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PROGRESS AND POTENTIAL

Biodegradable polymers (BPs) are

the raw materials for triboelectric

layers of biodegradable

triboelectric nanogenerators

(TENGs). The triboelectric series

can not only help researchers gain

insight into the underlying

mechanisms of triboelectrification

but also has great guiding

significance for the selection of

triboelectric materials with large

serial differences to improve the

output of TENGs. However, there

are few reports on a triboelectric

series comprising a

comprehensive range of BPs, and

there is also a lack of principles of

influence on triboelectric
SUMMARY

Biodegradable polymers (BPs), as fundamental materials for implant-
able biodegradable medical electronic device (IBMED) fabrication,
can be used to prepare the encapsulation layer, substrate, and sensing
materials of IBMEDs and the triboelectric materials of implantable
triboelectricnanogenerators (TENGs) inparticular. Thebasicproperties
of these materials determine IBMED performance and application.
However, few studies have compared the basic properties of a compre-
hensive range of BPs, especially in terms of their triboelectric perfor-
mances and related laws. Here, a comprehensive range of 40 kinds of
triboelectric BP films were prepared and tested for triboelectric polar-
ities and degradation in a uniform state. Particularly, we developed a
triboelectric series based on these BPs and innovatively summarized
the regularities andprinciples of influenceof variousmain- or side-chain
chemical groupson the triboelectric polarities ofBPs. This study cannot
only help researchers to gain insight into the underlyingmechanisms of
triboelectrification of polymers but also provides important guidance
for material selection, especially for the selection of triboelectric BPs
for TENG-based IBMEDs in regard to basic research and application.
polarities of various BPs. Here, we

developed a triboelectric series

based on 40 kinds of BPs and

innovatively summarized the

regularities and principles of

influence of various main- or side-

chain chemical groups on the

triboelectric polarities of BPs. In

the research and application of

the triboelectricity field,

according to this study,

researchers can more reasonably

select or design triboelectric

polymers to control their

triboelectric polarities so that the

effect of triboelectricity can be

enhanced or weakened more

controllably.
INTRODUCTION

It is of great significance to develop implantable biodegradable medical electronic

devices (IBMEDs) composed of biocompatible and biodegradablematerials in order

to replace traditional implantable medical electronic devices (IMEDs) for human

health monitoring and the treatment of serious diseases over a period of time.1,2

Compared with traditional IMEDs, IBMEDs have biodegradable characteristics

and can be harmlessly chemically degraded or physically disappear over time in

the environment of the human body.3 Since they do not require secondary removal

surgery, IBMEDs have remarkable potential and significance for greatly reducing pa-

tient injury, surgical risks, and medical costs. At present, IBMEDs have gradually

become a research focus in the biomedicine field.4 In particular, implantable biode-

gradable triboelectric nanogenerators (TENGs)5–7 possessing ‘‘self-powered’’8 and

‘‘biodegradable’’9 performances have further significance for overcoming the de-

fects of traditional IMEDs, such as the requirements of implanted battery power,

or an external generator including transcutaneous leads through skins and tissues,

and secondary surgery for device removal.10,11

Biodegradablematerials, includingpolymers, semiconductors,metals, etc., are thebasic

components of IBMEDs. Among these materials, polymers are incorporated in the
Matter 6, 1–17, December 6, 2023 ª 2023 Elsevier Inc. 1
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largest proportion and have the most varied performances and types in devices.12 Poly-

merscanbeprepared for the triboelectric layersofTENGs,9encapsulants,13 substrates,14

sensing materials,15 and so on. However, few studies have compared a comprehensive

range of biodegradable polymers (BPs) in terms of their basic performances, especially

with regard to their triboelectric polarities and related laws.5,6,9 In this work, 40 kinds of

triboelectric BP films covering comprehensive categories were prepared (Figure 1). We

researched their preparation methods, degradation in vitro, and triboelectric polarities

in uniform state and rankedor classified thembased on their performances. In particular,

we developed a triboelectric series16,17 of these BPs in 5 groups (including the 1st group

of cellulose and derivatives, the 2nd group of polysaccharides, the 3rd group of proteins

and other natural biodegradable polymers [NBPs], the 4th group of poly(a-esters) and

poly(a-carbonates), and the 5th group of polyether and other synthetic biodegradable

polymers [SBPs]) by ordering the triboelectric polarities of different BPs according to

the transferred charge results and innovatively summarized and analyzed the regularities

and principles of influence of various main- or side-chain chemical groups on the tribo-

electric polarity18,19 of BPs. Furthermore, we fabricated implantable TENGs using

preferred triboelectric BPs and then studied their self-power energy conversion and

degradationperformance in animals. This study cannotonly help to further reveal theun-

derlyingmechanismsof triboelectrificationofpolymersbutalsoprovides importantguid-

ance formaterial selection for IBMEDs, especially for the selection of triboelectric BPs for

TENG-based IBMEDs.
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RESULTS AND DISCUSSION

