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Abstract

Gene delivery is known to be a complicated multi-step biological process. It has been observed 

that subtle differences in the structure and properties of polymeric materials used for gene delivery 

can lead to dramatic differences in transfection efficiency. Therefore, screening of properties is 

pivotal to optimizing the polymer. So far, most polymeric materials are built in a "bottom-up" 

manner, i.e. synthesized from monomers that allow modification of polymer composition or 

structural factors. With this method, we previously synthesized and screened a library of 

biodegradable poly(amine-co-ester) (PACE) terpolymers for optimized DNA delivery. However, it 

can be tedious and time consuming to synthesize a polymer library for screening, particularly 

when small changes of a factor need to be tested, when multiple factors are involved, and when the 

effects of different factors are synergistic. In the present work, we evaluate the potential of PACE 

to deliver mRNA. After observing that mRNA transfection efficiency was highly dependent on 

both end group composition and molecular weight (MW) of PACE in a synergistic manner, we 

developed a "top-down" process we called actuation, to simultaneously vary these two factors. 

Some of the actuated PACE (aPACE) materials presented superior mRNA delivery properties 

compared to regular PACE, with up to a 106-fold-increase in mRNA transfection efficiency in 
vitro. Moreover, when aPACE was used to deliver mRNA coding for erythropoietin (EPO) in vivo, 

it produced high levels of EPO in the blood for up to 48 h without inducing systemic toxicity. This 

polymer constitutes a new delivery vehicle for mRNA-based treatments that provides safe yet 

potent protein production.
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INTRODUCTION

Protein therapeutics can be used as highly effective medical treatments for a wide array of 

diseases [1–6]. However, the clinical use of this therapeutic class has been limited by their 

cost and instability after systemic administration, revealing the need for new approaches to 

ensure sustained, efficient, and safe delivery [7]. Gene therapies are attractive due to the 

promise of sustained protein secretion with low administration frequencies [8]. While DNA-

based therapies utilizing viruses offer the possibility of long-term protein expression, they 

also raise numerous safety concerns, especially regarding risks of insertional mutagenesis, 

induction of severe immune responses, and difficulty in controlling protein expression 

levels. Recently, messenger RNA (mRNA) has emerged as a promising therapeutic modality 

for protein production [9, 10]. In contrast to DNA, mRNA elicits the expression of an 

encoded protein without entering the nucleus, thus demonstrating higher efficiency at 

transfecting non-dividing cells while reducing the risk of insertional mutagenesis. mRNA 

therapy has an additional benefit that its dosing is scalable and the treatment is transiently 

linked to mRNA stability in the cytosol. The in vivo use of mRNA has been previously 

explored [11, 12], but only limited protein expression has been observed. This is likely due 

to the instability of the naked mRNA [13], as well as the difficulty in its effective 

intracellular delivery [9].

A few studies report the use of RNA viruses to deliver mRNA [14, 15]; however, gene 

expression after viral transfection remains difficult to control, and carries risks of 

immunogenicity and inflammation. mRNA has also been delivered intradermally in a human 

clinical trial, using a polycationic peptide that condenses and protects mRNA from 

degradation by RNase [16]. Although the safety of the method was demonstrated, 

insufficient transfection efficiency remained as a serious challenge. Lipid nanoparticles have 

been used to deliver genetic materials, including mRNA, but most are limited by their 

toxicity [17]. Cationic polymers are promising delivery vectors because of their structural 

versatility. Many polymers have now been studied for mRNA transfection, including 

polyethylenimine (PEI) [18], DEAE-dextran [19], poly(L-lysine) (PLL) [20], poly(β-amino 

esters) (PBAE) [21] and dendrimers [18]. However, low transfection efficiencies and toxicity 

issues associated with these polycationic polymers often hamper their use.
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Looking at previous reports and our own research to understand the challenges associated 

with mRNA delivery, we noticed that small changes in structural properties of the same 

material can lead to dramatically different outcomes, especially in terms of transfection 

efficiency. For example, a difference as small as one single methylene group in the structure 

of an oligoalkylamine-based cationic polymer was shown to increase mRNA transfection 

efficiency by 105-fold [22]. Screening of these properties thereby becomes a key step for the 

development of these materials as mRNA delivery vehicles [23–26]. However, the "bottom-

up" construction of polymer libraries is time-consuming and labor-intensive. Moreover, 

depending on the maturity of the synthesis protocol, it is not always easy or feasible to 

obtain a series of materials with continuously evolving properties by small increments, 

which is sometimes necessary for optimization of the delivery system [22]. Herein, we 

propose a "top-down" approach for synthesizing a library of polymeric materials, as 

described below.

