
ORIGINAL PAPER

A gelatin/PLA-b-PEG film of excellent gas barrier
and mechanical properties

Lijun Ji1 & Mindong Gong1
& Wei Qiao1

& Wenqian Zhang1
& Qingren Liu2

& Richard Erick Dunham1
& Jun Gu2

Received: 14 April 2018 /Accepted: 13 August 2018 /Published online: 3 September 2018
# Springer Nature B.V. 2018

Abstract
A polylactic acid-polyethylene glycol block copolymer (PLA-b-PEG) was used as an additive to prepare gelatin/PLA-b-PEG blend
films for the first time. The PEGmolecule block enhanced the compatibility of the PLAmolecule block with gelatin, which greatly
improved the excellent mechanical and gas barrier properties of the gelatin film. The film contained 5 wt% PLA-b-PEG possessed
the highest tensile strength and the highest elastic modulus. When the PLA-b-PEG content further increased to 20 wt%, the tensile
strength, elastic modulus and elongation at the break of the blend film were all higher than pure gelatin film, suggesting that the
gelatin/PLA-b-PEG blend film was pliable and tough. The blend film possessed not only excellent oxygen barrier property, but also
amuch-improved water barrier property. The degradation rate of the blend filmwas elongated controllably by regulating the content
of the PLA-b-PEG copolymer. The blend film showed great potential in the application of food packaging.
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Introduction

Gelatin is a water soluble protein obtained by partial hydroly-
sis of collagen. It is widely used in the manufacture of gel
desserts, capsules in the pharmaceutical industry and edible
films in food industry due to their abundance, outstanding
biological properties, well film-forming property and excel-
lent oxygen and aroma barrier properties [1–4]. However,
gelatin-based films are still encountering some problems
which make them less competitive than petrochemical-
based plastics, such as their poor barrier property toward water
vapor due to their hydrophilic nature, poor mechanical prop-
erties and poor antioxidant activity [5–7]. Incorporating

hydrophobic substances could be an effective strategy to im-
prove the water vapor barrier property of gelatin [8].
Combining gelatin with natural/synthetic polymers and nano-
particles has been used extensively to improve the mechanical
properties of gelatin [9, 10].

Polylactic acid (PLA) has been approved by the U.S. Food
and Drug Administration (FDA) for its application in food-
contact material. Comparing to gelatin, PLA has much better
water vapor barrier property and mechanical property, but
much poorer oxygen barrier property [11–14]. Thus, PLA
and gelatin are two very complementary materials and their
blends have great potential applications in the biomaterials
and food packaging field. Martucci et al. prepared a PLA/
gelatin/PLA sheet by a thermal compression method [4, 15].
Hosseini et al. prepared a PLA/gelatin/PLA three layers film
by a solvent casting technique [5], and Lee et al. prepared a
gelatin/PLA bilayer film by the same way [16]. These reports
confirmed that a gelatin/PLA lamination could decrease the
water permeability and enhance the mechanical properties of a
gelatin film. In these works, a multistep processing is neces-
sary for the preparation of multilayer products. These re-
searches imply that a gelatin/PLA blend could be an excellent
material for biological and food packaging fields. However,
blending gelatin and PLA together is a challenge because it is
well known that gelatin is highly hydrophilic, while PLA is
highly hydrophobic.
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PEG is another polymer complementary for preparing gel-
atin blend. PEG is a hydrophilic material compatible with
gelatin, which is different from PLA. PEG can be blended
uniformly with gelatin as a plasticizer to improve the mechan-
ical property of gelatin and extend storage time [17]. A re-
search study shows that PEG of lower molecular weight has
better plasticizing effect on gelatin, and the corresponding
gelatin composites possess lowerWVP and better visual prop-
erties [18]. Moreover, PEG can increase the cross-linking de-
gree of gelatin and slow down the degradation of gelatin hy-
drogel [19, 20]. PEG-gelatin blend based hydrogel has been
realized a potential candidate for mimicking extracellular ma-
trix due to the above mentioned advantages [19, 21].

In our research, we prepared a kind of film for food packag-
ing by combining gelatin with a PLA-b-PEG copolymer com-
posed of a PLA molecule block and a PEG molecule block.
This PLA-b-PEG copolymer had no film-forming property,
which limited its application to the food packaging field
[22–24]. The PEG block was supposed to improve the integrat-
ed properties of gelatin film as a plasticizer. What was more
important was that the PEG block could improve the compati-
bility of the PLAmolecule block with gelatin. Since PLAwas a
compensatory material to gelatin on mechanical and water bar-
rier properties, blending the gelatin with and the PLA-b-PEG
copolymer together could benefit for preparing a blend film
combining the excellent properties of both gelatin and PLA.

Materials and methods

Raw materials

Gelatin (CP, Sinopharm Chemical Reagent Co. Ltd. Mw =
8000), genipin (98 wt%, Sigma-Aldrich), PLA-b-PEG copol-
ymer (Mw = 10,000, Daigang Technology Co. Ltd. Jinan,
China) and PLA polymer (Mw = 10,000, Daigang
Technology Co. Ltd. Jinan, China) were used directly without
further purification. A PLA-b-PEG copolymer molecule was
composed of two molecule blocks, a PLA block (MW = 5000)
and a PEG block (MW = 5000). Deionized water was obtained
from a Millipore water purification system. KBr for FT-IR
was purchased from Sinopharm Chemical Reagent Co., Ltd.
and used directly.

