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INTRODUCTION

Protein-based materials have received extensive attention
due to their desirable properties including water-solubility,
biocompatibility, biodegradability, and non-toxicity [1]. Many
natural proteins such as collagen, elastin, keratin and silk fibroin
have been extensively studied and applied in many fields [2-5].
Among them, keratin is one of the most abundant proteins
found as a major component of hair, wool, feather, horns and
nails of mammals, reptiles and birds [6-8]. Keratin can be cate-
gorized into α, β and  γ-keratin based on its structural configu-
ration, molecular weight and sulfur contents [9]. It is an insoluble
protein due to disulfide bonds in its structure [10]. Keratin has
been used in materials for scaffolds in tissue engineering and
drug delivery system [11,12], where it shows a great advantage
because of the presence of cell adhesion motifs such as RGD
(Arg-Gly-Asp) and LDV (Leu-Asp-Val), which mimic the sites
of cellular attachment [13]. The keratin-based has been per-
formed in various forms such as sponges, patches, hydrogels,
and fibrous scaffolds [14-17]. However, keratin materials have
several disadvantageous properties as they are brittle and fragile
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with low flexibility [11]. These limit the applications of keratin
products. Therefore, keratin blended with other natural polymers
has attracted a lot of attention [18-20].

Egg white composed of more than 150 proteins-the majority
includes ovalbumin, ovotransferrin, ovomucoid, lysozyme,
ovomucin and globulin. The fresh egg weight of chicken egg
white is composed of water (88%, w/w) and protein (10%, w/w)
[21]. The egg white proteins showed various biological activities
such as antimicrobial [22,23], antioxidant, antiviral, anticancer,
immunomodulatory and protease inhibitory activities [24,25].
The egg white composed of many molecular sizes of proteins
which makes it suitable for manufacture of bioplastics [26-28]
and as a novel alternative material for food industry [29-31].
Moreover, egg white protein (EWP) has been blended with
other polymers as well as inorganic functional materials [32].
Previously, we successfully synthesized of human hair keratin
(HHK) and egg white protein (EWP) blend particles by emulsi-
fication solvent diffusion method [33]. The addition of protein
crosslinking agents to the blended polymers can potentially
enhance the interactions between HHK and EWP. As some
crosslinkers could exhibit a certain level of physiological toxicity
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[34,35], this study focused on the following biocompatible
and non-toxic agents e.g. acetic acid, polyethylene glycol
diglycidyl ether (PEGDE) and genipin.

Acetic acid is safe and has already been used by the meat
products industry [36]. Moreover, it has been shown to interact
with egg white proteins via hydrogen bonds [37,38]. Poly-
ethylene glycol diglycidyl ether (PEGDE) is a synthetic poly-
ether that is amphiphilic and soluble in water as well as in many
organic solvents [39]. It has been used widely in biomedical
and biomaterial research [40]. Genipin a natural extract from
Gardenia jasminoides Ellis has been considered [41] due to
its low cytotoxicity and ability to self-polymerize [42,43]. In
this work, these three crosslinkers were separately added to
the HHK and EWP mixture prior to the formation of the HHK/
EWP blend particles. The effects of these crosslinking agents
on the blend particle properties including morphology, secon-
dary structure, as well as thermal stability were evaluated and
compared.

EXPERIMENTAL

 Egg white protein (EWP) and human hair keratin (HHK)
were prepared by reported method [33].

Preparation of HHK/EWP blend particles: The HHK/
EWP blend particles were prepared by the water-in-oil (W/O)
emulsification-diffusion method [5]. The HHK was blended
with EWP to obtain a 1:3 (v/v) ratio and used as a water (W)
phase. The oil (O) phase in this work is ethyl acetate (100 mL).
The stirring speed was adjusted in range 500-700 rpm and the
different concentrations of the each crosslinked agents (acetic
acid, PEGDE and genipin) were varied to observe their effect
on the particle properties.

Morphological observation: The prepared HHK/EWP
blend particles were observed morphology under a scanning
electron microscope (JEOL, JSM-6460LV, Japan). The dried
particles were placed on stubs, then coated with Au to induce
electrons on the surfaces of particles.

