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Introduction
Many patients with solid tumors have failed to respond to checkpoint inhibitors, although their 

efficacy and potential for assisting the human immune system in anticancer therapy have been 
demonstrated. One reason for this is that tumors develop abnormal vasculature, where abnormal 
blood vessels and impaired perfusion restrict the flow of cytotoxic drugs and immune cells from 
the bloodstream into the tumor, limiting their anticancer activity [1]. Anti-angiogenesis can 
normalize the blood vessel network around a tumor and improve the tumor microenvironment and 
the infiltration and activity of type 1 T helper lymphocytes to improve the efficacy of checkpoint 
inhibitors and the response rate of treatment [2].

Peptide A7R (ATWLPPR) can specifically bind to Neuropilin-1 (NRP1) and block its interaction 
with Vascular Endothelial Growth Factor 165 (VEGF165), thus demonstrating significant anti-
angiogenesis and antitumor activity [3]. Meanwhile, peptide NS7 (NLLMAAS) can specifically 
block the Tie2 signaling pathway, inhibiting the migration of endothelial cells and the formation of 
blood vessels, as has been shown in chicken embryo allantoic membrane [4]. In the early stages of 
our study, we linked peptide A7R and peptide NS7 with two alanine to obtain a new peptide AS16 
(ATWLPPRAANLLMAAS) that can inhibit both the VEGF/NRP1 and Angiopoeitin-2 (Ang2)/
Tie2 signaling pathways. Previous studies have shown that AS16 can also inhibit endothelial cell 
migration and tubular formation and significantly inhibit tumor growth. Compared with peptide 
A7R and NS7, it has been demonstrated that AS16 has stronger anti-angiogenesis and antitumor 
activity effects [5]. However, like other peptide drugs, AS16 also has many issues. For example, 
it is prone to degradation by protease, is easily filtered by glomeruli, and has poor stability, low 
molecular weight, and a short half-life. As a result, peptide drugs cannot make full use of their 
potential efficacy in vivo, which means that effective and feasible modifications of the drugs need to 
be implemented [6].

PEGylation involves protein, peptide, or non-peptide small molecules modified by the 
covalent attachment of one or more Polyethylene Glycols (PEG). These modification types include 
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random modification, fixed-point modification, enzymatic PEG 
modification, and non-covalent PEG modification [7-13]. For 
example, certolizumab pegol (marketed in 2008) is a fixed-point 
modification of Fab fragment C-terminal Cyst Mercator that uses a 
40 kDa branched PEG-MAL against tumor necrosis factor antibodies 
[14]. PEG also has a large kinetic volume in aqueous solution and 
is nontoxic and immunogenic [10,15]. PEG modification can also 
improve the pharmacokinetic properties of peptides and protein 
drugs in vivo. The shielding effect of PEG on the surface of peptides 
and proteins reduces enzymatic hydrolysis rate, improves stability, 
and reduces glomerular filtration rate, thus increasing the half-life of 
peptides and improving the metabolic characteristics of drugs in vivo. 
So far, more than 10 PEG-modified proteins have been approved by 
the food and drug administration for clinical use [16-18].

In this study, we applied PEG modification technology to AS16, 
introducing Cysteine (Cys) at the N-terminal of AS16 by chemical 
synthesis and fixing the Mercator group of the introduced Cys with 
different molecular weights using monomethoxy Polyethylene Glycol 
Maleimide (mPEG-MAL). The stability, metabolism, biological 
activity, and in vivo antitumor effect of the modified compound were 
tested, and a polyethylene glycol modification, mPEG-AS16, with a 
longer half-life, better antitumor angiogenesis, and tumor inhibition 
effect was obtained.

Materials and Methods
Reagents and cell culture

AS16 and Cys-AS16 were purchased from Shanghai Ketai 
Biotechnology Co., Ltd., and mPEG-MAL (5 and 20kDa) was purchased 
from Tianjin Hongri Jinboda Biotechnology Co., Ltd. Human plasma 
was isolated from blood supplied by volunteers. Sodium alginate and 
FITC-dextran were purchased from Sigma-Aldrich, and RPMI-1640 
medium was purchased from Solarbio. Penicillin/streptomycin was 
purchased from Gibico. HUVEC and S180 cells were preserved in 
our laboratory, and the cells were cultured in RPMI-1640 medium 
containing 10% FBS and 100 IU penicillin/streptomycin at 37°C in a 
5% CO2 atmosphere.

