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A peptide-drug conjugate (PDC) is a single molecule formed by one or more drug molecules that are conjugated with functional
short peptides. Some specially designed PDC can construct self-delivering supramolecular nanomedicine and improve the
therapeutic effect. The design and synthesis of novel PDCs with unique assembly behavior are important for the drug delivery
system. Rhein is a natural product extracted from rhubarb and has extensive pharmacological properties. In the present work,
we successfully synthesized a novel PDC (VKVK-rhein) based on rhein through solid-phase synthesis technology and
conventional coupling chemical methods. The anthraquinone structure of rhein and the structure of the short peptide (VKVK,
Val-Lys-Val-Lys) provided VKVK-rhein with special assembly properties. VKVK-rhein can be assembled into supramolecular
nanofibers in water. The equilibrium solubility, oil-water distribution coefficient, zeta potential, and cell viability of VKVK-
rhein were systematically studied. Our work lays a foundation for further biological application of rhein-based PDCs.

1. Introduction

Peptide-drug conjugates (PDCs) are therapeutic drugs that are
formed by combining one or more drug molecules with short
peptides [1, 2]. Various PDCs have been synthesized to
improve the drug’s therapeutic outcome. For example, the
NGR peptide-Dau conjugates composed of asparagine-
glycine-arginine (NGR) peptide and daunomycin have high
antitumor activity in vivo [3]. The paclitaxel-Angiopep-2 con-
jugate, which is synthesized by paclitaxel and Angiopep-2, is
effective for brain cancer treatment [4]. Peptide BP10 cova-
lently coupling doxorubicin with disulfide bonds enhances
the antitumor efficacy of triple-negative breast cancer [5]. Spe-
cially designed PDCs with assembly behavior as molecular
building blocks can construct self-delivering nanomedicine
[6–8], such as nanofiber, nanotube, nanobelt, and hydrogel
[9–12], which have different morphologies. PDCs, as self-
assembly prodrugs, have great potential in drug delivery [13,
14]. VEVE-Ket, which consists of ketoprofen and valine-
glutamic acid dimeric repeat peptide, can form supramolecu-
lar filament hydrogels that can be used for the treatment of

arthritic diseases [15]. A well-designed PDC directly assemble
camptothecin into discrete, stable, well-defined nanostruc-
tures with a high and quantitative drug loading [16]. As can
be seen from the previous examples, the design and synthesis
of novel PDCs with unique assembly behavior are important
for the drug delivery system.

Rhein (1,8-dihydroxy-3-carboxyanthraquinone), which
mainly exists in plant rhubarb, is a lipophilic anthraquinone.
Rhein has various biological activities, such as analgesic,
antipyretic, anti-inflammatory, lipid-lowering, bone and
joint protection, antidiabetes, and antifibrosis, and it inhibits
the proliferation of various tumor cells [17–19]. Its special
anthraquinone structure endows it with pharmaceutical
function, but its low bioavailability limits its further applica-
tion. Many drug delivery systems have been designed to
improve its bioavailability. Feng et al. loaded rhein with solid
lipid nanoparticles to increase oral absorption and improve
the oral bioavailability of rhein [20]. A kind of rhein formu-
lation based on poly(lactic-co-glycolic acid) nanoparticles
has been developed for oral administration [21]. Nanoparti-
cles based on β-cyclodextrin-rhein conjugate have been
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prepared to improve the bioavailability of rhein [22]. How-
ever, rhein-based PDC, as a self-delivering drug delivery sys-
tem, is rarely studied.

In the present work, a novel PDC (VKVK-rhein) com-
posed of rhein and valine-lysine dimer repeat peptide was
synthesized by solid-phase synthesis and chemical coupling.
VKVK-rhein can be self-assembled into self-delivering
supramolecular nanofiber (Figure 1). The equilibrium solu-
bility, oil-water distribution coefficient, chemical electromo-
tive force, and cell viability of VKVK-rhein were
systematically studied. The results provide a foundation for
the further biological application of rhein-based PDCs.

2. Materials and Methods

2.1. Materials and Reagents. Fmoc-protected valine (V),
Fmoc-protected lysine (K), N, N-dimethylamino-pyridine,
2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hex-
afluorophosphate (HBTU), N,N-diisopropylethylamine
(DIEA), dichloromethane (DCM), N,N-dimethylformamide
(DMF), acetic anhydride, pyridine, piperidine, trifluoro-
acetic acid (TFA), triisopropylsilane (TIS), and 2-
chlorotrityl chloride resin (Wang resin) were obtained from
Sigma-Aldrich; HPLC-grade methanol was obtained from E.
Merck (Merck, Darmstadt, Germany).

