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Abstract 

Background: A novel phosphatidyl nanoprodrug system can be selectively released parent drugs in cancer cells, 
triggered by the local overexpression of phospholipase D (PLD). This system significantly reduces the intrinsic disad‑
vantages of conventional chemotherapeutic drugs. However, the separation and purification processes of phosphati‑
dyl prodrug, the precursor of phosphatidyl nanoprodrug, have not been established, and the preparation of nanocrys‑
tals with good stability and tumor‑targeting capability is still challenging.

Results: In this study, we established a successive elution procedure for the phosphatidyl prodrug—phosphatidyl 
mitoxantrone (PMA), using an initial ten‑bed volume of chloroform/methanol/glacial acetic acid/water (26/10/0.8/0.7) 
(v/v/v/v) followed by a five‑bed volume (26/10/0.8/3), with which purity rates of 96.93% and overall yields of 50.35% 
of PMA were obtained. Moreover, to reduce the intrinsic disadvantages of conventional chemotherapeutic drugs, 
phosphatidyl nanoprodrug—PMA nanoprodrug (NP@PMA)—was prepared. To enhance their stability, nanoparticles 
were modified with polyethylene glycol (PEG). We found that nanoprodrugs modified by PEG (NP@PEG–PMA) were 
stably present in RPMI‑1640 medium containing 10% FBS, compared with unmodified nanoprodrug (NP@PMA). To 
enhance active tumor‑targeting efficiency, we modified nanoparticles with an arginine‑glycine‑aspartic acid (RGD) 
peptide (NP@RGD–PEG–PMA). In vitro cytotoxicity assays showed that, compared with the cytotoxicity of NP@PEG–
PMA against tumor cells, that of NP@RGD–PEG–PMA was enhanced. Thus, RGD modification may serve to enhance 
the active tumor‑targeting efficiency of a nanoprodrug, thereby increasing its cytotoxicity.

Conclusions: A process for the preparation and purification of novel phosphatidyl prodrugs was successfully estab‑
lished, and the nanoprodrug was modified using PEG for enhanced nanoparticle stability, and using RGD peptide for 
enhanced active tumor‑targeting efficiency. These procedures offer considerable potential in the development of 
functional antitumor prodrugs.
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Background
Currently, although chemotherapy is one of the main 
methods of cancer treatment, its use is often limited by 
the deleterious side effects of drug toxicity on healthy tis-
sue encountered enroute to cancer cells (Petersen et  al. 

2013). As a means of resolving this problem, nanocarriers 
(e.g., polymeric nanoparticles) have attracted significant 
attention for the delivery of drugs to tumor tissues with 
an enhanced permeability.

and retention (EPR) effect (Fang et  al. 2011; Zhou 
et  al. 2019). Liposomes, which have the advantages of 
biodegradability and modifiability, are the most prom-
ising and widely accepted nanocarriers (Bulbake et  al. 
2017; Farokhzad and Langer 2009; Andresen et al. 2005); 
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however, conventional liposome carriers typically have 
low drug loadings, uncontrolled encapsulation efficien-
cies, and significant drug burst release effects in circu-
lation when used in  vivo (Zheng et  al. 2018). Low drug 
loading and the presence of a large number of nanocarri-
ers may induce systemic toxicity and occasionally severe 
allergic reactions (Pirillo and Catapano 2015). In addi-
tion, the instability of liposomes in circulation also can 
result in insufficient dosages reaching the targeted cells 
(Zheng et  al. 2018). Recently, the use of amphipathic 
prodrugs, which are synthesized via chemical bonding 
between carriers and drugs, has emerged as a promising 
strategy for drug delivery (Yang et al. 2013). In contrast 
to the conventional drug-containing liposomes, highly 
efficient nanocarriers, in which the drug is directly con-
nected with the carrier system, have been developed to 
facilitate nanoscale drug delivery (Lutz and Kianga 2011). 
Nanoscale drug delivery can overcome the drawbacks 
associated with the use of liposomes by increasing drug 
loading capacity and eliminating the premature burst 
release of drugs (Jain and Stylianopoulos 2010; Bildstein 
et  al. 2011; Mura et  al. 2013; Wakaskar 2018; Luo et  al. 
2018). The prodrug can also spontaneously self-assemble 
into nanoparticles (Oliyai 1996; Yang et al. 2013). Never-
theless, there are currently certain disadvantages encoun-
tered during the development of prodrugs with regard to 
nanoparticle stability, and efficient drug release presents 
a major challenge in terms of the application of nano-
carrier systems. A promising strategy relating the appli-
cation of nanocarriers is the exploitation of reversible 
bonds between carriers and small molecule drugs, which 
could facilitate the retention of the stability of synthe-
sized prodrugs during storage and circulation, and also 
promote release at the tumor site in response to certain 
stimuli, such as acidic pH (Liu et al. 2019), reactive oxy-
gen species (Luo et  al. 2018), and the selective overex-
pression of enzymes in certain tumor tissues (Tao et  al. 
2017), which are related to the intrinsic characteristics 
of the tumor microenvironment that differ from those of 
normal tissues.

