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We report the preparation and characterization of a new organic-inorganic hybrid system composed of type-I collagen and ZnAl
layered double hydroxide (LDH) particles loaded with β-hydroxy-β-methyl butyrate (HMB) by coprecipitation reaction. X-ray
diffraction (peaks well agree with those reported in the literature), infrared spectroscopy (stretching bonds for both organic-
inorganic compounds), and X-ray photoelectron spectroscopy confirmed the hybrid system retained HMB in the carboxylate
form, and a small fraction turned to the acid form. In both cases, the HMB molecules are assembled to the LDH surface. The
hybrid compound results in improved thermal stability for HMB and collagen, as shown by thermal analysis. Scanning
electron microscopy data reflects different arrangements from LDH sheets with interesting physicochemical properties since
LDH and collagen protect free HMB and make it more bioavailable and functional. In vitro studies as part of high-throughput
screening strategies indicated that LDH hybrids reduced cell viability around 75-90%, which is an acceptable viability value
because of the L6 cell line susceptibility. However, all new nanomaterials must be carefully analyzed by different toxicity tests
because a single test does not evaluate complete physiological compartments.

1. Introduction

The latest developments in science and technology have
allowed us to manipulate the structure of materials at atomic
levels. It makes possible the development of hybrid organic-
inorganic materials at the nanometric scale. It attracts the
attention of researchers in several areas of knowledge such
as nutraceuticals [1], electronics [2], optic [3], and the phar-

maceutical industry for controlled drug release [4]. In the
past two decades, organic-inorganic hybrid materials have
reached intensive development. They range from systems in
which the association between both components ends in a
single hybrid phase to intimate combinations of different
organic and inorganic materials. The interaction between
organic with inorganic matrixes generates synergistic effects
in the new structures, resulting in multifunctional materials
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with unique properties that could improve the physical
characteristics from original constituents, even capable of
overcoming the structural limitations of conventional
materials [5, 6]. These properties provide a variety of
potential applications in multiple fields, especially for
pharmaceutical and biomedical areas such as controlled-
release agents for drug delivery [7].

Inorganic supports are currently useful for designing
controlled-release drug systems. Among these, layered dou-
ble hydroxides (LDH) have attracted considerable interest
in preparing controlled-release formulations mainly for
two reasons: the surface load of the clay mineral and the
ability to modify the interlaminar space [8, 9]. Many organic
molecules have combined with these anionic clays, e.g., anti-
oxidants, amino acids, polymers, and vitamins [6, 10–12].
LDH structure has been known since 150 years ago and
are formed by stacked brucite-like layers and interlayer
regions or galleries. The group of laminar inorganic mate-
rials have a general formula ½M1−x

2+ Mx
3+ ðOHÞ2�x+ ½Ax/n�n−

· mH2O, where M2+ is a divalent cation, M3+ a trivalent
metal cation, x the molar relation of the trivalent cation
½M3+/ðM2+ +M3+Þ�, and An– an anion with n charge [13,
14]. Their unique structure could be shaped hexagonal or
octahedral and consist of metallic hydroxide sheets posi-
tively charged on the exterior, a trivalent cation exchanges
with an anion generating the excess of positive charge in it
[15]. The excess of positive charge is compensated in the
interlayer region by water and charge-balancing anions
(i.e., -OH, Cl-, SO4

2-, NO3
-, and CO3

2-) [14, 16]. The
An– provides an anion exchange capability and allows
modification through intercalation or functionalization
[13, 17]. Several synthesis methods have been reported in
the literature to produce them (i.e., structural reconstruc-
tion, coprecipitation, ion exchange hydrothermal, urea
hydrolysis, and the sol-gel) [14–16]. The synthesis route
represents a crucial step since it affects the crystallinity
of the nanoparticles, the capacity of charge, and the yield
produced [18]. LDH synthesis based on Zn-Al or Mg-Al
by the coprecipitation and the ionic exchange methods is
suitable to insert bioactive molecules [19] successfully.

