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Abstract. In this paper, a kind of multi-functional polylactic acid-based membrane with adjustable aggregate thickness and
properties was prepared. When the number of assembled layers was 20 bilayers, the mean thickness of every bilayer was found
to be 10.75±0.25 nm, and the tensile strength was increased by 20% compared with the polylactic acid (PLA) films. The assembled layered double hydroxides (LDHs) could serve as a type of promising organic-inorganic luminescent material, and
endow PLA with photoluminescent properties. Besides, the photoluminescence of the composite films was discovered to be
highly tunable by simply adjusting the structural constituents of LDHs, and the fluorescence intensity was uniformly enhanced
as the number of assembled layers increases, which was not eliminated by the isolation due to cellulose nanocrystals (CNCs).
Moreover, the composite films exhibited excellent fluorescence stability in comparison with the literature. After being repeatedly
bleached 1000 times by confocal laser scanning fluorescence microscope, the fluorescence intensity of the PLA/(CNCs/MgAl-Eu LDHs)10 film remained 96%. It could be concluded that the immobilization of CNCs and LDHs realized the microscopic
controllability of the optical functional molecular spacing. With satisfactory fluorescence, the resulting PLA-based membranes
exhibited considerable application potential in optoelectronic devices and anti-counterfeiting packaging.
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1. Introduction

process [4]. More specifically, a wide variety of materials incorporating inorganic or organic polycations, polyanions and nanoparticles could be applied
to the performance of the LBL deposition. In the polymer area, LBL was an appropriate approach for generating novel nanocomposite structures with certain
compositions or morphology. For instance, cellulose
nanocrystals (CNCs) and chitosan were assembled
onto PLA to build a dense, well-packed and well-adsorbed multilayer biocoating to improve the water
vapor barrier properties. Besides, the thickness increase was found to be uniform and controllable,
with average thickness of one bilayer of around
1.6 nm. The resulting heterogeneous biocoating possessed a tunable function because of the structural

Polylactic acid (PLA), a kind of polymer material
from the synthesis of natural materials used in packaging, biomedicine and other fields, with good degradability, biocompatibility as well as similar mechanical properties to general purpose plastics, is still
limited by its high hydrophobicity, low brittleness
and poor thermal stability in practical applications.
In consequence, scientists carried out a series of modification to enhance its properties, such as copolymerization modification, blend modification and composite modification [1–3]. Compared with those
methods, the unique advantage of layer-by-layer
self-assembly technique (LBL) lied in material diversity and superior controllability of the assembly
*
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diversity and combined functionality, which was challenging to achieve through direct mixing or blending
difference polymers [5]. As a sort of renewable and
sustainable nanomaterials, typically produced by
strong sulfuric acid hydrolysis of lignocellulosic biomass, CNCs could self-assemble in aqueous and other
suspensions at a critical concentration, or under evaporation, into the chiral nematic organization to exhibit anisotropic structural color. Moreover, owing to
the exceptionally high mechanical strength and chemical tunability, much research has been conducted
considering the effect of using CNCs as the reinforcing component of different composites [6–9].
Layered materials are attractive targets for their rich
fundamental physics and potential applications in
multifunctional devices. For example, transition
metal-bearing layered double hydroxides (LDHs)
and montmorillonite were assembled by LBL to form
a novel luminescent multiple ordered thin film, with
ultra-prolonged lifetime [10]. Additionally, LDHs
nanosheets were also successfully applied to the assembly of photoemissive thin-film which can suppress the p–p stacking of chromophores, and thus
made organic photofunctional molecules show excellent optical properties [11–13]. In addition, it was
confirmed that the luminescence behavior of rare
earth contained inorganic–organic hybrids, which had
potential application for light–emitting materials [14,
15]. In comparison with conventional photo-functional polymer sensors and optoelectronic materials which
were prone to entanglement and accumulation between molecules and then caused luminescence
quenching, LDHs possessed higher luminous efficiency. On account of the flexibility composed of
both metal hydroxide layers and interlayer anions,
LDHs could be delaminated to make composite
functional materials and widely used in separation,
catalysis, electrochemistry, and optical functional
materials [16–19].
Due to the presence of sulfate groups and polar hydroxyl groups in the cellulose nanocrystals’ structure, the CNCs were negatively charged in aqueous
media, while LDHs were a kind of hydrotalcite-like
clay with positive charged layer. Considering the likelihood of empowering special physicochemical characteristics by the synthesis of organic-inorganic hybrid materials based on polymers, herein both CNCs
and LDHs were assembled onto the aminolyzed PLA.
The target of this investigation was to prepare a

