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 ABSTRACT 

Natural two-dimensional (2D) kaolinite nanoclay has been incorporated into an

emerging drug delivery system. The basal spacing of the kaolinite nanoclay was 

expanded from 0.72 to 4.16 nm through the intercalation of various organic 

guest species of different chain lengths, which can increase the efficiency in

drug delivery and reduce the toxicity of doxorubicin (DOX). Original kaolinite 

(Kaolin) and the Kaolin intercalation compounds exhibited a high level of

biocompatibility and very low toxicity towards cells of pancreatic cancer, gastric

cancer, prostate cancer, breast cancer, colorectal cancer, esophageal cancer, and 

differentiated thyroid cancer. However, lung cancer and hepatocellular cancer

cells need more strict compositional, structural, and morphological modulations

for drug delivery carriers. DOX-Kaolin and the DOX-Kaolin intercalation com-

pounds showed dramatically faster drug release in moderately acidic solution

than in neutral condition, and exhibited enhanced therapeutic effects against

ten model cancer cell cultures in a dose-dependent manner. The use of 2D 

nanoclay materials for a novel drug delivery system could feasibly pave a way 

towards high-performance nanotherapeutics, with superior antitumor efficacy

and significantly reduced side effects. 

 
 

1 Introduction 

From bench to clinic, emerging drug delivery systems 

(DDSs) against cancers require technical support and 

several long-term trials [1–3]. The remarkable progress 

of nanotechnology and its application in biomedicine 

have greatly expanded the range and type of 

biomaterials for medical use from traditional natural 
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materials to emerging organic or inorganic synthetic 

products. Organic materials (liposomes [4, 5], metal- 

organic frameworks [6, 7], chitosans [8, 9], etc.) are 

now relatively mature in their clinical translation after 

decades of development, and have been commercially 

driven to the clinical stage for tumor chemotherapy. 

However, the intrinsic instability and low drug-loading 

capacity/efficiency of organic DDSs leave many of 

them in the preclinical stage and inhibit their further 

clinical translation. Inorganic materials have shown 

unique characteristics of high thermal/chemical stability 

and resistance to corrosion under physiological con-

ditions. Various inorganic materials, such as magnetic 

nanoparticles [10–13], carbon-based nanomaterials 

[14–16], mesoporous silica nanoparticles [17–21], layered 

double hydroxides [22–24], etc., showed excellent 

biocompatibility but had relatively low degradation 

rates. 

Clay minerals, most notably halloysite [25–32], 

montmorillonite [33, 34], diatomite [35–37], kaolinite 

[38–40], talc [41], and palygorskite [42], have attracted 

increasing attention for application in nanocomposite 

synthesis, especially for the biomedical fields. Inspired 

by traditional Chinese medicine, a detailed description 

of each clay mineral’s name, source, shape, color, and 

method of collection has been recorded by Shizhen  

Li in the Compendium of Materia Medica. Kaolinite, 

Al2Si2O5(OH)4 (Kaolin), one of the most representative 

and well-established clay minerals, is a two-dimensional 

(2D) aluminosilicate with a structure consisting of 

AlO2(OH)4 octahedral sheets and SiO4 tetrahedral sheets 

in a 1:1 ratio [43]. A prerequisite for the fundamental 

understanding of kaolinite-based DDSs is knowledge 

of the biostability, biocompatibility, and degradability 

of the kaolinite clay, which are still ambiguous.  

In this paper, Kaolin and Kaolin intercalation 

compound-based DDSs were prepared through inter-

calation of various organic guest species of different 

chain lengths (short-chain dimethyl sulfoxide (DMSO) 

and methanol (MeOH), medium-chain hexylamine 

(C6N) and 3-aminopropyltriethoxysilane (APTES), and 

long-chain dodecylamine (C12N)), because intercalation 

technology is the general modification method used 

for kaolinite (Fig. 1). The expanded basal spacing of 

kaolinite provides a sufficiently spacious site for hosting 

molecules of the anticancer drug doxorubicin (DOX) 

 

Figure 1 Schematic diagram of Kaolin and the Kaolin intercalation 
compounds used for tumor therapy. 

and controlling its release rate, which could increase 

the delivery efficiency and reduce the drug’s toxicity. 

