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Abstract: Dexamethasone (Dex) is an effective glucocorticoid in treating inflammation and 

preventing rejection reaction. However, the side effects limit its clinical application. To improve 

its druggable profile, the conjugates of RGD-peptide-modified Dex were presented and their 

enhanced anti-inflammation activity, minimized osteoporotic action, and nanoscaled assembly 

were explored. (RGD stands for Arg-Gly-Asp. Standard single letter biochemical abbreviations 

for amino acids have been used throughout this paper.) In respect of the rejection reaction, 

the survival time of the implanted myocardium of the mice treated with 1.43 µmol/kg/d of 

the conjugates for 15 consecutive days was significantly longer than that of the mice treated 

with 2.5 µmol/kg/d of Dex, and the conjugates, but not Dex, exhibited no toxic action. At a 

single dose of 14.3 µmol/kg (100 times minimal effective dose, 0.143 µmol/kg), the conjugates 

induced no liver, kidney, or systemic toxicity. At the dose of 1.43 µmol/kg, the conjugates, 

but not Dex, prolonged the bleeding time of the mice, and inhibited the thrombosis of the rats. 

In water and rat plasma, the conjugates formed nanoparticles of 14–250 and 101–166 nm in 

diameter, respectively. Since the nanoparticles of ~100 nm in size cannot be entrapped by mac-

rophages in the circulation, RGDF-Dex would particularly be worthy of development, since its 

nanoparticle diameter is 101 nm.

Keywords: Dexamethasone, immunosuppression, coagulation, thrombus, acute toxicity, 

nanomedicine, development

Introduction
As one of most effective glucocorticoids, dexamethasone (Dex) is clinically used to 

treat inflammatory diseases,1,2 rheumatoid arthritis,3–5 postoperative induced nausea 

and vomiting, and low-level emetogenic chemotherapy/radiotherapy.6–8 It has also 

been used to treat castration-resistant prostate cancer,9 postoperative pain,10 diabetic 

macular edema, as well as asthma exacerbation.11,12 In addition, Dex is an effective 

therapeutic for treating primary immune thrombocytopenia and perioperative immuno-

suppression of cardiac transplantation, preventing rejection of the transplanted organ, 

and preserving graft function.13–16

However, the clinical use of Dex is limited by its side effects. In cardiac surgery, 

intraoperative high-dose of Dex is associated with rethoracotomy risk.17 A single dose 

of Dex was associated with myocardial hypertrophy of laryngeal edema in a preterm 

infant.18 For patients in valvular cardiac surgery, high-dose Dex has no protective 

effect on the occurrence of postpericardiotomy syndrome,19 while low-dose Dex may 

worsen the survival of surgery patients with rectal cancer.20 The psychiatric and cogni-

tive symptoms resembling major depression could be observed in patients’ elevated 

levels of Dex.21 Preterm labor risk could result from Dex use.22 The treatment with 

Dex (postnatally) is associated with adverse motor outcome, such as abnormal fine 
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motor, ball skills and balance,23 and ubiquitous distribution 

is correlated with systemic toxicity.24 Dex administration is 

also the most common cause of secondary osteoporosis.25 

Therefore, developing safe and effective Dex derivatives is 

of great clinical importance.

Arg-Gly-Asp-Val (RGDV), Arg-Gly-Asp-Ser (RGDS) and 

Arg-Gly-Asp-Phe (RGDF) are well-known antiadhesive pep-

tides, which are the motifs of integrins in recognizing collagen, 

fibronectin, vitronectin, laminin, immunoglobulin superfam-

ily, and plasma proteins. Recently, these peptides were used to 

modify Dex, yielding three nanoscale conjugates RGDV-Dex, 

RGDS-Dex, and RGDF-Dex (Figure 1), which are capable 

of targeting integrins. In a mouse model, the conjugates are 

superior to Dex in inhibiting inflammatory and osteoporotic 

actions.26 However, whether they are worthy of development 

remains unclear. In this context, the nanostructures, immuno-

suppressive activities, thrombosis risks, and toxicities of these 

three conjugates were investigated.

Materials and methods
Animals
Male Wistar rats (male, weighing 250–300 g), BALB/C 

mice (male, 14 weeks in age), and ICR mice (male, 22±2 g) 

were purchased from Laboratory Animal Center of Capital 

Medical University. The animals were housed in polypropyl-

ene cages at 22°C±2°C and relative humidity of 60%–70%, 

with automatically controlled 12/12 hours light/dark cycle, 

and provided with the standard pellet diet and drinking water 

in plastic bottles. All assays were conducted between 9 am 

and 4 pm. Overnight fast was imposed before assays.

