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Abstract

Spurred by newly developed drug delivery systems (DDSs), side effects of cancer chemotherapy
could be reduced by using multifunctional nanoplatforms. However, the facile synthesis of
effective DDSs remains a challenge. Here, a six-arginine-tailed anti-epidermal growth factor
receptor (EGFR) affibody was employed to easily synthesize the highly reactive oxygen species
(hROS)- and trypsin-responsive 11-mercaptoundecanoic acid-modified gold nanoclusters (MUA-
Au NCs) for tumor-targeted drug delivery. The polyarginine moiety of affibody sealed
methotrexate (MTX)-loaded MUA-Au NCs through charge effect, as well as leaving the rest
targeting fragment of the affibody to specifically bind tumor overexpressed EGFR. As the shell of
MUA-AuU NCs-MTX-Affibody (MAMA), polyarginine chains of affibody could be digested by
trypsin, helping to release MTX from MAMA. The released MTX accelerated destroying MUA-
Au NCs through inducing the generation of hROS. Specifically targeting EGFR-overexpressed
tumors, quickly delivering a sufficient amount of drug to the tumor, subsequently increasing the
local MTX and hROS levels, and safely eliminating the biocompatible structure from kidney;,
endowed MAMA greater treatment effectiveness and lower side effect than chemotherapy,
especially in pancreatic cancer due to its high trypsin level. This simply fabricated DDS may find
applications in high effective cancer therapy, especially for tumors with high trypsin activity.

Keywords
Cancer therapy; Drug delivery; Gold nanocluster; Reactive oxygen species; Trypsin

1. Introduction

Nanotechnology-based drug delivery systems (DDSs) hold enormous potential to efficiently
encapsulate chemotherapeutic drugs and achieve targeting drug release to tumor tissues with
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limited cytotoxicity to normal cells [1]. An ideal DDSs design needs several essential
elements including biocompatibility with negligible toxicity, stable drug encapsulation, and
specific targeting [2]. Gold nanostructures have been extensively studied as DDSs in cancer
therapy, due to their good biocompatibility and easy in surface modification [3]. Shells and
coatings have been usually used for encapsulating the loaded drug into the gold
nanostructure [4]. Antibodies and affibodies of protein overexpressed on the cancer cells
have been added to the surface of the DDSs shells and coatings for specifically targeting
tumor biomarkers [5,6]. However, complicated functionalization of DDSs requires multiple
reactions with repeated purifications, resulting in drug leaking and low yields of the final
product. It remains a demanding challenge to simply fabricate DDSs without sophisticated
modifications.

Meanwhile, compared to conventional nanocarriers in clinical applications or under clinical
trials, DDSs are superior in controllability which reduces adverse off-target effects [7]. Since
proliferation and progression of cancer are closely related to reactive oxygen species (ROS),
various responsive groups of ROS have been exploited to synthesize DDSs for controlled
drug release in tumors [8]. However, due to insufficient intracellular levels of endogenous
ROS usually result in relatively low therapeutic efficiency, inducing the generation of high
dosage ROS in tumors targeted by ROS-responsive DDSs is a promising strategy to
potentiate the therapeutic outcome in cancer therapy. Besides, highly ROS (hROS) as strong
oxides including hydroxyl radical (*OH), peroxynitrite (ONOO™), and hypochlorite (CIO™)
can oxidize nucleic acids, proteins, and lipids, damaging the living cells and activating the
programmed cell death [9]. Therefore, developing a new DDS which can control release
drug into targeted tumors, as well as increase the in situlevels of hROS in tumors are highly
desired.

The other method to minimize the potential side effects of nanocarriers is providing the DDS
with high affinity and selectivity to bind the aim targets. Epidermal growth factor receptor
(EGFR) has been reported as an overexpressed biomarker in many cancers, especially
certain gastrointestinal carcinomas [10,11]. Antibodies for EGFR have been used as
targeting moieties for high-contrast tumor imaging and as potential drugs for cancer
treatment because of their superior affinities with target and increased accumulation on the
tumor surface [12,13]. However, the antibodies have low clearance rates and low tumor
penetration capability due to their large size, resulting in the low signal-to-noise ratio for
tumor imaging and unsatisfactory effectiveness for cancer treatment [14]. Affibody has been
developed as a class of engineered protein that retains the desirable high affinity and
specificity of the antibody, but with small size and chemical robustness for medical
application [15,16]. The specific selectivities, short circulation, high renal clearance,
biocompatibility, and ease of synthesis make affibody suitable for use in DDS.

Herein, we report a novel strategy to easily synthesize a highly biocompatible tumor-
targeting DDS that exhibits the desired properties of hROS and trypsin dual responsive drug-
controlled release, as well as inducing hROS generation to accelerate drug release and cell
damage in tumors for enhanced cancer therapy. Methotrexate (MTX) is selected as the
loaded chemotherapeutic drug, which has been used clinically in high doses as a folate
antagonism to block the folate pathway and stimulate ROS production for decreasing
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metastasis and inducing apoptosis of cancer [17]. As shown in Scheme 1, hROS-responsive
11-mercaptoundecanoic acid-modified gold nanoclusters (MUA-Au NCs) are one-pot
synthesized, then cancer-targeting ligand, six-arginine-tailed anti- EGFR affibodies are
prepared. MTX is loaded into MUA-Au NCs to form MUA-Au NCs-MTX (MAM). Finally,
positively charged polyarginine tails of affibodies easily self-assemble onto the negatively
charged surface of MAM, forming a shell to seal in the loaded drug, whereas EGFR
targeting fragments of affibodies remains on the surface of MUA-Au NCs-MTX-Affibody
(MAMA) for tumor targeting. Upon active targeting to EGFR overexpressed tumor,
endogenous upregulated trypsin in cancer cells can digest polyarginine chains of affibodies
to release MTX. /n situ released MTX further induces hROS production, achieving
subsequent amplification of high-dosage MTX release by destroying Au NCs structure,
which is favorable for both chemotherapy and high oxidative stress therapy of cancer.

Material and methods

Materials

Human cancer cell lines HepG2, BXPC3, and normal cell line hTERT-HPNE were obtained
from Institute of Biochemistry and Cell Biology (SIBS, CAS, Shanghai, China) and grown
in Dulbecco’s Modified Eagle medium (DMEM) and RPMI 1640 media with 10% FBS
subsequently maintained in a 37 °C with 5% CO, incubator, respectively. Female Nude mice
(18-20 g, 6 weeks old, purchased from Charles River Laboratories) were selected for
establishing the xenograft mice models. 5 x 107 HepG2 or BxPC3 cells in 100 pL of PBS
were separately inoculated subcutaneously in each mouse at the shoulder to create two
different groups of mice models. All animal studies were conducted under the protocol
approved by the Stanford University Institutional Animal Care and Use Committee. Cell
culture media, fetal bovine serum (FBS), phosphate-buffered saline (PBS), penicillin/
streptomycin, mouse serum, and acid-soluble collagen solution were bought from Gibco
(Grand Island, N, US). Trypsin activity colorimetric assay kit was obtained from BioVision
Inc. (Milpitas, CA, US). Other chemicals and solvents were purchased from Sigma-Aldrich
(St. Louis, MO, US).