In a preliminary study, a novel phosphatidyl drug, 
which was a phosphatidyl modification of small mol-
ecule primary alcohol chemotherapeutic drugs, was 
synthesized via a phosphatidyl transfer reaction based 
on the transphosphatidylation activity of bacterial phos-
pholipase D (PLD) on alcohol groups (Tao et  al. 2017). 
Owing to the chemical bonding between phospholipids 
and drugs, this phosphatidyl nanoscale drug delivery 
system has the advantages of liposomal particles, while 
also overcoming the typical drawbacks of traditional 
liposomes by increasing the loading capacity of drugs 
and eliminating the premature burst release of drugs. In 

aqueous solution, amphiphilic phosphatidyl drugs can 
self-assemble into nanoparticles of uniform size and 
selectively release parent drugs in cancer cells when trig-
gered by the local overexpression of PLD in cancer cell. 
Furthermore, the prodrugs have liposome-like proper-
ties, such as modifiability, and can thus be modified, for 
example with polyethylene glycol (PEG) or ligands, to 
enhance the stability or the tumor-targeting efficiency of 
nanoparticles.

Ligand-mediated targeting (known as active targeting) 
of nanodrug has played an important role in enhancing 
tumor-targeting efficiency (Danhier et al. 2010) and drug 
delivery (Nik et al. 2019). For this purpose, various bio-
logical ligands, such as peptides (Jiang et al. 2019), anti-
bodies (Antignani and Fitzgerald 2013; Sapra and Shor 
2013; Mahmudul et al. 2018), small molecules and aptam-
ers (Xiao et al. 2012), have been utilized as pilots to bind 
specific receptors or surface molecules that are overex-
pressed in tumor cells (Jiang et al. 2019). This approach 
has facilitated heightened selectivity between tumor and 
normal cells. Among these ligands, the arginine-glycine-
aspartic acid (RGD) peptide, which recognizes the ανβ3 
integrin receptor that is overexpressed in various human 
cancers cells (Jiang et al. 2019), is regarded as a particu-
larly effective targeting agent (Keer et al. 1990; Shi et al. 
2015) and is considered ideal for this purpose based on 
its defined structure and small molecular weight.

Mitoxantrone  (Novantrone®), a synthetic anthracen-
edione derivative, is an antineoplastic, immunomodula-
tory agent and has effect on acute leukemias, advanced 
breast cancer, multiple myeloma, and non-Hodgkin’s 
lymphoma (Faulds et al. 1991). The antibiotic antitumor 
agent mitoxantrone (MIT) can block the synthesis and 
transcription of DNA and interfere in the synthesis of 
RNA to kill tumor cells (Wang et al. 2018).

Phosphatidyl nanoprodrugs, which have been shown 
to have excellent antitumor activity in  vivo and signifi-
cantly reduce the intrinsic disadvantages of traditionally 
used chemotherapeutic drugs, offer considerable poten-
tial in the development of functional antitumor prodrugs 
with promising therapeutic clinical applications (Tao 
et al. 2017). In the present study, with a view toward pre-
clinical application studies of phosphatidyl prodrugs, we 
examined the preparation and purification of phosphati-
dyl prodrugs and sought to undertake pilot-scale produc-
tion. We developed a multi-stage phosphatidyl prodrug 
system functionalized with RGD and PEG, and evaluated 
the characteristics of the actively targeted prodrug in 
terms of physicochemical properties, drug release kinet-
ics, and in  vitro cytotoxicity. The findings of this study 
will lay the foundations for future therapeutic clinical 
applications of phosphatidyl prodrugs.



