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The clinical efficacy of chemotherapeutic drugs is hindered by their poor aqueous solubility, low bioavail-
ability and severe side effects. In recent years, polymeric nanocarriers have been used for drug delivery to
improve the efficacy of many chemotherapeutics. In this study, a series of biodegradable phenylalanine-
based poly(ester amide) (Phe-PEA) with tunable molecular weights (MWSs) were synthesized to systemat-
ically investigate the relationship between the polymer MW and the efficacy of the corresponding poly-
meric nanoparticles (NPs). The results indicated that a range of polymers with different MWs can be
obtained by varying the monomer ratio or reaction time. Doxorubicin (DOX), a classic clinical lymphoma
treatment strategy, was selected as a model drug. The loading capacity and stability of the higher MW
polymeric NPs were superior to those of the lower MW ones. Moreover, in vitro and in vivo data revealed
that high MW polymeric NPs had better anticancer efficacy against lymphoma and higher biosafety than
low MW polymeric nanoparticles and DOX. Therefore, this study suggests the importance of polymer MW
for drug delivery systems and provides valuable guidance for the design of enhanced polymeric drug car-
riers for lymphoma treatment.
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In recent decades, cancer has posed a serious threat to hu-
man'’s health owing to its increasing morbidity and mortality rate
[1]. Many advanced clinical treatments have been used to fight
against tumor such as surgery [2], radiotherapy [3] and chemother-
apy [4,5]. Among these, chemotherapy based on cytotoxic drugs is
the most common method for cancer treatment. However, the clin-
ical efficacy of chemotherapeutic drugs is hindered by poor aque-
ous solubility, low bioavailability and severe side effects [4,6,7].
Nanoparticles (NPs) have unique advantages in improving the sol-
ubility of hydrophobic drugs, prolonging blood circulation and en-
hancing drug accumulation in tumor sites, making them promis-
ing for cancer treatment [6,8-10]. Polymeric nanocarriers have at-
tracted the interest of researchers owing to their diverse structures,
biodegradability, and controllable drug delivery [11-15]. However,
the delivery efficacy has aplenty of space for improving by adjust-
ing the properties of the polymers [16-18].
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The physical properties, such as molecular weight (MW), sol-
ubility and glass transition temperature of degradable polymers,
significantly affect the drug delivery properties of polymeric NPs
as well as the biological properties of polymeric drug delivery
systems [19,20]. Recently, an increasing number of scientists fo-
cused on the relationship between the polymer MW and the per-
formance of the corresponding polymeric NPs [21]. For example,
Dahlman et al. developed a type of polymeric NPs formed by low
MW polyamines and lipids for siRNA delivery, which facilitated
the simultaneous silencing of multiple genes and mediated the
most durable non-liver silencing [22,23]. Furthermore, Li and his
coworkers demonstrated that by increasing the MW of developed
cationic polymer mucoadhesive NPs, they have prolonged the gene
transfer time and improved the penetration through the bladder
permeability barrier [24]. Among them, tuning the polymer MW
can affect the cellular uptake, circulation time and accumulation
ability, which led to significantly enhanced therapeutic efficacy
[25,26].

With improved chemical modifications, polymers with con-
trolled MWs can be fabricated [27-29]. In the present study, a
series of phenylalanine-based poly(ester amide)s (Phe-PEAs) with
precisely controlled structures was established and developed as
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a model polymer library to investigate the effects of the polymer
MW on the DOX delivery and lymphoma therapy efficacy. Phe-PEA
was synthesized from three building blocks: dial, diol and amino
acid. By changing the molar ratio of monomers and reaction time,
the polymer MW could be finely tuned. Then, two different MWs
(a high MW of 35-45kDa and a low MW of 6-7 kDa) of Phe-PEA
were opted and evaluated in detail. The high MW polymeric NPs
exhibited higher loading capacity and higher stability than the low
MW polymeric NPs. Although there was no significant difference
in cellular uptake between these two types of NPs, the high MW
polymeric NPs exhibited better anticancer efficacy against lym-
phoma in vitro and in vivo than DOX and the low MW polymeric
NPs (Scheme 1).

