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Tumor penetration is a critical determinant of the therapy efficacy of nanomedicines. However, the dense
extracellular matrix (ECM) in tumors significantly hampers the deep penetration of nanomedicines, result-
ing in large drug-untouchable areas and unsatisfactory therapy efficacy. Herein, we synthesized a third-
generation PAMAM-cored multiarm copolymer and modified the polymer with collagenase to enhance
its tumor penetration. Each arm of the copolymer was a diblock copolymer of poly(glutamic acid)-b-poly
(carboxybetaine), in which the polyglutamic acid block with abundant side groups was used to link the
anticancer agent doxorubicin through the pH-sensitive acylhydrazone linkage, and the zwitterionic poly
(carboxybetaine) block provided desired water solubility and anti-biofouling capability. The collagenase
was conjugated to the ends of the arms via the thiol-maleimide reaction. We demonstrated that the
polymer-bound collagenase could effectively catalyze the degradation of the collagen in the tumor ECM,
and consequently augmented the tumor penetration and antitumor efficacy of the drug-loaded

rsc.li/biomaterials-science polymers.

1. Introduction

Nanomedicines can selectively accumulate in tumors via the
enhanced permeability and retention (EPR) effect, resulting in
improved therapy effectiveness and reduced side effects.’°
However, after nanomedicines extravasate from tumor vessels,
the dense extracellular matrix (ECM) impedes greatly their
deep penetration in tumor tissues.'*™” Tumor ECM is a three-
dimensional crosslinked network composed of collagen, hya-
luronic acid, elastin, fibronectin, and proteoglycans."®* To
alleviate the unfavorable situation caused by tumor ECM, the
ECM modulation strategies involving blocking ECM generation
and degrading existing ECM have been developed.”®?’
Blocking ECM generation has little impact on the existing
ECM, resulting in suboptimal efficiency in nanomedicine
diffusion.”®° In comparison, degrading existing ECM with
enzymes such as Collagenase, hyaluronidase, and bromelain is
simpler and more operationally feasible.*’* Collagen is the
most abundant protein in tumor ECM and hence becomes the
primary target for the degradation of tumor ECM.*™’
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Collagenase (Col), a water-soluble matrix metalloproteinase,
can specifically catalyze the degradation of collagen within
ECM. Col received FDA (the U.S. Food and Drug
Administration) approval for Peyronie’s disease treatment in
2013.*® However, when administered intravenously as a standa-
lone agent, Col exhibits a short in vivo circulation time and
may potentially cause some unwanted side effects such as
muscle spasms and vascular occlusions.*>*® Conjugating Col
to nanomedicines can overcome these shortcomings to some
extent and at the same time augment the tumor penetration of
the nanomedicines.

Col-modified nanomedicines have been studied in the treat-
ment of liver fibrosis,*" pulmonary fibrosis,** and tumors.****
However, these reported Col-modified nanomedicines are
mostly prepared by self-assembly methods. The active sites of
the Col might be partially buried by other molecules, leading
to reduced enzymatic activity, and the uncontrollability of the
self-assembling process would result in undesired batch-to-
batch reproducibility of the properties of the Col-modified
nanomedicines. In contrast, the unimolecular polymer nano-
materials prepared via controllable synthesis methods have
well-defined structures and controlled sizes, and are easy to be
modified chemically.*>™*’” Conjugating Col to the surface of
unimolecular polymer nanomaterials through the cysteine resi-
dues that are the non-active moieties in Col offers a promising
solution to the aforementioned challenges, since in doing so,
the Col moieties can stay on the periphery of the nano-
materials and hence can function more effectively, and the
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controlled structure and size of the unimolecular polymer
nanomaterials impart desired batch-to-batch reproducibility.*®

In this study, we demonstrated that after conjugated to the
surface of a doxorubicin (DOX)-loaded PAMAM-cored multi-
arm copolymer, Col can significantly improve its tumor pene-
tration and antitumor efficacy. The arms of the copolymer
were composed of a diblock copolymer of poly(glutamic acid)-
b-poly(carboxybetaine), in which the abundant side groups of
the polyglutamic acid (PGA) block were used to link DOX
through the pH-sensitive acylhydrazone linkage, and the
zwitterionic PCB block provided desired water solubility and
anti-biofouling capability. The Col was conjugated to the ends
of the arms via the thiol-maleimide reaction. In vitro experi-
ments showed that the polymer-bound Col retained more than
67% activity for catalyzing the degradation of collagen when
compared to the free Col.

2. Materials and methods
2.1 Materials

L-glutamic acid-5-tert-butylester (Glu(OtBu)), triphosgene,
Cu (0) wire (I = 10 cm, d = 1 mm), tris(2-(dimethylamino)ethyl)
amine (MesTREN), 3-maleimidopropionic acid, propargyl-
amine, 2-(dimethylamino)ethyl methacrylate (DMAEMA), tert-
butyl bromoacetate, tert-butyl carbazate, pentamethyldiethyl-
enetriamine (PMDETA), trifluoroacetic acid (TFA), triethyl-
amine (TEA), and 2-bromoisobutyryl bromide (BIBB) were pur-
chased from J&K Scientific Ltd. G3 PAMAM dendrimer,
sodium ascorbate, sodium azide, tris(2-carboxyethyl)phos-
phine  hydrochloride  (TCEP), glucose gel LH-20,
N-hydroxysuccinimide (NHS), Col type I, 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide = hydrochloride  (EDCI),
1-hydroxybenzotriazole (HOBT), copper(u) sulfate penta-
hydrate, doxorubicin hydrochloride (DOX-HCl), fluorescein
isothiocyanate (FITC) were purchased from Sigma-Aldrich.
DMAEMA were passed through a basic alumina column to
remove the inhibitor before use. Dichloromethane (DCM), di-
methylformamide (DMF), and dimethyl sulfoxide (DMSO) were
dried and distilled over calcium hydride. Tetrahydrofuran
(THF) was dried and distilled over sodium. The solution of
PAMAM dendrimer in methanol was distilled to remove the
solvent before use. Mouse breast cancer cells (4T1 cells) and
mouse colon carcinoma cells (CT26 cells) were purchased from
the Shanghai Institute of Cell Biology (Shanghai, China).

