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Abstract

Biopolymeric hydrogels have drawn increasing research interest in biomaterials due to their 

tunable physical and chemical properties for both creating bioactive cellular microenvironment 

and serving as sustainable therapeutic reagents. Inspired by a naturally occurring hydrogel 

secreted from the carnivorous Sundew plant for trapping insects, here we have developed a 

bioinspired hydrogel to deliver mitsugumin 53 (MG53), an important protein in cell membrane 

repair, for chronic wound healing. Both chemical compositions and micro-/nanomorphological 

properties inherent from the natural Sundew hydrogel were mimicked using sodium alginate and 

gum arabic with calcium ion-mediated cross-linking. On the basis of atomic force microscopy 

(AFM) force measurements, an optimal sticky hydrogel scaffold was obtained through orthogonal 

experimental design. Imaging and mechanical analysis showed the distinct correlation between 

structural morphology, adhesion characteristics, and mechanical properties of the Sundew-inspired 
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hydrogel. Combined characterization and biochemistry techniques were utilized to uncover the 

underlying molecular composition involved in the interactions between hydrogel and protein. In 

vitro drug release experiments confirmed that the Sundew-inspired hydrogel had a biphasic-

kinetics release, which can facilitate both fast delivery of MG53 for improving the reepithelization 

process of the wounds and sustained release of the protein for treating chronic wounds. In vivo 

experiments showed that the Sundew-inspired hydrogel encapsulating with rhMG53 could 

facilitate dermal wound healing in mouse model. Together, these studies confirmed that the 

Sundew-inspired hydrogel has both tunable micro-/nanostructures and physicochemical properties, 

which enable it as a delivery vehicle for chronic wounding healing. The research may provide a 

new way to develop biocompatible and tunable biomaterials for sustainable drug release to meet 

the needs of biological activities.
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1. INTRODUCTION

Hydrogels are often composed of a large amount of water (typically 70–99%) and cross-

linked polymer networks.1 In recent years, various hydrogel products have been proposed in 

clinical applications (e.g., soft contact lenses, wound dressings, and biological adhesives in 

surgical procedures). Many new potential applications (e.g., stem cell and cancer research, 

cell therapy, tissue engineering, immunomodulation, and in vitro diagnostics) for hydrogels 

have also emerged.2 A wide range of polymeric compositions have been proposed to 

fabricate hydrogels. In general, the polymer compositions can be divided into natural 

polymer hydrogels, synthetic polymer hydrogels, and combinations of the both.3 Natural 

polymers are advantageous in their biocompatibility, cost, and gelation ability by addition of 

divalent cations.4 Alginate, a widely used natural polymer for hydrogel, is a family of linear 

polysaccharides containing blocks of (1,4)-linked β-D-mannuronic acid (M) and α-L-

guluronic acid (G) residues. The G-blocks participate in intermolecular cross-linking with 

divalent cations (e.g., Ca2+) to form hydrogels.5 Alginate hydrogels can be engineered to 

release small molecules and proteins, present bioactive ligands to cells, and degrade at a 

tunable rate.6 However, alginate hydrogels have limited stretchability (alginate hydrogel 
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ruptures when stretched to about 1.2 times its original length) and are often brittle. In 2012, 

Sun et al.7 fabricated a stretchable and tough hydrogel by mixing ionically cross-linked 

alginate and covalently cross-linked polyacrylamide. Besides, nanoparticles have been 

integrated into the hydrogel to enhance the adhesion and mechanical properties.8,9 It is 

evident that designing hydrogels with enhanced mechanical properties to provide additional 

functionalities could play an important role in biomedical applications of the hydrogel. For 

example, fibrous and viscoelastic hydrogels that accurately recreate the complex structural 

and mechanical milieus found in tissues10 are emerging as useful cell culture substrates.

For some applications, such as sealants for corneal wound, surgical adjuvant, and wet 

adhesives,11 the adhesion capability becomes a crucial factor in determining the 

performance of the hydrogels. During the past decade, there has been substantial progress in 

developing several adhesive hydrogels inspired by natural bioadhesion phenomenon, such as 

the footpads of a gecko,12 the adhesive used by mussels and ivies to cling to rocks,13,14 

nanofibrous structures used by tunicates to heal damage,15 the proboscis used by 

endoparasite pomphorhynchuslaevis,16 and the noncovalent interactions involved in various 

biological processes including cell adhesion to extracellular biomolecules or bacterial 

adhesion.17 Mimicry is being used in the design of adhesive polymers for biomedical 

applications that are required locally in tissues, systematically throughout the body, and at 

the interface with tissues.18

Sundew, a carnivorous plant, catches its prey by secreting sticky mucilage on the leaves’ 

surface.19 Studies have shown that the mucilage produced by Sundew is a viscoelastic and 

homogeneous polysaccharide (with a molecular weight over 2 × 106 Da) aqueous solution 

(the concentration is about 4%).20 Gum arabic is a natural biopolymer inheriting complex 

and branched polymeric structures, which confers high cohesive and adhesive properties.21 

These properties make gum arabic widely used in the food industry (as dietary fiber)22 and 

pharmaceutical preparations (as suspending agent, emulsifying agent, binder in tablets, 

demulcent, and emollient in cosmetics).21 In the present work, Sundew-inspired hydrogels 

with tunable physical properties (structures, mechanical properties, and adhesion 

characteristics) have been developed using sodium alginate and gum arabic with calcium-

mediated cross-linking, showing that the fabricated Sundew-inspired hydrogels had well-

patterned scaffold structures that are similar to that of the natural scaffolds from Sundew 

mucilage. Atomic force microscopy (AFM)23 was used to characterize structural topography 

and adhesion force of the fabricated hydrogels. Through orthogonal experimental design, the 

component ratios were optimized to achieve a hydrogel with enhanced adhesion 

characteristics.

MG53, a tripartite motif (TRIM) family protein, has been identified as an essential 

component of cell membrane repair machinery.24 Our previous study has shown that topical 

application of the recombinant human (rh) MG53 protein can promote wound healing with 

reduced scarring.25 MG53 is capable of nucleating the membrane repair machinery in 

keratinocytes, which therefore repairs injuries to the epidermis. MG53 presenting in the 

extracellular solution can facilitate migration of fibroblasts and keratinocytes in response to 

scratch wounding, thus contributing to efficient reepithelization of wound closure. However, 

therapeutic efficacy of the rhMG53 depends on the formulation and delivery approach. 
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Because of the short half-life of MG53 in circulation, sustained release of rhMG53 at the 

wound site is expected to have a higher efficacy and thus is more clinically attractive. In this 

study, the Sundew-inspired hydrogel was used to encapsulate MG53 protein for chronic 

wound healing. The Sundew-inspired hydrogel has been tested for biocompatible and was 

confirmed on less concern for immunogenicity; it can modulate both quick and sustained 

delivery of rhMG53 to facilitate healing of dermal wounds in rodent models.

2. MATERIALS AND METHODS

2.1. Materials

Sodium alginate, gum arabic, and calcium chloride dihydrate were purchased from Sigma-

Aldrich (St. Louis, MO). rhMG53 (2 mg/vial) was obtained from TRIM-edicine Co. 

(Columbus, OH). Coverslips (25 mm × 25 mm) were purchased from Thermo Fisher 

Scientific (Waltham, MA). Pure water produced by Barnstead Nanopure (Thermo Fisher 

Scientific, Waltham, MA) was used. Dulbecco’s phosphate buffered saline (DPBS) was 

purchased from Gibco by life technologies (Waltham, MA). The dialysis membrane 

(molecular weight cutoff: 300 kDa) was purchased from Spectrum Laboratories (Rancho 

Dominguez, CA). Male C57BL6 mice were purchased from Jackson Laboratories (Bar 

Harbor, ME).

