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Abstract
Co-delivery of different protein-encoding polynucleotide species with varying expression kinetics of their therapeutic prod-
uct will become a prominent requirement in the realm of combined nucleic acid(NA)-based therapies in the upcoming 
years. The current study explores the capacity for time-staggered expression of encoded proteins by simultaneous delivery 
of plasmid DNA (pDNA) in the core and mRNA on the shell of the same nanocarrier. The core is based on a Gelatin Type 
A-pDNA coacervate, thermally stabilized to form an irreversible nanogel stable enough for the deposition of cationic coats 
namely, protamine sulfate or LNP-related lipid mixtures. Only the protamine-coated nanocarriers remained colloidally stable 
following mRNA loading and could successfully co-transfect murine dendritic cell line DC2.4 with fluorescent reporter 
mRNA(mCherry) and pDNA (pAmCyan1). Further investigation of the protamine-coated nanosystem only, the transfection 
efficiency (percentage of transfected cells) and level of protein expression (mean fluorescence intensity, MFI) of mRNA 
and pDNA, simultaneously delivered by the same nanocarrier, were compared and kinetically assessed over 48 h in DC2.4 
using flow cytometry. The onset of transfection for both nucleotides was initially delayed, with levels < 5% at 6 h. Thereafter, 
mRNA transfection reached 90% after 24 h and continued to slightly increase until 48 h. In contrast, pDNA transfection was 
clearly slower, reaching approximately 40% after 24 h, but continuing to increase to reach 94% at 48 h. The time course of 
protein expression (represented by MFI) for both NAs essentially followed that of transfection. Model-independent as well 
as model-dependent kinetic parameters applied to the data further confirmed such time-staggered expression of the two NA’s 
where mRNA’s rate of transfection and protein expression initially exceeded those of pDNA in the first 24 h of the experi-
ment whereas the opposite was true during the second 24 h of the experiment where pDNA displayed the higher response 
rates. We expect that innovative nanocarriers capable of time-staggered co-delivery of different nucleotides could open new 
perspectives for multi-dosing, pulsatile or sustained expression of nucleic acid-based therapeutics in protein replacement, 
vaccination, and CRISPR-mediated gene editing scenarios.
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Introduction

Following the outbreak of the COVID-19 pandemic, the 
approval of mRNA-based vaccines and their mass admin-
istration with high efficiency [1–3] and safety margin in 
the general population [4–7], is currently accelerating the 
advancement of nucleic acid (NA) based therapeutic [8]. In 
particular major impact is expected in the fields of infec-
tious diseases [9, 10]] and cancer [11–17], but shall also 
encompass hereditary and other chronic or acute health 
issues [8, 18, 19]. This expanding clinical application 
raises the demand to deliver different polynucleotide car-
gos simultaneously as well as to better control the kinetics 
of transfection and protein expression of such therapies. 
This may allow the optimization of the pharmacokinetics 
of NA-based therapeutics, same as controlled-release tech-
nologies had been successfully implemented earlier for 
many conventional therapeutics. To design combination 
NA therapies several modifications must be considered. 
The required modifications will most probably not only 
be concerned with the nucleic acid cargo’s structure but 
also their delivery systems [20–22]. The objective of the 
current manuscript is to bring a specific requirement of 
future gene therapies and a possible approach to address-
ing it to light. The requirement being the co-administration 
of two (or more) therapeutic proteins encoding NAs on a 
single carrier, to a single cell, yet have them perform their 
therapeutic action in a time-staggered manner. The pos-
sible approach to address that is designing a nanocarrier 
that can effectively deliver multiple NA cargos and affect 
their expression in a time-staggered manner.

Many studies explored the potential possibility and ben-
efits of co-delivering more than one polynucleotide species 
whether homogenous or heterogenous on a single nano-
carrier [23–27]. Some of these studies demonstrated that 
co-loading two different mRNAs on a single nanocarrier 
achieved a more predictable and ratio-metric expression 
of the mRNA encoded proteins in line with the mRNA 
cargos’ doses, rather than administering such mRNAs on 
separate nanocarriers [23, 24]. Another study by Ball et al., 
demonstrated the possibility of successful co-delivery of 
gene-encoding mRNA and gene-silencing siRNA on lipi-
doid-based nanocarriers, which can in the future tend to 
unlimited applications[26]. Meanwhile, Abbasi et al. high-
lighted the value of co-delivering CRISPR Cas-9 system 
components on a single nanocarrier by demonstrating the 
superior colloidal and NA shielding capacity of polyplexes 
co-loaded with sgRNA and CRISPR-Cas9 encoding mRNA 
compared to polyplexes delivering each of these compo-
nents discretely [27]. On a separate note many studies have 
demonstrated that controlling the kinetics of expression 
may lead to safer more effective therapies or vaccines and 

while many studies have focused on exploring and char-
acterizing the kinetics of in-vitro and in-vivo expression 
of different NA classes and sub-classes [28–33], hardly 
any studies are dedicated to manipulating and controlling 
the expression kinetics of co-delivered NA species through 
nanocarrier design. Thus, to date, the need for developing 
systems that can allow for the time-resolved or staggered 
expression of the different NA species-encoded proteins 
remains hardly addressed despite its demonstrated potential 
to be instrumental to the success of several gene therapy 
approaches, some of which we hereby discuss.

Prominent applications that may benefit from controlled 
expression kinetics of co-delivered polynucleotides may 
include gene editing and NA-based vaccine adjuvanta-
tion. For example, the temporal resolution of multiple NA 
cargo expressions may be highly relevant in the CRISPR/
Cas-9-based gene editing technologies. Studies have dem-
onstrated the superior performance of preformed sgRNA 
and Cas-9 Ribonucleoprotein complex compared to sgRNA 
and Cas-9 encoding mRNA or pDNA formats [34]. Such 
findings indicated that the pre-existence of Cas-9 protein 
at the time of the guiding sgRNA introduction into target 
cells was consistently associated with better gene editing 
performance compared to systems relying on the concur-
rent expression of Cas-9 and sgRNA from NA template(s) 
[35]. Yet the intracellular delivery of the protein Cas-9 and 
the sgRNA on the same nanocarrier presents a challenge 
due to the sheer size as well as structural heterogeneity of 
both cargos [36], whereas a delivery system capable of co-
delivering sgRNA and Cas-9 encoding NAs that can also 
affect the earlier expression of Cas-9 followed by that of 
sgRNA could be quite valuable in such a context.

