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Abstract
Injections of polyethylene glycol (PEG)-modi�ed nanomedicines can lead to an accelerated clearance of
the next dose of PEGylated nanomedicines, which is referred to as the accelerated blood clearance (ABC)
phenomenon. It has been reported that anti-PEG IgM plays an important role in the induction of the ABC
phenomenon, identifying the interface between the main chain of PEG and the hydrophobic segment of
the repeated injections of the PEGylated nanocarriers, resulting in increased liver uptake and loss of long
cycle characteristics. In this study, we demonstrated that the 1,2-distearoyl-sn-glycero-3-phosphoglycerol
(DSPG) in PEGylated nanoemulsions (PEs) may mask this interface between the main chain of PEG and
the hydrophobic segment, inhibiting the recognition and binding of anti-PEG IgM to PEs, and evidently
weakening the ABC phenomenon of PEs. This will provide a novel strategy to improve the curative effect
of PEGylated nanocarriers.

1. Introduction
Polyethylene glycol (PEG) is used widely with protein and nanocarriers in the pharmaceutical �eld
because of its good water solubility and biocompatibility. PEGylation refers to the process of conjugating
PEG to drugs or nanocarriers by chemical means [1, 2]. Use of this technology has endowed the modi�ed
drugs or nanocarriers with better hydrophilic properties, thereby lowering their immunogenicity and
improving their stability; therefore, its use has been widely favored by researchers. As early as 1977,
researchers developed the technique of attaching PEG to the surface of proteins, which remarkably
prolonged the circulation time of proteins and reduced their immunogenicity [3, 4]. In 1990, the �rst
PEGylated protein product approved by the FDA, Adagen®, a PEGylated adenosine deaminase, was used
to treat severe immunode�ciency diseases [5]. However, since the �rst PEGylated nanomedicine, Doxil®,
was approved for commercial distribution in 1995, there have been no other approved high-density
PEGylated nanocarriers, indicating a stagnation in the development of PEGylated nanomedicine [6–9].

Several clinical and experimental studies have revealed that systemic injection of PEGylated
nanomedicines such as PEGylated liposomes [10], proteins[11], micelles [12, 13], emulsions[14, 15], and
nanoparticles [16] may elicit an anti-PEG antibody (APA) response, and that repeated administration may
result in the accelerated blood clearance (ABC) phenomenon. Repeated intravenous injections of complex
nano-drugs, such as PEGylated protein or nanoparticles, in animals or humans showed that with the
second and subsequent doses the circulation time was shortened sharply and the curative effect reduced.

IgM produced by PEGylated nanomedicines may cause serious problems in the �eld of drug targeting.
After a single subcutaneous or intravenous injection of the PEGylated recombinant mammalian uricase,
Krystexxa, approved by the FDA in 2010, 38% of patients experienced an APA response; when injected
repeatedly, even if the intervals between the two administrations was one year, the APA response was
quick, resulting in failure of the therapy [17]. Non-cytotoxic anticancer drugs (such as genes) and
diagnostic drugs loaded with PEGylated nanocarriers can lose their ability to treat or diagnose, due to
repeated injections. Nowadays, "treatment" involves the use of imaging technology where PEGylated
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nanomedicines are often used as diagnostic and therapeutic carriers. However, the e�ciency of the
second injection may be seriously affected when the immune response is activated by the PEGylated
nanomedicines of the �rst dose, that is, the diagnostic system. Therefore, the ABC phenomenon must be
avoided as it can in�uence the reliability of the diagnosis. The occurrence of the ABC phenomenon leaves
only one chance for treatment and diagnosis with nanocarriers. However, this limitation must be
overcome in clinical settings for successful diagnosis and treatment. Studies have shown that the
immunogenicity of PEGylated nanomedicines poses a threat to clinical patients [7, 18–20], and that the
change in pharmacokinetic behavior damages the advantages of PEGylation. Thus, the ABC
phenomenon poses an unavoidable challenge to further research and the application of PEGylation
technology.