Secondary structure investigation: The particle samples
were prepared by blending with KBr. The secondary structure
of particles was analyzed by Fourier transform infrared (FTIR)
spectroscopy (Perkin Elmer-Spectrum Gx, USA) in region of
4000-400 cm-1.

Thermal stability analysis: A thermogravimetric analyzer
(TGA) (SDTQ600, TA-Instrument Co. Ltd., New Castle, USA)
was used for thermal stability investigation of the prepared
particles. The suitable weights of particle were heated from
50-800 ºC with 20 ºC/min of heating rate under N2 atmosphere.

RESULTS AND DISCUSSION

Morphological observation: Based on this investigation,
the suitable ratio of water and oil (W:O) phases used for the
preparation of the particle was 1:100. The HHK/EWP blend
particles with and without crosslinking agents had spherical
shapes as revealed by the SEM imaging (Fig. 1). The particles
were varied in sizes, listed in the increasing order as the follow-
ing crosslinking agents were used: without crosslinking agents
(Fig. 1a), acetic acid (Fig. 1b), PEGDE (Fig. 1c) and genipin
(Fig. 1d), respectively. This suggested that the chemical structure
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Fig. 1. SEM micrographs of HHK/EWP blend particles without cross-
linked agent (a), 1% (v/v) acetic acids with stirring rate of 700 rpm
(b), 1% PEGDE with stirring rate of 500 rpm (c), and 5% genipin
with stirring rate of 700 rpm (d) at 1000X magnifications. Scale
bars = 10 µm

of each agent affected the size of the particles. It is found that
the suitable crosslinker concentrations and stirring rates to be
1% at 700 rpm, 1% at 500 rpm, and 5% at 700 rpm for acetic
acid, PEGDE and genipin respectively. Under the mentioned
conditions, the blend particles prepared using these agents all
showed dense texture and similar surface morphology. The
result indicated that rate of spinning as well as concentration
of crosslinking agents directly affected on shape and size of
particles. With all crosslinking agents, the particles have more
spherical shape and smaller size than the crosslinker free particle.
The acetic acid interacts with acidic and amino groups of
proteins, leading to the intact texture of particle [37]. The synth-
etic PEGDE is one of popular crosslinker using for biomedical
and biomaterial research. This was due to its wide range end-
groups [40] and solubility in various solvents [39]. Among
the three crosslinkers, the smallest size of particle was obtained
by mixing with genepin. This might be expected that the genipin
supported the rheology of polymer solution by increasing the
distance between protein molecules from its ring structure. It
has been employed for the crosslinking of various amino-
containing polymeric molecules [37,44-46] due to its low cyto-
toxicity and ability [42].

Secondary structure of particles: The FTIR spectrum
of HHK/EWP particles without any crosslinking agent (Fig. 2a)
showed absorption peaks of amide group (R-COONH-R) in
amino acids: amide I (1700-1600 cm-1) accounted for the carbonyl
group (-CO-), amide II (1600-1500 cm-1) accounted for amine
group (-NH-) and methyl group (-CH-) and amide III (1300-
1150 cm-1) accounted for -CN- str., plane -NH-, -C-C- and
-CO- str. [34,47]. The absorption peaks at 3275 cm-1 (assigned
to CH2 vibration and H-C=O amide A), 1627 cm-1 (assigned
as C=O str., amide I), 1532 cm-1 (O=C-NH, amide II) and 1072
cm-1 (O=C-SH str.) were observed for the KT/EW blend
particles. The absorption peaks at 1627 cm-1 and 1532 cm-1

were responsible for amide I and amide II, respectively and
indicated that the blend particles have the β-sheet structure.
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Fig. 2. FTIR spectra of HHK/EWP blend particles without cross-linked
agent (a), and with 1% (v/v) acetic acids with stirring rate of 700
rpm (b), 1% PEGDE with stirring rate of 500 rpm (c), and 5%
genipin with stirring rate of 700 rpm (d)

The β-sheet structure generally makes the materials brittle,
fragile and very hard to use. However, in this case of HHK/
EWP blend particles, the globular and hydrophilic proteins in
the EWP helped increase the particle size as shown in Fig. 1. The
crosslinking agents acted as strength improvement of the blend
particles (Fig. 1b-d). The addition of the crosslinking agents
introduced chemical interactions and resulted in slight changes
of FTIR profiles and peak positions depending on the cross-
linked agent used. This suggested that different structures of
the blend particles were affected by the type of crosslinking
agents, especially at the amide I and amide II groups of β-sheet
structure.

