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Abstract: Pancreatic carcinoma (PC) has one of the highest mortality-to-incidence ratios of any solid tumor world-
wide. Although KRAS mutation is commonly found in 95% of PCs, directly targeting KRAS remains to be a highly chal-
lenging task because of its lacking catalytic pockets where molecule inhibitors can bind with. Proteolysis-targeting 
chimeric (PROTAC) represents an effective approach for specific degradation of disease-causing proteins by hi-
jacking the endogenous ubiquitin-proteasome system (UPS). Previously, we designed a first-in-class PROTAC in-
duced PDEδ degrader (PIPD), which demonstrated improved anti-tumor efficacy against KRAS mutant malignancies. 
However, translating cellular degradative effects from bench to beside remains a highly challenging task because of 
PROTAC’s poor penetration efficiency across target cytomembranes and non-targeting delivery induced undesired 
“off target” side-effects. Herein, a smart nano-drug delivery system (CM8988-PIPD) was successfully constructed by 
biomimetic strategy for targeted delivery of PIPD. The biomimetic nanoparticle showed well-defined regular spheri-
cal structure with an average particle size of approximately 124.8 nm. Cancer cytomembrane camouflage endows 
CM8988-PIPD with excellent in vivo serum stability, controlled drug release profile, favorable biocompatibility & im-
munocompatibility, and prominent targeting ability to homologous PC cells. Owing to these advantages, the smart 
DDS significantly enhanced PDEδ degrading efficacy, resulting in induced cellular apoptosis (more than 50% for 
both PC cells) and suppressed cell proliferation via the inhibition of RAS signaling. In vitro studies illustrated that 
CM8988-PIPD hold great potential for the treatment of PC, which merits further investigation in both pre-clinical and 
clinical investigations in the future.
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Introduction

Pancreatic carcinoma (PC) is a highly fatal  
disease with a 5-year survival of 3-15% world-
wide, which has one of the highest mortality-to-
incidence ratios of any solid tumor and is 
becoming an increasingly common cause of 
cancer mortality [1, 2]. According to the statis-
tics of the American Cancer Society (ACS), the 
numbers of new pancreatic cancer cases and 
deaths were estimated to be respectively 
62,210 and 49,830 in 2022 in the United 
States nationally [3]. Surgical resection repre-

sents the only chance for cure, and the progno-
sis is also substantially better for patients diag-
nosed at an operable rather than an inoper- 
able stage [4]. Unfortunately, more than 85% 
patients have cancers that are not surgically 
resectable at the time of diagnosis owing to no 
obvious specific symptoms in the early stage of 
disease [5]. Therefore, finding safe and effec-
tive methods for treating PC is urgently 
needed.

Past decades witness the emerging develop-
ment of many innovative therapeutic strategies 

http://www.ajcr.us


Delivery of PROTACs for treating PC

1028	 Am J Cancer Res 2022;12(3):1027-1041

towards malignancies, by silencing the comple-
mentary mRNA with RNA interfering (RNAi) or 
microRNA (miRNA), or blocking/activating the 
biological function of protein targets with either 
small molecules (inhibitors/agonist) or mono-
clonal antibodies (mAbs), or stimulating the 
immune system to destroy tumors, or correct-
ing the DNA mutations with gene editing tech-
niques (such as CRIPSR technology) [6-8]. 
Currently, more than 50 small molecule inhibi-
tors (SMIs) have been approved by the Food 
and Drug Administration (FDA) for the treat-
ment of cancer [6]. Those SMIs are largely 
developed by large-scale screening and opti-
mized to achieve a desired binding with the 
well-defined active sites of each target protein, 
thereby inhibiting its biological activity [9, 10]. 
However, a variety of proteins other than kinase 
have no definite active sites and have been 
termed as non-druggable targets for a long 
time, among which RAS is a typical example [6, 
11].

RAS family proteins are a kind of small guano-
sine triphosphate (GTPase) connecting cell 
membrane growth factor receptors to intracel-
lular signaling transducers and transcription 
factors, thus playing vital roles in cell prolifera-
tion, differentiation and apoptosis, etc. [12, 
13]. Mutational activation of RAS is a universal 
feature accounting for ~30% of malignancies, 
with Kirsten RAS (KRAS) being the most fre-
quently mutated isoform [14, 15]. KRAS muta-
tion is commonly found in 95% of PCs, which is 
well recognized as an ideal target candidate 
[15, 16]. However, direct targeting KRAS by 
SMIs remains to be a highly challenging task 
owing to its nearly spherical structure lacking 
suitable catalytic pockets where SMIs are 
designed to bind with [17].