In the nucleic acid vaccination arena, several initiatives 
are currently advancing towards adjuvanting such vaccines 
through the co-delivery of immunomodulator-encoding NA 
cocktails along with those encoding for antigens [37–39]. 
Pre-expression of antigens followed by adjuvants in such 
scenarios ensures the development of a proper adaptive 
immune response towards the desired antigen, rather than 
tolerance or worse an autoimmune reaction that can arise 
from stimulation of non-antigen primed dendritic cells [40]. 
Hence, the kinetics and temporal resolution of expression of 
such immunomodulator combinations or the antigen-immu-
nomodulator/adjuvant combination could be detrimental to 
the efficacy and safety of such vaccines [41].

Possible applications where time-staggered expression 
may also be beneficial encompass protein replacement 
therapies in some chronic disease scenarios. For example, 
a mixture of NAs encoding Insulin in a biphasic expression 
mode could mimic widely successful marketed formulations 
like Mixtard which feature mixtures of rapidly acting soluble 
insulin and late-acting isophane insulin, intended to reduce 
the frequency of administration of subcutaneous insulin  
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injections [42]. Using a combination of mRNA (rapid expres-
sion) and pDNA (late expression) encoding Insulin could 
hence be highly relevant when considering a gene-based 
insulin replacement therapy. Other applications may also 
include infertility medications such as gonadotropins which 
are usually administered in cyclic regimens in which follicle-
stimulating hormone (FSH) analogs are administered daily 
through subcutaneous injection during the first two weeks of 
a menstrual cycle followed by a single subcutaneous injec-
tion luteinizing hormone (LH) analog injection to release 
the matured follicles [43], again in this scenario if a gene-
based therapeutics approach is to be adopted using genes and 
gene delivery systems that can minimize the frequency of SC 
injections through time-staggered delivery and expression of 
FSH and LH encoding genes can be highly valuable.

To date, several studies have already compared the 
expression kinetics of different NA species including plas-
mid DNA (pDNA), Self-amplifying mRNA (sa-mRNA), 
modified-base mRNA, and unmodified mRNA. Where 
Huysmans et al. demonstrated that following in-vivo skin 
electroporation with equivalent masses of the aforemen-
tioned NA species in mice, sa-mRNA displayed the highest 
level of expression of luciferase over 4 weeks, yet pDNA was 
the NA species that maintained the highest level of luciferase 
expression during the fourth week compared to equivalent 
doses of sa-mRNA. pDNA also demonstrated much lower 
immunogenicity compared to all the other mRNA species in 
the study [44]. Leyman et al. have also demonstrated similar 
results in pigs [45]. This data indicates the potential value of 
pDNA in sustained-release scenarios where minimal innate 
immune stimulation is required. Another situation where 
such a feature of pDNA may prove valuable is in situations 
where a wash-out period is required between repeated doses 
of therapeutic moieties to avoid receptor oversaturation and 
downregulation [46, 47]. In such a situation using sa-mRNA 
may not be applicable due to the sustained high level of 
expression that could extend from days to weeks. In such 
a case combining non-replicating mRNA with pDNA can 
provide an initial high yet transient expression simulating a 
loading dose followed by delayed, but extended expression 
from pDNA simulating a maintenance dose, thus establish-
ing a multi-dosing scenario through a single administration.

With this study, we aim to address the existing gap in 
research concerned with the development of gene delivery 
systems capable of affecting time-staggered expression of 
their NA-cargos. We gradually explored the variable factors 
influencing the co-transfection performance of a previously 
reported nanosystem based on protamine-coated, thermally 
stabilized gelatin-pDNA coacervate (P-TS-CoAc), able to 
also co-deliver mRNA [48]. In addition, we explored coat-
ing the pDNA-gelatin nano-coacervates with some patisiran 
(ONPATTRO®) like lipid cocktail. We also supplemented 
the study with a full factorial design model to assess the 

impact of key particle assembly conditions on the colloidal 
and co-transfectional properties of the system. Eventually 
and most importantly, we analyzed the co-transfection kinet-
ics of both fluorescent protein-encoding pDNA and mRNA 
and showed how such nanocarrier systems could enable a 
time-staggered transfection and protein expression patterns 
of these two NAs.

Methodology

Materials

Gelatin GELITA® MedellaPro® <  = 100, porcine gelatin, 
228g Bloom, pharmaceutical-grade was purchased from 
GELITA® Deutschland GmbH, Eberbach, Germany. Pro-
tamine sulfate was purchased from Sigma-Aldrich, Darm-
stadt, Germany. Plasmid DNA encoding AmCyan fluores-
cent protein (pAmCyan1-C1) was purchased from Clontech 
Laboratories Inc., Mountain View, CA, USA. Subcloning 
Efficiency™ DH5α E. coli competent cells were purchased 
from Invitrogen, Thermo Fisher Scientific, Darmstadt, Ger-
many, Qiagen EndoFree Plasmid Mega Kit was purchased 
from Qiagen, Hildesheim, Germany. CleanCap® mCherry 
mRNA was purchased from Tri-Link BioTechnologies LLC, 
CA, USA. Purified water was obtained from a Milli-Q water 
purification system (Merck, Millipore) and is referred to as 
MQ water.

JetMessenger (JetM) and JetPrime (JetP) were purchased 
from Polyplus-transfection®, Illkirch, France. Cholesterol 
was purchased from Sigma-Aldrich Darmstadt, Germany. 
DLin-MC3-DMA was purchased from MedChemExpress 
(New Jersey, USA), DMG-PEG2000 was purchased from 
and DSPC was a kind gift from Lipoid GmbH (Ludwig-
shafen, Germany).

