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a b s t r a c t

Protein-based drugs have received extensive attention in the field of drug research in recent years. How-

ever, protein-based drug activity is difficult to maintain during oral delivery, which limits its application.

This study developed bifunctional oral lipid polymer hybrid nanoparticles (R8-PEG-PPNPs) that deliver

superoxide dismutase (SOD) for the treatment of ulcerative colitis (UC). R8-PEG-PPNPs was composed

of PCADK, PLGA, lecithin, and co-modified with stearic acid-octa-arginine and polyethylene glycol. The

nanoparticles (NPs) are uniformly dispersed with a complete spherical structure. In vitro stability and

release studies showed that R8-PEG-PPNPs exhibited good stability and protection. In vitro cell culture

experiments demonstrated that R8-PEG-PPNPs as carriers have no significant toxic effects on cells at con-

centration below 1000 μg/mL and promote cellular uptake. In experiments with ulcerative colitis mice,

R8-PEG- PPNPs were able to enhance drug absorption by intestinal epithelial cells and accumulate effec-

tively at the site of inflammation. Its therapeutic effect further demonstrates that R8-PEG-PPNPs are a

promising delivery system for oral delivery of protein-based drugs.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Protein-based drugs have the advantages of high biological ac-

tivity, good specificity and significant therapeutic effects, and have

received wide attention in the treatment of various diseases in re-

cent years [1]. After oral absorption, protein drugs are absorbed

into the blood circulation through the gastrointestinal tract and

can achieve local and systemic treatment [2]. However, the applica-

tion of protein drugs is greatly limited by their high hydrophilicity,

susceptibility to destruction by proteases and extreme pH, and dif-

ficulty in penetrating through intestinal epithelial cells by passive

diffusion [3–6]. Therefore, nanodrug delivery systems including li-

posomes, micelles, and polymeric nanoparticles have been devel-

oped as potential carriers for the delivery of protein drugs [7–11].

Lipid polymer hybrid nanoparticles (LPNPs) are new drug deliv-

ery systems developed by combining the advantages of liposomes

and polymer nanoparticles, which are characterized by small parti-

cle size, good drug encapsulation ability and good biocompatibility

[12,13].

The delivery strategy of protein drugs is different from that of

traditional drugs [14]. Since protein drugs do not easily penetrate

intestinal epithelial cells and mucus layer, we prefer that the NPs

are transported by intestinal epithelial cells and interact with in-
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flammatory cells in the submucosa [15–17]. NPs trapped in the

gut can also release drugs to treat colitis. However, NPs encounter

mucus and intestinal epithelial cell barriers during oral delivery

[18–20]. In order to overcome the mucus barrier, we believe

that hydrophilic particles with small particle size and uncharged

or overall electrically neutral surfaces (e.g., PEGylation) are more

likely to pass through the mucus layer [21–24]. However, this mu-

cus inert surface reduces the affinity with the cell membrane that

is lipophilic and negatively charged, thus reducing the cellular up-

take efficiency [25,26]. Cell-penetrating peptides (e.g., hydropho-

bic derivatives of octa-arginine with stearic acids, Sta-R8) can im-

prove the cell penetration of drugs and drug carriers [27,28]. It is

currently widely studied and used in drug delivery systems [29].

pH-responsive drug delivery systems have been extensively investi-

gated in inflammatory therapies. PCADK is a novel Polyketide with

improved acid-sensitive hydrolysis properties [30–32].

Therefore, we synthesized LPNPs with Sta-R8, PEG, PCADK,

PLGA and lipids. Lipids provide protection in the outer layer of the

NPs and increase biocompatibility. PCADK enables the timely re-

lease of protein drugs from NPs within the acidic environment of

inflammatory cells. PEG modification increases the hydrophilicity

of the NPs surface and facilitates the passage through the mucus

layer. Sta-R8 improves the absorption efficiency of small intestinal

epithelial cells. Co-modification of positively charged Sta-R8 and
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Fig. 1. Hemolysis of (A) PPNPs and (B) R8-PEG-PPNPs. (C) In vitro release curve of R8-PEG-PPNPs at 37 °C. Values are mean± SD (n=3). (D) The cytotoxicity of nanoparticle

carriers on activated RAW 264.7. Values are mean± SD (n=6).

negatively charged PEG yields near-electrically neutral LPNPs. Fi-

nally, the anti-inflammatory effect of orally administered SOD LP-

NPs was investigated in mice with ulcerative colitis.

