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Drug delivery systems with targeting agents for precise drug 

release in cancer therapy is very significant and important. Herein, 

we report rational design and synthesis of a DOX (doxorubicin) 

loaded UiO-68-type of nanoscale metal-organic framework 

(NMOF) with tumor targeting agent (folic acid, FA), DOX@UiO-68-

FA (3), as a multifunctional drug delivery system for hepatoma 

(Hep G2) therapy via tail-vein injection. Compared to free DOX, 

FA-unloaded DOX@Mi-UiO-68 (2), 3 exhibits a much higher 

antitumor efficacy, which was confirmed by cell imaging, standard 

3-(4,5)-dimethylthiahiazol-2-yl)-2,5-diphenytetrazolium bromide 

(MTT) proliferation and in vivo experiments. 

Nanoscale metal-organic frameworks (NMOFs), as a typical 

class of nano-sized porous hybrid material, provided a variety 

of attractive potential applications, including adsorption 

/separation, heterogeneous catalysis and sensing. 
[1]

 Due to 

their nanoscale particle size, high surface area, large porosity, 

and low toxicity, NMOFs have been recently demonstrated to 

be the ideal platforms for drug upload and controlled delivery 

in medical application, especially cancer therapy. 
[2]

 

It is known that the surface functionality of NMOFs can be 

covalently modified by virtue of post-synthetic approach. 
[3]

 In 

principle, as drug carriers, NMOFs could be endowed targeting 

property towards specific tumor biosignals via purposefully 

functional decoration on the organic groups attached to 

organic linkers. In this way, targeting functionality, together 

with drug loading, delivery and medical treatment properties, 

could be logically integrated into a single NMOF platform, 

consequently,  

 
Scheme 1. Design and fabrication of FA targeting agent decorated drug delivery 
system 3, and its application in cell imaging and in vivo antitumor therapy. 

a higher efficient chemotherapy would be realized. So far, only 

a few examples of NMOF materials for in vivo cancer therapy, 

including photodynamic therapy (PDT) and drug delivery 

NMOF systems, have been reported. The targeting agent 

decorated NMOF drug delivery system, derived from the post-

synthetic covalent modification, for cancer therapy via tail-vein 

injection, to our knowledge, is unprecedented. 
[4]

 On the other 

hand, the targeting antitumor treatment base on drug delivery 

system via vein injection would be more significant potential 

for clinical translation. 

In this contribution, we report a multifunctional integrated 

drug delivery system DOX@UiO-68-FA (3, DOX = doxorubicin, 

FA = folic acid) based on a UiO-68-type of NMOF via post-

synthetic covalent modification (Scheme 1). It exhibits high 

efficient antitumor efficacy which is confirmed by cell imaging, 

MTT proliferation and in vivo experiments on Hep G2 

subcutaneous xenograft murine model via tail-vein injection. 
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Fig. 1 Left: XRPD patterns of 1-3 and simulated XRPD pattern of UiO-68. 
Compared to 1, there are no characteristic differences in the intensities in XRPD 
peaks of 2 and 3 after Dox loading and FA decoration because of the low 
included Dox and FA amount (ESI). Right: normalized solid-state emission spectra 
of 1-3. Photographs of 1-3 samples are inserted. 

We hypothesized that the UiO-68-based NMOF could be the 

ideal candidate for this multifunctional NMOF drug delivery 

system. First, UiO-68-type MOF is known to be very stable in 

aqueous media, and it possesses large internal pores (the 

distance between the opposite oxygen atoms in the larger 

octahedral SBUs pores is 25.6 Å)
5
 which will facilitate relative 

larger sized drug molecule (for example DOX, dimension of 

15.3 × 11.9 Å)
2f

 loading; second, UiO-type MOFs are low 

toxicity,
2g

 and their size can be readily scaled down to 

nanoregime (< 200 nm),
6
 which is allowed it to be suitable for 

chemotherapy; third, the surface of UiO-type NMOFs can be 

covalently modified via post-synthesis with small molecular 

target agent FA, which is a widely recognized targeting agent 

for tumor cells. 
7
  

 The preparation of nano-sized DOX@UiO-68-FA (3) was shown 

in Scheme 1. Its precursor of Mi-UiO-68 (1) was prepared by 

heating a DMF solution of the maleimide-attached H2L ligand 

and ZrCl4 at 120°C (ESI). The obtained Mi-UiO-68 MOF (1) was 

simply immersed in a DOX hydrochloride aqueous solution (1 

mg/mL, 5 mL) at room temperature for 24 h (monitored by 

UV-vis spectra, ESI) to generate DOX@Mi-UiO-68 (2). SEM 

image and DLS measurement of 2 indicated that the NPs are 

centered at 140±21 nm (ESI). After that, DOX@Mi-UiO-68 (2) 

was decorated by thiolated FA species (DMF, r. t.) via thiol-

maleimide Michael-type addition
8
 to yield drug delivery 

system of DOX@UiO-68-FA (3) with the targeting agent (ESI).  