Film preparation

A gelatin solution (10 wt%) was prepared by dissolving gelatin
in water at 60 °C for 1 h. To determine the best addition amount
of the PLA-b-PEG, different amount of the PLA-b-PEG was
mixed with the gelatin solution while stirring at 60 °C for 2 h.
Genipin was added into the gelatin solutions as crosslinker. The
gelatin solutions were casted into open flat dies and dried at
60 °C for 24 h. Five gelatin blend films containing different

amount of PLA-b-PEG (0 wt%, 2 wt%, 5 wt%, 10 wt% and
20 wt%) and genipin (1 wt%) were prepared for investigation.

Characterization of gelatin films

Scanning electron microscopy (SEM)

A field emission scanning electron microscope (FE-SEM) (S-
4800II, Japan) was used to characterize the surface and freeze-
fractured cross-section morphology of the gelatin/PLA-b-
PEG films. The samples were sputtered with Au before
SEM observation.

Film thickness

The film thickness was measured by a handheld micrometer,
with a 0.001 mm accuracy. Five measurements were taken at
random positions to check the reproducibility.

Barrier properties and film transparency

The ultraviolet and visible light barrier properties of the films
were measured according to ASTM method D 1746–92 with
slight modification [25]. The measurement was carried out
using an UV-Vis spectrophotometer (UV-3600, Shimadzu
Co., Kyoto, Japan) at a wavelength range from 200 to
800 nm. All films were cut into a rectangular piece and placed
directly in a UV-Vis spectrophotometer, using air as the refer-
ence. The opacity was calculated as follows:

Opacity ¼ −
logT600

χ

Where T600 is fractional transmittance at 600 nm and χ is
the film thickness (mm).

Water vapor permeability (WVP)

The water vapor permeability (WVP) was determined using a
cup method [25]. Films were first fixed with paraffins onto the
opening of weighing bottles with silica gel (0% RH) inside.
Then the weighing bottles were placed in desiccators contain-
ing saturated NaCl solution (50% RH). The set was main-
tained in an electronically temperature-controlled incubator
at 30 °C, and the bottles were weighed 1 h intervals over a
10 h period. The WVP was calculated as follows:

WVP ¼ Δm� Lð Þ= A� t �ΔPð Þ

WhereΔm was the weight gain of the cup; L was the film
thickness (mm); A was the film area (m2); t was the elapsed
time for the weight lost (h); and ΔP was the partial vapor
pressure difference between the two sides of the films.

210 Page 2 of 12 J Polym Res (2018) 25: 210



Oxygen permeability (OP)

The oxygen transmission rate (OTR) was determined using a
gas permeability tester (Mocon 2/21, USA). The measure-
ments were performed at 23 °C and 50% RH according to
ASTMD 3985–05 (ASTM, 2005.). The sample area was
14 cm2, and the pressure of the oxygen was 1.5 bar. The
OTR was normalized with respect to the pressure and material
thickness, and converted to the oxygen permeance and oxy-
gen permeability (OP), respectively.

Moisture content and water solubility

The moisture content (MC) of the films was determined by
calculating the mass loss of the samples (2 × 2 cm2) after dry-
ing in an oven at 105 °C for 24 h [26].

MC ¼ m0−m1ð Þ=m0

Water solubility (WS) was measured following the MC
test. The dried films were immersed in 15 ml distilled water
and placed in a shaker water bath at 25 °C and 60 °C. Then the
films were dried at 105 °C for 24 h to calculate the WS of the
films using the following equation [27]:

WS ¼ m1−m2ð Þ=m1 � 100%

In this case, m1 was the weight of the dried film, m0 was the
weight of the film, m2 was the weight of the film after absorb-
ing water.

Hydrophilicity of the film

Hydrophilicity of the films was evaluated by measuring the
contact angles of water droplets on the films with an OCA20-
type contact angle analyzer (data physics Co, Ltd., Germany).
Water droplets (5.0 μL) were dropped carefully onto the sur-
face of the film [28], and the contact angles were measured in
10 s. Five measurements were taken at random positions to
check the reproducibility.

Degradation in water

The degradation of the films inwater was determined by placing
the samples in 15 ml distilled water in a shaker water bath at
25 °C for different time to calculate themass loss of the samples.

Mechanical properties

The mechanical properties of the films including tensile
strength (TS), elongation at break (EAB) and elastic modulus
(EM) were measured with a Universal Tensile Machine
(INSTRON 3300, USA,) following the ASTM Standard
Test Method D882–91. The samples were mounted between

the grips with an initial separation of 6.0 cm, and the cross-
head speed was set at 1 mm/s.

The blend films were put in a close box with a hu-
midifier. The blend films of different moisture content
were obtained in a humid environment. The mechanical
properties of the blend films were measured right after the
films were taken out of the box.