Effects of molar ratio and reaction temperature on 
modification reaction

Cys-AS16 was dissolved in PBS (pH 6.0, 20 mM) to a final 
concentration of 1 mg/mL. Cys-AS16 and mPEG-MAL in molar 
ratios of 1:1, 1.5:1, and 2:1 were added to the Cys-AS16 solution (1 
mL) and left to react for 1h at 25°C. This was then sampled using 
RP-HPLC (C18 analytical column: 250 mm × 4.6 mm × 5 µm; 
Zhengzhou Yingnuo Biotechnology Co., Ltd.; Agilent LC 1200 liquid 
chromatography). 1 mL of the above Cys-AS16 solution was then 
collected and allowed to react with mPEG-MAL with a Cys-AS16: 
mPEG-MAL molar ratio of 1:2. The reaction was first carried out at 
4°C for 1 h and then at 25°C for 1 h, and the samples were analyzed 
using RP-HPLC.

Separation and purification of modifications
The modification reaction was carried out in accordance with the 

optimum reaction conditions that had been determined. After the 
completion of the reaction, the modified compounds were isolated 
and purified by preparative RP-HPLC. The purification conditions 
were as follows: (1) Mobile phase A: 0.1% TFA aqueous solution, (2) 
mobile phase B: Acetonitrile, (3) wavelength: 228 nm, (4) flow rate: 
5 mL/min, (5) column temperature: 25°C, (6) injection volume: 10 
mL, and (7) elution gradient: 0~30 min, 20%~60% B. The purified 

modifications were analyzed for purity using RP-HPLC and then 
stored using lyophilization.

Enzyme hydrolysis stability test
100 µL of each of AS16, mPEG5k-AS16, and mPEG20k-AS16 

in equimolar concentration (2.4 µmol/L) were added to 900 µL of 
plasma and rapidly vortexed. The time point at which the peptide 
was added to the plasma was recorded as 0 h. The peptide plasma 
mixture was quickly incubated in 37°C, and 100 µL samples were 
taken at different time points. Next, 50 µL of a 10% perchloric acid 
solution was added to 100 µL of the mixture, and the mixture was 
thoroughly vortexed and then centrifuged at 12,000 rpm for 15 min. 
100 µL of the supernatant was then aspirated and stored at -80°C. 
The concentration of AS16 and its analogues in the supernatant was 
determined by RP-HPLC.

Determination of pharmacokinetic parameters
Sprague Dawley (SD) rats weighing approximately 250 g each 

were purchased from the Experimental Animal Center of Henan 
Province. The rats were fasted for 12 h before the experiment and 
were free to drink water during the experiment. Blood was taken from 
the orbital venous plexus of the rats. The blood sample was placed in 
an Eppendorf (EP) tube containing heparin sodium. After mixing, 
the cells were centrifuged at 6000 rpm for 3 min. The supernatant, 
blank plasma was stored at -20°Cuntil use. AS16, mPEG5k-AS16, and 
mPEG20k-AS16 were dissolved in saline, formulated into equimolar 
solutions, and then stored at -80°C until use.

The AS16, mPEG5k-AS16, and mPEG20k-AS16 solutions 
were diluted with blank plasma to prepare a series of standard 
concentrations of three parts each. 25 µL of 10% perchloric acid 
was added to 50 µL of the mixture, vortexed, and then centrifuged 
at 12,000 rpm for 15 min, after which 20 µL of the supernatant was 
analyzed using RP-HPLC. A standard curve was prepared based on 
peak area and concentration (µmol/mL) data.

AS16, mPEG5k-AS16, and mPEG20k-AS16 solutions (standards 
of 40 mg/kg AS16; 23.7 µmol/kg) were injected into the SD rats 
via the tail vein. Blood was taken from the orbital venous plexus 
of the rats before administration (0 h) and at different time points 
after administration. The blood sample was placed in an EP tube 
containing heparin sodium, mixed, and centrifuged at 6000 rpm 
for 3 min. 50 µL of the supernatant was then added to 25 µL of 10% 
perchloric acid, mixed, and centrifuged at 12,000 rpm for 15 min, and 
20 µL of the supernatant was taken and analyzed using RP-HPLC. 
The chromatographic conditions were as follows: (1) Wavelength: 
228 nm, (2) flow rate: 1 mL/min, (3) column temperature: 30°C, 
(4)injection volume: 20 µL, (5) mobile phase A: 0.1% TFA aqueous 
solution, (6) mobile phase B: Acetonitrile + 0.1% TFA, (7) elution 
gradient of AS16: 0~30 min, 20%~60% B, and (8) elution gradients of 
mPEG5k-AS16 and mPEG20k-AS16: 0~5 min, 20%~40% B; 5~15 min, 
40%~50% B; and 15~20 min, 50%~60% B.