For individual barriers during oral absorption, we have devel-

oped a nano-delivery system that effectively delivers SOD to treat

UC. In the current study, R8 improves the efficiency of NPs en-

try into cells. PCADK is a pH-responsive material. The PEGylation

modification of the NPs itself and the expression of the NPs are

close to electrical neutrality, which effectively improves the pen-

etration of the mucus layer. Here, the inner carrier of LPNPs is

composed of PCADK and PLGA. The lipid layer protects the exte-

rior of the NPs and improves biocompatibility. During the prepa-

ration process, we adjust the composition ratio in order to obtain

NPs with smaller particle size and relatively large drug loading. As

shown in Table S1 (Supporting information), with the increase of

lipids (from the first batch to the fifth batch), the particle size and

the drug loading volume gradually decreased. We choose batch 4

drug loading volume gradually decreased. We choose batch with

smaller particle size and a relatively high drug load. With the de-

crease of PLGA:PCADK from 10:0 to 4:6, the particle size of the NPs

first increased and then decreased, but the drug loading of the NPs

gradually decreased. Batch 6 has a relatively high drug load. Finally,

we replaced part of the lipid with R8 and added DSPE-PEG. Taking

into account the electrical factors, batch 16 (R8-PEG-PPNPs) close

to electrically neutral NPs was selected for further research. Batch

6 (PPNPs) served as a control group.

The average particle size of R8-PEG-PPNPs detected by a

nanoparticle size analyzer is 136.0 ± 1.17 nm. It can be seen from

the distribution diagram (Fig. S1 in Supporting information) that it

has a single particle size peak. The structure of R8-PEG-PPNPs ob-

tained by scanning electron microscopy is shown in Fig. S2 (Sup-

porting information), and the NPs appear as nearly spherical struc-

tures. The average particle size of R8-PEG-PPNPs detected by SEM

is not much different from the DLS result.

NPs were dispersed in different media, and the particle size

and PDI of LPNPs were measured for 7 days at 4 °C and 37 °C.
Fig. S3 (Supporting information) are the changes in particle size

and PDI at 4 °C. The particle size and PDI did not change sig-

nificantly within 4 days. These data support that the NPs can be

stored at 4 °C for future use. Fig. S4 (Supporting information) are

the experimental results at 37 °C. There was no significant change

in particle size and PDI, which indicates that NPs can exist sta-

bly at 37 °C. Since LPNPs can be quickly and evenly distributed af-

ter entering the blood circulatory system, LPNPs can stably exist in

the body.

Then, we investigated their stability in the presence of enzymes

(pepsin or trypsin) in simulated gastric fluid (SGF, pH 2.0) and sim-

ulated intestinal fluid (SIF, pH 6.8), respectively. As shown in Fig.

S5 (Supporting information), the NPs all exhibited excellent parti-

cle stability in SGF (incubation for 2 h) or SIF (incubation for 6 h)

containing pepsin or trypsin, with no significant variation of size.

The above results confirmed that NPs could keep its particle struc-

ture stable in both in vivo (SGF and SIF) environments.

In order to study the biocompatibility of NPs, we con-

ducted a hemolysis experiment of NPs. After incubating R8-

PEG-PPNPs/PPNPs with different concentrations (1.56-100.0 μg/mL)

with red blood cells, the red blood cells did not rupture and the

hemolysis rate was less than 3% (Figs. 1A and B). This result shows

that R8-PEG-PPNPs and PPNPs will not cause hemolysis of red

blood cells and have good biocompatibility. To evaluate the drug

release from R8-PEG-PPNPs in gastric and intestinal fluid environ-

ments, the SOD release behavior of R8-PEG-PPNPs in two release

media SGF (pH 1.2) and SIF (pH 6.8) was investigated. As shown

in Fig. 1C, R8-PEG-PPNPs exhibited a biphasic release pattern in

both release media. The faster drug release in the first hour may

be caused by the rapid diffusion of the unencapsulated drug and

the sudden release of the NPs. The slow release of the drug after-

ward is due to the fact that the NPs are releasing the drug slowly.

Meanwhile, we also observed that the release rate of R8-PEG-

PPNPs was significantly higher in SIF (pH 6.8) than in SGF (pH 1.2).