Classification of triboelectric BPs

It is challenging to select suitable BPs for the preparation of IBMEDs with specific func-

tions. The polymers should be biocompatible, biodegradable,20 flexible, and mechani-

cally compatible with the tissue at the implant position.21 Some IBMEDs have specific re-

quirements forpolymers in termsof electricity, heat,or lightperformance.22,23BPs canbe

divided into 2 types based on their origin: NBPs and SBPs.24–27 NBPs aremainly created

by livingorganisms, asopposed toSBPs,which areman-made.However, thedelineation

between the two types is not always clear-cut because some BPs can be obtained both

biologically and chemically. According to their sources and chemical structures, NBPs

can be further classified into polysaccharides, proteins and poly(amino acids), polynucle-

otides, and polyhydroxyalkanoates (Figure 2A). Specifically, polysaccharides include

cellulose (microcrystalline cellulose [MCC] and bacterial cellulose [BC]) and cellulose de-

rivatives (including methyl cellulose [MC], ethyl cellulose [EC], carboxymethyl cellulose

[CMC], hydroxyethyl cellulose [HEC], and hydroxypropyl cellulose [HPC]), starch, algi-

nate, chitin, chitosan, chondroitin sulfate (CS), pullulan, andhyaluronic acid (HA). Proteins

include zein, fish collagen, fish gelatin, pig gelatin, silk fibroin (SF), and silk-elastin-like

protein (SELP). DNA sodium salt (sodiumDNA) fromcalf thymus is selectedas polynucle-

otide. Poly(amino acids) includes poly-g-glutamic acid (PGA) and ε-polylysine. Poly(3-hy-

droxybutrate-copolymer-3-hydroxyhexanoate) (PHBHHx) is selected as polyhydroxyal-

kanoate. SBPs can be divided into poly(a-esters), poly(ortho ester urethanes) (POEUs)

(Figure S1), polyanhydrides (Figure S2), polyurethanes (PUs) (Figure S3), polyphospha-

zenes (Figure S4), polyethyleneoxide (PEO), polyvinyl alcohol (PVA), and polyvinyl pyrro-

lidone (PVP) (Figure 2B). Among them, poly(a-esters) are the most extensively investi-

gated biomedical polymers and include poly(lactic acid-co-glycolic acid) (PLGA);

poly(lactic acid) (PLA) andpoly(L-lactic acid) (PLLA); poly(ε-caprolactone) (PCL); polydiox-

anone (PDO);poly(butylene succinate); poly(butyleneadipate terephthalate) (PBAT); pol-

y(propyl carbonate) (PPC); andpoly(trimethylene carbonate) (PTMC). PPCandPTMCcan

also be categorized as poly(a-carbonates). Each NBP and SBP is described in detail in

Note S1.
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Figure 1. Research on triboelectric BPs in this work

The triboelectric performances and triboelectric series of BP films were mainly studied.
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Preparation of BPs films

Weused the dissolution-evaporationmethod to preparemost of the BP films.28 Suitable

solvents and dissolution methods were investigated and chosen to dissolve or disperse

eachNBP (Figure S5A) and SBP (Figure S5B). Some following principles for selecting suit-

able solvent can be referenced: (1) similar polarity,29,30 (2) similar solubility parameter

(d),31,32 (3) principle of solvation (available for polar polymers),33 and (4) the polymer-sol-

vent interaction parameter (c1) <1/2 principle.32,33 Most NBPs can be dissolved in water

because of their excellent hydrophilicity and low crystallinity. However, a few NBPs are

only soluble in aqueous ethanol, special aqueous solutions, or organic solvents because

of their phase-transition temperature, hydrophobicity, or crystallinity of the macromole-

cules. Most SBPs are hydrophobic and have weak polarity and crystallization, leading to

their poor ability to be dissolved in water or ethanol with strong polarity, but they can be

well dissolved in dichloromethane or chloroformwith a certain polarity. In addition, hex-

afluoroisopropanol can also dissolve SBPs because hexafluoroisopropanol contains

anion radicals that easily interact with the SBPs. In addition, a few SBPs can be well dis-

solved in water due to their high polarity or abundant hydrophilic groups on main or

side chains, which can form hydrogen bonds with water. Suitable solvents for each BP

and their dissolution mechanisms are discussed in Note S2. Then, the dissolved BP solu-

tionswerepoured into Petri dishes, and the solvent was completely evaporated. BP films

with flat surfaces were prepared.Most BP films had an integralmorphology (Figures S5C

and S5D). However, a few BP films were fragmented due to their low molecular weight.

Furthermore, the polyanhydride film was prepared by photopolymerization.

