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Dopa-Empowered Schiff Base Forming Alginate Hydrogel Glue for 
Rapid Hemostatic Control

Abstract: In this study we prepared tissue-adhesive hemostatic glue and assessed

hemostatic effects on hepatic bleeding animal model. Alginate was used as primary

polymer for the fabrication of hemostatic glue, oxidized for the introduction of the

tissue-adhesive Schiff base forming aldehyde and then encoded with mussel-inspired

dopa. In addition, polyallylamine (PAA) was selected for as an intra-structuring poly-

mer which ensures the gel strength and allows instantaneous glue formation on the

bleeding spot. Primary glue (OA glue) was quickly formed within 5 to 10 seconds

after the mixing oxidized alginate (OA) with PAA. The degree of oxidation and the

mixing ratio of OA and PAA were precisely determined based on glue formation

time and gel strength. And the extend of dopa conjugation on OA was determined by

the tissue adhesion force and the elasticity of the glue (Dopa-OA glue). Especially,

elasticity of Dopa-OA glue was significantly enhanced after introduction of dopa to OA. Functional assay of Dopa-OA glue on hepatic bleed-

ing animal model showed much enhanced hemostatic action. Dopa-OA glue is expected to provide novel injectable tissue adhesives for

the treatment of hemorrhage caused by clinical procedures or trauma.
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1. Introduction

Uncontrolled hemorrhage is responsible for over 40 percent of

trauma-related deaths in the emergency care.1 Surgical hemor-

rhage is also highly associated with mortality of hospital patients.

Surgical fasteners such as sutures, staples, and wires are mainly

used for the treatment of uncontrolled hemorrhage. But these

treatments have serious drawbacks such as scarring and pain.

In addition, they are not suitable for more complicated proce-

dures such as stopping leaks of body fluids or air from blood

vessels and tissues. Surgical adhesives have been developed as

an adjunct or alternative to surgical fasteners. These adhesives

offer many advantages because they can seal air leakages and

eliminate the risk of needle-stick injury to the surgeon, as well

as reduce surgery duration, tissue handling, and patient blood

loss. They can also alleviate surgical complications such as infec-

tion. Surgical adhesives are easy to apply, produce a high-qual-

ity and -strength seal, and do not need to be removed.2,3 There

are several types of commercially available tissue-adhesives,

which are classified as natural, biological, synthetic, semi-syn-

thetic and biomimetic. Synthetic adhesives are mostly made of

cyanoacrylate because of their fast polymerization property

and are therefore easy to use, waterproof and provide adequate

mechanical properties.2 Despite its merits, cyanoacrylate adhe-

sives have major limitation in tissue toxicity. Tissue toxicity of

cyanoacrylate results from the exothermic reaction of polym-

erization and the degradation of alkyl chains into cyanoacetate

and formaldehyde, which cause inflammation and necrosis.4 

Many researchers have attempted to modify the chemical

structure of cyanoacrylate to reduce toxicity, but they have found

cyanoacrylate adhesives are not suitable for internal bleeding

control. Biological or natural adhesives are now becoming a

potential alternative to synthetic adhesives. However, biological

adhesives based on albumin or prothrombin have the potential to

transmit viral infections or induce immune responses.5,6 In

addition, access to these adhesives is very limited by their high

cost and inadequate application methods (i.e., refrigerated stor-

age and pre-mixing and curing before the application) in the

operation room. On the other hand, natural adhesives have the

advantage of not only excellent mechanical bonding properties

but also biocompatibility without toxic side effects.

Polysaccharides have demonstrated clinical usefulness in

variety of clinical applications and selected as a major compo-

nent of natural tissue adhesives. Alginate is an anionic linear
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polysaccharide composed of (1-4)-linked β-d-mannuronate

(M) and (1-4)-linked α-l-guluronate (G) residues. Alginate has a

high water-absorbing capacity and easily forms gel in the pres-

ence of divalent cations such as calcium. These properties of

alginate are very attractive for the design of wound covering

materials.7,8 However calcium alginate hydrogel is inherently

non-degradable in the body and does not display enough tis-

sue adhesiveness for wound-covering or hemostatic action. In

addition, high calcium content can inhibit cell growth and tis-

sue recovery.9,10 Many researchers have tried to make tissue

adhesive alginate for clinical applications and found partially

oxidized alginate (di-aldehyde derivatives) displays strong tis-

sue-adhesive property.11-13 Oxidation of the alginate makes the

aldehyde form a Schiff-base with the amine residues of the tis-

sue protein and a chemical structure that exerts tissue adhesion.

