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Kurze Zusammenfassung 

    Die rasche Zulassung von mRNA-basierten Impfstoffen für den menschlichen Gebrauch 

nach der Covid-19-Pandemie hat ihren Wert für die öffentliche Gesundheit bewiesen. 

Dennoch gibt es Raum für Verbesserungen, um die Anzahl der erforderlichen 

Auffrischungsdosen zu verringern. Ziel dieser Studie war es, einen Nanoträger zu 

entwickeln, der Nukleotid (NT)-kodierte Antigene und Adjuvantien gemeinsam abgibt und 

deren zeitversetzte  Expression ermöglicht, so dass die Adjuvantexpression dem Priming 

der Zielzellen (APC) mit der Antigenexpression folgt. 

   Daher wurde ein Kern-Schale-System konstruiert, das auf einem Plasmid-DNA (pDNA)-

Gelatine-Koazervat-Kern basiert, der thermisch zu einem Nanogel stabilisiert, mit 

Protamin (P-TS-CoAc) beschichtet und an der Oberfläche mit mRNA beladen wurde. Das 

System zeigte eine einzigartige Co-Transfektion für beide NT, die für fluoreszierende 

Reporterproteine kodieren, im Vergleich zu mehreren etablierten Kontrollen in einer 

dendritischen Mäusezelllinie (DC2.4). Ebenso zeigte das System eine zeitversetzte 

Expression der beiden NT, mit einer schnellen,vorübergehenden Expression der mRNA 

und einer verzögerten, längeren Expression der pDNA. 

  Es wurden NT-kodierte Adjuvans-Kandidaten ausgewählt, um die Transfektionsfähigkeit 

von P-TS-CoAc in DC2.4 zu prüfen. Diese waren CCL4 und CCR7, die an der 

Mobilisierung von Immunzellen zu Entzündungsherden bzw. drainierenden Lymphknoten 

beteiligt sind. CCL4-kodierende NT induzierten die Freisetzung von CCL4 aus DC2.4 nach 

Elektroporation, jedoch nicht nach Behandlung von DC2.4 mit entsprechend beladenen P-

TS-CoAc. Weitere Studien könnten durchgeführt werden, um die Leistung des Systems zu 

verbessern. 
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Short Summary 

    The rapid approval of mRNA-based vaccines for human use following the Covid-19 

pandemic established their public health value. Yet, room for improvement to reduce 

number of required booster doses still exists. This study aimed to investigate the 

development of a nanocarrier to co-deliver NA-encoded antigens and adjuvants and achieve 

their time-resolved expression, such that adjuvant expression follows target cell (APC) 

priming with antigen expression. 

   Hence, a core-shell system was constructed based on a plasmid DNA (pDNA)-gelatin 

coacervate core, thermally stabilized into a nanogel, coated with protamine (P-TS-CoAc), 

and surface loaded with mRNA. The system showed unique co-transfectional ability for 

two such NAs encoding fluorescent reporter proteins when compared to several established 

controls in dendritic murine cell line (DC2.4). The system also showed time-resolved 

expression of the two NAs, with a rapid and transient expression of mRNA on the shell and 

a delayed, prolonged-expression of pDNA in the core. 

  NA-encoded adjuvant candidates were selected to assess P-TS-CoAc’s capacity to 

transfect them into DC2.4, namely, CCL4 and CCR7, involved in mobilizing immune cells 

towards inflammation sites or draining lymph nodes, respectively. CCL4 encoding NAs 

induced CCL4 release from DC2.4 following electroporation, yet, not upon DC2.4 

treatment with P-TS-CoAc loaded with CCL4 encoding-NAs. Further studies could still be 

conducted to improve system performance. 
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          Throughout the 20th century and so far in the 21st century, vaccines have been one of 

the major factors revolutionizing public health1. They have helped to either eliminate or 

eradicate the majority of childhood diseases. This includes the eradication of smallpox, and 

the almost entire elimination of poliomyelitis, as well as a reduction in the incidence of 

measles, mumps, diphtheria, pertussis, tetanus, and rubella by more than 95%2–4. Many of 

the aforementioned infections account for major purging events throughout human history5. 

More recently vaccines against Hepatitis A and B, Haemophilus influenza b, and 

pneumococcus as well as tumor eliciting infectious agents are further decreasing infectious 

diseases related mortalities2. Such impact of vaccines is transforming our world from one 

in which one in four children used to reach the age of twenty6, and life spans averaged at 

49.5 years at the dawn of the 20th century into the very different world we inhabit today7–9. 

As vaccines continue to play their major role, safeguarding the world’s population against 

both old and emerging infectious diseases, the battle against infectious diseases is far from 

over and the challenges faced by vaccines continue to metamorphose with the shifting 

public health challenges, and the never-ceasing capacity of pathogens to adapt and mutate 

thus continually fueling the need for improved vaccine technologies.  

         Many challenges remain to be addressed by modern vaccines, where many 

pathological agents still lack an effective vaccine on the market including Mycobacterium 

tuberculosis, malaria, Zika virus, HIV, Respiratory syncytial virus, Cytomegalo virus1,10. 

Dose number reduction of currently available multi-dose vaccines can prove instrumental 

in outbreak situations and low in-come country endemics11–15. The changing age 

demographics, with life expectancies, approximately doubling within a century pose a 

challenge associated with the declining quality of immune response with age also known 

as immunosenescence, which can negatively impact vaccine responsiveness in elder 

populations 16–19. Hence, prompting the need not only for safer vaccines but also 

technologies capable of antigen sparing, that can still produce an adequate immune 

response in elder individuals using equal antigen doses to those used for younger 

populations. Vaccines more prone to precipitating a balanced adaptive immune response 

with adequate T-cell component and long-lasting memory are also in demand1,10 Emerging 

anti-infectives-resistant superbugs and our hyperconnected world where endemics can 

much easier turn into pandemics overnight dictate the need for flexible, efficient, and safe 

vaccine technologies that can be rapidly developed and widely deployed at affordable 

prices, to both developed and developing countries.  

        Currently, two approaches seem like the most viable means for meeting the 

aforementioned requirements of modern vaccines namely, nucleic acid-based vaccines, 

mRNA-based vaccines in specific20 as well as adjuvantation21. 

