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Tannic acid (TA) and glutathione (GSH) are important molecular antioxidants against reactive oxygen
species. Their efficiency is limited by low solubility and high sensitivity, which may be solved by confine-
ment in composite materials. Here, effect of immobilization of these antioxidants on their radical scav-
enging activity was investigated using layered double hydroxide (LDH) nanoparticles as hosts.
Different preparation methods were applied to build composite systems leading to variations in the
molecular orientation of both TA and GSH on the surface or among the layers of LDHs. Systematic com-
bination of spectroscopy (FT-IR, Raman, UV–VIS-NIR-DRS), diffraction (XRD) and microscopy (SEM)
methods revealed perpendicular or parallel orientation of TA on the surface of LDH depending on the
preparation approach applied. Immobilization of GSH protected the antioxidant molecules from degrada-
tion. Radical scavenging tests evidenced that the activity of the antioxidants strongly depends on the
molecular orientation. The LDH supported GSH and TA proved as durable and reusable antioxidant agents
to be applied as radical scavengers in medical therapies or in industrial processes.
� 2022 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

Industrial applications of antioxidants have already evolved
since the late 600s, when the essential role of the native enzymes
in the defence system of the human body against reactive oxygen
species (ROS) and reactive nitrogen species (RNS) was demon-
strated [1]. Thereafter, antioxidant-based processes have become
indispensable for various industries – such as food or cosmetic
manufacturing – to reduce the amounts of by-products, to extend
expiration-date and, in parallel, to maximize the economic profit
[2–5].

More recently, natural exogenous antioxidants are being
increasingly used as functional scavengers [6–11]. For instance,
they reduce hydroperoxides to harmless alcohols during polymer
stabilizing processes [12,13] allowing the substitution of the health
risky alkylphenols, which are often used as secondary stabilizers
[14,15]. One of the most auspicious antioxidant family is the
polyphenols including lignin and tannic acid (TA) with remarkable
long-term activity, biocompatibility and stability. However, their
efficiency cannot be fully exploited, because a large portion of
the phenolic groups are hidden within the molecules leading to
limited accessibility to ROS [12]. Thiolate/disulphide-based antiox-
idants are not tested in such industrial processes owing to their
sensitive structure and consequently, to their difficult long-term
storage [16,17].

Among various antioxidants, native enzymes are still the most
widely used materials in both medical and industrial applications
[18,19]. Despite their indisputable advantages, such as substrate
specificity and high catalytic turnover number, the enzyme-
involved processes are strongly limited to a narrow range of the
reaction conditions to ensure the structural integrity and activity
of the proteins [20]. Moreover, the optimal conditions are difficult
to overlap with those ones generally required for industrial manu-
facturing [21]. In contrast, other non-enzymatic antioxidants
would be capable to function under more extended reaction condi-
tions [22]. However, because of their numerous disadvantages
ranging from the non-biocompatible feature to the reduced solu-
bility, the use of non-enzymatic natural antioxidants have signifi-
cantly diminished [23].

To eliminate these drawbacks, numerous immobilization meth-
ods have been designed and developed for enzymatic and non-
enzymatic antioxidants. Concerning solid support, inorganic nano-
materials were extensively used owing to the ease of synthesis and
advantageous structural features [24–27]. For instance, layered
double hydroxides (LDHs) – with general formula of [M1�x

a+ Mx-
0b+(OH)2]y+[Ay/c

c�]y+ � zH2O; y = a(1 � x) + bx � 2; where Ac� is an
interlayer anion; M and M0 are metal cations – are well-known
anion-intercalated 2D materials with significant anion exchange
capacity [28–31]. In general, LDHs consist of octahedrally coordi-
nated metal hydroxide layers ([M1�x

a+ Mx
0b+(OH)2]y+) including biva-

lent and trivalent cations and interlamellar, charge
compensating, solvated anions ([Ay/c

c�]y+ � zH2O) [32–34]. LDH
hosts possess great advantages in terms of their biocompatibility
and their chemical and colloidal stability compared to e.g., simple
metal oxides [25,35].