Work performed was based on a protocol reviewed 

and approved by the ethics committee of Capital Medical 

University. The committee assures that the welfare of the 

animals was maintained in accordance to the requirements 

of the Animal Welfare Act and in accordance to the NIH 

Guide for Care and Use of Laboratory Animals. Statistical 

analyses of all the biological data were carried out by use 

of analysis of variance (ANOVA). P-values ,0.05 were 

considered statistically significant.

RGDV-Dex, RGDS-Dex, and RGDF-Dex
Dex was modified with RGD-peptides. In the 9-step modi-

fication procedure, the strategy with butane diacid bridging 

the hydroxy group of Dex at 21-position and the N-terminal 

amino group of the RGD-peptides was used, and three novel 

conjugates RGDV-Dex, RGDS-Dex, and RGDF-Dex were 

obtained. The high-performance liquid chromatography 

(HPLC) purity (CHIRALPAK AH-H column, 4.6×250 mm, 

Daicel Chemical Industries Ltd., Osaka, Japan) of these con-

jugates was 97%–98%. The chromatograms and the optical 

spectra are shown in Figures S1–S9.

Transmission electron microscopy
The examinations of the nanostructures of RGDV-Dex, 

RGDS-Dex, and RGDF-Dex were performed on a trans-

mission electron microscope (TEM, JSM-6360 LV, JEOL, 

Tokyo, Japan). The solutions of 10-8, 10-10, and 10-12 M of 

RGDV-Dex, RGDS-Dex, or RGDF-Dex in water (pH 7.0) 

were dripped onto a formvar coated copper grid, and then a 

drop of anhydrous ethanol was added to promote the removal 

of water. At first, the grid was allowed to thoroughly dry in 

air and then was heated at 37°C for 24 hours. The copper 

grids were viewed under the TEM. The nanostructures were 

determined from counting over 100 species in randomly 

selected regions on the copper grids. All determinations 

were carried out in triplicate grids. The TEM was operated 

at 80 kV, electron beam accelerating voltage. Images were 

recorded on an imaging plate (Gatan Bioscan Camera model 

1792, Gatan, Inc., Pleasanton, CA, USA) with 20 eV energy 

windows at 6,000–400,000× and were digitally enlarged.

Figure 1 Structure of RGDV-Dex, RGDS-Dex, and RGDF-Dex.
Abbreviations: RGDV, Arg-Gly-Asp-Val; RGDS, Arg-Gly-Asp-Ser; RGDF, Arg-Gly-Asp-Phe; Dex, dexamethasone.
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Atomic force microscopy
To show that our solution was transparent, but not colloidal, 

we used 10-8 M solution, the highest concentration among the 

three concentrations, to record the atomic force microscopy 

(AFM) images. AFM tests were performed by using the con-

tact mode on Nanoscope 3D AFM (Veeco Instruments, Ltd, 

Plainview, NY, USA) under ambient conditions. Samples of 

rat plasma alone or ultrapure water alone and rat plasma or 

ultrapure water plus RGDV-Dex, RGDS-Dex, and RGDF-

Dex (10-8 M) were used for recording the images, and all 

samples were imaged in triplicate.

Faraday–Tyndall effect test
The self-assembly property of RGDV-Dex, RGDS-Dex, 

and RGDF-Dex in aqueous solution was visualized with 

laser (650 nm) induced Faraday–Tyndall effect.27 For 

this purpose, pH 7.0 ultrapure water and pH 2.0 ultrapure 

water were irradiated with laser beam of 650 nm, and 

Faraday–Tyndall effect was recorded. Similarly, the 10-8 M 

solution of RGDV-Dex or RGDS-Dex or RGDF-Dex in ultra-

pure water (pH 7.0 and pH 2.0) was irradiated with laser beam 

of 650 nm and Faraday–Tyndall effect was recorded.

Size distribution test
After 7-day storage at room temperature, size distribution 

test of the 10-8 M solutions of RGDV-Dex or RGDS-Dex 

or RGDF-Dex in ultrapure water (pH 7.0 and pH 2.0) 

was carried out on a Malvern Zetasizer (Nano-ZS90; 

Malvern Instruments, Malvern, UK) with the DTS (Nano) 

Program.

ζ-Potential test
Seven days after room temperature storage, the ζ-potential of 

10-8 M solution of RGDV-Dex or RGDS-Dex or RGDF-Dex 

in ultrapure water (pH 7.0) was measured using the automatic 

mode on a Malvern’s Zetasizer (Nano-ZS90; Malvern Instru-

ments) with the DTS (Nano) Program.