        Adjuvants can guide a quantitative enhancement of the resulting immune response by 

producing higher antibody titers and seroconversion rates even in immunologically 
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challenged populations such as infants, the elderly, and immunosuppressed individuals15,22–

25. This quantitative enhancement can also promote vaccine dose sparing10,11,13,14,26–28 with 

all the public health, economic and logistic benefits to ensue. Such quantitative impact was 

most clearly demonstrated by the antigen sparing impact of incorporating emulsion-based 

adjuvants MF59 and AS03 in H5N1 vaccines15,28. Yet, adjuvantation can additionally 

promote the quality of vaccine evoked immune response in terms of speed of response to 

the vaccine29,30, enhancement in Th-1 biased responses31, or at least balanced Th-1 to Th-2 

responses, the generation of long-lasting immune memory32–34, as well as promoting 

adequately high CD8+ responses alongside the CD4+ response35–37. This particular feature 

and capability of the appropriate adjuvant to promote adequate CD8+ responses38–40, 

especially in the absence of direct intracellular infection and endogenous antigen 

expression and hence eventual presentation on MHC I, may also be what had placed nucleic 

acid-based vaccines and viral vector-based vaccines at the forefront of the Covid-19 

vaccine market. A key feature distinguishing mRNA-based vaccines from live-attenuated 

or viral-vector DNA-based vaccines is the non-existent risk of infection or genome 

integration, as well as the possibility for repeated administration with minimal acquired 

immunity against the carrier41.    

          With the aid of reverse vaccinology techniques that are now becoming key in vaccine 

design42,43, nucleic acid-based vaccines provide the opportunity for precise epitope 

selection, prominent examples of the value of such a feature can be derived from Covid-19 

vaccine development. Several epitopes of SARS-CoV-2  were investigated for their 

immunological outcomes including the Spike protein (S)44–46, Envelope proteins (E)47,  

Nucleocapsid proteins (N)48, Membrane proteins (M)49, non-structural proteins (nsp) as 

well as several Open Reading Frames (ORF) on the viral RNA. Where some epitopes 

generated a strong CD4+ response primarily S, M, and N proteins, and to a lesser extent  

nsp3, nsp4, and ORF840. Whereas CD8+ T-cell responses were mostly elicited by M and 

S proteins, nsp6, ORF3a, and the N protein could also elicit a significant reaction50. Some 

epitopes on the other hand generated undesirable immunological outcomes, for example, 

nsp15 disrupted IFN production, thus hurdling the inflammatory cascade by associating 

with RNF4151, whereas ORF8 was reported to downregulate MHC I expression and hence 

impaired the cellular arm of adaptive immunity52. 

        The superior overall performance of the receptor-binding domain (RBD) of S-Protein 

as a safe and effective vaccine epitope evident in its pre-dominant neutralizing antibody 

titers in convalescent subjects 53–55 encouraged NA vaccine manufacturers to adopt it as 

their NA encoded antigen of choice56,57. The flexibility of the platform further allowed 

BionTech/Pfizer to fine-tune for safety by comparing their two mRNA candidates 

BNT162b1 (encoding for RBD site of the S protein) to BNT162B2 (encoding full-length 

S-protein in pre-fusion conformation) In a phase 1/2/3 study, where the RBD-encoding 

candidate displayed higher local and systemic adverse events compared to full-length S-

Protein encoding candidate, where eventually BNT162B2 was adopted in further vaccine 

development58. Additionally, the endogenous expression of antigen(s) by host cells allows 

for post-translational modifications of these antigens such as appropriate protein folding, 

glycosylation, cleavage, or other modifications as would initially happen in case of an 
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actual infection. The flexibility of the technology also provides crucial benefit in the case 

of conformation-dependent antigens such as the Spike protein (S-protein) of MERS-CoV, 

where sequence modification of the S-protein encoding mRNA of MERS-CoV allowed the 

production of pre-fusion stabilized S protein through a double proline replacement (MERS-

CoV 2P S), where studies showed that membrane-displayed MERS-CoV 2P S was more 

effective than either secreted MERS-CoV 2P S or wild-type MERS-CoV S in eliciting 

neutralizing antibodies59.  This feature later also proved to be instrumental in developing 

the mRNA-based vaccines against SARS-CoV-2, where Moderna, BioNTech/Pfizer as 

well as CureVac all adopted mRNA sequences coding for double proline substituted, pre-

fusion S membrane proteins for their vaccines56.  

        All the aforementioned examples highlight the necessity and clear advantage of 

vaccine technologies that allow the precise selection of class I epitopes and preferably 

mixing and matching such epitopes to reach the most optimized immune response against 

a specific therapeutic target while avoiding immune-impairing epitopes. Such a feature can 

be very challenging to achieve using ‘whole-virus vaccines’ such as inactivated and live-

attenuated vaccines57. A comparative systematic meta-analysis of SARS-CoV-2 vaccines’ 

efficacy and immunogenicity showed that mRNA-1237 generated neutralizing antibody 

(nAb) titers approximately two orders of magnitude higher than CoronaVac ( β-

propiolactone inactivated SARS-CoV-2 adjuvanted with Aluminium Hydroxide)45. In 

general, mRNA based vaccines displayed overall efficacy at preventing symptomatic 

disease of over  90% against the Alpha strain compared to 63% efficacy reported for 

Oxford–AstraZeneca’s ChadOx-1 (viral vector) when it was initially listed by WHO, 

whereas the inactivated vaccines CoronaVac and Sinopharm displayed 51%  and 79% 

respectively60. 

         It is hence becoming more evident that combining vaccine technologies that permit 

precise epitope(s) selection and design, alongside effective adjuvantation can allow for 

much safer, cheaper, longer-lasting, and more efficient vaccines. 

1.1. Structure and pharmacology of mRNA-based vaccines 

 

         In this section, the pharmacology and structural modifications regarded as the current 

state of the art of mRNA-based vaccines design will be discussed in more detail. According 

to the central dogma of biology mRNA, is a single-stranded nucleic acid corresponding to 

a DNA-encoded genetic sequence in the cell nucleus. mRNA is transcribed in the nucleus 

on the DNA sequence template of the gene of interest and acts as a mediator carrying this 

genetic message to the cytoplasm where it is translated into proteins by the ribosome61. 

Typically, an mRNA molecule is comprised of 5 structurally and functionally distinct 

regions namely, 5ʹ cap, 5ʹ-untranslated region (5’ UTR), an open reading frame (ORF) 

encoding for the antigen, 3ʹ UTR, and a poly(A) tail20 (Figure 1). 
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Figure 1.The basic structure of messenger RNA (mRNA). 

        Investigating the use of mRNA as a protein source for various therapeutic applications 

has been actively ongoing for three decades62, with a particular focus on mRNA-based 

vaccines against both pathogens and tumors20. The principle upon which mRNA vaccines 

are based is the delivery of antigen encoding mRNA to the cytoplasm of host cells, 

preferably, antigen-presenting cells (APCs), the encoded antigens could be associated with 

an infectious pathogen, as well as tumor-associated or specific antigens. The antigen is then 

endogenously translated by the host’s APCs allowing its intracellular processing and 

presentation on MHC I, synonymous with the course of events in case of an actual 

intracellular infection/mutation. Such MHC I mediated presentation, in turn, allows the 

activation of CD8+ mediated cytotoxic T-cell responses63. Also, subsequent extracellular 

release of these endogenously expressed antigens during cellular turnover, renders them 

accessible to MHC-II processing and presentation by bystander cells, thus eliciting CD4+ 

and B-cell mediated humoral immunity64(Figure 2). 

 

 

Figure 2. proposed mechanism of action of mRNA-based vaccines. 