Various strategies have been developed to attenuate or abolish the ABC phenomenon [11, 21, 22),
including the pre-injection of high-molecular-weight PEG [23] or anti-PEG scFv, the regulation of the
physical and chemical properties of PEGylated nanomedicines [14, 24], adjusting the administration
regimens[25, 26], and replacing it with other polymers or co-modi�cations [27–29]. For materials such as
mPEG2000-DSPE, the junction (amide bond) between the hydrophilic PEG chain and hydrophobic DSPE
fragment may be the key site for the recognition and mediation of the scavenging of PEGylated
nanomedicines by anti-PEG IgM [30]. In this study, we used 1,2-distearoyl-sn-glycero-3-phosphoglycerol
(DSPG) and prepared a series of PEs containing DSPG to investigate the ability of DSPG to inhibit the
ABC phenomenon in Wistar rats.

2. Materials And Methods

2.1. Materials
1,1'-Dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide (DiR) was purchased from AAT Bioquest,
Inc. (USA). DSPG, and soybean phosphatidylcholine S75 (S75) were obtained from Lipoid GmbH (USA). N
(carbonyl-methoxy PEG2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine (mPEG2000-DSPE) was
obtained from Genzyme Corporation (USA). Medium-chain triglycerides (MCTs) were purchased from
Beiya Medicated Oil Co., Ltd. (China). Bovine serum albumin (BSA) was supplied by Shanghai Seebio
Biotech, Inc. (China). Horseradish peroxidase (HRP)-conjugated goat anti-rat IgM antibody was obtained
from ICL Lab (USA). The compound 1,2-diaminobenzene was purchased from Sigma-Aldrich (USA). All
the other reagents were of analytical grade and purchased commercially.

2.2. Animals
Male Wistar rats (180–200 g) were purchased from the Experimental Animal Center of the Shenyang
Pharmaceutical University (Shenyang, China). All the animal experiments were conducted according to
guidelines of the animal welfare committee of Shenyang Pharmaceutical University (NIH publication
#85–23, revised in 1985).

2.3 Preparation of PEs
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The different formulations of the PEs used are shown in Table 1. The different PEs were prepared using
the DiR as the marker at a concentration of 1.8 mg/mL with the oil phase MCT prescription amount being
30 mg/mL, and the lipid prescription composition as shown in Table 1. All the PEs were prepared
according to the following method. The S75, mPEG2000-DSPE, MCT, and DiR (Table 1) was mixed in
sterile water and heated to 55°C. Sterile water was added to the oil phase at the same temperature and
stirred quickly. DSPG at n mol% PE-DSPGs without any S75 was diluted in sterilized water. The mixture
was stirred at 55°C for 20 min and sonicated in an ice bath for 8 minutes using a laboratory ultrasonic
cell pulverize to prepare the emulsions. Then, nanoemulsions were prepared by extrusion through 0.8-,
0.45-, and 0.22-µm polycarbonate membranes. Using different PEG modi�cation densities, n mol % PE
and n mol % PE-DSPG (n = 10, 30, 50) were prepared with 5 µmol phospholipid/mL. Different DSPG
concentrations, PE-DSPG-n (n = 2, 5, 9, 15, 30) with a �xed mPEG2000-DSPE concentration of 0.5
µmol/mL, were prepared. The distribution of the particle sizes and zeta potentials of the nanoemulsions
were determined using a Nicomp 380. The entire process was performed without exposure to light.

Table 1
Formulations of PEs.

Formula Lipid composition

(n/n)

10, 30, 50 mol % PE S75: mPEG2000-DSPE (9:1 ,7:3, 5:5)

10, 30, 50 mol % PE-DSPG DSPG: mPEG2000-DSPE (9:1, 7:3, 5:5)

PE-DSPG 2,5,9,15,30 DSPG: 0.5 µmol/ml mPEG2000-DSPE (2:1,5:1,9:1,15:1,30:1)