The interfacial relationships between kaolinite and 

organic compounds, the drug-loading efficiency, and 

the biocompatibility and toxicity of Kaolin and Kaolin 

intercalation compounds towards cancer cells were 

investigated. Intracellular uptake by cells of different 

cancers (lung cancer, breast cancer, colorectal cancer, 

gastric cancer, prostate cancer, hepatocellular cancer, 

cervical cancer, esophageal cancer, pancreatic cancer, 

and thyroid cancer) and cell viability tests demonstrated 

the fabricated 2D nanoclays to have a high level of 

biocompatibility, very low cytotoxicity, and potential 

as biofriendly DDSs for biomaterials. 

2 Experimental 

2.1 Synthesis of Kaolin intercalation compounds 

Intercalation of kaolinite with other compounds was 

done according to previously published procedures. 

DMSO-intercalated kaolinite (KaolinDMSO) was syn-

thesized by dispersing the mineral into neat liquid 

DMSO at 60 °C for 12 h. MeOH-intercalated kaolinite 

(KaolinMeOH) was prepared by reacting 5.0 g of KaolinDMSO 

with 100 mL of MeOH at room temperature. The MeOH 

was refreshed every day for 7 days. C6N-intercalated 

kaolinite (KaolinC6N) and C12N-intercalated kaolinite 
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(KaolinC12N) were prepared by stirring mixtures of  

the respective alkylamines with KaolinMeOH at 60 °C 

for 3 days. APTES-intercalated kaolinite (KaolinAPTES) 

was prepared by stirring a mixture of APTES and 

KaolinMeOH at 50 °C for 3 days. The KaolinMeOH was 

used without any drying processes.  

2.2 DOX loading and in vitro release of DOX from 

Kaolin intercalation compounds under different pH 

conditions 

The Kaolin intercalation compounds (5 mg) were 

respectively dispersed in 6 mL of 0.5 mg·mL–1 DOX 

(in phosphate-buffered saline (PBS) solution) for 24 h 

in the dark. Then, the mixture was separated, stored, 

and labeled. The loading rate was evaluated through 

measurement of the residual DOX solution by UV–Vis 

spectroscopy at a wavelength of 485 nm. For in vitro 

DOX release assessment, 2 mg of each DOX-Kaolin 

intercalation compound was first packaged in a dialysis 

bag and then immersed in 15 mL of PBS solutions with 

different pH values (pH = 7.4, 5.5, and 4.5). The release 

rate was monitored by UV–Vis spectroscopy over time. 

2.3 MTS assay  

In vitro cytotoxicity and cell proliferation were 

evaluated by MTS (3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium bromide) reduction assays. The 

cells were first incubated with RPMI-1640 medium  

at 37 °C in 5% CO2 for 24 h, following which fresh 

medium containing the nanocomposites (0, 50, 100, 

or 200 μg·mL–1) was added and the cells were further 

incubated for 24 h. Then, 20 μL of MTS working 

liquid was added per well and the plate was incubated 

for 3 h, after which the colorimetric readout was 

determined at 490 nm. The cytotoxicity was assessed 

by comparing the percentage of viable cells in the 

treated cultures with that in the untreated control 

culture. Finally, the cell nuclei were stained with 

4’,6-diamidino-2-phenylindole (DAPI) and observed 

under a fluorescence microscope (Leica, Germany). 

2.4 Confocal laser scanning microscopy observations 

(CLSM)  

The cells were first incubated in a special CLSM culture 

dish at 37 °C in 5% CO2 until the cell density reached 

60%–70%, following which fresh medium containing 

the nanocomposite (2 mL, 50 μg·mL–1) was added and 

the cells were further incubated for 4 h. Then, the cells 

were washed and detached, and the nuclei were stained 

with DAPI for viewing by CLSM (SP8; Leica). 

2.5 Characterization of the fabricated 2D nanoclays 

Transmission electron microscopy (TEM) images 

were obtained using a JEOL JEM-200CX instrument. 

Nitrogen gas adsorption–desorption isotherms were 

measured at –196 °C using a Micromeritics ASAP 2020 

sorptometer. The specific surface area was calculated 

using Brunauer–Emmett–Teller (BET) theory, and the 

total pore volume was estimated from the amount 

adsorbed at the relative pressure of approximately 0.99. 