The XRPD patterns of 1-3 are identical to that of pristine 

UiO-68,
9
 and thus indicated that the structural feature and 

crystallinity of UiO-68 framework were maintained during the 

DOX encapsulation and post-synthetic processes (Fig. 1). 

Furthermore, 3 is stable in cell culture fluid, making it suitable 

for application in cancer therapy (Fig. 1 and ESI). In addition, 

the encapsulated DOX emission 
10

 was clearly detected in the 

solid state luminescent spectra of 2 and 3 (λex = 485, λem = 590 

nm), which further confirmed this DOX encapsulation. 

Correspondingly, the colour of 1 changed from off-white to 

brown (2) and red-brown (3) (Fig. 1). 

High resolution transmission electron microscopy (HR-TEM) 

and scanning electron microscope (SEM) showed that the 

obtained DOX@UiO-68-FA (3) nanoparticles are uniformly 

distributed (Fig. 2), which is further confirmed by the dynamic 

light scattering (DLS) measurement. As shown in Fig. 2, the 

hydrodynamic diameters of the DOX@UiO-68-FA (3) possess a 

 
Fig. 2 Left: HR-TEM and SEM images of 3. Right: dynamic light scattering (DLS) 
measurement of 3.  

narrow size distribution and the size of the NPs are centered at 

140±21 nm. Such sized nanoparticles (< 200 nm) definitely 

meet the requirement for tumor chemotherapy. Elemental 

analysis demonstrated that the post-synthetic FA decorating 

yield is ca. 4.2 mol % (ESI). For further confirmation this post-

synthetic thiolated FA decoration, the reaction of the 

esterified maleimide-substituted organic linker H2L with 

thiolated FA was examined before the synthesis of 3 under the 

same reaction conditions (DMF, r.t., 10 min.). The reaction 

readily proceeded and the expected thiolated FA decorated 

product was unambiguously confirmed by the MS spectrum 

(ESI). Compared to 2 (ESI), although no detectable changes 

were observed after FA decoration based on SEM and DLS 

measurement, the corresponding Zeta potential changed from 

-15.7(±0.9) mV (2) to -13.5(±0.4) mV (3). 

The DOX loading amounts in 2 and 3 were determined by 

fluorescence spectroscopy to be 4.84 and 4.79 wt %, 

respectively (ESI).
11

 When accounting for the involved FA (ca. 

4.2 mol %) in 3, the DOX content in 2 and 3 are basically the 

same, indicating that no DOX leaching occurred during the FA-

decorated post-synthetic process. 

 
Fig. 3 DOX release profiles from DOX@Mi-UiO-68 (2) and DOX@UiO-68-FA (3) in 
PBS (pH = 7.4) and deionized aqueous solution (pH = 7.0) at 37°C, respectively. 
NMOF particles (1 mg) of 2 or 3 were uniformly dispersed in PBS (25 mL) and 
deionized water (25 mL) with shaking at 100 rpm. The fluorescent intensity (λex = 
485 nm, λem = 590 nm) of the DOX solution (1 mL each time) from above systems 
was measured at different time. 

Next, we evaluated the DOX release at 37°C using either a 

cell culture fluid (phosphate buffered saline (PBS), 0.1 M at pH 

= 7.4) or deionized water.
12

 As indicated in Fig. 3, the total 

amount of DOX in 2 and 3 was released in 40-50 and 50-55 h in 

both PBS and water media, respectively. So the complete drug 

release of 2 and 3 is faster in PBS than in water, which would 

be helpful for the in vivo anticancer application. In all case, 

release rate was fast over a first period of 12 h, and the release 

rate went down during the rest time. Compared to 2 

(complete release at ca. 40 h) in PBS, DOX release from 3 is 

slightly slower (complete release at ca. 50 h), which is logically 

resulted from the blocking effect of the surface decorated FA 

species. 

