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the recording of physiological signals. 
Flexible electronics (e.g., electronic skins) 
that apply soft materials may break the 
limitations of traditional devices and detect 
physiological signals more efficiently, 
accurately, and stably. Electronic skins are 
significant and potentially useful in the 
fields of soft robotics, health monitoring 
of human body, and advanced medical 
devices.[1–3] These devices need to meet the 
basic standards of sensing functions, bio-
compatibility, and environmental friendli-
ness. In addition, devices are required to 
exhibit high conformability when applied 
to textured or curved surfaces, and main-
tain high stability upon bending, compres-
sion, and other mechanical modes. These 
requirements ask for the exploration of 
new functional, machinable, and integrat-
able flexible materials. Hydrogels are sim-
ilar to biotissues, they exhibit remarkable 
biocompatibility and have an adjustable 

network structure that gives excellent stretchability. As a result, 
hydrogels present unique advantages in detecting and sensing 
physiological signals.[4,5] Regulating the adhesion, conductivity, 
and stability of the hydrogel and improving its performances in 
flexible sensors are the focus and challenge of current research.

Appropriate electrical conductivity is a prerequisite for hydro-
gels to realize signal detection. Adding ions, conductive poly-
mers, and carbon materials into hydrogels is a common way 
to endow hydrogels with electrical conductance.[6–8] To improve 
the sensitivity of physiological signal detection and sensing, 
a large number of ions are often required in hydrogels.[9] The 
water-holding effect and penetration of ions may induce electro-
lyte disturbances of the skin and tissues. Conductive polymers 
such as polyaniline (PANI), polypyrrole (PPy), and poly (3,4-eth-
ylene dioxy thiophene) (PEDOT) are popular materials to pre-
pare conductive hydrogels in recent years.[10] However, the poor 
water dispersibility and biocompatibility of these conductive 
polymers greatly limit their application in hydrogels. Adding 
graphene sheets or carbon nanotubes may endow hydrogels 
with comparable conductivity, but this comes at a price. Such 
materials can generally be replaced by cheaper graphene oxide 
(GO) sheets with subsequent reduction.[11,12] However, tradi-
tional reducing agents including hydrazine hydrate usually 
cause intense reduction that destroys the ordered structure of 

Long-active conductivity, adhesiveness, and environmental stability are 
essential in the applications of hydrogel electronics. Integrating different 
functional materials into one system suffers from compatibility and cost 
problems. Inspired by the unique o-methoxyl structure in polyphenol lignin 
and its binding role in plants, catechol lignin (DAL) is constructed by one-step 
demethylation, which endows the lignin with a mussel-like bioadhesion, good 
reducibility, as well as a high ultraviolet absorption. The DAL is then applied to 
reduced graphene oxide, and the products—the oxidized DAL and the reduced 
graphene oxide mixture (DAL/rGO) is added into a sodium alginate/polyacryla-
mide (SA/PAM) double network hydrogel. Based on the Schiff base reaction 
between the quinone of the oxidized DAL and the amino of the skin, the DAL/
rGO incorporated hydrogels could stably adhere to the skin, and sensitively 
respond to physiological signals. In addition, the DAL could provide the 
hydrogels with long-active sunscreen property when applied to real skin. 
These DAL based hydrogels have potential for on-skin sensing and outdoor 
sport equipment.

1. Introduction

Noninvasive, convenient, and real-time physiological signal 
detection is crucial for health assessment systems and human-
computer interfaces. Traditional sensors that detect physi-
ological signals are based on silicon-based materials, which are 
hard, brittle and non-flexible. Those characteristics greatly limit 
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GO.[13] Therefore, greener and milder reduction system needs 
to be developed.

The right adhesion property is the key to realize high con-
formability, stable detection of physiological signals of hydrogel 
matrixes.[14] Hydrogels achieve adhesion with a solid surface by 
constructing chemical bonds and energy-dissipating structures, 
including biomimetic suction, capillary action, Stefan adhe-
sion, mechanical interlock, and friction.[15–19] Among them, 
mussel-inspired polydopamine adhesion is extensively studied 
recently.[20] The catechol structure in polydopamine can form 
general adhesion with the substrate through coordination 
bond, covalent bond, π-π stacking, hydrogen bond, etc.[21] How-
ever, biomimetic construction of adhesion hydrogels is complex 
and costly, and thus more effective and low-cost adhesive mate-
rials need to be developed.

