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In recent years, solid-state engineering has emerged as a promising method for improving the 
stability and potency of antibiotics and anti-inflammatory drugs. This study focuses on the design 
and optimization of the intercalation of levofloxacin (an antibiotic drug) and salicylic acid (an 
anti-inflammatory drug) into zinc-aluminium-layered double hydroxide galleries using response 
surface method. Release studies revealed that a burst release phenomenon was observed at the 
beginning of the release assay, and the pH value (in the range of 5.8-7.4) had very little influence 
on the levofloxacin and salicylic acid release efficiency. This indicates that zinc-aluminium-layered 
double hydroxide could be an effective inorganic carrier for levofloxacin and salicylic acid over a 
wide range of pH values. Four kinetic models were used to study the release kinetics and the drug 
release mechanism was also discussed. In addition, the intercalation of levofloxacin and salicylic 
acid into zinc-aluminium-layered double hydroxide exhibited enhanced antibacterial activity 
against Gram-positive Bacillus subtilis. The cell viability assay revealed non-toxic behavior of 
levofloxacin and salicylic acid intercalated into zinc-aluminium-layered double hydroxide against 
the monocyte/macrophage-like cell line. 

Keywords: experimental design, optimization, response surface methodology, zinc-aluminium-
layered double hydroxide, levofloxacin, salicylic acid

Introduction

In recent years, drug delivery systems that deliver 
therapeutic agents to their target sites have attracted 
significant attention. Nanoparticle-based drug delivery 
technologies have advanced from the need to optimize and 
maintain therapeutic drug concentrations for a sufficiently 
long time, minimize negative side effects, control drug 
release, deliver drugs to target tissues, enhance the effects 
of drugs with short half-lives, reduce dosing frequency, 

and avoid drug waste.1 Layered double hydroxides (LDHs) 
with two-dimensional layered nanostructures are emerging 
as promising materials that have launched a new field of 
research to investigate their use as drug delivery systems. 
Recent in vitro studies2,3 using a range of transformed and 
tumor-derived cell lines indicate that LDHs nanoparticles 
have low cytotoxicity and good biocompatibility. 
Positively charged LDHs nanoparticles can readily 
interact with negatively charged cell membranes and 
rapidly enter cells via the clathrin-mediated intracellular 
pathway, which is the most common energy-dependent 
endocytic pathway.4,5 LDHs are guest-host materials 
consisting of positively charged metal hydroxide sheets 
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as hosts, intercalated anions as guests, and water 
molecules. The general chemical formula of an LDH is  
[M(II)1-xM(III)x·(OH)2]x+·[An−]x/n·mH2O. The positively 
charged layers contain divalent(II) and trivalent(III) metal 
(M) ions, and the interlayer region is occupied by charge-
balancing anions. The An− anions, such as CO3

2−, NO3
−, and 

Cl−, in the interlayer galleries can be readily replaced;6 thus, 
anionic drugs can be conveniently loaded into LDHs via 
anion exchange.2,7 The most fascinating feature of LDHs is 
that they have very large specific surface areas; therefore, 
high drug loading is possible into the interlayer regions of 
LDHs. As another bonus, LDHs at the nanoscale are easily 
dispersible in aqueous media.

Many biomolecular anions, including pravastatin, 
fluvastatin,8 ibuprofen, paracetamol, diclofenac,9-11 
naproxen,12 ciprofloxacin,13 methotrexate, 5-fluorouracil14-17 
and DL-mandelic acid18 have been successfully intercalated 
into the interlayers of LDHs. However, these studies on 
LDHs drug delivery systems have mainly involved oral 
drug simulation experiments. LDHs are also used as 
drug delivery systems for wounds and have rarely been 
considered in this context. Additional materials such as zinc 
may be added to an LDHs to enhance its biocompatibility. 
Because of its ionic form, zinc plays a vital role in the 
human body, where it protects against deoxyribonucleic 
acid (DNA) damage, is useful in cancer therapy, and 
controls the activities of many enzymes.19-24 To date, 
zinc-aluminium-layered double hydroxide (ZnAl-LDH) 
has been used for the delivery of many drugs, including 
antibiotic, anti-inflammatory, cholesterol-lowering,25 and 
anticancer.26,27 ZnAl-LDH is an ideal delivery system 
for wound treatment owing to its low toxicity and good 
biocompatibility. The effectiveness and side effects of 
such delivery systems for antibiotic and anti-inflammatory 
drugs, as well as target cells in the wound, have yet to 
be explored. In addition, it is recommended to optimize 
the influencing factors on the intercalation of antibiotic 
and anti-inflammatory drugs into such delivery systems. 
However, optimization by factor-by-factor approach is 
more time consuming and not economically efficient. 
Therefore, statistical experimental designs, particularly the 
response surface method (RSM), excellent optimization 
tools, have been developed to solve this problem. The RSM, 
including factor design and regression analysis, can give 
clear knowledge of the perfect and efficient relationship 
between independent and dependent variables to achieve 
desired results. The great advantage of RSM is to reduce 
testing time and effort, achieves better results, and saves 
more costs compared to traditional experimental models.

In continuation to our previous studies on biocompatible 
ZnAl-LDH materials,28 with emphasis on the effective 

delivery of therapeutic drugs to a wound at the right dose 
and time, this study focuses on experimental design to 
optimize the intercalation of antibiotic (levofloxacin-
LEV) and anti-inflammatory (salicylic acid-SAL) into the 
ZnAl‑LDH structure. An attempt was made to intercalate 
drugs (LEV and SAL) into ZnAL-LDH using the face 
centered-central composite design (FC-CCD). To do 
this, 3 levels of +1, 0, −1 and three independent variables 
(factors), i.e., temperature, time and initial drug amount 
were selected. The formulation of drugs was studied for 
characterization, bioactivity, and release kinetics. These 
findings may provide valuable information in the fields 
of chemistry and pharmaceuticals to promote solid-state 
materials as an antibiotic development strategy.

