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a b s t r a c t 

Compared with other types of hydrogels, natural derived hydrogels possess intrinsic advantages of 

degradability and biocompatibility. However, due to the low mechanical strength, their potential applica- 

tions in biomedical areas are limited. In this study, Hofmeister effect-enhanced gelatin/oxidized dextran 

(Gel/O-Dex) hydrogels were designed with improved mechanical properties and biocompatibility to accel- 

erate wound healing. Gel and O-Dex were chemically crosslinked through Schiff base reaction of aldehyde 

and amino groups. After soaking in kosmotrope solutions physical crosslinking domains were induced by 

Hofmeister effect including α-helix structures, hydrophobic interaction regions and helical junction zones 

among Gel molecular chains. The type of anions played different influence on the properties of hydrogels, 

which was consistent with the order of Hofmeister series. Particularly, H 2 PO 4 
− treated hydrogels showed 

enhanced mechanical strength and fatigue resistance superior to that of Gel/O-Dex hydrogels. The under- 

lying mechanism was that the physical crosslinking domains sustained additional mechanical stress and 

dissipated energy through cyclic association and dissociation process. Furthermore, Hofmeister effect only 

induced polymer chain entanglements without triggering any chemical reaction. Due to Hofmeister effect 

of H 2 PO 4 
− ions, aldehyde groups were embedded in the center of entangled polymer chains that resulted 

in better biocompatibility. In the full-thickness skin defects of SD rats, Hofmeister effect-enhanced Gel/O- 

Dex hydrogels by H 2 PO 4 
− ions accelerated wound healing and exhibited better histological morphology 

than ordinary hydrogels. Therefore, Hofmeister effect by essential inorganic anions is a promising method 

of improving mechanical properties and biocompatibility of natural hydrogels to promote medical trans- 

lation in the field of wound healing from bench to clinic. 

Statement of significance 

Hofmeister effect enhanced hydrogel mechanical properties in accordance with the order of Hofmeister 

series through physical crosslinking that induced α-helix structures, hydrophobic interaction regions and 

helical junction zones among Gel molecular chains. Due to the Hofmeister effect of H 2 PO 4 
− ions, aldehyde 

groups were embedded in the center of entangled polymer chains that resulted in better biocompatibil- 

ity. Hofmeister effect-enhanced Gel/O-Dex hydrogels through H 2 PO 4 
− ions accelerated wound healing and 

exhibited better histological morphology than ordinary hydrogels. Therefore, Hofmeister effect by essen- 

tial inorganic anions is a promising method to improve mechanical properties and biocompatibility of 

natural hydrogels for their medical applications.. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Hydrogels are water-swollen polymeric matrices formed by 

hemical crosslinking of covalent bonds or physical crosslinks from 

ntanglements and interactions between polymer chains [ 1 , 2 ]. Due 

o their capacity of high water content, hydrogels are widely used 

n tissue engineering to simulate physiological environments and 

https://doi.org/10.1016/j.actbio.2022.08.009
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2022.08.009&domain=pdf
mailto:xmm@dhu.edu.cn
mailto:jianfengpan@tongji.edu.cn
https://doi.org/10.1016/j.actbio.2022.08.009


B. Zhao, Y. Zhang, D. Li et al. Acta Biomaterialia 151 (2022) 235–253 

f

f

n

s

c

s

H

n

c

i

o

n

e

t

u

r

n

a

n

n

s

e

d

v

l

d

f

t

m

t

a

P

o

m

o

I

i

i

a

i

s

p

m

t

c

w

o

u

c

i

t

o

p

v

c

r

k

b

t

m

i

w

p

e

f

t

a

t  

C  

a

p

t

t

o

H

c

o

f

p

o

t

a

d

a

G

f

p

o

c

i

c

g

r

p

i

O

b

a

w  

o

m

t

c

t

r

c

r

H

e

f

t

n

g

m

t

c

f

D

t

d

o

d

e

H

e

o

c

b

acilitate tissue regeneration. Depending on the material source of 

abrication, hydrogels can be classified into three categories: (i) 

atural derived hydrogels, (ii) synthetic hydrogels, and (iii) natural- 

ynthetic copolymer hydrogels. Synthetic and natural-synthetic 

opolymer hydrogels can be prepared with precisely controlled 

tructures and generally exhibit exceptional mechanical properties. 

owever, they will not be completely degraded into human body’s 

atural metabolites through simple degradation under physiologi- 

al conditions. The problems of biocompatibility and irritation of 

nflammatory reaction are still under close concern due to the use 

f toxic chemicals in their synthesis or processing [3] . In contrast, 

atural hydrogels that are derived from natural polymers, usually 

xhibit potential advantages of biocompatibility and biodegrada- 

ion. These hydrogels offer the possibility to create completely nat- 

ral tissue or organ equivalents since they are composed of natu- 

ally occurring substances. They can be produced from absorbable 

atural materials such as gelatin, collagen, alginate, hyaluronate 

nd dextran polymers. The unfavorable problems of synthetic or 

atural-synthetic hydrogels may thereby be suppressed. Generally, 

atural hydrogels are more complicated in structure than most 

ynthetic hydrogels and the technical manipulation is also more 

laborate. Therefore, we focus our research efforts on natural hy- 

rogels and their chemically-physically modified versions to pro- 

ide an unprecedented solution. 

Because the application range of natural hydrogels is severely 

imited by their mechanical properties, the critical challenge nowa- 

ays is how to improve their mechanical strength. This is critical 

or implanting them into the body to replace native tissue and in- 

egrating them with the rest of the body, as the natural hydrogels 

ust create and maintain a space for tissue development. Addi- 

ionally, the mechanical properties of hydrogels are also tightly 

ssociated with the adhesion and gene expression of cells [4] . 

revious work has demonstrated that the mechanical properties 

f hydrogels mainly depend on the types of crosslinked polymer 

olecules, the original rigidity of polymer chains, the swelling 

f hydrophilic/hydrophobic balance and crosslinking density [5] . 

n the past few years, several strategies have been proposed to 

mprove the mechanical strength of natural polymer hydrogels 

ncluding multiple gelation methodologies and nano-reinforced 

pproaches doped with various nanoscale fillers [ 6 , 7 ]. By us- 

ng chemical and physical crosslinking in tandem, double-network 

tructure was introduced to increase the crosslinking sites between 

olymers and the resultant modified hydrogels showed improved 

echanical properties compared to their original state [8] . Never- 

heless, the multiple gelation methodologies typically require more 

umbersome processes designed to impart mechanical behaviors, 

hich may impede the optimization of other functions. Also, 

ther hybrid hydrogels comprising phyllosilicate nanoplatelets or 

ltralong hydroxyapatite nanowires were prepared to provide me- 

hanical reinforcement [ 9 , 10 ]. The interesting nanofillers required 

n the reinforced hydrogels may play an appreciable impact on 

he performance of the scaffold material, thereby compromising 

ther desired properties. Thus, a substantial need exists for natural 

olymer hydrogels that improve the mechanical performance 

ia a simple and straightforward strategy without sacrificing the 

onvenience of handling and the simplicity of manipulation. 

Recently, Hofmeister effect-assisted gelatin hydrogels were fab- 

icated to obtain ductile and strong mechanical properties. Highly 

osmotropic ions were proven to greatly enhance the chain 

undling and hydrophobic interactions via Hofmeister effect so 

hat extraordinary mechanical strength was achieved in kos- 

otropic ions induced gelatin gels [11] . The Hofmeister series was 

ntroduced by Hofmeister in 1888, in which a series of experiments 

ere conducted to rank various salts according to their ability to 

recipitate egg white proteins in aqueous solutions. Since then, the 

ffect of ions on protein stability has been called Hofmeister ef- 
236 
ect [12] . This behavior is dominated by anions, and the Hofmeis- 

er effect of cations is not as pronounced as that of anions. For 

 given cation, the precipitation ability of different anions to pro- 

ein is ordered as: CO 3 
2 − > SO 4 

2 − > S 2 O 3 
2 − > H 2 PO 4 

− > F − >

H 3 COO 

− > Cl − > Br − > NO 3 
− > I − > ClO 4 

− > SCN 

− [13] . In this

nion series, the ions to the left of chloride are effective in the 

recipitation of proteins and referred to as kosmotropes, whereas 

hose to the right of chloride are less effective to precipitate pro- 

ein and referred to as chaotropes. It provides a qualitative ranking 

f the effectiveness of protein precipitation. Apart from this, the 

ofmeister series was also applicable to many other protein pro- 

esses as previously noted [14] . In kosmotropic ions the exposure 

f protein surface to water is reduced to favor processes of protein 

olding, precipitation, aggregation, while in chaotropic ions the ex- 

osure of protein surface to water is enhanced to favor processes 

f protein unfolding and dissolving. The molecular mechanism for 

his Hofmeister effect is attributed to the direct interactions of the 

nions with the macromolecule and its immediately adjacent hy- 

ration shell [ 13 , 15 ]. Therefore, the Hofmeister effect seems to be 

 simple way to enhance the mechanical strength of hydrogels. 

enerally, kosmotropes are small and strongly hydrated to stabilize 

olded proteins while chaotropes are large and weakly hydrated to 

romote protein denaturation [16] . By applying Hofmeister effect 

f kosmotropic ions into natural hydrogels, ductile and strong me- 

hanical properties are promising to achieve without sacrificing the 

ntrinsic cellular interaction of proteins. 

The natural polymer hydrogels based on Schiff base reaction 

an be fabricated by spontaneous crosslinking of an aldehyde 

roup and an amino group at room temperature [ 17 , 18 ]. Recent 

esearches have shown that these hydrogels have good biocom- 

atibility and a simple preparation process while maintaining an 

nterconnected macroporous structure and high water content [19] . 

ur previous studies have shown that natural polymer hydrogels 

ased on Schiff base reaction possess effective hemostatic ability 

nd tissue adhesion, which is a promising therapeutic strategy for 

ound healing [ 20 , 21 ]. In order to further broaden the application

f these natural polymer hydrogels, it is necessary to improve their 

echanical strength. The Schiff base reaction is mild and fast, and 

he Hofmeister effect does not require specific equipment or other 

omplicated chemical reagents. Thus, the preparation of Hofmeis- 

er effect-enhanced natural polymer hydrogels based on Schiff base 

eaction is simple and easy to operate, and mechanical strength 

an be regulated by adjusting the type and concentration of ions. 

