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Folic acid-modified laponite nanodisks can be used as an efficient platform for targeted delivery of 

doxorubicin via a receptor-mediated pathway. 
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We report here an effective approach to modifying laponite (LAP) nanodisks with folic acid (FA) for 
targeted anticancer drug delivery applications. In this approach, LAP nanodisks were first modified with 
3-aminopropyldimethylethoxysilane (APMES) to render them with abundant surface amines, followed by 
conjugation with FA via 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) chemistry. The formed 
FA-modified LAP nanodisks (LM-FA) were then used to encapsulate anticancer drug doxorubicin (DOX). 10 

The surface modification of LAP nanodisks and the subsequent drug encapsulation within the LAP 
nanodisks were characterized via different techniques. We show that the LM-FA is able to encapsulate 
DOX with an efficiency of 92.1 ± 2.2%, and the formed LM-FA/DOX complexes are able to release 
DOX in a pH-dependent manner with a higher DOX release rate under an acidic pH condition than under 
a physiological pH condition. The encapsulation of DOX within LM-FA does not compromise its 15 

therapeutic activity. Importantly, the formed LM-FA/DOX complexes are able to specifically target 
cancer cells overexpressing high-affinity FA receptors as confirmed via flow cytometric analysis and 
confocal microscopic observation, and exert specific therapeutic efficacy to the target cancer cells. The 
developed FA-modified LAP nanodisks may hold great promise to be used as an efficient nanoplatform 
for targeted delivery of different anticancer drugs.20 

Introduction 

Most of the currently used anticancer drugs lack sufficient water 
solubility, have limited bioavailability, and display non-
specificity, quite limiting their clinical applications.1 For effective 
cancer therapy applications, it is essential to develop a carrier 25 

system that is able to improve the water solubility of the drug and 
enables targeted delivery of the drug to cancer cells via a 
receptor-mediated pathway. Recent advances in micro and 
nanotechnology show that polymer microparticles or 
nanoparticles (NPs),2-6 micelles,7, 8 nanogels,9, 10 liposomes,11 30 

dendrimers,12-17 and composite nanofibers18, 19 can be used for 
anticancer drug delivery applications. Similarly, some inorganic 
nanoparticulate systems such as iron oxide NPs,20 carbon 
nanotubes,21, 22 mesoporous silica NPs,23, 24 zirconium phosphate 
nano-platelets,25 and laponite (LAP) nanodisks26 have also been 35 

investigated as new platforms for anticancer drug delivery 
applications. Compared with the organic nanoparticulate systems, 
the used inorganic carrier system may offer great advantages such 
as the robust stability in the physiological conditions in terms of 
the shape, conformation, and physicochemical properties, higher 40 

encapsulation capacity due to their unique surface21 or internal 
structures.26 Therefore, development of different inorganic 
nanocarrier systems for anticancer drug delivery is of paramount 
importance. 
 Laponite (LAP) is a synthetic biodegradable layered 45 

aluminosilicate disk-like clay material.27-30 The interlayer space 
of LAP can be used for effective drug encapsulation, which 
affords LAP nanodisks as an ideal carrier system for different 
applications.31-35 For instance, a hydrophobic drug itraconazole 
was able to be incorporated into LAP to have a sustained release 50 

profile.31, 32 LAP nanodisks encapsulated with an antibiotic, 
amoxicillin can be further incorporated within electrospun 
poly(lactic-co-glycolic acid) nanofibers to have improved release 
kinetics for antibacterial applications.34  
 In our previous work, we have shown that DOX can be 55 

encapsulated within LAP nanodisks with a high drug 
encapsulation efficiency.26 The formed LAP/DOX complexes 
displayed enhanced antitumor activity in vitro, presumably due to 
the enhanced intracellular uptake of the LAP/DOX complexes. 
Given the fact that the LAP’s silanol groups can be functionalized 60 

via silanization to render the LAP nanodisks with abundant amine 
groups,36 it’s possible to modify the LAP nanodisks with 
targeting ligands for targeted drug delivery applications. Our 
previous work has shown that aminated dendrimers or inorganic 
NPs can be readily modified with folic acid (FA) via 1-ethyl-3-65 

(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) 
chemistry for targeted drug/gene delivery16, 17, 37-39 or molecular 
imaging40-42 applications. These prior work and successes in the 
preparation of FA-modified NPs lead us to hypothesize that 
amine-functionalized LAP nanodisks via silanization may be able 70 
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to be further functionalized with FA, thereby providing a targeted 
drug delivery system for therapeutic inhibition of cancer cells 
overexpressing folic acid receptors (FAR).  
 In this present study, LAP nanodisks were first silanized via 3-
aminopropyldimethylethoxysilane (APMES) to render them with 5 

abundant surface amine groups. The aminated LAP nanodisks 
were then modified with FA via EDC chemistry (Scheme 1). The 
formed FA-modified LAP nanodisks (LM-FA) were then used to 
encapsulate DOX. The formed LM-FA and LM-FA/DOX 
complexes were characterized via different techniques. The 10 

release of DOX from LM-FA/DOX complexes was investigated 
under different pH conditions. Finally the antitumor efficacy and 
the performance of FA-mediated targeted delivery of LM-
FA/DOX complexes were investigated via cell viability assay, 
flow cytometric analysis, and confocal laser scanning 15 

microscopic (CLSM) observation. To our knowledge, this is the 
first attempt to develop LAP-based targeted drug delivery system 
for cancer therapy applications. 