Page 3 of 11Niu et al. Bioresour. Bioprocess.            (2019) 6:42 

Materials and methods
Materials
Mitoxantrone HCl  (C22H30Cl2N4O6, 98%, MW = 517.41) 
was purchased from Shifeng Biological Technology Co. 
Ltd (Shanghai, China); and the Cell Counting Kit-8 (CCK-
8) was purchased from Yeasen Biological Technology Co. 
Ltd (Shanghai, China). Chloroform, methanol, n-hexane, 
isopropyl alcohol, n-heptane, glacial acetic acid, and glass 
column were purchased from Titan Biological Technol-
ogy Co. Ltd (shanghai, China). DSPE–mPEG2000 was 
purchased from Ponsure Biological Technology Co. Ltd 
(Shanghai, China). CRGDyC was purchased from Apep-
tide Co., Ltd (Shanghai, China). Silica gel was purchased 
from Jiangyou Silica Gel Development Co., Ltd (Shang-
hai, China). RPMI-1640 medium was purchased from 
Hyclone (America). FES was purchased from Gemini 
(America, Cat: 900-108).

Cell lines and cell culture
The human breast cancer cell lines MCF-7 were pur-
chased from the Cell Bank at the Chinese Academy of 
Sciences (Shanghai, China) and were originally imported 
from ATCC (USA). The cell lines were cultured in 
Roswell Park Memorial Institute (RPMI) 1640 medium 
(Hyclone) supplemented with 10% fetal bovine serum 
(FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin 
and incubated in an incubator at 5% carbon dioxide and 
37 °C.

Synthesis of PMA
The enzymatic synthesis of PMA was carried out in a 
two-phase system as described by Hirche et  al. (Hirche 
et  al. 1997). PC (50  mM) was dissolved in n-heptane 
(5  mL) to initiate the reaction. Subsequently, MA 
(85  mM) was added to 200  mM sodium acetate buffer 
(80 mM  CaCl2, pH 5.6) and isopropyl alcohol (1 mL). The 
above two solutions were sonicated at 45 °C for 2 h, then 
5U PLD was added, The reaction was carried out in an 
orbital shaker incubator at 45 °C under 220 rpm for 2 h.

Purification of PMA via silica gel column chromatography
On the basis of the polarity of PMA, the crude extract 
of PMA (PCE) was extracted with n-hexane to obtain 
a mixed solution containing PMA, PC, MA, and impu-
rities. Given that the PMA and impurities have simi-
lar polarities in the extract, organic solvent extraction 
could not be used to separate the substrate products. 
However, PMA samples can be obtained via thin-layer 

chromatography (TLC) and detected using electron 
spray ionization (ESI) high-resolution time-of-flight mass 
spectrometry.

For the purposes of the large-scale preparation of PMA, 
we performed purification using silica gel column chro-
matography (SGCC). A glass column (19# G3: L × i.d.: 
45 cm × 2 cm) was prepared by wet packing with a slurry 
of silica gel (300–400 mesh). Prior to sample loading, the 
column was washed with the mobile phase (200 mL). The 
gradient elution system used for chromatographic sepa-
ration consisted of a mixture of chloroform, methanol, 
glacial acetic acid, and water. The sample dissolved in 
n-hexane and the silica gel was stirred evenly and dried 
overnight for dry loading. The mobile phase was run 
through the column by gravity and pressure, and 10-mL 
fractions were subsequently collected. Each fraction was 
assayed by TLC to determine the fraction(s) containing 
the target compound. After purification, the recovery and 
purity of PMA were quantified using an HPLC system 
comprising an Agilent ultraviolet detector (243 nm; Agi-
lent, USA) and a KR100-5SIL 250 × 4.6 mm column. The 
mobile phase used for analysis contained 18% phosphoric 
acid in a mixture of methanol and acetonitrile (62.8:37.2 
v/v) and was applied at a flow rate of 1.0  mL/min. All 
analyses were carried out in triplicate.