Herein, a natural polymer hydrogel was fabricated by incorpo- 

ating both chemical crosslinks and physical crosslinks, in which 

ofmeister effect was combined with Schiff base reaction in syn- 

rgy to enhance the mechanical strength. Gelatin is hydrolyzed 

rom collagen that is the major component of extracellular ma- 

rix (ECM) in the native skin. Compared with collagen, gelatin does 

ot elicit any noticeable antigenicity in vivo . The abundant amino 

roups of gelatin also allow facile modifications with other bio- 

aterials including physical and chemical crosslinking. Based on 

he low antigenicity, accessible functional groups and its chemi- 

al similarities to skin ECM, gelatin was chosen as a material to 

abricate hydrogel for wound healing. Then oxidized dextran (O- 

ex) was prepared by oxidizing dextran with sodium periodate 

o get aldehyde groups. The chemical crosslinking sites were pro- 

uced from amino groups of gelatin (Gel) and aldehyde groups 

f O-Dex through Schiff base reaction. The physical crosslinking 

omains were induced by kosmotropic ions through Hofmeister 

ffect. Various kosmotropic ions were introduced to evaluate the 

ofmeister effect of different ion types on the mechanical prop- 

rties of Gel/O-Dex hydrogels. At the same time, the adverse effect 

f ions on the biocompatibility of hydrogels was also considered to 

hoose the optimal kosmotropic ions. Following these procedures, 

oth improved biocompatibility and mechanical behavior were ob- 
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ained in this study. Especially for the mechanical properties, dou- 

le crosslinked networks allowed for cyclic loading and unload- 

ng to resist fatigue. The Schiff base crosslinking bonds dispersed 

he stress throughout the entire networks to maintain the shape 

f the hydrogel. When the hydrogel was deformed under stress, 

he physical crosslinks absorbed and dissipated energy through re- 

ersible dissociation. When the stress was removed, the physical 

rosslinks were formed again. Then the hydrogel returned to its 

riginal state. Moreover, Hofmeister effect only affected the phys- 

cal structure of Gel/O-Dex hydrogels, and the chemical structure 

id not change. As a result, aldehyde groups were embedded in the 

enter of entangled polymer chains to obtain better biocompatibil- 

ty after Hofmeister effect induced the change of physical struc- 

ure. Thus, we further evaluated the efficacy of Hofmeister effect- 

nhanced Gel/O-Dex hydrogels in the process of wound healing to 

erify the feasibility of Hofmeister effect to improve biocompatibil- 

ty and mechanical behavior for future clinic applications. 

. Materials and methods 

.1. Chemicals and reagents 

Dextran (Dex, Mw ≈70 0 0 0) and phosphate buffer saline (PBS, 

H = 7.4) were purchased from Sigma-Aldrich. Gelatin (Gel, from 

sh skin) was obtained from Shanghai Haiqing Water Producer 

echnology Co., Ltd. Sodium periodate (NaIO 4 ), ethylene glycol, 

nhydrous sodium carbonate (Na 2 CO 3 ), anhydrous sodium sulfate 

Na 2 SO 4 ), sodium thiosulfate pentahydrate (Na 2 S 2 O 3 ·5H 2 O), and 

odium dihydrogen phosphate dihydrate (NaH 2 PO 4 ·2H 2 O) were ob- 

ained from Sinopharm Chemical Reagent Co., Ltd. ATDC5 cells 

ere supplied by the institute of Biochemistry and Cell biology 

Chinese Academy of Sciences, China). Cell Counting Kit-8 (CCK- 

), Fetal bovine serum (FBS), DME/F12 medium and other related 

eagents were obtained from Gibco Life Technologies. 

.2. Synthesis of O-Dex 

O-Dex was synthesized by oxidizing hydroxyl groups of dex- 

ran to aldehyde groups using sodium periodate. Firstly, dextran 

as dissolved in deionized water to obtain a homogeneous solu- 

ion at concentration of 10% (w/v). 10% (w/v) sodium periodate so- 

ution was added dropwise to dextran solution at varying molar ra- 

io of sodium periodate to dextran (n(NaIO 4 )/n(Dex): 0.5, 0.75, 1.0, 

.5 and 2.0). The reaction proceeded in the dark at 25 °C for 4 h.

hereafter, 2 ml of ethylene glycol was added dropwise to stop the 

eaction. Then, the solution obtained above was purified via dial- 

sis (Mw = 3500) against deionized water for least 3 days to re- 

ove residual sodium periodate and other small molecules. Finally, 

-Dex with different percent of aldehyde groups was obtained by 

reezing the solution and lyophilizing in a low temperature freeze 

ryer. 

.3. Preparation of Hofmeister effect-enhanced Gel/O-Dex hydrogels 

Firstly, O-Dex and Gel were dissolved in deionized water to 

repare a homogeneous solution at concentration of 10% and 

0%(w/v). 10% O-Dex and 20 % Gel solutions were mixed uni- 

ormly to allow Schiff base reaction to get Gel/O-Dex hydrogels. 

ofmeister effect-enhanced Gel/O-Dex hydrogels were obtained by 

mmersing Gel/O-Dex hydrogels in different types of Hofmeister 

eries salt solutions for 12 h. To compare the influence of Hofmeis- 

er series on the properties of hydrogels, the molar concentration 

f CO 3 
2 −, SO 4 

2 −, S 2 O 3 
2 −, and H 2 PO 4 

− was fixed at 2 mol/L. After

electing the optimal kosmotropic ion, Gel/O-Dex hydrogels were 

oaked in different concentration of 10, 20, 30 wt% to explore the 
237 
nfluence of ion concentration on the performance of Gel/O-Dex 

ydrogels. 

.4. Characterization of hydrogels before and after chemical or 

hysical treatment 

All hydrogels were characterized including natural gelatin, 

el/O-Dex hydrogels and Hofmeister effect-enhanced Gel/O-Dex 

ydrogels by various anions to compare the performance before 

nd after chemical crosslinking of Schiff base or physical crosslink- 

ng of Hofmeister effect treatment. After immersing in kosmotrope 

olutions for Hofmeister effect, hydrogels were rinsed in deionized 

ater three times (5 min each) to remove the excessive salt. The 

orphology, chemical structure and specific surface area of the 

ydrogels were evaluated by using scanning electron microscopy 

SEM, JSM-5600, JEOL, Japan), Fourier transform infrared spec- 

roscopy (FTIR, FTIR-7600, Australia), and X-ray photoelectron spec- 

roscopy (XPS, Escalab 250Xi). Brunauer-Emmet-Teller (BET) spe- 

ific surface area of hydrogels was examined after cooling in liquid 

itrogen by a surface area analyser (TriStar II 3020, Micromerit- 

cs, USA). The pore size was measured by using image analysis 

oftware (Image-J, National Institutes of Health, USA) to calculate 

00 pores randomly observed on the SEM images. The distribution 

as analyzed and plotted by using OriginPro 9.1 software (Origin- 

ab,USA). 

.5. Mechanical evaluation of Hofmeister effect-enhanced Gel/O-Dex 

ydrogels 

The mechanical evaluation was conducted by a universal mate- 

ial testing machine (Dejie, DXLL-20 0 0 0, China). For the compres- 

ion tests, a cylindrical hydrogel of 10 mm in diameter and height 

as placed on the lower plate, and the upper plate was com- 

ressed downward at a speed of 5 mm min 

−1 . For the tensile tests, 

he hydrogels were made into cuboid shapes (length, width and 

hickness of 50, 8 and 5 mm), and the effective stretching distance 

etween the upper and lower jigs was 30 mm with a strain rate 

f 50 mm min 

−1 . The tensile and compression loading-unloading 

ests were performed at a speed of 5 mm min 

−1 for five cycles. 

ll samples were analyzed in triplicate to assess their mechanical 

roperties. 

.6. Swelling assessment and in vitro degradation 

All hydrogels were tested in triplicate to measure swelling and 

egradation properties. The swelling behavior was expressed as the 

welling ratio (SR). Firstly, the hydrogel samples were immersed 

n PBS solution for 24 h to reach equilibrium swelling state and 

hen were wiped off to remove excess water. The swollen hydro- 

els were weighed as W s . After that, the samples were lyophilized 

nd the dry weight of the hydrogels were referred to as W d . SR

as calculated by the following equation: 

R = 

W s − W d 

W d 

× 100% 

In vitro degradation experiments were performed in PBS buffer 

olution. Briefly, the hydrogels were placed in a 50 ml centrifuge 

ube containing 30ml of PBS solution, and then placed in a shaker 

t 37 °C for degradation experiments. The samples were taken out 

t a predetermined time and the weight of degraded hydrogels 

ere referred to as W i after wiping off the moisture on the sur- 

ace. Weight remaining (%) of hydrogels after degradation was cal- 

ulated by the following formula: 

 eight remaining = 

W i 

W o 
× 100% 

 o was the weight of original hydrogels. 
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.7. Cytotoxicity assay in vitro by CCK-8 

The cytotoxicity assay was evaluated by coculturing with ATDC5 

ells in vitro for 1, 3 and 5 days. ATDC5 cells were cultured in

ME/F12 medium containing 20% fetal bovine serum and 1% peni- 

illin/streptomycin at 5% CO 2 and 37 °C. The complete medium was 

eplaced every three days. Before ATDC5 cells seeding on the sur- 

ace of hydrogels, complete medium was added to completely im- 

erse the hydrogels overnight to full swelling. Subsequently, the 

edium was replaced and 100 μL of cell suspension of 1 × 10 5 

ells/mL was added on the surface of hydrogels. The complete 

edium was changed every day. The cytotoxicity of hydrogels at 

, 3 and 5 days was determined by CCK-8 assay. Firstly, the cul- 

ure medium was replaced with 100 μl of 10% CCK-8 solution and 

00 μl fresh complete medium. Then they were incubated for 1 h 

nder light shielding conditions in a 5% CO 2 incubator at 37 °C. 

ereafter, 100 μl of the sample solution was transferred in a 96- 

ell tissue culture plate to be tested. The optical density (OD) 

alue of absorbance was measured at a wavelength of 450 nm by 

sing a multidetection microplate reader (Multiscan GO, Thermo 

cientific). The samples were tested in triplicate and the results re- 

ected the cytotoxicity of hydrogels. 

