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Abstract

Messenger RNA (mRNA) represents a promising class of nucleic acid-based therapeutics. While 

numerous nanocarriers have been developed for mRNA delivery, the inherent labile nature of 

mRNA results in a very low transfection efficiency and poor expression of desired protein. Here 

we preassemble the mRNA translation initiation structure through an inherent molecular 

recognition between 7-methyl guanosine (m7G) capped mRNA and eukaryotic initiation factor 4E 

(eIF4E) protein to form ribonucleoproteins (RNPs), thereby mimicking the first step of protein 

synthesis inside cells. Subsequent electrostatic stabilization of RNPs with structurally tunable 

cationic carriers leads to nano-sized complexes (nanoplexes), which elicit high levels of mRNA 

transfection in different cell types by enhancing intracellular mRNA stability and protein 

synthesis. By investigating a family of synthetic polypeptides bearing different side group 

arrangements of cationic charge, we find that the molecular structure modulates the nano-scale 

distance between the mRNA strand and the eIF4E protein inside the nanoplex, which directly 

impacts the enhancement of mRNA transfection. To demonstrate the biomedical potential of this 

approach, we use this approach to introduce mRNA/eIF4E nanoplexes to murine dendritic cells, 

resulting in increased activation of cytotoxic CD8 T cells ex vivo. More importantly, eIF4E 
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enhances gene expression in lungs following a systemic delivery of luciferase mRNA/eIF4E in 

mice. Collectively, this bio-inspired molecular assembly method could lead to a new paradigm of 

gene delivery.
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Delivery of mRNA as a therapeutic has been extensively investigated in both preclinical and 

clinical studies.1–4 Unlike DNA, mRNA does not need to enter the nucleus to be functional 

and therefore can more successfully transfect non-dividing primary cells.5 In addition, 

mRNA does not integrate into the genome, and hence has no risk of insertional 

mutagenesis.6–7 For most pharmaceutical applications, it is also advantageous that mRNA is 

only transiently active and completely degradable via physiological metabolic pathways.8–9 

Nevertheless, the lack of efficient delivery and translation of mRNA inside cells remains a 

key barrier to broad applications of mRNA in the treatment of diseases.

Whereas a robust translation of endogenous mRNA involves sequentially coordinated steps 

of mRNA-protein interactions from the nucleus to cytoplasmic ribosomes, the state-of-the-

art approach to introducing exogenous mRNA remains direct packaging of mRNA within 

cationic carriers. The primary role of such carriers has been to package and protect mRNA 

from degradation, modulate uptake by cells, and facilitate some degree of endosomal escape; 

however, once released, the mRNA must go through additional steps for translation. Upon 

delivery into the cytoplasm, mRNA is subjected to two competing processes. Eukaryotic 

mRNA contains a 7-methyl guanosine (m7G) cap on the 5′ end. Removal of the m7G cap 

leads to an RNA degradation pathway mediated by 5′-3′ RNA exonucleases and 

dramatically reduces the stability of delivered mRNAs.10–11 On the other hand, recognition 

of the m7G cap by the eukaryotic initiation factor 4E (eIF4E) is required for the assembly of 

protein translation initiation complex.12–13 Studies have shown that the intracellular binding 

of eIF4E to the m7G cap is the rate-limiting step for protein translation.14–15 In addition, a 

recent study indicated that certain cationic carriers for mRNA delivery could actually shield 

the m7G cap from the endogenous eIF4E in a rabbit reticulocyte lysate system and therefore 

reduced the translation of transfected mRNA.16

We devised a bio-inspired method that addresses the above challenge by first preassembling 

mRNA with the eIF4E protein to form ribonucleoproteins (RNPs), mimicking the rate-

limiting step of protein translation initiation. These RNPs were subsequently packaged with 

a series of cationic carriers with an identical polyaspartamide backbone but distinct 

oligoalkylamine side chains (referred to as polyamines in this study). As reported here, the 

delivery of RNPs packaged with versions of these polyamines resulted in an up to 70-fold 

increase of mRNA expression observed in a range of different mammalian cell types. Since 

eIF4E itself has a relatively low binding constant with the m7G cap,17–18 we discovered that 

the number of aminoethylene repeats or spacing between two neighboring amine groups on 

the side chains of polyamine carriers could dramatically impact the clustering of mRNA and 

eIF4E protein; the result is that a slight change in the side chain structure of the polyamine 
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can vary the degree of enhancement of mRNA transfection by more than an order of 

magnitude. We show that the arrangement of amines along the side chain yield differences in 

the association of the eIF4E protein and the mRNA strand. Furthermore, to gain an in-depth 

understanding of biological mechanisms, we experimentally demonstrated that transfection 

enhancement is attributed to increases in mRNA stability and recruitment of ribosomes to 

mRNA. We applied this preassembly structure to improve the efficacy of mRNA-pulsed 

dendritic cells in the stimulation of the cytotoxic T cell response ex vivo. Additionally, a 

systemic delivery of luciferase mRNA/eIF4E nanoplexes via tail veins enhanced the 

transgene expression over the conventional mRNA delivery method in mouse lungs.

Results and Discussion

An overview of bio-inspired assembly for enhanced mRNA delivery

We speculated that the gene delivery approach of encapsulating mRNA alone in a cationic 

complex could potentially hamper exogenously administered mRNA from being actively 

engaged in the protein synthesis happening inside cells (Figure 1B); whereas co-

encapsulation of the mRNA with the protein might allow increased transfection (Figure 1C). 

To overcome steric hindrance and mRNA degradation that may take place due to the limited 

binding of m7G capped mRNA to endogenous eIF4E, we designed a systematic series of 

synthetic polypeptides derived using N-carboxyanhydride polymerization of L-benzyl 

aspartate, followed by exhaustive amination of the side chain with various N-amine 

substituents with a varied number of aminoethylene repeats in the side chain to create a 

library of polycations for RNP encapsulation (Figure 1A and C).

mRNA/eIF4E nanoplex results in superior mRNA expression

Following purification from E.coli, recombinant human eIF4E retained its m7G cap-binding 

ability and spontaneously assembled with m7G capped mRNA in vitro to form RNPs as 

confirmed by the gel shift assay (Supplementary Fig. 1). RNPs were subsequently packaged 

with N-substituted polyaspartamides. The polyamines with one to four side chain 

aminoethylene repeat units have been previously characterized, demonstrating potent gene 

delivery in vitro and in vivo.19–21 Moreover, in this study, an additional polyamine with five 

aminoethylene repeats was synthesized and characterized (Figure 1A, Supplementary 

Scheme 1 and Supplementary Figs. 2A–F). At a fixed 15:1 N/P ratio (protonable amine on 

polyamines relative to phosphate on mRNA) in which the cell viability was confirmed to be 

>95%, luciferase mRNA or luciferase mRNA/eIF4E formed stable nanoplexes (~100 nm) 

with all five polyamines and exhibited positive zeta potential (Supplementary Figs. 3A–C).

