
EDITORIAL
Bioactive Surface Functionalization
K. G. Neoh, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.40607 

REVIEWS
Orthogonal surface functionalization through bioactive vapor-based 
polymer coatings
X. Deng and J. Lahann, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.40315 

Surface modifying oligomers used to functionalize polymeric surfaces: 
Consideration of blood contact applications
M. L. Lopez-Donaire and J. P. Santerre, J. Appl. Polym. Sci. 2014, 
DOI: 10.1002/app.40328

Block copolymers for protein ordering
J. Malmström and J. Travas-Sejdic, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.40360

RESEARCH ARTICLES
MS-monitored conjugation of poly(ethylene glycol) monomethacrylate to RGD peptides
O. I. Bol’shakov and E. O. Akala, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.40385

Synthesis and characterization of surface-grafted poly(N-isopropylacrylamide) and poly(carboxylic acid)—Iron particles 
via atom transfer radical polymerization for biomedical applications
J. Sutrisno, A. Fuchs and C. Evrensel, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.40176

Deposition of nonfouling plasma polymers to a thermoplastic silicone elastomer for microfluidic and biomedical applications
P. Gross-Kosche, S. P. Low, R. Guo, D. A. Steele and A. Michelmore, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.40500

Regeneration effect of visible light-curing furfuryl alginate compound by release of epidermal growth factor for wound 
healing application
Y. Heo, H.-J. Lee, E.-H. Kim, M.-K. Kim, Y. Ito and T.-I. Son, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.40113

Bioactive agarose carbon-nanotube composites are capable of manipulating brain–implant interface
D. Y. Lewitus, K. L. Smith, J. Landers, A. V. Neimark and J. Kohn, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.40297

Preparation and characterization of 2-methacryloyloxyethyl phosphorylcholine (MPC) polymer nanofibers prepared via 
electrospinning for biomedical materials
T. Maeda, K. Hagiwara, S. Yoshida, T. Hasebe and A. Hotta, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.40606

Nanostructured polystyrene films engineered by plasma processes: Surface characterization and stem cell interaction
S. Mattioli, S. Martino, F. D’Angelo, C. Emiliani, J. M. Kenny and I. Armentano, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.40427

Microtextured polystyrene surfaces for three-dimensional cell culture made by a simple solvent treatment method
M. E. DeRosa, Y. Hong, R. A. Faris and H. Rao, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.40181

Elastic biodegradable starch/ethylene-co-vinyl alcohol fibre-mesh scaffolds for tissue engineering applications
M. A. Susano, I. B. Leonor, R. L. Reis and H. S. Azevedo, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.40504

Fibroblast viability and inhibitory activity against Pseudomonas aeruginosa in lactic acid–grafted chitosan hydrogels
A. Espadín, N. Vázquez, A. Tecante, L. Tamay de Dios, M. Gimeno, C. Velasquillo and K. Shirai, J. Appl. Polym. Sci. 2014, 
DOI: 10.1002/app.40252

Surface activity of pepsin-solubilized collagen acylated by lauroyl chloride along with succinic anhydride
C. Li, W. Liu, L. Duan, Z. Tian and G. Li, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.40174

Collagen immobilized PET-g-PVA fiber prepared by electron beam co-irradiation
G. Dai, H. Xiao, S. Zhu and M. Shi, J. Appl. Polym. Sci. 2014, DOI: 10.1002/app.40597

MANAGING EDITOR

Stefano Tonzani

ASSOCIATE EDITOR

Hilary J. Crichton

ASSISTANT

MANAGING EDITORS

Nesty Diaz
Maria Monte

PRODUCTION EDITORS

Cecilia Banzon
Glenn Beck

FOUNDING EDITOR

Herman F. Mark

CONSULTING EDITOR

Eric Baer

EXECUTIVE EDITORS

Subramanian Iyer
Eastman Chemical Company
Advanced Polymer Engineer
100 Lincoln Street
Kingsport, TN 37660, USA

Brian Knapp
PROMERUS LLC
9921 Brecksville Road
Brecksville, OH 44141, USA

Sergei Nazarenko
The University of Southern
Mississippi, School of Polymers and
High Performance Materials
118 College Drive
MB #10076
Hattiesburg, MS 39406-0001, USA

Mark A. Schubert
Energizer Battery Company
25225 Detroit Road
Westlake, OH 44145, USA