KRAS proteins can be activated by binding to 
GTP only after being effectively attached to  
the cytomembrane [17]. During its way to the 
cytomembrane, KRAS binds to a shuttling fac-
tor called PDEδ through its farnesylated hyper-
variable region, preventing KRAS’s binding to 
endomembranes and facilitating its diffusion 
throughout the cell [18, 19]. On the basis of  
its pivotal roles, we designed a first-in-class 
PDEδ degrader by proteolysis-targeting chime-
ric (PROTAC) technology in our previous study 
[20]. The promising PROTAC induced PDEδ 
degrader (termed as PIPD for short hereafter) 

can efficiently induce PDEδ degradation and 
demonstrates significantly improved anti-tumor 
efficacy against KRAS mutant SW480 cells 
[20].

PROTAC is a new strategy firstly emerged in 
2001, which represents an effective approach 
for specific degradation of disease-causing pro-
teins by hijacking the endogenous ubiquitin-
proteasome system (UPS) [21]. Generally, 
PROTAC molecules are ternary chemical com-
plexes consisting of three functional parts:  
(1) a ligand for recruiting an E3 ubiquitin ligase; 
(2) a ligand that binds a target protein; (3) a 
linker that connects these two active ingredi-
ents [9, 22]. Upon this smartly designed forma-
tion, PROTAC molecules can form ternary com-
plex together with E3 ligase and POI, mediating 
the transferring of ubiquitin tags onto the POI 
by hijacking E3 ligase [23]. Appropriately ubiq-
uitin-tagged POIs are then recognized by the 
26S proteasome and proteolytically cleaved 
(Figure 1) [23].

Although PROTAC has been successfully 
employed for degrading a variety of cancer pro-
moting proteins in laboratory investigation, 
translating cellular degradative effects from 
bench to beside remains a highly challenging 
task [23]. To date, only two PROTAC degraders 
against ER (ARV-471) and AR (ARV-110) have 
been progressed into clinical trials for patients 
with either ER+/HER2- locally advanced/meta-
static breast cancer, or metastatic castration 
resistant prostate cancer in 2019 [9, 24].  
Some potential shortages of PROTAC may limit 
its clinical transformation. The larger size of 
PROTACS (molecular weight >1000 Da) relative 
to traditional small molecule agents may re- 
sult in poorer penetration efficiency across tar-
get cytomembranes [25]. Because ubiquitin 
ligases are expressed widely across cell typ- 
es, PROTAC-induced degradation has been 
observed in both healthy and diseased tissues 
suggestive of undesired “off target” side-
effects [24, 25]. Besides, the intrinsic pharma-
cokinetic profile needs to be suitable to allow 
sufficient drug exposure for long enough to 
achieve protein knockdown [25, 26].

In the past decades, a variety of smart nano-
sized drug delivery systems (DDSs) were 
designed and developed for enhancing the 
local content and cellular uptake of therapeutic 
agents [27, 28]. The biomimetic strategy with 
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utilization of natural cell membrane camou-
flage is one of the most promising technologies 
for drug delivery which has been extensively 
employed for diagnosing and treating malig-
nancies [27, 29]. Biomimetic nanoparticles 
(NPs) integrate the functionality of biological 
materials with the flexibility of synthetic  
materials to achieve effective navigation and 
interfacing in complex biological systems. 
Except for the enhanced permeability and 
retention (EPR) effect, adhesion molecules 
expressed on cytomembrane vectors can  
navigate and anchor cancer cells through 
receptor-ligand binding, promoting the drug 
accumulation of encapsulated agents in dis-
eased tissues and cells [27, 30, 31]. In addi-
tion, cytomembrane coating provides a novel 
biomimetic platform that can mimic the func-
tion of source cells when interacting with sur-
rounding biological components [32]. Acquiring 
the repertoire of surface proteins from source 
cells, cancerous membrane coated NPs, which 
own favorable biocompatibility, low toxicity,  
and good biodegradability, can effectively avoid 
the scavenging effect of immune system, 
resulting in enhanced anti-phagocytic ability 

and prolonged circulation time in vivo [32-34]. 
Besides, membrane camouflage makes them 
potentially useful as decoys to interfere interac-
tions between cancerous and cancer stromal 
cells, which mediate many of the aggressive 
characteristics of cancer [34, 35].

Inspired by these superiorities, a novel biomi-
metic nano-drug delivery system was success-
fully designed for targeted delivery of PIPD to 
pancreatic cancer cells to circumvent the limi-
tations of PROTAC in this study. Our experimen-
tal results demonstrate that applying homotyp-
ic cancer cell membrane as a cloak to gene- 
rate desirable DDS could endow nanocarrier 
with excellent homotypic targeting ability and 
favorable biocompatibility & immunocompati-
bility, resulting in prominent tumor suppressing 
activity against pancreatic cancer in vitro 
(Figure 1).