Matrix-assisted laser desorption ionization and time-of-
flight mass spectrometry (MALDI-TOFMS) analysis was per-
formed using autoflex II TOF/TOF mass spectrometer (Bru-
ker Daltonics, Bremen, Germany). Approximately, 1μL of
VKVK-rhein solution (10mg/mL) was spotted on a polished
steel target plate and allowed to air dry. Then, 1μL of the

matrix (3,4-dimethosycinnamic acid, 10mg/mL) was spotted
on the steel target plate prior to mass analysis.

Transmission electron microscopy (TEM) was per-
formed using a JEM-2100 microscope at a voltage of
120 kV. A drop of VKVK-rhein solution (5mg/mL) was
placed on the surface of a copper grid (400 meshes) coated
with a carbon membrane, and the grids were dried at room
temperature before TEM observation.

UV-vis absorption spectra (UV-VIS) were acquired in
the range of 200–600nm by using a BioMate 3S UV/visible
spectrophotometer (Thermo Fisher).

2.2. Methods

2.2.1. Synthesis of VKVK-Rhein. First, KVKV-Wang resin
was synthesized on a FOCUS XC (AAPPTec, Louisville,
KY) by using a standard solid-phase peptide synthesis proto-
col. 2-Chlorotrityl chloride resin was mixed with dry DCM
and bubbled with nitrogen gas (N2) for 20min for the resin
to completely swell. Next, the first Fmoc-protected amino
acid (V) was loaded onto resin via its C-terminal carboxylate
group by bubbling the resin in a DMF solution of Fmoc-
protected amino acid and DIEA for 1 h. After washing with
DMF five times, the resin was bubbled with the blocking
solution (80 : 5 : 15 of DMF/MeOH/DIEA) for 0.5 h to deac-
tivate the unreacted sites. Then, the resins were reacted with
20% piperidine (in DMF) for 20min to remove the protect-
ing group. Afterwards, the reaction solution was washed
with DMF for six times. Then, the next Fmoc-protected
amino acid (K), DIEA, and HBTU were added and reacted
for 0.5 h. After the reaction was completed, the solution
was washed thrice with DMF and added with 20%
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Figure 1: Scheme illustration for the assembly behavior of VKVK-rhein.
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piperidine to remove the Fmoc-protective group on the
amino acid. These two steps were repeated to elongate the
peptide chain until the final tetrapeptide sequence vector
was obtained. After the last amino acid was coupled and
the Fmoc-protective group was removed, rhein, HBTU,
and DIEA (1 : 1 : 1mol/mol) were added to the resin and
the mixture was shaken overnight. After washing with
DMF five times, a negative Kaiser test was obtained showing
complete reaction. The PDC was cleaved from the resin with
a mixture of TFA/TIS/H2O (95 : 2.5 : 2.5, v/v) for 2 h. The
solution was concentrated and precipitated with ether. The
solid was collected and dried, forming a yellow solid
VKVK-rhein. The crude product was purified via high-
performance liquid chromatography (HPLC).

2.2.2. Determination of Equilibrium Solubility at Different
pH Values. Phosphate buffer solutions (PBS) (50mM) with
pH values of 2.0, 5.0, 5.8, 6.8, 7.4, and 8.0 were prepared in
advance. Excessive amounts of rhein and VKVK-rhein were
separately placed in 10mL of PBS with different pH values
and sonicated until the drug was no longer dissolved. After
being shaken for 72 h at 37°C, the samples were centrifuged
at 10000 rpm for 10min. The concentration of each group
was measured by HPLC. The equilibrium solubility of rhein
and VKVK-rhein in each medium was calculated.

2.2.3. Oil-Water Partition Coefficient of Rhein and VKVK-
Rhein at Different pH Values. N-Octanol was mixed with
PBS of different pH values (2.0, 5.0, 5.8, 6.8, 7.4, and 8.0)
at a volume ratio of 1 : 1. After ultrasonic blending, they were
put into a thermostatic water bath shaker and shaken at 37°C
for 12 h. After standing for 24 h, the two phases were sepa-
rated and the lower layer was the n-octanol-saturated buffer.