2.2. Synthesis of MUA-Au NCs, MAM, and MAMA

4 mg 11-MUA was added into 10 mL of HAuCl4 solution (10 mmol/L), and then NaOH
solution (100 L, 1 mol/L) was added dropwise into the solution [18]. The MUA-Au NCs
solution could be obtained and purified through high-speed centrifugation after the mixture
was left to react for 24 h at room temperature. 10 mL MUA-Au NCs (0.2 mg/mL) was added
250 umol of MTX with stirring for 4 h to get MAM. The obtained solution was dialyzed in
membrane tubing with a molecular weight cutoff of 3 kDa against ultrapure water to remove
free molecules and ions and then stored at 4 °C. Six-arginine tailed anti-EGFR affibody
(VDNKFNKEMWAAWEEIRNLPNLNGWQMITAFASLVDDPSQSANLLAEAKKLNDA
QAPK) was synthesized, purified by HPLC with a 2998 photodiode array detector (Waters,
Milford, MA, USA), and characterized by matrix-assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF MS) (SimulTOF 200 Combo, Marlborough, MA,
US). 20 mg affibody was dissolved in 10 mL prepared MAM solution with stirring for 4 h at
room temperature to get MAMA.. The obtained solution was dialyzed in membrane tubing
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with a molecular weight cutoff of 12 kDa against ultrapure water to remove free molecules
and ions and then stored at 4 °C.

2.3. Characterization of MUA-Au NCs, MAM, and MAMA

The fluorescence spectra and UV-Vis absorption spectra of MA, MAM, and MAMA were
recorded by using a TECAN Infinite® M1000 PRO microplate reader (Mannedorf,
Switzerland). Transmission electron microscopy (TEM) JEM-2100 (JEOL Ltd., Japan) was
used for MUA-Au NCs, MAM, and MAMA characterization. The size distribution and zeta
potentials of MA, MAM, and MAMA were determined by DLS at room temperature using a
Zetasizer Nano-ZS90 (Malvern Instruments, Worcestershire, UK), and the Fourier
Transform Infrared (FT-IR) spectra of MUA-Au NCs with and without affibody were
recorded using a Bruker Tensor 27 FT-IR spectrometer equipped with a Digi Tech TM
detector (Karlsruhe, Germany).

2.4. ROS- and enzymes-responsive fluorescent change and drug release

The «OH was generated by mixing Fenton’s Reagent with H,0,. HCIO and H,0, stock
solution were used to supply the CIO™ and H,0, [19]. The ROS- and enzymes-responsive
fluorescent change was investigated by incubating MAMA with H,O,, CIO™, «OH,
proteinase K, and trypsin with stirring for 20 min at room temperature, respectively.
Different concentrations of «OH and different activities of trypsin were used for further
drug-releasing tests of MAMA. Briefly, 190 uL MAMA was mixed with 10 uL of *OH with
different concentrations, and trypsin with different activities for 12 h, respectively. The
fluorescent of MTX from MAMA was measured and calculated to corresponding drug
concentration.

2.5. Western blot analysis and cell uptake of MAMA

Proteins were abstracted from HepG2, BxPC3, and hTERT-HPNE cells using lysis buffer to
quantify EGFR expression of these cells. After the protein concentrations were determined,
equivalent 40 ug of proteins were boiled in PBS with a 5 x loading buffer. The samples were
separated by 15% SDS-PAGE gel electrophoresis and transferred to P\VDF membranes
(Millipore, Bedford, MA, USA). The membrane was blocked in 5% nonfat milk and
incubated with the primary antibody of EGFR and the appropriate horseradish peroxidase-
conjugated secondary antibodies (Sangon, Shanghai, China). Protein bands were visualized
by the enhanced chemiluminescence (ECL) reagent (Sangon, Shanghai, China). To study the
integrin targeting property of MAMA, HepG2 and hTERT-HPNE cells were incubated in a
serum-free medium containing MAMA for 20 min and then rinsed with PBS and replaced
with fresh cell medium, respectively. To further validate that the EGFR targeting property of
MAMA, pre-blocking experiments were designed with HepG2 cells incubated with 2
mg/mL anti-EGFR antibody for 20 min before incubating with MAMA. The cells were then
fixed using 4% phosphate-buffered paraformaldehyde and stained with 4”6-diamidino-2-
phenylindole (DAPI) for 10 min. The cells were imaged by a CLSM (Zeiss LSM880, Jena,
Germany). The excitation wavelength of 616 nm was recorded as MAMA under UV
excitation with 454 nm emission of DAPI as a reference for nucleus staining.
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2.6. hROS induced by MTX and cytotoxicity of MAMA

To understand the hROS-responsive fluorescent quenching of MAMA in cells, HepG2 and
BXPC3 cells were seeded at a concentration of 5 x 10 cells/plate on 35 mm confocal plates
for overnight growth. 100 L MAMA was applied to each cell culture plate with 100 pL
medium for a 12 h incubation. The cells were imaged by a CLSM at 2 h, 7 h, and 12 h
incubation with MAMA. Trypsin inhibitor TLCK was used to co-incubated with MAMA for
12 h. The FI of MAMA at 616 nm was measured at different time points. Different
concentrations of MTX were added into cells to test the hROS induced by MTX. The hROS
was measured from cells by aminophenyl fluorescein at 515 nm emission after 2 h, 7 h, and
12 h incubation with MTX. Folate was used as MTX competitor to co-incubated with MTX
and cells for 12 h. The FI change of MAMA after 12 h incubation with HepG2 and BxPC3
cells were imaged by three-dimensional airyscan, and the FI change of MAMA from cell
member to nuclei was measured by line-scan. The cytotoxicity of MUA-Au NCs, MAMA,
MAM, and free MTX incubated with cells were studied by Cell Counting Kit-8 (CCK-8)
assay (Dojindo, Japan) using HepG2, BxPC3, and hTERT-HPNE cells as former reported,
respectively [20]. Cells were evaluated after 2, 12 and 24 h incubation 190 pL. medium with
10 pL either MAM or MAMA and 0.24 pmol free MTX, respectively. The FI at 450 nm was
measured using the TECAN Infinite® M1000 PRO microplate reader after another 1 h
CCK-8 incubation.