2.4. Pharmacokinetics of PEs
The rats were divided randomly into 28 groups (n = 3 in each group). The injection schemes with seven
days interval between the two PE injections are shown in Table 2. The rats were administered PEs
intravenously at a rate of 5 µmol phospholipid/kg. The DiR was used to demonstrate the
pharmacokinetics of the nanoemulsions at 0.3 mg/kg due to the high encapsulation rate of
nanoemulsions. At 0.0167, 0.083, 0.25, 0.5, 1, 4, and 8 h after the �rst and second injections, 0.5 mL
plasma was collected from the ophthalmic venous plexus and placed in a heparinized tube. The plasma
was separated and the DiR was measured as described previously (Liu et al., 2020).
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Table 2
Injection Schemes for PEs in Wistar rats (n = 3)

Groups First dose Second dose

Single n mol % PEs 5% Glu 10, 30, 50 mol % PEs

Single PE-DSPG-n 5% Glu PE-DSPG-2,5,9,15,30

Single n mol % PE-
DSPGs

5% Glu 10,30,50 mol % PE-DSPGs

Repeated n mol %
PEs

10, 30, 50 mol %
PEs

10, 30, 50 mol % PEs

Repeated PE-DSPG-n PE-DSPG-
2,5,9,15,30

PE-DSPG-2,5,9,15,30

Repeated n mol %
PE-DSPGs

10,30,50 mol % PE-
DSPGs

10,30,50 mol % PE-DSPGs

Cross-administration 10mol % PE 30 mol % PE, PE-DSPG and PE-DSPG-30

Co-injection 10mol % PE 30 mol % PE, PE-DSPG and PE-DSPG-30 with 10mol
% PE respectively

2.5. Determination of anti-PEG IgM in serum
An improved enzyme-linked immunosorbent assay (ELISA) method was performed according to the
classical ELISA method to determine the anti-PEG IgM in serum, as described previously [14]. Blood
samples were collected and incubated at 25°C for 2 h. Serum was separated by centrifugation at 800g for
10 min, and the anti-PEG IgM was determined.

2.6 Statistics
Comparisons between the two groups were conducted using the Student’s t-test with SPSS software.
Data in all the tables and �gures were represented as the means ± standard deviations (SDs), and values
at P < 0.05 were considered statistically signi�cant.

3. Results

3.1. Characteristics of the PEs
The particle size of the PEs was controlled between 119 and 131.2 nm, the polydispersity index (PDI) of
each nanomedicine less than 0.2, and the zeta potential below -20 mV, indicating that the nanomedicines
showed good stability (Table S1).

As everyone knows, the phase transition temperature of SPC is -20 oC, while that of DSPG is 55 oC. In
order to eliminate the in�uence of the two emulsi�ers on the release of emulsions in blood, we compared
the release behavior of different emulsions in vitro simulated in vivo environment.
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1.0 mL PEs was precisely aspirate and added to a dialysis bag (with a molecular weight cut off of
10kDa), clamped the two ends and placed it in 200 mL of PBS buffer (500 mmol/L, pH = 7.4, containing
appropriate penicillin), stirred under constant temperature at 37.0 ± 0.5 oC and away from light (100rpm).
At 0.5, 1, 2, 4, 8, 12, 24, and 48 h, drew 3.0 mL of dialysate, and added an equal amount of release
medium. The dialysate was �ltered with a 0.45µm microporous �lter membrane and the �uorescence
intensity was measured at λex = 750nm, λem = 790nm, and the concentration was calculated by
substituting it into the standard curve equation; the cumulative release Rn of the drug is calculated, the
formula is as follows, and the results are as follows Fig. 1.

Rn =
CnV0 + ∑n

n−1C(n − 1)V
Mt × 100%

Among them, Cn is the concentration at the nth sampling, V0 is the volume of the release medium, V is
the volume of each sampling, and Mt is the total drug concentration. Results showed that there was no
signi�cant difference in the release behavior among different PE.

3.2. Effect of the PEG modi�ed densities on the
pharmacokinetics of n mol % PEs and PE-DSPGs of single
and repeated intravenous injection
The 8-hour pharmacokinetic behavior of a single injection of n mol % PEs and PE-DSPGs was evaluated
by measuring the plasma concentration of the DiR. As indicated by the area under the curve (AUC) and
T1/2, the circulation time of n mol % PEs and PE-DSPGs in the Wistar rats increased gradually with the
increase in PEG density on the surface of n mol % PEs and PE-DSPGs (Table S2). Seven days after the
rst injection, the rats were injected repeatedly.