 
Scheme 1. Schematic illustration of the design and preparation of LM-20 

NH2/DOX and LM-FA/DOX complexes. 

Experimental 

Materials 

LAP with a known empirical formula of 
Na+0.7[(Si8Mg5.5Li0.3)O20(OH)4]

-0.7 and DOX were purchased 25 

from Zhejiang Institute of Geologic and Mineral Resources 
(Hangzhou, China) and Beijing Huafeng Pharmaceutical Co., Ltd. 
(Beijing, China), respectively. APMES and EDC were from J&K 
Chemical Ltd. (Shanghai, China). Resazurin and Hoechst 33342 
were from Sigma-Aldrich (St. Louis, MO). All other chemicals 30 

and reagents were from Sinopharm Chemical Reagent Co., Ltd 
(Shanghai, China). The cell culture flasks and plates were from 
NEST Biotechnology (Shanghai, China). All chemicals and 
materials were used as received. HeLa cells (a human cervical 
cancer cell line) and L929 cells (a mouse fibroblast cell line) were 35 

obtained from Institute of Biochemistry and Cell Biology (the 
Chinese Academy of Sciences, Shanghai, China). Dulbecco's 
modified eagle medium (DMEM), fetal bovine serum (FBS), 
penicillin, and streptomycin were from Hangzhou Jinuo 
Biomedical Technology (Hangzhou, China). Water used in all 40 

experiments was purified using a Milli-Q Plus 185 water 
purification system (Millipore, Bedford, MA) with resistivity 
higher than 18 MΩ·cm. Regenerated cellulose dialysis 
membranes (MWCO = 14 000) were acquired from Fisher 
(Waltham, MA ). 45 

Synthesis of FA-modified LAP nanodisks 

LAP was dispersed in water and sonicated (50 W, SK1200H, 
Shanghai KUDOS Inc., China) at room temperature to get an 
aqueous solution at a concentration of 10 mg/mL. An aqueous 

solution of APMES (1 mL, 124 μM) was added into the LAP 50 

suspension (5 mL, 10 mg/mL) under magnetic stirring. This 
reaction was maintained at 50 oC using a water bath for 16 h 
according to a procedure described in the literature.36 Then the 
reaction mixture was extensively dialyzed against phosphate 
buffered saline (PBS) (6 times, 2 L) and water (6 times, 2 L) for 4 55 

days using a dialysis membrane with MWCO of 14 000, yielding 
a semi-transparent suspension of APMES-modified LAP 
nanodisks (LM-NH2). The concentration of the LM-NH2 was 
calculated by lyophilization of a portion of the LM-NH2 

suspension with a given volume. 60 

 Then FA was modified onto the surface of LM-NH2 via EDC 
chemistry according to protocols described in our previous 
work.14 In brief, FA (3.5 mg, 8 μmol) dissolved in 2 mL DMSO 
was mixed with a DMSO solution of EDC (3 mL, 20 mg, 100 
μmol) under magnetic stirring for 3 h. Subsequently, the activated 65 

FA was added to an aqueous suspension of LM-NH2 (6.5 mg/mL, 
5.4 mL) under vigorous magnetic stirring. The reaction was 
continued for 3 days. Then, the reaction mixture was purified 
according to the procedure describe above to get a semi-
transparent suspension of LM-FA product. 70 

Encapsulation of DOX within LM-FA nanodisks 

The procedure to encapsulating DOX within LM-FA nanodisks 
was similar to that described in our previous report.26 Briefly, an 
aqueous DOX solution (2 mg/mL, 1 mL) was added into an 
aqueous suspension of LM-FA (6 mg/mL, 1 mL) under magnetic 75 

stirring for 24 h. An optimized mass ratio of LM-FA/DOX at 3:1 
was employed according to our previous work.26 The LM-
FA/DOX complexes were obtained by centrifugation (8000 rpm, 
5 min) and rinsing with water for 3 times, and stored in dark at 4 
oC before use. The DOX encapsulation efficiency can be 80 

calculated by measuring the concentration of free DOX in the 
collected supernatants after 4 times of centrifugation by Lambda 
25 UV-vis spectrophotometer (PerkinElmer, Waltham, MA) at 
480 nm using a standard DOX absorbance-concentration 
calibration curve. For comparison, non-targeted LM-NH2/DOX 85 

complexes were also prepared under similar experimental 
conditions. The DOX encapsulation efficiency and percentage 
can be calculated by Eq. (1) and Eq. (2), respectively. 
 Encapsulation efficiency = (Mt /M0) × 100%                     (1) 
 Encapsulation percentage = (Mt/ML) × 100%                    (2) 90 

where Mt, M0, and ML stand for the masses of the encapsulated 
DOX, the initial DOX, and the LAP carrier, respectively. 