We tested whether the preassembled mRNA/eIF4E would increase luciferase expression 

following transfection with five different polyamines in mouse fibroblast cells (NIH3T3), 

human embryotic kidney cells (HEK293T), and ovarian cancer cells (HeLa). A broad range 

of relative compositions of the protein and mRNA was evaluated while keeping the N/P ratio 

of polyamine to mRNA at 15:1 (Figure 2). In NIH3T3 and HEK293T cells, co-delivery of 

eIF4E resulted in a maximum of 70-fold increase in luciferase expression relative to mRNA 

transfection alone by the same polyamine at a mass ratio of 1:5 (mRNA to eIF4E) (Figure 

2A–D). Considering the molecular weights of luciferase mRNA and eIF4E, a mass ratio of 
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1:5 corresponds to ~ 1:10 molar ratio of mRNA to eIF4E. Because the natural stoichiometric 

ratio between mRNA and eIF4E is 1:1 and each mRNA only has one m7G cap at the 5′ end, 

the relatively high eIF4E to mRNA molar ratio required for increased mRNA expression 

likely reflects the fact that eIF4E itself has a low affinity to the cap structure.22 Interestingly, 

in NIH3T3 and HEK293T cells, only N3 (TET), N4 (TEP), and N5 (PEH) resulted in 

increases of luciferase expression via co-delivery of eIF4E, with N3 (TET) and N5 (PEH) 

having much more pronounced enhancement than N4 (TEP). In comparison, the expression 

enhancement was lower by about an order of magnitude for N3 (TET) and N5 (PEH) in 

HeLa cells, and increased luciferase expression was not detected at all with N4 (TEP) 

(Figure 2E and F). Furthermore, we found that the co-delivery of mRNA/eIF4E nanoplex 

using two additional N/P ratios (5:1 and 10:1), which resulted in minimal cytotoxicity, also 

significantly enhanced mRNA expression in comparison to mRNA alone (Supplementary 

Figs. 4A and B). In addition to luciferase, we examined the delivery of GFP mRNA/eIF4E 

nanoplexes. A similar trend was observed in the same cell lines with an up to 200-fold 

increase of GFP expression in NIH3T3 cells (Supplementary Figs. 5A–F). These data 

suggest that such eIF4E-mediated increase of mRNA expression is independent of mRNA 

species or cell type. Considering the fact that all five polyamines were derived from the 

same polyaspartamide backbone, these results further imply that the mRNA expression 

enhancement through preassembly with eIF4E is dependent on the side chains of 

polyamines.

Side chains of polyamine carriers modulate nano-scale distances and functional assembly 
of mRNA and eIF4E

Biophysical studies revealed that eIF4E by itself has a low affinity to the m7G cap on 

mRNA.23–24 In a separate study, synthetic m7G cap analogs chemically modified with 

enhanced affinity for eIF4E were incorporated into the 5′ end of mRNA and elicited 

increased mRNA translation in vitro. In light of these findings, we reasoned that the physical 

association between mRNA and eIF4E protein in the nanoplex is critical for increased 

mRNA expression. The isoelectric point of eIF4E is estimated to be 5.8, and it has a weakly 

negative charge in the cytoplasmic environment (~pH 7.4) where mRNA translation occurs. 

Considering the highly anionic nature of mRNA, polyamine carriers may regulate the 

physical distances between mRNA and eIF4E through electrostatic stabilization (Figure 3A). 

Since all five polyamines were derived from the same poly(benzyl-L-aspartate) backbone, 

we sought to investigate the side chain structures. An earlier study indicates that a cationic 

charge at the end of the side chain of N1 (EDA), N2 (DET), N3 (TET) and N4 (TEP) is 

crucial for the electrostatic stabilization on RNA.25 Therefore, we examined the protonation 

structures of amine groups in different polyamines at the cytoplasmic pH 7.4 where mRNA 

translation occurs. Previous studies have shown that protonating neighboring amines on the 

1,2-diaminoethane moiety (-NH2CH2CH2NH2-) is thermodynamically unfavorable due to 

electrostatic repulsion. This phenomenon, along with a potentiometric titration, has been 

utilized to predict the protonation structures of N1 (EDA), N2 (DET), N3 (TET) and N4 

(TEP) at pH 7.4, with N2 (DET) and N4 (TEP) bearing two and three protonation structures 

in equilibrium, respectively (Scheme 1).25–26 Using the same approach, we found that N5 

(PEH) assumes a ~56% degree of protonation at pH 7.4. This implies that nearly three out of 

five amine groups on the side chain are protonated. Thereby, the distribution of these three 
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protonated amines that results in the lowest thermodynamic energy is most likely the 

protonation of every other amine group on the side chain as shown in Scheme 1. Further 

comparison of the protonation structures in different polyamines suggests half and one-third 

of the terminal amine groups may be in the nonprotonated form on N2 (DET) and N4 (TEP), 

respectively.25 Thus, we attempted to increase the fraction of protonated terminal amines on 

N2 (DET) by introducing an additional methylene group to create an N-substituted 

polyaspartamide possessing a side chain of 1,3-diaminopropane (-NHCH2CH2CH2NH2), 

which is referred to as N2 (DPT) in this study. According to previous studies, N2 (DPT) 

bears a fully protonated terminal amine at pH 7.4. Interestingly, as shown in Figure 3B, N2 

(DPT) enabled an up to 15-fold increase of luciferase mRNA expression when delivering 

mRNA/eIF4E nanoplexes relative to mRNA alone. In contrast, N2 (DET) failed to elicit 

increased mRNA expression with the same nanoplexes. Therefore, N2 (DPT) improves 

mRNA transfection likely through increased clustering between mRNA and eIF4E as a 

result of enhanced protonation on the terminal amines.

To directly confirm whether polyamines differentially modulate the physical distances 

between mRNA and eIF4E inside the nanoplex, eIF4E and luciferase mRNA were labeled 

with Cyanine 3 (Cy3) and Cyanine 5 (Cy5), respectively. In principle, when these two dyes 

are in vicinity of each other (2–9 nm) inside cells, Förster resonance energy transfer (FRET) 

can be detected by flow cytometer. As a result, an intracellular FRET assay is able to 

quantitatively measure the proximity between eIF4E and mRNA in a cellular environment. 

By measuring the percentage of FRET-positive cells and mean FRET intensity, it was found 

that only N2 (DPT), N3 (TET) and N5 (PEH) resulted in relatively high degrees of co-

localization at a 1:5 (Cy5-mRNA/Cy3-eIF4E) mass ratio 4 hr after transfection into 

HEK293T cells (Figure 3C–E). Consistently, across all three cell lines tested (HEK293T, 

NIH3T3 and HeLa), only N2 (DPT), N3 (TET) and N5 (PEH) were able to substantially 

enhance luciferase or GFP mRNA expression following delivery of mRNA/eIF4E 

nanoplexes (Figure 2, Figure 3B, Supplementary Figs. 4 and 5). Notably, an intermediate 

degree of co-localization between Cy3-eIF4E and Cy5-mRNA packaged with N4 (TEP) was 

detected in comparison to other polyamines (Figure 3D and E), which is consistent with a 

marginal increase (~2 fold) of reporter mRNA expression in HEK293T (Figure 2 and 
Supplementary Figs. 4 and 5). In comparison, N1 (EDA) and N2 (DET) gave rise to a 

minimal degree of co-localization based on the FRET assay (Figure 3D and E), which is in 

agreement with their lack of ability to increase reporter mRNA expression through delivery 

of mRNA/eIF4E (Figure 2 and Supplementary Figs. 4 and 5). Through tuning the side chain 

structure along with intracellular FRET assays, our results suggest that in addition to 

facilitating the internalization of nanoplexes into cells, polyamine carriers also serve to 

stabilize the association between mRNA and eIF4E, which is critical for the eIF4E-mediated 

enhancement of mRNA transfection. We deduce that such an effect is likely dictated by the 

protonation degree of terminal amine and cationic charge density on the side chain (Figure 

3A).