We previously reported a biodegradable material, poly(amine-co-ester) (PACE) terpolymer 

for gene delivery. PACE:pDNA polyplexes are among the most efficient and least toxic non-

viral vectors [27]. PACE polymers were designed to possess several key features: (1) 

biodegradability, provided by the ester linkage in the main chain of the polymer; (2) low 

cationic charge density that allows for electrostatic complexation with nucleic acids while 

avoiding toxicity associated with highly cationic polymers; and (3) hydrophobicity provided 

by the lactone groups that stabilizes the polyplex. The tolerance of the lipase chemistry 

provided a high chemical versatility, allowing for the optimization of the polymer structure 

via monomer selection, to readily yield a family of different materials. Such versatility was 

promising to translate the PACE technology for mRNA delivery, as recent studies 

demonstrated that optimization of the vector is necessary when trying to deliver different 

nucleic acid materials because of their inherent chemical and structural differences [23–25]. 

Therefore, we first aimed to take advantage of the versatility of the PACE structure, and 

extend PACE properties to the delivery of mRNA. After an initial screening with the 

"bottom-up" synthesis of a library of PACE, we identified polymer MW and end group 

composition as two key parameters that determine the transfection efficiency of this material 

for mRNA. In particular, the effect of MW appeared to significantly affect the transfection 

efficiency within a narrow range between 5kDa and 10kDa. We then adopted a "top-down" 

approach to simultaneously vary PACE MW and end groups through controlled hydrolysis 

of high MW polymers. By doing this, we were able to expose PACE end groups with higher 

transfection efficiency, and fine tune MW at the same time. This method produced a new 

family of materials called actuated PACE (aPACE), and these biodegradable aPACE 

polymers yielded high transfection levels both in vitro and in vivo with negligible toxicity.

MATERIALS AND METHODS

Materials

ω-pentadecalactone (PDL), diethyl sebacate (DES), sebacic acid, N-methyldiethanolamine 

(MDEA), chloroform, dichloromethane, hexane, chloroform-d, chromium (III) 

acetylacetonate, ethylene diamine, ethanol amine, glycine, and 1,1'-carbonyldiimidazole 

(CDI) were purchased from Sigma Aldrich (Saint Louis, MO) and were used as received. 2-
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[(2-Aminoethyl)(methyl)amino]ethanol (AEMAE) was purchased from ChemBridge 

Corporation (San Diego, CA). Immobilized Candida antarctica lipase B (CALB) supported 

on acrylic resin (Novozym 435) was also obtained from Sigma Aldrich and was dried at 

50 °C under 2.0 mmHg for 20 h prior to use. TransIT-mRNA transfection kit was purchased 

from Mirus Bio LLC (Madison, WI). Modified Fluc mRNA encoding for luciferase and 

murine EPO mRNA encoding for erythropoietin (EPO) were purchased from TriLink 

Biotechnologies (San Diego, CA). HEK293 cells, Daoy cells, and SH-SY5Y cells were 

purchased from ATCC (Manassas, VA).

Polymer synthesis

PACE synthesis was performed as previously described [27], including several modifications 

(Figure 1a) to produce polymers with different structures. Briefly, (1) to obtain either classic 

or acidic PACE, diethyl sebacate or sebacic acid were used for the polymerization; (2) to 

vary the hydrophobicity of classic PACE, different percentages of PDL (10% or 20%) were 

added to the reactants, and (3) to vary the molecular weight (MW) of classic PACE 

containing 10% PDL, the second stage reaction time was varied between 8 to 72 h, in order 

to obtain polymers with MW ranging from 2 kDa to 25 kDa.

Modification of polymer end groups

To prepare PACE with different end groups, the parent polymer was synthesized with 

sebacic acid instead of diethyl sebacate, which yields PACE with a mixture of hydroxyl and 

carboxyl end groups. Both of the end groups were then activated with CDI at a molar ratio 

of 1:40 by stirring in dry dichloromethane overnight at room temperature. The mixture was 

washed three times with deionized water, followed by evaporation of DCM under vacuum to 

obtain the reactant, PACE-CDI (Figure 2a). PACE-CDI was reacted with amine-containing 

molecules to yield PACE with new end groups. Specifically, glycine and AEMAE was used 

to generate PACE-COOH and PACE-MAE, respectively. For conjugation, 5mM glycine or 

AEMAE was reacted with 0.5mM of PACE-CDI in DMSO for 40 hours at room temperature 

under constant stirring. After reaction, the mixture was washed with 10-fold volume of 

deionized water, extracted with DCM, followed by evaporation of DCM under vacuum to 

obtain PACE-COOH and PACE-MAE. When this protocol was adopted to synthesize 10kDa 

acidic PACE, the 5kDa PACE-CDI and ethylenediamine were added at an exact molar ratio 

of 2:1 (Figure S1).