EDITORIAL BOARD

Rameshwar Adhikari
Tribhuvan University
Kirtipur, Kathmandu, Nepal

Rigoberto Advincula
University of Houston
Houston, TX, USA

Ann-Christine Albertsson
KTH Royal Institute of Technology
Stockholm, Sweden

T. M. Aminabhavi
Karnatak University
Dharwad, India

F. J. Balta-Calleja
Instituto de Estructura de la
Materia, CSIC
Madrid, Spain

Amar Nath Banerjee
University of Calcutta
Calcutta, India

David Benko
The Goodyear Tire & Rubber Co.
Akron, OH, USA

Anil Bhowmick
Indian Institute of Technology
Kharagpur, India

Bret J. Chisholm
GE Corporate Research
and Development
Niskayuna, NY, USA

Neal Chung
National University of Singapore
Singapore

Robert E. Cohen
Massachusetts Institute of
Technology
Cambridge, MA, USA

Antonio M. Cunha
Universidade do Minhoh-Azurem
Guimaraes, Portugal

Mohamed S. El-Aasser
Lehigh University
Bethlehem, PA, USA

Antonio Facchetti
Northwestern University
Evanston, IL, USA

Lionel Flandin
Universit�e de Savoie
Le Bourget-du-lac, France

Andrzej Galeski
Polish Academy of Sciences
Sienkiewicza, Poland

Sophie M. Guillaume
Universit�e de Rennes
Rennes, France

Atsushi Hotta
Keio University
Yokohama, Japan

Avraam I. Isayev
The University of Akron
Akron, OH, USA

Robert Jerome
University of Liège
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ABSTRACT: The surface activity of pepsin-solubilized type I collagen acylated by lauroyl chloride and succinic anhydride was investi-

gated in this article. Compared with native collagen, acylated collagen exhibited better surface activity such as oil absorption capacity,

emulsion activity and stability, foam expansion, and foam stability but presented lower water absorption capacity. Acylated collagen

also had higher emulsion activity and stability than Tween 80, whereas Tween 80 displayed higher foam expansion and stability than

acylated collagen. After acylation, the surface tension of collagen decreased with the storage time increased, the hydrophobicity and

the wetting power increased with the increase of the concentration. Meanwhile, the emulsion activity and stability of acylated collagen

decreased with the increase of NaCl concentration ranging from 20 to 100 mmol/L. Under neutral pH value, acylated collagen

reached higher emulsion activity and stability at acylated collagen concentration of 0.4 mg/mL and lower temperature (<35�C).

VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40174.
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INTRODUCTION

Since proteins are biopolymers composed of both hydropho-

bic and hydrophilic amino acid residues, most of the protein

molecules have amphipathicity that are somewhat similar to

those of polymer surface materials. However, native proteins

often exhibit a limited surface activity since the surface activ-

ity of proteins depends on the characteristics of molecular

structure and the amount of the hydrophobic groups together

with the polar moiety. Therefore, chemical modification of

proteins might serve as a tool for improving their surface

activity.1,2

Aewsiri et al.3 reported that the introduction of fatty acid resi-

dues (C10-C14) to the cuttlefish skin gelatin caused an increase

of surface activity of the gelatin derivates, as determined by sur-

face tension and emulsion activity. Meanwhile, Lin et al.4 pre-

pared gelatin derivates by the reaction of gelatin hydrolysate

with alkenylsuccinic acid anhydride and found that the surface

tension of gelatin derivates increased with the increase of pH

value, indicating that gelatin derivates were more surface-active

in acidic range than under alkaline condition. Additionally,

casein-derived surfactants were also found to decrease the sur-

face tension of water up to around 15 mN/m after the introduc-

tion of tetradecanoic acid residues to the free amino groups of

the casein molecules.5

Type I collagen, with a molecular weight of about 300 kDa,6 is

characterized by the presence of a triple helix structure that is

composed of three polypeptide chains.7 G�omez-Guill�en et al.8

reviewed that native collagen might have surface activity due to

the collagen sequence containing hydrophobic and hydrophilic

amino acid residues as well as the presence of charged groups

in the side chains. As early as 1991, Montero et al.9 demon-

strated that the emulsion activity of collagen extracted from the

skin of hake (Merluccius merluccius L.) and trout (Salmo irideus

Gibb) was the highest at pH values ranging from 1.0 to 3.0.