Murine dendritic cell line DC2.4 was purchased from 
Millipore Corporation, California, USA. Cells RMPI-
1640, Fetal Calf Serum (FCS), non-essential amino acids 
(NEAA,100X), HBSS 1X, and HEPES buffer solution(1 M) 
were all purchased from Gibco, Thermo Fisher Scientific, 
Darmstadt, Germany. β-mercaptoethanol 100X was pur-
chased from Merck, Darmstadt, Germany.

Nanoparticle preparation

Gelatin-pDNA coacervate-based cores (CoAc) were pre-
pared as previously reported [48]. Briefly, 3 mg mL−1 gel-
atin type A was dissolved in MQ water at 55˚C. The gela-
tin solution was then mixed with 100 µg mL−1 pAmCyan1 
at a ratio of 1:1 v/v at 37˚C by vortexing to final gelatin to 
pAmCyan1 mass ratio of 30:1 w/w. The cores were then 
thermally stabilized via four cycles of heating at 55 ± 0.5 
˚C for 30 min followed by cooling at 0 ± 0.5 ˚C for 5 min  



	 Drug Delivery and Translational Research

to form thermally-stabilized gelatin-pDNA coacervates 
(TS-CoAc) in the form of anisotropic nanogels.

As for TS-CoAc coating, two potential coating varieties 
were explored and compared, in addition to the previously 
reported protamine sulfate [48], TS-CoAc was also coated 
with a lipid cocktail composed of Dlin-MC3-DMA: DSPC: 
Cholesterol: DMG-PEG2000 in the following molar ratios 
(50%:10.5%:38.5%:1.5%) (Table 1).

For lipid coating, ethanolic solutions of either Dlin-
MC3-DMA, DSPC, Cholesterol, DMG-PEG2000 were 
mixed in the aforementioned molar ratios to a final total 
lipid concentration of 3.56 mg mL−1. The ethanolic lipid 
solution was mixed with TS-CoAc in sodium acetate buffer 
10 mM, pH 4.2, at a final ratio of 0.3:1 v/v via vortexing, 
and a final gelatin to lipid mass ratio of 0.7:1 w/w.

For the preparation of LNP controls without TS-CoAc 
cores, an equivalent mass of the same lipid cocktail was 
used. Briefly, LNPs were prepared as follows, A mixture 
of 5µg pDNA and 1µg mRNA in MQ water was adjusted 
to pH = 4.2 using 10mM sodium acetate buffer. An etha-
nolic lipid solution composed of Dlin-MC3-DMA: DSPC: 
Cholesterol: DMG-PEG2000 in the following molar ratios 
(50%:10.5%:38.5%:1.5%) was also prepared. Both the NAs 
solution and the lipid solution were mixed at a ratio of 
11.2:1 v/v via vortexing for 5 s. For both L-TS-CoAc and 
LNP, the final NP ratio was 6.

For the protamine coating of TS-CoAc to produce 
(P-TS-CoAc), a protamine sulfate solution in MQ water 
was used, at a final gelatin-to-protamine mass ratio of 4:1 
w/w. A staggered herringbone micromixer was used at a 
mixing ratio of 1:1 v/v and a total flow rate of 2 mL.min−1. 
Additionally a design of experiment (DOE) approach was 
adopted to systematically assess the impact of a varying 
number of thermal stabilization cycles, and mass ratio of 
gelatin (core): protamine (coat) content on the particle 
size, PDI as well as transfection efficiency and level of 
protein expression in DC2.4. Hence a full factorial design 

(23) was implemented which is detailed in supplementary 
materials (Table S1, Table S2).

Before cell treatment particles were re-adjusted to physi-
ological pH by mixing with HBSS to a final ratio of 2:5 
v/v. mRNA surface loading to either L-TS-CoAc or P-TS-
CoAc is performed 15 min before nanocarrier application to 
cells in transfection experiments, whereas no such step was 
required for LNPs as the mRNA was already core loaded 
during initial assembly.

Assessment of particle size, particle size 
distribution, and zeta‑potential of different 
nanocarriers using Dynamic Light Scattering (DLS)

L-TS-CoAc, as well as P-TS-CoAc, were assessed for par-
ticle size, PDI, and zeta-potential using DLS (Nano-ZS, 
Malvern Instruments, Worcestershire, U.K.), with 4 mW 
He − Ne laser at a wavelength of 633 nm and a backscat-
tering angle of 173° at 25 °C using high-resolution mode. 
Before coating, TS-CoAc was analyzed at a concentration of 
775 µg mL−1 in MQ water, whereas after lipid coating L-TS-
CoAc was analyzed at a concentration of 1997 µg mL−1 and 
in sodium acetate buffer of 10 mM, pH = 4.2, whereas P-TS-
CoAc were analyzed at varying concentrations of 962.5, 
1150 and 1550 µg mL−1 for P4-TS#-CoAc, P2-TS#-CoAc, 
P1-TS#-CoAc, respectively, in MQ water, pH = 6.1. All P-TS-
CoAc nanocarriers were further followed for their colloidal 
stability as a function of particle size and PDI over 3 weeks 
at 4˚C.

Comparative assessment of transfection efficiency 
of L‑TS‑CoAc, P‑TS‑CoAc, and LNPs in murine 
dendritic cell line (DC2.4)

This assessment was done to select the best-performing co-
transfecting nanosystem, that could be further investigated 
for its capacity for time-staggered expression of the dual 

Table 1   Composition and assembly conditions of mCherry and pAmCyan1 co-loaded lipid or protamine-coated thermally stabilized gelatin-
pAmCyan1 coacervates

*Molar ratios
**Given the heterogeneous molecular weight range of the protamine sulfate component, the calculation of the NP ratio was not applicable

Lipid-coated: L-TS-CoAc Protamine-coated: P-TS-CoAc

Core composition Thermally stabilized pDNA-Gelatin with 4 Heating cycles (TS4-CoAc)
Coat composition Dlin-MC3-DMA:DSPC: Cholesterol: DMG-PEG2000