Preassembly of mRNA/eIF4E is indispensable for increased mRNA expression

Given the fact that eIF4E is considered the least abundant protein among translation 

initiation factors,14, 27 we asked whether it is the assembly of mRNA/eIF4E nanoplex or the 
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restoring of stoichiometric amount of eIF4E within cells that resulted in enhanced mRNA 

expression.27 To test the latter possibility, NIH3T3 and HEK293T were modified to stably 

overexpress eIF4E, and the increased level of eIF4E was confirmed by western blotting 

(Supplementary Figs. 6C and D). Next, luciferase mRNA was transfected into these cell 

lines via each of the five different polyamines. At 24 hr after transfection, it was found that 

raising endogenous eIF4E levels failed to enhance mRNA expression (Supplementary Figs. 

6A and B). To rule out the possibility that overexpressing eIF4E by the genetic modification 

may not have increased eIF4E to the same levels as direct delivery of eIF4E protein, we 

monitored the total eIF4E levels in cells upon delivery of preassembled luciferase mRNA/

eIF4E (1:5 mass ratio) packaged with N5 (PEH) over 12 hr by western blotting. The amount 

of eIF4E protein added into culture medium relative to the cell number in western blotting 

assays remained the same as the in vitro transfection studies shown in Figure 2. 

Unexpectedly, the amount of eIF4E introduced into cells through delivery of mRNA/eIF4E 

nanoplexes is nearly undetectable. In contrast, cells overexpressing eIF4E contained a 

substantially high level of eIF4E (Supplementary Figs. 6C and D). Therefore, simply raising 

the level of eIF4E inside cells may not be able to explain the enhanced expression of mRNA 

via delivery of mRNA/eIF4E nanoplexes. If this is true, preassembly of mRNA/eIF4E prior 

to transfection is likely indispensable for increased mRNA expression.

Preassembled translation initiation nanoplex increases intracellular mRNA stability

The 5′-3′ exonuclease-mediated hydrolysis represents a predominant mRNA degradation 

pathway inside cells. This degradation pathway is initiated through the removal of the m7G 

cap from mRNA with decapping enzymes, and is inhibited when eIF4E binds to the 

cap.10, 28 Therefore, we tested whether the mRNA/eIF4E nanoplex could protect mRNA 

from decapping and subsequent degradation, thereby enhancing the intracellular mRNA 

stability. Equal amounts of luciferase mRNA alone or together with eIF4E at 1:5 mass ratio 

(RNA/eIF4E) were transfected into HEK293T cells by each of the five polyamines. At 4 hr 

after transfection, cells were washed extensively and fresh media was added to remove 

nontransfected mRNA. A fraction of cells were harvested at this time point to set a baseline 

for quantification of intracellular luciferase mRNA.

We found no difference in the mRNA uptake between mRNA alone and mRNA/eIF4E 

transfected with all five polyamines in the first 4 hours (Figure 4A–E). In a separate flow 

cytometry study, Cy5-labeled mRNA alone and mRNA/eIF4E nanoplexes were transfected 

into HEK293T cells via the same polyamines. At 4 hr after transfection, >95% of cells had 

internalized mRNA at comparable levels in mRNA- and mRNA/eIF4E-transfected cells 

based on mean fluorescence intensity (MFI) (Supplementary Fig. 7). This demonstrated that 

eIF4E does not improve mRNA expression through increasing the mRNA uptake. However, 

after removing nontransfected mRNA at the 4 hr time point, eIF4E significantly enhanced 

intracellular mRNA stability over 24 hr in cells transfected with N3 (TET) and N5 (PEH) 

(Figure 4C and E). In comparison, N1 (EDA), N2 (DET) and N4 (TEP) failed to improve 

mRNA stability through delivering mRNA/eIF4E nanoplexes (Figure 4A, B and D). This 

enhanced intracellular mRNA stability via preassembly with eIF4E may partly explain the 

increase of mRNA expression. Moreover, the observation that such eIF4E-mediated increase 

of mRNA stability was only detected in N3 (TET) and N5 (PEH) polyamines is consistent 
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with the results in which only these two polyamines support substantial enhancement of 

mRNA expression in different cell types (Figure 2 and Supplementary Figs. 4 and 5).

Preassembled translation initiation nanoplex enhances mRNA translation

eIF4E is responsible for initiating protein synthesis from a mRNA template (i.e. mRNA 

translation). Inside cells, an efficient mRNA translation is characterized by multiple 

ribosomes (polysome) engaged in a single mRNA strand during protein synthesis and 

therefore the number of ribosomes bound to mRNA is commonly proportional to the degree 

of translational activity.29 We adapted a well-established polysome-profiling assay to answer 

whether this preassembled translation initiation nanoplex, mRNA/eIF4E, could increase the 

recruitment of ribosomes to co-transfected mRNA. At 24 hr after transfection of GFP 

mRNA or mRNA/eIF4E into HEK293T cells with five different polyamines, cells were 

treated with an eukaryote protein synthesis inhibitor, cycloheximide (CHX) to “fix” 

ribosomes with their associated mRNA. Then cell lysates were prepared and separated by 

ultracentrifugation in a linear sucrose gradient (5%–50%) with 24 fractions. The binding of 

ribosomes to mRNA changes the sedimentation coefficient of mRNAs. As a result, free 

mRNA and mRNA populations associated with a single ribosome (monosome) and multiple 

ribosomes (polysome) can be identified by spectral absorbance (OD254nm) (Figure 5A and 
Supplementary Fig. 8). Additionally, detection of a small 40S ribosomal protein (S6) by 

western blotting confirmed the presence of these two populations (Supplementary Fig. 9). 

Since the OD254nm absorbance quantifies total RNA species, a majority of which are 

ribosomal RNA, we combined two neighboring fractions after absorbance measurement to 

obtain a total of 12 fractions and quantified the global distribution of transfected GFP 

mRNA through qPCR. By referring to the OD254nm absorbance spectrum along with 

western blotting against the 40S ribosomal protein S6 (Supplementary Figs. 8 and 9), we 

could assign free GFP mRNA to fractions #1 through #5, monosome-associated GFP mRNA 

to fraction #6 and polysome-associated GFP mRNA to fractions #9 through #11 (Figure 5B–

F). It was found that the GFP mRNA/eIF4E nanoplexes dramatically shifted the distribution 

of mRNA from ribosome-free species to polysome-associated ones (a feature of active 

mRNA translation) relative to transfection with mRNA alone in the presence of N3 (TET) 

and N5 (PEH) polyamines (Figure 5D and F). In contrast, N4 (TEP) showed a marginal 

increase of actively translated mRNA with eIF4E, but no such shift was detected with N1 

(EDA) and N2 (DET) (Figure 5B, C and E). This trend was consistent with the distinct 

profile of transfection enhancement through preassembled mRNA/eIF4E nanoplexes with 

different polyamine carriers (Figure 2 and Supplementary Figs. 4 and 5). Therefore, in 

addition to improving the intracellular mRNA stability, eIF4E protein increases the 

translation of mRNA through active recruitment of ribosomes. Moreover, a clear difference 

among different polyamines was observed at the mRNA translation level, which further 

suggests that different side chain structures play a critical role in modulating such effect.