2.2. Sundew-Inspired Adhesive Hydrogel Fabrication

The adhesive hydrogel was fabricated through the cross-linking reaction of sodium alginate 

and gum arabic under calcium ion. (1) Prepare 1 M Ca2+ solution by dissolving 1.47 g of 

CaCl2·2H2O with 10 mL of pure water. (2) Pipette a certain amount of Ca2+ solution into 2 

mL of pure water in a vial to prepare Ca2+ solution (e.g., 5, 10, 15 mM). (3) Add a certain 

amount of gum arabic powder (e.g., for fabricating hydrogels containing 3% (w/v) gum 

arabic, 60 mg of gum arabic powder was added) into the vial, and then stir the solution using 

a magnetic stirrer (Corning, New York) until the gum arabic is fully dissolved. (4) Add a 

certain amount of sodium alginate (e.g., for hydrogels containing 3% (w/v) sodium alginate, 

60 mg of sodium alginate was added) into the vial and then stir for about 1 h to obtain the 

fabricated hydrogel. (5) Take the magnetic rotor from the vial and then pour the hydrogels 

into a centrifuge tube. The fabricated hydrogels were stored at 4 °C for avoiding microbial 

contamination.

The rhMG53-packed hydrogel was prepared according to the following procedure. (1) 

Dissolve 2 mg of rhMG53 powder with 2 mL of pure water in a vial. (2) Pipette a certain 

Ca2+ solution into the vial. (3) Gum arabic powder was added into the vial under magnetic 

stirring. (4) After the gum arabic is fully dissolved, sodium alginate was added into the vial 

under magnetic stirring to form hydrogels. For simplicity, the hydrogel containing X% 

sodium alginate (SA), Y% gum arabic (GA), and Z mM Ca2+ will be abbreviated as 

hydrogel (X-Y-Z).

2.3. Atomic Force Microscopy

AFM experiments were performed with a MFP-3D AFM (Oxford Instruments Asylum 

Research, Santa Barbara, CA), which was set on a FV1000 inverted microscope (Olympus, 
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Shinjuku, Tokyo, Japan) . The conical silicon nitride probe (NanoWorld, Neuchatel, 

Switzerland) with a nominal spring constant of 0.08 N/m was used for imaging. The 

spherical probe (a gold sphere was attached to a silicon cantilever) (NanoAndMore GmbH, 

Watsonville, CA) with a nominal spring constant of 2.8 N/m was used for force 

measurements.

After pipetting a drop of hydrogel onto a fresh coverslip (i), another coverslip (ii) was used 

to press the hydrogel to make it spread on the coverslip (i) and then scratch the hydrogel to 

form a thin layer on the coverslip (i). The coverslip (i) containing hydrogel layer then were 

glued onto a glass slide, which was then placed at the sample stage of AFM and AFM 

experiments were immediately performed. With the help of an optical microscope, the AFM 

probe was controlled to approach the hydrogel, after which AFM imaging and force 

measurements were performed. Before AFM experiments, the probe was calibrated. First, 

the deflection sensitivity of the cantilever was calibrated at a bare area on the coverslip. 

Next, the spring constant of the cantilever was calibrated by thermal noise method.23

AFM images were recorded at contact mode at room temperature. The scan line was 256 

and the sampling point for each scan line was also 256. The imaging rate was 0.3 Hz. Both 

height image and deflection image were recorded. To measure the adhesion forces of the 

hydrogels, force curves were recorded on different areas of the hydrogel-coated coverslip at 

force volume mode. For each 35 × 35 µm2 area, 32 × 32 force curves were recorded at 

relative trigger mode. The ramp size was 1 µm, and the loading velocity of tip was 2 µm/s. 

The trigger threshold for conical tip was 10 nN, and the trigger threshold for spherical tip 

was 100 nN. During the force volume mode, both topography image and adhesion force map 

were recorded. The adhesion force maps were automatically acquired by the Asylum 

software (Oxford Instruments Asylum Research, Santa Barbara, CA).

2.4. Scanning Electron Microscopy

For scanning electron microscopy (SEM) of the fabricated hydrogels, a fresh coverslip was 

coated by a thin layer of the hydrogel (3-3-15). The coverslip was then coated by a layer of 

gold with thickness of 25 nm. The coverslip then was scanned by a Nova NanoSEM (FEI 

Co., Hillsboro, OR) to obtain the images of the hydrogel.

2.5. Rheological Measurements

Rheological experiments were performed with an AR1000-N rheometer (TA Instruments, 

New Castle, DE). The 40 mm aluminum parallel plate was used for measurements. The 

nitrogen pressure required for the rheometer was 25 psi, and the gap between sample stage 

and plate for measurements was 500 µm. Hydrogels with different component ratios were 

placed directly on the sample stage of the rheometer at room temperature. Frequency sweeps 

(the angular frequency of the plate was from 6.28 to 62.77 rad/s) were performed to 

determine the values of the storage modulus (G′) and loss modulus (G″).

2.6. In Vitro Protein Release Studies

Hydrogels packing rhMG53 was loaded into the dialysis membrane, which was then 

immersed in 10 mL of DPBS (1×) in a vial. The medium in the vial was mixed with a 
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magnetic stirrer at room temperature. At definite time intervals, 0.3 mL of the release 

medium was collected and stored at 4 °C for avoiding microbial contamination. Next, 0.3 

mL of fresh DPBS was added into the vial. The concentration of rhMG53 in the collected 

samples was measured by using a DU 800 spectrophotometer (Beckman Coulter, Fullerton, 

CA). 280 nm wavelength was used. The standard curve was obtained by measuring the 

absorbance of a series of rhMG53 concentrations in DPBS (0, 0.01, 0.125, 0.25, 0.375, 0.5, 

0.625, 0.75, and 1 mg/mL). The standard curve was linearly fitted. According to the fitted 

curve, the MG53 concentration for each collected sample was calculated. The cumulative 

release ratio of MG53 was determined by dividing the amount of released MG53 by the 

amount of MG53 packed in the hydrogels:

Rn =
Vc∑1

n − 1Ci + V0Cn
m × 100 % (1)

where Rn is the cumulative release of the nth sample collection, m is the overall MG53 in 

the hydrogel loaded in the dialysis membrane, Cn is the MG53 concentration of the nth 

sample collection, V0 is the volume of the overall release medium in the vial (V0 = 10 mL), 

Vc is the volume of the sample collected each time (Vc = 0.3 mL), and Ci is the MG53 

concentration of the ith sample.

2.7. Confocal Fluorescence Microscopy

For fluorescence imaging, rhMG53 was conjugated with red fluorescein by an Alexa Fluor 

647 protein labeling kit (Life Technologies Corp., Eugene, OR). Next, Alexa 647-labeled 

MG53 was packed in hydrogels. The hydrogel was directly dropped onto a Petri dish, which 

was then placed at the sample stage of a LSM 780 laser confocal fluorescence microscope 

(Zeiss, Oberkochen, Germany). The bright field images and corresponding fluorescence 

images then were simultaneously recorded.

2.8. Dynamic Light Scattering

The zeta potential distribution of particles in gum arabic was measured by dynamic light 

scattering (DLS) at 25 °C using a Zetasizer Nano (Malvern Instruments Ltd., Malvern, UK). 

6% (w/v) gum arabic was prepared by dissolving 120 mg of gum arabic powder in 2 mL of 

pure water. A certain amount of Ca2+ solution was pipetted into the gum arabic solution to 

prepare pure water solution containing 6% gum arabic and 20 mM Ca2+. The gum arabic 

solution with and without Ca2+ then was diluted to one tenth with pure water. The samples 

were then measured by DLS.

2.9. In Vivo Animal Studies

Animal studies followed the guidelines of the National Institutes of Health and were 

approved by the ethical committee of The Ohio State University. The experimental steps of 

mice wound healing studies were performed according to the previously established 

procedure.25 Surgical excision wounds were created as detailed below. For pain 

management, all animals received drinking water containing 200 mg/L ibuprofen (Precision 

Dose Inc., South Beloit, IL) for 2 days prior to and 5 days postsurgery.
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The dorsal hair of the mice was shaved using an electric clipper, and the naked skin areas of 

the mice were wiped by betadine solution to avoid infection. Alcohol prep pads then were 

used to wipe the naked skin areas. Two full thickness dermal wounds (3 cm apart and 4 cm 

caudal to the scapulae) were created using sterile 6 mm-diameter biopsy punches (Integra 

Miltex, Plainsboro, NJ) to expose the underlying dorsolateral skeletal muscle fascia. 