Materials and methods

Materials and cells

Two human PC cell lines (PATU-8988 and 
PL-45), human liver cancer cell line (SMMC-

Figure 1. Schematic illustration of homotypic cell membrane-cloaked biomimetic nanocarrier for targeted delivery of 
PIPD and its anti-tumor mechanism against PC cells. Enhanced anti-cancer efficacy can be attributed to the syner-
gistic effects of (1) targeted delivery of encapsulated PIPD molecules to tumor tissues by favorable serum stability, 
biocompatibility and immunocompatibility; (2) elevated tumor uptake of bionic nanosized DDS via homologous cell 
membrane recognition; (3) inhibition of KRAS signal transduction pathway by efficient PDEδ degradation through 
hijacking the UPS system by released PIPD molecules in target cells.
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7721) and mouse mononuclear macrophage 
cells (J774A.1) were all obtained from the 
American Type Culture Collection (ATCC, 
Manassas, VA, USA). Cells were incubated in 
Dulbecco’s modified eagle medium (DMEM) 
containing 10% (v/v) fetal bovine serum (FBS, 
Gibco, Massachusetts, U.S.A.) and 1% penicil-
lin/streptomycin (Thermo Fisher Scientific, 
Massachusetts, U.S.A.) in a humidified incuba-
tor at 37°C with 5% CO2. The PROTAC com-
pound PIPD was synthesized as described in 
our previous publication [20]. Alexa Fluor® 488 
Annexin V/Dead Cell Apoptosis Kit and LIVE/
DEAD™ Fixable Dead Cell Stain Kit were pur-
chased from Thermo Fisher Scientific (Mas- 
sachusetts, U.S.A.). Protease-inhibitor PMSF, 
DAPI nuclear staining solution, 4% paraformal-
dehyde fixation solution, and Coomassie bril-
liant blue were purchased from Beyotime 
Biotechnology (Shanghai, China).

Cell membrane extraction

Cancer cytomembrane was extracted accord-
ing to the previously reported methods with 
minor changes [36]. In brief, cells were collect-
ed, washed with pre-cooled PBS, lysed with 
lysis buffer containing protease-inhibitor PMSF 
at 4°C for 12 h, sonicated at 80W-100W for  
10 m, and then centrifuged at 20,000 g for 20 
m. The supernatant was collected and centri-
fuged (100,000 g × 30 m), the precipitate was 
then collected, resuspended in PBS and stored 
at -80°C for future use.

Encapsulation of PIPDs into biomimetic DDS

PIPD and extracted cytomembrane were mix- 
ed and subjected to ultrasonic oscillation (5 
min, 28 kHz, 35 W) on ice. The solution was 
dialyzed against PBS with a membrane (molec-
ular weight cut-off: 3 kDa) at 4°C overnight to 
remove unencapsulated PIPD molecules.  
PIPDs encapsulated within the cytomembrane 
of PATU-8988 and SMMC-7721 cells were 
respectively marked as CM8988-PIPD and 
CM7721-PIPD. The concentration of PIPD in  
the dialysis solution outside the dialysis bag 
was determined by UV-vis spectrophotometry 
(absorption at 254 nm) using a standard curve 
method and recorded as Cout. The exact quan-
tity of PIPD in the biomimetic DDS was deter-
mined as Wtotal-Cout×Vout, where Wtotal and Vout 
respectively represents the total PIPD added 
for encapsulation and the total volume of dialy-

sis solution outside the dialysis bag). The 
encapsulation efficiency (EE) of PIPD was calcu-
lated according to the following function: 

(%) 100%EE W
W C V

total

total out out=
- #

# . In order for fluores-

cence labelling, the quantum dots (QDs) were 
encapsulated into the biomimetic DDS in the 
same way.

Cell membrane integrity analysis

The membrane protein characterization was 
conducted by SDS-PAGE as previously de- 
scribed [37]. Briefly, samples were prepared 
with 1 mg/mL final protein concentration in the 
loading buffer and heated in a metal bath for 
10 min. Samples were subjected to SDS-PAGE, 
and protein bands were stained by using 
Coomassie blue before imaging.

Characterization of PIPD encapsulated biomi-
metic DDS

The ζ-potential, hydrodynamic diameter and 
size distribution of prepared samples were  
performed by ZetaSizer (Nano-ZS, Malvern 
Instruments, UK) equipped with a HeeNe las- 
er (633 nm) at the scattering angle 173°. 
Transmission electron microscopy (TEM, Em- 
esis Veleta G3 transmission electron micro-
scope) was employed to observe the morphol-
ogy of biomimetic DDS. For preparing the  
specimens for TEM, the droplet containing bio-
mimetic nanoparticles was placed on Holey 
Carbon Coated-Copper 200 mesh Grids (Ted 
Pella, California, USA). Samples were examin- 
ed on TEM at 80 kV after air-dried. Structure 
and spectral characteristics of NPs were mea-
sured by X-ray photoelectron spectroscopy 
(XPS, K-alpha, Thermo Scientific, USA) and 
Fourier transform infrared spectrometer (FTIR, 
Nicolet AVATAR 370, Thermo Scientific, USA), 
respectively. UV/Vis spectroscopy was em- 
ployed to detect the absorbance of free and 
encapsulated PIPD, respectively.