Ft-IR

The structural interaction of gelatin based films was charac-
terized using a Tensor 27 FTIR-ATR spectrometer. The scans
were carried out in a spectral range varying from 500 cm−1 to
4000 cm−1 with a resolution of 4 cm−1.

Thermogravimetric analysis (TGA)

The TGA tests were performed on a Pyris 1 TGA
thermogravimeter (Pyris 1 TGA, USA). After being dried in a
vacuum oven at 40 °C for 48 h, samples of 10mgwere sealed in
an aluminum pan. TGAwas performed at a rate of 10 °C/min
from 30 °C to 600 °C in a nitrogen atmosphere.

Statistical analysis

Data were presented as means ± standard deviation with n = 5,
and a probability value of P < 0.05 was considered significant.

Results and discussion

Ft-IR

The FT-IR spectra of the films (Fig. 1) showed the character-
istic peaks of gelatin/PLA-b-PEG blend films. The wide peak

Fig. 1 The FT-IR spectra of PLA-b-PEG/gelatin blend films
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between 3600 and 3100 cm−1 was attributed to the mix of O-H
and N-H groups forming huge amount of hydrogen bonds.
This peak became weaker and weaker following the addition
of the PLA-b-PEG copolymer, suggesting that the hydrogen
bonds became less. The peak at 1640 cm−1 (amide I) was
attributed to C=O stretch; the peak at 1540 cm−1 (amide II)
was attributed to the N-H bending and C-H stretch coupled
with N-H in-plane bending vibrations [5, 29]. With the addi-
tion of PLA-b-PEG, the PLA-b-PEG-related stretching
modes were represented by the peaks at 2881 cm−1

(asymmetric –OCH3 stretching), 1747 cm−1 (C=O
stretching), 1150 cm−1 and 920 cm−1 (C=O non-plane swing)
and 840 cm−1 (C-CH3 out of plane swing) [30, 31]. The more
addition of the PLA-b-PEG, the stronger these peaks
became. The incorporation of the PLA-b-PEG had no
significant influence on the chemical composition of
the gelatin films.

SEM observation

The mechanical and gas barrier properties could be affected
by the microstructure of the films. The SEM micrographs of
the surface and freeze-fractured cross-section of the gelatin
films incorporated without and with the PLA-b-PEG were
shown in Fig. 2. It was observed that the surface and cross-
section of the pure gelatin film were homogeneous and
smooth with almost no defects. When the PLA-b-PEG
content was increased to 2 wt% or 5 wt%, the surface
of the gelatin/PLA-b-PEG films was still smooth, but
the cross-section became rough. When the PLA-b-PEG
content was higher than 5 wt% (10 wt% and 20 wt%),
the film surface became rough because the PLA mole-
cule blocks started to agglomerate together and phase
separation take place. The phase separation was more
obvious in the cross-sections of the gelatin/PLA-b-PEG
films containing PLA-b-PEG of 10 wt% and 20 wt%,
and a typical fibrous morphology was observed, as
shown by Fig. 2e, g . Similar phase separation occurred
when starch was blended with gelatin [32, 33]. Fibrous
regions were observed in the cross-sections of the
gelatin/starch films, confirming the polymer phase sepa-
ration, too. These fibrous zones could be gelatin associ-
ation domains where helical chain conformation and as-
sociation (triple helix) occurred, as observed by some
other researchers [34]. The holes in the fibrous region
could decrease the TS of the films and oxygen barrier
property as defects. A good effect of the holes on the
properties of the blend films could be that they afforded
space for deformation of macromolecule chains under stress
and enhance the EAB of the blend film. The obvious phase

separation implied that further enhancing the content of the
PLA-b-PEG could be not necessary.

Water vapor permeability

WVP was measured to evaluate the water vapor barrier prop-
erty of the films. The WVP value of a food packaging film
should be as low as possible to avoid or decrease the moisture
transfer between the food and the surrounding atmosphere and
keep food fresh [35]. However, the WVP value of a pure
gelatin film was very high (4.96 ± 0.27 g·mm/m2·d·kPa) be-
cause of its hydrophilic property. The WVP of the films de-
creased significantly following the increase of the PLA-
b-PEG content (Fig. 3). When the content of the PLA-
b-PEG reached 20 wt%, the value of WVP reduced
almost 64.5% to 1.76 ± 0.10 g·mm/m2·d·kPa. The de-
crease was remarkable even when only 2 wt% PLA-b-
PEG was added into the blend and the value of WVP
reduced 24.2% to 3.76 ± 0.27 g·mm/m2·d·kPa. The de-
crease of WVP was attributed to both of the PLA and
PEG molecule blocks. It was reported that the WVP of
a gelatin film decreased when PEG was used as a plas-
ticizer, because the hydrophilic property of PEG was
lower than that of gelatin [18]. PLA possessed excellent
water vapor barrier property because of its hydrophobic
property [5, 6]. A pure PLA film in this research only
possessed a WVP of 0.3 g·mm/m2·d·Bar. The hydrophil-
ic PEG blocks of the PLA-b-PEG could favor the PLA mol-
ecule blocks to disperse uniformly in gelatin and hinder water
vapor permeation. However, the dependence of the WVP on
the PLA-b-PEG content was not linear but could be fit to be a
curve (Fig. 3). The decrease of WVP was not remarkable
when the PLA-b-PEG content was enhanced from 10 wt%
to 20 wt% (Fig. 3). The porous fibrous region emerged in
phase separation process could promote water vapor perme-
ation and counteract the hydrophobic effect of the PLA-b-
PEG molecules.