2.7. Synthesis of MN and 88Ga-radiolabeling

To a solution of MTX (10 mg, 22 umol) in DMSO (1 mL) was added EDC (4.3 mg, 28
umol) and NHS (3.2 mg, 28 umol). After 1 h, ethylenediamine (2.3 mg, 38 umol) and
DIPEA (77 pL, 440 pmol) in DMSO (1 mL) was added at 0 °C and maintain for 1 h. Then
the reaction was allowed to warm up to room temperature and stirred overnight. Distilled
water (1 mL) was added to quench the reaction and the product was purified by HPLC on a
reverse-phase C4 column eluted with acetonitrile/water (containing 0.1% trifluoroacetic
acid). MTX-NH, mass spectrometry (MALDI-TOF MS) m/z [M *] calculated for
CooHogN1gO4 T : 497.24, found: m/z 497.35. To a solution of MTX-NH, (10 mg, 20 umol)
in DMSO (2 mL) was added NODAGA-NHS ether (22 mg, 30 pmol) and DIPEA (70 pL,
400 umol). The reaction mixture was stirred overnight at room temperature. Distilled water
(1 mL) was added to quench the reaction and the product was purified by HPLC on a
reverse-phase C4 column eluted with acetonitrile/water (containing 0.1% trifluoroacetic
acid). MN (MALDI-TOF MS) m/z [M*] calculated for C37H5,N13011" : 854.39, found:
m/z 854.61. 58Ga labeling was performed as reported earlier [21]. A 88Ge/68Ga-generator
(Isotope, Moscow, Russia) was eluted with 0.1 M aqueous HCl. MTX-NODAGA was pre-
loaded to MUA-Au NCs to form MAMNA and MAMN with and without affibody sealing,
respectively. MAMNA, MAMN, and MN were diluted in 0.1 M sodium acetate buffer (pH
4.5) and mixed with pH adjusted 8Ga for 20 min. 8Ga-MN was purified by HPLC with a
radioactivity detector, 58Ga-MAMNA and 88Ga-MAMN were purified by PD-10 column
with PBS as the mobile phase.
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2.8. Invivo PET/CT imaging and biodistribution studies

100 pCi radioactive doses of 8Ga-MAMNA, %8Ga-MAMN, 88Ga-MN, and 58Ga-MAMNA
with anti-EGFR antibody in 100 pL PBS were separately injected into four groups of mice
models with HepG2 tumors and another four groups of mice models with BxPC3 tumors via
the tail vein 1 h before PET/CT imaging using Inveon uPET/CT (Siemens, Munich,
Germany), respectively (n= 3, each group). PET/CT data were reconstructed by software
Inveon Research Workplace (IRW 4.2). The region of interested PET signal was quantified
and presented as a percentage of the injected dose per gram (% ID/g). Major organs were
collected and wet-weighed at 2 h post-injection. The radioactivity uptake by the tissues was
measured by gamma-counter (Perkin-Elmer, Waltham, MA, US) and presented as % ID/g
(mean = SD).

2.9. Cell apoptosis and necrosis of tumors

Tumors were removed from six groups of HepG2 tumor-bearing mice and another six
groups of BXxPC3 tumor-bearing mice after a onetime injection of MAMA, MAM, and the
same amount of free MTX for 2 and 4 h, respectively (n7= 3, each group). The extracted
tumors were put into cold culture media and minced into 2-4 mm fragments, then incubated
with dissociation solutions for 30 min at 37 °C [22]. The fragments were filtered through a
70 um nylon mesh cell strainer (BD Biosciences, San Diego, CA, USA). The released cells
were centrifuged at 1200 rpm for 5 min. MTX positive cells were collected by sorter
Carmen (BD Influx, Heidelberg, Germany). Then, the collected MTX positive cells were
stained with Annexin V-FITC and PI according to the protocol. The cells were incubated in
the dark at room temperature for 15 min. Finally, the percentage of apoptotic cells with
positive or negative MUA-Au NCs signal under UV excitation at 2 and 4 h post-injection of
MAMA, MAM, and free MTX were calculated by Falstaff (BD Aria Il, Heidelberg,
Germany). The necraotic rates of cells at 4 h postinjection of MAMA, MAM, and free MTX
were assessed by FACScan flow cytometry.

2.10. Therapeutic effects and histology analysis

When the tumors reached around 50 mm3, the mice carried each kind of tumors were
randomly assigned into four groups (eight mice per group): saline only, MTX only, MAM,
and MAMA. The total concentration of MTX administered, whether the free drug or bound
in the carriers, was kept consistent at 8 mg/kg. All groups were treated every two days for
ten iterations. The tumor volumes of all the groups were monitored every four days with a
digital caliper, and the tumor volume was calculated following formula: width? x length/2
[23]. The body weight of mice was measured using balance every four days. The BxPC3
tumor-bearing mice were sacrificed after the last treatment for 4 h. Tumors and the major
clearance organs of MAMA including livers and kidneys were collected, fixed in 4%
formalin overnight, and then embedded in optimal cutting temperature compound [24]. The
frozen tissues were sectioned by Leica CM1850 Cryostat (Buffalo Grove, IL, US), and the
slices were stained by H&E, then visualized using Nano-Zoomer S60 (Hamamatsu, Japan).
CLSM was used for observing the MAMA distribution and MTX released conditions from
histological sections.
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2.11. Statistical analysis

All data were representative results from at least three independent experiments and
expressed as means * SD. Statistical analyses were performed using the £test, *p < .05, **p
<.01, ***p<.001 and ****p < .0001 were considered statistically significant.

3. Results and discussion

MAMA was prepared in three steps and the characterization of the product coming from
each step as shown in Fig. 1. The average diameter of MUA-Au NCs, MAM, and MAMA
was 1.1 nm, 3.4 nm, and 9 nm, respectively (Fig. 1A). The molecular weight of synthesized
affibody was 7519.1 g/mol with 99.9% purity after high-performance liquid chromatography
(HPLC) (Fig. S1A, B). The pronounced IR absorption bands of affibody occurred at 1650
cm™ (v.co-nk.), 1590 em™ (V&) 1210 em™t (vep) and 1100 em™ (vep,) (Fig. S1C).

Changing of size and IR absorption band confirmed the successful affibody modification.
The surface charge decreased from —17 mV of MUA-Au NCs to — 32 mV after modified by
the affibody (Fig. S1D). The polyarginine moiety of affibody with strong ~ + 5 charge at pH
7 attaches to MAM by charge effect, leaving the mild negatively-charged anti-EGFR
fragment of affibody outside of MAMA to form a stable structure with negative charges on
the outermost surface (Fig. S1E, F). The size changes of MAMA when it was incubated with
different ROS and trypsin in solution were evaluated using dynamic light scattering (DLS),
respectively (Fig. 1B, C). When incubated with high levels of different ROS, the size of
MAMA was almost unchanged due to the integrity of the structure being maintained. These
results suggest stable binding between the negatively charged carboxylic acids and positively
charged polyarginine of the affibody. After incubating with different enzymes, proteinase K
and trypsin significantly decreased the size of MAMA through cleaving affibody and
digesting the polyarginine chain of affibody, respectively. It was shown that the enzymes
were the. main factors for the size decreasing of MAMA.