Purification amplification of PMA
Column chromatography process flow refers to purifi-
cation of PMA via silica gel column chromatography, 
A glass column (19# G3: L × i.d.: 45  cm × 8  cm) was 
prepared.

Synthesis of DSPE–PEG2000–RGD
DSPE–PEG2000–RGD was synthesized according to 
(Xiang et  al. 2013; Yang et  al. 2014), with slight modifi-
cations. Briefly, cysteine-modified RGD (6.8  mg) was 
dissolved in 4.5  mL of HEPES buffer (20  mM HEPES, 
10  mM EDTA-Na2, pH 6.5). 0.30  mg DSPE–PEG2000-
Mal was hydrated in the HEPES buffer and added drop-
wise to RGD peptide solutions with low-speed agitator 
at room temperature under nitrogen protection. After 
48  h of stirring, l-cysteine (10 times the molar ratio to 
maleimide residues) was added for capping unreacted 
maleimide group stirring. After another 4  h of stirring, 
the excess peptides and quencher were removed by 
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dialyzing the reaction mixture with a molecular weight 
cutoff (MWCO) of 3000 against distilled water for 48 h. 
The solution was lyophilized and stored at 4 °C. The final 
resulting DSPE–PEG2000–RGD was confirmed using 
MALDI-TOF MS.

Preparation and characterization of nanoparticles
Three types of liposomal formulations were prepared.

Synthesis and characterization of NP@PMA
Owing to the amphipathic nature of PMA, the prodrug 
can form nanoparticles in water via self-assembly, which 
in the present study were prepared using an emulsion 
method. PMA (10 mg) was dissolved in tetrahydrofuran 
(2 mL) and slowly added dropwise to water (5 mL). Fol-
lowing continuous stirring for 2  h at room tempera-
ture, the particle size and size distribution of the NP@
PMA were measured using a granulometer (Malvern, 
UK). Morphological analyses of the NP@PMA particles 
were conducted using transmission electron microscopy 
(TEM) (JEOL, Japan).

Synthesis and characterization of NP@PEG–PMA and NP@
RGD–PEG–PMA
Owing to the liposome-like nature of NP@PMA, the 
prodrug can be modified by PEG and active targeting 
substances. The NP@ PEG–PMA were prepared with an 
emulsion method using NP@ PMA. PMA (10  mg) and 
DSPE–mPEG (1.84  mg) were dissolved in tetrahydro-
furan (2 mL) and slowly added dropwise to water (5 mL). 
The NP@ RGD–PEG–PMA was prepared with an emul-
sion method. PMA (10  mg), DSPE–mPEG (1.52  mg), 
and DSPE–PEG–RGD (0.38  mg) were dissolved in tet-
rahydrofuran (2 mL) and slowly added dropwise to water 
(5 mL). The next process is similar to the synthesis and 
characterization of NP@PMA.

Nanoparticles release in vitro
The release of MA from NP@PMA, NP@PEG–PMA, 
and NP@RGD–PEG–PMA was measured by HPLC 
on Agilent 1200 (Agilent Technologies Inc., Shanghai 
Branch) and Zorbax Eclipse XDB-C18 column (5  μm, 
4.6  mm × 250  mm) at room temperature. Briefly, PMA 
(1  mg) was subjected to enzymolysis with PLD (10 U) 
dissolved in saline (1  mL) at 37  °C for 2  h; Three sam-
ples(50  μL) were taken for 0  h, 1  h, 3  h, 6  h, and 24  h. 
After 24 h, the MA release was assessed by HPLC with 
injection of 10  μL. The mobile phase used for analysis 
was water containing 29.1  mM  C7H15NaO3S and 0.88% 
acetic acid (v %)/CH3CN (70:30, v/v). The eluates from 
the column outlet were continuously monitored by a 
UV detector at 254 nm. All analyses were performed in 
triplicate.