Hemostasis was achieved by even compression with sterile gauze. Wounds were left open 

with no dressing and then immediately received a subcutaneous injection of either 200 µL of 

PBS saline (as control) or rhMG53 (1 mg/kg), Sundew-inspired hydrogel, and Sundew-

inspired hydrogel encapsulating rhMG53. The Sundew-inspired hydrogel (6-4-20) was used. 

The concentration of MG53 encapsulated in the hydrogel was 0.2 mg/mL.

A digital camera (Panasonic, Kadoma, Osaka, Japan) was used to capture the wound with a 

metric ruler inside the field of view used to set scale for measurements. The wound bed was 

measured using a digital caliper (CD-6″CSX, Mitutoyo Corp., Japan). Blinded measurement 

of wound size was performed using ImageJ software. The perimeter of the wound was then 

traced, and the wound area was recorded. Wound size on day 0 was set to 100%, and each 

subsequent day was reported as a percentage of initial wound size.

2.10. Histology and Immunohistochemistry

Histology and immunohistochemistry studies were performed as described previously.25 

Briefly, skin, heart, liver, spleen, lung, and kidney samples dissected from experimental 

animals were fixed in 4% paraformaldehyde overnight at 4 °C. Skin samples were pinned to 

styrofoam rafts to maintain morphology during the fixation. After fixing, samples were 

washed three times for 5 min with 70% ethanol. Washed samples were then processed, and 

embedded in paraffin. Four micrometer thick paraffin sections were cut and stained with 

Hematoxylin-Eosin (H&E) and Masson’s trichrome.

Immunohistochemical staining was carried out using F4/80 antibody (Santa Cruz 

Biotechnology, Dallas, TX) with the above skin tissues. Alexa 546-conjugated goat 

antirabbit IgG (Molecular Probes, Eugene, OR) was used for labeling of skin sections that 

were positive for F4/80 staining. Images were taken and analyzed using a Zeiss 780 confocal 

microscope (Zeiss, Oberkochen, Germany).

Measurement of the skin thickness at wound site was performed using ImageJ software with 

Masson’s trichrome staining on the skin samples dissected from the mice treated with saline, 

rhMG53, Sundew-inspired hydrogel, or Sundew-inspired hydrogel encapsulating rhMG53 

30 days after an injury.

2.11. Statistical Analysis

All data are presented as means ± SD. Groups were compared by student t tests and by 

ANOVA for repeated measures. A value of P < 0.05 was considered significant.
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3. RESULTS AND DISCUSSION

3.1. Fabrication of the Sundew-Inspired Adhesive Hydrogel

The sticky mucilage secreted by Sundew plant is produced by the stalked glands (also so-

called tentacles) on the leaves’ surface,19 as shown in Figure 1A and B. Upon the prey 

touching the mucilage-covered glands, the prey will be easily trapped in the mucilage. The 

gland then secretes enzymes to digest the prey and absorb the nutrients through the leaf 

surfaces.27 A notable feature of the Sundew mucilage is that it is very sticky, which helps the 

Sundew to capture the prey (inset in Figure 1B). The Sundew mucilage is a single 

polysaccharide solution,20 and AFM imaging of the Sundew mucilage shows that the 

mucilage has well-defined porous scaffolds (Figure 1C). As shown in Figure 1D, the main 

components of the Sundew mucilage are arabinose, galactose, mannose, glucuronic acid, 

and inorganic cations (22 mM Ca2+).20,28 The backbone of the polysaccharide is a repeating 

dimer of glucuronic acid and mannose, and the other sugars are present in end groups and 

side chains. Alginates are polysaccharides that are rich in mannuronic acid and guluronic 

acid.4 Gum arabic is a commonly used hydrocolloid in the food industry due to its excellent 

emulsifying properties.29 Gum arabic mainly contains arabinogalactan, which accounts for 

~88% of the total gum.29 Hence, alginate and gum arabic were used to mimic the Sundew 

mucilage. Figure 1E shows the schematic drawing of the formation of Sundew-inspired 

adhesive hydrogels, which have patterned structures. Sodium alginate cross-links with gum 

arabic via Ca2+ to form Sundew-inspired hydrogel. AFM topography images revealed the 

porous scaffold structures of the fabricated hydrogel, while the adhesion characteristics of 

the fabricated hydrogel were sensed by touching and pulling a drop hydrogel between two 

fingers. Figure S1A is a drop of the fabricated Sundew-inspired hydrogel on a coverslip, 

showing the hydrogel with milky color. After a layer of fabricated Sundew-inspired hydrogel 

was coated on a Petri dish, a hydrogel sheet was obtained by peeling it off the Petri dish 

when the water in the hydrogel evaporated, as shown in Figure S1B.

3.2. Component Ratio Optimization To Achieve Enhanced Adhesion Characteristics for the 
Sundew-Inspired Hydrogel

Figure 2 shows adhesion characteristics of the fabricated Sundew-inspired hydrogels by 

AFM. To obtain a force curve, the AFM probe was controlled to perform an approach-retract 

cycle in the vertical direction on the substrate.30 Researchers have widely used AFM force 

spectroscopy to investigate the adhesion forces of adhesives, such as DOPA polymer 

adhesive,12 adhesive mimicking gecko foot-hair,31 carbohydrate hydrogel,32 and alginate 

hydrogel.33 Here, we used the AFM to characterize the adhesion characteristics of the 

fabricated Sundew-inspired hydrogel. Figure 2A is a representative force curve obtained on 

the hydrogel-coated substrate with conical tip, showing that the adhesion force was about 20 

nN. For some hydrogels, the adhesion forces between hydrogels and AFM tip were large and 

exceeded the measurement range of the cantilever with conical tip (Figure S2). To measure 

the adhesion force of these hydrogels, cantilever with spherical tip was used. A 

representative force curve obtained by the spherical tip is shown in Figure 2B, showing that 

the adhesion force was about 150 nN. During the force volume mode, the topography image 

and adhesion force map of the hydrogel-coated substrate were simultaneously obtained. 

Figure 2C shows a representative topography image, and Figure 2D is the corresponding 
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adhesion force map recorded by conical tip. Network porous scaffold structures were clearly 

discerned in the topographic image, while the adhesion force map showed that there were no 

significant differences in the adhesion forces between scaffold area (denoted by the red 

asterisks) and blank area (denoted by the white asterisks). Figure 2E is the statistical 

histogram of the adhesion forces in Figure 2D, showing that the adhesion forces could be 

well fitted by Gaussian function. Figure 2F–H shows the results obtained with a spherical 

tip, and also shows the porous scaffold structures of the hydrogel with no significant 

differences in the adhesion forces between scaffold area and blank area.

To explore the different adhesion forces between scaffold area and blank area, control 

experiments were performed, as shown in Figure 2I–K. With the same spherical tip, 

adhesion force maps were first obtained on control substrate (without hydrogel) (Figure 2I) 

and hydrogel-coated substrate (Figure 2J), showing that the adhesion force on hydrogel-

coated substrate was significantly larger than that on the control substrate. The same tip then 

was used to measure the adhesion force on the control substrate again (Figure 2K), showing 

that the adhesion force significantly decreased to the level comparable to the adhesion force 

in Figure 2I. During the experiments, hydrogels on the substrate may adhere to the AFM tip, 

which may influence the force measurements. However, the results in Figure 2I–K showed 

that this effect (hydrogel adhering to AFM tip) was weak. Further, AFM images of the 

hydrogel-coated substrate were obtained, as shown in Figure 2L,M. We can see that there 

were many nanoparticles in the blank area of the hydrogel (denoted by the blue asterisks). 

