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Abstract

Ionic gels from eutectic mixtures are attracting extensive interest in bioelectronics 

owing to their nonvolatile nature, low cost, and inherently high ionic conductivity. 

Biodegradable electronics made of biopolymers envisage a promising future in this 

field, but unfortunately, they often feature poor mechanics. Herein, we explored 

tannic acid-decorated cellulose nanocrystals (TA@CNC) as dynamic nanofillers of 

biocompatible eutectogels based on gelatin and a eutectic mixture composed of 

choline chloride and ethylene glycol (ethaline). Small concentrations of TA@CNC 

(up to 12 wt%) allow increasing by two-fold the strength (30 kPa) and stretchability 

(180%) of the eutectogels while improving their ionic conductivity (105 mS·m-1). The 

reversible physical network of the protein and multiple hydrogen bonding interactions 

with tannic acid endow these eutectogels with good self-adhesiveness, suitable gel-

to-sol transition for 3D printing, and recyclability. We further used the cellulose 

nanocomposite eutectogels as skin-conformal electrodes for monitoring different 

motions of the human body with excellent sensitivity in the open air thanks to the low 

volatility of ethaline. All in all, these results demonstrate a facile strategy to boost the 

properties of biopolymer eutectogels using inexpensive and renewable raw materials 

as rigid nanoreinforcers.

Keywords: Eutectogels, Tannic Acid, Cellulose Nanocrystals, Motion sensor, 3D 

printing.

Page 2 of 47

ACS Paragon Plus Environment

ACS Applied Electronic Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Introduction 

Eutectic mixtures and deep eutectic solvents (DES) have recently emerged as low-

cost electrolytes for a myriad of technological applications.1,2 Shearing many 

features of costly ionic liquids (ILs), such as low vapor pressure, high ionic 

conductivity, and good thermal stability, eutectic mixtures offer fresh opportunities 

for designing adaptive materials.3 The immobilization of eutectic solvents into 

polymer supports renders soft ionic materials called eutectogels that are being 

actively developed for healthcare monitoring, bioelectrodes, wearable sensors, and 

other biomedical applications.4,5 In this vein, eutectogels from synthetic polymers, 

such as poly(vinyl alcohol),6,7 poly(acrylic acid),8–11 poly(acrylamide),12,13 poly(1-

vinylimidazole),14 and waterborne polyurethane,15,16 have found multiple 

applications recently. These materials highlight mechanical robustness but are not 

degradable; their biocompatibility is often compromised and can not be recycled in 

most cases. 

Alternatively, natural polymers with intrinsic biocompatibility and biodegradability are 

more appealing for constructing functional eutectogels in applications requiring skin 

contact17,18 and degradable electronic devices.19,20 Unluckily, biopolymer 

eutectogels commonly suffer from poor mechanical properties that have hampered 

the growth of the biodegradable electronics realm, finding only a few examples of 

these materials in the literature. For instance, injectable eutectogels were prepared 

from guar gum or xanthan gum and several natural deep eutectic solvents 

(NADES).21–23 Yan et al. reported lignin eutectogels supporting a ternary eutectic 

mixture of choline chloride (ChCl)/urea/ glycerol as a template to fabricate 
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hierarchical porous carbons for supercapacitors.24 More recently, sodium alginate 

was combined with binary NADES comprising proline, glucose, and sorbitol to 

produce food-protecting anti-frosting eutectogels.25 

Panzer et al. have pioneered gelatin eutectogels using the eutectic mixture of ChCl 

and ethylene glycol (EG) (1: 2 molar ratio), the so-called ethaline.26,27 At this point, it 

is worth mentioning that recent studies have proved that ethaline behaves as an 

ideal mixture and consequently can not be considered a DES but simply a classical 

eutectic system.28,29 The gelatine/ethaline eutectogels showed unsatisfactory 

ultimate tensile strength and fracture strain of 0.8 kPa and 54% for a protein 

concentration of 12 wt%. Therefore, rationale approaches for improving the 

mechanical robustness of biopolymer eutectogels are constantly being sought to 

expand their applicability as gel electrolytes.30 

In this sense, tannic acid-coated cellulose nanocrystals (TA@CNC) are an excellent 

option for enhancing the mechanical performances of composites as biobased 

nanofillers owing to their rigid crystalline core, H-bond forming ability of the natural 

polyphenol, and high surface area. Indeed, TA@CNC have already demonstrated 

their outstanding reinforcer capacity in several nanocomposite hydrogels.31–34 

Interestingly, tannic acid has shown an extraordinary binding affinity for proteins, and 

a superior reinforcing performance could be expected for TA@CNC compared to 

pristine CNC.35–38

Herein, we propose for the first time the use of TA@CNC as a simple strategy to 

modify and control the mechanical and viscoelastic behavior of gelatin/ethaline 

eutectogels (BioeGels). The extraordinary hydrogen bonding capability of TA@CNC 
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allows excellent dispersibility in ethaline and superb interaction with the protein. This 

fact, along with the physical gelatin network by triple helix formation, affords 

thermoreversible yet resilient eutectogels with great promise for direct ink writing of 

soft electronics. The nanocomposite BioeGels showed good mechanical strength, 

stretchability, self-adhesiveness, stable viscoelastic behavior, compression 

resistance, high ionic conductivity, and non-toxicity in a human fibroblast cell line. 

Furthermore, the BioeGels were evaluated as strain sensors, displaying good 

sensitivity and high stability in the open environment.