The pore size distribution curves were calculated 

from the analysis of the adsorption branch of the 

isotherm, using the Barrett–Joyner–Halenda (BJH) 

algorithm. X-ray diffraction (XRD) patterns were 

obtained with the use of a Rigaku D/max 2550 system, 

with Cu Kα radiation (λ = 0.15406 nm) over the 2θ 

scanning ranges of 1°–10° for small-angle XRD at a 

voltage of 40 kV and 300 mA, and 10°–70° for wide- 

angle XRD at a voltage of 40 kV and 200 mA, both 

with a step width of 0.02°. Fourier transform infrared 

spectra (FTIR) of the samples were obtained by using 

the Nexus-670 spectrometer with a nominal resolution 

of 2 cm–1. 

3 Results and discussion 

3.1 Morphology and structure of Kaolin and the 

Kaolin intercalation compounds  

Kaolin had a typical pseudo-hexagonal flaked mor-

phology and was 400–500 nm in diameter (Figs. 2(a) 

and 2(b)). The water contact angle of original kaolinite 

was about 23° (Fig. 2(c)), indicating that Kaolin    

is hydrophilic and easily dispersed in water. After 

intercalation, the thickness of the layers was significantly 

reduced, but the flaked morphology was preserved. 

In the cases of KaolinDMSO and KaolinMeOH, the flaked 

morphology was preserved, but the thickness was 

reduced. On the other hand, the edges of the kaolinite 

layer were partially curled in KaolinC6N and KaolinC12N, 

concurrent with varying degrees of swelling. The 
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Figure 2 (a) TEM images, (b) SEM images, and (c) wetting 
behavior of Kaolin and the Kaolin intercalation compounds. 

contrast of the TEM images of KaolinAPTES was relatively 

low, which was attributed to the residual organic com-

pound affecting the microscopic resolution. 

With regard to the hydrophobicity and hydrophilicity, 

the intercalation of kaolinite with DMSO, MeOH, C6N, 

and APTES resulted in water contact angles lower 

than 90° (37°, 66.5°, 42.5°, and 83.5°, respectively) 

(Fig. 2(c)), indicating that the Kaolin intercalation 

compounds still had hydrophilicity, albeit much 

lower. However, KaolinC12N revealed a hydrophobic 

surface with the high apparent contact angle of 132°. 

The hydrophilicity of Kaolin and the Kaolin inter-

calation compounds had a great influence not only 

on the adhesion and proliferation of cells but also on 

the loading and release of the anticancer drug. 

The XRD patterns indicated that the original kaolinite 

had a typical diffraction pattern, with a characteristic 

d001 value of 0.72 nm (Fig. 3(a) and Fig. S1(a) in the 

Electronic Supplementary Material (ESM)). The grafting 

of DMSO into the interlayer space of kaolinite resulted 

in a d001 value of 1.12 nm for KaolinDMSO. KaolinMeOH 

had a decreased basal spacing of 0.86 nm due to its use 

of the DMSO-treated kaolinite intercalation complex 

as an intermediate. The remaining reflection at 

0.72 nm was due to residual un-intercalated kaolinite. 

A larger basal spacing was obtained by interacting 

APTES, C6N, and C12N with wet KaolinMeOH, with the 

corresponding d001 values being increased to 2.18, 

2.63, and 4.16 nm, respectively. The additional peaks 

in KaolinAPTES and KaolinC6N were assigned to the un- 

intercalated kaolinite or residual organic compounds. 

The sharp reflection peak next to that of 4.16 nm and 

some other non-obvious peaks in KaolinC12N were 

attributed to a crystalline-free dodecylamine. The 

increased basal spacing within the Kaolin intercalation 

compounds could lead to more negatively charged 

Si–OH residues of exposed kaolinite, which is beneficial 

to the controlled release of the positively charged DOX 

molecules, thereby reducing the toxicity and promoting 

the efficiency of DOX in this DDS. 

The FTIR spectra of the 2D clays were used to 

further prove the success of intercalation (Fig. 3(b) 