Triboelectric polarities of BPs

Determining the contact electrification (CE) or triboelectrification performance18 and

rationalizing the triboelectric series16,19 of the BPs were our focus. CE,34 as a common

physical phenomenon, refers to the exchange of charges of two materials when they

are contacted or rubbed together and then separated. According to CE phenomenon,

Zhong Lin Wang et al. invented the TENG in 2012.35 TENGs, based on the coupling of

the triboelectrification effect and electrostatic induction, can harvest irregular ambient

mechanical energy from the environment and then convert it into electrical power. The

main component of TENGs is a pair of triboelectric layer materials, which are often poly-

mer materials.36 Among TENGs, the implantable TENGs based on BPs have ‘‘self-pow-

ered’’ and ‘‘biodegradable in vivo’’ characteristics5,6 and have great significance and po-

tential for solving the application bottleneck of traditional IMEDs and overcoming their
Matter 6, 1–17, December 6, 2023 3



Figure 2. Classification and chemical structure of triboelectric BPs

(A) Natural biodegradable polymers (from nos. 1 to 24) and (B) Synthetic biodegradable polymers (from nos. 25 to 40).

ll

Please cite this article in press as: Meng et al., Triboelectric performances of biodegradable polymers, Matter (2023), https://doi.org/10.1016/
j.matt.2023.09.017

Article
disadvantages, including the requirements of an external generator or implantedbattery

power, transcutaneous leads through skins and tissues, and secondary surgery for device

removal. The rapid development of TENGs37,38 has greatly promoted theoretical
4 Matter 6, 1–17, December 6, 2023
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research onCE.39–41 At present, the charge carriers in theCEprocess of triboelectricma-

terials may be an electron,42 an ion,43 or a small quantity of chargedmaterial.44 Recently,

various experiments have demonstrated that electron transfer due to overlapping elec-

tron clouds plays a dominant role in CE of triboelectric materials.39,45–47

The triboelectric series is ranked according to the different triboelectric polarities

and triboelectric charge densities (TECDs) of various materials in the CE pro-

cess.18,48,49 The triboelectric series can not only allow researchers to gain insight

into the underlying mechanisms of triboelectrification but also has great guiding sig-

nificance for the selection of triboelectric materials with large serial differences to

improve the output of TENGs. Although the first triboelectric series was established

more than 260 years ago,50 triboelectric materials have been continuously devel-

oped.16,51–54 However, a triboelectric series is difficult to exactly reproduce by

different researchers16,55 because it is based on experiments, and the reasons for

the resulting differences include diverse experimental methods, experimental con-

ditions56,57 (humidity, temperature), or material states58–60 (source, roughness,

morphology). Moreover, there is not sufficient research on the regularities or princi-

ples that cause the distinction in the CE performance of various polymers.16 Hence,

identifying the fundamental principles of influence on the triboelectric polarities of

various polymers has become increasingly important. Some recent studies have

shown that the chemical groups and the category of a polymer are closely related

to its triboelectric polarity and determine its order in triboelectric series.18,19

BPs are the rawmaterials of the triboelectric layersof implantablebiodegradableTENGs.

At present, there are few reports on a triboelectric series comprising a comprehensive

rangeof BPs,5,6 and there is also a lack of principles of influence on triboelectric polarities

of variousBPs.Here, 40kinds ofBPswere tested for triboelectric series to further discover

or verify the influences of main- or side-chain chemical structures or groups on the tribo-

electric polarities of different BPs.18 These 40 BPs basically cover all categories of

BPs.25,26 To ensure the accuracy of the results, we tried our best to maintain uniform

experimental conditions when testing triboelectric polarities, preparation process of

the BPs films and films state, including relative humidity (RH: 30% G 3%), temperature

(T: 27�CG 2�C), film area (23 2 cm), and film thickness (100G 10 mm) for testing, and

each BP film was prepared by dissolving or dispersing 0.5 g polymer in 30 mL solvent,

followedbydrying for48hafterpouring thepolymer solution intoaglassPetri dish (diam-

eter of 66mm). To test triboelectric polarity, each of the BP films (23 2 cm) were period-

ically contactedwith and separated from a polytetrafluoroethylene (PTFE) film under the

driveof a linearmotor, and the short-circuit charge (transferred charge)was characterized

by a digital oscilloscope and an electrometer (Figure 3A). The bottom surface of each BP

filmwas usedas theCEsurfacebecause thebottomsurfacesof all BPfilmswere relatively

smoothandhadsimilar arithmeticalmean roughness (Ra)due to the templateeffectof the

glass dish surface (Figure S6). We obtained the triboelectric series by ordering the tribo-

electric polarities of different BPs according to the transferred charge results.

According to the categories and chemical structures of BPs, we divided the 40 BPs

into five groups (including the 1st group of cellulose and derivatives, the 2nd group of

other polysaccharides, the 3rd group of proteins and other NBPs, the 4th group of

poly(a-esters) and poly(a-carbonates), and the 5th group of polyether and other

SBPs) and then compared their triboelectrification performances (Figures 3B–3G

and S7) to better understand the influences of the main- or side-chain functional

groups and material categories on the triboelectric polarities of BPs (Figure 5).

Detailed discussions of triboelectric series and related principles are summarized

below and in Note S3.
Matter 6, 1–17, December 6, 2023 5



Figure 3. Triboelectric series of 40 kinds of BPs based on the transferred charge of BP films with a PTFE film

(A) Apparatus for testing the transferred charge using the periodical contact-separation method.

(B–F) Ranking of the transferred charges of 5 subgroups (including the 1st group of cellulose and derivatives, the 2nd group of polysaccharides, the 3rd

group of proteins and other NBPs, the 4th group of poly(a-esters) and poly(a-carbonates), and the 5th group of polyether and other SBPs).