For that reason, numerous studies focused on the key role of
LDH hosts during antioxidant immobilization demonstrating the
positive effects of LDHs on the flexibility and resistance of the
antioxidant molecules [36–47]. Organic acids containing phenolic
groups or polyphenols such as gallic acid [39,41], ferulic acid
[40], ascorbic acid [37,47], BHPPA (3-(3,5-di-tert-butyl-4-
hydroxy-phenyl)-propionic acid) [36], DBHP (3-(3,5-ditertbutyl-4
-hydroxyphenyl) propionic acid) [43,44], Irganox 1425 [42], poly
(butylene succinate) (PBS), 3-(4-Hydroxyphenyl)propionic acid
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(HPPA) [38], poly(lactic acid) [45,46] and 3-(4-hydroxyphenyl)
propionate (HPP), L-tryptophan (TRP), and L-tyrosine (TYR) [47],
were anchored on the outer surface of the LDHs or intercalated
between their layers. Among others, it has already been shown that
the LDH carriers enable antioxidants to operate as efficiently as
their native (non-supported) forms [39,42]. Furthermore, by pro-
ducing LDH/antioxidant/PP hybrid organic–inorganic composites,
both the thermo-oxidative stability of poly(propylene) (PP) and
the anti-migration ability of the antioxidants could be enhanced
[42–44]. In almost all cases, the main goal was the elimination of
the disadvantages of the native molecules that mainly originated
from the poor water solubility. This challenge was addressed by
utilizing the antioxidant protective effect of LDHs, which can be
attributed to the strong chemical adhesion via adsorption/interca-
lation. Such structurally stable composites could be dispersed in
significant amount. Moreover, LDH-involved composites showed
prolonged release of the scavenger organics. However, the problem
of difficult separation of the antioxidants used from the reaction
mixtures still could not be addressed based on these immobiliza-
tion methods.

TA/LDH composites containing also polymeric building blocks
have already been prepared, but the studies published so far
focused on the removal of pollutants instead of the antioxidant
activity [48,49]. Besides, no comprehensive studies reporting on
the effect of the synthetic methods on the molecular orientation
within the composites have been disseminated so far. Conse-
quently, there is a lack of information about the structure–activity
relationship of molecular antioxidants once confined in compos-
ites. Note that neither LDH-supported nor any other heterogenized
antioxidant systems have been studied comprehensively in terms
of their recyclability and durability in radical scavenging reactions,
albeit these are critical parameters in most of the applications.

The above-mentioned caveats and challenges motivated our
research to control preparation methods of LDH-based antioxidant
composites with special focus on the molecular orientation as well
as local position of TA and glutathione (GSH). This study also aims
to explore the possible changes in the activity of the supported
molecular antioxidants due to structural orientations using several
experimental techniques.
2. Experimental

2.1. Materials

Magnesium nitrate hexahydrate (Mg(NO3)2�6H2O), aluminium
nitrate nonahydrate (Al(NO3)3�9H2O), NaOH solution, tannic acid
(TA) and glutathione (GSH) were purchased from VWR Interna-
tional. These chemicals were analytical grade.
2.2. Synthesis of layered double hydroxides (LDHs)

The coprecipitation method was used to synthetize single-
phase LDH particles of 2:1 magnesium(II)-to-aluminium(III) ratio.
A mixed salt solution, containing Mg(NO3)2 � 6 H2O of 0.2 M (extra
pure, VWR) and Al(NO3)3 � 9 H2O (ACS grade, VWR) of 0.1 M con-
centration was vigorously stirred under N2 atmosphere. The pH
was set to 10 by adding the appropriate amount of 4 M NaOH solu-
tion (ACS grade, VWR). After a 30-minute-long stirring, the slurry
was centrifuged and washed with deionized water. The obtained
solid was then redispersed and transferred into an autoclave fol-
lowed by a heat-treatment at 120 �C overnight. The final product
was centrifuged (4200 rpm, 10 min), washed with deionized water
three times and dried at 50 �C in an oven overnight. For the synthe-
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sis, the water was purified by a Puranity TU 3 + UV/UF system
equipped with a UV irradiation unit (VWR).
2.3. Synthesis of antioxidant loaded LDHs

To produce antioxidant-LDH composites, two methods, namely
adsorption and coprecipitation, were used. First, during the
adsorption method, solid LDH powder of 0.5 g was redispersed in
10 mL of 0.1 M tannic acid (TA, high purity grade, VWR) solution.
After one-day-long stirring under N2 atmosphere, the sample was
centrifuged (4200 rpm, 10 min), washed with deionized water
three times and dried at 50 �C in an oven overnight. The final com-
posite was denoted as LDH/TA/a. The same procedure was applied
for glutathione (GSH, high purity grade, VWR) to obtain LDH/GSH/
a.