This indicated that the blank area of the hydrogel on the substrate was coated by 

nanoparticles, which caused that the adhesion force on the blank area of the hydrogel was 

comparable to that on the scaffold area of the hydrogel. In fact, the following results show 

that the scaffold area of the hydrogel was also formed by nanoparticles. By AFM force 

volume mode, the topography image and adhesion force map can be simultaneously 

recorded, which is useful for investigating the underlying relationships between the 

structures and adhesion characteristics of the adhesive hydrogels.

By AFM force spectroscopy, a conical tip was used to investigate the adhesion forces of 

hydrogels in two different states: wet and dried, as shown in Figure S3. For measuring the 

adhesion forces of wet hydrogels, AFM measurements were immediately performed after 

coating a layer of fabricated hydrogel on the coverslip. For measuring the adhesion forces of 

dried hydrogels, the hydrogel coated on the coverslip dried in air for about 4 h, and then 

AFM measurements were performed. Figure S3A is the histogram of adhesion forces of 10 

dried hydrogels, and Figure S3B is the corresponding adhesion forces of the 10 hydrogels in 

wet status. They all clearly show that the adhesion forces of hydrogels in wet status were 

significantly larger than those in dried status. Figure S3C is the dynamic changes of 

adhesion forces on the same hydrogel-coated substrate area, showing that the adhesion force 

decreased from about 23 to about 12 nN in 90 min in air at room temperature. The 

experimental results (Figure S3) indicated that the different status (wet, dried) can influence 

the adhesion force of the hydrogel, and thus in the subsequent experiments AFM force 

measurements were performed on wet hydrogels to maintain the identical conditions for all 

hydrogels.
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As compared to conventional nonadhesive hydrogels, adhesive hydrogels are advantageous 

in many applications, such as wound closure,34 tissue healing,35 cell spreading,36 and tissue 

regeneration.37 On the one hand, adhesive hydrogels can bind various tissues together to 

allow proper healing to occur, control or stop the bleeding, or prevent gas or fluid leakage 

from the tissue by acting as an adhesive, hemostat, or sealant, respectively.34 On the other 

hand, adhesive hydrogels facilitate cell adhesion and migration on it, which can promote cell 

proliferation and differentiation.38 Hence, we optimized the adhesion characteristics of the 

sundew-inspired adhesive hydrogels via orthogonal experimental design, as shown in Figure 

3. The detailed bar values and orthogonal analysis of Figure 3A–D are shown in Tables S1–

S4, respectively. Figure 3A shows the results of L25(53) orthogonal experiments, during 

which five levels for each of the three component were tested. The statistical histogram of 

the adhesion forces (Figure 3Ai) showed that the hydrogel (3-3-15) had the largest adhesion 

force, whereas orthogonal analysis predicted that the hydrogel (3-2-15) had the largest 

adhesion force (Figure 3Aii). We then fabricated the hydrogel (3-2-15), and AFM 

measurement showed that its adhesion force (37 ± 3 nN) was smaller than the adhesion force 

(58 ± 4 nN) of the hydrogel (3-3-15). Figure 3Aiii shows that the importance order of the 

three components to the adhesion force of the hydrogels was SA > Ca2+ > GA. Figure 3B is 

the results of another L25(53) orthogonal experiment, during which five higher levels for 

each component were tested. In this case, the histogram of adhesion forces (Figure 3Bi) 

showed that several hydrogels (e.g., 3-3-9, 3-7-21, 4-6-21, 6-4-21, and 6-7-15) had similar 

larger adhesion forces than the remaining hydrogels. Orthogonal analysis predicted that the 

hydrogel (6-7-21) had the largest adhesion force (Figure 3Bii). We then fabricated this 

hydrogel, and the AFM measurement showed that its adhesion force (44 ± 2 nN) was 

slightly larger than those of all of the tested hydrogels in Figure 3B. The important order for 

the adhesion forces of the hydrogels was Ca2+ > SA > GA (Figure 3Biii). We then 

performed orthogonal experiments on hydrogels containing higher levels of SA, GA, and 

Ca2+. Yet the adhesion forces of these hydrogels were not measurable by conical tip (as 

shown in Figure S2), and thus we used a spherical tip to measure the adhesion forces of 

these hydrogels. For control, we first used a spherical tip to measure the representative four 

hydrogels that had been tested by conical tip, and the results are shown in Figure 3C. We can 

see that the hydrogel (6-7-21) had the largest adhesion force as compared to the other three 

hydrogels. The spherical tip then was used to investigate the adhesion forces of hydrogels 

containing higher levels of the components, and the results are shown in Figure 3D. L9(33) 

orthogonal experiments were designed, during which three levels for each component were 

tested. The experimental results (Figure 3Di) showed that the hydrogel (7-8-27) had the 

largest adhesion force, whereas the orthogonal analysis (Figure 3Dii) predicted that the 

hydrogel (8-8-27) had the largest adhesion force. We then fabricated this hydrogel and 

measured the adhesion force (133 ± 37 nN), which was smaller than the adhesion force (228 

± 81 nN) of the hydrogel (7-8-27). The order for the adhesion forces of the hydrogels was 

SA > Ca2+ > GA.

The orthogonal results in Figure 3 indicated that sodium alginate and Ca2+ are more 

important than gum arabic in mediating the adhesion forces of the hydrogels. Besides, 

different combinations of the three components (SA, GA, and Ca2+) can lead to the different 

adhesion forces of the fabricated hydrogels. Overall, the increase of the concentrations of the 
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three components can lead to higher adhesion forces, but the increase of the adhesion forces 

versus the concentrations of the components was not linear. There are some local maximal 

adhesion forces in certain combinations (e.g., 3-3-15, 6-7-21, and 7-8-27). To compare the 

adhesion force of the fabricated hydrogels with that of the mucilage secreted by Sundew, the 

adhesion force of the Sundew mucilage was measured. Mucilage secreted by Sundew was 

collected by pipet and dropped onto the coverslip. Force curves then were obtained on the 

mucilage-coated coverslip (see Figure S4). The results showed that the adhesion force of the 

Sundew mucilage (Figure 3E) was comparable to the adhesion force of the fabricated 

Sundew-inspired hydrogel (Figure 3C,D).

3.3. Structural Morphology and Mechanical Properties of the Sundew-Inspired Hydrogel

Figure 4 shows the structural morphology and mechanical properties of the Sundew-inspired 

hydrogels. Ten representative Sundew-inspired hydrogels were imaged by AFM. The optical 

bright field images of the hydrogels were shown in Figure S5. For the hydrogel (1-1-5), the 

network scaffold structures were not visible in the bright field image (Figure S5), but 

membrane-containing micropores were discerned in the AFM image (Figure 4A). For the 

hydrogel (2-2-10) (Figure 4B) and the hydrogel (3-3-15) (Figure 4C), the cross-linked 

network porous scaffold structures were clearly visible in both AFM height and bright field 

images. When the component ratio became (4-5-20) (Figure 4D), although there were 

scaffold structures in the hydrogel, the scaffold structures were relatively thin and some 

scaffolds distributed discretely (denoted by the red arrow in Figure 4D). Besides, many 

nanoparticles with different sizes in the nonscaffold areas were observed in the AFM image 

(denoted by the red asterisks in Figure 4D). For the hydrogel (6-4-20) (Figure 4E), the cross-

linked network porous scaffold structures were clearly visible in both the AFM image and 

bright field image again. For the hydrogel (6-7-21), thick scaffold structures were observed 

(Figure 4F), but were relatively discrete (Figure S5). When the concentrations of the three 

components further increased (Figure 4G–J), there were no cross-linked network scaffold 

structures except the particles with different sizes. To investigate the relationships between 

the three components and the network porous scaffold structures, AFM images were 

obtained on control groups, as shown in Figure S6. The control experiments were designed 

for the hydrogel (3-3-15). For the control experiments, only two components were dissolved 

together in pure water. We can clearly see that none of the three control groups (Figure S6) 

showed the network scaffold structures as observed in Figure 4C, demonstrating that the 

formation of network scaffold structures required the participation of SA, GA, and Ca2+ (as 

shown in the schematic diagram in Figure 1E).