2.2 Instruments

Nuclear magnetic resonance (NMR) spectra were measured on
a Bruker AVANCE III 400 spectrometer. Transmission electron
microscopy (TEM) observations were conducted on a
JEM-2100 microscope operating at an accelerating voltage of
120 kV. Dynamic light scattering (DLS) measurements were
performed on Nanobrook Omni, Brookhaven, USA. Zeta poten-
tial measurements were performed on Zetaplus (Brookhaven
Instruments Corporation). Confocal laser scanning microscopy
(CLSM) images were recorded on LSM-710 (Zeiss Inc.,
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Germany). Flow cytometry was measured on Beckman
CytoFlex. UV-vis absorption spectra were obtained by UV
spectrometer (UV-5300, Metash, Shanghai).

2.3 Synthesis of PAMAM-PGA,(-b-PCB;; (DP-1) and
PAMAM-PGA,-b-PCB;,-DOX (DPD-1)

The DP-1 and DPD-1 were synthesized following the pro-
cedures published in our previous work.*’

2.4 Synthesis of PAMAM-PGA,(-b-PCB;,-N;

PAMAM-PGA,(-b-PCB;3; (2 g, 5.57 pmol), NaN; (232 mg,
3.57 mmol), and TEA (364 mg, 3.59 mmol) were dissolved in
20 mL of water and stirred at 70 °C for 3 days. Thereafter, the
mixture was dialyzed against water using a dialysis membrane
with a molecular weight cutoff of 14 kDa for 2 days. The result-
ing solution was then freeze-dried to give PAMAM-PGA,-b-
PCB;,-N; as a white powder. Yield: 1.68 g (84% conversion
rate). '"H NMR (400 MHz, D,0) 6 4.48 (m, 2H), 4.12 (m, 2H),
4.01 (m, 2H), 3.36 (s, 6H), 2.41-2.24 (m, 2H), 2.10-1.92 (m,
2H), 1.21-1.03 (m, 3H).

2.5 Synthesis of 2,5-dihydro-2,5-dioxo-N-2-propyn-1-yl-1H-
pyrrole-1-propanamide (Mal)

2,5-Dihydro-2,5-dioxo-N-2-propyn-1-yl-1H-pyrrole-1-propana-
mide (Mal) was synthesized following the published pro-
cedures.”® Briefly, 3-maleimidopropionic acid (679 mg,
4.0 mmol), EDCI (920 mg, 4.8 mmol), and HOBT (649 mg,
4.8 mmol) were dissolved in 12 mL of dichloromethane, and
then propargylamine (242 mg, 4.4 mmol) dissolved in 3 mL of
dichloromethane was added to the above system and stirred at
room temperature overnight. Thereafter, the mixture was
diluted with dichloromethane (10 mL), washed with saturated
sodium carbonate solution (20 mL), 1 N hydrochloric acid
solution (20 mL), and saturated sodium chloride solution in
sequence, and dried by anhydrous sodium sulfate. The crude
product was further purified by column chromatography on
silica gel (petroleum ether/ethyl acetate = 5:1, v/v) to obtain
467 mg of pure product Mal in a 52% yield. 'H NMR
(400 MHz, chloroform-d) § 6.72 (s, 2H), 6.16 (s, 1H), 4.03 (s,
2H), 3.85 (t, J = 6.7 Hz, 2H), 2.57 (t, J = 6.8 Hz, 2H), 2.24 (s,
1H).

2.6 Synthesis of PAMAM-PGA,,-b-PCB;,-Mal (DPMal)

PAMAM-PGA,,-b-PCB;,-N; (1.65 g, 4.60 pmol), PMDETA
(26 mg, 0.15 mmol), CuSO,-5H,0 (37 mg, 0.15 mmol), and
sodium ascorbate (60 mg, 0.30 mmol) were dissolved in 20 mL
of water. To the mixture, Mal (92 mg, 0.445 mmol) dissolved in
2 mL of DMF was added. The reaction mixture was then sub-
jected to three cycles of freeze-pump-thaw to remove air and
filled with argon. The reaction was allowed to proceed at 30 °C
under argon protection for 3 days. After the completion of the
reaction, the reaction mixture was concentrated and precipi-
tated three times in diethyl ether after dissolution in a small
amount of methanol. The resulting solid was dissolved in
water and dialyzed for 2 days using a dialysis bag with a mole-
cular weight cut-off of 14 000 Da, followed by freeze-drying.
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Ultimately, a white product was obtained. Yield: 1.35 g (82%
conversion rate). "H NMR (400 MHz, D,0) § 4.48 (m, 2H), 4.12
(m, 2H), 4.04 (m, 2H), 3.37 (s, 6H), 2.44 (m, 2H), 2.10-1.92 (m,
2H), 1.19-1.05 (m, 3H).