Concanavalin A-induced lymphocyte 
proliferation assay
BALB/C mouse was killed, the spleen was extirpated in 

asepsis condition, triturated with injector core on stainless 

steel mesh of 200, washed with PBS (0.5 mL ×2), at 

1,500 rpm/min centrifuged for 10 minutes suspended in 

Roswell Park Memorial Institute-1640 medium to form 

5×106 cells/mL suspension. To each well of the 96-well 

microplate, 100 μL cell suspension and 20 μL concanavalin 

A (ConA, final concentration, 5 μg/mL) were successively 

added, the 96-well microplate was cultured at 37°C in 

a humidified atmosphere of 5% CO
2
 for 4 hours. ConA 

induced proliferation of spleen lymphocytes of BALB/C 

mice was measured. Based on the tested optical density 

(OD) and % inhibition = [(OD
4a–c

 – OD
ConA

)/OD
ConA

] ×100% 

(where in OD
4a–c

 represents the OD value derived from the 

lymphocytes treated with RGDV-Dex, or RGDS-Dex, or 

RGDF-Dex, OD
ConA

 represents the OD value derived from 

the lymphocytes treated with ConA), the inhibitory rates of 

RGDV-Dex, or RGDS-Dex, or RGDF-Dex were calculated, 

of which the inhibitions at various concentrations (1×10-4, 

8×10-5, 5×10-5, 2×10-5, 1×10-5, 8×10-6, 5×10-6, and 1×10-6 

M) were calculated to draw the proliferation curve of mouse 

spleen cells and to calculate the half-maximal inhibitory 

concentration (IC
50

) values.

Myocardium survival time assay
The split hearts (3×3 mm in size) were prepared with the 

hearts of C57bl/6 mice of near full term fetuses to 48 hours 

old and transplanted into the base of the “pocket” near the 

distal edge of the ear of BALB/C mice (male, 14 weeks in 

age) by following the standard procedure. One day after 

transplantation, the mice in positive control group were 

intraperitoneally injected the suspension of cyclosporine A 

(CsA) in 0.5% carmellose sodium (CMCNa, 2.5 μmol/kg/d), 

the mice in negative control group were orally given 0.2 mL 

of 0.5% CMCNa/mouse/d, the mice in RGDV-Dex or RGDS-

Dex treated groups were orally given the suspensions of the 

respective drugs in 0.5% CMCNa (1.43 μmol/kg/d), the mice 

in RGDF-Dex treated groups were orally given the suspen-

sion of the drug in 0.5% carmellose sodium (CMCNa, 1.43, 

0.143, and 0.0143 μmol/kg/d), and the treatment was contin-

ued for 15 days. From seventh day, the split hearts implanted 

near the distal edge of the mouse ear received cardiogram 

examination every day to monitor their survival.

In vivo antithrombotic assay
Wistar rats were used in this assay. CMCNa (negative control) 

or aspirin (positive control) or RGDV-Dex or RGDS-Dex or 

RGDF-Dex suspended in CMCNa before administration was 

kept in an ice bath. Thirty minutes after the oral administra-

tion of 3 mL/kg of CMCNa or 3 mL/kg of aspirin (Beijing 

Pharmaceutical Works, Beijing, People’s Republic of China) 

in CMCNa (167 µmol/kg, 16.7 µmol/kg), or 3 mL/kg of 

RGDV-Dex in CMCNa (1.43 µmol/kg) or 3 mL/kg of RGDS-

Dex in CMCNa (1.43 µmol/kg), or 3 mL/kg of RGDF-Dex in 

CMCNa (1.43 µmol/kg) the rats were anesthetized with pento-

barbital sodium (Beijing Pharmaceutical Works, 80.0 mg/kg, 
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intraperitoneal injection) and the right carotid artery and left 

jugular vein were separated. A weighed 6 cm thread was 

inserted into the middle of a polyethylene tube which was filled 

with heparin sodium (50 IU/mL in normal saline). One end of 

the polyethylene tube was inserted into the left jugular vein. 

From the other end of the polyethylene tube, heparin sodium 

was injected as anticoagulant, and this end was inserted into 

the right carotid artery. Blood was allowed to flow from the 

right carotid artery to the left jugular vein through the poly-

ethylene tube for 15 minutes. The thread was retrieved to 

obtain the thrombus weight. After operation, the treated rats 

were euthanized immediately by exsanguination from the right 

carotid artery under pentobarbital sodium anesthesia.

In vivo tail bleeding time assay
The assay was performed by following a standard procedure. 