         Currently, three main classes of RNAs are under investigation as vaccines, namely 

unmodified non-replicating mRNA, modified non-replicating mRNA, and Self-amplifying 

mRNA (saRNA). In-Vitro transcription (IVT) has been routinely used to produce the 

aforementioned mRNA classes. IVT mainly relies on the use of bacteriophage DNA-based 
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RNA polymerases such as T3, T7, or Sp6 to produce the desired mRNA sequence from a 

linearized DNA template, where the gene of interest is preceded with that specific 

polymerase compatible primer65. The technique is cell-free thus eliminating several 

regulatory concerns, alongside being faster and cleaner compared to protein production and 

purification involved in the preparation of subunit and virus-like particle (VLP) based 

vaccines66. 

        Several drawbacks curbed the initial application of mRNA-based vaccines. First, the 

enzymatic instability of mRNA via the environmentally abundant extracellular RNases as 

well as its anionic charge and large molecular weight render its intracellular uptake 

challenging67. Its internalization mainly takes place through phagocytic mechanisms where 

the uptaken mRNA most likely ends up degraded in the endolysosomal compartment before 

reaching its site of translation in the cytoplasm20. mRNA free of modified nucleosides can 

trigger innate immunity, which despite rendering mRNA vaccines self-adjuvanting, can 

trigger IFN type I mediated responses which initiates several genetic pathways to curb 

mRNA translation and hence reduced antigen expression68. Double-stranded RNA 

impurities (dsRNA), a common bi-product of IVT can also trigger innate immunity via 

TLR3 receptors, further curbing mRNA translatability56,69.  IVT product purification of 

dsRNA showed a significant improvement in its translatabilty69 

         Unmodified mRNA possesses self-adjuvanting properties, as it is largely associated 

with prokaryotes hence serving as pathogen-associated molecular patterns (PAMPS). 

mRNA molecules free of modified nucleosides can trigger innate immunity through their 

recognition by a range of pattern recognition receptors (PRR) in the cell membrane, 

cytoplasm, and the endosomal TLR3, 7,8 as well as MDA-5 and RIG-I RNA cellular 

recognition systems70. Such innate immunity recognition mechanisms do not only apply to 

pathogen-related RNAs but also apoptosis-related host-specific RNAs, as well as in-vitro 

transcribed RNA using unmodified bases. The most prominent cytokine triggered by RNA 

is IFN I, which can paradoxically impact vaccine efficacy, where on the one hand IFN I 

promotes APC activation, maturation, and antigen presentation yet, it also acts to curb the 

translatability of such mRNAs to avoid viral propagation or dissemination of apoptotic 

proteins70.  

         In nature, mammalian cells tend to include modified bases at significantly higher 

frequencies than prokaryotic cells in their (ribosomal RNA (rRNA), Transfer RNA (tRNA), 

and mRNA. For instance, mammalian rRNA contains ten folds of pseudouridine (Ψ) and 

twenty-five folds 2′-O-methylated nucleosides compared to bacterial rRNA71. tRNA is 

often more densely modified than either mammalian rRNA or mRNA, overall 25% of its 

nucleosides are modified. When it comes to mRNA, while bacterial mRNA is largely 

devoid of nucleoside modifications, mammalian mRNA features a range of base 

modifications such as 5-methylcytidine (m5C), N6-methyladenosine (m6A), inosine, and 

many 2′-O-methylated nucleosides in addition to N7-methylguanosine (m7G)72.  These 

modified nucleosides curb the immunogenic potential of mammalian mRNA by 

distinguishing it from prokaryotic mRNA63,73.  Yet while base-modification of mRNA 

allows for immune evasion and enhanced translatability, A conundrum remains as to how 
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to achieve an acceptable balance between antigen expression efficiency as a proponent of 

the adaptive immune response, and mRNA self- adjuvanting properties as a proponent of 

the equally crucial innate immune response to a vaccine74. 

        Several other structural modifications of mRNA contributed to boosting its structural 

stability and in-vivo expression, A eukaryotic cap structure is required at the 5' end of the 

molecule to prevent its recognition by PRR75–77, such cap structures include Cap-1, Anti-

reverse cap analogs (ARCA) and Clean cap technologies78. All these cap structures can be 

added either during or after transcription using vaccinia capping systems. The cap structure 

mainly serves as the anchor binding mRNA to eukaryotic translation initiation factor 4E 

(EIF4E), hence allowing its translation via ribosome.  

  

        The 5' and 3' UTR on either side of the ORF, routinely derived from either viral or 

eukaryotic sources, can when appropriately designed and incorporated dramatically 

prolong the half-life and hence the protein expression of mRNA79,80 

  

        On the ORF, in addition to base modifications, codon modifications can also be 

applied, where by replacing codons of lower cognate tRNA frequency in the cytosol with 

others of higher tRNA recognition frequency, possible improvements in the rate and extent 

of translation can be incurred81. G: C enrichment82 and uridine depletion83 are also codon 

modifications that can effectively enhance protein expression. 

  

         The ploy A tail structure length can also significantly impact the stability and 

translatability of the mRNA76, and should hence be incorporated in an appropriate length 

ideally about 50-200 bases 65,75 in clinical settings70,80, either directly from the DNA 

template or post-transcriptionally using poly (A) polymerase.  

          

          Self-amplifying mRNA (saRNA) is the next generation of RNA-based therapies and 

a further attempt to extend the half-life and maximize protein expression while minimizing 

RNA doses. The concept is based on combining two distinct ORFs on the same mRNA 

molecule, one encoding for the protein or in the case of vaccination, the antigen of interest, 

yet the second ORF on codes for the alphaviral RNA-dependent RNA polymerase among 

other non-structural proteins that upon translation can assemble in-situ into multi-enzyme 

replicase complex that can further self-amplify using the originally administered saRNA as 

a template. Early studies had reported effective immunization against RSV, and influenza 

with doses as low as 10 µg in mice84. Subsequent studies showed that using saRNA 

complexed in LNPs could further reduce that dose to 100ng to produce potent T and B cell-

mediated responses in mice against RSV85. Nowadays the higher and more persistent 

antigen expression from saRNA-based vaccine candidates compared to conventional non-

replicating mRNA is being explored for a range of infectious diseases including influenza, 

SARS-CoV-2, Rabies, Zika, and HIV86. 

 

          More recently trans-saRNA in which the replicase and antigen encoding ORFs are 

co-delivered in two separated mRNA molecules is proposed as a very promising technique 
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that can drastically enhance saRNA delivery efficiencies, as well as enhance its structural 

stability. Beissert et al. reported that trans-saRNA showed 10-100 fold higher expression 

of trans-saRNA compared to single piece saRNA, also this technology could provide an 

effective Haemagglutinin encoding mRNA vaccine against influenza at doses as low as 50 

ng87. Yet two major concerns regarding the clinical application of SAM, remain to be the 

size of the samRNA compared to conventional mRNA, as well as the presence of 

potentially immune triggering viral genome in its structure, which may limit its use in 

multi-dosing requiring regimens86. 

