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A B S T R A C T

mRNA therapeutics is revolutionizing the treatment concepts toward many diseases including cancer. The po-
tential of mRNA is, however, frequently limited by modest control over site of transfection. Here, we have 
explored a library of multivalent ionizable lipid-polypeptides (MILP) to achieve robust mRNA complexation and 
tumor-confined transfection. Leveraging the multivalent electrostatic, hydrophobic, and H-bond interactions, 
MILP efficiently packs both mRNA and plasmid DNA into sub-80 nm nanoparticles that are stable against 
lyophilization and long-term storage. The best MILP@mRNA complexes afford 8-fold more cellular uptake than 
SM-102 lipid nanoparticle formulation (SM-102 LNP), efficient endosomal disruption, and high transfection in 
different cells. Interestingly, MILP@mLuc displays exclusive tumor residence and distribution via multivalency- 
directed strong affinity and transcytosis, and affords specific protein expression in tumor cells and macrophages 
at tumor sites following intratumoral injection, in sharp contrast to the indiscriminate distribution and trans-
fection in main organs of SM-102 LNP. Notably, MILP@mIL-12 with specific and efficient cytokine expression 
generates significant remodeling of tumor immunoenvironments and remarkable antitumor response in subcu-
taneous Lewis lung carcinoma and 4T1 tumor xenografts. MILP provides a unique strategy to site-specific 
transfection that may greatly broaden the applications of mRNA.

1. Introduction

Messenger ribonucleic acid (mRNA) allows the rapid production of 
diverse proteins including cytokines, antibodies, antigens, genome- 
editing proteins, and thus holds immense potential to prevent and 
treat various diseases [1–4]. To date, two mRNA-based COVID-19 vac-
cines, BNT162b2 and mRNA-1273, have been approved by FDA, and 
over 1000 clinical trials of mRNA therapies have been conducted [5]. 
The application of mRNA therapies is heavily dependent on the rational 
design of delivery systems to protect mRNA from degradation and to 
overcome physiological barriers for effectual protein expression in 
desired cells [6–9]. Although lipid nanoparticles (LNP) have immensely 
contributed to the rapid development of mRNA drugs [10], liver 
enrichment and nonselective delivery considerably compromise thera-
peutic efficacy and induce off-target toxicities like hepatitis and liver 
injury [11–14].

Different strategies have been employed to accomplish non-liver 
delivery of mRNA drugs by LNP, such as optimizing ionizable lipids 

with amide and ester bonds in the tails [15–18], introducing the fifth 
component of selective organ targeting molecules (SORT) into LNP 
[19–21], and modifying the surface of LNP with targeting moieties 
[22–24]. Besides LNP, cationic polymers including poly(β-amino ester)s 
(PBAE) [25,26], charge-altering releasable transporters (CART) [27], 
polyaspartamide [28], and poly(TPAE-co-suberoyl chloride) have been 
developed for extrahepatic delivery of mRNA [29], affording selective 
protein expression in the lung and spleen by the introduction of 
PEG-lipid, tuning the charge ratios of mRNA to polymers as well as the 
alkyl chain length and molar ratios. Local-regional drug delivery espe-
cially intratumoral administration affords the potential to bypass 
physiological barriers, increase efficacy while concomitantly reduce 
off-target toxicity, and has emerged as a prominent modality for tumor 
treatment [30,31]. Following intratumoral administration, nanovehicles 
based on LNP and PBAE were reported to facilely deliver mRNA 
encoding IL-12, IL-15, and 4-1BBL, generating high level of protein 
expression, immune cell recruitment, and antitumor immunity at tumor 
sites [32,33]. Despite these local delivery systems elegantly increased 
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the local mRNA concentrations and induced improved efficacy, the 
discernible distribution of mRNA and vehicles as well as protein 
expression in main organs might inevitably compromise their clinical 
applications [12]. Thus, delivery systems that enable exclusive distri-
bution and protein expression of mRNA drugs in tumors are urgently 
required.

In this contribution, we have developed a series of multivalent 
ionizable lipid-polypeptides (MILP) to achieve robust mRNA complex-
ation and tumor-confined transfection (Scheme 1). MILP can be devel-
oped through one-step aminolysis of poly(β-benzyl L-aspartate) with 
small molecules bearing alkanes (Cx) and tertiary amines (Ny), and its 
hydrophobicity, pKa, and functionalities can be adjusted by changing 
the structure, length, and ratios of selected alkanes and tertiary amines. 
Polypeptides with outstanding biocompatibility, versatile structure and 
functionalities have received substantial attention for drug delivery and 
regenerative medicine [34–37]. Leveraging the multivalent electro-
static, hydrophobic, and H-bond interactions, MILP alone could provide 
robust affinity for mRNA complexation, cell binding, endosomal 
disruption, tumor residence and distribution. In mice bearing subcu-
taneous tumor xenografts, MILP@mRNA induced exclusive mRNA dis-
tribution and IL-12 expression at tumor sites, affording significant 
remodeling of tumor immunoenvironment and remarkable antitumor 
response.

