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Abstract

Cetuximab (Cet) and oxaliplatin (OXA) are used as first-line drugs for patients with
colorectal carcinoma (CRC). In fact, the heterogeneity of CRC, mainly caused by K-
ras mutations and drug resistance, undermines the effectiveness of drugs. Recently, a
hydrophobic prodrug, (1E,4E)-6-((S)-1-(isopentyloxy)-4-methylpent-3-en-1-yl)-5,8-
dimethoxynaphthalene-1,4-dione dioxime (DMAKO-20), has been shown to undergo
tumor-specific CYP1B1-catalyzed bioactivation. This process results in the production
of nitric oxide and active naphthoquinone mono-oximes, which exhibit specific
antitumor activity against drug-resistant CRC. In this study, a Cet-conjugated
bioresponsive DMAKO-20/PCL-PEOz-targeted nanocodelivery system
(DMAKO@PCL-PEOz-Cet) was constructed to-address the issue of DMAKO-20
dissolution and achieve multitargeted delivery of the cargoes to different subtypes of
CRC cells to overcome K-ras mutations and drug resistance in CRC. The experimental
results demonstrated that DMAKO@PCL-PEOz-Cet efficiently delivered DMAKO-20
to both K-ras mutant and wild-type CRC cells by targeting the epidermal growth factor
receptor (EGFR). It exhibited a higher anticancer effect than OXA in K-ras mutant cells
and drug-resistant cells. Additionally, it was observed that DMAKO@PCL-PEOz-Cet
reduced the expression of glutathione peroxidase 4 (GPX4) in CRC cells and
significantly inhibited the growth of heterogeneous HCT-116 subcutaneous tumors and
patient-derived tumor xenografts (PDX) model tumors. This work provides a new

strategy for the development of safe and effective approaches for treating CRC.

Keywords Cetuximab-conjugated micelles, EGFR, K-ras mutations, DMAKO-20,

Colorectal carcinoma, Drug resistance
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1. Introduction

As the third leading cause of cancer death worldwide, metastasized colorectal
carcinoma (CRC) has a survival rate of only approximately 10% [1]. At present, the
standardized treatment for CRC is surgical resection, followed by treatment with
cetuximab (Cet) or oxaliplatin (OXA). Epidermal growth factor receptor (EGFR) is a
transmembrane receptor that activates a variety of downstream signaling pathways
(RAS-Raf/MAPK/PI3K, etc.) [2]. Clinically, Cet is employed for treating wild-type
CRC by specifically antagonizing the epidermal growth factor receptor (EGFR),
thereby blocking downstream signaling pathways and preventing further tumor
progression [3]. However, given that K-ras is the most frequently mutated gene in this
context and is located downstream of EGFR, K-ras mutant cells remain unresponsive
to EGFR antagonism [4]. Consequently, Cet effectively inhibits only K-ras wild-type
cells. On the other hand, CRC becomes drug resistant with continuous chemotherapy.
Both of these factors increase the heterogeneity of CRC and increase the number of

substantial challenges associated with its treatment.

(1E,4E)-6-((S)-1-(isopentyloxy)-4-methylpent-3-en-1-yl)-5,8-dimethoxynaphthalene-

1,4-dione dioxime (DMAKO-20, Scheme S1) is a novel multitarget anticancer prodrug.
It undergoes tumor-specific CYP1B1-catalyzed bioactivation to generate nitric oxide
and active naphthoquinone mono-oximes, exhibiting multitarget antitumor activity for
CRC [5, 6]. Unlike traditional anticancer drugs, which are associated with serious side
effects, DMAKO-20 demonstrates targeted functionality and low toxicity. This is
because it becomes active only after catalysis by cytochrome P450 enzymelB1
(CYP1B1), which is overexpressed in tumors but undetectable in normal tissues [7, 8].
Consequently, CRC cells are sensitive to DMAKO-20 with an ICso of approximately 2
KM, while no significant toxicity is observed in normal human fibroblasts even at 10

UM [5]. The selective nature of DMAKO-20 underscores its safety as a potential drug.
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Given its mechanism of action, DMAKO-20, as a novel, safe, and effective anti-tumor
prodrug, is anticipated not only to overcome tumor drug resistance but also to be effective
against K-ras mutant CRC cells. As a hydrophobic anticancer prodrug, DMAKO-20

necessitates a safe and efficient delivery vector for targeted in vivo transportation.

As a hydrophobic drug given that K-ras is the most frequently mutated gene in this
context and is located downstream of EGFR with sensitivity to CRC cells, DMAKO-
20 necessitates an appropriate delivery vector for in vivo application. Among various
hydrophobic drug delivery systems, micelles emerge as the most favored candidates
due to their high drug loading capacity [9-11]. Within the range of hydrophobic chains
in amphiphilic block copolymers, the semicrystalline nature of poly(e-caprolactone)
(PCL) chains is noteworthy. These chains canform crystalline micelles and have been
extensively researched for drug delivery, attributed to their exceptional
biodegradability and biocompatibility [12]. Given that the melting temperature of PCL
is around 60 °C, it exhibits higher crystallinity at room temperature compared to other
hydrophobic chains like PLLA and PLGA. Consequently, the hydrophobic core formed
by PCL, an FDA-approved medicinal vector [13], results in micelles with PCL cores
having a lower critical micelle concentration (CMC) [14]. PEOz, a pH-responsive and
hydrophilic segment of micelles approved by the FDA as a food additive [15], has the
same ability as PEG to inhibit protein adsorption and has long circulation, water
solubility, flexibility, and biocompatibility [16]. Compared with PCL-PEG, poly(2-
ethyl-2-oxazoline)-b-poly(e-caprolactone) (PCL-PEOz, Scheme S1) has prominent
advantages, including that the end of PEOz in PCL-PEOz is simple and carboxylated,
facilitating direct connection to various targeting groups. The tertiary amide group on
the PEOz chain can be ionized at a pH lower than its pKa, which is approximately 7.1
[17]. Upon ionization, nitrogen atoms acquire positive charges, leading to electrostatic
repulsion between PEOz chains. This mechanism is responsive to the endo/lysosomal

acidic pH stimuli, facilitating the release of encapsulated drugs in the acidic tumor
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environment [18, 19]. Consequently, PCL-PEOz has emerged as one of the most
promising drug delivery carriers for antitumor drugs. An increasing number of studies have
utilized the stable and efficient drug delivery of these materials under neutral physiological
conditions and their ability to release pH-responsive drugs effectively in the acidic tumor
microenvironment for cancer treatment [20-27]. Bu et al. discovered that employing PCL-
PEOz as the primary carrier for encapsulating curcumin resulted in a favorable intracellular
effect on tumor cells [21]. Similarly, Li et al. utilized PCL-ss-PEOz micelles for the efficient
delivery of doxorubicin through the blood-brain barrier, aiming at the treatment of glioma
[20]. Furthermore, Qiu et al. used FA-PEOz-PCL micelles, which effectively inhibited
tumor growth and reduced toxicity in mice compared to free DOX [25]. The pH-responsive
release advantage of PCL-PEQOz polymeric micelles makes them effective candidate carriers

for antitumor drugs.

In this study, we developed Cet-conjugated DMAKO-20/PCL-PEOz micelles
(DMAKO@PCL-PEOz-Cet), prepared by covalently linking Cet to the surface of
DMAKO@PCL-PEOz through a cathepsin B-responsive amide linkage (Scheme 1A)
[28]. When compared with nanocarriers such as Cet-conjugated serum albumin NPs
[29, 30], Cet-conjugated chitosan-pectinate NPs [31], Cet-conjugated gold or silica NPs
[32, 33], and Cet-conjugated vy-poly(glutamic acid)-docetaxel NPs [34],
DMAKO@PCL-PEOz-Cet was found to have several advantages: it was stable
throughout the blood circulation due to the high crystallinity of the core formed by
DMAKO-20/PCL in the neutral physiological environment, it was able to promptly
disassemble the micelles, and it was able to release the cargoes in acidic conditions due
to the crystallizable PCL and pH-sensitive PEOz. As a kind of antibody-conjugated NP,
DMAKO@PCL-PEOz-Cet could effectively bind to different subtypes of CRC cells,
including wild-type and K-ras mutant cells (with or without drug resistance). The

synergistic effect of Cet and DMAKO-20 in DMAKO@PCL-PEOz-Cet was found to



Journal Pre-proof

effectively induce apoptosis in CRC cells and disrupt the spherical structure of 3D CRC
organoids. Notably, DMAKO@PCL-PEOz-Cet also successfully inhibited the growth
of heterogeneous HCT-116 subcutaneous tumors and patient-derived tumor xenografts
(PDX) model tumors, which exhibit clinical and histological features similar to human
CRC. Moreover, DMAKO@PCL-PEOz-Cet reduced the expression of glutathione
peroxidase 4 (GPX4) in CRC cells. Our work describes the delivery of an antibody-
conjugated nanomedicine (ACN) with the efficient prodrug DMAKO-20 into CRC
tumors, which is favorable for overcoming drug resistance and K-ras mutations and

enhancing the effectiveness of CRC treatment.