Lignin, the second most abundant component in plants 
after cellulose, is composed of guaiacol, syringol, and 
p-hydroxyphenylpropane units connected by carbon-oxygen 
and carboncarbon bonds.[22] It plays binding and strength-
ening roles in the cell walls and provides plants with ultraviolet 
(UV) blocking performance.[23,24] However, the adhesiveness 
of lignin separated from plants is limited. The phenolic resin 
synthesized from lignin has poor water and thermal resist-
ances, and cannot provide persistent adhesion. It is reported 
that lignin cannot be used as an effective and long-lasting adhe-
sive in hydrogel unless it is oxidized to quinone/hydroquinone, 
which would be reduced to a catechol structure in a dynamic 
reductive–oxidative environment.[25] However, the adhesiveness 
largely depends on the lasting time of the redox system. If the 
redox system is disturbed by the oxygen in air, quinone/hyd-
roquinone cannot be reduced to a catechol structure and the 
adhesion will fail.

Based on the understanding of lignin, the o-methoxyl groups 
of phenolic hydroxyl groups in guaiacol and syringol units of 
lignin were demethylated to prepare catechol lignin (DAL), 
which not only endows lignin with long-active adhesion prop-
erty directly, but also enhanced the reducibility of lignin. On 
this basis, the GO was reduced by using DAL, and the prod-
ucts were added to sodium alginate/polyacrylamide (SA/PAM) 
double network hydrogels to construct conductive and adhe-
sive flexible electronic skin, which could effectively monitor 
and sense motion and physiological signals. The natural UV 
absorption property of lignin was also explored, enabling the 
hydrogel based flexible electronic skin to have sunscreen per-
formance when applied on real skin.

2. Results and Discussion

2.1. Design Strategy

Instead of constructing Ag-lignin dynamic redox catechol 
chemistry,[25] demethylation modification is conducted on the 
methoxyl groups to directly change alkali lignin (AL) into DAL. 
The catechol groups in DAL exhibits excellent adhesive prop-
erty, reducibility, radical-scavenging, and UV-absorbing abilities, 
making DAL an excellent candidate for flexible electronic skin. 
Here, DAL is used as a green reducer to reduce GO (forming 
reduced GO, rGO) and prepare conductive lignin/graphene 

mixture (DAL/rGO). Ionic crosslinking SA/Ca2+ and covalent 
crosslinking PAM fabricate double network hydrogel matrix 
with a high toughness and elongation properties. The DAL/
rGO is then added to the double network hydrogel to achieve 
adhesiveness, conductivity, UV-blocking properties, which allow 
the hydrogel as flexible electronic skin.

2.2. Demethylation of Lignin and Reduction of Graphene Oxide

Demethylating modification was conducted one methoxy groups 
of guaiacol, and syringyl units in AL and DAL are prepared 
to realize its natural binding function. As shown in Table S1,  
Supporting Information, the phenolic hydroxyl content 
increases from 2.32 to 3.52 mmol g−1 when the dosage of iodo-
cyclohexane increases from 0 to 12  mL under 150  °C. Higher 
temperature is the promise of well demethylating modifica-
tion. The demethylation of methoxyl and formation of catechol 
structure is confirmed by Fourier transform infrared (FTIR) 
and nuclear magnetic resonance (NMR) spectra. As shown in 
Figure  1a, the hydroxyl stretching vibration peak at 3417 cm−1 
widens and becomes stronger, while the methoxyl related ether 
stretching vibration peak at 1276 cm−1 weakens. The change 
of hydroxyl and methoxyl groups are more obvious in the 1H 
NMR spectra. As shown in Figure 1b, the proton peak of meth-
oxyl at 3.73 ppm almost disappears, which could be observed in 
the heteronuclear single quantum coherence (HSQC) spectra 
(Figure S1, Supporting Information). At the same time, strong 
proton peaks of the aliphatic/phenolic hydroxyl groups at 2.73 
and 2.88 ppm appear, and the peak intensity increases signifi-
cantly as the phenolic hydroxyl group concentration increases 
to 7.95 ppm.

