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Purpose: This study was aimed at developing the trispecific antibodies (anti-EGFR/anti- 
FAP/anti-mPEG, TsAb) or dual bispecific antibodies (anti-EGFR/anti-mPEG and anti-FAP 
/anti-mPEG) docetaxel (DTX)-loaded mPEGylated lecithin-stabilized micelles (mPEG- 
lsbPMs) for improving the targeting efficiency and therapeutic efficacy.
Methods: mPEG-lsbPMs were simply prepared via thin film method. The trispecific 
antibodies or bispecific antibodies bound the mPEG-lsbPMs by anti-mPEG Fab frag-
ment. The formulations were characterized by DLS and TEM; in vitro and in vivo 
studies were also conducted to evaluate the cellular uptake, cell cytotoxicity and 
therapeutic efficacy.
Results: The particle sizes of mPEG-lsbPMs with or without the antibodies were around 100 
nm; the formulations showed high encapsulation efficiencies of 97.12%. The TsAb and dual 
bispecific antibodies were fabricated and demonstrated their targeting ability. Two EGFR- 
overexpressed cell lines (HT-29 and MIA PaCa-2) were co-cultured with FAP-overexpressed 
WS1 cells (HT-29/WS1; MIA PaCa-2/WS1) to mimic a tumor coexisting in the tumor 
microenvironment. Cellular binding study revealed that the binding of anti-FAP micelles to 
three co-culture ratios (4:1, 1:1, and 1:4) of HT-29/EGFR to WS1/FAP was significantly 
higher than that for TsAb micelles and dual (1:1) micelles, and the binding of those targeting 
antibodies to WS1/FAP and MIA PaCa-2/EGFR was equally efficacious resulting in a similar 
binding amount of the TsAb and dual BsAbs (1:1) with the co-culture of MIA PaCa-2/EGFR 
and WS1/FAP at a 1:1 ratio. Antitumor efficacy study showed that treatment with DTX- 
loaded mPEG-lsbPMs modified with or without BsAbs, dual BsAbs (1:1), and TsAbs was 
enhanced in inhibiting tumor growth compared with that for Tynen® while showing fewer 
signs of adverse effects.
Conclusion: Active targeting of both tumors and TAF-specific antigens was able to increase 
the affinity of DTX-loaded mPEG-lsbPMs toward tumor cells and TAFs leading to succes-
sive uptake by tumor cells or TAFs which enhanced their chemotherapeutic efficacy against 
antigen-positive cancer cells.
Keywords: lecithin-stabilized mPEGylated mixed polymeric micelle, bispecific antibody, 
trispecific antibody, active targeting, tumor-associated fibroblast, tumor antigen
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Introduction
Chemotherapeutic drug-loaded nanocarriers bring various 
benefits to traditional chemo-therapeutic agents for treating 
solid tumors. Methoxy polyethylene glycol (mPEG)ylated 
modification of the surface of nanocarriers achieves 
a sheltering effect that precludes non-specific interactions 
with the reticuloendothelial system (RES)1 and serum 
proteins2 leading to an extension of the in vivo half-life,3 

a reduction in side effects,4 and enhancement of therapeutic 
efficacies.5 With the presence of a mPEGylated modification, 
e.g., 1,2-distearoyl-sn-glycero-3-phosphoethanolamine- 
N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000), 
Kao et al. offered a simple one-step method of non-covalent 
binding to mPEGylated nanocarriers (NCs) with anti-mPEG 
/antitumor antigen bispecific antibodies (BsAbs) to achieve 
active targeting of tumors, resulting in increased tumor accu-
mulation and enhanced therapeutic efficacies of chemother-
apeutic drugs.6,7 The BsAbs used for this purpose were 
constituted of antigen-binding fragments (Fabs) or single- 
chain variable fragments (scFvs) of an anti-mPEG Ab (that 
binds to the terminal methoxy portion of mPEG) and an 
antitumor Ab (that binds to specific tumor antigens). When 
mPEGylated NCs were modified with the anti-mPEG/anti-
tumor antigen BsAbs, the BsAbs were attached onto their 
surface and offered anti-tumor binding abilities and enhanced 
cellular uptake or therapeutic efficacy to the chemodrugs 
loaded in the NCs. Such a BsAb-based modification, com-
pared with the random chemical coupling utilized by the 
formation of Ab-drug conjugates (ADCs), offers an achiev-
able and efficacious procedure to generate Ab-modified NCs 
or other nanomedicines, and ensures an outward orientation 
of functional antitumor Abs on NCs.6,8,9 By employing 
a suitable antitumor moiety to BsAbs, this approach can be 
adjusted to various cancers in which tumor-specific (- 
associated) antigens (TSAs or TAAs) are overexpressed on 
cell surfaces, such as human epidermal growth factor recep-
tor (EGFR) 2 (HER2), EGFR, prostate-specific membrane 
antigen (PSMA), etc.10,11

However, another barrier encountered with solid tumor 
treatment with such BsAb non-covalently bound 
mPEGylated NCs is that tumor-associated fibroblasts 
(TAFs) in tumor environments block the entry of active 
targeting NCs and reduce their therapeutic efficacy. TAFs 
are commonly considered to be derived from stromal fibro-
blasts under stimulation of transforming growth factor 
(TGF)- β secreted by cancer cells.12 In vitro research showed 
that resident fibroblasts upregulate gene expressions of TAF 

surface markers, including smooth muscle actin (SMA) and 
fibroblast activation protein (FAP), and increase collagen 
production.13 TAFs also contribute to tumor promotion, tis-
sue remodeling, and metastasis by secreting TGF-β, vascular 
endothelial growth factor (VEGF), and matrix metalloprotei-
nases (MMPs).14 More importantly, an abnormal collagen 
morphology and altered composition of the extracellular 
matrix (ECM) regulated by TAFs form physical barriers 
and increase interstitial fluid pressure, leading to the ineffi-
cient entry of therapeutic agents into tumor cell areas.15,16 

High levels of TAFs in various types of solid tumors were 
shown to be correlated with poor prognosis of such tumors.17 

Several studies further confirmed that FAP could be 
a valuable and safe target, and TAF-targeting NCs could be 
combined with other more effective anticancer agents to 
achieve synergistic effects.18–21