(G) Triboelectric series of 40 BPs in 5 groups based on the transferred charge results.
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(1) The main-chain chemical groups play a major role in determining the position of

most BPs in the triboelectric series. The average transferred charge values (meanG

standard deviation) of different types of BPs (including polyether, polysaccharides,

proteins, and poly(a-esters)) are 12.31 G 0, 9.63 G 1.59, 7.75 G 1.05, and 7.02 G

0.71 nC, respectively (the selected BPs are seen in Note S3). For most BPs, the order
6 Matter 6, 1–17, December 6, 2023



Figure 4. Influences of main- or side-chain chemical groups on triboelectric polarities of different BPs

The regularities and principles of influence in the same group or among groups are shown.
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of the BPs in the triboelectric series (from positive to negative) is polyether (with

ether bonds), polysaccharides (with glycosidic bonds), proteins or poly(amino acids)

(with amide bonds), and poly(a-esters) (with ester bonds or carbonate ester bonds).

Among them, the triboelectric polarities of most proteins and poly(a-esters) are

similar (Figures 3G and 4). To better evaluate the degree of triboelectric positive po-

larity of different main-chain groups, we use the PEO (with main-chain ether bonds)

with the most positive polarity as the reference and set the degree of positive polar-

ity of PEO (QPEO = 12.31 nC) to 100% (PPEO = 100%). The degree of positive polarity

of different main chains can be calculated according to the formula

Pj =
Qj

QPEO
(Equation 1)

where Pj is the degree of positive polarity of the different main chains,Qj is the mean

transferred charge value of all BPs with similar main chains, andQPEO (QPEO = 12.31

nC) is the transferred charge value of PEO. Therefore, the degrees of positive polar-

ity of polyether (with ether bonds), polysaccharides (with glycosidic bonds), proteins

(with amide bonds), and poly(a-esters) (with ester bonds or carbonate ester bonds)

are 100%, 78.22%, 62.96%, and 57.03%, respectively.

(2) The side-chain chemical groups affect the triboelectric polarities of BPs. Most BPs

with similar main chains but different side chains (excluding side groups with strong

polarity) tend to have different but close orderings in the triboelectric series (Fig-

ure 3G). We investigate the degree of influence of side- or main-chain groups on
Matter 6, 1–17, December 6, 2023 7
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the triboelectric polarities of BPs by the standard deviation of the transferred charge

value. The formula of standard deviation is given as

s =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i = 1ðQi � QÞ2

n

s
(Equation 2)

where s is the standard deviation of the transferred charge values, Qi is the trans-

ferred charge value of each BP with similar main-chains, Q is the mean transferred

charge value of all BPs with similar main-chains, and n is the total number of the

BPs. In statistics, the standard deviation can quantify the dispersion or variation of

a set of values, so the larger the standard deviation, the greater the influence of func-

tional groups on the triboelectric polarities. Firstly, we research the degree of influ-

ence of different side-chain groups. The average transferred charge values (meanG

standard deviation) of different types of BPs (including most polysaccharides, pro-

teins, poly(a-esters), and polyether) are 9.63 G 1.59, 7.75 G 1.05, 7.02 G 0.71,

and 12.31 G 0 nC, respectively (the selected BPs are seen in Note S3). Secondly,

we investigate the degree of influence of different main-chain groups by further

calculating the average value (9.18 G 2.36 nC) of above average transferred charge

values. For BPs with similar main chains but different side chains, the standard devi-

ations of transferred charge values are mostly less than 1.6 nC. In contrast, for BPs

with different main chains, the standard deviation is greater than 2.3 nC. By compar-

ison, we can see that the degree of influence of most side-chain groups on the tribo-

electric polarities of BPs is smaller than that of the main-chain groups.

The 1st group includes cellulose and cellulose derivatives, and the order of these BPs in

the triboelectric series (frompositive to negative) isHPC,61HEC,62CMC,63BC,64MCC,65

MC,66 and EC67 (Figures 3B and S7A). For the 1st group, we infer that the strength of the

electron-donating (ED) ability of the side groups follows the order [-OCH2CH(CH3)

O-]n> [-OCH2CH2O-]n> -OCH2COO�> -OH> -OCH3> -OCH2CH3 (Figure4).Cellulose

is a chain polymer linked by anhydro-D-glucose repeating units through b-(1–4) glyco-

sidic bonds. Cellulose and cellulose derivatives have the same main chain but different

side groups. The hydroxyl groups (-OH) at the C-2, C-3, or C-6 position of repeating an-

hydro-D-glucose units are partially converted into [-OCH2CH(CH3)O-]n, [-OCH2CH2O-]n,

-OCH2COO�Na+, -OCH3,or -OCH2CH3groups, respectively, formingdifferent cellulose

ethers. Different functional groups have different ED or electron-withdrawing (EW) abil-

ities.68 Some studies have shown that polymers possessing polyether groups ([-CH2-