(50%:10.5%:38.5%:1.5%)*
Protamine sulfate (protamine: 

gelatin = 1:4 w/w)
Core-loaded NA pDNA (pAmCyan1)
Surface-loaded NA mRNA (mCherry)
pDNA/mRNA ratio (w/w) 5:1
NP Ratio (w/o gelatin core) 6 na**
Assembly technique Vortex mixing Microfluidic meander chip
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NA cargo. In brief, the transfection efficiencies and pro-
tein expression capacities of P-TS-CoAc and L-TS-CoAc 
were assessed against LNPs in dendritic murine cell lines 
(DC2.4). Briefly, cells were initially seeded at a density of 
50,000 cell/well in 24 well plates and allowed 48 h in RPMI-
1640 supplemented with FCS (10% v/v), HEPES (1%), 
NEAA (1%), β-mercaptoethanol (0.0054%)- further referred 
to as DC2.4 culture medium at 37 °C and 5% CO2 to reach 
approximately 80% confluence. The cells were incubated 
with either L-TS-CoAc, P-TS-CoAc, or LNPs in OptiMEM 
at concentrations equivalent to 5 µg pAmCyan1 and 1 µg 
mCherry per well, under shaking at 250 RPM and 37 °C for 
6 h. Then particle samples were removed, cells were washed 
twice with HBSS, fed with fresh full medium, and further 
incubated for 36 h at 37 °C and 5% CO2. Either JetM or JetP 
commercial transfection reagents specialized for mRNA and 
pDNA, respectively, were used as dual transfection tools for 
comparison. Where either JetM or JetP was combined with 
both pDNA and mRNA as per the manufacturer's protocol 
at final NA doses equivalent to L-TS-CoAC, P-TS-CoAc, 
and LNPs (5 µg pDNA, 1 µg mRNA). Dose calculation 
for P-TS-CoAc was based on entrapment efficiency results 
(Figure S2) (97.8 ± 1.1% and 100.1 ± 0.4% for mRNA and 
pDNA, respectively), the same values could not be obtained 
for L-TS-CoAc due to poor colloidal stability of the system. 
Eventually, cells were detached at 36 h using Trypsin/EDTA, 
washed twice in HBSS, fixed using 4% paraformaldehyde, 
and flow-cytometrically analyzed (BD LSRFortessaTM Cell 
Analyzer Biosciences, Heidelberg, Germany) for pAmCyan1 
and mCherry transfection efficiency on AmCyan1 and PE-
Texas red channels, respectively. Data were analyzed using 
Flowjo version 10.8.0.

Flow‑cytometric assessment of the kinetics 
of expression of pDNA and mRNA following DC2.4 
treatment with P‑TS‑CoAc

To assess the kinetics of mCherry and pAmCyan1 expres-
sion in DC2.4 following P-TS-CoAc treatment, P-TS-CoAc 
was selected based on its co-transfection performance rela-
tive to L-TS-CoAc and LNPs (Fig. 2). Cells were cultured as 
previously described and then treated with the P-TS-CoAc at 
t = 0 h, and up to 6 h. Seven predetermined time points were 
selected for sample collection and assessment of transfec-
tion at 0 h, 1 h, 3 h, 6 h, 24 h,33 h and 48 h post-particle 
treatment. Given that flow cytometric assessment is an end-
point readout, separate but parallel samples were used for 
the measurement of the respective time points. As for sample 
collection at time points of 6 h or less, the particle treatment 
was removed and cells detached and analysed either at 0 h, 
1 h, 3 h, or 6 h post-initial treatment. Meanwhile, for sam-
ples remaining in culture past 6 h, the particle treatment was 
removed at 6 h, samples washed, further incubated in DC2.4 

medium then harvested for analysis at 24 h,33 h, or 48 h. All 
samples were harvested and flow cytometrically analysed as 
previously described.

Statistical analysis

Graph Pad Prism 8 for Windows (Version 8.01, Graph-
Pad Software Inc.) was used for data analysis. Data were 
generally presented as the mean of individual values, with 
standard deviation indicated by the error bars. (N) equals the 
number of experiments, (n) equals the number of technical 
replicates per sample in a single experiment. For longitu-
dinal experiments, two-way ANOVA followed by Tukey’s 
post hoc test was used. For fixed time point experiments 
one-way ANOVA was followed by Tukey’s post hoc test 
was used. Data were considered statistically significant at a 
level of significance of p < 0.05 (* p < 0.05, ** p < 0.01, *** 
p < 0.001, and **** p < 0.0001).

Results and discussion

Particle characteristics of protamine‑coated 
thermally stabilized gelatin‑pDNA coacervates 
(P‑TS‑CoAc) and Lipid coated gelatin‑pDNA 
coacervates (L‑TS‑CoAc)

Two particle compositions were proposed, both featuring 
a core–shell structure in which the thermally stabilized 
Gelatin-pDNA coacervate serves as core, whereas the shell 
is varied between either protamine sulphate or a lipid cock-
tail featuring the same lipid composition and molar ratios 
as patisiran. Patisiran is an siRNA-LNP formulation, and 
was the first LNP delivered RNA therapy to be approved by 
FDA in 2018 for the treatment of hereditary transthyretin-
mediated amyloidosis in 2018 under the commercial name 
ONPATTRO® [49]. The composition of LNP employed in 
ONPATTRO® later served as the gold standard upon which 
LNPs later adopted for mRNA vaccine delivery were fash-
ioned [50].

DLS results provided the first evidence for the successful 
coating of TS-CoAc with either protamine sulfate (P-TS-
CoAc) or the lipid mixture (L-TS-CoAc). Both P-TS-CoAc 
and L-TS-CoAc displayed increased particle diameters of 
257.3 ± 3.3 nm and 273.3 ± 3.2 nm, respectively in compari-
son to the non-coated TS-CoAc (168 ± 5.8 nm) (Fig. 1-a), 
and the same was observed for PDI (Fig. 1-b). For P-TS-
CoAc the core–shell structure was previously confirmed 
using TEM [48]. A reversal in zeta-potential from a slightly 
negative value of -3.6 ± 0.8 for TS-CoAc to either 14.9 ± 0.6 
For L-TS-CoAc or 8.3 ± 0.5 for P-TS-CoAc (Fig. 1-c) pro-
vides further evidence for the successful cationic coat depo-
sition for both nanocarriers. Both particle size distribution 
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(high-resolution measurement mode) (Fig. 1-d), as well as 
zeta-potential (Fig. 1-e), showed monophasic peaks for all 
particles, indicating a still homogenous population of coated 
TS-CoAc.