The fluorescence spectra of MUA-Au NCs showed the maximal fluorescence emission
wavelength at 616 nm under UV 254 nm excitation. MAM displayed an additional blue
emission peak at 470 nm under UV light due to carrying MTX which is weakly fluorescent
(Fig. 1D). After loading MTX, the fluorescence intensity (FI) of MAM and MAMA turned
weak. It indicated that the fluorescence quantum yield of gold nanoclusters was largely
impacted by charge transfer from the surface ligands to the metal core via S—Au bonds
[25]. A change in ligand structure or electron-donating ability would impact emission. And
also, the FI of MUA-Au NCs decreased when MTX attached to the surface of Au NCs [26].
Significant changes in 616 nm with minimal changes in 470 nm FI of MAMA were found
when incubated with the hROS CIO™ and *OH, but weak ROS H,0, barely affected the FI
of MAMA (Fig. 1E). It was because of that hROS could quench the fluorescent signal of
MAMA through changing the valence of Au NCs from Au (0) to Au (1), the decomposition
of Au NCs resulted in the loss of fluorescence [27]. The FI quenching of Au NCs was
positively correlated with the concentration increasing of «OH, which indicated that MAMA
had a potential for sensitively detecting hROS. Since there was no significant change in 470
nm FI of MAMA after incubation with either CIO™ or *OH, hROS was not the main factor
for the drug release of MAMA.. After incubated with enzymes, only 470 nm FI of MAMA
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was significantly decreased due to MTX release without disrupting the MUA-Au NCs
structure, especially when incubated with trypsin (Fig. 1F). Compare with proteinase K
which broadly cleaved the carboxylic group of aliphatic and aromatic amino acids, trypsin
could selectively cleave peptide chains at the carboxyl side of arginine and digest the
arginine shell of MAMA [28,29]. The FI decreasing of MTX was positively correlated with
the activities increasing of trypsin, which suggested that MTX release was mainly triggered
by high trypsin. As a serine protease family member, trypsin level has been reported higher
in pancreatic cancer and also has a potential role in cancer invasion [30,31]. The various
fluorescence patterns could provide a trackable signal of the position of MAMA as well as
monitoring drug release and hROS change /n vitro. Meanwhile, the trypsin-responsive drug
release of MAMA is promising for pancreatic cancer treatment.

To evaluate the potential of the arginine chain as the shell of MAMA, MTX loading
concentration and drug-releasing efficiency of MAM and MAMA were tested in solution.
After confirming the relationship between the FI of MTX at 470 nm and different
concentrations of MTX, MTX at different concentrations was mixed with the same amount
of MUA-AuU NCs to calculate the maximum drug loading capacity of MUA-Au NCs (Fig.
S2A). The maximum drug loading of 0.2 mg MUA-Au NCs was achieved by using 2.38
umol MTX after 4 h mixture at pH 7.4, 37 °C (Fig. S2B and S2C). When the drug loading
efficiency was as high as 95.2%, the concentration of MTX loaded into MUA-Au NCs was
1.08 mg/mL, which was comparable to concentrations of MTX used clinically [32].
Consider the charge of MAM and six-arginine tails would be affected by pH, drug-releasing
efficiency of MAM with or without six-arginine tails of affibody as a shell was evaluated
under physiological conditions (pH 7.4) and acidic tumor microenvironment (pH 6.6). Due
to the open system of MAM, the cumulative release of MTX was 66.0% and 66.7% after 12
h incubation in phosphate-buffered saline (PBS) at pH 7.4 and pH 6.6, 37 °C, respectively.
When 2 mg/mL six-arginine-tailed affibodies were applied as the capping shell of MAM to
form MAMA, the cumulative MTX release decreased to 24.65% and 20.38% after 12 h
incubation in PBS at pH 7.4 and pH 6.6, 37 °C, respectively (Fig. S2D). After calculation,
20-25 affibodies were sufficient to seal 1 MAM which carries 10-15 MTX, forming 1
MAMA unit [33]. Because the theoretical isoelectric point of the six arginine chain is
around 13, it is easy for the six arginine chain to self-assemble on the negatively charged
surface when the environmental pH is lower than 13. Since that there was little FI quenching
of MUA-AuU NCs at 616 nm when trypsin helped to release 80% of MTX from MAMA
through digesting the arginine shell, the high drug loading capacity of MAMA mainly relied
on the van der Waals and hydrophobic interactions between MTX and MUA chains (Fig. S3)
[26]. The excellent drug loading capacity of MAMA and the successful sealing function of a
six-arginine-tailed affibody suggests the great potential of MAMA as a drug carrier in both
physiological and cancerous environment.

The in vitro MTX release rate was further evaluated for MAMA upon treating with ROS and
enzymes. hROS CIO™ and «OH were observed to mediate much faster MTX release
compared with weak ROS H,0,, which also agreed with their better fluorescence quenching
to MAMA at 616 nm (Fig. 1E, G). We ascribe this selective drug release to the valence
change-based decomposition of Au NCs [34]. The in vitro MTX release profile under «OH
was further quantitatively evaluated. Compare with MAMA at 0 uM «OH, the drug release
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was minimal at 5 UM «OH, a comparable upper level of *OH in mouse serum (Fig. S4A). At
an elevated level of *OH at 50 pM, which was similar to the hROS level in cancer cells, there
was a ~ 8.0% more cumulative MTX release than MAMA at 0 uM «OH upon incubation for
12 h. Whereas at 500 pM *OH, 37.0% total MTX release was observed upon treating
MAMA for 12 h. Drug release analysis with «OH as the trigger in solution suggested that
normal level of hROS (~1 uM) would barely help on drug-releasing of MAMA, and only a
small amount of MTX could be released from hROS-responsive MAMA in cancer cells, but
higher hROS level would release more MTX. Since there was no significant increase of
MTX release after 2 h incubated MAMA with 500 pM <OH at pH 7.4, 37 °C, hROS-
responsive drug release of MAMA was a time-dependent process. Enzyme-responsive drug
release of MAMA was also monitored /n vitro (Fig. 1H). For the control group, the
cumulative release of MTX remained at 23.0% after 12 h incubation in PBS at pH 7.4, 37
°C. Whereas the MTX release of MAMA increased readily after incubated MAMA with
proteinase K and trypsin, respectively, at 5 nU/mL and 50 nU/mL, which also agreed with
the decrease of MAMA FI at 470.

nm after enzyme incubation (Fig. 1F). The cumulative release of MTX of MAMA incubated
with trypsin was higher than that incubated with the same activity proteinase K after 12 h,
which indicated that trypsin could promote a much faster drug release by selectively cleave
arginine chain and digest shell of MAMA. After quantitatively evaluated the /n vitro MTX
releasing profile of MAMA incubated with trypsin, 63.0% total MTX release was observed
upon treating MAMA at 5 pU/mL trypsin for 12 h, which was almost the same amount as
MTX release of open system MAM after 12 h incubation in PBS at pH 7.4, 37 °C. It
suggested that 5 pU/mL trypsin was enough to digest polyarginine shell upon treating
MAMA for 12 h. Drug release analysis with trypsin as the trigger in solution showed that
low activity of trypsin (~0.5 pU/mL) in serum would barely help on fast drug-releasing of
MAMA, but 30.0% and 47.0% MTX would be released from MAMA at trypsin activity of
pancreatic cancer cells (~5 pU/mL) and pancreas (~50 uU/mL) upon 2 h incubation at pH
7.4, 37 °C, respectively (Fig. S4B). It showed that the trypsin-responsive drug release of
MAMA was an activity-dependent process. Hence, hROS and enzymes could mediate the
decomposing of Au NCs and the polyarginine shell digestion of MAMA to release MTX,
and trypsin was the main trigger to quickly release the drug.

