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Glycine functionalized alumina nanoparticles stabilize collagen
in ethanol medium
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Abstract. The synthesis of glycine functionalized Al2 O3 nanoparticles (Gly@Al2 O3 ) by a simple two-step process
employing sucrose as a template was reported. The functionalization of Al2 O3 nanoparticles with glycine was conﬁrmed by Fourier transformed infrared (FT-IR) spectroscopy, X-ray diffraction, high-resolution scanning electron
microscopy (HRSEM) and energy-dispersive X-ray (EDX) analysis. The interaction of Gly@Al2 O3 nanoparticles
with collagen ﬁbres was demonstrated using HRSEM, EDX, differential scanning calorimetry and FT-IR analysis.
The thermal stability of collagen is enhanced to 74◦ C upon interaction with Gly@Al2 O3 nanoparticles thereby
suggesting applications in leather making, biomedicine and cosmetic ﬁelds.
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Introduction

Collagen is a naturally occurring skin protein in animal tissue [1]. Collagen, a building block of skin matrix, plays
vital role in many applications including leather making, tissue engineering and cosmetics. The triple helical structure
of collagen is stabilized by inter- and intra-molecular hydrogen bonding interactions [2]. Collagen will destabilize on
exposure to heat or speciﬁc enzymes such as collagenase.
Destabilization of collagen can be overcome by adopting several methods like chemical [3] or physical [4] crosslinking.
Only very few metal salts and select organic molecules can
stabilize the collagen matrix and improve its hydrothermal
stability [5–7]. Industrial processes such as leather manufacturing involve usage of huge amount of water in different
stages of tanning process. The used water after tanning process is contaminated by the presence of chromium(III) and
many different chemicals used in leather processing. This
contaminated water will cause environmental pollution and
the chromium needs to be recycled [8]. Further, the availability of water is decreasing over the years and it has been
estimated that 1.8 billion people will live in countries or
regions with absolute water scarcity by 2025 AD [9]. To
overcome this challenge, chromium-free, water-less [10,11]
and other greener approaches are being developed. Although
aluminium tanning is known, it is not widely practiced owing
to its reversible reaction with collagen [7].
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Stabilization of collagen using nanoparticles offers ideal
platform for swapping not only chromium usage in tanning
but also water medium [12,13] since most nanoparticles disperse well in organic solvents rather than in water. SiO2
nanoparticles were used to crosslink the collagen and
enhance the thermal stability signiﬁcantly [14]. The use of
functionalized iron oxide nanoparticles for collagen stabilization both in aqueous and non-aqueous media was in
recent times [15,16]. Castaneda et al [17] reported the crosslinking of collagen using tiopronin-modiﬁed gold nanoparticles via 1-ethyl-3(3-dimethylaminopropyl)-carbodimide
(EDC). Functionalization of nanoparticles gains additional
beneﬁt due to stabilization, high dispersion in solvents and
prevents uncontrolled agglomeration of the nanoparticles [18].
Herein, the synthesis of glycine functionalized Al2 O3
(Gly@Al2 O3 ) nanoparticles for the stabilization of collagen
ﬁbres in non-aqueous medium was reported. Glycine was
chosen for the functionalization of Al2 O3 nanoparticles due
to its small size, bi-functional group and biodegradable
nature. It is proposed that the carboxyl groups of glycine can
easily adsorb on the surface of the nanoparticles and amino
groups could interact with the collagen molecule [19]. Al2 O3
was ﬁrst synthesized using sucrose as a template and then
it is functionalized with glycine. The prepared Gly@Al2 O3
nanoparticles were characterized using Fourier transformed
infrared (FT-IR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), high-resolution scanning electron
microscopic (HRSEM) and energy-dispersive X-ray (EDX)
analysis. The Gly@Al2 O3 nanoparticles were dispersed in
ethanol and treated with collagen ﬁbres for stabilization.
The treated ﬁbres were further characterized using FT-IR,
HRSEM, EDX and differential scanning calorimetric (DSC)
analysis.
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Materials and methods