Delivery of mRNA/eIF4E nanoplexes enhances mRNA expression ex vivo and in vivo

mRNA represents an increasingly important agent for gene delivery. We investigated 

whether delivering antigen mRNA/eIF4E nanoplexes into primary dendritic cells (DCs) can 

enhance an antigen-specific T cell activation ex vivo. Bone marrow-derived dendritic cells 

(BMDCs) from C57BL/6 mice were transfected with various combinations of mRNA/eIF4E 
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with N5 (PEH): Two different modes of chicken ovalbumin (OVA) antigen mRNA were 

investigated. One includes a full-length OVA mRNA, which represents a vaccination 

scenario where the antigen epitopes are not defined. The second mode utilizes a chimeric 

mRNA construct, which includes a N-terminal leader peptide with a MHC class I trafficking 

signal (MITD) attached to the C terminus of a short mRNA fragment encoding an OVA-

derived antigen epitope (SIINFEKL peptide) (Figure 6A). As shown in Figure 6B, 24 hr 

after transfection of BMDCs, immune cells were harvested from OTI mouse lymph nodes 

(LNs), which contain CD8 T cells transgenically expressing a T cell receptor recognizing the 

MHC I-restricted SIINFEKL peptide. LN-derived cells were pre-labeled with 1μM CFSE 

fluorescent dyes and subsequently co-cultured with the BMDCs. The activation of naïve OTI 

CD8 T cells and proliferation of activated OTI CD8 T cells were monitored by fluorescence 

intensity of CFSE gated on CD8 T cells using flow cytometer. On day 6, it was found that 

with full OVA and SIINFEKL mRNA, eIF4E significantly enhanced the proliferation of 

CD8 T cells but not other cells. In contrast, BMDCs transfected with luciferase mRNA or 

along with eIF4E failed to stimulate the proliferation of OTI CD8 T cells or other cells 

(Figure 6C and D and Supplementary Fig. 10A). In addition to stimulating the T cell 

proliferation, on day 4, delivery of OVA mRNA/eIF4E or SIINFEKL mRNA/eIF4E 

nanoplexes into BMDCs resulted in increased secretion of IFN-gamma in comparison to 

mRNA alone, which reflects the enhanced conversion of naïve T cells to cytotoxic T cells 

(Supplementary Fig. 10B). We next investigated whether eIF4E could enhance mRNA 

delivery in vivo. As a proof-of-concept, luciferase mRNA or luciferase mRNA/eIF4E was 

packaged with the polyamine and introduced into Balb/c mice via tail veins. The transgene 

expression peaked at 6 hr following the injection and was primarily found in lungs. The 

signals decayed over 48 hr in both mRNA/polyamine and mRNA/eIF4E/polyamine groups, 

which indicated the nature of transient gene expression in the mRNA-mediated gene 

delivery. However, the preassembly with eIF4E significantly increased luciferase expression 

over injecting mRNA/polyamine alone (Figure 6E and F). Collectively, in both ex vivo and 

in vivo experiments, we demonstrated that the preassembly of mRNA/eIF4E nanoplex can 

enhance the transfection efficiency of mRNA in primary cells and mice. Nevertheless, the 

degree of such enhancement is lower than the transfection studies in cell lines. This 

difference may reflect the increased difficulty in transfecting primary cells and the lower 

stability of mRNA/eIF4E nanoplexes through the systemic delivery route in mice.

Safety considerations of delivering mRNA/eIF4E nanoplexes

Last but not the least, we addressed the safety concerns associated with co-delivery of 

mRNA/eIF4E, since constitutive overexpression of eIF4E has been found in several human 

cancers.30–31 As shown in Supplementary Figs 6C and D, a bolus delivery of mRNA/eIF4E 

into cells resulted in a negligible change of total eIF4E levels inside cells. We further tested 

whether repeated delivery of eIF4E into cells induces cell proliferation. HEK293 or NIH3T3 

cells were transfected daily for four days with 100 ng luciferase mRNA alone or 100 ng 

mRNA/500 ng eIF4E in 96-well plates. Cell proliferation was measured daily by the MTT 

assay. Over 96 hr, no appreciable stimulation of cell proliferation was detected in the cells 

receiving mRNA/eIF4E compared to those transfected with reporter mRNA alone. 

Conversely, cells overexpressing eIF4E proliferated significantly faster, which was 

consistent with the role of eIF4E overexpression in certain cancers (Supplementary Figs. 
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11A and B). We examined whether delivery of eIF4E proteins could elevate c-Myc 

expression, which is known to be upregulated in cancer cells with eIF4E overexpression. 2 

μg luciferase mRNA/10 μg eIF4E protein, along with N5 (PEH) were added into culture 

medium containing 2×105 HEK293T cells daily for four days. Consistent with the cell 

proliferation experiment, delivery of eIF4E protein failed to up-regulate c-Myc expression, 

whereas in eIF4E-overexpressing cells, c-Myc expression appreciably elevated 

(Supplementary Fig. 11C). Note that over a four-day transfection period, a total of 40 μg 

eIF4E was added into 2 ml cell culture medium. Additionally, we estimated a total of ~500 

μg of proteins from cell lysates at 96 hr by the Bradford assay. Considering that no change 

of total eIF4E level was detected (Supplementary Fig. 11C), we reasoned that two 

explanations were possible. First, only a small fraction of mRNA/eIF4E may have been 

internalized into cells. Second, eIF4E may have a relatively short half-life. In fact, it has 

been found that ectopically expressed eIF4E is subjected to ubiquitination and a proteasome-

dependent degradation pathway within 24 hr.32 Similar to existing protein delivery-based 

applications including Cas9 protein-sgRNA for precise genome editing and OSKC 

transcription factor proteins (Oct4, Sox2, Klf4 and c-Myc) for induced pluripotent stem 

cells, co-delivery of eIF4E protein may have the advantage of immediate action and 

relatively short half-life for mRNA-based therapeutics.33–34

Conclusions

By integrating a deep understanding of mRNA biology with material chemistry, we 

developed a distinct approach to engage mRNA in active protein expression inside cells. 

Through preloading capped mRNA with the translation initiation factor protein, eIF4E, a 

substantial increase of mRNA expression inside cells has been achieved. Nevertheless, our 

study shows that simply overexpressing eIF4E inside cells prior to mRNA transfection does 

not increase mRNA translation. Our result appears to contradict an earlier study in which co-

delivering eIF4E mRNA with EGF mRNA was found to augment wound healing.27 Note 

that this earlier study did not provide evidence that transient overexpression of eIF4E 

directly increased the translation of EGF mRNA, which was responsible for wound healing. 

Instead, the collagen expression was used as an indirect readout for the effect of EGF 

expression on wound healing. In fact, separate studies demonstrated that the upregulation of 

eIF4E can induce collagen expression indirectly through activation of TGFβ signaling.35–36 

Therefore, it is likely that co-delivering eIF4E mRNA with EGF mRNA does not enhance 

wound healing directly through increasing EGF expression. Given the promiscuous G cap 

binding characteristic of eIF4E and presence of abundant endogenous mRNAs, we speculate 

that simply elevating the intracellular level of eIF4E does not enable eIF4E to exclusively 

recognize the G cap of transfected mRNA.