Second, antioxidant loaded LDH particles were prepared by
coprecipitation in the presence of TA or GSH. Accordingly,
0.01 mol Mg(NO3)2 � 6 H2O, 0.005 mol Al(NO3)3 � 9 H2O and
0.005 mol GSH was dissolved in 50 mL deionized water. To set
the pH to 10, appropriate amount of 4 M NaOH solution was added
to the mixture. After one-day-long stirring under N2 atmosphere,
the sample was centrifuged (4200 rpm, 10 min), washed with
deionized water three times and dried at 50 �C in an oven over-
night. The final product was denoted as LDH/GSH/c. Almost the
same procedure was applied for TA-loaded LDH (LDH/TA/c), except
that up to a maximum TA amount of 0.0005 mol was used, as dis-
cussed later. The chemical structure of the natural antioxidants
applied is shown in Fig. S1.
2.4. Structural and analytical characterization

Rigaku XRD-Miniflex II instrument operating with CuKa radia-
tion (k = 0.15418 nm) and 40 kV accelerating voltage at 30 mA
was applied to measure X-ray diffractograms, which were recorded
in the 2h range of 3–80�, with a scan speed of 2�/minute. The char-
acteristic reflections in the normalized diffractograms were identi-
fied on the basis of the information found in the JCPDS-ICDD (Joint
Committee of Powder Diffraction Standards- International Centre
for Diffraction Data) database.

Antioxidant content was detected with a Pfeiffer QMS 200 type
mass spectrometer coupled with a Setaram LABSYS type thermo-
gravimetric instrument. During the measurements, N2 atmosphere
and 10 �C/minute heating speed in the temperature range of 30–
1000 �C was applied.

The FT-IR spectra were taken by a NicolettTM Summit FT-IR
spectrometer (Nicolet Instrument Company) with attenuated total
reflection (ATR) detection mode using ZnSe-based ATR accessories.
The spectra were collected in the range of 4000–400 cm�1 range,
with 4 cm�1 resolution and 16 scans. No additional sample prepa-
ration procedure was applied before the measurements.

The Raman spectra were recorded with a Bruker Senterra II
Raman microscope. Spectra of TA-containing LDH were collected
by using a light source of 532 nm wavelength 12.5 mW laser
power, while GSH loaded LDH was measured by applying a near-
IR light source (785 nm) tuned at 100 mW laser power. Final data
were obtained by averaging 32 spectra with an exposition time of
4 s. For the samples collected once the radical scavenging assays
were terminated, the Raman spectra were recorded after centrifu-
gation and drying of the solids. The instrumental settings were the
same as described above.

For comparison, GSH and TA samples treated with NaOH were
also prepared to correctly identify the vibrational bands of the
guest molecules. Accordingly, 0.005 mol GSH or 0.0005 mol TA
were dissolved in 50 mL deionized water. After adjusting the pH
to 10 with 4 M NaOH/1 M HCl solutions, the samples were dried
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in an oven at 120 �C overnight. The IR and Raman spectra of the
dried samples were recorded as previously described.

UV–Vis and NIR spectra were collected with a SHIMADZU UV-
3600i Plus UV–vis-NIR spectrophotometer. The instrument is
equipped with PMT, InGaAs, and PbS detectors. The spectra were
measured in the 50000–6000 cm�1 range with 4 cm�1 resolution.

Morphology of the nanocomposites was studied by a Hitachi S-
4700 scanning electron microscope (SEM) operating with 10 kV
accelerating voltage. After sample immobilization on silicon wafer,
to improve the conductivity of the sample surface, a thin gold layer
was deposited on it.

2.5. Radical scavenging tests

A colour change-based spectrophotometric method was applied
to determine radical scavenging activity of the native and immobi-
lized antioxidants. The 2,2-diphenyl-1-picrylhydrazyl (DPPH)
(�95 %, VWR), a free radical with an absorption maximum at k =
517 nm, was used as substrate in the assays [41]. The colour of
the DPPH solution in methanol (AnalaR NORMAPUR Reag. Ph.
Eur., ACS, VWR) is purple, which changes to yellow upon reaction
with antioxidants. During the test, 3.5 mL of 24 mg/L DPPH solu-
tion was completed to 3.6 mL with antioxidant solutions, in which
the concentration of the active substances was varied. The absor-
bance values were measured with a Genesys 10S UV–Vis spec-
trophotometer. By monitoring the change in absorbance at
517 nm, the remained percentage of DPPH was calculated:

DPPH ð%Þ ¼ A1

A0
ð1Þ

where A0 is the initial absorbance of the DPPH solution, while
A1 is the final absorbance value after the reaction between the rad-
ical and the antioxidant took place. For measurements with LDH
composites, the corrected equation was used:

DPPH ð%Þ ¼ A1-Asample

A0
ð2Þ

where Asample is the absorbance measured for the LDH compos-
ites dispersions without DPPH to detect any possible light scatter-
ing events by the particles.