Experimental

This study used chemicals that were purchased from 
Sigma-Aldrich (St. Louis, Missouri, USA) and are 
presented in the Supplementary Information (SI) section. 

Optimization of drug intercalated into ZnAl-LDH using a face 
centered-central composite design (FC-CCD)

The synthesis of ZnAl-LDH was performed according 
to our previous study28 and is presented in the SI section.

Statistical design for drug intercalated into the structure of 
ZnAl-LDH

FC-CCD was used to optimize drug intercalation into 
ZnAl-LDH. Three independent variables were selected: 
temperature (X1), time (X2), and amount of drug (LEV or 
SAL) (X3). Each factor was tested at three levels, which 
were coded as −1, 0, and +1. The design levels, independent 
factors, and change ranges are listed in Table 1. 

The response (Y) was the dependent variable expressing 
the efficiency of the drug intercalation into ZnAl-LDH. 
Responses were analyzed using MODDE 5.0 software 
(Umetrics AB, Umea, Sweden)29 and Design-Expert 

Table 1. Independent variables, experimental range, and levels for 
FC‑CCD (the amount of ZnAl-LDH kept constant at 1.0 g in all 
experiments)

Coded values

Variable and range

Temperature 
(X1) / °C

time (X2) / h
Amount of 

drug (X3) / g

High (+1) 75.0 19.0 1.00

Medium (0) 65.0 17.5 0.75

Low (–1) 55.0 16.0 0.50
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software (version 13.0.5.0; Stat-Ease Inc., MN, USA).30 
The model was statistically significant if the probability 
value (p-value) was less than 0.05 (95% confidence level). 

RSM graphs were used to evaluate the observed 
data systematically and establish quadratic polynomial 
equations. The quadratic polynomial equation, which 
indicates the interactions between variables and the 
relationships between responses and variables, is expressed 
as follows:

	 (1)

where, Y is the predict dependent variable; Xi and Xi
2 

are the independent variables and quadratic parameters, 
respectively; XiXj represents the interaction of independent 
variable b0, and bi, bii, bij represent the regression coefficient 
for intercept and corresponding regression coefficients, 
respectively.

Drug intercalation into ZnAl-LDH was conducted 
under an N2 atmosphere and sonicated at 100 W in an 
ultrasonic bath. ZnAl-LDH (1.0 g) was dispersed in 250 mL 
of a solution containing LEV or SAL at a concentration 
ranging from 0.5 to 1.0 g. The reaction mixture was heated 
to 55‑75 °C for 16-19 h. The solid products were obtained 
through filtration, washing with decarbonized distilled 
water, and drying for 18 h at 70 °C. The quantification of the 
percentage of LEV or SAL intercalated into ZnAl-LDH was 
performed by measuring the total organic carbon (TOC) 
concentration in LEV-LDH and SAL-LDH samples. The 
calculations involved comparing the TOC values with the 
formulas for pure levofloxacin (C18H20FN3O4) and salicylic 
acid (C7H6O3). The TOC concentration was measured using 
CHNSO elemental analysis (Mettler Toledo, USA). The 
percentage of the drug intercalated into ZnAl-LDH was 
determined as follows:

	 (2)

where TOCdrug-LDH: concentration of organic carbon in 
sample drug-LDH; TOCZnAl-LDH: concentration of organic 
carbon in ZnAl-LDH; TOCinitial solution: concentration of 
organic carbon in solution. 

Validation of experimental design

By using optimized temperature, time and drug 
dosage, drug-LDH samples were fabricated and evaluated 
for various parameters including composition and 
characterization of drug-LDH samples, and in vitro studies 
(i.e., release kinetics, antimicrobial and cytotoxic assays). 

Validation of the experimental design was performed 
through the calculation of the relative error using the 
following formula:

	 (3)

Characterization and in vitro studies of drug-LDH

Characterization, inorganic elements (Zn, Al, F), 
organic elements (C, H, N, O) and in vitro studies of drug-
LDH including drugs release kinetics, antimicrobial activity 
and cytotoxicity assays are presented in the SI section.

Results and Discussion

Optimization of drug intercalated into ZnAl-LDH 

Influence of the independent variables on drug intercalated 
into ZnAl-LDH

In this study, a FC-CCD experimental design with 
three levels and three independent variables was used to 
investigate the combined effects of the three independent 
variables on the interactions of LEV or SAL and ZnAL-
LDH. The experimental parameters and corresponding 
results are listed in Table 2.

Furthermore, the significant regression coefficients of 
the quadratic equations and the results of the analysis of 
variance (ANOVA) were summarized in Table 3.

The quadratic equations 4 and 5 were expressed as 
follows:

	 (4)

	 (5)

For LEV-LDH, p values for linear variables (X1, X2, X3), 
2-way interaction (X1X3), and quadratic parameters (X1

2, 
X2

2, X3
2) were all < 0.05, which significantly influenced 

the loading of LEV on ZnAl-LDH. In contrast, X1X2 
and X2X3 were not significantly affected by the loading 
effect (p > 0.05). As expressed in equation 4, the effect 
of temperature (X1) on the loading of LEV on ZnAl-LDH 
was the greatest among the three linear variables with a 
coefficient of 2.25, followed by the effect of the amount 
of LEV (X3) with a coefficient of 1.88. The quadratic 
equation 4 exhibited a positive effect of temperature (X1), 
time (X2), and amount of LEV (X3) on the loading of LEV 
onto ZnAl-LDH. For the effect of the quadratic parameters 
(X1

2, X2
2, and X3

2) on the loading of LEV on ZnAl-LDH, 
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Table 2. Response data for FC-CCD-designed experimental runs for LEV and SAL intercalated into ZnAl-LDH

No.

