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To evaluate the role of charge in the nanoparticle distribution we modified the external surface 

of layered double hydroxide nanoparticles with various organic groups bearing different 

charges and further a near-infrared (NIR) fluorescent dye (Cy5.5) is conjugated in the layered 15 
structure to assess the biodistribution. The functionalized nanocomposites performed as highly 

efficient contrast agents since Cy5.5 molecule stabilization inside the layered structure can safe 

guard from metabolization in the physiological environments. The cell viability, lactate 

dehydrogenase and hemolytic assays showed no cytotoxicity with an exceptionally low release 

of both lactate dehydrogenase and hemoglobin from the treated cells. The in vivo 20 
biodistribution results disclosed a high accumulation of positive amino-Layered double 

hydroxides (LDHs) in the lung. In contrast, there is a rapid clearance of negatively charged 

carboxylate-LDHs from blood flow by liver uptake. Interestingly neutral LDH-PEG5000 

showed enhanced blood circulation time, without high fluorescent accumulation in the major 

organs. In vitro cellular uptake studies from flow cytometry are relevant to the interactions 25 
between the nanoparticle surfaces and various cell types and the data are relevant to effects 

observed for in vivo biodistribution. To further demonstrate that surface functionalization on 

LDH nanoparticles can promote targeted drug release, we further immobilized hydroxo-

substituted cisplatin (CP) on carboxylate-modified LDHs by the coordination bonding. Due to 

the ideal cleaving property of carboxylate group the coordinated CP can be efficiently released 30 
by increase of acidic proton and Cl- concentration in the endosomal environment. 

Functionalized LDHs can be successfully employed as targeted drug delivery systems. When 

the LDH-CP complex accumulate primarily in the targeted organ, the high positive charge on 

the framework of LDHs cause susceptibility to rapid endocytosis, which facilitates sustained 

drug release with minimal systemic toxicity providing the apt treatment in the targeted organ. 35 
 

Introduction 

In the recent years significant progress has been made in 

nanomedicine by fusing inorganic nanomaterials with biology 

and biochemistry to deliver drugs and imaging agents to the 40 
target sites. Layered double hydroxides (LDHs), a class of 

hydrotalcite-like compounds, are gaining increasing attention as 

a carrier in drug delivery.1-21 
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LDHs possess lamellar structure with positive layers 55 
containing bivalent (Mg(II) in our case) and trivalent metal ions 

(Al(III)). The positive charges of the layers are balanced by 

intercalation of anions, which can be exchanged with other large 

anions. With the unique ion-layer charge interaction in the 

super-molecular structure, many theranostic agents could be 60 
intercalated within the LDH structure via ion-exchange to form 

smart LDH nanohybrids which could then function as a slow-

release carrier. LDHs have been shown to be a carrier for 

negatively charged species of biomedical functions, such as 

DNA,22-28 siRNA,29 antibodies,30 carbohydrates,31 enzymes,32 65 
negatively charged antimicrobial drugs,33, 34 anti-inflammatory 

drugs35 and anticancer drugs14,36 or other bioactive molecules.37-

44  

As a nanocarrier, LDH shows many advantages over other 

inorganic carriers. First, they tend to exhibit low cytotoxicity,45-70 
48 even at high dose. In addition, the LDH is easily degraded in 
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acidic environment thus endowing it a biodegradable advantage. 

The net positive charge on LDH facilitates its easy cell-uptake 

by interacting with the negatively charged biological 

membranes. LDH nanoparticles are shown to mitigate the 

effects of drug resistance by releasing the cargo in the cancer 5 
cells through a unique clathrin-mediiated endocytosis 

mechanism49 and further they are shown to enhance the cellular 

recognition when modified with cell targeting ligands like folic 

acid.50 Also, LDH had been shown to exhibit favorable blood 

clearance profiles compared to free drug, prolonging drug half-10 
life in blood stream, and thus better targeting ability towards 

targeting site.51, 52 The interlamellar structure of LDH materials 

have facilitated the integration of not only multiple types of 

drug53-56 but also drugs in combination with imaging agents57-59 

in one system for combinational chemotherapy to eradicate drug 15 
resistance and for the simultaneous evaluation of bio distribution 

and bio imaging. LDH materials have also been fabricated with 

other nanoparticles as this design can exploit the advantages of 

two or more nanoparticles in a single nano construct with 

multiple functions. On one hand the fabrication of LDH material 20 
with other nanoparticles has shown to increase the stability60, 61 

and dispersity62 of nanoparticles.  On the other hand it has 

shown to impart beneficial properties such as targeting ability,63 

controlled drug release,64-70 easy particle functionalization,68 

improved biocompatibility71-73 and enhanced photostability and 25 
contrast efficacy of imaging agents.57, 74-77  

Although LDH possesses the many good features as a 

nanocarrier in biomedicine as listed above, the materials aspects 

still need a lot of developments before it can fulfill its rich 

potential in nanomedicine.  For better control of the LDHs’ 30 
movement through various biological barriers in an in vivo 

study, one needs good control in the size, morphology and 

surface character of the nanomaterials. Unlike the much well-

developed materials such as silica, synthetic controls of LDH 

are less developed. Recently, better size control of the 35 
nanoparticles of LDH has been reported through judicious 

choice of surface protecting agents in synthesis78-80 On the other 

hand surface functionalizations of LDH in the context of drug 

carrying/releasing and its biodistribution have been less 

studied.81 These are important especially when one is trying to 40 
deliver highly toxic drugs to specific organs or sites. In one 

recent study Zhu and colleague’s reported the delivery of 

cisplatin prodrug using non-functionalized LDH materials. It 

was reported that LDH loaded produg was highly cytotoxic to 

cancer cells than the free drug. Further it was demonstrated that 45 
pro drug intercalated LDHs were less cytotoxic against certain 

kinds of normal cells.82  

One needs a good strategy for directing the biodistribution of 

LDH nanoparticles in an in vivo studies. Also for loading 

various kind of drugs, one need rich repertoire of surface 50 
functionalizations. In our previous communication we have 

reported chitosan coated LDH-Indocyanine green nanoparticles 

for efficient in vivo optical imaging.74 In this communication we 

report that proper surface functionalizations of LDH can help in 

loading neutral molecule and further direct the nanoparticles to 55 
specific organ. 