Wound healing assay
HUVEC cells with a positive growth rate were taken, and cell 

density was adjusted to 1 × 105 cells/mL using RPMI-1640 medium 
after digestion. The cell suspension was added to a 24-well plate (1 
mL per well) and allowed to sit for 24 h. After 24 h, cell enrichment 
was about 95% and was a continuous monolayer. A 200 µL pipette tip 
was used to “+” the line on the cells. This was then washed twice with 
PBS and replaced with RPMI-1640 medium without FBS. Different 
concentrations (5, 25, and 100 µM) of AS16, mPEG5k-AS16, and 
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mPEG20k-AS16 were added to the wells, and three replicate wells 
were set for each concentration. Three measurements of the wound 
width were randomly selected for each well under the microscope 
and recorded as W0h. After 24 h, the width of the scratch at the same 
place of each well was measured and recorded as W24h. Mobility was 
calculated as follows: mobility (%).

= [1-W24h/W0h] × 100%.

Alginate-coated tumor cells
Female Balb/c mice aged 6~8 weeks were purchased from Beijing 

Weitonglihua Biotechnology Co., Ltd. The density of S180 cells was 
adjusted to 1 × 107 cells/mL, and 0.2 mL of the cell suspension was 
injected into the abdominal cavities of the mice. One week later, a 
slight swelling of the mice abdomens was observed. After the ascites 
was aspirated and diluted with saline at a ratio of 1:5, 0.2 mL of the 
diluted ascites was injected into the abdominal cavity of Balb/c mice 
for a second passage. After 5~7 days, the ascites of the mice were 
taken, diluted with saline, and centrifuged at 1,000 rpm for 5 min, 
and the supernatant was discarded.

The alginate was dissolved in saline to prepare a 1.5% alginate 
solution. Then, the precipitated S180 cells were re-suspended in 
a 1.5% alginate solution to adjust the cell density to 1 × 107 cells/
mL. Next, the S180 cell suspension was slowly dropped into 80 
mM Calcium Chloride (CaCl2) solution and then stirred. The white 
alginate particles that had formed were allowed to stand at room 
temperature for 30 min to solidify.

Balb/c mice were intraperitoneally injected with an appropriate 
amount of chloral hydrate for anesthesia. The right upper back skin 
of the mice was sterilized with 75% alcohol, and a small opening was 
cut. Alginate particles were planted under the skin of mice at three 
particles per mouse, and the incisions were sterilized. The mice were 
randomly divided into four groups, with eight mice in each group. 
These groups were the NS group, the AS16 group (0.3 µmol/kg/d), the 
mPEG5k-AS16 group (0.3 µmol/kg/d), and the mPEG20k-AS16 group 
(0.3 µmol/kg/d). The drugs were administered via the tail vain for 14 
days from the day after the alginate particles were planted, and the mice 
were free to eat and drink during the experiment. At the end of the 
administration, parts of the mice were directly sacrificed, the alginate 
particles were exposed to the back skin, and the surface angiogenesis 
of the particles was photographed and stained using H&E. The mice 
were then injected with 1% FITC-dextran (100 mg/kg) via the tail 
vein and were sacrificed after 20 min. The alginate particles were then 
removed, soaked in 1 mL of saline, and thoroughly mixed, and the 
supernatant was centrifuged. The optical density of the fluorescence 
in the supernatant was measured using a fluorescent microplate 
reader (Thermos Scientific). At the same time, the standard curve was 
made using FITC-dextran.

The antitumor activity of AS16 and mPEG-AS16 in vivo
The ascites of the mice were removed and centrifuged at 1,000 

rpm for 5 min, and the precipitated S180 cells were resuspended in 
saline. The survival rate of the cells was over 95%, as measured by 0.2% 
trypan blue staining. The cell density was adjusted to 1 × 107 cells/
mL, and 0.1 mL of cell suspension was injected into the right upper 
extremities of the mice. The tumor-bearing mice were randomly 
divided into six groups, with six mice in each group. These groups 
were the NS group, the AS16 group (0.3 µmol/kg/d), the mPEG5k-
AS16 high-dose group (0.3 µmol/kg/d), the mPEG5k-AS16 low-dose 
group (0.15 µmol/kg/d), the mPEG20k-AS16 high-dose group (0.3 