Conventional methods for visualizing the detailed network structures of hydrogels are based 

on scanning electron microscopy (SEM) imaging.39–42 Here, we also used SEM to visualize 

the topography of the hydrogel (3-3-15), and a typical SEM image is shown in Figure 4K. 

More SEM images are shown in Figure S7. From SEM images, we can see clearly see the 

scaffold of the hydrogel. The nanoparticles are also visible (denoted by the red asterisks in 

Figure 4K). Hence, the SEM results verified the results of AFM imaging (Figure 4C). 

Combining the morphology results of Figure 4 with the adhesion force in Figure 3, we can 

see that hydrogels possessing higher adhesion forces have well-patterned network scaffold 

structures, such as the hydrogel (3-3-15) (Figure 3Ai and Figure 4C) and the hydrogel 
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(6-7-21) (Figure 3C and Figure 4F). For the hydrogels containing higher levels of the 

components (e.g., 7-8-27, 8-7-27, 8-9-24, and 9-9-27), there were no network scaffold 

structures in these hydrogels (Figure 4G–J), and their adhesion forces were significantly 

smaller than the hydrogel (6-7-21), which had thick network structures (Figure 4F). Hence, 

the morphology results indicate the close links between the network scaffold structures and 

the adhesion characteristics of the hydrogels.

The mechanical properties of hydrogels are important for creating a microenvironment in 

supporting cellular activities.43–46 For example, when hydrogels are used as biomaterials for 

cell growth matrix, its stiffness can significantly influence the differentiation of stem cells.46 

Besides, the mechanical properties of hydrogel-based extracellular matrix also impact cell 

motility, cell spreading, adult tissue homeostasis, and tumor metastasis.47–49 Hence, we 

investigated the mechanical properties of the fabricated Sundew-inspired hydrogels, and the 

results are shown in Figure 4L,M. Nine hydrogels were measured. Figure 4L,M shows the 

storage modulus and loss modulus of the nine hydrogels, respectively. Storage modulus 

reflects the elastic deformation ability of the material, and loss modulus reflects the viscous 

deformation ability of the material. We can see that when the concentrations of hydrogel 

components (SA, GA, and Ca2+) increased from (2-2-10) to (7-8-27), the storage modulus 

and loss modulus of hydrogels increased gradually, except the storage modulus of the 

combination (4-5-20). However, when the concentration of hydrogel components increased 

further to (8-7-27), (8-9-24), and (9-9-27), the storage modulus and loss modulus decreased 

significantly.

Combining the mechanical data with the structural data, we can observe that the mechanical 

properties of the fabricated hydrogels are influenced by several factors, such as component 

concentration and hydrogel structure. First, the concentrations of the components were to 

some extent related to the mechanical properties of the hydrogel. For example, the hydrogel 

(2-2-10) had the lowest concentration, and also possessed the weakest mechanical 

properties. When the concentration increased, the mechanical properties became stronger 

until the combination (7-8-27). The hydrogel (9-9-27) had the highest concentration, but had 

weak mechanical properties, showing that concentration was not the sole factor determining 

the mechanical properties of the hydrogels. Second, the structures of the hydrogels were also 

related to the mechanical properties of the hydrogels. For the hydrogels that had higher 

component concentrations but weaker mechanical properties (e.g., 8-9-24 and 9-9-27), they 

had no network scaffold structures, whereas others had well-patterned scaffold structures.

3.4. Encapsulating MG53 Proteins with the Sundew-Inspired Hydrogel

Cell membrane repair is a fundamental biological phenomenon in mammalian cells. 

Microbial cells are protected by a stiff and impermeable cell wall. For eukaryotic cells 

whose cell membrane are not protected by a cell wall, they have developed cell membrane 

repair mechanisms, which allow them to reseal their membrane to prevent the efflux of 

cytoplasmic constituents and the uncontrolled influx of calcium.50 In fact, many human 

pathologies are characterized by membrane injury, and thus modulation of membrane repair 

pathways holds tremendous therapeutic potential.51 Previously, Dr. Ma’s laboratory 

identified a novel TRIM family protein, named MG53, as an essential component of the cell 
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membrane repair machinery.24 Genetic ablation of MG53 results in defective membrane 

repair and tissue regenerative capacity.52 The recombinant human MG53 (rhMG53) protein 

can protect against membrane disruption in various cell types, when applied to the 

extracellular environment, and ameliorate pathology associated with muscular dystrophy and 

lung injury.53–56 The research team also showed that rhMG53 is effective in protecting 

against myocardial infarction57 and acute kidney injury.26 More recently, the team showed 

that MG53 is a vital component of wound healing and that topical application of the 

rhMG53 protein has potential to promote wound healing with reduced scarring.25 Hence, 

MG53 is potentially therapeutic drug for injury treatment, and we explored encapsulating it 

with the Sundew-inspired hydrogel, as shown in Figure 5.

According to the results of orthogonal experimental results (Figure 3) and characterization 

results (Figure 4), five representative Sundew-inspired hydrogels were fabricated to 

encapsulate MG53 proteins (Figure 5A–E). Figure 5A shows the result of hydrogel (3-3-15), 

illustrating that rhMG53 proteins distributed evenly in the hydrogel. Figure 5B is the result 

of hydrogel (4-5-20), showing that MG53 proteins clustered in local reservoir areas (denoted 

by the arrows in Figure 5B) in the hydrogel and the reservoir areas were clearly visible from 

the corresponding bright field image. Figure 5C is the result of hydrogel (6-4-20), showing 

that the rhMG53 protein distributed in local reservoir areas but the size of the reservoir areas 

was significantly smaller than the size of the reservoir areas in Figure 5B. Figure 5D is the 

result of hydrogel (6-7-21), and Figure 5E is the result of the hydrogel (8-7-27). Both Figure 

5D and E showed that MG53 distributed in local reservoir areas and the sizes of the reservoir 

areas were significantly larger than the size of the reservoir areas in Figure 5B,C.

The detailed morphology of the MG53-contained reservoir areas in the hydrogel was imaged 

by AFM. Reservoir areas were clearly visible from the optical bright images (Figure 5F,G), 

as denoted by the arrows in Figure 5F and circled in Figure 5G. AFM imaging (Figure 5H–

J) showed that the reservoir areas adhered to the network scaffold structures of the hydrogel 

(the scaffold structures are denoted by the arrows in Figure 5I) and the reservoir areas were 

rougher than the scaffold structures. The nonreservoir areas of the scaffold were also imaged 

(Figure S8), showing that there were many nanoparticles on the scaffold structures (denoted 

by the arrows in Figure S8D) and the porous areas (denoted by the asterisks in Figure S8D). 

AFM images of the hydrogel without MG53 also revealed that there were many 

nanoparticles in the scaffold structures of the hydrogel (denoted by the arrows in Figure 

S8F) and in the porous areas (denoted by the asterisks in Figure S8F), indicating that 

particles widely distributed in the hydrogels. Both of the AFM images of the hydrogel 

without rhMG53 (Figure 4, Figures S8 and S9) and with rhMG53 (Figure 5) show the 

scaffold structures, nanoparticles, and reservoir structures. We cannot discern significant 

differences between the hydrogel structure with or without rhMG53.