By plotting DPPH (%) values as a function of the initial antioxi-
dant concentration, the effective concentration (EC50) was calcu-
lated. The EC50 is the antioxidant concentration required to
decompose 50 % of free DPPH radicals in the test solution. The stan-
dard errors calculated from three independent measurements
were within 5 %.

The recyclability assay for LDH/TA/a was performed on the basis
of the DPPH test described above. More precisely, 4.2 mg LDH/TA/a
was dispersed in 15 mL of free radical solution, in which the DPPH
concentration was set to 23.3 mg/L (same as in the original proto-
col). After the appropriate reaction time, 1.5 mL solution was sam-
pled and the absorbance was measured at 517 nm. Thereafter, to
set the DPPH concentration to 23.3 mg/L again, the mixture was
completed with the DPPH stock to 15 mL. These steps were
repeated several times. For the better understanding, reduced
DPPH (%) represented the amount of DPPH reacted during the indi-
vidual steps of the reusability tests:

Reduced DPPH (%) = 100 % - DPPH (%) (3).
3. Results and discussion

3.1. Characterization of LDH/antioxidant composites

Fig. 1. shows the XRD patterns of the as-prepared host material.
The peaks were attributed to the 00l, 01l and 11l series of Miller



Fig. 1. XRD diffractograms and SEMmicrographs of LDH (a), LDH/TA/a (b), LDH/TA/c (c), LDH/GSH/a (d), LDH/GSH/c (e). In the left, the Miller indices are indicated and the w%
data refer to the antioxidant content in the composites. Scale bars represent 200 nm.

Adél Szerlauth, Z.D. Kónya, Gréta Papp et al. Journal of Colloid and Interface Science 632 (2023) 260–270
indices of a structure analogous to that of nitrate-containing LDHs
(PDF# 35–0965) [50]. This result indicated that highly crystalline,
single-phase lamellar LDH was obtained and that the interlamellar
gallery was occupied by hydrated nitrate anions (d003 = 0.890 nm).
No detectable variations in the location of the key reflections (003,
006, 009) were observed for LDH, LDH/TA/a, LDH/TA/c and LDH/
GSH/a, which confirmed that no intercalation of the organic guests
occurred. However, the shift in the position of 00l reflections of
LDH/GSH/c is a proof for the expansion of the interlamellar gallery
due to the intercalation of the GSH among the layers leading to
strongly expanded d-spacing (d003 = 1.54 nm) compared to the
one determined for the one-phase support LDH
(d003 = 0.890 nm). The higher noise-to-signal ratio for LDH/TA/a
and LDH/TA/c is the consequence of the lower crystallinity of the
samples, but the characteristic LDH reflections also appeared for
these materials indicating the formation of a long range-ordered
LDH structure. Moreover, XRD measurements also revealed that
maximum 0.01 M of TA concentration could be applied during
coprecipitation to obtain LDH-like substances. Otherwise, at higher
concentrations, TA was found to be a poison with negative effect
on the crystal-growth of the LDH (Fig. S2.) leading to the absence
of the lamellar structure.

The results of TG-MS measurements confirmed the presence of
organic molecules in/on the LDH host in all cases. The total sorp-
tion values are expressed in terms of mass percentages of the
organic molecules in relation to the total mass of the composites
and are shown in Fig. 1 (left side). Specific adsorption of the guests
led to variations in the organic contents and higher amount was
determined in the TA-containing samples due to the higher molec-
ular mass and number of functional groups of TA.

Morphological studies of the same materials were carried out
with the SEM technique (Fig. 1). The average diameter for pure
LDH was found to be (111 ± 17) nm. Similar to LDH, LDH/GSH/a
and LDH/TA/c, the composites possessed plate-like, non-regular
morphology with an average diameter of (115 ± 15) nm and
(609 ± 227) nm, respectively. However, for LDH/GSH/c and LDH/
TA/a, large aggregates were imaged and thus, no well-defined
dimensions could be determined from the SEM micrographs.
Because of the large-scale aggregation, these particles seemed to
be more sphere-like compared to the above-mentioned
composites.
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FT-IR measurements were performed to further prove the pres-
ence of the organic compounds in the composites as well as to
reveal the changes occurred in structure and conformation of TA
and GSH upon immobilization on the LDH surface (Figs. 2 and 3).
Only one strong band at 1356 cm�1 in the spectrum of the pure
LDH host was identified, which corresponds to the stretching mode
vibration of the NO3

– groups [51]. This peak appears also in the
spectra of all synthesized composites demonstrating the presence
of interlamellar nitrate ions even if organic molecules were jointly
intercalated. This is in line with literature data those reported par-
tial ion exchanges for similar LDH systems [52].