Thermal stability of particles: The thermogravimetric
analysis of HHK/EWP blend particles resulted in the DTG
curves shown in Fig. 3. All the prepared particles have main
maximum temperature of decomposition rate (Td,max) higher
than 300 ºC. Generally, all the particles showed decomposition
peaks near 100 ºC, which was due to the evaporation of water
in the materials [41]. The temperatures in the range of 220-
250 ºC are the decomposition point of the egg white protein.
The keratin showed a decomposition point in the range of 250-
300 ºC [44]. The blend particles showed variable decompo-
sition points depending on the crosslinking agents used. The
results indicated that all crosslinking agents helped to increase
the thermal property of the particles comparing to the particle
without crosslinking agent (Fig. 3a). Among all the blend
particles, the particles prepared using genipin as the crosslinker
showed the highest Td,max, which were at 240, 735 ºC (Fig. 3d).
However, the particle blended PEGDE showed small peaks at
416 and 731 ºC (Fig. 3c). This might be caused by the inter-
action forming between the end groups of PEGDE and carbo-
xylic acid or amino groups of proteins.

Conclusion

The addition of acetic acid, PEGDE and genipin as cross-
linking agents in the preparation of human hair keratin/egg
white protein (HHK/EWP) blend particles resulted in particles
with variable sizes, secondary structures, and thermal properties.
All the crosslinkers affected the particles by increasing the β-
sheet structure via H-bond and electrochemical interactions.
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Fig. 3. DTG curves of HHK/EWP blend particles without cross-linking
agent (a), and with 1% (v/v) acetic acids with a stirring rate of 700
rpm (b), 1% PEGDE with a stirring rate of 500 rpm (c), and 5%
genipin with stirring rate of 700 rpm (d)

These enhanced interactions improved the thermal properties
of the blend particles. However, the variable effects for each
used crosslinking agents were also observed. Further studies
such as the effect of these crosslinking agents on the blend
particles performances such as water resistance, drug carrier
and dissolution would be performed to obtain informative data
for specific purposes.

ACKNOWLEDGEMENTS

This research financially supported by Mahasarakham
University (Grant year 2022). The authors also thank to the
Center of Excellence for Innovation in Chemistry (PERCH-
CIC), Thailand, for partial financial support.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interests
regarding the publication of this article.

REFERENCES

1. T. Posati, D. Giuri, M. Nocchetti, A. Sagnella, M. Gariboldi, C. Ferroni,
G. Sotgiu, G. Varchi, R. Zamboni and A. Aluigi, Eur. Polym. J., 105, 177
(2018);
https://doi.org/10.1016/j.eurpolymj.2018.05.030

2. P.B. Malafaya, G.A. Silva, R.L. Reis and S.N. Khot, Adv. Drug Deliv.
Rev., 59, 207 (2007);
https://doi.org/10.1016/j.addr.2007.03.012

3. M. Okhawilai, R. Rangkupan, S. Kanokpanont and S. Damrongsakkul,
Int. J. Biol. Macromol., 46, 544 (2010);
https://doi.org/10.1016/j.ijbiomac.2010.02.008

4. P. Srihanam, Y. Srisuwan, T. Imsombut and Y. Baimark, Korean J. Chem.
Eng., 28, 293 (2011);
https://doi.org/10.1007/s11814-010-0322-4

5. O. Cheerarot and Y. Baimark, E-Polymers, 15, 67 (2015);
https://doi.org/10.1515/epoly-2014-0134

6. T. Tanabe, N. Okitsu, A. Tachibana and K. Yamauchi, Biomaterials,
23, 817 (2002);
https://doi.org/10.1016/S0142-9612(01)00187-9