Materials and Methods

Materials: Ethylene glycol (EG, Cicarelli, ≥95.5%); Choline Chloride (Sigma Aldrich, 

≥99%); Gelatin from porcine skin Type A (Sigma Aldrich, gel strength ~300 g Bloom); 

CNC (CelluForce NCV100, diameter: 2.3−4.5 nm, length: 44−108 nm, surface area 

5.5x1020 nm2/g) and tannic Acid (Bio Pack, ≥99%) were used as received without 

any further purification. Deionized water was used throughout the work.

Methods

Preparation of TA@CNC

CNC coated with TA were prepared according to Carnicero et al.33 Briefly, 1 g of 

CNC was dispersed in 100 mL of distilled water using magnetic stirring and 

sonicated for 10 min. Then, the pH of the dispersion was adjusted to 8, using Tris 

buffer (1 M). Finally, 3 g of TA was added to the dispersion and stirred magnetically 

for 12 h. The TA@CNC was stored at 4 °C until lyophilization. Before use, the 

Page 5 of 47

ACS Paragon Plus Environment

ACS Applied Electronic Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



powder was mechanically ground with a mortar obtaining a final yield of 87% w/w. 

Note that the surface area of CNC provided by the supplier's datasheet is 4×1020 

nm2/g, whereas the surface area of tannic acid is 7.78 nm2/molecule39, giving 

8.26×1021 nm2/3 g. Therefore, the entire CNC surface area is expected to be covered 

with TA molecules.

Preparation of Ethaline 

To prepare 100 g of ethaline (ChCl: EG, 1: 2 molar ratio), 52.9 g of ChCl was 

dissolved in 47.1 g of EG at 90 °C under magnetic stirring until a homogeneous liquid 

was formed.40

Synthesis of BioeGels

BioeGels loaded with 1, 2, and 4 wt% of TA@CNC were prepared. Initially, 1.8 g of 

gelatin was dissolved in 16.02, 15.84, and 15.48 g of ethaline at 90°C under 

magnetic stirring. Then, 0.18, 0.36, and 0.72 g of TA@CNC were added to the 

mixture to obtain  BioeGels with 1 (BioeGel1%), 2 (BioeGel2%), and 4 wt% 

(BioeGel4%) of TA@CNC, respectively. Once the gelatin was completely dissolved, 

the dispersions were poured into 1010 cm silicone molds and cooled at 4°C for 24 

h. The control sample was prepared without adding TA@CNC (BioeGel0%). In all 

cases, the gelatin concentration was 10 wt%. 

Swelling test

The water uptake ( )  of the different samples was calculated according to the %𝑆

following expression:41

                                   (1)%𝑆 = [(𝑊𝑠 ― 𝑊0) 𝑊0] × 100
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where  is the initial weight of the samples and  the weight after immersion in 𝑊0 𝑊𝑠

30 mL of deionized water for specific time intervals at room temperature. The  𝑊𝑠

values were recorded after removing the samples from the swelling medium and 

wiping them with tissue paper to absorb the excess water on the surfaces. All 

measurements were performed in triplicate.

Thickness determination

BioeGels thickness was determined as the average of 10 measurements for each 

sample using a hand-held micrometer (model ESP1-0001PLA, Schwyz, Swiss). The 

average thickness was used for assessing mechanical properties. The thickness of 

the as-prepared BioeGels had average values of 775 ±32, 793 ±47, 703 ±70, and 

685 m ±34 for BioeGel0%, 1%, 2%, and 4%, respectively. 

FTIR analysis 

The BioeGels were characterized by attenuated total reflectance-Fourier transform 

infrared spectroscopy (ATR-FTIR) using a Nicolet 5-SXC spectrometer coupled to a 

Nicolet iN10 microscope (Thermo Scientific, USA) and a ZnSe crystal with an 

incidence angle of 45°. Spectra were recorded in reflection mode by depositing the 

sample on a gold mirror and collected as an average of 32 scans with 4 cm−1 

resolution and air as the background. Different areas of the BioeGels were analyzed 

to confirm the homogeneity of each sample.

Morphological Characterization

The surface morphology of the different BioeGels was studied by scanning electron 

microscopy (SEM). Lyophilized BioeGels were attached to a double-sided carbon 
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adhesive tape mounted on SEM stubs, coated with chrome under vacuum, and 

examined with an SEM microscope (Carl Zeiss - Sigma, Germany). SEM images 

were acquired at a magnification of 500x, an aperture size of  30 m, electron high 

tension (EHT) of 3 kV, and a working distance of 4 mm.

Atomic force microscopy (AFM) height images of CNC and TA@CNC were acquired 

using a commercial Agilent Technology 5500 Scanning Probe Microscope operating 

in tapping mode. The measurements were conducted in acoustic mode at room 

temperature using a standard Si3N4 cantilever with a resonant frequency of 145-230 

kHz. 2 × 2 μm - pixel resolution. The AFM images were collected at a scanning rate 

of 0.3 line.s-1. The sample was prepared by drop casting on glass.

 Dynamic Light Scattering

The hydrodynamic diameter of the TA@CNC dispersion was determined by dynamic 

light scattering (DLS) at room temperature using a Nano Zetasizer instrument 

(Malvern Panalytical, UK) with a He–Ne laser (λ = 633 nm) and scattering angle of 

173°.

Mechanical properties

The mechanical properties of the BioeGels were determined by tensile, 
compression, and relaxation tests. For the tensile assay, the samples were cut using 

a steel template with bone shape according to ASTM D882-02 standard method42  

and subjected to controlled deformations, collecting the record of the stress-strain 

curves. Initial separation of 45 mm and a crosshead speed of 25 mm·min-1 were 

used. Toughness values for BioeGels were calculated from the area under stress 

vs. strain curves.
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Stress relaxation measurements were carried out with a constant strain of 80% for 

300 s, and the time-dependent stress was recorded.