2.1 Materials
The collagen ﬁbres (hide powder) were prepared as described
elsewhere [15]. Aluminium sulphate (Al2 (SO4 )3 ·16H2 O)
was procured from Merck Ltd., India. Sucrose was procured
from HiMedia Laboratories, India. Glycine was procured
from SD Fine-Chem, India. All chemicals and reagents were
analytical grade and used as such without further puriﬁcation. Deionized and distilled water was used throughout the
experiment.
2.2 Preparation of Al2 O3 and glycine functionalized
Al2 O3 (Gly@Al2 O3 )
Al2 O3 was prepared according to the reported procedure
[20] with modiﬁcations. Initially, 4.275 g (0.0125 mol) of
sucrose (template) was dissolved in 50 ml distilled water.
Then 7.864 g (0.0125 mol) of Al2 (SO4 )3 ·16H2 O was added
and stirred vigorously for 30 min at 30◦ C. Then, pH of the
above mixture was adjusted to 7 using aq. NaOH solution
and stirred for 1 h. The stirred mixture was then heated at
100◦ C to remove water and other volatiles. The resulting
solid was then calcined at 600◦ C for 6 h to remove the template. The obtained solid particles (Al2 O3 ) were washed with
water thrice and once with ethanol and then dried at 100◦ C
in hot air oven for 5 h. For the functionalization of Al2 O3 ,
250 mg glycine and 250 mg Al2 O3 were mixed in 15 ml
ethanol and stirred for 3 h at 30◦ C. The pH of the mixture
was measured to be around 6.5. The mixture was centrifuged to obtain white solid particles. Particles were washed
with ethanol thrice to remove the un-coated glycine. The
obtained product (Gly@Al2 O3 ) was then dried under vacuum for overnight. The products were stored in clean vial
and characterized.
2.3 Interaction of Gly@Al2 O3 with collagen
In a typical procedure, 10 mg (10 wt%) of Gly@Al2 O3
nanoparticles were sonicated in 5 ml ethanol for 15 min
to achieve complete dispersion of the nanoparticles in the
solvent. Then, 100 mg of collagen ﬁbres (hide powder)
were added to the above mixture and stirred for 2 h. For
comparison, pure Al2 O3 nanoparticles were used instead of
Gly@Al2 O3 nanoparticles in the above procedure for ﬁnding out the efﬁcacy of interaction with collagen. The samples were then investigated for thermal stability, structure and
morphology analysis.
2.4 Characterization of materials
XRD measurements were recorded using a Rigaku Miniﬂex (II) desktop diffractometer (Ni ﬁltered CuKα radiation with λ = 0.154 060 nm) in the 2θ range from 10◦ to
80◦ with scan rate of 0.2 deg min−1 . XRD patterns were

compared with the Joint Committee on Powder Diffraction
Standards (JCPDS) data for phase identiﬁcation. TGA of
the synthesized Gly@Al2 O3 nanoparticles was carried out
using TGA Q50 (V20.13 Build 39, TA Instruments). About
6 mg of the sample was heated under nitrogen atmosphere
at a heating rate of 20◦ C min−1 . The analysis was carried
out from 30 to 800◦ C. FT-IR spectra of the samples were
recorded using Perkin Elmer instrument. The samples were
ground with KBr and compressed to form pellets. The pellets
were analysed in a single beam mode at the range of 400–
4000 cm−1 with an average of four scans and 2 cm−1 resolution. HRSEM analysis was carried out using a FEI Quanta
(FEG 200) microscope. Before analysis, the samples were
coated with gold. DSC analysis of the wet samples was carried out using a NETZSCH (DSC 204) instrument with scan
rate of 2◦ C min−1 .

3.

