame, the easiest route for the drug 
was to drive through the skin. Thus, the model drug penetrated 
through the skin because of electricity, and TDD was achieved via 
iontophoresis. To compare the result a control experiment was ac
complished by the author without any TENG connection to the 
patch. Results showed that under a 365 nm UV lamp, fluorescent 
images from TENG operating device depicted strong delivery of R6G 
compared to the control group (Fig. 7B(iii-iv)). This TDD provided a 
cost-effective solution without complex components and advanced 
modular design enabled the reuse of components with different 
drug patches. Therefore, the proposed work provides a noninvasive 
and electrically assisted TDD solution with closed-loop sensing and 
treatment which was promising in biomedical treatment. 

Furthermore, Liu et al., [3] proposed TENG powered flexible drug 
release device (FDRD) using the surface wettability-based switching 
to release methylene blue, R6G, and fluorescein sodium like small 
molecules (Fig. 7C(i)). Electro-wetting manipulates liquid's wett
ability on a dielectric solid which is essential for controlling fluids 
velocity in a micro-channel [106,107]. Hence, it controls the drug 
release rate precisely. The main disadvantage of this method is the 
high switching voltage requirement. To address this issue, the per
formance of the TENG was increased by employing a micro-nano- 
pattern on the fluorinated ethylene propylene (FEP) surface by in
ductively coupled plasma (ICP) etc. The CS mode-based TENG pro
vides a steady voltage supply to release drugs and the unique 
switchable wettability of poly (3-hexylthiophene) (P3HT) films in 
sodium sulfate solutions was regulated (Fig. 7C(ii)). TENG harvest 
energy from body movement and provide this energy to the power 
management module (PMM) unit. PMM supply a steady bias voltage 
of 1 V to the FDRD releaser. This bias voltage oxidized the solution 
and changes the contact angle of the Na2SO4 solution from 106° to 
59° sharply. After turning on the switch, a steady bias voltage creates 
hole in the backbone of P3HT chains and it changes from hydro
phobic to hydrophilic nature thus small molecule can easily release 
in it (Fig. 7C(iii)). When the mechanical switch turns off, the release 
is stopped because of the change in surface tension in opposite 
surface and the transition to hydrophilic state from hydrophobic 
state of P3HT (Fig. 7C(iv)). With this wettability mechanism, a 

controlled release of wound healing drug delivery was achieved with 
high precision, flexibility and permeability. 

In addition, Bok et al. [29] proposed another method to facilitate 
TDD systems using drug-loaded micro-needling arrays shown in  
Fig. 7D(i). It replaces the existing electrophoresis method and proves 
more convenient for releasing drugs. One of the TENGs dielectric 
layers and dissolving microneedles were made from salmon deox
yribonucleic acid (SDNA) that can provide sufficient biocompatibility 
and leave biohazards. To maximize drug release efficacy and output 
voltage of TENG, chargeable polymers (Polyimide & Teflon) were 
compared by the author with SDNA film. Porcine cadaver skin was 
used to test and analyze the mechanical performance of micro
needles. Simultaneous triboelectric induction due to contact se
paration of layers returns electric charge that was delivered to the 
drug intercalated SDNA microneedles. The output voltage was found 
~95 V while the voltage during drug release was larger than it, which 
indicates triboelectric behavior depends on the drug intercalated 
SDNA surface. Negatively charged protein residue inside the skin 
amasses negative charge on the skin surface and corresponding 
positive charge induction in Teflon and microneedle patches. Current 
flow occurs due to the reduction of internal body resistance. Ap
proximately 0.1 MPa load can produce ~80 V output voltage in 
Polyimide-SDNA and ~100 V output voltage in Teflon-SDNA film, 
respectively. It was found that output voltage is contingent upon 
applied forces besides surface contact. A change of force from 
0.1 MPa to 0.2 MPa increased 50 V potential in Teflon-SDNA films. 
Applicability of the microneedle device was tested for an SDNA 
based TENG device holding a drug molecule of hydrolyzed sodium 
hyaluronate (HA). The result showed a reciprocal relationship be
tween drug concentration and output potential; an increase of HA 
concentration from 1% to 10% wt reduced the output peak from 
150 V to 80 V. This result indicates that high drug concentration in 
SDNA film reduces output voltage. Output current follows the same 
pattern of decreasing that is 70 μA to 20 μA. Bovine skin is a deri
vative of gelatin hydrogel used as model tissue and rhodamine dye 
inside microneedle to form a colorized image to omit the opacity 
and retain actual skin behavior. Rhodamine emissions increased 
after 15 s every time and increased from 50 ng (only microneedle 
attachment) to 220 ng (at triboelectrification) within the 60 s. Thus, 
TENG-driven drug delivery provides excellent results for manageable 
drug release both in vivo and in vitro. 