Subsequently, the emulsion activity of the acid-soluble collagen

extracted from the skin of Pacific whiting was found to be

slightly lower than that of Tween-80, as described by Kim and

Park.10 Compared with other surface active materials including

sodium dodecyl sulfate (SDS) 11 and sorbitan surfactants,12

however, native collagen might have a limited surface activity

due to its hydrophilicity.6

To broaden the application of collagen-based materials to cos-

metics, drug delivery, and foods, etc., it would be beneficial to

improve the surface activity of native collagen. In our previous

VC 2013 Wiley Periodicals, Inc.
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report,13 the authors prepared acylated collagen based on the

method of the reaction of e-NH2 of lysine groups of native col-

lagen molecules with lauroyl chloride and succinic anhydride,

and mainly focused on the structural properties, thermostability,

and surface morphology for acylated collagen. In this work, the

comprehensive surface activity for this acylated collagen was

investigated, which included hydrophobicity, surface tension,

water absorption capacity, oil absorption capacity, emulsion

properties, foaming properties, and wetting power.

EXPERIMENTAL

Materials

Type I collagen was extracted from calf skin by the method of

Zhang et al.14 The obtained collagen solution was lyophilized by

a freeze dryer (Labconco Freeze Dryer FreeZone 6 Liter, USA)

at 250�C for 2 days and stored at 4�C until used. The analysis

of extracted collagen by sodium dodecyl sulphate-

polyacryamide gel electrophoresis (SDS-PAGE) was investigated

in our laboratory to verify its purity and structural integrity,

and the results showed that the electrophoresis patterns of the

extracted collagen displayed two a bands (a1 and a2) and one b
band, and the molecular weight was about 300 kDa. Additionally,

lauroyl chloride, succinic anhydride and 8-anilino-1-naphthalene-

sulfonate (ANS) were purchased from Sigma-Aldrich (St. Louis,

MO).

Preparation of Acylated Collagen

The structural scheme of acylated collagen is presented in Figure 1

and the preparation could be found in previous report described

by the authors.13 Briefly, 1.0 g lauroyl chloride was added drop-

wise into 100 mL dimethyl sulfoxide (DMSO) solution containing

1.0 g lyophilized collagen and two equivalent of triethy amine.

After 24 h, the intermediate product was dialyzed against 0.1 mol/L

acetic acid for 3 days. Subsequently, 0.2 g succinic anhydride dis-

solved in 10 mL DMSO was added into the intermediate product

solution with a constant pH value of 9.0 to react for 4 h. Finally,

acylated collagen was purified by dialyzed against deionized water

for 3 days and the purified acylated collagen solution was lyophi-

lized by a freeze dryer at 250�C for 2 days and stored at 4�C until

used. The preparation of acylated collagen was done by three times

and native collagen was used as a reference.

Determination of Hydrophobicity

The hydrophobicity of acylated collagen solution was deter-

mined using 8-anilino-1-naphthalenesulfonate (ANS) as a

probe, as described by Kamyshny et al. 15 A series of acylated

collagen solutions with the concentrations of 0.01, 0.05, 0.1, 0.2,

0.4, and 0.6 mg/mL were obtained by dissolving different weight

of lyophilized acylated collagen in 0.01 mol/L phosphate saline

buffer (PBS, pH 7.4), whereas ANS was dissolved in 0.1 mol/L

sodium phosphate buffer (pH 7.0) to obtain ANS concentration

of 8 mmol/L. Then, 2 mL acylated collagen solution was mixed

with 20 lL ANS solution and the mixture was stirred vigour-

ously for 10 min. After that, the fluorescence spectrum was

recorded at 20�C using a fluorescence spectrophotometer (Cary

Eclipse, Agilent Technologies, USA). The excitation wavelength

was 380 nm and the emission spectra were measured in the

wavelength region from 400 to 650 nm.

Surface Tension Measurements

Prior to running tests with acylated collagen solutions, the sur-

face tensionmeter (dataphysics OCA-H200, Germany) was cali-

brated with ultra-pure water. After acylated collagen solutions

with various concentrations (3 3 1023, 4 3 1023, and 5 3

1023 mg/mL) were prepared by dissolving lyophilized acylated

collagen in 0.01 mol/L PBS (pH 7.4), the surface tension was

immediately recorded with triplicate for 0 � 5000 s at 20�C,

until a constant reading was obtained.