7. S. Reichl, Biomaterials, 30, 6854 (2009);
https://doi.org/10.1016/j.biomaterials.2009.08.051

Vol. 34, No. 9 (2022) Morphology, Structure and Thermal Properties of Human Hair Keratin/Egg White Protein Blend Particles  2309

https://doi.org/10.1016/S0142-9612(01)00187-9


8. J. Yuan, J. Geng, Z. Xing, K.-J. Shim, I. Han, J.-C. Kim, I.-K. Kang
and J. Shen, J. Tissue Eng. Regen. Med., 9, 1027 (2015);
https://doi.org/10.1002/term.1653

9. J.G. Rouse and M.E. Van Dyke, Materials, 3, 999 (2010);
https://doi.org/10.3390/ma3020999

10. M. Zoccola, A. Aluigi and C. Tonin, J. Mol. Struct., 938, 35 (2009);
https://doi.org/10.1016/j.molstruc.2009.08.036

11. Y. Dou, B. Zhang, M. He, G. Yin and Y. Cui, Chin. J. Chem. Eng., 24,
415 (2016);
https://doi.org/10.1016/j.cjche.2015.11.007

12. K. Yamauchi, M. Maniwa and T. Mori, J. Biomater. Sci., 9, 259 (1998);
https://doi.org/10.1163/156856298X00640

13. B. Srinivasan, R. Kumar, K. Shanmugam, U.T. Sivagnam, N.P. Reddy
and P.K. Sehgal, J. Biomed. Mater. Res. B Appl. Biomater., 92, 5 (2010);
https://doi.org/10.1002/jbm.b.31483

14. T. Posati, G. Sotgiu, G. Varchi, C. Ferroni, R. Zamboni, F. Corticelli,
D. Puglia, L. Torre, A. Terenzi and A. Aluigi, Mater. Des., 110, 475 (2016);
https://doi.org/10.1016/j.matdes.2016.08.017

15. K.K. Nayak and P. Gupta, Mater. Sci. Eng. C, 77, 1088 (2017);
https://doi.org/10.1016/j.msec.2017.04.042

16. D.C. Roy, S. Tomblyn, C.J. Kowalczewski, D.M. Burmeister, K.M.
Isaac, L.R. Burnett and R.J. Christy, Wound Repair Regen., 24, 657
(2016);
https://doi.org/10.1111/wrr.12449

17. H. Xu, S. Cai, L. Xu and Y. Yang, Langmuir, 30, 8461 (2014);
https://doi.org/10.1021/la500768b

18. P. Gupta and K.K. Nayak, Int. J. Biol. Macromol., 85, 141 (2016);
https://doi.org/10.1016/j.ijbiomac.2015.12.010

19. D. Saravanan, A. Sameera, A. Moorthi and N. Selvamurugan, Int. J.
Biol. Macromol., 62, 481 (2013);
https://doi.org/10.1016/j.ijbiomac.2013.09.034

20. K.K. Nayak and P. Gupta, Int. J. Biol. Macromol., 81, 1 (2015);
https://doi.org/10.1016/j.ijbiomac.2015.07.025

21. D.A. Omana, J. Wang and J. Wu, Trends Food Sci. Technol., 21, 455
(2010);
https://doi.org/10.1016/j.tifs.2010.07.001

22. R. Vilcacundo, P. Méndez, W. Reyes, H. Romero, A. Pinto and W.
Carrillo, Sci. Pharm., 86, E48 (2018);
https://doi.org/10.3390/scipharm86040048

23. S. Guha, K. Majumder and Y. Mine, Encyclopedia of Food Chemistry,
Oxford: Academic Press, p. 74 (2019).

24. N. Abeyrathne, X. Huang and D.U. Ahn, Poult. Sci. J., 97, 1462 (2018);
https://doi.org/10.3382/ps/pex399

25. W. Carrillo, H. Spindola, M. Ramos, I. Recio and J.E. Carvalho, J.
Med. Food, 19, 978 (2016);
https://doi.org/10.1089/jmf.2015.0141

26. S. Kim, Bioresour. Technol., 99, 2032 (2008);
https://doi.org/10.1016/j.biortech.2007.02.050

27. A.K. Mohanty, P. Tummala, W. Liu, M. Misra, P.V. Mulukutla and
L.T. Drzal, J. Polym. Environ., 13, 279 (2005);
https://doi.org/10.1007/s10924-005-4762-6