Journal Pre-proof

0 0 HzN*NHz
Q@

Ao Cetuximab
NN > ~
A DMAKO-20 S DMTMM

HOOC-PEOz-PCL

DMAKO-20@PCL-PEOz DMAKO-20@PCL-PEOz-Cet

’ '|ooooocoooooo.......o°". A ecooe !
4 8] { ( 'Y e ..

) |ooooooooooo........05°°o. %

Phospholipid

47559 Mitochondria

Y EcFR PCL-PEOZ

) Naphthoquinone mono-oxime @@ DMAKO-20

%@ Golgi apparatus

(J  DMAKO-20@PCL-PEOz-Cet Y Cetuximab

Mutant cells

Nucleus

Scheme 1 Schematic illustration of how DMAKO@PCL-PEOz-Cet was prepared
for and targeted different subtypes of CRC cells and released DMAKO-20 after
intravenous injection into mice and long-term circulation in blood. (1)

DMAKO@PCL-PEOz-Cet demonstrated binding to the EGFR, which was
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overexpressed on the surface of various subtypes of CRC cells. (2) This binding led to
the formation of EGFR-attached endocytic vesicles. (3) The increased protonation of
the tertiary amide groups in PEOz caused DMAKO@PCL-PEOz-Cet to loosen and
disrupt the endosome membrane, facilitated by the low pH environment within the
endosome. (4) Subsequently, the vectors and DMAKO-20 were released into the
cytoplasm. (5) Nitric oxide and active naphthoguinone mono-oximes then produced a

multitarget anticancer effect following the catalysis of DMAKO-20 by CYP1B1.

2. Experimental Section

2.1 Materials and instruments

PCL5000-PEOZz2000-COOH and PCL2000-PEOz2000 Were procured from Xi'an Ruixi
Biological Tech. Co., Ltd (Xi'an, China). DMAKO-20 was generously provided by
Professor Jiahua Cui from the Laboratory of Li Xiaoshun (Shanghai Jiao Tong
University, Shanghai, China). Cetuximab (Cet) was kindly gifted by Shanghai Jinmante
Biological Technology Co., Ltd. (Shanghai, China). Phosphotungstic acid were
supplied by Shanghai Mackiin Biochemical Co., Ltd (Shanghai, China). Pyrene was
acquired from KaimoPharm (Shanghai, China). RPMI-1640, DMEM high glucose
medium, McCOY’s medium, L15 medium, 0.25% trypsin, penicillin-streptomycin
mixed solution (100 x double antibody), and fetal bovine serum (Fetal Bovine Serum,
FBS) were all sourced from Gibco (Carlsbad, CA, USA). Fluoroshield Mounting
Medium with DAPI, immunofluorescent cell fixative, anti-fluorescence quenching
sealant, CCK-8 cell proliferation and cytotoxicity test kit, Bradford protein
concentration determination Kits were obtained from Beyotime Biotechnology
(Shanghai, China). EGFR-positive HCT-116, EGFR-positive HT-29, and EGFR-
negative SW-620 human colon cancer cells were purchased from the Shanghai Institute
of Cell Research, Chinese Academy of Sciences (Shanghai, China). Goat anti-Human

IgG (H+L) Cross-Adsorbed Secondary Antibody Alexa Fluor 488 was acquired from
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Thermo Fisher Scientific (Shanghai, China). Female BALB/c nude mice and SD rats,
both four weeks old, were sourced from Slack Laboratory Animal Co., Ltd (Shanghai,
China) and were maintained at 25 °C with free access to food and water. All
experiments were conducted in strict compliance with the guidelines of the Shanghai
Jiao Tong University Laboratory Animal Center. All other chemical reagents were

purchased from Shanghai Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).

2.2 Preparation and characterization of DMAKO@PCL-PEOz-Cet

2.2.1 Preparation of blank micelles, DMAKO@PCL-PEOz and DMAKO@PCL-
PEOz-Cet

Blank micelles and DMAKO-20 drug-loaded micelles (DMAKO@PCL-PEOz) were
synthesized using the emulsion solvent evaporation method. Initially, 2 mg of
PCL5000-PEOz2000-COOH and 2 mg of PCL2000-PEOz2000-COOH, along with
varying amounts of DMAKO-20, were dissolved in 300 pL of chloroform and
thoroughly mixed. This mixture was then gently injected into 3 mL of deionized water
in a 25 mL round-bottom flask. The solution was sonicated for 5 min at a temperature
of 12 °C and a power of 400 W to form a slight yellow emulsion. Subsequently,
chloroform was completely removed using a rotary evaporator for 40 min at 37 °C
under a vacuum of 0.09 MPa, yielding a slightly yellow transparent clear liquid. The
unencapsulated drugs were filtered through a 0.45 um microporous membrane, and the
resulting samples were stored at 4 °C for further experiments. For the conjugation
process, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM) was added to a 2 mg/mL mixture of DMAKO@PCL-PEOz in PBS buffer
solution. This mixture was reacted for 6 h under nitrogen at 4 °C. Following this, Cet
was rapidly added and the reaction continued for an additional 12 h under identical

conditions. The DMAKO@PCL-PEOz-Cet micelles were then washed three times
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using a 300 kDa ultrafiltration tube at 4 °C to remove free Cet and stored at 4 °C for
use. The fluorescent micelles (Coumarin-labeled DMAKO@PCL-PEOz and
DMAKO@PCL-PEOz-Cet) were prepared in the dark by adding coumarin-6 to
DMAKO-20 to form Coumarin-labeled DMAKO@PCL-PEOz and DMAKO@PCL-

PEOz-Cet, respectively. The ratio of coumarin-6 to micellar material was 1:1000 (w/w).

2.2.2 Particle size distribution and zeta potential

The particle size and zeta potential were assessed at room temperature utilizing a
Malvern Nano-ZS90 (Malvern Instruments, Malvern, U.K.). To conduct these
measurements, a 1 mg/mL micelle solution was prepared and subsequently transferred
into the measurement cell. The concentration of each sample was measured three times

at room temperature. The average diameter and Pdi were recorded.

2.2.3 Drug encapsulation efficiency (EE) and loading capacity (LC)

The concentration of DMAKO-20 was quantified using ultraviolet spectroscopy with a Bio-
Rad xMark microplate reader. In this procedure, 60 pL. of DMAKO@PCL-PEOz-Cet was
combined with 140 pL of dimethyl sulfoxide. Following this, the UV absorbance of the
sample at 321 nm was measured using the microplate reader. The drug concentration was
then calculated based on a previously established standard curve. The drug loading (DL)

and encapsulation efficiency (EE) were determined using the following formulas:

The weight of DMAKO-20 in micelles
Total weight of DMAKO@PCL—-PEOz—Cet

DL (%) = x 100%

The amount of DMAKO-20 in micelles
EE (%) = x 100%

Total amount of DMAKO—-20

2.2.4 Assay of the conjugation efficiency of Cet to DMAKO@PCL-PEOz
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Polyacrylamide gel electrophoresis (SDS-PAGE) was used to confirm whether the
antibody was successfully conjugated to DMAKO@PCL-PEOz at different ratios of
PCL-PEOz-COOH to the amine groups of Cet. The micelles were combined with
mercaptoethanol (v/v = 5). This mixture was then heated at 95 °C for 5 min to facilitate
protein denaturation. SDS-PAGE (10%) and Tris/glycine/SDS running buffer were
used for this evaluation, and electrophoresis was carried out for 15 min at 80 V,
followed by 40 min at 120 V. Finally, the gel was stained with Coomassie blue before

imaging.

Matrix-assisted laser desorption tandem time-of-flight mass spectrometry (MALDI
TOF 7090, Shimadzu Corporation, Japan) was employed to confirm the chemical
linkage between the antibody and the micelle. This analysis included an examination
of blank micelles, Cet, a mixture of blank micelles and Cet (micelle+Cet), Cet
combined with DMTMM, and a composite of micelile, DMTMM, and Cet. The micelle
solution was prepared at a concentration of 1 mg/mL, and the molecular weight of the
sample was determined under a ion gate blanking voltage of 1000.00 and a laser

diameter of 200.

The Bradford assay kit was utilized to determine the efficiency of antibody conjugation
[35]. DMAKO@PCL-PEOz-Cet was prepared according to the method described in
section “2.2.1”, after which the ultrafiltrate (free antibody) was collected after
ultrafiltration in a Vivaspin 20 filtration device (300 kDa MWCO). To ascertain the
concentration of free antibody, the ultrafiltrate was mixed with the Bradford working
solution. This mixture was then analyzed using a Tecan Infinite® 200 PRO microplate
reader (Switzerland) at an absorbance of 595 nm, with the concentration being

determined in accordance with the established standard curve.

. . .. Total t of Cet — fi Cet
Conjugation efficiency (%) = ———— 2 =22 =% % 100%

Total amont of Cet
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2.2.5 Transmission electron microscopy (TEM)

The morphologies of blank micelles, DMAKO@PCL-PEOz, and DMAKO@PCL-
PEOz-Cet were examined using a biological transmission electron microscope (TEM).
For this analysis, micelles with a concentration of 2 mg/mL were applied onto the
surface of a copper mesh. Excess liquid was then carefully removed using filter paper.
Subsequently, 20 pL of phosphotungstic acid solution was added to the same area on
the copper mesh. The preparation was allowed to evaporate naturally at room
temperature. Finally, the samples were observed under a biological TEM (Tecnai G2

SpiritBiotwin/Tecnai G2 spirit Biotwin, US).