2. Results

2.1. MILP development and mRNA complexation

MILP was obtained through one-step aminolysis of poly(β-benzyl-L- 
aspartate) (PBLA) with small molecules bearing linear/cyclic tertiary 
amines (Ny) and alkanes (Cx), termed as P(zCxNy) where z represents 

alkane mole fractions. PBLA was prepared with a degree of polymeri-
zation (DP) of 31 and narrow distribution (Mw/Mn = 1.11) by controlled 
polymerization of β-benzyl-L-aspartate N-carboxyanhydride (BLA-NCA) 
(Fig. 1A), as characterized by 1H NMR, GPC, and MALDI-TOF mea-
surements (Fig. S1). Fig. 1A showed the structures of Ny and Cx, with 
which 13 MILP compounds with z = 0.4 and 0.6 were prepared 
(Table S1). The complete disappearance of proton signal at 7.3 ppm 
attributed to benzyl groups, and the clear presentation of characteristic 
signals at 0.9–1.7 ppm in 1H NMR spectra corroborated the successful 
construction of P(zCxNy) polypeptides (Figs. S2 and S3). mRNA 
complexation with MILP could be simply accomplished in sodium ace-
tate buffer (AcNa, pH 4.0) via simple vortex (Fig. 1B), and the formed 
MILP@mRNA presented average diameter of sub-80 nm and positive 
zeta potential (Fig. 1C). Specifically, MILP@mRNA formed from P 
(0.6C8cN6M) (denoted as MILP11@mGFP) displayed a small size of 
about 60 nm, monodispersity, and spherical morphology as evaluated by 
DLS and TEM measurement (Fig. 1D and E). The mRNA encapsulation 
efficiency was approximately 90 % (Fig. S4), possibly due to the strong 
multivalent interactions of lipid-polypeptides with mRNA. As shown in 
Fig. 1F, the addition of Tween 20, NaCl, or urea caused gradual size 
increase of MILP11@mRNA, and the combined agents generated a size 
change of over ten times (Fig. 1F), possibly owing to the occurrence of 
hydrophobic (Tween 20), ionic (NaCl), and hydrogen bond (urea) in-
teractions during complexation. On the contrary, the mRNA complex 
formed from P(N6-1) (P(N6-1)@mGFP) pending a tertiary amine 
showed larger average diameter of 276 nm (Fig. S5). Besides, isothermal 
titration calorimetry (ITC) measurements displayed that the binding 
constants (Ka) of P(0.6C8cN6M) were much higher than those of P 
(N6M) (Ka1: 4.2 × 108 vs 1.0 × 108; Ka2: 2.9 × 106 vs 2.4 × 105) 
(Fig. S6, Table S2), indicating the possible occurrence of multiple strong 
interactions between P(0.6C8cN6M) and mRNA. In addition, circular 

Scheme 1. Illustration of multivalent ionizable lipid-polypeptides (MILP) exploited to achieve robust mRNA complexation and tumor-confined transfection. 
Leveraging the multivalent electrostatic, hydrophobic, and H-bond interactions, MILP robustly packs mRNA into sub-100 nm MILP@mRNA nanoparticles. Under 
mild acidic tumor microenvironment (TME), MILP@mRNA was partially protonated and revealed exclusive tumor residence and distribution via multivalency- 
directed strong affinity and transcytosis. Subsequently, efficient endocytosis and endosomal escape of MILP@mRNA were achieved via multivalent perturbation 
of cell and endosome membranes, affording potent mRNA transfection.
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dichroism (CD) spectra showed that P(0.6C8cN6M) adopted an α-helix 
structure (Fig. S7), which was reported to facilitate the stable 
complexation with nucleic acids [38]. In contrast with little size change 
of MILP@mRNA in PB within 12 h, the polyplexes treated with 

proteinase K (12.0 units/mL) displayed obvious swelling with an 
average sizes of around 600 nm at 12 h (Fig. S8), signifying their 
enzymatic degradability.

Fig. 1. Construction and characterization of multivalent ionizable lipid-polypeptides (MILP) complexed with mRNA (MILP@mRNA). (A) Synthesis route of lipid- 
polypeptides, and structures of small molecules bearing alkanes and tertiary amines for the synthesis of P(zCxNy), where “z” (0.4, 0.6) represents alkane (Cx) 
mole fractions. (B) Complexation of MILP with mRNA (MILP@mRNA). (C) Size and zeta potential of MILP@mGFP determined by dynamic light scattering (n = 3). 
(D) Representative size distribution and (E) TEM image of MILP11@mGFP formed from P(0.6C8cN6M). Scale bar, 100 nm. (F) Size variation of MILP11@mRNA in 
different solutions, control (AcNa buffer, 5 mM), PBS + NaCl (200 mM), urea (200 mM), Tween 20 (5 mM) and mixed solution (PBS + NaCl, urea and Tween 20) at 
37 ◦C (n = 3). (G) Percentage of GFP+ 293T cells following the treatment with MILP@mGFP for 24 h (mGFP: 1.0 μg/mL, n = 3). (H) Transfection efficiency of 
MILP11@mGFP and Lipo2000@mGFP in different cells at 24 h (mGFP: 1.0 μg/mL, n = 3). (I–J) Stability of MILP11@mGFP against storage at 4 ◦C (I) and 
lyophilization using sucrose (Sur, 3–12 %, w/v) as a protectant (J) as indicated by EGFP expression in 293T cells (mGFP: 1.0 μg/mL, n = 3). Statistical significance in 
(F, G, H, I and J) was analyzed by one-way ANOVA with Tukey’s multiple comparisons test. (ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001).
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2.2. In vitro screening of MILP