It may be due to the fact that the critical micelle concentration

of the excipients of NPs (e.g., ePC) decreases with decreasing pH,

making the structure more stable reducing the rate of drug release.

These results suggest that the release of LPNPs has a protective ef-

fect.

MTT assay to assess the cytotoxicity of nanoparticle carriers on

activated RAW 264.7. Fig. 1D shows the results of the effect of dif-

ferent concentrations of nanoparticle carriers on cells. The cell sur-
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Fig. 2. (A) Intracellular distribution of NPs in RAW 264.7 cells by CLSM (200×; scale bar: 50 μm). (B) Representative flow cytometric curves. Values are mean± SD (n=3,
∗∗∗P < 0.001). (C) Quantitative data of flow cytometric.

vival rates were above 95%, indicating that both nanoparticle carri-

ers would not be cytotoxic to RAW 264.7.

In the inflammatory cell model constructed from activated RAW

264.7, rhodamine B was encapsulated by NPs in order to visu-

alize the intracellular distribution of NPs. As shown in Fig. 2A,

rhodamine B is the red fluorescence that can be observed around

the nucleus of the cell. The red fluorescence of the R8-PEG-PPNPs

group was stronger than that of the PPNPs group which indicated

that R8 and PEG together promoted the uptake of NPs by activated

RAW 264.7.

And later, further quantitative analysis was performed by flow

cytometry (EPICS XL). The results showed that the Control group

had the lowest intracellular fluorescence intensity (Figs. 2B and C).

Phase uptake was significantly higher in the R8-PEG-PPNPs group

compared with the other groups (P < 0.001). This is consistent

with the CLSM observations and validates that R8 and PEG pro-

mote the uptake of inflammatory cells.

Before examining the efficacy of NPs in vivo, we studied the

distribution of NPs constructed by Dir in vivo tissues. All animal

care and experiments are carried out in accordance with the guide-

lines for the humane treatment of experimental animals in Jilin

University (Nos. SY202012023 and SY202105016). Ulcerative coli-

tis model is a common inflammatory bowel disease induced by

oral administration of 3% dextran sodium sulfate (DSS) aqueous

solution for 7 days. Twelve hours after oral administration of the

drug, we observed the fluorescence distribution in mice (Fig. 3A).

The weaker fluorescence intensity of the Dir group indicates that

Dir is difficult to be digested and absorbed into the body. In con-

trast, the R8-PEG-PPNPs group showed stronger fluorescence in-

tensity at the site of inflammation than the other groups. Some

studies indicate that the NPs lodge in intestinal tract and re-

lease drugs that can treat the colon [33–35]. As the above ex-

perimental results show, most of our NPs are concentrated in the

colon.

Subsequently, we investigated the in vivo anti-inflammatory ef-

ficacy of NPs in mice with ulcerative colitis. Mice in the model

group showed a significant increase in body mass index and dis-

ease activity index (DAI) during the 7 days of DSS induction

(Figs. 3B and C). In this case, the anti-inflammatory effect of the

SOD group was not significantly different from that of the model

group. In contrast, the PPNPs group only slightly alleviated the

weight loss. In comparison, the R8-PEG-PPNPs group showed a sig-

nificant reduction in DAI index and significant alleviation of weight

loss. Consistent with these results, examination of colonic length

after mice were euthanized (Fig. 3D). Compared to the control

group, the colonic length of mice in the model group was signif-

icantly shorter (P < 0.001). Compared with the model group, the

colon length of mice in the SOD group increased only by 4.69%,

that of mice in the PPNPs group increased by 18.11%, and that of

mice in the R8-PEG-PPNPs group increased significantly by 32.32%

(P < 0.01). These data further demonstrate that R8-PEG-PPNPs sig-

nificantly inhibit colonic shortening in UC mice.

In addition, we recorded the spleen weight of UC mice as a

macroscopic feature to analyze the severity of colitis (Fig. 3E).

Splenomegaly is considered to be an important indicator of the de-

gree of inflammation in colitis [36]. Mice in the model group had

a highly significant increase in spleen coefficient compared to the

blank group (P < 0.01), which indicates severe colitis inflamma-

tion. The splenic index of the free SOD group was almost compa-

rable to that of the control group and showed no alleviating effect.