Variable levels LEV-LDH SAL-LDH

Temp. (X1) time (X2)
Amount of 
drug (X3)

Observed
Predicted LEV 
intercalated / %

Observed
Predicted SAL 
intercalated / %TOC / mg

LEV 
intercalated / %

TOC / mg
SAL 

intercalated / %

1 −1 −1 −1 0.145 24.22 24.23 0.218 35.82 36.51

2 1 −1 −1 0.165 27.50 27.10 0.245 40.23 40.36

3 −1 1 −1 0.172 28.80 28.23 0.247 40.57 40.40

4 1 1 −1 0.175 29.24 29.56 0.260 42.74 42.74

5 −1 −1 1 0.158 26.40 26.04 0.236 38.76 38.82

6 1 −1 1 0.199 33.19 33.72 0.279 45.86 46.09

7 −1 1 1 0.172 28.80 29.16 0.254 41.77 41.70

8 1 1 1 0.211 35.35 35.31 0.293 48.08 47.45

9 −1 0 0 0.173 28.92 29.48 0.257 42.22 41.71

10 1 0 0 0.206 34.40 33.99 0.281 46.24 46.51

11 0 −1 0 0.191 31.88 32.09 0.279 45.79 44.69

12 0 1 0 0.209 34.96 34.89 0.283 46.45 47.32

13 0 0 −1 0.185 31.00 31.63 0.276 45.38 44.73

14 0 0 1 0.215 35.90 35.41 0.291 47.83 48.24

15 0 0 0 0.210 35.10 34.79 0.286 47.03 47.42

16 0 0 0 0.209 34.95 34.79 0.286 46.94 47.42

17 0 0 0 0.207 34.60 34.79 0.291 47.82 47.42

Temp: temperature; TOC: total organic carbon; LEV: levofloxacin; SAL: salicylic acid; LEV-LDH: levofloxacin intercalated into layered double hydroxide; 
SAL-LDH: salicylic acid intercalated into layered double hydroxide.

Table 3. ANOVA for quadratic equations of LEV and SAL intercalated into ZnAl-LDH

Source of variation

LEV intercalated SAL intercalated

Mean squares
Degrees of 

freedom
F-value p-value Mean squares

Degrees of 
freedom

F-value p-value

Regression 23.46 9 66.58 < 0.0001 23.21 9 36.84 < 0.0001

X1 50.78 1 114.12 < 0.0001 57.65 1 91.51 < 0.0001

X2 19.50 1 55.35 0.0001 17.29 1 27.45 0.0012

X3 35.65 1 101.17 < 0.0001 30.84 1 48.95 0.0002

X1
2 25.02 1 70.99 < 0.0001 29.34 1 46.57 0.0002

X2
2 5.40 1 12.78 0.0090 5.40 1 8.57 0.0221

X3
2 4.29 1 12.18 0.0101 2.34 1 3.71 0.0954

X1X2 1.19 1 3.37 0.1091 1.15 1 1.82 0.2191

X1X3 11.57 1 32.83 0.0007 5.83 1 9.26 0.0188

X2X3 0.39 1 1.10 0.3295 0.52 1 0.82 0.3959

Residual 0.35 7 − − 0.63 7 − −

Lack of fit 0.4670 5 7.09 0.1282 0.7882 5 3.36 0.2450

Pure error 0.0658 2 − – 0.2344 2 − −

Total corrected 13.35 16 − − 13.33 16 − –

RSD = 0.5936 
R2 = 0.9885

Predicted R2 = 0.8496 
Adjusted R2 = 0.9736

RSD = 0.7937 
R2 = 0.9793

Predicted R2 = 0.8302 
Adjusted R2 = 0.9527

LEV: levofloxacin; SAL: salicylic acid; p-value: probability value; F-value: value of variation between sample means; RSD: relative standard deviation; 
R2: coefficient of determination; X1: temperature; X2: time; X3: amount of drug.
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the coefficient value of the quadratic parameter X1
2 was 

−3.06 (equation 4), the greatest negative effect among the 
three quadratic parameters. For the 2-way interaction, X1X3 
had a positive effect on the loading of LEV on ZnAl-LDH, 
with a coefficient of 1.20. 

For SAL-LDH, linear variables (X1, X2, X3), 2-way 
interaction (X1X3) and quadratic parameters (X1

2, X2
2),  

significantly impacted the loading of SAL on ZnAl-LDH 
(p  <  0.05). X3

2, X1X2, and X2X3 exhibited no significant 
loading effects (p > 0.05). Of the three linear variables, 
temperature (X1) had the greatest positive effect on the 
loading of SAL onto ZnAl-LDH, with a coefficient of +2.40, 
whereas time (X2) had the lowest positive effect, with a factor 
value of +1.32. For the 2-way interaction, X1X3 had a slightly 
positive effect on the loading of SAL onto ZnAl-LDH with a 
coefficient of +0.85. As expressed in equation 5, the quadratic 
parameters X1

2 and X2
2 had a negative effect on the loading 

of LEV onto ZnAl-LDH. The quadratic parameter X1
2 had a 

more significant effect than X2
2.

The importance of temperature (X1) in the intercalation 
of LEV and SAL into ZnAl-LDH could be explained by 
the diffusion phenomenon. Diffusion was the movement of 
atoms or molecules from an area of high concentration to a 
region of low concentration. The kinetic energy of matter 
increased at high temperature, leading to an increase in the 
diffusion of drug molecules into the interlayer region of 
ZnAl-LDH. The movement of drug molecules decreased 
at low temperatures, leading to a decrease in diffusion of 
drug molecules into the interlayer region of ZnAl-LDH.