In brief, male ICR mice (18–22 g) were orally administered 

with CMCNa (0.5%, 0.2 mL/mouse of dose) or the suspen-

sion of Dex in CMCNa (dose, 2.5 µmol/kg), and orally 

administered with the suspension of RGDF-Dex or RGDS-

Dex or RGDV-Dex in CMCNa (dose, 1.43 µmol/kg). Thirty 

minutes after the administration, the mouse was placed in a 

tube holder, the tail of the mouse was protruded, and 2 mm 

of tail tine was cut off. The flowing blood was gently wiped 

away with a filter paper every 30 seconds until blood flow 

stopped; this helped calculate the bleeding time.

Acute toxicity assay
Male ICR mice were purchased from Laboratory Animal 

Center of Capital Medical University for determining 

acute toxicity. The mice were maintained at 21°C with a 

natural day/night cycle in a conventional animal colony 

and were 10 weeks old at the beginning of the experiment. 

Twelve hours after fasting, mice were randomly divided 

into eight groups (six per group). The mice were orally 

administered with the suspension of RGDV-Dex or RGDS-

Dex or RGDF-Dex in CMCNa (dose: 14.3 µmol/kg, 100 

times of 0.143 µmol/kg of the minimal effective dose) or 

CMCNa (0.5%, 0.2 mL/mouse). Four hours or 7 days after 

the administration, the mice received ether anesthesia and 

were sacrificed to sample the blood and organs for toxic 

analysis.

Determination of serum ALT, AST, and Cr
To estimate the effect of RGDV-Dex, or RGDS-Dex, or 

RGDF-Dex on liver and kidney function, acute toxicity assay 

was performed on the blood of ICR mice and the blood was 

centrifuged to obtain serum for measuring alanine transami-

nase (ALT), aspartate transaminase (AST), and creatinine 

(Cr) by using alanine aminotransferase assay kit, aspartate 

aminotransferase assay kit, and creatinine assay kit, respec-

tively, on a microtiter plate reader within 15 minutes and 

recording OD value. All kits were purchased from Nanjing 

Jiancheng Bioengineering Institute. According to the stan-

dard curve, the serum concentrations of ALT, AST, and Cr 

were calculated (n=12). Data were statistically analyzed by 

Student’s t-test. P-values ,0.05 were considered statistically 

significant.

Results
Concentration and structure-dependent 
TEM images
In order to examine the effect of the concentration on the 

nanofeature, the TEM images of 10-8, 10-10, and 10-12 M of 

RGDV-Dex, RGDS-Dex, and RGDF-Dex in ultrapure water 

(pH 7.0) were recorded and are shown in Figure 2. The nano-

particle diameters of 10-8, 10-10, and 10-12 M of RGDF-Dex 

are 35–121, 25–75, and 23–85 nm, respectively. The nanopar-

ticle diameters of 10-8, 10-10, and 10-12 M of RGDS-Dex are 

23–186, 18–92, and 14–123 nm, respectively. The nanopar-

ticle diameters of 10-8, 10-10, and 10-12 M of RGDV-Dex are 

33–250, 11–254, and 26–103 nm, respectively. The diameter 

of the nanoparticles is decided by both concentration and the 

sequence of RGD-peptides.

Rat plasma and water do not affect the 
AFM image
To examine nanofeature of the conjugates in blood, the 

AFM images of 10-8 M of RGDV-Dex, RGDS-Dex, and 

RGDF-Dex in rat plasma were recorded and are shown 

in Figure 3A–D. As seen, in rat plasma RGDF-Dex, 

RGDS-Dex, and RGDV-Dex form the nanoparticles of 

~101, ~163, and  ~160  nm in size, respectively, while 

rat plasma alone does not give any comparable nanopar-

ticles. Of three conjugates, RGDF-Dex forms the smallest 

nanoparticles.

To exclude the effect of TEM and AFM models on the 

nanoparticle size, the AFM images of RGDV-Dex, RGDS-

Dex, and RGDF-Dex in ultrapure water (10-8 M) were also 

recorded and are shown in Figure 3E–H. As seen in both rat 

plasma and ultrapure water, 10-8 M of RGDV-Dex, RGDS-

Dex, and RGDF-Dex form similar nanoparticles.

The aqueous solution of the conjugates 
show nanoproperty
To show that the aqueous solution of the conjugates has 

nanoproperty, Faraday–Tyndall effect, size distribution, and 

ζ-potential tests were carried out in the 10-8 M solution of 
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RGDF-Dex, RGDS-Dex, and RGDV-Dex in ultrapure water. 

Figure 4A–D indicate that similar to ultrapure water, without 

laser beam irradiation the solutions of RGDF-Dex, RGDS-

Dex, and RGDV-Dex in ultrapure water are clean, while the 

irradiation of 650 nm laser beam induces the solutions of 

the conjugates in pH 7.0 and pH 2.0 ultrapure water to show 

Faraday–Tyndall effect.