To simultaneously target tumor cells and TAFs to 
enhance therapeutic efficacy and minimize systemic toxicity 
for chemodrug-loaded mPEGylated NCs, a trispecific Ab 
(TsAb), viz., anti-mPEG/anti-FAP/antitumor antigen TsAb, 
or dual BsAbs (anti-mPEG/anti-FAP BsAb and anti-mPEG 
/antitumor antigen BsAbs) that enable targeting of both 
cancer cells and TAFs (FAP+) were developed, as shown 
in Figure 1A. In this study, the TsAb was genetically 
engineered to contain an anti-mPEG Fab in which light 
and heavy chains were linked with an anti-FAP scFv and 
an anti-EGFR scFv, respectively (with the resulting TsAb 
being designated anti-EGFR-FAP-TsAb). Dual BsAbs were 
genetically engineered to contain an anti-mPEG Fab, in 
which light and heavy chains were respectively linked 
with an anti-EGFR scFv (designated anti-EGFR/anti- 
mPEG BsAb or anti-EGFR-BsAb) and an anti-FAP scFv 
(designated anti-FAP/anti-mPEG BsAb or anti-FAP-BsAb). 
Previously developed docetaxel (DTX)-loaded mPEGylated 
lecithin-stabilized polymeric micelles (DTX-loaded mPEG- 
lsbPMs)8 were non-covalently modified with either the anti- 
EGFR-FAP-TsAb, individual BsAbs (anti-EGFR-BsAbs or 
anti-FAP-BsAbs), or dual BsAbs (anti-EGFR-BsAbs and 
anti-FAP-BsAbs) via the anti-mPEG terminus to offer bind-
ing affinity to the EGFR and FAP. Selective targeting and 
cellular uptake by EGFR+ cancer cells (HT-29/MIA-PaCa 
-2) and FAP+ fibroblasts (WS1/FAP) of anti-EGFR-FAP- 
TsAb-DTX-loaded mPEG-lsbPMs was then examined 
by a cell-based enzyme-linked immunosorbent 
assay (ELISA) and flow cytometry, and compared with 
that of DTX-loaded mPEG-lsbPMs modified with each 
individual or dual BsAbs (anti-EGFR/FAP-BsAbs-DTX- 
loaded mPEG-lsbPMs) and non-targeting DTX-loaded 
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mPEG-lsbPMs. We also investigated the cytotoxicity of 
drugs against individual cell lines (HT-29/MIA PaCa2) or 
a co-culture of each of those two cell lines with WS1/FAP 
cells. Last, in vivo treatment of a xenograft mice model co- 
implanted with MIA PaCa-2 cells and WS1/FAP cells was 
performed to examine the enhanced therapeutic effect and 
reduced systemic toxicity of anti-EGFR-FAP-TsAb-DTX- 
loaded mPEG-lsbPMs and anti-EGFR/FAP-BsAbs-DTX- 
loaded mPEG-lsbPMs in tumors surrounded by TAFs.

Materials and Methods
Materials and Cell Lines
Docetaxel was purchased from ScinoPharm Taiwan 
(Tainan, Taiwan). Soybean lecithin (S 100) was provided 
by Lipoid (Ludwigshafen, Germany). 1.2-distearoyl-sn- 

glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol)-2000] (DSPE-PEG2000) and 1.2-distearoyl-sn- 
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol)-2000] (DSPE-PEG5000) were purchased from 
NOF (Tokyo, Japan). Kolliphor® TPGS was obtained 
from BASF (Florham Park, NJ, USA). 3.30- 
Dioctadecyloxacarbocyanine perchlorate (DIO) was 
obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Tynen® (docetaxel), a generic product, was provided by 
TYY Pharmaceutical (Taipei, Taiwan). Fetal bovine 
serum, non-essential amino acids and sodium pyruvate 
were obtained from Thermo Fisher Scientific (Waltham, 
MA, USA). Dulbecco’s Modified Eagle Medium 
(DMEM), Minimum Essential Medium (MEM) and peni-
cillin/streptomycin/amphotericin B solution were 

Figure 1 Overview of the trispecific antibody (TsAb)-modified nanomedicine strategy for simultaneously eliminating tumors containing tumor-associated fibroblasts (TAFs). 
(A) The one-step arming strategy relied on the non-covalent modification of mPEGylated nanomedicines (liposomal doxorubicin, Lipo-Dox) with an anti-human epidermal 
growth factor receptor 2 (HER2)/anti-fibronectin activation protein (FAP)/anti-mPEG TsAb via the anti-mPEG Fab part. Armed mPEGylated nanomedicines can actively 
target HER2+ breast cancer cells and FAP+ TAFs via the anti-HER2 single-chain variable fragment (scFv) and anti-FAP scFv parts, respectively. (B) Genetic structures of the 
TsAb and bispecific antibodies (BsAbs), which were composed of a murine immunoglobulin kappa chain leader sequence (IgK SP), a humanized anti-mPEG light chain (VL- 
CK), an internal ribosome entry site (IRES) sequence, a humanized anti-mPEG heavy chain fragment (VH-CH1), a glycine-serine peptide linker, scFv fragments of anti-HER2 
or anti-FAP, and a polyhistidine-tag (6x His).
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purchased from Corning Incorporated (Corning, NY, 
USA). Other reagents and solvents were of analytical 
grade. WS1, MIA PaCa-2 and HT-29 were supplied by 
American Type Culture Collection (Manassas, VA, USA). 
WS1/FAP cells were human WS1 fibroblasts engineered to 
overexpress human FAP by lentiviral infection.