CH2-O-]n) have greater ED abilities during CE and show excellent positive polarity in

triboelectric series, even higher than that of the common tribo-positive material poly-

amide.69,70 In this group, the side chains of HPC and HEC contain abundant polyether

groups, resulting inHPCandHECbeing at themost positivepositions in the triboelectric

series among cellulose derivatives. By comparing these two BPs, it can be seen that the

methyl group (-CH3) in the hydroxypropyl group has a greater ED ability than the

hydrogen in thehydroxyethylgroup,18 and thus theHPCfilmappears tobemorepositive

than theHECfilm;CMCcontains abundantnegatively chargedcarboxylate (-COO�) side
groups, so the CMC film exhibits a better ED ability during the contact-separation pro-

cess, resulting in a relatively positive polarity in the triboelectric series.63 BC and MCC

contain a largenumberofhydroxyl (-OH) sidegroups, and theEDabilityof the -OHgroup

isweaker18 than thatof the -COO�group, soBCandMCCexhibitmorenegativepolarity

thanCMC. In comparison, theBCfilmhasmoreultrafinenanofibrils andmoremicrostruc-

ture64 on the surface than the MCC film, resulting in a slightly higher positive polarity. In

addition, the reasonwhyMCCexhibits lessEDability thanBCmaybe that a small number

of functional groups are introduced into theMCCmolecules during its hydrolysis prepa-

ration. In addition, the order of these BPs in the triboelectric series (from positive to
8 Matter 6, 1–17, December 6, 2023
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negative) is cellulose (including BC and MCC), MC, and EC, which is consistent with the

order of theEWinductive effect of thegroups (-OCH2CH3> -OCH3> -OH).66 It shouldbe

noted that in the 1st group, the degree of substitution (DS) of different cellulose deriva-

tives varies because it is difficult to purchase these cellulose derivatives with the same

DS, but the DSs of these different cellulose derivatives range from 0.9 to 1.4. If the DS

is consistent, better triboelectric polarities results can be obtained.

The 2nd group includes polysaccharides, and the order of the BPs in this group in

triboelectric series (from positive to negative) is alginate,71 chitosan,72,73 sodium

HA,74 pullulan,75 CS, starch,76 and chitin77 (Figures 3C and S7B). For this group,

we infer that the strength of the ED ability of the side groups follows the order

of carboxylate group > amino group > hydroxyls group > N-acetyl amide group

(Figure 4). Polysaccharides in the 2nd group are polymers made of different mono-

saccharides (hexose) or oligosaccharides or corresponding derivative units, and

their main-chain structures are very similar. Thus, these polysaccharides have

different triboelectric polarities and ED or EW abilities due to their different side

groups. Each repeating unit of alginate contains one -COO� group and two -OH

groups, and the -COO� group exhibits a better ED ability in CE,63 so alginate has

the most positive polarity in the triboelectric series among BPs of the 2nd group.

Moreover, the positive polarity of alginate is higher than that of CMC in the 1st group

because the amount of carboxylate groups in the CMC unit is less than that of algi-

nate, and each unit of CMC contains less than one -CH2COO� substituent (due to

the DS of carboxymethyl groups being approximately 0.7–0.9 for the CMC used in

this work). Each repeating unit of chitosan contains an amino group (-NH2) and

two -OH groups, and the amino group also exhibits a better ED ability68 due to its

tendency to lose electrons, becoming positively charged during the CE process,

so chitosan also possesses a good positive polarity following the alginate.63 Each

repeating unit of chitin contains one N-acetyl amide group and two hydroxyl groups.

The N-acetyl amide group has an obviously weaker ED ability than the carboxylate

group, so chitin is more negative than alginate and is located at the end of the tribo-

electric series with regard to the BPs in the 2nd group. Pullulan and starch only

contain hydroxyl groups as side groups, and the ED ability of the hydroxyl group18

is between that of the carboxylate group and the N-acetyl amide group. As a result,

the triboelectric positive polarities of pullulan and starch are between that of algi-

nate and chitin. Sodium HA and CS are composed of disaccharide repeating units.

Each repeating unit of sodium HA contains a carboxylate group, an N-acetyl amide

group, and four hydroxyl groups. Each repeating unit of CS contains a carboxylate

group, a sulfate group, one N-acetyl amide group, and three hydroxyl groups.

The triboelectric positive polarities of sodium HA and CS are also between those

of alginate and chitin. Specifically, the triboelectric polarity of sodium HA is more

positive than that of polysaccharides (such as pullulan, starch, or cellulose) contain-

ing only hydroxyl side groups due to the strong ED ability of the carboxylate group in

sodium HA. Furthermore, although the glycosidic bond of polysaccharides and de-

rivatives in the 1st group and the 2rd group is a kind of ether bond, due to the struc-

tural particularity of the polysaccharides, we discuss the glycosidic bond separately.

At the same time, we found that the density of oxygen atoms in the polysaccharide

main chain is lower than that of PEO (with repeating -CH2-CH2-O- groups in the

main chain), resulting in a weaker positive polarity of polysaccharides than that

of PEO.