The 10-8 M of conjugate aqueous solutions were also 

tested on a Malvern’s Zetasizer (Nano-ZS90; Malvern 

Instruments) with the DTS (Nano) Program to characterize 

the size distribution. Figure 4E–G indicate that the sizes 

of RGDF-Dex, RGDS-Dex, and RGDV-Dex in pH 2.0 

and 7.0 ultrapure water are 276.1±37.7 and 268.9±39.3, 

263.9±86.2, and 302.0±76.7 nm as well as 263.9±86.2 and 

258.4±81.6  nm, respectively. The size distribution of the 

conjugates in pH 7.0 ultrapure water is less than that in pH 2.0  

ultrapure water.

ζ-Potential tests were measured in the 10-8 M conjugate 

aqueous solutions . Figure 4H–J indicate that the ζ-potentials 

of RGDF-Dex, RGDS-Dex, and RGDV-Dex in pH 7.0 

ultrapure water are 39.3, 31.5, and 11.9 mV, respectively; 

RGDF-Dex possesses the highest value.

The conjugates inhibit spleen lymphocytes’ 
proliferation
The immunosuppressive activities of the conjugates were 

evaluated by ConA-induced proliferation of BALB/c mouse 

spleen lymphocytes. Figure 5 indicates that the IC
50

 values 

Figure 2 TEM images showing the effects of concentration.
Notes: (A) TEM images of 10-8, 10-10, and 10-12 M of RGDF-Dex in ultrapure water (pH 7.0); (B) TEM images of 10-8, 10-10, and 10-12 M of RGDS-Dex in ultrapure water 
(pH 7.0); (C) TEM images of 10-8, 10-10, and 10-12 M of RGDV-Dex in ultrapure water (pH 7.0).
Abbreviations: TEM, transmission electron microscope; RGDF, Arg-Gly-Asp-Phe; RGDS, Arg-Gly-Asp-Ser; RGDV, Arg-Gly-Asp-Val; Dex, dexamethasone.
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of Dex, RGDV-Dex, RGDS-Dex, and RGDF-Dex against 

spleen lymphocyte proliferation are 0.223, 0.133, 0.136, and 

0.031 μM, respectively. The IC
50

 values of RGDV-Dex and 

RGDS-Dex are significantly lower than that of Dex, but sig-

nificantly higher than that of RGDF-Dex. Thus, RGDF-Dex 

possesses the highest inhibition on the spleen lymphocyte 

proliferation of BALB/C mice in vitro.

The conjugates prolong survival time of 
the implanted myocardium
The immunosuppressive activities of the conjugates were 

also evaluated by survival time of the myocardium implanted 

in BALB/C. The mice were treated with oral CMCNa 

(0.5%, negative control), or intraperitoneal CsA (positive 

control, 2.5 μmol/kg/d), or oral Dex (reference control, 

2.5 μmol/kg/d), or oral conjugate (1.43 μmol/kg/d) for 

15 days. Figure 6 indicates that compared to the survival 

time of the myocardium implanted in the mice treated with 

CMCNa (9.6 days), those treated with CsA (12.0 days) and 

Dex (11.7 days) led to the increase of survival time by 2.4 

and 2.1 days, respectively. Comparing the survival time of the 

myocardium implanted in the mice treated with Dex, treating 

with RGDV-Dex (13.4 days), RGDS-Dex (13.7 days), and 

RGDF-Dex (13.8 days) led to the increase of survival time 

by 1.7, 2.0, and 2.1 days, respectively. The myocardium 

implanted in the mice treated with RGDF-Dex exhibits the 

longest survival time. Thus, the dose-dependent action of 

RGDF-Dex was tested. Figure 6 indicates that the survival 

time of the myocardium implanted in the mice treated with 

1.43, 0.143, and 0.0143 μmol/kg/d of RGDF-Dex is 13.8, 

12.3, and 9.9 days, respectively, suggesting that RGDF-Dex 

dose-dependently increases the survival time.

The conjugates induce no coagulation 
risk
The tail bleeding time assay was used to evaluate the coagu-

lation risk of the conjugates. Figure 7 indicates that the tail 

bleeding time of the mice treated with Dex (1.43 µmol/kg 

of dose) is significantly shorter than that of the mice treated 

with CMCNa. In contrast, 1.43 µmol/kg of RGDF-Dex, 

RGDS-Dex, and RGDV-Dex do not alter the tail bleeding 

time of CMCNa treated mice.