Yet following mRNA loading only the protamine-coated 
nanosystem maintained its particle size and PDI comparable 
to their values before mRNA loading and within acceptable 
limits, while the lipid-coated system showed a considerable 
increase in both particle size (Fig. 1-f) and PDI (Fig. 1-g). 
This increase in size and PDI of L-TS-CoAc could indicate 
the dissociation of the nanosystem and potential disruption 
of the lipid coating to form alongside the original system 
an inhomogeneous subpopulations of predominantly lipid-
based mRNA carriers. We hypothesize that, L-TS-CoAc 
became disrupted following the addition of mRNA to the 
system due to the much lower affinity of the lipid mono-
meric components to the anionic surface of gelatin-pDNA 
coacervate than that of a polycation in this case protamine. 
Protamine’s superior affinity to the core’s surface allows it to 
efficiently load mRNA upon its introduction to P-TS-CoAc 
without detaching from the coacervate surface, as evidenced 
by the maintained colloidal stability of the system.

Further factorial assessment of the impact of varying the 
number of thermal stabilization cycles of the pDNA-gelatin 
core as well as the protamine-to-gelatin mass ratio on the 
particle size and PDI (Table S1, Table S2), demonstrated 
that neither factor significantly affected the colloidal proper-
ties of the system (Figure S3).

It is also worth noting that preliminary attempts to load 
mRNA rather than pDNA within the Gelatin core have dem-
onstrated that mRNA is unfit for this mode of encapsulation 
as its coacervate with gelatin immediately dissociated upon 
exposure to the thermal stabilization technique that was con-
versely well tolerated by pDNA (Figure S1).

In‑vitro transfection performance of L‑TS‑CoAc, 
P‑TS‑CoAc, and LNPs in murine dendritic cell line 
(DC2.4)

This experiment was aimed at the comparative assessment 
of the co-transfection performance of a lipid-coated TS-
CoAc against the previously reported protamine-coated 
one [48]. Where P-TS-CoAc had already displayed superior 
co-transfection capacities of fluorescent reporters encoding 

mCherry and pAmCyan1 compared to an equivalent mass 
of protamine alone, simply complexed with equivalent 
doses of the fluorescent reporters. That experiment indi-
cated some degree of merit of the core–shell arrangement 
to the desired co-transfection [48]. An observation we have 
resorted to a potential trojan horse-like effect, where the 
core–shell arrangement allows a considerable mass of pDNA 
to be occluded in the coacervate core rather than interact-
ing with coating protamine, hence allowing the system to 
operate at an apparently higher NP ratio by sparing more 
cationic moieties from protamine to affect endosomal escape 
of the carrier [51]. Hence, given the established superiority 
of ionizable lipid, helper lipid, cholesterol, and pegylated 
lipid combinations in siRNA and mRNA delivery in clinical 
settings [20], we aimed to further explore the capacity of a 
lipid-coated against a protamine-coated system.

Results demonstrated that in terms of transfection effi-
ciency, 36 h following treatment application to DC2.4, JetM, 
LNPs, L-TS-CoAc, and P-TS-CoAc could all achieve a sta-
tistically significant enhancement in % of cells expressing 
mCherry (%transfection efficiency) (Fig. 2-b) as well as, 
the protein expression level (MFI) (Fig. 2-c) compared to 
untreated control. While no statistically significant differ-
ence in mCherry transfection efficiency between P-TS-CoAc, 
L-TS-CoAc, and JetM could be observed, LNP demonstrated 
significantly higher transfection efficiency of mCherry com-
pared to both P-TS-CoAc and JetM. Regarding the levels of 
mCherry expression, all the applied treatments resulted in a 
statistically significant enhancement in mCherry expression 
level compared to untreated control.

On the other hand, L-TS-CoAc and P-TS-CoAc showed 
no statistically significant difference in mCherry expression 
levels from one another. This could indicate comparable 
endosomal escape capabilities of protamine for P-TS-CoAc 
[52], and the ionizable [53, 54] and helper lipid [55] com-
ponents of L-TS-CoAc [3], since endosomal escape is the 
rate-limiting step of mRNA expression [56–58].

As for pAmCyan1 transfection efficiency, none of the 
treatments except for P-TS-CoAc demonstrated any statis-
tically significant improvement in pAmCyan1 transfection 
compared to the untreated control. As for levels of pAm-
Cyan1 expression, P-TS-CoAc was the only treatment that 
produced a statistically significant pAmCyan1 expression 
level compared to untreated control, with a 3.4-fold increase 
in MFI, thus making P-TS-CoAc the only successful sys-
tem for simultaneous transfection with mRNA and pDNA, 
highlighting the unique co-transfectional capacity of this 
nanosystem.

Neither L-TS-CoAc nor LNP could produce an effective 
expression of their pDNA cargos. The data is in line with 
what has been previously demonstrated by Kulkarni et al. for 
Dlin-MC3-DMA and DSPC-based LNPs for pDNA delivery 
[59]. In general, for LNPs, pDNA, and mRNA transfection 

Fig. 1    Dynamic light scattering assessment of (a) particle size (nm) 
(b) PDI and (c) zeta-potential (mV) of either uncoated (TS-CoAc)
(grey), protamine sulfate coated (P-TS-CoAc) (red) and lipid coated 
(L-TS-CoAc) (blue), thermally stabilized gelatin-pAmCyan1 coac-
ervate. (d) Particle size distribution by the intensity of TS-CoAc, 
P-TS-CoAc, and L-TS-CoAc. (e) Apparent zeta-potential distribu-
tion of TS-CoAc, P-TS-CoAc, and L-TS-CoAc (f) Particle size (nm) 
of mRNA loaded P-TS-CoAc (red), L-TS-CoAc (blue). (g) PDI of 
mRNA loaded P-TS-CoAc (red), L-TS-CoAc (blue)

