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a b s t r a c t

Colorectal cancer is a common cancer worldwide. Traditional chemotherapeutic drugs often face limita-

tions such as poor aqueous solubility and high systemic toxicity, which can lead to adverse side effects

and limited therapeutic efficacy. In this study, a library of one kind of biodegradable and biocompat-

ible polymer, leucine based-poly(ester amide)s (Leu-PEAs) was developed and utilized as drug carrier.

The structure of Leu-PEAs can be tuned to alter their physicochemical properties, enhancing drug load-

ing capacity and delivery efficiency. Leu-PEAs can self-assemble into nanoparticles by nanoprecipitation

and load paclitaxel (PTX) with the diameter of ∼108nm and PTX loading capacity of ∼8.5%. PTX-loaded

Leu-PEAs nanoparticles (PTX@Leu-PEAs) demonstrated significant inhibition of CT26 cell growth in vitro.

In vivo, these nanoparticles exhibited prolonged tumor accumulation and antitumor effects, with no ob-

served toxicity to normal organs. Furthermore, blank Leu-PEAs nanoparticles also showed antitumor ef-

fects in vitro and in vivo, which may be attributed to the activation of the mammalian target of rapamycin

(mTOR) pathway by leucine. Consequently, this biocompatible Leu-PEAs nano-drug delivery system shows

potential as a promising strategy for colorectal cancer treatment, warranting further investigation.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nowadays, colorectal cancer (CRC) has become one of the most

prevalent cancers worldwide and seriously threatens public health.

Recent statistics indicate that CRC comprises approximately 7.84%

of all new cancer cases in 2022 [1]. As the main traditional treat-

ment method of CRC, chemotherapeutic drugs are limited by poor

aqueous solubility and reduced tumor targeting, which lead to low

drug loading efficiency and high toxicity to normal organs such

as harm to digestive system, bone marrow, liver and kidney [2].

In recent years, in order to reduce these side effects, a variety of

nanocarriers including liposomes, nano-capsules and microspheres

have been developed [3–5]. However, current nanodrug systems

still face challenges such as low drug efficiency, high drug toxic-
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ity and short circulation time, which greatly restricted the further

application of nanocarriers [6,7].

Natural amino acids-based polymers have been widely used

in drug delivery systems [8–12]. Some positive results have been

achieved for example phenylalanine-based nanodrug delivery

systems for cancer treatment [13–15] and other diseases like

myeloid leukemia [16] and kidney injury [17], etc. Here, we im-

ported natural leucine into poly(ester amide)s and established a

polymer library. Leucine-based poly(ester amide)s (Leu-PEAs) are

biodegradable and biocompatible owing to the unique “amide” and

“ester” unit in their structures [18,19]. Moreover, Leu-PEAs are also

structure-adjustable. Through changing the carbon chain length

of diacids and diols, Leu-PEAs library containing 9 kinds of differ-

ent polymers was established. Previous research has shown that

carbon chain length can influence the physicochemical properties

of the polymer, e.g., hydrophobic and hydrophilic performance

thereby influence drug loading and surface properties of nanocar-

riers [9]. Leucine, a branched-chain amino acid, plays an important

https://doi.org/10.1016/j.cclet.2024.109689
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Scheme 1. Schematic illustration of a PTX loaded nanoplatform based on Leu-PEA

polymers with self-anticancer effect for CRC treatment.

role in a variety of body metabolisms such as synthesis of muscle

protein and insulin secretion [20–22]. Recent research suggests

that leucine can activate the mammalian target of rapamycin

(mTOR) and influence phosphorylation of its downstream proteins

[23,24]. It is worth noting that traditional chemotherapeutic drugs

usually bring many side effects, for example, paclitaxel (PTX), as

a frequently-used and eutherapeutic anti-tumor drug in clinical,

has been found to potentially induce protective autophagy in

tumor cells, reducing drug sensitivity and thereby diminishing

the apoptotic effects on tumor cells [25,26]. It was might owing

to the induce of PTX to the dephosphorylation of mTOR and

its downstream factors. Therefore, the addition of leucine might

inhibit the protective autophagy and improve therapeutic effects

through activating mTOR.