The Phe-PEA polymers were synthesized through three steps
previously reported [30,31]: (1) the synthesis of di-p-nitrophenyl
ester of dicarboxylic acid (monomer I, denoted as “Nx,” where “X”
indicates the number of methylene groups in dicarboxylic acid),
(2) the synthesis of tetra-p-toluenesulfonic acid salts of bis(L-Phe)-
diester (monomer II, denoted as “Phe-y,” where “y” indicates the
number of methylene groups in diol), and (3) the synthesis of
Phe-PEA polymers (denoted as “xpy”) through polycondensation of
monomers | and II. Details of the synthesis were applied in Sup-
porting information. Different reaction time, temperatures and mo-
lar ratios were used to prepare different MW Phe-PEA polymers.

The chemical structures of the Phe-PEA polymers were exam-
ined via TH NMR spectroscopy (Bruker Avance IIl, Germany) and
Fourier transform infrared (FTIR) spectroscopy (Bruker, Germany).
The thermodynamic properties were investigated using differen-
tial scanning calorimetry (DSC, NETZSCH, Germany), and the MWs
were measured via gel permeation chromatography (Agilent, USA)
with a tetrahydrofuran column.

The nanoprecipitation method was used to prepare the Phe-
PEA-based NPs owing to the hydrophobic properties of the Phe-
PEA polymers. The polymer and DOX or dyes were dissolved in
a 10 mg/mL dimethyl sulfoxide (DMSO) solution, and then DSPE-
PEG2k was mixed with them as a stabilizer at a prearranged ra-
tio. Then, the mixture was added dropwise to water under stir-
ring to synthesize Phe-PEA-based NPs. The formulation was cen-
trifuged and ultrafiltered using an ultrafiltration tube (100 kDa) to
remove DMSO and concentrate it. Finally, the NPs were prepared
in a 1x phosphate-buffered saline (PBS) solution for later use. Dy-
namic light scattering (DLS, Malvern Zatasizer, UK) was employed
to measure the size distributions and zeta potentials of Phe-PEA-
based NPs. The NP solution was dropped onto the carbon support
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Scheme 1. Illustration of the DOX-loaded nanoplatform based on Phe-PEA polymers
with different MWs for lymphoma therapy.
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film, and the morphology of the NPs was observed via transmis-
sion electron microscopy (TEM, JEOL, Japan) after natural drying.
The stability of the Phe-PEA-based NPs was determined by ana-
lyzing the sizes of the NPs in PBS (pH 7.4) over a 7-d period. A
microplate reader (BioTek, USA) was used to evaluate the loading
capacities and encapsulation efficacies of DOX-loaded Phe-PEA NPs.

The drug-release behavior of DOX@Phe-PEA NPs was deter-
mined via the dialysis method as follows: 1 mL of NP solution was
added to a dialysis bag (MWCO: 3500Da) and then transferred to
10 mL of release buffer with different pH values, i.e., 74 and 5.0,
which were used to simulate the normal physiological environ-
ment and the microenvironment of the lysosome, respectively. The
released samples were placed in a constant-temperature shaker at
37°C and 100rpm. At predetermined time intervals, 600 pL of the
release medium was withdrawn and supplemented with an equal
volume of fresh release medium. Finally, the amount of drug in the
release medium was measured using a microplate reader.

The cytotoxicity of Phe-PEA-based NPs in A20 cells was inves-
tigated using the CKK-8 assay. The procedure was as follows. A20
cells at the logarithmic growth stage were incubated at a density
of 8000 cells/well and cultured overnight at 37 °C in a humidified
atmosphere containing 5% CO,. Then, 100 pL of a medium contain-
ing Phe-PEA NPs, DOX, or DOX@Phe-PEA NPs at different concen-
trations was added to each well. The cells incubated with the cul-
ture medium were considered as negative control samples, and the
cell-free wells were considered as blank samples. After 24 h of in-
cubation, 10 pL of CKK-8 reagent was added to each well, followed
by 2h of incubation. Finally, the absorbance of each well in dif-
ferent groups at 450 nm was measured using a BioTek microplate
reader. The cell viability of each group was calculated according to
the relative absorbance, using the following equation:

Cell Viability% = (Absample - Abblank)/(Abcontrol - Abblank) x 100%

The cell apoptosis in A20 cells was detected via flow cytometry
(SP6800, Sony, Japan), as follows. A20 cells were seeded at a den-
sity of 2 x 10 cells/well and cultured at 37°C in a humidified at-
mosphere containing 5% CO, overnight. Then, the medium was dis-
carded, and a medium containing Phe-PEA NPs, DOX (0.5 ug/mL),
or DOX@Phe-PEA NPs (with 0.5pg/mL DOX) was added. Cells
treated with the culture medium were used as controls. After 24 h
of incubation, the medium was discarded via centrifugation and
washed twice with PBS, and the cells were resuspended in 500 puL
of an Annexin V-APC/7AAD working solution and maintained for
15min in the dark. Finally, the cells were analyzed for apoptosis
using flow cytometry.

The uptake of DOX@Phe-PEA NPs by A20 cells was investigated
using flow cytometry, as follows. A20 cells were incubated in six-
well plates at a density of 2 x 10° cells/well and cultured overnight.
Then, the medium containing free DOX (0.2 g/mL) or DOX@Phe-
PEA NPs (0.2 pg/mL DOX) was added and incubated with the A20
cells for 0.5, 1, 4, and 6h. Next, the medium was discarded via
centrifugation, the cells were washed three times with PBS, and
flow cytometry was used for fluorescence quantification.

Confocal laser scanning microscopy (CLSM, Zeiss, Germany) was
used to observe the lysosomal escape of DOX@Phe-PEA NPs in
A20 cells. Similar to the previous step, A20 cells were incubated
overnight, and DOX@Phe-PEA NPs with a DOX concentration of
0.4ug/mL were then incubated with the cells for 1 and 4h. Af-
ter centrifugation and washing, 1 mL of the nuclear dye Hoechst
33,342 (5pg/mL) and 1 mL of the lysosomal dye LysoTracker Green
(75 nmol/L) were added, followed by incubation for 10 and 30 min,
respectively. The cells were then washed and dispersed in PBS.
Finally, the cells were transferred to a confocal dish and pho-
tographed using CLSM.

All animal experiments were conducted in accordance with
the guidelines of the Institutional Animal Care and Use Commit-
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tee of Sun Yat-sen University. A fluorescent dye 1,1-dioctadecyl-
3,3,3,3-tetramethylindotricarbocyaineiodide (DiR) was selected to
label NPs in vivo. DiR@Phe-PEA NPs were prepared according to the
same nanoprecipitation method as DOX@Phe-PEA NP preparation,
and the biodistribution of the NPs in A20 tumor-bearing nude mice
was studied using an in vivo imaging system (IVIS, PerkinElmer,
USA). Briefly, A20 tumor-bearing nude mice were randomly di-
vided into two groups and injected intravenously with DiR@4P4-
L NPs (0.5mg/kg DiR) and DiR@4P4-H NP solution (0.5 mg/kg
DiR), respectively. At predetermined time points, the mice were
anesthetized, and fluorescence images were obtained using IVIS.
Twenty four hours after the injection, the mice were euthanized,
and the major organs (heart, lung, spleen, liver, and kidney) and
tumor tissues were excised for fluorescence imaging. The tumor
tissues of both groups were frozen, sectioned, and stained with
FITC/Anti-CD31 antibody (to label the blood vessels) and 4',6-
diamidino-2-phenylindole (DAPI) (to label the nuclei) for observing
the biodistribution and deep penetration of NPs in tumor sites via
fluorescence microscopy.