biodegradable photoluminescent polymer with
adjustable fluorescence intensity, without using organic dye or quantum dots. The resulting composite
films were expected to exhibit better mechanical properties on basis of the reinforcing properties of nanocellulose. In addition, the introduction of LDHs nanosheets was aimed at endowing the modified PLA
with the photoluminescent properties.

2. Experimental section
2.1. Materials
The bleached eucalyptus pulp (α-cellulose ≥ 90%)
was supplied by Yueyang Paper Co. Ltd., (Hunan,
China). PLA (PLLA, Mn = 50 000, Mw = 100 000)
films (d = 40±0.5 μm) were supplied by Jinjia Plastics Co. Ltd., (Dongguan, China). 1,6-hexanediamine, propanol, Mg(NO3)2·6H2O, Al(NO3)3·9H2O,
Eu(NO3)3·6H2O, NaNO3, NaOH, sulfuric acid, hydrochloric acid and ninhydrin were all purchased
from Guangzhou Chemical Reagent Factory. All
reagents were analytical reagents and used without
further purification. Deionized water was utilized
during the experiments.

2.2. Processing of PLA
The PLA membranes were immersed in the alcohol/water solution for 2–3 hours to remove the oily
dirt, and then rinsed and dried. Then, the membranes
were immersed in the distilled 1,6-hexanediamine/
propanol solution with a concentration of 0.06 g·ml–1
at 58 °C for 3 min, which were subsequently rinsed
and dried to obtain the aminolyzed PLA membranes
with a thickness of ~40 μm. Finally, the aminolyzed
PLA membranes were dipped in the 0.012 mol·l–1
HCl solution and washed to ensure the charged state
of PLA [20].
2.3. Preparation of cellulose nanocrystals
The suspension of CNCs was prepared on the basis
of sulfuric acid hydrolysis method [21, 22]. Briefly,
the wood pulp was oven-dried and milled to pass a
40-mesh sieve. Subsequently, 5 g wood pulp powder
(to oven dry) was added into 43 ml 64 wt% sulfuric
acid under mechanical stirring. The hydrolysis was
conducted at 45 °C for 50 min, and then terminated
by quenching with 10-fold cold water. The suspension was washed using two repeated centrifuge cycles. Afterward, the supernatant was dialyzed against
water for several days until the dialysate became
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make the mixed salt solution. The mixed base solution was prepared by dissolving 160 mmol NaOH
and 40 mmol NaNO3 in 80 ml deionized water.
Then, it was synthesized, crystallized and exfoliated
using the same way.

neutral. The obtained CNCs suspension was then
sonicated in an ice bath to disrupt the large CNCs
aggregates.

2.4. Preparation and exfoliation of LDHs
Mg-Al-Eu LDHs were prepared using coprecipitation method [23]. 60 mmol Mg(NO3)2·6H2O,
and
3 mmol
27 mmol
Al(NO3)3·9H2O
Eu(NO3)3·6H2O were dissolved in 50 ml water
under vigorous stirring conditions, which were blended into a mixed salt solution. The mixed base solution was prepared by dissolving 160 mmol NaOH and
40 mmol NaNO3 in 80 ml deionized water. Then, the
base solution was dropwise added into the mixed salt
solution in 2 hours under vigorous stirring and purging conditions with N2. The pH value of the solution
was adjusted to around 10 with 1 mol·l–1 NaOH solution and 1 mol·l–1 HCl solution. The resulting mixture of the aqueous solution was heated for crystallization at 65 °C for 24 h through centrifugation and
washing, and then the product was put in a vacuum
and oven dried at 50 °C. 0.2 g Mg-Al-Eu LDHs prepared above was mixed with 100 ml formamide, and
shaken vigorously at room temperature for 2 days to
yield a transparent colloidal suspension consisting
of exfoliated LDHs nanosheets. Then, it was centrifuged at 5000 rpm for 10 min to remove the unexfoliated LDHs nanoparticles.
Mg-Al LDHs were prepared using the identical
method. 60 mmol Mg(NO3)2·6H2O and 30 mmol
Al(NO3)3·9H2O were dissolved in 50 ml water to