◂
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Fig. 2    Flow-cytometric analy-
sis of the impact of varying coat 
structur e on the co-transfec-
tional performance of TS-CoAc 
for pDNA (pAmCyan1) and 
mRNA (mCherry). a Shift in 
flourescence intenstity of DC2.4 
36h following treatement with 
different samples and controls 
on PE-Texas red channel for 
mCherry treatment (left) and 
AmCyan channel for pAm-
Cyan1 (right). b Transfection 
efficiency of DC2.4 with either 
mCherry (red) or pAmCyan1 
(green) 36h following treate-
ment with different samples 
with equivalent doses of 5μg 
pAmCyan1 and 1μg mRNA, 
data is displayed as mean ±SD 
(n=3), dotted line represents 
background signal of untreated 
control. c Mean flourescence 
intensity (MFI) of mCherry 
(red) or pAmCyan1 (green) 
encoded protens in DC2.4 fol-
lowing treatement with different 
samples with equivalent doses 
of 5μg pAmCyan1 and 1μg 
mRNA. Data are displayed as 
mean±SD (n =3), dotted line 
represents background MFI 
of untreated control. **** p< 
0.0001; *** p< 0.001; ** p< 
0.01; ns = not significant
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can be improved by using unsaturated helper lipids [59], 
which have also been reported as more efficient for mRNA 
transfection [60]. Eventually, however, DSPC was incorpo-
rated in all the commercial mRNA transfection systems, pos-
sibly due to outperforming unsaturated counterparts in these 
particular LNP formulations [3] or for stability reasons.

The presence of nuclear translocation factors is essential 
for successful pDNA transfection. Both LNPs and L-TS-
CoAc lacked any nuclear translocation sequences, which 
could be the main reason for their poor pDNA transfection. 
On the other hand, P-TS-CoAc was uniquely capable of 
successful co-transfection with pDNA- alongside mRNA- 
mainly due to the nuclear translocation properties of prota-
mine rendered by four nuclear translocation-like signals pre-
sent in its structure [61, 62]. To conclude, upon comparing 
the co-transfectional capacity of P-TS-CoAc to either L-TS-
CoAc, LNPs, JetM, or JetP, P-TS-CoAc showed a unique 
potential for incurring successful simultaneous transfection 
of DC2.4 with both the pDNA and mRNA cargos (Fig. 2-a).

Further factorial assessment of the impact of varying the 
number of thermal stabilization cycles of the pDNA-gelatin 
core as well as the protamine to gelatin mass ratio on the 
in-vitro transfection and protein expression performance of 
the particles (Table S1, Table S2), demonstrated that neither 
factor significantly affected transfection efficiency or protein 
expression capacity of the different particles (Figure S5). 
Yet further assessment of the impact of varying the afore-
mentioned particle assembly conditions on P-TS-CoAc’s 
cytotoxicity demonstrated that P-TS-CoAc assembled using 
the least number of thermal stabilization cycles and highest 
gelatin: protamine mass ratios showed the lowest cytotoxic-
ity and demonstrated cell viability exceeding 98% (Figure 
S4).Assessment of the kinetics of expression of pDNA and 
mRNA following DC2.4 treatment with P-TS-CoAc.

Following the factorial analysis of varying P-TS-CoAc 
assembly conditions on transfection efficiency and level of 
protein expression in DC2.4, we proceeded to assess the 
time-resolved expression of mCherry and pAmCyan1 in 
DC2.4 over 48 h (Fig. 3-a). P4-TS4-CoAc was selected for 
this experiment given its favorable assembly conditions, 
cytocompatibility (Figure S4) as well as high pAmCyan1 
and mCherry transfection efficiencies in DC2.4 48 h fol-
lowing original particle treatment (Fig. 2-b, Figure S5). 
JetM was used as a positive control for mRNA transfec-
tion, whereas JetP was used as a positive control for pDNA 
transfection.

During the first 6 h following P-TS-CoAc application, 
no statistically significant increase in transfection efficiency 
could be detected for either mCherry or pAmCyan1 (Fig. 3-
a) using P-TS-CoAc as opposed to JetM and JetP, which both 
showed an early and significant enhancement in mRNA and 
pDNA transfection, respectively. After 24 h, the transfection 
efficiency of mRNA in terms of the percentage of fluorescent 

cells had already reached a maximum of 91.9% ± 1.15 and 
later decreased slightly to 89.3% ± 2.5 at 33 h and then 
continued to increase reaching 99.5% ± 0.2 at 48 h (Fig. 3-
a). On the other hand, pDNA expression was delayed and 
only reached approximately half the transfection efficiency 
of mRNA at 24 h with 42.5% ± 2.5, but even continued 
to increase to 54.63% ± 2.95 at 33 h, eventually reaching 
94.4% ± 3.16 at 48 h. Conversely, the transfection efficien-
cies of both JetM and JetP plateaued and even decreased 
slightly > 6 h incubation time following application. Addi-
tionally, the transfection efficiency peaked following 24h 
JetM treatment and 48h post P-TS-CoAc treatment indicat-
ing sustained transfection using P-TS-CoAc (Table 3).

In terms of protein expression levels, a time-resolved 
expression of the two nucleic acid cargos mCherry and 
pAmCyan1 could also be observed in DC2.4 following P-TS-
CoAc application (Fig. 3-b). A detectable statistically sig-
nificant increase in the level of mCherry expression could be 
observed as early as 3 h after P-TS-CoAc application, while 
no such detectable expression could still yet be observed 
for pAmCyan1 at the same time point(Figure S6-b). The 
first discernible expression of AmCyan1 was yet to follow 
at 6 h (Figure S6-b). Both expression levels of mRNA and 
pDNA continued to increase through 33 h and 48 h post-
application. On the contrary, JetM displayed an initially very 
strong expression of mRNA at 6 h which continued to gradu-
ally decrease at later time points. Protein expression from 
mRNA using JetM peaked at 6h post-treatment, whereas it 
peaked at 48h following P-TS-CoAc treatment. Meanwhile, 
JetP displayed overall very low expression levels of pDNA 
compared to P-TS-CoAc.