To investigate the EGFR targeting property of MAMA based on the decoration of the anti-
EGFR fragment of affibody, cellular uptake of MAMA towards HepG2, BxPC3, and
hTERT-HPNE was compared. Before commencing cell studies, we investigated the EGFR
expression level of three cell lines (Fig. 2A). The expression of EGFR in HepG2 was 12.0-
fold higher than in hnTERT-HPNE, with BXPC3 levels falling in between. The cellular uptake
of MAMA was monitored in hTERT-HPNE cells with lower expressed EGFR and HepG2
cells with overexpressed EGFR which were separately incubated with MAMA for 30 min.
We also performed pre-blocking experiments based on confocal laser scanning microscopy
(CLSM) imaging and quantitative FI analysis of MAMA at 616 nm (Fig. 2B, C). HepG2
cells were pretreated with excess free anti-EGFR antibody before incubation with MAMA
for pre-blocking study. The FI of HepG2 cells was stronger than that of hnTERT-HPNE cells,
or HepG2 cells pre-blocking by the free anti-EGFR antibody. Thus, the anti-EGFR fragment
of affibody on the surface of MAMA could facilitate a high affinity to EGFR overexpressed
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cancer cells. After quantification, the intensity of the fluorescent signal of MAMA at 616 nm
was positively correlated with the EGFR expression level of cells. These results suggested
the superiority of EGFR targeting property of MAMA, which indicated that MAMA could
provide a great selection to deliver the drug specifically to EGFR expressed cells and also
explored a potential method for conveniently evaluating EGFR expression level of cells
directly by its FI.

Besides, 29.1% and 37.4% cumulative drug release of MAMA was found when separately.

incubated MAMA with either cell culture medium or mouse blood for 12 h, respectively
(Fig. S5A). No significant drug release of MAMA was observed upon treating MAMA with
cell culture media and PBS for 12 h, which supported the notion that MAMA could stably
deliver MTX to cells. The FI changing of MAMA was then examined in HepG2 and BxPC3
cells under UV excitation (Fig. 3A). CLSM imaging revealed that the FI of MAMA at 616
nm exhibited a time-dependent quenching in both HepG2 and BxPC3, which gradually
decreased as the incubation time increased. Upon incubation for 2 h, the red fluorescence
signal from MUA-Au NCs of MAMA in HepG2 cells was ~1.5-fold higher than that in
BXxPC3 cells (Fig. 3B). Previous data showed that EGFR expression level of HepG2 cells
was ~4.2-fold higher that of BXPC3 cells (Fig. 2A), after calculated by the equation between
FI of MAMA at 616 nm and expression level of EGFR (Fig. 2C), theoretically, ~5.3-fold
higher signal from MUA-Au NCs of MAMA should get from HepG2 cells compared with
BxPC3 cells. The lower red fluorescence signal of MAMA in the real test was caused by
26.1% higher hROS in HepG2 cells after 2 h incubation with MAMA (Fig. S5B). Even
hROS in BXPC3 cells was not as high as that in HepG2 cells, the red fluorescence signal of
MAMA still sharply decreased in BxPC3 cells upon incubation for 7 h. After 12 h
incubation, the blue signal from MTX of MAMA clearly showed up in BXPC3 cells, and red
fluorescent spots of MAMA existed in HepG2 cells. The change of fluorescence signal from
red to blue could be eliminated by adding Tosyl-L-lysyl-chloromethane hydrochloride
(TLCK) as the inhibitor of trypsin to BXPC3 cells before incubation with MAMA, but in
contrast, the FI change in HepG2 cells was negligible after using inhibitor. As shown
previously, trypsin could help to release MTX from MAMA without changing the FI of
MUA-AuU NCs (Fig. 1F), and hROS was the main factor to quench the FI of MAMA at 616
nm (Fig. 1E). Since neither TLCK nor affibody could affect the FI from MUA-Au NCs of
MAMA (Fig. S5C), it suggested that MTX released from MAMA could help to quench the
FI from MUA-Au NCs in BXPC3 cells. Interestingly, after incubated with the same amount
of MAMA for 12 h, the intracellular hROS in BXPC3 was 13.2% higher than that in HepG2
(Fig. S5B). Compare with that hROS level of BXPC3 cells was lower than that of HepG2
cells upon incubation with MAMA for 2 h, the variables after 7 h incubation with MAMA
were more MTX release due to 3.0-fold higher trypsin activity in BXPC3 cells than that in
HepG2 cells (Fig. S5D). To better understand the relationship between MTX release and
hROS increase in cells without influenced by high trypsin activity, the hROS state of HepG2
cells was evaluated upon treating with different concentrations of MTX (Fig. 3C). After 2 h,
5 UM MTX helped to increase ~ 10.0% hROS in HepG2 cells compared with low
concentration MTX treated groups. ~8.0% and ~ 16.0% relative hROS was increased in
HepG2 cells after 7 h incubation with 1 and 5 uM MTX, respectively. Upon incubation with
0.5, 1, and 5 uM MTX for 12 h, ~8.0%, ~37.0%, and ~ 57.0% hROS increase in HepG2
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cells were found, respectively, compared to the cells without MTX, suggesting higher MTX
induced faster hROS increase in HepG2. Notably, pretreated cells with MTX competitor,
folate, could attenuate the hROS increased by MTX in all these groups. These results
showed that MAMA could significantly enhance the intracellular hROS level by releasing as
much as MTX to cells.

Such an MTX release and hROS increase in cells were further visualized with three-
dimensional airyscan imaging (Fig. 3D, E). Under UV excitation, the red fluorescent
emission of MAMA turned weaker in BXPC3 cells than that in HepG2 cells after 12 h
incubation, which suggested that more structure of MUA-Au NCs was decomposed by
higher hROS in BxPC3 cells. Blue signal was originated from the emission of MTX itself.
Compared with HepG2 cells, the FI of MTX in BXPC3 cells was stronger and more diffuse
which would be consistent with more drug release and subsequent diffusion of the drug
throughout the cells. The fluorescent changes of MAMA including red signal decreasing and
blue signal increasing were in good agreement with the hROS increase and MTX release in
cells. To further probe the intracellular fate of MAMA, FI changes of MAMA from cell
membrane to the cytoplasm were investigated. Airyscan imaging and the line-scan profiles
also revealed that there were several peaks with low FI of MTX mixed with the same FI of
MUA-AuU NCs in HepG2 cells, indicating that MTX was trapped into MAMA without being
fully released even after high hROS helped to decompose MUA-Au NCs structure. Whereas
in BXPC3 cells, a strong and wide FI peak of MTX and low FI of MUA-Au NCs were
showed when MAMA moved from membrane to the center of cells, revealing a highly
efficient drug release of MAMA due to high trypsin activity in BXPC3 cells, which
subsequently helped to elevate hROS level, finally decomposing MUA-Au NCs structure.
Herein, the large amount of MTX release from MAMA would guarantee the increase of
hROS level in cells, resulting in complete drug release from MAMA accompany with
fluorescent quenching of MUA-Au NCs. All these cell study results showed the synthesized
MAMA was the same as the designed structure, with expected fluorescent changes during
hROS- and trypsin-responsive drug release in cells, as well as hROS induced by MTX
release. The data suggested that MAMA would be a promising drug delivery and controlled-
release system for EGFR-overexpressed cancers, especially for EGFR-overexpressed cells
with high trypsin activityr.