Preparation of DTX-Loaded 
mPEG-lsbPMs and LsbMDDs Bound with 
TsAbs or BsAbs
The DTX-loaded mPEG-lsbPMs were prepared via thin 
film hydration method as in the previous report8 with 
minor modifications. Briefly, 30 mg of DTX and 150 mg 
of DSPE-2000 were dissolved in 10 mL of methanol with 
addition of an adequate amount of TPGS, which acted as 
antioxidants. The methanol solution was evaporated in 
a rotary evaporator (R-114; Buchi, Flawil, Switzerland) 
to form the thin film. 200 mg of lecithin and 81.5 mg of 
DSPE-PEG5000 were dispersed in 10 mL of ddH2O and 
subjected to ultrasonication (VCX 750; Sonics & 
Materials, Newtown, CT, USA) to form the nanosuspen-
sion. Then, the 10 mL of nanosuspension were used to 
hydrate the thin film and sonicated at 100% amplitude to 
form self-assembled DTX-loaded mPEG-lsbPMs. Any 
unencapsulated drug was discarded by filtering with the 
0.22 µm membrane (Millipore, Billerica, MA, USA). An 
appropriate amount of the trehalose was added into the 
solution. The solution was lyophilized and stored at 4°C. 
For cellular study, the DIO-loaded mPEG-lsbPMs was 
prepared with the same procedure, instead of using the 
DTX. To form the TsAbs LsbPMs, the lsbPMs were sim-
ply mixed with TsAbs at the TsAbs/mPEG molar ratio of 
1:100; then, the mixed solution was incubated at room 
temperature for 30 mins. Preparation of BsAbs lsbPMs 
followed the same procedure.

Preparation and Binding Affinity and of 
BsAbs and TsAbs
Gene structure of BsAbs and TsAbs are shown in Figure 
1B. Preparation of antibodies was similar with the pre-
vious report6 with slight modification. In short, the genes 
containing the BsAbs or TsAbs were incorporated into 
the pLNCX vector. The pLNCX vector was transfected 
into the Expi293 cells for scale production. After a few 
days, the BsAbs or TsAbs were harvested via affinity 
purification by HisTrap HP columns (GE Healthcare, 
Little Chalfont, UK). Concentrations of BsAbs and 

TsAbs were evaluated by bicinchoninic acid (BCA) assay 
(Thermo Fisher Scientific, Waltham, MA). For binding 
affinity, WS1/FAP, HT-29 and MIA PaCa-2 cells were 
used to assess the binding specificity of BsAbs and 
TsAbs to FAP and EGFR. The cells were incubated with 
either BsAbs or TsAbs; then goat anti-Human IgG Fab 
FITC was added to label the BsAbs and TsAbs. The anti-
body binding was quantitatively evaluated by flow cyto-
metry. The binding affinity to mPEG was evaluated by 
enzyme-linked immunosorbent assay (ELISA), which 
coated the mPEG onto the 96-well plate and added the 
gradient concentration of BsAbs or TsAbs. Then, goat 
anti-Human IgG Fab HRP was added to detect the 
BsAbs or TsAbs. The plates were washed with PBS and 
ABTS substrate was added for detection. The absorbance 
was measured at 405 nm with the ELISA reader (Cytation 
3; BioTek Instruments, Winooski, VT, USA).

Physical Characterization of DTX-Loaded 
mPEG- lsbPMs and TsAbs LsbPMs
The particle size and zeta potential were measured using 
Zetasizer ZSP (Malvern Instruments, Malvern, UK) by 
adding 1 mL of the DTX-loaded mPEG-LsbPMs solution 
to a desired concentration of particle numbers into a folded 
capillary zeta cell. The concentration of drugs was ana-
lyzed by HPLC. The encapsulation efficacy percentage 
and drug loading percentage were calculated by the fol-
lowing formulas:

EE %ð Þ ¼ WM
WI
� 100% and

DL %ð Þ ¼
WM

Wp þWM
� 100%

where WM is the amount of drug in the nanoparticles, WI 

is the amount of the initial feeding drug, and WP is the 
amount of the total polymers.

Cell Culture and Co-Culture
For the HT-29 and WS1/FAP co-culture experiment, the 
HT-29 and WS-1 were separately maintained in MEM, 
supplemented with 10% fetal bovine serum, 1% non- 
essential amino acids solution, 1% sodium pyruvate, 1% 
L-ascorbic acid 2-phosphate sesquimagnesium salt 
hydrate, 0.3% N-acetyl-L-cysteine, and 1% penicillin/ 
streptomycin/amphotericin B solution. For the MIA 
PaCa-2 and WS1/FAP co-culture experiment, the MIA 
PaCa-2 and WS1/FAP were separately cultured in half 
DMEM and half MEM, supplemented with 10% fetal 
bovine serum, 1.25% horse serum, 0.5% non-essential 
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amino acids solution, 0.5% sodium pyruvate, 0.5% 
L-Ascorbic acid 2-phosphate sesquimagnesium salt 
hydrate, 0.15% N-acetyl-L-cysteine, and 1% penicillin/ 
streptomycin/amphotericin B solution.

In vitro Drug Release Studies
To evaluate the drug release profile of docetaxel, each 
sample solution containing 0.25 mg/mL of docetaxel 
was transferred into the dialysis bag (MWCO 6k-8k, 
Cellu-Sep® T1; Orange Scientific, Seguin, TX, USA). 
The bag was soaked in the 25 mL of pH 7.4 PBS with 
0.5% Tween 80 at 37°C with gentle shaking of 100 rpm. 
1 mL of medium was collected at the predetermined 
time intervals (1, 2, 4, 6, 8, 10, 24, 48, and 72 h) and 
replaced with 1 mL of fresh buffer. The concentration of 
released docetaxel was measured by HPLC as men-
tioned previously.

In vitro Cellular Binding of DIO-Loaded 
mPEG-lsbPMs
Co-cultures of HT-29/EGFR:WS1/FAP (1:4, 1:1, and 
4:1) and MIA PaCa-2/EGFR:WS1/FAP (1:4, 1:1, and 
4:1) were seeded at a density of 5⋅104 cells/well on 
12-well microplates. The non-targeting DIO-loaded 
mPEG-lsbPMs (labeled Micelle), anti-EGFR-BsAbs- 
DIO-loaded mPEG-lsbPMs (labeled Anti-EGFR 
Micelle), anti-FAP-BsAbs-DIO-loaded mPEG-lsbPMs 
(labeled Anti-FAP Micelle), anti-EGFR-/anti-FAP-DIO- 
loaded mPEG-lsbPMs (labeled Dual (1:1) Micelle), or 
anti-EGFR-FAP-TsAbs-DIO-loaded mPEG-lsbPMs 
(labeled TsAbs Micelle) with a molar ratio of BsAbs 
or TsAbs to mPEG of 0.01:1) were added to separate 
wells and incubated for 2 h. Cells were collected, and 
analyzed by flow cytometry to quantitatively evaluate 
cellular binding to HT-29/EGFR:WS1/FAP and MIA 
PaCa-2/EGFR:WS1/FAP co-cultures at three different 
ratios (1:4, 1:1, and 4:1).