In summary, such transfection and protein expression 
kinetics are indicative of the capacity of P-TS-CoAc to dis-
tinctively affect time-staggered expression profiles of both 
its NA cargos, represented by the early expression of mRNA 
and delayed and prolonged-expression from pDNA.

To perform a more detailed quantitative comparison of 
the transfection and protein expression kinetics of mRNA 
and pDNA delivered by the various treatments, we explored 
several approaches.

A first quantification is possible by comparing the overall 
magnitude of transfection or protein expression calculated as 
the area under the curve AUC) for the transfection efficiency 
vs. time curve (Fig. 3-a) denoted as AUC​tf over the 48h dura-
tion of the in-vitro transfection experiment. Analogously, 
AUC for the Mean fluorescence intensity vs. time curve 
(Fig. 3-b) denoted as AUC​pe represents the overall magni-
tude of protein expression (or NA translation) achieved by a 
treatment over the 48h duration of the in-vitro transfection 
experiment.

To follow the timelines of transfection and protein expres-
sion of mRNA and pDNA applied using the different treat-
ments we used three different approaches:
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-The first parameter used for comparison was the time 
points (in hours) at which 50% of the maximum transfec-
tion or protein expression was achieved by a given treat-
ment. These parameters are denoted as T(tf)1/2 and T(pe)1/2, 
respectively.

-The second, somewhat more comprehensive com-
parison, which takes the time course into consideration 

independent of any specific kinetic model is based on 
statistical moment analysis. It had been elaborated and 
applied to describe drug release from microcapsules by 
Brockmeier [63, 64]. For this purpose, we calculated the 
Mean Transfection Time (MTT) and Mean Protein expres-
sion Time (MPT) as depicted in (Figure S7-a), where;

Fig. 3    In-vitro transfection 
and protein expression kinetics 
of mCherry (mRNA, 1µg) 
and pAmCyan1 (pDNA,5 µg) 
in DC.4  over 48h, following 
their application using P-TS-
CoAc (mRNA and pDNA)), 
JetM (mRNA only) or JetP 
(pDNA only) application. a 
% cells expressing fluorescent 
reporter protein from mCherry 
(red) and pAmcyan1(green) 
in DC2.4 over time up to 48h 
following P-TS-CoAc applica-
tion (solid lines) compared to 
commercial controls (dashed 
lines). c Level of mCherry or 
AmCyan expression mCherry 
(red) and pAmcyan1 (green) 
in DC2.4 over time up to 48h 
following P-TS-CoAc applica-
tion (solid lines) compared to 
commercial controls JetM and 
JetP (dashed lines). Grey dotted 
lines represent the background 
signal for TE% or MFI of 
untreated controls. Levels of 
significance of the statistical 
difference between mCherry 
and pAmCyan-1 expression 
from P-TS-CoAc at similar time 
points are indicated by black 
asterisks (*). Data are displayed 
as mean ±SD (N=1, n=3), **** 
p< 0.0001; *** p< 0.001; ** 
p < 0.01, * p < 0.05;  ns = not 
significant
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-The third approach to make quantitative comparisons of 
the transfection and protein expression kinetics followed the 
concept proposed earlier by Leonhardt et al. [31]. Based 
on slope calculation of straight lines connecting different 
points on the curve (Fig. 3, Figure S7-b) we could calcu-
late the response rate coefficients between these time points 
(Table 2). By normalizing the slope to the number of NA 
molecules the obtained rate constant may be interpreted as 
a second-order rate constant. Such order of the rate equa-
tion would thus account for the mutual contribution of both 
mRNA and pDNA to each other’s rate of transfection or 
protein expression through competing for the same cellular 
uptake mechanisms and protein expression machinery. Addi-
tionally, such normalization to NA dose provides a better 
comparison of the transfection and protein expression rates 
per molecule of mRNA and pDNA co-delivered on a single 
nanocarrier in different doses. Following this approach we 
could calculate response rate coefficients for either transfec-
tion Ktf (Table 1, Eq. 3) or protein expression Kpe (Table 1, 
Eq. 7), these response rate coefficients were calculated for 
initial (0h-24h) (Table 1, Eq. 5, Eq. 9), terminal (24h-48h) 
(Table 1, Eq. 6, Eq. 10), and overall (0h-48h) (Table 1, Eq. 4, 
Eq. 8), time range of the experiment as detailed in (Table 1, 
Figure S7).

Table 2 shows the results of the quantitative compari-
sons. The transfection and protein expression efficacy of 
the different treatments can be appreciated by the AUC. For 
mRNA delivered by JetM, the AUC​tf was 1.24 fold that of 
P-TS-CoAc. For pDNA, however, the AUC​tf, achieved with 
P-TS-CoAc was 3.36-fold larger than for JetP. Comparing 
the protein expression achieved by the different treatments it 
was observed that the overall mRNA expression represented 
by AUC​pe) was superior in the case of JetM to P-TS-CoAc. 
As for pDNA, the overall magnitude of protein expression 
by pDNA indicated by AUC​pe was far superior in the case 

(1)MTT =
ABCtf

Maximum transfection efficiency%

(2)MPT =
ABCpe

Maximum Mean flourscence intensity

of P-TS-CoAc, which demonstrated an AUC​pe of 8.67 folds 
that of JetP.

The kinetics of transfection and protein expression from 
NAs delivered using P-TS-CoAc indicate that the expres-
sion of the two reporter proteins from the two different NA 
cargos occurs in a time-staggered manner in which protein 
expression from mRNA precedes that from pDNA. Protein 
expression for mRNA delivered by P-TS-CoAc was faster, 
reaching T(pe)1/2 at 20.7h, whereas pDNA when delivered 
by the same treatment reached T(pe)1/2 at 31.8 h. Similar 
trends were also observed for the time course of the transfec-
tion efficiency T(tf)1/2.

The model-independent mean-time parameter for pro-
tein expression also showed time staggered Mean Protein 
Expression Times (MPT) of 42.3 h for mRNA and 45.4 h for 
pDNA co-delivered on P-TS-CoAc. The same was observed 
also for the Mean Transfection Times (MTT) (Table 3), 
which was16.9h for mRNA and 28.1h for pDNA delivered 
using P-TS-CoAc. Comparing MPT and MTT values for 
P-TS-CoAC delivered mRNA and pDNA to JeTM and JetP 
delivered ones, a general sustainment in transfection and 
protein expression is observed for P-TS-COAc delivered 
mRNA, while for pDNA the opposite is true, where both 
transfection and protein expression tend to come earlier for 
P-TS-CoAc delivered pDNA.