2.5. Layer-by-layer assembly of multilayer
films
As shown in Figure 1, the PLA/(CNCs/LDHs)n films
were fabricated in line with the following steps:
(a) dip the aminolyzed PLA membrane into an aqueous solution of CNCs for 15 min, and then rinse with
deionized water and dry it under N2 flow; (b) dip the
membrane attained above into exfoliated LDHs suspension for 15 min, and then thoroughly rinse and
dry it under N2 flow. A series of deposition operations
were repeated n times to produce composite multilayer films of PLA/(LDHs/CNCs)n.
2.6. Characterization
Scanning electron microscopy (SEM, Zeiss Merlin,
Germany) at acceleration voltage of 5 kV and transmission electron microscopy (TEM, H7650, Japan)
with accelerating voltage of 300 kV were used to observe the morphology, the aggregation state and the
particle size of the CNCs and LDHs. ImageJ was applied to measure the morphology of CNCs. The molar
mass of aminolyzed PLA membranes was measured
by gel permeation chromatography (GPC, Waters
2695, Singapore). The water contact angle of aminolyzed PLA membranes was measured by the contact

Figure 1. Schematic representation for the fabrication of PLA/(CNCs/LDHs) n ultrathin films.
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angle tester (OCA40 MICRO, Data physics, America). Zeta potential of the CNCs suspension and
LDHs nanosheets suspension was measured by a
laser scattering analyzer (LA-960S, Horiba, Japan).
The crystalline structure of LDHs was performed in
a range of 5 to 80° on X-ray diffraction (XRD, Bruker D8 Advance, Germany) at output power of 3 kW
with Cu radiation. Fourier transform infrared spectroscopy of Mg-Al-Eu LDHs was determined with
a spectrophotometer using the attenuated total reflection spectrum (FTIR-ATR, Bruker VerTex 70, Germany), ranged from 4000 to 400 cm–1. The ultraviolet–visible (UV–vis) spectrum in the range of 200
to 800 nm was recorded via a Shimadzu UV-2501PC
spectrophotometer equipped with an integrating
sphere detection system. The tensile mechanical properties of the composites were measured using a universal material testing machine (Instron 5565,
Waltham, MA, USA) with 100 N load cells. The tested samples were cut into a 50 mm×10 mm rectangular shape, and the samples were stretched at a speed
of 10 mm·min–1. Tensile properties reported here
represent mean values of at least six samples’ results.
The fluorescence properties were characterized by
the confocal laser scanning fluorescence microscope
(CLSM, Leica TCS-SP5, Germany) with the 40× objective, and the photoluminescence emission spectrum (PLES, Fluoromax-4, Horiba, Japan) was measured by the fluorescence spectrophotometer under
395 nm direct excitation with a 150 V xenon lamp
as the excitation source. Additionally, the bleaching
properties of composites were characterized with the

FRAP-Mode of CLSM at the scan speed of 1400 Hz
and the format of 256×256.

3. Results and discussion
3.1. Characterization of aminolyzed PLA
The aminolyzed PLA membrane was measured by
ninhydrin method. Free NH3+ and ninhydrin could
produce blue reaction, and aminolyzed PLA could
produce this blue reaction with ninhydrin. Meanwhile, the water contact angle of the aminolyzed PLA
membrane was reduced from 88.6 to 66.8, which
also confirmed the reaction. After the aminolysis of
the PLA, the molar mass was 53056, and the zeta
potential value was nearly + 43.1 mV. It testified that
positive charges were introduced onto the hydrophobic and neutral PLLA surface after aminolyzed in
hexane diamine solution, and the PLA obtained free
amino groups that were positively charged at neutral
pH, so that the electronic assembly can be processed.