2.2.6 Nanodiametric scanning calorimetry (nano DSC)

Nano DSC was performed using a TA Instruments Nano DSC apparatus (New Castle,
DE, USA). Prior to the DSC measurements, aqueous dispersions of DMAKO@PCL-
PEOz and DMAKO@PCL-PEOz-Cet, both at a concentration of 1 mg/mL, along with
deionized water as an external reference, were degassed under vacuum before being
injected into the cells. The measurements were conducted over a temperature range of
20-90 °C at a scanning rate of 1 °C/min. The resulting thermograms were analyzed

using the NanoAnalyze software (TA Instruments).

2.2.7 In vitro release of DMAKO-20

The dialysis method was used to determine the in vitro release curves of DMAKO-20
in DMAKO@PCL-PEOz and DMAKO@PCL-PEOz-CetatpH 7.4, 6.5and 5.4. APBS
solution containing 10% ethanol at pH 7.4 or 6.5 was prepared as the release medium.

The micelle solution containing 200 pg of DMAKO-20 was diluted to 3 mL with the
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release medium. The proteins were subsequently transferred to a 10000 kDa dialysis
bag, which was immersed in 12 mL of release medium, sealed, and released at 37 °C
and 150 rpm. At specific predetermined time intervals, 60 uL samples were collected
and the absorbance was measured at 321 nm using a Bio-Rad xMark microplate reader.

These measurements were then used to calculate the cumulative drug release.

2.2.8 Critical micelle concentration (CMC)

The critical micelle concentrations (CMCs) of DMAKO@PCL-PEOz-Cet were
determined using the pyrene fluorescence probe method. Briefly, 12 mg of pyrene was
weighed in 10 mL of absolute ethanol and then diluted to 6 pug/uL. Then, 2.5 pL of
pyrene solution was added to twelve 25 mL volumetric flasks. After the alcohol was
evaporated, 2.5 uL, 5 uL, 10 pL, 25 pL, 50 pL, 100 pL, 200 pL, 250 pL, 400 pL, 500
uL, 600 L, and 800 uL of blank/Cet-micellar solution (1.449 mg/mL) were added to
the flask. Deionized water was added, after which the mixture was ultrasonicated for
10 min, after which the mixture was incubated in a shaker at 37 °C for 24 h. Afterward,
200 pL of the solution from the volumetric flask was removed, after which the
fluorescence intensity was measured by a microplate reader (Bio-Rad, xMark) at
excitation wavelengths of 333 nm (ls33) and 338 nm (lzss). The data obtained are plotted
using the logarithmic value of the micelle concentration as the abscissa and the ratio of
1338/1333 as the ordinate. The abscissa corresponding to the turning point on the curve

represents the critical micelle concentration.
2.3 Laser Scanning Confocal Microscopy (LSCM)
In this study, escape from endosomes by DMAKO@PCL-PEOz-Cet was assessed via

laser scanning confocal microscopy (Confocal, Leica TCS SP8). Wild-type HCT-116

cells were separately seeded in 24-well plates with 50,000 cells per well. After 1 h, 2 h
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and 4 h of incubation, the cells were incubated with 200 pL of micelles containing
coumarin-6 (300 ng/mL) diluted with Opti-MEM for 30 min at 4 °C and the Untreated
group incubated with PBS was utilized as the control. The cells were washed three
times with cold PBS, and were subsequently fixed with 4% paraformaldehyde for 15
min, the cell nuclei were stained with DAPI, and 10 pL of anti-fluorescent quenching

sealant was added and fixed on glass slides for detection.

2.3.1 Annexin V-FITC/PI Staining for Flow Cytometry

Wild-type HCT-16 cancer cells were plated in 6-well plates and incubated with
DMAKO-20@PEOz-PCL-Cet, and the concentrations of DMAKO-20 in the micelles
were 5 UM and 10 uM for 4 h, respectively. Following treatment, all cells in each well
were harvested. Subsequently, the cells (2.5 x 10°/well) were suspended in annexin
binding buffer (190 pL, Beyotime Biotechnology, China). To this suspension, an
annexin V-FITC conjugate (5 pL, Beyotime Biotechnology) and a propidium iodide
solution (15 pL, Beyotime Biotechnology) were added, followed by incubation at room
temperature for 30 min in darkness. Fluorescence was measured using the BD FACS

Fortessa flow cytometer, and the results were analyzed using FlowJo software.

2.3.2 EGFR expression on the cell surface and cellular uptake assay

HCT-116 (wild-type and mutant-type HCT-116 cells at a ratio of 1:1), HT-29 (wild-
type and mutant-type HT-29 cells at a ratio of 1:1), and SW-620 cells were adherent
and cultured in a cell incubator at 37 °C containing 5% CO2. HCT-116 cells were
cultured in DMEM, HT-29 cells were cultured in McCoy’s medium, and SW-620 cells
were cultured in L™!5 medium supplemented with 10% FBS and 1% penicillin—
streptomycin. Cells in the logarithmic growth phase were digested and subsequently
resuspended in PBS at a concentration of 1 x 10° cells/mL. Then, 200 pg of cetuximab

(Cet) was added to the positive control group, which was incubated at room temperature
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for 60 min. Subsequently, 2 pL (2 mg/mL) of the anti-human IgG fluorescent antibody,
serving as the secondary antibody, was added to both the positive and negative groups,
followed by incubation at room temperature for an additional 60 min. Cells in the
untreated group underwent treatment without the primary or secondary antibodies.
Thereafter, the cells were centrifuged, resuspended, and transferred to flow tubes for
flow cytometry analysis. The average fluorescence intensity of each DMAKO@PCL-

PEOz group was set to 100%.

The cells in the logarithmic growth phase were seeded into 96-well plates at 5 x 10°
cells per well and incubated for 24 h. The complete medium was replaced with serum-
free medium, coumarin-labeled DMAKO@PCL-PEOz and DMAKO@PCL-PEOz-Cet
were added to the wells, and the same volume of PBS was added to the untreated group.
The cells were incubated for 4 h at 37 °C. To terminate endocytosis, cold PBS was used
to wash the cells to terminate endocytosis. Subsequently, the cells were digested and
resuspended in 500 uL of PBS for flow cytometry analysis. Fluorescence was measured
using the BD FACS Fortessa flow cytometer. The results were analyzed with FlowJo

software.

2.3.3 In vitro cytotoxicity assay

The cytotoxic effects of the compounds on wild-type HCT-116, MCF-7 and MCF-
7ITAX cells. In brief, cells were seeded in 96-well plates at a density of 5 x 102 cells
per well. After culturing for 24 h in a 37 °C humidified incubator (5% CO2, V/V), the
cells were incubated with the indicated compounds or formulation for 48 h. Cell
viability was tested by a CCK-8 assay. Then, 20 puL of CCK-8 reagent was added to
each well, the plate was incubated at 37 °C for 40 min, and the absorbance was

measured at 450 nm using a microplate reader.
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In the nitric oxide quenching assay, wild-type HCT-116 cells were seeded in 96-well
plates at a density of 5000 cells per well and cultured in a humidified incubator at 37 °C
for 24 h. The drug and carboxy-PTIO were sequentially added at final concentrations
of 1 uM and 25 uM, respectively, and the cells were subsequently incubated for 48 h

at 37 °C. Cell viability was tested by a CCK-8 kit according to the above protocols.

The cells in the logarithmic growth phase were seeded into 96-well plates at 5 x 10°
cells/well and incubated for 24 h. The medium was then replaced with 200 pL of
complex solution and continuously incubated with the cells for 4 h. For the cytotoxicity
assays of DMAKO-20 and OXA toward wild-type HCT-116 and oxaliplatin (OXA)-
resistant HCT-116 cells, the final concentrations of DMAKO-20 and OXA in DMSO
were 1 uM and 10 uM, respectively. For the cytotoxicity assay of DMAKO@PCL-
PEOz-Cet toward wild-type HCT-116, K-ras mutant HCT-116 and OXA-resistant
HCT-116 cells, the final concentrations of DMAKO-20 and OXA in DMSO were 5 uM
and 20 UM, respectively. The same volume of PBS was added to the control group. The
cells were subsequently incubated for 48 h at 37 °C. Cell viability was tested by a CCK-

8 kit according to the above protocols.