We choose to study the loading of cisplastin (CP) into LDH 

with a specific design of the surface functionalization of CP to 

help the loading and release.  Clinical use of CP has been 

constrained by several factors, e.g. poor solubility, bad 60 
circulation, high toxicity and nerve damage.83, 84 In view of the 

above, this article reports the conjugation of CP molecules to the 

carboxylate-modified LDH surfaces (Fig. 1e). Carboxylate 

modifications possess the ideal property that facilitates cisplatin 

release in the form of CP-carboxylate complexes under the 65 
endosomal acidic pH value and replacement by Cl- (or H2O) in 

the cytosol. This unique strategy of functionalizing LDH with a 

carboxylate group can significantly increase the therapeutic 

efficiency by maintaining high concentrations of drug at the 

disease foci. Hence the drug dosage can be significantly reduced 70 
thereby minimizing the systemic toxicity. We have also 

examined the cytotoxicity of LDH nanoparticles by conducting 

in vitro toxic assays. Finally, we study the effect of surface 

functionalities on the biodistribution of LDHs. For this purpose, 

four different LDHs (Cy5.5-functionalized) with different 75 
functional groups will be synthesized, e.g. (a) amine-

functionalized LDH-NH2, (b) PEGylated LDH-NH-PEG5000, 

and (d) carboxylated LDH-NH-COOH samples. We will use the 

fluorescence tag to measure the biodistribution of the LDHs in 

dissected organs from a mouse sacrificed after i.v. injection of 80 
the LDHs. We will show surface functionalization will affect 

strongly the fate of the LDHs in mouse after injection.  

 
Fig. 1 Schematic representation (a) LDH nanoparticles, (b) 

the modification of amino groups on LDH surfaces by 85 
reaction with APTS, (c) the conjugation of Cy5.5 in the 

surfaces of LDH-NH2 samples, (d) the further conjugation 

of LDH-NH-Cy5.5 with PEG-5000, and (e) the further 

modification of LDH-NH-Cy5.5 surfaces with carboxylate 

groups by reaction with succinic anhydride. 90 
The use of LDH as an organ-specific targeting agent has the 

benefit of regulating the nanoparticle distribution in specific 
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organs by attaching different charged functional groups 

using the surface modification as shown in Fig. 1. 

 

Experimental 

Materials  5 
Mg(NO3)2.6H2O, Al(NO3)3.9H2O, PBS (dry powder), and 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT), succinic anhydride, Methoxypolyethylene 

glycol 5000 acetic acid N-succinimidyl ester were 

purchased from Sigma-Aldrich (St Louis, USA). 3-10 
Aminopropyl- trimethoxysilane (APTS), Trichloroacetic 

acid (TCA), NaOH, toluene and DMF were purchased from 

Acros (Geel, Belgium). Potassium bromide (KBr-FTIR 

grade) was purchased from Fisher Scientific Ltd 

(Leicestershire, UK). Ninhydrin was purchased from Alfa 15 
Aesar (Ward Hill, Massachusetts, UK). RPMI-1640 

medium, fetal bovine serum, penicillin, and streptomycin 

were obtained from GIBCO/BRL Life Technologies (Grand 

Island, NY, USA). Cy5.5 NHS ester purchased from GE 

healthcare UK ltd (Buckinghamshire UK). RBCs and blood 20 
plasma (goat) are a gift from Hualien District Agricultural 

Research and Extension Station, Taiwan. 

 

Instruments 

Centrifugation during nanomaterials synthesis was 25 
performed at an appropriate temperature using Hermle Z 36 

HK (Wehingen, Germany) instruments, respectively. UV-

vis absorbance was recorded on Genequant-1300 series 

spectrophotometer and fluorescence imaging was captured 

using Typhoon-FLA 9000 bimolecular imaging system 30 
(Imagequant TC-7.0). MTT absorbance was recorded using 

Perkin Elmer's EnSpire Multi-label Plate Reader (Santa 

Clara California, USA). 

 

Characterization 35 
FT-IR spectra were recorded on a Bruker Alpha 

spectrometer with a dried KBr pellet. The particle size and 

ζ-potentials of various LDH samples were measured in a 

Malvern Nano-HT Zetasizer. The ζ-potential distribution 

was obtained by an average of ten measurements. 40 
 

Synthesis of LDH nanoparticles. The LDH nanoparticles 

for this report were prepared using a co-precipitation 

method which was given previously.85-88 To prevent the 

contamination by atmospheric CO2, dd-H2O was 45 
decarbonated by boiling before it was used in all of the 

preparations. Briefly, 0.769g of Mg(NO3)2 ‧ 6H2O and 

0.357g of Al(NO3)3‧9H2O were dissolved in 10 mL dd-

H2O followed by the quick addition of 40 mL NaOH 

solution (0.15 M) by stirring under room temperature for 10 50 
min. Finally, the nanoparticles were washed with 40 mL of 

dd-H2O and centrifuged at 25,000 rcf for 10 min. The as-

synthesized products were recovered and further suspended 

in 50 mL dd-H2O, and the solution was hydrothermally 

treated at 100 °C for 16 h. Finally, the resulting LDH were 55 
recollected by centrifugation (25,000 rcf, 10 min), washed 

repetitively with ethanol and stored for further usage. 

 

Synthesis of LDH-NH2. To improve the binding affinity 

between APTS-LDH complexes toluene used as the 60 
reaction solvent because the condensation of APTS 

molecules on LDH surfaces can be carried out efficiently at 

a high reflux temperature. The general reaction conditions 

as follows: 0.2 g of the as-synthesized LDHs were placed in 

30 mL toluene and stirred for 30 min followed by the 65 
addition of 1.0 mL APTS. The reaction is carried out at 100 

°C for 24 h, followed by withdrawing via centrifugation 

(25,000 rcf, 10 min, at 4 °C), and  washed thoroughly with 

acetone and ethanol. The nanoparticles are dispersed in 

ethanol for further modification. 70 
  

Synthesis of Cy5.5-labeled LDH-NH2. Cy5.5-conjugated 

LDH-NH2 complexes were synthesized by stirring 1 mg of 

Cy5.5 NHS ester with 40 mg of LDH-NH2 in 0.5 mL of dry 

methanol in the dark for 12 h. The particles were recovered 75 
by centrifugation (25,000 rcf, 10 min, at 4 °C), and 

thoroughly washed twice with ethanol. 

 

Synthesis of LDH-NH-COOH. The modification of 

carboxylate groups in LDH-NH2 and Cy5.5-labeled LDH-80 
NH2 surfaces is carried out in the following way: 10 mg of 

LDHs-NH2 (or Cy5.5-labeled LDH- NH2) samples are 

suspended in 6.0 mL of anhydrous DMF and were further 

reacted with 40 mg of succinic anhydride at room 

temperature under continuous stirring for 24 h. The 85 
particles were recovered by centrifugation (25,000 rcf, 10 

min) and thoroughly washed with ethanol.  