An A20-tumor bearing mouse model was used to verify the
therapeutic effect of DOX@Phe-PEA NPs on lymphoma. First,
100 pL of A20 cell suspension was subcutaneously injected into
the backs of BALB/c nu/nu mice at a density of 3 x 107 cells per
mouse to construct a subcutaneous transplantation tumor model.
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When the tumor volume reached approximately 50-100 mm?3, the
mice were randomly divided into six groups and treated with tail
vein injection of the following formulations: saline (control group),
4P4-L NPs, 4P4-H NPs, DOX (5 mg/kg), DOX@4P4-L NPs (5 mg/kg
DOX), and DOX@4P4-H NPs (5mg/kg DOX). During the treatment
period, the formulations were injected every 2 d for a total of five
injections, and the body weight and tumor volume of each mouse
were recorded once per day. At the end of the treatment, serum
was collected for evaluating blood biochemical parameters, includ-
ing aspartate aminotransferase (AST), alkaline phosphatase (ALP),
alanine aminotransferase (ALT), blood urea nitrogen (BUN), creati-
nine (CRE), and kinase (CK). The mice were euthanized, their tu-
mors were photographed and weighed, and the tumor sections
were fixed in 4% paraformaldehyde (PFA) for H&E section staining
and a TUNEL apoptosis assay. The primary organs of the mice in
each group (heart, lung, spleen, liver, and kidney) were collected
and fixed in 4% PFA for H&E section analysis.

To develop Phe-PEA, two monomers were employed for normal
solution polycondensation, as previously reported (Fig. 1A). The
Phe-PEA was denoted as “xPy,” where “X” indicates the number
of methylene groups in monomer I, and “y” indicates the number
of methylene groups in monomer II. To obtain Phe-PEA with dif-
ferent MWs, the molar ratio of the monomers and reaction time
were finely tuned. As shown in Fig. 1B, for the 4P4 system, with
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Fig. 1. (A) Synthetic route for the Phe-PEA polymers. (B) Effects of the molar ratio and reaction time on the MW of 4P4. (C) Effects of the molar ratio and reaction time on
the MW of 8P4. (D) '"H NMR spectra of 4P4-L and 4P4-H polymers. (E) '"H NMR spectra of 8P4-L and 8P4-H polymers.
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r=0.8, the MW of 4P4 reached approximately 2.3k quickly and re-
mained constant thereafter; with r=0.9, the MW of 4P4 reached
approximately 4.6k very quickly and remained constant thereafter;
with r=1.0, the MW of 4P4 increased quickly in the first 10h and
then remained constant (above 20k). Similar results are observed
in Fig. 1C: for the 8P4 system, with r=0.8, the MW of 8P4 reached
approximately 4k very quickly and remained constant thereafter;
with r=0.9, the MW of 8P4 reached approximately 7k very quickly
and remained constant thereafter; with r=1.0, the MW of 8P4 in-
creased quickly in the first 10 h and then remained constant (above
20Kk). For saturated PEA (r=1), the polymerization process could be
roughly divided into three stages: 0-5h (fast growth), 5-12 h (slow
growth), and 12h (steady growth). A slow or steady growth indi-
cates that the activity of the PEA (the activity of the end group)
is low or dead. For the fast stage, 0-0.5h was the most uncon-
trollable part, and 0.5-5h was comparatively controllable (Figs. 1B
and C)

To evaluate the effects of the MW on the physicochemical prop-
erties of Phe-PEA and the corresponding polymeric NPs, two types
of Phe-PEA with large MW differences were selected. A ratio of 4:5
was used for the synthesis of low-MW Phe-PEA (4P4-L and 8P4-L),
and the high-MW Phe-PEA (4P4-H and 8P4-H) was synthesized at
a ratio of 1:1 (Table S1 in Supporting information). The chemical
structures of the Phe-PEA with different MWs were confirmed by
TH NMR and FTIR spectroscopy, as shown in Fig. S1 (Supporting
information). The proton peak of the amide bond was observed at
8.25 ppm, indicating successful polymerization (Figs. S1D and E).
The C=0 stretching peaks at 1720 and 1670cm~! confirmed the
successful polymerization (Fig. S1A). There were no differences in
the TH NMR or FTIR spectra between the high-MW and low-MW
Phe-PEA polymers. The thermodynamic properties of the Phe-PEA
were evaluated using DSC. As indicated by Fig. S1B and Table S1,
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the glass transition temperature (Tg) and thermal property differ-
ences between the high-MW and low-MW Phe-PEA were small.