Another promising class of materials with great potential
as a delivery system is the collagen, a polymeric compound
[20]. Collagen is an extracellular fibrous protein representing
approximately 25-30% of the total human body proteins.
This protein is present in a higher proportion in tissues such
as bone, tendons, skin, and connective tissue [21]. Their
hydrolysis produces collagen peptides that are reabsorbed
in the small intestine easily, very quickly, and almost intact
[22]. It has a helical structure and is composed of polypep-
tide chains. Besides, it contains abundant functional groups,
like –OH, –NH2, and–COOH. All functional groups in their
structure can react with some metal ions by adsorptive
immobilization. Collagen is the biopolymer most useful for
biomedical purposes. It has properties such as biocompati-
bility, low immunogenicity, polarization, and electrostatic
attraction [20, 23]. Nevertheless, the potential use of natural
collagen is limited because of their reduced thermal stability
and enzyme resistance. However, these drawbacks can be
overcome through exogenous chemical, physical, or biologi-

cal agents capable to modify the molecular structure of
collagen [20].

On the other hand, bioactive molecules like β-hydroxy-
β-methyl butyrate (HMB), a leucine derivative metabolite,
are intensely interested in nutrition. It has recognized func-
tions in preserving muscle mass in health, disease, and as an
ergogenic aid in exercise [24, 25]. The alkaline oxidation of
diacetone-alcohol with sodium hypochlorite allows labora-
tory separation of HMB. Once obtained, this can be neutral-
ized with hydroxide sodium or calcium hydroxide to form a
soluble salt in water [26]. Most of the clinical studies con-
cerning HMB have been carried out with the use of HMB
in its calcium salt form (Ca-HMB) and, recently, on its free
acid form (FA-HMB) (Figure 1). Both presentations have
been commercially available as a dietary supplement [27].
However, recent studies have shown that FA-HMB
improves bioavailability independent of the way of adminis-
tration; that is, that FA-HMB improves efficacy through
quicker and greater tissue utilization [28]. Despite this, the
bioavailability for FA-HMB depends on a high repeated
dosage and, it represents a limitation to their use.

An efficient drug carrier must present characteristics,
such as low toxicity, high loading capacity, controlled and
sustained release, and higher cell uptake [29]. In this context,
collagen and LDH meet prerequisites such as low toxicity to
perform as drug carriers. LDH also can improve numerous
relevant drug properties, such as in vivo precision and stabil-
ity, improving their solubility, enhancing the drug efficiency,
and protecting the “free” drugs [7].

Then, the synthesis of hybrid materials Collagen-ZnAl
LDH loaded with HMB represents an alternative as a carrier
with increased bioavailability for this molecule and could be
a future functional food.

Therefore, the increasing use of these materials as car-
riers for bioactive molecules has promoted the evaluation
of the nanomaterials toxicity. In vitro models are helpful
to know the toxicological potential that these materials
could present.

This work presents the synthesis and characterization of
hybrid nanocomposite based on Collagen-ZnAl LDH loaded
with HMB. Besides, we carried out a preliminary test of the
possible cytotoxic effect these compounds could present on
the L6 cell line using the WST-1 toxicity assay.