Doxorubicin (DOX), a regularly used chemotherapeutic drug for 
killing carcinomatous cells, i.e. solid and hematopoietic tumor cells  
[108–110], still have side effects: cardiotoxicity, alopecia, myelo
suppression, and mucositis. Targeted drug delivery provides the 
possible solution for these shortcomings and improves drug efficacy 
by increasing controllable drug release to the auspicious site. Zhao 
et al. [111] reported DOX-loaded red blood cells (RBCs) in tumor DDS 
using implantable magnetic TENG, which showed astonishing re
sults in both in vivo and in vitro studies (Fig. 7E(i)). DOX was loaded 
in RBCs (D@RBCs) using a hypotonic dialysis method that mixes 

Fig. 7. Schematic representation of the self-powered TDD system. (A) (i) parts of the system ii) right side view of the SPE (iii) dielectric material layers of radial arrayed revolving 
TENG. (B) (i)Photographic illustration of wearable TDD system: insole TENG, designed drug patch (ii) full experimental setup with foot motion simulated by a linear motor (iii) 
R6G containing hydrogel drug patch on pig skin connect with TENG. The bright field cross-sectional histological images (bottom) and fluorescent cross-section histological images 
(right). (iv) R6G containing hydrogel drug patch on pig skin connect without TENG. The bright field cross-sectional histological images (bottom) and fluorescent cross-section 
histological images (right). (C) Schematic illustration of the FDRD (i) parts of the FDRD: PET substrate film (60 µm), ITO electrode, PDMS well, PVA/P3HT functional multilayers (ii) 
circuit schematic of self-powered releaser; inset figure(top) is a TENG, and a PMU (bottom) (iii) The micro molecule released from (polyvinyl alcohol) PVA layer to the sodium 
sulphate aqueous solution after the switch turn on, (iv) following the switch turn off, penetration of molecule through P3HT film stopped. (D) (i) SDNA-based TENG physical 
structure. Coupling of drugs loaded SDNA microneedle and vertical vibration-based triboelectricity in the porcine cadaver skin, (b.1) magnification of the microneedle insertion 
area, (b.2) microneedle dissolution in the porcine cadaver skin. (E) Illustration of implantable magnetic TENG-driven drug delivery in vivo. (i) Infographic illustration shows the 
DOX loading into red blood cells and its release under the control of implantable TENG (ii) Micro-imaging of DOX loaded RBCs in tumor site of nude mice. In vivo imaging provides 
blood circulation and amassing of the D@RBCs to tumor sites at 6, 12, 24, 48, 72 and 96 h respectively. Illustration of Ki67 immunohistochemistry pictures of the tumors in 
different groups (measuring bar: 200 µm). (iii) Image of the collected tumors in different sets after one month of investigation. Reproduced with permission [111]. Copyright 2019, 
John Wiley & Sons, Inc. 
(A) Reproduced with permission [35]. Copyright 2019, Elsevier. (B) Reproduced with permission [58]. Copyright 2019, John Wiley & Sons, Inc. (C) Reproduced with permission 
from [3]. Copyright 2020, John Wiley & Sons, Inc. (D) Reproduced with permission [29]. Copyright 2018, The Royal Society of Chemistry. (E) Reproduced with permission [111]. 
Copyright 2019, John Wiley & Sons, Inc. 
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pristine RBC suspension and DOX with 200 μg mL−1 concentration. In 
vivo investigation of HeLa-malignant tumor-bearing BALB/c-nu mice 
is shown in Fig. 7E(ii). m-TENG produced an electric field (EF) that 
was supplied to the tumor site using steel microneedle electrodes. 
Results showed that applied EF boosted drug release by creating 
nanopores on RBCs surface and auto-healing of pores after EF 
drowned. D@RBCs were injected into nude mice and their distribu
tion at different periods was monitored using an in vivo imaging 
system. Maximum D@RBCs amass at the liver site after 6 h of in
oculation and remain till 24 h. At 48 h its distribution in the liver is 
approximately identical to the tumor-bearing site. DOX signal at 72 h 
after vaccination showed a great variance for both the tumor and 
liver site, while the liver exhibited significant declination but tumor 
slight. The study was conducted on 60 nude mice, classified into six 
groups treated with D@RBCs, PBS, DOX, EF, DOX+EF, and D@ 
RBCs+EF. The EF and PBS group shows uncontrolled and rapid dif
ferentiation of tumor cells i.e., tumor volume increased. DOX effect 
provides a reasonable growth inhibition that indicates that simple 
chemotherapy was unable to decimate the tumor. DOX+EF groups 
are juxtaposed with the DOX-only group while comparing their 
function. A momentous reduction in tumor growth was found in the 
D@RBCs group; assumed accumulation of D@RBCs in the tumor due 
to the EPR effect. The best output was found from D@RBCs+EF; a 
combination of drug and TENG stimulation. After 30 days of treat
ment, half mice were executed and tumors were collected from each 
group shown in Fig. 7E(iii). The D@RBCs+EF demonstrate minimum 
tumor volume with huge growth suppression. Ki67 im
munohistochemistry images, refer to a reduction of tumor cell 
propagation in the D@RBCs+EF group (Fig. 7E(ii)) bottom image. The 
body weight of the surviving mice remained the same which in
dicates a positive sign with no harmful effects. This innocuous result 
and high adaptability ensure an exciting efficiency of the D@RBCs+
EF group in vivo conditions. 