Water and Oil Absorption Capacities

Water and oil absorption capacities were determined by the

method of Cho et al.16 with slight modification. For measuring

water absorption capacity, one centrifuge tube was weighed and

was placed with 0.05 g lyophilized acylated collagen and 10 g

distilled water. Subsequently, the samples were mixed with vor-

tex for 5 s every 15 min at 20�C within 1 h and then were cen-

trifuged at 5000 3 g for 20 min. The upper phase was removed

and the centrifuge tube was drained for 30 min on a filter paper

at a 45� angle. The total weight of the centrifuge tube and the

samples were weighed again to obtain the weight of the

absorbed water, and the water absorption capacity was

expressed as the wt % of lyophilized acylated collagen. The

operation steps for oil absorption capacity were similar to those

for water absorption capacity except that 10 g distilled water

was substituted for 10 g vegetable oil. The water and oil absorp-

tion capacities were detected with triplicate and lyophilized

native collagen was used as a control.

Emulsifying Properties of Acylated Collagen

Emulsion activity index (EAI) and emulsion stability index

(ESI) of acylated collagen, a rough estimate of the particle size

of the emulsions based on the interfacial area per unit of pro-

tein, were calculated by turbidity, as described by Aewsiri et al.
17 with some modification. Lyophilized acylated collagen was

dissolved in 0.01 mol/L PBS (pH 7.4) to obtain the concentra-

tion of 0.4 mg/mL, and then 20 mL acylated collagen solution

was homogenized with 2 ml vegetable oil at a speed of 2,000

rpm for 10 min at 20�C. Emulsions were pipetted out at 0 and

10 min and were diluted with 0.1% SDS at a suitable fold, and

then the mixture was mixed thoroughly using a vortex mixer

for 10 s. Finally, the resulting dispersion was measured using a

Figure 1. Structural scheme of acylated pepsin-solubilized type I collagen.

Lauroyl and succinic residues were introduced on the e-NH2 of lysine

groups of native collagen molecules for providing the hydrophobic and

hydrophilic groups, respectively.
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UV-VIS spectrophotometer (Lambda 25, USA) at 500 nm. EAI

was calculated by eq. (1):

EAI ðm2=g Þ5 232:3033A3DF

luC
(1)

where A is the absorbance measured at 500 nm, l is path length

of cuvette (m), DF is the dilution factor, u and C are oil vol-

ume fraction and protein concentration in aqueous phase

(g/m3), respectively; meanwhile, ESI was calculated by eq. (2):

ESI ðmin Þ5 A0

DA
3Dt (2)

where A0 is the absorbance measured at 0 min, DA 5 A0 – A10

and Dt 5 10 min.

Native collagen and Tween 80 were used as the controls and all

the measurements were done by three times.

Emulsifying Properties Under Different Conditions

Emulsions were prepared as described above, whereas emulsion

activity index (EAI) and emulsion stability index (ESI) of acy-

lated collagen were investigated under different conditions.

Acylated collagen solutions with the concentrations of 0.2, 0.4,

0.6, 0.8, and 1.0 mg/mL were prepared by dissolving lyophilized

acylated collagen in 0.01 mol/L PBS (pH 7.4). Subsequently, the

emulsions were prepared as described above and then EAI and

ESI were investigated under various acylated collagen concentra-

tions. The influence of ionic strength on EAI and ESI was meas-

ured at acylated collagen concentration of 0.4 mg/mL, whereas,

NaCl was added to the emulsions to obtain the final NaCl con-

centrations of 20, 40, 60, 80, and 100 mmol/L. Also, the pH

value of acylated collagen solution (0.4 mg/mL) was adjusted to

3.0, 4.0, 5.0, 6.0, and 7.0 using 1.0 mol/L HCl or NaOH. After

that, the emulsions were prepared as described above and then

EAI and ESI were investigated under different pH values. To

study the effect of temperature on EAI and ESI, 0.4 mg/mL of

acylated collagen solution was used to prepare the emulsions,

but the emulsions were prepared in water bath at 25, 30, 35, 40,

and 45�C for 30 min. After incubation, the emulsions were

cooled under running tap water and EAI and ESI under various

temperatures were calculated as described above.