293T cells were employed to evaluate the transfection efficiency of 
MILP complexed with mRNA encoding green fluorescent protein 
(MILP@mGFP). Confocal microscopy imaging (Fig. S9) and flow 
cytometry (Fig. 1G) analysis demonstrated that increasing the propor-
tion of alkanes benefited the transfection efficiency, in which most of P 
(0.6CxNy) with an alkane mole fraction of 0.6 exhibited over 60 % GFP+

cells, in sharp contrast with the low transfection efficiency (<30 %) in P 
(0.4CxNy) groups. Although elevated GFP expression was acquired by 
increasing the chain length of alkanes from C8 to C12 in P(0.4CxNy), P 
(0.6CxNy) formed from C12 alkane showed poor solubility and was not 
appropriate for the complexation of nucleic acids. Notably, P(0.6C8cN6) 
displayed outperformed protein expression among P(0.6CxN6) group, 
indicating that appropriate hydrophobicity and structure played a sig-
nificant role for mRNA transfection, as previously described [29,39,40]. 
Then, we explored the effect of tertiary amines on mRNA delivery using 
P(0.6C8cNy) with C8c as the alkane P(0.6C8cN6M) packed with mRNA 
presented the best transfection efficiency with approximately 85 % 
GFP+ cells, which was close to that of Lipo2000 and much higher than 
that (<10 %) of branched PEI25k (Fig. 1G–S10). Thus, MILP11@mRNA 
formed from P(0.6C8cN6M) was selected as the optimized formulation 
for further in vitro and in vivo studies.

The transfection capacity of MILP11@mGFP was assessed in cancer 
cells. Notably, around 80 % transfection efficiency was achieved in 
different cancer cells (LLC, U87, SKOV3), in which human U87 and 
SKOV3 represented around 95 % of GFP+ cells at a MILP11/mRNA ratio 
of 20/1 (Fig. 1H). Even at a low MILP11/mRNA mass ratio of 5/1 (N/P 
~ 2.5/1), MILP11@mGFP afforded decent transfection efficiencies of 
80 % and 60 % in U87 and SKOV-3 cells, respectively (Figs. S11–12). 
Meanwhile, following long-term storage (5 weeks) at 4 ◦C, 
MILP11@mGFP still induced 70 % GFP+ cells (Figs. 1I) and 75 % MFI of 
the fresh formulation (Fig. S13A) in 293T cells, in sharp contrast with 
little transfection of MC3-LNP@mGFP after one-week storage under 
otherwise the same conditions [41]. In addition, the stability of 
MILP11@mGFP against lyophilization was evaluated using sucrose as a 
protectant [41]. When sucrose concentration was greater than 3 % 
(m/v), the transfection efficiency of lyophilized MILP11@mGFP was 
comparable to that of fresh one (Fig. 1J and S13B). Besides, the size and 
zeta potential of lyophilized MILP11@mGFP revealed negligible 
changes at low sucrose concentrations of 3–6%, while obvious nano-
particle aggregation was observed when the sucrose concentration 
increased to 12 % (Fig. S14), probably due to that the high viscosity of 
sucrose interferred with the dispersion of nanoparticles. The retention of 
mRNA activity and robust physicochemical properties of 
MILP11@mRNA against long-term storage and lyophilization would 
greatly facilitate the transportation and clinical application of mRNA 
drugs.

Interestingly, MILP could proficiently pact pDNA, and the formed 
MILP@pGFP nanoparticles displayed equivalent transfection efficiency 
in 293T cells to Lipo2000 complexation (Fig. S15), suggesting that 
efficient pDNA delivery inside cell nucleus was accomplished by MILP. 
Thus, MILP emerges as a versatile platform to achieve effective delivery 
of different nucleic acids including mRNA and DNA in cells. Importantly, 
different cells (293T, LLC, U87, SKOV) incubated with MILP@mGFP for 
24 h all presented over 80 % cell viability (Fig. S16), indicating a decent 
cytocompatibility.

2.3. MILP-mediated cellular uptake and endosomal escape

Cellular uptake and endosomal escape behaviors were investigated 
in LLC and 293T cells using Cy5-labeled mRNA (mRNA-Cy5) to further 
explore the effect of alkanes and tertiary amines on mRNA delivery. In 
contrast to MILP@mRNA formed from P(0.4CxN6), nanoparticles based 
on P(0.6CxN6) generally demonstrated significantly higher cellular 
uptake (Fig. 2A, Fig. S17), corroborating that appropriately increasing 

hydrophobicity of MILP contributes to the cellular uptake. Among P 
(0.6CxN6) with C6, C8 and C10 alkanes, the C8 alkane group exhibited 
more uptake in 293T cells, and cyclic C8c was superior to linear C8 al-
kanes. One possible explanation is that cyclic alkanes have large steric 
resistance and mild interactions with lipids in cell membrane, facili-
tating the membrane crossing of nanoparticles, as previously reported 
[42]. Then, ionizable lipid-polypeptides with C8c at a mole fraction of 
0.6 (P(0.6C8cNy)) were employed to investigate the effect of tertiary 
amines. The results showed that lipid-polypeptides with 6- and 
7-membered cyclic tertiary amines (N6, N6M, N6P and N7) induced 
superior cellular uptake (Fig. 2A, Fig. S17), possibly owing to the 
providential balance of hydrophobicity and protonization. Interestingly, 
the transfection efficacy plotted against cellular uptake efficiency 
clearly showed that mRNA transfection significantly correlated posi-
tively with uptake efficiency (r = 0.74 and P = 0.0002) (Fig. 2B). The 
endocytosis pathways were further explored using MILP11@mRNA as 
an example. The cellular uptake was slightly restrained by methyl--
β-cyclodextrin (MβCD) (caveolae), and markedly inhibited by chlor-
promazine (clathrin), dynasore (dynamin), and amiloride hydrochloride 
(macropinocytosis) (Fig. S18), suggesting that clathrin-, dynamin-, and 
macropinocytosis-mediated internalization pathways were mainly 
adopted by MILP@mRNA.