The 3rd group includes protein, poly(amino acids), and DNA, and the order in tribo-

electric series (from positive to negative) is sodium PGA, zein,78 pig gelatin, sodium

DNA,79 polylysine,80 SF,81 fish gelatin,82 SELP, and fish collagen83 (Figures 3D and
Matter 6, 1–17, December 6, 2023 9
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S7C). For the 3rd group, we find that sodium PGA has the largest positive polarity,

most likely due to its highest density of carboxylate side groups compared with

that of other proteins, as the carboxylate group is considered to have a strong ED

ability. In addition, the triboelectric polarities of different proteins may be related

to the type and proportion of amino acids,78 and it is necessary to study a triboelec-

tric series of different amino acids in future work. Moreover, the triboelectric polar-

ities of most proteins (rich in amide bonds in the main chain) are close to that of pol-

y(a-esters) in the 4rd group but are more negative than that of polyether in the 5th

group and most polysaccharides (including derivatives) in the 1st group and the

2nd group, so it is inferred that the ED abilities of the main-chain ester bond84 and

amide bonds70 are weaker than that of the main-chain ether bonds of polyether

(such as PEO) and the glycosidic bonds of polysaccharides (Figure 4).

(3) The triboelectric polarities are related to the density of the functional groups in

the main chain or the side chain. The higher the density of ester bonds or ether

bonds in the main chain, the stronger the triboelectric positive polarity of the poly(-

a-esters) or polyether. More side-chain alkanes also tend to increase the positive po-

larity of the poly(a-esters) (Figures 3G and 4).

The 4th group includes poly(a-esters) (including poly(a-carbonates)), and the order in

the triboelectric series (from positive to negative) is PBAT, PLLA, PLA, PTMC,

PHBHHx, PLGA,5 PPC,85 PBS,86 PCL,5,84,86 and PDO (Figures 3E and S7D). Except

for that of PBAT, the main chains of these polymers are mainly composed of

repeating units of alkanes and esters or carbonate, and some have alkane side

groups. For the 4th group, we made three inferences. First, the ED ability and posi-

tive polarity of poly(a-esters) increase with increasing density of the main-chain ester

(or carbonate ester) bonds (Figure 4).5,84,86 We used the number of carbon atoms

between adjacent main-chain ester (or carbonate ester) bonds (excluding the side

chain) to reflect the ester bond density, i.e., the lower the number of carbon atoms,

the higher the ester bond density. The order of the positive polarity (from positive to

negative) of poly(a-esters) has the following relationship with the number of carbon

atoms: PLLA or PLA (2, where 2 means there are 2 carbon atoms between adjacent

ester bonds) > PHBHHx (3) > PBS (4) > PCL (6). Second, for poly(a-esters) with the

same (or similar) density of main-chain ester (or carbonate ester) bonds, a higher

density of side-chain alkane (-CH3, -CH2CH3, or -CH2CH2CH3) correlated with a

more positive polarity (Figure 4).18 The corresponding ordering is PLA > PLGA,

PHBHHx > PLGA, PHBHHx > PPC. Third, PBAT with benzene rings in its main chain

has the most positive polarity among the BPs in the 4th group.

(4) Repeating ether groups were verified to have the highest triboelectric positive

polarity in BPs. PEO (with abundant main-chain [-CH2-CH2-O-]n groups) was verified

to have the highest triboelectric positive polarity among all BPs (1st–5th groups). HPC

or HEC (with abundant side-chain [-OCH2CH(CH3)O-]n or [-OCH2CH2O-]n groups)

has the highest positive polarities among all polysaccharides and derivatives

(Figure 3G).

The 5th group includes polyether and other SBPs, and the order of the BPs in the

triboelectric series (from positive to negative) is PEO, polyanhydride, POEU, PU, pol-

yphosphazene, PVA, and PVP (Figures 3F and S7E). Among them, PEO, polyanhy-

dride,87 POEU,88 and PU89 have a certain proportion of main-chain [-CH2-CH2-O-

]n groups (ether bonds). For the 5th group, we made two inferences. First, the ED

ability and positive polarity of the BPs increase with increasing the mass ratio of

main-chain [-CH2-CH2-O-]n groups (Figure 4). The order of the positive polarity
10 Matter 6, 1–17, December 6, 2023
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(from positive to negative) of these BPs has the following relationship with the mass

ratio of main-chain [-CH2-CH2-O-]n groups (including repeating ortho ester groups):

PEO (100 wt %, where 100 wt % means that the mass of main-chain [-CH2-CH2-O-]n
groups accounts for 100 wt % of the main-chain mass) > POEU (45.9 wt %) > PU (37.8

wt %). It should be noted that POEU contains repeating ortho ester groups,88 and its

structure and triboelectric polarity are considered to be similar to [-CH2-CH2-O-]n, so

the mass ratio of ortho ester groups is also included. Polyanhydride has a lower mass

ratio of main-chain [-CH2-CH2-O-]n (16.9 wt %), but the reason why it shows

improved transferred charge is that the adhesion performance and the adhesion

energy of polyanhydride film with PTFE increase the intensity of triboelectrification

during CE. Second, the contribution of [-CH2-CH2-O-]n groups to the ED ability and

positive polarity of these BPs is higher than that of other chemical groups (Fig-

ure 4).69,70,84 Among all BPs (1st–5th groups), PEO (with abundant main-chain

[-CH2-CH2-O-]n groups) was verified to have the highest triboelectric positive polar-

ity (Figure 3G).