Oxygen permeability

A barrier to oxygen in a packaging system was very important
for food preservation, since oxygen could cause lipid oxida-
tion and food spoilage. The gelatin films possessed excellent
oxygen barrier property because they were hydrophilic mate-
rial possessing huge amount of O-H and N-H groups. These
groups could form hydrogen bonds, which could hinder oxy-
gen permeation [11, 16]. On the contrary, PLA was a hydro-
phobic material possessed much higher OP (38 g·mm/m2·d·
Bar in this research) than gelatin film [16]. Addition of PLA
could lower the oxygen barrier property of the blend films
because PLA could break the hydrogen bonds formed be-
tween the gelatin molecules. Fortunately, the OP of the gela-
tin/PLA-b-PEG blend films did not increase significantly

�Fig. 2 SEM images of the cross-sections (left column) and the surfaces
(right column) of gelatin films with the different addition of PLA-b-PEG
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comparing to a pure PLA film when the PLA-b-PEG content
was lower than 20 wt%, as shown in Fig. 4. The reason could
be that PEG molecule blocks improved the dispersion of the
PLA molecule blocks in the gelatin matrix and hindered the
formation of PLA phase. Gelatin dominated the properties of
the blend film as a continuous phase and PLA affected the
properties of the blend film as a dispersed phase, as confirmed
by the SEM images (Fig. 2). The OP of the blend film in-
creased significantly when the PLA-b-PEG content was en-
hanced to 20 wt%, comparing to the samples containing
less PLA-b-PEG. The reason could be that phase sepa-
ration became more evidence and the continuous phase
of gelatin was damaged following the increase of the
PLA molecule block content. Many holes emerged in-
side the film (Fig. 2e, g), which could increase OP and
decrease oxygen barrier property of the film as defects. Thus,
further enhancing the PLA-b-PEG content was not suggested

in order to obtain a gelatin film of excellent oxygen
barrier property.

Fig. 4 The oxygen permeability of the PLA-b-PEG/gelatin blend films
increased following the increase of the PLA-b-PEG content

Fig. 5 The tensile stress−strain curves confirmed the enhancement of the
mechanical properties of the PLA-b-PEG to the gelatin blend filmsFig. 3 The water vapor permeability of the PLA-b-PEG/gelatin blend

films decreased following the increase of the PLA-b-PEG content
(g·mm/m2·d·Bar)

Fig. 6 The PLA-b-PEG/gelatin blend films showed complicated
mechanical properties following the increase of the PLA-b-PEG content
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The mechanical properties

Enhancing the mechanical properties of a gelatin film, a tender
material in tradition, was important, because films used for
food packaging must be strong enough to keep the properties
and the integrity of food in transport, application and handling
process. The mechanical properties of different films were
shown in Figs. 5 and 6. Adding a little amount of PLA-b-
PEG could improve the mechanical properties of the gelatin
film greatly. The TS came from 19 MPa to 39 MPa for a
105.3% increase and the EM came from 1124 MPa to
1699MPa for a 51.2% increase when the PLA-b-PEG content
was enhanced from 0 wt% to 2 wt% (Fig. 6a). When the
addition amount of the PLA-b-PEG was 5 wt%, the films
attained the greatest TS (83 ± 5.43 MPa, increased 336.8%)
and EM (3196 ± 40.50 MPa, increased 184.3%). The reason
could be that PEG was an effective plasticizer of gelatin [17,
18] and PLA possessed much better mechanical properties
than gelatin [5]. The load endured by the gelatin could transfer
effectively from the gelatin to the PLA molecule block by the
PEG molecule block which had strong intermolecular hydro-
philic interaction and hydrogen bonds with gelatin. Although
the TS and EM of the blend films start to decrease when the
PLA-b-PEG content was higher than 5 wt%, the TS and EM
of the blend film containing 20 wt% PLA-b-PEG were still
much higher than those of the pure gelatin film. The decrease
of the TS and EM following the increase of the PLA-b-PEG
content could be caused by the destruction of the gelatin con-
tinuous phase and phase separation which led to emergence of
a lot of defects (the holes in the fibrous region observed by
SEM) inside the blend film. Moreover, the load endured by
the gelatin could not transfer to the PLA molecule blocks
effectively because most of the PLA-b-PEG molecules could

not form strong intermolecular interaction with the gelatin
when the gelatin and PLA phases separated. An interesting
phenomenon was that the EAB of the blend films decreased
when the PLA-b-PEG content increased from 0 wt% to
5 wt%, but increased when the PLA-b-PEG content increased
from 5 wt% to 20 wt% (Fig. 6b). The EAB of the blend film
containing PLA-b-PEG of 20 wt% reached 6.3%, which was
even higher than that of the pure gelatin film (5.2%). The
reason could be that the phase separation caused many holes
in the films (Fig. 2e, g), which afforded space for deformation
of the gelatin and the PLA-b-PEG under stress and led to the
recovery of the EAB.