For the cell viability examination of Cet, DMAKO@PCL-PEOz, DMAKO@PCL-
PEOz-Cet, and the mixture of DMAKO@PCL-PEOz and Cet (DMAKO@PCL-
PEOz+Cet) in HCT-116, HT-29, and SW-620 cell lines, the culture medium was
replaced with 200 pL of complex solutions. The final concentration of DMAKO-20 in
the drug-treated group was maintained at 2 uM. The same amounts of Cet and
DMAKO@PCL-PEOz as in the DMAKO@PCL-PEOz-Cet group were added to the
Cet, DMAKO@PCL-PEOz, and DMAKO@PCL-PEOz+Cet groups. The cells were
subsequently incubated for 48 h at 37 °C. The cells were subsequently incubated for 48

h at 37 °C. Cell viability was tested by a CCK-8 kit according to the above protocols.
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2.3.4 Quantitative real-time PCR

HCT-116 cells were seeded into a 12-well plate at a concentration of 3 x 10° cells per
well for investigation with DMAKO@PCL-PEOz, DMAKO@PCL-PEOz-Cet, and
OXA. In the untreated group, an equivalent volume of PBS was added. After the cells
were allowed to attach to the plate overnight, the culture medium was removed, and the
cells were washed three times with PBS. After a total of 48 h, the culture medium was
removed. One milliliter of TRIzol (Sangon Biotech, China, Shanghai) was added to
each well for a 5-min incubation. Subsequently, chloroform and isopropanol were
utilized for RNA extraction. The extracted RNA was then washed thrice with 75%
ethanol. Following precipitation and drying of the RNA, it was re-dissolved in 20 puL
of RNase-free water. Total RNA was extracted using TRIzol (Yesen, China), and
complementary cDNA was synthesized with a reverse transcriptase kit (Yesen, China).
Subsequently, quantitative real-time PCR (gPCR) was performed using the 2xSYBR
Master Mix (Share-Bio, China) and specific primers. The amplification process
included a 5 min predenaturation stage at 94 °C, followed by denaturation at 94 °C for
30 s, annealing at 58 °C for 30 s, and extension at 72 °C for 1 min, for a total of 40
cycles. The following are the gene primer sets used for gPCR. The sequence (5’ to 3’)
of primer 18s-F was TGCGAGTACTCAACACCAACA, the sequence (5’ to 3’) of
primer 18s-R was GCATATCTTCGGCCCACA, the sequence (5’ to 3’) of primer
GPX4-F was GAGGCAAGACCGAAGTAAACTAC, and the sequence (5’ to 3’) of
primer GPX4-R was CCGAACTGGTTACACGGGAA.

2.4 3D patient-derived organoid (PDO) models
The specimens from CRC patients were collected after providing informed consent

from the Biomedical Ethics Committee of Ruijin Hospital. All these patients were

pathologically diagnosed with CRC and underwent laparoscopic surgery at Ruijin
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Hospital, Shanghai Jiao Tong University. Surgical specimens were rinsed with PBS
containing penicillin-streptomycin solution and finely minced using tweezers and
disposable surgical blades. The resultant tissue fragments were then transferred to a 50
mL centrifuge tube and combined with 0.5 mg/mL type IV collagenase (Sigma, USA)
in DMEM, incubated at 37 °C for 1 h to ensure complete digestion. The digested tissue
suspension was subsequently filtered through 40 um cell strainers (BD Falcon, USA)
in sequence to eliminate residual tissue fragments. After centrifugation for 5 min at
1000 rpm, the cells were seeded in Matrigel (356235, Corning, New York, USA) and
overlaid with human IntestiCult organoid growth medium (06010, Stemcell, British
Columbia, Canada). TrypLE Express Enzyme (12604021; Thermo Scientific,
Massachusetts, USA) was used to digest and resuspend the cancer cells for organoid
passage. Five groups (n=3) were established: control, OXA (4 pg/mL),
DMAKO@PCL-PEOz-Cet (4 pg/mL), DMAKO@PCL-PEOz + Cet (4 pg/mL) and

Cet (1.24 pg/mL). Cell viability was assessed by a luciferase assay after 72 h.

Cell viability, as indicated by ATP levels, in PDOs was assessed using the CellTiter-
Lumi™ Steady Luminescent Cell Viability Assay Kit (Beyotime Biotech), in
accordance with the manufacturer's instructions. Briefly, 100 pL of CellTiter-Lumi™
Reagent was added to each well. The plates were then vigorously shaken for 2 min.
Luminescence readings were subsequently obtained following a 10-min incubation at

room temperature.

2.5 Pharmacokinetic (PK) studies

The SD rats were randomly allocated into two groups (n = 6), and each group received
an intravenous injection of 200 puL of complex solutions containing DMAKO-20
formulation at a dosage of 10 mg/kg. At predetermined time intervals (1 h, 2 h, 4 h, 6

h, 8 h, 24 h), 500 pL of blood was collected from the orbital sinus and placed into
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anticoagulation tubes, which were then immediately inverted to prevent coagulation.
Following centrifugation at 4 °C at 3000 rpm for 10 min, 50 pL of the upper plasma
layer was extracted, and 200 pL of acetonitrile solution containing 100 ng/mL
paclitaxel was added as an internal standard. Acetonitrile was also used to precipitate
the proteins in the sample. Quantitative analysis was performed by LC-MS, and the

peak areas of DMAKO-20 and the internal standard paclitaxel were recorded.

2.6 Animal model

Female BALB/c nude mice (5 weeks old) and SD rats were acquired from Slack
Laboratory Animal Co., Ltd (Shanghai, China). They were maintained at a temperature
of 25 °C with ad libitum access to food and water. All animal-related protocols were
sanctioned by the Institutional Animal Care and Use Committee (IACUC) of Shanghai
Jiao Tong University, bearing the Animal Protocol number A2018027. A CRC
xenograft nude mouse model was developed for in vivo experiments. Briefly, both wild
and mutant-type HCT-116 cells (HCT-116/W and HCT-116/M) were collected using
trypsin in a 1:1 ratio and then resuspended in sterile PBS. The cell suspension was
mixed with Matrigel at a volume ratio of 1:1 on ice, and the final cell concentration was
5x 10" cellss/mL.- One hundred microliters of cell suspension was injected

subcutaneously into nude mice.

2.6.1 Tissue distribution of DMAKO-20

When the tumors reached a volume of approximately 200 mm?3, the mice were randomly
divided into two groups (n=20 mice/group). One group was administered
DMAKO@PCL-PEOz-Cet, and the other group was administered DMAKO@PCL-
PEOQz as a control at a dose of 10 mg/kg DMAKO-20 via the tail vein. At designated
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time points (1 h, 3 h, 6 h, 12 h, 24 h), four mice from each group were euthanized, and
their heart, liver, spleen, lung, kidney, and tumor tissues were promptly excised and
weighed. Post-dissection, each tissue sample was treated with 0.5-1 mL saline and
three 3.2 mm grinding beads, as required, and homogenized at 70 Hz for 5 min. This
was followed by centrifugation at 4 °C at 13200 rpm for 10 min. Subsequently, 100 pL
of the supernatant was extracted, to which 400 pL of acetonitrile was added, vortexed
for 30 s, and then centrifuged again at 4 °C at 13200 rpm for 10 min. The resultant
supernatant was filtered through a 0.22 pum organic filter membrane and quantified

using LC-MS.

2.6.2 In vivo antitumor efficacy

When the tumor volume reached approximately 50 mm?3, the mice were randomly
divided into seven groups: PBS, blank micelles, Cet, DMAKO@PCL-PEOz, a mixture
of DMAKO@PCL-PEOz and Cet, DMAKO@PCL-PEOz-Cet and OXA. There were
6 mice in each group (n = 6/group). The mice were administered DMAKO-20 at a dose
of 10 mg/kg. According to the literature, the dose of OXA was set at 5 mg/kg due to its
toxicity. The corresponding contents of the blank micelle group and the Cet group were
the same as those of DMAKO@PCL-PEOz-Cet. The drug was administered
intravenously at intervals of 48 h. Before each administration, both the body weight
and tumor volume of the mice were recorded. The tumor volume was calculated using

the following formula:

Length X Width x Width
2

V (Tumor volume) =

2.6.3 In vivo toxicity assay
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After 48 h of the last administration in Section 2.6.2 above, 500 pL of blood was
collected retro-orbitally from the mice. Mice were then sacrificed immediately, after
which the tumor tissue was harvested. The collected blood sample was left undisturbed
at room temperature for 2 h, followed by centrifugation at 4 °C at 1200 g for 10 min.
The supernatant serum obtained was then used for liver and kidney function tests to
assess the toxicity of the formulation. Tumor tissue was collected for subsequent
analyses, including Hematoxylin and Eosin (H&E), Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL), and Ki-67 staining, which were

employed to evaluate the tissue structure and apoptosis in tumor tissues.

2.7 Antitumor efficacy in the PDX model

In accordance with the approved protocol of the institutional Review Committee at
Shanghai Ruijin Hospital (Shanghai, China), tumor tissues from patients with CRC
were collected for xenotransplantation with the informed consent of the participants.
Patient samples were gathered, trimried, and cut into fragments measuring 20—-30 mm?,
These tissue fragments were then implanted subcutaneously in the anterior flank of
anesthetized nude NSG female mice aged 6 to 8 weeks within 3 h. When the tumor
volume reached approximately 200 mm?3, the mice were randomly allocated to five
groups for treatment every two days with PBS, DMAKO@PCL-PEOz-Cet,
DMAKO@PCL-PEOz, DMAKO@PCL-PEOz+Cet, and OXA. The combination drug
was administered at the same dose and schedule as the single drug. The tumor volume
was measured based on the formulae in Section 2.6.2 above. If the volume was greater
than 2 cm?® or the diameter in either dimension was greater than 20 mm (humane
endpoint), the mice were euthanized. Otherwise, the mice were anesthetized after the
whole treatment, and the tumors were removed and weighed. All procedures and

programs were approved by the Animal Care and Use Committee of Ruijin Hospital.
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Statistical analysis

For all the experiments, all the analyses were performed using Student’s t-test
(GraphPad InStat; GraphPad Prism 9 software, San Diego, CA, U.S.A.). An alpha value
of p<0.05 was considered to indicate statistical significance. (*), (**), (***), and (****)
indicate p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively. All the data are

expressed as the mean and SEM (mean +SEM).