The ANOVA results of the quadratic equations indicated 
high significance of the model (Table 3). To confirm the best 
fit of the model, statistical parameters such as p-value, lack 
of fit, coefficient of determination (R2), relative standard 
deviation (RSD), adjusted R2, and predicted R2 were 
used. The p-value was small (p < 0.05), indicating high 
significance of the corresponding coefficients. The p-value 
was very low (p < 0.0001), indicating statistical significance 
of the regression model at the 95% confidence level. 

Similarly, the ANOVA results demonstrated that the 
p-value of the lack-of-fit for LEV and SAL were 0.128 
and 0.245, respectively, which are significantly higher than 
0.05. This shows that, because of the random error of the 
experimental variations, the lack of fit was insignificant, 
and the regression models for LEV and SAL well adjusted. 
In addition, the relatively low RSD value (0.5936-0.7937) 
indicates that the use of RSM was reliable and the model 
precision was good. The R2 (goodness of fit) and adjusted 
R2 values of the LEV and SAL regression models are 
approximately equal and close to 1.0, indicating that the 
regression model fits the observed data. The prediction 
level of the model was also satisfactory; the predicted R2 

value (goodness of prediction) for both regression models 
was greater than 0.80. This indicates that the RSM of the 
observed data was accurate.

The obtained quadratic regression equations helped 
establish three-dimensional response surface plots 
(3D-RSPs) based on the optimized conditions of 
temperature, time, and drug quantity. These 3D-RSPs 
elucidated the influence of the 2-way interactions on the 
incorporation of LEV and SAL into ZnAl-LDH, and the 
results are shown in Figure 1. 

For LEV-LDH (Figures 1a-1c), temperature had the 
greatest effect on the efficiency of LEV intercalation into 
ZnAl-LDH, whereas the effects of time and amount of 
LEV on the efficiency of LEV intercalation into ZnAl-LDH 
were the same, and both factors had less influence than 
temperature. For SAL-LDH (Figures 1d-1f), temperature 
had the greatest influence on the efficiency of LEV 
intercalation into ZnAl-LDH, followed by the amount of 
SAL and final time.

Validation of experimental design 

Based on the analysis of the intercalation efficiency 
and the response surface plots illustrated in Figure 1, the 
optimal conditions for intercalation of LEV and SAL into 
ZnAl-LDH were determined as a temperature level of 
70 °C, reaction time of 18 h, and drug quantity of 1.0 g. 
By implementing the optimal conditions determined, LEV-
LDH and SAL-LDH samples were prepared to validate 
the experimental design and facilitate further studies. The 
results of these experiments are listed in Table 4. 

The experimental design was validated by comparing 
observed and predicted values. The relative errors associated 
with the observed and predicted values were determined 
to be within an acceptable range of ± 5% (Table 4). The 
predicted results closely matched the experimental results, 
confirming the accuracy of the design.

Characterization of the materials 

Based on results of elemental analysis (Table  5) 
and the charge balance principle, the empirical 
formulas of LEV-LDH and SAL-LDH are predicted 
t o  b e  Z n 1 . 4 4A l 0 . 4 2( O H ) 4( C 1 8H 2 0F N 3O 4) 0 . 2 6  a n d  
Zn1.38Al0.42(OH)3(C7H6O3), respectively. The results in 
parentheses presented in Table 5 calculated from the 
predicted formulas agree very well with the observed 
data, which confirms that the predicted chemical formula 
is appropriate. 

Thermal analysis was carried out to confirm the 
efficiency of intercalation of drug into ZnAl-LDH. Our 
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previous publication28 has shown that ZnAl-LDH material 
has three weight losses of about 8.0% at temperatures 
between 116 and 455 °C and one weight loss of about 2.1% 
at a temperature of 620 °C. The weight losses at temperature 
from 116 to 455 °C were indexed for the removal of surface-
physiosorbed water molecules and the interlayer water in 
the ZnAl-LDH structure. The weight loss at 620 °C was 
attributed to the further degradation of the inorganic layer 

Figure 1. Response surface plots of LEV (a-c) and SAL (d-f) intercalated into ZnAl-LDH structure at optimum condition.

Table 4. Drugs intercalated into ZnAl-LDH (predicted value obtained 
from quadratic equations using optimized conditions)

Drug
Predicted 
value / %

Observed 
value / %

Relative 
error / %

LEV 36.56 35.35 3.34

SAL 49.18 48.00 2.40

LEV: levofloxacin; SAL: salicylic acid. 

Table 5. Chemical composition of the LEV-LDH and SAL-LDH

Sample

Elementa / %

Zinc (Zn) Aluminium (Al) Oxygen (O)
Organic carbon 

(C)
Nitrogen (N) Hydrogen (H) Fluor (F)

LEV-LDH
34.76 

(34.76)
4.24 

(4.24)
30.83 

(29.95)
21.15 

(21.15)
4.11 

(4.20)
3.45 

(3.44)
1.86 

(1.86)

SAL-LDH
31.48 

(31.48)
3.92 

(3.92)
32.32 

(33.40)
29.21 

(29.21)
−

3.10 
(3.13)

−

aObserved data (the data are computed from the proposed empirical formulas) using ICP-OES (PerkinElmer, USA) to analyze Zn and Al; ion chromatography 
(IC) (Metrohm, Switzerland) to analyze F and CHNSO elemental analysis (Mettler Toledo, USA) to analyze C, H, O and N. LEV-LDH: levofloxacin 
intercalated into layered double hydroxide; SAL-LDH: salicylic acid intercalated into layered double hydroxide.
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to form mixed metal oxides. The thermogravimetric (TG) 
profile of ZnAl-LDH is presented in Figure S1 (SI section). 
The TG profiles of LEV-LDH and SAL-LDH are presented 
in Figure 2. 