The endosomal escape capacity reflected by membrane disruption 
activity was evaluated by hemolysis assay [43]. At acidic endosomes 
(pH 5.5), P(0.6CxN6) with more hydrophobic segments exhibited 
dramatically greater hemolysis than P(0.4CxN6), and P(0.6CxN6) with 
C6, C8, and C8c alkanes presented hemolysis ratios of 11–17 % (Fig. 2A), 
supporting their active escape from endosomes. Meanwhile, MILP with 
different tertiary amines all presented obvious hemolysis, among which 
MILP from N6, N6M, and N7 revealed a hemolysis ratio of around 15 %. 
Of note, endosomal escape, reflected by hemolysis ratios, was generally 
positively correlated with mRNA transfection, as shown in Fig. 2C. 
Importantly, MILP generally revealed a hemolysis ratio of lower than 5 
% at pH 7.4 (Fig. S19), corroborating their hemocompatibility under 
physiological conditions. The hemolysis switch with pH mainly derived 
from the protonation of tertiary amines in lipid-polypeptides that had 
pKa values of 6.3–7.0 (Fig. S20), and benefited the construction of effi-
cient and safe mRNA delivery systems.

The escape mechanism of MILP11@mRNA in LLC cells was further 
explored by using a lysosomal disrupting agent (chloroquine, CQ) and a 
proton pump inhibitor (bafilomycin A1, Baf A1) [44]. The introduction 
of CQ presented similar GFP expression to MILP11@mRNA alone 
(Fig. 2D and E), indicating that MILP11-based complexes generated 
efficient endosomal disruption and escape. Increasing CQ concentration 
to 100 μM attenuated GFP fluorescence intensity, mainly attributed to 
the cell death induced by CQ at a high concentration. On the contrary, 
Baf A1 significantly suppressed the GFP expression in LLC cells, and 
increasing the Baf A1 concentration induced the declination of fluo-
rsence intensity (Fig. 2D and E), suggesting that the protonation of MILP 
was a vital prerequisite for the endosomal escape. The protonation de-
gree of lipid-polypeptides under endosomal conditions was reflected by 
their pKa values of 6.3–7.0, which might be controlled by selecting 
different alkanes and tertiary amines and adjusting their ratios. Confocal 
imaging revealed that most of internalized MILP11@mRNA was initially 
(2 h incubation) associated with LysoTracker Green DND-26-labeled 
lysosomes in LLC cells and appeared as yellow dots (Fig. 2F). After 4 h 
incubation, more yellow dots and red signals appeared, suggesting that 
more MILP11@mRNA entered lysosomes and some of them even 
escaped from the lysosomes. After 8 h, yellow dots gradually dis-
appeared and red fluorescence became more scattered. Pearson’s cor-
relation coefficient between lysosomes (green) and mLuc-Cy5 (red) 
quantifying the lysosomal escape decreased with time (Fig. 2G), further 
supporting the efficient escape of MILP11@mGFP from endosomes [45].

To further understand the interaction between MILP11@mRNA and 
cell membrane, liposomes were constructed from anionic phosphati-
dylserine (PS) and used to simulate cell membranes [46]. ITC 
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Fig. 2. Comprehensive evaluation of transfection efficiency, cellular uptake, and endosomal disruption of MILP complexed with mRNA in vitro. (A) Cellular uptake 
and and endosome disruption data (n = 3). Cellular uptake were assessed in 293T cells by flow cytometry. Endosomal disruption was assessed through hemolysis 
analysis of MILP at pH 5.5. Transfection efficiency of MILP@mGFP was plotted against cellular uptake efficiency (B) and endosomal disruption (C), correlation 
significance was assessed for MILP@mGFP using Spearman’s method, and datasets with statistically significant correlations were indicated with fitted lines. (D–E) 
Endosomal escape of MILP11@mGFP. Effect of chloroquine (CQ) (D) and bafilomycin A1 (Baf A1) (E) on the transfection of MILP11@mGFP in Lewis lung carcinoma 
(LLC) cells following 24 h incubation (mGFP: 1.0 μg/mL, n = 3). (F) Confocal images of LLC cells incubated with MILP11@mLuc-Cy5 for 2, 4, or 8 h (mLuc: 1.0 μg/ 
mL); mLuc labeled with Cy5 is shown in red, the cell nuclei stained with DAPI are shown in blue, and lysosomes stained with LysoTracker Green DND-26 are shown in 
green. Scale bar: 20 μm. (G) Pearson’s correlation coefficient (Pearson’s R value) between lysosomes (green) and mLuc-Cy5 (red) quantifying the lysosomal escape (n 
= 5). Statistical significance in (E, G) was analyzed by one-way ANOVA with Tukey’s multiple comparisons test. (ns, not significant; *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001).
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measurement showed that the binding capacity of P(0.6C8cN6M) to li-
posomes was significantly high with binding constants of 1.2 × 108 M− 1 

(Ka1) and 8.2 × 107 M− 1 (Ka2) (Fig. S21 and Table S3), while P(N6M) 
presented two to three orders lower binding constants, suggesting that 
MILP11@mRNA minght form multivalent interactions with cell and 
endosome membrane to facilitate the cellular uptake and endosomal 
escape, respectively.