In this study, a library of leucine-based polymer was synthe-

sized. The Leu-PEAs could self-assemble into nanoparticles and

load PTX with the existence of stabilizer through nanoprecipitation

method. Then through the characterization of Leu-PEAs and PTX-

loaded nanoparticles, the relationship of polymer structure and

drug loading could be investigated. Also, the optimal polymer and

nanoparticle formula were picked out for the subsequent experi-

ments. In vitro and in vivo experiments were conducted to evalu-

ate the drug release profile, cellular uptake, drug distribution, anti-

cancer efficacy, toxicity, and the potential antitumor mechanism of

PTX-loaded nanoparticles (Scheme 1).

Leu-PEAs were synthesized through a well-established conden-

sation polymerization method. The synthetic route was presented

in Fig. S1 (Supporting information). Leu-PEA was obtained by the

polymerization reaction between natural l-leucine, diacids and di-

ols. In the structure of Leu-PEAs, x represents the carbon length

of diacid while y represents the carbon length of diols. Through

changing x and y, a series of Leu-PEAs could be obtained. In this

study, the chain length of diacid (x) was set as 2, 4, or 8 carbon

atoms, and for diols (y), it was set as 2, 4, or 6 carbon atoms.

Therefore, the Leu-PEA library contained 9 kinds of Leu-PEA poly-

mers. To characterize the Leu-PEA library, several material charac-

terization tests were performed. The 1H NMR spectrum of a typical

Leu-PEA polymer (4L6) was presented in Fig. S2 (Supporting infor-

mation). The appearance of protons belonging to the CONH group

at 8.16ppm indicated the successful formation of amide group.

Additionally, the FT-IR spectrum shown in Fig. 1A also confirmed

the synthesis of the polymer. The stretching vibration peak of the

N–H bond (3300 cm−1) implied the formation of -NH2 and -COOH

through the amide group. In addition, no matter y was set 2, 4 or

6, when y increased, the peak intensity of CH2 (2930, 2856 cm−1)

enhanced obviously, indicating that the longer carbon chain ap-

peared accompanying with the higher x value. As for comparing

the thermostability of Leu-PEAs, thermogravimetric analysis (TG)

spectrum was shown in Fig. 1B. When y=2 or 4, the thermosta-

bility increased with x growing. However, when y=6, the poly-

mer with a mid-range x value (4L6) exhibited the highest ther-

Fig. 1. Characterization of Leu-PEA polymers. (A) FT-IR spectrum of Leu-PEAs. (B) Thermogravimetric analysis (TG) spectrum of Leu-PEAs. (C) Gel permeation chromatography

(GPC) test results of Leu-PEAs.
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Fig. 2. Screening of Leu-PEAs. (A) Picture and (B) fluorescence spectra comparison results of hydrophobic and hydrophilic performance test of Leu-PEA polymers Nile red

loading. (C) Fluorescence spectra of N2, N4 and N8 series. (D) Cellular uptake of C6 loaded Leu-PEA NPs for 0.5, 2 and 8h. (E) Cumulative release of Dil from 2L6, 4L6 and

8L6 NPs in PBS solution (pH 5.0). The data are presented as means ± standard deviation (SD) (n=3).

mal stability. It started to lose weight at about 350 °C, which is

higher than 8L2 and 8L4 (300 °C). That is to say, the polymer 4L6

possessed the most excellent stability against heating. In addition,

the gel permeation chromatography (GPC) test results of Leu-PEAs

were presented in Fig. 1C and Fig. S3 (Supporting information).

Generally, the weight average molecular weight (Mw) ranged from

1674 to 24,913 with a polydispersity index (PDI) of 1.1 to 1.4, indi-

cating relative narrow molecular weight distribution. When y=6,

the polymer (4L6, 8L6) presented intermediate Mw, which is suit-

able for drug loading and they could be more easily degraded in

comparison to other polymers with different molecular weights.