For the LEV-LDH, three weight losses were observed in 
the thermogram (Figure 2a). The weight losses of 4.6 and 
2.1% occur at temperatures of 140 and 300 °C, respectively; 
this may be due to the removal of surface-physiosorbed 
water molecules and the interlayer water of ZnAl-LDH. In 
addition, the weight loss of 33.7% at 440 °C corresponds 
to the decomposition of LEV intercalated in ZnAl-LDH. 
The thermogram for SAL-LDH (Figure 2b) shows that 
approximately 45% weight occurs between 260 and 492 °C, 
which may be indexed for the predominant degradation 
of the SAL intercalated into ZnAl-LDH. The total weight 
loss of LEV and SAL was less than the percentage loaded 
in the ZnAl-LDH, which may be because the inorganic 
ZnAl‑LDH layers interfered with the degradation of these 
species.

Figure 3a shows the X-ray diffraction (XRD) patterns 
of ZnAl-LDH and drug-LDH. For the XRD pattern of 
ZnAl-LDH, diffraction peaks appeared at 2θ value of 
11.59, 23.34, 31.70, 34.40, and 36.19 could be assigned to 

the diffraction lattice planes (003), (006), (012), (009), and 
(015), respectively. These diffraction peaks, which are sharp 
and symmetrical, are typical for hydrotalcite-like layered 
structure17,31,32 and indicate the good crystallization of ZnAl-
LDH. Both LEV-LDH and SAL-LDH exhibited diffraction 
peaks characteristic of ZnAl-LDH; however, the distance 
value between the d003 layers of LEV-LDH and SAL-LDH 
has clearly shifted to an angle of 2θ smaller than the pristine 
2θ angle of ZnAl-LDH, indicating that LEV and SAL were 
successfully intercalated into the interlayers of LDH. 

As seen in Figure 3a, the nanolayers of LEV-LDH and 
SAL-LDH have been streamlined, with a basal distance 
of d003 extended from 7.6 Å in ZnAl-LDH to 9.3 Å for 
LEV-LDH, and from 8.0 to 10.2 Å for SAL-LDH. The 
basal distance extension of d003 reveals a greater spatial 
orientation of the LEV and SAL anions in the LDH 
interlayer. 

The functional groups of ZnAl-LDH, pure LEV, pure 
SAL, LEV-LDH, and SAL-LDH were identified using 
Fourier transform infrared spectroscopy (FTIR), as shown 
in Figure 3b. The presence of strong absorption peaks at 
3420, 1629, and 1377 cm−1 in the spectrum of ZnAl-LDH 
were associated with the stretching mode of OH− groups, 

Figure 3. (a) XRD pattern and (b) FTIR (KBr) spectra of materials.

Figure 2. Thermogram for (a) LEV-LDH and (b) SAL-LDH.
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the bending mode of interlayer H2O molecule and the 
NO3

− groups in the interlayer, respectively.17,28 For pure 
LEV, the strong bands observed at 1724 cm−1 could be 
related to the νC=O stretching vibrations of the carboxylic 
group.33 The band at 1626 cm−1 corresponded to the νC=O 
stretching vibration of the aromatic ring34 and the band 
at 1453 cm−1 was indexed to the symmetric stretching of 
the carboxylate group (νsCOO−). In contrast to pure LEV, 
the absorption peak at 1724 cm−1 of LEV in LEV-LDH 
disappeared because of deprotonation of the −COOH 
group, resulting in the loss of C=O (−COOH) stretching. 
In addition, for LEV-LDH, a new vibration peak appeared 
at 1574 cm−1 and the absorption peak at 1453 cm−1 moved 
to 1396 cm−1, indicating a strong interaction between LEV 
and the ZnAl-LDH structure. The absorption peaks at 
1574 and 1396 cm−1 in LEV-LDH were associated to the 
asymmetric (νasCOO−) and symmetric (νsCOO−) stretching 
vibrations of the carboxylate group, respectively.35 For 
pure SAL, the strong bands observed at 1665 cm−1 was 
indexed to the asymmetric stretching of the carboxylate 
group (νasCOO−). The band at 1290 cm−1 could be indexed 
to the νC–O stretching vibrations of the carboxylic 
group36 and band at 1147 cm−1 corresponded to the C–OH 
(phenolic).36 In contrast to pure SAL, the band at 1290 cm−1 
in SAL‑LDH was almost off and that at 1665 cm−1 shifted to 
1610 cm−1, indicating that the carboxylic groups of SAL and 
ZnAl‑LDH had a significant interaction. Two characteristic 
bands were observed at 1610 and 1384 cm−1 in SAL-LDH 
owing to the asymmetric and symmetric stretching of the 
carboxyl group, respectively, suggesting proton transfer 
from the −COOH group of SAL to ZnAl-LDH. The energy 
splitting between asymmetrical and symmetrical stretching 
bands (Δν = νasCOO− − νsCOO−) was indicative of the metal 
carboxylate structure and varies depending on the type of 
interaction between the metal and the ligand. The Δν of 
LEV-LDH was found to be 178 cm−1, indicating that the 
interaction between LEV and ZnAl-LDH was a bridging 
bidentate interaction, which means that each oxygen in 
the −COO− group of the intercalated LEV was covalently 
bonded to another Al3+ cation of the ZnAl-LDH lattice.37 
In case of SAL-LDH, the Δν was found to be 226 cm−1, 
indicating a monodentate interaction between SAL and 
ZnAl-LDH, which means that the negatively charged 
oxygen of the −COO− group generated a covalent bond 
with the metal ion.37 This result confirms that LEV and SAL 
anions existed stably in the positively charged ZnAl-LDH 
layers owing to the bridging bidentate and monodentate 
interactions, respectively.

Our previous publication28 has shown that SEM 
images of ZnAl-LDH had an irregular and heterogeneous 
morphology and was composed of agglomerated plates. 

Scanning electronic microscopy (SEM) image of 
ZnAl‑LDH is presented in Figure S2 of SI section. Because 
of the collapse of the layered structure of ZnAl-LDH, the 
ZnAl-LDO particles exhibited an uneven morphology 
and were densely concentrated.28 The SEM images of 
LEV‑LDH and SAL-LDH are shown in Figure 4.