and Fig. S1(b) in the ESM). The original kaolinite 

exhibited three –OH stretching bands at 3,694, 3,654, 

and 3,620 cm–1. The bands at 3,694 and 3,654 cm–1 

were assigned to the O–H stretching of inner-surface 

hydroxyl groups, and the band at 3,620 cm–1 was 

attributed to the O–H stretching of inner hydroxyl 

groups. After intercalation, the intensities of the three 

inner-surface hydroxyl groups were weakened, and 

new characteristic IR peaks of the guest species 

appeared. For KaolinDMSO, the bands at 3,670 and 

3,654 cm–1 were due to the inner surface –OH and 

out-of-phase stretching vibration, respectively. The C–H 

stretching vibration band at 2,938 cm–1 was a result  

of the DMSO molecules. For KaolinMeOH, the C–H 

stretching vibration band of the surface methoxy 

groups was at 2,848 cm–1. For KaolinC6N, the band   

at 2,957 cm–1 was attributed to the C–H stretching 

vibration of methyl groups, and the bands at 2,927 and 

2,850 cm–1 were due to the C–H stretching vibration 

of the surface methoxy groups. The remaining C–H 

stretching vibration band of the surface methoxy 



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

2637 Nano Res. 2017, 10(8): 2633–2643 

groups was due to the residual un-intercalated 

KaolinMeOH. For KaolinC12N, the band at 3,328 cm–1 was 

assigned to the O–H or N–H stretching vibration. The 

bands at 2,918 and 2,850 cm–1 were assigned to the 

C–H stretching vibration of the methyl group and the 

surface methoxy group, respectively. For KaolinAPTES, 

the band at 2,925 cm–1 was assigned to the C–H 

stretching vibration.  

The zeta potentials for Kaolin and the Kaolin 

intercalation compounds were measured as a function 

of pH (Fig. 3(c)). Original kaolinite had negative 

surface charges (–42.7 to –5.7 mV), indicating good 

dispersion stability, and had larger negative zeta 

potentials at high pH. After intercalation, the zeta 

potentials were not affected, except for KaolinC12N. The 

observed zeta potentials of KaolinDMSO, KaolinMeOH, 

KaolinC6N, KaolinC12N, and KaolinAPTES ranged from 9.6 

to –46.3, 8.3 to –38.8, 8.9 to –46.5, 57.4 to –16.2, and 

–2.9 to –46.4 mV, respectively. The corresponding 

isoelectric points of KaolinDMSO, KaolinMeOH, KaolinC6N, 

and KaolinC12N were 3.1, 2.8, 3.1, and 5.2, respectively. 

The negative charges of Kaolin and the Kaolin inter-

calation compounds provided sites for complexation 

with the positively charged DOX via electrostatic 

interaction. Thereby, the drug-loading procedure can 

be efficiently carried out in an aqueous medium 

without the use of toxic reagents or organic solvents, 

representing a green chemistry approach. 

Table 1 and Fig. S2(a) in the ESM show the N2 

adsorption isotherms of kaolinite and its intercalation 

compounds. Pure kaolinite exhibited a H3-type 

hysteresis loop at a relative pressure (p/p0) of >0.6. For 

KaolinDMSO, KaolinMeOH, and KaolinC6N, the appearance 

of the adsorption/desorption hysteresis showed no 

difference to that of Kaolin. However, KaolinAPTES 

and KaolinC12N exhibited a type IV isotherm at the 

p/p0 of ~0.05 and a large hysteresis loop. In addition, 

the values of the BET surface area (SBET) of Kaolin, 

KaolinDMSO, KaolinMeOH, KaolinC6N, KaolinC12N, and 

KaolinAPTES were 25.16, 22.15, 16.23, 47.56, 14.42, and 

19.42 m2·g–1, respectively. The total pore volume of 

Kaolin, KaolinDMSO, KaolinMeOH, KaolinC6N, KaolinC12N, 

 

Figure 3 (a) XRD patterns, (b) FTIR spectra, and (c) zeta potential at various pH values of Kaolin and the Kaolin intercalation
compounds. 

Table 1 Porous textures of Kaolin and the Kaolin intercalation compounds  

Sample Kaolin KaolinDMSO KaolinMeOH KaolinC6N KaolinC12N KaolinAPTES 

SBET (m2·g–1) 25.16 22.15 16.23 47.56 19.42 14.42 

VT (mL·g–1) 0.09 0.08 0.08 0.23 0.01 0.02 

DA (nm) 14.90 14.31 20.21 19.51 1.49 4.77 
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and KaolinAPTES were 0.09, 0.08, 0.08, 0.23, 0.02, and 

0.01 mL·g–1, respectively. The lower SBET and pore 

volume was possibly related to the kaolinite micros-

tructure in the Kaolin intercalation compounds and 

unwashed residual organic compounds (Fig. S2(b) in 

the ESM). Intercalation of various organic guest species 

of different chain lengths decreased the surface area 

of Kaolin, which could slow the drug release rate. 