3. Results and discussion

3.1 Preparation and characteristics of DMAKO@PCL-PEOz-Cet

Given the impact of amphiphilic polymer material block length on micelle stability and
drug-loading capacity, we selected the optimal ratio of hydrophilic and hydrophobic
segments based on our previous study [35]. Specifically, we optimally formed micelles
using PCLso00-PEOZz2000-COOH and PCL2000-PEOZ2000-COOH in a weight ratio of 1:1.
We fine-tuned the drug loading of these micelles and prepared a series of drug-loaded
micelles with varying DMAKO-20/PCL-PEOz ratios. The stability of these drug-
loaded micelles was evaluated over three weeks (Table S1). As the DMAKO-20/PCL-
PEOz mass ratio increased, the drug loading of the micelles also increased. However,
it is important to note that excessively high drug-loading could lead to micelle
instability and significant drug leakage [36]. In order to ensure the optimal stability of
the micelles while achieving the highest drug loading capacity, we conducted
optimization experiments and determined the ideal DMAKO-20/PCL-PEOz loading

ratio of 8.27% for subsequent investigations.
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DMAKO@PCL-PEOz-Cet was formulated by establishing an amide linkage between
the amine groups of Cet and the carboxylic acid groups of PCL-PEOz-COOH. This
linkage was anchored at the surface of DMAKO@PCL-PEOz micelles, using 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) as the
catalyst [37]. The discrepancy in electromobility was assessed by antibody conjugation
to nanoparticles via polyacrylamide gel electrophoresis (Fig. S1). We selected
DMAKO@PCL-PEOz-Cet, which has a molar ratio of amine to carboxylic acid of 1:30,
as the preferred formulation for the next study. MALDI-TOF-MS [38], a soft ionization
technology, was employed to confirm the chemical coupling between Cet and the
micelles (Table S2). The molecular weights of polymers and antibodies are challenging
to accurately measure using MALDI-TOF-MS [38, 39]. One of the reasons is the limited
resolution of MALDI-TOF-MS. Additionally, the high molecular weight of Cet itself
results in a certain degree of distribution, and factors such as different end groups on Cet
can lead to variations in its molecular weight under different conditions [39]. PCL-PEOz-
COOH is a block polymer with a certain distribution width, and the m/z range of PCL-
PEOz-COOH was 1600-4900 according to the MALDI-TOF-MS spectrum (Fig. S2A).
Compared to the m/z peaks of Cet in the MALDI-TOF-MS spectrum (Fig. S2B), the m/z
peaks of Cet+Blank@PCL-PEOz and Cet+DMTMM only show a slight positional
difference within the range of 73900-75200 (Fig. S2C- S2D), but still fell within the shift
range of Cet in different environments. In contrast, the m/z peak range of Cet in
Blank@PCL-PEOz-Cet was 65000-105000 (Fig. S2E). This indicates that Cet was
conjugated to PCL-PEOz. The conjugation efficiency of Cet and DMAKO@PCL-
PEOz-Cet, as determined by the Bradford method, was 91.7%. Additionally, the mass
ratio of antibody on the micelle surface to the total system was 14.21%. In other words,
according to the Bradford protein assay, 1% of carboxylic acid groups within a micelle

were conjugated with antibodies.
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The size and zeta potential of DMAKO@PCL-PEOz and DMAKO@PCL-PEOz-Cet
were assessed using dynamic light scattering (DLS). After Cet conjugation, the size of
the micelles increased from 90.77 nm to 1159 nm, and the zeta potential of
DMAKO@PCL-PEOz decreased from +17.2 mV to —25.3 mV, potentially due to the
presence of the antibodies (Table 1). Notably, the Pdls for both DMAKO-20@PCL-
PEOz and DMAKO@PCL-PEOz-Cet were below 0.2, indicating the uniformity of the
micelles. We observed the morphology of the micelles through biological TEM, and
the morphologies of DMAKO@PCL-PEOz and DMAKO@PCL-PEOz-Cet were all
uniform and spherical in shape. The particle sizes of both micelles observed via TEM
were smaller than those measured via DLS (Fig. 1A-1B), which showed that the
micellar volume decreased in the dry state. Furthermore, we assessed the storage
stability of the micelles at 4 °C in phosphate-buffered saline (PBS) and their stability
at 37 °C in serum, simulating an in vivo blood-containing environment. Using micellar
size and PdI as indicators, we observed that the size of the micelles remained constant
throughout the 21-day experimental period (Fig. 1C), and the Pdl consistently stayed
below 0.2. These findings indicate the stability of the micelles at 4 °C. In FBS at 37 °C,
the particle size of the micelies remained around 100 nm for the initial 48 h, and it
exhibited a slight increase over 72 h, but still remained below 200 nm. However, the
Pdl of DMAKO@PCL-PEQOz-Cet increased to nearly 0.8, suggesting its stability in
vivo (Fig. 1D). Subsequently, we investigated the disassembly of DMAKO@PCL-
PEOz-Cet in the acidic endosome environment. We also examined the particle size
variation of DMAKO@PCL-PEOz-Cet under different pH conditions. In a neutral
environment, the nanoparticle size remained constant. However, at pH 6.5, the particle
size gradually increased, reaching 1.6 times its original size at 7 h and doubling in size by
24 h. Similar changes were observed at pH 5.4, with the particle size gradually increasing,
reaching 2.5 times its original size at 7 h and tripling in size by 24 h (Fig. S3)

The CMC of the micelles was determined using the pyrene fluorescent probe method,

and the CMC of DMAKO@PCL-PEOz-Cet was found to be 1.563 mg/L (Fig. S4),
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which was much). This CMC value is considerably lower than the concentration of
micelles when circulating in the body, indicating that the micelle structure would

remain robust in vivo.
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Fig. 1. Characterization of DMAKO@PCL-PEOz and DMAKO@PCL-PEOz-Cet.
(A) Histogram of the particle-size distribution (inset: negative staining TEM image)
and zeta potential of DMAKO@PCL-PEOz. (B) Histogram of the particle-size
distribution (inset: negative staining TEM image) and =zeta potential of
DMAKO@PCL-PEQOz-Cet. (C) The stability of DMAKO@PCL-PEOz-Cet at 4 °C in

PBS and (D) at 37 °C in FBS. (E) In vitro release curve of DMAKO@PCL-PEQOz under



Journal Pre-proof

various pH conditions. (F) In vitro release curve of DMAKO@PCL-PEOz-Cet at

diverse pH values.

For the in vitro release experiment, to simulate the environment of normal tissues and
tumor tissues, the release behaviors of the micelles were investigated at pH 7.4, pH 6.5
and pH 5.4. At pH 6.5 and pH 5.4, the cumulative release of DMAKO@PCL-PEOz
reached 70% within 20 h and reached equilibrium at approximately 40 h (Fig. 1E).
Under the same conditions, the cumulative release of DMAKO@PCL-PEOz-Cet was
50% at 20 h and reached equilibrium within 80 h. At pH 7.4, the cumulative release of
DMAKO@PCL-PEOz was approximately 50% within 20 h, and that of
DMAKO@PCL-PEOz-Cet was approximately 25% (Fig. 1F). It could be seen that
DMAKO@PCL-PEOz and DMAKO@PCL-PEOz-Cet have pH-sensitive
characteristic, and the release rate of DMAKO@PCL-PEOz was slightly higher than
that of DMAKO@PCL-PEOz-Cet in different acidic conditions (Fig. S5), which might
imply that antibodies on the surface of the micelles influenced drug release. There were
dozens of amino groups on one Cet, and it is very difficult to guarantee that only a
single amine group on Cet reacts with the carboxyl groups on DMAKO@PCL-PEOz;
thus, DMAKO@PCL.-PEOz-Cet are microreticular micelles with slight crosslinking of
Cet and PEOz on the surface of DMAKO@PCL-PEOz, which also indirectly proves
that Cet on the outside of micelles prevents the release of DMAKO-20. In the tumor
microenvironment, the pH value tends to be weakly acidic [40]. Consequently, this
formulation can facilitate drug release at the tumor site, improve targeting, and reduce

potential side effects.