Characterization 

Thermogravimetric analysis (TGA) was performed to 
characterize the surface modification of APMES and FA onto the 95 

LAP nanodisks using a TG 209 F1 (NETZSCH Instruments Co., 
Ltd., Germany) thermogravimetric analyzer. The samples were 
heated from room temperature to 900 oC at a rate of 20 oC /min 
under air. The initial masses of LAP, LM-NH2, and LM-FA were 
6.82 mg, 4.56 mg, and 5.03 mg, respectively. To determine the 100 

density of the amine groups on the surfaces of LM-NH2 and LM-
FA, the LM-NH2 and LM-FA were dispersed in water. Then 
Megazyme’s Primary Amino Nitrogen (PANOPA) Assay Kit 
(Bray, Ireland, www.megazyme.com) was used to determine the 
density of their primary amines according to the manufacturer’s 105 

instruction. The principle of this assay has been validated in the 
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literature.43-45 Zeta-potential and dynamic light scattering (DLS) 
measurements were carried out using a Zetasizer Nano ZS system 
(Malvern, Worcestershire, UK) equipped with a standard 633 nm 
laser. All experiments were done in triplicate. The crystalline 
structures of LAP, LM-NH2, and LM-FA nanodisks were 5 

characterized by a Rigaku D/max-2550 PC X-ray diffraction 
(XRD) system (Rigaku Co., Tokyo, Japan) using Cu Kα radiation 
with a wavelength of 1.54 Å at 40 kV and 200 mA. The scan was 
performed from 5° to 60° (2θ). The plane spacing of different 
diffraction plane (dhkl) can be calculated from Bragg’s law. 10 

Transmission electron microscopy (TEM) was performed using a 
JEOL 2010F analytical electron microscope (JEOL, Tokyo, Japan) 
operating at 200 kV. TEM samples were prepared by dropping a 
dilute particle suspension (6 μL) onto a carbon-coated copper grid 
and air-dried before measurements. UV-vis spectra were 15 

collected using a PerkinElmer Lambda 25 UV-vis 
spectrophotometer. Samples of LAP, LM-NH2, LM-FA, LM-
NH2/DOX, and LM-FA/DOX were dispersed in water before 
measurement.  

In vitro drug release 20 

The in vitro release kinetics of DOX from LM-NH2/DOX and 
LM-FA/DOX complexes under two different pH conditions were 
monitored using UV-vis spectrometry. Briefly, LM-NH2/DOX or 
LM-FA/DOX complexes (2 mg) dispersed into 1 mL PBS 
solution (0.2 M, pH = 7.4) or 1 mL citric acid-disodium hydrogen 25 

phosphate buffer (0.2 M, pH = 5.0) were placed in a dialysis bag 
with MWCO of 14 000, and suspended in the corresponding 
buffer medium (9 mL) in a sample vial. All samples were 
incubated in a vapor-bathing constant temperature vibrator at 37 
oC. At the predetermined time interval, 1 mL buffer solution was 30 

taken out from the outer phase of each sample vial and equal 
volume of the corresponding buffer solution was replenished in 
the sample vial. The released DOX was quantified using UV-vis 
spectroscopy at 480 nm using the corresponding buffer solution 
as background. The release experiment was done in triplicate.  35 

Cell culture and cytotoxicity assay 

HeLa cells were continuously cultured in 25 cm2 tissue culture 
flasks with 5 mL DMEM containing 10% FBS, 100 U/mL 
penicillin, and 100 μg/mL streptomycin in a humidified incubator 
with 5% CO2 at 37 oC. Note that in all cell biology experiments, 40 

folic acid-free medium was used. To test the cytotoxicity of LM-
NH2 and LM-FA nanodisks, resazurin reduction assay of HeLa 
cells was performed after treatment with the nanodisks at 
different concentrations. Briefly, HeLa cells were seeded in 96-
well plates in 200 L fresh medium with a density of 1×104 cells 45 

per well the day before the experiment. The next day, the medium 
was replaced with 200 L fresh medium containing 20 L PBS 
solutions of LM-NH2 or LM-FA nanodisks with different final 
concentrations. PBS was used as control. After 24 h, the medium 
was discarded and the cells were washed with PBS for 3 times, 50 

followed by addition of 200 μL fresh DMEM containing 20 μL 
resazurin (with a final concentration of 0.1 mg/mL). After 
incubation of the cells at 37 oC for additional 4 h, 100 μL of 
supernatant from each well was transferred to each well in a black 
96-well plate. A multifunctional ELIASA reader (Biotek, 55 