Cell Viability
Co-cultures of HT-29/EGFR:WS1/FAP and MIA PaCa-2/ 
EGFR:WS1/FAP different ratios (1:4, 1:1, and 4:1) were 
incubated to mimic the tumor microenvironment (TME). 
The in vitro cytotoxicity of different formulations was 
evaluated. Co-culture cells were seeded in triplicate into 
24-well plates at a density of 5⋅104 cells/well. After incu-
bation overnight, the medium was replaced with fresh 
medium containing either Docetaxel, Micelle, Anti-FAP 

Micelle, Dual (1:1) Micelle, Anti-EGFR Micelle or 
TsAbs Micelle. After 48 h of incubation, 5.5 mg/mL of 
MTT was added into each well and the cells were incu-
bated for 3 h. The medium was dried out, and 200 µL of 
DMSO was added to dissolve the formazan crystals. The 
absorbance was measured at 550 nm with an ELISA 
reader (Cytation 3; BioTek Instruments, Winooski, 
VT, USA).

In vivo Pharmacokinetic (PK) Studies of 
Intravenous Administration
Eight-week-old male Sprague-Dawley rats were adminis-
tered a single dose of 10 mg/kg of Docetaxel, 
DTX-loaded mPEG-lsbPMs (labeled Micelle), anti- 
EGFR-BsAbs-DTX-loaded mPEG-lsbPMs (labeled 
Anti-EGFR Micelle), anti-FAP-BsAbs-DTX-loaded 
mPEG-lsbPMs (labeled Anti-FAP Micelle), anti-EGFR 
-/anti-FAP-DTX-loaded mPEG-lsbPMs (labeled Dual 
(1:1) Micelle), or anti-EGFR-FAP-TsAbs-DTX-loaded 
mPEG-lsbPMs (labeled TsAbs Micelle) via a jugular 
vein injection (with three rats per group). Blood was 
collected from the jugular vein in heparinized tubes at 
5, 15, and 30 min and 1, 2, 4, 6, 8, 10, 24, 48, and 
72 h after administration. Blood samples were centri-
fuged at 3000 rpm for 10 min to obtain plasma and 
analyzed by TQ-XS (Waters Corp., Manchester, UK).

Tumor-Inhibition Studies
All male nu/nu mice received a subcutaneous injection of 
100 µL (containing 5⋅105 cells) of the MIA PaCa-2:WS1/ 
FAP (1:1) cell suspension in Matrigel into their right thigh. 
These tumor-bearing mice with around 150 mm3 tumor 
volumes were randomized into seven groups (5 mice per 
group): one control group (which received phosphate- 
buffered saline (PBS)) and six groups including Docetaxel, 
DTX-loaded mPEG-lsbPMs (labeled Micelle), anti-EGFR- 
BsAbs-DTX-loaded mPEG-lsbPMs (labeled Anti-EGFR 
Micelle), anti-FAP-BsAbs-DTX-loaded mPEG-lsbPMs 
(labeled Anti-FAP Micelle), anti-EGFR-/anti-FAP-DTX- 
loaded mPEG-lsbPMs (labeled Dual (1:1) Micelle), or anti- 
EGFR-FAP-TsAbs-DTX-loaded mPEG-lsbPMs (labeled 
TsAbs Micelle) (5 mg DTX/kg, n = 5). The mice were treated 
through the tail vein every 3 days 4 times. The length and 
width of the tumor as well as the weight of mice were 
recorded every 3 days. The tumor volume was calculated 
by using the formula, 1/2 length x width2.
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In vivo Biodistribution Studies
Biodistribution studies were performed in MIA PaCa-2/ 
EGFR:WS1/FAP-bearing BALB/c nude mice. After 
the tumor volume reached 150 mm3, the mice were 
randomly assigned to six groups, Docetaxel, DTX- 
loaded mPEG-lsbPMs (labeled Micelle), anti-EGFR- 
BsAbs-DTX-loaded mPEG-lsbPMs (labeled Anti-EGFR 
Micelle), anti-FAP-BsAbs-DTX-loaded mPEG-lsbPMs 
(labeled Anti-FAP Micelle), anti-EGFR-/anti-FAP-DTX- 
loaded mPEG-lsbPMs (labeled Dual (1:1) Micelle), or 
anti-EGFR-FAP-TsAbs-DTX-loaded mPEG-lsbPMs 
(labeled TsAbs Micelle). The mice were intravenously 
administered with 5 mg DTX through the tail vein. At 
the various time points (2 and 8 h), the mice were 
anesthetized and sacrificed by CO2. The mice were 
transcardially perfused with PBS buffer containing 10 
IU heparin until the major organ is cleared of blood. 
The major organs including heart, liver, spleen, lungs, 
kidneys, and tumor were harvested and weighed. Organs 
were homogenized with 400 μL of PBS/10 IU heparin 
solution and extracted. The DTX extraction was ana-
lyzed by TQ-XS.

Statistical Analysis
Data are presented as the mean ± standard deviation (SD) 
of each group. The significance among samples was deter-
mined with a one-way analysis of variance (ANOVA). 
Significant differences between groups were indicated by 
* p<0.05, ** p<0.01, and *** p<0.001.

Results
Physical Characterization of DTX-Loaded 
mPEG-lsbPMs
In order to implement mPEGylation on the previously 
developed robust and promising delivery systems recog-
nized as lecithin-stabilized polymeric micelles (mPEG- 
lsbPMs),22,23 the thin film of self-assembling micelles 
was first formed and then hydrated with a lecithin/DSPE- 
PEG5K nanosuspension in this study as shown in Figure 
2A. The micellar core of the so-obtained DTX-loaded 
mPEG-lsbPMs was composed of DTX and DSPE- 
PEG2K, while the lipid shell consisted of lecithin and 
DSPE-PEG5K at a ratio of 40:15 (w/w). As depicted in 
Figure 2C, the average particle size of DTX-loaded 
mPEG-lsbPMs was found to be 109.7±1.3 nm, and the 
polydispersity index (PDI) was determined to be 0.176 
±0.018 with a zeta potential of −33.8±1.60 mV. The encap-
sulation efficiency (EE) was 97.1% and drug loading (DL) 
was 6.3%. The structures of DTX-loaded mPEG-lsbPMs 
as observed in TEM images (Figure 2B) exhibited 
a spherical morphology and were well dispersed and sepa-
rated. With non-covalent modification of BsAbs or TsAbs, 
the particle size of BsAbs LsbPMs or TsAbs LsbPMs was 
respectively 92.90±0.73 and 94.48±0.63 nm; the zeta 
potential increased to −12.9±0.96 and −10.4±0.30 mV, 
respectively. The larger particle size of TsAbs LsbPMs 
may result from the higher molecular weight (MW = 104 
KD) compared with the BsAbs (MW = 75 KD). Results 
indicated that BsAbs and TsAbs can successfully bind the 