Foaming Properties of Acylated Collagen

Foam expansion (FE) and foam stability (FS) of Tween 80,

native and acylated collagen solutions were tested according to

the method of Aewsiri et al.17, with some modification. Tween

80 and acylated collagen were dissolved in 0.01 mol/L PBS (pH

7.4) to obtain the concentration of 0.4 mg/mL, whereas native

collagen solution with the concentration of 0.4 mg/mL was pre-

pared by dissolving lyophilized native collagen in 0.1 mol/L ace-

tic acid. Then, sample solutions (20 mL) were left at 20�C for

30 min followed by homogenization at a speed of 2000 rpm for

10 min at 20�C to incorporate air efficiently. The whipped sam-

ples were immediately transferred into 50 mL cylinders and

were allowed to stand for 0 and 5 min. FE and FS were then

calculated with triplicate using the eqs. (3) and (4), respectively:

FE ð%Þ5 VT

V0

3100 (3)

FS ð%Þ5 Vt

V0

3100 (4)

where VT is total volume after whipping; V0 and Vt are the

original volume before whipping and total volume after leaving

for 5 min, respectively.

Wetting Power of Acylated Collagen

Wetting power of acylated collagen was estimated by the value

of contact angles, similar to the method reported by Lin et al.2

Lyophilized acylated collagen was dissolved in 0.01 mol/L PBS

(pH 7.4) to obtain the concentration of 0.2, 0.4, and 0.6 mg/mL.

After equilibrating for about 36 h, the contact angles between

acylated collagen solutions and acrylic plastic sheet or unsc-

oured cotton fabric were obtained with triplicate using a

goniometer (dataphysics OCA-H200, Germany) at 20�C. Pure

water was used as a control and the contact angle between

water and acrylic plastic sheet or unscoured cotton fabric was

also detected.

Differential Scanning Calorimetry (DSC)

Acylated collagen solution (10 mg/mL) was prepared by dissolv-

ing lyphophilized acylated collagen in 0.01 mol/L PBS (pH 7.4).

Then, �10 mg of acylated collagen solution was sealed in an

aluminum pan for DSC, and an equal weight of PBS (0.01 mol/

L, pH 7.4) in another pan was used as a reference. The maxi-

mum transition temperature (Tm) of acylated collagen was

determined by a differential scanning calorimetry apparatus

(Netzsch DSC 200PC, Germany). The endothermal curve of

acylated collagen was recorded from 20 to 60�C at a scanning

rate of 5�C/min in a nitrogen atmosphere.

RESULTS AND DISCUSSION

Determination of Hydrophobicity

8-Anilino-1-naphthalenesulfonate (ANS), a fluorescent hydropho-

bic probe, is so sensitive to the polarity of environment in solu-

tions that its fluorescence intensity rises with a little reduction of

polarity surrounding it.18 Figure 2 presents the fluorescence inten-

sity of ANS in the presence of acylated collagen with various con-

centrations. It was apparent that the fluorescence intensity of ANS

in the presence of acylated collagen was higher than that of ANS

without acylated collagen. With the increase of the concentration

of acylated collagen, the fluorescence intensity increased and a

blue shift ranging from 521 to 507 nm in the maxima peak of the

emission spectrum occurred, indicating that the hydrophobicity

(or nonpolarity) of acylated collagen increased. Wu et al.19 also

found that the fluorescence intensity of ANS increased due to the

formation of hydrophobic microdomains brought by the aggrega-

tion of collagen molecules. Kamyshny et al.15 reported that the

binding of ANS to proteins with the increase of hydrophobicity

was equivalent to the decrease of polarity, which should lead to a

blue shift in the maxima peak in the emission spectrum and an

increase of the fluorescence intensity. Lauric acid, which is hydro-

phobic in nature, contributed to the improvement of hydropho-

bicity (or nonpolarity) for acylated collagen. Theoretically, the

emission maximum in the fluorescence spectrum of ANS on the
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environmental polarity or nonpolarity depends on the reorienta-

tion of the solvent shell around the chromophore.20 When ANS

was added into a nonpolar solvent, ANS molecules with aromatic

rings bound with the hydrophobic regions tightly and then a

higher energy photon (relative to a polar environment) was emit-

ted, which might contribute to the increase of the fluorescence

intensity.