2.7 Synthesis of PAMAM-PGA,,-DOX-b-PCB;,-Mal (DPDMal)

DPMal (100 mg, ~0.12 mmol hydrazide) and DOX-HCI
(128 mg, 0.22 mmol) were dissolved in 15 mL of methanol con-
taining a drop of TFA. The reaction mixture was stirred at
room temperature for 48 h under dark. The resulting solution
was concentrated and passed through a Sephadex LH-20
column with methanol as the eluant to remove free DOX,
giving DPDMal. The drug loading content (DLC) is the percen-
tage of DOX in the multiarm copolymer conjugated with DOX.

2.8 Synthesis of DPCol and DPDCol

DPMal (5 mg, 14 nmol) and Col type I (10 mg, 439 nmol) were
combined in a 50 mL flask, followed by the addition of 25 mL
of deionized water for dissolution. Subsequently, 200 pL of a
1 mol L™* solution of TCEP was added into the system, and the
pH of the reaction mixture was adjusted to 7.8. The reaction
mixture was stirred at 0 °C under dark for 12 h. Thereafter, the
resulting solution was concentrated using a 100 kDa ultrafiltra-
tion membrane, followed by purification through a G-100 gel
column. After freeze-drying, DPCol was obtained as a white
powder. DPDCol was also prepared following the same pro-
cedures as stated above. The Col contents in DPCol and
DPDCol were quantified using the Bicinchoninic Acid (BCA)
protein assay following standard procedures.?

2.9 General procedures for labeling DP-1 and DPCol with
FITC

DP-1 (20 mg) was dissolved in 5 mL of phosphate-buffered
saline (PBS, pH = 7.4). To the solution, TEA (10 pL, 0.04 mmol)
and FITC (4 mg, 0.01 mmol) were added. The resulting
mixture was stirred at room temperature under dark overnight.
Thereafter, 5 mL of PBS (pH = 7.4) was added. After 8 cycles of
ultrafiltration using a 10 kDa molecular weight cutoff ultrafil-
tration tube, the resulting solution was freeze-dried to give
FITC-labeled DP-1. FITC-labeled DPCol was prepared following
the same procedures as stated above.

2.10 Invitro drug release

A solution of DPDCol (5 mg) was dissolved in 1 mL of PBS (pH
7.4). Subsequently, the solution was dialyzed against PBS (0.01
M, 5 mL) with different pH (5.0, 6.0, and 7.4) in dialysis bags
(MWCO 7000 Da) at 37 °C for 48 h. At regular intervals, the
released solution outside the dialysis bag was collected, and
an equivalent volume of fresh PBS was replenished to main-
tain a constant volume. The absorbance at 495 nm of the
sampled solutions was measured using a UV-visible spectro-
photometer, and the DOX concentrations in the samples were
determined by referencing a standard curve obtained from
UV-Vis spectrophotometric analysis. The time-dependent
release of DOX was plotted to generate a graph illustrating its
release behavior and profile.
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2.11 In vitro enzymatic activity assay of Col

Preliminary determination of enzyme activity was conducted
by the following procedures. A gelatin solution was prepared
in PBS (pH = 7.4) with a 30 mg mL™" concentration and co-cul-
tured with the test samples at 37 °C, respectively. The samples
include (1) PBS, (2) free DOX, (3) DP-1, (4) DPD-1, (5) Col, (6)
DPCol, and (7) DPDCol. The concentrations of DPCol and
DPDCol were normalized to 0.1 mg mL™" Col equivalent, the
same as that of free Col. After co-cultured for predetermined
periods (1, 4, and 12 h), the samples were placed at 4 °C for
30 min and then photographed by a digital camera.

We further quantitatively determined the enzyme activities
following published procedures.*® Briefly, 0.3 mL of a 0.2%
(w/v) gelatin solution in water was mixed with 0.2 mL of a
150 mM Tris HCI solution containing 12 mM Cacl, at pH 7.5.
Subsequently, 0.1 mL of Col, DPCol, and DPDCol (containing
0.1 mg mL™" Col equivalent) was added and incubated at
37 °C for 30 min, respectively. The degradation processes were
terminated by adding 0.6 mL of 0.1 N HCL The amounts of the
released amino acids were determined by using the ninhydrin
method, with glycine as the reference sample. The activity unit
was defined as the amount of enzyme required to release 1 pg
of amino acids per minute.

2.12 Cellular uptakes of the FITC-labeled DP-1 and DPCol

The cellular uptake behaviors of the FITC-labeled DP-1 and
DPCol were studied in 4T1 and CT26 cells. The cells (2 x 10°
per well) were seeded in a 6-well plate, and incubated at 37 °C
for 24 h. The sample solution (400 pg mL™', 200 uL in PBS)
was added, and the cells were cultured at 37 °C for another
4 h. The cells were washed three times with PBS to remove any
uninternalized samples and fixed with 4% paraformaldehyde
at room temperature. Then, the cell nuclei were stained with
100 pL of Hoechst 33258 at room temperature. The cells were
observed by CLSM. To quantitatively assess the cellular uptake
of the polymers, the cells were harvested for flow cytometry
measurements.