µmol/kg/d), and the mPEG20k-AS16 low-dose group (0.15 µmol/
kg/d). The drugs were administered via the tail vein for 14 days from 
the third day after the tumor had been administered, and the mice 
were free to eat and drink during the experiment. The long diameter 
(a) and short diameter (b) of the tumor were measured daily, and 
the tumor volume was calculated according to the following formula: 
Tumor volume = π/6 × a × b2. The growth curve of the tumor was 
also drawn. The bodies of the mice were weighed daily, and a body 
weight curve was drawn. At the end of the administration, the mice 
were sacrificed, and the tumors were removed and weighed. The 
tumor inhibition rate of each group was calculated according to the 
following formula: Inhibition Rate (IR) = (1- tumor weight of the 
drug group/tumor weight of the NS group) × 100%. The tumor was 
then subjected to CD31 immunohistochemical staining.

Statistical analysis
Statistical analysis was performed using SPSS 19.0. Experimental 

data were expressed as mean ± SD. Differences in significance were 
compared using t test, where *P<0.05, **P<0.01, and ***P<0.001.

Results
Modification and purification of AS16 by PEG

Modification yield is related to pH, time, molar ratio, and 
temperature of the reaction. mPEG-MAL is able to modify mercapto 
groups at a fixed point in alkaline and neutral to slightly acidic 
mediums. After trying different pH levels, we found that there was no 
significant difference in modification rate in the range of pH 6.0~8.0 
(data not shown). Moreover, mPEG-MAL is generally unstable in 
alkaline environments and prone to ring opening reactions [19]. 
Thus, we set the pH of the reaction to 6.0. The molecular weight of 
the peptide was small, and the modified group could be fully exposed. 
When mPEG-MAL reacted with Cys-AS16 for 1 h, the modification 
rate was already high. Therefore, in order to determine the best 
reaction conditions, we, for the most part, varied only the molar ratio 
and the reaction temperature. The peak times of AS16 and mPEG5k-
MAL were measured to be approximately 13 and 17 min, respectively. 
After the reaction, a new peak appeared at approximately 18 min, this 
being the absorption peak of mPEG5k-AS16 (Figure 1A). When the 
molar ratio of mPEG5k-AS16 and Cys-AS16 was 1:1, the modification 
was unimodal (Figure 1B). When the molar ratio of mPEG5k-MAL 
and Cys-AS16 changed from 1:1 to 2:1, the unreacted mPEG5k-
MAL gradually increased, but the modification rate did not. The 
modification rate when the modification reaction temperature was 
4°C was significantly higher than that when the temperature was 
25°C (Figure 1C, 1D). When the reaction temperature was 25°C, 
there was a miscellaneous peak at 15.2 min, this being likely due to 
the peptide degrading at 25°C. However, when the molar ratio of 
AS16 and mPEG20k-MAL was 1:1, the peak times of both mPEG20k-
MAL and mPEG20k-AS16 were approximately 20 min (Figure S1A), 
and the peak height of mPEG20k-MAL was very low. After mPEG20k-
MAL reacted with AS16, the peak height of mPEG20k-AS16 increased 
significantly. Therefore, although the peak times of AS16 and 
mPEG20k-MAL were close, AS16 was modified by mPEG20k-MAL, 
and the modification rate was high. Considering the separation 
and purification of the product and the cost of the raw material, 
the best modification conditions were as follows: pH of 6.0, a molar 
ratio of 1:1, a temperature of 4°C, and a reaction time of 1 h. Given 
these conditions, the reaction modification rate was able to exceed 
80%. We thus reacted mPEG-MAL with AS16 under these optimal 
modification conditions and purified the modified compounds 
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using Reversed-Phase High-Performance Liquid Chromatography 
(RP-HPLC) [20]. The compounds were separated and purified 
by preparative RP-HPLC, and mPEG5k-AS16 and mPEG20k-AS16 
were obtained. According to the RP-HPLC analysis of the purified 
products, mPEG5k-AS16 and mPEG20k-AS16 had purity of over 90% 
(Figure S1B, S1C). The modification conditions were mild, and both 
the reaction rate and modification rate were high. Next, we verified 
that the PEG modification strategy was able enhance the anti-
enzymatic hydrolysis ability of AS16 and extend its half-life in vivo.

Study of enzyme stability and preliminary 
pharmacokinetics of AS16 and its analogues

AS16 had poor stability in vivo and had almost completely 
degraded after 5 h in human plasma (Figure 2A). However, mPEG5k-
AS16 and mPEG20k-AS16 were degraded by about 20% and 10%, 
respectively, at 200 h because of their significantly reduced enzymatic 
hydrolysis rate. This reduction was caused by the shielding effect of 
PEG, the higher molecular weight of the modifier, and the stronger 
resistance of the drug to enzymatic degradation.