The mechanical properties of the gelatin/PLA-b-PEG
blend films were sensitive with environmental humidity be-
cause they could absorb lots of water from air. The absorbed
water could exist in four states: 1) it could bind to the triple

Fig. 7 The tensile stress−strain
curves of the PLA-b-PEG/gelatin
blend films with different
moisture content

Fig. 8 The mechanical properties of the PLA-b-PEG/gelatin blend film
with different moisture content
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helix through hydrogen bonds; 2) it could bind directly to the
protein and was called structural water; 3) it could cover the
triple helix and form polymolecular layer; 4) it could exist as
free water [36–38]. In this case, the blend film containing
PLA-b-PEG of 5 wt%was chosen to test the effect of moisture
content on mechanical properties (Figs. 7 and 8). A dry film
showed typical mechanical properties of glassy state with a TS
of 83 ± 5.43 MPa and a EM of 3196 ± 40.50 MPa. When the
moisture content reached 17.02 wt%, the blend film showed a
brittle behavior with weak plastic deformation. The TS of the
blend film decreased to 69 ± 7.37 MPa and the EM decreased
to 2528 ± 30.50 MPa. When the moisture content further in-
creased to 25.28 wt% and 36.14 wt%, the blend film showed
evident plastic behavior. The TS and EM decreased signifi-
cantly and the EAB increased significantly. The reason could
be that a part of the absorbed water in the blend film bound to
the triple helix through hydrogen bonds and other water could
exist as structural water and polymolecular layer water. The
structural water and polymolecular layer water could favor the
movement of gelatin molecules and PEG molecular blocks.
When the moisture content increased to 61.35 wt%, most of
the absorbed water could exist as free water and the mechan-
ical properties of the blend film were too poor to use.

Barrier properties and film transparency

A food packaging film was required to protect food from the
effects of light, especially UV radiation. The results of spec-
troscopic scanning of all samples at wavelength range from
200 to 800 nm were shown in Fig. 9 and Table 1. Gelatin
based films were generally known to have excellent UV bar-
rier properties due to the presence of high content of aromatic
amino acids which could absorb UV light [39]. The gelatin
film as a control was transparent with a high transmittance
value in the visible light range (higher than 75%), and had a
good UV barrier property showing low transmittance value in
the UV range (200–280 nm). The gelatin/PLA-b-PEG blend
films showed similar transmittance spectra as that of the pure
gelatin film, suggesting that the PLA-b-PEG dispersed uni-
formly in the gelatin continuous phase, which was consistent
with other results discussed above. The results confirmed that
phase separation occurred in the blend films containing
10 wt% and 20 wt% PLA-b-PEG did not affect the light trans-
mission and UV barrier properties, though the pure PLA-b-
PEG showed low UV barrier property (Fig. 9 and Table 1).

Fig. 9 The light transmission of
the PLA-b-PEG/gelatin blend
films following with the increase
of the PLA-b-PEG content

Table 2 The hydrophilicity of the gelatin blend films containing
different amount of PLA-b-PEG

PLA-b-PEG content Thickness (nm) Water contact angle(°)

0 wt% 0.101 ± 0.004 47.5 ± 2.347

2 wt% 0.098 ± 0.012 60.0 ± 2.487

5 wt% 0.103 ± 0.008 75.1 ± 3.776

10 wt% 0.095 ± 0.004 88.4 ± 6.932

20 wt% 0.105 ± 0.010 91.6 ± 4.331

Table 1 The light transmission of the PLA-b-PEG/gelatin blend films
following with the increase of the PLA-b-PEG content

Sample PLA-b-
PEG

0 wt% 2 wt% 5 wt% 10 wt% 20 wt%

Opacity 4.58 1.54 1.60 1.60 1.59 1.56
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This result implied that the gelatin/PLA-b-PEG blend
film could protect food from UV radiation as well as a pure
gelatin film.

Hydrophilicity and water solubility of the films

The hydrophilicity of the films was characterized by a water
contact angle (θ) test. As shown in Table 2, the initial contact
angle of the control sample (0 wt% of PLA-b-PEG ad-
dition) was confirmed fairly low due to the excellent
hydrophilicity of gelatin. Following the addition of
PLA-b-PEG, the contact angles increased significantly,
suggesting that the hydrophilicity of the films decreased
due to the increase of the hydrophobic PLA block content in
the blend films.