The conjugates have antithrombotic 
action
The antithrombotic activities of the conjugates were evalu-

ated with rat thrombosis assay and represented as thrombus 

weight. In the assay, the rats were orally given CMCNa (0.5%, 

negative control) or the suspension of aspirin in CMCNa 

(positive control, 167 and 16.7 μmol/kg), or the suspension 

200.0 nm
101.2±3.1 nm

A B C D

E F G H

163.1±5.4 nm 159.2±6.1 nm

100.0 nm

0.0 nm

200.0 nm
98.9±2.9 nm 166.1±3.5 nm 157.2±4.5 nm

100.0 nm

0.0 nm

Figure 3 AFM images.
Notes: (A) AFM images of rat plasma alone; (B) AFM images of 10-8 M of RGDF-Dex in rat plasma; (C) AFM images of 10-8 M of RGDS-Dex in rat plasma; (D) AFM images 
of 10-8 M of RGDV-Dex in rat plasma; (E) AFM images of ultrapure water alone; (F) AFM images of 10-8 M of RGDF-Dex in ultrapure water; (G) AFM images of 10-8 M of 
RGDS-Dex in ultrapure water; (H) AFM images of 10-8 M of RGDV-Dex in ultrapure water. Inset in each figure shows magnified area identified by the red triangles.
Abbreviations: AFM, atomic force microscopy; RGDF, Arg-Gly-Asp-Phe; RGDS, Arg-Gly-Asp-Ser; RGDV, Arg-Gly-Asp-Val; Dex, dexamethasone.
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that of the mice treated with 1.43 μmol/kg/d of RGDV-Dex, 

RGDS-Dex, or RGDF-Dex.

The toxic reaction of the conjugates was also mir-

rored with the spleen index (spleen weight/body weight) 

of the BALB/C mice. Figure 10 indicates that 15 days 

after the treatment, the spleen index of the mice treated 

with 2.5 μmol/kg/d of Dex is significantly lower than that 

of the mice treated with 1.43 μmol/kg/d of RGDV-Dex, 

RGDS-Dex, or RGDF-Dex.

±

Figure 5 The effect of RGDV-Dex, RGDS-Dex, and RGDF-Dex on ConA-induced 
proliferation of the spleen lymphocytes of BALB/C mouse, n=3.
Abbreviations: Dex, dexamethasone; RGDF, Arg-Gly-Asp-Phe; RGDS, Arg-Gly-
Asp-Ser; RGDV, Arg-Gly-Asp-Val; ConA, concanavalin; IC50, half maximal inhibitory 
concentration; SD, standard deviation.

Figure 6 The survival time of the implanted myocardium in the “pocket” near the 
distal edge of the ear of BALB/C mice, n=12.
Abbreviations: Dex, dexamethasone; CMCNa, carmellose sodium; RGDV, Arg-
Gly-Asp-Val; RGDF, Arg-Gly-Asp-Phe; RGDS, Arg-Gly-Asp-Ser; CsA, cyclosporine A; 
SD, standard deviation.

Figure 7 Tail bleeding time of RGDV-Dex-, RGDS-Dex-, and RGDF-Dex-treated 
mice, n=12.
Abbreviations: CMCNa, carmellose sodium; Dex, dexamethasone; RGDV, Arg- 
Gly-Asp-Val; RGDF, Arg-Gly-Asp-Phe; RGDS, Arg-Gly-Asp-Ser; SD, standard 
deviation.

±

Figure 8 Anti-thrombotic activities of Dex, RGDV-Dex, RGDS-Dex, and RGDF-
Dex, n=12.
Abbreviations: CMCNa, carmellose sodium; Dex, dexamethasone; RGDV, Arg-
Gly-Asp-Val; RGDF, Arg-Gly-Asp-Phe; RGDS, Arg-Gly-Asp-Ser; SD, standard 
deviation.

of Dex in CMCNa (1.43 μmol/kg dose), or the suspension 

of the conjugate in CMCNa (1.43 μmol/kg dose). Figure 8 

indicates that the thrombus weight of Dex treated rats is 

equal to that of CMCNa- or 16.7 μmol/kg aspirin-treated 

rats. The thrombus weights of RGDV-Dex-, RGDS-Dex-, 

and RGDF-Dex-treated rats are significantly lower than that 

of CMCNa treated rats.

The conjugates do not slow mouse 
growth
The toxic reaction of the conjugates was mirrored by the 

body weight of the treated BALB/C mice. Figure 9 indicates 

that 15 days after the treatment, the body weight of the mice 

treated with 2.5 μmol/kg/d of Dex is significantly lower than 
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The toxic reaction of the conjugates was further mirrored 

with the liver index (liver weight/body weight) of the BALB/C 

mice. Figure 11 shows that 15 days after the treatment, the 

liver index of the mice treated with 2.5 μmol/kg/d of Dex is 

significantly lower than that of the mice treated with 1.43 μmol/

kg/d of RGDV-Dex, RGDS-Dex, and RGDF-Dex.