The assembly of LEV and SAL anions with the 
ZnAl‑LDH host resulted in flat and individual plates 
that overlap. The formation of the plate was attributed 
to the interaction between LEV and SAL anions with 
the positively charged surface of ZnAl-LDH. Successful 
intercalation of LEV and SAL anions into ZnAl-LDH were 
due to their respective bridging bidentate and monodentate 
interactions. The presence of LEV in LEV-LDH and SAL 
in SAL-LDH were demonstrated by the energy-dispersive 
X-ray spectroscopy (EDX) spectrum (Figure 4). The 
intercalation of LEV and SAL into ZnAl-LDH resulted 
in an increase in the particle diameters of ZnAl-LDH 
from 110.2 nm28 (Figure S2, SI section) to 202.6 nm for 
LEV‑LDH and 208.0 nm for SAL-LDH (Figure 4).

In vitro studies of LEV-LDH and SAL-LDH

Release kinetics
Drug release depends mainly on the diffusion of drug 

molecules through the delivery material matrix, dissolution 
of the matrix, or both. The interaction between the drug 
carrier and the buffer solution promotes drug release at 
the interface between the two. Anionic LEV and SAL 
were conveniently located in the interlayer of ZnAl-LDH 
because of the positive charge density of ZnAl-LDH. In 
this study, LEV and SAL release assays from ZnAl-LDH 
carrier were conducted at 37 °C using phosphate buffer 
saline (PBS) at pH 7.4 and 5.8, corresponding to the pH 
of the wound fluid38 and sweat of healthy skin. Physical 
mixtures containing 35.35% of LEV or 48.00% of SAL 
were prepared by grinding ZnAl-LDH with LEV or SAL 
in an agate mortar. The conventional release profiles of 
LEV and SAL from the interlayer of ZnAl-LDH carrier 
and the physical mixtures in PBS solution are shown in 
Figures 5a-5b. 

The pH of the medium had little effect on the release 
efficiency of LEV and SAL from the interlayer of 
ZnAl‑LDH. Therefore, release of LEV and SAL from the 
interlayer of ZnAl-LDH in PBS at pH 7.4 was found to be 
slightly slower and slightly lesser than the release in PBS 
at pH 5.8. The LEV and SAL in the physical mixtures 
released very rapidly, reaching 100% after 0.25-0.75 h at 
pH 7.4. In contrast, the release profiles of the LEV-LDH 
and SAL-LDH were significantly slower. The ZnAl-LDH 
released LEV and SAL in a controlled manner for up 
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to 12 h. Approximately 90.6 and 88.4% of the initially 
applied LEV was released after 12 h at pHs of 5.8 and 
7.4, respectively. The release of SAL from the ZnAl-LDH 
occurred at pHs of 5.8 and 7.4, and gradually reached 
about 96.3 and 90.3% of the initially applied SAL within 
12 h (Figure 5b). 

As shown in Figures 5a-5b, the release of LEV and 
SAL from ZnAl-LDH included three distinct stages. The 
first stage (0-2 h) could be termed “burst release,” i.e., rapid 
release through desorption of LEV and SAL surface-bound 
to ZnAl-LDH. The second stage (from 2-7 h) was slower 
than the first stage because of the ion-exchange process 
between OH− and PO4

3− anions in the buffer solution with 
LEV and SAL in the interlayer, which interacted weakly 
with the ZnAl-LDH layer and the migration of LEV and 
SAL anions from the inner region of the interlayers to the 

outer surface of the ZnAl-LDH.39 The third stage (after 
7 h) involved ion exchange between OH− and PO4

3− anions 
with LEV and SAL anions located in deeper regions of 
the ZnAl-LDH interlayer that diffused outward, which 
markedly slowed down the LEV and SAL release from 
ZnAl-LDH. Diffusion significantly retarded the release 
of LEV and SAL anions from ZnAl-LDH, respectively.39 
It is possible that approximately 10-12% of LEV and 
4-10% of SAL anions could be retained in the interlayer 
of ZnAl-LDH. Many previous studies11,40-42 have reported 
that approximately 20-23% of diclofenac and 30-40% of 
ciprofloxacin can be retained in ZnAl-LDH, CaAl-LDH and 
Fe2O3@MgAl-LDH. The retention of drugs in ZnAl-LDH 
can be explained by the exchange of LEV or SAL anions 
from the external ZnAl-LDH layer, which were replaced by 
the smaller OH− and PO4

3− anions in solution; this may have 

Figure 4. SEM photographs, EDX spectra and the particle size of the LEV-LDH and SAL-LDH.
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caused the ZnAl-LDH to recover its layered structure with 
smaller interlayer distances in the edge region (ca.7.6 Å), 
which may hinder the migration of LEV and SAL anions 
located deep inside the external region, leading to a certain 
number of drug anions that are not readily desorbed.