An excessive amount of rhein (or VKVK-rhein) was
added to n-octanol-saturated buffers with different pH
values. The solution was sonicated for 10 minutes to dissolve
rhein (or VKVK-rhein) and then centrifuged at 10000 rpm
for 10min. Approximately 200μL of supernatant was
detected by HPLC, and the concentration of the supernatant
(C1) was calculated according to the standard curve of rhein
(or VKVK-rhein).

Approximately 1mL of the above supernatant and 1mL
of buffer saturated n-octanol with different pH were pre-
cisely measured and added to a 4mL centrifuge tube. Then,
the tube was placed into a thermostatic water bath shaker,
which was shaken 48 h at 37°C to make the drug fully equil-
ibrated in the two phases.

After standing for 40min, the aqueous phase was centri-
fuged at 10000 rpm for 10min. Then, 200μL of supernatant
was obtained and detected by HPLC. The peak area was
recorded and the concentration (C2) was calculated accord-
ing to the standard curve of rhein (or VKVK-rhein). The
apparent oil-water distribution coefficient (log D) was calcu-
lated according to the following formula: D = ðC1 − C2Þ/C2.

2.2.4. Zeta Potential. Zeta potential was measured using
Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK).
VKVK-rhein solution with different pH values (1.0, 3.0,
5.0, 7.0, 9.0, and 11.0) was adjusted using an appropriate

amount of 1M HCl or 1M NaOH. The surface charge of
VKVK-rhein under different pH values was measured. All
groups were measured in triplicate.

2.2.5. Preparation of VKVK-Rhein Supramolecular
Nanofibers. Approximately 2mg VKVK-rhein was dissolved
in 10μL of DMSO. Then, 400μL of PBS was added to the
solution to form VKVK-rhein supramolecular fibers. The
morphology was observed by transmission electron
microscopy.

2.2.6. Cell Viability Assay. To characterize the cytotoxicity of
VKVK-rhein and rhein in vitro, we used colorimetric 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide
(MTT) assay to evaluate the proliferation of HepG2 cells.
HepG2 cells in the logarithmic growth phase (1 × 105/well)
were cultured in 96-well plates (100μL/well). After incuba-
tion for 24 h, cells were individually treated with 211, 141,
106, 71, 36, 18, and 9μM VKVK-rhein. After incubation
for 24 h, 100μL of MTT was added to each well for crystal
solubilization. At 4 h after incubation, the supernatant was
replaced by DMSO (150μL) and the plate was shaken for
5min. The optical density (OD) was measured at 490nm
by using a microplate reader.

The inhibitory rate of cell growth and the half-maximal
inhibitory concentration IC50 values were calculated as fol-
lows: inhibition rate = ½1 − ðODvalue of drug group/OD
value of control groupÞ� × 100%.

2.2.7. Statistical Analysis. Statistical analysis was performed
using the SPSS statistical software package (version 16.0,
SPSS Inc., Chicago, IL, USA). The data are presented as
the mean ± SD.

3. Results and Discussion

3.1. Synthesis of VKVK-Rhein. The peptide segment on resin
(KVKV-Wang Resin) was first prepared based on standard
solid-phase synthesis protocols. Then, the carboxyl group
on rhein was directly coupled with the amino group on
KVKV-Wang resin. Finally, the drug-peptide conjugate
VKVK-rhein was cleaved from the resin with TFA. Mass
spectrometry and analytical HPLC were used to confirm
the expected mass and purity of VKVK-rhein (Figure 2).

Based on the mass spectrum (Figure 2(a)), the excimer
ion peak ½M +H�m/z of the sample is 739.27. The molecular
fragment peak shown on the mass spectrum has been
resolved, confirming that the obtained product is VKVK-
rhein. Figures 2(b) and 2(c) are the HPLC spectra of rhein
and VKVK-rhein. The chromatographic peak of rhein is
observed at 5.6min, and the chromatographic peak of
VKVK-rhein is observed at approximately 10.5min. The
chromatogram of VKVK-rhein is considerably different
from that of rhein. After analysis and calculation, the purity
of the obtained product exceeded 95%. Based on the mass
spectrum and liquid phase diagram, VKVK-rhein has high
purity and can meet the needs of subsequent experiments.