 

         All the aforementioned structural modifications contributed to revolutionizing the 

therapeutic potential of mRNA transforming it from a molecule of limited structural 

stability, limited half-life, and low expression levels to the powerful therapeutic tool it is 

currently becoming. 

 

1.2. Structure and pharmacology of pDNA-based vaccines 

 

            A lot of the performance aspects and mechanisms of adaptive immunity induction 

of mRNA vaccines also apply to DNA-based vaccines, with few differences88.  pDNA is 

generally quite simple to manipulate and cheaply propagate with high yields in prokaryotic 

cells89. A pDNA molecule typically consists of a promotor region, most commonly of viral 

origin, an antibiotic resistance selection gene, and the antigen encoding gene followed by 

a poly-A tail encoding region90. The first key difference between DNA and mRNA is the 

superior structural and enzymatic stability of DNA, supercoiled pDNA can remain stable 

for up to 7 years at -20 ˚C, or several months at 2-4 ˚C, whereas mRNA requires constant 

storage in -70 ˚C, and even after formulation into LNPs.  

The second difference between DNA and mRNA vaccines is the requirement for nuclear 

barrier crossing by DNA for its successful translation91, such feature renders DNA-based 

vaccines generally less effective in quiescent cells, thus requiring the inclusion of nuclear-

translocating signal(s) in the carrier system92.  pDNA-based vaccines have also been 

repeatedly reported to induce a less intense immune response in primates and humans 

compared to smaller animals, owing to both a lower level of antigen expression as well as 

inferior self-adjuvanting properties compared to mRNA93,94. 

 

 

1.3. Non-viral delivery systems for NA-based vaccines, composition, 

modes of actions, and immune reactive properties 

          The anionic macromolecular nature of both mRNA and DNA still hinders their 

efficient uptake into host cells, and delivery systems that can shield the nucleic acid cargo 
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from environmental degradation, promote cell membrane crossing, as well as endosomal 

escape, are essential for the functionality of NA-based vaccines67,95.  

           Currently, LNPs are the gold standard for mRNA delivery in clinical settings. All 

mRNA-based SARS-CoV-2 vaccines currently on the market rely on LNP technology.  

LNPs can encapsulate mRNA with high efficiency, and promote its cellular uptake, and 

endosomal escape. The formulation technique is straightforward and scalable, and the 

system is overall well-tolerated by the vast majority of recipients96. LNPs currently in 

clinical use are routinely comprised of four lipid components, namely ionizable lipid, 

helper lipid, cholesterol, and PEGylated lipid, which together can encapsulate mRNA in 

the system's core97. 

  

           Cationic lipids were the prior generation to ionizable lipids used in LNPs, such as 

DOTMA and DOTAP, which were the first reported cationic lipids to successfully deliver 

mRNA in 198998. Yet these perpetually cationic lipids promoted cell apoptosis and 

inflammatory responses at their sites of application99,100. Ionizable lipids, on the other hand, 

are a second generation that was able to overcome these effects, by their pH-dependent 

ionization state, where they are only positively charged in acidic pH while remaining 

neutral at physiological pH101. DODAP and DODMA102,103  were the first reported 

ionizable lipids for mRNA delivery. The mRNA is encapsulated within such lipids in their 

cationic state under slightly acidic conditions, the formulation can later be readjusted to the 

physiological pH before administration without any perceived system dissociation. The 

ionizable lipids would hence regain their cationic charge in the endolysosomal 

compartment following cellular uptake, these cationic lipids can then interact with the 

anionic phospholipid endosomal membrane resulting in its disruption and hence promoting 

the endosomal escape of the mRNA cargo to the cytoplasm104,105. Later generations of 

ionizable lipids have been generated through rational design103  and combinatorial 

approaches 106,107, such as Dlin-MC3-DMA 108, which besides showing efficiency for 

mRNA delivery (43-46)  was the ionizable lipid component of the first FDA-approved LNP 

system for siRNA delivery in Onpattro's Patisiran. Other efficient ionizable lipids for RNA 

delivery include C12-200109, 503O13110, 306Oi10111, OF-02112, TT3113,  5A2- SC8114,115, 

SM-102 (used in the Moderna vaccine mRNA-1273 against SARS- CoV-2)11653and ALC-

0315 (used in the Pfizer–BioNTech vaccine BNT162b2)117, all of which have been almost 

exclusively discovered through combinatorial approaches. The combinatorial synthesis of 

vast lipid libraries allowed an in-depth understanding of their structure-activity 

relationships, pinpointing the most influential factors on the performance of such lipids 

being the lipid's pKa110, its surface charge at pH 5118 as well as its hemolytic activity at pH 

5.5 106,107, the size of the ionizable head group, steric hindrance between tail groups as well 

as the length and size of connector groups between the head and the tail(s)119. As previously 

mentioned limited options exist for achieving cell targetted expression of mRNA via 

sequence manipulation or other structural modification means. Yet several approaches have 

been implemented to delegate this targeting functionality of the carrier system, part of 

which focuses on its ionizable lipid component. For example, Lokugamage et al. reported 

the success of structurally constrained ionizable lipids with polycyclic adamantane tails to 
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target T-cell in-vivo120, whereas  Zhao et al. on the other hand showed such feature feasible 

using lipidoids with cyclic imidazole head structures 121, though the underlying mechanism 

remain unclear.  

  

           While ionizable lipid remains the most crucial lipid component of LNPs, helper 

lipids, cholesterol, and PEGylated lipids are still integral components of the system serving 

various roles. Helper lipids for example can significantly influence membrane fusion 

dynamics with both cell and endosomal membranes given their significant influence on 

membrane fluidity and phase transitions122. Helper lipid selection is primarily influenced 

by the ionizable lipid material, the mRNA cargo as well as the targeted cell population. For 

instance, LNPs for siRNA delivery showed the highest efficiency upon incorporating a 

saturated helper lipid such as DSPC 120, while for mRNA, delivery by unsaturated helper 

lipids such as DOPE is generally superior 123,124. Yet, interestingly, all SARS-CoV-2 

mRNA vaccines employed DSPC as their helper lipid component, given its previous 

approval within the Patisiran LNP56. Further studies are still required to compare the 

performance of DOPE and DSPC for the delivery of these vaccines. 

 

          Cholesterol can enhance LNPs fluidity and particle stability by incorporating among 

the hydrophobic tails of the rest of the lipid components filling the gaps and promoting 

stronger hydrophobic interactions125. The enhanced overall LNP fluidity promotes more 

efficient cell and endosomal membranes fusion and hence better cellular uptake and 

endosomal escape126. More recently cholesterol analogs have been explored for their ability 

to promote LNPs cell retention after uptake. In a study conducted by Moderna, β-Sitosterol 

showed enhanced intracellular mobility, fragility, and endosomal escape upon 

incorporation in LNPs compared to cholesterol, which resulted in 600 fold increase in 

luciferase expression from the mRNA cargo 127.  