2.4. Tumor-confined biodistribution and expression of MILP@mRNA

The in vivo biodistribution and protein expression of MILP11@mLuc 
were investigated in LLC tumor-bearing mice. LNP@mLuc formed from 

ionizable SM-102 lipid which had an average diameter of approximate 
100 nm and neutral surface charge was used as a control (Fig. S22). In 
vivo bioluminescence imaging showed that after intratumoral injection, 
MILP11@mLuc promoted tumor-confined luciferase expression within 
LLC (Fig. 3A and B) and 4T1 (Fig. S23) tumors in sharp contrast with 
scattered distribution of luciferase fluorescence within both tumor and 
abdomen in LNP@mLuc group. The tumor-confined protein expression 
of MILP11@mLuc was also clearly observed by ex vivo fluorescence 
imaging (Fig. 3C). Meanwhile, the biodistribution was monitored using 
mLuc labeled with Cy5 (mLuc-Cy5). Consistent with the protein 
expression, intratumoral administration of MILP11@mLuc for 6 h 
induced mRNA distribution only within tumors, while strong Cy5 

Fig. 3. Biodistribution and mRNA expression after intratumoral injection in subcutaneous LLC model. (A) Bioluminescence imaging of injected mice taken at 
different time points using the IVIS imaging system (n = 3). (B) Photon flux ratios of the tumors to the abdomen. LNP@mLuc from SM-102 was used as a control. (C) 
Ex vivo images showing biodistribution (Cy5) and luciferase expression (Luc) of MILP11@mLuc and LNP@mLuc in tumors and major organs at 6 h after injection 
(mLuc-Cy5: 0.5 mg/kg). (D–E) Representative flow cytometry analysis of cellular uptake (D) and mGFP expression (E) in different cells (LLC cells, CD45− CD44+; 
macrophages (Mφ), CD45+ F4/80+) of LLC tumors (n = 3). After intratumoral injection of MILP11@mGFP for 12 h, the tumors were dissected and analyzed by flow 
cytometry (mGFP: 0.5 mg/kg). (F–G) Cellular uptake of MILP11@mLuc and LNP@mLuc in LLC cells at different time points. (mLuc-Cy5: 1.0 μg/mL, n = 3). Per-
centages of Cy5+ LLC cells (F) and Mean fluorescence intensity (MFI) (G) of Cy5 positive cells measured using flow cytometry. (H–I) Intercellular trafficking of 
MILP11@mLuc-Cy5 and LNP@mLuc-Cy5 among LLC cells (n = 3). Percentages of Cy5+ LLC cells (H) and MFI (I) of Cy5 positive cells in different batches were 
analyzed via flow cytometry. Statistical significance in (B, G and I) was analyzed by one-way ANOVA with Tukey’s multiple comparisons test. (ns, not significant; *p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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fluorescence was detected in the tumors and major organs (liver, lung, 
kindy, and spleen) in LNP@mLuc group (Fig. 3C). As previously 
described, LNP generated from SM-102 or ALC0315 showed scattered 
mRNA distribution and protein expression in major organs after intra-
muscular and intratumoral injection [47]. Notably, Notably, 
PEI25k@mLuc although showing apparent protein expression at tumor 
sites after intratumoral administration presented much less biolumi-
nescence flux comparing with MILP@mLuc (Fig. S24). Following 
intramuscular and subcutaneous injection, MILP11@mLuc although 
dominantly residing at the injection sites displayed little protein 
expression (Fig. S25), verifying the low transfection efficiency of 
MILP11@mRNA in skin and muscle tissues. Besides, histological anal-
ysis revealed that MILP11@mLuc induced no cell apoptosis and necrosis 
of adjacent skin tissue (Fig. S26).

The biodistribution and transfection of MILP11@mRNA were further 
assessed in LLC cells and tumor-associated macrophages (TAMs, Mφ) 
considering that they account for a dominant portion (around 90 %) of 
the tumors. Notably, about 48.5 % of LLC cells (CD45− CD44+), 55.7 % 
of the TAMs (CD45+F4/80+), and 37.0 % of the total cells isolated from 
the tumor were Cy5 positive (Fig. 3D, Fig. S27A), corroborating the 
extensive distribution and efficient cellular uptake of MILP11@mRNA in 
the tumors. Correspondingly, significant GFP expression was observed 
in LLC cells (25.7 %) and TAMs (18.2 %), while total cells presented less 
GFP+ cells (17.8 %) as a result from the lower transfection of 
MILP@mRNA in other cells (Fig. 3E, Fig. S27B).