DOX, a standard clinical chemotherapeutic for lymphoma ther-
apy, was selected as a model drug to evaluate the effect of the MW
on the properties of the Phe-PEA-based NPs, such as their loading
capacities and drug-release profiles. First, a series of drug-loaded
NPs were prepared by encapsulating DOX into Phe-PEA polymers
via nanoprecipitation, and then the particle sizes and particle-size
distributions of the Phe-PEA-based NPs were measured via DLS. As
indicated by Figs. 2D and E and Table S2 (Supporting information),
the blank carrier NPs exhibited a narrow particle-size distribution
in the range of 60-90 nm, the PDI distribution was between 0.11
and 0.15, and the zeta potential was close to neutral. Compared
with the blank carrier NPs, the particle size of drug-loaded NPs
changed slightly, except for the DOX@8P4-L NPs, which had a sig-
nificantly increased particle size. The TEM images of the NPs in-
dicated that both types of NPs had a well-defined spherical struc-
ture, which was consistent with the DLS results (Figs. 2F and G and
Table S2).

Next, different DOX@Phe-PEA NPs were dispersed in PBS (pH
7.4), and their sizes were monitored for 7 d to evaluate their sta-
bility in a physiological environment. As shown in Fig. 2A, the par-
ticle size of the high-MW DOX-loaded NPs was slightly changed
after 7 d, indicating good stability. However, the particle size of
the low-MW DOX@Phe-PEA NPs increased from 74nm to 145nm
(4P4-L) and from 139 nm to 182 nm (8P4-L) in the first 4 d and re-
mained stable for the last 3 d, indicating that a low MW would
affect the stability of the corresponding polymeric NPs. A simi-
lar phenomenon was observed in the evaluation of the drug load-
ing capacity. The high-MW DOX@Phe-PEA NPs exhibited a better
DLC, ie., 8.44% + 0.15% (4P4-H) and 9.49% + 0.16% (8P4-H), than
the low-MW DOX-loaded NPs, which indicated that as the polymer
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Fig. 2. (A) Stability of DTX@Phe-PEA NPs in PBS for 7 d. (B) In vitro DOX release from DOX@4P4-L NPs and DOX@4P4-H NPs under different pH conditions. (C) In vitro DOX
release from DOX@8P4-L NPs and DOX@8P4-H NPs under different pH conditions. Size distribution (left) and TEM images (right) of 4P4-L NPs (D), 4P4-L NPs (E), DOX@4P4-L

NPs (F) and DOX@4P4-H NPs (G).



X. You, L. Wang, J. Zhang et al.

Chinese Chemical Letters 34 (2023) 107720

A DOX DOX@4P4-L NPs DOX@4P4-H NPs B
>, 300000
6h 6h 6h =
A A A 2 M DOX@4P4-L NPs
4h 4h 4h ]
2 200000
1h 1h 1h §
05h 05h 05h 8 100000
»
Control, \\ Contrjf‘.\ Contrj{ \\ g
v v [
|.z 1.: IO. |0‘ 10‘ 101 ll)2 l.1 IO‘ |ﬂ‘ ﬂli 1I1 “.2 ‘Il1 IO‘ 10‘ ﬂl‘ 101
FL2-A :: PE-A FL2-A :: PE-A FL2-A :: PE-A
C
Hoechst 33422 Lysotracker
»n
o
=z
-
<
o
<
®
x
o
a
[2]
o
P4
T
<
o
<
®
x
o
o

Fig. 3. (A) Fluorescence histograms of the A20 cells incubated with free DOX, DOX@4P4-L NPs and DOX@4P4-H NPs. (B) Mean fluorescence intensity of DOX, DOX@4P4-L
NPs and DOX@4P4-H NPs internalized by A20 cells for 0.5, 1, 4, and 6 h. (C) Confocal microscopy images of A20 cells incubated with DOX@4P4-L NPs and DOX@4P4-H NPs

for 1 and 4h (scale bar=10um, enlarged scale bar=5pum).