 

           The PEGylated lipid component serves to prolong the LNPs circulation half-life and 

shield it from early non-specific PRR mediated recognition and elimination by the innate 

immune system128,129. The length of the PEG chain will vary according to the desired half-

life of the formulation. The lipid anchor would range from 10 to 18 carbons130,131, whereas 

the PEG chain may vary between 350 and 3000 Da in length132. For all the LNPs employed 

by either Moderna, CureVac, or Pfizer/Biontech for their SARS-CoV-2 vaccines DMG-

PEG2000 was used56. 

 

          Eventually, the lipid components and the mRNA are formulated as LNPs using the 

nanoprecipitation technique within a microfluidic assembly, which exerts minimal shear 

on the mRNA cargo, is easily tunable, and usually results in highly reproducible LNP 

batches in terms of physicochemical properties and in-vivo performance.  generally, the 

staggered herringbone micromixer is commonly used for small-scale production, whereas 

the more durable T-mixers are used for large-scale production133,134.  

 

          Cationic and ionizable polymers have also been developed for mRNA delivery, yet 

they remain of limited clinical application compared to lipids135. Such polymers can 
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electrostatically assemble with mRNA forming stable polyplexes capable of shielding 

mRNA cargo against enzymatic degradation as well as promoting endosomal escape, the 

most commonly proposed mechanism for the endosomal escape of polyplexes is the proton 

sponge effect136.  

 

         One of the oldest and most studied polymers for mRNA delivery is polyethyleneimine 

(PEI). Despite its excellent efficacy, its in-vivo application remains largely limited by its 

toxicity 137,138 (81-82). In addition to toxicity, the use of high Mwt PEI has also been 

associated with lower transfection efficiency due to diminished NA cargo release139,140. Yet 

it has generally been observed that the use of low Mwt PEI or its PEGylation 141 or 

cyclodextrin conjugation  142–144 has been associated with reduced toxicity and improved 

transfection performance. 

  

         More biocompatible and biodegradable polymeric PEI alternatives have also been 

developed. One of the most prominent candidates is Poly(β- amino ester)s, especially its 

hyperbranched forms which have shown highly localized lung expression of co-formulated 

mRNA upon pulmonary administration in mice145–147. They have also shown success in 

cutaneous148,149 and retinal delivery150 of mRNA cargos. In addition to their DNA delivery 

capacitices151 the synthesis of Poly(β- amino ester)s is simple and straightforward using 

Michael's addition, allowing the facile preparation of extensive libraries that could further 

deepen the understanding of their structure-activity dynamics151. 

  

          Poly(amidoamine)s can similarly be synthesized using Michael addition as well, they 

tend to form dendrimer-like branched structures that still allow accessibility for core and 

peripheral modifications114 using disulfide linkages or core pegylation 138,152 to mitigate 

potential toxicity. The branched dendrimer-like structure and the high amine group density 

at the periphery allow for efficient mRNA complexation and shielding 138. 

 

           In parallel to the paradigm shift from cationic to ionizable lipids in LNPs, similar 

trends have been undertaken for polyplexes, where pH-responsive polymers have also been 

proposed.  For example, poly(aspartamide) cores conjugated to amino ethylene side chains 

have exhibited protonation under endosomal pH, and a subsequent enhancement in mRNA 

cargo's endosomal escape and subsequent translation153. Transfection efficiency is also 

tunable by manipulating chain length and degree of pegylation with demonstrated 

successful mRNA delivery to brain 153,154 spinal cord 155, knee joint 156, liver 157, and 

olfactory nerves 158.  

 

          BioDynamers have also been recently reported as dynamic biopolymers with 

acylcarbazone backbones, functionalized by basic amino acid side chains of either lysine, 

arginine, histidine, or a combination of the three159. BioDynamers assume a nanorod 

conformation that is both pH and concentration responsive, where it can degrade at lower 

pH and concentrations in the endosomal compartment, triggering efficient endosomal 

escape and high transfection efficiencies in human cell lines159. Similar systems have also 
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been reported160,161 that rely on such intra-endosomal dissociation for efficient cytoplasmic 

mRNA delivery. 

 

          Cell-penetrating peptides have also been extensively investigated for their ability to 

deliver NAs. Their exact mechanisms could vary according to structure162. Yet they are 

generally rich in basic amino acids, and their overall cationic nature is hypothesized to 

interact with the negatively charged membrane phospholipid heads or glycosaminoglycans 

hence disrupting the bilayer structure of either cell or endosomal membranes163,164. RALA 

peptide comprised mainly of a repetitive arginine, alanine leucine, and alanine sequence 

have been reported to target DC transfection, promoting an efficient T-cel response against 

mRNA encoded antigen in-vivo165. Pepfects were also a series of cell-penetrating peptides 

optimized for mRNA delivery and largely relying on histidine-rich side chains could induce 

mRNA efficient transfection in-vitro166. CPP-coated viral-like particles are also emerging 

as efficient NA carriers 167. Other systems also include Zr-based Metallo-organic 

frameworks cationized using ethanolamine 168. 

 

  

           Most of the systems that have been already described for mRNA delivery have also 

been employed with relative success for pDNA delivery. Nuclear translocation remains the 

main barrier and rate-limiting step to pDNA mediated transfection, where passive diffusion 

through nuclear pore complex (NPC) remains restricted to DNA fragments less than 300 

bP. To date, most studies have shown the high reliance of pDNA transfection on nuclear 

membrane dissociation during cell division, where 85-90% transfection of pDNA 

lipoplexes169 or polyplexes170 treated cell lines occur in-vitro only after mitosis. Thus, 

modifying pDNA delivery systems with nuclear localizing signals (NLS) remains the most 

effective approach to ensure efficient DNA transfection. Some of the rather successful 

nuclear-translocation approaches in-vitro included nanocarrier conjugation with either all-

trans-retinoic-acid (ATRA)171  or glucocorticoids, the stimulation of both their cognate 

receptors has been shown to induce NPC dilation and promote nuclear translocation of 

pDNA cargo in-vitro, yet only dexamethasone conjugated nanocarriers could show in-vivo 

tumor regression in murine model172. 

 

          All the aforementioned systems could enable NA-based vaccines by helping them 

overcome the cellular and intracellular barriers to eventually achieve intracellular antigenic 

protein expression which can promote more efficient CD8+ mediated adaptive immune 

responses. Yet, garnering innate immune responses and also occasional augmentation and 

optimization of adaptive immune response can further enable NA-based vaccines, and 

hence adjuvantation is explored in the next section. 