3.2 Release behavior of Kaolin and the Kaolin 

intercalation compounds in vitro  

To investigate the potential of the 2D Kaolin clays as 

promising drug delivery carriers, DOX was introduced 

as a model anticancer agent and loaded onto Kaolin 

and the Kaolin intercalation compounds. The negatively 

charged surface of all the fabricated clays under neutral 

condition could facilitate the loading of positively 

charged DOX molecules. The DOX-loading efficiency 

of Kaolin, KaolinDMSO, KaolinMeOH, KaolinC6N, KaolinC12N, 

and KaolinAPTES was 90.69%, 90.39%, 90.86%, 90.32%, 

87.65% and 92.61%, respectively. KaolinC12N showed 

the lowest DOX-loading efficiency, attributed to its 

hydrophobicity and larger particle size. The in vitro 

drug release capabilities of the DOX-loaded Kaolin 

and Kaolin intercalation compounds are shown in 

Table 2 and Fig. S3 in the ESM. The assays revealed 

that drug release from the Kaolin and Kaolin inter-

calation compounds in moderately acidic solution 

was dramatically faster than that in neutral condition. 

For the buffer solution at pH 4.5, the DOX-Kaolin 

intercalation compounds exhibited a controlled release 

of DOX, where the highest cumulative release was  

43.85% from Kaolin, 20.44% from KaolinDMSO, 35.87% 

from KaolinMeOH, 22.26% from KaolinC6N, 29.20% from 

KaolinC12N, and 28.39% from KaolinAPTES. The cumulative 

release from Kaolin, KaolinDMSO, KaolinMeOH, KaolinC6N, 

KaolinC12N, and KaolinAPTES at pH 5.5 was 21.74%, 

11.09%, 19.95%, 18.61%, 11.20%, and 10.89%, res-

pectively, whereas that at pH 7.4 was 4.18%, 5.50%, 

5.73%, 5.92%, 2.96%, and 2.37%, respectively. DOX 

release from the modified kaolinite exhibited typical 

sustained pH-responsive release profiles, which 

could be attributed to the dissociation of electrostatic 

interaction between the positively charged DOX 

molecules and the negatively charged Si–OH moiety of 

Kaolin and the Kaolin intercalation compounds that 

is protonated at low pH values. This pH-responsive 

release behavior could be used to increase targeting 

of the drug delivery to cancer tissues and to diminish 

the drug’s side effects, since the pH of blood is neutral 

(pH = 7.4) whereas that of the tumor extracellular 

condition is acidic (pH = 6.5) and the endosome- 

lysosome condition is even more acidic (pH = 5.0–5.5). 

To understand the mechanism of DOX release  

from the drug-loaded Kaolin and Kaolin intercalation 

compounds, the semiempirical equation of Korsmeyer– 

Peppas (Mt/M∞ = ktn + b) was used to fit the 

accumulative release data. In this model, Fickian 

diffusion through a slab is indicated by a diffusional 

exponent (n) of 0.50, whereas an anomalous transport 

(non-Fickian) mechanism is indicated by an n value 

of 0.50–1.0. Parameters obtained by this equation for 

each sample release profile are summarized in Table 2. 

The coefficients fitted by the modified Korsmeyer–  

Table 2 Parameters of the Korsmeyer–Peppas model of cumulative DOX release from DOX-Kaolin and the DOX-Kaolin intercalation 
compounds 

Sample  Loading amount 
(%) 

Cumulative release  
(%, pH = 4.5, 5.5, 7.4) 

pH = 4.5 
(n, k, b)a 

pH = 5.5 
(n, k, b)a 

pH = 7.4 
(n, k, b)a 

Kaolin 54.41 43.84, 21.74, 4.18 0.46, 9.67, –1.58 0.54, 3.74, –1.19 0.39, 1.15, –0.23 

KaolinDMSO 54.24 20.44, 11.09, 5.50 0.44, 4.82, –0.42 0.47, 2.56, –0.88 1.65, 0.02, –0.17 

KaolinMeOH 54.52 35.87, 19.95, 5.73 0.42, 9.05, –1.30 0.55, 3.03, –0.86 0.58, 0.59, –0.26 

KaolinC6N 54.19 22.26, 18.61, 5.92 0.38, 6.39, –0.86 0.39, 5.25, –0.83 0.42, 1.50, –0.42 