For the accurate interpretation of the spectroscopy results for
the composites, the IR spectra of both antioxidant molecules and
their sodium hydroxide-treated counterparts were recorded and
then resolved (Fig. 2b, c and 3b, c). The spectrum of the pure TA
shows intense bands at 1178, 1308, 1335, 1380, 1443, 1513,
1534, 1605 and 1700 cm�1 wavenumbers. The strong bands
around 1700 cm�1 and 1178 cm�1 can be associated with the
stretching mode vibrations of carbonyl (C@O) and CAH groups,
respectively [53]. The bands located at 1308, 1335 and
1380 cm�1 are identified as bending mode vibrations of phenolic
groups [53]. The absorption bands corresponding to the stretching
mode vibrations of C@C bond in the aromatic ring is observed at
1605 cm�1, 1534 cm�1 and 1513 cm�1, while the broad band at
1443 cm�1 is attributed to the bending mode vibration of the sur-
face hydroxyl groups [54,55]. On the contrary, no well-resolved IR
bands can be seen in the spectrum of the alkaline-treated TA.
Hence, this finding implies that TA structure was damaged by
the alkaline treatment.

From the spectra of the composites (Fig. 2d and 2e), it was con-
cluded that the type of synthesis methods affected the immobiliza-
tion of TA both qualitatively and quantitatively, governed the
position of TA on the surface, but preserved its structural integrity.
Indeed, the IR bands of the composites could be interpreted with
the spectrum of pure TA. Thus, it is obvious that TA is prevented
from alkaline disintegration in the presence of LDH host even if
the coprecipitation took place at high pH.

However, significant deviations in the band positions can be
observed for different composites depending on the molecular ori-
entation of TA on the LDH surface upon immobilization [56]. For
LDH/TA/c, a significant shift can be detected in the band positions



Fig. 2. FT-IR spectrum of LDH (a), TA (b), TA/NaOH (c), LDH/TA/a (d) and LDH/TA/c (e). The fitted curves for TA, LDH/TA/a and LDH/TA/c are shown separately too. The
numbers indicate the wavenumber values, to which the peak positions were assigned. The schematic illustrations in (d) and (e) represent the different orientation of TA on
the LDH surface.
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of the hydroxyl groups (1443 cm�1 ? 1496 cm�1) and C@C bond
(1513 cm�1 ? 1640, 1577 cm�1) of the aromatic rings. These
bands, which were polarized in the direction of the molecular
backbone, can be handled as markers for the orientation of TA on
the surface of the host. These shifts imply that TA preferentially
anchored parallel to the LDH surface in LDH/TA/c and thus, the
vibrations of the ring and the hydroxyl groups are more hindered
due to the interaction between the antioxidant molecule and the
particle surface through electrostatic forces and hydrogen bonding.
On the contrary, for LDH/TA/a, the positions and the relative inten-
sities of the bands originating from ring vibrations closely resem-
ble to those ones found in the literature [53] meaning that TA
was immobilized perpendicularly on the LDH surface via the
adsorption method. The detailed peak-assignment of TA loaded
samples are collected in Table S1.

Based on the above results, the surface orientation of the
adsorbed TA can be ruled by varying the synthesis method. This
phenomenon is probably due to the differences in pH used. In
the adsorption method, the pH was not adjusted, so most of the
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phenolic –OH groups are in the original (protonated) form, result-
ing in a low negative charge density of TA. Accordingly, the repul-
sive interactions between the hydrophilic surface and the
hydrophobic aromatic rings of the molecules become dominant,
so that TA is oriented in perpendicular to the surface. In contrast,
the ionic/electrostatic interactions between the LDH surface and
the TA molecules have largely evolved from the weak hydrophi-
lic/hydrophobic interactions due to the fully deprotonated TA
molecules generated at pH 10 set in the coprecipitation method
[57]. As a direct result, the orientation of TA molecules is domi-
nantly parallel to the LDH surface.