 

1.4. Recent developments in adjuvantation concepts 
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           Despite the establishment of the concept of adjuvantation by Gaston Ramon and 

Alexander Glenny Over a century ago, the number of clinically used adjuvants remains 

limited23. Many of the currently available whole viral vaccines, being either live-attenuated 

or inactivated vaccines have been proven to possess spontaneous endogenous adjuvantation 

properties through their inclusion of PAMPs 173–177. For example, the Yellow fever live-

attenuated vaccine (YF-17D) has been found to express PAMPs in-vivo able to trigger 

TLR2, TLR3, TLR7, TLR9, the retinoic acid-inducible gene I (RIG-I), and the melanoma 

differentiation-associated protein MDA5178 (24). The Bacillus Calmette–Guérin (BCG) 

tuberculosis vaccine has also been demonstrated to initialize TLR2, TLR4, and TLR9 

innate immunity pathways, as well as, dendritic cell-specific ICAM-grabbing non-integrin 

(DC-SIGN)174,175. Yet as previously described, some of the structural components of whole 

pathogens could on the other hurdle the innate and/or adaptive immune response against 

the pathogen and promote immune evasion. Hence the use of defined adjuvants in terms of 

both structural and innate and sometimes even adaptive immunity engaging pathways 

should be the next endeavor. 

  

          For the majority of the 20th-century insoluble aluminium salts have been the only 

clinically applied adjuvants, enhancing the efficiency and durability of the immune 

response of vaccines against Hepatitis B, tetanus, and diphtheria among others23. It was not 

until the 90s when the emulsion-based adjuvant MF59  was incorporated as part of Fluad 

seasonal influenza vaccine179, since then several novel particulate adjuvants were 

introduced, mainly AS01180,181, AS03182, AS04183, each of these adjuvants can stimulate a 

range of immune pathways depicted in (Table 1), yet for many of them, the exact 

mechanisms involved in innate immunity are still not fully understood, including 

mechanisms for  T-helper cell recruitment, pathogen-specific antibody induction, their role 

in stress signal induction such as tissue damage, as well as metabolic changes that may play 

a further role in the immune response. Alum and Alum containing adjuvants such as AS04 

also partially exert their adjuvanting effect via adsorbing the antigen and sustaining its 

release, resulting in a prolonged and stronger antibody response. This effect has been 

mainly resorted to the prolonged exposure of the lymph node germinal centers to the 

antigen184 

  

 Table 1. Key adjuvants currently in application* 

Adjuvant Composition Mode of action Tested disease(s) 

Alum Insoluble aluminium salts NLRP3 

inflammasome, 

Th2 responses 

(+Th1 in humans), 

Ab 

DTaP, 

pneumococcus,  

influenza, hepatitis 

A, B, HPV, 

COVID19. 

MPL Chemically modified LPS TLR4 agonist Pollen induced 

allergies 

AS01 Liposome (MPL, DOPC, 

cholesterol, QS21) 

TLR4 agonist, 

Th1 

Malaria, TB, 

shingles 
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AS02 O/W emulsion (MPL, 

QS21) 

TLR4 agonist, 

Th1 

HIV, TB, malaria 

AS03 Oil-in-water emulsion ( α-

tocopherol, Tween80, 

squalene) 

Immune cell 

recruitment 

Influenza 

AS04 MPL + Alum TLR4 agonist, 

Th2 

HPV, hepatitis B 

AS015 Liposome (AS01, CpG) TLR4 agonist, 

TLR9 agonist, 

immune cell 

recruitment 

Lung cancer, 

melanoma 

AF03 O/W emulsion ( Span80, 

mannitol, polyoxyethylene 

cetyl stearyl ether, 

squalene) 

Immune cell 

recruitment 

Influenza 

AS37 TLR7 agonist adsorbed to 

Alum 

TLR7 agonist Meningococcal 

serogroup C 

MF59 O/W 

emulsion(Span85,Tween80, 

squalene) 

Th1 + Th2, Ab Influenza 

CpG Synthetic DNA TLR9 agonist Hepatitis B 

 

*Table is reproduced from Ref. 185 

 

           Yet much emerging research in the field of adjuvantation opens up the door for a 

range of concepts that can and should be considered in modern vaccine design and where 

the concept of NA-encoded adjuvants can allow their flexible and feasible adoption and 

variation according to the singular requirement of the pathogen of concern or the target 

group of recipients. For instance, a body of research solely focuses on adjuvants aimed at 

the induction of DCs via TLR mainly, given the central role of DCs in the adaptive immune 

response37,185 and the central role of TLR in DC induction, proliferation, and 

maturation176,186,187. Yet, other cell types and pathways can also be triggered using different 

adjuvants, for instance, the mechanism of MF59 and alum which relies on impacting 

muscle cells more than other cell types upon intramuscular injection, triggering ATP 

release, and where monocytes and granulocytes have been observed as the fastest and most 

abundant immune responders at its site of release, fuel the consideration of such pathways 

alongside DC and TLR mediated adjuvantation pathways. Direct stimulation of B-cells 

either on the level of TLR 186 or through triggering its cytosolic MyD88 pathway188 has 

also been found impartial to an efficient and pathogen-specific and long-lasting antibody 

response. Also, the interest in adjuvants capable of discretely inducing higher levels of 

CD8+ cells and tissue-resident memory cells is growing, yet before the emergence of 

mRNA vaccines, this adjuvantation pathway was mainly initiated by inactivated or live-

attenuated vaccines189. STING 190, RIG-I, and RLR 191,192 pathways targeted adjuvants have 

been shown to discretely potentiate CD8+ response in mice.  Also, molecules targeting 
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metabolic regulators of APC such as mTOR complex 193 and GCN2 194 in  DCs have been 

proven to alter the  TH cell response towards antigens and hence the ensuing adaptive 

immune response. Mediators associated with tissue damage and different modes of cell 

death have also been reported to release damage-associated molecular patterns (DAMPs) 

such as ATP and uric acid that can promote IFN-I, IL-1ß, and IL-18 by DCs195. Such 

DAMPs associated pathways have also been reported as part of the adjuvanting activity of 

the ionizable lipid component LNPs196  

        

              As the paradigm shifts towards more stringently tailored epitope expression to 

harness the most effective, safe, balanced, and disease-tailored immune response using NA-

expressed antigens, similar concepts and approaches can be extended towards 

adjuvantation. This can be made possible in next-generation vaccines, by encoding 

immunomodulating molecules that would take into consideration some of the 

aforementioned pathways and concepts. From a formulation and a technological point of 

view, it could advantageous to simply attempt the delivery of desired immune mediators of 

the innate immunity and even some aspects of the adaptive immune response ( mainly 

cytokines/chemokines/as well as their receptors) alongside the antigenic mRNA. The 

concept will also minimize the possibility of a loss of synchronicity between the sites of 

antigen and adjuvant action, which has previously been shown to compromise the efficacy 

of antigen-adjuvant combinations197–199.  