The trafficking of nanoparticles in the tumor microenvironment 
(TME) is mainly driven by diffusion, convection or cell-based mecha-
nisms, and thus depends on the interactions with tumor cells and 
intercellular components [48]. The interaction of nanoparticles with 
tumor cells was explored, and the results revealed that more than 90 % 
of LLC cells took up MILP11@mLuc-Cy5 while LNP@mLuc-Cy5 
(SM-102) group induced about 30 % Cy5+ LLC cells after 0.5 h incu-
bation (Fig. 3F–G). When the incubation time was extended to 6 h, the 
uptake of MILP11@mEGFP-Cy5 was 8-fold higher than that of 
LNP@mLuc-Cy5, primarily attributing to the multivalent interactions of 
MILP with the cell membrane (Fig. 3F–G). Besides, MILP11@mRNA 
with multivalent interaction sites could provide strong affinity with 
extracellular matrix mainly composing of collagen and hyaluronic acid, 
facilitating the localization of the nanoparticles in TME, similar to pol-
yethylenimine modified porous silica nanoparticles [32].

The intercellular delivery behavior of MILP11@mLuc was investi-
gated to explore the transportation among cells in tumor and 
LNP@mLuc as control. LLC cells were first treated with MILP11@mLuc 
for 6 h and then cultured in a fresh medium for another 12 h. The cells 
were denoted as the 1st batch, and the culture medium 1 was collected 
and employed for the culture of fresh LLC cells. After 12 h incubation, 
the cells were denoted as the 2nd batch, and then cultured with a fresh 
medium for another 12 h to obtain the medium 2 containing released 
complexes. Following the culture of fresh LLC cells with the medium 2 
for 12 h incubation, the cultured cells were denoted as the 3rd batch 
(Fig. S28). Although the percentage of Cy5+ LLC cells decreased from 
over 98.0 %–67.5 % from the 1st batch to the 3rd batch, the majority of 
the cells in the 3rd batch contained nanoparticles as characterized by 
flow cytometry (Fig. 3H–I), indicating that internalized MILP11@mLuc 
could released into the medium and enter adjacent cancer cells. On the 
contrary, LNP afforded much less Cy5+ cells with 20 % and 3.4 % in 2nd 

and 3rd batches (Fig. 3H–I). Notably, remarkably gradual decrease of 
Cy5 MFI was observed from the 1st batch to 3rd batch, signifying the 
partial retention of MILP11@mRNA in tumor cells in the process of 
transcytosis (Fig. 3I). On the contrary, LNP afforded inferior transcytosis 
with much less Cy5+ cells in the 2nd (20 %) and 3rd (3.4 %) batches 
(Fig. 3H–I). The intercellular trafficking behavior of MILP11@mRNA in 
tumors might be closely associated with the multivalent interaction- 
dependent cellular uptake and the robust stability upon crossing cells.

2.5. In vivo antitumor activity of MILP@mIL-12

Encouraged by the exclusive distribution and efficient protein 
expression at tumor sites, we further explored the tumor-confined 
transfection and antitumor potential of therapeutic mRNA delivered 
by MILP11. 4T1 and LLC tumor models were used in this study 
considering that MILP11@mRNA revealed high transfection efficiency 
in the cancer cells, and breast and lung lesions can now be readily 
accessed without or with the assistance of imaging modalities. Inter-
leukin 12 (IL-12) is a potent proinflammatory cytokine that promotes T- 
cell proliferation and activation and is effective in stimulating inter-
feron-γ (IFN-γ) production, and therefore is considered to be a promising 
anticancer agent [49]. Unfortunately, the clinical application of IL-12 is 
limited by the short half-life, insufficient local concentration within 
tumors, and immune-related adverse events. Here, MILP11 encapsu-
lated with mRNA encoding IL-12 (MILP11@mIL-12) was employed to 
ameliorate immunosuppressive tumor environment. Notably, 
MILP11@mIL-12 induced significant IL-12 expression in LLC cells in 
vitro (Fig. 4A), and tumor-confined IL-12 enrichment with over 9-fold 
higher protein expression in the tumor than that in the liver at 6–12 h 
post-administration (Fig. 4B). On the contrary, LNP@mIL-12 generated 
comparable IL-12 levels in the tumor to those in the liver under other-
wise the same conditions (Fig. 4B). Importantly, MILP11@mIL-12 
generated much less IL-12 in the blood than LNP@mIL-12 (250 vs 
1500 pg/mL) (Fig. 4C), suggesting that MILP11@mIL-12 unlikely 
induced the systemic immunotoxicity. Meanwhile, mice treated with 
MILP11@mIL-12 presented little body weight change (Fig. S29), normal 
hepatorenal function and histological structure (Fig. S30, Table S4), 
supporting the outstanding safety of MILP11@mIL-12 formulation. In 
mice-bearing LLC tumor xenografts, MILP11@mIL-12 offered signifi-
cant suppression of tumor growth and largely extended survival time, 
while free mIL-12 showed a little effect on tumor inhibition and mouse 
survival (Fig. 4E–G), signifying the vital role of MILP11 delivery system. 
Besides, non-therapeutic MILP11@mLuc induced minimal suppression 
on tumor growth (Fig. 4E–G), affording a negligible therapeutic effect. 
In combination with αPD-1, MILP11@mIL-12+αPD-1 group resulted in 
better growth inhibition of LLC tumors and a remarkably high survival 
rate with 50 % mouse survival during the experimental period, while no 
mice was survived and a median survival time (MST) of 25 days were 
presented in MILP11@mIL-12 only group (Fig. 4G). Similarly, 
MILP11@mIL-12+αPD-1 group demonstrated more prominent tumor 
suppression and survival extension in 4T1 tumor-bearing mice than 
MILP11@mIL-12 group (MST 33 vs29) (Fig. S31). Therefore, intra-
tumoral administration MILP11@mRNA with superior efficacy and 
minimum off-target toxicity hold significant potential on the treatment 
of various malignant tumors like breast, melanoma, and lung cancers. 
However, imaging or surgical assistance might be required for per-
forming intratumoral injection in many tumors, which would compro-
mise the clinical applications.