TENG-based TDD highly depends on its output power supply. 
Most of the TENG implemented in TDD were synthetic polymer- 
based TENG. High efficiency and excellent output performance TENG 
are fabricated easily using infusible and insoluble biomass materials 
(e.g. lignin, chitosan, or cellulose) that escalate its application from 
miniaturized [112–114] to implantable devices [115–118]. Surface 
properties modification of poly-saccharide could carry out similar 
triboelectric charge densities in TENG layers that were previously 
occupied by synthetic polymers. So the necessity of biodegradable 
and eco-friendly TENG is unavoidable. Table 1 shows some infusible 
and insoluble biomass materials based on TENG and its output 
parameters that could be used extensively in the TDD system in the 
future. 

Discussion 

The SE mode operation-based TENG was first introduced in 2015 
in microneedle drug delivery which was able to produce 26–28 V 
upon the friction of PDMS and Cu [162]. Within a year, TENG output 
reaches up to 3000 V using the CS and FT mode operation [162]. Due 
to its flexibility, miniaturization capability, and protean materials 
availability, TENG development and the growing trend in im
plantable and wearable sensor devices are expanding rapidly in re
cent years. It is hypothesized that the TENG-based power harvesting 
system will replace the bulky power source like batteries within a 
few decades. Sustainable commercialized production of TENG-based 
systems will expand. By combining nanocarriers, micro/nanoneedle 
patches, trigger-able polymer, and microfluidic devices, TENGs will 
provide intelligent drug delivery without the need for external en
ergy. This self-powered delivery system has already been im
plemented for macromolecular delivery (e.g. protein, insulin, siRNA, 
DNA, etc.) and micro molecule drugs (DOX, DEX-P, FLU, SF, etc.). 

Despite this progression, some challenges are still encountered in its 
advancement that is stated below, 

Challenges in perspective of epidermal drug delivery 

First of all, materials selection for TENG devices is the most 
challenging task for today’s scientists. Some flexible materials like 
KAPTON, PTFE, PDMS, and Cu/Al can generate output above 100 V  
[162]. But, their flexibility is restricted by the use of an acrylic sheet 
that is used as a supporting layer in TENG. This impedes the wear
ability and implantability of TENG in drug delivery devices. Bio
mechanical energy harvesting seems challenging because of 
complex organ structures and the scarcity of flexible TENG materials 
to design intricate structures with integrated devices. Secondly, the 
charge affinity of materials is firmly coupled with the materials' 
chemical structure, and surface charge density is quadratically pro
portional to TENGs’ electrical output. Most of the biomechanical 
motion-driven TENG uses a spacer/keel structure which shows less 
tendency to detach and erode over time. This gives rise to a de
creasing output from body movements. Although surface modifica
tion and surface functionalization enhance TENG output 
significantly by increasing charge affinity, continuous friction of 
layers result in low durability and decreasing output in TENG. Much 
more study is needed in nanoscale surface modification and ion 
injection on TENG layers to ensure long-life TENG output. Moreover, 
the low-pressure sensitivity and fluctuating triboelectric potential of 
the triboelectric layers under chemical substances like phenol, ca
techin acid, and heavy metal ions arrest TENG application in special 
environments. Robust materials and environmental encapsulation 
are highly needed to use TENG in multiple environmental condi
tions. In addition, TENG and drug delivery devices are fully in
dependent in the aspect of electroporation, electrochemistry, and 
microfluidic drug delivery systems. Integration of these devices is 
still a challenge for present researchers to control accurate drug 
release. Another important issue is that the irritation occurs at the 
drug unloading site due to the use of iontophoresis patch hydrogels 
causes great concern to clinical scientists. High voltage pulse or 
current flow through the skin generates heat which leads to thermal 
cell death in many cases. Last but not least, most of the experiment is 
conducted on pig or mice skins that possess a slightly different skin 
resistance to drugs than human skin. However, the literature showed 
that pig skin appeared as the best possible model for human skin  
[163,164]. Most of the properties of porcine and human skins (e.g. 
lipid composition, epidermal thickness, and membrane permeability 
to diverse compounds) are significantly similar [165]. Despite these 
similarities, human trials are still at their rudimentary stage. Clinical 
trials in the human body must be ensured to evaluate the output 
performance. 