.8. Biocompatibility measurement in vivo 

The in vivo biocompatibility measurement was performed by 

mplanting Gel/O-Dex hydrogels and Hofmeister effect-enhanced 

el/O-Dex hydrogels by H 2 PO 4 
− ions into the back of SD rats. 

ofmeister effect-enhanced Gel/O-Dex hydrogels were prepared 

y immersing in NaH 2 PO 4 solution at the concentration of 20% 

or 12 h and subsequently rinsed in deionized water three times 

5 min each) to remove the excessive salt. After the rats were anes- 

hetized with 10% chloral hydrate (350 mg/kg), the hydrogels were 

mplanted subcutaneously through a midline incision on the back. 

fter 3 and 6 weeks, SD rats were sacrificed by excessive anesthe- 

ia and subcutaneous samples were collected to assess local bio- 

ompatibility in vivo . Local foreign-body reaction was compared 

etween Gel/O-Dex samples and Hofmeister effect-enhanced sam- 

les. Then tissues of spleen, heart, kidney, lung and liver were col- 

ected to evaluate the function of vital organs to further confirm 

he biocompatibility of hydrogels in vivo . Vital organ tissues of nor- 

al SD rats served as control group. All tissue samples were fixed 

nd embedded in paraffin. Then they were cut into a thickness of 

.0 μm and stained with hematoxylin-eosin (HE) for histological 

bservation. All animal experiments were performed according to 

he guidelines approved by the Animal Committee of Tongji Uni- 

ersity, China. 

.9. Wound healing measurement in SD rats of full-thickness skin 

efects 

Forty-five adult male SD rats (weighing 300 g-350 g) were per- 

ormed with full-thickness skin defects for wound healing mea- 

urement. These rats were divided into three groups: control 

roup, Gel/O-Dex hydrogel group (hydrogel group), and H 2 PO 4 
−

ofmeister effect-enhanced Gel/O-Dex hydrogel group (Hofmeister 

roup). After intraperitoneal injection of 10% chloral hydrate, SD 

ats were anesthetized and a full-thickness skin defect with the 

iameter of 1.5 cm was made on the dorsum of each rat with 

urgical scissors. The skin defects in the control group were not 

reated with any materials. The skin defects in the hydrogel group 

ere treated with Gel/O-Dex hydrogels, and the skin defects in 

he Hofmeister group were treated with H 2 PO 4 
− Hofmeister effect- 

nhanced Gel/O-Dex hydrogels. The wound morphology and heal- 

ng process were observed immediately after operation, 1, 2, and 3 

eeks after treatment. 
238 
.10. Wound healing analysis and histological analysis 

In the process of wound healing, the differences of wound heal- 

ng among three groups were evaluated by calculating wound clo- 

ure percentage. At 1, 2, and 3 weeks after treatment, all wounds 

ere captured by high-resolution images under the backdrop of 

 metric ruler. The wound area was identified by the boundary 

f epithelialization and analyzed using Image J software. Wound 

losure percentage was calculated as follows: wound closure per- 

entage (%) = (A-B/A) × 100%. Among them, A was the immediate 

ound area postoperatively, and B was the wound area at 1, 2, and 

 weeks after treatment. 

At 1, 2, and 3 weeks after the operation, the rats were sacri- 

ced to collect the wound and surrounding regenerated skin tis- 

ue for histological analysis. The tissue samples were fixed in 4% 

araformaldehyde overnight, and then dehydrated in a series of 

raded ethanol. After vitrification by dimethylbenzene, the samples 

ere incubated in paraffin-dimethylbenzene overnight to remove 

he dimethylbenzene and deposited in paraffin. Then the samples 

ere cut into a thickness of 8.0 μm and adhered to a glass slide. 

fter deparaffinization and hydration, the sections were stained 

ith HE and Masson’s trichrome staining for histological analysis. 

.11. Statistical analysis 

All experiments were performed on three replicates, unless oth- 

rwise mentioned. IBM SPSS Statistics 19.0 and GraphPad Prism 5.0 

oftware were used to perform statistical analysis. The data were 

resented as the mean ± standard deviation (SD). Statistical sig- 

ificance was considered at p < 0.05 via the Student’s t-test. ( ∗

epresented p < 0.05.) 

. Results and discussion 

.1. Mechanism and preparation of Hofmeister effect-enhanced 

el/O-Dex hydrogels 

Hofmeister effect-enhanced Gel/O-Dex hydrogels are innovative 

ydrogels by combining chemical crosslinking of Schiff base and 

hysical crosslinking of Hofmeister effect based on natural gelatin 

ydrogels. The typical fabrication procedures are schematically de- 

icted in Fig. 1 . First, dextran was oxidized by sodium periodate 

o obtain aldehyde groups. Through optimizing the reaction con- 

itions of NaIO 4 oxidation and the molar ratio of NaIO 4 to dex- 

ran n(NaIO 4 )/n(Dex), O-Dex containing different percent of alde- 

yde groups were obtained following dialyzed purification and 

reeze-dried treatment. Gelatin naturally has amino groups that 

llow chemical crosslinking of Schiff base by introducing alde- 

yde groups of O-Dex. Gelatin and O-Dex were dissolved into 

omogeneous solutions and uniformly mixed together. The Schiff

ase reaction was carried out by spontaneous crosslinking of 

mino groups and aldehyde groups to form Gel/O-Dex hydrogels. 

n the next step, Gel/O-Dex hydrogels were immersed into kos- 

otrope solutions and converted into Hofmeister effect-enhanced 

el/O-Dex hydrogels. Normally, the addition of kosmotropic ions 

nto gelatin solution results in gelatin precipitation. Unlike it, 

hen crosslinked Gel/O-Dex hydrogels are immersed into kos- 

otrope solutions, the crosslinking sites of Schiff base (-CH = N-) 

nd helical bundling of gelatin chains can limit the movement of 

elatin molecular chains to inhibit the process of precipitation. In 

his study, kosmotropic ions of Hofmeister series included CO 3 
2 −, 

O 4 
2 −, S 2 O 3 

2 −, and H 2 PO 4 
−. Through selecting the optimal kos- 

otropic ion, the target samples with superior mechanical prop- 

rties were subsequently produced for advanced applications. 

By changing the reaction conditions different percent of 

ldehyde groups was achieved in O-Dex. Dextran is a com- 
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Fig. 1. (a) Gelatin is the hydrolyzed form of collagen, the major component of natural skin, wherein the abundant amino groups allow for physical and chemical crosslinking. 

Dextran was oxidized by sodium periodate to obtain aldehyde groups. (b) The relationship between aldehyde group content and oxidant dosage. (c) The relationship between 

oxidation efficiency and oxidant dosage. (d) FTIR spectra of dextran (Dex) and oxidized dextran (O-Dex). (e) Schematic diagram of preparing Hofmeister effect-enhanced 

Gel/O-Dex hydrogels for accelerating wound healing. Step 1: Gel/O-Dex hydrogels were prepared by chemical crosslinking of natural gelatin with aldehyde groups of O-Dex 

through Schiff base reaction. Step 2: Hofmeister effect-enhanced Gel/O-Dex hydrogels were prepared by inducing hydrophobic interactions among gelatin chains to form 

physical crosslinking of Hofmeister effect in kosmotrope solutions. Step 3 and Step 4: Considering biological essentiality and biosafety, Hofmeister effect-enhanced Gel/O-Dex 

hydrogels by H 2 PO 4 
− ions were selected with improved mechanical properties and biocompatibility to promote wound healing. 
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lex branched polysaccharide formed by condensation of α-D- 

lucopyranose rings, which have glycosidic bonds predominantly 

inking the carbon atoms of C1 to C6. Given the specificity of peri- 

date ions for vicinal diols, there are two sites (C2-C3 and C3-C4) 

hat can be cleaved by periodate oxidation. The adjacent hydroxyl 

roups at C2-C3 or C3-C4 positions were oxidized to form aldehyde 

roups ( Fig. 1 a). If sodium periodate is excessive, it will be further 

xidized to C2 and C4 positions ( Fig. 1 a). The amount of yielded

ldehyde groups was associated with the amount of sodium peri- 

date. Since NaIO 4 also has an oxidizing effect on the molecular 

hain and other structures of dextran, the efficiency cannot reach 

00%, which is compromised by oxidative cleavage of the molecu- 

ar chain and the further oxidation of aldehyde groups by NaIO 4 . 

Fig. 1 b showed the relationship between aldehyde group con- 

ent and oxidant dosage after full oxidation reaction. The molar ra- 

io of sodium periodate to dextran (n(NaIO 4 )/n(Dex)) was assigned 

t 0.5, 0.75, 1.0, 1.5 and 2.0. First, the percent of aldehyde groups 

ncreased rapidly with the increase of oxidant dosage (0.5 to 1.5). 

hen the molar ratio of NaIO 4 to Dex was 1.50, the degree of oxi- 

ation reached the maximum of 84.64 ±4.08%. Thereafter, with the 

odium periodate increased (1.5 to 2.0), the percent of aldehyde 

roups decreased to some extent. This was ascribed to the further 

xidation of aldehyde groups into carboxyl groups by NaIO 4 . 