Table 1 The size and zeta potential of the micelles

Samples Z-Ave(nm) Pdl Zeta potential (mV)
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DMAKO@PCL-PEOz 90.77 +14.54  0.158 +17.2 +3.76

DMAKO@PCL-PEOz-Cet 115.9 +9.60 0.190 -25.3+4.78

3.2 EGFR-dependent internalization and in vitro antitumor studies
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Fig. 2. (A) Cell uptake of DMAKO@PCL-PEOz and DMAKO@PCL-PEOz-Cet by
wild-type HCT-116 (HCT-116/W), HT-29 (HT-29/W), K-ras mutant HCT-116 (HCT-
116/M), HT-29 (HT-29/M), and SW-20 cells. (B) The cytotoxicity of Blank@PCL-
PEOz to HCT-116 cells at different concentrations. (C) The cytotoxicity of
DMAKO@PCL-PEOz-Cet in three CRC cell lines (HCT-116, HT-29 and SW-620).
(D) Relative mRNA expression of GPX4 in HCT-116 cells after incubation for 48 h.
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The expression of EGFR on the utilized cells was also evaluated. A mixture of wild-type
and K-ras mutant HCT-116 cells in a 1:1 ratio was utilized to verify the presence of EGFR
on the surfaces of the HCT-116 cell line, along with HT-29 cells. Furthermore, EGFR-
negative SW-620 cells were included for comparison. The fluorescence intensity peaks of
HCT-116 and HT-29 cells all shifted to the right, while no obvious fluorescence was
observed for SW-620 cells. These findings indicate that EGFR was highly expressed in
the HCT-116 and HT-29 cells used for the next study, while the SW-620 cells had low
EGFR expression (Fig. S6), which is consistent with the literature [41, 42]. The EGFR
detection was conducted to further explore the toxicity of the formulation on heterogeneous
CRC cells and to provide initial insights into the formation of heterogeneous tumors in vivo

using wild-type and KRAS mutant HCT-116 cells.

The relative amounts of coumarin-labelled DMAKO@PCL-PEOz and
DMAKO@PCL-PEOz-Cet endocytosed by different cells within the same timeframe
were investigated using flow cytometry. As shown in Fig. 2A, for both wild-type and
mutant HCT-116 and HT-29 cells, more fluorescence was emitted by DMAKO@PCL-
PEOz-Cet than by DMAKO@PCL-PEOz, indicating that the number of
DMAKO@PCL-PEOz-Cet molecules that bind to and enter cells is greater than that of
DMAKO@PCL-PEOz. In EGFR-negative SW-620 cells, there is no significant
difference in fluorescence intensity between coumarin-labeled DMAKO@PCL-PEOz
and DMAKO@PCL-PEOz-Cet. This observation indicates that the attached Cet on the
surface of the micelles effectively targeted the EGFR receptor on both wild-type and K-ras
mutant CRC cells; thus, facilitating cellular endocytosis. Based on the cellular uptake
results, we found that compared with DMAKO@PCL-PEOz-PEOz, DMAKO@PCL-
PEOz-Cet entered CRC cells with high EGFR expression more effectively, regardless of

whether they were K-ras mutants.
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We compared the toxicity of OXA and DMAKO-20 in the wild-type HCT-116 and
OXA-resistant HCT-116 cell lines (Fig. S7) OXA and DMAKO-20 had strong
cytotoxic effects on HCT-116 cells, with 1Cso of OXA of approximately 2 uM and of
DMAKO-20 below 2 pM. In OXA-resistant HCT-116 cells, the ICso of OXA
significantly increased to 10 uM, which greatly reduced its toxicity to the cancer cells.
However, the ICso of DMAKO-20 remained below 2 uM, indicating that DMAKO-20
exerts a strong toxic effect on CRC cells, irrespective of their drug resistance status. To
assess the efficacy of micelles in overcoming tumor resistance, we further examined the
cytotoxicity of DMAKO-20 and DMAKO@PCL-PEOz in MCF-7 and paclitaxel
(PTX)-resistant MCF-7 cells. As shown in Table S3, paclitaxel (PTX)-resistant MCF-
7 cells exhibited a certain level of resistance to DMAKO-20. After the micelles were
prepared, the anticancer effect on cell growth was enhanced, and the toxicity against
PTX-resistant MCF-7 cells was significantly greater than that against the corresponding
sensitive strain MCF-7. These findings indicated that at the same concentration, the
antitumor effect of DMAKO-20 was further enhanced when DMAKO-20 was formulated
into the micelle DMAKO@PCL-PEQz, suggesting that this formulation not only has
activity against colorectal cancer but also has highly effective antitumor effects on other

solid tumors.

We proceeded to confirm the safety of Blank@PCL-PEOz using HCT-116 cells. As
depicted in Fig. 2B, even when the concentration of blank micelles reached as high as
50 uM, it did not induce any cytotoxicity, underscoring the excellent cytocompatibility
of the drug-carrying system. We extended our investigation to normal 293T cells and
CRC cells, including wild-type HCT-116, K-ras mutant HCT-116, and OXA-resistant
HCT-116, to assess the biocompatibility of DMAKO@PCL-PEOz-Cet. The experimental
findings demonstrated that even at a concentration of 80 uM, DMAKO@PCL-PEOz-Cet
did not exhibit any significant cytotoxicity toward the normal 293T cells. However,

DMAKO@PCL-PEOz-Cet at a DMAKO-20 concentration less than 5 uM had a highly
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significant anticancer effect on the wild-type CRC cell line HCT-116, the K-ras mutant CRC
cell line HCT-116, and OXA drug-resistant CRC cells (Fig. S8). The biostability of
DMAKO@PCL-PEOz-Cet at 37 °C in serum was also observed (Fig. 1D). Consequently,
we could conclude that DMAKO@PCL-PEOz-Cet exhibited biocompatibility and
biostability in vivo transport.

We further investigated the cytotoxicity of DMAKO@PCL-PEOz-Cet in different cell
lines. As shown in Fig. 2C, neither Blank@PCL-PEOz nor Cet exhibited significant
toxicity towards the cells. However, in both HCT-116 and HT-29 cells,
DMAKO@PCL-PEOz-Cet displayed stronger toxicity compared to DMAKO@PCL-
PEOz and DMAKO@PCL-PEOz+Cet at a low concentration of DMAKO-20 (2 pM).
No significant difference among the three samples was observed in SW-620 cells. These
findings further suggested that Cet attached to the surface of the micelles mainly promoted
their entry into the cells and had no obvious anticancer function, thereby releasing additional

drugs and causing effective cytotoxicity in EGFR-positive tumor cells.

Moreover, we found that the mechanism of action of DMAKO-20 in micelles was
unchanged compared to that of the free drug, which still allows the release of nitric
oxide and naphthoquinone mono-oximes to induce cell apoptosis (Fig. S9) [5]. As
depicted in Fig. S10, DMAKO@PCL-PEOz-Cet induced cellular apoptosis in a dose-
dependent manner. There was a significant decrease in the proportion of nonapoptotic
cells upon treatment. The percentage of nonapoptotic HCT-116 cells in the Untreated
group was 87.6%, and the proportion of these nonapoptotic cells decreased to 68.8%
and 39.5% in the treatment groups at DMAKO-20 concentrations of 5 uM and 10 uM,
respectively. In contrast, the percentage of early apoptotic cells in the control group
was only 5.42%, whereas that in the control group increased to 22.1% and 34.1%,
respectively, in HCT-116 cells. Interestingly, our results revealed that DMAKO@PCL-
PEOz and DMAKO@PCL-PEOz-Cet significantly reduced the expression of

glutathione peroxidase 4 (GPX4) in CRC cells, while OXA had no significant impact



Journal Pre-proof

on its expression (Fig. 2D). GPX4 is considered a promising target for cancer therapy,
as it is a type of glutathione peroxidase enzyme that utilizes glutathione to detoxify lipid
peroxides and inhibits ferroptosis, ultimately leading to cellular damage [43].
Consequently, we hypothesized that DMAKO-20 functioned as a cytokine through the

GPX4-mediated cell death pathway, which warrants further experimental verification.

We investigated the crystallization and escape endosome behavior of DMAKO@PCL-
PEOz-Cet using nano-DSC and confocal microscopy, respectively. The crystallization
primarily occurs within the internal core of the micelles in the aqueous phase for both
DMAKO@PCL-PEOz and DMAKO@PCL-PEOz-Cet. This phenomenon is depicted
in Fig. S11, illustrating the formation of a crystalline core by PCL and DMAKO-20,
which decreases CMC of the micelles and enhances the stability of DMAKO@PCL-
PEOz-Cet in the bloodstream [35]. Coumarin-6-labelled DMAKO@PCL-PEOz-Cet
(green) and Cy3-labeled endosomies (red) were used to monitor the trafficking of
DMAKO@PCL-PEOz-Cet and DMAKO-20 in wild-type HCT-116 cells, and DAPI
was used to stain nuclei (blue). As observed through confocal microscopy,
accumulation of DMAKO@PCL-PEOz-Cet was detected at the cell edges after 1 h.
Subsequently, some green fluorescent dots resided in the endosomes at 2 h. A large
amount of green fluorescence was located outside the endosome at 4 h, which indicated
that many DMAKO@PCL-PEOz-Cet escaped the endosome by 4 h (Fig. S12). Taking
into account the stable characteristics of DMAKO@PCL-PEOz-Cet under neutral and
serum conditions (Fig. 1D and Fig. S3), our conclusion is that DMAKO@PCL-PEOz-Cet
maintains stability within the bloodstream, demonstrates specific targeting to CRC tumors

that overexpress EGFR, and efficiently releases drugs into the cytoplasm (Scheme 1).