 The mechanism by which drug release from the 
delivery system was mainly controlled by anion exchange 
and a disaggregation step,8 diffusion and dissolution,43,44 
or combination of multiple mechanisms.38 Various 
mathematical models such as first-order kinetics, 
Higuchi, parabolic diffusion and Korsmeyer-Peppas (K‑P) 
were employed to analyze the kinetics of in vitro drug 
release data. The correlation coefficient (r2), release rate 
constant (k), and diffusional exponent (n) were obtained 
and are presented in Figures 5c-5f. According to the n 
and r2 values obtained from the K-P and Higuchi models, 

respectively, the release of LEV and SAL from the 
ZnAl-LDH carrier was a combination of more than one 
mechanism, including LEV and SAL diffusion through 
the interlayer of ZnAl-LDH carrier and erosion of ZnAl-
LDH.8,43,45 Diffusion plays an important role in controlling 
the drug-release rate, therefore the drug-release rate from 
the carrier is determined by the diffusion rate of the drug 
anions.46 The replacement of the larger anions (LEV and 
SAL) at the outer edge of ZnAl-LDH by smaller anions 
(OH− and PO4

3−) led to a decrease in the interlayer distance 
and the migration of the LEV and SAL anions across 
the ZnAl-LDH particles became slower. Overall, the 
intercalation of LEV and SAL anions in ZnAl-LDH not 
only reduces the rate release of LEV and SAL anions, but 
also allows for long-term and continuous administration of 
LEV and SAL. The slower release rate allows an adequate 

Figure 5. In vitro LEV and SAL release profile (a) and (b). In vitro LEV and SAL release kinetics (c) first order, (d) Korsmeyer-Peppas (K-P), (e) Higuchi 
and (f) parabolic diffusion. Error bars indicate the standard deviation of triplicates.
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amount of the drug to be maintained for a longer period, 
thereby reducing the frequency of dosing while achieving 
the desired therapeutic effect.

Antimicrobial effectiveness and cytotoxicity

The antimicrobial study for LEV-LDH and SAL-LDH 
was carried out to evaluated their effectiveness against 
Gram-positive [(Gr (+)] bacteria (Bacillus subtilis) while 
ZnAl-LDH, pure LEV, and SAL were used as controls. For 
this assay, the Bacillus subtilis was placed in 96-well plates 
and treated with different concentrations of LEV-LDH, 
SAL-LDH or control materials. Before quantification of 
Bacillus subtilis concentration, the plates were incubated 
at 37 °C for 24 h. The minimum inhibitory concentration 
(MIC) values of pristine ZnAl-LDH for Bacillus subtilis 
was found to be 150 µg mL−1, while the MICs of pure LEV 
and SAL for this pathogen were 200 µg mL−1. LEV-LDH 
and SAL-LDH exhibited high efficacy, the MICs of these 
materials against Bacillus subtilis were about 100 µg mL−1. 
As shown on Figure 6a, the zone of inhibition of LEV-LDH 
100 µg mL−1 is larger than that of ZnAl-LDH 150 µg mL−1 
and SAL-LDH 100 µg mL−1. 

The ZnAl-LDH exhibited antimicrobial properties, 
which can be considered as an additional advantage to the 
drug delivery of ZnAl-LDH. The findings of this study are 
completely consistent with those of previous studies. By 

increasing the Zn-Al molar ratio, the antimicrobial activity 
of pristine ZnAl-LDH could be increased.47 In addition, 
the superior antibacterial effect of Zn was emphasized by 
Li et al.48 Other work49 found that fewer bacterial colonies 
grew in the presence of ZnAl-LDH (Zn:Al = 4:1) compared 
to other substances, and ZnAl-LDH exhibited activity against 
Gr (+) bacteria. LEV-LDH and SAL-LDH exhibited high 
efficacy against Bacillus subtilis due to the synergistic effects 
between LEV and SAL with ZnAl-LDH. This synergistic 
effect may be due to the ability of LEV-LDH and SAL-LDH 
to cross the cell membrane of the pathogen, facilitating the 
entry of LEV and SAL into pathogen cells, which disrupts the 
cell membrane and inhibits membrane reformation, leading 
to cell death. These observations indicate the efficacy of 
LEV-LDH and SAL-LDH against pathogens. 

In the field of drug research and development, 
cytotoxicity testing has recently become a commonly 
used method. Cytotoxicity testing is employed to evaluate 
the effect of a new drug on the responses of living cells 
in culture, including cell survival and population growth. 
To determine the survival of RAW 264.7 cells, these cells 
were incubated with samples (ZnAl-LDH, pure SAL 
and SAL‑LDH, pure LEV and LEV-LDH) at 10, 30, and 
100 µg mL−1 for 24 h. The 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) dye reduction assay 
was employed to measure the cell survival.50 Figure  6b 
shows the survival of RAW 264.7 cells and suppression of 

Figure 6. (a) Inhibition zone (1,2,3) corresponds to ZnAl-LDH 150 µg mL−1 or LEV-LDH and SAL-LDH 100 µg mL−1; (b) effects of LEV-LDH and SAL‑LDH 
on RAW 264.7 cells survival and suppression of NO production (mean ± standard deviation, n = 3). Cardamonin (0.3 and 3 µM) is used as control (+). Letters 
a and b indicate that cell survival and NO inhibition were significantly different from control (−) at the 0.05 level (least significant difference (LSD) test).
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NO production by RAW 264.7 cells after treatment with 
the samples. As shown in Figure 6b, more than 80% of 
RAW 264.7 macrophages survived after treatment with 
ZnAl‑LDH concentrations ranging from 10 to 100 µg mL−1, 
which confirms that ZnAl-LDH has negligible negative 
effect on RAW 264.7 macrophages. The non-toxicity of 
ZnAl-LDH particles is believed to be an advantage for their 
use in human drug delivery. Approximately 100.83 ± 0.84 
and 91.74 ± 0.11% of RAW 264.7 cells survived after 
treatment with pure LEV at concentrations of 10 and 
30 µg mL−1, respectively (Figure 6b). However, the RAW 
264.7 cell survival decreased to 80.25 ± 0.51% with 
increasing concentration of pure LEV up to 100 µg mL−1. 
After treatment with LEV‑LDH at concentrations of 
10 and 30 µg mL−1, the survivals of RAW 264.7 cells 
were found to be approximately 99.01  ±  0.58 and 
91.48 ± 0.14%, respectively. Cell growth was decreased 
with increasing LEV-LDH concentration; approximately 
75.40 ± 0.26% of RAW 264.7 cells survived when the 
LEV-LDH concentration was increased to 100 µg mL−1. 
This demonstrated that LEV-LDH at high concentrations 
could be toxic to RAW 264.7 cells. However, at the same 
concentrations of pure SAL and SAL-LDH, the viability 
of RAW 264.7 macrophages were higher than 100% 
relative to cardamonin as positive control (p < 0.05). 
Previous study51 have reported that HepG2 cell growth 
is significantly inhibited owing to the simultaneous 
intercalation of tamoxifen and hippuric acid into zinc layer 
hydroxides. Because of its intercalation into LDH, folic 
acid is protected from degradation and favorably permeates 
HeLa cells, resulting in the suppression of cell survival.52 
The interaction between ciprofloxacin and zinc hydroxide 
led to sustained release of ciprofloxacin anions, resulting 
in increased cytotoxic effects on A549 cells.53