Surface Tension Measurements

In aqueous solutions, amphiphilic compound molecules were

localized or accumulated at the surface and reduced the surface

tension.21 Additionally, the surface tension of amphiphilic com-

pound solutions decreased with the storage time increased, as

investigated by Aewsiri et al.3 The surface tension for acylated col-

lagen at the air-water interface is shown in Figure 3. It was appa-

rent from the kinetic curves that the surface tension decreased

with the storage time increased and finally kept equilibrium. At

the concentration of 5 3 1023 mg/mL, the equilibrium surface

tension was about 58 mN/m after 3500 s, whereas at low concen-

tration (3 3 1023 mg/mL), the equilibrium surface tension (60.5

mN/m) was reached at about 4500 s, demonstrating that the

higher concentration of acylated collagen, the more rapid

approach toward the equilibrium surface tension. Although the

equilibrium surface tension was higher than that of other polymer

surface active materials including dextrin22 and polyester deri-

vates,23 it was similar to that of polysaccharide derivates24 and was

lower than that of pure water,13 suggesting that acylated collagen

had surface activity to some degree, which might promote the dis-

persion and the sustained release for hydrophobic drugs.25,26

Water and Oil Absorption Capacities

Water and oil absorption capacities of a protein are functional

properties that refer to the ability of the protein to imbibe water

or oil and retain it against gravitational force. Figure 4 shows

water and oil absorption capacities of native and acylated colla-

gens. It could be found that water and oil absorption capacities

of native collagen were 187.41 and 30.66 g/g, followed by 19.26

and 68.91 g/g for acylated collagen, respectively. It was obvious

that water absorption capacity for native collagen was approxi-

mately ten times than that of acylated collagen, whereas oil

absorption capacity was much lower than that of acylated colla-

gen. Hermansson27 reported that highly soluble protein had low

water absorption capacity. Meanwhile, Cho et al.16 investigated

that the hydrophobicity contributed to improve oil absorption

capacity of gelatin extracted from shark (Isurus oxyrinchus) carti-

lage. Being a fibrous protein, native collagen obtained by the

treatment of acetic acid (pH 2.5–3.0) could not dissolve in water,

which might promote the improvement of water absorption

capacity. However, the isoelectric point (pI) for acylated collagen

was 4.93,13 which endowed acylated collagen with better solubil-

ity in water and then resulted in lower water absorption capacity.

In the case of oil absorption capacity, acylated collagen exhibited

stronger hydrophobicity than native collagen, which helped to

improve oil absorption capacity for acylated collagen.

Emulsifying Properties of Acylated Collagen

Emulsion activity index (EAI) and emulsion stability index

(ESI) of acylated collagen, native collagen, and Tween 80

expressed as the turbidity of emulsions at the wavelength of

Figure 3. Surface tension of acylated collagen with various storage time

and concentrations.

Figure 4. Water absorption capacity (WAC) and oil absorption capacity

(OAC) of native and acylated collagens.Figure 2. Fluorescence spectra of ANS in 0.1 mol/L PBS, pH 7.4 (a), and

ANS in the presence of acylated collagen with various concentrations (b:

0.01 mg/mL, c: 0.05 mg/mL, d: 0.1 mg/mL, e: 0.2 mg/mL, f: 0.4 mg/mL,

g: 0.6 mg/mL).
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500 nm are shown in Table I. In comparison with Tween 80, native

collagen displayed slightly higher EAI0, but exhibited slightly lower

EAI10; consequently, ESI for native collagen was slightly lower than

that of Tween 80. Also, Kim and Park10 found that type I collagen

derived from skin of Pacific whiting presented slightly lower emul-

sion activity than Tween 80, whereas type I collagen extracted from

muscle of Pacific whiting exhibited slightly higher emulsion activity

than Tween 80. After the introduction of lauroyl and succinic resi-

dues, however, EAI and ESI of acylated collagen increased mark-

edly. Kato and Nakai28 reported that the emulsion activity of

proteins including bovine serum albumin, ovalbumin, and lyso-

zyme increased with the increase of the hydrophobicity. After acyla-

tion, the hydrophobicity of collagen increased and then resulted in

higher EAI and ESI. Therefore, acylated collagen might be prepared

as microparticles for delivery of drugs including retinol,29 glucocor-

ticosteroids,30 and progesterone,31 etc.