2. Material and Methods

2.1. Material. Calcium 3-hydroxy-3-methylbutyrate hydrate
(C10H18CaO6· H2O), molecular weight 274.33, was
purchased at 97% purity from Alfa Aesar. Al(NO3)3·9H2O
at 98% with molecular weight 375.13 was purchased from
J. T. Baker and used as received; Zn(NO3)2· 6H2O at 99%
with molecular weight 297.47 was purchased from Jalmek
and used as received. Type I Collagen, NH4OH at 28%,
and NaOH were purchased from Golden Bell. WST-1 (tetra-
zolium/formazan salts) and PBS were purchased from
Sigma-Aldrich. Dulbecco’s Modified Eagle’s Medium was
purchased from Gibco. L6 cells (rat myofibroblast cell line,
CRL-1458) were acquired from ATCC®. Analytical grade
reagents and deionized water were used in all experiments.
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2.2. Synthesis LDH. The LDH was prepared by a controlled-
pH coprecipitation technique of the metal nitrate salts at
room temperature, similar to previously reported [30].
LDH was prepared with a Zn:Al molar ratio of 3.75 : 1.
Briefly, a mixture with 15mmol of Zn(NO3)2, 4mmol of
Al(NO3)3, and 100mL of decarbonated water was stirred
in a griddle, and then, the pH was adjusted to 8 by adding
an NH4OH (6%) solution. The precipitate was then aged
for 24 h under stirring at 25°C, and it was recovered by
centrifugation, washed four times with deionized water,
and dried at 25°C.

2.3. Synthesis of Hybrid LDH Derivates. Direct precipitation
of the hybrid materials Collagen-ZnAl/HMB was carried out
briefly dissolving 100mmol of HMB in 10mL of decarbo-
nated water. Subsequently, we added dropwise 1M NaOH
solution to separate Ca(II) from HMB salt, then the solution
was centrifuged, and the supernatant was reserved to use
later. Then, 15mmol of Zn(NO3)2 and 4mmol of Al(NO3)3
were dissolved in 30mL of decarbonated water; the superna-
tant with HMB was subsequently added dropwise to the salt
solution. Finally, 100mmol of collagen type I was dissolved
into 60mL of decarbonated water, and then, the solution
with ZnAl/HMB was added slowly. The pH of the solution
was adjusted to 8 with NH4OH(6%). The precipitate was
then aged for 24 h under stirring at 25°C, and it was recov-
ered by filtration, washed four times with deionized water,
and dried at 25°C.

Further, samples of ZnAl/HMB and Collagen-ZnAl were
prepared following the same steps to prepare the hybrid
composite but adding only the HMB or collagen solution,
respectively.

2.4. Characterization Techniques. The diffraction analyses
were carried on a PANalytical diffractometer model EMPY-
REAN using Cu-Kα radiation (1.5404Å), a step of 0.02°(2θ),
and a time of 40 s/step; the potential and the current were
45 kV and 30mA, respectively.

The infrared analyses were performed in reflectance
mode (FTIR) using a Thermo Scientific spectrometer, model
NICOLET iS5 iD5 ATR. Spectra were recorded in the range
of 4000-400 cm-1 with a resolution of 4 cm-1 and an accumu-
lation of 16 scans.

The phase transition thermograms were recorded with a
DSC Q100 differential scanning calorimeter from TA-
Instruments in a dynamic nitrogen atmosphere. The sample
with a mass of about ~4mg was placed in sealed aluminum

pans. The heat increase used for this experiment was
10°Cmin-1 in a temperature range from 0 to 400°C.

SEM morphology studies were conducted in a JEOL JSM
5400 LV scanning electron microscope. For this purpose, the
powder samples were placed on double-sided carbon tape.
The images were obtained with a potential of 15 kV.

The synthesized LDH and their composites were
analyzed by the X-ray photoelectron spectroscopy (XPS)
technique to elucidate chemical composition and the
absence of Ca from HMB salts. The system consisted of
an XR 50M monochromatic Al Kα1 (hv = 1468:7 eV) X-
ray source and a Phoibos 150 spectrometer with a one-
dimensional detector 1D-DLD provided by SPECS (Berlin,
Germany). Samples were mounted on a steel sample
holder using a recovering to complete elemental analysis,
including the carbon.

Prepared samples were dried in a vacuum oven at
room temperature for 48 h before being introduced to
the prechamber. Measurements were collected with a reso-
lution of 0.5 eV.