2.13 In vitro cytotoxicity

The in vitro cytotoxicity of the samples against 4T1 and CT26
cells was tested by MTT assay. Briefly, the cells were seeded
into a 96-well plate at a density of 5000 cells per well and incu-
bated at 37 °C with 5% CO, and full humidity for 24 h. Once
the cells adhered to the bottom of the wells, the cells were
treated with a series of doses of the samples and co-incubated
for another 24 h. Thereafter, the culture medium was removed
and the cells were washed with PBS 3 times and cultured in
the medium containing MTT for 4 h. The culture medium in
each well was aspirated, and 150 pL of DMSO was added to dis-
solve the produced formazan. Cell viability was determined by
calculating the ratio of the absorbance of the test wells to that
of control wells without any treatment.

This journal is © The Royal Society of Chemistry 2024
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2.14 Penetration in multicellular spheroids (MCs)

After 7 days of the in vitro cultivation of 4T1 cells, MCs with a
diameter of ~300 pm were obtained. For each experimental
group, approximately 20 MCs were selectively picked and trans-
ferred to a 15 mL centrifuge tube. A sample solution (400 pg
mL~", 200 pL) was added to the suspension of the MCs, fol-
lowed by co-culturing at 37 °C in a CO, incubator for 12 h. The
culture medium was then discarded, and the MCs were
washed 3 times with PBS. The sample distribution in the MCs
was observed by CLSM.

2.15 Establishment of the tumor models

All the animal experiments were performed in compliance
with the National Institute of Health Guide for the Care and
Use of Laboratory Animals and approved by the Animal Ethical
and Welfare Committee of Nanjing University (approval
number: IACUC-D2303055). To establish the 4T1 tumor
models, 2 x 10° 4T1 cells were injected subcutaneously under
the armpit of Balb/c mice in 100 pL of PBS. Once the average
tumor volume reached ~200 mm?®, in vivo experiments were
conducted. All animal experiments were conducted with a
single dose administered on the first day.

2.16 Tumor tissue immunofluorescence staining and tumor
penetration

Tumor tissue immunofluorescence staining was employed to
investigate the degradation of collagen in tumors induced by
the samples. Certain amounts of saline, DP-1, and DPCol were
administered separately into 4T1 tumor-bearing mice via tail
vein. At 48 h after the treatments, the mice were euthanized,
and the tumors were excised and fixed in 4% paraformalde-
hyde aqueous solution overnight at 4 °C. Subsequently, the
tumors were dehydrated with 30% sucrose solution for 12 h
and cut into sections with a thickness of 9 pm after being
frozen at optimal cutting temperature (O.C.T.). The tumor sec-
tions were hydrated in a 0.1% Triton X-100 PBS solution (pH =
7.4) for 10 min, followed by a 1-hour incubation in a 3% BSA
solution at 37 °C. The sections were incubated with a rat anti-
mouse antibody CD31 at 37 °C for 1 h, and subsequently incu-
bated with a fluorescent secondary antibody, Alexa Fluor™
647-conjugated goat anti-rat, at 37 °C in darkness for 40 min.
The degradation of collagen in tumor tissues was observed by
CLSM and the quantitative analysis of the collagen contents
was performed by Image J software.

Certain amounts of the FITC-labeled DP-1 and DPCol were
administered separately into 4T1 tumor-bearing mice via tail
vein. At 48 h after the treatments, the mice were euthanized,
and the tumors were excised and fixed in 4% paraformalde-
hyde aqueous solution overnight at 4 °C. Subsequently, the
tumors were dehydrated with 30% sucrose solution for 12 h
and cut into sections with a thickness of 9 pm after being
frozen at optimal cutting temperature (O.C.T.). The tumor sec-
tions were stained with CD31 antibody and Alexa Fluor™
594-conjugated donkey anti-rat secondary antibody at 37 °C in

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

darkness for 40 min. DAPI was employed for nuclear staining.
The stained tumor sections were observed by CLSM.

2.17 Biodistribution

4T1 tumor models were built as described above. The samples
of DPD-1 and DPDCol were dissolved in saline and adminis-
tered to tumor-bearing mice via tail vein at a dose of 4 mg kg™
DOX equivalent. The mice were euthanized at different inter-
vals, and the hearts, livers, spleens, lungs, kidneys, and
tumors were excised, weighed, and documented. The blood
samples were collected via eye puncture and centrifuged at
14000 rpm min~" to obtain serum samples. To both the col-
lected serum samples and excised tissues, 4 mL of 70%
ethanol solution containing 0.5 M HCl was added. The
samples were vigorously homogenized and extracted at room
temperature under dark for 48 h, followed by centrifugation to
discard the precipitate. The DOX concentrations in the super-
natant were measured by fluorescence techniques with exci-
tation at 480 nm and emission at 590 nm, based on the pre-
established calibration curve. The calibration curves were
established by adding a known amount of samples to the
untreated blood and tissues, followed by the same processes
as described above. All pharmacokinetic (PK) parameters were
calculated by PK Solver software.

2.18 In vivo tumor inhibition

4T1 tumor models were built as described above. The 4T1
tumor-bearing mice were randomly divided into 6 groups (ten
per group). DPD-1, DPDCol, and free DOX were separately
administered via tail vein to the 4T1 tumor-bearing mice at a
dose of 4 mg kg™' DOX equivalent. Mice treated with saline,
DP-1, and DPCol were designated as negative control groups.
Tumor volume (V, V = d* x D/2, where d represents the shortest
diameter of the tumor and D represents the longest diameter
of the tumor, respectively) and body weight were measured
every other day, and the survival rates were monitored for 60
days. The tumor growth inhibition (TGI) was calculated by the
following equation:

volume of tested group

_ : x 100%
volume of saline control group

TGI =1

2.19 Histological analysis

Healthy Balb/c mice were randomly divided into three groups
(three per group). They were intravenously injected with saline
(200 pL), DPD-1, and DPDCol in saline (1 mg mL™", 200 pL) via
tail vein. On the 7th day after the treatments, the mice were
euthanized, and the hearts, livers, spleens, lungs, and kidneys
were excised. All the organs were fixed in 4% paraformalde-
hyde, embedded in paraffin, sectioned at 4 pm thickness,
stained with hematoxylin and eosin (H&E), and finally
observed and captured on an optical microscope (Eclipse Ci-E,
Nikon).