In vitro nanoparticle cytotoxicity assays
MCF-7 cells were seeded in 96-well plates at a den-
sity of 3000 cells per well. After overnight incubation, 
the medium was replaced by fresh medium, to which 
free MA, NP@PMA, NP@PEG–PMA, and NP@RGD–
PEG–PMA were added. The final concentration of MA 
was 7 μM, 3.5 μM, 1.75 μM, 0.875 μM, 0.4375 μM, and 
0.21875 μM. The final concentration of PMA was 56 μM, 
28  μM, 14  μM, 7  μM, and 3.5  μM. After 72  h incuba-
tion, MCF-7 cells were treated with CCK-8 (10  μL per 
well) and incubated for 4 h. Quantification analysis was 
performed at 450  nm by a Multiscan Spectrum (BioTek 
Instruments, Inc. USA).

Results and discussion
Successful synthesis of PMA
The mitoxantrone that contains primary alcohol groups 
can be readily transferred by phosphatidylcholine via 
phospholipase (PLD) (Fig. 1a).

As shown in Fig.  1b, a crude extract of PMA (PCE), 
which included MA, PMA, PC, and impurities, was 
obtained following extraction. The concentration of PMA 
reached a maximum at 4.7 min, as validated by the cor-
responding standard (Fig. 1d, e). The content of PMA in 
PCE was 45.1%, measured by HPLC. PMA was separated 
from PCE by TLC and detected by ESI high-resolution 
time-of-flight mass spectrometry. A major peak was 
observed at 1123.67 (indicated by the red box in Fig. 1c). 
Mass–charge ratios indicated that the mean MW of PMA 
(1123.67) was consistent with the calculated mean MW 
(1122.48) of the corresponding product.

Successful purification of PMA
As shown in Fig.  1b, high concentrations of MA, PC, 
and impurities were present in the PCE. To enhance 
separation efficiency, we used silica gel chromatography 
(SGCC). To achieve optimal separation, we examined the 
effects of different chromatographic parameters on sepa-
ration efficiency, including the ratio of sample to adsor-
bent and mobile phase composition.

The target components could be enriched in different 
elution fractions due to the different polarities of the elu-
ent solvents used in SGCC (Wu et al. 2015). For obtaining 
high-purity PMA from the PCE, we used SGCC based on 
the developing solvent system used for TLC. As shown in 
Table 1, the impurities were dispersed in the low-polarity 
eluent. In the eluent (chloroform/methanol/glacial ace-
tic acid/water = 26/10/0.8/1.5), the PMA could be par-
tially isolated from the impurities and PC by continuous 
elution, and we accordingly obtained PMA of 94.71% 
purity, with a recovery rate of slightly less than 23.52%, 
which can be attributed to the partial overlap of PMA 
and the impurities in fractions. On further increasing the 
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Fig. 1 Synthesis and characterization of PMA. a Scheme of the synthesis of PMA; b thin‑layer chromatography analysis of a crude extract of PMA 
(PCE), mitoxantrone (MA), (phosphatidyl mitoxantrone) PMA, and phosphatidylcholine; (PC); c MS analysis: electron spray ionization analysis of PMA; 
d HPLC chromatograms of crude extract of PMA (PCE); e HPLC chromatograms of PMA
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proportion of water in the eluent (26/10/0.8/3), PMA was 
unable to separate from the impurities and PC due to the 
complete overlap of their elution peaks.

The aforementioned results illustrate that separation 
using a single eluent is not an ideal method for the sepa-
ration of PMA from PC and impurities, and therefore we 
opted to use gradient elution to maximize the separation 
of PMA from other components of the crude extract.

When using SGCC, different components in samples 
can be enriched in different elution fractions due to dif-
ferences in the polarity of the solvents comprising the 
eluent (Wu et al. 2015), and on the basis of this principle, 
we used gradient elution separation to obtain high-purity 
target products. For SGCC separation, we examined the 
efficacy of four gradient eluent conditions, all of which 
facilitated the separation of PMA from the impurities. A 
successive elution procedure was thus established com-
prising an initial elution with a ten-bed volume of chloro-
form/methanol/glacial acetic acid/water (26/10/0.8/0.7) 
followed by elution with a five-bed volume of chloro-
form/methanol/glacial acetic acid/water (26/10/0.8/3). 
As shown in Table 2, using these gradient elution condi-
tions, the purity of PMA obtained was 96.93%, and the 
recovery rate increased to 50.35% compared with the 
23.52% achieved when using a single eluent.