More phenolic hydroxyl groups improve the reducing ability 
of the DAL. Therefore, DAL was applied to reduce GO. As 
shown in Figure 1a,b, the hydroxyl stretching vibration peak of 
DAL weakens significantly, while the quinone stretching vibra-
tion peak at 1750 cm−1 becomes strong and sharp, indicating 
that part of catechol groups was oxidized to quinones. The 
structure of reduced graphene oxide (rGO) was characterized by 
using FTIR spectrometry, Raman spectrometry, and X-ray dif-
fraction (XRD). As shown in Figure 1c, oxygen-containing func-
tional structures such as –OH stretching vibration at 3377 cm−1, 
CO stretching vibration at 1732 cm−1, and CO stretching 
vibration at 1054 cm−1, weaken significantly or disappear after 
DAL reduction, indicating the formation of graphene structure. 
As shown in Figure  1d, both GO and rGO exhibits the D and 
G bands at 1330 and 1573 cm−1, respectively. The intensity ratio 
of the D to G bands (ID/IG) is usually applied to evaluate the 
disorder degree of carbon material. When GO was reduced to 
rGO, the ID/IG value increases from 0.96 to 1.04–1.07, indicating 
that the disorder degree increases and more defect and edge 
structures are formed. However, it is much lower than the ID/IG 
value of rGO reduced by sodium borohydride or hydrazine, 
which is usually >1.30.[13] The rGO reduced by DAL has a much 
smaller ID/IG value, indicating that the process is compara-
tively mild, less fragments are produced and the order struc-
ture could be largely saved. The XRD spectra of the GO and 
rGO are shown in Figure 1e. The reflection peak at 2θ  =  10.05° 
in the spectrum of the GO corresponds to to the (001) plane. 
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According to the Bragg’s law, the interlayer distance decreases 
from 0.966  nm (2θ   =   9.17°) for GO to 0.381–0.386  nm  
(2θ   =   23.48–23.86°) for rGO (Table S2, Supporting Informa-
tion), suggesting the elimination of oxygen-containing groups 
on the graphene sheets. The spectra of the rGO are similar to 
that of the rGO samples reduced by other reducing agents,[26] 
which indicates that the DAL performs a comparable effect on 
the graphite lattice recovery. As the dosage of DAL increases, 
the interlayer distance of the rGO increases initially and then 
decreases, indicating 2:1 is the optimum ratio of DAL to GO 
during the reduction.

The morphology of the rGO was observed by scanning elec-
tron microscopy (SEM) and atomic force microscopy (AFM). As 
shown in Figure 2a, solid rGO exhibits sheet-like morphology 
of ≈100 µm in diameter. After ultrasonic treatment in water, the 
rGO sheets breaks into small fragments of ≈100 nm in diam-
eter (Figure  2b,c). The good dispersibility benefits following 
construction of conductivity network in hydrogel matrix. As 
shown in Figure 2d, our AFM measurement indicates that the 
thickness of the dispersed rGO is 3–4 nm. The DAL exhibited 
a redcution effect similar to other benign GO reducer such as 
L-ascorbic acid and Nettle extract.[26,27]

Figure 1. a) FTIR and b) 1H NMR spectra of AL, DAL, and oxidized DAL (oDAL). c) FTIR, d) Raman and e) XRD spectra of GO and rGO reduced by 
different amounts of DAL.

Figure 2. SEM images of a) rGO powder and b,c) dispersed rGO, d) AFM image of dispersed rGO and their thickness analysis.
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2.3. Fabrication of DAL/rGO Based Double-Network Hydrogel

Hydrogels are ideal flexible sensing matrixes because of their 
excellent biocompatibility, but suffer from poor mechanical 
performance. Generating a double network structure from two 
polymeric interpenetrating networks could effectively enhance 
their toughness and stretchability. Here, SA forms an ionic 
cross-linkage network through Ca2+. PAM forms a second 
network. When the SA/PAM hybrid hydrogel is stretched, the 
PAM network stabilizes the deformation, while the SA network 
effectively dissipates the energy and increases the elongation by 
causing a dynamic damage and healing.

As shown in Figure 3a, uniform pores are distributed in single 
network PAM hydrogel after freezing drying. When the SA/Ca2+ 
network is introduced, the pores become disordered and the walls 
become thicker (Figure  3b). When DAL is added, silk-like net-
works are observed. The oxygen-containing groups in DAL such 
as hydroxyl, carboxyl groups may form hydrogen bonding with the 
amino groups of PAM, while the carboxylic groups participate the 
complexation among Ca2+ and SA. The DAL constructed several 
interaction bridges among SA/PAM double networks (Figure 3c). 
When DAL was replaced by DAL/rGO, the silk-like network 
disappear since part of the catechol groups in DAL is oxidized 
to  benzoquinone during the reduction of GO. The pores of the 
SA/PAM/DAL/rGO hydrogel become smaller and more uniform, 
the network walls are thicker, and no rGO aggregates are observed 
(Figure  3d). As indicated by the FTIR spectra in Figure S2,  
Supporting Information, the shift of stretching vibration from 
3131 to 3182 cm−1 indicates that partially oxidized DAL could still 
form H-bonding with PAM, which further enhances the mechan-
ical property of the double-network hydrogel and benefits the sub-
sequent flexible sensing application.