 

Synthesis of LDH-NH-PEG5000. 

10 mg of LDHs- NH2 (or Cy5.5-labeled LDH-NH2) 90 
samples were suspended in 3.0 mL of anhydrous methanol, 

and further reacted with 6 mg of PEG5000-NHS at room 

temperature under constant stirring for 24 h. The particles 

were collected by centrifugation (25,000 rcf, 10 min) and 

thoroughly washed with ethanol. 95 
 

Coordination of CP onto the LDH-COOH samples. To 

increase the reactive concentration of CP in aqueous 

solution, the chloro ligand of the CP molecules was 

replaced by the hydroxo ligand through the reaction of CP 100 
(20 mg) in AgNO3 solution (23 mg in 1.5 mL dd-H2O). The 

reaction was carried out for 12 h at 37 °C in dark. After the 

reaction, a white precipitate of AgCl is removed by 

centrifugation (25,000 rcf, 20 min). The supernatant 

containing highly water soluble CP is adjusted to a pH 105 
value of 6.8 and diluted to 4 mL by adding dd-H2O. The 

LDH-COOH-CP complexes were synthesized by the 

addition of LDH-NH-COOH samples (10 mg) in 4 mL of 

CP solution the mixtures were shook under 37 °C and 

stored in dark conditions for 12 h. The LDH-COOH-CP 110 
solids and the un-coordinated free hydroxo-CP particles 

were separated by centrifugation (25,000 rcf, 20 min, at 4 

°C) and further washed several times and redispersed in dd-

H2O. The surface concentration of cisplatin conjugated 

particles is determined by measuring the change in 115 
absorbance at 276 nm. Calibration experiments were 

conducted separately before each set of measurements with 

cisplatin of different concentrations. 

 

In vitro drug release study. In a typical drug release study, 120 
5 mg of hydroxo-substituted cisplatin coordinated LDH-

NH-COOH samples were suspended in 1 mL of buffer 

mimicking with endosome pH-5.0 and physiological saline 

pH-7.4 (0.1 M phosphate buffered saline) and maintained in 

37 °C at 300 rcf  to mimic the pathophysiological 125 
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conditions. Aliquots were removed at regular intervals by 

centrifuging at 25,000 rcf for 10 min and supernatant was 

analyzed by UV at λmax 360 nm and it was continued by 

replacing the respective fresh simulated fluids at their 

respective time points. The release amount in the solution 5 
phase was determined by UV-Vis spectrophotometer and 

the cumulative % drug release was calculated. 

  

Cell culture 

Sulforhodamine B assay. 1×104 HT-29 cancer cells were 10 
seeded onto 96 well plates containing RPMI-1640 medium 

with 10% fetal bovine serum and incubated in 5% CO2 at 

37 °C overnight. After adhering, one group of the cell line 

was fixed in situ with 25 µL of 50% (w/v) trichloroacetic 

acid (TCA) to determine the cell number at the time the 15 
cells received the tested drug (T0). For the other groups, 

various drug concentrations in serum free medium were 

added and incubated for 4 h and the same volume of 20% 

FBS medium was added for treatment up to 20 h (Tx 

groups). After 24 h of drug treatment 50 µL of cold TCA 20 
was added to the Tx groups and the control group (Ctl: no 

drug treated wells) and incubated at 4 °C for 1 h. Further, 

the medium was removed by suction, and washed three 

times with dd-H2O (200 µL in each well) and air dried for 

12 h. Then, 100 µL of 0.4 % (w/v) sulforhodamine B 25 
solution prepared in 1 % acetic acid were added to each 

well, and the plates were incubated for 20 min at room 

temperature. The unbound sulforhodamine B was removed 

by washing three times with 1 % (v/v) acetic acid. The 

bound sulforhodamine B was subsequently dissolved by 30 
adding 10 mM of trizma base (pH 10.5) eventually the 

absorbance was measured at 515 nm. The percentage of 

growth inhibition is defined as 100-[(Tx-T0)/(Ctl-T0)]×100 

(when Tx≥ T0). GI50 (concentration of 50 % cell growth 

inhibition) is defined as (100-[(Tx-T0)/(Ctl-T0)]×100)= 50 35 
and calculated by the Sigma Plot software. 

 

DNA fragmentation assay. HT-29 cells (1 × 106/mL) were 

treated with or without drug for 24 h, washed with PBS 

twice, lysed in cell lysis solution, and then pipetted until no 40 
visible cell clumps remained. Genomic DNA was purified 

by the Wizard Genomic DNA purification kit (Promega, 

Madison, Wisconsin, USA). After isopropanol precipitation, 

samples of 10 µg were loaded in each lane. The pattern of 

DNA cleavage was analyzed by 2.0% agarose gel 45 
electrophoresis at 100 V for 1.5 h in Tris-borate/EDTA 

electrophoresis buffer. 

 

Hemolysis assay. The method for hemolysis assay has been 

reported previously.74 Heparin-stabilized goat blood 50 
samples were freshly obtained from the Hualien District 

Agricultural Research and Extension Station, Taiwan. A 

mixed sample of 5 mL blood and 10 mL PBS was 

centrifuged at 25,000 rcf for 10 min, the pellet of RBCs was 

washed with PBS (10 mL) five times, and then 50 mL of 55 
PBS was added for further dilution. To evaluate the 

hemolysis of the various concentrations of nanoparticle 

exposure, the leach of red hemoglobin in the supernatant 

was correlated by visual observation of color with the 

positive and negative control experiments by incubation of 60 
RBCs with dd-H2O and PBS, respectively. The treated 

condition was as the following. A 200 µL of diluted RBC 

suspension was added to 800 µL of different concentrations 

of LDH in PBS solution by vortex and then the mixture 

samples were kept at room temperature for 3 h.  65 
 

Comet assay. The DNA breakage is evaluated using a 

comet assay kit (Trevigen, Gaithersburg, MD, USA) by 

following the manufacturer’s instructions. Immediately 

prior to imaging, comet slides with DNA smear were 70 
hydrated and stained with SYBR green (Trevigen) for 15 

min. Comets were analyzed using a fluorescence digital 

imaging system. 

 

LDH release assay. HT-29 human colon cancer cells were 75 
seeded on 12-well plates (1×105 cells/ml). The cells were 

grown in 10% FBS- supplemented RPMI-1640. The level 

of cytosolic LDH (lactate dehydrogenase) leakage was 

assessed to measure the extent of cellular membrane 

damage by using Sigma Tox-7 Kit (Sigma-Aldrich, St 80 
Louis, USA) following manufacturer's instructions. This kit 

determines the LDH activity spectrophotometrically by 

measuring the intensity of red color formed by the 

reduction of formazan at 490nm, which is directly 

proportional to the LDH activity. The optical absorbance 85 
was measured by ELISA reader. Results given represent 

mean values from triplicate measurements. Results are 

given as fractional LDH release compared to the positive 

control consisting of 1% Triton X-100 (yielding 100% 

LDH release). The LDH content of each sample was 90 
calculated according to the following formula: Cytotoxicity 

(%) = [(experimental value−low control)/ (high 

control−low control)] × 100. 