Synergy 2) was used to read the resorufin fluorescence (λex = 530 

nm, λem = 590 nm). Mean and standard deviation for the triplicate 
wells of each sample were recorded. 
 To check the therapeutic efficacy of LM-NH2/DOX and LM-
FA/DOX complexes, the viability of HeLa cells treated with the 60 

complexes at different DOX concentrations were analyzed by 
resazurin reduction assay. Free DOX under the same 
concentrations was also tested for comparison. HeLa cells were 
seeded in 96-well plates in 200 L fresh medium with a density 
of 1×104 cells per well. After overnight culture to bring the cells 65 

to confluence, the medium was replaced by the mixture of 180 μL 
DMEM and 20 μL PBS solutions of free DOX, LM-NH2/DOX or 
LM-FA/DOX complexes at the final DOX concentration of 0.5, 
2.0, 6.0, 10.0, 20.0, and 25.0 μg/mL, respectively. The cells were 
then incubated for 24 h, followed by resazurin reduction assay 70 

according to the protocols described above. Mean and standard 
deviation for the triplicate wells of each sample were recorded. 

FA-mediated specific delivery of DOX to cancer cells 

To check the performance of FA-mediated targeting delivery of 
DOX using LM-FA/DOX complexes, HeLa cells were seeded in 75 

200 L DMEM in 96-well plate with a density of 1×104 per well. 
After cultured for 24 h to bring the cells to confluence, the 
medium was replaced with 200 L fresh medium containing free 
DOX, LM-NH2/DOX, and LM-FA/DOX at a final DOX 
concentration of 10 μg/mL. After 4 h, the cells were washed with 80 

PBS for 3 times and 200 L fresh DOX-free DMEM was added 
and the cells were continuously cultured for another 24 h and 48 
h, respectively. The viability of cells was measured using 
resazurin reduction assay according to protocols described above. 
 The targeting specificity of LM-FA/DOX complexes was 85 

quantitatively analyzed via flow cytometry. HeLa cells were 
seeded in a 12-well tissue culture plate with a density of 2×105 
cells per well. After 24 h incubation, the medium was replaced 
with fresh medium containing free DOX, LM-NH2/DOX, or LM-
FA/DOX complexes at a final DOX concentration of 6 μg/mL. 90 

After 4 h incubation, the medium was discarded and the cells 
were rinsed with PBS for 3 times, trypsinated, centrifuged, and 
resuspended in 1 mL PBS. L929 cells that do not express FAR46, 

47 were also used for comparison. The intensity of DOX 
fluorescence was subsequently measured by FACS Calibur flow 95 

cytometer (Becton Dickinson, Mountain View, CA) equipped 
with a 15 mW, 488 nm, and air-cooled argon ion laser. The 
fluorescent emission was collected through a 575 nm band-pass 
filter and acquired in log mode. For each sample, 1×104 cells 
were measured, and the measurement was performed in triplicate. 100 

Cells treated with PBS were also measured as a blank control. 
 The intracellular uptake of DOX was observed by CLSM (Carl 
Zeiss LSM 700, Jena, Germany). Cover slips with a diameter of 
14 mm were pretreated by 5% HCl, 30% HNO3, and 75% alcohol, 
placed in 24-well tissue culture plates, and then soaked by 105 

DMEM overnight. HeLa or L929 cells were seeded into each 
well with a density of 2×105 cells per well. After 48 h culture to 
allow the cells well attached onto the coverslips, the cells were 
treated with free DOX, LM-NH2/DOX, or LM-FA/DOX 
complexes at a final DOX concentration of 6 μg/mL for 4 h. Then 110 

the HeLa or L929 cells were fixed with glutaraldehyde (2.5%) for 
15 min at 4 oC and counterstained with Hoechst 33342 (1 μg/mL) 
for 15 min at 37 oC using a standard procedure. Finally, samples 
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were imaged using a 63× oil-immersion objective lens. 
 To further confirm the targeted cellular uptake of LM-FA 
nanodisks, HeLa and L929 cells were seeded in 2 mL DMEM in 
6-well plate at a density of 2 ×105 cells per well. After cultured 
for 12 h to bring the cells to confluence, the medium was 5 

replaced with 2 mL fresh DMEM containing LM-NH2 (0.1 mL, 1 
mg/mL) or LM-FA (0.1 mL, 1 mg/mL). After 4 h, the cells were 
rinsed with PBS for 3 times, harvested, counted, and lysed using 
an aqua regia solution (0.5 mL) for 6 h. Finally the cellular Si 
uptake, which is associated with the LAP uptake was quantified 10 

by Leeman Prodigy inductively coupled plasma-optical emission 
spectroscopy (ICP-OES, Hudson, NH). Cells treated with 2 mL 
fresh DMEM containing 0.1 mL PBS were used as control. All 
the experiments were done in triplicate. 