The strength of the ABC phenomenon was evaluated using the ABCindex, which indicated the ratio of AUC
of the second dose to that of the �rst dose; that is, the ABCindex = AUC(0−60 min) of the second
injection/AUC(0−60 min) of the �rst injection. The higher the ABCindex value, the smaller the difference in
pharmacokinetic behavior between the second and �rst injections, which meant that a weaker ABC
phenomenon is occurring. Here, the ABCindex(0−60 min) was used as the criterion to evaluate the strength of
the ABC phenomenon.

The repeated administration of n mol % PEs in each group induced the ABC phenomenon. When the
modi�cation density of PEG increased from 10 mol % to 30 mol %, the ABC phenomenon decreased;
however, when the PEG modi�cation density continued to increase, the ABC phenomenon was enhanced.
Compared with n mol % PEs, there were no signi�cant differences in the level of anti-PEG IgM induced by
n mol % PE-DSPGs with the same PEG modi�cation density (Fig. 2), but the ABCindex of each group was
signi�cantly higher than that of n mol % PEs, with the same PEG modi�cation density, indicating that the
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ABC phenomenon induced by each group was remarkably weakened. When the ABCindex of 30 mol % PE-
DSPG reached 0.89, almost no ABC phenomenon was observed (Fig. 3). These results suggest that both
the modi�cation density of PEG and the addition of DSPG could affect the intensity of the ABC
phenomenon. The modi�cation density of PEG affected the secretion levels of anti-PEG IgM, whereas
while DSPG did not affect the secretion level of antibodies, it weakened the ABC phenomenon.

3.3 Effect of DSPG concentration on the pharmacokinetics
of single and repeated injections of PE-DSPG-ns
To further investigate the in�uence of DSPG on the ABC phenomenon, we prepared a series of PEs with
different DSPG concentrations, PE-DSPG-ns, using the same procedure as that for n mol % PEs and PE-
DSPGs (Fig. 4). No signi�cant differences were observed in the pharmacokinetic behavior among the �ve
groups after a single injection of PE-DSPG-ns, as shown by the AUCs and T1/2 values (Table S2). Seven
days after the �rst injection, the PE-DSPE-ns containing DiR were injected repeatedly with the same
phospholipid dose. The ABCindex showed that the addition of DSPG could indeed weaken the ABC
phenomenon. When the modi�cation concentration of PEG was �xed, i.e., PE-DSPG-ns groups, the ABC
phenomenon gradually weakened with the gradual increase of DSPG concentration and when the molar
ratio of the DSPG to PEG increased to 30:1 in the PE-DSPG-30 group, the ABCindex reached approximately
0.94, and the ABC phenomenon almost disappeared.

No signi�cant differences were observed in the level of anti-PEG IgM induced by the �rst injection of PEs
with the same PEG modi�cation density; however, the addition of DSPG weakened the ABC phenomenon
in each group, signi�cantly. Therefore, we selected 5 µmol phospholipid/kg 10 mol % PE with the smallest
ABCindex for the �rst injection, and the rats with high levels of anti-PEG IgM after the �rst injection of 10
mol % PE were termed as ABC (+) rats. As shown in Fig. 5(A–C), the ABC (+) rats produced a high level of
anti-PEG-IgM 7 days after the �rst injection while the second 30 mol % PE injection produced a strong
ABC phenomenon, with the ABCindex reaching 0.25, while ABCindex of repeated 30 mol % PE injection was
0.7. It was suggested that the reason for the weak ABC phenomenon after the repeated injection of 30
mol % PE may be that the higher density of PEG modi�cation inhibited the production of anti-PEG
antibodies. When the level of anti-PEG IgM reached a higher level, the 30 mol % PE would still be cleared
quickly with an accumulation in the liver and spleen (Fig. 5D).