Figure 2 (A) Schematic illustration of the preparation of docetaxel (DTX)-loaded mPEGylated lecithin-stabilized polymeric micelles (mPEG-lsbPMs); (B) TEM images and 
(C) particle size analysis of mPEG-lsbPMs; (D) drug release profile of docetaxel.
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mPEG-lsbPMs and altered the physical property of 
mPEG-lsbPMs.

Assessment of Binding Affinity of BsAbs 
and TsAbs
The mPEG and tumor antigen binding affinities of anti-
bodies were evaluated by flow cytometry and ELISA, 
respectively. As shown in Figure 3A, the fluorescence 
intensity of both the Anti-FAP-BsAbs and Anti-EGFR- 
FAP-TsAbs showed the significantly highest amount com-
pared with the Anti-EGFR-BsAbs and control groups. 
Besides, the fluorescence intensity of Anti-EGFR-BsAbs 
was comparable with Anti-EGFR-FAP-TsAbs, which was 
far greater than that of Anti-FAP-BsAbs and control 
groups, shown in Figure 3B. In MIA PaCa-2 cells, the 
fluorescence intensity showed a similar result to that of 
HT-29 cells, as depicted in Figure 3C. As for mPEG 
binding affinity in Figure 3D, the absorbance of three 
groups, Anti-FAP-BsAbs, Anti-EGFR-BsAbs, and Anti- 
EGFR-FAP-TsAbs, increased with the increase of the 

antibody’s concentration, which indicated that the ability 
of BsAbs and TsAbs bound to the mPEG. Results demon-
strated mPEG, FAP and EGFR binding affinity, which 
enabled the DTX-loaded mPEG-LsbPMs to target the 
tumors.

In vitro Drug Release Studies
The drug release profile of docetaxel was evaluated at pH 
7.4 PBS. As depicted in Figure 2D, the cumulative release 
of docetaxel reached a plateau after 24 h. Within 24 h, the 
release rate of the formulation groups was slightly slower 
than that of free drug, which may result from the con-
trolled release ability of micelles. Besides, the release rate 
of Micelle was similar to that of other micelles with BsAbs 
or TsAbs, which indicated that modification of BsAbs or 
TsAbs did not affect the drug release.

In vitro Cellular Uptake
Specific targeting and cellular binding of DIO-loaded 
mPEG-lsbPMs modified without or with TsAb or BsAbs 

Figure 3 Assessment of binding affinity to FAP and EGFR on (A) WS-1/FAP cells, (B) HT-29 cells and (C) MIA PaCa-2 cells and (D) mPEG.
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were examined using co-cultures of HT-29/EGFR and 
WS1/FAP or MIA PaCa-2/EGFR and WS1/FAP at var-
ious ratios (1:4, 1:1, and 4:1). In cell-based ELISAs, the 
amount of DIO-loaded mPEG-lsbPMs binding to cells 
was detected by an anti-PEG Ab. Results are shown in 
Figure 4 and demonstrated that unmodified DIO-loaded 
mPEG-lsbPMs (labeled Micelle) presented the least 
amount of binding with individual cells or co-culture of 
two cell lines (HT-29/EGFR and MIA PaCa-2/EGFR) 
with WS1/FAP at three different ratios (1:4, 1:1, and 
4:1). As depicted in Figure 4A, the uptake of BsAb/ 
TsAb-micelles was consistent with the further binding 
affinity of BsAb and TsAb, and the uptake of micelles 
was increased significantly with the BsAb and TsAb, 
which demonstrated that the non-covalent modification 
of BsAb or TsAb endowed lsbPMs with an active target-
ing ability and enhanced the amount of cellular uptake. 
For co-cultures of HT-29/EGFR and WS1/FAP at these 
three ratios (1:4, 1:1, and 4:1), binding of the Anti-FAP 
Micelle, TsAbs Micelle, and Dual (1:1) Micelle to the co- 
culture of HT-29/EGFR with WS1/FAP was observed to 
significantly increase with an increasing ratio of WS1/ 
FAP to HT-29/EGFR, whereas that for Anti-EGFR 
Micelle to all three different ratios of HT-29/EGFR to 
WS1/FAP was demonstrated to be minimal as shown in 
Figure 4B, compared with the Micelle group. This indi-
cated that the binding of those targeting antibodies to 
FAP which is overexpressed on WS1 cells was more 
efficacious, whereas that to EGFR overexpressed on 
HT-29 cells was less efficacious. It further revealed that 
the binding of the Anti-FAP Micelle to three co-culture 
ratios of HT-29/EGFR to WS1/FAP was significantly (p < 
0.001) higher than that for the TsAb Micelle and Dual 
(1:1) Micelle. For co-culture of MIA PaCa-2/EGFR and 
WS1/FAP at various ratios (1:4, 1:1, and 4:1), binding of 

the Anti-FAP Micelle and Anti-EGFR Micelle to the co- 
culture of MIA PaCa-2/EGFR with WS1/FAP was 
observed to respectively increase and decrease, with 
respect to an increase in the ratio of WS1/FAP to MIA 
PaCa-2/EGFR, whereas that for the TsAbs Micelle and 
Dual (1:1) Micelle to the co-culture of MIA PaCa-2/ 
EGFR with WS1/FAP was found to decrease with an 
increasing ratio of MIA PaCa-2/EGFR to WS1/FAP, as 
shown in Figure 4C. Compared with the Micelle group, 
uptake of BsAbs and TsAbs Micelles significantly 
increases at various ratios. These results illustrate that 
the binding of those targeting antibodies to FAP over-
expressed by WS1 cells and EGFR overexpressed by 
MIA PaCa-2 cells was equally efficacious, resulting in 
similar binding amounts of TsAbs and Dual (1:1) on the 
co-culture of MIA PaCa-2/EGFR and WS1/FAP at a 1:1 
ratio.