Following a series of characterization tests, including thermal

and molecular weight analysis, screening of these Leu-PEAs is nec-

essary in order to identify the optimal polymer for the subse-

quent drug loading. First and foremost, change of carbon chain

length of polymers was probable to influence their physicochem-

ical properties such as solubility, hydrophobicity, degradability and

so on. Furthermore, when drugs were loaded with the polymers,

the drug loading efficiency, surface properties of nano carriers and

even the therapeutic effects both in vitro and in vivo could be af-

fected. A lipophilic fluorescent dye, Nile red, was loaded into Leu-

PEAs assembled nanocarriers and nine different types of nanopar-

ticles were prepared corresponding to the various combinations

of x and y values. Owing to the lipophilic characterization of Nile

red, the loading capacity is positively related to the hydrophobic-

ity of polymers. Fig. 2A presented the images of Nile red loaded

Leu-PEAs nanoparticles. The shade of color indicated the dosage of

loaded dye. To analyze the results more directly, the fluorescence

spectra from the comparison of hydrophobic and hydrophilic per-

formance tests for Leu-PEA polymers loaded with Nile red were

showed in Figs. 2B and C. The results suggested that an increase in

carbon chain length correlated with an increase in the hydropho-

bicity of the Leu-PEAs. Interestingly, for x values of 4 and 6, the

polymers with the highest y value (4L6 and 8L6) exhibited inter-

mediate hydrophobicity, which aligned with the GPC test results.

Moreover, coumarin 6 (C6) loaded with Leu-PEAs was utilized for

cellular uptake exploration. The results in Fig. 2D implied that the

cellular uptake was positively related with the carbon chain length

to a great degree. However, C6@4L6 NPs presented the highest cel-

lular uptake whether at 0.5, 2 or 8h. From the comparisons above,

it is inferred that the polymer with mid-range x and y values (4L6)

could potentially be the most effective nanocarrier for drug load-

ing and therapeutic efficacy. When y was set as 6, Dil was loaded

into 2L6, 4L6, and 8L6 to further investigate their drug release pat-

terns. Then the cumulative Dil release in phosphate buffer saline

(PBS) solution (pH 5.0) during 48h was detected and compared.

As anticipated in Fig. 2E, based on its optimal hydrophobicity and

molecular weight characteristics, Dil@4L6 NPs exhibited the high-

est drug release. In conclusion, through the screening of Leu-PEAs,

the polymer 4L6 presented the most promising drug loading po-

tentials for the subsequent disease treatment.

Following the exploration results above, 4L6 was picked out for

drug loading. Here, a typical chemotherapeutic drug, PTX, was se-

lected to be loaded. Both blank 4L6 NPs and PTX@4L6 NPs were

prepared through the nanoprecipitation method.

To verify the drug loading capacity, size distribution, PTX load-

ing capacity (LC), and encapsulation efficiency (EE) tests were per-

formed on the 9 kinds of Leu-PEAs, and the results are presented

in Fig. S4 (Supporting information). From the results, PTX@4L6 NPs

presented appropriate size and PDI. Moreover, the LC of PTX was

8.5% ± 0.01% and the EE was 85.5% ± 0.11%, both of which were

significantly higher than the other synthesized polymers. The TEM

images and size distribution of PTX@4L6 NPs in Figs. 3A and B

confirmed its spherical structure and uniform size distribution at

about 108±1.59nm. The TEM image and size distribution of 4L6

NPs in Fig. S5 (Supporting information) confirmed a smaller size

of approximately 91.8±0.73nm. In addition, the zeta potential of

PTX@4L6 NPs changed to −26.8±1.65 mV while the zeta poten-

tial of blank 4L6 NPs was −36.2±1.65 mV. The change of surface

charge also confirmed the drug loading. The size and PDI varia-
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Fig. 3. Characterization of PTX@4L6 NPs. (A) TEM picture and (B) size distribution of PTX@4L6 NPs. (C) Size and (D) PDI stability of PTX@4L6 NPs under PBS or PBS+ FBS

environment in 7 days. (E) The cumulative release of PTX from PTX@4L6 NPs. The data are presented as means ± SD (n=3).

tion of PTX@4L6 NPs in PBS and PBS supplemented with 10% fe-

tal bovine serum (FBS, to simulate physiological conditions) over

7 days were shown in Figs. 3C and D, indicating good stability in

a physiological-like environment. As for the condition of PTX re-

lease, three kinds of environment (pH 5.0, 6.8 and 7.4, PBS solu-

tion) were set and the cumulative release of PTX during 7 days

was calculated. The results were shown in Fig. 3E. The results in-

dicated that the release of PTX was less than 20% at pH 7.4 within

7 days, while it increased to more than 60% at pH 6.8 and over

80% at pH 5.0 during the same period. The reason was probably

related to the structure of nanoparticle. In acidic environment, the

acid amide bond of 4L6 was broken, resulting in the destruction

of the nanoparticle structure and the release of the loaded drug.