Actuation of polymers

Polymers (20 to 30 mg) with different starting MWs were spread evenly on the inner surface 

of glass vials, forming thin films to ensure efficient air penetration. The vials were then 

incubated at a controlled temperature (typically 37°C) exposing to flowing wet air for 

different lengths of time.

Polymer characterization
1H and 13C NMR spectra were recorded on a Bruker AVANCE 500 spectrometer. For 

inverse gated 13C NMR, samples were prepared at 50 mg/mL of polymer in chloroform-d, 
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and chromium (III) acetylacetonate (Cr (acac)3) was added at a concentration of 5 mg/mL as 

a relaxation agent. The signal was recorded using a T1 relaxation time of 10 seconds.

The molecular weights (MW) of polymers were measured by gel permeation 

chromatography (GPC) using a Waters HPLC system equipped with a microSTYRAGEL 

column (mixed bed; pore sizes 100 Å – 106 Å). Chloroform containing 0.2 wt% 

triethylamine was used as the eluent at a flow rate of 1 mL/min. Sample concentrations of 2 

mg/mL and injection volumes of 100 µL were used. Polymer MW was determined based on 

a conventional calibration curve generated by narrow polydispersity polystyrene standards 

from Sigma Aldrich (Saint Louis, MO). Empower II GPC software was used to run the GPC 

instrument and to perform MW calculations.

Polyplex preparation and characterization

Unless specified, polymer:mRNA polyplexes were prepared at a 100:1 polymer:mRNA 

weight ratio in 25 mM sodium acetate buffer (pH 5.8). For in vitro experiment, a solution at 

10 µg mRNA/mL was prepared: 1 µL of polymer solution (100 mg/mL in DMSO) was first 

diluted in 50 µL sodium acetate buffer. After brief vortexing, the polymer solution was 

mixed with 1 µg mRNA diluted in 50 µL sodium acetate buffer, and vortexed again. The 

polymer:mRNA mixture was incubated at room temperature for 10 min before use. For in 
vivo experiments, a solution at 100 µg mRNA/mL in sodium acetate buffer was prepared by 

the same method.

The hydrodynamic diameter of the polyplexes was measured by Dynamic Light Scattering 

(DLS) using a Malvern Nano-ZS (Malvern Instruments, UK), after dilution of polyplexes in 

DI water at a concentration of 2 µg/mL of mRNA. To measure zeta potential, the same 

solution was loaded into a disposable capillary cell and analyzed on a Malvern Nano-ZS.

Encapsulation efficiency (EE) of mRNA in the polyplexes was measured using the Quant-IT 

RiboGreen RNA kit (Invitrogen, #R11491) according to manufacturer instructions. As the 

RiboGreen assay measures the amount of free mRNA in solution, this amount was 

substracted to the initial amount added to form the polyplexes, to obtain the amount of 

mRNA complexed within the polyplexes.

Cell culture

HEK293 cells and SH-SY5Y cells were cultured in 4.5 g/L glucose DMEM media (Gibco 

#11965) supplemented with 10% FBS and 1% pen/strep at 37°C and 5% CO2. Daoy cells 

were cultured in 2 mM L-glutamine, 1 mM sodium pyruvate, and 1500 mg/L sodium 

bicarbonate EMEM media (ATCC #30–2003) supplemented with 10% FBS and 1% pen/

strep at 37°C and 5% CO2.

In vitro transfection

For in vitro transfection of Fluc mRNA, cells were seeded in 24-well plates at a density of 

75,000 cells/well in 500 µL of media and incubated over-night to ensure adherence. Media 

was replaced by 400 µL of transfection media (culture media containing 10% FBS, but 

without pen/strep), and 100 µL of polyplexes (1 µg of mRNA total) was added to each well. 
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For free mRNA control, 1 µg of mRNA was diluted in 100 µL of acetate buffer and added to 

the wells. The commercial mRNA transfection kit TransIT was used as a control. Briefly, 1 

µg of mRNA was mixed with 0.7 µL of Boost reagent and 1.1 µL of TransIT reagent in 100 

µL of OPTIMEM media (Gibco #11058021). 24 h after transfection, luciferase expression 

was measured. Cells were washed and lysed using 200 µL of 1× lysis buffer (Promega, 

#E397A) and one freeze-thaw cycle at −80°C. 20 µL of the lysate was then mixed with 100 

µL of luciferase reporter reagent (Promega, #E1483), and luminescence was read on a 

Glomax luminometer (Promega). Lysate protein content was measured using a Pierce BCA 

protein assay kit (ThermoFisher, #23225). All experiments were run three independent trials 

in duplicate.