 

Cell uptake. For determination of uptake of modified 95 
LDHs by different cells, 1x106 of cells were plated in 10 

cm dishes and incubated for 24 h at 37 °C and 5% CO2. 

After adhering, cells were then exposed to 50 µg mL-1 of 

various LDH samples in 10% FBS serum medium and 

incubated for 1 h at 37 °C. All treated cells were then 100 
washed twice with PBS, trypsinized and analyzed by flow 

cytometry (BD Accuri C5). For fluorescent microscopic 

imaging, HT-29 cells were treated with Cy 5.5-LDHs (50 

µg mL-1) for 4 h at 37 °C in serum-free medium followed by 

phosphate buffered saline (PBS) wash and fixingwith 4% 105 
paraformaldehyde at room temperature for 10 min. The 

cells were washed with PBS three times and incubated with 

0.2% Triton X-100 and then 3% bovine serum albumin in 

PBS for 5 and 30 min, respectively. Rhodamine phalloidin 

was used for staining the filamentous actin skeleton at room 110 
temperature for 20 min. The nucleus was stained with 4’,6-

diamidino-2-phenylindole (2 µg mL-1) in H2O for 5 min. 

Cells were visualized under a fluorescence microscope. 

 

Biodistribution studies. All experiments involving animals 115 
were reviewed and approved by the Administrative 

Committee of Animal Experiments, Department of Life 

Science and the Institute of Biotechnology, National Dong 

Hwa University. All procedures were performed in 

accordance with the guidelines of the Management Group 120 
of Animal Experiments in Taiwan. The male nude mice (20 

g, 6–8 weeks old) were purchased from BioLasco Taiwan 

Co., Ltd and housed in a light (12 h)/dark (12 h) cycle with 

food and water. For in vivo biodistribution experiments, 

sixteen mice were divided into four groups and thus each 125 
group had four mice. We studied the in vivo biodistribution 

experiments of the control (only treated with physiological 
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saline), LDH–NH2, LDH–NH–PEG5000, and LDH–NH–

COOH groups. Before the imaging experiments, the mice 

were not fed for 12 h to minimize rodent chow 

autofluorescence within the GI-tract, and they were 

anesthetized by urethane (1.5 g kg-1) i.p. injection. Mice 5 
received an i.v. tail vein injection of approximately 50 uL 

of LDH samples at the dosage of 5 mg kg-1. This dosage is 

well tolerated by the mice and no side effects were 

observed during the experimental period. Finally, the 

animals were sacrificed by a CO2 overdose. Major organs 10 
were then harvested intact, and imaged for fluorescence 

using a fluorescent imaging system. Fluorescent imaging 

was carried out on a Typhoon FLA 9000 Biomolecular 

imager. The light was passed through fluorophoredependent 

bandpass interference filters to induce Cy 5.5 fluorescence. 15 
The imaging detector was a 250 V of PMT. Bandpass 

interference filters were used to pass fluorescence, but 

block excitation light. 

 

Results and discussion 20 

Fig. 1 represents the modification of LDH surface with 

various organic groups. Initially, the amino groups are 

immobilized on the surface of LDH by the co-condensation 

of APTS molecules at a high temperature (Fig. 1b). The 

resulting amino-LDH surface can be utilized as an active 25 
site for further coupling reaction. Cy5.5 fluorescent dye 

was conjugated to the amine group through a simple 

coupling reaction (Fig. 1c). As shown in Fig. 1(d) and (e) 

the residual amino groups were conjugated to PEG5000-

NHS and succinic anhydride to form LDH-NH-PEG5000 30 
and LDH-NH-COOH complexes, respectively.  

 

 

Fig. 2 FT-IR spectra of (a) LDH, (b) LDH-NH2, (c) LDH-

NH-PEG5000, (d) LDH-NH-COOH and (e) LDH-NH-35 
COOH-CP samples. 

 

Fig. S1 (See Supporting Information) represents the TEM 

imaging of LDH samples functionalized with different 

terminal groups. The LDH-NH2 and LDH-NH-COOH 40 
samples showed a hexagonal shape and uniform size with 

an average particle diameter of 150-200 nm. However, the 

TEM images of the PEG5000-modified LDH samples (Fig. 

S1c) showed a round shape surrounded by the elastic 

scattering of electrons which confirms the binding of PEG 45 
layer selectively to the LDH surface. To investigate the 

stability of LDH-NH-COOH-CP we soaked the particles in 

a blood plasma for 24 h. We observed no degradation of 

LDH frameworks (Fig. S1d). We can infer that the release 

of CP from the LDH-NH-COOH-CP sample may arise 50 
from the pH-sensitive mechanism that can contribute to the 

drug release under acidic pH of endosomes. We employed 

FT-IR spectroscopy to characterize the chemical bonds and 

surface organic groups in LDH samples (Fig. 2). The 

spectra of bare LDHs showed a broad band (3100-3700 cm-55 
1) from the O-H stretch of the absorbed molecular H2O. The 

band at 1633 cm-1 is presumably caused by H2O 

deformation. The bands at 790, 680, and 557 cm-1 are 

attributed due to the vibration of (M–O) and (M–O–M) 

(M= Mg or Al). These bands were also observed in all 60 
functionalized LDH samples. In the amino-functionalized 

LDH sample (Fig. 2b), the presence of APTS(–Si(CH2)3 

NH2) functional group on the wall surface is confirmed by 

the presence of the N–H (primary amine) bending vibration 

at 1556 cm-1, and C–H stretching at 2932 cm-1. After APTS 65 
modification, the M–O vibration at 577 cm-1 showed higher 

intensity than the bare LDH samples because of the 

overlapping of Si–O–Al vibrations (577 cm-1) with the 

APTS grafted LDH samples. Either PEG-5000 or 

carboxylate groups were conjugated to the amino-modified 70 
LDHs through a simple coupling reaction. The PEG-5000 

molecule has an activate N-hydroxysuccinimide (NHS) 

group, which is an amino-reactive chemical bond (NHS-

ester) to facilitate the coating of PEG-5000 on LDH 

surfaces. It exhibited an increase in the intensity of C–H 75 
stretch at 2932 cm-1 because of PEG-5000 backbone 

contribution and the weaker band at 3000 cm-1 may arise 

from the Fermi resonance overtone of the N-H stretching 

band of secondary amides. In addition, the production of a 

C=O stretch mode from the terminal group of PEG-5000 80 
was also observed which confirms overlap with the H2O 

deformation at approximately 1650 cm-1 (Fig. 2(c)). 