Emulsifying Properties Under Different Conditions

Emulsion activity index (EAI) and emulsion stability index

(ESI) of acylated collagen at different concentrations are pre-

sented in Figures 5(a) and 6(a). With the increase of acylated

collagen concentration, EAI, and ESI increased firstly (<0.4 mg/mL),

Table I. Emulsion Activity Index (EAI), Emulsion Stability Index (ESI), Foam Expansion (FE), and Foam Stability (FS) of Tween 80, Native, and

Acylated Collagens

Sample EAI0 (m2/g) EAI10 (m2/g) ESI (min) FE (%) FS (%)

Native collagen 28.29 6 3.19 11.82 6 1.93 17.15 6 0.63 109.17 6 2.89 103.33 6 1.44

Tween 80 25.33 6 1.27 14.35 6 0.73 23.25 6 2.05 163.33 6 1.44 158.33 6 1.44

Acylated collagen 264.73 6 10.05 224.62 6 10.31 66.03 6 3.11 115 6 2.5 111.5 6 1.73

EAI0 and EAI10 referred to the emulsion activity index at 0 and 10 min, respectively.

Figure 5. Emulsion activity index (EAI) of acylated collagen at different acylated collagen concentrations (a), NaCl concentrations (b), pH (c), and tem-

peratures (d).
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but gradually decreased at higher concentration (>0.4 mg/mL). At

the concentration of 0.4 mg/mL, EAI0, EAI10, and ESI reached

the highest values, which were 264.73 m2/g, 224.62 m2/g, and

66.03 min, respectively. Although EAI and ESI for tuna fin gela-

tin increased with the increase of gelatin concentration,32 the

tendency of emulsion activity for acylated collagen was similar

to that of mucuna bean protein concentrate derivates33 and gel-

atin extracted from Bigeye snapper (Priacanthus hamrur)

skin.34 At lower concentration (<0.4 mg/mL), acylated collagen

aggregates during the shearing involved in the emulsifying pro-

cess might be broken easily, which might promote the uniform-

ity and the stability of the emulsion droplets. Meanwhile, the

hydrophobicity increased with the increase of acylated collagen

concentration and then led to the increase of EAI and ESI. At

higher concentration (>0.4 mg/mL), however, acylated collagen

molecules assembled easily, which might increase the size of the

emulsion droplets. Furthermore, the balance of hydrophobic

interactions between acylated collagen molecules and oil drop-

lets might be lost due to the increase of acylated collagen con-

centration. Therefore, EAI and ESI for acylated collagen

decreased at higher concentration (>0.4 mg/mL).

Figures 5(b) and 6(b) show emulsion activity index (EAI) and

emulsion stability index (ESI) of acylated collagen at various

NaCl concentrations. It was observed that EAI and ESI of acy-

lated collagen decreased with the increase of NaCl concentration

ranging from 20 to 100 mmol/L. In previous studies, the emul-

sion stability for cuttlefish skin gelatin 3 and chickpea protein

derivates 35 was also found to decrease with the increase of

NaCl concentration. The reason might be due to the salting out

effect,9 which might increase the size of the emulsion droplets.

Meanwhile, Aewsiri et al.3 investigated that in the presence of

NaCl, the electrostatic repulsion between the adjacent droplets

of emulsions decreased since the net charge of emulsions was

reduced by electrostatic screening, in which the repulsion

between the adjacent droplets was no longer sufficiently strong

to overcome the attractive force (e.g., vander Waals and hydro-

phobic interaction) between the adjacent droplets. Therefore, it

would be expected that EAI and ESI of acylated collagen

decreased with the increase of NaCl concentration.

Figures 5(c) and 6(c) present emulsion activity index (EAI) and

emulsion stability index (ESI) of acylated collagen at various pH

Figure 6. Emulsion stability index (ESI) of acylated collagen at different acylated collagen concentrations (a), NaCl concentrations (b), pH (c), and tem-

peratures (d).
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values. As the pH value increased, EAI and ESI decreased and

remained the lowest at pH 5, finally increased with the increase

of pH value. At the pH value of 5, EAI0, EAI10, and ESI were the

lowest, which were 82.33 m2/g, 55.31 m2/g, and 30.55 min,

respectively. When the pH value of the solution was far from the

pI values of proteins, the solubility and the electrostatic repulsion

increased, which might contribute to the increase of emulsion

activity.3,9 The authors had reported that the pI value for acylated

collagen was 4.93,13 which was approached to the pH value of 5.