Statistical analysis 15 

One-way ANOVA statistical analysis was performed to evaluate 
the significance of the experimental data. 0.05 was selected as the 
significance level, and the data were indicated with (*) for p < 
0.05, (**) for p < 0.01, and (***) for p < 0.001, respectively. 

Results and discussion 20 

Formation of FA-modified LAP nanodisks  

To render LAP nanodisks with targeting specificity, the LAP 
nanodisks were first silanized to render them with abundant 
surface amines, followed by modification with FA via EDC 
chemistry (Scheme 1). FA was selected as a targeting ligand that 25 

can specifically target a range of FAR-overexpressing human 
carcinomas, such as breast, ovary, endometrium, kidney, lung, 
head and neck, brain, and myeloid cancers.48, 49 The modification 
of APMES onto the surface of LAP to form LM-NH2 and the 
subsequent conjugation with FA was first confirmed by TGA 30 

(Figure 1). Due to the fact that no apparent weight loss of LM-
NH2 and LM-FA occurred at 700 oC, we chose this temperature 
for quantification of APMES and FA grafting, in agreement with 
that reported in the literature.36 By comparison with the pristine 
LAP, the aminated LM-NH2 has a weight loss of 1.48% at 700 oC, 35 

suggesting that 1.48% APMES has been modified onto the 
surface LAP. Furthermore, by subtracting the residue weight of 
APMES-modified LAP (LM-NH2) at 700 oC, the amount of FA 
modification was estimated to be 1.62% for the final LM-FA 
product. Overall, the TGA results suggest that LM-NH2 and LM-40 

FA have been successfully synthesized. The density of the 
primary amines of LM-NH2 and LM-FA measured via PANOPA 
assay reveals that the grafting of FA onto the LM-NH2 
significantly reduces the amine density (53.79 versus 86.33 
mol/g). The percentage of non-reacted NH2 groups was 45 

calculated to be 62.3%. These results are consistent with the TGA 
data. Note that the amine of FA grafted onto the LAP surface 
does not affect the PANOPA assay, because the FA amine has a 
quite low activity from the structural point of view and is unable 
to be effectively detected by the PANOPA assay. To validate this 50 

statement, we used PANOPA assay to analyze the –NH2 of free 
FA (with a known amount of 2.5×10-8 mol) dissolved in PBS. 
Our results showed that only 4.2×10-10 mol of –NH2 (1.68% of 
the total –NH2 of free FA) was able to be detected. 
 Zeta potential measurements were used to monitor the surface 55 

potential changes after silanization of LAP and the subsequent 

FA conjugation (Table 1). When compared with the pristine LAP 
with a quite negative surface potential (-37.9 ± 1.31 mV), the 
silanization step renders the formed LM-NH2 with significantly 
increased surface potential (-2.44 ± 0.89 mV). It is interesting to 60 

note that the silanization step is unable to reverse the surface 
potential of LAP, which may be due to the inherent large negative 
potential of the LAP. Further conjugation of FA does not seem to 
make the formed LM-FA with appreciably altered surface 
potential (-5.37 ± 1.38 mV). The hydrodynamic sizes of LAP, 65 

LM-NH2, and LM-FA were measured via DLS (Table 1). It is 
clear that the original LAP has a hydrodynamic size of 40.7 ± 0.3 
nm, while the silanization step affords the LAP with increased 
size (76.6 ± 4.5 nm for LM-NH2). The modification of FA onto 
the surface of LM-NH2 enabled a further expanded hydrodynamic 70 

diameter of LM-FA (120.9 ± 4.7 nm). This suggests that the LAP 
silanization and further conjugation with FA may stimulate a 
certain aggregation of the particles. 

 
Figure 1. The TGA curves of LAP, LM-NH2, and LM-FA nanodisks, 75 

respectively. 

 The colloidal stability of LM-NH2 and LM-FA dispersed in 
water was checked by monitoring the changes of their 
hydrodynamic sizes after stored in 7 and 30 days at 4 oC (Table 
S1, Electronic Supplementary Information, ESI). It can be seen 80 

that similar to the pristine LAP nanodisks, the hydrodynamic 
sizes of LM-NH2 and LM-FA do not have any appreciable 
changes when compared to the freshly prepared suspensions of 
the corresponding particles (Table 1). Likewise, the aqueous 
suspensions of the pristine LAP, LM-NH2, and LM-FA are stable 85 

after one month storage (Figure S1, ESI). These results clearly 
suggest that the silanization of LAP and the further FA grafting 
do not change the colloidal stability of LAP. 

Table 1. Zeta potential and hydrodynamic size of LAP, LM-NH2, and 
LM-FA nanodisks. All the suspension media are water and the 90 

concentration of each suspension is 0.5 mg/mL. 