Serum stability evaluation

For evaluating the serum stability of biomime- 
tic DDS, DMEM supplemented with 50% (v/v) 
FBS was employed as an in vitro serum model 
to mimic the in vivo status. Then CM8988-PIPD 
was mixed with the resulting serum model at 
37°C for 6 d. DLS was employed to measure 
the size distribution profile every day.
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In vitro drug release

A dialysis bag (molecular weight cut-off: 3.5 
kDa) containing 2 mL CM8988-PIPD solution 
was put in a beaker containing 10 mL of PBS, 
which was fixed in a water bath to keep the  
temperature at 37°C with continuous stirring. 
At various time points, 500 µL samples out- 
side the dialysis bag were taken up and the 
concentration of PIPD was measured by UV/Vis 
spectroscopy (absorption at 254 nm) using a 
standard curve method. Cumulative release of 
PIPD was calculated by the following function: 

Cumulative release
C 2.0 ml
C 10 ml

100%
Inside

Outside=
#

#
#

Biocompatibility

Different concentrations of free and CM8988 
encapsulated PIPDs were added to the sus-
pended red blood cells isolated from mouse 
orbital blood and kept in room temperature 
(RT). Mili-Q water and PBS buffer was respec-
tively employed as the positive and negative 
control. After a 3-hour-incubation, cells were 
centrifuged (10,000 g × 5 m), the supernatant 
was then collected and added to a 96-well 
plate. The absorbance (Ab) of the supernatant 
at 540 nm was measured and the hemolysis 
rate was calculated according to the following 
function: 

emolysis rate (%) 100%H
Ab Ab
Ab Ab

positive negative

drug negative=
-
-

#

Cellular uptake

Cellular uptake of the biomimetic NPs was 
observed by confocal laser scanning micro- 
scopy (CLSM) and quantitatively analyzed by 
flow cytometry (FCM). For CLSM, cells were 
seeded in special culture dishes at a density of 
3 × 104/well for 12 h. Equal concentration of 
free and encapsulated QDs were then add- 
ed and co-cultured for another 2 h. The cells 
were fixed with 4% paraformaldehyde, stained 
with DAPI for 5 m protecting from light at RT. 
After then, cells were washed and subjected to 
confocal microscopic observation. For FCM, 
cells were inoculated in 6-well plates at a den-
sity of 2 × 105/well. After 24 h of culture, equal 
amount of free and encapsulated QDs were 
added and co-cultured for another 2 h. Then, 
cells were collected, washed, and the fluores-

cence intensity of QDs was analyzed by a Flow 
Cytometer (MoFlo XDPBD, Beckman Coulter, 
U.S.A).

In vitro cytotoxicity

The cytotoxicity of CM8988-PIPD in compari-
son with that of its counterparts was evaluat- 
ed by Cell Counting Kit-8 (CCK-8) and live-dead 
staining analysis. For CCK-8 analysis, cells 
were seeded into a 96 well plate at a den- 
sity of 5 × 104/well and incubated with differ-
ent concentrations of CM8988-PIPD and coun-
terparts for 48 h. Then, 10 μl CCK-8 (Dojindo 
Molecular Technologies, Oslo, Norway) was 
respectively added to each well for another 2 h 
incubation protected from light. A Multiskan 
MK3 micro-plate reader (Thermo Fisher 
Scientific, Massachusetts, USA) was employed 
to read the absorbance (Ab) at 450 nm to cal-
culate the cell viability of different groups 
according to the following function: 

Cell viability%
(Ab Ab )
(Ab Ab )

100%
Control Blank

Samples Blank=
-
-

# , 

where Abblank are the absorbance values of the 
culture medium without cells. For live/dead 
staining, cells were seeded in special culture 
dishes for CLSM at 2 × 105/dish. Then equal 
amount of CM8988-PIPD and counterparts 
were added and co-cultured for 48 h. Cells 
were then stained with LIVE/DEAD™ Fixable 
Dead Cell Stain Kits following instructions, and 
observed by CLSM.