2.6. MILP@mIL-12-mediated modulation of tumor microenvironments

IL-12 is known to stimulate the proliferation of CD8+ T cells and thus 
affords an increase of cytotoxic activity towards tumors [50]. Besides, 
IL-12 can also promote IFN-γ production, activate dendritic cells, and 
remodulate the immunosuppressive TME (Fig. 5A). Following 
three-dose treatment, as shown in Fig. 4D, the tumors and their adjacent 
tumor-draining lymph nodes (TDLNs) were harvested at day 9 for 
immunoassay using flow cytometry (Figs. S32–33). Both 
MILP11@mIL-12 and MILP11@mIL-12+αPD-1 evidently increased the 
infiltration of CD45+ immune cells (Fig. 5B) and CD8+ T cells (Fig. 5C 
and D), as well as the populations of activated CD8+ T cells (CD8+

CD25+ T) (Fig. 5E) and IFN-γ+ CD8+ T cells (Fig. 5F). Meanwhile, the 
populations of the immunosuppressive cells including Tregs (CD4+

FOXP3+) and MDSCs (CD11b+ Gr-1+) in the tumors significantly 
declined following the treatment with MILP11@mIL-12 or 
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MILP11@mIL-12+αPD-1 (Fig. 5G and H). Comparing with free mIL-12, 
MILP11@mIL-12 impelled the polarization of macrophages towards M1 
phenotype and presented a significantly lower M2/M1 ratio (Fig. 5I). In 
the TDLNs, significant increase of CD80+ DC and slight elevation of 
MHCII+ DC were detected in both MILP11@mIL-12 and MILP11@-
mIL-12+PD-1 groups (Fig. 5J and K).These results indicate that 
MILP11@mIL-12 combined with α-PD-1 can enhance the infiltration of 
antitumor immune cells and ameliorate the immunosuppressive TME.

3. Discussion

Advances in mRNA-based therapies are emerging to revolutionize 
the treatment of various diseases including cancers, considering that 
mRNA can be translated into functional proteins that either directly 
inhibit tumor progression or trigger and strengthen immune responses 
[3,51]. With the help of LNP, more than 1000 clinical trials of 
mRNA-based therapies have been conducted. However, the LNP systems 
still confront several challenges, such as nonselective delivery, potential 
adverse effects derived from PEG and cationic lipids, complex 

components based on four lipids, and unsatisfactory stability, which 
requires ultralow temperature for transportation and storage [12].

Here, a library of multivalent ionizable lipid-polypeptides (MILP) 
based on polyaspartamide derivatives have been explored to achieve 
robust mRNA complexation and tumor-confined transfection. Consid-
ering that electrostatic and hydrophobic interactions play imperative 
roles for the complexation and delivery of nucleic acids [28], different 
tertiary amines and alkanes with varying ratios were employed and 
optimized to adjust the hydrophobicity, pKa, and functionalities of the 
lipid-polypeptides. Among the 13 candidates, P(0.6C8cN6M) denoted as 
MILP11 was identified as the top-performing lipid-polypeptide, which 
efficiently packed both mRNA and DNA, and afforded comparable in 
vitro transfection efficiency to the commercial Lipo2000, suggesting 
that MILP enabled effective delivery of nucleic acids to cytoplasma and 
cell nucleus. It is not usual to achieve efficient delivery of both mRNA 
and DNA with the same vehicle since the two nucleic acids have quite 
different sizes and structure [52]. In contrast with LNP that prepared 
with four lipids, MILP@mRNA/DNA was constructed with one ingre-
dient via simple vortex, facilitating the preparation and scale-up of 

Fig. 4. MILP11@mIL-12 elicits strong antitumor effect in subcutaneous LLC tumor xenografts. (A) IL-12 secretion in LLC cells transfected with MILP11@mIL-12 for 
24 h (n = 3). (B) Ratios of IL-12 in tumor to that in liver, and (C) IL-12 expression in peripheral blood after intratumoral injection of MILP11@mIL-12 and LNP@mIL- 
12 in LLC tumor-bearing mice. Data are presented as mean ± SD, n = 3. (D) Schematic of MILP11@mIL-12 and αPD-1 dosing regimen. When the tumor volume 
reached about 100 mm3, MILP11@mIL-12 and MILP11@mLuc was injected intratumorally (10 μg/mouse/dose), and αPD-1 (20 μg/mice/dose) was administered via 
the tail vein in the following day. (E–F) Individual and average tumor volume curves over time (n = 6). (G) Kaplan-Meier survival plots for mice bearing LLC tumors 
over time (n = 6). Statistical analysis in (B, C and F)was performed by one-way ANOVA with Tukey’s multiple comparisons test. Survival rate in G was analyzed by 
Kaplan-Meier technique with a log-rank (Mantel-Cox) test. (ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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nucleic acid drugs. By mimicking multivalent electrostatic, hydropho-
bic, and H-bond interactions in many biochemical processes, 
MILP@mRNA demonstrates high encapsulation efficiency (>90 %), 
monodisperse small sizes, and remarkable stability against lyophiliza-
tion and long-term storage (~5 weeks). On the contrary, mRNA-1273 
and BNT162b2 are required to store at − 15 ~ − 20 ◦C and − 60 ~ 
− 80 ◦C, respectively, followed by thawing for administration.