Finally, to further investigate whether the more MTX release from MAMA and subsequent
hROS increase could provide more cytotoxicity, cell viability assays were performed (Fig.
S6A). Firstly, the biocompatibility of MAMA was evaluated. Almost no loss of viability was
found in hTERT-HPNE cells treated with 0.2 mg/mL MAMA with no MTX loaded into the
system for 24 h, which demonstrated the biocompatible backbone of MAMA. Then MAMA
was incubated with hTERT-HPNE, HepG2, and BxPC3 cells, respectively, for 2, 12, and 24
h. There was no significant loss of viability in nTERT-HPNE cells treated with MAMA,
compared to those treated with free MTX for 24 h. However, a significant decrease in cell
survival was observed in both HepG2 and BxPC3 cells treated with MAMA, compared to
those treated with the same concentration of free MTX for 24 h. The results indicate that
MAMA helps to deliver more MTX to the targeted cells, subsequently increasing the
cytotoxicity to specific cells. Moreover, the sharp decrease of cell viability in BxPC3 after
12 h incubation with MAMA shows the fast drug release of MAMA in the cells with high
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trypsin activity. To better understand the higher cytotoxicity was mainly caused by more
MTX release due to higher trypsin activity in BXPC3 cells, or the hROS increase induced by
MTX release, BXPC3 cells were pretreated by glutathione (GSH) to attenuate the oxidative
stress of hROS increasing. It showed that hROS contributed ~66.0% relative cell viability
decrease in BXPC3 cells, suggesting higher cytotoxicity in BXPC3 cells attributed to hROS
increase, which was induced by more MTX release from MAMA (Fig. S6B). Strong hROS
not only could help to release more MTX from MAMA but also could mediate cell
apoptosis, combining with MTX caused inhibition of cell proliferation by blocking the folate
pathway, MAMA could decrease cell viability by increasing oxidative stress and attenuating
the metastasis. The specific targeting and effective MTX-releasing properties of MAMA
were highly promising for the treatment of EGFR-overexpressed cells with high trypsin
activity.

The decoration of affibody endowed the potential enrichment effect of MAMA in EGFR-
overexpressed cells. To investigate whether MAMA could efficiently deliver the drug to the
tumor Jin vivo, MTX was modified to incorporate gallium-68 (68Ga), a radioisotope that
could label the conjugated MTX later for positron emission tomography (PET) imaging to
mimic the drug delivery of MAMA (Fig. S7). 1,4,7-triaza-cyclononane,1-gluteric acid-4,7-
acetic acid (NODAGA) as a macrocyclic chelator had a strong affinity to 58Ga [35]. MTX
was modified with NODAGA to form MTX-NODAGA (MN) which was loaded into MUA-
Au NCs for 4 h to form MUA-Au NCs-MTX-NODAGA (MAMN), and then the whole
structure was encapsulated by affibody to form MUA-Au NCs-MTX-NODAGA-Affibody
(MAMNA). The masses of MTX and MN were identified by MALDI-TOF to confirm the
structures (Fig. S8A, B). Since that the stability of MAMNA and MAMA was similar in
mouse blood, as well as MAMNA and MAMN showed no significant difference (~2%) in
drug loading efficiency compared with MAMA and MAM after 6 h incubation, respectively,
which indicated that MN could well represent MTX to.

mimic the drug delivery of MAMA in vivo (Fig. S9A, B). After radiolabeled by 58Ga, the
purified 88Ga-MAMNA, 88Ga-MAMN, and %8Ga-MN were employed to image the drug
delivery and biodistribution of MAMA, MAM, and MTX, respectively, in vivo. To this aim,
HepG2 and BxPC3 tumor-bearing mice were intravenously (i.v.) injected with different
tracers, respectively. The different levels of 58Ga-MN accumulated in tumors were clearly
illustrated through visual evaluation of the PET images with computed tomography (CT)
imaging as the reference of body position (Fig. 4A). 88Ga-MAMNA delivered 12.0- and 5.6-
times higher amounts of 88Ga-MN to HepG2 and BxPC3 tumors, respectively, than did
68Ga-MAMN at 1 h post-injection. Compared to 58Ga-MN, 68Ga-MAMNA significantly
delineated the subcutaneous HepG2 and BxPC3 tumors with 10- and 2.8-times the %8Ga-MN
uptake, respectively, at 1 h post-injection, indicating the stable drug loading and efficient
delivery functions of 88Ga-MAMNA (Fig. 4B). Excess free anti-EGFR antibody blocked
both HepG2 and BxPC3 tumor uptake of 88Ga-MAMNA, which further supported EGFR-
specific targeting of 58Ga-MAMNA. Biodistribution of the tracers in mice organs was
determined at 2 h post-injection, and high activities of tracers were observed in the renal
cortex and bladder of all groups of mice (Fig. 4C). Tumor/muscle ratios were 14.33 £+ 0.30
and 9.33 + 0.36 of 58Ga-MAMNA, 1.00 + 0.24 and 1.67 + 0.25 of %8Ga-MAMN, as well as
1.48 £ 0.28,2.41 + 0.21 of ¥8Ga-MN in HepG2 and BxPC3 tumor-bearing mice,
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respectively, at 2 h post-injection (7= 3). Compared to 88Ga-MN, 68Ga-MAMNA uptake
was 6.0-6.2-fold lower in the heart and 7.7-7.8-fold lower in the liver at 2 h post-injection,
suggesting that 88Ga-MAMNA reduced the free 88Ga-MN Jin vivo, thus decreasing the side
effects of MTX on the heart and liver [36]. Improved targeting, efficient drug delivery, and
decreased untargeted accumulation are all benefits to the proposed MAMA that may allow
lower amounts of MTX to be administered while receiving high treatment effectiveness and
low side effect.