3.2. Morphology and structure of CNCs and
Mg-Al-Eu LDHs nanosheets
The morphology of the CNCs was observed by SEM
and TEM, the length and the diameter were also statistically measured. As shown in Figure 2, CNCs
had a relatively short rod shape with a length of
200±50 nm and a width of 15±5 nm. Sulfuric acid
hydrolysis of fibers resulted in the conversion of partial hydroxyl groups to sulfates, which were electronegative in aqueous media. The zeta potential value
of synthesized CNCs was about –33.1 mV that was
close to the reported value [24], which signified that

Figure 2. SEM (a), TEM (b) image and optical photograph of CNCs. (a) SEM image of CNCs, (b) TEM image and optical
photograph of CNCs
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anions existed in 1380 cm–1, meaning that nitrate-type
LDHs with superior delamination were prepared.
Furthermore, the crystal structure and phase composition of LDHs were detected by XRD. As indicated
in Figure 3c, Mg-Al-Eu LDHs exhibited the diffraction peaks at 3.34, 6.57, 35.06, and 61.03°, which
corresponded to the (003), (006), (012), and (110)
planes of a typical layered double hydroxide. And
there was a proportional relationship between the
layer spacings corresponding to the (003) and (006),
indicating that the as-prepared Mg-Al-Eu LDHs had
a favorable layered structure [29]. The photoluminescence emission spectrum (PLES) was reflected
in Figure 3d, and all the 5D0 → 7FJ (J = 0, 1, 2, 3, 4)
emission line characteristic of Eu3+ at 537, 590, 613,
648 and 699 nm were observed at room temperature.
It demonstrated that the rare earth ion Eu3+ still retained the characteristic line after entering into the
Mg-Al LDHs laminate [30].
After exfoliation of Mg-Al-Eu LDHs in formamide,
transparent colloidal suspension was obtained, and

the CNCs could be used to assemble nanoparticles
carrying positive surface charges [25]. It was reported that multi-component hybrid thin films were prepared in the light of the hydrogen bonds and electrostatic interactions between sulfate ester groups and
NH3+ groups [26, 27].
LDHs samples were prepared by a coprecipitation
method. The morphology of as-prepared Mg-Al-Eu
LDHs was characterized by SEM. As presented in
Figure 3a, the morphology of nanosheet samples was
aggregated into clustering, and numerous thin nanosheet structures grew uniformly and formed the hierarchical flower-like architecture [28]. Additionally,
the FT-IR spectrum of Mg-Al-Eu LDHs was given
in Figure 3b. The peak at 3450 cm–1 as well as
1650 cm–1 was ascribed to the stretching modes of
the surface hydroxyl group and the bending mode of
interlayer water molecules, respectively. The peak at
430 cm–1 represented the stretching vibration absorption peak of M-O in the Mg-Al-Eu LDHs skeleton structure. In addition, the band attributed to NO3–

Figure 3. SEM image (a) and FTIR (b), XRD (c) and PLES (d) of Mg-Al-Eu LDHs.
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Figure 4. CLSM image under 514 nm (a), TEM (b) image and optical photograph of Mg-Al-Eu LDHs nanosheet.

the properties of the unilamellar Mg-Al-Eu LDHs
nanosheets were also characterized. As illustrated in
Figure 4, well-dispersed plate-like Mg-Al-Eu LDHs
nanosheets which fluoresced at 514 nm were observed by CLSM, with a uniform size about 60–
120 nm that was nearly equivalent to the size of the
unstripped Mg-Al-Eu LDHs precursor. Furthermore,
the zeta potential value of the Mg-Al-Eu LDHs nanosheet was about 40 mV, implying that the obtained
Mg-Al-Eu LDHs suspension could be used for LBL
assembly and construction of nanodevices incorporating with other negative charged nanoparticles [31].
Hence, the CNCs and Mg-Al-Eu LDHs nanosheets
could be assembled onto aminolyzed PLA, owing to
the hydroxyl and sulfate groups on the surface of

CNCs and hydroxyl groups on that of Mg-Al-Eu
LDHs nanosheets.