Challenges in perspective of implantable drug delivery 

To make TENG an implantable device for in vivo drug delivery, 
TENG must be more miniaturized in form with more flexibility and 
self-adaptability to reduce foreign body sensations and adverse ef
fects on the human body. First of all, as an implantable device for in 
vivo drug delivery, TENG needed to be tiny in size with sufficient 
biodegradability. Biodegradable and biocompatible material-based 
TENG is already available at the current time. However, biodegrad
able TENG is limited to its output performance since it reacts faster 
with body components (e.g. protein, enzyme, blood pH, etc.). Hence, 
the attachment of TENG with biological tissues is needed further 
improvement to provide long-term service. It will ensure less diffi
culty in anchoring operations. Secondly, the power supply of im
plantable TENG generates thermal effects in biological tissues. Hao 
et al., [166] showed the effects of heat application on in vivo drug 
absorption from the TDD system. For some drugs, the serum peak/ 

P. Adhikary, M.A.P. Mahmud, T. Solaiman et al. Nano Today 45 (2022) 101513 

11 



plasma drug concentration and area under curves showed an en
hancement under elevated temperature conditions. In addition, 
some drugs (e.g. ethinylestradiol, norelgestromin, etc.) didn’t show 
any significant changes under heat effects [167]. Likewise, using a 
heating pad in a granisetron TDD system, a slight enhancement in 
drug flux was observed with no significant changes in the pharma
cokinetics of the drug in the human body[168]. The response of the 
drug not only depends on the body temperature but also on various 
physiological activities: materials used in drugs, age, hormones, and 
carrier as well as the structure of the targeted site. Some expert 
opinion maintains that the body temperature fluctuates in a narrow 
range and the effects will remain the same. However, researchers 
found that hypothermia 32º-34º C prolonged response time. The 
effect of heat due to voltage and current flow should be studied for 
implantable TENG in regards to drug absorptions, response time, 
nerve cells, and osteoblast cells. 

Future research directions 

The material aspect involved in high output TENG fabrication 
depends on selecting materials from the extreme top end of the 
triboelectric series. But most of the research is needed to focus on 
tribo-negative materials (e.g. PTFE, PDMS, and PVDF) because most 

of the tribo-positive materials are natural or biological materials, 
such as cotton or human skin. The research found that a significant 
amount of heloginic groups can enhance electro-negativity [169]. 
The report showed that fluorinated polymeric sulphur and Al yield a 
six-fold output voltage raise in comparison with commercial PTFE 
films [169]. The main drawback of recent tribo-negative material is 
its electrically insulating behavior that results in the use of other 
metallic layers in TENG. To address this issue, metallic MXene 
(Ti3C2Tx) could be a possible way since it holds high conductivity 
(~6000–10000 Scm−1 with surface terminations (-F) to gain high 
electronegativity simultaneously [170,171]. Another way to increase 
the output power of biomechanical motion-driven TENG is through 
several methods of surface modification (e.g. plasma treatments, 
chemical treatments, micro/nano structuring of surface topology, 
etc.), uses of low permittivity substrates, and the introduction of 
ferroelectric materials with nano-fillers [172]. Dielectric composite 
contact layers with nanomaterials in an additive physical modifica
tion that results in tuning the dielectric constant, managing charge 
trapping capability, and aligning dipoles which give rise to boost 
output power, increase pressure response, and lower mechanical 
modulus [169]. These criteria are important in energy harvesting, 
TENG-powered electroplating, and self-monitoring. Literature 
showed that nanoparticles with high permittivity increase dielectric 

Table 1 
Output performance of infusible and insoluble biomass polysaccharide-based TENG.        