Furthermore, our results with synthetic polyamines strongly suggest that a physical co-

localization between mRNA and eIF4E protein is indispensable for eIF4E-mediated increase 

of mRNA expression. By comparing a series of polyamines with the same backbone and 

distinct side chain amines, we discovered that the ability of eIF4E to increase mRNA 

expression is dependent on the side chain structure. Among six polyamines examined in the 

study, a clear correlation between eIF4E-mediated increase of mRNA expression and 

stability of mRNA/eIF4E was observed. By fine-tuning the structure of the side chain, we 
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found that such stabilization effects are likely attributed to the protonation degree of the 

terminal amine group. Nevertheless, considering that N1 (EDA) assumes one fully 

protonated terminal amine, we do not rule out other possible mechanisms as contributions, 

such as the overall cationic charge density. However, we reasoned that N1 (EDA) may be an 

exception since the expression of GFP or luciferase mRNA transfected with N1 (EDA) was 

nearly undetectable in different cell lines. Additionally, we also observed that poly-L-lysine 

with a similar degree of polymerization failed to transfect reporter mRNAs alone or in the 

co-delivery with eIF4E (data not shown). This is likely due to an inherent low transfection 

efficiency of polyamines with only one protonable side chain amine, which was found in 

previous studies as well,25, 37 and to the fact that only a primary amine is present, which has 

a higher pKa and has been thought to lower endosomal escape.

The method presented here should provide both practical and theoretical implications for the 

mRNA-based gene delivery. The co-delivery of antigen mRNA/eIF4E in dendritic cells 

demonstrated in this study may have implications on boosting the efficacy of mRNA-based 

vaccines. Alternatively, co-delivering eIF4E could be utilized to dramatically improve 

mRNA expression in the treatment of certain genetic diseases as demonstrated before with 

chemically modified mRNA.38–39 Additionally, such co-delivery strategies can be applied to 

other nucleic acid-based therapeutics including small interference RNA (siRNA) and DNA 

by identifying proteins that can potentially facilitate the function of these nucleic acids 

inside cells. With respect to the theoretical significance, many polymer- and lipid-based 

mRNA carriers have been developed to enable robust mRNA delivery and expression in 
vitro and in vivo. However, studies on the detailed mechanisms are usually focused on the 

material properties such as buffering effects and charge distribution, often independent of the 

nucleic acid vector. Our work implies that characterization of the dynamic interactions 

between the synthetic delivery vehicle, mRNA, and the cellular protein machinery 

responsible for mRNA stability and translation may offer a distinct perspective that enables 

examination of the mechanisms underlying efficient mRNA delivery.

Methods and Materials

Chemicals and antibodies

β-benzyl-L-aspartate and triphosgene were purchased from Chem-Impex (Wood Dale, IL, 

USA) and used without further purification. Diethylenetriamine, triethylenetetraamine, 

tetraethylenepentamine, and pentaethylenehexamine were respectively purchased from Alfa 

Aesar (Haverhill, MA, USA), MP Biomedicals (Santa Ana, CA, USA), TCI America 

(Portland, OR, USA), and Acros Organics (Pittsburgh, PA, USA) and used as received. N, 

N-Dimethylformamide (DMF) was dried and stored over 3Å molecular sieves under an 

argon atmosphere prior to use. All other reagents were purchased from Sigma-Aldrich (St. 

Louis, MO, USA) and used as received. Fire fly luciferase assay kit was purchased from 

Biotium (Fremont, CA, USA) and performed per manufacturer’s instruction. GFP, fire fly 

luciferase and OVA mRNA were from Trilink (San Diego, CA, USA). These capped (Cap 0) 

and polyadenylated mRNA have been optimized for mammalian systems and modified with 

pseudouridine and 5-methylcytidine to reduce immune stimulation. Cyanine 3 and Cyanine 

5 succinimidyl esters (potassium salt) were purchased from AAT bioquest (Sunnyvale, CA, 
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USA). CFSE cell proliferation kit was from Invitrogen (Grand Island, NY, USA). Primary 

antibodies used in this study are: β Tubulin (G-8), eIF4E (P-2) are from Santa Cruz Biotech 

(Dallas, TX, USA). APC anti-mouse CD8a and TruStain fcX™ (anti-mouse CD16/32) 

antibodies are from Biolegend (San Diego, CA, USA). Secondary antibodies are: goat anti-

rabbit IgG-HRP and goat anti-mouse IgG-HRP (Santa Crutz Biotech, Santa Cruz, CA, 

USA).

Synthesis and characterization of β-benzyl-L-aspartate N-carboxyanhydride (NCA)

To a dispersion of β-benzyl-L-aspartate (25.0 g, 112 mmol) in THF (200 mL) in a 1 L two 

neck round bottom flask equipped with a magnetic stir bar and rubber septum was added 

triphosgene (30.0 g, 100 mmol) in one portion. The mixture was stirred and sparged with a 

steady stream of argon under reflux for 2 hr then cooled to RT. Hexanes (700 mL) were 

added and the mixture was allowed to sit for 7 hr. The resulting precipitate was collected by 

vacuum filtration and washed 4 times with hexanes under a blanket of argon. The resulting 

solid was added to a flame dried 1 L flask, dissolved in anhydrous THF (300 mL), and 

recrystallized via solvent diffusion under a layer of hexanes (700 mL) in an argon 

atmosphere at RT. The solids were collected by vacuum filtration under a blanket of argon, 

washed 4 times with hexanes, and dried in vacuo to give white crystals (25.7 g, 103 mmol, 

92%).

1H NMR (400 MHz, CDCl3) δ 7.47 – 7.30 (m, 5H), 6.13 (s, 1H), 5.19 (s, 2H), 4.60 (dd, J = 

9.5, 2.4 Hz, 1H), 3.09 (dd, J = 17.7, 3.1 Hz, 1H), 2.84 (dd, J = 17.7, 9.6 Hz, 1H)

13C{1H} NMR (101 MHz, CDCl3) δ 169.55 (s), 168.31 (s), 151.32 (s), 134.76 (s), 129.03 

(s), 128.95 (s), 128.71 (s), 67.98 (s), 53.98 (s), 36.22 (s)

Synthesis and characterization of poly(β-benzyl-L-aspartate) (PBLD)

A flame dried 100 mL Schlenk flask equipped with a magnetic stir bar and rubber septum 

was charged with NCA (3.28 g, 13.2 mmol) and DMF (30 mL). Hexylamine (17.4 μL, 0.132 

mmol) was added via micropipette with stirring and the reaction was sparged with a steady 

stream of argon at RT for 48 hr. The reaction was added to water and the resulting 

precipitate was collected by centrifugation, washed 3 times with water, and dried in vacuo to 

give a white powder (2.44 g, 11.9 mmol repeat units, 90%).

1H NMR (400 MHz, DMSO): δ 8.37 – 7.98 (m, 1H), 7.51 – 7.08 (m, 5H), 5.21 – 4.92 (m, 

2H), 4.74 – 4.48 (m, 1H), 2.98 – 2.54 (m, 2H).

Synthesis and characterization of polyamines

Polyamines were synthesized according to a modified procedure of Uchida and coworkers.25 

Briefly, to a chilled solution of PBLD in N-Methyl-2-pyrrolidone (NMP) (2 mL) was added 

dropwise with stirring 50 equivalents of oligoalkylamines (relative to the reactive benzyl 

ester on the PBLD) diluted two-fold with NMP. After stirring for 2 hr at 0°C, the pH was 

adjusted to 1 with dropwise addition while stirring of cold 6 N HCl. The resulting solution 

was dialyzed from a regenerated cellulose membrane bag (Spectrum Laboratories, 1 kDa 
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MWCO) against 0.01 N HCl followed by mQ water, frozen, and lyophilized to give a white 

powder.