Good swelling ability is required for real applications of the 
hydrogel. As shown in Table S3, Supporting Information, the 
SA/PAM hydrogel has an equilibrium swelling ratio (ESR) of 
3106% in water. When 1.5 and 3 wt% DAL/rGO are incorporated, 
the ESR of the double-network hydrogel decreases to 2922% and 
1922%, respectively, due to the smaller pores as well as the weak-
ened water storage capacity, as reflected in Figure 3d. When the 
dosage of DAL/rGO increases to 6 wt%, the ESR recovers and 

increases to 3850%. There are two possible reasons. On one 
hand, the carboxylic, aliphatic and phenolic hydroxyl groups in 
DAL/rGO strengthens the water-locking ability of the hydrogel. 
On the other hand, a larger amount DAL/rGO incorporation 
affects the formation of hydrogel network structure, which is 
confirmed by following rheological and mechanical analysis. 
Therefore, the pore size as well as the water storage capacity of 
the hydrogel increase correspondingly.

2.4. Rheological and Mechanical Properties of SA/PAM/DAL/
rGO Hydrogels

The storage modulus (G′) and loss modulus (G″) of SA/
PAM hydrogels with different DAL/rGO contents were inves-
tigated. As shown in Figure  4a,b, both G′ and G″ of the SA/
PAM increase with scan frequency, no matter it contains DAL/
rGO or not. In addition, all hydrogels exhibit elastomeric per-
formance (G′ > G″), which indicates that they can keep a good 
crosslinking structure and mechanical performance in the 
testing range. The smooth curves demonstrate the structural 
stability of the double network hydrogels, even after adding 
DAL/rGO. Right dosage of DAL/rGO would promote the for-
mation of hydrogel networks by forming hydrogen bonds 
between DAL/rGO and PAM and complexation between DAL/
rGO and Ca2+. When the dosage of DAL/rGO is 1.5%, G′ and 
G″ of SA/PAM hydrogel reaches the maximum. When the 
dosage of DAL/rGO further increases, the steric effect and rad-
ical-scavenging property of DAL hinder the formation of ionic 
crosslinking of SA/Ca2+ and covalent crosslinking of PAM, and 
G′ and G″ of SA/PAM hydrogel decreases gradually. This hin-
drance is more obvious when the dosage of DAL/rGO is over 
6 wt%. Both G′ and G″ values decrease sharply. The strain 
amplitude scans were also performed in Figure  4c. When the 
dosage is <3 wt%, DAL/rGO has no damage on the hydrogel 
network under shear force. When the dosage increases to  
6 wt%, DAL/rGO hinders the formation of hydrogel network, 
the G′ platform that stands for the linear viscoelastic region 
narrows sharply. The hydrogel network would be damaged 
when the shear stress reach 52 kPa.

The mechanical performance, especially the elongation 
at break of hydrogel is essential for its application in flexible 
sensing application. As shown in Figure  4d, when the single 
PAM network changes to SA/PAM double network, the tensile 
strength and elongation at break increase from 24 kPa and 370%, 
respectively, to 55  kPa and 980%, respectively. When 1.5 wt%  
DAL/rGO is added, the tensile strength and elongation at break 
increases to 89 kPa and 1117%. When the dosage of DAL/rGO 
increases to 3 wt%, the tensile strength decreases to 56  kPa, 
while elongation at break further increases to 1307%. Covalent 
crosslinking in the PAM network could keep the integrity of 
the matrix, while the ionic crosslinking SA/Ca2+ dissipates the 
energy. The synergy of double network endows the hydrogel 
with high stretchability. When DAL/rGO was added, hydrogen 
bonds and complexation were formed between the oxygen-
containing groups of DAL/rGO and amine of PAM and Ca2+. 
The hydrogel network was denser and the skeleton became 
thicker (Figure 3d). Therefore, the mechanical property of the 
DAL/rGO-incorporated SA/PAM double network hydrogel 

Figure 3. SEM images of hydrogel networks: a) PAM, b) SA/PAM, c) SA/
PAM/DAL, d) SA/PAM/DAL/rGO.
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increased obviously and could dissipate more energy. Further 
addition of DAL/rGO will hinder the covalent crosslinking 
due the radical-scavenging property of DAL. When the dosage 
of DAL/rGO increases to 6 wt%, the mechanical performance 
including the tensile strength and elongation at break of the 
hydrogel decrease sharply.

2.5. Adhesive Properties of DAL/rGO/SA/PAM Hydrogels

The catechol groups of DAL endow SA/PAM hydrogel with good 
adhesiveness. As shown in Figure 5a, the adhesion strength of  
SA/PAM is only 2.11  kPa, which increases to 24.26  kPa when  
2 wt% DAL is added, with an enhancement of 1050%. When the 
dosage increases to 4 wt%, the adhesion strength decreases due 
to the aggregation of DAL. Further increase would hinder AM 
polymerization and the formation of PAM covalent network 
due to the strong radical-scavenging property of DAL.