Theoretically, the mole of consumed NaIO 4 during the pro- 

ess of oxidation reaction is equivalent to the mole of cleaved 

lucopyranose rings. Due to the existence of other sites that 

an be oxidized by sodium periodate, the actual consumption of 

aIO 4 was more than the theoretical amount, resulting in the 

xidation efficiency lower than 100%. When the molar ratio of 

(NaIO 4 )/n(Dex) was 0.5, 0.75, 1.0, 1.5 and 2.0, the oxidation ef- 

ciency was 75.00 ±3.82%, 75.20 ±5.91%, 75.11 ±2.26%, 56.43 ±2.72% 

nd 20.71 ±1.28%, respectively ( Fig. 1 c). While the amount of NaIO 4 

as less than the amount of Dex (n(NaIO 4 )/n(Dex) less than 1.0), 

he oxidation efficiency remained constant and approximately at 

5%, indicating that 25% of consumed NaIO 4 reacted with other 

tructures of dextran. While the amount of NaIO 4 increased and 

urpassed the amount of Dex (n(NaIO 4 )/n(Dex) more than 1.0), the 

xidation efficiency decreased drastically, but the aldehyde content 

ontinued to reach the maximum of 84.64 ±4.08% at molar ratio 

f 1.50. Therefore, the oxidation efficiency and the yielded alde- 

yde group content cannot be optimized at the same time. In this 

tudy, we selected the molar ratio of 1.5 to yield O-Dex with the 

ighest aldehyde group content that aimed at highest Schiff base 

rosslinking. 

After periodate oxidation FTIR spectrum was used to confirm 

he introduction of aldehyde groups. As shown in Fig. 1 d, the broad 

and of 380 0-30 0 0 cm 

−1 in the infrared absorption spectra of dex- 

ran and O-Dex was associated with the stretching vibration of 

ydrogen bond, indicating that both of them have high hydroxyl 

roup content. As a strong polar group, hydroxyl group can form 

ydrogen bond. Due to the presence of hydroxyl groups, the hydro- 

en bonding occurred and the stretching vibration peak increased. 

t was seen from FTIR spectrum that the intensity of absorption 

eak of O-Dex at 380 0-30 0 0 cm 

−1 was lower than that of un-

reated dextran. This was ascribed to the conversion of hydroxyl 

roups to aldehyde groups during the oxidation process, thereby 

educing the peak intensity. 

After the oxidation reaction, the hydroxyl content of O-Dex de- 

reased, and hydroxyl groups were converted into aldehyde groups 

r carboxyl groups, of which the aldehyde groups were main prod- 

cts and the carboxyl groups were over-oxidized by-products. Cor- 

espondingly, an absorption peak appeared at 1733 cm 

−1 in the 

nfrared absorption spectrum of O-Dex, which was characteristic 

or the aldehyde carbonyl group C = O stretching vibration. It was 

orth noting that the intensity of absorption peak at 1733 cm 

−1 

as relatively weak. This was due to the interaction between alde- 
240
yde group and adjacent hydroxyl group on the O-Dex molecular 

tructure to form a hemiacetal. The formation of hemiacetal weak- 

ned the absorption peak of aldehyde group and confirmed the 

xistence of above-mentioned reaction mechanism. Therefore, the 

nalysis of infrared absorption spectroscopy verified the structure 

f dextran and O-Dex, in which O-Dex was formed by the oxida- 

ion of dextran hydroxyl groups to introduce aldehyde groups. 

.2. Chemically or physically crosslinked versions of natural gelatin 

ydrogels 

At room temperature gelatin maintained a gel state due to the 

ntermolecular forces between amino and carboxyl groups. Among 

he gelatin molecule chains, hydrogen bonds were formed to link 

hains and create helical junction zones that led to the formation 

f a gelatin hydrogel. At the temperature around 40 °C, the link- 

ges between gelatin molecular chains were destabilized so that 

elatin gel transformed into a solution state and presented a ran- 

om coil structure in solution. After chemically crosslinking with 

-Dex, Gel/O-Dex hydrogel exhibited a stable gel state whether at 

oom or higher temperature. The chemical crosslinking of Schiff

ase caused the extension of Gel and O-Dex polymer chains, re- 

ulting in the expansion of hydrogel structure and the increase 

f pore size. As shown in Fig. 2 a, Gel/O-Dex hydrogel showed 

arger pore size than gelatin hydrogel. This was consistent with 

he reported structure of other Schiff-based hydrogels in the litera- 

ures, indicating that Schiff base reaction had been successfully ap- 

lied to prepare Gel/O-Dex hydrogels. Pore size, porosity, and pore 

tructure are important factors to be considered, because they are 

losely associated with the supply of oxygen and nutrients to cells 

nd the removal of metabolic waste while implanting hydrogel in 

ivo . 

To further confirm the inner architectures of gelatin and Gel/O- 

ex hydrogels, Brunauer-Emmet-Teller (BET) specific surface area 

ests of the freeze-dried samples were performed to estimate the 

orosity. The nitrogen adsorption/desorption isotherms of natural 

elatin hydrogel and Gel/O-Dex hydrogel were shown in Fig. 2 b. 

ccording to the Brunauer classification, the adsorption/desorption 

urve corresponded to a typical type III isotherm that did not ex- 

ibit any limiting adsorption at high relative pressures [22] . With 

he increase of the relative pressure, the adsorption amount in- 

reased gradually. Then the adsorption became quite abrupt when 

t was close to the saturation vapor pressure, indicating that 

he adsorption on these two kinds of macroporous solids pro- 

eeded through unrestricted multilayer formation. As also shown 

n Fig. 2 b, the adsorption process was accompanied by adsorption- 

esorption hysteresis. According to the IUPAC recommendations, 

he hysteresis loops observed in gelatin and Gel/O-Dex hydrogels 

ere classified as type H3 loops that did not level off at rela- 

ive pressures close to the saturation vapor pressure (P/P 0 = 1) [23] . 

he hysteresis loops revealed the thermodynamic metastability of 

dsorption-desorption and the property of pore connectivity. In the 

rocesses of adsorption and desorption, capillary condensation or 

apillary evaporation was delayed respectively and did not take 

lace at the same pressure that the gaslike and liquidlike phases 

oexisted in the pores. The pore connectivity demonstrated by hys- 

eresis loops was consistent with the inner architectures of gelatin 

nd Gel/O-Dex hydrogels observed by scanning electron micro- 

cope. The network of pore connectivity was expected to play an 

mportant role in adsorption-desorption processes. Because larger 

ores were connected to the surrounding smaller pores, at the rel- 

tive pressure corresponding to the capillary evaporation of larger 

ores, the smaller pores were still filled with the condensed ad- 

orbate and the larger pores were not emptied completely. Only 

t the relative pressure corresponding to the capillary evaporation 

f smaller connecting pores, larger pores were emptied. Thus, type 
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Fig. 2. The method of crosslinking (Schiff base and Hofmeister effect) was shown to play an important role in the inner architecture and mechanical strength of natural 

gelatin hydrogels. (a) SEM images of natural gelatin hydrogel and Gel/O-Dex hydrogel after chemical crosslinking of Schiff base. (b) Typical nitrogen adsorption-desorption 

isotherms of gelatin and Gel/O-Dex hydrogels. (c–e) The influence of chemical crosslinking, physical crosslinking and their combination on the mechanical properties of 

hydrogels. (chemical: Schiff-based chemical crosslinking; 10%, 20%, 30% physical: H 2 PO 4 
− physical crosslinking at the concentration of 10%, 20%, 30%; physical-chemical: the 

combination of chemical and physical crosslinking.) (f–h) Based on chemical crosslinking, physical crosslinking significantly enhanced the mechanical properties of hydrogels 

at the scale of several times. (i, j) The mechanical properties enhanced by the synergistic effect of physical-chemical crosslinking were significantly higher than the adding 

up of single physical with single chemical crosslinking. 
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3 hysteresis loops showed the non-uniformity of the pores. Cor- 

espondingly, the BET specific surface areas of gelatin and Gel/O- 

ex hydrogels were 14.33 and 38.95 m 

2 g –1 , respectively. Com- 

ared with gelatin hydrogel, the specific surface area of Gel/O-Dex 

ydrogel was increased by 171.8%, which was mainly due to the 

xtension of polymer chains after chemical crosslinking of Schiff

ase. 

In addition to the inner architecture, the method of crosslinking 

lso played varying effect on the mechanical strength of hydro- 

els. Compared with natural gelatin hydrogel, chemical crosslink- 

ng enhanced mechanical strength of Gel/O-Dex hydrogel by more 

han five times ( Fig. 2 c). Moreover, physical crosslinking also in- 

reased the mechanical properties to varying degrees. After soak- 

ng in 10, 20, and 30% NaH 2 PO 4 aqueous solutions, the physical 

rosslinking of Hofmeister effect was introduced in gelatin hydro- 

els. The compressive strength of gelatin hydrogels treated with 10 

 NaH 2 PO 4 was 2.77 kPa. After soaking in 20 and 30% NaH 2 PO 4 so-

utions, the compressive strengths of gelatin hydrogels were 16.65 

nd 83.09 kPa, exhibiting superior mechanical properties ( Fig. 2 d). 

y combination of physical and chemical crosslinking, the mechan- 

cal properties showed varying degrees of strength variation with 

he similar regularity ( Fig. 2 e). Specifically, whether it was 10% or 

0%, or even 30%, the physical crosslinking significantly improved 

he mechanical properties of hydrogels by several times on the ba- 

is of chemical crosslinking ( Fig. 2 f–h). Further analysis, we found 

hat the increase of mechanical strength was limited by single 

hysical crosslinking or single chemical crosslinking. By combina- 

ion of them, physical and chemical crosslinking acted synergis- 

ically to improve mechanical strength exponentially rather than 

imply accumulate in hydrogels. The adding up of single chemical 

ith single physical crosslinking (chemical crosslink plus 20% or 

0% physical crosslink) was significantly lower than the mechani- 

al strength of physical-chemical crosslinking ( Fig. 2 i, j). Thus, for 

atural gelatin hydrogels, the compressive strength was multiplied 

y two orders of magnitude after chemical crosslinking of Schiff

ase and reinforced mechanically by Hofmeister effect. 