4T1 tumor models were built as described above. The 4T1
tumor-bearing mice were randomly divided into three groups
(three per group). They were intravenously injected with saline

Biomater. Sci, 2024,12, 2302-2311 | 2305
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(200 pL), DPD-1, and DPDCol in saline (1 mg mL™", 200 pL) via
tail vein. On the 7th day after the treatments, the mice were
euthanized, and the tumors were excised. The tumors were
fixed in 4% paraformaldehyde, embedded in paraffin, sec-
tioned at 4 pm thickness, stained with hematoxylin and eosin
(H&E), and finally observed and captured on an optical micro-
scope (Eclipse Ci-E, Nikon).

2.20 Biosafety evaluation

Healthy Balb/c mice were randomly divided into 3 groups (3
per group) and injected with saline (200 pL), DPD-1 and
DPDCol in saline (1 mg mL™", 200 uL) via tail vein. On the
14th day after the treatments, all the mice were executed
humanitarianly. Blood samples were collected by eye puncture
and centrifuged at 3000 rpm for 15 min to collect plasma that
was further used for the hematological assessment and blood
biochemistry analysis.

2.21 Statistical analysis

Statistical analyses were performed by Student’s t-test and
p-values less than 0.05 were statistically significant.

3. Results and discussion

3.1 Syntheses and characterizations of the col-modified
multiarm copolymer

The third-generation (G3) PAMAM-cored multiarm copolymer
DP-1 was synthesized following the procedures published in
our previous work.*> As shown in Scheme 1, to conjugate Col
to the multiarm copolymers, we introduced first an azido
group at the end of each arm through the reaction with NaNj,
and then a linker with an alkynyl group and a maleimide

2 H (1) NaNy DOXeHCI
L. B ... .
aﬂ?w o, o o & ?WNYNJ\/‘ﬁ CH,COOH

0 0% 0 07ON=N
@[ N—/_:N—/l R
zn © N o AN
HoN 0 0
s )
DP-1 DPMal
NS—G [}
Q' )j A e g8
H? 0 07NN " ? 0 o ou/-}/\u b1 \Q),,
L g ’
NH o N
o OH N NH ~
_oH é"o b OH KFO
“OH = N [}
H
O O OH 0\93 PR onoHo
HH. on HN  oH
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_oH
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Scheme 1 Synthetic route of the Col-modified PAMAM-cored multi-
arm copolymer.
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group through Cu(i)-catalyzed alkyne-azide 1,3-dipolar cyclo-
addition (CuAAC), affording DPMal. The acylhydrazine groups
in DPMal were used to link the antitumor drug DOX through
the acid-sensitive acylhydrazone linkage, affording DPDMal.
Finally, type I Col was conjugated to the ends of the arms of
DPDMal and DPMal through the thiol-maleimide reaction,
respectively, to give the drug-loaded polymer-Col conjugate
DPDCol and the drug-free polymer-Col conjugate DPCol as a
control sample. Type I Col can specifically catalyze the degra-
dation of type I collagen that is a primary component of the
tumor ECM. The characterization data of the newly syn-
thesized polymers can be found in Fig. S1 and S2.}

We measured the loading of Col in DPDMal by BCA protein
assay, showing that there are averagely 4 Col moieties in a
DPDMal molecule. The drug loading contents of DPDCol and
DPD-1 are determined to be about 14.1% and 27.8%, respect-
ively, by fluorescence quantification. The presence of Col moi-
eties lowers the drug loading content of DPDCol when com-
pared to DPD-1. Both DPD-1 and DPDCol exhibit good solubi-
lity in aqueous media, including saline and fetal bovine serum
(FBS), as illustrated in Fig. S3.1 Furthermore, they also have
high colloidal stability in PBS and cell culture media, with no
significant change in hydrodynamic diameter over two weeks
(Fig. S4t).

We examined the morphological structure and size of
DPDCol by TEM and DLS and compared with those of DPD-1
(Fig. 1a-c). As observed by TEM, DPDCol exhibits a spherical
morphology with an average diameter of 10 nm. The diameter
is larger than that of DPD-1 due to the presence of the Col
(~4 nm). The hydrodynamic diameters of DPDCol and DPD-1
in water are about 23 nm and 16.2 nm, respectively, as deter-
mined by DLS (Fig. 1c). Due to the existing of Col on the
surface, DPDCol has more negative Zeta potential than DPD-1
(Fig. S57).