2.5. Cytotoxicity Assay. Cytotoxicity assay was performed
using the colorimetric WST-1 (tetrazolium/formazan salts).
L6 cells (rat myofibroblast cell line) were cultured in Dulbec-
co’s Modified Eagle’s Medium (with 25mM glucose,
2mML-glutamine, 1mM sodium pyruvate, and 10% of fetal
bovine serum). The cells were cultured in an atmosphere
containing 5% CO2 atmosphere at 37°C, 24h before the
assay; 2:5 × 103 of L6 cells (in 100μL) were seeded per
well on 96-well plates. After 24 h, cells were treated with
ZnAl molar ratio 3.75 : 1; ZnAl/HMB; Collagen-ZnAl; Col-
lagen-ZnAl/HMB; HMB; and type I Collagen as a control
during 24 or 48h. All experiments were run in triplicate,
and cells in Dulbecco’s modified Eagle’s medium were
used as the positive control. At the end of treatment,
the medium was removed, and each well was washed
two times with PBS 1X (phosphate-buffered saline). Then,
100μL of media with 10% WST-1 solution was added and
incubated for 1.5 h at 37°C under a 5% CO2 atmosphere for
each well, allowing the reduction reaction from WST-1 to
formazan by viable cells. Finally, the 96-well plate was mea-
sured by recording the absorbance at 450nm using a plate
reading spectrophotometer.

Statistical analysis to determine a significant difference
between treated groups was tested by ANOVA and Tukey
post hoc test with p ≤ 0:05.

O

HO H2OO–

Ca2+

2
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O
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Figure 1: Chemical structures of (a) calcium salt (CaHMB), and (b) free acid form of β-hydroxy-β-methylbutirate (FA-HMB).
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3. Results and Discussion

3.1. X-Ray Diffraction. The X-ray diffraction patterns of the
samples were analyzed to investigate the formation of the
layer structure of LDH and HMB intercalation into the
lamellar host structure (Figure 2). The XRD pattern of the
ZnAl LDH molar ratio of 3.75 : 1 exhibits sharp and intense
peaks. The profile of the pristine ZnAl LDH is coherent with
the formation of the nitrate-containing layered particles, and
the profile is constant in all the samples. It indicates that the
composites result from an assembly of HMB or collagen
over the surfaces of the particles. In this way, the diffracto-
grams are the mere result of the profile from the inorganic
particles and the amorphous fraction of organic matter.
The most intense reflections of ZnAl LDH at low values of
2θ 9.82, 19.74, 33.63, and 60.15 correspond to the planes
(003), (006), (009), and (110) characteristic for these lamel-
lar compounds (Figure 2). These are similar to the profile
recorded in ICDD card no. 380486, reporting the Zn3A-
l(OH)8(CO3)0.5•2H2O packed in a rhombohedral cell with
space group R-3m and cell parameters a = 3:1 and c = 22:8
angstroms (Å). Using the diffractogram of the pristine
ZnAlLDH as a starting point to analyze the structure, the
reflection at the lowest angle appears at 9.82 degrees. Using
the Bragg equation reported elsewhere, the interplanar
distance was calculated, equal to 9.0Å. This distance com-
prises the layer thickness and the interlayer space, which
depends on the size of the intercalated ion. In this case,
the 9.0Å is in agreement with the presence of nitrate ions
[31, 32]. The c parameter is calculated using the dð003Þ
basal distance as 27Å [33]. The basal distance in our prod-
uct is larger than the reported in the ICDD card. It is a
coherent fact considering that the layers of nitrate interca-
lated LDH are bonded with weaker force than carbonate.
This evidence indicates that our procedure favored the
intercalation of nitrate ions instead of carbonate. In the
hybrid compounds synthesized, the intensity decreased
for the (003) and (006) peaks, while the widening
increased. It indicates a lower crystallinity or a very prob-
able reduction of the particle size.