.3. The effect of Hofmeister series on the properties of Gel/O-Dex 

ydrogels 

The type and concentration of kosmotropic ions exhibited a sig- 

ificant role in regulating the morphology and mechanical strength 

f hydrogels. To systematically evaluate the influence of Hofmeis- 

er series on the properties of Gel/O-Dex hydrogels, the preformed 

el/O-Dex hydrogels were soaked in a series of kosmotrope so- 

utions (the ions to the left of chloride including CO 3 
2 −, SO 4 

2 −, 

 2 O 3 
2 −, and H 2 PO 4 

−) and the molar concentration of ions was

xed at 2 mol/L. As shown in Fig. 3 a, Gel/O-Dex hydrogels repre- 

ented a transparent and clear gel phase. After treatment with var- 

ous kosmotropic ions, the hydrogels underwent varying degrees 

f shrinkage and showed different color in appearance. The shrink- 

ge intensity of hydrogel shapes was shown as CO 3 
2 − > SO 4 

2 − > 

 2 O 3 
2 − > H 2 PO 4 

−. After Hofmeister effect-enhanced Gel/O-Dex hy- 

rogels were snap-frozen and lyophilized using liquid nitrogen, the 

iew of their freeze-dried state was shown in Fig. 3 a. 

The microscopic morphology of hydrogels was a porous net- 

ork structure, which was mainly due to the interpenetration of 

olecular chains during the crosslinking process [24–26] . After 

he enhancement of Hofmeister effect, pore size of the hydrogels 

as shown to exquisitely depend on the type of kosmotropic ions. 

he Hofmeister series is usually ordered as: CO 3 
2 − > SO 4 

2 − > 

 2 O 3 
2 − > H 2 PO 4 

− > F −> CH 3 COO 

− > Cl − > Br − > NO 3 
− > I −

 ClO 4 
− > SCN 

−, according to their ability to promote the pre- 

ipitation of proteins [ 13 , 27 ]. For anion with better precipitation 

bility, Hofmeister effect exhibited a stronger influence to reduce 

he pore size of the hydrogel. The pore size of different treatment 
242 
as shown in Fig. 3 b. The shrinkage intensity of the apertures was 

onsistent with the order of Hofmeister series. 

As shown in Fig. 3 c, the untreated Gel/O-Dex hydrogel exhib- 

ted a porous network structure and the micropores were inter- 

onnected and uniformly distributed in the hydrogel. After CO 3 
2 −

reatment, the inner architecture significantly changed due to the 

trong precipitation of proteins and the porous structure was com- 

lete destroyed. After SO 4 
2 − treatment, the porous structure also 

nderwent such severe shrinkage that the diameters of pore size 

ere mostly less than 50 μm on statistical frequency distribu- 

ion analysis ( Fig. 3 d). This was not conducive to nutrient ex- 

hange of cell ingrowth when implanted in vivo . For S 2 O 3 
2 − and 

 2 PO 4 
− anions, the porous structures of the hydrogels were well 

aintained although the pore size was decreased after treatment. 

EM observation showed that the inner architectures were not 

everely damaged, which was crucial for their biological applica- 

ions ( Fig. 3 c). And that, pore size of H 2 PO 4 
− treated hydrogel

as larger than that of S 2 O 3 
2 − treated hydrogel ( Fig. 3 d). Thus,

ore size of Hofmeister effect-enhanced Gel/O-Dex hydrogels was 

hown to be sensitive to the order of Hofmeister series. Superior 

recipitated anion was preferable to shrink the inner apertures. 

ore size greater than the diameter of a cell was favorable to mi- 

ration of surrounding cells, whereas an impermeable scaffold or 

ith too small pores would not provide any assistance for cell in- 

rowth. Compared with S 2 O 3 
2 − and H 2 PO 4 

− anions, Hofmeister ef- 

ect of CO 3 
2 − and SO 4 

2- anions were not suitable to enhance natu- 

al derived hydrogels for tissue engineering application. 

Similarly, the compressive and tensile strength of Gel/O-Dex 

ydrogels treated with different anions was also consistent with 

he order of Hofmeister series. As shown in Fig. 3 e–h, the inter- 

ctions induced by the Hofmeister effect of kosmotrope solutions 

ndowed Gel/O-Dex hydrogels with improved mechanical proper- 

ies. After treatment with CO 3 
2- ion, hydrogel sustained the high- 

st compressive stress, ten times of that of untreated Gel/O-Dex 

ydrogel. When the hydrogel was soaked in other anion solution, 

he ultimate compressive stress gradually decreased due to the re- 

uced Hofmeister effect ( Fig. 3 f). The tensile properties enhanced 

y Hofmeister effect also showed similar results. CO 3 
2 − treated hy- 

rogel possessed the tensile strength of 108.54 ±9.28 kPa, which 

as higher than other anions. The Gel/O-Dex hydrogels treated 

ith SO 4 
2 −, S 2 O 3 

2 −, and H 2 PO 4 
− showed a gradual decline in ten-

ile properties, but were significantly higher than that of untreated 

ydrogels ( Fig. 3 g, h). 

Thus, as the effect of anions on protein precipitation decreased, 

he mechanical strength of the hydrogel decreased. This anion 

ype to mechanical change phenomenon can be explained by the 

ormation of additional physical crosslinking networks, which are 

ough and require more stress to compress and stretch. Gener- 

lly, Hofmeister effect results in molecular chain folding, precip- 

tation, aggregation, playing the significant effect on the protein. 

n the Gel/O-Dex hydrogels treated with anions, Hofmeister effect 

ay theoretically cause α-helix structures, hydrophobic interac- 

ions, and helical junctions of Gel protein molecular chains. This 

echanism will be discussed and verified in the following results. 

.4. The effect of H 2 PO 4 
− ions on the properties of Hofmeister 

ffect-enhanced Gel/O-Dex hydrogels 

Except for the type, the concentration of anions also 

as an influence on the properties of Gel/O-Dex hydrogels. 

icarbonate-carbonic acid buffer(H 2 CO 3 /NaHCO 3 ) and phosphate 

uffer (Na 2 HPO 4 / NaH 2 PO 4 ) are important buffering systems that 

xist in the human body to prevent a radical change in fluid pH by 

bsorbing excess hydrogen or hydroxyl ions, so that the pH of the 

lood and other fluids are maintained within a certain range (pH 

etween 7.35 and 7.45). They regulate not only acid-base balance 
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Fig. 3. Gel/O-Dex hydrogels treated with different anions in the Hofmeister series. (a) General images of Gel/O-Dex hydrogels before and after treatment with different 

anions (CO 3 
2 − , SO 4 

2 − , S 2 O 3 
2 − , H 2 PO 4 

− at the concentration of 2 mol/L) and view of their freeze-dried state. (b) Comparison of pore size for Gel/O-Dex hydrogels treated with 

different solutions. (c, d) SEM images and pore size distribution of Gel/O-Dex hydrogels before and after treatment with CO 3 
2 − , SO 4 

2 − , S 2 O 3 
2 − , H 2 PO 4 

− . (e, f) Compressive 

stress-strain curves and strength of Gel/O-Dex hydrogels treated with different anions. (g, h) Tensile stress-strain curves and strength of Gel/O-Dex hydrogels treated with 

different anions. 
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H

nd osmotic pressure, but also maintain the normal physiological 

unctions of cells [ 28 , 29 ]. Both CO 3 
2- and H 2 PO 4 

− are essential in-

rganic anions for life activities and cell proliferation. Considering 

he destructive effect of CO 3 
2 − on the porous structure of Gel/O- 

ex hydrogels mentioned above and the non-biogenesis of other 

osmotropic ions, we choose H 2 PO 4 
− ions instead of CO 3 

2 − and 

ther kosmotropic ions for further investigation and advanced ap- 

lications. 

After immersing in NaH 2 PO 4 solutions of different concentra- 

ions, Gel/O-Dex hydrogels exhibited varying degrees of shrink- 

ge. With the increase of NaH 2 PO 4 concentration from 10% to 

0%, the hydrogels underwent gradual dehydration and contraction 

ue to the elevated osmotic pressure in the surrounding environ- 

ent. At high concentration of 30%, Gel/O-Dex hydrogels became 

ighly dehydrated and shrunken while still maintained in trans- 

arent ( Fig. 4 a). The corresponding lyophilized hydrogels were pre- 

ared to explore their inner architectures. As shown in Fig. 4 b, the 

aH 2 PO 4 concentration of 10% and 20% had a pronounced effect on 

he interaction of Gel protein molecular chains to reduce pore size, 

hile showed no destructive influence on the porous morphology 

f hydrogels. But the high concentration of 30% NaH 2 PO 4 caused 

el chain precipitation and aggregation, which severely damaged 

he porous structure of Gel/O-Dex hydrogel. Thus, the Hofmeister 

ffect of H 2 PO 4 
− ions affected the inner architectures of Gel/O- 

ex hydrogels. As the concentration increased, the pore size sig- 

ificantly decreased ( Fig. 4 c). When the concentration reached to 

0%, the inner apertures of the hydrogels contracted severely, ac- 

ompanied by the destruction of porosity. 

Fig. 4 d showed the equilibrium water content and swelling ra- 

io of hydrogels. The swelling ratio of untreated Gel/O-Dex and 

ofmeister effect-enhanced Gel/O-Dex hydrogels were above 400%, 

ndicating that large amounts of water was retained in hydrogel 

olymeric networks. Due to this unique property, these hydro- 

els were more likely to resemble natural soft tissues. After being 

reated with NaH 2 PO 4 solution, the water content was significantly 

educed at the equilibrium swelling state of hydrogels. As the con- 

entration of NaH 2 PO 4 solution increased, the swelling ratio of hy- 

rogel decreased drastically. With the enhancement of Hofmeister 

ffect by H 2 PO 4 
− ions, the entanglement of Gel molecular chains 

ncreased, resulting in the helical junctions and hydrophobic inter- 

ctions of the polymer chains. This feature maintained the stability 

f hydrogel structure and significantly inhibited the swelling be- 

avior of hydrogel in an aqueous environment. 