Therefore, the solubility and the electrostatic repulsion of acylated

collagen were the lowest at pH 5, which was responsible for the

lowest EAI and ESI for acylated collagen. According to the

results, we might conclude that acylated collagen emulsions

might be applied in fields including foods, medicines, and cos-

metics under neutral pH value.

Emulsion activity index (EAI) and emulsion stability index

(ESI) of acylated collagen at various temperatures are shown in

Figures 5(d) and 6(d). It was found that EAI and ESI of acy-

lated collagen increased slightly when the temperature increased

from 25 to 35�C, and then decreased with the temperature

increased. Lower temperature might promote the exposure of

hydrophobic associations which were normally buried in the

interior of protein molecules.35 Therefore, these hydrophobic

associations might lead to the increase of EAI and ESI for acy-

lated collagen at lower temperatures (25–35�C). However, when

the temperature increased higher than 35�C, it might be sug-

gested that some partial desorption of acylated collagen mole-

cules from the droplet surfaces might result in flocculation or

coalescence of emulsion droplets.36 According to the result of

DSC, Tm for acylated collagen was about 39�C, then it would be

expected that protein denaturation at higher temperature

(�40�C) might also lead to the decrease of the hydrophobic-

ity,35 which resulted in lower EAI and ESI for acylated collagen.

Foaming Properties of Acylated Collagen

Foams could be defined as two-phase systems composed of air

bubbles surrounded by a continuous liquid lamellar phase. Gen-

erally, foam formation is controlled by transportation, penetra-

tion, and reorganization of protein molecules at the air-water

interface. Table I shows foam expansion (FE) and foam stability

(FS) of acylated collagen, along with native collagen, and Tween

80 as the controls. FE and FS of acylated collagen were 115%

and 111.5%, respectively, which were slightly higher than those

of native collagen but were much lower than those found in

Tween 80. As early as 1983, Townsend and Nakkai37 confirmed

that foam formation capacity and foam stability of food pro-

teins increased with the increase of hydrophobicity. FE and FS

of proteins might also be improved by exposing more hydro-

phobic residues and by increasing its capacity to decrease sur-

face tension.38 Compared with native collagen, acylated collagen

had stronger hydrophobicity, which might promote the increase

of FE and FS. Compared with traditional surfactant, Tween 80,

lower FE, and FS for native and acylated collagens might be due

to the higher molecular weight causing a considerable increase

of area per molecule and producing less cohesive force on the

surface.21 With time increased, the value for FE (115%) of acy-

lated collagen decreased to 111.5% for FS, the reason might be

due to the gravitational drainage of liquid from the lamella and

disproportionation of gas bubbles via interbubble gas diffusion,

which led to the film thinning and rupture.17

Wetting Power of Acylated Collagen

Wetting behavior of fibrous materials determined their liquid

transport and absorbent characteristics and was crucial to their

manufacturing processes, functional properties, and end-use per-

formances. The contact angle could be used as a measurement

for the degree of wetting. Table II shows the contact angles

formed between the aqueous solutions of acylated collagen at var-

ious concentrations (or pure water) and the surface of an acrylic

plastic sheet or cotton fabric. It was appeared that the contact

angles between acylated collagen solution and acrylic plastic or

cotton fabric were smaller than those found in water and

decreased with the concentration increased, suggesting that all the

solutions possessed the power to wet acrylic plastic and the cot-

ton fabric. Lin et al.2,39 and Wang et al.21 also reported that the

wetting power of soy protein, dextrin, and gelatin derivatives

increased due to the decrease of contact angles after hydrophobic-

ity modification. Consequently, the hydrophobic interactions

might also promote the wetting power of acylated collagen solu-

tion on the surface of an acrylic plastic sheet or cotton fabric.

CONCLUSIONS

The surface activity of acylated collagen, containing lauroyl and

succinic residues on the e-NH2 of lysine groups of native colla-

gen molecules, was investigated and the results showed that acy-

lated collagen exhibited good surface activity such as

hydrophobicity, surface tension, oil absorption capacity and

wetting power, especially emulsion activity and stability, which

were much higher than those of native collagen and Tween 80.

Due to its better surface activity, this kind of acylated collagen

might be widely used in fields including medicines, cosmetics,

foods, and chemical industries.
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