Q

a
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>

—s—pH=7.4 DPDCol
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-

80
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o
L

60

Number
$

40

N
=]

» i‘./.—‘.—‘.
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o
>

Fig. 1 Typical TEM images of DPD-1 (a) and DPDCol (b). Scale bars =
50 nm. (c) Hydrodynamic diameter distributions of DPD-1 and DPDCol.
(d) In vitro drug release profiles of DPDMal in PBS with pH 7.4, 6.0, and
5.0 at 37 °C.
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3.2 Invitro drug release

We investigated the in vitro drug release profiles of DPDCol in
different pH media to simulate its drug release behaviors in
various physiological environments, including pH 7.35-7.45
for blood circulation, pH 6.0-6.5 for tumor microenvironment,
and pH 4.0-5.0 for lysosome. As shown in Fig. 1d, typical pH-
dependent drug release behavior of DPDCol is observed. At pH
7.4, DPDCol exhibits a slow DOX release rate, with only 26% of
DOX released within 48 hours. In contrast, at pH 6.0 and 5.0, a
pronounced increase in DOX release is observed. At pH 6.0,
DPDCol releases 54.9% of DOX within 48 hours, and at pH 5.0,
this figure increased to 82.7%. Notably, under identical pH
conditions, the DOX release behaviors of DPDCol and DPD-1
are very similar,”” suggesting that the peripheral Col in
DPDCol does not impact significantly on DOX release. The pH-
responsive drug release behavior holds the potential to mini-
mize premature drug release within the neutral bloodstream,
thereby reducing adverse effects. Simultaneously, it enables
site-specific drug release within the acidic tumor regions,
enhancing the effectiveness of anti-tumor therapy.

3.3 Enzymatic activity

To investigate whether DPCol and DPDCol retain enzymatic
activity, we conducted gelatin degradation experiments
(Fig. 2a). Gelatin can be dissolved in warm water, but it forms
a hydrogel at lower temperatures. We employed a pure gelatin
solution in water as the control (group 1), and solutions of
DOX (group 2), DP-1 (group 3), DPD-1 (group 4), Col (group 5),
DPCol (group 6), and DPDCol (group 7) co-cultured with
gelatin as the experimental groups. Each sample was incu-
bated at 37 °C for 1, 4, and 12 h, respectively, followed by
another 0.5 h incubation at 4 °C. The starting time point was
set as 0 h. As shown in Fig. 2a, at 0 h, each sample remains a
solution state at room temperature. At 1 h and 4 h after the
treatments, only the Col group does not solidify into a hydro-
gel. At 12 h, the Col, DPCol, and DPDCol groups are in a solu-
tion state, while the other four groups solidify into hydrogels.
These results indicate that the polymer-bound Col still main-
tains its enzymatic activity, albeit slightly lower than that of
free Col.

a b
0 h R 1| |, i ey T
(1)(2)(3)(4)(5)(6)(7) (1) (2) (3)(4)(5)(6X7) 515
10
. D
anRRRRY |, s 5
0

(M2)B)45)6)(7) (1) (2) (3N4NS)E)(7) R

Fig. 2 (a) Photographs of the solutions of co-dissolving gelatin and
various samples in distilled water at 37 °C (set as 0 h) and co-incubating
gelatin with each sample for different time, followed by storage at 4 °C
for 30 minutes. These samples are as follows: (1) pure gelatin, (2) DOX,
(3) DP-1, (4) DPD-1, (5) Col, (6) DPCol, (7) DPDCol. (b) Enzymatic activi-
ties of Col, DPCol and DPDCol. Data represent mean values + SD (n = 3).
N.S. means no significant difference.
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We further quantified the enzyme activities of Col, DPCol,
and DPDCol through the ninhydrin method.*® After incubated
with gelatin in PBS at 37 °C for 30 min, the enzyme activities
of Col, DPCol, and DPDCol were determined by calculating the
release of free amino acids. As shown in Fig. 2b, the enzyme
activities of Col, DPCol, and DPDCol are measured to be 15.7
U mL™", 11.8 U mL™", and 10.6 U mL™", respectively. The
enzyme activities of DPCol and DPDCol can be potentially
used to catalyze the degradation of the collagen in tumor ECM
and thus enhance their tumor penetration.

3.4 Invitro cytotoxicity and cellular uptake

To assess the biocompatibility of the drug-free polymer-Col
conjugates and the pharmacological activity of the drug-loaded
polymer-Col conjugates, we determined the in vitro cytotoxici-
ties of DP-1, DPCol, DPD-1, and DPDCol against 4T1 and CT26
cells by MTT assay, with DOX as the positive control. As shown
in Fig. 3a and Sé6a,t after 48 h of incubation, even at concen-
trations as high as 800 pug mL™", DP-1 and DPCol exhibit no
significant cytotoxicity in 4T1 and CT26 cells, indicating their
good biosafety. All the drug formulations DOX, DPD-1, and
DPDCol display dose-dependent cytotoxicity after 24 h incu-
bation with 4T1 or CT26 cells, and their IC50 values follow the
order of DOX < DPD-1 ~ DPDCol (Fig. 3b, ¢ and S6b, ct).

We investigated the cellular uptake behaviors of DP-1 and
DPCol in 4T1 cells and CT26 cells by CLSM and flow cytometry
after labeling them with FITC. As shown in Fig. 3d, after incu-
bation at 37 °C for 4 h, both the FITC-labeled DP-1 and DPCol
can be internalized by the 4T1 cells. The mean fluorescence
intensities inside the cells from the labeled DP-1 and DPCol
are similar as measured by flow cytometry (Fig. 3e), suggesting
that DP-1 and DPCol have comparable cellular uptake beha-

o
(1]

N

EmDP-1  E3DPCol| E=mDOX EmDPD-1

E=DPDCol

1C50 (ug/mL)

40.