The conjugates do not induce acute 
toxicity
Acute toxicity assay was carried out in the healthy ICR 

mice by orally treating with the conjugates at a single dose 

of 14.3 µmol/kg, a dose of 100 times of the minimal effec-

tive dose 0.143 µmol/kg, and the mice were monitored for 

7 days. It was found that during 7 days, the mice had no 

abnormal behavior, while the autopsy showed no morpho-

logical changes in the organs. Serum ALT, AST, and Cr of 

the mice were determined by the kits. Figures 12–14 show 

that the serum ALT, AST, and Cr of the mice treated with 

14.3 µmol/kg RGDV-Dex or RGDS-Dex or RGDF-Dex have 

normal values.

Discussion
Dex is the most effective anti-inflammatory glucocorticoid in 

treating several chronic and acute inflammatory conditions,1-5 

Figure 9 Body weight of the treated BALB/C mice, n=12.
Abbreviations: Dex, dexamethasone; CMCNa, carmellose sodium; RGDV, Arg-
Gly-Asp-Val; RGDF, Arg-Gly-Asp-Phe; RGDS, Arg-Gly-Asp-Ser; CsA, cyclosporine A; 
SD, standard deviation.

Figure 10 Spleen index of the treated BALB/C mice, n=12.
Abbreviations: Dex, dexamethasone; CMCNa, carmellose sodium; RGDV, Arg-
Gly-Asp-Val; RGDF, Arg-Gly-Asp-Phe; RGDS, Arg-Gly-Asp-Ser; CsA, cyclosporine A; 
SD, standard deviation.

±

Figure 11 Liver index of the treated BALB/C mice, n=12.
Abbreviations: Dex, dexamethasone; CMCNa, carmellose sodium; RGDV, Arg-
Gly-Asp-Val; RGDF, Arg-Gly-Asp-Phe; RGDS, Arg-Gly-Asp-Ser; CsA, cyclosporine A; 
SD, standard deviation.

Figure 12 Serum ALT levels of the mice on which acute toxicity assay was 
performed, n=12.
Abbreviations: ALT, alanine transaminase; CMCNa, carmellose sodium; Dex, 
dexamethasone; RGDV, Arg-Gly-Asp-Val; RGDF, Arg-Gly-Asp-Phe; RGDS, Arg-
Gly-Asp-Ser; SD, standard deviation.
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preventing rejection of the transplanted organ, and preserving 

graft function.15,16 However, the coagulation and osteoporosis 

risks restrict its clinical application.25,28,29 Developing safe and 

effective novel derivatives of Dex is of clinical importance. 

RGDF, RGDV, and RGDS, the so called RGD-peptides, are 

antiadhesive peptides and have been widely used to modify 

various drugs, of which motif-like action with integrins can 

potentially enhance the therapeutic efficacy and reduce the 

coagulation and osteoporosis risks of drugs.26,30 Aimed at 

this, the present study examines the development profile of 

covalent conjugates of RGD-peptides and Dex (RGDV-Dex, 

RGDS-Dex, and RGDF-Dex) as new drugs. In vitro and  

in vivo, the activities of the conjugates are significantly higher 

than Dex itself and induce no coagulation risk. Figure 5 shows 

that of three conjugates against ConA-induced proliferation 

of spleen lymphocytes, RGDF-Dex exhibits the smallest IC
50

 

value. Figure 6 indicates that of three conjugates affecting the 

implanted myocardium RGDF-Dex gives the longest survival 

time. Of three conjugates, in respect of the efficacies, RGDF-

Dex is more worthy of developing as new drug. Besides, the 

in vitro and in vivo observations that the covalent introduction 

of RGDF benefit the efficacy are consistent with our previ-

ous work.31,32 Figure 7 shows that RGDF-Dex, RGDS-Dex, 

and RGDV-Dex, but not Dex itself, prolong the tail bleed-

ing time of the mice. Taking RGDF-Dex, RGDS-Dex, and 

RGDV-Dex, but not Dex itself, inducing no osteoporosis into 

account,26 RGD-peptide modification leads to the complete 

relief of side effects of Dex. The safety of RGDF-Dex, 

RGDS-Dex, and RGDV-Dex was further evaluated with 

acute toxicity assay. Figures 12–14 indicate that even if the 

dose is 100-fold higher than the minimal effective dose, 

three conjugates are still unable to induce toxic reaction. 

Furthermore, RGD-peptide modification leads to Dex having 

an additional antithrombotic activity.