MW increased, the drug loading efficiency of the Phe-PEA polymer
was improved. These results suggest that high-MW Phe-PEA NPs
are a promising drug-delivery system for cancer therapy.

The drug-release profiles were obtained using the dialysis
method, and the release buffers were PBS with pH values of 7.4
(physiological condition) and 5.0 (acidic tumor microenvironment).
As shown in Figs. 2B and C, the release rates of all the DOX@Phe-
PEA NPs in the PBS solution at the pH of 74 were low, and
the final cumulative drug release was <45%. In comparison, in
the acidic environment (pH of 5.0), the release rate of the drug
was higher, the final cumulative drug release was significantly en-
hanced, and the cumulative release of high-MW DOX@Phe-PEA
NPs exceeded that of low-MW DOX@Phe-PEA NPs. These results
indicated that the acidic environment promoted the drug release
from the DOX@Phe-PEA NPs. It can be inferred that the high-MW
DOX@Phe-PEA NPs can enhance drug release at the tumor site,
which would have beneficial anticancer effects.

Cellular uptake efficiency is critical for evaluating NP function.
In this study, flow cytometry was used to quantify the uptake
of DOX@Phe-PEA NPs by A20 cells. As shown in Fig. 3A, A20
cells exhibited significantly enhanced red fluorescence after incu-
bation with DOX@Phe-PEA NPs, and the fluorescence intensity in-
creased with the incubation duration. These results indicated that

the DOX@Phe-PEA NPs were rapidly and effectively taken up by
tumor cells, and the uptake efficiency was higher than that of free
DOX (Fig. 3B). Thus, the DOX@Phe-PEA NPs with both MWs pro-
moted efficient drug uptake by A20 tumor cells.

Next, CLSM was used to determine whether the DOX@Phe-PEA
NPs could escape from the lysosomes of A20 cells. As shown in
Fig. 3C, after 1h of incubation with DOX@Phe-PEA NPs, the red
fluorescence of the NPs mostly overlapped with the green fluores-
cence of the lysosomes, resulting in yellow fluorescence, which in-
dicates that the NPs were mainly distributed in lysosomes at 1h.
With the incubation time increased to 4h, the green fluorescence
was separated from the red fluorescence, and the yellow fluores-
cence was significantly reduced, indicating that the DOX@Phe-PEA
NPs successfully escaped from the lysosomes into the cytoplasm.
In summary, DOX@Phe-PEA NPs enhanced the cellular uptake and
achieved lysosomal escape in both high and low DOX-loaded NPs.

Encouraged by the cellular uptake results, the in vitro cyto-
toxicity of DOX and DOX@Phe-PEA NPs in A20 cells was as-
sessed using the CKK-8 method. As shown in Fig. 4A, after incu-
bation with different concentrations of Phe-PEA NPs, the viability
of A20 cells was not significantly reduced and remained at ap-
proximately 90%. However, the viability of A20 cells was signifi-
cantly reduced after treatment with different concentrations of free
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A20 cells incubated with Phe-PEA NPs, DOX and DOX@Phe-PEA NPs measured by a flow cytometer. **P < 0.01, ***P < 0.001.

DOX and DOX@Phe-PEA NPs for 24 h, and the reduction was dose-
dependent (Fig. 4B). The semi-inhibitory concentrations (ICsy) of
DOX, DOX@4P4-L NPs, and DOX@4P4-H NPs were 0.74, 0.66, and
0.41 pg/mL, respectively. These results may be due to the instabil-
ity and less drug release amount of DOX@4P4-L NPs which finally
lead to lower cytotoxicity. Thus, it was concluded that DOX@4P4-H
NPs had a better cytotoxic effect on A20 cells than free DOX and
DOX@4P4-L NPs.