However, the oxidized polysaccharides by itself do not have

enough gel strength to control the high-pressure bleeding and

require adjuvant polymer (i.e., amine-rich polymers). Two poly-

mers are mixed together before the application and form hemo-

static adhesive glue at the bleeding site. The gel strength and

elasticity of adhesive should be properly adjusted to achieve a

reliable hemostatic action. The required physical properties

can be controlled by adjusting the mixing ratio of polymers, the

aldehyde content of alginate, and introduction of other func-

tional groups to alginate. In this study, mussel-inspired dopa-

mine was further introduced to Schiff-base forming oxidized

alginate (OA). The application of mussel-inspired chemistry to

tissue adhesives has been studied for decades and continues to

attract the interest of scientists due to their functional efficacy

and ease of chemical cross-linking.14-16 Dopa is oxidized to a

quinone form and reacts strongly with biomacromolecules as

well as organic and inorganic materials via Schiff base reactions

or Michael-type additions.14 This property of dopa was employed

to improve tissue-adhesiveness of Schiff-base forming oxidized

alginate in this study. 

In this study, we designed oxidized alginate hydrogel glue

(OA glue; mixture of oxidized alginate and polyallylamine), and

dopa-introduced oxidized alginate hydrogel glue (Dopa-OA glue).

The aldehyde content of OA was precisely adjusted based on

gelation time and gel strength. Mixing ratio of OA and PAA was

also explored by rheological property of the acquired OA glues.

And the introduction amount of dopa on alginate were examined

by the tissue adhesive properties of the hydrogel glues. Hemostatic

efficacy of glues was evaluated in vivo using a surgical hepatic

bleeding mouse model.

2. Experimental

2.1. Materials

Sodium alginate (Protanal® LFR 5/60, high alpha-l-guluronate

(G) residues) was obtained from FMC Biopolymer (Sandvika,

Norway). Polyallylamine (PAA; average molecular weight [MW]

15 kDa) was purchased from Polyscience Inc. (Warrington, PA, USA).

Diethylene glycol, sodium periodate and dopamine hydrochlo-

ride (dopamine) were purchased from Sigma-Aldrich Inc. (St.

Louis, MO, USA). Dulbecco’s phosphate-buffered saline (DPBS),

Dulbecco’s modified Eagle’s medium (DMEM), trypsin-EDTA

and antibiotic-antimycotic solution were purchased from Wel-

gene Inc. (Daegu, Korea). All other materials were used with-

out further purification. 

2.2. Preparation of oxidized alginate

Oxidation of alginate was prepared following a previously

described method, with slight modification.12 Sodium alginate

(3.0 g; 15.1 mmol uronate residues) was firstly dissolved in 70 mL

deionized water (DDW). The alginate solution was mixed with

30 mL sodium periodate (4.53, 9.06 or 13.59 mmol) in DDW

and incubated in a water bath at 50 °C for 4 h. The reaction was

stopped by the addition of 10 mL ethylene glycol solution (10%

v/v). Sodium chloride (8 g) was added to the solution, followed

by precipitation in 600 mL ethanol. The supernatants were

decanted, and the precipitates were re-dissolved in DDW. The

solution was washed twice and purified by dialysis (MW cut-off,

1200014000; Spectrum Laboratories Inc. Rancho Dominguez,

CA) against DDW for 3 days. The solution was lyophilized for 3

days and kept in a desiccator until use. The analysis of OA com-

position was performed using Fourier transform-infrared (FTIR)

spectrometer and 1H NMR spectrometry (400 MHz Unity-Inova,

Varian, USA). Aldehyde content of OA was measured by hydroxyl-

amine hydrochloride titration.17,18 The degree of oxidation (%)

was calculated using the following equation:

=

×100 (%)

The oxidized alginate was assigned to OA-30, OA-60 and OA-90

based on the estimated degree of oxidation (%).