Therefore, compared with the neutral environment at pH 7.4, acid

environment at pH 6.8 and pH 5.0 presented more destruction of

nanoparticle structure and induced the constant release of PTX.

To investigate the antitumor activity of PTX, 4L6 NPs, and

PTX@4L6 NPs on the viability of CT26 cells, an MTT assay was per-

formed. Blank DMEM medium supplemented with 10% FBS and 1%

penicillin/streptomycin was served as the control group. As pre-

sented in Fig. 4A, after incubated with PTX, 4L6 NPs or PTX@4L6

NPs at the equivalent PTX concentration gradient for 24h, the

cell viability decreased gradually with the increasing PTX concen-

tration. From the calculation results, the half maximal inhibitory

concentration (IC50) of free PTX was approximately 3.804μg/mL

while IC50 of PTX@4L6 NPs was roughly 1.533μg/mL. It meant that

PTX@4L6 NPs presented stronger tumor cell killing effects com-

pared with PTX along. This enhanced efficacy might be attributed

to the higher cellular uptake and targeted distribution of the drug

within the tumor tissue by the nanoparticles. Interestingly, 4L6

NPs alone also demonstrated antitumor activity in vitro, with cell

viability dropping to below 60% at a concentration equivalent to

20μg/mL of PTX. Furthermore, as shown in Figs. S6 and S7 (Sup-

porting information), 4L6 NPs did not exhibit significant cytotoxi-

city toward normal NIH 3T3 cells and showed minimal hemolysis,

indicating the biocompatibility of the polymer. In addition, further

exploration of cell cycle and cell apoptosis test results were pre-

sented in Figs. 4B and C. The proportion of apoptotic and necrotic

cells in the PTX group increased from 6.2% to 32.8%, compared to

the control, indicating the tumor cell killing effects of PTX. How-

ever, in the PTX@4L6 NPs group, this number increased to 45.5%,

confirming the enhanced antitumor effects. Consistent with MTT

assay results, 4L6 NPs groups also presented a higher proportion

apoptotic and necrotic cells at about 15.7%. As for cell cycle inves-

tigation, about 50.69% CT26 cells with PTX treatment group stayed

at the G2/M stage and the number grew to 74.08% in PTX@4L6 NPs

group, which was significantly higher than that in control group.

The results implied that PTX could inhibit the tumor cell prolif-

eration through mitotic suppression. Moreover, the cell migration

assay results shown in Figs. 4D and E demonstrated that PTX@4L6

NPs had superior cell migration inhibition compared to the PTX

group, and 4L6 NPs also exerted an effect in this regard.

As demonstrated in previous sections, PTX@4L6 NPs appeared

to show better antitumor effects than free PTX. This improved ef-

ficacy is likely due to the enhanced accumulation and targeting of

PTX@4L6 NPs at tumor sites. To verify this hypothesis, an in vivo

biodistribution study was conducted. All animal procedures were

performed in accordance with the Guidelines for Care and Use of

Laboratory Animals of Sun Yat-sen University and approved by the

Animal Ethics Committee of Sun Yat-sen University (approval No.

SYSU-IACUC-2022-001158). The fluorescent dye, DiR, was used as a

probe to trace the biodistribution of PTX. Male CT26 tumor-bearing

BALB/c mice were injected intravenously with free DiR or DiR@4L6

NPs (at 1 equiv. DiR dosage of 0.5mg/kg). The fluorescent distri-

bution images of the mice at various time points are shown in

Fig. 5A. For the DiR@4L6 NPs group, a gradual increase in DiR flu-

orescence accumulation at the tumor site could be observed while

there was no obvious fluorescence gathering at tumor in free DiR

group. To quantitatively evaluate the results, organs (heart, liver,

spleen, lung and kidney) and tumors were harvested from mice in

both the DiR and DiR@4L6 NPs groups and imaged for fluorescence

at 72h. Images and quantitative analysis were shown in Figs. 5B

and C. The results showed that the fluorescence intensity of the

DiR@4L6 NPs group was markedly higher at the tumor site, which

was about 43.9 folds greater than that of the free DiR group, in-

dicating the longer circulation time and tumor-targeting effects of

DiR@4L6 NPs. In addition, DiR@4L6 NPs group also possessed much

higher fluorescence signals in liver and kidney than free DiR group.