Cell Viability
Two cell lines of HT-29/EGFR and MIA PaCa-2/EGFR 
were co-cultured with WS1/FAP at various ratios of 
1:4, 1:1, and 4:1 to mimic the tumor surrounded by 
the TME. To investigate the enhancement of cell- 
specific cytotoxicity, those individual cell lines (HT- 
29, MIA PaCa-2, and WS1/FAP) and three co-culture 
ratios of the two cell lines were treated with Micelle, 
Anti-EGFR Micelle, Anti-FAP Micelle, or TsAbs 
Micelle and were then evaluated by an MTT assay. 
Results are shown in Figure 5 which illustrates that 
the cytotoxicity of individual cells and three co-culture 
ratios of the two cell lines with WS1/FAP treated with 
DTX-loaded mPEGylated micelles armed with indivi-
dual BsAbs or TsAbs was higher than that for micelles 
that were not armed with targeting antibodies. For 
individual cell line studies, the modification with 

Figure 4 Cell uptake study of (A) individual cells (HT-29, MIA PaCa-2 and WS1/FAP) and (B) co-culture of HT-29:WS1/fibronectin activation protein (FAP) (at ratios of 1:4, 
1:1, and 4:1); (C) co-culture of MIA PaCa-2:WS1/FAP (at ratios of 1:4, 1:1, and 4:1). * p < 0.05, ** p < 0.01, # p < 0.001 compared with Micelle.
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BsAb or TsAb obviously increased the cytotoxicity in 
WS1 cells. The cytotoxicity in HT-29 cells was similar 
to that in MIA PaCa-2 cells, whose both IC50 
values were around 30 ng/mL. Particularly, for co- 
culture studies, the cytotoxicity in MIA PaCa-2/WS1 
was higher than that in HT-29/WS1. Therefore, with 
the correct specificity to the overexpressed antigen on 
targeted cells, the TsAb and BsAbs improved cellular 
binding, drug accumulation, and cytotoxicity of mod-
ified DTX-loaded mPEG-lsbPMs. It was concluded that 
the TsAb and BsAbs confirmed the tumor specificity 
and enhanced the cytotoxicity of DTX-loaded mPEG- 
lsbPMs toward antigen-positive cancer cells. The 
results also illustrated that Anti-EGFR BsAbs seemed 
to show a lower binding efficiency to HT-29 cells, 
which could have been due to lower expression of the 

EGFR. Therefore, MIA PaCa-2/WS1 was selected as 
tumor model for subsequent studies.

In vivo Pharmacokinetic (PK) Studies
The mean plasma concentrations of DTX after administra-
tion with a single dose of 10 mg/kg of Docetaxel, Micelle, 
Anti-EGFR Micelle, Anti-FAP Micelle, Dual (1:1) 
Micelle, or TsAbs Micelle via a jugular vein injection 
(with three rats per group) are shown in Figure 6A for 
a time period of 72 h and Figure 6B for a time period of 10 
h. The PK profiles of Micelle alone, Anti-EGFR Micelle, 
Anti-FAP Micelle, Dual (1:1) Micelle, or TsAbs Micelle 
were analyzed and compared with Docetaxel. All of the 
PK profiles plotted in Figure 6A and B show a high initial 
DTX concentration after the injection, followed by a rapid 
decline to the terminal phase, which gradually reached 

Figure 5 Cytotoxicity study of individual (A) HT-29, (B) MIA PaCa-2, (C)WS1/FAP cells and co-culture of HT-29/epidermal growth factor receptor (EGFR):WS1/fibronectin 
activation protein (FAP) at ratios of 1:4 (D), 1:1 (E), and 4:1 (F); and MIA PaCa-2/EGFR:WS1/FAP at ratios of 1:4 (G), 1:1 (H), and 4:1 (I).
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a steady-state concentration. All of the declining rates for 
Micelle alone or those micelles armed with BsAbs, Dual 
BsAbs, or TsAbs (Anti-EGFR Micelle, Anti-FAP Micelle, 
Dual (1:1) Micelle, or TsAbs Micelle) were observed to be 
faster than that for Docetaxel.

Related PK parameters estimated by WinNonlin are 
listed in Table 1, which illustrates that a higher initial 
concentration (C0) of Docetaxel was observed compared 
with that for Micelle alone or those micelles armed with 
BsAbs, Dual BsAbs, or TsAbs (Anti-EGFR Micelle, Anti- 
FAP Micelle, Dual (1:1) Micelle, or TsAbs Micelle). All 
values of the area under the receiver operating character-
istics curve at 0~72 h (AUC0-72) and from time 0 to 
infinity (AUC0-inf) for Micelle alone or those micelles 
armed with BsAbs, Dual BsAbs, or TsAbs were 30~40% 
lower than that for Docetaxel except that for Anti-FAP 
Micelle which was nearly equal to that for Docetaxel. 
A shorter terminal half-life (T1/2) and lower steady state 

volume of distribution (Vss) were only seen for Dual (1:1) 
Micelle and TsAbs Micelle, and insignificant differences 
were detected in the clearance (CL) among all formula-
tions examined. From these results, we concluded that all 
micelle formulations regardless of whether or not they 
were modified without or with TsAbs, BsAbs, or Dual 
BsAbs presented rapid distribution to tissues or organs, 
including tumors, resulting in less residence times in and 
fast clearance from the blood circulation.

In vivo Antitumor Efficacy in 
Tumor-Bearing Mice
The antitumor effects of Docetaxel, Micelle, Anti-EGFR 
Micelle, Anti-FAP Micelle, Dual (1:1) Micelle, or TsAbs 
Micelle were evaluated on a 1:1 co-culture of EGFR- 
overexpressing MIA PaCa-2 (MIA PaCa-2/EGFR) and 
FAP-overexpressing WS1 (WS1/FAP) models. Results 
shown in Figure 7A clearly demonstrate that Anti-EGFR 

Figure 6 Plasma concentration-time curves of docetaxel ((A) 0~72 h; (B) 0~10 h) after intravenous administration of docetaxel, micelle, anti-epidermal growth factor 
receptor (EGFR) micelle, anti-fibronectin activation protein (FAP) micelle, dual (1:1), and trispecific antibody (TsAb) micelles (10 mg/kg) to Sprague-Dawley rats.