Cellular apoptosis evaluation

Cells were seeded into a 6 well plate at the  
density of 3 × 105/well and treated with equal 
amount of CM8988-PIPD and counterparts for 
48 h. Then cells were collected, washed  
with pre-cooled PBS, incubated with Annexin 
V-Alexa Fluor® 488 and PI in the dark following 
manufacturer’s instructions, and analyzed by a 
Flow Cytometer. Apoptotic cells were also 
observed by TEM.

Mitochondrial membrane potentials (MMP) 
detection

Cells were incubated with equal amount of 
CM8988-PIPD and counterparts for 48 h. After 
washing, JC-1 probe (Beyotime Biotechnology, 
Shanghai China) was employed to measure 
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mitochondrial depolarization by CLSM following 
product information.

Western blotting

Cells were collected and suspended in lysis 
buffer containing protease and phosphatase 
inhibitors. The protein concentration was  
quantified by a BCA protein detection kit 
(Beyotime Biotechnology, Shanghai, China). 
Equal amount of protein samples was then  
subjected to SDS-PAGE and immunoblotted 
with corresponding antibodies (Cell Signaling 
Technology, Massachusetts, U.S.A.).

Statistical analysis

Statistical analysis was performed by Stu- 
dent’s unpaired t test or one-way ANOVA to 
identify significant differences unless other-
wise indicated. Differences were considered 
significant at a P value of less than 0.05.

Results and discussion

Characterizations of the PROTAC encapsulated 
biomimetic DDS

To prepare biomimetic DDS, we firstly extracted 
the cytomembrane of PATU-8988 cells, and 
then wrapped PIPD molecules by ultrasound. 
DLS results reveal that the hydrodynamic size 
of empty NPs assembled by the cytomem- 
brane of PATU-8988 was approximately 179.3 
nm, with a Zeta potential of -9.2 mV. After  
PIPD encapsulation, the average particle size 
and Zeta potential has been changed to 124.8 
nm and -7.59 mA, respectively (Figure 2A-C). 
TEM results (Figure 2D) indicate that the bio- 
mimetic NPs possessed a uniform spherical 
structure, with a diameter of less than 200 nm 
in accordance with the DLS results. UV/vis 
(Figure 2E) and FTIR (Figure 2F) spectra de- 
picted that CM8988-PIPD owns remarkable 
absorption peaks of both PIPD and empty cyto-
membrane vesicles, confirming the successful 
encapsulation of PIPD in cytomembranes. 
Besides, the retention of membrane ingredi-
ents in biomimetic NPs was evaluated by XPS 
and SDS-PAGE. The XPS results shown in Fi- 
gure 2G demonstrates that CM8988-PIPD  
contains the same chemical elements as 
CM8988 cell membrane. And the SDS-PAGE 
results (Figure 2H) shows similar protein com-
position among CM8988-PIPD, empty cancer 
cell vesicles (CM8988) and cancer cell lysates.

Excellent serum stability and controlled drug 
release

It was well expected that our biomimetic DDS 
could be an excellent drug carrier benefits from 
the natural and stable structure. Considering 
the intended use via intravenous administra-
tion (I.V.), high serum stability is one of the  
most important characterizations for an ideal 
DDS. Therefore, we used the DMEM containing 
50% FBS as an in vitro serum model to check 
the serum stability of CM8988-PIPD following 
previous studies [38, 39]. As we can see from 
Figure 3A, the mean size of CM8988-PIPD 
experienced no obvious alteration during the 
experimental period of 6 days, suggesting its 
excellent serum ability. Also, we found that 
CM8988-PIPD had a high EE of 65±2.52% for 
PIPD molecules. Figure 3B demonstrates that 
our biomimetic DDS exhibits a slow drug 
release in neutral (pH=7.4) environment, with 
no initial burst during the period of 72 hours. 
However, the release of PIPD from CM8988 
NPs was apparently accelerated at pH 5.0 
(mimicking endo/lysosomal environments)  
with more than 60% PIPDs being released  
during 24 h. These results indicate that 
CM8988-PIPD could maintain stability under 
physiological conditions and release drugs rap-
idly in the acidic environment of cancer cells, 
which can avoid premature release of drugs 
and reduce the side effect to normal tissues.

Favorable in vitro biocompatibility and immu-
nocompatibity

We subsequently investigated the hemocom-
patibility of the biomimetic DDS by incubation 
erythrocytes with CM8988-PIPD and counter-
parts at gradient concentrations. As indicated 
in Figure 4A, free and encapsulated PIPDs  
all exhibit low hemolysis rate (less than 7%) at 
different concentrations (from 2.5 to 20 μg/
mL). Besides, both free and encapsulated 
PIPDs demonstrate low-cytotoxicity to human 
normal pancreatic ductal epithelial cells 
(HPDE6-C7) in concentrations of up to 32 µg/
mL (Figure 4B).