 

1.5. Nucleic acid-based adjuvant cargos 

 

            Generally, both mRNA and double-stranded DNA possess inherent adjuvanting 

properties. Double-stranded DNA can have a mild self-adjuvanting effect via the STING 

pathway resulting in IL-6 release and proliferation of Th1 and cytotoxic T cells10,23. The 

adjuvant effect of DNA is all the same well established to be inferior to that mediated by 

unmodified mRNA10,200,201. mRNA incorporating unmodified bases can trigger endosomal 

TLR7/8 as well cytoplasmic RIG-I and MDA5 pathways that can stimulate a range of IRF3, 

IRF7, NF-kB mediated immune responses, resulting in the release of Type I interferon 

(IFNα, IFNᵦ), IL6 and TNFs as well as Th1 cells and cytotoxic T-cells proliferation. Several 

NA-based adjuvants are currently in use based on these generic immunostimulatory 

pathways, though they may be non-coding. Examples of such NA adjuvants include CPG 

and its derivatives, mainly acting as TLR9 agonists, as well as, polyIC, a double-stranded 

RNA synthetic analog, capable of triggering endosomal TLR3 and cytosolic RIG-I and 

MDA510. 

 

          Yet apart from their inherent adjuvanting properties, more recent studies have 

explored the potential of immunostimulatory encoding NAs in the context of vaccination 

either as standalone therapeutic entities or as adjuvants. In those different studies, specific 

immune pathways were targeted by the discrete expression of specific effectors in these 

pathways. 
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           One of the most prominent studies was conducted by Moderna where they explored 

the impact of co-delivering mRNA encoding for constitutively active STING with antigen 

encoding mRNA on a single LNP carrier. The combination resulted in a significant 

enhancement in the Type I IFN mediated antigen-specific T-cells activation, leading to 

higher efficacy of human papillomavirus oncoprotein encoding mRNA vaccines in mice202. 

  

          Hess et al. had also reported a significant enhancement of the specific cytotoxic T-

cell response upon co-administration of granulocyte-macrophage colony-stimulating factor 

(GM-CSF) encoding mRNA as adjuvant along with OVA expressing mRNA as an antigen 

when compared to a combination of GFP and OVA encoding mRNA as negative control203 

to Ovalbumin expressing tumor mice models. 

In a recent study reported by BioNTech, Hotz et al. administered a mixture of naked 

modified mRNA encoding for IL-12, IFN-α, GM-CSF, and IL-15, without co-

administration of tumor-specific antigen encoding mRNA in a range of syngeneic tumor 

models in mice. The cytokine cocktail managed to induce a significant increase in the 

number of tumor-infiltrating CD4+, CD8+, and granzyme B+ cells, with no significant 

changes to tumor Treg content compared to control mRNA. The synergistic effect of the 

three genetic adjuvant candidates was also demonstrated in their significantly higher 

capacity to repress tumor growth in subcutaneous tumor models in comparison to each 

single cytokine encoding mRNA administered alone. The cytokine encoding mRNA 

cocktail showed delayed tumor regression and enhanced animal survival compared to 

control-treated mice at both its tumor site of injection but also in uninjected distal and 

disseminated tumors, and hurdled tumor growth upon rechallenge204. 

 

            TriMix is a cocktail of mRNA encoding for CD40 ligand, CD70, and constitutively 

active TLR4 (caTLR4). This combination has demonstrated effective and successful 

adjuvantation to tumor-associated antigen (TAA) encoding mRNA vaccines in several 

preclinical and clinical trials that spanned several tumor classes205–211. Dewitte et al. used 

DC sonoporated with mRNA-loaded microbubbles, they used either GFP encoding mRNA 

as a negative control, OVA mRNA alone, OVA mRNA on DC prestimulated with LPS, or 

a combination of OVA mRNA and TriMix. They demonstrated superior tumor antigen-

specific cytotoxic T cell response, tumor size reduction, and overall survival in several 

different melanoma murine models using the OVA mRNA-TriMix combination. The 

combination showed an average animal survival time of ≥31 days compared to 24 days for 

OVA mRNA only. Additionally, complete tumor regression was achieved in 30% of 

combination-treated mice, along with long-term immunological memory208. Whereas, Lint 

et al. demonstrated the superior performance of ex-vivo electroporated DCs with a 

combination of  TAAs encoding mRNA and TriMix to TAA-mRNA treated DCs following 

intratumoral injection in 4 different tumor mouse models namely; E.G7-OVA, P815, TC-

1, and A-20. TAA-mRNA. TriMix combination showed significantly higher specific lysis 

of TAA expressing cells, as well as delayed tumor regression and prolonged animal 

survival in all 4 tumor models205. The superior impact of these tumor-infiltrating DCs 

(TiDCs) in generating a systemic tumor neoepitopes specific immune response, also further 

indicates the capacity of such adjuvantation strategies to reverse the commonly reported 
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TiDCs immune suppression status212,213. In a clinical study that investigated the impact of 

co-electroporating TriMix with human leukocyte antigen class II-targeting signal encoding 

mRNA, patients with advanced melanoma showed antigen-specific tumor-infiltrating 

lymphocytes in 57.1% of patients after 4 vaccine doses, over 6 weeks, as opposed to 0% at 

the beginning of the vaccination regimen209. 

 

            In the context of infectious diseases, a preclinical study conducted by iHIVARNA 

investigated the efficacy of HIV-2 vaccination using TriMix in combination with mRNA 

encoding for 16 selected HIV-1 epitopes (HTI). Where HTI-TriMix, HTI only, or TriMix 

only electroporated autologous immature DCs from patients were investigated for their 

antigen-specific immunostimulatory capacity in-vitro. The HTI-TriMix combination was 

significantly superior to either treatment alone in upregulating the DC maturation markers 

CD80, CD83, CD86, and CCR7, enhancing TNF-α, IFN-γ, IL2, CCL3 production as well 

as enhancing DCs capacity to instigate CD4+ and CD8+ proliferation. The findings were 

in agreement with those in murine model shown by superior antigen-bearing specific cell 

lysis using TriMix-HTI207.  

 

          Chemokines encoding pDNAs have also been attempted as cancer vaccine adjuvants. 

For example, CCL4 (macrophage inflammatory protein-1ß, MIP-1ß) targets a broad range 

of innate and adaptive immune effectors expressing its cognate CCR5 including immature 

DC, Th1 cells, natural killer cells, and monocytes.  Nguyen-Hoai et al. compared animal 

survival, tumor size reduction, and tumor-specific IgG2a titers in a Balb/c Her2/neu+ 

murine tumor model following vaccination with pDNA encoding Her2/neu, CCL4, or a 

combination of the two pDNAs, the combination showed superior performance to either 

pDNAs alone214. Comparable results were also demonstrated using pDNA encoding for 

CCL21, responsible for mobilization of mature DCs to secondary lymphoid organs via their 

CCR7 receptor215. 