We conducted a preliminary study of the metabolism of AS16 
and its modifications in vivo. We found that there were no absorption 
peaks in the blank plasma samples around the maximum absorption 
peaks of AS16, mPEG5k-AS16, and mPEG20k-AS16, which suggests 
that the endogenous substances in the plasma did not interfere with 
the determination of AS16 and its analogues and that the samples 
have strong specificity under such chromatographic conditions 
(Figures S2A-S2C). The AS16, mPEG5k-AS16, and mPEG20k-AS16 
standards were tested using RP-HPLC, the peak area was recorded, 

and linear regression was conducted on the measured peak area (Y) 
and concentration (X; data not shown). The regression equation of 
the plasma standard curve of AS16 was Y=1.855X-0.1258 (R2=0.999; 
a good linear relationship in the range of 3.70 mol/L to 237.68 mol/L). 
For mPEG5k-AS16, the equation was Y=24.069X+2.056 (R2=0.999; a 
good linear relationship in the range of 7.36 mol/L to 294.72 mol/L). 
For mPEG20k-AS16, the equation was Y=29.152X-1.767 (R2=0.999; a 
good linear relation in the range of 23.4 mol/L to 238.68 mol/L).

Figure 1: The effect of the molar ratio of Cys-AS16 to mPEG5K-MAL and reaction temperature on the modification reaction. A) RP-HPLC chromatogram of modified 
reactions of AS16 (green line), mPEG5K-MAL (red line), and mPEG5K-AS16 (blue line). B) Reacting with Cys-AS16 with different molar ratios of mPEG5K-MAL. C) 
A modification reaction RP-HPLC chromatogram at a reaction temperature of 4°C. D) A modification reaction RP-HPLC chromatogram at a reaction temperature 
of 25°C.

Figure 2: Stability of AS16 and its analogues. A&B) Detect the degradation 
of AS16, mPEG5K-AS16, and mPEG20K-AS16 in plasma at 37°C by enzyme 
hydrolysis stability test.
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Next, we injected AS16 and mPEG-AS16 into rats to preliminarily 
study the metabolism of these three substances in vivo. We calculated 
the plasma concentration using the standard curve and drew the drug 
concentration-time curve. AS16 was rapidly metabolized in rats, its 
blood concentration after 1min of administration was far lower than 
that of mPEG5k-AS16 and mPEG20k-AS16, and it could hardly be 
detected after 5 min of administration (Figure 2B). PEG modification 
thus significantly improved the pharmacological properties of the 
peptides in vivo, and the half-life of peptides increased drastically 
according to the molecular weight of the modifier. The in vivo half-
life of mPEG5k-AS16 increased by approximately five times, and the 
substance was almost undetectable after 40 min of administration. 
The in vivo half-life of mPEG20k-AS16 increased by nearly 500 times, 
and the blood concentration remained high after 24 h.

According to the concentration-time data, we calculated the 
main pharmacokinetic parameters of AS16 and its analogues (Table 

1). Compared with AS16, the in vivo half-lives of mPEG5k-AS16 
and mPEG20k-AS16 were long, their area under the curve was high, 
and there in vivo clearance rate was low. The pharmacokinetic 
characteristics of mPEG5k-AS16 and mPEG20k-AS16 were also 
different from one another. mPEG20k-AS16 was clearly metabolized 
slower in vivo and was able to remain at a high blood concentration 
for a long period of time. This is mainly because the molecular weight 
of mPEG5k-AS16 was small and not enough to reduce the glomerular 
filtration rate. Only when the molecular weight of PEG modifier was 
greater than 20 kDa did the glomerular filtration rate decrease, thus 
extending the peptide’s half-life.