(5) The triboelectrification effects of BP films with adhesion performance or frag-

mented morphology can be enhanced or reduced, respectively.

Furthermore, some factors that affected the transferred charge during CE for a few

BPs were identified, which caused some errors in their triboelectric polarities and

triboelectric series ranking results. Specifically, we found that BP films with adhesion

performance (such as the PTMC and polyanhydride films) showed an improved

transferred charge during CE with PTFE membranes because the adhesion energy90

increased the intensity of triboelectrification during CE. In contrast, BP films with a

fragmented morphology (such as the CS, collagen, and PDO films) showed a

reduced transferred charge during CE with PTFE membranes.91 However, the poly-

lysine film, composed of 50 wt % ε-polylysine and 50 wt % a-polylysine, which has

both a fragmented morphology due to the low molecular weight of ε-polylysine

and adhesion performance because of a-polylysine being used as bioadhesive,

was found to have a certain error in transferred charge and triboelectric series

ranking. In addition, the starch composite film contained 15 wt % glycerol, which

had a certain impact on its triboelectric polarity.

Degradation performance

The biodegradation of these polymers involves the cleavage of enzymatically or hydro-

lytically sensitive bonds, leading to polymer erosion.24 According to their degradation

mechanism, BPs can be further divided into enzymatically degradable BPs and hydrolyt-

ically degradable BPs. Most NBPs are easily degraded by enzymes in the human

body.20,92 In comparison, most SBPs are biologically inert, and their degradation mech-

anism is mainly hydrolysis, but enzymes in the human body may also participate in the

degradation of SBPs to a certain extent.93,94 In addition, reactiveoxygenor nitrogen spe-

cies released from inflammatory cells can also accelerate the degradation of BPs by

oxidation.20 In terms of device degradation, IBMEDs can be considered to be degrad-

able as long as they are physically damaged in the physiological environment.95 Most

NBPs are water-soluble polymers, and most SBPs are hydrolytically BPs.26 Therefore,

we used phosphate-buffered saline at 37�C to simulate human body fluid and investi-

gated the degradation performance of different BP films in phosphate-buffered saline.

According to their degradation time, i.e., the point when the BP films’ morphology

changes significantly or the mass decreases significantly, the 40 BPs can be divided

into 6 types as follows: rapid dissolving (the 1st type); rapid swelling (the 2nd type);

short-term degradable (the 3rd type); medium-term degradable (the 4th type); long-

term degradable (the 5th type); and longer-term degradable (the 6th type). The
Matter 6, 1–17, December 6, 2023 11



Figure 5. Degradation performance in vitro of the 40 kinds of BPs

Forty kinds of BP films with a size of 2 3 2 cm were soaked in a polystyrene Petri dish containing phosphate-buffered saline, respectively. The

degradation process and performance of the BPs in phosphate-buffered saline were studied.

(A) Classification of rapidly dissolving or swelling polymers.

(B) Classification of different-term degradable polymers and mass variation of different-term degradable polymers in phosphate-buffered saline. (n = 3

independent samples. Data are presented as mean G standard deviation.)

(C) The 6 types of BPs (including rapid dissolving, rapid swelling, short-term degradable, medium-term degradable, long-term degradable, and longer-

term degradable) divided according to their degradation time when the BP film morphology changes significantly or the mass decreases significantly.

Several BPs for each type are listed, and the morphology changes of the BP films at corresponding degradation times are shown.
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degradationperformanceof eachBPfilmamong the 6 types, aswell as their degradation

mechanisms, are discussed in Note S4 and shown in Figure 5.

Conclusions

In conclusion, the basic performances of a comprehensive range of triboelectric BPs

for IBMEDs were studied. Particularly, we innovatively summarized the regularities
12 Matter 6, 1–17, December 6, 2023
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and principles of influence of various main- or side-chain chemical groups on the

triboelectric polarities of BPs and developed a triboelectric series based on these

BPs. The regularities and principles included that (1) the main-chain chemical groups

play a major role in determining the position of most BPs in the triboelectric series;

(2) the side-chain chemical groups affect the triboelectric polarities of BPs; (3) the

triboelectric polarities are related to the density of the functional groups in the

main chain or the side chain; (4) repeating ether groups was verified to have the high-

est triboelectric positive polarity in BPs; and (5) the triboelectrification effects of BP

films with adhesion performance or fragmented morphology can be enhanced or

reduced, respectively. The significance of this study includes further revealing the

underlying mechanisms of triboelectrification of polymers and providing guidance

for material selection for IBMEDs, especially for the selection of triboelectric BPs

for TENG-based IBMEDs.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Zhou Li (zli@binn.cas.cn).