This is likely because the liver and kidneys are the primary organs

responsible for metabolism and excretion of nanoparticles in the

body.

As presented above, PTX@4L6 NPs was shown to accumulate

at the tumor site and induce tumor cells apoptosis. Furthermore,

the in vivo antitumor effects of PTX@4L6 NPs were investigated.

For this study, 20 male CT26 tumor-bearing BALB/c mice with a

tumor volume of approximately 80–100mm3 were randomly di-

vided into four groups (n=5). Mice were intravenously injected

with saline, 4L6 NPs, PTX, and PTX@4L6 NPs, respectively, every
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Fig. 4. In vitro antitumor activity. (A) Cell viability test, (B) cell cycle test, (C) cell apoptosis test and (E) cell migration test of CT26 cells treated with control group, 4L6

NPs, PTX and PTX@4L6 NPs at different concentrations for 24h. (D) Cell migration rate statistics. Scale bar: 100μm. The data are presented as means ± SD (n=3). ∗∗P<0.01,
∗∗∗P<0.001. Data were all analyzed by ANOVA.

Fig. 5. In vivo biodistribution. (A) Representative picture of the distribution of free

DiR and DiR@4L6 NPs in mice during 72h. (B) Representative picture and (C) quan-

titative analysis of DiR and DiR@4L6 NPs in heart, liver, spleen, lung, kidney and tu-

mor at 72h. The data are presented as means ± SD (n=3). ∗∗P<0.01, ∗∗∗P<0.001.

Data were all analyzed by ANOVA.

other day at a PTX-equivalent dose of 5mg/kg. From the results

in Fig. 6A, tumors of saline group grew extremely rapidly within

21 days and tumor volume reached nearly 2000mm3. The free

PTX group showed moderate antitumor efficacy (∼600mm3) while

PTX@4L6 NPs group presented superior tumor inhibition effects

(∼300mm3) in comparison. Interestingly, 4L6 NPs also showed tu-

mor inhibition effects (∼1000mm3), a finding that aligns with pre-

vious in vitro results. At the end of experiment, mice were sac-

rificed and the tumors were collected for imaging and weight

measurement. The tumor weight and imaging results, shown in

Figs. 6B and C, were consistent with the tumor volume measure-

ments. The tumor weight of PTX@4L6 NPs was significantly lower

than free PTX group (P<0.05), indicating the superior antitumor

efficacy of PTX@4L6 NPs. Body weight monitoring, as depicted

in Fig. 6D, revealed no significant changes within 21 days, sug-

gesting that the nanocarriers did not induce systemic toxicity. In

Fig. 6. In vivo antitumor effects. (A) Tumor volume, (B) tumor images, (C) tumor

weight and (D) body weight of saline, 4L6 NPs, PTX and PTX@4L6 NPs treated

BALB/c mice during 21 days. (E) H&E and TUNEL staining results of tumors from

saline, 4L6 NPs, PTX and PTX@4L6 NPs treated BALB/c mice on the 21st day. The

data are presented as means ± SD (n=5). ∗P<0.05, ∗∗∗P<0.001. Data were all an-

alyzed by ANOVA. Scale bar: 100μm.

addition, hematoxylin-eosin (H&E) and terminal deoxynucleotidyl

transferase-mediated dUTP-biotin nick end labeling assay (TUNEL)

staining of tumors were also investigated for antitumor effects as-

sessment. As presented in Fig. 6E, compared with the neat cell

arrangement and clear chromatin of saline group, tumor tissues

of PTX and PTX@4L6 NPs groups exhibited cell necrosis. However,
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Fig. 7. The mechanism of the antitumor effect of leucine-based polymer. mRNA ex-

pression levels of (A) mTOR and (B) p62 (autophagy related protein). The data are

presented as means ± SD (n=4). ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001, ns represents no

significant differences. Data were all analyzed by ANOVA.