2.3. Introduction of dopa to oxidized alginate 

Dopa-OA was synthesized by Schiff base reaction between dopa

and OA. Briefly, 1 mmol of OA-30 was dissolved in 10 mL DDW.

Dopamine (0.2 mmol) in 10 mL DDW was added to the OA

solution and incubated for 1 h at 37 °C. The solution was main-

tained at pH 5.0 (titrated with HCl). After the reaction, the product

was purified by dialysis membrane (MW cut-off 1200014000)

against DDW at pH 5.0 for 3 days, and freeze-dried. The dopa con-

tent of Dopa-OA was measured by UV-vis spectrometry (Infinite

200 pro, Tecan, Männedorf, Switzerland). The degree of substi-

tution (DS) with dopa was calculated from the absorbance at

280 nm using a standard dopamine solution. 

2.4. Preparation of hydrogel glues

The hydrogel glues (OA glue and Dopa-OA glue) were prepared

by mixing each oxidized alginate solution with PAA. Each 100 mg

of OA-30, OA-60 and OA-90 was dissolved in 0.5 mL DDW under

stirring at room temperature. 0.5 mL of PAA solution (15% w/v)

slowly added to the OA solution. Dopa-OA glue was prepared

by mixing Dopa-OA with PAA using the method described in the

formation of OA glue. The gelation time of each glue was moni-

tored by time-lapse video. 

(Volume of ml NaOH×N NaOH)×10-3 mol

Weight of sample (g)×(alginate MW)  

mol of aldehyde

mol of alginate
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2.5. Measurement of rheological properties of hydrogel glues

Rheological properties of OA glue and Dopa-OA glue were mea-

sured on an advanced rheometric expansion system (ARES,

Rheometric Scientific Inc., UK), using a cone-and-plate fixture

with a 20 mm parallel plate. Time sweep measurement was

performed to confirm the gelation time, immediately after mix-

ing with an equal volume (0.1 mL) of OA and PAA (15%) solu-

tion on the plate. The frequency sweep was conducted by varying

the angular frequency range was 0.6-120 rad/s.

2.6. Estimation of tissue adhesiveness

Tissue-adhesive strengths of hydrogel glues were evaluated by

measuring the force required to detach them from a mucin disc

using a universal testing machine (UTM, TopTac2000, Yeonjin

Corporation, Korea).19,20 The mucin discs were prepared using

as previously described.21 The discs were attached to the end of

a cylindrical probe using double-sided adhesive tape. Each 100 μL

of OA and Dopa-OA with 100 μL PAA (15% w/v) was placed on

the holder of the UTM plate, which was then lowered until the

mucin disc contacted the surface of the sample. A downward

force of 100 g (0.981 N) was applied for 20 seconds, and the probe

was moved upwards at a constant speed of 0.5 mm/s. The adhe-

sion strength was determined as the maximum value achieved.

All measurements were performed at least three times. 

2.7. Estimation of hemostatic function on operative hepatic

bleeding model

The in vivo hemostatic ability of the hydrogel glues was evalu-

ated on operative hepatic bleeding model using male 6-week-

old C57BL/6 mice weighing 20±2 g (Orient Bio, Seongnam,

Korea).22,23 Briefly, a mouse was fixed on a surgical cork board

prior to making an abdominal incision. Serous fluid around the

mouse liver was carefully removed and a pre-weighed filter

paper on paraffin film was placed beneath the liver. The cork

board was tilted and maintained at an angle of about 45°, and

liver bleeding was induced by deep needle puncture (21 gauge).

The test substance (50 μL) was immediately applied to the bleed-

ing site. The amount of blood absorbed on the filter paper was

weighed after 3 min. All animal experiments were conducted in

accordance with the approval and guidelines of the Institutional

Animal Care and Use Committee at the Inha University. 

2.8. Statistical analysis

Each experiment was repeated at least three times and the data

were expressed as the mean±standard deviation. Statistical

significance was assessed using a two-tailed Student’s t-test, and

a value of p<0.05 was considered statistically significant.