Furthermore, similar results were observed in the degradation 

ests ( Fig. 4 e). During the entire experimental period of 28 days, 

ll Hofmeister effect-enhanced Gel/O-Dex hydrogels degraded over 

ime. With the increase of NaH 2 PO 4 concentration from 10 to 30%, 

ydrogels exhibited a decreased degradation rate. The weight re- 

aining of Gel/O-Dex hydrogel treated with 30% NaH 2 PO 4 was sig- 

ificantly higher than that of 10% and 20% NaH 2 PO 4 treated hydro- 

els. Reduced degradation rates contribute to longer-lasting func- 

ion of hydrogels in the living organisms, which is beneficial for 

urther biological application of Hofmeister effect-enhanced hydro- 

els. 

To explain the above results and clarify the possible mecha- 

ism, we analyzed and confirmed the type of interactions among 

olecular chains. Fourier transform infrared (FTIR) spectra were 

erformed in the Gel/O-Dex hydrogels untreated or treated by 

aH 2 PO 4 solution at different concentrations. As shown in Fig. 4 f, 

he broad absorption peak at around 3410 cm 

−1 in all samples was 

scribed to the O–H stretching vibrations of hydrogen bonds. The 

haracteristic absorption peaks at 2923 cm 

−1 and 2854 cm 

−1 were 

orresponding to the asymmetric and symmetric stretching vibra- 

ions of CH 2 [30] . Hydrophobic interactions have been reported in 

he process of protein assembly that hydrophobic chains exclude 

ater molecules from the volumes and present regions of space 
244 
here hydrogen bonding cannot occur [31] . When the NaH 2 PO 4 

oncentration increased to 30%, the intensity of hydrogen bonds at 

round 3410 cm 

−1 decreased drastically, indicating that hydropho- 

ic interactions were induced among Gel molecular chains. As a 

esult, water tended to move away from the hydrogels and the 

hrinkage phenomenon was observed in appearance. 

In addition, the absorption peak appearing at 1635 cm 

−1 was 

ttributed to the C = O stretching vibration (amide I band). The 

eak at 1538 cm 

−1 was associated with the N-H stretching vi- 

ration (amide II band). The peak at 1290 cm 

−1 was assigned to 

he C–N stretching vibration (amide III band). The amide III Re- 

ion of FTIR spectroscopy has been developed to analyze protein 

econdary structure such as α-helix, β-sheet, β-turn, and random 

oil [ 32 , 33 ]. The absorption peak for α-helix is around 1300 cm 

−1 

nd the absorption peak for β-sheet is around 1235 cm 

−1 , while 

he frequency window of 1260 −1280 cm 

−1 is assigned for β-turn 

nd 1240 −1260 cm 

−1 for random coil [34] . As the NaH 2 PO 4 con-

entration increased the intensity of amide III band at 1290 cm 

−1 

ncreased, which indicated that the intramolecular α-helix struc- 

ures of Gel molecular chains were generated after treating Gel/O- 

ex hydrogels with H 2 PO 4 
− ions. Therefore, Hofmeister effect gen- 

rated strong hydrophobic interaction regions and α-helix struc- 

ures among Gel molecular chains to obtain enhanced mechanical 

roperties. 

Besides, the absorption peaks appearing at the positions of 

097, 935, and 541 cm 

−1 were attributed to the H 2 PO 4 
− stretch- 

ng vibration [35] . It indicated that NaH 2 PO 4 was preserved in 

he crosslinking networks when Gel/O-Dex hydrogels were phys- 

cally crosslinked through Hofmeister effect. The infrared absorp- 

ion peaks of Gel/O-Dex hydrogels treated with different concen- 

rations of H 2 PO 4 
− ions were basically similar. Compared with un- 

reated Gel/O-Dex hydrogels, the chemical structure of treated hy- 

rogels did not change significantly after being soaked in NaH 2 PO 4 

olutions. 

.5. The mechanical properties of Hofmeister effect-enhanced 

el/O-Dex hydrogels by H 2 PO 4 
− ions 

After the hydrophobic interactions and α-helix structures 

mong Gel molecular chains were induced by Hofmeister effect 

f NaH 2 PO 4 solutions, Gel/O-Dex hydrogels were endowed with 

mproved mechanical properties. As shown in Fig. 5 a, Gel/O-Dex 

ydrogels ruptured at a small tensile strength of 28.9 kPa before 

reatment with NaH 2 PO 4 . When Gel/O-Dex hydrogels were soaked 

n a 10% NaH 2 PO 4 solution, the ruptured tensile strength slightly 

ecreased to 20.4 kPa due to the dominating swelling behavior in 

ower concentration. With the increase of NaH 2 PO 4 concentration 

rom 10% to 30%, a significant enhancement was achieved in the 

ltimate tensile strength at rupture. The maximum tensile strength 

urther increased to 110.7 kPa at a 30% NaH 2 PO 4 concentration, 

hich was 383% of that (28.9 kPa) of the untreated Gel/O-Dex hy- 

rogels. 

Thereafter, compressive and tensile loading-unloading tests 

ere performed to evaluate the mechanical behavior and energy 

issipation of the hydrogels. As shown in Fig. 5 b, c, for 30% 

aH 2 PO 4 treated Gel/O-Dex hydrogels, the loading curve differed 

rom the unloading curve and a hysteresis loop was observed in 

oth compressive and tensile tests. Typically, the hysteresis loop in 

he loading-unloading curves represented the energy dissipation of 

ach cycle. The untreated Gel/O-Dex hydrogels displayed negligible 

ysteresis loop and no energy dissipation, which was due to the 

xistence of only chemical crosslinking. After salt treatment, the 

rea of hysteresis loop became obvious as NaH 2 PO 4 concentration 

ncreased, especially for 30%. This was consistent with the grad- 

al increase of mechanical strength at ultimate rupture. Therefore, 

ofmeister effect increased the entanglement between Gel molec- 
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Fig. 4. Gel/O-Dex hydrogels treated with different concentration of NaH 2 PO 4 solution. (a) General view of untreated or treated Gel/O-Dex hydrogels after immersion in 

concentration of 10%, 20%, 30% NaH 2 PO 4 solution and macroscopic observation of the corresponding samples after lyophilized treatment. (b) SEM images of Gel/O-Dex 

hydrogels and treated with 10%, 20%, 30% NaH 2 PO 4 . (c) Comparison of pore size for Gel/O-Dex hydrogels treated with different concentration solution. (d–f) Swelling (d), 

degradation behaviors (e) and FTIR spectra (f) of Gel/O-Dex hydrogels treated with different concentration of NaH 2 PO 4 solution. 
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Fig. 5. Mechanical properties of Hofmeister effect-enhanced Gel/O-Dex hydrogels by H 2 PO 4 
− ions at different concentrations: (a) tensile stress-strain curves; (b) compressive 

loading-unloading tests; (c) tensile loading-unloading tests; (d) five cycles of compressive loading-unloading tests; (e-h) five cycles of tensile loading-unloading tests at strain 

of 5%, 10%, 15%, 20%. 
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lar chains remarkably, resulting in a significant increase in the 

echanical strength of hydrogels at rupture and allowing for ob- 

ious hysteresis loops and energy dissipation. While the external 

orce was exerted on the hydrogels, the physical crosslinking do- 

ains by Hofmeister effect can decrosslink and dissociate to dissi- 

ate a certain amount of energy. 

To further evaluate the antifatigue and shape recovery prop- 

rties of H 2 PO 4 
−-enhanced Gel/O-Dex hydrogels, five cycles of 

oading-unloading tests were performed on hydrogels untreated or 

reated by NaH 2 PO 4 aqueous solution at different concentrations 

ithout pausing between the cycles. Fig. 5 d–h showed the loading 

nd unloading curves at a set strain of 40% for the compression 

nd 5%, 10%, 15%, 20% for the tension. In the five cyclic loading- 

nloading compressive tests, the stress and strain of all hydrogels 

id not change substantially in the strain range of 10-40 %, in- 

icating that no obvious plastic deformation and strength degra- 

ation occurred after cyclic mechanical deformation. The same 

henomenon was observed in the tensile tests under loading- 

nloading cycles with varying maximum strains. At the strain 
246 
ange of 5-15%, no change was detected in the stress-strain curves 

f five cycles. Only at the tensile strain of 20%, 30% NaH 2 PO 4 

reated Gel/O-Dex hydrogels behaved elastically with hysteresis 

oops, which was also observed in compressive tests. The shape- 

ecovery properties and fatigue resistance of all hydrogels under 

oading-unloading cycles were attributed to chemical and physical 

rosslinks and hysteresis properties were induced by Hofmeister 

ffect at a NaH 2 PO 4 concentration of 30%. 

Thus, the Hofmeister effect-enhanced hydrogels showed ad- 

ustable mechanical properties to meet the needs for different 

arts of human skin. Natural skin is capable to stretch and snap 

ack to its original shape, exhibiting various deformations (elon- 

ation, compression and bending) or a repetition of their combina- 

ions. These properties demand wound dressings for skin defects to 

ossess suitable stretchable and compressive properties, and fast 

hape-recovery ability to bear deformation. The resulting hydro- 

els possessed elasticity, improved strength, recoverability and ef- 

ectively dissipated the energy from large stress to resist fatigue. 

hese mechanical characteristics are in line with the demands of 
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Fig. 6. (a) Cytotoxicity of Gel/O-Dex hydrogels and 20% NaH 2 PO 4 treated Gel/O-Dex hydrogels by CCK-8 assay. XPS results of Gel/O-Dex hydrogels untreated and treated with 

different concentrations of NaH 2 PO 4 solutions: (b) XPS survey spectra; (c–e) high-resolution C 1s, N 1s and O 1s XPS spectrum of the untreated Gel/O-Dex hydrogels; (f–g) 

high-resolution C 1s, N 1s and O 1s XPS spectrum of 20% NaH 2 PO 4 treated Gel/O-Dex hydrogels. 
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kin substitutes and therefore have a certain prospect of medical 

ranslation. 