To further investigate the induction of apoptosis by DOX@Phe-
PEA NPs, A20 cells were treated with Phe-PEA NPs, DOX, and
DOX@Phe-PEA for 24 h. Apoptotic cells were labeled with Annexin
V-APC/7AAD and subjected to flow cytometry. As shown in Figs.
4C and D, the apoptosis in the Phe-PEA NP group was comparable
to that in the control group, indicating that Phe-PEA NPs do not
induce apoptosis and have good biocompatibility. In contrast, after
24 h of treatment with DOX and DOX@Phe-PEA, A20 cells exhibited
significant apoptosis, with apoptotic rates of 32.63% + 0.84% (DOX),
50.60% + 2.00% (DOX@4P4-L NPs), and 62.77% + 2.14% (DOX@4P4-
H NPs). Thus, it is evident that high-MW NPs can enhance the in
vitro antitumor activity of DOX.

It is widely known that NPs of specific sizes can be passively
targeted to tumor sites through the enhanced permeability and
retention (EPR) effect, extending the in vivo circulation time. To
investigate the targeting of DOX@Phe-PEA NPs in A20 xenograft-
bearing mice, DiR was selected to mimic the drug and label the
NPs, and fluorescence imaging of the mice was performed by IVIS
after DiR-loaded NPs were injected into the mice via the tail. As
shown in Fig. 5A, 1 h after injection, the NPs rapidly aggregated at
the tumor site. The fluorescence intensity of the DiR-loaded NPs at
the tumor site increased over time and reached its maximum value
at 12 h. In addition, the images of ex vivo major organs in Fig. 5B
and the quantitative analysis results in Fig. 5C confirmed that the
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Fig. 5. (A) DiR fluorescence images of Phe-PEA NPs with different MWs distributed
in mice at different times after intravenous injection. (B) DiR fluorescence images
of the ex vivo biodistribution of Phe-PEA NPs with different MWs. (C) Quantitative
results for the fluorescence intensity in major organs and tumor accumulation. (D)
Fluorescence images of Phe-PEA NPs with different MWs distributed in tumor sec-
tions. Green fluorescence corresponds to CD31, indicating blood vessels; blue fluo-
rescence corresponds to DAPI, indicating nuclei; and red fluorescence corresponds
to DiR, indicating NPs (scale bar =100 um).
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DiR-loaded NPs enhanced the tumor accumulation compared with
other major organs. However, there was no significant difference
between the NPs with different MWs. The results indicated that
DiR-loaded NPs with suitable particle sizes can be rapidly and ef-
fectively targeted to lymphoma tissues, can enhance the accumula-
tion of drugs in tumor tissues, and can prolong retention in tumor
tissues.