Materials 
Zeta potential 

(mV) 

Hydrodynamic 

size (nm) 

polydispersity 

index (PDI) 

LAP 

LM-NH2 

LM-FA 

-37.9 ± 1.31 

-2.44 ± 0.89 

-5.37 ± 1.38 

40.7 ± 0.3 

76.6 ± 4.5 

120.9 ± 4.7 

0.455±0.091 

0.353±0.031 

0.280±0.024 

 The change of crystalline phase of LAP after silanization and 
further FA conjugation was characterized by XRD (Table S2, 
Figure S2, ESI). Pristine LAP shows a broad peak at 2θ of 5.74°, 
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which is attributed to the 001 crystal plane.50, 51 Additional peaks 
present at the 2θ of 19.68°, 28.37°, and 34.46° correspond to the 
(100), (005), (110), and (300) crystal planes, respectively. The 
modification of LAP to form LM-NH2 and LM-FA does not seem 
to alter the crystalline phase of the particles, indicating that the 5 

selected APMES with only one ethoxy group is able to avoid the 
interlayer crosslinking of LAP, which ensures effective 
encapsulation of DOX within the interlayer space of LAP. 
 The FA conjugation onto the surface of LM-NH2 was 
characterized via UV-vis spectroscopy (Figure 2). The 10 

apprearance of the featured absorbance of FA at 280 nm for LM-
FA suggests the successful conjugation of FA onto the surface of 
LM-NH2, in agreement with the literature.16, 38, 52 In contrast, the 
pristine LAP and LM-NH2 nanodisks do not have apparent 
absorption features in a wavelength range of 250-700 nm. TEM 15 

was further used to characterize the morphology of the LAP 
before and after surface modification (Figure 3). Disk-shaped 
structure of LAP before and after surface modification can be 
clearly seen (Figures 3a, 3b, and 3c). Apparent junctions between 
disks can be observed after the FA conjugation modification 20 

(Figure 3c). 

 
Figure 2. UV-vis spectra of LAP, LM-NH2, LM-FA, LM-NH2/DOX, and 
LM-FA/DOX dispersed in water.  

 25 

Figure 3. TEM images of (a) LAP, (b) LM-FA, and (d) LM-FA/DOX. (c) 
shows the high-magnification TEM image of LM-FA. 

DOX encapsulation and release 

The encapsulation of DOX within LM-NH2 and LM-FA was first 
confirmed by UV-vis spectroscopy (Figure 2). It is apparent that 30 

the encapsulation of DOX within LM-NH2 and LM-FA nanodisks 
leads to the appearance of a featured DOX absorption peak at 480 
nm, in agreement with the literature.26 In contrast, without DOX 
encapsulation, both LM-NH2 and LM-FA nanodisks do not 
display the DOX-associated absorption peak. Via a standard 35 

calibration curve, the DOX encapsulation efficiency was 
calculated to be 87.6±0.65% and 92.1±2.2% for LM-NH2/DOX 
and LM-FA/DOX complexes, respectively, slightly lower than 
that for LAP/DOX complexes reported in our previous work.26 
This may be due to the fact that the surface modification of LAP 40 

nanodisks renders them with increased surface potential, thereby 
slightly decreasing the percentage of DOX adsorption onto LAP 
surface via electrostatic interaction. The DOX encapsulation 
percentages of LM-NH2/DOX and LM-FA/DOX complexes were 
calculated to be 22.6±0.17% and 23.5±0.56%, respectively. In 45 

addition, the formation of LM-FA/DOX complexes does not 
seem to significantly alter the disk-shape of the LAP (Figure 3), 
suggesting that DOX is encapsulated within the interlayer space 
of the LAP nanodisks via ionic exchange. It may also be possible 
that a portion of DOX is physically adsorbed onto the surface of 50 

LAP via electrostatic interaction and hydrogen bonding, in 
agreement with our previous work.26 
 To exert an effective therapeutic efficacy, the encapsulated 
DOX with LM-FA should be able to be released. We next 
explored the release kinetics of DOX from LM-NH2/DOX and 55 

LM-FA/DOX complexes under different pH conditions (Figure 
4). It can be seen that at 192 h, the cumulative release of DOX 
from LM-NH2/DOX complexes reaches 8.53± 0.35% and 46.19± 
1.93% under pH 7.4 and pH 5.0, respectively (Figure 4a). 
Similarly, around 7.88 ± 0.55% and 39.21 ± 0.81% DOX are able 60 

to be released from LM-FA/DOX complexes under pH 7.4 and 
pH 5.0, respectively (Figure 4b). The pH-responsive release 
behavior of DOX with higher DOX release rate under an acidic 
condition (pH = 5.0) than under the physiological condition (pH 
= 7.4) should be associated with the pH-dependent hydrophilicity 65 

of DOX. Under the acidic pH condition, DOX.HCl maintains a 
salt form and has a very good water solubility, which affords the 
fast release from the interlayer space of LM-FA. In contrast, the 
DOX·HCl is able to be deprotonated to form a hydrophobic 
neutral molecule under the physiological pH condition (pH = 7.4), 70 

enabling the DOX to have a slow release rate. It is interesting to 
note that under similar pH conditions and time points, the 
cumulative release of DOX from LM-FA/DOX complexes is 
lower than that from LM-NH2/DOX complexes. This is likely due 
to the fact that the FA conjugation onto the LAP surface renders 75 

additional hydrogen bonding interaction with DOX, thereby 
restricting the release of DOX from the LAP surfaces. Given the 
fact that the tumor microenvironment is slightly acidic,18 the fast 
release of DOX under an acidic pH condition may be beneficial 
for tumor therapy. 80 
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Figure 4. In vitro DOX release from (a) LM-NH2/DOX and (b) LM-
FA/DOX complexes at 37 oC under different pH conditions.  