During the reduction of GO, part of catechol groups was 
oxidized to quinone groups, but the adhesiveness of DAL 
was largely saved. As shown in Figure  5b,c, the adhesion 
strengths of 3 wt% DAL/rGO incorporated SA/PAM hydrogels 
on glass and porcine skin are still higher than 17.25  kPa and 
13.99 kPa. Exceeded dosage of DAL/rGO in SA/PAM hydrogel 
will weaken the adhesive strength. The rGO will hinder the 
interaction between catechol groups and substrates. Lignin 
such as AL may also reduce GO due to the existence of phe-
nolic hydroxyl group. However, AL has no catechol groups until 
it is photo- or thermal-oxidized into a semiquinone structure 
with subsequent protonation. AL provides very limited adhe-
siveness. As shown in Figure  5c the adhesion strength of AL 

reduced GO (AL/rGO) incorporated SA/PAM hydrogel are less 
than 8 kPa on glass and 4 kPa on porcine skin, only half or one 
third that of the DAL/rGO incorporated SA/PAM hydrogel. The 
catechol groups play critical role in adhesiveness of DAL.

To demonstrate the critical role of the catechol group in the 
adhesion, the adhesion force between the oxidized DAL (oDAL) 
and skin was quantitatively measured by using atomic force 
microscopy (AFM), and compared with that between AL and 
skin. As shown in Figure 5d,e, the adhesion force between DAL 
and skin is 0.25 mN m−1, which is about twice that between 
AL and skin (0.14 mN m−1). Although part of the catechol 
groups was oxidized to quinone structure, the adhesion force 
between oDAL and skin still maintain 0.23 mN m−1, which 
indicates that quinone structure may also form effective inter-
action with skin. As demonstrated in Figure S2, Supporting 
Information, the responsive distance between oDAL and skin 
is much longer than that between DAL or AL and skin. It indi-
cates that dynamic Schiff base reaction between quinone and 
amino groups in skin made up the reduced hydrogen bonding 
between catechol and skin.[28,29] Therefore, this hydrogel has 
repeatable and long-term adhesiveness, and showed strong 
adhesion to human skin after 30 cycles of stripping-adhesion 
tests (Figure S3, Supporting Information).

The catechol groups exert strong adhesion to various sub-
strates through hydrogen bonds, coordination bond, covalent 
linking, and π–π interaction. Therefore, the hydrogel could 
adhere to various surfaces such as glass, plastic, leaf, and porcine 
skin (Figure 6). Based on the hydrogen bonding of catechol-skin 
and dynamic Schiff base reaction of quinone-skin, the prepared 
hydrogel strongly adheres to the skin of a subject and are easily 
peeled off without leaving any residue and anaphylactic reaction 

Figure 4. Rheological properties of SA/PAM/DAL/rGO hydrogels with different DAL/rGO dosage: a) storage modulus, b) loss modulus, c) strain 
amplitude scan tests. d) Stress−strain curves of these hydrogels.
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due to the biocompatible design (Figure 6), which pave the way 
for their application as flexible sensing material.

2.6. Sensing Property of the SA/PAM/DAL/rGO Hydrogels

Suitable conductivity is essential for the flexible sensing appli-
cation of hydrogels. As shown in Figure  7a, the SA/PAM 

double networked hydrogel is almost insulated, indicating that 
ionic conductivity can be ignored here. When 1.5 wt% DAL/
rGO is added, the conductivity of SA/PAM is only 0.006 S m−1. 
Small amount of DAL/rGO cannot form effective conductive 
paths. When the dosage increases to 3.0 wt%, the conductivity 
increases to 0.15 S m−1, indicating that the DAL/rGO-based con-
ductive paths have been formed. This hydrogel remained stable 
conductivity in the long-term storage under 4  °C (Figure S4,  

Figure 6. Universal adhesion ability of the SA/PAM/DAL/rGO double network hydrogel on different substrates and author’s skin.

Figure 5. Adhesion strengths of a) SA/PAM/DAL hydrogels on glass and b,c) SA/PAM/DAL/rGO hydrogel on glass and porcine skin, SA/PAM/AL/
rGO hydrogels were applied as comparison. Adhesion forces between d) AL, e) DAL, f) oDAL, and porcine skin.

Small Methods 2021, 2001311
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Supporting Information). When the content of DAL/rGO fur-
ther increases, it will aggregate and the conductivity decreases 
sharply. SA/PAM/AL/rGO hydrogels were applied as the con-
trast. The SA/PAM/AL/rGO hydrogels are also conductive, but 
their conductivity is much lower than that of the SA/PAM/
DAL/rGO hydrogels due to its much less catechol group con-
tent as well as weaker reducing property. When 1.5 wt% AL/
rGO is added, the conductivity of SA/PAM is 0.056 S m−1, 
which gradually decreases to zero when its dosage increases to 
8 wt%.