In vitro toxicity

To evaluate the cytotoxicity of PACE polymers and TransIT, HEK293 cells were seeded in 

96-well plates at a density of 10,000 cells/well in 100 µL of media and incubated overnight 

to ensure adherence. The polymer:mRNA polyplexes or TransIT/mRNA complexes were 

formed using the same w:w ratios as for transfection experiments, and diluted in transfection 

media at different concentrations. 100 µL of polyplexes containing media were added to the 

wells to achieve final concentrations of mRNA ranging from 0.01 to 20 µg/mL. After 24 h of 

incubation, cell viability was measured using a MTT assay. All experiments were run three 

independent trials in duplicate.

Lyophilization of the polyplexes

PACE:mRNA polyplexes were prepared using sodium acetate buffer, and trehalose solutions 

at different concentrations (30 mg/mL or 60 mg/mL in 25 mM sodium acetate buffer, pH = 

5.8) were added to the polyplex suspension at a 1:1 volume ratio to obtain final trehalose 

concentrations of 0, 15 or 30 mg/mL. The mixtures were then snap frozen in liquid nitrogen 

and lyophilized for 2 days. At the end of the lyophilization, the polyplexes were resuspended 

in sodium acetate buffer and transfection efficiency was evaluated in HEK293 cells as 

previously described. The transfection and characterization of the gene expression were 

performed using the methods described above.

In vivo studies

All animal work was completed at Yale University in accordance with Yale Animal 

Resource Center (YARC) and the Institutional Animal Care and Use Committee (IACUC) 

guidelines. Female BALB/c mice (20 g, Charles River, Willimantic, CT, USA) were used for 

the experiments. PACE:mRNA polyplexes (0.1 mg/mL in mRNA, N = 3), aPACE:mRNA 

polyplexes (0.1 mg/mL in mRNA, N = 3), TransIT:mRNA complexes (0.1 mg/mL in 

mRNA, N = 3), free mRNA diluted in sodium acetate buffer (0.1 mg/mL in mRNA, N = 3) 

or sodium acetate buffer (25 mM, pH 5.8, N = 3) were administered intravenously through 

the tail vein in a volume of 200 µL. Retro-orbital blood collections (50 µL) were performed 

before particle administration, and 6 h, 24 h, 48 h, 72 h and 7 days after injection. 

Immediately after blood collection, plasma was separated by centrifugation (3,000 g, 10 

min) and frozen at −80°C until further analysis. EPO concent ration in plasma was measured 

using an ELISA kit (R&D Systems). 24 h and 7 days after injection, liver, kidney and spleen 
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were collected, processed for H&E staining and scored by an external pathologist for any 

abnormal cellular morphology.

Statistical Analysis

GraphPad Prism 7 (GraphPad Prism version 7.00 for Windows, GraphPad Software, La Jolla 

California USA, www.graphpad.com) was used for graphing and statistical analysis. 

Statistical significance was tested using a two-tailed unpaired student’s t-test with a level of 

confidence of 95%.

RESULTS AND DISCUSSION

PACE polymers for mRNA delivery

PACE is a family of terpolymers formed through enzymatic copolymerization of diesters/

diacids with amino-substituted diols and lactones. We have previously shown that PACE can 

efficiently deliver pDNA [27], microRNA [28], and siRNA [29]. However, given the 

inherent structural differences between mRNA and these other nucleic acids, we 

hypothesized that improved mRNA delivery will likely require either optimization of 

existing PACE structures, or development of new PACE variants [23]. As previously 

described, the high tolerance of the lipase catalyst offers a versatility of structures, especially 

in terms of hydrophobicity and MWs. Starting from one of the most efficient PACE 

compositions for delivery and transfection of DNA (classic PACE), we generated different 

polymers with varied MWs and lactone contents in order to specifically improve mRNA 

delivery and transfection (Figure 1a).

Gel Permeation Chromatography (GPC) was used to determine polymer MW (Table S1). All 

the PACE polymers were able to complex mRNA, and formed nanosized polyplexes with 

neutral or negative surface charges (Table S2). When evaluated by the RiboGreen assay, all 

the polymers were able to encapsulate mRNA with efficiencies ranging from 55–76% (Table 

S2). The ability of the different PACE polymers to transfect luciferase (LUC) expressing 

mRNA in HEK-293 cells was used to screen in vitro performance. None of these PACE 

polymers, representing different structural modifications, provided transfection levels 

comparable to the commercial agent TransIT, which was used as a positive control (Figure 

1). However, we observed a clear trend in transfection levels with the MW of the polymers 