Raman spectroscopy measurements further confirmed our
hypothesis (Fig. S3) [58]. The Raman band at 1612 cm�1, assigned
to the stretching mode vibration of C@C in the aromatic ring, devi-
ates toward lower Raman shift values in the case of LDH/TA/c,
while the characteristic bands are less altered in the spectrum of
LDH/TA/a. Such a smaller change in the latter case is due mainly
to the alteration in the total enthalpy caused by the adsorption
process. This suggests that TA molecules interact by its aromatic



Fig. 3. FT-IR spectrum of LDH (a), GSH (b), GSH/NaOH (c), LDH/GSH/a (d) and LDH/GSH/c (e). The fitted curves for GSH/NaOH, LDH/GSH/a and LDH/GSH/c are shown
separately. The inserted values indicate the characteristic peak positions in wavenumbers.
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rings with the surface hydroxyl groups of the host upon parallel
orientation in LDH/TA/c and that the characteristic vibrations are
mainly hindered. Nevertheless, by anchoring TA perpendicularly
on the LDH surface (LDH/TA/a), these vibrations of the aromatic
rings of TA are free from any effects of the host, as mentioned
above. The complete peak-assignment is shown in Table S2.

Furthermore, the type of synthetic route (either adsorption or
coprecipitation) affected the GSH orientations in/on the LDH host,
as revealed by the results of FT-IR and Raman spectroscopy mea-
surements (Fig. 3 and Fig. S4, respectively). Alkaline treatment on
the native GSH led to the formation of the GSH sodium salt and
no structural disintegration could be observed at pH = 10. The IR
spectra of the free and the adsorbed GSH (LDH/GSH/a) indicated
that the guest molecules did not suffer any chemical (e.g., deproto-
nation) or structural (e.g., break in structure) transformations on
the outer surface of LDH. The IR spectrum of the composite con-
sisted of both the non-shifted characteristic vibration bands of
the GSH (Amide I: 1658 cm�1 and Amide II: 1533 cm�1) and the
peak of the interlamellar nitrate ions (1358 cm�1). In contrast,
the sodium salt (i.e., deprotonation occurred) of the GSH was
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immobilized during the coprecipitation process (LDH/GSH/c).
Besides, the intense Amide III (1306 cm�1) and Amide IV
(1238 cm�1) vibrations of the sodium salt of the GSH shifted signif-
icantly to the higher wavenumber region as a result of the immo-
bilization, since identical bands were detected for the LDH/GSH/c
and GSH/NaOH meaning that no peak could be assigned to the
interlamellar nitrate. Considering these findings, one can note that
the intercalation of GSH took place from the sodium salt during
coprecipitation. This is in line with the results of the XRD measure-
ments that the interlamellar space was completely occupied by
GSH causing interlayer expansion without the appearance of the
staging effect [59,60]. The full interpretation of the IR spectra are
shown in Table S3. Note that the absence of the peak at
2523 cm�1, that is assigned to the stretching mode vibration of
the –SH group, for GSH loaded samples suggests the thiol deproto-
nation during the immobilization in both adsorption and coprecip-
itation approaches.

Raman measurements resulted in similar information on the
immobilization scenarios at first glance (Fig. S4). However, further
studies and analysis shed light on interesting features (Fig. S5) as
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follows. On the one hand, the Raman spectra also confirmed the
presence of the anionic form of GSH in in LDH/GSH/c. Moreover,
the absence of the band around 2500 cm�1 in both LDH/GSH/a
and LDH/GSH/c spectra is a clear evidence of the deprotonation
of the thiol group during both synthetic processes [60]. On the
other hand, in the spectral region of 700–200 cm�1, there are some
meaningful differences between the spectra of LDH/GSH/a and
LDH/GSH/c (Fig. S5). Accordingly, an intense peak was observed
at 510 cm�1 (denoted with black star) in the spectrum of LDH/
GSH/c, which was assigned to the stretching mode vibration of
the disulphide bond [61]. For LDH/GSH/a, this peak could not be
identified, while the band related to the stretching mode vibration
of the CAS moiety remained (labelled with black triangle)
unchanged in comparison to LDH/GSH/c.

The above results raise the question that whether the redox
activity of the thiolate group changed or not during the immobi-
lization procedures or not. Upon using laser source of 532 nm
instead of a source of 735 nm in the Raman study, the excitation
Fig. 4. UV–VIS-NIR spectra of LDH (a), LDH/GSH/c (b), LDH/GSH/a (c), LDH/TA/c (d) a
antioxidant immobilization is shown.
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of those thiolate groups, which presumably are in direct interac-
tion with the host surface, occurs. The appearance of the peaks at
310 and 235 cm�1, assigned to the stretching mode vibration of
the thiolate–host bond, proved the presence of thiolate groups
and thus, the joint presence of both GSH and GSSG (dimerized
GSH through a disulphide bond) [62,63]. Furthermore, considering
the dimensions of the expanded interlayer gallery presented before
(Fig. 1), it is assumed that the deprotonated GSH fulfilled the inter-
lamellar space, while the GSSG form occupied the outer surface of
the host. The complete identification of the Raman shifts in the
measured spectra is shown in Table S4.