Compression tests were performed at a constant speed of 18 mm.min-1 and up to 

maximum deformation of 80% on cylindrical samples of 1.2  1 cm in diameter and 

height, respectively. All tests were performed in quintuplicate on an Instron Universal 

Testing Instrument (model EMIC 23-5S, Norwood, MA, USA) equipped with a 50 N 

load cell.

Adhesiveness test 

Adhesive stress measurements were performed at room temperature using an 

Instron Universal Testing Instrument (model EMIC 23-5S, Norwood, MA, USA) 

equipped with a 5 N load cell. Samples of 30  1 mm in diameter and thickness, 

respectively, were placed with an epoxy adhesive in the moving cell grid of the 

instrument. Then, the moving cell was moved slowly towards a fixed porcine skin 

portion, and a pressure of 5 N was applied for 1 min. The adhesive strength was 

calculated from the force recorded while detaching the BioeGels from the skin, using 

a crosshead speed of 0.05 mm·s-1. The tackiness and adhesion energy of the 

BioeGels were calculated from the maximum force needed to pull apart the sample 

and the area under the stress−strain curve during the probe-removing stage, 

respectively. This procedure was subsequently conducted in 5 cycles to study the 

adhesion repeatability. In addition, proof adhesion tests were performed on other 

surfaces such as Teflon, steel, wood, polypropylene, and glass. The reported values 

correspond to the average of three measurements of the same sample.
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3D printing test

Using a computer-aided design platform (www.onshape.com), a 3D geometric 

design consisting of a rectangular grid with a perimeter of 20  10 mm and a height 

of 1.5 mm formed by 3 layers, each one of 0.5 mm, was made to print. In order to 

obtain the mesh of the grid, the filling density of the internal network was set at 50%, 

and filaments of even layers were arranged at 45° to the filaments of uneven layers. 

The design, in STL file format, was loaded to the Repetier Host software (Repetier-

Host V 2.1.3), which was used to create the rectangular design internal structure and 

obtain the instruction code (g-code) that the printer would follow. The dosage forms 

consisted of a shell with a thickness of 500 μm and a rectilinear internal network of 

the same material. 

The 3D-printed BioeGels were obtained using Melting Solidification Printing 

Process  (MESO-PP), loading the samples in conventional plastic syringes of 1 mL. 

The printer was a 3-Donor® developed by Life SI, and the printing parameters were 

the following: print head temperature: 37 °C; platform temperature: 25 °C; the 

amount of material per point: 10 nL; printing pressure: 0.02 bar; layer printing delay: 

1200 ms.

The quality of the 3D-impressed BioeGels was studied in terms of irregularity ( ) and 𝐼

pore printability ( ).43  of a scaffold specifies the overall accuracy of the printed 𝑃𝑝 𝐼

scaffold in comparison to its design in terms of outer geometry, but not internal 

structure; whereas,  is complementary as it focuses on the internal scaffold 𝑃𝑝

geometry.  can be defined according to the following expression:𝐼
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                                                                                     (2)𝐼(𝑋;𝑌;𝑍) =
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ(𝑋;𝑌;𝑍)

𝐷𝑒𝑠𝑖𝑔𝑛 𝑙𝑒𝑛𝑔𝑡ℎ(𝑋;𝑌;𝑍)
× 100

where  is the external dimension of the scaffold after printing 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ

and  is the design dimensions along the or  direction.  can be 𝐷𝑒𝑠𝑖𝑔𝑛 𝑙𝑒𝑛𝑔𝑡ℎ 𝑋, 𝑌 𝑍 𝑃𝑝

calculated as:

                                                                                                                   (3)𝑃𝑝 =
(𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑝𝑜𝑟𝑒)2

16 × 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑜𝑟𝑒

where  and  are calculated measuring the perimeter 𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑝𝑜𝑟𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑜𝑟𝑒

and area of each pore in a scaffold structure and then averaging the values of all 

pores presents in the 3D printed structure. 

Rheological tests

Rheological tests were performed using an Anton Paar rotational rheometer 

(Physica MCR 301, Austria). A parallel plate geometry of 8 mm in diameter was used 

for the different tests. Amplitude sweeps were carried out to determine the linear 

viscoelastic range (LVR) of BioeGels samples at 20°C with a frequency of 1 Hz and 

strain amplitude from 0.1 to 100%. For frequency sweeps, a fixed strain of 1% was 

selected with a varied frequency interval from 0.1 to 100 Hz at 20°C. Dynamic 

mechanical thermal analysis (DMTA) was performed at a strain of 1% and a 

frequency of 1 Hz, while the temperature was varied from 0 to 100 °C.

Movement sensor 

The test was designed considering the movement of the index finger flexion-

extension with respect to the back of the hand before (5°) and after (90°) grasping a 

small ball, according to Chen et al. studies.44 
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BioeGels resistivities were tested during a repeated flexural deformation process 

using a  servomotor (sg90, China) electronically controlled by an Arduino Uno 

microcontroller (Italy) and mechanically supported by 2 sections of a 3D printed PLA 

platform of 2  5 cm each (Duplicator 3D mini, China and Wanhao-Cura 18.05 

software). This structure has a hinge shape that simulates the index finger's flexion 

with a bending angle from 5° to 90° into a close loop of 12 s period. A pair of 2.0  

0.5 cm rectangular gold electrodes were fixed to the printed platform at 2.5 cm of 

flexion region and with a linear distance of 5 cm between them.  In a previous step, 

each BioeGel was cut into a rectangular shape of a mean size of 2  6.7 cm, placed 

onto the platform, and pressed over gold electrodes to promote electronic contact. 