The mechanisms involved in the formation of the hydrogel were explored. The optical and 

AFM images (Figure S9A–D) of the hydrogel without MG53 also showed many reservoir 

areas with rough surface, indicating that the formation of reservoir area in the Sundew-

inspired hydrogel was independent of the MG53 proteins. Control experiments (Figure S9E–

H) demonstrated that the formation of reservoir areas was dependent on SA and GA. Gum 

arabic is a type of polysaccharide emulsifier that is widely used for the production of 
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emulsion-based foods.58 Gum arabic contains both protein and polysaccharide residues. The 

proteinaceous components of the gum can embed in the oil phase, while the carbohydrate 

ones can extend out from the surface into the aqueous phase.59 Gum arabic can form droplet 

emulsion when mixed with other natural polysaccharides, such as chitosan.60 Here, the 

mixture of gum arabic and alginate can result in the formation of reservoir areas in the 

hydrogel (Figure 5F). From Figure 2M and Figure S8D–F, we can see many nanoparticles in 

the hydrogels, and thus it is reasonable to hypothesize that the rough surface of the reservoir 

area may be related to the nanoparticles. We then applied AFM to image the detailed 

morphological structures of the reservoir areas, as shown in Figure 5K,L. Nanoparticles 

were remarkably discernible when the GA concentration increased (Figure 5L), indicating 

the relationship between GA and the particle structures of the reservoir areas of the 

hydrogel. We then directly used AFM to image the solution (0-6-20) on the coverslip (a drop 

of the solution was placed on the coverslip and dried in air), and the results (Figure 5M) 

showed the well-defined nanoparticles on the substrate, indicating that the solution of GA 

contained many particles. The solution containing higher concentrations of GA was also 

observed (Figure 5N), showing that larger particles were clearly visible and indicating that 

the GA nanoparticles could accumulate together to form larger particles. Figure 5O shows 

the zeta potential of the gum arabic particles in pure water solution. The detailed zeta 

potential distributions were shown in Figure S10. We can see that the gum arabic particles 

are negatively charged. The addition of positive charges of Ca2+ could balance some 

negative charges of gum arabic nanoparticles. Sodium alginate is negatively charged in 

water.4 Hence, the fabricated Sundew-inspired hydrogels were negatively charged. MG53 

proteins are positively charged,26 and thus they can bind to the GA particles. It should be 

noted that there were few nanoparticles in Figure S6B, but there were many nanoparticles in 

Figure 5M. This is because Figure S6B was obtained by dropping GA solution onto a 

coverslip and then placing another coverslip on the drop to form a thin layer on the 

coverslip, causing few nanoparticles to be observed in the AFM image. Figure 5M was 

obtained by dropping GA solution onto a coverslip without placing another coverslip on the 

drop, so that many nanoparticles aggregated in the local areas and thus nanoparticles were 

observed. Collectively, the experimental results (Figure 5) indicate that during the formation 

of the hydrogels, MG53 proteins bind to GA particles via electrostatic adsorption. The GA 

particles then cross-link with SA molecules via Ca2+ to form network scaffold structures. 

The redundant GA particles lead to the formation of reservoir areas trapped by the scaffold 

structures in the hydrogels.

3.5. In Vitro Drug Release and Degradation of the Sundew-Inspired Hydrogel

We have investigated the release of MG53 encapsulated in the hydrogels and the hydrogel 

degradation by in vitro experiments. Figure 6A,B shows the in vitro release experiments of 

the MG53-encapsulated hydrogels. Three representative hydrogels were fabricated, 

including (3-3-15), (6-4-20), and (7-8-27). From Figure 6A, we can see that in 8 days the 

release of rhMG53s in the hydrogel (6-4-20) was the highest, and the release of MG53s in 

the hydrogel (3-3-15) was the lowest. Burst release was observed in the first 4 h. After 4 h, 

the release of MG53 in the hydrogel (7-8-27) was higher than that in the hydrogel (6-4-20). 

Yet after 24 h, the release in the hydrogel (6-4-20) became higher than that in the hydrogel 

(7-8-27). The dominant mechanisms governing the protein release from hydrogels are 
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diffusion and degradation.61 When the hydrogel pores are bigger than the radius of the 

protein, diffusion is the driving mechanism for release, and degradation is the main 

mechanism for release when the hydrogel pores are smaller than the radius of the protein.62 

Thus, the bioinspired hydrogel displayed a biphasic kinetics of rhMG53 release; it can 

facilitate fast delivery of the protein for improving reepithelization of the wounds, as well as 

release the protein in a sustained fashion for treating the remodeling phase of chronic 

wounds, which is critically needed.

To observe the dynamic degradation of the hydrogel (6-4-20), serial AFM images of the 

degradation areas were recorded, as shown in Figure 6C–N. From the dynamic optical bright 

field images (Figure 6C–F), we can clearly see that the network scaffold structures 

disappeared when meeting the water flow. AFM images of three areas on the hydrogel were 

acquired. Area i was the control area, which was not degraded, and the AFM image (Figure 

6G) showed the thick network scaffold structures. Area ii was the peripheral area of the 

degraded hydrogel, and the AFM image (Figure 6H) showed that the thick scaffold 

structures became thin and began to melt (denoted by the arrow in Figure 6H). Besides, 

many particles were visible on the scaffold structures of hydrogel. Area iii was the central 

area of the degraded hydrogel, and the AFM image (Figure 6I) showed the compact network 

patches containing small pores, which were clearly visible from the higher resolution image 

(Figure 6J). A second drop of pure water was added to the degradation area for about 5 s. 

After pipetting the water out of the coverslip, AFM images were recorded (Figure 6K,L), 

clearly showing the discrete scaffold structures. Figure 6M,N shows the images of the 

degradation area after being washed by the third drop of water, and we can see that at this 

time scaffold structures disappeared and only nanoparticles (denoted by the circles in Figure 

6M) were visible. The AFM imaging results (Figure 6) clearly revealed the dynamic 

morphological changes (thick scaffold structures → thin and compact network scaffold 

patches → discrete scaffold structures → discrete particles) during the degradation of the 

hydrogel, visually improving our understanding of the degradation of the Sundew-inspired 

hydrogel. The degradation of hydrogels was accompanied by the release of MG53 proteins. 

The three hydrogels (3-3-15, 6-4-20, and 7-8-27) used for drug release had different 

structural morphology and mechanical properties (Figure 4), which may reasonably result in 

the different degradations of the hydrogels and thus cause the different release of MG53 

proteins encapsulated in the hydrogels.

Our previous studies have shown that the mucilage secreted by Sundew has a network 

nanofiber structure,63 and the nanofiber is composed of nanoparticles.64 Here, the AFM 

imaging results showed that the fabricated Sundew-inspired hydrogel exhibited a well-

patterned network scaffold structure and nanoparticles were extensively distributed in the 

hydrogel (Figure 2M, Figure 4, and Figure S8). Gum arabic powder in water solution is a 

nanoparticle solution (Figure 5M,N), which serves as an important building block for 

constructing the Sundew-inspired hydrogel. The degradation of the fabricated Sundew-

inspired hydrogel is the reverse process of the formation of the Sundew-inspired hydrogel, 

and we can clearly see that the final products of the degradation of the Sundew-inspired 

hydrogel were the nanoparticles (Figure 6M,N), indicating that nanoparticles were the 

fundamental elements for the fabricated Sundew-inspired hydrogels, which was similar to 

Sundew mucilage to some extent (the fundamental elements of Sundew mucilage are also 
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nanoparticles).62,63 Alginate can form hydrogel in Ca2+, and the cryo-SEM imaging results 

show that the alginate hydrogel has a network scaffold structure.65 Here, we did not observe 

the network structures of alginate hydrogel via AFM imaging (Figure S6). This may be 

because alginate hydrogel is fragile, which makes it easily damaged by the AFM scanning 

tip due to the lateral forces caused by AFM tip. It is very difficult for AFM to visualize the 

morphology of alginate hydrogel, but SEM imaging that does not touch alginate hydrogel 

can easily visualize its detailed morphology. When there was gum arabic, alginate cross-

linked with gum arabic particles via Ca2+ to form porous network scaffold structures (Figure 

4). The introduction of gum arabic has greatly improved the strength of the scaffold 

structures, and AFM imaging clearly indicates the detailed morphology of the scaffold 

structures. Recently, researchers have paid great attention to utilizing double-network 

polymers7,66 and nanoparticles8,67 to fabricate the hydrogels with enhanced mechanical 

properties. Here, by introducing gum arabic particles to alginate polymer, adhesive 

hydrogels with tunable adhesion forces (Figure 3), structural scaffold, and mechanical 

properties (Figure 4) were developed, providing a novel way to fabricate sticky hydrogels 

based on natural biopolymers.