(Figure 1b). As polymer MW decreased from 20 kDa to 5 kDa an increase in transfection 

efficiency of 2 orders of magnitude (1.1 × 105 RLU/mg and 4.4 × 107 RLU/mg, 

respectively) were observed. However, this trend appears to plateau at 5 kDa since the level 

of transfection dramatically decreased using PACE MW of 2 kDa, comparable to the level 

obtained with free mRNA. Previous studies have reported that the strength and the stability 

of electrostatic complexation between polycations and polyanions increase exponentially 

with the length of the polycation [21, 30–32]. These results support our observation that very 

short polymers (2 kDa) are inefficient for transfection, likely due to poor complexation of 

the mRNA. On the other hand, above the 2 kDa threshold, shorter polymers (5 kDa) are 

more efficient at delivering mRNA than higher MW polymers (10 kDa or 20 kDa), likely 

due to the inefficient release of mRNA from high MW PACE polyplexes inside the cells. 

High MW PACE chains contain a large number of positive charges and hydrophobic 
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domains, which lead to thermodynamically stable binding with mRNA and prevent its 

release from the polyplexes. Our results suggest that efficient mRNA delivery comes from a 

fine balance of the MW of the polymer: polymer chain length needs to be long enough to 

ensure complexation of the mRNA and stabilization of the polyplex, but short enough for 

mRNA release inside the cells. On the other hand, increasing the PDL content from 10% to 

20% of a 10 kDa PACE polymer did not significantly affect transfection efficiency (Figure. 

1c), which is contrary to what has been observed with pDNA, and confirming that the 

polymer structure requires optimization to each genetic material.

PACE transfection efficiency is highly dependent on its end group composition

Classic PACE, synthesized by terpolymerization of diethyl sebacate, PDL, and MDEA, 

contains a mixture of methyl (from diethyl sebacate) and hydroxyl (from MDEA) end 

groups. We notice that when the monomer diethyl sebacate was replaced by sebacic acid for 

PACE synthesis to form acidic PACE, its mRNA transfection efficiency doubled (Figure 1d). 

It has been previously reported that different end groups on the same polymer can 

dramatically affect transfection efficiency of pDNA [25, 26]. Therefore, we hypothesized 

that end group compositions can also affect mRNA transfection, and modified the PACE end 

groups to further optimize PACE for mRNA delivery. To this end, we started with acidic 

PACE, which contains a mixture of carboxyl and hydroxyl end groups with a molecular 

weight around 5 kDa. Both of these two end groups can be activated by 1,1'-

Carbonyldiimidazole (CDI), which was further substituted by amine-containing molecules 

including glycine or AEMAE, to form a carboxyl (-COOH) end group (PACE-COOH) or a 

(methylamino)ethanol (-MAE) end group (PACE-MAE), respectively (Figure 2). These two 

monomers were chosen to mimic the naturally occurring mix of end groups found in acidic 

PACE, in order to identify the end group with higher transfection efficiency. The reaction 

mechanism ensured more than 90% conversion rates for both end groups, as confirmed by 

NMR spectroscopy (data not shown). We then evaluated the abilities of these polymers to 

transfect mRNA in vitro. Significant differences in transfection efficiency were observed 

between PACE with different end groups, as the 5 kDa PACE-MAE polymer demonstrated 

two orders of magnitude higher transfection efficiency than PACE-COOH of the same MW 

(Figure 2b). This effect can be explained by the difference in EE of these two polymers 

(Table S2), as PACEMAE encapsulated 98% of total mRNA, PACE-COOH were only able 

to encapsulate 18%.

Although acidic PACE at molecular weights higher than 5 kDa were not directly synthesized 

due to technical challenges (difficulty in removing the water byproduct as the polymer chain 

grows longer), 10 kDa acidic PACE can be obtained by CDI activation of the 5 kDa 

polymers followed by crosslinking two polymer chains with an ethylene diamine molecule 

(Figure S1). Remarkably, when 10 kDa acidic PACE was modified with either carboxyl or 

hydroxyl end groups, its transfection efficiency was significantly improved compared with 

its 5 kDa counterparts (Figure 2b), meaning that for PACE-COOH and PACE-MAE 

polymers, transfection efficiency increases when the MW increases. This behavior is 

dramatically different from classic PACE whose transfection efficiency decreases as MW 

increases, further demonstrating the importance of end groups in transfection efficiency. 