The electrodes were connected to a digital multimeter (UNI-T UT71C, UNI-TREND, 

China), and resistance over time was registered with a digital interface RS232 and 

data logger software. Before the assay, the accurate dimensions and thickness of 

BioeGels were measured using a hand-held micrometer (model ESP1-0001PLA, 

Schwyz, Swiss). 

The specific conductivity ( ) was calculated from resistance data according to the 𝑘

following expression:

                                                                                                                (4)𝑘 =
1
𝑅 ×

𝐿
𝐴

 where  is the transversal BioeGel area (width  thickness, m2),  resistance 𝐴 𝑅

(ohms), and  the distance between the gold electrodes (m), respectively. All 𝐿

measurements were performed in triplicate.
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In vitro cytotoxicity study

The cytotoxicity of BioeGels extracts towards cells was analyzed using methyl 

thiazolyl tetrazolium (MTT) assay in accordance with the International Organization 

for Standardization (ISO) 10993-5 and ISO 10993-12 on MRC-5 human fibroblast 

cells.45,46 MRC-5 cells from American Type Culture Collection (ATCC CCL-171) were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA) 

supplemented with 10% fetal bovine serum (FBS, Gibco), 100 units·mL-1 penicillin, 

and 100 μg·mL-1 streptomycin, in a humidified atmosphere of 5% CO2/ 95% air at 

37°C. The BioeGels (0, 1, 2, and 4 wt%) were sterilized under UV light for 30 min,  

and then 20 mg were incubated into 10 mL of DMEM-10% FBS at 37°C for 24 h. 

MRC-5 cells seeded on 48-well plates at 70-80% confluence were exposed to 

varying concentrations (25, 50, 75, and 100 %) of BioeGels extracts for 24 h, and 

their viability was evaluated by MTT assay.47 Fresh MTT (Sigma-Aldrich, USA) 

solution in Phosphate-buffered saline (PBS) was prepared in a stock concentration 

of 5 mg/ml and further diluted in DMEM to reach a 10% MTT solution. The MTT 

solution was added into each well for 4 h incubation at 37°C, and the culture 

supernatant was discarded. Dimethyl sulfoxide (DMSO, 80 μl) was added to each 

well and gently mixed until completely dissolve the formazan crystals. The optical 

density (OD) was measured at 570 nm using a Microplate Reader (BIO-RAD, USA). 

The percentage of viable cells was calculated as follows: 

                                                                                        (5)         𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑂𝐷570𝐵𝑖𝑜𝑒𝐺𝑒𝑙
𝑂𝐷570𝐶𝑜𝑛𝑡𝑟𝑜𝑙 × 100
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where OD570 BioeGel and OD570 Control are de OD for cells cultured in BioeGels 

extracts and DMEM, respectively. The experiments were conducted in triplicate.

Biodegradability Test

Biodegradation experiments were carried out according to the protocol described by 

González et. al48 and performed in triplicate. In a closed environment, equal masses 

of each BioeGel were buried in a characterized soil for 6 days. The most relevant 

physicochemical properties of the soil were: organic matter: 10%; organic carbon: 

5.80%; total nitrogen: 0.464%; C/N ratio: 12.5; nitrates: 128.0 ppm; sulfates: 23.3 

ppm; phosphorus: 58.7 ppm; pH: 7.14 and electrical conductivity of saturation 

extract: 3.1 dS/m. The samples were cut into circular pieces, dried in an oven at 105 

°C for 12 h, and weighed (Wi). The films were then buried into an iron mesh (to allow 

access to moisture and microorganisms and to facilitate the removal of the degraded 

samples) in plastic boxes at a depth of 8 cm from the soil surface. The assay was 

performed at (22±3) °C and (42±4) RH by adding water periodically. Fluctuations in 

soil moisture were followed gravimetrically using the standard oven drying method. 

Samples were taken from the soil after 6 days of incubation and cleaned by wiping 

gently with a soft brush. Then, the samples were dried in an oven at 105 °C for 12 h 

and weighed (Wf) to assess the average % of weight loss according to Eq 6:

% Weigth Loss                                                                         (6)= (𝑊𝑖 ― 𝑊𝑓

𝑊𝑖 ) × 100
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Statistical analysis 

Data for each test were statistically analyzed. The analysis of variance (ANOVA) 

was used to evaluate the significance of the difference between means. Turkey test 

was used for comparing mean values; differences between means were considered 

significant when P ≤ 0.05.
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Results and Discussion

The BioeGels were prepared through a simple process involving the dissolution of 

gelatin in ethaline at high temperature, the dispersion of TA@CNC, and the cooling 

of the mixture at 4°C to induce the formation of gelatin triple helices and create a 

physical network (Scheme 1). BioeGels without TA@CNC were transparent, while 

as the TA@CNC content is increased from 1 to 4 wt%, the eutectogels exhibited a 

color change from yellowish to brownish, respectively. The gels' transparency 

indicates a good dispersibility of TA@CNC, where multiple H-bond interactions with 

ethaline and the protein avoid extensive aggregation of nanocrystals.

Scheme 1. Schematic illustration of the 2-step process to obtain the BioeGels loaded with different 

% of TA@CNC.

 TA@CNC were characterized by DLS and AFM. The DLS reveals that TA@CNC 

has a unimodal particle size distribution with Z-average and PDI values of around 72 

nm and 0.307, respectively (Figure 1A). Note that the DLS technique determines the 

hydrodynamic diameter of the TA@CNC in the dispersion based on the assumption 

that the particles have a spherical shape. AFM image of CNC (Figure 1B i) shows a 
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filament morphology and a homogeneous particle distribution. After coating the CNC 

with TA, the AFM image of TA@CNC show similar morphological features ruling out 

the formation of nanoparticle agglomerates  (Figure 1B ii).