3.6. In Vivo Wound Healing and Toxicity Studies of the Sundew-Inspired Hydrogel

We first tested the potential toxicity and immunogenicity of Sundew-inspired hydrogel by 

subcutaneous administration into mice. For control, mice were injected with saline or 

commercial burn cream. This first-aid burn cream (Water-Jel Technologies, Carlstadt, NJ) 

was commercially available and frequently used to treat dermal wound caused by burn. 

Hence, we used it as a reference to examine the toxicity and immunogenicity of the Sundew-

inspired hydrogel. Four weeks after injection, the injection sites were stained with F4/80 for 

detection of immune cell infiltration. As shown in Figure 7A, the samples derived from the 

Sundew-inspired hydrogel treatment group displayed minimal immune cell infiltration, 

indicating that Sundew hydrogel exhibit minimal immunogenicity. The percentage of F4/80 

positive cell/total cell for the three groups was 316/2084 = 0.15 (saline), 409/2763 = 0.15 

(burn cream), and 323/2664 = 0.12 (Sundew-inspired hydrogel), respectively. Thus, there 

were no significant differences between the three groups, indicating that the Sundew-

inspired hydrogel did not produce adverse inflammation. In addition, major organs from 

experimental mice were collected and stained with H/E. As shown in Figure 7B, no 

abnormality was observed in major organs derived from the animals treated with Sundew-

inspired hydrogel.

Next, to test the potential protective effects of Sundew-inspired hydrogel, we performed 

dermal wound healing experiments on wild mice. As summarized in Figure 8, the Sundew-

inspired hydrogel exhibited enhanced capacity to promote in vivo wound healing with 

undetectable toxicity to major organs of treated mice. The mice were randomly grouped into 

four groups: saline group, rhMG53 group, Sundew-inspired hydrogel group, and Sundew-

inspired hydrogel encapsulating rhMG53 group (Figure 8A). The hydrogel used for animal 

tests was chosen on the basis of its overall adhesion characteristics, mechanical properties, 

and morphological structures. Among the fabricated hydrogels (Figures 3 and 4), the 

hydrogel (6-4-20) had a relatively larger adhesion force (Figure 3), medium mechanical 

property, and compact network scaffold structure (Figure 4). Although the hydrogel (6-7-21) 
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had the largest adhesion force, its network scaffold structures were weaker than those of the 

hydrogel (6-4-20). Hence, we used the hydrogel (6-4-20) for in vivo animal tests. Upon 

excisional wounding, the wound sites were treated with one of the four treatments as 

mentioned above. The dosage of rhMG53 was 1 mg/kg for the mice. The healing process of 

each group then was photographed and quantified at different time points (Figure 8B). As 

shown in Figure 8C, the wound healing rate was significantly faster in Sundew hydrogel 

treatment as compared to saline treatment as control, suggesting that the Sundew-inspired 

hydrogel can facilitate wound healing. Figure 8D shows that, as compared to the saline 

group, wounds treated with rhMG53 displayed increased healing, and, more importantly, the 

combination of Sundew-inspired hydrogel and MG53 further improved the outcome of 

wound healing. The wounds almost totally closed 9 days after the treatment of Sundew-

inspired hydrogel encapsulating rhMG53. MG53 protein has been shown to have therapeutic 

effects in promoting healing of wounds.24 Here, we can see that, as compared to the 

treatment of rhMG53 alone, Sundew-inspired hydrogel encapsulation of rhMG53 further 

improves the therapeutic outcomes in wound healing.

To assess the quality of wound healing following the different treatment options, we 

performed pathology and histology analyses with the mice at 30 days post wound. Figure 9 

shows the skin scar formation of the experimental mice treated by saline, rhMG53, Sundew-

inspired hydrogel, or Sundew-inspired hydrogel encapsulating rhMG53 30 days after dermal 

wounding. Figure 9A showed the representative H&E and Masson’s trichrome images of the 

skin tissues of mice treated by saline, rhMG53, Sundew-inspired hydrogel, or Sundew-

inspired hydrogel encapsulating rhMG53 at 30 days after dermal wounding. Figure 9B is the 

quantification of skin thickness from the four groups. As compared to the control group 

(treated by saline), the group treated with Sundew-inspired hydrogel had similar thickness, 

representing a similar degree of scarring. Thus, treatment with the Sundew-inspired hydrogel 

could promote the healing process but could not impact fibrosis. Consistent with our 

previous studies with rhMG53 in suppression of fibrosis associated with chronic wound 

healing,25 mice treated with rhMG53 showed reduced skin thickness as compared to control 

(p < 0.01) indicative of reduced fibrosis remodeling. Moreover, mice treated with Sundew-

inspired hydrogel encapsulated with rhMG53 also show reduced skin thickness (Figure 9B). 

Collectively, the in vivo results showed the potential role of Sundew-inspired hydrogel in 

wound healing, whether used alone or as a rhMG53 delivery system for promoting wound 

healing and suppressing scarring.

Currently, in the field of drug development, protein drugs have gained a significant role in 

almost every field of medicine, and encapsulating proteins with hydrogels has attracted the 

great attention of researchers.62,68 Hydrogels have cross-linked networks of polymers and 

are capable of retaining large amounts of water, which is useful for keeping proteins in their 

active form and preventing them from denaturation.69 Especially adhesive hydrogels are 

advantageous in certain fields, such as surgical sealant, cell adhesion, and tissue 

regeneration. Fibrin glues are widely used as biological tissue adhesives in surgical 

practices, but their mechanical property is not sufficient, whereas cyanoacrylate-based 

synthetic adhesive glues can solidify upon contact with tissues, but acrylic derivatives are 

toxic.70 Here, bioinspired sticky hydrogels with tunable adhesion, structural, and mechanical 
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properties were developed to deliver therapeutic proteins to promote wound healing, 

providing novel possibilities in the field of protein delivery by bioadhesives.

4. CONCLUSIONS

This work has demonstrated the use of natural biopolymers consisting of alginate and gum 

arabic to fabricate a Sundew-inspired sticky hydrogel, which has notable potential in 

sustained drug delivery and chronic wound healing applications. Orthogonal experimental 

design was used to obtain hydrogels with enhanced adhesion characteristics and tunable 

properties for quick and sustained drug delivery. AFM and rheological measurements 

showed that the Sundew-inspired hydrogels maintained micro-/nanostructures (micro 

scaffolds, nanoparticles) with adhesion characteristics and mechanical properties appropriate 

for the encapsulation of rhMG53 protein. rhMG53 protein was encapsulated in the hydrogels 

by binding to the gum arabic particles via electrostatic adsorption, and the morphological 

changes during hydrogel degradation provide a mechanism for sustained delivery of the 

rhMG53 through topical administration. In vitro drug release and in vivo animal studies 

demonstrated the efficiency of the Sundew-inspired hydrogels in drug delivery and chronic 

wound healing. Taken together, this study provides a method to develop and investigate 

bioinspired hydrogels from micro-/nanoscale morphology and adhesion characteristics of 

Sundew plant to macro mechanical properties integrated with molecular mechanisms, which 

enable a novel biomaterial environment to support cell proliferation and therapeutic 

applications.
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Figure 1. 
Sundew-inspired adhesive hydrogel for controlled drug delivery in chronic wound healing. 