To further investigate the penetration of NPs into the A20 tu-
mor site, the tumor sections were stained with Anti-CD31 mono-
clonal antibody for labeling tumor blood vessels with green fluo-
rescence, DAPI for labeling cell nuclei with blue fluorescence, and
DIR for labeling NPs with red fluorescence. As shown in Fig. 5D,
red fluorescence was hardly detected in the tumor sites of DiR-
treated mice, implying that free DiR had difficulty aggregating at
the tumor sites. In contrast, the red fluorescence signal of the DiR-
loaded NPs at the tumor sites was significant. The red fluorescence
of DiR@4P4-L NPs overlapped with the green fluorescence of the
blood vessels (Fig. 5D); however, the red fluorescence of DiR@4P4-
H NPs could aggregate far from the green vessels (Fig. 5D), con-
firming that the DiR@4P4-H NPs penetrated the tumor blood ves-
sels, entering the tumor interstices. Deep tumor penetration and
accumulation allow DOX-loaded NPs to exert their antitumor ef-
fects.
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Encouraged by the efficient cellular uptake, enhanced cytotox-
icity, cell apoptosis, deep tumor penetration, and accumulation of
NPs, an A20 tumor-bearing mouse model was used to verify the in
vivo antitumor effects of DOX@Phe-PEA NPs. Within the treatment
duration, the body weight and tumor volume of the mice were
recorded daily, the tumor growth curves were plotted, and the tu-
mors were photographed and weighed at the end of the treatment
to assess the tumor suppression effect. After treatment with the
different formulations, the tumors in the mice exhibited different
growth trends. For the negative control and Phe-PEA NP treatment
groups, the tumors grew rapidly with the same trend, and the tu-
mor volumes reached >1500mm? after 12 d of treatment. How-
ever, the tumor growth was inhibited in mice treated with free
DOX and DOX@Phe-PEA NPs, and the tumor inhibition rates were
54.4% and 67.0% (DOX@4P4-L NPs) and 76.5% (DOX@4P4-H NPs),
respectively (Figs. 6A and C). Meanwhile, there was no obvious
weight loss in each group (Fig. 6B). The tumors were excised and
weighed at the end of the treatment, which revealed similar trends
in the tumor volume growth and imaging results (Fig. 6D). Thus,
the high-MW DOX@Phe-PEA NPs exhibited better antitumor effi-
cacy than the DOX-treated and low-MW DOX@Phe-PEA NP groups.
In addition, there were no significant changes in the body weights
of the mice in any of the groups during the entire treatment pe-
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Fig. 6. (A) Tumor growth inhibition of A20 tumor-bearing mice after intravenous injection with PBS, Phe-PEA NPs, DOX and DOX@Phe-PEA NPs. (B) Body weights of A20
tumor-bearing mice after intravenous injection with different formulations over the treatment. (C) Representative image of a extracted tumor from an A20 tumor-bearing
mouse after treatment. (D) Weights of dissected tumors from mice after treatment. (E) H&E and (F) TUNEL staining images of tumor sections for cell apoptosis analysis after
treatment with different formulations (scale bar=100pum). *P < 0.05, **P < 0.01, ***P < 0.001.
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riod, confirming that the treatments did not cause serious toxic
side effects in the mice.

To further investigate the antitumor effect, H&E and TUNEL
staining of tumor sections were performed for evaluation at the
end of the treatment. As shown in Figs. 6E and F, for the con-
trol and Phe-PEA NP groups, the tumor sections were structurally
intact and tight, and no obvious nuclear abnormalities were ob-
served. In contrast, for the DOX and DOX@Phe-PEA NP groups, the
tumor tissues were loosely structured and exhibited obvious nu-
clear crinkling and fragmentation, indicating that the tumor tissues
underwent severe apoptosis and necrosis; the apoptotic necrosis
of the tumor cells in the DOX@Phe-PEA NP group was more seri-
ous. These results confirmed the superior antitumor effect of the
DOX@Phe-PEA NPs.

To assess the in vivo safety of DOX@Phe-PEA NPs, blood and
major organs were separated from the mice at the end of the treat-
ment for blood biochemical analysis and histological analysis. The
blood biochemical test indices included liver function indices such
as AST, ALT, and ALP; renal function indices such as BUN and CRE;
and the cardiac enzyme index CK. As shown in Fig. S2 (Supporting
information), there were no significant differences in any of the
groups, confirming that the carrier materials and drug-loaded NPs
did not have significant toxic side effects on the liver, kidney, or
heart and had a good safety profile. In addition, as shown in Fig.
S3 (Supporting information), the H&E staining results revealed no
significant organic changes or inflammatory damage in the mice
after multiple treatments, which confirmed the in vivo safety of
the vector and drug-loaded DOX@Phe-PEA NPs.

To investigate the effects of the polymer MW on drug delivery
and lymphoma therapy, we synthesized a series of Phe-PEA poly-
mers with different MWs by varying the monomer ratio and re-
action time. The high-MW polymer-based NPs exhibited a higher
loading capacity of DOX and higher stability than the low-MW
polymer-based NPs. Moreover, in vitro and in vivo data indicated
that the high-MW polymeric NPs had better anticancer efficacy
against lymphoma and deep tumor penetration than the low-MW
polymeric NPs and DOX. Therefore, this study highlights the impor-
tance of the polymer MW for drug-delivery systems and provides a
basis for the design of enhanced polymeric drug-delivery systems
for lymphoma therapy.
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