Results and discussion

3.1 Characterization of Al2 O3 and Gly@Al2 O3
XRD patterns of Al2O3 and Gly@Al2O3 are shown in ﬁgure 1a.
All the diffraction peaks of Al2 O3 are in good agreement with
cubic γ-Al2 O3 (JCPDS no. 29-0063). The broad diffraction
peaks in the pattern suggest that the particles are in nanosize. The diffraction patterns of Gly@Al2 O3 clearly show
the presence of both γ-Al2 O3 and glycine. Indeed, most
of the diffraction peaks of Al2 O3 appear to be weak and
masked with sharp and strong peaks of glycine. The peaks
of glycine in the XRD pattern of Gly@Al2 O3 nanoparticles can be assigned to γ-glycine, a thermodynamically stable form (JCPDS no. 06-0230) [21]. The crystallite size
of the nanoparticles were quantitatively calculated using
Scherrer’s formula using full-width at half-maximum intensity (FWHM) of (400) phase for γ-Al2 O3 [22]. The calculated sizes are 3.6 and 5.8 nm for Al2 O3 and Gly@Al2 O3 ,
respectively.
FT-IR spectra of pure glycine, Al2 O3 and Gly@Al2 O3
are shown in ﬁgure 1b. Pristine Al2 O3 nanoparticles show
characteristic broad Al–O–Al and Al–O bands in the range
of 500–800 cm−1 . The characteristic peaks of glycine at
1332 (ωCH2 ), 1412 (υs COO− ), 1503 (δs NH3 ) and 3169
(υs NH3 ) cm−1 are in agreement with the earlier report [19].
The signature peaks of γ-glycine corresponding to –COO−
rocking, –COO− bending, CCN stretching and CH2 rocking
are seen at 500, 685, 890 and 930 cm−1 , respectively [21].
The Gly@Al2 O3 nanoparticles exhibit characteristic peaks
of both glycine and alumina as marked with lines and box
in ﬁgure 1b. This observation conﬁrms the functionalization of glycine on the surface of Al2 O3 nanoparticles. The
broad band between 3800 and 3000 cm−1 may be due to the
hydrogen bonding present in the product.
HRSEM images of Al2 O3 and Gly@Al2 O3 nanoparticles at low and high magniﬁcations are shown in ﬁgure 2.
The Al2 O3 nanoparticles seem to be very ﬁne with spherical shape having an average particle size of 20 ± 3 nm.
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Figure 1. (a) XRD and (b) FT-IR spectra of Al2 O3 and Gly@Al2 O3 nanoparticles.

[19,23], agglomeration is prevented by the electrostatic
repulsion of NH+
3 group in bi-functional glycine molecule
between the Gly@Al2 O3 nanoparticles. Nevertheless, the
interionic interactions between the like-charged Gly@Al2 O3
nanoparticles could attract individual particles and form
layer or sheath-like structures [24]. Here, the individual particles are not difﬁcult to visualize. This may be due to the
presence of glycine on the surface of alumina nanoparticles,
which lead to the weak interaction of one particle with the
other through interionic interactions. The EDX spectra of
Al2 O3 and Gly@Al2 O3 nanoparticles are shown in ﬁgure 3a
and b, respectively. This conﬁrms the presence of only Al
and O for alumina nanoparticles while C, N, O and Al for
Gly@Al2 O3 nanoparticles. The peak around 2 eV in both
the EDX spectra corresponds to gold arising from sample
preparation for the HRSEM analysis.

3.2 Interaction of Gly@Al2 O3 with collagen
Figure 2. HRSEM images of Al2 O3 nanoparticles at (a) lower
and (b) higher magniﬁcations and Gly@Al2 O3 nanoparticles at (c)
lower and (d) higher magniﬁcations.

The higher size observed here in comparison to the value
obtained in XRD results could be due to the gold coating on
the particles as well as the agglomeration of the particles. In
the absence of surface coating in Al2 O3 nanoparticles, the
attractive force between the nanoparticles increases due to
the increase in the large surface area to volume ratio and
the nanoparticles are agglomerated in order to reduce the
surface energy [18]. HRSEM image of the Gly@Al2 O3
nanoparticles shows that the particles are interconnected
thereby forming layer or sheath-like structures rather than
typical agglomeration. As the Al2 O3 nanoparticles are functionalized through interaction of COO− group in glycine

Functionalization of Al2 O3 nanoparticles with glycine was
carried out at pH around 6.5, where glycine is in dipole
or zwitterionic (+ H3 N–CH2 –COO− ) form. It is known
that the interaction of glycine with Al2 O3 nanoparticles is
through COO− group of the glycine [19,23]. Figure 4a
shows the selected range FT-IR spectra of the pure glycine
and Gly@Al2 O3 nanoparticles for better visualization and
comparison. It is seen that the COO− and CH2 bands in
the Gly@Al2 O3 nanoparticles are blue shifted to higher
wavenumber in comparison to pure glycine, which conﬁrms
the interaction of glycine with Al2 O3 nanoparticles through
COO− group in accordance with earlier reports [19,23]. Further, the TGA curve of Gly@Al2 O3 nanoparticles displays
that nearly 50% glycine is attached to the Al2 O3 nanoparticles, as seen from ﬁgure 4b. These results suggest that the
Gly@Al2 O3 nanoparticles should possess positive charge on
the surface owing to the NH+
3 group in bi-functional glycine
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Figure 3. EDX spectra of (a) Al2 O3 and (b) Gly@Al2 O3 nanoparticles.