It is well established that a variety of artificial 
nanosized DDSs can be easily recognized and 
eliminated by the reticuloendothelial system 
(RES), resulting in shorter circulation time and 
insufficient accumulation in tumor site [40]. 
However, studies have shown that cancer cells 
are able to avoid the recognition of the immune 
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system [41, 42], which is employed for particle 
camouflage in this study. In order to evaluate 
the immunocompatibility, biomimetic nanopar-
ticles were marked with fluorescence QDs  
and incubated with J774A.1 macrophages, and 
the fluorescent QDs swallowed were deter-
mined by CLSM. As shown in Figure 4C, cyto-
membrane encapsulated QDs are less prone 
than free ones to be engulfed by macrophage 
cells, resulting in weaker green fluorescence in 
J774A.1 cells, indicating that cancer cell mem-
brane camouflage could effectively inhibited 
the phagocytosis of macrophages.

Accordingly, all these experimental results 
demonstrate that our bionic DDS owns favor-
able biocompatibility and immunocompati- 
bility.

Enhanced cellular uptake by homologous tar-
geting

The cellular uptake of CM8988-PIPD and coun-
terparts was compared in PATU-8988 and 
PL-45 pancreatic cancer cells. FCM results 
(Figure 5A, 5B) revealed that encapsulating 
QDs in the cytomembrane of a nonhomologous 

Figure 2. Characterizations of CM8988-PIPD DDS. (A, B) Hydrodynamic size of CM8988-PIPD and empty CM8988 
vector by DLS. (C) Surface zeta potential of CM8988-PIPD and empty CM8988 vector. (D) TEM morphology of 
CM8988-PIPD. Scale bar: left 0.5 μm, right 200 nm. (E-G) UV-vis absorption (E), FTIR spectra (F), and XPS spectrum 
(G) of CM8988-PIPD and counterparts. (H) SDS-PAGE protein analysis for cell lysates, CM8988 empty ventor and 
CM8988-PIPD DDS. Data are expressed as mean ± SD (n=3).
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hepatoma cancer cell line (SMMC-7721) can 
significantly promote the intracellular uptake, 
indicated by enhanced mean fluorescence 
intensity (MFI) of both PATU-8988 and PL-45 
cells (**P<0.01). On the other hand, cells incu-
bated with homologous cytomembrane encap-
sulated nanoparticles (CM8988-QDs) showed 
the highest MFI among all the experimental 
groups. Similar results were confirmed by  
CLSM shown in Figure 5C, which demonstrat- 
es that both cells treated with homologous 
CM8988-QDs exhibited stronger green fluo- 
rescence than cells treated with free QDs and 
nonhomologous CM7721-QDS. These results 
indicate that cell membrane coverage can sig-
nificantly promote endocytosis, and homolo-
gous membrane coverage is better than  
nonhomologous membrane coverage in the 
promotion.

Excellent in vitro anti-tumor activities

Based on its favorable endocytosis to homolo-
gous tumors, the in vitro cytotoxicity of 
CM8988-PIPD and counterparts on both  
PATU-8988 and PL-45 cells was investigated. 
As illustrated in Figure 6A, 6B, cells treated 
with free PIPD experienced a moderate ap- 
optosis rate (indicated by Annexin V+/PI±) of 
16.5% and 12.2% for PATU-8988 and PL-45 
cells, respectively. Nonhomologous cytomem-
brane camouflage can remarkably promote 
PIPD induced cellular apoptosis. Encouragingly, 
the abovementioned apoptosis inducing activi-
ty can be further enhanced by the homologous 
biomimetic DDS CM8988-PIPD, with a highest 
apoptosis ratio among groups (PATU-8988 

both PC cells, significant higher cytotoxicity of 
CM8988-PIPD was verified at various drug con-
centrations than that of CM7721-PIPD and free 
PIPD (**P<0.01), while CM7721-PIPD showed 
similar cytotoxicity to that of free PIPD (P>0.05). 
All these results were validated by live-dead 
cell staining evaluation, which are based on the 
reaction of a fluorescent reactive dye with cel-
lular amines. For necrotic cells, the reactive dye 
can permeate the compromised membranes 
and react with free amines both in the interior 
and on the cell surface. In contrast, only the 
cell-surface amines of viable cells are available 
to react with the dye, resulting in relatively dim 
staining. The results in Figure 6F further con-
firmed that homologous targeting significantly 
enhanced the in vitro cytotoxicity of PIPD 
against PC cells.

We can conclude from the above-mentioned 
results that our biomimetic DDS owns promi-
nent ability for enhancing the in vitro anti-tu- 
mor efficacy of containing PROTACs, indicated 
by increased cellular apoptosis and decreased 
cell growth. This might be attributed to the co-
effects of NP enhanced cellular endocytosis 
and homologous targeting by PC cell mem-
branes. Besides, the relative acid microenvi-
ronment in tumor tissues and cells can signifi-
cantly promote the accurate PIPD release, 
which may also participate in the improvement 
of tumor suppressing activity.