S

cell viability (%)

cell viability (%)
N 2 g =

50 100 200 400 800 DOX DPD-1  DPDCol

1 2 4 8 16 32
Concentration of free polymers (ug/mL) Concentration of DOX (ug/mL)

FITC Nuclear Merged

DPCol
PBS DP-1 DPCol

Fig. 3 (a) In vitro cytotoxicities of DP-1 and DPCol against 4T1 cells
after 48 h of incubation. (b) In vitro cytotoxicities of DOX, DPD-1, and
DPDCol against 4T1 cells after 24 h of incubation. Data represent mean
+ SD (n = 3). (c) IC50 values calculated from the MTT assay data. Typical
CLSM images (d) and mean fluorescence intensities measured by flow
cytometry (e) of the 4T1 cells incubated with the FITC-labeled DP-1 and
DPCol at 37 °C for 4 h, respectively. Scale bars = 10 um. Data represent
mean + SD (n = 3). N.S. means no significant difference.
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viors. Similar results are also observed in the case of CT26
cells (Fig. S71), confirming that the conjugation of Col can not
significantly change the cellular uptake behavior of multiarm
copolymers.

3.5 Penetration in 4T1 multicellular spheroids (MCs)

Three-dimensional multicellular spheroids (MCs) have been
frequently used to simulate tumor tissues in tumor pene-
tration studies since the location and quantity of fluorescence
materials in MCs can be precisely determined by CLSM. In our
work, we compared the penetration behaviors of the FITC-
labeled DP-1 and DPCol in the MCs prepared from 4T1 cells.
From Fig. 4, it can be clearly seen that after 12 h incubation,
the FITC-labeled DPCol penetrates much deeper in the MCs
than the FITC-labeled DP-1, indicating that the modification
with Col enhances significantly the penetration of the poly-
mers in the MCs. This is likely associated with the DPCol-cata-
lyzed degradation of collagen within MCs.>!

3.6 Tumor penetration

To further assess the ability of the polymer-bound Col to cata-
lyze the degradation of collagen in vivo, we injected intra-
venously DPCol into 4T1 tumor-bearing mice with saline and
DP-1 as the negative controls. We measured the contents of
type I collagen in the tumors by immunofluorescence staining
and semi-quantitative analysis (Fig. 5a and b). As shown in
Fig. 5a and b, the fluorescence signal intensities of the tumors
treated with saline and DP-1 do not show a significant differ-
ence, in comparison, the signal intensity of the tumors treated
with the DPCol group is much weaker. The mean fluorescence
intensity in the DPCol-treated tumors is about 51% of that in
the saline-treated tumor (Fig. 5b), signifying that DPCol can
effectively catalyze the degradation of collagen and reduce the
collagen contents in tumor tissues.

To investigate whether the degradation of collagen in
tumors can enhance the permeability of the nanomedicines
after extravasating from tumor vessels, we injected intra-
venously the FITC-labeled DP-1 and DPCol into 4T1 tumor-
bearing mice and assessed their distributions in tumors by
immunofluorescence staining. As shown in Fig. 5c, the red
fluorescence generated by the CD31 antibodies indicates the
location of blood vessels, and the green fluorescence indicates

Max

DP-1

DPCol

Min
Fig. 4 Typical Z-stack images of the 4T1 MCs incubated with the FITC-

labeled DP-1 and DPCol for 12 h. Scale bars = 100 pm. 2.5 D model
images at the depth of 80 pm of MCs.
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Fig. 5 (a) Immunofluorescence collagen | staining images of the frozen
sections of the 4T1 tumor tissues at 48 h after tail-vain injection of
saline, DP-1, or DPCol. Cell nuclei were stained by DAPI (blue) and col-
lagen | was stained by Alexa Fluor™ Plus 647 conjugated anti-collagen |
antibody (red). Scale bars = 50 um. (b) Quantitative analysis of collagen |
levels in tumor tissues at 48 h after tail-vain injection of saline, DP-1, or
DPCol (**P < 0.01, ***P < 0.001, n = 3). (c) CLSM images of the frozen
sections of the 4T1 tumor tissues at 48 h after tail-vain injection of
FITC-labeled DP-1 and DPCol, respectively. Scale bars = 100 pm.

the position of the FITC-labeled samples. At 48 h post-injec-
tion (p.i.), it can be observed that DPCol distributes much
more uniformly in the tumor than DP-1, signifying that the
collagen reduction induced by Col is indeed helpful for the
tumor penetration of nanomedicines.

3.7 Biodistribution

We evaluated the in vivo drug delivery properties of DPD-1 and
DPDCol by determining the DOX concentrations in different
tissues after intravenous injection with free DOX as control.
The samples were injected into 4T1 tumor-bearing mice via
tail vein at a dose equivalent to 4 mg kg™’ DOX. At pre-
determined time points, the mice were euthanized, different
organs and tissues including the blood, tumor, heart, liver,
spleen, lung, and kidney were collected, and DOX was
extracted from the tissue homogenates under acid conditions.
The DOX concentrations in different tissues were determined
via fluorescence quantification and are presented as the per-
centage of injected dose per gram (%ID g~ ') of wet tissues (the
data for blood are presented as %ID mL ") (Fig. 6). The blood
concentration-time data for both DPD-1 and DPDCol exhibit a
good fit to the two-compartment model (Fig. 6b). Accordingly,
the elimination half-lives for DPD-1 and DPDCol are calculated
to be about 34.6 and 36.6 h, respectively, significantly longer
than that of free DOX (0.6 h). As shown in Fig. 6g, compared to
free DOX, both DPD-1 and DPDCol exhibit pronounced tumor
accumulation and reach their peak DOX concentrations of 3.6
%ID g~ " and 4.6 %ID g~ in the tumor at 4 h, respectively. In
contrast, free DOX reaches its peak concentration at 1 h, with a
value of 1.2 %ID g~'. Furthermore, we assessed their tumor
enrichment abilities by calculating the tumor area-under-the-
curve (AUC) based on DOX concentration over time. (Fig. 6h).
The results indicate that DPDCol exhibits a greater tendency
for tumor enrichment than DPD-1 and free DOX, as reflected
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Fig. 6 DOX concentrations in the blood (a), heart (b), liver (c), spleen
(d), lung (e), kidney (f), and tumor (g) of the 4T1 tumor-bearing mice at
different time points after tail-vein injection of free DOX, DPD-1, and
DPDCol (*P < 0.05 compared with the free DOX group, n = 3). Data are
presented as mean + SD (n = 3). (h) AUC of DOX accumulation in the
tumor for free DOX, DPD-1, and DPDCol.