Operation Mode Materials V*oc (V) I*sc (μA) Power Density (mW m−2) Reference  

CS Bacterial nanocellulose(BC) 13 ~3×106 4.8 [119] 
SE BC film+ ZnO nanoparticles,Teflon, ITO glass layers 49.6 4.9 – [120] 
CS BaTiO3 Composite film/ BC nanofiber, PDMS 181 21 4.8 [121] 
CS PDMS, Cu electrodes BC, BaTiO3, Ag Nanowire 170 9.8 18×10−6 [122] 
CS Au electrodes, CNF film 32.8 35 – [123] 
CS FEP Allicin-grafted CNF 7.9 5.13 1.01×10−7 [124] 
CS CNF coated with AZO, FEP, TiCl4, Cu electrodes 7 0.7 – [125] 
CS Phosphorene or Carbon nanofiber 5.2 – 9.36×10−7 [126] 
Gear-like CS PVDF Electrodes, Carbon nanofiber-Ag-PEI 286 4 430 [127] 
CS Teflon ITO electrode Microcrystalline cellulose (MCC)/ PDMS, Al electrodes 28 2.8 64×10−7 [128] 
CS NCC filled PDMS, Aluminum electrodes 320 – 76×10−6 [129] 
CS Aluminum electrodes, EC 245 50 – [130] 
Ridged core Aluminum electrodes, PI core/ PET/Al 153 3.9 – [131] 
CS CMF/Ag/CNF, Al plates or MCC 21.9 0.17 76.8×10−8 [132] 
CS CA-PEI, PET or ITO substrate, electrode, FEP 478 – 2.21×10−4 [133] 
CS LTV Conductive fabric CA PTFE 7.3 9.1 – [134] 
CS 317 L SS and Ag electrode EC 45 – 1.2 [135] 
CS PDMS, GO or PCL 120 4 72.5 [136] 
CS Crepe and Cellulose paper, Au electrodes 196.8 31.5 16.1×103 [137] 
CS Nitrocellulose film, Ppy-covered cellulose paper, Cupper electrodes. 60 8.8 830 [138] 
CS Cellulose paper, Nitrocellulose film, CNF aerogel 55 0.94 29 [139] 
CS Silver electrodes, PDMS, Cellulose II aerogel 65 1.86 127 [140] 
CS Aluminum electrodes, PTFE, chitosan aerogel, or Cellulose II 242 – – [140] 
CS PTFE, Aluminum electrodes, alginic acid aerogel, or Cellulose II ~80 – – [140] 
CS PTFE, CMC aerogel or PDMS, Al electrodes ~14 ~0.22 – [141] 
CS PDMS, Cellulose/BaTiO3 aerogel, Kapton, Aluminum electrodes, 48 – – [142] 
CS PDMS, Carbon nanofiber/ PEI aerogel, Al electrodes 106.2 9.2 13.3 ×103 [143] 
CS PVDF NF, Wood & Aluminum electrodes 220 5.8 158.2 [144] 
CS Wood, Cupper electrode & PTFE 81 1.8 57 [145] 
CS Cu & Al electrodes, Chitosan-glycerol layer, PTFE 130 ~15 – [146] 
CS Chitosan-acetic acid ~1.6 4×10−2 17.5×10−3 [147] 
CS Kapton, Al electrode Chitosan aerogel, PI, ITO 60.6 7.7 2.33×103 [148] 
CS Chitosan-diatom film. 150 1.02 15.7 [149] 
SE Al electrodes, FEP, Ag Nanowire + Chitosan hydrogel + Cu2+ 218 – 2 × 103 [150] 
CS PDMS, Chitosan film, PDMS 306 – – [151] 
CS Al electrodes Starch film 0.3 – – [152] 
CS Cu electrodes, Mixed cellulose ester, CaCl2 + Starch film 1.2 – 170 [153] 
CS PTFE, Thermoplastic starch, Al electrodes. ~560 180 17×103 [154] 
SE Carbon tape electrodes, Starch paper ~14 – – [155] 
CS Calcium alginate layer, Wire electrode. 33 0.15 – [156] 
CS Sodium alginate, Al electrodes 1.47 3.9×10−3 3.8 [157] 
Cased Al & Li electrodes, PVA, PVA hydrogel / Alginate+ borax PDMS bag+CaCl2 203.4 17.6 980 [158] 
CS Al electrode, NaF film + Pullulan, Al & Ag electrodes, Kapton 79 – 41.1 [159] 
CS Fish gelatin film, PTFE/PDMS, Cu 130 0.35 46×10−7 [160] 
SE Laver coated silver leaf, rice sheet. 23 0.315 – [161] 