3.3. Characterizations of composite
membrane
3.3.1. Increasing rules of composite membrane
The microstructure of PLA/(CNCs/Mg-Al-Eu LDHs)n
composite films was characterized by SEM in Figure 5a, where CNCs and Mg-Al-Eu LDHs were
densely stacked on the PLA surface, and the physiognomy of PLA/(CNCs/Mg-Al-Eu LDHs)10 was continuous, uniform and flat. Moreover, the formation of
network structure was readily observed in the insert
picture of Figure 5a, which was favorable for the contact and the interfacial adhesion between the polymer

Figure 5. SEM images of PLA/(CNCs/Mg-Al-Eu LDHs)20 films: the top-view (a) and the side-view (b).
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and nanofillers. It was believed that the existence of
CNCs as nanofillers, presenting a twisted ribbon between PLA and Mg-Al-Eu LDHs, could enhance the
nanofiller-polymer interactions [26].
As the thickness of the assembled layers was a critical factor influencing the properties of composite
films, the growth of the LBL process was monitored
by analyzing the increment in the lateral view of
SEM images. According to Figure 5b, the thickness
of 5, 10, 15 and 20 bilayers films grown on the glass
substrate were 54, 105, 165 and 210 nm, respectively. Aminolyzed quartz worked as the substrate to assemble Mg-Al-Eu LDHs and CNCs. It was worthwhile mentioning that there was a constant increase
with the increasing number of bilayers. Based on that,
it was estimated the thickness of each LDHs/CNCs
bilayer was about 10.75±0.25 nm. In the meanwhile,
the composite films with specific thickness could be
prepared by regulating the assembly cycle.
To better understand the LBL assembly process, the
UV-vis absorbance spectrum of PLA/(CNCs/Mg-AlEu LDHs)n films was measured. As shown in Figure 6, the UV-vis absorbance of PLA/(CNC/Mg-AlEu LDH)n composite films increased gradually, which
was consistent with a typical LBL assembly process
[32]. Particularly, the adsorption intensity at 215 nm
rose linearly with the continuous cycle of assembly,
which represented a stepwise and regular film growth
in thickness. All the results verified the feasibility of

preparing a thickness controllable composite membrane.
Mg-Al-Eu LDHs and Mg-Al LDHs fluoresced under
selective excitation of 514 and 633 nm, respectively.
To evaluate the interactions between CNCs and LDHs
nanosheets in the nanocomposites, Mg-Al-Eu LDHs
and Mg-Al LDHs were alternately assembled with
CNCs. The fluorescence properties of four bilayers
composite membranes were characterized, as shown
in Figure 7c, the composite membranes emitted bicolor fluorescence under dual wavelength excitation.
By alternately assembling with CNCs, the luminescent LDHs particles performed a positioning effect
between the layers. Therefore, Mg-Al-Eu LDHs and
Mg-Al LDHs fluoresced at specific excitation wavelength without interference, as shown in Figure 7a
and 7b. And the fluorescence intensity gradually rose
with the increase of the assembled layers as demonstrated in Figure 7d. It was further indicated that each
layer assembled by the LBL process was uniform
and orderly, which immobilized the CNCs and LDHs,
and thus realized the microscopic controllability of
the optical functional molecular spacing [33]. As a
result, the luminescence of quenching that may be
caused by the accumulation of photoactive molecules was suppressed. As we all know, to obtain the
arbitrarily adjustable illuminating color in the visible
light range was the goal that researchers were pursuing [34]. Considering the results above, based on

Figure 6. The UV-vis absorption spectrum of PLA/(CNCs/Mg-Al-Eu LDHs)n (n = 0, 5, 10, 15, 20) films (The insert shows
the dependence of absorbance at 215 nm as a function of deposition cycles).
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Figure 7. The CLSM image (Fluorescence images under 514 nm (a), 633 nm (b) and the 514–633 nm dual wavelength (c)
and PLES intensity (d) of the PLA/(CNCs/Mg-Al LDHs)n/(CNCs/Mg-Al-Eu LDHs)n film.

the diversity of electrostatic assembly forms and the
principle of three primary colors, multi-color luminescent composite films were expected to be constructed and used in full color display and optoelectronic devices.