Figure 1. A) Particle size distribution of TA@CNC determined by DLS. B) AFM phase images (2000 

× 2000 nm) of the CNC (i) and TA@CNC (ii). C) FTIR spectra of BioeGels and pure Ethaline and 

TA@CNC. D) FTIR spectra of BioeGels and TA@CNC in the range of 1900-1400 cm-1.

The chemical characterization of the BioeGels and TA@CNC was performed by 

ATR-FTIR spectroscopy. As shown in Figure 1C purple line, ethaline shows 

characteristic vibrational modes at 3500-3200 cm-1(O-H ), 3200-2800 cm-1 (C-H ), 

strong peaks at 1482 cm-1 (CH2  CH3  as) and 1414 cm-1 (CH3  sy), 1260–970 
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cm-1 range (C-O ),  and 1082 cm-1 (C-N ).49,50 Figure 1C black line illustrates the 

IR spectrum of TA@CNC, where the broad absorption band at 3000−3700 cm−1 is 

attributed to the O−H  of TA and CNC. Also, vibrational modes at 1100−900 cm−1 

can be appreciated and assigned to  C−O−C vibrations of CNC. Typical bands of TA 

at 1701 (C=O ); 1607, 1535, and 1448 cm−1 (aromatic C−C skeletal vibrations); and 

870 and 755 cm−1 (aromatic C−H  oop, C=C ) are slightly bathochromic shifted, 

indicating that TA is coating the CNC.33 

The IR bands of ethaline can be appreciated in all BioeGels spectra due to its 

relatively high concentration (Figure 1C). The band at 3500-3000 cm-1 in the 

BioeGels spectra is more intense than in ethaline/TA@CNC spectra due to the 

contribution of Amide A (N-H ) from gelatin. Besides, the vibrational modes of 

Amide I, Amide II, and Amide III of porcine gelatin are observed at 1650 (C=O ), 

1549 (NH  ip and N-C=O  sy), and 1240 cm-1, respectively.51 BioeGels spectra are 

similar, and no changes in the intensity of the TA@CNC modes were observed as 

the concentration increased. However, the band at 1718 cm-1  (C=O ) in TA@CNC 

(Figure 1D, black line) can be observed as a shoulder in BioeGels4% (Figure 1D, 

orange line) while for other TA@CNC concentrations, it is not appreciated due to its 

the small amount.

The morphological characterization of the BioeGels was performed by acquiring 

SEM images of previously lyophilized circular samples. After the drying process, 

BioeGels keep their shape and show rough surfaces whose color varies from white 

to yellow-brown as the concentration of TA@CNC increases (Figure 2A).   
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Figure 2. Photography of lyophilized BioeGels with different content of TA@CNC (A) and SEM 

images of BioeGel0% (B), BioeGel1% (C), BioeGel2% (D) and BioeGel4% (E). Scale bars = 20 m.

SEM image of BioeGel0% exhibits a surface with defined flake-shaped cracks, 

whose inside is smooth and clean (Figure 2B). With the addition of TA@CNC, rod-

shaped nanoparticles within the flakes start to appear in BioeGel1% (Figure 2C), 

while for BioeGels2%, the presence of these nanocrystals is more noticeable (Figure 

2D). Interestingly as shown in Figure 2E, unlike the other eutectogels, for BioeGel4% 

the high quantity of TA@CNC hides the defined flake-shaped cracks, and the 

uniform distribution of nanocrystals in the material becomes highly notorious. Note 

that the presence of rod-shaped TA@CNC observed in the SEM images keeps a 

shape correlation with the AFM micrography shown in Figure 1B. 

Then, we studied the role of TA@CNC on the mechanical properties of the BioeGels 

by tensile, compression, and relaxation tests (Figure 3). An illustrative picture of the 
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tensile test for BioeGel0% is shown in Figure 3A. The stress vs. strain curves for the 

BioeGels are shown in Figure 3B. Before the addition of TA@CNC, BioeGels0% 

have tensile strength and elongation at break values of 10 kPa and 91%, respectively 

(Figure 3B, C).

 
Figure 3. A) Photograph of the tensile test of BioeGel0%. B) Stress versus strain curves of the 

prepared BioeGels. C) Tensile strength (red column) and Elongation at beak (blue column) values of 

BioeGels. D) Young’s modulus (green column) and Toughness (greenish blue column) values of 

BioeGels. E) Stress relaxation curves for BioeGels over time. 0 is the maximum stress.  F) Stress 

vs. strain compression curves for the BioeGels. All measurements were performed in triplicate. Two 

values in the same column followed by the same letter are not different (p≥0.05) according to the 

Tukey test.
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Interestingly, as shown in Figure 3B (green, red, and orange curves), adding even 

small amounts of TA@CNC improves the stretchability and strength of the BioeGels 

considerably due to both the reinforcer effect of the rigid CNC core as well as multiple 

dynamic interactions provided by TA, forming a more robust physically crosslinked 

network. However, a nonlinear relationship was observed between the TA@CNC 

content and tensile strength and elongation at break. For instance, BioeGel1% and 

2% have similar average values of the tensile strength (26 ± 3 and 28 ± 2 kPa) and 

elongation at break (163% ± 12 and 153% ± 9), but then these parameters decrease 

to 17 ± 2 kPa and 109% ± 8 for BioeGel4% turning it a less resistant material (Figure 

3C). Young’s modulus and toughness follow a similar trend, and nanocrystal 

contents of 1 and 2 wt% seem to be optimal to maximize the materials' resilience 

(Figure 3D). The reasons for the mechanical detriment when using 4 wt% of 

TA@CNC could be associated with some nanocrystal agglomerations, as shown in 

Figure 2E, impairing their reinforcing mechanism relying on interfacial debonding. 