KaolinC12N 52.59 29.20, 11.2, 2.96 0.41, 8.11, –1.37 0.33, 4.02, –0.52 0.43, 0.64, –0.67 

KaolinAPTES 55.57 28.39, 10.89, 2.37 0.4, 7.27, –0.79 0.46, 2.22, –0.60 0.49, 0.47, –0.12 
a n is the release exponent characteristic of the release mechanism, k is a constant that incorporates the structural and geometric 
characteristics of the drug dosage form, and b represents the burst effect in the release. 
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Peppas model were relative ideal. The k values for 

the DOX-Kaolin intercalation compounds were much 

smaller than the value for DOX-Kaolin (9.67, 3.74, and 

1.15 at pH of 4.5, 5.5, and 7.4, respectively), indicating 

a much slower release of DOX from the intercalated- 

Kaolin nanoclays than that from Kaolin. The release 

exponent (n) of each sample in the pH 4.5 solution 

was around 0.5, indicating that the release mechanism 

was Fickian diffusion. On the other hand, some n 

values at pH 5.5 and 7.4 were found to be higher than 

0.5, showing that the DOX transport process was 

anomalous, corresponding to a pseudo-Fickian or Case 

III mechanism.  

3.3 Biocompatibility of Kaolin and Kaolin 

intercalation compounds  

Ten model cancer cell lines, including lung cancer, 

pancreatic cancer, gastric cancer, hepatocellular cancer, 

prostate cancer, breast cancer, cervical cancer, colorectal 

cancer, esophageal cancer, and differentiated thyroid 

cancer cells, were used to evaluate the biocompatibility 

of the fabricated clays due to their different phy-

sicochemical characteristics. The cytocompatibility  

of Kaolin and the Kaolin intercalation compounds 

with the ten model cell cultures, at the concentrations 

of 200 μg·mL–1, is shown in Fig. 4 and Fig. S4 in the 

ESM. For original Kaolin, the percentage viability of  

the cell lines was mostly above 85%, where that of 

esophageal cancer reached up to 99.8%, whereas that 

of lung cancer was only 61.3%. In the presence of 

KaolinDMSO, the cell viabilities were mostly above 90%, 

whereas that of lung cancer was 87.9%. For KaolinMeOH, 

the cell viabilities were above 95%, indicating that this 

nanoclay had the highest level of biocompatibility and 

lowest toxicity towards the ten model cancer cells. For 

KaolinC6N, the cell viabilities were mostly above 90%, 

except for those of hepatocellular cancer and cervical 

cancer, which were 70.1% and 83.7%, respectively. For 

KaolinAPTES, the cell viabilities were mostly above 

90%, except for that of hepatocellular cancer, which 

was 86.2%. For KaolinC12N, the cell viabilities were 

around 90%, except for that of lung cancer, which was 

only 61.3%. The pancreatic, gastric, prostate, breast, 

colorectal, esophageal, cervical, and differentiated 

thyroid cancer cells exhibited almost no biological 

rejection of Kaolin and the Kaolin intercalation com-

pounds. However, the lung and hepatocellular cancer 

cells needed more strict compositional, structural, and 

morphological modulations for drug delivery carriers. 

The results indicated that Kaolin and the Kaolin 

intercalation compounds have a high level of biocom-

patibility and very low toxicity towards most cancer 

cells, rendering them as promising candidates for 

emerging DDSs and tissue engineering applications. 

 

Figure 4 Viability counts of ten model cancer cell cultures after incubation with Kaolin, Kaolin intercalation compounds, and DOX-Kaolin
intercalation compounds at the concentrations of 200 µg·mL–1. 
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In addition, the quantitative growth inhibition of 

free DOX, DOX-Kaolin, and the DOX-Kaolin inter-

calation compounds against the ten model cancer 

cells are shown in Fig. 4 and Fig. S4 in the ESM. For 

DOX-KaolinDMSO, the cell viabilities were between 

40% and 70%, showing obvious inhibition of gastric 

cancer with 23% cell viability, but less effectiveness 

against hepatocellular cancer with 80% cell viability. 