Although the EE of PACE-COOH increased from 18% to 45% when its MW increased from 
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5 kDa and 10 kDa, the EE of PACE-MAE actually did not change much (98% at 5 kDa vs. 
95% at 10 kDa, Table S2), suggesting that an increase in EE is not the only explanation for 

the transfection efficiency improvement. Considering the complicated biological steps 

involved in intracellular mRNA delivery [10], these data suggest that the contribution of 

PACE end groups and MW are likely synergistic: while the nature of PACE end groups 

appears to contribute to its capability of complexation with mRNA, the MW also plays a 

role in complexation, and can be involved in down-stream biological steps, such as 

endosomal escape and/or mRNA release in the cytosol. Given the synthetic challenges 

associated with the simultaneous control of both MW and end groups, a new method was 

needed to obtain polymers with a broader range of properties. Hence, we developed a "top-

down" actuation process that exposes the hydroxyl and carboxyl groups in classic PACE, 

while easily controlling MW.

"Top-down" actuation of PACE for mRNA delivery

Actuated PACE polymers (aPACE) were produced by controlled hydrolysis of the ester 

backbone. Exposure to air under moderate temperature is expected to provide mild 

conditions for hydrolysis of PACE, thus decreasing its MW and exposing hydroxyl and 

carboxyl end groups. To confirm this, we characterized aPACE by NMR spectroscopy and 

GPC (Figure 3). As expected, NMR analysis of aPACE demonstrated that the actuation 

process resulted in the exposure of hydroxyl (Figure 3a) and carboxyl (Figure 3b) end 

groups, as an increase in the area under the hydroxyl group peak (Figure 3a, 58.2 and 58.9 

for aPACE and classic PACE, respectively) and the appearance of a clear carboxyl peak at 

178 ppm (Figure 3b) in aPACE compared to classic non-actuated PACE were observed. GPC 

showed that the actuation process decreased the MW of all PACE polymers (Figure 3c). 

Hydrolysis of polyesters has been well studied [33] and these reactions can usually proceed 

at high temperatures, high pressures, and/or in the presence of a catalyst. Accordingly, we 

observed that the actuation could be accelerated when performed at 100°C compared to 

37°C (Figure S2). However, using milder temperatures provided for a more reproducible 

process, that resulted in the desired molecular weights of the aPACE we were looking to 

achieve.

To explore the effect of the actuation protocol on PACE transfection efficiency for mRNA, 

we tested aPACE produced from different starting MW with different periods of actuation. 

Self-assembled polyplexes produced from aPACE and mRNA were highly effective at 

transfecting HEK293 cells, leading to levels of luciferase expression comparable to the 

positive control, TransIT (Figure 4a–b). Transfection efficiency appeared to be dependent on 

the actuation time, and the initial MW of the actuated polymer, with an optimal actuation 

time for each initial MW (Figure 4a, 5 days for the 5 kDa polymer, 10 days for the 10 kDa 

polymer, and 30 days for the 20 kDa polymer). For these optimized actuation times, all 

aPACE polymers provided comparable levels of transfection to TransIT, and significantly 

higher transfection levels compared to their non-actuated counterparts (Figure 2b, p < 

0.005). When tested for cytotoxicity at different concentrations, TransIT induced 

considerable cell death, while for similar amounts of mRNA delivered, all aPACE 

formulations were non-cytotoxic (Figure 4c). Finally, the accelerated actuation process 

where 20 kDa polymer was actuated for 6 h at 100°C resulted in similar transfection levels 
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as th e 20 kDa polymer actuated for 30 days at 37°C (Figure 4d). Despite an accelerated 

actuation process, a similar kinetic profile was observed when performing the actuation at 

100°C compared to 37°C: that is, both processes exhibited an increase in transfection 

efficiency up to an optimum, followed by a drop of activity. This observation suggests that a 

similar time-dependent process is occurring at both temperatures (Figure S2).

Notably, the MW of these optimized aPACEs were close to each other, ranging from 6 kDa 

to 8 kDa (Figure 4c). Considering the differences in their transfection efficiency, our data 

indicates rapid changes in transfection efficiency within a narrow range of aPACE MW, 

highlighting the value of using a "top-down" actuation approach for screening. As 

previously mentioned, delivery vehicles should be optimized for carriage of different genetic 

materials [23]. Hence, a controlled "top-down" actuation process constitutes a 

straightforward but powerful way to optimize the combination of MW and endgroup for 

each genetic material. The advantage of this process involves the accuracy in fine-tuning key 

factors like MW, as well as the simplicity of synthesizing a discrete library of polymers at 

actuation stages from the same starting material. Overall, our results confirmed that our 

approach provided an optimal combination of MW and end-group tailored for mRNA 

delivery and transfection.

To ensure broad efficacy of aPACE, these polymers were also tested for transfection in Daoy 

cells, a human medulloblastoma cell line, and in SH-SY5Y cells, a human neuroblastoma 

cell line. As observed in the HEK293 cells, the actuation process significantly increased the 

transfection efficiency, compared to non-actuated PACE in both cell lines (Figure S3). 