The electrical conductivity, adhesiveness, and stretchability 
allow the SA/PAM/DAL/rGO hydrogels to integrate well with 
human skin and joints, and monitor various strain signals 
during motion. The sensitivity of the hydrogel sensors was eval-
uated by measuring resistance change under different elonga-
tion strains. As shown in Figure 7b, the hydrogel is linked into 
a circuit with a light-emitting diode (LED), whose brightness 
varies with the strain length of the hydrogel. The cyclic strain 
varies from 100% to 500%, the average resistance change ratio 
increases from 167% to 3986%, and the gauge factor increases 
from 1.67 to 7.97 (Figure 7c). Importantly, the resistance change 
ratio can recover to nearly zero after repeated elongation/
release over 25 cycles, which shows that the hydrogel has no 
fatigue during the cycling.

The conductivity and sensitive sensing mechanism of 
the SA/PAM/DAL/rGO hydrogels were explored. As shown 
in Figure S5, Supporting Information, both external strain 
deformation and induced internal rGO network change have 
close relationship with the resistance of SA/PAM/DAL/rGO. 

According to formula R  = ρL/S, where, R is resistance, ρ is 
resistance ratio, L and S are the length and conductive area, 
upon stretching, length L increases and cross-sectional area S 
decreases due to Poisson’s effect, leading to the increase of its 
resistance. During elongation, rGO sheets are partially apart, 
the contact area between rGO sheets as well as the electron 
transfer capacity decreases, causing the increase of resistance. 
When the hydrogel is suffered from large deformation, the rGO 
sheets would be fully apart and there is no electron transfer 
between rGO sheets. As a result, the resistance of the hydrogel 
increasing significantly. The external stretching induced resist-
ance change and internal rGO shift induced electron transfer 
change endow the hydrogels with good sensitivity and can 
monitor the different scales of physiological signals. As shown 
in Figure 7d, the resistance of the hydrogel increases with the 
finger bending angle, and is stable as the bending angle is 
fixed. The hydrogels can also sensitively monitor and distin-
guish wrist and leg movements in 0.4 s. In addition to these 
large-range stretching movements, it can sensitively monitor 
the small-range stretching movements including smile with a 
resistance change rate of 25%.

Natural sunscreen property of SA/PAM/DAL/rGO hydrogels. 
In addition to flexible sensing, SA/PAM/DAL/rGO hydrogels  
are good UV-blocking materials due to the introduction of 
DAL/rGO. As shown in Figure  8a, pure SA/PAM hydrogel 
has no absorbance in whole UV–vis range. When DAL/rGO is 
introduced, the hydrogel could block UV irradiation due to the 
good UV absorbance of DAL. The black DAL/rGO also absorb 
visible light. The UV-blocking ability of the hydrogel improves 

Figure 7. a) Conductivity of SA/PAM/DAL/rGO hydrogels, SA/PAM/AL/rGO hydrogels were applied as comparison. b,c) Resistance change rates of 
SA/PAM/DAL/rGO under different strains and stain cycles. Insert: Brightness change of LED linked in SA/PAM/DAL/rGO incorporated conductive 
cycle. d) Demonstration of the SA/PAM/DAL/rGO hydrogel as wearable sensors for real-time monitoring of various human motions: i) bending the 
index finger at different angles, ii) bending and releasing of leg, iii) facial expression. iv) Wrist movement during exercising. The size of the hydrogel: 
length 20 mm, width 10 mm, and thickness 2 mm.
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with the dosage of DAL/rGO. As shown in Figure  8b, when  
1.5 and 3.0 wt% DAL/rGO are incorporated, the sun protection 
factor (SPF) values of the hydrogels are 4 and 15, respectively, 
and the UV-blocking performance could maintain for as long 
as 8 h. When the dosage of DAL/rGO increases to 6 wt%, the 
SPF value of the hydrogel improves to 95, indicating it could 
filter most of the UV irradiation. Although the SPF value of the 
hydrogel degrades to 50 after 8 h UV irradiation, it could still 
provide sufficient protection. Therefore, SA/PAM/DAL/rGO 
hydrogels could realize not only flexibility, wearable sensing 
capability, but also UV-blocking of real skin.