3.3.2. Properties of composite membrane
The tensile curves of pure PLA and PLA/(CNCs/
Mg-Al-Eu LDHs)n films were listed in Figure 8. It
was found that the tensile strength of the aminolyzed
PLA was lower compared with the original pure PLA.

Figure 8. Tensile strain-strength curves and the histograms of the PLA/(CNCs/Mg-Al-Eu LDHs)n composite membranes.
a) Tensile strain-strength curves of PLA/(CNCs/Mg-Al-Eu LDHs)n b) strain and strength histograms of PLA/
(CNCs/Mg-Al-Eu LDHs)n.
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The decrease of mechanical properties should be attributed to the aminolysis process which destroyed the
surface structure of PLA [20, 35]. When the CNCs
as well as Mg-Al-Eu LDHs alternately distributed on
the surface of the PLA film and formed a dense network, the structure greatly enhanced the interaction
between the components and brought about an increase in the mechanical properties. When the number of assembled layers was about 10 bilayers, the tensile strength of the composite film was even higher
than that of the original pure PLA. It may account for
the dense and homogeneous distribution of cellulose
nanowhiskers in each layer maximized the interaction between each component and allowed the incorporation of high amounts of the nanofillers [36].
The fluorescence characteristics of the composite
membranes were also characterized by CLSM and
PLES. As shown in Figure 9a, the composite membrane emitted uniform fluorescence under visible
light excitation at 514 nm, further confirming that
the LDHs luminophore evenly distributed on the
film. As shown in Figure 9b, the fluorescence intensity of the composite film gradually rose with the increasing number of the assembled layers. In virtue
of the sharp and intense emission bands of Eu3+ [37,
38], the composite films which were merely assembled with Eu-doped LDHs (Figure 9b) showed higher fluorescence performance than that assembled with
Mg-Al LDHs and Mg-Al-Eu LDHs (Figure 7d). Besides, the fluorescence spectrum didn’t show any
red shift or broadening, proving that the interaction

between the molecules and the microenvironment of
layers didn’t vary significantly during the assembly
process, and it was consistent with the reference [39].
From the mounting fluorescence intensity in combination with the comparatively smooth surface and
the uniform increment of thickness in Figure 5b, it
was indicated that the flaky LDHs nanosheets were
stacked in a parallel way on the surface of PLA.
Fluorescence stability was a vital parameter to comprehend the excited state information of fluorescent
molecules. Since all fluorophores were photobleached
upon continuous illumination, especially in fluorescence microscopy where the light intensities were
high, the fluorescence stability of the composite membrane was detected under 514 nm by means of a highintensity laser of CLSM [40]. As indicated in Figure 10, the fluorescence intensity of the composite
film didn’t decline to 96% until the bleaching repeated over 1000 times about 1000 s, showing a superior
bleachability compared with the literature which decreased 10% after continuous excitation for 10 min
[41]. There was a relative obvious decline in fluorescence intensity of PLA/(CNCs/Mg-Al-Eu LDHs)10
after bleaching over 1000 times, remaining around
70% of that of the unbleached film after bleaching
6000 times. In brief, the composite membranes possessed a stable fluorescence performance.

4. Conclusions
CNCs and LDHs nanosheets presenting negative and
positive surface variations had been successfully

Figure 9. The CLSM image (under 514 nm) of PLA/(CNCs/Mg-Al-Eu LDHs)10 (a) and PLES intensity of the
PLA/(CNCs/Mg-Al-Eu LDHs)n composite membrane (b).
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