The recovery yield increases with an increase in loading 
amount, but as it exceeds the column loading capacity, 
the recovery yield decreases, which means the separation 
efficiency of silica gel columns decreases (Zhang et  al. 
2012). The loading amount is denoted by the proportion 
of sample to adsorbent (the weight of PMA in PCE/the 
weight of silica gel in this test). If the proportion of sam-
ple to adsorbent is greater than 10  mg/g (Table  3), this 
would lead to overload. Normally, separation efficiency 
will decrease concomitant with an increase in the ratio 
of sample to adsorbent, due a reduction in the avail-
able interaction surface area (Melwita et  al. 2011). The 
results shown in Table 3 indicate that the optimal loading 
amount on the silica gel column was 10 mg/g, which gave 
a recovery of 44.02% ± 0.02%.

Table 1 Different eluent compositions

a N/A, not available. Owing to the low polarity of the eluent, PMA could not be eluted
b N/A, not available. Because separation of PMA from the impurities and PC was not achieved

Eluent compositions Recovery (%) Purity (%)

Chloroform/methanol/glacial acetic acid/water = 26/10/0.8/0.7 (v/v/v/v) N/Aa

Chloroform/methanol/glacial acetic acid/water = 26/10/0.8/1.1 (v/v/v/v) N/Aa

Chloroform/methanol/glacial acetic acid/water = 26/10/0.8/1.5 (v/v/v/v) 23.52 ± 0.02 94.71 ± 3.64

Chloroform/methanol/glacial acetic acid/water = 26/10/0.8/3 (v/v/v/v) N/Ab

Table 2 Different gradient eluent conditions (quantitative analysis by HPLC, flow rate = 3.5 mL/min)

Gradient eluent 
system

Time (min) The composition ratio of eluent (Chloroform/
methanol/glacial acetic acid/water) (v/v/v/v)

Recovery (%) Purity (%)

1 0 26/10/0.8/0.7 36.75 ± 0.03 96.06 ± 2.18

100 26/10/0.8/2

160 End

2 0 26/10/0.8/0.7 38.62 ± 0.02 93.97 ± 2.13

100 26/10/0.8/2

120 26/10/0.8/3

160 End

3 0 26/10/0.8/0.7 50.35 ± 0.02 96.93 ± 1.9

100 26/10/0.8/3

150 End

4 0 26/10/0.8/1.1 68.25 ± 0.03 69.02 ± 2.25

20 26/10/0.8/3

70 End

Table 3 The effect of different sample to adsorbent ratios 
on PMA recovery and yield

Ratio of sample to adsorbent (mg/g) Recovery rate (%)

6.7 50.35 ± 0.02

10 44.02 ± 0.02

13.3 28.77 ± 0.01
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A successive amplification procedure was estab-
lished by initially eluting with a ten-bed volume 
of chloroform:methanol:glacial acetic acid:water 
(26/10/0.8/0.7) followed by elution with a five-bed vol-
ume of chloroform:methanol:glacial acetic acid:water 
(26/10/0.8/3). In a single PMA purification procedure with 
a loading of 8.89 mg/g, a PMA recovery yield and recovery 
rate of 593 mg and 46.33% were achieved, respectively.

Synthesis of DSPE–PEG2000–RGD
The synthesis of DSPE–PEG2000–RGD was executed 
according to the scheme depicted in Fig. 2a.

DSPE–PEG2000–RGD was synthesized via the thiol-ene 
“click” reaction of the sulfhydryl group of RGD peptide 
with the maleimide group indicated in Fig. 3a. The major 
peak at 3490.8 (Fig. 2b, marked by number) mass–charge 
ratios verified that the mean MW of RGD–PEG2000-
DSPE was 3490.8, which was in agreement with the calcu-
lated mean MW (3493.6) of the corresponding product.

Preparation and characterization of nanoparticle 
formulation
PEGylation can lead to a shielding of nanoparticles from 
immunological recognition and from loss of stability, as it 
can promote the development of a steric barrier between 
the biological medium and the liposomal surface (Sangrà 

et  al. 2017). As a consequence of PEGylation, surface–
surface interactions, including the aggregation of nano-
particles and adsorption of plasma proteins, are reduced 
(Dos Santos et  al. 2007). Given that the arginine-gly-
cine-aspartate (RGD) triad shows a strong affinity and 
selectivity for the αvβ3 integrin that is overexpressed in 
malignant tissues, it has been used extensively in nano-
particle targeting (Sangrà et al. 2017).