The ABCindex of the second injection of 30 mol % PE-DSPG in the ABC (+) rats reached 0.82, which was
slightly lower than the repeated injection of 30 mol % PE-DSPG and further demonstrated the attenuation
effect of DSPG on the ABC phenomenon; although there was a high level of anti-PEG IgM in rats, a strong
ABC phenomenon did not occur. The ABC (+) rats injected with PE-DSPG-30 did not cause the ABC
phenomenon. This also showed that higher DSPG concentrations could effectively inhibit the occurrence
of the ABC phenomenon.
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3.4 IgM binding of 30 mol % PE and 30 mol % PE-DSPG in
the ABC (+) rats
To determine the in�uence of DSPG on the intensity of the ABC phenomenon of PEs, we measured the
changes in anti-PEG IgM before and 6 h after the second injection of 30 mol % PE, 30 mol % PE-DSPG,
and PE-DSPG-30 in the ABC (+) rats. As shown in Fig. 6, no signi�cant change was observed in the
plasma anti-PEG IgM levels of the ABC (+) rats 6 h after the injection of 30 mol % PE-DSPG and PE-DSPG-
30, while the level of anti-PEG IgM in the ABC (+) rats decreased signi�cantly after the intravenous
injection of 30 mol % PE, indicating that the second injection of 30 mol % PEs could be combined with
anti-PEG IgM of the ABC (+) rats to produce the ABC phenomenon. In contrast, 30 mol % PE-DSPG and
PE-DSPG-30 combination did not enable the anti-PEG IgM recognition in the ABC (+) rats; therefore, the
ABC phenomenon did not occur.

3.5 Co-injection of 10 mol % PE with 30 mol % PE, 30 mol %
PE-DSPG and DSPG-PE-30
Here, we investigated the effect of the co-injection of 10 mol % PE containing DiR with blank 30 mol % PE
or DSPG-PE-30 into the ABC (+) rats. As shown in Fig. 7, the co-injection of 30 mol % PE and DSPG-PE-30
and 10 mol % PE did not affect the ABC phenomenon of 10 mol % PE.

4. Discussion
The induction of the immune reaction by the �rst dose of PEGylated nanocarriers, eliminating the long-
cycle characteristics of the second-dose PEGylated nanocarriers, is called the ABC phenomenon. Many
studies have reported that the main reason for the occurrence of the ABC phenomenon is the recognition
of the PEGylated nanocarriers of the secondary injection by the anti-PEG IgM leading to accelerated
clearance of the second dose of PEGylated nanocarriers. In previous reports, it was con�rmed that the
binding site between PEG and the hydrophobic segment of PEG-lipid derivatives such as mPEG2000-DSPE
was the main binding site recognized by anti-PEG IgM. The �ndings of a previous study [30] showed that
recognition binding could be eliminated by adding a hydrophilic segment between the PEG and the
hydrophobic segment. Therefore, masking the binding site between PEG and the hydrophobic segment of
mPEG-DSPE may weaken or eliminate the ABC phenomenon. Here, by controlling the particle size of the
emulsions, excluding the in�uence of the release behavior, and only investigating the in�uence of the
addition of DSPG on ABC phenomenon,we further proved the importance of the interface confrontation
between PEG and the hydrophobic segment, recognized by anti-PEG IgM to induce the ABC phenomenon.

DSPG is an anionic phospholipid with the same saturated fat chain as mPEG-DSPE. The addition of
DSPG to PEs weakened the ABC phenomenon signi�cantly; however, the antibody-induced ability of the
APA response did not decrease, and it still induced the production of anti-PEG IgM. Using cross-injections
and co-injections, we con�rmed that the recognition and binding abilities of anti-PEG IgM to PEs
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containing DSPG was weakened signi�cantly, and that the ABC phenomenon disappeared when the
molar ratio of DSPG to mPEG2000-DSPE was 7:3 and 30:1. In comparing the structures of DSPG and SPC
(Fig. 8), it was found that the two fatty chains of SPC were unsaturated and could not form a neat
emulsion layer with the two saturated fat chains of mPEG-DSPE; however, DSPG had the same fatty
chain as DSPE, and the two could form a more neat and uniform emulsion layer. From the perspective of
spatial structure, the two free hydroxyl groups of DSPG being adjacent to the amide bond in mPEG2000-
DSPE, may, to some extent, mask the amide bond.