Another band from the N-H bend of the secondary amide is 

observed around 1562 cm-1. After conjugating carboxylate 

groups on amino-LDH surfaces, it is observed that the peak 85 
intensity of N-H bend at 1562 cm-1 is higher than the LDH-

NH-PEG 5000 sample; however, the peak intensity of C–H 

stretch at 2932 cm-1 was relatively low. We can refer the 

variation in the two peak intensities of the carboxylate 

modified LDH sample to the reaction of the amino-LDH 90 
surfaces with succinic anhydride. When the amino groups 

were reacted with succinic anhydride, a complete reaction 

was achieved (see Fig. 2(d)). 

Therefore, the LDH-NH-COOH surfaces can yield more N-

H groups (from secondary amide) than the LDH-NH-PEG 95 
5000 sample and thus the LDH-NH-COOH sample showed 

much contribution to the vibration intensity at 1562 cm-1. 
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However, the succinic anhydride molecule has shorter 

backbone than the PEG-5000 molecules; therefore the 

LDH-NH-COOH sample provides less C-H vibration than 

the PEG-5000-modified LDHs. We can observe a relatively 

low intensity of C-H vibration at 2932 cm-1 in the LDH-5 
NH-COOH sample. After further conjugation of hydroxy 

substituted cisplatin to the carboxyl end of the LDH-NH-

COOH sample, an increase of intensity around 1640-1560 

cm-1 was contributed from the different N-H bending 

modes of coordinated cisplatin molecules in LDH-NH-10 
COOH surfaces. In addition, a very broad peak around 

3400-2400 cm-1 is attributed to O-H stretch of hydroxo-

cisplatin molecules and overlaps the C-H and N-H stretch 

in this ranges (Fig. 2(e)). 

 15 

 
Fig. 3 (A) Particle size and (B) Zeta-potential distribution 

at pH 7.4 of (a) LDH (156 nm, +26 mV), (b) LDH-NH2 

(221 nm, +35 mV), (c) LDH-NH-PEG5000 (268 nm, +22 

mV), and (d) LDH-NH-COOH (246 nm, -13 mV) (e) LDH-20 
NH-COOH-CP (252 nm, +5.94) inset figure.  

 

To verify the existence of different charges on the surface 

functionalized LDH samples, we measured the ζ-potential 

of LDH samples in aqueous solution at pH 7.4 (Fig. 3 B). 25 
Results showed a more positive  ζ-potential on LDH 

surfaces, which can be attributed to the presence of metal 

(Al3+ and Mg2+) hydroxides of +26 mV (Fig. 3 B(a)). The 

surface modification with positively charged amino groups 

exhibited a significant increase in the ζ-potential to +35 mV 30 
(Fig. 3 B(b)). The further conjugation of PEG5000 

molecules on the LDH-NH2 sample decreased the ζ-

potential to +22 mV (Fig. 3 B(c)) which arises from the 

reaction of amino groups in LDH surfaces with neutral 

PEG5000 molecules. For the conjugation of carboxylic 35 
groups with amine modified LDH’s, succinic anhydride 

was chosen to react with amino groups of LDH-NH2 

through a ring opening reaction. The modification of 

negative charges of carboxylate groups in LDH-NH2 

surfaces showed a further decrease of ζ-potential from +35 40 
mV of LDH-NH2 to -13 mV in LDH-NH-COOH samples 

(Fig. 3 B(d)) and eventually after coordination with 

cisplatin the potential had a shift towards positive side with 

+5.94 mV denoted in inset figure of Zeta potential (Fig. 3 

B(e)). It is clear from the graphical representation of DLS 45 
measurements related to size that all the samples are in 

accord with in the size range of 150-250 nm (Fig. 3A) 

which was the most suitable array in blood circulation. 

Compared with the TEM images, the DLS results of LDH 

samples showed a larger particle size distribution. We can 50 
refer the large size distribution of DLS from the 

hydrodynamic diameters of organic ligands in LDH 

surfaces. The changes in the ζ-potential of various 

modifications of LDH samples provided additional 

evidence besides FT-IR to demonstrate that different 55 
functional groups were attached to the surface of LDHs. 
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Fig. 4 (a) Schematic representation of intracellular release 

of cisplatin into colon cancer cells by immobilization of 

hydroxo-substituted cisplatin on carboxylate-modified 

LDHs. Release of cisplatin can be achieved by the replaced 

effect from the acidic pH and Cl- in endosomes. (b) Release 5 
curve of hydroxo-substituted cisplatin in various pH namely 

5.0 (endosome pH) and 7.4 (PBS).  

Fig. S2 showed UV-Vis spectra and photographic sample 

images of samples after various surface functionalizations 

of LDHs. Ninhydrin tests were run to quantify the primary 10 
amines at the surface of modified LDH samples using the 

following procedure. For the analytic process, we treated 

the LDH samples with ninhydrin for 30 min in an ethanol 

solution and that react only with primary amines of LDH-

NH2 to produce Ruhemann’s purple, which display 15 
characteristic absorption band at 580 nm, however, 

ninhydrin cannot react with secondary amines. After the 

reaction, we centrifuged out the solid nanoparticles, and the 

UV-Vis spectrum of the solution phase showed a 

characteristic absorption of Ruhemann’s purple at 580 nm 20 
(Fig. S2(a)). In addition, the production of Ruhemann’s 

purple was also observable in the sample color. This 

phenomenon indicated that large amounts of amino groups 

were modified in the LDH-NH2 samples. If we compare the 

absorbent intensity of Ruhemann’s purple between LDH-25 
NH-PEG5000 (Fig. S2(b)), and LDH-NH-COOH (Fig. 