Figure 4. (a) Selected range FT-IR spectra of the pure glycine and Gly@Al2 O3 nanoparticles and (b) TGA curve of Gly@Al2 O3
nanoparticles.

molecule coated on the nanoparticles. Thus, it is expected
that the NH+
3 groups of glycine on the surface of Gly@Al2 O3
nanoparticles can interact with COO− groups of side chain
functional groups of collagen molecules through ionic or
electrovalent linkages.
FT-IR spectra of collagen, collagen interacted with Al2 O3
and Gly@Al2 O3 nanoparticles are shown in ﬁgure 5a. The
characteristic amide I, amide II, and amide III bands of collagen are seen at 1645, 1540 and 1240 cm−1 , respectively.
These bands are in agreement with the earlier report [25].
The peak broadening at 500–800 cm−1 for nanoparticle interacted samples is ascribed to the presence of alumina nanoparticles. In the collagen interacted with Gly@Al2 O3 nanoparticles, the glycine peaks are not distinctly visible especially
those present between 500 and 1000 cm−1 . This may be due
to the fact that collagen itself made up of several amino acids

including glycine and the amount of glycine coated on the
interacted Gly@Al2 O3 nanoparticles is very low compared
with collagen.
To understand the thermal stability of collagen nanocomposites prepared in ethanol medium, wet samples of collagen interacted with Al2 O3 and Gly@Al2 O3 nanoparticles
were analysed using DSC and the results are shown in ﬁgure
5b. It is well known that wet collagen shrinks irreversibly
around 65◦ C when heated in the presence of water, which
is known as shrinkage temperature or hydrothermal stability [7]. The interaction of neat Al2 O3 nanoparticles with collagen decreases the shrinkage temperature to 60◦ C in spite
of the use of ethanol medium in the place of water. It is
known that aluminium reversibly reacts with collagen in
water medium and it is washed out of treated skin matrix
when soaked in water [7]. This may be the reason behind
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Figure 5. (a) FT-IR spectra and (b) DSC traces of collagen interacted with Al2 O3 and Gly@Al2 O3 nanoparticles.

Figure 6. (a) HRSEM image and (b) EDX spectrum of collagen interacted with Gly@Al2 O3 nanoparticles. Inset shows the magniﬁed
view of the select portion of ﬁgure 5a.

the low shrinkage temperature observed for the collagen
treated with neat Al2 O3 nanoparticles. However, Gly@Al2 O3
nanoparticles increase the shrinkage temperature of collagen
to 74◦ C as shown in ﬁgure 5b. This can be attributed to
the ionic linkage of NH+
3 group in glycine molecule coated
on the Gly@Al2 O3 nanoparticles with the COO− groups
of side chain functional groups of collagen molecules as
explained above. HRSEM image of the collagen interacted
with Gly@Al2 O3 nanoparticles is shown in ﬁgure 6a. It can
be seen that the Gly@Al2 O3 nanoparticles are present on
the surface of the collagen ﬁbres. The magniﬁed view, seen
as inset, from the selected portion of ﬁgure 6a substantiates
this observation. The EDX spectrum of collagen interacted
with Gly@Al2 O3 nanoparticles also conﬁrms the presence
of aluminium-based nanoparticles on the surface of collagen
(ﬁgure 6b).

4.

Conclusion

In summary, alumina nanoparticle and glycine functionalized Al2 O3 molecule having a bi-functional group
were synthesized. XRD and FT-IR analysis reveal the
presence of γ-Al2 O3 and γ-glycine in the Gly@Al2 O3
nanoparticles. HRSEM analysis shows that the Gly@Al2 O3
nanoparticles are inter-connected rather than agglomerated unlike neat Al2 O3 nanoparticles. The as-synthesized
Al2 O3 and Gly@Al2 O3 nanoparticles were used to stabilize the collagen ﬁbres. The results show that Gly@Al2 O3
nanoparticles increase the thermal stability of collagen
up to 74◦ C. The study reveals that the stabilization
of collagen using Gly@Al2 O3 nanoparticles has potential for applications in leather making, biomedicine and
cosmetics.
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