Structural features of the composites were also explored by UV–
VIS-NIR-DR spectroscopy (Fig. 4). The spectra were divided into
three regions (200–500 nm: UV–VIS region; 1050–1350 nm and
1350–1700 nm: NIR region). The intense peak in the range of
1350–1700 nm is related to the first overtone of the fundamental
hydroxyl stretching mode vibrations [64–66]. For antioxidant
loaded samples, a systematic shift and broadening of this band
nd LDH/TA/a (e). In the right-bottom corner, the schematic representation of the
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were detected, which can be associated with the appearance of the
organic molecules in the composite structure causing significant
changes in the polarity of the host surface [67]. The shift is more
visible for LDH/TA/a and LDH/TA/c, which can be due to the pro-
nounced hydrophobic character of TA. The interaction between
the hydrophobic framework of TA and the surface OH groups of
LDH may lead to larger shifts in the spectra. For LDH, two low
intensity peaks were observed in the spectral range of 1050–
1350 nm, similar to previously reported cases [68]. The peaks are
related to the first overtone of the symmetrical stretching mode
vibration of hydroxyl groups and combination bands of the ‘‘free
water” [65]. The variations in this region are closely attributed to
the decrease in the number of the surface adsorbed water mole-
cules. Accordingly, by using adsorption method, the intensity of
this group decreased significantly.

Remarkable changes in the spectra of the obtained materials
were detected in the UV–VIS range (200–500 nm) as well. There
is no considerable absorbance of the LDH host in this spectral
region, while for antioxidant loaded LDHs, significant differences
were observed, which deserves further discussion. Accordingly,
for GSH-containing samples, an absorption band appeared around
270 nm, which belongs to the GSH molecules [69]. However, for
LDH/GSH/c, an additional absorption maximum at 213 nm was
also recorded, which is related to the presence of GSSG [70] in
accordance with the results of the Raman spectroscopy measure-
ments. Note that these maxima are shifted in comparison to the lit-
erature data [69,70]. The peaks at 267 nm and at 294 nm for LDH/
TA/a and LDH/TA/c, respectively, closely resemble the data found
in the literature (278 nm), however, notable shifts can be observed
[71]. Overall, the substantial changes in the UV–VIS-NIR spectra of
the composites should be interpreted as a proof for the formation
of chemical adhesion, which was found as the main interaction
during adsorption. For LDH/GSH/c, the molecules in the interlamel-
lar region were attached by ionic interactions to the host during
intercalation (Fig. 4). In fact, the actual molar ratio between the
interlamellar GSH and the adsorbed GSSG molecules could not be
determined. However, considering the significant variations in
the UV spectral range, it could be assumed that the adsorbed
Fig. 5. Remaining DPPH as a function of the antioxidant concentration for the native
determined for the fresh (as-prepared) and 1 month old samples.
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specimens coexisted in significant amounts compared to the inter-
lamellar ones.

3.2. Structure-activity relationship

To estimate the antioxidant activity of the composites, DPPH
assays were performed. During the test reaction, a stable organic
radical is being reduced by the antioxidant molecules, which
causes colour change in the solution. The results obtained for the
native and immobilized antioxidants are shown in Fig. 5.

The antioxidant activity of the TA remained high, even some-
what higher than for native TA, upon immobilization by adsorption
(LDH/TA/a). On the contrary, LDH/TA/c was found to be almost
inactive in the test reactions. These results shed light on the corre-
lation between the antioxidant ability and the orientation of TA in
the composites. By anchoring perpendicularly to the LDH sheets
(LDH/TA/a), the TA molecules are active and hence, the accessibil-
ity of the phenolic groups for the radicals was improved giving rise
to enhancement in the antioxidant activity of TA. Nevertheless, the
use of coprecipitation approach confined the majority of the phe-
nolic groups close to the interface such that the TA molecules
adsorbed in a plane parallel to the surface leading to very limited
or even negligible accessibility of the active groups to the DPPH
substrate. Therefore, LDH/TA/c did not show significant antioxi-
dant effect. The scavenging activity of TA as well as LDH/TA/a
was the same within the experimental error up to one month stor-
age time.