Finally, as a development benchmark, we evaluated the effect of lyophilization on 

aPACE:mRNA polyplexes. Trehalose was used as a cryoprotectant, and transfection 

efficiency was assessed in HEK293 cells after reconstitution of the polyplexes. Lyophilized 

polyplexes prepared with aPACE were as efficient as fresh polyplexes, even in the absence 

of cryoprotectant (Figure S4), while the addition of high concentration of trehalose (6%) 

slightly increased the transfection efficiency.

aPACE for mRNA delivery in vivo

Numerous delivery strategies ranging from commercial transfection reagents to other 

nanoparticulate systems have recently been used to deliver mRNA in vivo [12, 23, 34, 35]. 

To evaluate aPACE polymers for delivery of therapeutically relevant mRNA, we investigated 

their ability to deliver EPO-expressing mRNA in mice. Two aPACE polymers (PACE 5 kDa 

actuated for 5 days and PACE 10 kDa actuated for 10 days) were tested and compared to the 

positive control TransIT, which was selected because of its proven effectiveness for mRNA 

delivery in vivo [12]. PACE 20 kDa actuated for 30 days was not tested, as the formed 

polyplexes were not stable enough in terms of size, at high concentrations required for in 
vivo administration. EPO mRNA:aPACE polyplexes were intravenously administered to 

wild-type mice to deliver a total dose of 20 µg of mRNA, and blood was collected at 

different time-points after injection to measure EPO levels by ELISA. mRNA polyplexes 

using optimized aPACE polymers demonstrated high efficacy in the delivery of EPO mRNA, 

as reflected in subsequent EPO production. Six hours after injection, the non-actuated PACE 

5 kDa, which was the best of non-actuated polymers, produced a high level of EPO (530 ng/

Jiang et al. Page 10

Biomaterials. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mL), higher than the positive control TransIT (170 ng/mL). The use of the 10 kDa non-

actuated PACE produced a lower EPO level (14 ng/mL) at 6 h, confirming the trend 

observed in vitro: for the non-actuated polymers, polyplexes formed from polymers with 

MW higher than 5 kDa provide lower transfection efficiency. The actuated 5 kDa PACE did 

not significantly increase the EPO production compared to its non-actuated form, but the 

actuation of the 10 kDa for 10 days at 37°C, in creased the EPO level significantly, to 1,100 

ng/mL (Figure 5a, p < 0.0001). In vivo EPO production has been previously studied to 

evaluate the potency of mRNA delivery systems. The commercial transfection agent, 

TransIT, has been prior used to deliver mRNA with modified structures [12]: administering a 

total dose of 0.1 µg mRNA per animal intraperitoneally, the authors reported an increase in 

EPO levels up to around 10 ng/mL, when measured 6 h after administration. More recently, 

EPO production has been used as a surrogate to optimize a lipid-based nanoparticle 

formulation via fractional factorial and definitive screening design [23]. In this study, the 

optimized formulation provided an EPO production of 7 500 ng/mL, 6 h after IV 

administration of a total dose of 15 µg of mRNA, which is around seven times higher than 

what we obtained with our best actuated polymer. However, this formulation was evaluated 

under different conditions (such as the use of a different strain of mice), and was not 

evaluated for expression of the mRNA at times longer than 6 h. Here, we observed that, for 

both TransIT and the aPACE polyplexes, the EPO production peaked at 6 h post-injection 

(Figure 5b), as previously described [12]. The injection of acetate buffer (vehicle) followed 

by repeated bleeding induced a slight increase in EPO blood levels over time, but the levels 

of EPO after administration of 10 kDa actuated PACE polyplexes were significantly higher 

compared to the levels obtained after administration of TransIT for up to 48 h (Figure 5b, p 

< 0.001 at 6 h and p < 0.05 at 24 h and 48 h). It has been suggested that the duration of EPO 

expression might be more important than the maximal EPO expression level to induce a 

physiological response, such as red blood cell production [36]. EPO delivery using DNA has 

been explored and provided long-term EPO production, however lethal polycythemia due to 

uncontrolled production of the protein has been reported [37, 38]. Using our best aPACE 

polymer (10 kDa actuated for 10 days), we obtained significant EPO production for up to 48 

h, which is significantly longer than the blood half-lifetime of free EPO (around 2 h). 

Finally, blood chemistry (Figure 5c) and histology analysis (Figure 5d, Table S3) 

demonstrated that aPACE did not induce systemic toxicity, 24 h or 7 days after 

administration.