The water solubility of all films decreased too, following
the addition of the PLA-b-PEG (Fig. 10). The water solubility
measurement at 25 °C indicated that the blend films contained
a similar amount of water as those films measured by the
moisture content test. This result suggested that the films
could not absorb more water from water or wet fresh food at
25 °C than from an atmosphere under storage condition.
When the water solubility test was carried out at 60 °C, it
was confirmed that all the films absorbed more water than
those at 25 °C. The reason was that the gelatin became more
water soluble and could dissolve very well in water at 60 °C.
However, the gelatin films were not dissolved in the water
solubility test because they were crosslinked well by genipin,
and the water content decreased following the increase of the
PLA-b-PEG content due to the hydrophobic property of PLA.
The decrease of the water solubility was not remarkable when
the PLA-b-PEG content was improved from 5 wt% to 20 wt%
(Fig. 10). The reason could be that phase separation enhanced
the surface area of the blend films and promoted dissolution of
the samples in water, which counteract the hydrophobic effect
of the PLA-b-PEG molecules. The decrease of the hydrophi-
licity, moisture content and water solubility following the in-
crease of the PLA-b-PEG content could be beneficial to pro-
tect fresh food from losing water when the film was used for
food packaging.

Degradation in water

The degradation rate of the films in water was important for
evaluating the environmental stability of the blend films. If the
rate was too fast, the films could not protect food well and the
shelf-life of the food product could be short; on the contrary,
the films might take some environmental problems. As shown

Fig. 11 Degradation rate of the
PLA-b-PEG/gelatin blend was
slowed down controllably
following the increase of the
PLA-b-PEG content

Fig. 10 The water solubility of the PLA-b-PEG/gelatin blend films
decreased following the increase of the PLA-b-PEG content
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in Fig. 11, a gelatin film degraded quickly in water because a
gelatin was composed of hydrophilic and tender proteins, and
the gelatin film was very thin with a thickness of around
0.100 mm (Table 2). The degradation rate decreased signifi-
cantly following the addition of PLA-b-PEG, suggesting that
the degradation rate of the gelatin/PLA-b-PEG blending films
was controllable. A pure gelatin film in water degraded
completely in 20 d. The film containing 5 wt% of PLA-b-
PEG degraded much slower than a pure gelatin film and a
film containing 2 wt% of PLA-b-PEG. Phase separation could
lead to formation of hydrophobic PLA phase and break hy-
drophilic gelatin continuous phase, which decreased the deg-
radation rate of the blend films. When 20 wt% of PLA-b-PEG

was added, the film in water degraded about 10% in 40 d. This
blend film was stable enough for packing a wet and fresh food
product. The controllable degradation rate in water was also
meaningful for extending the application of the gelatin/PLA-
b-PEG blend.

TGA and DTG

The thermal stability of the gelatin/PLA-b-PEG films was
tested by TGA and DTG, as illustrated in Fig. 12. The TGA
thermogram of the PLA-b-PEG showed two main stages of
weight loss (Fig. 12a). The first stage weight loss (Δpw1 =
48.9 wt%) at 306 °C could be associated with the PEG

Fig. 12 a TGA thermograms
confirmed that the thermal
stability of the PLA-b-PEG/
gelatin blend films was improved;
b The result of DTG was
consistent with that of TGA
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degradation [40], and the second stage weight loss (Δpw2 =
50.1 wt%) at 371 °C could be associated with the degradation
of PLA [41]. Also, the TGA thermogram of the gelatin
showed two main stages of weight loss. The first stage weight
loss (Δgw1 = 11.0 wt%) started at 30 °C could be associated
with the loss of free and bound water adsorbed in the film [32],
and the second stage weight loss (Δgw2 = 46 wt%) at 236 °C
was associated with the degradation of gelatin.

When the addition of the PLA-b-PEG was at a low amount
(2 wt% and 5 wt%), the TGA thermogram was similar to that
of the gelatin. When the addition of the PLA-b-PEG became
higher, the thermogram became the mixture of gelatin and the
PLA-b-PEG thermograms. Following the addition of the
PLA-b-PEG, the degradation temperature of the film became
higher (from 237 to 260 °C), suggesting that the PLA-b-PEG
could improve the thermal stability of the blend film. DTG
characterization confirmed the result of TGA (Fig. 12b).

Conclusions

In summary, adding the PLA-b-PEG copolymer into the gel-
atin instead of a PLA material could overcome the challenge
of blending a hydrophobic PLA and a hydrophilic gelatin
together. The PEG blocks improved the compatibility of the
PLA molecule block with the gelatin, which was critical for
combing the gelatin and the PLA to prepare a film with ex-
cellent gas barrier and mechanical properties. The degradation
rate of the gelatin/PLA-b-PEG blend film was elongated
controllably by regulating the content of the PLA-b-PEG co-
polymer, suggesting that a gelatin/PLA-b-PEG blend could be
used in application field requiring certain material stability,
such as food packaging or biological scaffold. Besides, since
the PLA-b-PEG could be mixed with the gelatin as a general
additive, this gelatin/PLA-b-PEG blend film could be pro-
duced by a one-step process, just as simple as producing a
pure gelatin film.

Acknowledgements This work was supported by the National Natural
Science Foundation of China (No. 51273171), the Natural Science
Foundation of Jiangsu Province (No. BK20131226), and a project funded
by the Priority Academic Program Development of Jiangsu Higher
Education Institutions.