28. P. Tummala, W. Liu, L.T. Drzal, A.K. Mohanty and M. Misra, Ind.
Eng. Chem. Res., 45, 7491 (2006);
https://doi.org/10.1021/ie060439l

29. J. González-Gutiérrez, P. Partal, M. García-Morales and C. Gallegos,
Carbohydr. Polym., 84, 308 (2011);
https://doi.org/10.1016/j.carbpol.2010.11.040

30. L. Fernández-Espada, C. Bengoechea, F. Cordobés and A. Guerrero,
Food Bioprod. Process., 91, 319 (2013);
https://doi.org/10.1016/j.fbp.2012.11.009

31. M.L. López-Castejón, C. Bengoechea, M. García-Morales and I.
Martínez, Carbohydr. Polym., 152, 62 (2016);
https://doi.org/10.1016/j.carbpol.2016.06.041

32. X. Liu, K. Li, C. Wu, Y. Zhou and C. Pei, Ceram. Int., 45, 23869 (2019);
https://doi.org/10.1016/j.ceramint.2019.08.152

33. S. Tanisood and P. Srihanam, Asian J. Chem., 33, 1557 (2021);
https://doi.org/10.14233/ajchem.2021.23216

34. S. Dimida, C. Demitri, V.M. De Benedictis, F. Scalera, F. Gervaso and
A. Sannino, J. Appl. Polym. Sci., 132, 42256 (2015);
https://doi.org/10.1002/app.42256

35. L.-T. Lee, H.-R. Chien and C.-T. Yang, J. Polym. Res., 23, 1 (2016);
https://doi.org/10.1007/s10965-015-0892-2

36. S.L. DeGeer, L. Wang, G.N. Hill, M. Singh, S.F. Bilgili and C.L.
Bratcher, Meat Sci., 118, 28 (2016);
https://doi.org/10.1016/j.meatsci.2016.03.008

37. T.F.M. Moreira, A. de Oliveira, T.B.V. da Silva, A.R. Dos Santos, O.H.
Gonçalves, R.S. Gonzalez, A.A. Droval and F.V. Leimann, Lebensm.
Wiss. Technol., 103, 69 (2019);
https://doi.org/10.1016/j.lwt.2018.12.040

38. A. Mohan and F.W. Pohlman, Lebensm. Wiss. Technol., 65, 868 (2016);
https://doi.org/10.1016/j.lwt.2015.08.077

39. F.E. Bailey and J.V. Koleske, Surfactant Science Series, Marcel Dekker:
New York, p. 35 (1991).

40. S. Zalipsky, Bioconjug. Chem., 6, 150 (1995);
https://doi.org/10.1021/bc00032a002

41. C. Nunes, M.A. Coimbra and P. Ferreira, Chem. Rec., 18, 1138 (2018);
https://doi.org/10.1002/tcr.201700112

42. M. Mekhail, K. Jahan and M. Tabrizian, Carbohydr. Polym., 108, 91
(2014);
https://doi.org/10.1016/j.carbpol.2014.03.021

43. Z. Wei, Y. Cheng, J. Zhu and Q. Huang, Food Hydrocoll., 94, 561
(2019);
https://doi.org/10.1016/j.foodhyd.2019.04.008

44. Y.Y. Zhao and Z.T. Sun, Int. J. Food Prop., 20(sup3), 2822 (2017);
https://doi.org/10.1080/10942912.2017.1381111

45. E. Abeyrathne, H.Y. Lee and D.U. Ahn, Poult. Sci., 92, 3292 (2013);
https://doi.org/10.3382/ps.2013-03391

46. Z. Wei, P. Zhu and Q. Huang, Food Hydrocoll., 87, 448 (2019);
https://doi.org/10.1016/j.foodhyd.2018.08.036

47. X. Xu, B. Liu, M. Zhang, S. Liu, F. Zhu and J. Wang, J. Polym. Res.,
23, 9 (2016);
https://doi.org/10.1007/s10965-015-0900-6

2310  Tanisood et al. Asian J. Chem.