Effects of AS16 and its analogues on human umbilical 
vein endothelial (HUVEC) cell migration

PEG modification not only prolongs the half-life of peptides 
in vivo, but it also reduces their bioactivity [21]. The ideal PEG 
modification thus causes an increase in half-life in vivo that is able 
to compensate for the decrease in bioactivity. In this study, the 
half-life of AS16 was prolonged after PEG modification, and a high 
concentration was maintained for a longer time. Next, we studied 
the biological activity of AS16 and its analogues. Endothelial cell 
migration is crucial for tumor angiogenesis, so we examined the effect 
of AS16 and its analogues on HUVEC cell migration using wound 
healing assay. We found that the cell wound area in the negative 
control group was almost completely healed at 24 h (Figure 3A). 
By contrast, most of the AS16, mPEG5k-AS16, and mPEG20k-AS16 
experimental groups were not healed, and the migration distances 

Parameters AS16 mPEG5k-AS16 mPEG20k-AS16

K (min-1) 0.645 0.122 1.334 × 10-3

T1/2 (min) 1.074 5.680 519

Vd (L/kg) 1.305 0.095 0.155

AUC (µmol.min/L) 28.147 2035.352 114500

CL (L/h.kg) 50.520 0.695 0.012

Table 1: The concentration-time curve of AS16, mPEG5k-AS16 and mPEG20k-
AS16 after i.v. in rats.

Figure 3: In vitro and in vivo biological activities of AS16 and its modifications. A) Representative images of the influence of AS16, mPEG5K-AS16, and mPEG20K-
AS16 on HUVEC cell migration by wound scratch assay. B) Quantification of HUVEC cell mobility. C) Representative images of alginate particles on day 14 after 
s.c. implantation (4 × 105 cells) into Balb/c mice. D) FITC-Dextran content at alginate particles. Determination of FITC-Dextran was performed after i.v. injection 
of high molecular weight F1TC-Dextran (100 mg/kg). E) HE staining of alginate particles containing S180 cells. The black arrow points to S180 cells outside the 
alginate granules. (Magnification: x100). *P<0.05, **P<0.01, ***P<0.001.
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were significantly smaller for these groups than those in the negative 
control group. According to the results of the wound healing assay, 
all three peptides were able to significantly inhibit the migration of 
HUVEC cells (Figure 3B). The ability of AS16 to inhibit HUVEC cell 
migration was also positively correlated with its concentration. At a 
concentration of 100 µM, the migration rate was the lowest, about 
60%. Both the mPEG5k-AS16 and mPEG20k-AS16 groups were able to 
inhibit HUVEC migration, but there was no dose correlation, which 
may have been because mPEG5k-AS16 and mPEG20k-AS16 were more 
stable and able to better perform for a long period of time at a low 
concentration. mPEG5k-AS16 and mPEG20k-AS16 had similar effects 
to that of AS16 in inhibiting HUVEC cell migration, indicating that 
the biological activity of the original peptide was maintained after 
PEG modification. This is an important factor in ensuring the effective 
anti-angiogenesis and antitumor effects of the modifications in vivo.

Antitumor angiogenesis in AS16 and its analogues
An alginate-coated S180 cell assay can be used to directly 

quantify the antitumor angiogenesis of AS16 and its analogues in 
vivo. Thus, we transplanted alginate particles under the skin of mice. 
Because the tumor cells in the alginate particles released all kinds of 
factors that promoted angiogenesis, there was angiogenesis on the 
surface of the particles. The FITC-labeled dextran that binds and 
adsorbs to the vascular endothelial cells was injected through the 
tail vein, and then, the fluorescence in the particles was detected to 

quantitatively determine the vascular density of the alginate particles. 
We determined that the stronger the fluorescence, the more vessels 
the alginate particles had. We also observed the alginate particles in 
each group and found that the vascular densities of the particles in the 
AS16, mPEG5k-AS16, and mPEG20k-AS16 groups were significantly 
reduced (Figure 3C). The anti-angiogenesis ability of mPEG5k-AS16 
and mPEG20k-AS16 was stronger than that of AS16, and there were 
almost no vessels on the surface of particles in the mPEG20k-AS16 
group. It was thus found that AS16, mPEG5k-AS16, and mPEG20k-
AS16 were able to effectively inhibit tumor angiogenesis and that 
mPEG20k-AS16 had the strongest anti-angiogenesis effect (Figure 3D). 
Using Hematoxylin and Eosin (H&E) staining of alginate particles, 
we found that the tumor cells were mostly dead at the particle centers 
and that there was a large number of living tumor and vascular 
endothelial cells on the particle surfaces. The number of surrounding 
cells of the mPEG20k-AS16 group had significantly reduced (Figure 
3E), and the cells on the particle surface of the mPEG20k-AS16 group 
had the lowest number, indicating that mPEG20k-AS16 was able to 
inhibit tumor angiogenesis most effectively.