3.3 Growth inhibition in a 3D organoid model



Journal Pre-proof

Information regarding PDO and PDX patients is available in Table S4 and Fig. S14. It
is important to note that tumor cell lines have limitations as they do not fully replicate
the entire tumor environment due to differences between patients’ tumors and immortal
cell lines [44]. Additionally, most of the cell lines were derived from high-grade tumors
and underwent prolonged in vitro culture, resulting in genetic instability. In contrast,
organoids cultured in Matrigel maintained the histoarchitecture and phenotypic
heterogeneity of the tumor [45]. To assess the efficacy of our formulation in an
environment closer to the tumor, we generated CRC organoids from human tumors to
model tumor responses to drug exposure in a 3D multicellular setting. Information

regarding PDO patients can be found in Table S4.

Microscopy images of the organoids were taken before and after exposure to the drugs
(Fig. 3A-3E). In comparison to the Untreated group, organoids in the Cet group retained
their complete structure, which could be attributed to the low concentration of Cet and
the K-ras mutation present in the patient’s tumor. Conversely, there were no noticeable
morphological changes in the organoids of the OXA group, likely due to its lower
cytotoxicity efficacy when compared to DMAKO@PCL-PEOz+Cet and
DMAKO@PCL-PEOz-Cet. In the two groups treated with DMAKO@PCL-PEOz+Cet
and DMAKO@PCL-PEOz-Cet, although the histoarchitecture and phenotypic
heterogeneity of the organoids cultured in Matrigel were maintained, the spherical
structure of the organoids was obviously disrupted. The same results were observed
under the microscope for all the models originating from three patients. To perform a
statistical analysis of the results, we conducted a luciferase assay (Fig. 3F). In both the
OXA group and Cet group, cell viability exceeded 60%, whereas it remained below 10%
in the groups treated with DMAKO@PCL-PEOz+Cet and DMAKO@PCL-PEOz-Cet.
These findings align with the results of the in vitro cytotoxicity assay. The organoid
results highlighted the potential of our preparations for treating colorectal cancer and

their greater efficacy than that of OXA at the same concentration.



Journal Pre-proof

Untreated
Patient A Patient B PatientC

A
o - - -
. - - -

OXA
Before- . -
™ - - -

DMAKO@PCL-PEOz-Cet

--

Before

After

Cet

Patient A PatientB PatientC

Before

After

DMAKO@PCL-PEOz+Cet

-

-

-s° -\?;P" &

Fig. 3. Growth inhibition ina 3D organoid model (A)-(E) Representative images of 3D
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are representative images from three different patients) (scale bar: 10 pm). (F) A

luciferase assay was used to detect the viability of 3D CRC organoid cells in the

different groups.

3.4 In vivo antitumor efficacy

We initially investigated the antitumor efficacy of DMAKO@PCL-PEOz-Cet in an

HCT-116 mixed xenograft model generated from the K-ras (G13D) mutation and the

wild-type CRC cell line HCT-116. The antitumor effects on the tumor growth rates,

weight changes, and median survival time were analyzed (Fig. 4A-4D). Due to the loss
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of one mouse in the OXA group after 20 days, the tumor growth trend and body weight
changes for this group were only illustrated for the remaining surviving mice. The
tumor growth curve showed that, compared with DMAKO@PCL-Cet,
DMAKO@PEQOz-Cet was more than 1.3-fold and 2-fold more effective at suppressing
tumor growth within the corresponding days; moreover, compared with PBS, Cet, or
OXA, DMAKO@PEOz+Cet was 3-fold, 2.5-fold, and 1.7-fold more effective at
suppressing tumor growth, respectively, over 26 days (Fig. 4B). Compared with
DMAKO@PCL-PEOz+Cet, DMAKO@PCL-PEOz-Cet showed greater inhibition of
tumor growth. Given that the general dose of the antibody was 250 mg/m? - 400 mg/m?
for the in vivo antitumor experiment [46], and that the dose of Cet was approximately
35 mg/m? for each formulation in the present study, the resuits indicated that Cet had
no apparent cytotoxicity or therapeutic effect at the employed dose. Thus, Cet mainly
targeted DMAKO@PCL-PEOz-Cet. The body weight of the OXA group exhibited a
gradual decrease during the administration period, whereas the body weight of
DMAKO@PCL-PEOz-Cet remained constant throughout the entire treatment period
(Fig 4C). We assessed the survival time of each group up to 26 days (Fig. 4D). The
median survival time in the OXA group was 20 days, whereas all the mice in the
DMAKO@PCL-PEOz-Cet group survived throughout the entire experimental period.
These findings indicate that DMAKO@PCL-PEOz-Cet effectively inhibited tumor
growth “and extended the survival time in tumor-bearing mice. The plasma
concentration of DMAKO-20 decreased gradually over time, and the pharmacokinetic
characteristics of DMAKO@PCL-PEOz-Cet and DMAKO@PCL-PEOz within 48 h
were comparable, as shown in Fig. 4E and Table 2. In the first 8 h, the plasma
concentration of the drug decreased sharply, and the drug levelled off after 12 h. At 24
h, the blood concentration was approximately 200 ng/mL. At the 48-hour mark, the
plasma concentration of DMAKO-20 that could be detected was nearly equal to 20
ng/mL. This observation indicates that the preparations have a prolonged circulation

time and exert a sustained release effect in vivo. To investigate the drug delivery



Journal Pre-proof

efficiency in vivo, we assessed the tissue distribution of DMAKO@PCL-PEOz-Cet and
DMAKO@PCL-PEOz in the mouse heart, liver, spleen, lung, kidney, and tumor (Fig.
4F). In tumors, the concentrations of DMAKO-20 in DMAKO@PCL-PEOz-Cet were
1.41, 2,57 (p < 0.05), 5.14 (p < 0.01), 1.93, and 1.37 times higher than those in
DMAKO@PCL-PEOz at 1 h, 3 h, 6 h, 12 h, and 24 h, respectively. These findings
indicated that during the early stage of drug administration, the combination of EGFR-
targeted Cet was more effective than nontargeted Cet when delivered into tumor sites.
In other organs, there were no significant differences in the distributions of
DMAKO@PCL-PEOz-Cet and DMAKO@PCL-PEOz. However, the concentration of
the drug in the DMAKO@PCL-PEOz-Cet group was greater than that in the
DMAKO@PCL-PEOz group in the lung and significantly lower in the heart than in the
DMAKO@PCL-PEOz group, suggesting reduced cardiotoxicity. To further explore the
impact of long-term repetitive drug administrations on in vivo side effects, we collected
peripheral blood samples at 26 days for liver and kidney functional tests (Fig. 4G). The
findings indicated that the standard functional parameters for the liver and kidney in
the PBS groups remained within normal ranges, whereas certain functional indicators
in the OXA group exhibited significant deviations from those of the healthy control
group mice. In contrast, most of the functional indicators of DMAKO@PCL-PEOz-Cet

were more similar to those of the healthy group than to those of the OXA group.
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Fig. 4. In vivo antitumor efficacy of DMAKO@PCL-PEOz-Cet and different
control groups in the mixed tumor models of wild-type and mutant HCT-116 cells
through intravenous administrations. (A) Schematic diagram of drug administration
in mice. (B) Tumor growth curve and (C) the weight changes of mice, and (D) Kaplane-
Meier survival curves of mice bearing HCT-116 colon tumor xenograft for 26 days (one
injection every other day, n = 6). (E) Pharmacodynamics of DMAKO-20 following
intravenous administration of DMAKO@PCL-PEOz and DMAKO@PCL-PEOz-Cet
in SD rats at the DMAKO-20 dose of 10 mg/kg. (F) Tissue biodistribution of
DMAKO@PCL-PEOz and DMAKO@PCL-PEOz-Cet in mice bearing colon tumor
xenograft. (G) In vivo liver and kidney functional markers and blood glucose
concentrations as examined in peripheral blood of mice: “AST” represents “aspartate
transaminase”, “ALT” represents “alanine aminotransferase”, “ALP” represents
“alkaline phosphatase”, “DBIL” represents “direct bilirubin”, “IBIL” represents

“indirect bilirubin”, “TBIL” represents “total bilirubin”.

Table 2 The main pharmacokinetic parameters of formulations in rats

Parameter Unit DMAKO@PCL-PEOz-Cet DMAKO@PCL-PEOz
Vg L/g 4.151 +0.618* 5.439 £ 0.704

" ti2a h 7.63 +1.09 7.20 +£0.47

°CL L/h/kg 0.381 + 0.068* 0.527 £ 0.09

4 AUCo- pMg*h /L 26820.553 +4084.473 25474575 + 3686.816
¢  MRTo0-» h 9.814 + 0.707 9.391 +1.245

The tumors from the in vivo studies, we conducted histopathological examination of
the tumors using H&E staining (Fig. S13A). Hematoxylin-labeled cell nuclei were
stained blue, while eosin-labeled cytoplasm appeared red in the H&E staining.
Compared with those of the other groups, the tumor characteristics, including a reduced

nuclear mass ratio and tissue necrosis, were suppressed in the DMAKO@PCL-PEQz,
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DMAKO@PCL-PEOz-Cet and DMAKO@PCL-PEOz+Cet groups. To further explore
whether DMAKO@PCL-PEOz-Cet can induce tumor cell apoptosis, we examined the
expression of Ki-67 (a proliferation marker) and employed TUNEL staining in tumor
tissue (Fig. S13B-S13C), respectively. The nuclei of cells labeled with proliferating cell
nuclear antigen (PCNA) were stained brown using the ABC method in TUNEL, and
Ki-67 also exhibited brown positive staining. Compared with those from the saline or
other groups, the tumors from the DMAKO@PCL-PEOz-Cet mice exhibited markedly
greater numbers of purple and brown-colored PCNA-labeled cells and lower Ki-67
staining. These findings showed that, compared with the other treatments, the
DMAKO@PCL-PEOz-Cet treatment enhanced extensive apoptosis and necrosis in

tumors.