In vitro anti-tumor mechanisms

The satisfactory in vitro cytotoxicity of CM8988-
PIPD inspired us to evaluate the underlying 

Figure 3. A. Excellent in vitro serum stability of CM8988-PIPD nanoparticals: 
DMEM containing 50% (v/v) FBS was employed as an in vitro serum model  
and the size distribution of CM8988-PIPD was measured by DLS during 6 
days. B. Cumulative release of PIPD molecules from CM8988-PIPD DDS at 
different conditions. Data are expressed as mean ± SD (n=3).

cells: 53.7%, PL-45 cells: 
54.3%). Besides, cell apopto-
sis was confirmed by high res-
olution transmission electron 
microscopy, with representa-
tive image shown in Figure 6C. 
As we can see, after being 
treated with different formula-
tions of PIPD, the typical mor-
phologies of apoptotic cells 
such as chromatic agglutina-
tion and formation of apoptot-
ic body could be observed. A 
CCK-8 test was also employed 
to evaluate the in vitro cytotox-
icity of CM8988-PIPD. Figure 
6D, 6E demonstrates that for 
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antitumor mechanisms. Mitochondrial depolar-
ization is a feature of cell apoptosis. In normal 
cells, the mitochondrial membrane potential is 
higher and JC-1 gathers in the matrix of mito-
chondria to form a polymer to produce red  
fluorescence. Conversely, the mitochondrial 
membrane potential decreases during apopto-
sis to produce green fluorescence. In order to 
determine the alteration of mitochondrial mem-
brane potential, we firstly detected mitochon-
drial depolarization in targeting cells by CLSM 
post JC-1 staining. As shown in Figure 7A, the 
mitochondrial depolarization in CM7721-PIPD 
treated group was higher than that in PIPD  
and control groups, being indicated by a 
decreased fluorescence in JC-1 red and an 
increased fluorescence in JC-1 green. At the 
same condition, the mitochondrial depolariza-
tion appeared in homologous DDS (CM8988-

PIPD) treated group was remarkably higher 
than that in nonhomologous DDS (CM7721-
PIPD) treated group. The activation of Caspase 
9, which pays vital roles in cellular apoptosis, 
shows similar trends as mitochondrial depolar-
ization (Figure 7C).

Subsequently, PDEδ degradation was tested in 
both PC cells. The degradative potency for 
PDEδ was firstly evaluated in PATU-8988 cells 
according to WB analysis. As illustrated in 
Figure 7B, free and CM8988 encapsulated 
PIPD can efficiently induce PDEδ degradation  
in both concentration and time dependent 
manners. Moreover, CM8988 encapsulated 
PIPD than free PIPD exhibited stronger PDEδ 
degrading ability in tested concentrations  
and periods. Figure 7C demonstrates that 
CM8988-PIPD shows distinguished PDEδ 

Figure 4. Excellent in vitro biocompatibility and immunocompatibility of biomimetic DDS. A. Hemolysis rate of red 
blood cells in different concentrations of free and CM8988 encapsulated PIPDs. B. The cell viability of human nor-
mal pancreatic ductal epithelial cells (HPDE6-C7) treated with different concentrations of CM8988-PIPD. C. CLSM 
images of J774A.1 macrophages co-culture with free and CM8988 encapsulated QDs for 4 h. Green and blue fluo-
rescence indicates QD and nucleus, respectively. Scale bar: 20 µm.
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degrading ability when compared with free and 
CM7721 encapsulated PIPDs in both PATU-
8988 and PL-45 cells.

RAS proteins regulate PI3K-AKT and Raf-
MEK1/2 signal transduction pathways associ-
ated with cell proliferation, apoptosis, and dif-
ferentiation [43]. For further investigating the 
impact of CM8988-PIPD, we evaluated the 
phosphorylation of AKT and extracellular signal 
regulated kinase (Erk), which play pivotal roles 
in PI3K-AKT and Raf-MEK1/2 signaling. WB 
results (Figure 7C) indicate that free and 
CM7721 encapsulated PIPDs effectively re- 
duced AKT and Erk phosphorylation in both 
PATU-8988 and PL-45 cells. In contrast, ho- 
mologous CM8988-PIPD owns the most promi-
nent efficacy for downregulating both p-AKT 
and p-Erk. All these results confirmed that 

CM8988-PIPD is a splendid PDEδ degrader, 
which can significantly induce cellular apopto-
sis and proliferation suppression via the inhibi-
tion of RAS signaling.