Inhibitory effect of AS16 and its analogues on sarcoma 
180 transplant model

Finally, we tested the antitumor activity of AS16 and mPEG-
AS16 in vivo using Sarcoma 180 (S180) mouse transplant models. 
During the experiment, the growth status of the mice in each group 

Figure 4: AS16 and its modifications inhibit tumor growth by inhibiting tumor angiogenesis. S180 cells (1.0 × 106 in 100 µl Saline) were injected subcutaneously into 
the right flanks of Balb/c mice. On the third day after tumor challenge, tumor bearing mice were divided randomly into six groups (n=8). All the mice were killed after 
14 days administration with i.v. A) Body weight changes of Balb/c mice. B) The tumor volume-time curves of S180 cells. C) Representative images of tumor tissues. 
D) Quantification of tumor weights. E) The tumor inhibitory rate of AS16, mPEG5K-AS16, and mPEG20K-AS16. F) Representative images of CD31 immunostaining 
on tumor tissues. *P<0.05, **P<0.01, ***P<0.001.
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Figure S1: A) RP-HPLC chromatogram of modification reaction of mPEG20K-MAL (red line) and mPEG20K-AS16 (blue line). B) After the modification reaction is 
completed, mPEG5K-AS16 is separated and purified by preparative RP-HPLC. C) After the modification reaction is completed, mPEG20K-AS16 is separated and 
purified by preparative RP-HPLC.

Figure S2: Specificity of the plasma RP-HPLC chromatogram of AS16 and its modifications. A) Plasma RP-HPLC chromatogram of AS16. (1) Blank plasma; (2) 
plasma sample containing AS16; (3) AS16 standards. B) Plasma RP-HPLC chromatogram of mPEG5K-AS16. (1) Blank plasma; (2) plasma sample containing 
mPEG5K-AS16; (3) mPEG5K-AS16 standards. C) Plasma RP-HPLC chromatogram of mPEG20K-AS16. (1) Blank plasma; (2) plasma sample containing mPEG20K-
AS16; (3) mPEG20K-AS16 standards.

was positive, and the body weight of the mice also increased slowly, 
indicating that mPEG5k-AS16 and mPEG20k-AS16 did not have high 

toxicity because of the extension of in vivo half-life (Figure 4A). At 
the same time, the tumor growth rate slowed significantly in the AS16 
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group as well as those of its analogues, and the mPEG20k-AS16 group 
had the slowest tumor growth rate (Figure 4B).

Both AS16 and its analogues were able to inhibit tumors, but 
both the low and high doses of mPEG20k-AS16 caused a significantly 
stronger inhibition of tumor growth compared with the other peptides 
(Figure 4C, 4D). The tumor inhibition rate of AS16 (0.3 mol/kg) was 
36.5%. The tumor inhibition effect of mPEG5k-AS16 in the high-dose 
group (0.3 mol/kg) was slightly better than that in the AS16 group, 
which had a tumor inhibition rate of 40.2%. The tumor inhibition rate 
of mPEG5k-AS16 in the low-dose group (0.15 mol/kg) was only 29.4% 
(Figure 4E), slightly lower than that in the AS16 group (0.3 mol/kg). 
The tumor inhibition rates of the high-dose (0.3 mol/kg) and low-
dose (0.15 mol/kg) groups of mPEG20k-AS16 were 60.4% and 55.9%, 
respectively, representing tumor inhibition effects significantly better 
than those of both AS16 and mPEG5k-AS16. In addition to having 
the best tumor inhibition effect, mPEG20k-AS16 retained its biological 
activity in vivo, had a significantly extended half-life, and was able to 
maintain a high concentration for a long period of time. Thus, our 
results indicate that even a low dose of mPEG20k-AS16 can effectively 
inhibit the growth of tumors.

Platelet endothelial cell adhesion molecule (CD31) is a marker 
specifically expressed by vascular endothelial cells. In our study, we 
used anti-CD31 antibody to perform immunohistochemical staining 
on tumor tissues to directly observe tumor angiogenesis. Our results 
revealed that blood vessel density was lower in both the AS16 group 
and those of its analogues (Figure 4F). The mPEG5k-AS16 (0.15 
mol/kg) group had a large number of tumor blood vessels, and the 
mPEG5k-AS16 (0.3 mol/kg) group showed no significant difference 
in blood vessel density to AS16 (0.3 mol/kg). There were, however, 
significantly fewer blood vessels in the tumor tissues of the mPEG20k-
AS16 group than in those of the other groups, though there was no 
significant difference between the high- and low-dose mPEG20k-AS16 
groups. This was consistent with the tumor inhibition results-the 
tumor vascular density in the group that had the best tumor inhibition 
effect was also the lowest.