3. Results and discussion

3.1. Oxidation of alginate and gel formation property of

hydrogel glue (OA glue)

As described above, the oxidation of polysaccharide renders a

Schiff-base forming aldehyde which acts as main functional

group of tissue adhesive glue. In this study, we observed how

degree of oxidation affects the gelation property of OA hydrogel

glue and the resulting adhesiveness. First, the application amount

of the oxidizing reagent, sodium periodate, was varied by molar

ratio of alginate sugar units and the degree of oxidation was

determined by titration method. Figure 1(a) shows the molar

content of aldehydes in alginate can be easily controlled by

changing the applied amount of sodium periodate. Generation

of aldehyde in alginate polymer was detected in FTIR and NMR

spectra of the sodium alginate and the oxidized alginate (Fig-

ure 1(b) and Figure S1). FTIR spectrum of OA-60 proved a new

characteristic peak at 1730 cm-1 (C=O), and NMR spectrum also

shows two new signals at 5.3 and 5.5 ppm which is correspond

to the protons of hemiacetals formed from aldehyde and hydroxyl

groups. These results indicated that sodium alginate was suc-

cessfully oxidized by sodium periodate.

Generally, gelation is defined as phase transition of system

from liquid-like state to solid-like state.24 In our design, OA is

immediately converts to hydrogel glue after mixing with PAA,

and acts as a mechanical barrier for bleeding control. Three dif-

ferent OAs with different degree of oxidation (Figure 1(a)) was

Figure 1. (a) Oxidation (aldehyde formation) of alginate after treat-

ment with sodium periodate by molar ratios (30, 60, and 90 mol% to

mol of alginate units). (b) FTIR spectra of sodium alginate and oxi-

dized alginate (OA-60).
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introduced hydrogel formation study. Figure 2(a) shows OA

transformed into hydrogel within a few seconds after mixing

with PAA. Gelation time of OA-30, OA-60 and OA-90 was 4.1,

10.4 and 21.4 s, respectively (Figure 2(b)). The intersection of

storage modulus (G', ■) and loss modulus (G'', ●), observed after

mixing the two polymers in time sweep rheology, typically rep-

resents hydrogel formation (Figure 2(c)). It was observed in 5

to 10 seconds after mixing of the two polymers. The frequency

sweep analysis also showed typical property of hydrogel (G'>G'')

(Figure S3). In this study, we found OA-30 exhibited short gela-

tion time and retained the initial mechanical properties of the

alginate and was selected as the final component of hydrogel

glue for sub sequential experiments.

3.2. Introduction of dopa into OA and rheological prop-

erties of Dopa-OA glue 

Schiff base formation determines the basic properties of hemo-

static glue. In this study, we found OA glue become too rigid

over time, easily detached from the tissue and might not assure

the time-resistant hemostatic action. Therefore, we introduced

dopa into OA to enhance the adhesiveness and flexibility of glue.

Chemical structure of Dopa-OA was analyzed by 1H NMR spec-

trometry and UV-vis spectroscopy. 1H NMR (Figure 3(a)) shows

typical spectrum of Dopa-OA peaks; 2.9 and 3.1 ppm (CH2, dopa),

6.67.0 ppm (3H, aromatic ring proton, dopa), and 3.54.4 ppm

(CH2, partially oxidized alginate)).25 Figure 3(b) displays a stan-

dard UV calibration curve for the determination of dopa concen-

trations in Dopa-OA polymer, and the estimated dopa content

was around 10 mol.%. Dopa-OA glue was prepared by mixing

Dopa-OA (20%, w/v solution) with PAA (15%, w/v solution).

In the same manner as the OA glue, we observed the instanta-

neous formation of the hydrogel after mixing the two polymers

(G'>G'' data not shown). In a frequency sweep test, G' values of

Dopa-OA glue reduced after introduction of dopa (Figure 4(a)).

The elastic modulus of hydrogels showed not only the charac-

teristics of solid-like material as expected after rapid formation

of hydrogel but also rigidity of dopa-bound hydrogels (Dopa-

OA glue) decreased.