Similar results were observed by Wiesenborn et al. for PEO films prepared with 

different concentrations of CNC.52 Although the mechanical performance of recently 

reported chemically crosslinked synthetic eutectogels is superior to that of BioeGels, 

the stretchability and strength of these biobased nanocomposites are high enough 

to allow their application as motion sensors, with the advantages of biocompatibility 

and biodegradability that natural polymers offer.

Stress relaxation tests were performed to study the dynamic structural 

rearrangement of the BioeGels at different contents of TA@CNC setting an 
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elongation strain of 80%. As shown in Figure 3E, the addition of TA@CNC led to a 

faster release of stress in the nanocomposites than BioeGel0%. Furthermore, a 

slight increase in the stress relaxation rate was observed when incorporating 4 wt% 

of TA@CNC (Figure 3E, orange curve). These results reveal the superior ability of 

the nanocomposite eutectogel network to undergo rearrangement by H-bonds 

interactions between TA@CNC skeleton and gelatin chains, providing significant 

energy dissipation by reversible association and dissociation.32 

On the other hand, compression tests showed that the compressibility behavior of 

BioeGels improves linearly after incorporating growing concentrations of TA@CNC 

(Figure 3F). Here again, the reinforcement effect of TA@CNC is observed, and 

BioeGel4% supports the greatest compression stress.

Given the multiple H-bonding abilities of ethaline, TA@CNC, and amino acid 

residues of gelatin, the BioeGels featured excellent self-adhesiveness, which is a 

key-sought requirement in skin-conformal sensors. Adhesion tests on porcine skin 

were performed to study this fundamental property. The tackiness and adhesion 

energy can be calculated as the maximum stress and the area under the adhesive 

stress vs. strain curves, respectively. Figure 4A displays the different adhesive stress 

vs. strain profiles, revealing an increase in the materials' tackiness with the amount 

of TA@CNC added. Figure 4B, red and blue columns, represent this increasing 

tendency of tackiness and energy of adhesion.53 This trend is reasonably expected 

because the TA that coats the CNC promotes H-bonding formation and thus 

enhances the adhesion energy values.33 
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Although the tackiness values of BioeGels are lower than those of recently reported 

gelatin eutectogels54 but higher than CNC nanocomposite hydrogels,33,53 the 

magnitude of the adhesion force of our ionic materials is good enough to be able to 

adhere to human skin.55,56 Figure 4C shows the cyclic adhesion test on porcine skin 

for the most sticky gel, BioeGel4%, observing an adhesion increase with successive 

cycles. This adhesion improvement could be because, in each cycle, the BioeGel4% 

was compressed for 1 min producing a migration of ethaline toward the BioeGel 

surface, favoring the availability of functional groups for H-bonding interactions. Note 

that this effect is less pronounced when increasing the amount of TA@CNC since 

the migration of ethaline to the BioeGel surface could be reduced in a more 

reinforced network (Figure S1). 

In addition, the BioeGels adhesion on different surfaces (Teflon, steel, wood, 

polypropylene, and glass) was measured, observing tackiness and energy of 

adhesion values in the order of those obtained for porcine skin (Figure 4D and Table 

S1). These adhesion data display slight variations between the different materials 

except for the glass, where larger tackiness and smaller adhesion energy were 

recorded. This smaller adhesion energy could be attributed to the rigidity of the glass. 

The fact that the BioeGels can adhere to different surfaces extends their range of 

applications.
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Figure 4. A) Adhesive stress vs. strain curves of the BioeGels. B) Tackiness (red column) and 

adhesion energy (blue column) values of BioeGel. C) Cyclic adhesive stress vs. strain curves of the 

prepared BioeGel4%. D) Tackiness (brown column) and adhesion energy (gold column) values in 

different surfaces of BioeGel4%. Two bar values with the same letter are not significantly different (p 

≥ 0.05) according to Tukey’s test. 

  Moreover, the viscoelastic properties of the as-prepared BioeGels were studied by 

small amplitude oscillatory shear. Figure 5A shows the storage modulus (G') as a 

function of the deformation amplitude in the range of 0.1 to 100%. BioeGel0% 

exhibited high modulus, and after adding 1 wt% of TA@CNC in BioeGel1%, it 

decreased to the lowest elasticity. Then, the subsequent addition of 2 and 4 wt% of 

TA@CNC produces a recovery of the original modulus. Considering that G' is 
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directly related to the gel crosslinking density, which in turn is primarily defined by 

the number of triple helices associations in the network, these results suggest that 

low TA@CNC contents somehow interfere with the formation of these gelatin helical 

bundles. Then, the recovery of G' with the further addition of TA@CNC is probably 

due to new physical crosslinking points, where flexible gelatin chains wrap onto the 

rigid nanocrystals by extensive H-bonding. 
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Figure 5. A) Storage modulus as a function of the amplitude of deformation. B) Linear viscoelastic 

range (LVR) for BioeGel samples. C) Storage modulus versus temperature obtained from DMTA of 

BioeGel samples. D) Storage modulus and Tand as a function of angular frequency for different 

BioeGel samples. E) 3D printing by hot extrusion at mild temperature (37 °C) of BioeGel0% (i), 

BioeGel1% (ii), BioeGel2% (iii) and BioeGel4% (iiii).

 For the application of BioeGels as wearable sensors, a lower elastic modulus is 

preferable to form mechanically compliant interfaces with the skin. Furthermore, the 

LVR of BioeGels should be considered to avoid permanent deformation after flexion 

or stretching during movement detection. Figure 5B shows the LVR for the BioeGels, 

and this parameter decrease after the addition of growing quantities of TA@CNC. 