3.5 Antitumor efficacy in the PDX model

Patient-derived tumor xenografts (PDX), established by transplanting tumors surgically
removed from cancer patients directly into immunodeficient mice (NSG), have
emerged as valuable preclinical research models for promoting precision medicine. The
PDX model is effective at predicting the efficacy of antitumor therapies [44]. The
extended in vitro culture of tumor cell lines can lead to unforeseen phenotypic changes
influenced by epigenetic effects [47]. Consequently, these substantial limitations pose
challenges to the use of conventional xenotransplantation models in drug evaluation
[48]. Furthermore, 3D organoid models, which lack the extracellular matrix (ECM), do
not fully capture the morphological and genetic characteristics of the original tumor
tissue and therefore necessitate further in vivo validation [49]. The PDX model has
become useful for developing a model that recapitulates the original patient tumor [50,
51]. Tumor tissue obtained from a cancer patient was initially implanted into

immunodeficient mice and subsequently transplanted into secondary recipient mice.
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After several generations, the stable PDX model ultimately maintained the cellular and

histopathological features of the original tumor.

PDX mice, which preserve the genomic and genetic expression characteristics of their
original tumors harboring K-ras mutations, were divided into different drug
administration groups to explore the efficacy of DMAKO@PCL-PEOz-Cet (Fig. 5A).
Compared with those in the PBS group, the DMAKO@PCL-PEOz group, the
DMAKO@PCL-PEOz+Cet group, and the DMAKO@PCL-PEOz-Cet group exhibited
significant antitumor effects (Fig. 5B-5D). The effects of DMAKO@PCL-PEOz and
OXA were comparable, showing no significant differences. Foliowing nine consecutive
treatments every two days, there were no significant differences observed in the body
weight of NSG mice among the groups (Fig. 5E). Notably, the combination of
DMAKO@PCL-PEOz and Cet effectively prolonged the survival time of the mice (Fig.
5F). To further verify the ability of the different drugs to suppress tumor growth,
immunohistochemical staining for CD31 and Ki67 was performed on xenograft tumor
tissues. The results suggested that the expression of CD31 and Ki67 was suppressed in
both groups treated with Cet, particularly in the DMAKO@PCL-PEOz-Cet group (Fig.
5G-5H). Moreover, we obtained representative histological images of primary CRC
tumor tissue and multiple passages (F1 and F3) of PDX models. Comprehensive
evaluation (Fig. 51 and Fig. S14). These findings are in line with the previously
mentioned in vivo xenograft model results. Given the in vitro targeting ability and the
favorable responsiveness observed in vivo, DMAKO@PCL-PEOz-Cet has unique
advantages. The treatment was well tolerated and triggered potent antitumor effects
regardless of K-ras mutation, suggesting that this is a promising future novel anticancer

therapy.
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Fig. 5. The antitumor efficacy of different formulations in the PDX model. (A)
Schematic representation of the construction of the PDX model. (B) Images of
subcutaneous PDXs tumors at the 26-day endpoint. (C) The weight of subcutaneous
PDX tumors in each group at the 26-day endpoint. (D) PDX tumor growth curve. (E)
Body weight changes in the mice in the PDX model. (F) Kaplan—Meier survival curves
of the PDX models receiving different treatments. (G) Representative images of H&E,
CD31 and Ki67 staining of PDX tumors at the specified endpoints. (scale bar: 100 um).

(H) IHC scores of CD31 and Ki67 staining in PDX tumors at the indicated endpoints.
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(1) Representative images of H&E-stained original CRC tumor tissues and PDX models

obtained during several passages (F1 and F3) (scale bar: 100 pm).

In DMAKO@PCL-PEOz-Cet, the hydrophilic PEOz chain segment of PCL-PEOz can
shield the hydrophobic DMAKO-20/PCL core from peripheral blood, and Cet anchored
on the surface of micelles signs that EGFR proteins are specifically targeted in CRC
cells, regardless of the type of cell. Due to the sensitivity of PEOz to pH,
DMAKO@PCL-PEOz-Cet easily disassembled in the acidic endosome environment
(Fig. 1F). The advantages of high encapsulation efficiency, low CMC, and high
bioresponse of DMAKO@PCL-PEOz-Cet suggest that this approach is one of the most
suitable methods for delivering DMAKO-20 in vivo. Since wild-type and mutant CRC
cells colocalize within tumors, tumor heterogeneity is one of the main problems in CRC
treatment. By harnessing the specific targeting of EGFR, which is overexpressed in
CRC cells regardless of K-ras mutation, we have demonstrated that the new multitarget
anticancer prodrug, DMAKO-20, can efficiently deliver itself into various subtypes of
CRC cells. Under lower pH conditions within endosomes, the tertiary amide groups of
PEOz located in the outer shell of the micelles undergo more pronounced protonation.
This increased protonation results in enhanced electrostatic repulsion between the
PEOz blocks, leading to the micelles assuming a more relaxed structure. Additionally,
the phenomenon referred to as the "proton-sponge effect" takes place, further
facilitating the disruption of the endosome membrane [52]. Consequently, both the
micelles and their cargo gain the capability to escape from the endosomes (Scheme 1).
DMAKO@PCL-PEOz-Cet represents a rational strategy for exploiting antibody-

conjugated nanoparticles (ACNS) to achieve multitarget therapy in solid tumors.

3. Conclusion
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In this investigation, a pH-responsive prototype of EGFR-targeted DAMKO-loaded
PCL-PEOz micelles was assembled by encapsulating DMAKO-20 within the
amphiphilic copolymer PCL-PEOz and linking Cet to the outer micelles through an
amide bond at a specific ratio. In summary, the well-organized DMAKO-20 micelles
exhibited a high drug-loading capacity and exceptional stability. This not only
addressed the hydrophobicity limitation of DMAKO-20 but also facilitated its safe and
highly efficient targeted delivery. In vitro experiments demonstrated that Cet enhanced
the uptake of DMAKO-20 micelles in EGFR-positive cells, thereby enhancing the
drug's effectiveness in both wild-type and K-ras mutant CRC cells. In addition, we
verified the efficacy of the formulation in a colon 3D organeid model and showed that
the inhibition rate of DMAKO@PCL-PEOz-Cet in tumaor tissue was greater than that
of OXA (approximately 50%). These findings indicated that DMAKO@PCL-PEOz-
Cet played a crucial role in inhibiting tumor growth. In vivo experiments demonstrated
significant tumor-suppressive effects in mice harboring colorectal tumors. In
comparison to the OXA group, the DMAKO@PCL-PEOz-Cet group exhibited a
decrease in tumor volume without any weight loss or mortality in both the standard
xenotransplantation model and the PDX model, underscoring its safety and tolerance
when compared to conventional chemotherapeutic agents. Additionally,
pharmacokinetic investigations revealed that DMAKO@PCL-PEOz-Cet could
efficiently distribute into the tissue within 24 h and maintain a prolonged in vivo
circulation for over 48 h. During the tissue distribution experiment, there were no
significant differences observed between the DMAKO@PCL-PEOz-Cet group and the
DMAKO@PCL-PEOz group in normal organs. However, in tumor tissue, the
concentration of DMAKO-20 at the tumor site in the DMAKO@PCL-PEOz-Cet group
was notably higher than that in the DMAKO@PCL-PEOz group, indicating that this
formulation facilitates more precise and targeted drug delivery. Finally, in the PDX
model, we investigated this formulation and verified the potent anti-tumor effects of

the combination of DMAKO-20 and Cet, including its role in extending the survival
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time of mice. To the best of our knowledge, this is the first study in which antibody-
targeted, bioresponsive PCL-PEOz micelles were utilized to develop a safe and highly
efficient nanodelivery technology. This design strategy not only refines the structure of
ACNs but also illustrates the potential of an optimized candidate that links the antibody
and toxin, offering a possible replacement for ADCs. In conclusion, we developed a
rational ACN platform for combination therapy comprising antibodies and chemical

drugs for the treatment of CRC.
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Statement of significance (1) Significance: This work reports a new approach for the
treatment of colorectal carcinoma (CRC) using the bioresponsible Cet-conjugated PCL-
PEOz/DMAKO-20 nanodelivery system (DMAKO@PCL-PEOz-Cet) prepared with
Cet and PCL-PEOz for the targeted transfer of DMAKO-20, which is an anticancer
multitarget drug that can even prevent drug resistance, to wild-type and K-ras mutant
CRC cells. DMAKO@PCL-PEOz-Cet, in the form of nanocrystal micelles, maintained
stability in peripheral blood and efficiently transported DMAKO-20 to various
subtypes of colorectal carcinoma cells, overcoming the challenges posed by K-ras
mutations and drug resistance. The system's secure and effective delivery capabilities
have also been confirmed in organoid and PDX models. (2) This is the first report
demonstrating that this approach simultaneously overcomes the K-ras mutation and drug

resistance of CRC.
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