S2(c)) samples, the LDH-NH-COOH sample has lower 

intensity. This phenomenon indicates that most amino 

groups in the LDH-NH-COOH sample have completely 

reacted with succinic anhydride; thereby, efficiently 30 
immobilizing the CP molecules through the coordination of 

carboxylate groups with platinum. The reactivity of 

ninhydrin with various functionalized LDH samples can 

provide us an additional evidence to confirm the chemical 

modifications on the LDH surfaces. Fig. S3 showed the 35 
UV-Vis spectrum of the hydroxo-cisplatin sample. An 

absorbance at about 250 nm is attributed to the d-d band of 

Pt(II), which is hidden by the electron-transfer band (peak 

maximum 210 nm). For the spectrum of the LDH-NH-

COOH-CP sample, the change in the crystal field 40 
stabilization energy from the ligand substitution showed an 

increase intensity and shift of the d-d band (maximum near 

300 nm).89As shown in Fig. 4(a), the immobilization of a 

hydroxo-CP onto the carboxylate-modified LDHs was 

achieved through the coordination of π electron of 45 
carboxylate groups onto the d orbital of Platinum. The 

surface positive charge on LDH framework facilitates an 

increase in the particle cellular internalization via 

endocytosis because of their high affinity towards 

negatively charged cell membranes. When the LDH-NH-50 
COOH-CP complexes were uptaken by the cancer cells, the 

acidic pH values of endosomal or lysosomal environments 

weaken the carboxylate coordination with Platinum. 

Furthermore, a high concentration of nucleophiles such as 

the cytosol Cl- ions and H2O molecules may replace the 55 
carboxylate groups to release the CP molecules into cytosol. 

The released CP molecules can efficiently diffuse into the 

nucleus and covalently bind with the DNA bases. This 

binding can result in the production of DNA cross-links, 

which may alter the DNA conformation and influence the 60 
transcriptional and translational process leading to an 

irreparable DNA damage resulting in apoptosis. It is 

evident from the release curve attained which represents 

that the sensitivity of the coordination is weaker in 

endosome pH (5.0) than the PBS (pH-7.4) (Fig. 4b). This 65 
follows the above proposed mechanistic release to act 

against cancer cells. Cellular internalization of Cy5.5 

labelled LDH-NH-COOH-CP was ample higher and can be 

observed using the amount of red fluorescence emitted by 

NIR-contrast agent Cy5.5 because of charge neutralization 70 
after cisplatin conjugation (Fig. 5a). 

It is clear from the image that LDH nanocontainers 

observed are very near to the nucleus and can be a 

supportive evidence for the delivery of cisplatin. Nucleus 

shrinkage was observed in the treated cells after stained 75 
with DAPI that quote the successful cisplatin delivery in the 

cell as shown in Fig. 5b and the shrunken nucleus was 

pointed out with arrows. Fig. S4 represents the cell 

morphology of HT-29 before (Fig. S4(a)) and after 

treatment with LDH-NH-COO-CP complexes for 24 h at 80 
concentrations of 10 (Fig. S4(b)), 50 (Fig. S4(c)) and 100 

(Fig. S4(d)) µg mL-1. Nanoparticles devoid of Hydroxo 

substituted cisplatin (LDH-NH-PEG5000, LDH-NH-

COOH) weren’t cytotoxic even at the higher concentrations 

(100 µg mL-1) (Fig. S4(e, f)). If we compare the cell 85 
morphology between the untreated (Fig 5 b control) and 

treated samples (Fig. 5b treatment), shrinkage is noted in 

particle treated cells indicating massive apoptotic cell death 

of the cancer cells. When we compare the morphology of 

cells treated with different concentrations of drug loaded 90 
particles, cell shrinkage is observed in a dose dependent 

manner. 

 

  

      95 
 

      
 

Fig. 5 Fluorescent microscopy of the cellular uptake 

behavior of Cy5.5-labeled LDH-NH-COOH-CP samples in 100 
HT-29 cancer cells (a) DAPI and merged image (LDH 

complexes denoted via red fluorescence of Cy5.5, and 

nuclei denoted via blue fluorescence of DAPI staining). (b) 

DAPI stain alone representing the shrunken nucleus in 

control and after treatment at 37 oC for 4 h.  105 
 

To evaluate the cytotoxicity of LDH, LDH-NH2, LDH-NH-

PEG5000 and LDH-NH-COOH samples, we measured the 

cell viability using different LDH samples in the HT-29 

colon cell line by MTT cytotoxicity assay (Fig. S5). The 110 
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HT-29 cells were treated with different LDH samples at 

various concentrations (0, 3, 5, 13, 25, 40, 50, and 80 µg 

mL-1) diluted in media for 24 h. Cells without nanoparticles 

were taken as the control experiment, and the viability was 

set as 100%. The cell viability of the naked LDH samples 5 
gradually decreased from 100% (3 µg mL-1) to 70% (80 µg 

mL-1) treatment. A decrease in the cell viability with naked 

LDH nanoparticles may arise from the high nonspecific 

interactions between the naked LDH surfaces and the 

biological molecules. The naked LDH surfaces possess 10 
high activation energy which may cause the denaturation of 

protein or enzyme molecules. After surface functionalizing 

the LDH samples with different functional groups (LDH-

NH2, LDH-NH-PEG5000, and LDH-NH-COOH), it is 

observed that the particles did not induce any cytotoxicity 15 
even at very high concentration and for long-time exposure 

in HT-29 cells. The low cytotoxicity of functionalized LDH 

possibly results from the reduction of nonspecific 

interactions of the nanoparticle with the biological systems. 

Thus, it is always advantageous to functionalize LDH 20 
nanoparticles to increase the drug loading capability and 

biocompatibility by reducing the cytotoxicity. Additionally, 

the functionalized nanoparticles can provide high surface 

area to attach various charged functional groups that can 

regulate the biodistribution of drugs at the desired site. We 25 
also performed lactate dehydrogenase release assay to 

evaluate the cell membrane damage of the cells treated with 

surface functionalized particles (Fig. S6). Lactate   

dehydrogenase assay quantitatively measures the activity of 

the lactate dehydrogenase enzyme that is released up on the 30 
cell membrane damage. For this experiment, the maximal 

release of positive control was obtained by the treatment of 

control cells (no nanoparticle added) with 0.5% Triton X-

100 for 10 min at room temperature. Compared with the 

control experiment (CTL), the LDH, LDH-NH2, LDH-NH-35 
PEG 5000, and LDH-NH-COOH samples did not show a 

profound increase in the release of lactate dehydrogenase 

after treatment with various concentrations (0, 10, 50, and 

100 µg mL-1) for 24 h. When we treated LDH-NH-COOH-

CP complexes with the concentration of 50 and 100 µg mL-40 
1, we observed that the release of lactate dehydrogenase 

was less than the CTL cells. We referred a decreasing 

release of lactate dehydrogenase from the anti-proliferative 

effect of the conjugated CP molecules. From the results 

obtained from the lactate dehydrogenase assay, it is 45 
concluded that both the functionalized and drug-conjugated 

LDH nanoparticles are highly biocompatible, retaining the 

membrane integrity by decreasing the unexpected necrotic 

cell death. 