In vitro antitumor efficacy 

The in vitro antitumor efficacy of the LM-NH2/DOX and LM-5 

FA/DOX complexes was evaluated by resazurin reduction assay 
of HeLa cells treated with the complexes (Figure 5). Both LM-
NH2/DOX and LM-FA/DOX are able to significantly inhibit the 
growth of HeLa cells with the increase of the DOX concentration. 
The half-maximal inhibitory concentration (IC50) of LM-10 

NH2/DOX (10.03 μg/mL) was found to be 1.66 times higher than 
that of LM-FA/DOX (6.06 μg/mL). This suggests that with the 
FA-mediated targeting, the LM-FA/DOX complexes are able to 
have enhanced antitumor efficacy. It should be noted that the IC50 
of both LM-NH2/DOX and LM-FA/DOX complexes are higher 15 

than that of free DOX (5 μg/mL) in treating HeLa cells for 24 h. 
This may be due to the slow release of DOX that is unable to 
achieve the required concentration to inhibit the cancer cell 
growth. The cytotoxicity of both LM-NH2 and LM-FA nanodisks 
without DOX encapsulation was also tested via resazurin 20 

reduction assay of HeLa cells (Figure S3, ESI). It can be seen that 
both LM-NH2 and LM-FA do not seem to be cytotoxic to HeLa 
cells in the studied concentration range (10-100 g/mL). Our 
results suggest that the antitumor efficacy of both LM-NH2/DOX 
and LM-FA/DOX complexes are solely associated with the 25 

encapsulated DOX drug. 

 
Figure 5. Resazurin reduction assay of HeLa cells treated with free DOX, 
LM-NH2/DOX, and LM-FA/DOX at different DOX concentrations for 24 
h, respectively.  30 

FA-targeted cellular uptake and antitumor efficacy 

To further confirm the FA-mediated targeted antitumor efficacy, 
HeLa cells were first treated with LM-NH2/DOX and LM-
FA/DOX complexes for 4 h. Then, the cell medium was replaced 

with DOX-free fresh medium and the cells were incubated in the 35 

absence of unbounded complexes for additional 24 h and 48 h, 
respectively before resazurin reduction assay of the cell viability 
(Figure 6). PBS and free DOX were also used as control. It is 
clear that in all cases, longer incubation of HeLa cells treated 
with free DOX, LM-NH2/DOX complexes, and LM-FA/DOX 40 

complexes results in more enhanced antitumor efficacy.  Free 
DOX-treated HeLa cells have quite higher viability than those 
treated with LM-NH2/DOX and LM-FA/DOX complexes under 
similar conditions, suggesting the limited cellular uptake of free 
DOX within 4 h. This is because the LAP/DOX complexes have 45 

a better cellular internalization capacity than free DOX.26 Under 
the similar conditions, the viability of HeLa cells treated with 
LM-FA/DOX complexes is significantly lower than that treated 
with LM-NH2/DOX complexes (p < 0.01). Our results further 
indicated the role played by FA-mediated targeting that affords 50 

enhanced antitumor efficacy. 

 
Figure 6. Resazurin reduction assay of HeLa cells treated with free DOX, 
LM-NH2/DOX, and LM-FA/DOX at a DOX concentration of 10 μg/mL 
for 4 h, followed by replacing the cell medium with DOX-free fresh 55 

medium and incubating the cells for another 24 h and 48 h, respectively. 

 
Figure 7. Flow cytometric analysis of both L929 and HeLa cells treated 
with free DOX, LM-NH2/DOX, and LM-FA/DOX at a DOX 
concentration of 6 μg/mL for 4 h, respectively. 60 