For examination of the cellular biocompatibility and 

membrane permeability of DOX@Mi-UiO-68 (2) and 
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DOX@UiO-68-FA (3), cell imaging experiments were carried 

out. Human hepatoma cells (Hep G2) and human hepatocyte 

(HL-7702) were selected and visualized by using a green 

channel for NMOFs (λex = 405 nm) and a red channel for DOX 

(λex = 485 nm). DOX@UiO-68-FA (3) and DOX@Mi-UiO-68 (2) 

nanocrystals were respectively incubated with Hep G2 cells for 

2 h, and we notice that the both red (λem = 560 - 610 nm) and 

green (λem = 470 - 520 nm) luminescence are located in the 

cytoplasm, indicating that UiO-68 NMOFs with DOX is able to 

pass across the tumor cell membrane. Compared to 

DOX@UiO-68-FA (3, Fig. 4a), however, much fainter 

luminescence was observed in the case of Hep G2 incubated 

with DOX@Mi-UiO-68 (2) nanocrystals without FA targeting 

agent (Fig. 4b), which implies targeting ability of FA species in 

3 is the key factor to affect the cellular uptake and cause this 

distinct difference in emission intensity, which is further well 

demonstrated by the flow cytometry analysis. As shown in Fig. 

5, the mean fluorescence intensity (MFI) value in Hep G2 cells 

treated with 3 increased ca. 2.6-fold compared to that treated 

with 2. In addition, when 2 and 3 were respectively incubated 

with normal liver cells of HL-7702 under the same conditions, 

no obvious fluorescence in either green or red channel was 

observed (Fig. 4c and 5), demonstrating the targeting agent 

FA-decorated NMOFs could be selectively enriched in 

Hepatocellular carcinoma cells (FR-positive) instead of normal 

liver cells (FR-negative). This is consistent with the fact that FA 

receptors such as FRα, FRβ and FRγ are expressed at higher 

levels in many kinds of cancers, including liver cancer, to meet 

the FA demand of rapidly dividing cells under low FA 

conditions.
7 

On the other hand, when free Dox incubated with 

both Hep G2 and HL-7702, also no visual detectable red 

fluorescence for Dox was observed (Fig. 4), indicating MOF 

carrier is significantly important for Dox delivery.  
 

 
Fig. 4 Overlaid DIC confocal fluorescence image of living Hep G2 and HL-7702 
cells. a-b) Hep G2 cells respectively incubated with DOX@UiO-68-FA (3, 10

-4
 

mg/mL) and DOX@Mi-UiO-68 (2, 10
-4

 mg/mL). c-d) HL-7702 incubated with 
DOX@UiO-68-FA (3, 10

-4
 mg/mL) and DOX@Mi-UiO-68 (2, 10

-4
 mg/mL). e-f) Hep 

G2 and HL-7702 respectively incubated with DOX. Incubation was carried out at 
37°C under a humidified atmosphere containing 5 % CO2. Scale bars are 25 µm in 
all images. 

 
Fig. 5 The mean fluorescence intensity (MFI) of HL-7702 and Hep G2 cells treated 
by 2, 3 and Dox, respectively (P<0.001). The observation indicates that the 
binding of 3 to the Hep G2 cells is much stronger than that of 2, which is clearly 
attributed to the high specific interaction between FA and Hep G2 cells. For 
comparison, HL-7702 cells only display very weak fluorescence in both green and 
red channels, suggesting a very low nonspecific binding of 2 to the cells. Dox 
incubated with both Hep G2 and HL-7702, also no visual detectable red 
fluorescence for Dox was observed, indicating Dox has bad penetration ability 
through cell membrane.    

 
Fig. 6 MTT experiments for cell viability (P<0.005). Left: control experiment and 
incubation of Hep G2 cells with DOX-unloaded 3 for 24 and 48 h. Right: control 
experiment and incubation of Hep G2 cells with free DOX, 2 and 3 for 48 h, 
respectively. 

In addition, cell viabilities of DOX unloaded framework, free 

DOX, 2 and 3 was evaluated and the values were determined by 

the standard 3-(4,5)-dimethylthiahiazol-2-yl)-2,5-

diphenytetrazolium bromide (MTT) proliferation test at 37°C 

and 48 h incubation. As shown in Fig. 6, DOX unloaded NMOF 

(10
-3

 mg/mL) showed basically no cytotoxicity to Hep G2 cells, 

indicating that the inhibition effect of the DOX-unloaded UiO-

68 framework is negligible (viability: 93.8% (24 h), 92.8% (48 

h)). In addition, MTT experiments were also performed to test 

the cytotoxicity of free DOX, DOX@Mi-UiO-68 (2) and 

DOX@UiO-68-FA (3) toward Hep G2 cells. Fig. 6 shows that 

DOX@UiO-68-FA (3) exhibits the highest cytotoxicity to tumor 

cells among free DOX, DOX@Mi-UiO-68 (2) and DOX@UiO-68-

FA (3). At the concentration of 4.84 × 10
-5

 mg/mL, the cellular 

viability treated by free DOX is 85.4 % after 48 h. After 

treatment with DOX@Mi-UiO-68 (2) and DOX@UiO-68-FA (3) 