To further investigate whether hROS induced by MTX released from MAMA could occur /n
vivo, HepG2 and BxPC3 tumor-bearing mice were intravenously injected with MAMA,
MAM, and the same amount of free MTX for 2 and 4 h, respectively, followed by the
apoptotic analysis of cells extracted from mice tumors (Fig. 4D). All cells digested from
tumors which had MTX positive signal under UV excitation were sorted and collected for
the apoptosis analysis. The cells with positive MUA-Au NCs signal in MAMA treated group
was more than that in MAM treated group at 2 h post-injection in HepG2 and BxPC3
tumors, which indicated that more MAMA was accumulated in tumors than MAM. The cells
with the positive signal of MUA-Au NCs from MAMA in HepG2 tumor (6.9%) was higher
than that in BXPC3 tumors (5.0%) at 2 h postinjection, verified EGFR targeting capability of
MAMA in vivo. There was no fluorescence of MUA-Au NCs from MAMA or MAM in
HepG2 and BxPC3 tumors at 4 h post-injection, which suggested that hROS of HepG2 and
BxPC3 tumors were increased to the level which could completely decompose the MUA-Au
NCs structure at 4 h post-injection. Fluorescein-annexin V (V-FITC) staining and MUA-Au
NCs fluorescence assay further demonstrated that hROS increase was associated with cell
apoptosis /n vivo. The apoptotic ratio caused by MAMA, 21.7% and 26.6% in HepG2 and
BxPC3 tumors, were significantly higher than that of free MTX (8.1% and 8.7%), and MAM
(12.1% and 12.9%) at 4 h postinjection, respectively (Fig. 4E). Compare with HepG2
tumors, MAMA uptake of fewer cells from BxPC3 tumors obtained a higher apoptotic ratio
at 2 h post-injection, which were in good agreement with the cytotoxicity results that
increasing of hROS was induced by MTX quick release from MAMA due to high trypsin
activity in BXPC3 cells (Fig. S5B, D). The antitumor effects were further confirmed by
propodium iodide (PI) staining followed by flow cytometry analysis (FACS). The cell
necrotic rates of HepG2 and BxPC3 tumors in the MAMA treated group got 9.9- and 16.8-
folds higher than that in the free MTX treated group at 4 h post-injection, respectively (Fig.
4F). Compared to the free MTX treatment, the high dose of MTX releasing from MAMA at
tumor site provided higher toxicity to the tumor, which was confirmed by getting the higher
cell apoptotic and necrotic rates from the tumor treated by MAMA in vivo. The highest cell
apoptotic ratio and the cell necrotic rate were achieved by MAMA treated BXPC3 tumor,
suggesting its most effective inhibition of EGFR-overexpressed pancreatic cancer.

Encouraged by the superior anticancer effectiveness of MAMA in vitro and in vivo, animal
experiments were carried out to evaluate the long-term therapeutic effectiveness by the dual-
responsive EGFR-targeting of MTX release from MAMA and subsequent induced hROS
increase. /n vivo anticancer effectiveness of MAMA was evaluated by intravenous injection
into HepG2 and BxPC3 tumor-bearing mice. After the tumors had developed to about 50
mm3, the mice carrying HepG2 and BxPC3 tumors, respectively, were divided into three
groups: MAMA-, MAM-, and free MTX-treated (/7= 8 per group). Given that the biological
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half-life of MTX is about 8-12 h, all groups were treated every two days for ten iterations
[37]. Moreover, because of the maximum dose of MTX used in clinical treatment is 30 mg/
week, thus the highest MTX concentration in.

various samples which could be administrated via the tail vein to the tumor-bearing is 8
mg/kg per dose [38]. The relative tumor volumes and relative body weight in each group
were monitored during the treating process (Fig. 5A, B). The groups of saline and MTX did
not show obvious inhibition of tumor growth, besides, MAM displayed moderate inhibition,
whereas the group of MAMA exhibited the most significant inhibition in HepG2 and BxPC3
tumor-bearing mice. The images of excised tumors from all mice after treatment showed that
the tumor size from the MAMA treated group was the smallest (Fig. 5C). Furthermore, the
inhibition ratios were determined for each group in HepG2 and BxPC3 tumor-bearing mice
after three weeks of treatment, respectively, 18.8% and 33.3% for MTX, 43.8% and 58.3%
for MAM, and 68.8% and 83.3% for MAMA. The body weight changes were calculated for
each group in HepG2 and BxPC3 tumor-bearing mice after three weeks of treatment,
respectively, 20.0% and 26.1% loss for MTX, 10.0% and 17.4% loss for MAM, 5.0% and
4.3% loss for MAMA. Compare with free MTX treated groups, the HepG2 and BxPC3
tumor volumes decreased by 61.5% and 75%, respectively, simultaneously with a 23.8% and
22.7% relative increase of body weight after three weeks of MAMA treatment in the
corresponding two groups of mice. Taken together, it indicates that MAMA has greater
antitumor effectiveness and lower side effect than either using MAM as the DDS or the same
concentration of free MTX /n vivo. MAMA significantly inhibited BxPC3 tumor growth
compared to HepG2 models, verifying that MAMA is a good candidate to treat EGFR-
overexpressed pancreatic cancer.

Furthermore, the potential side effects of the major clearance organs in BXPC3 tumor-
bearing mice were investigated after three weeks of MAMA treatment. The corresponding
histological changes of organs were checked by hematoxylin and eosin (H&E) staining and
CLSM imaging of the major MAMA accumulation and clearance organs including the liver,
kidney, and tumor collected and sliced from BxPC3 tumor-bearing mice. Compared to
normal tissues, MTX caused severe toxicity to the liver and kidney, which was indicated by
cell atrophy, focal necrosis of tissue, congestion in central veins of the liver, as well as
damage with dilatation in the subcapsular space of kidney tubular and glomerular structures
(Fig. 5D). However, the tumor tissues were not significantly destroyed by free MTX or
MAM, demonstrating the high hepatotoxicity, nephrotoxicity, and low tumor uptake of MTX
due to their non-targeting drug delivery. MAMA markedly increased the necrosis of the
BxPC3 tumor, simultaneously protecting the liver and kidney during three weeks of MAMA
treatment. From CLSM images of the liver, kidney, and tumor sections harvested from
different treatment groups of BXPC3 tumor-bearing mice, more MTX, represented by
brighter fluorescent signal at 470 nm under UV excitation, was delivered to the tumor by
MAMA than by MAM or no carrier after 4 h circulation /n vivo (Fig. 5E). After statistical
analysis for the FI of MUA-Au NCs from MAMA and MAM in the liver, kidney, and tumor,
respectively, it was confirmed that MAMA and MAM were mainly eliminated by the kidney
(Fig. S10). Strong FI of MUA-Au NCs and weak FI of MTX in the kidney of BXPC3 tumor-
bearing mice indicated that the structures of MAMA and MAM were not completely
decomposed during circulation /n vivo for 4 h. It suggested that MAMA and MAM could be
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quickly excluded from the body by kidney and urine tract before MTX release, preventing
side effects caused by free MTX. MAMA contributed 48.7% and 73.8% less MTX
accumulation in the liver, 38.4% and 30.3% less MTX accumulation in kidney than MAM
and free MTX, respectively. Meanwhile, MAMA delivered 3.5- and 7.5- fold MTX to the
tumor compared to MAM and free MTX in BXPC3 tumor-bearing mice at 4 h post-injection.
The animal experiment results supported the EGFR targeting, drug carrier sealing
capabilities and trypsin-responsive drug release of the affibody, which could help MAMA
efficiently deliver more MTX specifically to the EGFR-overexpressed tumors, reduce side
effects compared to MAM or free MTX treatment, and get better effectiveness in the tumor
with high trypsin activity. The MTX accumulation in the tumor could not only enhance the
chemotherapeutic effects but also induce hROS increase, decomposing the MUA-Au NCs
structure, quenching the fluorescent signal of MUA-Au NCS, helping completely release
MTX from MAMA, finally resulting in proliferation inhibition and apoptosis of tumor cells.
As anticipated, MAMA exhibits promising characteristics to be hROS and trypsin dual-
responsive DDS for cancer treatment, especially for EGFR-overexpressed pancreatic cancer
therapy without causing significant hepatotoxicity and nephrotoxicity /in vivo.