Nevertheless, the general aspect of XRD patterns of the
hybrid samples (ZnAl/HMB, Collagen-ZnAl, and Collagen-
ZnAl/HMB) is comparable with pure LDH. Regarding the
Collagen-LDH pattern, supplementary reflection is noted
(indexed by an asterisk in Figure 2). Although the pure col-
lagen is almost amorphous, it produces a most intense signal
at 22 (2 theta) degrees, and two signals with lower intensity
appear at 8 and 40 (2 theta) degrees [34]. The reflection at 22
and 40 (2 theta) degrees confirms the presence of collagen
because it is similar to pure collagen. In the Collagen-
ZnAl/HMB sample, these signals are not present, indicating
that collagen is absent. However, as infrared data will dem-
onstrate, collagen exists, the lack of collagen signals in the
XRD data suggests a lower collagen content, or the structure
became utterly amorphous. Since, we observed the reflection
around 60.22 degrees 2θ attributed to the (110) plane for all
of the samples, indicating an assembly of LDH and hybrid
structures with good crystallinity. No peaks were shifting
when we compared the ZnAl LDH, ZnAl/HMB, and Colla-

gen-ZnAl/HMB diffractograms. It indicates that HMB never
intercalated between the LDH layers.

On the other hand, results in Figure 2 for the ZnAl/
HMB sample indicate that HMB does not alter the layered
structure of LDH. We observed something similar in the
Collagen-ZnAl and Collagen-ZnAl/HMB profiles. Here,
collagen incorporation did not modify the diffraction
pattern corresponding to LDH. This result confirms that
the synthesis method proposed was efficient in obtaining
a crystalline hybrid.

3.2. Infrared Spectroscopy. FTIR analysis from the ZnAl
LDH sample, ZnAl/HMB, Collagen-ZnAl, and Collagen-
ZnAl/HMB hybrids are compared and shown in Figure 3.
All patterns exhibit principal fold signals due to the different
functional groups present. The FTIR spectrum of ZnAl LDH
shows a broad and strong absorption band centered at
3412 cm-1. This signal is a characteristic feature for all the
hydrotalcite-type materials. It corresponds to OH stretching
vibration in interlayer space and the physically adsorbed
water molecules [35]. After adsorption of HMB, collagen,
or both, the OH band becomes broad. It indicates that
hydroxyl groups in the surface of the layers form more
hydrogen bonds, likely with HMB and functional groups
present in collagen used in the experiments. The bending
vibration of the interlayer water molecule H-O-H appears
as a band at ~1673 cm-1 [36, 37]. The strong band at
1373 cm-1 is due to the symmetric vibration of the interlayer
nitrate anion from ZnAl LDH [38]. Bands observed in the
lower frequency below 750 cm-1 are associated with lattice
vibration modes corresponding to M–O (M = Al, Zn) in
the LDH sheets [30]. In Figure 3, spectra of Collagen-ZnAl
and Collagen-ZnAl/HMB samples show the absorption
bands characteristic for LDH. However, we can observe that
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Figure 2: X-ray diffraction patterns of ZnAl LDH, ZnAl/HMB,
Collagen-ZnAl, and Collagen -ZnAl/HMB. ∗ Indicates collagen
reflections.
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the vibration band at 1814 cm-1 gets remarkable widening
and enhancement, ascribing to a broad and clear C=O
stretching vibration associated with amide I. It is the band
most important for studying high-order structure of
proteins [37], indicative of effective chemical adsorption of
collagen. In particular, NH stretching bands and bending
vibration at 3119 and 1721 cm-1 are due to the amide II of
collagen [36, 37]. The vibrational frequencies of C-H and
N-H fragments present similar values. Then, their vibra-
tional stretching produces overlapping in the 3100 cm-1

region [39]. ZnAl/HMB and Collagen-ZnAl/HMB exhibit
some characteristic absorption peaks at 3152 cm-1 and
1816 cm-1 of HMB, indicating the presence of HMB mole-
cules on the surface ZnAl nanohybrids. To demonstrate that
these spectral variations are induced by the HMB molecule,
another experiment was carried out (data are shown in sup-
plementary material S1). The results reflect that an increase
in the amount of HMB causes an increase in the signals
mentioned in Figure 3 as corresponding to HMB.