For DOX-KaolinMeOH, the cell viabilities were between 

60% and 80%, where those of prostate cancer, breast 

cancer, and esophageal cancer were nearly 80%, 

indicating the weak cancer inhibition effect of this 

clay. For DOX-KaolinC6N, the cell viabilities were 

between 35% and 75%, where those of hepatocellular 

cancer, colon cancer, and esophageal cancer were 

around 35%. However, this nanoclay showed weak 

inhibition of lung cancer, prostate cancer, and 

differentiated thyroid cancer, with cell viabilities of 

70%, 74%, and 76%, respectively. For DOX-KaolinC12N, 

the cell viabilities were between 15% and 85%, showing 

obvious inhibition of gastric cancer with 13% cell 

viability, and less effectiveness against cervical cancer 

with 80% cell viability. For DOX-KaolinAPTES, the cell 

viabilities were between 40% and 60%, where the 

nanoclay showed obvious inhibition of gastric cancer 

with 27% cell viability, and less effectiveness against 

lung cancer with 80% cell viability. The results 

indicated that these DOX-loaded Kaolin and Kaolin 

intercalation compounds caused considerably higher 

cell death for breast cancer and digestive system 

cancers, including gastric cancer, colon cancer, and 

esophageal cancer, in a dose-dependent manner. 

Typically, the cell viabilities of gastric cancer were 

13%–35% after incubation with the DOX-loaded 

nanoclays (except for that with DOX-KaolinMeOH, 

which was 67.94%). 

Apoptosis was also detected using the DAPI staining 

method in cells treated with Kaolin and the Kaolin 

intercalation compounds. Chromatin condensation, 

nuclear shrinkage, and apoptotic body formation can 

easily be observed under fluorescence microscopy 

using DAPI staining. The results showed that all the 

nanoclays were unable to induce cell death, even at a 

high concentration (Fig. 5(a)). The apoptotic nuclei 

were seen to gradually increase with an increase in 

Kaolin and Kaolin intercalation compound concen-

tration. Typically, CLSM has been used to study the 

internalization of Kaolin and Kaolin intercalation com-

pounds into HeLa cancer cells. Figure 5(b) shows the 

subcellular location of the fabricated nanoclays in HeLa 

cells after incubation with fluorescein isothiocyanate 

(FITC)-labeled Kaolin and Kaolin intercalation com-

pounds for 4 h. Lamp1 (a lysosome marker protein) 

antibody and DAPI were employed for lysosome and 

Figure 5 (a) DAPI and (b) CLSM images of cancer cells incubated with DOX-Kaolin and the DOX-Kaolin intercalation compounds at
the concentration of 200 µg·mL–1. 
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nuclei staining, respectively. The results showed that 

the FITC-Kaolin and FITC-Kaolin intercalation com-

pounds (green) had good colocalization with lysosome 

(Lamp1, red), suggesting that most of the nanoclays 

had entered the lysosomes. The absence of fluorescent 

signals from the nuclei indicates that Kaolin and the 

Kaolin intercalation compounds could not pass through 

the nuclear membrane. The overlay of the bright field 

and fluorescent images further demonstrated that the 

luminescence correlated strongly with the intracellular 

location, suggesting the feasibility and efficiency of 

the nanocomposites for fluorescent cell imaging and 

anticancer drug delivery into cancerous cells. Based on 

the above analysis, it was concluded that the nano-

composites could be gradually taken up by the cells. 

A mechanism was proposed to describe the action 

of the DOX-Kaolin and DOX-Kaolin intercalation 

compounds against cancer cells. At the cellular level, 

the DOX-loaded 2D nanoclays are intravenously 

implanted into the blood vessel and immediately 

internalized via endocytosis (Fig. S5 in the ESM) into 

endosomes, localized in the endolysosomes, and the 

DOX is then released and accumulated within the 

cell nucleus. Furthermore, more DOX is released from 

the DOX-loaded Kaolin and Kaolin intercalation 

compounds in the acidic microenvironment of the 

cancer cells than in macrophages because of the larger 

size and increased amount of acidic metabolic products 

in cancer cells than that in normal cells. 

4 Conclusions 

DDSs based on 2D Kaolin and Kaolin intercalation 

compounds were successfully prepared through  

the intercalation of organic guest species of various 

different chain lengths. Kaolin and the Kaolin 

intercalation compounds exhibited a high level of 

biocompatibility and very low toxicity towards most 

cancer cells. These fabricated nanoclays showed 

pH-responsive release behavior as well as enhanced 

therapeutic effect against ten model cancer cell 

cultures. Based on the results, Kaolin and the Kaolin 

intercalation compounds are concluded to be promising 

candidates for emerging DDSs and tissue engineering 

applications.  
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