The effect of nanofeature and size on bioactivity is an 

interesting profile. Showing the relationships between the 

bioactivities of small molecules with their TEM images, 

between the concentrations of small molecules with their 

TEM images, and between the structures of small molecules 

with their TEM images has been our interests.33–36 To eluci-

date the contribution of the nanoproperty to the advantages 

of three conjugates, this study systematically characterizes 

their nanofeatures. The Faraday–Tyndall effect, size distribu-

tion, and ζ-potential of three conjugates in water ensure their 

properties as a true solution and their use as nanomedicine 

(Figure 4). The TEM images of three conjugates in pH 7.0 

and 2.0 ultrapure water of three concentrations clearly show 

the effect of pH, concentration, and RGD-peptide sequence 

on the nanofeatures and size. As seen in Figure 2, RGDF 

sequence, pH 7.0, and lower concentration benefit the forma-

tion of smaller nanoparticles. Since the particles of 100 nm 

in diameter have minimal probability of being entrapped by 

macrophages in blood circulation,37 the AFM images of small 

molecules in rat plasma were recorded in particular to simu-

late the feature of nanoparticles in blood circulation.34–36 The 

AFM images and the diameters of RGDF-Dex nanoparticles 

(close to 100 nm) shown in Figure 3 suggest that it can be 

safely delivered in blood circulation.

Figure 13 AST levels of the mice on which acute toxicity assay was performed, 
n=12.
Abbreviations: AST, aspartate transaminase; CMCNa, carmellose sodium; Dex, 
dexamethasone; RGDV, Arg-Gly-Asp-Val; RGDF, Arg-Gly-Asp-Phe; RGDS, Arg-
Gly-Asp-Ser; SD, standard deviation.

±

Figure 14 Serum Cr levels of the mice on which acute toxicity assay was performed, 
n=12.
Abbreviations: Cr, creatinine; CMCNa, carmellose sodium; Dex, dexamethasone; 
RGDV, Arg-Gly-Asp-Val; RGDF, Arg-Gly-Asp-Phe; RGDS, Arg-Gly-Asp-Ser; SD, 
standard deviation.
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Conclusion
The development of novel, effective, and safe derivatives is 

of practical importance for Dex therapy. Our previous data 

and the present study demonstrate that covalent modification 

of Dex with RGD-peptides provides a strategy to enhance 

the anti-inflammatory activity, to prolong the survival time 

of the implanted myocardium, to minimize the side effects 

of osteoporosis and coagulation, to prevent the liver and 

the kidney from acute and chronic damage, and to provide 

a beneficial antithrombotic action. With respect to the size 

of the nanoparticles of three conjugates, RGDF-Dex is the 

most suitable for delivery in the circulation.
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Supplementary materials
Optical spectra

Figure S1 1H NMR of RGDV-Dex.
Abbreviations: 1H NMR, proton nuclear magnetic resonance; RGDV, Arg-Gly-Asp-Val; Dex, dexamethasone.

Figure S2 13C NMR of RGDV-Dex.
Abbreviations: 13C NMR, carbon-13 nuclear magnetic resonance; RGDV, Arg-Gly-Asp-Val; Dex, dexamethasone.
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Figure S3 1H NMR of RGDS-Dex.
Abbreviations: 1H NMR, proton nuclear magnetic resonance; RGDS, Arg-Gly-Asp-Ser; Dex, dexamethasone.

Figure S4 13C NMR of RGDS-Dex.
Abbreviations: 13C NMR, carbon-13 nuclear magnetic resonance; RGDS, Arg-Gly-Asp-Ser; Dex, dexamethasone.
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Figure S5 1H NMR of RGDF-Dex.
Abbreviations: 1H NMR, proton nuclear magnetic resonance; RGDF, Arg-Gly-Asp-Phe; Dex, dexamethasone.

Figure S6 13C NMR of RGDF-Dex.
Abbreviations: 13C NMR, carbon-13 nuclear magnetic resonance; RGDF, Arg-Gly-Asp-Phe; Dex, dexamethasone.
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Figure S7 HPLC chromatogram of RGDF-Dex.
Note: Mobile phase: CH3OH: Water=15%:85%.
Abbreviations: HPLC, high performance liquid chromatography; RGDF, Arg-Gly-Asp-Phe; Dex, dexamethasone.
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Figure S8 HPLC chromatogram of RGDV-Dex.
Note: Mobile phase: CH3OH: Water=15%:85%.
Abbreviations: HPLC, high performance liquid chromatography; RGDV, Arg-Gly-Asp-Val; Dex, dexamethasone.
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Figure S9 HPLC chromatogram of RGDS-Dex.
Note: Mobile phase: CH3OH: Water=85%:15% 
Abbreviations: HPLC, high performance liquid chromatography; RGDS, Arg-Gly-Asp-Ser; Dex, dexamethasone.
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