N1 (EDA): 1H NMR (400 MHz, D2O) MR (400 MHz, Dwith NMP. After stirring for 

2 hours at 0°C,

N2 (DET): 1H NMR (400 MHz, D2O) δ 4.71 (s, 1H), 3.45 (s, 2H), 3.22 (s, 2H), 3.11 

(s, 2H), 2.97 (s, 2H), 2.83 (s, 2H).

N3 (TET): 1H NMR (400 MHz, D2O) δ 3.70 – 3.50 (m, 7H), 3.49 – 3.41 (m, 2H), 

3.35 (s, 2H), 3.23 – 2.62 (m, 4H).

N4 (TEP): 1H NMR (400 MHz, D2O) δ 4.72 (s, 1H), 3.64 – 3.39 (m, 9H), 3.37 – 

3.05 (m, 5H), 3.00 – 2.62 (m, 4H).

N5 (PEH): 1H NMR (400 MHz, D2O) δ 3.80 – 2.57 (m, 23H).

1H NMR and 13C NMR spectra were obtained in CDCl3, dimethyl sulfoxide-d6 or 

deuterium oxide (Cambridge Isotope Laboratories) using a Bruker Avance 400 MHz 

NMR spectrometer at 25°C.

Cell lines and mice

HEK293T, NIH3T3, and HeLa cells were obtained from American Type Culture Collection 

(ATCC, Rockville, MD, USA). All cells were cultured in DMEM (Invitrogen, Grand Island, 

NY, USA) with 10% FBS and 1% Penicillin/Streptomycin. Cells were screened for 

mycoplasma-free by High Throughput Screening Facility at The Koch Institute for 

Integrative Cancer Research at MIT (Cambridge, MA, USA). OT-1 transgenic mice were 

housed in the MIT Animal Facility. We performed all mouse studies in the context of an 

animal protocol approved by the MIT Division of Comparative Medicine following federal, 

state and local guidelines.

Production and purification of recombinant eIF4E

Human eIF4E cDNA was synthesized by IDT (Coralville, Iowa, USA) and cloned into 

pSH200 plasmid (A gift from Prof. Xiling Shen at Duke University) via NcoI and HindIII. 
His-tagged eIF4E was expressed in BL21 E.coli through overnight induction with 0.1 mM 

IPTG at 20°C for 12 hr. Bacteria were lysed in the presence of 1mg/ml lysozyme at room 

temperature for 20min followed by sonication at 20 watts for 5 min at 10 sec interval on ice. 

Cell lysate was centrifuged at 14,000×g, 4 °C for 90 min. Cell lysate was cleared through 

0.45 μm filter and subjected to cobalt NTA column-based purification. After purification, 

proteins were buffer exchanged to 20 mM HEPES, 150 mM NaCI, 10% glycerol, 1 mM 

DTT and stored at −80°C. Protein function was confirmed by gel shift assay with capped 

and uncapped mRNA. Protein purity was verified by SDS-PAGE.

Preparation of SIINFEKL mRNA by in vitro transcription

cDNA encoding SIINFEKL peptide flanked by a MHC class I signal peptide fragment (78 

bp, secretion signal (sec)) and the transmembrane and cytosolic domains including the stop-

codon (MHC class I trafficking signal (MITD), 168 bp) were synthesized by IDT according 

to previous studies.40–41 cDNA was cloned into pGEM4Z/GFP/A64 (A gift from Dr. Smita 
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K. Nair at Duke University) by replacing GFP fragment with XbaI and NotI. Linearization 

with SpeI, followed by in vitro transcription (IVT) with HiScribe™ T7 High Yield RNA 

Synthesis Kit (NEB), yields a transcript containing 61 nucleotides of vector-derived 

sequence, the coding sequence and 64 A residues. In a typical 20 μl reaction, the following 

nucleotides were prepared: ATP (10 mM), pseudo-UTP (10 mM), Methyl-CTP (10 mM), 

GTP (2 mM), anti reverse Cap analog (8 mM). RNA was purified by RNeasy purification kit 

(Qiagen, Hilden, Germany). RNA quality was confirmed by running in 1% Agarose gel. 

Concentration was determined by OD260nm.

Preparation of nanoplexes for transfection

Polyamines were dissolved in 10 mM HEPES buffer (pH 7.4). For each well of a 96-well 

plate, 100 ng mRNA diluted in 5 μl OptiMEM was mixed with 5 μl OptiMEM containing 

eIF4E at room temperature for 10 min. The formation of mRNA/eIF4E complex was 

confirmed by gel shift assay in native agarose gel performed at 70V, 4°C for 30 min. 

Afterwards, 5 μl OptiMEM containing polyamine was added and incubated at room 

temperature for 15 min prior to transfection. Polyamine was adjusted to achieve 15 to 1 

(N/P) ratio for transfection in HEK293T, NIH3T3 and HeLa cells. 10 to 1 (N/P) ratio was 

used for transfection in dendritic cells.

Dynamic light scattering (DLS) and zeta potential measurements of nanoplexes

Naked luciferase mRNA or mRNA/eIF4E complexes were mixed with each polyamine at a 

15 to 1 (N/P) ratio in 10mM HEPES (pH 7.4). These nanoplexes were prepared in the same 

way as those for cell transfection studies. Final mRNA concentration in DLS and zeta 

potential measurements was 10 μg/ml. Hydrodynamic size and polydispersity index were 

measured using dynamic light scattering (Malvern ZS90 particle analyzer, λ = 633 nm). 

Zeta potential measurements were made using laser Doppler electrophoresis with the 

Malvern ZS90. From the obtained electrophoretic mobility, zeta potential was calculated by 

the Smoluchowski equation: ζ = 4πηυ/ε, where η is the viscosity of the solvent, υ is the 

electrophoretic mobility, and ε is the dielectric constant of the solvent.

Potentiometric titration

The polyamine in a chloride salt form was dissolved in 0.1 N HCl (5 mL) containing 50 mM 

NaCl to obtain a solution with 100 mM amine, and then sequentially titrated with 0.1 N 

NaOH containing 50 mM NaCl. The pH values were acquired with a pH meter. A plot of pH 

against NaOH volume was made to calculate different apparent pKa associated with each 

estimated protonation structure and the degree of protonation at pH 7.4.

Quantification of reporter gene expression

24 hr prior to transfection, cells were seeded in 100 μl culture media in a 96-well plate. 5000 

cells per well for NIH3T3 and HeLa. 10000 cells per well for HEK293T. On the day of 

transfection, nanoplexes containing 100 ng reporter mRNA was added into each well. For 

luciferase, 24 hr after transfection, cells were lysed and a luciferase substrate was added per 

the manufacturer’s instructions. Bioluminescence was quantified by a Tecan plate reader 

(Switzerland) with an integration time of 1000 ms. Control wells with nontransfected cells 
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were included each time for subtraction of the background. For GFP detection, the FACS 

LSR Fortessa HTS flow cytomer was used after trypsinizing cells. 10000 live cells were 

measured and analyzed for percentage of GFP positive cells and mean fluorescence intensity 

(MFI).