For the GSH-containing systems, the DPPH decomposing activ-
ity did not change significantly after immobilization irrespective to
the preparation procedures used. Accordingly, the activities of both
LDH/GSH/a and LDH/GSH/c were similar to the native molecule
(Fig. 5). These results are in good agreement with novel findings,
in which various synthetic pathways were reported to prepare
antioxidant–LDH nanohybrids without losing the antioxidant
activity of the intercalant [42–44]. Long-term activity measure-
ments revealed that the scavenging ability of the native GSH
increased by time, i.e., the EC50 value decreased significantly after
1 month. However, it is known that GSH undergoes self-
and immobilized TA (left) and GSH (right). The bar graphs show the EC50 values
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decomposition in this timeframe [72]. Being smaller and more
hydrophobic molecules with more accessible thiol groups, the
decomposition products of native GSH may have higher antioxi-
dant activity. However, their quantities and relative ratios to each
other are difficult to control due to their enhanced reactivity in
comparison to the native GSH [73]. Thus, their application in
industrial processes or by natural organisms are severely hindered.
Nevertheless, the EC50 value determined after 1 month belongs to
the products of decomposition and such an activity cannot be
directly compared to that determined for the fresh samples. In case
of LDH/GSH/a and LDH/GSH/c the antioxidant efficiency remained
about the same for the period investigated meaning that the struc-
ture of GSH was stabilized upon immobilization and that GSH
decompose neither on (LDH/GSH/a) nor in (LDH/GSH/c) the LDH
support. This result unambiguously sheds light on the stabilizing
role of the LDH host. Similar role was not published previously
for LDHs.

After applying the composites in the DPPH assays, their struc-
ture was investigated by IR (Fig. S6) and Raman (Fig. S7) spec-
troscopy to identify possible structural changes occurred during
the test reactions. About the same IR and Raman spectra were
recorded before and after the assays indicating that these compos-
ites kept their structural integrity upon reaction with DPPH
radicals.

Based on these results, reusability/recyclability tests were car-
ried out for the most active composite, namely LDH/TA/a, by deter-
mining the reduced DPPH (%) values (equation 3) defined in the
experimental part. At the end of a reaction cycle, a portion of the
sample was taken for the analyses. However, in each cycle, both
the total volume of the reaction mixture and the concentration of
the immobilized antioxidants as well as the DPPH content were
kept at a constant value. The results are shown in Fig. 6. The
antioxidant activity of LDH/TA/a remained approximately the same
at a reduced DPPH (%) value of 80 % during 15 runs, however, the
antioxidant activity decreased gradually thereafter reaching
reduced DPPH (%) of 20 % after the 25th cycle. These results indi-
cate excellent recyclability of the antioxidant materials, which is
a crucial parameter in further applications. The developed syn-
thetic methodologies offer a feasible route to create reusable
antioxidants of ability to fix, in particular, industrially relevant
problems related to elevated ROS level.
Fig. 6. Reusability of LDH/TA/a expressed in reduced DPPH data as a function of the
reaction cycles.
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4. Conclusions

Molecular antioxidants, tannic acid (TA) and glutathione (GSH),
were successfully immobilized in/on layered double hydroxides
(LDHs). By altering the preparation method, significant differences
were observed between the molecular orientation of the anchored
antioxidants in the composites. TA adopted perpendicular or paral-
lel orientation to the LDH sheets once adsorption or coprecipita-
tion, respectively, was applied during synthesis. GSH forms
dimers during immobilization, while deprotonation took place
upon adsorption of single molecules. These forms exist jointly in
the composites. Radical scavenging tests indicated clear struc-
ture–activity relation, which was clarified in various spectroscopy
measurements. By anchoring TA on a parallel position to the sur-
face via the coprecipitation method, negligible activity was deter-
mined. On the contrary, in a perpendicular interfacial position
achieved via the adsorption method, the TA demonstrated higher
activity than the native antioxidant in solution. Coprecipitation
led to GSH intercalation among the layers of the LDH host, while
physical adsorption method to the surface anchoring of GSH. How-
ever, the radical scavenging activity of the GSH was independent
from the type of immobilization methods. In addition, the hetero-
genization of the antioxidants gave rise to two unexpected results.
First, the GSH containing composites possessed notable durability,
since no changes were detected in the GSH activity after a month,
while the structure was maintained in contrast to homogeneous
GSH solutions. Hence, an important drawback of the long-term
use of this native antioxidant was solved. Second, LDH/TA/a could
be recycled several times, while keeping its antioxidant ability
without significant loss in its function. This result makes the com-
posites a promising antioxidant agent to be applied even in indus-
trial processes, wherever elevated ROS concentration is a problem
to be solved.
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