Specific and efficient delivery of mRNA to target lesions would 
greatly benefit the treatment of a variety of diseases. LNP@mRNA tends 

to accumulate in the liver following administration, which often com-
promises the therapeutic outcomes and induces liver injury [13]. In mice 
bearing subcutaneous LLC tumors, MILP@mRNA induces exclusive 
tumor residence and distribution via multivalency-directed strong af-
finity and transcytosis, and affords specific protein expression in tumor 
cells and macrophages at tumor sites following intratumoral injection, in 
sharp contrast to the indiscriminate distribution and transfection in 
main organs of SM-102 LNP. The tumor-confined distribution and pro-
tein expression would not only maximize the therapeutic efficacy, but 

Fig. 5. MILP11@mIL-12 modulates the TME in LLC xenografts. The formulations were administered as shown in Fig. 4D, and the tumors dissected two days after the 
last treatment were digested to isolate all the cells for flow cytometry analysis. (A) Illustration of the mechanism by which MILP11@mIL-12 modulates the TME (n =
5). (B) Percentage of CD45+ cells among the live cells of the tumors. (C) Immunostaining of the CD8+ T (red) in the tumor sections. Scale bar: 50 μm. (D) Percentage 
of CD8+ T cells among the CD45+ cells. (E) Percentage of activated T cells (CD25+) among the CD8+ T cells. (F) Percentage of IFN-γ+ cells among the CD8+ T cells. 
(G) Percentage of Tregs (FOXP3+) among CD4+ T cells. (H) Percentage of MDSCs (CD11b+ Gr-1+) among live cells. (I) Ratios of M2/M1 macrophages. (J) Percentage 
of CD80+ cells among DCs in the TDLNs. (K) Percentage of MHCII+ cells among DCs in the TDLNs. Statistical analysis was performed by one-way ANOVA with 
Tukey’s multiple comparisons test. (ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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also minimize the possible off-target adverse effects from both mRNA 
and vehicles. Although several LNP systems were reported to attain se-
lective mRNA expression in targeted organs, most of them displayed 
dominant distribution in liver tissue [53,54]. The tumor-confined dis-
tribution of MILP@mRNA might be attributed to multivalency-directed 
strong interactions with cell membrane and extracellular matrix 
enriching with negatively charged proteins and polysaccharides, 
affording accelerated cellular uptake, facile intercellular trafficking via 
transcytosis, and robust retention at tumor sites [55].

Cytokines as vital mediators of cell communication can provide 
direct anti-proliferative activity towards tumor cells or indirect cyto-
toxic activity by stimulating immune cells [56]. Although two cytokines 
(interferon-α and IL-2) have been approved for the treatment of hairy 
cell leukemia, advanced renal cell carcinoma, and metastatic melanoma, 
they often display mild clinical benefits mainly owing to the short 
half-lives and severe systemic adverse toxicity [50]. Here, 
MILP11@mIL-12 induced over 9-fold higher protein expression in the 
tumor than that in the liver, in sharp contrast to comparable IL-12 levels 
in the tumor to those in the liver provided by SM-102 LNP formulation 
under otherwise the same conditions. Importantly, MILP11@mIL-12 
generated much less IL-12 in the blood than LNP@mIL-12 (250 vs 
1500 pg/mL), and caused little change of body weights, hepatorenal 
function and histological structure, suggesting that MILP@mIL-12 un-
likely induced the systemic immunotoxicity. Meanwhile, MILP@mIL-12 
significantly remodeled the tumor immunoenvironment by eliciting 
infiltration and activation of effector T cells and DC, secretion of IFN-γ, 
and inhibiting the presence of immunosuppressive cells (Tregs, MDSCs), 
resulting in remarkable therapeutic potential towards subcutaneous LLC 
and 4T1 tumor xenografts. Cytokines in combination with immune 
checkpoint therapy has been reported to generate synergistic anticancer 
mechanisms and maximize therapeutic efficacy [57]. In mice bearing 
subcutaneous tumor xenografts, MILP@mIL-12 combined with αPD-1 
afforded the greatest inhibition of tumor growth and significantly pro-
longed survival time.

4. Conclusion

We have demonstrated that multivalent ionizable lipid-polypeptides 
(MILP) can be readily developed and employed for robust mRNA 
complexation and tumor-confined transfection. By mimicking multiva-
lent electrostatic, hydrophobic, and H-bond interactions in numerous 
biochemical processes, MILP afforded robust affinity for the complexa-
tion of nucleic acids (mRNA, DNA), cell binding, and endosomal 
disruption. MILP complexed with mRNA (MILP@mRNA) revealed high 
stability against long-term storage and lyophilization, 8-fold more 
cellular uptake than SM-102 LNP, high transfection in different cells, 
and tumor-confined distribution and specific protein expression 
following intratumoral injection. In subcutaneous LLC and 4T1 tumor 
xenografts, MILP@mIL-12 elicited exclusive IL-12 expression at tumor 
sites, and afforded significant remodeling of the tumor immunoenvir-
onments and remarkable antitumor activity with significantly prolonged 
survival time. Thus, MILP offering biomimetic multivalent interactions 
for robust complexation, site-specific delivery, and efficient transfection 
of mRNA would potentially expand the applications of nucleic acid 
drugs.
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