.6. The improved biocompatibility and its mechanism for Hofmeister 

ffect-enhanced Gel/O-Dex hydrogels by H 2 PO 4 
− ions 

To determine if Hofmeister effect-enhanced Gel/O-Dex hy- 

rogels are biocompatible and will function in a biologically 

ppropriate manner in the in vivo environment, meaningful test- 

ng procedures were performed including in vitro assessment of 

ytotoxicity and in vivo assessment of tissue compatibility. In 

itro cytotoxicity measurement focused on the potential effect of 

ydrogels on cell viability and proliferation. As shown in Fig. 6 a, 

ll three groups displayed a significant increase in cell viability 

nd proliferation during the entire culture period. Among them, 

ell proliferation of Gel/O-Dex hydrogels was slightly lower than 

hat of Gel/O-Dex hydrogels treated with 20% NaH 2 PO 4 solution 

nd control group, indicating that the enhancement of Hofmeister 

ffect im proved hydrogel cytocompatibility. Between Hofmeister 

ffect-enhanced hydrogels and control group, there was no con- 

picuous difference in cell viability and proliferation, revealing that 

ofmeister effect-enhanced Gel/O-Dex hydrogels by H 2 PO 4 
− ions 

aused no toxic effects of cellular death and activity inhibition 
247 
t the cellular level. As for the elevated osmotic pressure of 20% 

aH 2 PO 4 treatment, we rinsed Hofmeister effect-enhanced Gel/O- 

ex hydrogels in deionized water to remove the excessive salt. 

his was consistent with previous studies [ 36 , 37 ], in which ion- 

einforced hydrogels also supported cell adhesion and proliferation. 

To further illustrate the reasons for the improved biocom- 

atibility of hydrogels after H 2 PO 4 
− ions treatment, XPS was 

erformed to analyze the elemental composition and chemical 

onds of the surface of the hydrogels. The XPS survey spectra 

ere shown in Fig. 6 b. The emission peaks at 531.79, 399.84, 

nd 297.98 eV for all four groups corresponded respectively to 

 1s, N 1s and C 1s, mainly originating from gelatin and oxi- 

ized dextran in the hydrogels [ 38 , 39 ]. In comparison with the 

ntreated Gel/O-Dex hydrogels, two new characteristic peaks 

merged at 1071.13 eV and 132.97 eV for all NaH 2 PO 4 treated 

roups. They corresponded to Na 1s and P 1s, mainly deriving 

rom NaH 2 PO 4 . Compared with 10% and 20% NaH 2 PO 4 treatment 

roups, 30% NaH 2 PO 4 treatment group showed higher emission 

eaks of Na 1s and P 1s. More specifically, as the concentration of 

aH 2 PO 4 increased from 10 to 30%, the atomic percentage of Na 

nd P increased respectively from 2.39 to 6.82% and 3.76 to 7.98% 

 Table 1 ). Then the change of chemical bonds was also analyzed 

rom high-resolution XPS spectra. As shown in Fig. 6 c–h, there 
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Fig. 7. Local tissue compatibility measurement of Hofmeister effect-enhanced Gel/O-Dex hydrogels in vivo at 3 weeks (a1-a3: Gel/O-Dex group; b1-b3: NaH 2 PO 4 treated 

group) and 6 weeks (c1-c3: Gel/O-Dex group; d1-d3: NaH 2 PO 4 treated group). (Red arrows: hydrogels; Black arrows: inflammatory zone of local foreign-body reaction). 

Table 1 

Atomic percentage results of Gel/O-Dex hydrogels untreated and treated 

with different concentrations of NaH 2 PO 4 solutions. 

Sample 

Atomic percentage (%) 

C N O Na P 

Gel/O-Dex 65.38 10.56 22.91 0.52 0.63 

Gel/O-Dex-10% NaH 2 PO 4 55.29 7.68 30.89 2.39 3.76 

Gel/O-Dex-20% NaH 2 PO 4 44.46 8.79 37.61 4.34 4.80 

Gel/O-Dex-30% NaH 2 PO 4 32.38 3.10 49.72 6.82 7.98 
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as no significant difference in the high-resolution C 1s and N 1s 

PS spectra between Gel/O-Dex and NaH 2 PO 4 treated hydrogels. 

n the O 1s XPS spectra, there was significant difference between 

el/O-Dex and NaH PO treated groups. The emission peak of O 
2 4 

248 
s can be typically decomposed into two individual peaks of C-O 

532.6 eV) and C = O (531.4 eV) [40] . Compared with Gel/O-Dex 

roup, NaH 2 PO 4 treated hydrogels showed higher peak of C-O 

nd lower peak of C = O. These results indicated that there was a 

ignificant decrease of aldehyde groups on the surface of hydrogel 

ia Hofmeister effect treatment of H 2 PO 4 
− anions. After Schiff

ase reaction, there were somewhat aldehyde groups unreacted 

n the hydrogel. The presence of residual aldehyde groups was 

ot conducive to the proliferation of cells on the material [ 41 , 42 ].

hus, the improved biocompatibility of Hofmeister effect-enhanced 

el/O-Dex hydrogels by H 2 PO 4 
− ions was ascribed to the reduc- 

ion of aldehyde groups. In addition, NaH 2 PO 4 was an essential 

norganic salt to maintain the normal physiological functions 

f cells. During the physical crosslinking process of Hofmeister 

ffect, NaH 2 PO 4 remaining on the surface also contributed to cell 

iability and improved the biocompatibility of the hydrogels. Thus, 
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Fig. 8. Systemic toxicity measurement of Hofmeister effect-enhanced Gel/O-Dex hydrogels by H 2 PO 4 
− ions in vivo at 3 weeks (a1-a5: Control group; b1-b5: Gel/O-Dex group; 

c1-c5: NaH 2 PO 4 treated group) and 6 weeks (d1-d5: Gel/O-Dex group; e1-e5: NaH 2 PO 4 treated group) through histological evaluation of spleen, heart, kidney, lung and liver. 
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PS analysis showed that the improvement in biocompatibility of 

ofmeister effect-enhanced hydrogels was due to the reduction 

f aldehyde groups and the residues of NaH 2 PO 4 . Hofmeister 

ffect only induced the hydrophobic interactions and polymer 

hain entanglements without triggering any chemical reaction. We 

onsidered that aldehyde groups were embedded in the center of 

ntangled polymer chains after Hofmeister effect of H 2 PO 4 
− ions. 

.7. Further biocompatibility assessment in vivo for Hofmeister 

ffect-enhanced Gel/O-Dex hydrogels by H 2 PO 4 
− ions 

In vivo assessment focused on local foreign-body reaction and 

ystemic toxicity on vital organs. At 3 and 6 weeks after subcu- 

aneous implantation into the dorsa of SD rats, all rats were alive 

nd no skin necrosis or ulcers were observed. Histological staining 

f HE showed that there was a thin layer of inflammatory reaction 

one between hydrogels and host tissue at 3 weeks. The reaction 

one was stained as basophilic and infiltrated of inflammatory 

ells. Compared with Gel/O-Dex group, NaH 2 PO 4 treated group 

howed a thinner tissue interfacial thickness between hydrogel 

nd host tissue ( Fig. 7 a1, b1). The number of infiltrated inflamma- 

ory cells in the Gel/O-Dex hydrogel group was also significantly 

igher than that in NaH 2 PO 4 treated hydrogel group ( Fig. 7 a3, 

3). This was consistent with the results of in vitro cytotoxic- 
249 
ty evaluation, indicating improved biocompatibility in vivo for 

ofmeister effect-enhanced Gel/O-Dex hydrogels by H 2 PO 4 
− ions. 

fter 6 weeks, the infiltrated inflammatory cells decreased in the 

nflammatory reaction zone of two groups. There were no de- 

ectable inflammatory cells infiltrating in NaH 2 PO 4 treated group 

hile still some cells discoverable in Gel/O-Dex group. 

In addition, in vivo assessment of systemic toxicity showed that 

oth Hofmeister effect-enhanced and untreated Gel/O-Dex hydro- 

els presented a low level of systemic toxicity ( Fig. 8 ). At 3 and 6

eeks there was no significant difference for histological evalua- 

ion of visceral organs including heart, liver, spleen, lung and kid- 

ey between the two groups. All the target organs were arranged 

n normal histological architectural structure by HE staining. Com- 

ared with normal visceral organs (Control group), no obvious dys- 

unction or malfunction of target organs was observed in all rats. 

e attributed these results to hydrogel degradation to naturally 

ccurring amino acids and electrolyte ions. 

.8. Accelerating wound healing of Hofmeister effect-enhanced 

el/O-Dex hydrogels by H 2 PO 4 
− ions for full-thickness skin defects in 

ivo 

Fig. 9 a was the schematic diagram of Hofmeister effect- 

nhanced Gel/O-Dex hydrogel repairing full-thickness skin defects 
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Fig. 9. (a) Schematic diagram of full-thickness skin defects in SD rat model treated with Hofmeister effect-enhanced Gel/O-Dex hydrogels. (b) Representative photographs of 

full-thickness skin defects in control group, hydrogel group and Hofmeister group after 7, 14, 21 days of wound healing. (c) Quantitative analysis of wound closure in control 

group, hydrogel group and Hofmeister group. The results showed that wound closure percentage treated with Hofmeister effect-enhanced Gel/O-Dex hydrogels by H 2 PO 4 
−

ions was significantly higher than other groups after 7, 14, 21 days. 
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n SD rats. The effect of hydrogel on wound healing was observed 

nd evaluated at 7, 14, and 21 days. With the time of observa- 

ion in vivo , the size of skin defects in all three groups decreased

ignificantly, showing a process of wound healing ( Fig. 9 b). Com- 

ared with control group, full-thickness skin defects in hydrogel 

nd Hofmeister groups exhibited accelerated wound healing pro- 

ess, indicating that Gel/O-Dex hydrogel and Hofmeister effect- 

nhanced Gel/O-Dex hydrogel had a beneficial effect on the wound 

ealing. Especially for Hofmeister effect of H 2 PO 4 
− ions, the regen- 

ration rate of full-thickness skin defects was obviously faster. At 

4 days, the defects in Hofmeister group were mainly healed due 

o the regenerative skin tissue while the wounds were still full- 

hickness in the other two groups ( Fig. 9 b). Quantitative analysis of 

ound closure percentage showed that the wound closure of the 

ofmeister group was the highest at all time points ( Fig. 9 c). These

ndicated that Hofmeister effect-enhanced Gel/O-Dex hydrogels by 

 2 PO 4 
− ions accelerated the wound healing of full-thickness skin 

efects in vivo . 