Table 1 Pharmacokinetic Parameters of Docetaxel (DTX) After Intravenous (IV Bolus Dose 10 Mg/Kg) to SD Rats (n = 3) of 
Docetaxel, Micelle, Anti-EGFR Micelle, Anti-FAP Micelle, Dual (1:1), and TsAb Micelle

Parameter Docetaxel Micelle Anti-EGFR Micelle Anti-FAP Micelle Dual (1:1) Micelle TsAb Micelle

C0 (µg/mL) 10.47±1.00 5.64±2.17 5.49±2.18 9.50±3.39 6.79±2.44 5.8±3.3
T1/2 (h) 26.6±3.1 24.9±3.2 20.6±5.3 26.2±4.0 14.1±2.7 9.9±1.4

AUC0-72 (h*µg/mL) 3.73±1.52 2.50±0.67 2.08±0.56 3.65±0.90 2.61±0.90 2.29±0.78

AUC0-inf (h*µg/mL) 4.07±1.53 2.63±0.68 2.13±0.59 3.85±0.97 2.66±0.93 2.30±0.78
CL (L/h/kg) 3.35±1.32 3.99±1.16 4.98±1.53 2.73±0.80 4.04±1.25 4.76±1.84

Vss (L/kg) 106.2±44.4 144.9±50.7 139.3±18.1 101.2±17.3 79.9±7.7 66.3±17.7

Relative bioavailability 100% 67% 58% 98% 70% 61%

Abbreviations: C0, initial concentration; T1/2, time for elimination of half of the dose; AUC0-72, area under the receiver operating characteristic curve from time 0 to 72 h; 
AUC0-inf, area under the receiver operating characteristic curve from time 0 to infinity; CL, clearance, Vss, steady state volume of distribution.
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Micelle, Anti-FAP Micelle, Dual (1:1) Micelle, TsAbs 
Micelle, and Docetaxel all efficaciously inhibited the 
growth of MIA PaCa-2/EGFR:WS1/FAP 1:1 co-culture 
tumors after treatment with a regimen of 5 mg/kg for 
Q3*4. The percent of tumor volumes remaining after 
treatment with Docetaxel, Micelle, Anti-EGFR Micelle, 
Anti-FAP Micelle, TsAbs Micelle, and Dual (1:1) 
Micelle calculated with respect to that for PBS treatment 
group (at 100%) were 74.7%±103.4%, 39.9%±10.0%, 
37.5%±10.3%, 41.1%±14.7%, 39.9%±6.9%, and 39.3% 
±16.4%, respectively. All of the BsAbs, Dual (1:1), and 
TsAbs modified DTX-loaded mPEG-lsbPMs formulations 
showed the greatest antitumor effects which were similar, 
but were significantly suppressed compared with those of 
the negative control of PBS (p < 0.05). There was no 
significant difference among those lsbPMs non-covalent 
ly binding with BsAbs or TsAbs indicating that both 
targeting antibody arms (anti-FAP and anti-EGFR) could 
similarly promote lsbPMs binding to those tumor cells 
over-expressing EGFR and those tumor-associated fibro-
blasts over-expressing FAP. This resulted in a similar effi-
ciency on tumor suppression. Furthermore, the weight 
change profiles of all treatment groups illustrated in 
Figure 7B demonstrate that there was greater weight loss 
in the Docetaxel treatment group than for any of the 
BsAbs, Dual (1:1), or TsAbs modified DTX-loaded 
mPEG-lsbPMs formulations, indicating that all of them 
induced less systemic toxicity than did Docetaxel. Thus, 
it was concluded that treatment with DTX-loaded mPEG- 
lsbPMs formulations modified with or without BsAbs, 

Dual (1:1), and TsAbs for inhibiting tumor growth was 
enhanced compared with that for Docetaxel but showed 
fewer signs of adverse effects.

Biodistribution Assessment in 
Tumor-Bearing Mice
Biodistribution of DTX in major organs was assessed in 
MIA PaCa-2/EGFR:WS1/FAP (1:1)-bearing BALB/c nude 
mice at 2 and 8 h after IV injections of all treatments, and 
the results are illustrated in Figure 8A and B, respectively, 
for 2 and 8 h. At 2 h, DTX had obviously accumulated in 
the heart, spleen, lungs, kidneys, and tumor, but showed 
a lower amount in the liver. This also indicates that similar 
accumulations of DTX in the heart, liver, and tumor were 
shown for all treatments except that for Micelle alone. 
Furthermore, with the exception of Micelle alone, Anti- 
FAP Micelle, Anti-EGFR Micelle, Dual (1:1) Micelle, and 
TsAbs Micelle showed higher biodistribution amounts to 
the spleen, lungs, and kidneys than those for Docetaxel. At 
8 h after the injection, the accumulated amount of DTX in 
the tumor was further observed to have increased for all 
treatments, and the biodistribution to the other organs 
maintained a similar pattern trend and difference as those 
seen at 2 h. Among them, accumulations of DTX in the 
tumor after administration of Dual (1:1) Micelle were 
slightly higher than those for Docetaxel at 2 and 8 h.