Discussion
In order to improve the poor stability and short half-life of peptide 

AS16, we used PEG fixed-point modification technology to modify 
it, thus obtaining mPEG5k-AS16 and mPEG20k-AS16 with purity of 
over 90%. In terms of stability, both mPEG5k-AS16 and mPEG20k-
AS16 demonstrated increased resistance to enzymatic hydrolysis, 
and the pharmacokinetic parameter results revealed that the half-
life of mPEG5k-AS16 and mPEG20k-AS16 had also been significantly 
prolonged. In vivo functional experiments confirmed that mPEG5k-
AS16 and mPEG20k-AS16 retained their anti-angiogenic activity, and 
the antitumor effects of mPEG5k-AS16 and mPEG20k-AS16 were also 
better than those of AS16 in a mouse transplant model.

The selection of PEG binding sites, the types and sizes of PEG 
modifiers, and the conditions required for modification are key 
factors affecting the bioactivity of PEG peptides. It had been reported 
that the Ala at the N-terminal of AS16 was not an active site [22]. 
We thus tried using D-Ala to replace the L-Ala at the N-terminal of 
AS16, and the modified AS16 showed better antitumor activity (data 
not shown). We made further modifications of the N-terminal of 
AS16 accordingly. The mercapto groups in peptides and proteins are 
small, react easily, and are thus ideal modification sites [23]. AS16, 
however, does not contain sulfhydryl groups. We thus linked a Cysto 

the N-terminal of AS16 using chemical synthesis to obtain modified 
precursor Cys-AS16 (CATWLPPRAANLLMAAS) and then modified 
it at fixed points [24,25]. The fixed-point modification not only led to 
homogeneous modifications, but it also facilitated the separation and 
purification of modifications. Because there is a hydroxyl group at 
both terminals of PEG, the monomethoxy polyethylene glycol with 
one terminal closed by a methyl group is often used as the modifier in 
order to prevent cross-linking or clustering during the modification. 
mPEG-MAL is the most commonly used mercapto fixed-point 
modifier and is created by adding a sulfide bond to the mercapto 
group via the double bond in the maleimide ring. The higher the 
molecular weight of the PEG modifier, the stronger it’s shielding 
effect on the active site of the enzyme on the peptide surface. The 
molecular weight of the PEG modifier is also positively correlated 
with the anti-enzymatic hydrolysis ability of the modification as well 
as its half-life. However, the shielding effect of PEG on the active site 
of the peptide will also be enhanced, which may significantly reduce 
the biological activity of the peptide. The selection of them PEG-
MAL molecular weight thus requires consideration of the retention 
of peptide activity and the extension of half-life. In our study, two 
mPEG-MAL modifiers with molecular weights of 5 (mPEG5k-MAL) 
and 20 kDa (mPEG20k-MAL), respectively, were selected to react with 
free mercapto at the N-terminal of Cys-AS16 to achieve fixed-point 
modification of the inactive site of AS16.

We also introduced a Cys at the N-terminal of AS16 by chemical 
synthesis to obtain the modified precursor Cys-AS16. Then, we 
modified the mercapto group of the N-terminal Cys with mPEG5k-
MAL and mPEG20k-MAL. Functional experiments confirmed that 
mPEG5k-AS16 and mPEG20k-AS16 had similar effects to AS16 in 
inhibiting vascular endothelial cell migration and tumor angiogenesis, 
indicating that the biological activity of AS16 had been retained. The 
anti-enzymatic hydrolysis ability of mPEG5k-AS16 and mPEG20k-
AS16 was similar, and the peptide’s time curve revealed that the 
half-life of mPEG20k-AS16 was about 91 times that of mPEG5k-AS16, 
indicating that the extension of mPEG20k-AS16 half-life is mainly 
related to the decrease of glomerular filtration rate; this is consistent 
with the results of a study by Wu et al. [26]. The half-life of mPEG20k-
AS16 was prolonged, but the bioactivity of mPEG20k-AS16 in vivo 
was not changed, though we predicted that it would be increased. 
Compared with mPEG5k-AS16 and AS16, mPEG20k-AS16 had better 
antitumor angiogenesis, which supported our prediction.

In conclusion, chemical modification of AS16 by PEG fixed-
point modification technique resulted in a modified product, 
mPEG20k-AS16, with higher stability, longer half-life, and better anti-
angiogenesis and antitumor effects than AS16. Compared with NRP1 
and Tie2 antibodies or with NRP1 and Tie2 dual-function antibodies, 
mPEG20k-AS16 is a promising peptide antitumor drug with a low 
price, simple chemical synthesis, and easy preservation.
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