3.3. Differential Scanning Calorimetry. Thermoanalytical
measurements for ZnAl LDH and hybrid compounds as a
function of temperature at a heating rate of 10°Cmin-1 were
recorded and reported in Figure 4. We observed that the
thermal degradation process of pure LDH (Figure 4 curve
a) implies two main transition stages: (i) a reversible phase
without lamellar structure collapse; a partial dehydroxylation
from LDH layers occurs with an endothermic peak at around
152°C; (ii) a decomposition of hydroxides and consequently
the elimination of interlayer anion, denoted by signals rang-
ing from 218 to 293°C [40]. The decomposition temperature
and elimination of interlayer anion are higher than pure
LDH after HMB adding into it (Figure 4(b)). It indicates
ZnAl/HMB is more stable to thermal degradation than
HMB pure degradation (274°C) (supplemental Figure S2).

Proteins such as collagen contain bonds that maintain
the secondary and tertiary structure, which break down with
temperature increments. The collagen triple helix is unwind-
ing and leaving single chains. This point is known as the
denaturation phenomenon different from degradation,
which implies that the breaking of peptide bonds leads to
the formation of an amorphous polymer known as gelatin
[41]. The first transition temperature observed at 67°C
(Figure 4(c)) corresponds to the denaturing temperature of
type I collagen due to increased temperature. That phenom-
enon leads to an amorphous polymer (gelatin) formation at
148°C [42]. Finally, on increasing the temperature above
290°C, degradations of the material occur. The Collagen-
ZnAl/HMB structure shows a weak endothermic process at
164.95-221.6°C. It is followed by the combustion of the
hybrid, reflected as an intense exothermic peak produced
in the DSC profile (Figure 4(d)) centered at 252.4°C. Then,
the hybrid materials ZnAl/HMB and Collagen-ZnAl showed
high thermal stability, overcoming the main drawbacks for
their natural usage.

3.4. Scanning Electron Microscopy. The SEM image shows
that synthesized ZnAl LDH (Figure 5(a)) exhibits typical
aggregates for this class of materials, displaying a grouped
plate of hexagonal particles with a flake aspect. After intro-
ducing HMB (Figure 5(b)), the nanosheets become intercon-
nected, forming a network-like array with noticeable ripples
and corrugations. The Collagen-ZnAl sample shows sheets
relatively disordered and parallel stacking (Figure 5(c)),
where sheets grow vertically on the collagen matrix. The
hybrid sample of Collagen-ZnAl/HMB in Figure 5(d)
exhibits a severe agglomeration of the platelets. The intense
interaction between proper collagen molecules and between
collagen and LDH sheets has led to the hard clustering of the
platelets providing compactness to the resulting material.

3.5. X-Ray Photoelectron Spectroscopy. XPS analysis was per-
formed, focusing on the surface composition of hybrid
ZnAl/HMB nanocomposite.

This sample was analyzed to corroborate the elimination
of Ca from HMB salt to produce a hybrid with HMB in its
pure form or FA-HMB. XPS results for LDH, HMB (treated
by precipitation reaction), and ZnAl/HMB samples indi-
cated that precipitation reaction was very efficient to Ca
elimination from HMB salt. However, a small signal on the
survey XPS is appreciated (Figure 6). Indeed, this separation
method allows us to get a free form to HMB.