CONCLUSION

Gene therapy represents an exciting opportunity for the treatment of numerous chronic 

diseases. DNA-based treatments are associated with long-term safety risks and lack of 

ability to control protein expression and mRNA-based therapies address these concerns, but 

require an efficient delivery method which is safe enough. In this study, we observed that the 

end group and MW of PACE affects its mRNA transfection efficiency synergistically. Based 

on this observation, we produced a unique polymeric structure obtained by "top-down" 

actuation through the controlled hydrolysis of classic PACE terpolymers. The combination 

of MW and end-groups in the actuated polymers enabled efficient mRNA complexation and 

transfection in vitro and in vivo, while the low cation density of PACE ensured a low toxicity 
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profile. Actuation of the PACE terpolymer opens the way for new mRNA-based treatments 

using a biodegradable delivery system that has been engineered to safely augment protein 

production.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Synthesis of a PACE library for mRNA delivery
(a) PACE synthesis was modified to vary different parameters in the final polymer. Diethyl 

sebacate (R = CH2CH3), or sebacic acid (R = H) were used to make classic (ester/OH) 

ended or acidic (COOH/OH) ended PACE, respectively. With classic PACE, the duration of 

the second step of the synthesis was varied from 8 to 72 h to vary the MW. The PDL content 

(10% or 20%) was varied to modify the polymer hydrophobicity. (b) Screening of MW using 

classic PACE with 10%PDL content: transfection efficiency increased when the MW was 

decreased up to 5 kDa, while further decrease of the MW to 2 kDa decreased transfection 

efficiency. (c) Screening of PDL content using a 10 kDa classic PACE polymer: no effect of 

PDL content was observed on mRNA transfection efficiency. (d) Transfection efficiency of 

acidic PACE and Classic PACE with MW of 5kDa at 10% PDL content: transfection 

efficiency is increased for acidic PACE compared to classic PACE. Results are presented as 

mean ± SD of three independent experiments run in duplicate.
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Figure 2. End group modification to form carboxyl ended (-COOH) or hydroxyl ended (-MAE) 
ended PACE
(a) To obtain PACE with -COOH or -MAE end groups, we modified acidic PACE by CDI 

activation (1, 2), followed by nucleophilic substitution with an amine-containing molecule 

(3,4; R = glycine, or AEMAE). (b) Transfection efficiency of PACE-COOH and PACE-

MAE with MW of either 5 kDa or 10 kDa, synthesized by methods illustrated in (a) and 

Figure S1. Statistical significance was determined by Student’s t-test (indicated as follows: 

*, P<0.05; ***, P<0.001).
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Figure 3. Characterization of actuated polymers using NMR and GPC
(a–b) NMR spectra of non-actuated 20 kDa polymer (red line) and the same polymer 

actuated for 30 days (blue line), zoomed on the hydroxyl group region around 58 ppm (a) 

and the carboxyl group region around 178 ppm (b). (c) Evolution of weight-average MW of 

aPACE polymers during the actuation process.
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Figure 4. In vitro characterization of aPACE polymers (HEK293 cells)
(a) Luciferase mRNA transfection efficiency depending on the actuation time demonstrating 

an optimal actuation time for each MW. (b) Transfection efficiency using non-actuated 

PACE and actuated PACE of different initial MW at their optimal actuation time (5 days for 

the 5 kDa polymer, 10 days for the 10 kDa polymer, and 30 days for the 20 kDa polymer, 

**p < 0.005). (c) Cytotoxicity profiles of mRNA:aPACE polyplexes compared to the 

mRNA:TransIT complexes. (d) Transfection efficiency of aPACE using different 

temperature of actuation (**p < 0.005). All results are presented as mean ± SD of three 

independent experiments run in duplicate.
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Figure 5. In vivo transfection of EPO mRNA using aPACE
(a) EPO blood concentration 6 h after IV administration of mRNA (20 µg total) using 

TransIT, 5 kDa non-actuated PACE, 5 kDa aPACE actuated for 5 days, 10 kDa non-actuated 

PACE, or 10 kDa aPACE actuated for 10 days. Results are presented as mean ± SD of N = 3 

animals (****p < 0.0001). (b) Time course of EPO production following IV administration 

of mRNA (20 µg total) using TransIT, 5 kDa non-actuated PACE, 5 kDa aPACE actuated for 

5 days, 10 kDa non-actuated PACE, or 10 kDa aPACE actuated for 10 days. Results are 

presented as mean ±SD of N = 3 animals (***p < 0.001 and *p < 0.05). (c) Blood chemistry 

analysis 24 h and 7 days after IV administration of acetate buffer, free mRNA or 

mRNA:aPACE polyplexes. Results are presented as mean ± SEM of N = 3 animals. (d) 
Histology analysis of liver and spleen 24 h after IV administration of acetate buffer or 

mRNA:aPACE polyplexes. Images are representative of N = 3 animals.
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