by the tumor AUC values of approximately 124.0 %ID h g™,
94.0 %ID h g™ ', and 27.6 %ID h g™, respectively.

The maximum DOX concentrations and their corres-
ponding appearance time points in various tissues (heart,
liver, spleen, lungs, kidneys, and tumor) for both DPD-1 and
DPDCol are presented in Table S1.f It can be found that com-
pared to DPD-1, DPDCol exhibits higher uptake in the liver
and spleen, comparable uptake in the lungs and heart, and
lower uptake in the kidneys, suggesting that DPDCol is more
readily captured by the mononuclear phagocyte system (MPS),
while DPD-1, due to its smaller size, is more prone to accumu-
late in the kidney.

3.8 Antitumor efficacy and biosafety evaluation

We further evaluated the antitumor performance of DPD-1 and
DPDCol by using 4T1 tumor-bearing mice as the model
animals. The negative control groups were treated with DP-1,
DPCol, and saline, and the positive control group was treated
with DOX. After a single intravenous injection on the first day,
the tumor volumes were measured every other day over the
next 15 days (Fig. 7a). As shown in Fig. 7a, at all the defined
time points, there are no significant differences in the relative
tumor volumes among the DP-1, DPCol, and saline negative
control groups, indicating that DP-1 and DPCol do not possess
antitumor activity. For the three DOX formulations DPD-1,
DPDCol, and free DOX, both DPD-1 and DPDCol exhibit
higher inhibitory effects on tumor growth than free DOX. On
the 15™ day, for the DOX, DPD-1, and DPDCol groups, the rela-
tive tumor volumes are 13.9, 6.1, and 1.9, and the tumor
growth inhibition (TGI) values are 43.5%, 73.8%, and 91.8%,
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Fig. 7 Tumor growth curves (a) and survival rates (b) of the 4T1 tumor-
bearing mice after different treatments. Data are presented as mean +
SD (n = 10). *P < 0.05 (DOX versus DPDCol from day 5, DPD-1 versus
DPDCol from day 7). (c) H&E stained tissues of different major organs
obtained from healthy BALB/c mice administrated with PBS, DPD-1, and
DPDCol on the 7% day (all tissues: x200).

respectively, indicating that the order of antitumor activity is
DPDCol > DPD-1 > free DOX. The necrosis of the tumor cells
induced by the therapeutic agents was evaluated on the 7 day
after the treatments. The images of the tumor slices stained by
hematoxylin and eosin (H&E) are shown in Fig. S8.1 As can be
seen, the DPDCol group shows the highest necrosis rate, com-
firming the superior treatment efficacy of DPDCol. We also
monitored the body weights of all the test mice (Fig. S97).
When compared to the saline group, there are no significant
differences in body weights of the DPD-1, DPDCol, DP-1, and
DPCol groups, suggesting that the drug-free and drug-loaded
polymers do not cause significant acute toxicity to the experi-
mental mice. The survival time of the test mice is shown in
Fig. 7b. All the mice in the negative control and DOX groups
died within 55 days after the treatments. By contrast, on the
60" day, there are still 20% and 80% of the mice surviving in
the DPD-1 and DPDCol groups, respectively, signifying that the
high tumor permeability of DPDCol can significantly augment
its therapy efficacy.

We assessed the biosafety of DPD-1 and DPDCol by histo-
logical analysis after tail-vein injection into healthy mice with
the PBS-treated mice as the negative control. The histological
slices stained by H&E show that the mice in the DPD-1 and
DPDCol groups do not have significant pathological changes
in major organs compared to the control group, signifying the
negligible toxicity of DPD-1 and DPDCol (Fig. 7c). Meanwhile,
as shown in Fig. S10 and S11,f the hematological and bio-
chemical parameters of the DPD-1 and DPDCol treatment
groups are within normal ranges, indicating that neither of
them induced inflammation or impaired liver and kidney func-
tion in mice.
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4. Conclusions

We synthesized a G3 PAMAM-cored multiarm copolymer and
modified the polymer with Col to enhance its tumor pene-
tration. Each arm of the polymer was a diblock copolymer of
PGA-b-PCB, in which the PGA block was used to link DOX
through the pH-sensitive acylhydrazone linkage, and the
zwitterionic PCB block provided desired water solubility and
anti-biofouling capability. The Col was conjugated to the ends
of the arms via the thiol-maleimide reaction. The degradation
effect of the polymer-bound Col on the collagen in the tumor
ECM augmented significantly the tumor penetration of the
drug-loaded polymers and consequently high antitumor
efficacy was attained.
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