In addition, ZnAl-LDH, pure LEV, pure SAL, 
LEV‑LDH, and SAL-LDH were investigated for their 
ability to alter NO generation in lipopolysaccharide 
(LPS)-stimulated RAW  264.7 macrophages. In order 
to perform this experiment, LPS treatment was used to 
stimulate increased intracellular nitrite accumulation. 
RAW 264.7 macrophages were simultaneous treated with 
2 µL LPS (0.1 mg mL−1) and ZnAl-LDH, pure LEV, pure 
SAL, LEV-LDH or SAL‑LDH at different concentration. 
The concentration of nitrite in the culture media was 
measured to determine the NO yield. As seen in Figure 6b, 
LPS-stimulated RAW 264.7 macrophages treated with 
cardamonin at concentrations of 0.3 and 3.0 µM inhibited 
NO formation by about 45.85 ± 2.12 and 86.93 ± 0.96%, 
respectively. The significant reduction in NO generation 
for LPS‑stimulated RAW 264.7 macrophages treated with 
3.0 µM cardamonin may be related to cell damage (with 

a viability of about 71.8%). In general, the decrease in 
NO levels was pronounced. A decrease in NO generation 
was also observed in LPS-stimulated RAW  264.7  cells 
after treatment with ZnAl-LDH, LEV‑LDH and 
SAL‑LDH. Compared with control cells, LPS-stimulated 
RAW 264.7  cells treated with pristine ZnAl-LDH at 
concentrations of 10 and 30 µg mL−1 induced a reduction 
in NO of 27.73 ± 0.65 and 30.91 ± 1.12%, respectively. 
For LPS-stimulated RAW 264.7 macrophages treated 
with LEV‑LDH at concentrations of 10 and 30 µg mL−1, a 
reduction in NO was observed of approximately 29.3 ± 0.28 
and 33.02  ±  0.73%, respectively. For LPS-stimulated 
RAW 264.7 macrophages treated with SAL-LDH at 
concentrations of 10 and 30 µg mL−1 induced a reduction 
in NO of 22.38 ± 0.03 and 30.01 ± 0.18%, respectively. 
For LPS-stimulated RAW 264.7 macrophages treated 
with either ZnAl-LDH or SAL-LDH or LEV-LDH at 
high concentration induced a significant reduction in NO 
generation. The ZnAl-LDH, SAL-LDH and LEV-LDH at 
high concentrations (100  µg  mL−1) induced a reduction 
in NO of 46.36 ±0.82, 45.15 ± 0.67, and 52.62 ± 0.31% 
respectively. Significant inhibitory effects on the NO release 
by pristine ZnAl-LDH and LEV-LDH were observed at 
high concentrations, which may be associated with cell 
damage (with viabilities of 80.8 ± 0.73 and 75.40 ± 0.26%, 
respectively). The inhibitory concentration of NO formation 
(IC50) by ZnAl-LDH, SAL-LDH and LEV-LDH were found 
to be greater than 100 µg mL−1.

Conclusions

The three-level-three-factor FC-CCD in combination 
with RSM was used to investigate the effect of parameters 
on intercalation of LEV and SAL into the structure of 
ZnAl-LDH. The 3D response surface plots and quadratic 
equations helped to predict and validate the values of 
independent variables for the optimization with desired 
intercalation efficiency. The successful intercalation of LEV 
and SAL into the structure of ZnAl-LDH extended the basal 
spacing of ZnAl-LDH. The basal spacing of ZnAl-LDH 
was extended from 7.6 Å up to 9.3 Å for LEV intercalation 
and up to 8.0-10.2 Å for SAL intercalation. Owing to the 
reciprocal interaction between the LEV and SAL anions 
with the lattice of ZnAl-LDH, as well as the slow diffusion 
of LEV and SAL anions from deep inside of the interlayer 
of ZnAl‑LDH to the outside, the release rate of LEV and 
SAL from the ZnAl-LDH carrier is relatively slow. From 
the results of the antimicrobial assay of LEV‑LDH and 
SAL-LDH, as well as the suppression of NO production 
and survival of LPS-stimulated RAW 264.7 macrophages 
after treatment with LEV-LDH and SAL‑LDH, it can 
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be conjectured that a synergistic effect between LEV 
and SAL with ZnAl-LDH occurred. Overall, ZnAl-LDH 
appears to be a sustainable drug delivery system that can 
maintain dosage during treatment thereby increasing the 
effectiveness of antibiotics and anti-inflammatory drugs and 
significantly reducing drug side effects. These results provide 
a solid foundation for further research on a biocompatible 
ZnAl‑LDH carrier-based drug delivery system.

Supplementary Information

Supplementary data (synthesis and characterization of 
the ZnAl-LDH, LEV-LDH or SAL-LDH, in vitro release 
kinetics study, antimicrobial activity assay, cytotoxicity 
assays; thermogram for ZnAl-LDH and SEM images of the 
ZnAl-LDH and ZnAl-LDO, EDX spectra and the particle 
size of the ZnAl-LDH) are available free of charge at http://
jbcs.sbq.org.br as PDF file.
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