V*oc = Open circuit voltage, I*sc = Short circuit current.  
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constant of contact materials. Chen et al. [173] investigated this 
enhancement effect in PDMS contact layer with some additives like: 
SiO2, TiO2, BaTiO3 and SrTiO3 and found that SrTiO3 yield highest 
output among these since it has the highest relative permittivity. In 
another work, Seung et al. [174] showed high- K nanomaterials ad
ditives not only increase the dielectric constant but also improve 
poling effects of PVDF matrix thus decrease the energy level of 
surface states by employing firm band bending to the composite. It’s 
clear that, adding additives like this increase polarity of the ferro
electric as well as piezoelectric materials and result in increasing 
output. Future TENG manufacturing needs to add multiple mod
ification technique combined together to increase output and reduce 
biomechanical energy harvesting hassles. 

TENG must be improved in multiple commercial and industrial 
sectors to compensate for biohazard and in vivo immune toxicity. 
Poly-saccharide-based TENG could be the possible solution for high- 
efficiency TENG. Surface properties modification of poly-saccharide 
could carry out similar triboelectric charge densities in TENG layers 
that were previously occupied by synthetic polymers. Pan et al. [175] 
proposed a way to develop fully biodegradable TENG (BD-TENG) 
using gelatine and PLA films that showed excellent biodegradability. 
Textile-based TENG is a promising way to harvest biomechanical 
energy from body movement. DC fabric TENG needed to be prevalent 
soon due to its cost-effectiveness, uninterrupted electrostatic 
breakdown phenomena, and wireless power transmission. It will 
reduce the need for bulky power conversion and management cir
cuits i.e., rectifier bridge or diode. However, its output falls low due 
to the low level of the surface contact area. Min et al. [176] and Xu 
et al. [177] showed TENGs output scales with the development of a 
‘real contact area’. Although contact forces enhance the real contact 
area, most of the wearables do not have much contact force to press 
contact layers together. Future research will be employed to develop 
a well understanding of the particular response to texture at a local 
scale and the resulting combined response on the global system. 
Artificial intelligence and deep learning are needed to add to a TENG 
device for self-monitoring, signal generation, and transmission to 
the healthcare centre. A feasible animal model should be introduced 
for more extensive research in the in vivo condition to tactfully 
handle the immune response, biocompatibility, and inner toxicity 
environment. Finally, future aspects of TENG will provide an in
telligent drug delivery system with sensing feedback and self-reg
ulating drug release under several bodies and environmental 
conditions, so the development of hybrid TENG is of great sig
nificance. 

Conclusion 

TENGs were frequently used as mechanical energy harvesters in 
the past few years, but their burgeoning trend can also provide ef
ficient and cost-effective solutions in the field of human motion 
detection and body energy conversion. TENG-based self-powered 
systems are used repeatedly in biomedical sensors and IoT-based 
healthcare systems nowadays. Despite having extensive research in 
energy harvesting and sensor application, some fields are still un
touched. Discussion about one of the emerging technologies like 
TENG in implantable and electrically supported TDD using electro
phoresis, iontophoresis, nanocarrier vehicles, and microneedle- 
based systems are some sectors that are rarely summarized and 
need some more research to be conducted. Besides the use of elec
trical stimuli generated by TENG, it can also expand its application as 
a thermal heat generator to cause hyperthermia-related cell death. 
The TENG-driven magnetic field can also be used extensively to drive 
superparamagnetic nanoparticles in a targeted site. High output 
TENG can also be exploited fully for IR or light-based delivery which 
is still rare in practice. 

This study summarized self-powered invasive and noninvasive 
drug delivery systems using wearable or implantable TENGs. The 
feasibility of TENG developments is also shown in respect of dif
ferent materials properties since biocompatibility and eco-friendly 
TENGs are the choice of interest at present. A comprehensive dis
cussion about different biomaterial pairs as dielectric layers of 
TENGs and their corresponding output voltages, short circuit cur
rents, and power densities are also summarized. Current challenges 
encountered in today’s TENG development are outlined in the dis
cussion section. Some solutions for the causes that impede its pro
gression of being prevalent are given as reference and supposition. 
This comprehensive summary will provide a pellucid idea and en
lighten its reader with some exceptional and untouched fields about 
TENG-based research. 
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