Detection of intracellular RNA abundance by quantitative PCR

RNA was extracted by Trizol reagent (Invitrogen) and converted to cDNA via Ecodry cDNA 

synthesis kit (Clontech). cDNA was amplified in LightCycler® 480 SYBR Green I Master 

reagent and quantified by Roche LightCycler 480 Real-Time PCR System. Primer sequences 

used for detection are: Luciferase forward: gaaatgtccgttcggttggc; Luciferase reverse: 

tccgataaataacgcgccca; GFP forward: ggagcgcaccatcttcttca; GFP reverse: agggtgtcgccctcgaa; 

human actin forward:tccctggagaagagctacga; human actin reverse: agcactgtgttggcgtacag; 

mouse actin forward: tggcgcttttgactcaggat; mouse actin reverse: gggatgtttgctccaaccaa.

Polysome profiling

Polysome profiling was performed by following a previous protocol.29 Briefly, in one 10 cm 

petri dish, 106 HEK293T cells were seeded 24 hr before transfection. 4 μg GFP mRNA 

alone or mixed with 20 μg eIF4E protein were complexed with polyamines at a 15:1 N/P 

ratio in 600 μl Opti-MEM medium at room temperature for 15 min. Complexes were added 

into cells and incubated at 37°C, 5% CO2 for 24 hr. In the meantime, 5 and 50% sucrose 

were prepared in sucrose gradient buffer (20 mM HEPES, 100 mM KCl, 50 mM MgCl2, pH 

7.6) with EDTA-free protease inhibitor cocktail and 100 μg/ml cycloheximide (CHX). A 

linear sucrose gradient was made by filling half of centrifuge tubes with 50% followed by 

5% sucrose buffers. Tubes were laid horizontally in the cold room for 6 hr and were lift 

upright in the cold room for sample loading the next day. On the day of sucrose gradient 

fractionation, in each 10cm petri dish, cells were incubated with 100 μg/ml CHX at 37°C for 

5 min followed by washing with 10 ml ice-cold PBS containing 100 μg/ml CHX twice. Cell 

pellet was collected and subjected to 500 μl hypotonic lysis (5 mM Tris-HCl, 2.5 mM 

MgCl2, 1.5 mM KCl, 0.5% TritonX-100, 0.5% sodium deoxycholate, 100 μg/ml CHX, 2 

mM DTT, pH 7.5) supplemented with 1xEDTA-free protease inhibitor cocktail and 50U 

Recombinant RNasin™ Ribonuclease Inhibitor for each 10 cm petri dish. Cells were lysed 

on ice for 5 min and lysates were collected by centrifugation at 17000×g, 10 min. Cell 

lysates were loaded onto 5–50% linear sucrose gradient and were ultracentrifuged in a 

SW41 rotor at 36,000 rpm, 2 hr, 4°C. After ultracentrifugation was finished, a hole at the 

bottom of centrifuge tube was drilled with a 25 gauge needle. 0.5 ml fraction was collected 

sequentially starting from the tube bottom. A total of 24 fractions from a 12 ml tube were 

collected. The absorbance at OD254nm was measured by DU 800 spectrophotometer 

(Beckman Coulter, Brea, CA, USA). An OD254nm absorbance was plotted against 24 

fractions from a sucrose gradient (5–50%) to identify free RNA, monosome and polysome 

populations. Afterwards, two neighboring fractions were combined into one tube (i.e. a total 

of 800 μl after removing 100 μl from each fraction for OD254nm measurement). 10 ng 

luciferase mRNA was spiked into 400 μl combined fraction as an internal reference and was 

mixed with equal volume of Trizol for RNA isolation. Total mRNAs were converted into 

cDNA and the percentage of GFP mRNA in each fraction was calculated by first 

normalizing GFP mRNA (transfected alone or with eIF4E) to luciferase mRNA (internal 
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control) in each fraction and then comparing it to the sum of normalized GFP abundance 

from a total of 12 combined fractions.

To identify the location of 40S small subunit within the fractions, 400 μl sample from the 

rest of combined factions was precipitated by trichloroacetic acid protein precipitation 

followed by washing with acetone twice. Protein pellets were dried completely before re-

suspension in 1xSDS PAGE loading buffer (50 mM Tris-Cl, pH 6.8), 2% SDS, 0.1% 

bromophenol blue, 10% glycerol, 100 mM beta mercaptoethanol, pH 6.8). Total proteins 

were analyzed by western blotting. S6 Ribosomal Protein (5G10) Rabbit mAb (Cell 

Signaling Technology) was used to detect the presence and abundance of S6 (a major 

compotent of 40S small subunit of ribosome) in each fraction.

Flow cytometry analysis of intracellular Förster resonance energy transfer (FRET)

eIF4E protein was labeled by Cy3-NHS (AAT bioquest, Sunnyvale, CA, USA) at a 5:1 (dye/

protein) molar ratio in the protein storage buffer (20 mM HEPES, 150 mM NaCI, 10% 

glycerol, 1 mM DTT) at room temperature for one hour. Protein-dye conjugates were 

separated from free dyes through 0.5 ml Zeba™ Spin Desalting Columns, 7K MWCO 

(Thermofisher). Luciferase mRNAs were labeled with Label IT Cy5 Labeling Kit (Mirus 

Bio LLC, Madison, WI, USA) at a 10:1 (dye/mRNA) molar ratio per the provider’s 

instruction. Labeled mRNAs were purified by ammonia acetate/ethanol precipitation. In a 

96-well plate, 104 HEK293T or NIH3T3 cells were seeded in 100 μl growth medium per 

well 24 hr before transfection. On the day of transfection, Cy5-mRNA (100 ng RNA) alone 

or Cy3-eIF4E/Cy5-mRNA (100 ng RNA/500 ng eIF4E) were transfected with polyamines at 

15:1 N/P molar ratio into cells. Cells were harvested at 4 hr post transfection. Fluorescence 

intensity of the cells was monitored and evaluated with a FACSCelesta (BD Biosciences) 

equipped with Diva software (BD Biosciences) using a 488 laser for excitation and a 660/20 

nm filter.

Ex vivo antigen presentation assay

In a 48-well plate, 104 BMDCs were seeded in 200 μl RPMI 1640, 10% FBS 24 hr before 

transfection. On day 0, each well received 200 ng OVA mRNA, SIINFEKL mRNA, 

luciferase mRNA or together with 1 μg eIF4E proteins transfected with N3 (TET) or N5 

(PEH). On day 1, mononuclear cells (MNCs) were isolated from inguinal, mesenteric, 

cervical, axillary and brachial lymph nodes of OTI mice and labeled with 1 μM CFSE 

fluorescence dye for tracking of cell proliferation and activation. 2×105 CFSE-labeled 

MNCs were added into each well. Activation of CD8 T cells was detected by measuring 

fluorescence intensity of intracellular CFSE gated on CD8 T cells. The percentage of CFSE-

low population was quantified. Only viable cells (DAPI-negative) were analyzed in flow 

cytometer through simultaneous labeling of DAPI. On day 4, supernatant from co-culture 

wells was removed for quantification of interferon gamma concentration by Murine IFN-γ 
Mini TMB ELISA Development Kit (Peprotech, Rocky Hill, NJ, USA).

In vivo mRNA delivery

Female Balb/c mice aged 8–10 weeks were purchased from Taconic Biosciences (Hudson, 

NY, USA). 5 μg luciferase mRNA or 5 μg mRNA/5 μg eIF4E packaged with polyamines at a 
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50:1 N/P ratio were prepared in 120 μl OptiMEM medium and were injected into animals 

via tail veins.