4. Conclusions

In summary, a polyarginine-tailed anti-EGFR affibody has been successfully synthesized
and has been incorporated into the MTX loaded MUA-Au NCs to form theranostic system
MAMA by self-assembly based on charge effect between negatively charged -COOH
terminal of MUA and positively charged polyarginine tails. MAMA has excellent
biocompatibility, the adequate loading capacity of MTX, precise targeting to EGFR-
overexpressed cells, and hROS and trypsin dual-responsive drug release in cells. The red
fluorescence of MUA-Au NCs from MAMA can provide references for quickly evaluating
the EGFR expression level of cells, and the blue fluorescence of MTX gives a visualized
guidance for drug release from MAMA in cells. hROS can quench the fluorescence of
MUA-AuU NCs by decomposing MUA-Au NCs structure with little drug release, but trypsin
working on digesting the polyarginine shell of MAMA mainly contributes to MTX release.
High MTX accumulation in cells subsequently induces hROS increase, which helps to
decompose the MUA-Au NCs structure and completely release MTX from MAMA. As a
DDS, the adequate drug loading efficiency, specific targeting capability, highly efficient drug
delivery, as well as hROS and trypsin dual-responsive drug release endow MAMA with
excellent therapeutic effect on EGFR-overexpressed tumors through increasing the
concentration of MTX accumulated in the cancer cells, subsequently inducing hROS
increase in tumor local. MTX as a chemotherapeutic drug can decrease proliferation and
metastasis of cancer cells through blocking the folate pathway, meanwhile, hROS increase
efficiently inhibits cancer cells via apoptosis. Moreover, the polyarginine sealing of MAMA
protects the major clearance organs away from the severe side effects of free MTX.
Therefore, the simple capping design using polyarginine-tailed cancer-targeting peptides can
serve as a generalized method for easily developing more multifunctional, powerful, and
safe DDS like MAMA for cancer treatment, especially for better pancreatic cancer therapy
in the future.
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(A) Size characterization and transmission electron microscopy (TEM) images of MUA-Au
NCs, MAM, and MAMA. Scale bar = 20 nm. (B) The dynamic light scattering (DLS)-
measured size distribution of MAMA incubated with ROS. (C) The DLS-measured size
distribution of MAMA incubated with enzymes. (D) Fluorescence spectra of MAMA. (E)
Fluorescence spectra of MAMA incubated with H,0,, CIO™, and «OH, respectively. (F)
Fluorescence spectra of MAMA incubated with proteinase K and trypsin. (G) The drug
release of MAMA incubated with H,0O,, CIO™, and «OH, respectively. (H) The drug release
of MAMA incubated with proteinase K and trypsin. All result represents the mean
standard deviation (SD) (**P< .01, ***P< 001, and ****P < .0001).
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Fig. 2.

E(gFR targeting and imaging properties of MAMA in cells. (A) EGFR western-blot analysis
of cells. (B) Confocal images of cells incubated with MAMA for 30 min. Bars = 50 pm. (C)
The quantitative relationship between relative EGFR protein level and relative intensity of
MAMA in cells. All result represents the mean + standard deviation (SD).
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Fig. 3.
The FI changing of MAMA in cells. (A) CLSM images of MAMA under UV excitation

after incubation with HepG2 and BxPC3 cells for 2, 7, and 12 h with or without trypsin
inhibitor (TLCK). Scale bar =50 um. (B) The FI of MAMA at 616 nm in A. (C) Relative
hROS increase in BXPC3 cells induced by different concentrations of MTX after 2, 7, and 12
h with or without folate incubation. Three-dimensional confocal imaging of MAMA and the
line-scan profile in HepG2 cells (D) and BxPC3 cells (E) were shown after 12 h incubation.
Bar =5 pm. All result represents the mean + standard deviation (SD) (**P< .01, ***p
<.001, and ****P < ,0001).
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Fig. 4.

Fast drug delivery of MAMNA and MTX caused apoptosis of tumor 7n vivo. (A) In vivo
positron emission tomography/computed tomography (PET/CT) imaging of HepG2 and
BxPC3 tumor-bearing mice (7= 3) at 1 h post-injection of 88Ga-MAMNA, 68Ga-MAMN,
68Ga-MN and 58Ga-MAMNA with EGFR antibody as blocking control. Red arrows showed

the tumor region of mice. (B) HepG2 and BxPC3 tumor uptake of tracers. (C) The

biodistribution of radiolabelled probes after 2 h postinjection in HepG2 and BxPC3 tumor-
bearing mice. (D) Cell apoptosis of HepG2 and BxPC3 tumors extracted from mice after 2

J Control Release. Author manuscript; available in PMC 2021 March 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhao et al.

Page 23

and 4 h different treatments were analyzed by flow cytometer with Annexin V staining. (E)
Statistical analysis for the percentage of apoptotic cells in D. (F) Determination of cell
necrotic rates upon different treatments for 4 h detected by propodium iodide (PI) based on
flow cytometry analysis (FACS). (G) Statistical analysis for the percentage of necrotic cells
in F. All result represents the mean + standard deviation (SD) (**P< .01, ***p < .001, and
****1n<.0001). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 5.

lngvivo cancer inhibition and side effects evaluation. Relative tumor volume and body
weight changes of (A) HepG2 and (B) BXxPC3 tumor-bearing mice under different treatment
for three weeks. (C) Photograph of tumors extracted from mice under different treatments
for three weeks. Representative images of (D) Hematoxylin and eosin (H&E) staining and
(E) Confocal laser scanning microscopy (CLSM) imaging of the liver, kidney, and tumor
sections harvested from different treatment groups of BxPC3 tumor-bearing mice. Black
arrows showed the toxic damages of tissues. Scale bar = 50 um. All result represents the
mean + standard deviation (SD) (*P< .05, **P< .01, ***p < .001, and ****p < .0001).
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Scheme 1.

Schematic illustration of the synthesis of MAMA, as well as drug release and fluorescence

change strategies for monitoring MTX induced hROS generation using MAMA.
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