In comparison, the splenic coefficient was significantly lower in the

remaining two groups. Notably, there was a significant reduction in
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Fig. 3. (A) Ex vivo images illustrating NPs distribution in the mice with DSS colitis. (B) Macroscopical evaluation of the therapeutic effect of NPs on DSS-induced ulcerative

colitis in mice (n=6). (C) Changes in DAI of ulcerative colitis mice. Changes in body weight of mice during 7 days of treatment (n=6, Data were normalized as a percentage

of the bodyweight at day 1). (D) The length of colonic tissues isolated from ulcerative colitis mice at day 7 (n=5). (E) The spleen index was examined after the mice were

euthanized at day 7 (n=6). Data are mean ± SD. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

the splenic coefficient in the R8-PEG-PPNPs group compared with

the PPNPs group (P < 0.01). The above data suggest that R8-PEG-

PPNPs are more effective than PPNPs in improving macroscopic

changes in ulcerative colitis.

After the mice were euthanized, we performed a pathological

analysis of the colonic tissues of the mice in the different treat-

ment groups (Fig. 4A). The negative control sections had clearly

visible cup cells and minimal inflammatory cell infiltration. In con-

trast, colon sections from untreated mice with ulcerative colitis

showed intestinal epithelial necrosis, lamina propria hyperplasia,

loss of cupped cells, and a large infiltration of inflammatory cells.

Compared to other treatment groups, R8-PEG-PPNPs administra-

tion was better at reducing inflammatory cell infiltration and effec-

tively preventing mucosal epithelial cell necrosis and lamina pro-

pria proliferation. The results further suggest that R8-PEG-PPNPs

have a palliative effect on ulcerative colitis in mice. Mice treated

with SOD did not significantly improve the histological features of

colitis.

Low inflammatory cell infiltration in the plasma of mice in the

R8-PEG-PPNPs treatment group was further confirmed by measur-

ing the plasma levels of IL-1β and IL-6 in mice (Figs. 4B and C).

The levels of IL-1β and IL-6 in model mice increased significantly

with the induction of colitis compared to normal mice. Meanwhile,

oral administration of SOD did not significantly reduce the lev-

els of IL-1β and IL-6 in UC mice. In contrast, the intervention of

PPNPs and R8-PEG-PPNPs resulted in a significant decrease in IL-

1β and IL-6 levels. Notably, R8-PEG-PPNPs exhibited better anti-

inflammatory effects compared with PPNPs. These results suggest

that Sta-R8 and PEG-modified LPNPs can better deliver SOD, im-

prove drug uptake efficiency, and achieve better therapeutic ef-

fects.

We initially evaluated whether this therapy produced side ef-

fects on the organs of mice with ulcerative colitis by studying H&E-

stained pathological sections of the liver, spleen and kidneys. No

significant abnormalities such as cellular edema, inflammatory cell

infiltration, congestion or vascular microstructural changes were

found in the treatment group (Fig. 4D). These findings confirm that

this assay exhibits a good safety profile for oral administration.

In this study, Sta-R8 and DSPE-PEG co-modified PCADK/PLGA

oral LPNPs were developed for the treatment of ulcerative col-

itis. The optimized NPs were obtained with a particle size of

136.0 ± 1.17 nm, narrow size distribution (PDI of 0.182 ± 0.028),

and near-neutral potential (2.8 ± 0.26 mV). In vitro stability and

release behavior study, R8-PEG-PPNPs showed good stability and

protection. In cytological level studies, nanoparticle carriers had

no toxic effects on cells and R8-PEG-PPNPs were able to improve

drug uptake efficiency. The results of experiments in mice with

ulcerative colitis showed that R8-PEG-PPNPs exhibited good anti-

inflammatory effects. Meanwhile, the nano-delivery system exhib-

ited a good safety profile. In conclusion, our results suggest that
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Fig. 4. (A) H&E-stained pathological sections of colonic tissues from different groups. (40×, 400×; Scale bars: 200, 20 μm). Expression levels of IL-1β (B) and IL-6 (C) in

mouse plasma. Values are mean± SD (n=6, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001). (D) H&E sections of the liver, spleen and kidney in ulcerative colitis mice (200×; Scale bar:

50 μm).

R8-PEG-PPNPs have great potential for oral delivery of SOD for the

treatment of ulcerative colitis.
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