The results of elemental identification and quantification
for XPS spectra (Table 1) show the characteristic peaks of
Al2p and Zn2p electrons and indicate the presence of these
elements in LDH structure with the principal oxidation
states of Al3+ and Zn2+ for both spectra, ZnAl and ZnAl/
HMB samples [43]. The atomic ratio of ZnAl changed from
3.8 in the ZnAl to 4.2 in the ZnAl/HMB, which is not a
significant change, maintaining the structural morphology
of the sheets without considerable changes. These spectra
signals also show the presence of O and C, corresponding
to hydroxyl sheets from LDH and organic composition,
respectively. The atomic ratio of O/C in ZnAl and ZnAl/
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Figure 3: Infrared spectrum of ZnAl LDH, ZnAl/HMB, Collagen-
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HMB is similar to that reported for this type of ZnAl LDH
[43]. The Ca and N signal corresponds to residual calcium
and nitrates by using these salts as precursors of the HMB
pure and LDH, respectively. The chemical state proposed
for elements as C and O is confirmed, as we showed previ-
ously in IR spectra Figure 3.

3.6. Cytotoxicity Assay. The potential application of newly
developed nanomaterials as carriers of substances depends
on their biocompatibility, among other aspects. Therefore,
all designed nanomaterials should be subjected to toxicolog-
ical studies. The in vitro toxicity test on cell lines is essential
for preclinical evaluations. Currently, several approaches are
helpful to assess the toxic effects of nanomaterials by expo-
sure or direct contact. Among them, the tetrazolium salt
reduction assays [44]. Tetrazolium-based assays are used
because they are sensitive, cheap, and easy to handle [45].
As a preliminary test, we perform an assay to evaluate the
possible toxic effect using the tetrazolium-based salt WST-

1. ZnAl LDH and the hybrid combinations ZnAl/HMB,
Collagen-ZnAl, and Collagen-ZnAl/HMB were evaluated
in a dose-dependent manner in the L6 cell line as a model
to represent the physiological muscle compartment.
Figure 7 shows the viability of L6 cells after exposure to
LDH and LDH hybrid compounds, compared with the effect
of pure HMB and Collagen after 24 and 48 h of incubation.
Cellular viability decreases at concentrations from 0.37 to
3.3μg/mL as the concentration of hybrid compounds
increases. All treatments with collagen or HMB maintain
and increase the mean viability (80-115%), respectively,
which indicates a healthy proliferation state at 24 and 48 h
of incubation (Figures 7(a) and 7(b)).

Furthermore, we observed a significant difference
(p ≤ 0:0001) between HMB and collagen treatments to mate-
rials ZnAl, ZnAl/HMB, and Collagen-ZnAl, whereas the
hybrid Collagen-ZnAl/HMB did not show a difference at
the lowest concentration; it suggests that the organic
compounds could have a protective effect over the cells.
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Figure 4: DSC thermogram of (a) ZnAl LDH, (b) ZnAl/HMB, (c) Collagen-ZnAl, and (d) Collagen-ZnAl/HMB.
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Therefore, the observed toxicity is promoted by the LDH
nanomaterial in this cell line. The results of the toxicity test
show a significantly reduced cell viability in all treatments
involved with ZnAl nanomaterials, and it depends on con-
centration and incubation period (Figures 7(a) and 7(b)).
The cell viability decreased at 10% when treated with a
10μg/mL concentration or upper (data not shown). These
results contrast to other studies that report no toxic effects

of the LDH in cell lines like the G-292 osteoblasts and in
the L-132 human lung cells. Inclusively recommend the
LDH as suitable for implants and as promising candidates
for developing inorganic delivery systems [35, 46]. Other
cellular responses to LDH nanomaterials have been
explored using different model cell lines. Their data have
shown a low level of cytotoxicity [9, 36, 38, 47, 48]. In
particular, the in vitro toxicity results on the L6 cell line
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Figure 5: SEM images of (a) ZnAl, (b) ZnAl/HMB, (c) Collagen-ZnAl, and (d) Collagen-ZnAl/HMB.
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Table 1: XPS quantitative results for HMB, ZnAl, and ZnAl/HMB (BE values are corrected with contamination carbon as reference at
284.60 eV).