(A,B) Schematic diagram (A) and actual image (B) of the Sundew mucilage. Inset in (B) 

shows a prey trapped by the Sundew mucilage. (C) AFM topographic micrograph of the 

Sundew mucilage. (D) Sodium alginate, gum arabic, and Ca2+ are used to fabricate the 

Sundew-inspired adhesive hydrogel. (E) Hydrogels are formed by Ca2+-dependent cross-

linking between sodium alginate and gum arabic. After dropping the fabricated Sundew-

inspired hydrogel onto a finger, the adhesion characteristics of the hydrogel were sensed by 

touching and pulling the hydrogel with another finger. AFM topographic micrograph shows 

network porous scaffold structures of the fabricated Sundew-inspired hydrogel. The 

Sundew-inspired hydrogel was used for drug delivery and chronic wound healing to explore 

its potential biomedical applications.
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Figure 2. 
Quantification of the adhesion characteristics of the fabricated Sundew-inspired hydrogels 

by AFM force spectroscopy. (A,B) Representative force curves recorded on the hydrogel-

coated glass substrate with conical tip (A) and spherical tip (B). The red curve corresponds 

to the approach process, and the blue curve corresponds to the retract process. Adhesion 

force is calculated from the retract curve and is equal to the magnitude of the peak. The 

insets are the optical images and schematic diagrams of tips. (C,D) Topography image (C) 

and adhesion force map (D) recorded at the force volume mode by conical tip. During force 

volume mode, 32 × 32 force curves were obtained in 35 × 35 µm2 areas of the hydrogel-

coated glass substrate. The red asterisks indicate network porous scaffold area, and the white 

asterisks indicate the blank area. (E) Histogram and Gaussian fitting of the adhesion forces 

in (D). (F,G) Topography image (F) and adhesion force (G) recorded on 35 × 35 µm2 areas 

of the hydrogel-coated glass substrate by spherical tip. (H) Histogram and Gaussian fitting 

of the adhesion forces in (G). (I–K) Adhesion forces measured on control substrate (without 

hydrogel) and hydrogel-coated substrate by spherical tip. Adhesion measurements were 

performed on control substrate first (I), and then adhesion measurements were performed on 

hydrogel-coated substrate (J) with the same AFM tip. Finally, the same AFM tip was used to 

measure the adhesion force on control substrate again (K). (L,M) AFM height image (L) and 

deflection image (M) of the hydrogel-coated substrate. The blue asterisks indicate 

nanoparticles in the blank area of the hydrogel.
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Figure 3. 
Adhesion forces of the Sundew-inspired hydrogels with different component ratios via 

orthogonal experimental design. (A,B) Adhesion forces of hydrogels measured by a conical 

tip in L25(53) orthogonal experiments. (C,D) Adhesion forces of hydrogels measured by a 

spherical tip. (C) Adhesion forces of four hydrogels. (D) Adhesion forces of the hydrogels in 

L9(33) orthogonal experiments. (i) Histograms of adhesion forces in orthogonal experiments. 

(ii) Average adhesion forces for the different levels of each component in orthogonal 

experiments. (iii) Importance factors of each component in the orthogonal experiments. 

Importance factors indicate the importance of the three components in determining the 

adhesion force of the hydrogels. (E) Adhesion forces of the mucilage secreted by Sundew.
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Figure 4. 
Structural and mechanical properties of the hydrogels with different component (sodium 

alginate, gum arabic, Ca2+) ratios. (A–J) AFM height images of the hydrogels with different 

component ratios. (A) Hydrogel (1-1-5). (B) Hydrogel (2-2-10). (C) Hydrogel (3-3-15). (D) 

Hydrogel (4-5-20). The red arrow indicates the discretely distributed scaffold. The red 

asterisks indicate the nanoparticles distributed in the non scaffold areas. (E) Hydrogel 

(6-4-20). (F) Hydrogel (6-7-21). (G) Hydrogel (7-8-27). (H) Hydrogel (8-7-27). (I) Hydrogel 

(8-9-24). (J) Hydrogel (9-9-27). (K) SEM image of the hydrogel (3-3-15). The red asterisks 

indicate the nanoparticles distributed in the non scaffold areas. (L,M) Mechanical properties 

of the nine hydrogels with different component ratios measured by rheometer. (L) Storage 

modulus (G′) of the hydrogels. (M) Loss modulus (G″) of the hydrogels.
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Figure 5. 
Encapsulation of rhMG53 by Sundew-inspired hydrogels. (A–E) Confocal fluorescence 

microscopy of Alexa 647-labeled MG53s packed in different hydrogels. For each hydrogel, 

one typical fluorescence image and one corresponding optical bright field image were 

shown. (A) Hydrogel (3-3-15). (B) Hydrogel (4-5-20). The red arrows in (B) indicate the 

localized reservoir area containing MG53. (C) Hydrogel (6-4-20). (D) Hydrogel (6-7-21). 

(E) Hydrogel (8-7-27). (F–O) Exploring the mechanisms of interactions between MG53 

proteins and Sundew-inspired hydrogels. (F,G) Optical bright images of MG53-packed 

hydrogel (6-4-20). (F) was obtained by pipetting a drop of hydrogel onto a coverslip, and 

(G) was obtained by scratching the hydrogel drop with another coverslip to form a thin layer 

on the coverslip. Reservoir areas are denoted by the arrows in (F) and circle in (G). (H–J) 

AFM height image (H), AFM deflection image (I), and higher resolution AFM deflection 

image (J) of a reservoir area of the hydrogel. The red arrows in (I) indicate the scaffolds. (K) 

AFM height image of the reservoir area of the hydrogel (6-4-20). (L) AFM height image of 

the reservoir area of the hydrogel (6-6-20). (M) AFM height image of the solution (0-6-20). 

(N) AFM height image of the solution (0-8-20). (O) Zeta potential gum arabic nanoparticles 

in pure water.
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Figure 6. 
In vitro drug release and hydrogel degradation. (A,B) In vitro release of MG53 in three types 

of hydrogels. (A) Release in 8 days. (B) Release in 24 h. (C–N) Morphological changes of 

the hydrogel (6-4-20) during degradation in vitro. (C–F) Successive optical bright field 

images of the hydrogel coated on a coverslip after pipetting a drop of pure water on the 

hydrogel. (G–I) AFM height images of the different areas of the hydrogel (denoted by the 

squares in (F)). (G) corresponds to the square i. (H) corresponds to the square ii. The arrow 

in (H) indicates the melting of scaffold. (I) corresponds to the square iii. (J) Higher 

resolution AFM height image (the scan area is denoted by the square in (I)). (K,L) AFM 

height images of the degraded hydrogel washed by the second drop of water. (M,N) AFM 

height image (M) and AFM deflection image (N) of the degraded hydrogel washed by the 

third drop of water. The circles in (M) indicate the nanoparticles.
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Figure 7. 
No detectable toxicity or inflammation occurs in mice after subcutaneous injection of 

Sundew-inspired hydrogel. (A) H&E and F4/80 IHC staining of skin from mice injected 

with saline, burn cream, and Sundew-inspired hydrogel. (B) Representative H&E images of 

multiple-tissue types from mice injected with saline, burn cream, and Sundew-inspired 

hydrogel (n = 4 per group).
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Figure 8. 
Sundew-inspired hydrogel encapsulating rhMG53 formulation improves dermal wound 

healing in mice. (A) Cutaneous wounds were subcutaneously applied with saline, rhMG53, 

Sundew-inspired hydrogel, or Sundew-inspired hydrogel+rhMG53. (B) Excisional wounds 

images at different time points in mice receiving saline, rhMG53, Sundew-inspired hydrogel, 

or Sundew-inspired hydrogel +rhMG53. (C,D) Qualification of the wound closure following 

excisional wounding. (C) Sundew-inspired hydrogel treatment enhanced wound healing as 

compared to the saline control at day 5 and day 7, and (D) the treatment with Sundew-
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inspired hydrogel encapsulating rhMG53 significantly enhanced healing at day 5 and day 7 

as compared to saline or rhMG53 treatment alone (mean ± SD; **P < 0.01, n = 6 per group).
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Figure 9. 
Sundew-inspired hydrogel encapsulating rhMG53 reduces skin scar formation. (A) 

Excisional wounds of mice were treated with saline, rhMG53, Sundew-inspired hydrogel, or 

Sundew-inspired hydrogel encapsulating rhMG53. Representative macroscopic H&E (top 

panels) and Masson’s trichrome staining (bottom panels) images of the skin were taken at 

day 30 after injury. Images show decreased skin scar formation (collagen deposition, 

staining in blue). (B) Quantification of skin thickness in wound site on day 30 following 

excisional wounding from the mice treated with saline, rhMG53, Sundew-inspired hydrogel, 

or Sundew-inspired hydrogel encapsulating rhMG53 (mean ± SD; **P < 0.01, n = 4 per 

group).
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