Conclusions

In this study, a prominent nano-drug delivery 
system was successfully constructed by biomi-
metic strategy for targeted delivery of a first-in-
class PDEδ degrader, PIPD, which was identi-
fied by PROTAC approach in our previous study 
[20]. PATU-8988 cytomembrane camouflage 
endowed the biomimetic DDS (CM8988-PIPD) 
with excellent in vitro serum stability, ideal con-
trolled drug release profile, favorable biocom-
patibility & immunocompatibility, and promi-
nent targeting ability to homologous tumors. 
Owing to these advantages, the smart DDS sig-

Figure 5. Assessment of cellular uptake of biomimetic DDS by FCM and CLSM. A. Effects of cytomembrane on the 
intracellular uptake of QDs by homologous malignant pancreatic cells (PATU-8988 and PL-45) by FCM. B. Quantita-
tive analysis of FCM results. Mean fluorescence intensity was counted using FlowJo software. Data are mean ± SD 
(n=3), **P<0.01. C. CLSM images of PATU-8988 and PL-45 cells co-culture with free and cytomembrane encapsu-
lated QDs. Green and blue fluorescence indicates QD and nucleus, respectively. Scale bar: 20 µm.
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nificantly enhanced the PDEδ degrading effica-
cy, remarkably inducing cellular apoptosis and 

proliferation suppression via the inhibition of 
RAS signaling. In vitro studies illustrated that 

Figure 6. In vitro cytotoxicity evaluation of biomimetic DDS. (A) Cellular apoptosis of PATU-8988 and PL-45 cells 
treated with CM8988-PIPD and counterparts by FCM. (B) Quantitative analysis of FCM results. Apoptotic cells were 
defined as Annexin V+/PI± cells. (C) Bio-TEM images of apoptotic PATU-8988 (up panel) and PL-45 (down panel) 
cells. The red arrows indicated typical morphologies of apoptosis including chromatic agglutination and formation 
of apoptotic body. Cell viability of (D) PATU-8988 and (E) PL-45 cells after treatment with different concentrations of 
free and encapsulated PIPD by CCK-8 analysis. (F) Live/dead staining of PATU-8988 and PL-45 cells with different 
treatments. For necrotic cells, the reactive dye can permeate the compromised membranes and react with free 
amines both in the interior and on the cell surface. In contrast, only the cell-surface amines of viable cells are avail-
able to react with the dye, resulting in relatively dim staining. Scale bar: 50 µm. All the data are mean ± SD (n=3), 
**P<0.01.
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CM8988-PIPD is more effective than free and 
nonhomologous CM7721 encapsulated PIPDs 
in killing both tested PC cells. In conclusion, the 
versatile biomimetic DDS CM8988-PIPD hold 
great potential for the treatment of homolo- 
gous pancreatic carcinoma, with which we 
expect to augment the therapeutic efficiency 
and minimize undesired side effects of PRO- 
TAC molecules by mimicking or directly taking 
advantage of the ways that cells interact and 
communicate with living entities. The biomi-
metic designs fuse “life” to NPs and enable 
them to “communicate” with cancer cells and 
cancer microenvironment [44]. It is worth men-
tioning that the biomimetic strategy is not inde-

pendent and can be combined with bionano-
technologies, bioconjugation chemistry, phar-
maceutical chemistry, and biomedical engi-
neering together to develop more potent formu-
lations in both pre-clinical and clinical studies 
in the future [44, 45]. However, there are still 
serious challenges that need to be overcome in 
this field. For instance, although the viability 
and desired biological functions of biomimetic 
NPs could be well preserved, the undesired 
effects on their other functions and long-term 
behaviors in biological systems should be thor-
oughly assessed [44]. Besides, for biological 
membrane-derived biomimetic nanomedicines, 
concerns regarding reproducibility of the quan-

Figure 7. A. Changes in mitochondrial membrane potential of PATU-8988 and PL-45 cells treated with free and en-
capsulated PIPD by CLSM. Scale bar: 20 μm. B. Relative protein expression of PDEδ in PATU-8988 cells after treated 
with different concentrations of PIPD and CM8988-PIPD for different times by WB. C. Relative protein expression 
of PDEδ, T-AKT, P-AKT, T-Erk, P-Erk, and Cleaved Caspase 9 in PATU-8988 and PL-45 cells treated with different 
formulations of PIPD.
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tities of membrane proteins, and their scale-up 
manufacturing have to be addressed [44, 45]. 
In addition, everything will need to be carried 
out aseptically and done in a manner that com-
plies with good manufacturing processes, 
ensuring that the final products are free from 
both chemical and biological contaminants 
[46]. As this emerging biomimetic technology 
begins to mature, attempts will be made to 
translate such platforms from bench to beside, 
where they are primed to make positive impacts 
on human health.
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