The ultraviolet visible absorption spectroscopy results
are shown in Figure 3. The covalent binding of peptide to
rhein did not affect its UV absorption peak. The UV
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absorption wavelength was 254 nm, but the intensity was
reduced after the amino acid was connected, possibly
because of the condensation reaction between the amino
group of polypeptide and the terminal carboxyl group of

rhein. The peptide sequence affected its overall electronic
transition, which reduced the intensity of the absorption
peak. Although the absorption intensity of rhein and
VKVK-rhein differs, the wavelength of the absorption peak
did not change. Therefore, the maximum absorption wave-
length (254 nm) can be used as the wavelength for ultraviolet
detection.

3.2. Solubility of Rhein and VKVK-Rhein at Different pH
Values. The solubility of rhein and VKVK-rhein is shown
in Figure 4(a). The solubility of rhein is proportional to the
increase of pH, which is related to the structure of rhein.
Rhein contains a carboxyl group; the increase in pH caused
the carboxyl groups to dissociate gradually, thus gradually
increasing the solubility. The solubility of VKVK-rhein was
highest at 6.8 and then decreased, possibly because of the
dissociation equilibrium between amino and carboxyl
groups in the molecule. Moreover, the equilibrium solubility
of VKVK-rhein in water was greater than that of rhein, indi-
cating that the solubility of the drug was improved after the
peptide was connected, and the solubility was better than
that of rhein at pH6.8.
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Figure 2: (a) Mass spectrum of VKVK-rhein, (b) liquid-phase diagram of rhein, and (c) VKVK-rhein.
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3.3. Oil-Water Partition Coefficients of Rhein and VKVK-
Rhein at Different pH Values. The oil-water partition coeffi-
cients are shown in Figure 4(b). At pH 5–6.8, log D of
VKVK-rhein remained stable at approximately 0.5, indicat-
ing that a stable structure may be formed during assembly.
In addition, the log D of VKVK-rhein was stable. The log
D of VKVK-rhein was less than that of rhein, indicating that
the hydrophilicity was enhanced after the peptide had been
linked to rhein and the hydrophilicity was also enhanced
with the increase of pH, possibly because the carboxyl group
in the drug molecule underwent dissociation under alkaline
conditions. Moreover, the log D value at pH 3, 5, 7, and 9
was approximately 1.0.

3.4. Zeta Potential of VKVK-Rhein at Different pH Values.
The results are shown in Figure 4(c). According to the struc-
tural characteristics of VKVK-rhein and the changes of zeta
potential, the two amino groups in the VKVK-rhein mole-
cule combine with H+ in water to form positively charged
NH3+. With the increase of pH, the negative ions in the solu-
tion increased, resulting in the dissociation of the carboxyl
group. Subsequently, the drug molecule gradually had a neg-
ative charge.

3.5. Preparation of VKVK-Rhein Supramolecular Nanofiber.
The TEM pictures of VKVK-rhein supramolecular nanofi-

ber are shown in Figure 5. The prepared nanofibers were
crosslinked to each other. It had good stability and had a
tendency and potential to form gels. Molecular self-
assembly is caused by the interaction of noncovalent forces
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Figure 5: TEM picture of VKVK-rhein supermolecular nanofiber.

5Journal of Nanomaterials



such as hydrogen bonding, electrostatic interaction, hydro-
phobic interaction, Van der Waals force, and π-π stacking.
The molecular monomers aggregate and further form a
supramolecular structures with special morphology and
functions [23]. Molecular self-assembly has broad applica-
tion prospects in biomaterials. The nanofibers assembled
by VKVK-rhein could be used as a self-delivering nanocargo
in drug delivery for local injection.

3.6. Cell Viability Assay. The effects of VKVK-rhein and
rhein on the inhibition of HepG2 cell proliferation are
shown in Figure 6. With the increase of the concentration
(9–211μM), VKVK-rhein and rhein can inhibit the prolifer-
ation of HepG2 cells in a dose-dependent manner. The IC50
of VKVK-rhein is 149.04μM. The IC50 of rhein is 38.32μM.
It could be found that the biological activity of rhein is
retained in VKVK-rhein, thus enhancing its further biologi-
cal activity as self-delivering nanofibers.

4. Conclusions

A novel PDC (VKVK-rhein) containing rhein and short
peptide with self-assembly behavior has been successfully
synthesized. VKVK-rhein can form highly ordered nanofi-
bers in aqueous solution as a self-delivering nanofiber with
high drug loading. We systematically studied VKVK-rhein
in terms of equilibrium solubility, oil-water distribution
coefficient, zeta potential, and cytotoxicity assay to lay a
foundation for the further biological application of rhein-
based PDCs.
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