5. Conclusions
In this study, in order to weaken or eliminate the ABC phenomenon, we investigated the ability of DSPG to
mask the recognition sites of anti-PEG IgM to PEs. We veri�ed the potential mechanisms of the ABC
phenomenon. By using co-injections or cross-injections with common PEs, the ability of PEs containing
DSPG to bind to IgM was signi�cantly weakened. When the content of DSPG reached a speci�c value, the
ABC phenomenon disappeared and did not change the titer of anti-PEG IgM in the plasma of the ABC (+)
rats. Therefore, this study further demonstrated that the hydrophobic interface between the PEG and the
hydrophobic segment is an important site for the recognition and binding of anti-PEG IgM, and thus, by
masking this site, the ABC phenomenon can be effectively reduced.
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Figure 1

The rate of the DiR cumulative releases from PEs in 48 h in vitro. The release kinetics follows Ritger-
Peppas equation. Data are shown as means ± standard, n = 3.
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Figure 2

Determination of anti-PEG IgM titer in rats seven days after the first dose of PEs. Significant difference
compared with control is indicated by *, and # means significant difference between groups. Data are
shown as means ± SDs, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3

Blood clearance pro�le of single (black) or repeated (red) injections with an interval of seven days of n
mol % PEs and PE-DSPGs loading DiR with different densities of PEG in rats (n = 10 [A and B], 30 [C and
D], 50 [E and F]). Data are shown as means ± SDs, n = 3.
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Figure 4

Blood clearance pro�le of single (black) or repeated (red) injections with an interval of seven days of PE-
DSPG-ns [n = 2 (A), 5 (B), 9 (C), 15 (D), 30 (E)] loading DiR with different concentration of DSPG in rats.
(F) Accumulation of liver and spleen 8 h after single (red) and repeated (black) injection of DiR-PEs in
rats. S and L represents accumulation in liver and spleen after single injection; s and l represent
accumulation in liver and spleen after repeated injection. Significant differences between the
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accumulation of single and repeated injection of the same PEs in the same tissue is indicated by **P <
0.05, **P < 0.01, ****P < 0.0001. Data are shown as means ± SDs, n = 3.

Figure 5

Blood clearance profiles of cross-injection (green) of 10 mol % PE as the �rst dose with 30 mol % PE (A),
30 mol % PE-DSPG (B), and PE-DSPG-30 (C) loading DiR as the second dose (repeated injection of same
PEs, red). (D) Accumulation in liver and spleen 8 h after single (red) and cross (black) injection of DiR-PEs
in rats. S and L represents the accumulation in liver and spleen after repeated injection; s and l represent
accumulation in liver and spleen after cross-injection. Significant differences between the accumulation



Page 18/20

of repeated and cross injection of the same PEs in the same tissue is indicated by *. *P < 0.05, **P < 0.01,
***P < 0.001. Data are shown as means ± SDs, n = 3.

Figure 6

Changes of anti-PEG IgM titer 7 days after the first dose (black) and 6 h after the second dose (gray) of
10 mol % PE, 30 mol % PE, 30 mol % PE-DSPG and PE-DSPG-30. Significant differences between the titer
are indicated by *. **P < 0.01, Data are shown as means ± SDs, n = 3.
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Figure 7

Blood clearance profiles of co-injection (green) of 30 mol % PEs (A), 30 mol % PE-DSPGs (B), and PE-
DSPG-30s (C) with 10 mol % PEs loading DiR as the second dose (repeated same PEs, red). (D)
Accumulation in liver and spleen 8 h after single 10 mol % PE injection, repeated 10 mol % PE injection
and co-injection of DiR-PEs in rats. S and L represents accumulation of liver and spleen after repeated
injection; s and l represent accumulation of liver and spleen after repeated dose and co-injection. Data are
shown as means ± SDs, n = 3.
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Figure 8

Structure of SPC (A), DSPG (B), and mPEG2000-DSPE (C).
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