3. Conclusion

Inspired by botanical binding role of lignin and general adhesion 
of polydopamine in mussel, demethylated alkali lignin (DAL) 
with critical catechol groups in polydopamine was prepared. 
DAL with strong reducing ability was used to reduce graphene 
oxide (GO) and the conductive mixture (DAL/rGO) was added 
into sodium alginate/polyacrylamide (SA/PAM) double network 
hydrogel and endow the hydrogel with good adhesion, conduc-
tivity, and UV-blocking properties. The catechol-based hydrogen 
bonds and quinone based Schiff based reaction between oxidized 
DAL and skin, and the rGO provides electrical conductive path-
ways, allowing the SA/PAM hydrogel to sensitively monitor dif-
ferent physiological signals and body motion modes. DAL could 
also provide the hydrogel with long-active sunscreen property. 
The abundant resource, facile preparation, and unique structure 
endow DAL with excellent potential in construction of multifunc-
tional hydrogel and flexible electronic skin.

4. Experimental Section
Materials: Alkali lignin (AL) was received from Xiangjiang 

Papermaking Co. Ltd. (Yongzhou, China) and was used after three 
cycles of alkali–acid purification. Iodocyclohexane, sodium purosulfate, 
acrylamide, ammonium persulfate, tetramethylethylenediamine, 
methylene bisacrylamide, and calcium  sulfate   was supplied by Energy 
Chemical (Shanghai, China). Porcine skin was obtained from Linxi 
Jingde Agricultural Products Sales Co. LTD (Xingtai, China). Graphene 
oxide (AL) was purchased from Turing Evolution Technology Co. LTD 
(Shenzhen, China).

Demethylation of AL: 3.0  g AL was dissolved N, N-dimethyl 
formamide. Different volumes of iodocyclohexane were added and 
reacted with AL at 120–150 °C under nitrogen atmosphere. The mixture 
was then cooled to room temperature, washed with n-hexane and 
saturated sodium purosulfate. The demethylated catechol AL (DAL) 
participate was washed with water and dried for further use.

Characterizations of DAL: The structure of DAL was characterized by 
FTIR, NMR spectra and functional group analysis and compared with 
structures of AL and oxidized DAL. FTIR spectra were recorded by a 
spectrometer (Vector 333, Bruker, Germany). The sample and KBr were 
dried and pressed into disks at 8 MPa for 40 s before the measurements. 
The NMR spectra were recorded (AVANCE HD III 600, Bruker, Germany). 
Prior to 1H NMR test, 20  mg of sample was dissolved in 0.5  mL of 
DMSO- d6. For 2D HQSC NMR, around 120 mg of lignin was dissolved in 
0.5 mL of DMSO-d6. The widths of the spectra were 5000 and 20 000 Hz 
respectively for the 1H and 13C dimensions. The phenolic hydroxyl groups 
(Ph−OH) content of samples was determined by Folin–Ciocalteu (FC) 
test.[30] 1 mL lignin solution, 1.5 mL Folin–Ciocalteu reagent, 5 mL 20% 
sodium carbonate solution and 17.5  mL deionized water were mixed 
and reacted for 2 h on a shaker at 25 °C. The absorbance of the mixture 
solution was measured using the Shimadzu UV-2450 spectrometer 
(Japan) at 760  nm. Based on a vanillin calibration curve, the Ph−OH 
content of lignin sample was calculated according to absorbance value.

Adhesion Force Measurement: The adhesion force of DAL was measured 
by AFM according to previously reported procedures and compared with 
those of AL and oDAL.[31] Before adhesion polydiallyldimethylammonium 
chloride (PDAC) force measurement, silicon dioxide (SiO2) probe was 
first prepared by electrostatic layer-by-layer self-assembly (Figure S6, 
Supporting Information). Specifically, SiO2 spheres with size of ≈22 µm 
were dispersed in 0.01 mol L−1 PDAC aqueous solution. The suspension 
was sonicated for 30  min after adding 1  g L−1 AL or DAL or oDAL 
suspension. Then the modified SiO2 sphere was adhered to the cantilever 
by hot melt adhesive. Porcine skin was used as substrate during AFM 
experiment. All AFM experiments were conducted in phosphate buffer 
saline (pH = 7.4) at room temperature. The data were collected on Park 
Systems XE-100 AFM instrument (Korea). The experiment was repeated 
50× to guarantee the accuracy of the results.

Reducing GO by DAL: 5 g L−1 GO water dispersion was prepared and 
processed with ultrasound for 15  min. 10  g L−1 AL sodium hydroxide 
solution was prepared and added to GO dispersion. After reaction for 
8.5 h under 90  °C, the DAL and reduced GO mixture (DAL/rGO) was 
dialyzed with a 3000  Da membrane and then dried for further use. 
The rGO and oxidized DAL (oDAL) could be separated by 0.22  µm 
membrane.