the PTX@4L6 NPs group exhibited more pronounced nuclear rup-

ture and cytoplasmic damage. An increased positive brown area

in TUNEL staining results for the PTX@4L6 NPs group, which in-

dicated enhanced cell apoptosis, further confirmed the superior

antitumor effects of PTX@4L6 NPs. In the further biosafety tests

shown in Fig. S8A (Supporting information), no obvious tissue tox-

icity was observed in the H&E staining results of main organs

(heart, liver, spleen, lung and kidney). Biochemical index test re-

sults, presented in Figs. S8B–F (Supporting information), showed

no significant changes in the primary hepatic indicators, aspartate

aminotransferase (ALT) and alkaline phosphatase (ALP), while ala-

nine transaminase (AST) levels in the PTX group showed a slight

increase, suggesting minimal liver inflammation. But AST of the

PTX@4L6 NPs group maintained normal level as comparison, con-

firming the safety. The main renal function index, blood urea ni-

trogen (BUN) and creatinine (CREA) showed that PTX@4L6 NPs

possessed no obvious toxicity to kidney. In conclusion, based on

the evaluation of mouse body weight, H&E staining of major or-

gans, and biochemical index tests of hepatic and renal indicators,

the safety and biocompatibility of the established nano system

(PTX@4L6 NPs) in vivo can be confirmed.

As previously discussed, PTX@4L6 NPs demonstrated signifi-

cantly enhanced efficiency in inhibiting tumor growth compared

to free PTX, both in vitro and in vivo. In addition to the prolonged

accumulation and passive targeting of the nanocarrier to the tumor

site, a possible reason might be related to the autophagy inhibition

in CT26 cells. PTX, a traditional chemotherapeutic drug, has been

found to induce protective autophagy through down-regulating the

phosphorylation of mTOR in tumor cells, resulting in decreased

apoptosis and reduced therapeutic efficacy against cancer. Inter-

estingly, leucine has been shown to activate the mTORC1 com-

plex, which inhibits autophagy. To verify this hypothesis, tumors

from mice treated with saline, PTX, 4L6 NPs, and PTX@4L6 NPs

were harvested, and RNA was extracted from these tissues for q-

PCR analysis. The results, as presented in Fig. 7A, indicate that the

leucine- containing groups (4L6 NPs and PTX@4L6 NPs) exhibited

notably higher mTOR expression compared to the free PTX group.

Regarding p62, a representative autophagy-related protein, its ex-

pression tends to increase when autophagy is inhibited. In Fig. 7B,

the relative mRNA level of p62 was significantly reduced in the

PTX group compared to the saline group, while it was greatly in-

creased in the leucine-containing groups, suggesting that leucine-

containing nanocarriers inhibit tumor cell autophagy.

In general, amino acid metabolism is now related with the

treatment of various diseases. Recent studies have reported that

the introduction of amino acids into nanodrug delivery system

might enhance the therapeutic effect through regulating signal

pathways relevant to cell metabolism [27]. In our study, noting the

relationship between leucine and cell autophagy metabolism, we

introduced natural leucine into biodegradable polymers and syn-

thesized nanocarriers for drug delivery. The self-anticancer effects

have been proved and the influence could be explored continu-

ously to further validate its therapeutic potential.

In conclusion, a leucine-based poly(ester amide)s biomaterial

library was successfully synthesized through the polycondensa-

tion of natural l-leucine, diacids and diols. The obtained Leu-PEAs

were then characterized and compared. An optimal polymer 4L6

was picked out for the establishment of PTX loaded nano sys-

tem. Characterization of PTX@4L6 NPs showed its uniform nano-

size (∼109nm), spherical structure, good stability, continuous drug

release in tumor microenvironment and no obvious cytotoxicity to

normal cells. In vitro and in vivo antitumor tests demonstrated that

PTX@4L6 NPs could accumulate at tumor site and presented the

superior antitumor efficacy than any other groups while blank 4L6

NPs was also helpful for tumor therapy probably owing to its inhi-

bition of tumor cell autophagy. Therefore, structure-adjustable Leu-

PEAs were promising carriers for drug loading and could be ap-

plied in the treatment of various cancers.
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