References

1. Hanani ZAN, Roos YH, Kerry JP (2014) Use and application of
gelatin as potential biodegradable packaging materials for food
products. Int J Biol Macromol 71:94–102

2. Ji L, Qiao W, Zhang Y, Wu H, Miao S, Cheng Z, Gong QM, Liang
J, Zhu AP (2017) A gelatin composite scaffold strengthened by
drug-loaded halloysite nanotubes. Mater Sci Eng C 78:362–369

3. Ji L, Qiao W, Huang K, Zhang Y, Wu H, Miao S, Liu HF, Dong
YX, Zhu AP, Qiu D (2017) Synthesis of nanosized 58S bioactive

glass particles by a three-dimensional ordered macroporous carbon
template. Mater Sci Eng C 75:590–595

4. Martucci JF, Ruseckaite RA (2010) Three-layer sheets based on
gelatin and poly (lactic acid), part 1: preparation and properties. J
Appl Polym Sci 118:3102–3110

5. Hosseini SF, Rezaei M, Zandi M, Farahmandghavi F (2016)
Development of bioactive fish gelatin/chitosan nanoparticles com-
posite films with antimicrobial properties. Food Chem 194:1266–
1274

6. Hosseini SF, Rezaei M, Zandi M, Ghavi FF (2013) Preparation and
functional properties of fish gelatin-chitosan blend edible films.
Food Chem 136:1490–1495

7. Yu Y, Lu Q, Yuan S, Zhang R, Wu Z (2017) Properties of
Thermoresponsive N-maleyl gelatin-co-P (N-isopropylacrylamide)
hydrogel with ultrahigh mechanical strength and self-recovery. J
Polym Res 24:190

8. Tongnuanchan P, Benjakul S, Prodpran T, Nilsuwan K (2015)
Emulsion film based on fish skin gelatin and palm oil: physical,
structural and thermal properties. Food Hydrocoll 48:248–259

9. Wang WH, Wang K, Xia JD, Liu YW, Zhao Y, Liu AJ (2017)
Performance of high amylose starch-composited gelatin films in-
fluenced by gelatinization and concentration. Int J Biol Macromol
94(a):258–265

10. Arfat YA, Ahmed J, Hiremath N, Auras R, Joseph A (2017)
Thermo-mechanical, rheological, structural and antimicrobial prop-
erties of bionanocomposite films based on fish skin gelatin and
silver-copper nanoparticles. Food Hydrocoll 62:191–202

11. Hosseini SF, Javidi Z, Rezaei M (2016) Efficient gas barrier prop-
erties of multi-layer films based on poly (lactic acid) and fish gela-
tin. Int J Biol Macromol 92:1205–1214

12. Xu CJ, Lv QL, Wu DF, Wang ZF (2017) Polylactide/cellulose
nanocrystal composites: a comparative study on cold andmelt crys-
tallization. Cellulose 24(5):2163–2175

13. Vijayendra SVN, Shamala TR (2014) Film forming microbial bio-
polymers for commercial applications-a review. Crit Rev
Biotechnol 34(4):338–357

14. Scarfato P, Di Maio L, Incarnato L (2015) Recent advances and
migration issues in biodegradable polymers from renewable
sources for food packaging. J Appl Polym Sci 132(48):42597

15. Martucci JF, Ruseckaite RA (2015) Biodegradation behavior of
three-layer sheets based on gelatin and poly (lactic acid) buried
under indoor soil conditions. Polym Degrad Stab 116:36–44

16. Lee KY, Song KB (2017) Preparation and characterization of an
olive flounder (paralichthys olivaceus) skin gelatin and polylactic
acid bilayer film. J Food Sci 82(3):706–710

17. Soradech S, Limatvapirat S, Luangtana-anan M (2013) Stability
enhancement of shellac by formation of composite film: effect of
gelatin and plasticizers. J Food Eng 116:572–580

18. Cao N, Yang XM, Fu YH (2009) Effects of various plasticizers on
mechanical and water vapor barrier properties of gelatin films. Food
Hydrocoll 23:729–735

19. Zhou N, Liu C, Lv S, Sun D, Qiao Q, Zhang R, Liu Y, Xiao J, Sun
GW (2016) Degradation prediction model and stem cell growth of
gelatin-PEG composite hydrogel. J Biomed Mater Res Part A
104A:3149–3156

20. Sharma A, Bhat S, Nayak V, Kumar A (2015) Efficacy of
supermacroporous poly (ethylene glycol)-gelatin cryogel matrix
for soft tissue engineering applications. Mater Sci Eng C 47:298–
312

21. Cao Y, Lee BH, Peled HB, Venkatraman SS (2016) Synthesis of
stiffness-tunable and cell-responsive gelatin-poly (ethylene glycol)
hydrogel for three-dimensional cell encapsulation. J Biomed Mater
Res Part A 104A:2401–2411

22. Angelopoulou A, Voulgari E, Diamanti EK, Gournis D,
Avgoustakis K (2015) Graphene oxide stabilized by PLA-PEG

J Polym Res (2018) 25: 210 Page 11 of 12 210



copolymers for the controlled delivery of paclitaxel. Eur J Pharm
Biopharm 93:18–26