Bioluminescence imaging

Bioluminescent imaging was performed with a CCD camera mounted in a light-tight 

specimen box (Xenogen, Waltham, MA, USA). Imaging and quantification of signals were 

controlled by the acquisition and analysis software Living Image (Xenogen). Anaesthetised 

mice were placed in the IVIS Imaging System and imaged from ventral views 10 min after 

intraperitoneal injection of D-luciferin at 150 mg/kg body weight.

Cell proliferation assay

Cell proliferation was measured by detecting mitochondrial dehydrogenase activity using 

MTT as the substrate. Cells in a 96-well plate were incubated with MTT at a concentration 

of 0.5 mg/mL, at 37°C for 1 hr. The purple MTT product was solubilized with DMSO and 

measured at 570 nm using a Tecan plate reader.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 5.0a for Mac OS X (San 

Diego, CA, USA). A one-way ANOVA followed by Tukey post test or Student’s t test was 

used to compare statistical significance in the studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. An overview of bio-inspired assembly for enhanced mRNA delivery
(A) Molecular structures of polycation carriers used in this study. Note that the amination of 

the backbone likely induces an intramolecular isomerization of the repeating unit, 

aspartamide, generating two isomers. (B) The state-of-the-art approach through directly 

complexing mRNA with cationic carriers for mRNA delivery. When associating with 

cationic carriers, the m7G cap on mRNA is not readily accessible to endogenous eIF4E for 

the mRNA translation initiation due to steric hindrance. Upon release from the complex, 

however, mRNA is susceptible to degradation, which results in poor expression of a desired 

protein. (C) Preassembly of mRNA/eIF4E nanoplexes with polyamines mimics the very first 

step of mRNA translation, which can improve both mRNA stability and protein translation.
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Figure 2. mRNA/eIF4E nanoplex enhances luciferase expression dependent on the side chains of 
polyamines
100 ng luciferase mRNA was preassembled with eIF4E at different mass ratios and 

transfected with polyamines at a 15:1 N/P ratio. Luciferase expression was quantified 24 hr 

after transfection in (A) NIH3T3, (C) HEK293T and (E) HeLa. For each type of polyamine, 

the increased luciferase expression via delivery of mRNA/eIF4E nanoplex was normalized 

to transfection with mRNA alone and presented as the fold change in (B) NIH3T3, (D) 

HEK293T and (F) HeLa. All experiments were performed twice in quadruplicates. Data 

represent the mean ± SEM (n=4). *, P<0.05; **, P<0.01; ***, P<0.001; ns, no significance.
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Figure 3. Side chains of polyamine carriers modulate nano-scale distances and functional 
assembly of mRNA and eIF4E
(A) A schematic of stabilized mRNA/eIF4E assembly via polyamines. Given the anionic 

charge of both eIF4E and mRNA as well as the low affinity of eIF4E to the m7G cap, 

polyamines may serve to stabilize the physical clustering between mRNA and eIF4E. The 

degree of such stabilization is associated with the fraction of charged terminal amines on the 

side chains of polyamines at a physiological pH. (B) “Gain-of-function” of eIF4E-mediated 

transfection enhancement by introducing a methylene group on the polyamine side chain. 

The estimated protonation structures of N2 (DET) and N2 (DPT) at pH 7.4 are shown on the 

top. While N2 (DPT) enabled an up to 15-fold increase of luciferase expression when 

delivering mRNA/eIF4E nanoplexes relative to mRNA alone, N2 (DET) failed to increase 

mRNA expression through eIF4E. Data represent the mean ± SEM (n=4). *, P<0.05; **, 

P<0.01. (C) Representative histograms of the intracellular FRET assay to measure the 

degree of co-localization between Cy5-mRNA and Cy3-eIF4E. At 4hr after transfection of 

Cy5-mRNA or Cy5-mRNA/Cy3-eIF4E into HEK293T cells with each polyamine, cells were 

analyzed by flow cytometer with 488 nm laser and 660 nm detector. (D) Percentage of 

Li et al. Page 22

ACS Nano. Author manuscript; available in PMC 2017 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FRET+ and (E) mean FRET intensity were calculated by subtracting the fluorescence signal 

of Cy5-mRNA-transfected cells from that of Cy5-mRNA/Cy3-eIF4E -transfected cells. Data 

represent the mean ± SEM (n=3). **, P<0.01, ***, P<0.001.
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Figure 4. Preassembled translation initiation nanoplex increases intracellular mRNA stability
Equal amount of luciferase mRNA alone or mRNA/eIF4E (1:5 mass ratio) were transfected 

into HEK293T cells by each of five polyamines. At 4 hr after transfection, nontransfected 

mRNA was removed from culture media and a fraction of cells were harvested to set a 

baseline for quantification of intracellular luciferase mRNA (vertical dash line). At 12 hr and 

24 hr time points, it was found that eIF4E significantly enhanced intracellular mRNA 

stability in cells transfected with (C) N3 (TET) and (E) N5 (PEH) but not with (A) N1 

(EDA), (B) N2 (DET) and (D) N4 (TEP). Data represent the mean ± SEM (n=3). *, P<0.05; 

**, P<0.01; ns, no significance.
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Figure 5. Preassembled translation initiation nanoplex enhances mRNA translation
(A). A schematic of sucrose gradient fractionation to separate free mRNA, monosome, low 

molecular weight (LMW) and high molecular weight (HMW) polysomes. 24 hr after 

transfection of GFP mRNA or mRNA/eIF4E into HEK293T cells packaged with each of five 

polyamines, relative abundance of GFP mRNA in 12 fractions was measured by qPCR. 

Delivery of mRNA/eIF4E nanoplexes dramatically shifted the distribution of mRNA towards 

polysome-associated fractions relative to transfection with mRNA alone when packaged 

with (D) N3 (TET) and (F) N5 (PEH). In comparison, (E) N4 (TEP) enabled a marginal shift 

of actively translated mRNA when delivering mRNA/eIF4E and no such effects were 

detected with (B) N1 (EDA) and (C) N2 (DET). Results are representative data of two 

independent experiments.
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Figure 6. Delivery of mRNA/eIF4E nanoplexes enhances mRNA expression ex vivo and in vivo
(A) Schematics of different mRNA templates used in the study: Full length OVA; 

SIINFEKL peptide flanked by a MHC class I signal peptide fragment (78 bp) and a MHC 

class I trafficking signal (MITD, 168 bp); Luciferase mRNA. (B) Procedures for ex vivo 
antigen presentation. (C) Representative histograms of proliferation of OTI CD8 T cells on 

day 6 in response to antigen presentation by DCs. DCs were transfected with antigen mRNA 

alone or mRNA/eIF4E nanoplexes on day 0 through N5 (PEH). (D) Percentage of activated 

CD8 T cells through CFSE labeling based on the same gating as in (C). The activation of 

CD8 T cells was identified by the decrease of CFSE fluorescence intensity via flow 
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cytometer. (E) Representative bioluminescence imaging (BLI) at 6, 24 and 48 hr after the 

tail vein injection of luciferase mRNA or mRNA/eIF4E packaged with the polyamine. (F) 

Quantification of luciferase expression in lungs of Balb/c mice via BLI. Data represent the 

mean ± SEM (n=3). *, P<0.05. **, P<0.01.
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Scheme 1. 
Predicted protonation structures on the side chain of polyamines at pH 7.4
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