Discussion
To enable NCs for dual targeting to reach tumors and the 
tumor environment, non-covalently bound dual BsAbs 

Figure 7 (A) Tumor volume profile of nude mice bearing Mia PaCa-2:WS1/fibronectin activation protein (FAP) (1:1) tumors treated with intravenous administration (5 mg/ 
kg Q3D*4) of docetaxel, micelle, anti-epidermal growth factor receptor (EGFR) micelle, anti-FAP micelle, dual (1:1), and trispecific antibody (TsAb) micelle. (B) Body weight 
changes in tumor-bearing mice. *p < 0.05 compared with PBS group.
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(anti-mPEG/antitumor antigen and anti-mPEG/anti-TAF) 
and a TsAb (anti-mPEG/antitumor/anti-TAF) to 
mPEGylated NCs of lecithin-stabilized polymeric micelles 
designated mPEG-lsbPMs were developed, on the basis of 
DTX-loaded micelles sterically stabilized by PEG-lipid 
layer. By utilizing the unique property of lecithin- 
stabilized polymeric micelles (lsbPMs), the supported lipid 
shell, composed of lecithin and DSPE-PEG5000 at an 
appropriate ratio, was fused onto the PM core of the 
lsbPMs by ultrasonication to implement mPEG onto surface 
of lsbPMs for non-covalent binding of anti-PEG BsAbs and 
the TsAb. The particle size of mPEG-lsbPMs was around 
100 nm; EE and DL were high (>90%, 5%). The outer shell 
of the mPEG-lsbPMs comprised lecithin and DSPE- 
PEG5000 in a specific molar ratio of 94:5. mPEG chains 
provided the large steric hindrance to prevent the opsoniza-
tion and evade the reticuloendothelial system (RES).23

The formulation with high surface coverage and a high 
concentration of PEG-lipids (5% molar ratio) formed lat-
eral pressure between the overcrowded PEG, which 
extended the PEG chains to a semi-linear brush-like struc-
ture, while PEG-lipids at a <5% molar ratio in the mPEG- 
lsbPMs were expected to have a mushroom-like 
structure.24 Furthermore, while the PEG contents were 
more than 5%, the PEG chains arranged in the brush 
conformation, allowing BsAbs or the TsAb to non- 
covalently bind to the methoxy end of PEG chain via the 
anti-mPEG Fab fragment of antibodies, which 
enhanced the targeting ability of mPEG-lsbPMs to the 
tumor and TAFs via the antitumor scFv fragment and anti- 
TAF scFv fragment of the BsAbs and TsAb.

The in vitro cellular binding study as shown in Figure 3 
demonstrated that unmodified DIO-loaded mPEG-lsbPMs 
(labeled Micelle) offered the least amount of binding to the 
co-culture of two cell lines (HT-29 and MIA PaCa-2) with 
WS1/FAP at three different ratios (1:4, 1:1, and 4:1). It 
also illustrated that the binding of TsAb Micelle and Dual 
(1:1) Micelle to the coculture of two cell lines (HT-29 and 
MIA PaCa-2) with WS1/FAP at three different ratios (1:4, 
1:1, and 4:1) was equal or higher than that for those 
Micelles modified with single individual BsAbs (Anti- 
EGFR/anti-mPEG and Anti-FAP/anti-mPEG). This indi-
cates that modification of micelles with dual-targeting 
resulted in better cellular affinity of those NCs leading to 
subsequent uptake by tumor cells or TAFs to potentially 
enhance the chemotherapeutic efficacy. Furthermore, the 
in vitro cell viability study as shown in Figure 4 revealed 
that DTX-loaded mPEG-lsbPMs modified with TsAb or 
dual BsAbs resulted in higher cytotoxicity against EGFR- 
overexpressing MIA PaCa-2 and HT-29 cells co-cultured 
with FAP-overexpressing TAFs at various ratios. It was 
confirmed that active targeting to both tumor and 
TAF-specific antigens was able to increase the affinity of 
DTX-loaded mPEG-lsbPMs toward tumor cells and TAFs 
leading to successive uptake by tumor cells or TAFs to 
enhance the chemotherapeutic efficacy against antigen- 
positive cancer cells.

The in vivo tumor-inhibition study, as shown by Figure 
6, conclusively illustrated that enhanced inhibition of 
tumor growth with fewer signs of systemic toxicity was 
observed for those treatments with DTX-loaded mPEG- 
lsbPMs formulations modified with or without BsAbs, 

Figure 8 Tissue distributions of docetaxel (DTX) after administration of docetaxel and micelle alone, anti-fibronectin activation protein (FAP) micelle, anti-epidermal 
growth factor receptor (EGFR) micelle, dual (1:1) micelle, trispecific antibody (TsAb) micelle at a dose of 5 mg/kg into Mia PaCa-2:WS1/FAP (1:1) tumor-bearing nu/nu mice 
(n = 4 or 5) at 2 (A) and 8 h (B).
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Dual (1:1), and TsAb. The greater efficacy in tumor 
growth inhibition might be attributed to an increase in 
the tumor and TAF affinity leading to successive uptake 
by macropinocytosis and caveolin-mediated endocytosis 
as preferable pathways as revealed in a previous report.8 

Furthermore, the slightly higher tumor accumulation of 
BsAbs- and TsAbs-DTX-loaded mPEG-lsbPMs might be 
the result from decrease of DTX being pumped out by 
P-glycoprotein (P-gp) from tumor cells. Additionally, the 
lower weight loss observed with BsAbs, Dual (1:1), or 
TsAb-modified DTX-loaded mPEG-lsbPMs compared 
with the Docetaxel treatment group might be attributed 
to greater elimination from the kidneys, as revealed in 
the PK studies (Figure 6). Furthermore, although there 
was a greater amount of docetaxel biodistributed to lung, 
kidney, and spleen than that to tumor as shown by the 
in vivo biodistribution study (Figure 8), a slight weight 
loss was observed for administration of all formulations 
except solvent-based docetaxel. It indicates that toxicity 
related to higher concentration of docetaxel biodistributed 
to those vital organs was not an issue in this study. Overall, 
it could be concluded that the suppression of tumor growth 
with the treatment of DTX-loaded mPEG-lsbPMs formu-
lations modified with or without BsAbs, Dual (1:1), and 
TsAbs was not inferior to the treatment of Docetaxel but 
most importantly showed fewer signs of adverse effects.

Conclusions
In conclusion, non-covalently bound dual BsAbs (anti- 
tumor antigen/anti-mPEG; anti-FAP/anti-mPEG) and 
TsAb (anti-tumor antigen/anti-FAP/anti-mPEG) onto 
mPEGylated lsbPMs might potentially be able to enhance 
anticancer efficacy with less systemic toxicity. Dual 
BsAbs/TsAbs-modified lsbPMs were developed and uti-
lized the specific binding affinity of BsAbs/TsAbs to 
achieve the tumor-selective accumulation, which resulted 
in higher antitumor efficacy against antigen-positive 
tumors. These BsAbs/TsAbs targeting delivery systems 
could be a promising platform, applied to not only cancer 
therapy but also other chronic diseases.
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