Characterizations of rGO: The morphology of rGO nanosheets were 
observed by scanning electron microscopy (SEM, SU8200, HITACHI, 
Japan). Their thickness was measured using atomic force microscopy 
(AFM, XE-100, Park Systems, Korea). FTIR analysis was performed 
on Vector 333 (Bruker, Germany) and used to monitor the change of 
functional groups of rGO. The scan range was 400–4000 cm−1. Raman 

Figure 8. a) UV–vis transmittance and b) sunscreen performance of SA/PAM hydrogel with different contents of DAL/rGO.
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analysis was performed on LabRAM Aramis (H.J.Y, France) and used to 
evaluate the disorder degree of rGO. The wavelength was 514 nm, scan 
range was 250–4000 cm−1. XRD analysis was performed on SmartLab SE 
X (Rigaku, Japan) and used to monitor the structure variations and the 
interlayer distances. The voltage and electricity were 40 kV and 30 mA. 
The scan range is 5–90°, and the scan rate is 2° min−1.

Fabrication of DAL/rGO Incorporated Double Network Hydrogel: 5  g 
sodium alginate and 30 g acrylamide were added into water and stirred 
overnight. Certain amount of DAL/rGO was added in to 10 mL SA-AM 
solution. ammonium persulfate, tetramethylethylenediamine, methylene 
bisacrylamide, and calcium sulfate were then added. After stirring, the 
mixture was then moved to a mold and warmed under 50  °C to form 
hydrogel. 1.5, 3, 6 wt% DAL/rGO incorporated SA/PAM hydrogel were 
named as SA/PAM/DAL/rGO-1, SA/PAM/DAL/rGO-2 and SA/PAM/
DAL/rGO-3, respectively. The detailed formulas of the hydrogels are 
listed in Table S3, Supporting Information. Same dosage of AL/rGO and 
DAL incorporated SA/PAM hydrogel were fabricated as the comparison.

Characterization of the Hydrogels: Morphologies of the hydrogels 
were observed by SEM (SU8200, HITACHI, Japan). The fresh hydrogel 
samples were freeze-dried in liquid nitrogen. The freeze-dried PAM, 
SA/PAM, SA/PAM/DAL and SA/PAM/DAL/rGO hydrogels were then 
broken apart and their inner morphologies were observed by SEM. 
The equilibrium swelling ratio (ESR) of the hydrogels was calculated 
according to the formula ESR = Ws/Wd, where, Ws and Wd are the 
weights of hydrogel under swelling equilibrium and freeze-dried 
conditions, respectively. The rheological properties of the hydrogels 
were studied using a RV-I rheometer (Haake, Germany) with a cone 
and plate geometry (60  mm diameter, 1° cone angle, and 0.05  mm 
gap). Before frequency and strain amplitude scans, the hydrogels 
were shaped  in 60  mm surface dish. The mechanical properties of 
the hydrogels were evaluated using a Shimadzu AG-X universal test 
machine (Japan) with 1  kN pressure sensors. The tensile tests of 
the specimens (width = 25  mm, length = 5  mm, thickness = 2  mm) 
were carried out at an extension speed of 100  mm min−1. The 
adhesive strengths between hydrogels and glass/porcine skin were 
quantitatively characterized by using peel tests. Samples of rounded 
hydrogel with a binding area of 1256 mm2 (D = 40 mm) were attached 
on the surfaces of glass and porcine skin. The hydrogels were pulled 
to failure at a crosshead speed of 100 mm min−1 using the Shimadzu 
AG-X universal testing machine (Japan) equipped with a 1  kN-load 
cell under ambient conditions. The adhesion strength was calculated 
by dividing the bonding area by the maximum load (adhesion force). 
The conductivity of the hydrogels was measured using a digital 
multimeter (VC830L, DGKS, China). Briefly, the cylindrical hydrogels 
were connected to the circuit for resistance measurement, and the 
diameter and length of cylindrical hydrogels were measured by a 
Vernier caliper. The conductivity of hydrogel was calculated according 
to the formula G  = L/(RS). Here, G is the conductivity, L and S are 
the length and bottom area of the hydrogel, respectively, and R is the 
resistance. The sensing ability of the hydrogels was characterized 
by the resistance change ratio, which is calculated by the formula: 
ΔR/R0(%) = (R  −  R0)/R0(%). R0 and R are the hydrogel resistances 
under normal and strain conditions, respectively. The Guage Factor 
(GF), standing for the sensitivity of the hydrogel, is calculated by the 
formula: GF  = (ΔR/R0)/ε. ε is the strain factor. The sun protection 
factor (SPF) values of the hydrogels were calculated from their UV 
transmittance, which were measured by using a Shimadzu UV-2600 
spectrometer with an integrating sphere (Japan). The details of the 
calculation can be found in the previous work.[32]

Experiments on Human Subjects: All experiments were conducted 
under approval from the Institutional Review Board at the Southern 
University of Science and Technology (protocol number: 20190007).
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