The model-dependent response rate kinetics of protein 
expression from mRNA Kpe(Table 3), demonstrated that 
the overall protein expression rate coefficient of mRNA 
encoded reporter protein for P-TS-CoAc Kpe (0h-48h) was 
approximately 2.65 folds that of JetM. Meanwhile, the 
protein expression rate coefficient during the first 24h of 
the experiment Kpe (0h-24h) for JetM exceeded that of P-TS-
CoAc by approximately 2.5 folds. During the 2nd half of the 
experiment, Kpe (24h-48h), for P-TS-CoAc continued to have 
a positive value indicating a continuation in the expression 
of the reporter protein exceeding its degradation. Simul-
taneously, the rate of reporter protein expression by JetM 
declined below its level of degradation as indicated by the 
negative value of Kpe (24h-48h).

Similarly all protein expression rate coefficients 
(Kpe (0h-48h), Kpe (0h-24h), Kpe (24h-48h)) for pDNA encoded 
reporter protein were inferior in the case of JetP to 

Table 2   Transfection and protein expression rate coefficients

MFI Mean Fluorescence intensity, TE% Transfection efficiency, NA Nucleic acid (mRNA or pDNA)

Transfection rate coefficient(s) (ktf) Protein expression rate coefficient(s) (kpe)

General formula ktf (t1−t2) =
TE%t2−TE%t1

(t
2
−t

1
)∗number moles of NA

(3) kpe(t1−t2) =
MFIt2−MFIt1

(t
2
−t

1
)∗number moles of NA

(7)
Overall rate coefficient (0h-48h) ktf (0h−48h) =

TE%
48h−TE%0h

48h∗number moles of NA
(4) kpe(0h−48h) =

MFI
48h−MFI

0h

48h∗number moles of NA
(8)

Rate coefficient for 1st 24h of experiment (0h-24h) ktf (0h−24h) =
TE%

24h−TE%0h

24h∗number moles of NA
(5) kpe(0h−24h) =

MFI
24h−MFI

0h

24h∗number moles of NA
(9)

Rate coefficient for 2nd 24h of experiment (24h-48h) ktf (24h−48h) =
TE%

48h−TE%24h

24h∗number moles of NA
(6) kpe(24h−48h) =

MFI
48h−MFI

24h

24h∗number moles of NA
(10)
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P-TS-CoAc across the entire timeline of the experiment 
(Table 3).

Upon comparing P-TS-CoAc’s protein expression rate 
coefficients Kpe (0h-48h), Kpe (0h-24h), and Kpe (24h-48h), for both 
mRNA and pDNA (Table 3), we find that they were gener-
ally superior in the case of mRNA compared to pDNA.

Yet, with regards to mRNA transfection kinetics, the 
overall transfection rate coefficient Ktf (0h-48h) of DC2.4 with 
P-TS-CoAc was 1.42 fold that with jetM, despite JeTM pos-
sessing a higher AUC​tf. During the 1st 24h of the experi-
ment, both P-TS-CoAc and JetM had comparable transfec-
tion rate coefficients of 1.2E + 12 and 1.1E + 12, respectively 
(Table 3). Yet, the bulk of the superior performance of P-TS-
CoAc in comparison to JetM in terms of transfection rate 
occurred during the 2nd 24h of the experiment, where JetM 
experienced a steep dip in its transfection rate indicated by 
the negative value of its Ktf (24h-48h). P-TS-CoAc, despite 
experiencing a significant decline to its transaction rate coef-
ficient still maintained a progressive increase in transfection 
rates over the 2nd 24h of the experiment, as indicated by the 
positive value of its transfection rate coefficient Ktf (24h-48h).

In a similar fashion to the protein expression kinetics, the 
rate constants Ktf (0h-48h), Ktf (0h-24h), Ktf (24h-48h) illustrate that 
this process was much faster in the case of P-TS-CoAc com-
pared to JetP, going parallel with a higher transfection rate of 
P-TS-CoAc throughout the entire timeline of the experiment.

Comparing the transfection rate coefficients of mRNA 
and pDNA delivered using P-TS-CoAc, a crucial observa-
tion was that while the transfection rate coefficient Ktf (0h-24h) 
of mRNA exceeded that of pDNA during the 1st 24h of 
the experiment by 1.3 folds, the opposite was true for the 
second 24h of the experiment in which the transfection rate 
coefficient Ktf (24h-48h) of pDNA was 13 folds that of mRNA. 
This observation further demonstrated the time-staggered 
transfection pattern in which mRNA transfection precedes 
that of pDNA.

Conclusions

The current study demonstrated the potential of protamine-
coated, thermally stabilized gelatin-pDNA complex coac-
ervate (P-TS-CoAc), as a nanocarrier system suitable for 
co-delivery and time-staggered expression of pDNA and 
mRNA. This was not possible with either the widely used 
commercial transfection agents JetPrime and JetMessenger 
or with clinically established lipid nanoparticles (LNP) cur-
rently considered as mRNA delivery gold standard. By com-
paring the kinetics of transfection and protein expression for 
each of the co-delivered NAs in more detail, an interesting 
feature of the reported nanosystem is observed, namely its 
capacity to instigate time-staggered transfection and pro-
tein expression for the two simultaneously delivered NA Ta
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cargos. While mRNA produced an early, strong, and tran-
sient expression, pDNA produced a delayed yet prolonged 
expression. The possibility to realize different expression 
kinetics for protein-encoding polynucleotides could become 
useful within an NA-based vaccination context, for example, 
optimizing the co-delivery of NA-based antigens and adju-
vants, where time resolution between antigen and adjuvant 
expression can strongly affect vaccine safety and efficacy. 
Such features can also become highly relevant in protein 
replacement combination or sustained therapy scenarios, as 
well as CRISPR-based gene editing technologies.
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