 50 

 

Fig. 6 GI50 from the SRB assay of LDH-NH-COOH-CP 

nanoparticles to colon cancer cells (HT-29). Various 

concentrations of LDH-NH-COOH-CP nanoparticles were 

added to cells for 24 h. Then, cells were fixed, stained with 55 
SRB, washed with dd-H2O, subsequently solubilized and 

finally absorbance was read at a wavelength of 515 nm. 

 

A majority of the anticancer drugs induce cell death either 

by apoptotic pathway or necrotic pathway. Induction of cell 60 
death by employing apoptotic path way confers many 

advantages over necrotic pathway as cell death induced by 

necrotic pathway involves the breakage of cell membrane 

releasing the cytokines that can trigger inflammatory 

responses, which in turn can result in poor prognosis. To 65 
further evaluate the anticancer effect of the LDH-NH-

COOH-CP complexes, we used a sulforhodamine B assay 

to examine the inhibitive effects on cell proliferation by 

treating with free CP and LDH-NH-COOH-CP complexes. 

The data showed that LDH-NH-COOH-CP complexes 70 
efficiently inhibited the cell growth of HT-29 cells in a dose 

dependent manner with the 50% growth inhibition (GI50) 

at 18.1 µg mL-1 (Fig. 6). 

 

   75 
 

Fig. 7 Comet assay of HT-29 cells to detect DNA strand 

breaks. The cell apoptosis was produced by cisplatin to 

induce DNA damage and activate various signaling 

pathways. We used a fluorescent microscope (Olympus 80 
CKX41) fitted with 100W mercury illumination system 

suitable for fluorescence (SYBR Green) observations. 

Photographs of DNA strands after the treatment with 50 µg 

mL-1 of (a) LDH-NH-COOH and (b) LDH-NH-COOH-CP.  

 85 
The loading percentages of CP molecules in LDH-NH-COOH-

CP complexes is 10.8 (wt%) so we can calculate that the GI50 of 

the LDH-NH-COOH-CP complexes is 2.0 µg mL-1 of the free 

CP concentration. We also evaluated the anti-proliferative effect 

of free CP molecules in the same cancer cell line which showed 90 
a higher GI50 values (61.7 µg mL-1). From these studies, we 

confirm that LDH-NH-COOH-CP complexes have higher 

proliferative index in cancer cell lines. This enhanced anti-

proliferative effect appears to be primarily attributed to the 

efficient drug delivery of the LDH nanocarriers and the pH 95 
controlled release of carboxylate coordination of CP in the 

acidic endosomal environments. Furthermore, the release of CP 

can further escape endosomes. Additionally, a significant 

decrease in viability is noted in cells treated with drug loaded 

particles when compared to the controls which resulted from the 100 
high anti-proliferative effect induced by apoptosis. From the 

experimental data, it is observed that the cell membrane 

integrity remained unaltered which confirms that cell death is 

not induced by necrotic pathway. The lower levels of anti-

proliferative effect of free CP molecules is due to the simple 105 
diffusion mechanism of  free drug where as LDH loaded drug 

(b) 

 

(a) 
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entities have higher anti-proliferative effect due to the clathrin-

dependent endocytosis. To further confirm apoptotic cell death, 

we performed DNA fragmentation assay (a signet of apoptosis). 

We measured the genotoxicity of LDH-NH-COOH-CP 

complexes by treating with different concentrations of particles 5 
(5 and 10.3 µg mL-1 for 24 h) (Fig. S7) DNA fragmentation 

assays were performed by electrophoresis on 2.0% agarose gels. 

After electrophoresis, gels were stained with ethidium bromide 

and examined under UV light and photographed with an image 

analysis system. The pattern of dose response showed an initial 10 
decrease in DNA damaging effect at lower concentration (5 µg 

mL-1) followed by an increase at the highest concentration (10.3 

µg mL-1). DNA damaging potential of LDH-NH-COOH and 

LDH-NH-COOH-CP was also observed in HT-29 cells by 

performing comet assay (Fig. 7). The results showed significant 15 
genotoxicty in LDH-NH-COOH-CP complexes (Fig. 7b) when 

compared to LDH-NH-COOH treated cells (Fig. 7a). The 

mechanism of action by which LDH-NH-COOH-CP complexes 

causes DNA damage is not fully understood from our results. 

One of the possible mechanisms is via the binding of drug with 20 
the DNA and thereby halting the processes such as replication 

and transcription leading to apoptosis. 

 
 
Fig. 8 Photographs of hemolysis of RBCs after the 25 
treatment of 100, 200, 400, 800, 1600 µg mL-1 of (a) LDH-

NH2, (b) LDH-NH-PEG5000, and (c) LDH-NH-COOH 

samples for 3 h. The red hemoglobin in the supernatant 

indicated the damage of RBCs in the positive control 

experiment. dd-H2O and PBS are used as positive (P) and 30 
negative (N) controls, respectively. 

 

To further evaluate the in vivo toxicity of the LDH-NH-

COOH-CP complexes, we performed a hemolytic assay. 

This assay measures the release of hemoglobin from the 35 
cells resulting from red blood cell destruction and estimates 

the extent of RBC hemolysis. For hemolytic assay, we 

incubated various particles with different concentrations 

(100, 200, 400, 800, and 1600 µg mL-1) with RBCs for 3 h 

and the results were as shown in Fig. 8. The exposure of 40 
LDH-NH2, LDH-NH-PEG5000, and LDH-NH-COOH 

samples to RBCs did not induce hemolysis; therefore, we 

can confirm that the surface functionalized LDH 

nanoparticles are highly biocompatible and non-toxic, even 

at very high concentrations. To increase the therapeutic 45 
efficacy and reduce the deleterious side effects there is a 

need to design site-specific delivery systems which can 

significantly reduce the drug dosage thereby reducing the 

toxicity resulting from the drug accumulation in the off 

targeted sites. To meet this challenge, we regulated the 50 
surface properties on LDH nanoparticles that efficiently 

delivered the drug in the targeted organ. We studied the 

biodistribution of LDH-NH2, LDH-NH-PEG5000, and 

LDH-NH-COOH samples in the animal model by using a 

NIR fluorescent dye (Cy 5.5) as an optical contrast agent. 55 
To get a solid prove for the distribution of the 

functionalized LDH nanoparticles, we traced the 

fluorescent stability of various modification of LDH-Cy5.5 

samples in blood plasma for 3 h. The results showed the 

fluorescent intensity is stable in plasma and there is no 60 
leaching of fluorescent dye (Cy5.5) from LDH surfaces 

because the centrifuged pellets have very high fluorescent 

intensity and the supernatant of blood plasma is clear and 

not fluorescent. Thus, the combination of functionalized 

LDHs and Cy 5.5 can provide the high stability and 65 
efficiency for in vivo optical imaging because the excitation 

and emission at long wavelengths (ex: 678 nm; em: 703 

nm) in the NIR window minimizes the intrinsic background 

interference since blood and tissue are relatively transparent 

in this range.  70 
 

 

 
 
 75 (b) 

 

(a) 
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Fig. 9 (a) Fluorescent images of dissected organs from a 

mouse sacrificed after i.v. injection of Cy5.5-labeled LDH-

NH2, LDH-NH-PEG 5000 and LDH-NH-COOH for 3 h. (b) 

graphical representation of quantitative distribution of 5 
fluorescence with respective each organ. 