23. Cui HT, Shao J, Wang Y, Zhang PB, Chen XS, Wei Y (2013) PLA-
PEG-PLA and its electroactive tetraaniline copolymer as multi-
interactive injectable hydrogels for tissue engineering.
Biomacromolecule 14:1904–1912

24. Luu YK, Kim K, Hsiao BS, Chu B, Hadjiargyrou M (2003)
Development of a nanostructured DNA delivery scaffold via
electrospinning of PLGA and PLA-PEG block copolymers. J
Control Release 89:341–353

25. Shiku Y, Hamaguchi PY, Benjakul S, Visessanguan W, Tanaka M
(2004) Effect of surimi quality on properties of edible films based
on Alaska Pollack. Food Chem 86:493–499

26. Rhim JW, Gennadios A, Weller CL, Hanna MA (2002) Sodium
dodecyl sulfate treatment improves properties of cast films from
soy protein isolate. Ind Crop Prod 15:199–205

27. Krittika N, Ki MK, Gi HR (2010) Comparative studies on the
characterization and antioxidant properties of biodegradable algi-
nate films containing ginseng extract. J Food Eng 98:377–384

28. Zhang C, Ma Y, Guo K, Zhao XY (2012) High-pressure homoge-
nization lowers water vapor permeability of soybean protein
isolate-beeswax films. J Agric Food Chem 60:2219–2223

29. Xue JJ, Niu YZ, Gong M, Shi R, Chen DF, Zhang LQ, Lvov Y
(2015) Electrospun microfiber membranes embedded with drug-
loaded clay nanotubes for sustained antimicrobial protection. ACS
Nano 9:1600–1612

30. Wang DK, Varanasi S, Fredericks PM, Hill DJ, Symons AL,
Whittaker AK, Rasoul F (2013) FT-IR characterization and hydro-
lysis of PLA-PEG-PLA based copolyester hydrogels with short
PLA segments and a cytocompatibility study. J Polym Sci part A-
Polym Chem 51:5153–5176

31. Lee JM, Kim SH, Jeong HY, AhnNR, Roh HG, Cho JW, Chun BC,
Oh ST, Park JS (2014) Preparation and characterization of

polyurethane foam using a PLA/PEG polyol mixture. Fiber
Polym 15:1349–1356

32. Acosta S, Jimenez A, Chafer M, Gonzalez-Martínez C, Chiralt A
(2015) Physical properties and stability of starch-gelatin based films
as affected by the addition of esters of fatty acids. Food Hydrocoll
49:135–143

33. Acosta S, Chiralt A, Santamarina P, Rosello J, Gonzàlez-Martínez
C, Cháfer M (2016) Antifungal films based on starch-gelatin blend,
containing essential oils. Food Hydrocoll 61:233–240

34. Al-Hassan AA, Norziah MH (2012) Starch-gelatin edible films:
water vapor permeability and mechanical properties as affected by
plasticizers. Food Hydrocoll 26:108–117

35. Arfat YA, Benjakul S, Prodpran T, Sumpavapol P, Songtipya P
(2014) Properties and antimicrobial activity of fish protein isolate/
fish skin gelatin film containing basil leaf essential oil and zinc
oxide nanoparticles. Food Hydrocoll 41:265–273

36. Yakimet I, Wellner N, Smith AC, Wilson RH, Farhat I, Mitchell J
(2005) Mechanical properties with respect to water content of gel-
atin films in glassy state. Polymer 46:12577–12585

37. Kozlov PV, Burdygina GI (1983) The structure and properties of
solid gelatin and the principles of their modification. Polymer 24:
651–666

38. Vackier MC, Hills BP, Rutledge DN (1999) An NMR relaxation
study of the state of water in gelatin gels. J Magn Reson 138:36–42

39. Yanina SM, Pablo RS, Adriana NM (2017) Smart edible films
based on gelatin and curcumin. Food Hydrocoll 66:8–15

40. Ghalia MA, Dahman Y (2017) Investigating the effect of multi-
functional chain extenders on PLA/PEG copolymer properties. Int
J Biol Macromol 95:494–504

41. Marei NH, El-Sherbiny IM, Lotfy A, El-Badawy A, El-Badri N
(2016) Mesenchymal stem cells growth and proliferation enhance-
ment using PLA vs PCL based nanofibrous scaffolds. Int J Biol
Macromol 93:9–19

210 Page 12 of 12 J Polym Res (2018) 25: 210


	A gelatin/PLA-b-PEG film of excellent gas barrier and mechanical properties
	Abstract
	Introduction
	Materials and methods
	Raw materials
	Film preparation

	Characterization of gelatin films
	Scanning electron microscopy (SEM)
	Film thickness
	Barrier properties and film transparency
	Water vapor permeability (WVP)
	Oxygen permeability (OP)
	Moisture content and water solubility
	Hydrophilicity of the film
	Degradation in water
	Mechanical properties
	Ft-IR
	Thermogravimetric analysis (TGA)
	Statistical analysis

	Results and discussion
	Ft-IR
	SEM observation
	Water vapor permeability
	Oxygen permeability
	The mechanical properties
	Barrier properties and film transparency
	Hydrophilicity and water solubility of the films
	Degradation in water
	TGA and DTG

	Conclusions
	References