The thermal gel-to-sol transitions were found at temperatures above 40°C, and after 

that, the elasticity significantly decreased for BioeGel0%, 50 times at 55°C (Figure 

5C). Interestingly, TA@CNC improves the thermal stability and the elasticity after 

transitioning since G' only decreases 2, 2, and 6 times for BioeGel 2, 4, and 1%, 

respectively. Frequency sweeps confirmed that BioeGels0% and 4% are more 

elastic than 1% and 2% with a practically null variation under different frequencies, 

indicating a stable physically crosslinked network (Figure 5D). Tan  values indicated 

in all cases that elastic moduli were about 20 times higher than the viscous moduli, 

and considering the samples set, BioeGel0% presented the highest elastic solid 

features. 

An attractive feature of the as-prepared BioeGels is their capability to be 3D-

impressed by the melting solidification printing process (MESO-PP) due to the solid-

like behavior below ≈55 °C according to the rheological studies. As shown in Figure 
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5E, the 3D-printed Bioegels at 37°C kept the shape and patterns of the 3D design 

input. The results of 3D printability parameters described in the method section are 

shown in Table 1. Independently of the content of TA@CNC added to the BioeGels, 

all scaffolds have average I (for all directions) and Pp values around 100% ± 10 and 

1 ± 0.1, respectively. These data conclude that the 3D-printed BioeGels have 

printability indexes that vary around 10% compared to the design model, indicating 

a very well printability feature of the samples. Besides, the addition of TA@CNC to 

BioeGsels does not significantly modify the printability indexes, keeping them at 

acceptable values. It is highlighted that the irregularity in the Z direction of a scaffold 

is an essential index of printability, the fact that  values of BioeGels vary around 𝐼𝑍

10% compared to the design model, reinforces the excellent printability of these 

BioeGels and opens the gates for using them as ionic bioinks.57

Table 1. Values of I for X, Y, and Z directions and Pp

Two values in the same row followed by the same letter are not different (p≥0.05) according to the Tukey test.

Taking into account the flexion-extension of the index finger with respect to the back 

of the hand before (5°) and after (90°) grasping a small ball (Figure 6Ai),44 the 

capabilities of BioeGels as motion sensors were tested by recording the specific 

BioeGel0% BioeGel1% BioeGel2% BioeGel4%

𝑰𝑿 100.0±5.2A 102.1±6.1a 106.9±3.9 a 109.7±8.1 a

𝑰𝒀 97.4±4.9 A 103.7±5.7 a 105.3±3.1 a 108.9±7.2 a

𝑰𝒁 99.1±9.8 A 96.4±5.7 a 103.9±5.2 a 96.8±6.9 a

𝑷𝒑 1.03±0.1 A 1.01±0.1 a 1.2±0.2 a 1.01±0.1 a
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conductivity ( ) when changing the bending angle between 5° and 90° in a regular 𝑘

close loop controlled by a servomotor and microcontroller (Figure 6Aii). Figure 6Aiii 

shows a representative cycle of the bending angle for the BioeGel2% sample, where 

the initial values of  are higher at the relaxed position, that is at 5°. After that,  𝑘 𝑘

values begin to decrease as the angle varies from 5° to 90° until reaching minimum 

values of  at 90° (during the highest stretching of the gel). Finally,   increase again 𝑘 𝑘

in the transition from 90° to 5° (Video S1 shows 2 cycles of bending). The fact that 

the  values decrease as the bending angle increases is a reasonable result and is 𝑘

due to the area change (estimated as 1.5% according to eq. 4 ) of the BioeGel that 

restricts the ionic conductivity during the flexion movement.58 The values of 

conductivity ( ) for each BioeGel taken every 25 seconds along the 50 bending 
1
R

cycles are shown in Table S2 of the SI.
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Figure 6. A. Flexion-extension movement of the index finger with respect to the back of the hand (i);  

flexion-extension movement of servomotor and microcontroller (ii); a representative cycle of bending 

angle for BioeGel2% (iii). B.  values of BioeGels along 50 cycles of movement between 5°-90°-5°. 𝐾

C. Average   values of all BioeGels for 50 cycles of movement. D) Water swelling degree (%) vs. ΔK

time for the different BioeGels. E) Cytotoxicity testing of BioeGel extracts on MRC-5 human fibroblast 

cells by MTT assay. The viability of the cells exposed only to the culture medium was set at 100% 

(Control, grey bar). 
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The  values of the BioeGels loaded with different contents of TA@CNC over 50 𝑘

bending cycles are shown in Figure 6B, where smooth signals with low noise and 

excellent reproducibility during the test are observed for all samples. As expected, 

BioeGel0% presented a predictable conductivity of 72 mS.m-1 according to 

Manning’s theory, considering that the eutectic mixture and collagen dielectric 

constants are the main ones responsible for ionic conductivity. Furthermore, it was 

found that similar ionic gels exhibited conductivities in the same order of magnitude 

as BioeGels.59 Interestingly, the  values of BioeGels loaded with TA@CNC yielded 𝑘

conductivities higher than BioeGel0%. In this sense, previous works suggested that 

the addition of CNC as well as a crosslinker as TA can enhance the ionic 

conductivity.60,61 Note that the  value for BioeGel4% is lower than BioeGel1% and 𝑘