 

 

 

In order to confirm the fluorescent intensity in each organs, 10 
a typical ex vivo organ optical imaging of sacrificed mice 

after an i.v. injection of various LDH samples for 3 h is 

acquired and showed in Fig. 9a. To compare the relative 

fluorescent intensity of various samples, the organs were 

imaged using the same intensity of PMT at 250V and Fig. 15 
9a was represented in the same scale range. We observed 

that the relative intensity of fluorescence of the LDH-NH2 

samples remained mainly in the lungs. Lung accumulation 

of positive LDH-NH2 may arise due to the non-specific 

electrostatic interaction between the positive charges of 20 
LDH-NH2 surfaces and the negative charges of cellular 

membranes. Indeed, the first organs for nanoparticle influx 

by i.v. injection were the lungs, and the capillary circulation 

usually causes a slower blood flow in the lungs; therefore, 

the LDH-NH2 nanoparticles maybe rapidly uptaken by lung 25 
epithelial and macrophage cells. To prolong the circulation 

time and decrease the rapid clearance from the biological 

systems, we modified the LDH-NH2 surfaces with 

PEG5000 molecules. We can observe a comparatively less 

accumulation of LDH-NH-PEG 5000 samples, in all the 30 
five organs (Fig. 9b). It has been reported that PEG 

modification provides a steric shield around the particle 

shells, effectively preventing plasma proteins from 

adsorption to the particle surface and thus avoiding 

subsequent uptake by macrophages in the 35 
reticuloendothelial system. In case of negatively charged 

carboxylate-LDHs, nanoparticle accumulation in the lung 

was relative lower than the positive charged amino-LDHs. 

However, there is a significant accumulation of 

carboxylate-modified LDHs in the liver (Fig. 9b). We can 40 
speculate the difference in the biodistribution of the 

opposite charged LDHs to the decrease of affinity of 

negatively charged carboxylate-LDHs with lung 

macrophage cells, and epithelial cells; therefore, 

carboxylate-modified LDHs can retain in the blood 45 
circulation and pass the lung. The large accumulation of 

LDH-NH-COOH samples in liver may arise from the 

uptake contribution from the liver hepatocellular cells. 

Partial accumulation of nanoparticles in spleen may arise 

from the cleared effect from the uptake by the 50 
reticuloendothelial system and the mononuclear phagocytic 

system which were largely present in the spleen and bone 

marrow.  

 

 55 
 

 

 

 

 60 
 

 

 

Fig. 10 Flow cytometric analyses of cellular uptake of LDH 

samples in (A) Raw 264.7, (B) A549, and (C) Hep G2 cells 65 
for 1 h. (a) control cells without nanoparticle treatment 

(black line), (b) LDH-NH2 (blue line), (c) LDH-NH-PEG 

5000 (green line), and (d) LDH-NH-COOH (red line) 

samples. 

 70 
To explain the comparative in vivo biodistribution profile of 

the three types of nanoparticles, an in vitro experiment of 

flow cytometry to evaluate their uptake by RAW264.7 

(mouse macrophage cell), A549 (human lung epithelial 

cell), and Hep G2 (liver hepatocellular) cell lines was 75 
carried out (Fig. 10). 

It is evident from the flow cytometry results that the 

positively charged LDH-NH2 nanoparticles have the 

highest level of cellular uptake in all the three cell lines. 

Thus, the particles administered through i.v. tail vein 80 
injection, first circulated in the lungs and thereby resulting 

in significant particle accumulation in the lungs by non-

specific uptake of lung epithelial and macrophage cells. The 

PEG5000-modified LDH samples displayed a decreased 

level of non-specific cellular uptake in all the three cell 85 
lines which is evident from the low cellular fluorescent 

intensity level that is similar to control groups (untreated 

cell lines). The modification of PEG5000 polymer is 

believed to provide a steric shield around the particle 

surfaces thereby prolonging the particle circulation in the 90 
blood through decreased uptake by lungs, liver and the 

resident phagocytes. In case of LDH-NH-COOH samples, 

the cellular uptake results showed that the negatively 

charged nanoparticle surfaces have much less affinity 

towards RAW264.7 and A549 cell lines. However, a 95 
significant uptake is seen in Hep G2 cell lines 

demonstrating their ability to interact with liver. The in 

vitro cellular uptake experiments from flow cytometry are 

relevant to effects observed in vivo. 

 100 

Conclusions 

In summary, our findings suggest that charge functionalized 

LDH nanoparticles have an enormous potential to serve as 

tools for noninvasive imaging and organ specific drug 

delivery. An increased number of carboxyl groups in the 105 
layered structure enhanced the drug-loading capacity and 

the stability of poor water soluble drug Cisplastin thus 

minimizing the off-target toxicity. The excellent 

biocompatibility of functionalized LDH was demonstrated 

by its negligible red blood cell hemolysis and lactate 110 
dehydrogenase release even at extremely high 

concentrations. We have shown that drug conjugated 
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nanoparticle (LDH-NH-COOH-CP) complexes have a high 

anti-proliferative effect on the colon cancer cell lines when 

compared with the administration of free drug 

demonstrating the efficacy of LDH nanoparticles as drug 

carriers. Interestingly, the un-charged LDH-NH-PEG5000 5 
particles have a very low macrophageal uptake in the 

reticuloendothelial system (RES) thereby increasing the 

blood circulation with low levels of particle accumulation 

in the major organs. Additionally, the encapsulation of the 

drug molecule in the layered structure facilitated safe 10 
transportation of the drug molecules to the targeted site 

avoiding the drug leakage in the off-targeted sites. The use 

of LDH nanoparticles as drug delivery vehicles bear many 

advantages over other nano carriers as they bear a net 

positive charge on their surface which can aid the binding 15 
of various functional groups, biological moieties and 

imaging agents bearing negative charges to achieve organ-

specific drug delivery along with simultaneous diagnosis. 
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