To confirm the FA-mediated specific targeting of LM-
FA/DOX complexes, HeLa cells were treated with LM-FA/DOX 
and LM-NH2/DOX complexes for 4 h and the cells were rinsed 
with PBS and harvested for flow cytometric analysis based on the 
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fluorescence signal associated with DOX (Figure S4, ESI).53 PBS 
and free DOX were used as controls. For comparison, normal 
L929 cells with low FAR expression were also tested under 
similar experimental conditions. Figure 8 shows the comparison 
of the mean fluorescence of HeLa and L929 cells treated with 5 

free DOX, LM-NH2/DOX, and LM-FA/DOX for 4 h. Compared 
to the PBS control, an apparent enhancement of mean 
fluorescence in both HeLa and L929 cells can be observed after 
the treatment of free DOX and DOX complexes. The LM-
NH2/DOX and LM-FA/DOX complexes appear to have more 10 

enhanced cellular uptake for both cells when compared with free 
DOX. Importantly, the mean fluorescence of HeLa cells treated 
with LM-FA/DOX complexes was about 1.30 times higher than 
that treated with LM-NH2/DOX complexes. In contrast to HeLa 
cells having high-level FAR expression, normal L929 cells 15 

without FAR expression treated with either LM-FA/DOX or LM-
NH2/DOX complexes display similar fluorescence intensity. Our 
results confirmed the role played by FA-mediated targeting, 
affording enhanced cellular uptake of LM-FA/DOX complexes. 

 20 

 
Figure 8. CLSM images of HeLa cells treated with PBS, free DOX, LM-
NH2/DOX, and LM-FA/DOX with a DOX concentration of 6 μg/mL for 4 
h, respectively. 

 The targeting specificity of LM-FA complexes was further 25 

characterized by CLSM observation of HeLa cells treated with 
the complexes (Figure 8). In contrast to HeLa cells treated with 
PBS that only display Hoechst 33342-counterstained blue 
fluorescence of cell nuclei, HeLa cells treated with free DOX, 
LM-NH2/DOX, and LM-FA/DOX are able to exhibit the DOX-30 

associated red fluorescence signal in the cytoplasma and cell 
nuclei. Apparently, the fluorescence intensity of the cell nuclei 
follows the order of LM-FA/DOX > LM-NH2/DOX > free DOX. 
Our CLSM results corroborate the flow cytometric analysis, 
further demonstrating the role played by FA-mediated targeting. 35 

With the enhanced uptake of DOX in cell nuclei via FAR-
mediated endocytosis, the LM-FA/DOX complexes are able to 
induce significant inhibition of the growth of cancer cells (Figure 
6).54 In contrast to HeLa cells with high-level FAR expression, 
normal L929 cells without FAR expression treated with free 40 

DOX, LM-NH2/DOX, and LM-FA/DOX display approximately 

similar red fluorescence signals associated with DOX uptake 
(Figure S5, ESI). Taken together, our results clearly suggest that 
the modification of FA onto LAP nanodisks enables specific 
targeting of the LM-FA/DOX complexes to FAR-overexpressing 45 

cancer cells, thereby exerting enhanced therapeutic efficacy to the 
target cancer cells. 
 To confirm the targeted cellular uptake of LM-FA, ICP-OES 
was used to assess the cellualr uptake of Si element in both HeLa 
and L929 cells (Table 2). It ‘s apparent that HeLa or L929 cells 50 

treated with PBS do not have any appreciable Si uptake. Under 
the similar experimental conditions, HeLa cells treated with LM-
FA have a much higher Si uptake than those treated with LM-
NH2 (24.97 versus 13.98 pg/cell). In contrast, for L929 cells that 
have a low FAR expression, the treatment of either LM-FA or 55 

LM-NH2 results in approximately similar Si uptake, which is 
much less than that of LM-FA-treated HeLa cells. These studies 
further confirmed the role played by FA-mediated targeting, 
affording the LM-FA/DOX complexes with an ability to 
specifically inhibit the growth of cancer cells.    60 

Table 2. The uptake of Si element by HeLa and L929 cells treated with 
LM-NH2 and LM-FA with a concentration of 100 g/mL. 

Materials HeLa cells (pg/cell) L929 cells (pg/cell) 

PBS 

LM-NH2 

LM-FA 

1.28 ± 0.43 

13.98 ± 4.10 

24.97 ± 6.03 

1.16 ± 0.40 

16.26 ± 3.72 

16.46 ± 2.37 

Conclusions 

In summary, we developed an LAP-based nanoplatform for 
targeted anticancer drug delivery applications. In our approach, 65 

targeting ligand FA can be covalently conjugated onto the surface 
of aminated LAP nanodisks rendered by silanization via EDC 
chemistry. The formed LM-FA nanodisks are able to effectively 
encapsulate DOX with an efficiency of 92.1% and release DOX 
in a pH-responsive manner with a higher DOX release rate at an 70 

acidic pH condition than at the physiological pH condition. The 
encapsulation of DOX within the FA-modified LAP nanodisks 
does not compromise its antitumor efficacy. Importantly, thanks 
to the role played by FA-mediated targeting, the formed LM-
FA/DOX complexes are able to specifically target FAR-75 

overexpressing cancer cells and exert enhanced antitumor 
efficacy to the target cells. The developed FA-targeted LAP 
nanodisks may hold great promise to be used as a versatile 
platform for targeted therapy of different FAR-overexpresing 
cancer cells in vitro and in vivo. Currently, animal experiments 80 

with solid tumor models treated with the formed LM-FA/DOX 
complexes are ongoing in our labortaory. 
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