2%, which could be explained by the effect of densely packed TA@CNC at high 

concentration, hindering the ionic conductivity.62 In this regard, the average values 

of  after TA@CNC addition show a peak response by the effects related to 𝑘

conductivity-dependent concentration of a weak electrolyte like TA (according to 

Ostwald’s dilution law), and the contribution in the dielectric constant after TA@CNC 

addition giving a decreasing of the activity coefficient .  𝛾𝑖

The sensitivity of all BioeGels to detect the change in the bending angle was 

obtained by calculating the average delta of k ( ), the average difference between Δ𝑘

 during 50 bending cycles at 5° and 90° (Figure 6C). In the first inspection, 𝑘

BioeGel1% and BioeGel 2% show similar  values around 2.2 mS.m-1 without Δk

significative differences between them, while BioeGel0% and BioeGel4% have a  Δk

average of 1.5 mS.m-1,  indicating to be less sensitive to movement changes than 
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BioeGel1% and BioeGel2%. This fact is probably due to the TA@CNC effect on ion 

conductivity, as mentioned above. Furthermore, we consider that this variation is 

closely related to the average  values and the decreasing BioeGel area during the k

stretching in the bending position. Thus, we calculated the ratio of conductivities (k/

) with respect to the BioeGel0% conductivity ( ) (Figure 6C, black squares). The k0 k0

results indicate that the conductivity ratios are comparable with the bar data of , Δ𝑘

showing the same tendency, which supports our hypothesis. Despite these  k

variations and the mechanical differences observed in the tensile tests, it is 

highlighted that all BioeGels have relatively small standard deviations values of 

around 5% (Figure 6C, error black bars), indicating that over the 50 bending cycles, 

their ability to detect movement changes is practically unalterable, making the as-

prepared BioeGels robust candidates as motion sensors. 

Given the hydrophilic nature of ethaline and gelatin, it is expected that the BioeGels 

are hygroscopic materials. Therefore, the stability in water of these ionic materials is 

a key parameter, considering their potential application as skin-conformal sensors.    

The water uptake ( ) behavior of the BioeGels is shown in Figure 6D. The  %𝑆 %𝑆

curves show 2 stages; the first is a gradual increment of the water sorption over time 

until it reaches a maximum value at a specific point depending on the TA@CNC 

content. As the concentration of TA@CNC increases, the  average values varied %𝑆

from 49 to 28% for BioeGels0% and 4%, and the maximum swelling value is 

achieved at 30 and 10 min, respectively. This trend is due to the presence of the 

phenolic compound in TA@CNC that can promote multiple H-bond interactions, 

forming a more compact, physically crosslinked network.63 The second stage start 
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after BioeGels reach the maximum values of  and is evidenced by a loss of %𝑆

soluble material, being more noticeable as the amonut of TA@CNC increases. This 

behavior is probably because of the water affinity of TA@CNC increasing the amount 

of soluble matter, which in turn, speeds up the gel dissolution. 

 The potential use and safety of these BioeGels as biocompatible materials were 

also evaluated by cell viability test. MRC-5 human fibroblast cells were exposed to 

increasing concentrations (25% to 100%) of BioeGels extracts for 24 h. BioeGels 

cytotoxicity was assessed by determining the viability of cells by MTT, a 

mitochondrial assay. The viability of the cells exposed only to the culture medium 

was set at 100% to compare with the responses of the BioeGels extracts. The results 

shown in Figure 6E indicate that the extracts from BioeGels without TA@CNC or 

loaded with 1, 2, and 4 wt%, when used at 100% or dilution series of the original 

extract (75% to 25%), exert no cytotoxic effects on MRC-5 cells. Moreover, the 

cellular viability under all the conditions evaluated was above 90%, so the material 

was determined to be non-cytotoxic according to ISO 10993-5 and ISO 10993-12, 

which state that a reduction in viability greater than 30% is considered a cytotoxic 

effect. Hence, our findings show that the synthesized BioeGels could be considered 

non-cytotoxic under the given conditions, determining them as suitable for 

biomedical and related applications. 

Finally, we test the biodegradability performance of the BioeGels by soil burial 

experiments for 6 days in controlled composting conditions. After this period, all 

BioeGels had a weight loss higher than 60% reaching up to 90% for the BioeGel2%, 

indicating that they are readily biodegradables (Figure S2).64,65
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Conclusions

In this work, we have synthesized a new type of natural and biocompatible 

nanocomposite eutectogel by combining the properties of porcine gelatin, ethaline 

eutectic mixture (choline chloride/ ethylene glycol), and tannic acid-coated cellulose 

nanocrystals (TA@CNC). The addition of TA@CNC at low concentration (1 or 2 

wt%) acts as a reinforcer agent by hydrogen bonding interactions, making the 

BioeGels more resistant and flexible and with less water-sensitive behavior at 

specific nanocrystal concentrations. For the highest TA@CNC content analyzed (4 

wt%), the mechanical properties of BioeGels exhibit a detriment due to the presence 

of TA@CNC agglomerates that impair, to some extent, their reinforcer mechanism 

probably based on energy dissipation by gelatin chain/nanocrystals interfacial 

debonding. The BioeGels show the capability to be 3D-printed by MESO-PP with 

excellent values of printability index, independently of the TA@CNC concentration 

added. The as-prepared BioeGels can sense the changes in body movements by 

varying the specific conductivity values during bending-extension steps. The addition 

of TA@CNC improves the ionic conductivity of the BioeGels until 2 wt% by the 

effects of the TA electrolyte, whereas at the highest TA@CNC concentration, the 

specific conductivity slightly decreases due to the densely packed network formed. 

Finally, these BioeGels have proven to be good candidates for bioelectronics since 

cell viability data showed that all materials could be considered non-cytotoxic. All in 

all, we demonstrated that TA@CNC as dynamic and rigid nanofillers could 

significantly enhance the mechanical and viscoelastic performance of biopolymers 
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eutectogels, expanding the applicability of this emerging family of low-cost ionic 

materials to innovative realms like biodegradable electronics. 
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