3.3. Tissue adhesiveness of hydrogel glues

Tissue adhesion forces of OA glue and Dopa-OA glue were eval-

uated using tensile testing machine which is measured the

maximum force required to detach the hydrogel from a mucin

disc. The adhesive strength of OA glue and Dopa-OA glue was

estimated 655.1±34.4 gf/mm2 and 761.4±52.2 gf/mm2, respec-

tively. Additionally, elongation power of OA glue and Dopa-OA

Figure 2. (a) Instantaneous formation of OA glue after mixing oxidized alginate (OA-30) with PAA. (b) Glue formation time of each oxidized algi-

nate by the degree of oxidation. c) Time sweep rheological analysis of OA glue. Intersection point of the elastic (G') and viscous (G'') modulus is

designated to the glue formation (gel formation) time point.
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glue was observed in this study. OA glue detached from the

mucin disk shortly when the head of UTM machine moved up.

Meanwhile, Dopa-OA glue was unbroken and elongated during

the test (Figure 4(b)). Dopa-OA glue displayed 4.1±0.4 folds

higher elongation property than OA glue. These results suggested

that introduction of dopa empowered adhesive property and

elasticity of hydrogel glue. 

3.4. In vivo hemostatic action of hydrogel glue

Scheme 1 showed the gelling formation and hemostatic proce-

dures of Dopa-OA glue on wound tissue. Hemostatic function of

hydrogel glues was evaluated in a C57BL/6 mouse model. Fig-

ure 5(a) showed the liver tissue images for 3 min after deep

pricking with a needle, with or without glue application. Figure

5(b) shows the total amount of blood released. The average

amount of blood lost in the absence of hydrogel was 97.4 mg.

The average amounts of blood in mice treated with OA glue and

Dopa-OA glue were 35.2 and 29.7 mg, respectively (n=3, p<0.05).

The applied hydrogel systems successfully stopped the bleed-

ing in this model by attaching to the wound site and undergoing

a phase change from solution to tissue adhesive glue. As observed

in music adhesion test, OA glue was more easily detached from

the bleeding site by exudate body fluid, as compared with Dopa-

OA glue. Dopa-OA glue showed much higher stickiness and elastic-

ity than OA glue. These results indicated that Dopa-OA glue was

a good candidate for the rapid treatment of hemorrhage.

The present study employed alginate for the design of hemo-

static hydrogel glue because of its biocompatibility and rapid

gel-formation property.8,12 To achieve the hemostatic function,

Schiff base forming aldehyde and mussel-inspired functional

dopa group were co-introduced into the alginate (Scheme 1).

First, Schiff base forming aldehyde was rendered by the oxidation

of alginate using sodium periodate (Figure 1) and then dopa

was introduced via Schiff base forming between the amine res-

idue of dopamine and the aldehyde of OA. Practically, OA alone

could not act as a hemostatic adhesive since the gel formation

properties of alginate disappeared after the oxidation and requires

addition of intra-structuring polyamines. So, OA glue was con-

structed via intra-Schiff base network between aldehyde of OA

and amine of PAA (Figure 2(a) and Scheme 1).

Figure 3. (a) 1H NMR spectra (D2O) of Dopa-OA. (b) The calibration curve for dopa concentration using UV spectra at 280 nm.

Figure 4. Rheological properties of OA glue and Dopa-OA glue. After

the introduction of dopa, the hydrogel glue showed the enhanced elas-

ticity and elongation power. (a) Frequency sweep elastic (G') modu-

lus of OA glue and Dopa-OA glue. (b) Tensile strength measurement of

(a) OA glue and (b) Dopa-OA glue.
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In this study, we selected PAA as a Schiff-base forming poly-

mer. Schiff bases is induced between an aliphatic or aromatic

amine and a carbonyl compound by nucleophilic addition form-

ing a hemiaminal, followed by a dehydration to generate an imine.

Primary amine is the best candidate for this reaction, and PAA

has properties such as a high density of amine groups, a good

water solubility and low toxicity after cross-linked form. We also

assume long aliphatic chain of PAA allows the stronger binding

capacity with target gene as well as powerful gel strength after

the reaction with OA.