Materials availability

This study did not generate new unique reagents. All relevant vendors and prepara-

tion procedures are included in the supplemental information.

Data and code availability

Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.

Materials

Details of BPs and other reagents are listed in Tables S1–S3.

Preparation of BP films

We used the dissolution-evaporation method to prepare most of the BP films. At a

certain temperature (most BPs in this work were dissolved at room temperature),

0.5 g polymer powders or particles were dissolved or completely dispersed in

30 mL of a suitable solvent, such as water, ethanol, methylene chloride, chloroform,

hexafluoroisopropanol, etc. Then, the solutions were poured into glass Petri dishes

(diameter of 66mm) and dried in an air oven at 40�C (for polymers dissolved in water)

for 48 h or at room temperature (for polymers dissolved in organic solvents) for 48 h

until completely dry polymer films were formed (thickness of 100G 10 mm). The films

were cut into 2 3 2 cm samples for degradation and triboelectric performance

experiments.

In addition, the preparation of a few of BP films required more processes or other

methods. For example, starch (amylose) was first prepared as a paste under high

temperature and pressure and then was mixed with glycerol and dried on a plate;

the chitosan film needed to be further cleaned to remove acetic acid; and the poly-

anhydride film was prepared by photopolymerization. The detailed methods are

listed in Note S2.

Degradation in vitro

Each BP filmwith a size of 23 2 cm (initial mass: m1) was soaked in a polystyrene Petri

dish containing phosphate-buffered saline. Then, the Petri dish was placed in a
Matter 6, 1–17, December 6, 2023 13
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constant temperature (37�C) incubator, and the phosphate-buffered saline solution

was replaced every 2 weeks. After the polymer film was washed with distilled water

and then dried at 37�C to a constant weight, the residual mass (m2) of the polymer

film was obtained by weighing. The residual mass ratio of the polymer film at

different degradation times was calculated by the following formula: residual mass

ratio = m2/m1.
Triboelectric polarities of BPs

All tested BP films (2 3 2 cm) were cleaned with flowing nitrogen gas and were kept

in sealable bag. The aluminum tapes were attached to the BP films as the electrode

layer. The temperature (27�CG 2�C) and humidity (30%G 3%) for each triboelectric

test were maintained. Due to its good electronegativity, a PTFE film (43 4 cm, thick-

ness of 100 mm) was selected as the same counterpart material to contact different

BPs. First, the tested BP films (23 2 cm) with electrode layers were fixed on an acrylic

substrate (2 3 2 cm) by 3M double-coated urethane foam tape with the electrode

facing toward the surface of the acrylic substrate. The PTFE film with an aluminum

electrode layer was also fixed on another acrylic substrate (4 3 4 cm). Then, the

BP films (bottom surface) were periodically contacted with and separated from the

PTFE film, respectively, under the drive of a linear motor (LinMot). A digital oscillo-

scope (Teledyne LeCroy, HDO6104) and an electrometer (Keithley, 6517B) were em-

ployed to characterize the short-circuit charge. All data were tested at least 3 times.

Long-cycle tests for triboelectric polarities of selected BP films were also conducted,

and the results are shown in Figures S8A–S8D.
Fabrication and electrical measurement of TENGs based on BPs

First, the back surfaces of the PEO and EC films were deposited with magnesium as

electrode layers (100 nm) by Magnetron Sputter (635, Denton Discovery), respec-

tively. Then, these two films (2 3 2 cm) were assembled with spacers, and two

lead wires were, respectively, connected to two electrode layers. Finally, the SF,

PTMC, and PCL films were employed as encapsulation layers for packaging the de-

vice, respectively. The edges of the encapsulation layers were encapsulated with ad-

hesive or with heat-sealing technology. A digital oscilloscope (Teledyne LeCroy,

HDO6104) and an electrometer (Keithley, 6517B) were employed to characterize

the open-circuit voltage (Voc), the short-circuit current (Isc), and the short-circuit

transferred charge (Qsc) of the TENG when a linear motor exerted a periodic force

on the TENG. The results are discussed in Notes S5 and S6 and shown in Figures S8E,

S8F, and S9A–S9D.
In vivo test of TENG

Sprague Dawley (SD) rats (male, 150–200 g) were purchased from Charles River Lab-

oratories (Beijing, China). Before the implantation, TENGs were sterilized by ultravi-

olet light. Then, isoflurane gas was used to pre-anesthetize the rats. Next, sodium

pentobarbital (1%) was employed for intraperitoneal injection (40 mg kg�1) to main-

tain anesthesia. Then, the abdominal subcutaneous skin of each SD rat was incised to

implant the TENG. Periodic slight pressure from a finger (Figures S10A and S10B)

was applied on the skin of the implantation region to drive the TENG. Voc, Isc, and

Qsc were measured by a digital oscilloscope (Teledyne LeCroy, HDO6104) and an

electrometer (Keithley, 6517B). All experimental procedures were reviewed and

approved by the Committee on Ethics of the Beijing Institute of Nanoenergy and

Nanosystems. The results are discussed in Notes S6 and S7 and shown in

Figures S9E–S9I.
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