at a concentration of 10
-3

 mg/mL (equivalent to a 

concentration of DOX of 4.84 × 10
-5

 mg/mL) for 48 h, the 

viability is 63.5 and 48.9 %, respectively (Fig. 6). 

Encouraged by above observation, we performed in vivo 

anticancer test. Xenografts were established from cultured 

cells to evaluate the in vivo antitumor effect of 3. Human 

HepG2 cells were suspended via trypsinization and collected 

by centrifugation (1500 rpm, 4 min) and approximately 5 × 10
6
 

HepG2 cells in Dulbecco's Modified Eagle Medium (DMEM, 

100 μL) were subcutaneously injected into right of the nude 

mice. The tumor volume (V) was calculated as V = L × W
2
/2 by 

measuring the length (L is the longest diameter) and width (W 

is the shortest diameter). The relative tumor volumes were 

calculated for each sample as Vt/V0 (V0 was the original tumor 
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volume). The treatments were administrated when the tumor 

volume reach to about 150 mm
3
. 

When the tumor volume reached to ca. 150 mm
3
, the 

tumor-bearing mice were weighed and randomly divided into 

4 groups (6 mice each group). The mice were subjected with 

different treatments: PBS (50 μL) only, free DOX, DOX@Mi-

UiO-68 (2) 

 

 

Fig. 7 In vivo anticancer test via tail-vein injection on Hep G2 tumor bearing mice 
(P<0.05). a) Tumor volume after treatment. b) Corresponding mice weight after 
treatment. c) Photographs of mice on day 14. d) Photographs of corresponding 
excised tumors of each group after 14 days treatment. The Zr species was 
detected by ICP-MS after 48 h of injection, and biodistribution of 2 and 3 in mice 
organs after intravenous injection are given in ESI. 

and DOX@UiO-68-FA (3) via tail-vein injection every two days 

intervals with the same dosage of 5 mg DOX/kg body weight. 

The tumor size and the body weight of each mouse were 

measured every two days intervals during two weeks. 

As shown in Fig. 7, the relative tumor size follows a 

sequence of PBS > free DOX > 2 > 3 group, indicating that 

DOX-loaded 3 with targeting agent of FA exhibited the highest 

antitumor efficacy among free DOX, 2 and 3. Fig. 7a shows that 

the mice tumor growth treated with PBS and free DOX could 

not be suppressed after 14 days, while the HepG2 proliferation 

treated with 2 was effectively inhibited which is reflected by 

the fact that almost no size expansion was detected in 14 days. 

In contrast, the tumor growth was significantly depressed by 3 

and their size distinctly decreased. The corresponding size 

ratio compared to original tumor size is 2.90 (PBS), 2.06 (DOX), 

1.14 (2) and 0.38 (3), respectively. As shown in Fig. 7b, the fast 

weight growth in PBS and DOX groups could be attributed to 

the aggressive tumor growth. The steady and slight body 

weight increase in 2 and 3 groups was observed after 14 days 

treatment, indicating their lower systemic toxicity and higher 

antitumor efficacy. Such observation was further supported by 

the excised tumors from the sacrificed mice (Fig. 7c and 7d). 

In conclusion, we have designed and prepared a target 

agent bearing NMOF drug delivery system. The DOX loaded 

Mi-UiO-68 NMOF was covalently decorated by the targeting 

agent FA via thiol-maleimide Michael-type addition into this 

multifunctional drug delivery system. The cell imaging, MTT 

proliferation and in vivo studies demonstrated that the 

targeting FA-decorated DOX@UiO-68-FA exhibits the best 

therapeutic effect compared to free DOX and FA-undecorated 

DOX@Mi-UiO-68. This work demonstrates that drug loading, 

release, targeting and medical treatment can be logically 

integrated into NMOF platform, which might be an alternative 

approach to access multifunctional cancer treatment system. 
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Drug loading, release, targeting and medical treatment are successfully integrated into a UiO-68-type NMOF platform via post-synthetic covalent modification, 

and the obtained DOX@UiO-68-FA can be a highly effective drug system for hepatoma therapy. 
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