Schiff base reaction between the aldehydes of OA and the

amine groups of tissue proteins allows the formation of stiff

mechanical barrier for hemorrhage control. But adhesiveness

of OA glue decreases and eventually detached from the wound

tissue over time; we, therefore, introduced mussel-inspired dopa

into OA and compared the physical properties and hemostatic

abilities with OA glue (Figure 4 and 5). The elasticity (storage

modulus, G') of Dopa-OA glue was lower than that of OA glue,

and this result suggested that Dopa-OA glue possessed much

better feasibility for application at the bleeding site than OA glue.

Additionally, tissue adhesion force of Dopa-OA glue (761.4±52.2

gf/mm2) was significantly higher than that of OA glue (655.1±

34.4 gf/mm2). Figure 5 also showed that the elongation of Dopa-

OA glue (i.e., stickiness) was significantly increased (around 4

Scheme S1. Brief synthetic scheme of Dopa-OA glue. 

Figure 5. (a) Hemostatic action of OA glue and Dopa-OA glue on mouse
liver surgical hemorrhage model. (b) Toral bleeding amount of each glue
treatment (n=3, *p<0.05)., Blood was collected for 3 min after the hepatic
puncture. 
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folds) after introducing dopa in the hydrogel system.

To evaluate the hemostatic action of the adhesive systems on

hemorrhage, the amount of blood loss was compared after apply-

ing various hydrogels. Both OA glue and Dopa-OA glue produced

successful hemostatic effects in a mouse liver hemostasis model.

However, we observed OA glue detached from the tissue over time

because of its decrease in adhesiveness. Our observation indi-

cated that Dopa-OA glue showed superior hemostatic function

due to tissue conjugation via the Schiff base reaction and dopa

quinone reaction. Introduction of dopa allowed an elastic and

mussel-pad like adhesive property. Therefore, Dopa-OA glue

could provide a more effective hemostatic tissue-adhesive than

OA glue. 

4. Conclusion

In this study, dopa-empowered and Schiff base forming alginate

hydrogel glue (Dopa-OA glue) was developed for hemostatic

glue. The hemostatic glue based on Dopa-OA showed suitable

physical features, including good rheological properties, and

tissue adhesion. In addition, Dopa-OA glue effectively arrested

bleeding on the hepatic bleeding animal model. Therefore, Dopa-

OA glue can provide a novel tissue adhesive for the treatment

of hemorrhage in surgical or trauma settings.
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Supporting Information

1. Water absorption capacity of OA glue and Dopa-
OA glue

In order to evaluate the water absorption capacity of OA-glue

and Dopa-OA glue, swelling assay was employed.1,2 Briefly, OA

glue and Dopa-OA glue were prepared as described methods

and each hydrogel was lyophilized and accurately weighed. Each

sample was immersed in DMEM medium at 37 °C and incubated

for 24 h to reach the maximal swelling. There is no difference in

the swelling weight after more than 24 h. The samples were

taken out and weighted after removing the excess medium. The

water absorption capacity is acquired by dividing the weight of

samples at the maximal swelling time point by the dry weight of

samples. Mechanical hemostatic agents absorb blood plasma on

the bleeding spot, increase the local concentration of platelet

and precipitate the blood clot formation. Schiff-base forming

hydrogel glue is typically categorized as a chemical sealant. But

hydrogel-forming glue also shows water-absorbing property,

working as mechanical hemostatics. So, we estimated the water

absorption and swelling properties of hydrogel glues over

time. The water absorption capacities increased with introduc-

tion of dopa in OA glue. The weight of OA glue and Dopa-OA glue

in DMEM after 24 h were respectively increased 7.9±0.5 and

13.4±1.1 times compared with initial weight. The relative low

swelling ratio of OA glue resulted from the limitation of water

penetration with an increase of rigidity due to the greater bind-

ing with amine groups of PAA backbone compared to Dopa-OA

glue.

Scheme S1. Brief synthetic scheme of Dopa-OA glue. 

Figure S1. The 1H NMR spectra (D2O) of sodium alginate and oxidized

alginate (OA-60).

Figure S2. Formation of OA hydrogel glue after mixing OA-30, OA-60

and OA-90 with PAA. 
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Figure S3. Frequency sweep rheological analysis of OA glue.