Accordingly, in the present study, we modified the 
synthesized nanodrug using PEG and RGD to, respec-
tively, enhance nanoparticle stability and increase active 
tumor-targeting efficiency. As the different physico-
chemical characteristics of nanoparticle can have differ-
ing effects on therapeutic performance, it is accordingly 
essential to measure the sizes and the surface potentials 
of nanoparticles (Mu and Feng 2002). The physicochemi-
cal characteristics of the NP@PMA, NP@PEG–PMA, 
and NP@RGD–PEG–PMA nanoparticles prepared in 
the present study are summarized in Table 4. As shown 
in the table, the size of the NP@PMA particles was 
149.1 ± 0.14  nm, whereas that of the NP@PEG–PMA 
and NP@RGD–PEG–PMA particles was 115.2 ± 1.84 nm 
and 125.2 ± 1.27 nm, respectively. All three nanoparticle 
types exhibited a narrow range of size distribution (poly-
dispersity index = 0.2). The zeta potential values for the 
NP@PMA, NP@PEG–PMA, and NP@RGD–PEG–PMA 

Fig. 2 Synthesis of RGD–PEG2000–DSPE. a scheme of the synthesis of RGD–PEG2000‑DSPE; b MALDI‑TOF mass spectra of the synthesized RGD–
PEG2000–DSPE conjugate
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particles were 41.7 ± 0.42, 29.8 ± 2.4, and 33.7 ± 0.51 mV, 
respectively. Each of the three nanoparticle types had a 
uniform spherical shape and did not aggregate under 
physiological conditions (Fig. 3a).

To evaluate the effect of different modifications on the 
drug release of the phosphatidyl prodrugs, we examined 
the in  vitro enzymatic-induced release of MA from dif-
ferent nanocrystals (Fig.  3b). There was no significant 
difference among the different nanocrystals with respect 
to MA release, thereby indicating that PEG and RGD 
modifications have no apparent effects on the enzymatic 
hydrolysis of PMA in vitro.

Investigation of the in  vitro stability of the different 
nanocrystals showed that the size of PEG-modified nano-
particle (NP@PMA–PEG and NP@PMA-PEG–RGD) 
remained at approximately 120 nm in water and 160 nm 
in RPMI-1640 medium containing 10% FBS within a 
168-h incubation period (Fig. 4a, b). In contrast, although 
the average size of unmodified nanoparticles (NP@
PMA) remained at approximately 150 nm in water within 
168 h, they had increased to approximately 400 nm after 
a 168-h incubation in RPMI-1640 medium contain-
ing 10% FBS. Therefore, we concluded that the particle 
size of PEG-modified nanoparticle (NP@PEG–PMA 
and NP@RGD–PEG–PMA) could remain unchanged 
in water and RPMI-1640 medium containing 10% FBS; 
however, unmodified nanoparticle could remain stable 
in water and became larger in RPMI-1640 medium con-
taining 10% FBS. The result that modified nanoparticles 
remained stable in two solutions, whereas unmodified 
nanoparticles were not stable in a medium indicated that 
the unmodified nanoprodrug underwent aggregation 
of nanocrystals in this medium. We speculate that the 
substantial increase in the average size of NP@PMA in 
this medium is perhaps related to the adhesion between 
serum protein molecules and the PMA layer (Ku et  al. 
2010). In contrast, the average size of the PEGylated nan-
oparticles remained unchanged in the medium for 168 h, 
which can probably be attributed to PEG modification 
having a protective effect on the PMA layer, and thereby 
preventing adhesion with serum protein molecules (Ku 
et al. 2010). This in turn indicates the superiority of NP@
PMA–PEG and NP@PMA–PEG–RGD with respect to 
plasma stability.