Then the histological morphology was analyzed among three 

roups by using HE ( Fig. 10 a) and Masson’s trichrome staining 
250
 Fig. 10 b). As observed from the HE staining, there was a clear 

oundary between the newly formed granulation tissue and the 

ature skin during the wound healing process. A large number of 

apillary vessels were clearly detected in the granulation tissue, 

hich implied that the formed granulation tissue at the wound 

ed had not been developed into mature skin tissue. With the 

ime of observation in vivo , the extent of granulation tissue in all 

hree groups decreased gradually ( Fig. 10 a). The extent of granula- 

ion tissue was equal to the size of remaining wound area. After 

 weeks of wound healing, the size of remaining wound area in 

ydrogel group and Hofmeister group were less than that in con- 

rol group, indicating that Gel/O-Dex hydrogel showed a beneficial 

ffect on wound healing whether enhanced by Hofmeister effect 

r not ( Fig. 10 c). By contrast, with the enhancement of Hofmeister 

ffect by H 2 PO 4 
− ions, the wound healing efficiency was dramati- 

ally increased. As a result, the size of remaining wound area was 

ess than 1 mm at 3 weeks ( Fig. 10 c) and the epidermal layer was

ompletely formed in Hofmeister group ( Fig. 10 a). Compared with 

he other two groups, less granulation tissue was remained and 

ore skin appendages were formed in Hofmeister group such as 
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Fig. 10. (a) HE staining analysis of regenerated skin tissue in control group, hydrogel group and Hofmeister group after 7, 14, 21 days of wound healing; (b) Masson’s 

trichrome staining analysis of regenerated skin tissue in control group, hydrogel group and Hofmeister group after 7, 14, 21 days of wound healing. (Black arrows and frames 

showed the regenerative area. Red arrows showed the regenerative blood vessels and skin appendages including hair follicles, sweat glands, and sebaceous glands.) (c) 

Quantitative analysis of the remaining wound area in control group, hydrogel group and Hofmeister group after 7, 14, 21 days of wound healing; (d) Quantitative analysis 

of granulation tissue thickness in control group, hydrogel group and Hofmeister group after 7, 14, 21 days of wound healing; (e) Quantitative assess of wound maturity in 

control group, hydrogel group and Hofmeister group after 14 and 21 days of wound healing; (f) Quantitative analysis of epidermal layer thickness in control group, hydrogel 

group and Hofmeister group at 21 days. (g) Immunochemical staining of type I collagen in control group, hydrogel group and Hofmeister group after 7, 14, 21 days of wound 

healing. (Frames showed the regenerative area.) 
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air follicles, sweat glands, and sebaceous glands ( Fig. 10 b). These 

kin appendages endowed regenerated skin tissue more mature 

nd showed that the granulation tissue successfully developed into 

ature skin tissue. 

At the different phases of wound healing, granulation tissue 

layed different function. At the early stage, granulation tissue 

as formed and increased, which allowed angiogenesis to initi- 

te tissue blood perfusion and accelerated wound repair. At the 

ate stage, the formation of granulation tissue was inhibited and 

emodeled that resulted in collagen deposition and differentiated 

nto mature skin tissue. In the quantitative measurement of gran- 

lation tissue thickness, the thickness of granulation tissue of 

ofmeister group was significantly higher than that of control 

roup and hydrogel group at 7 days ( Fig. 10 d). We considered that

he presence of more granulation tissue at the early stage provided 

ore capillary vessels and proliferative cells to promote skin re- 

eneration. Then granulation tissue was decreased in Hofmeister 

roup. At 21 days, the thickness of granulation tissue of Hofmeis- 

er group was lower than that of other groups, indicating that the 

ranulation tissue was successfully remodeled and developed into 

ature skin tissue ( Fig. 10 a). 

During the process of wound healing, inflammation and prolif- 

ration are also important indicators that reflect the stage of the 

ealing condition. The amounts of proliferative cells or inflamma- 

ory cells were closely associated with wound maturity. Accord- 

ng to these two indicators, the wound maturity was divided into 

ve levels, of which the wound gradually matured that level 1: no 

roliferative cells but highly inflammatory cells; level 2: mainly 

nflammatory cells; level 3: equal amounts of proliferative cells 

nd inflammatory cells; level 4: mainly proliferative cells; level 5: 

ifferentiated cells. As shown by HE and Masson staining, there 

ere proliferative cells to a certain extent and mainly inflamma- 

ory cells at 1 week. With the development of wound healing, 

roliferative cells gradually increased and differentiated into var- 

ous types of skin mature cells. At 3 weeks, there were mainly 

ifferentiated cells to form skin appendages in Hofmeister group 

hile there were proliferative and inflammatory cells infiltrating 

nto the granulation tissue in other two groups. With the bene- 

t of Hofmeister effect by H 2 PO 4 
− ions, the wound maturity was 

ramatically enhanced that the regenerated skin showed identical 

istological morphology to normal skin. In the quantitative mea- 

urement of wound maturity, it was found that Hofmeister group 

ad a higher wound maturity score than that of hydrogel group 

nd control group ( Fig. 10 e). 

Except for the wound maturity, collagen deposition is another 

ecessary index during the remolding of granulation tissue. Thus, 

asson’s trichrome staining was furtherly analyzed to assess the 

ondition of collagen deposition. As shown in Fig. 10 b, the newly 

ormed granulation tissue at 1 week was stained mainly in red 

nd there was partially collagen deposition. Then the collagen was 

ccumulated and gradually deposited in the granulation tissue to 

romote the healing of skin defects. At 3 weeks, the granulation 

issues were all stained as blue in control group, hydrogel group 

nd Hofmeister group. In the quantitative measurement of collagen 

eposition, the wound treated with Hofmeister effect-enhanced 

ydrogel exhibited a higher deposition percentage than that of 

ontrol group and hydrogel group at 1 and 2 weeks. At 3 weeks, 

ollagen deposition in the Hofmeister group was lower than that 

n the other two groups, because collagen was replaced by newly 

ifferentiated skin appendages. This was also supported by the as- 

essment of wound maturity and the verification of histological 

orphology. 

After the remolding of granulation tissue, epidermal layer was 

ormed and appeared upon the dermis layer. The thickness of epi- 

ermal layer was correlated with the severity of scar formation. 

ompared with normal skin, increased epidermal thickness due to 
252 
eratinocyte stimulation and abnormal differentiation, tended to 

esult in scar hypertrophy. In the quantitative measurement of epi- 

ermal thickness, the regenerative epidermis of Hofmeister group 

xhibited the lower thickness than that of control group and hy- 

rogel group at 3 weeks. There was no significant difference in 

pidermal thickness between Hofmeister group and normal skin, 

ndicating that the use of Hofmeister effect-enhanced Gel/O-Dex 

ydrogel by H 2 PO 4 
− ions had no adverse effect on scar forma- 

ion ( Fig. 10 f). Moreover, the regenerated skin in Hofmeister group 

howed identical skin appendages consistent with normal skin, in- 

icating that the granulation tissue was successfully remodeled 

nd developed into normal skin tissue. In the tissue remodeling 

tage of wound healing, the granulation tissue formed in the early 

tage was replaced by type I collagen, ultimately resulting in the 

ompletion of wound healing. Compared with Gel/O-Dex hydro- 

el group, Hofmeister group showed an increased production of 

ype I collagen in the immunochemical staining ( Fig. 10 g). There- 

ore, Gel/O-Dex hydrogel was confirmed to accelerate wound heal- 

ng and improve the histological morphology of regenerated skin 

fter the enhancement of Hofmeister effect by H 2 PO 4 
− ions. 

. Conclusions 

Schiff base reaction and Hofmeister effect were combined to 

repare Hofmeister effect-enhanced Gel/O-Dex hydrogels with im- 

roved mechanical properties and biocompatibility for wound 

ealing. Schiff base reaction is mild and simple, and Hofmeister 

ffect just needs soaking in kosmotrope solutions. The combina- 

ion of them greatly simplifies the preparation process for improv- 

ng the properties of natural derived hydrogels. Hofmeister effect 

nhanced the mechanical properties by multiple times of ultimate 

tress of untreated Gel/O-Dex hydrogels through affecting the en- 

anglements of protein chains and the stability of their secondary 

nd tertiary structure. The pore size of morphology and compres- 

ive stress of Gel/O-Dex hydrogels treated with different anions 

as consistent with the order of Hofmeister series. 

Especially for H 2 PO 4 
− ions, both improved biocompatibility and 

echanical properties were obtained by adding Schiff base chemi- 

al and ion physical crosslinking sites in synergy. The resulting hy- 

rogels possessed elasticity, strong strength, recoverability and ef- 

ectively dissipated the energy from large stress to resist fatigue. 

imultaneously, the results showed that Hofmeister effect did not 

hange chemical structure of polymer chains but just induced 

hysical crosslinking domains of α-helix structures, hydrophobic 

nteraction regions and helical junction zones among Gel molecu- 

ar chains. Compared with untreated hydrogels, Hofmeister effect- 

nhanced hydrogels improved biocompatibility due to the reduc- 

ion of aldehyde groups and the preservation of NaH 2 PO 4 through 

hysical crosslinking, which also dramatically promoted the wound 

ealing in a full-thickness skin defects model. 

Therefore, these findings indicate that Hofmeister effect- 

nhanced Gel/O-Dex hydrogels possess great potential for promot- 

ng wound healing in practical applications, and Hofmeister effect 

s proven as a promising approach to expand the further applica- 

ions of natural derived hydrogels for tissue regeneration. 
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