Peak BE FWHM Atomic (%) Chemical state

HMB

C1s A 284.5 1.7 25.7 C-C

C1s B 286 1.7 15.7 C-O

C1s C 288.3 1.7 21.6 Carboxyl O-C=O

O1s A 531.3 1.9 25.2 OH

O1s B 532.8 1.9 12.7 Adsorbed H2O

O1s C 535.2 1.9 6.6 Carboxyl O-C=O

Na 1s 1070.9 1.9 11.9 Na+

ZnAl

C1s A 284.5 2.2 6.6 C-C

C1s B 287.5 2.2 5.5 C-O

O1s A 530.1 1.9 5.8 Oxides

O1s B 531.6 1.9 41.6 OH

O1s C 533.2 1.9 9.6 Nitrates

N1s 406.7 1.8 2.4 Nitrates

Zn2p 1021.4 2.5 22.5 Zn2+

Al2p 73.9 2.2 5.9 AlO(OH)

ZnAl/HMB

C1s A 284.5 2.6 9.4 C-C

C1s B 287.7 2.6 5.5 C-O

O1s A 530.5 1.9 17.2 Oxides

O1s B 532 1.9 33.5 OH

O1s C 533.4 1.9 3.6 Nitrates

N1s 404.5 2.7 1.1 Nitrates

Zn2p 1022.1 2.1 22.8 Zn2+

Al2p 73.4 2.2 5.4 AlO(OH)
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reflect that the molar composition, the target cell type, and
cell fate are critical to their intracellular responses and
degree of cytotoxicity.

One explanation for this observation could be related to
the solubility of the synthesized materials [46]. Previously, it
has been reported that at pH6.8-7.4, between 50 and 60% of
LDH nanomaterial is found in dissolution at 8 h [49]. In
supplementary material S3, we showed the LDH and the
hybrid combinations are susceptible to degradation. Once
upon dissolution, the materials can release Al3+ and Zn2+

ions from the composition of the sheets and exert a toxic
effect, especially for the L6 cell line, as reported previously
by Kane et al. and Song et al. [50, 51]. In addition,
tetrazolium-based assays can be confounded by the presence
of nanomaterials because it can interfere due to their optical
capacity and absorption properties with the assay compo-
nents [52–54], as well as interfere in the tetrazolium salts
reduction by the presence of metal ions (such as Zn2+) [55,
56], which can contribute to false cytotoxicity results.
Indeed, several works have highlighted this phenomenon
when using tetrazolium salts and nanomaterials [53, 54,
56–58]. It represents a significant challenge since the
in vitro viability tests constitute a part of high throughput
screening strategies. Therefore, considering the limitations
mentioned above, our results demonstrate that classical via-
bility/cytotoxicity assays for nanomaterials are insufficient to
assess their toxicologic effects on cell lines. It supports the
necessity of complementing the cytotoxicity data with at
least two or more independent assays depending on the cell
line and the nanomaterial evaluated. Finally, all new nano-
materials must be carefully analyzed by different toxicity
tests. It depends on the future applications because a single
test does not evaluate complete physiological compartments.

4. Conclusion

In this work, we prepare a novel Collagen-ZnAl/HMB
hybrid material by a coprecipitation method. This novel

hybrid organic-inorganic material displays new properties
based on a synergic effect of both inorganic layers and bioac-
tive molecules. It is overcoming structural limitations of
collagen by improving its reduced thermal stability due to
the protection of LDH and increasing the bioavailability of
HMB by its integration in their FA-HMB form. The present
work achieves interesting inorganic–organic combination
with a synergistic molecular level interface compared to
separated components. It could be helpful to the fabrication
of new controlled-release agents for delivery of bioactive
compounds, showing excellent prospects.

Furthermore, it is necessary to investigate the toxicity
through different levels, know their toxicity potential, and
validate the reported toxicological test. The evaluation with
a WST-assay is a limited tool to evaluate the toxicity
potential from nanomaterials. Differents experimental
approaches, especially in vivo assays, could reveal informa-
tion about nanomaterials behavior in biological systems.
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