In vitro cytotoxicity assays
The cytotoxicity of the NP@PMA, NP@PEG–PMA, 
and NP@RGD–PEG–PMA prodrugs was investigated 
to evaluate the effect of PEGylation and RGD modifica-
tion on the cytotoxicity of the phosphatidyl prodrugs. 
As shown in Fig.  5, NP@PMA, NP@PEG–PMA, and 
NP@RGD–PEG–PMA all had a cytotoxic effect on the 
tumor cells. The IC50 (0.55 μM) of free MA was lower 

Fig. 3 Characterization of nanoparticles. a transmission electron 
microscope (TEM) images of NP@PMA, NP@PEG–PMA, and NP@RGD–
PEG–PMA nanoparticles; b change in the release of mitoxantrone 
(MA) from NP@PMA, NP@PEG–PMA, and NP@RGD–PEG–PMA with 
time

Table 4 Physicochemical properties of nanoparticles

Nanoparticles Diameter (nm) PDI Zeta potential 
(mV)

NP@PMA 149.1 ± 0.14 0.198 ± 0.013 41.7 ± 0.42

NP@PEG–PMA 115.2 ± 1.84 0.227 ± 0.001 29.8 ± 2.4

NP@RGD–PEG–
PMA

125.2 ± 1.27 0.205 ± 0.002 33.7 ± 0.51
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than nanoparticles, because the small molecule drugs 
was effects on tumor cell directly and killing them, nan-
odrugs need to be released in tumor cells and effects on 
tumor cell. The release process of nanodrug was slow. 
Nevertheless, the nanodrug may show its advantageous 
effects (such as EPR) in the body. Moreover, compari-
son of the cytotoxicity of these three nanodrugs revealed 
that the cytotoxicity of NP@PEG–PMA  (IC50 = 7.8  μM) 
against the MCF-7 cells was lower than that of NP@PMA 
 (IC50 = 4.1  μM), which could be attributed to a reduced 
electrostatic attraction between the PEGylated nano-
prodrug and the cell plasma membrane, resulting in a less 
efficient uptake (Majzoub et  al. 2014). Compared with 

the cytotoxicity of NP@PEG–PMA against the tumor 
cells, that of NP@RGD–PEG–PMA  (IC50 = 3.7 μM) was 
observed to be enhanced. In this case, we speculate that 
overexpression of the ανβ3 integrin receptor on MCF-7 
cells may have mediated the endocytosis of NP@RGD–
PEG–PMA, which may thus have enhanced the cellular 
uptake of the prodrug resulting in an increased cytotox-
icity against the cancer cells (Zhou et al. 2017). Thus, this 
study indicate that the PEG modification performed in 
the present study may contribute to solving the problem 
of nanoparticle stability, whereas RGD modification may 
serve to enhance the active tumor-targeting efficiency 
of the nanoprodrug, thereby increasing its cytotoxicity 
against cancer cells.

Conclusion
In previous studies, a phosphatidyl prodrug was estab-
lished that offers considerable potential for the develop-
ment of functional antitumor prodrugs with promising 
therapeutic clinical applications. In the present study, a 
preparation and purification procedure for a novel phos-
phatidyl prodrug (PMA) was established, which enabled 
to obtain target substance PMA, with 96.93% purity and a 
recovery of 50.35%. The results of PMA separation ampli-
fication experiment show that single-separation pilot-
scale yields of PMA can approximately reach 600  mg. 
Moreover, PEG modification contributed to solving the 
problem of nanoparticle stability. PEG modification was, 
however, observed to reduce prodrug antitumor activ-
ity. Nevertheless, this problem could be circumvented 
by modification with an RGD peptide, which facilitated 
the active targeting of the NP@RGD–PRG-PMA against 
cancer cells. Thus, a nanoscale drug delivery system was 

Fig. 4 Stability profiles of different nanocrystals. Changes in the size of nanoparticles after incubation a with water; b with RPMI‑1640 medium 
supplemented with 10% FBS

Fig. 5 In vitro cytotoxicity assays. In vitro cytotoxicity of MA, NP@
PMA, NP@PEG–PMA, and NP@RGD–PEG–PMA nanoparticle against 
tumor cells after a 72‑h co‑incubation (n = 3, mean ± SD). Tested cell 
line: MCF‑7
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established and succeeded in having increased stability of 
the nanoparticles, prolonged circulation, and enhanced 
active tumor-targeting efficiency.
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