Similar results were obtained using CCL19 encoding pDNA, co-delivered with (ß-

galactosidase) encoding pDNA in MCA205 (ß-gal) tumor mouse model. Where CCL19 is 

a chemokine mainly expressed in secondary lymphoid organs, and also recognized by 

CCR7. Co-delivery of CCL19 and ß-galactosidase encoding pDNAs similarly to CCL4 co-

delivery enhanced overall TH1 polarization compared to either pDNAs alone or the mock 

vector. The combination also resulted in superior T-cell infiltration into the tumor 

compared to either pDNAs or a mock vector with subsequently significantly smaller tumor 

size and higher animal survival rates both short and long term over 60 days and 25 weeks 

respectively216. 

 

           In conclusion, the aforementioned data highlights the status and value that may lay 

in genetic adjuvantation approaches, especially alongside the now rising genetic 

vaccination approaches.  
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 Aim of the thesis 

          Because mRNA-based vaccines continue to garner more attention as the next 

generation of vaccines, safe and efficient carrier systems for this class of molecules become 

increasingly important. Recently, the approval of the first mRNA-based vaccines for human 

use in the wake of the Covid-19 pandemic marked the fastest vaccine development, 

deployment, and approval procedure in vaccine history, further solidifying the value of this 

vaccine class generally as well as in emergency situations. 

         Yet, some issues such as the requirement for dose sparing, as all the available mRNA-

based vaccines have been shown to require booster doses still allow room for improvement. 

This work aims to investigate the possibility of designing a nanocarrier capable of co-

delivering protein-encoding polynucleotide species that can eventually produce a 

temporally-resolved expression of the encoded proteins by a cell population. This 

nanocarrier design is aimed at the eventual co-delivery of NA-encoded antigens and 

adjuvants, expressed by antigen-presenting cells in a time-resolved manner, to maximize 

vaccine efficacy and safety via proper adjuvant application both in the spatial and temporal 

sense. 

        To achieve such a goal, a carrier capable of co-delivering two protein-encoding 

polynucleotide species with varying expression kinetics was required. Preferably a carrier 

capable of successfully co-delivering pDNA with an inherent delayed and prolonged-

expression pattern and mRNA with a rapid and transient expression pattern. 

         The design of the nanocarrier also needed to ensure some basic requirements such as: 

 (1) Nanocarrier’s biocompatibility, where preferably bio-compatible, biodegradable 

matrix formers can be used, and also the use of potentially toxic chemical cross-linkers 

could be avoided. 

(2) Nanocarrier’s colloidal stability in challenging media. 

(3) The inclusion of components that tend to the varying transfection requirements of both 

mRNA (strong shielding effects, assisting endosomal escape) and pDNA (assisting nuclear 

translocation) 

(4) A further additional requirement in the nanocarrier’s design was the potential to load 

the NA cargos such that pDNA is core loaded with delayed-release from the system, 

whereas mRNA is surface loaded, which may further ensure the time resolution of pDNA 

and mRNA expression.  
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Chapter II: Thermally Stabilized 

Coacervate-Based Nanocarrier for Co-

delivery of Messenger RNA and 

Plasmid DNA 

 

 

Parts of this Chapter have been previously published in 

Nasr, S.S.; Lee, S.; Thiyagarajan, D.; Boese, A.; Loretz, B.; Lehr, C.-M. Co-Delivery of mRNA and PDNA 

Using Thermally Stabilized Coacervate-Based Core-Shell Nanosystems. Pharm 2021, 13, 1924, 

doi:10.3390/pharmaceutics13111924. 
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2.1. Abstract 

 

 The present study features a novel technique of gelatin-based nanocarrier fabrication for 

nucleic acid delivery. The technique dismisses previously used cationization of gelatin or 

multi-step nanoprecipitation techniques, that eventually rely on chemical crosslinking for 

particle stabilization. Instead, the reported method relies mainly on the spontaneous ability 

of gelatin type A and pDNA to electrostatically assemble into nano-dimensional complex 

coacervates of narrow size distribution. These Gelatin-pDNA complex coacervates are 

liable to thermal stabilization into nanogels, a previously unused feature for pDNA’s 

gelatin-based nanocarrier fabrication. Modulation of the pDNA: Gelatin mass ratio controls 

the overall surface charge of the coacervate, which will also be maintained by the resulting 

nanogel. And hence we opted for preparing negatively charged nanogels that can later be 

surface-coated by the densely cationic peptide protamine sulfate which further allows 

additional surface loading with mRNA. The resulting system is characterized for size, size 

distribution, and particle stability over time before and after protamine coating using 

dynamic light scattering (DLS), where the thermally stabilized cores gave more stable core-

shell systems than the non-stabilized cores. The core-shell morphology was confirmed 

using TEM. The NA protective capacity of the system was verified using nucleases’ 

challenge followed by agarose gel migration assay, where stabilized system showed an 

approximately 4-fold increase in densitometric pDNA band intensity to the non-stabilized, 

while both systems showed a significant enhancement in mRNA cargo stability compared 

to free mRNA. The unique feature of this system is its capacity to successfully co-transfect 

murine dendritic cell line DC2.4 with pDNA and mRNA formats of fluorescent reporters 

simultaneously, showing a transfection efficiency of 61.4%±21.6 for mRNA and 

37.6%±19.45 for pDNA, 48 h post-treatment. Meanwhile, a range of established 

commercial, experimental, and clinical controls failed at successfully co-transfecting 

DC2.4 in-vitro with both mRNA and pDNA. Given the established differences in 

expression kinetics of mRNA and pDNA, this system could become instrumental in the 

time-resolved expression of adjuvants from mRNA and antigens from pDNA within an NA 

based-vaccine delivery context. 
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 2.2. Introduction 

 

      In the past three decades, nucleic acid-based therapies have been constantly gaining 

momentum toward clinical application. Starting with DNA and followed by various forms 

of RNA including short-interfering RNA (siRNA), micro-RNA (miRNA), messenger RNA 

(mRNA), self-amplifying RNA (saRNA) as well as antisense oligonucleotides 

(ASOs)217,218 have all shown promise as therapeutics candidates against a range of health 

problems previously unaddressed by conventional therapeutics. Nucleic acid-based 

vaccines have been the most advanced research field of nucleic acid-based therapies, with 

a special focus on mRNA-based vaccines in later years. For years, numerous clinical trials 

investigated mRNA-based vaccines for influenza H7N9, influenza H10N8, rabies, human 

metapneumovirus, cytomegalovirus, respiratory syncytial virus, parainfluenza virus 3, and 

Zika, among others219. As for DNA based-vaccines, several had received approval for 

veterinary use220.    

       Nevertheless, until COVID-19 became a global health issue no mRNA, nor DNA-

based vaccines had ever made it to clinical approval. Within 10 months of the initial 

reporting of SARS-CoV-2 as an emerging virus and by September 2020, thirty-five  SARS-

CoV-2 vaccine candidates were undergoing various phases of clinical trials, while subunit 

vaccines dominated the race at that time, making up for 30% of the candidates, NA-based 

vaccines were closely following with an overall contribution of 29% ( 17% mRNA and 

12% DNA)41. This highlighted the potential of NAs as a tool for the rapid development and 

deployment of vaccines in emergency situations. The first  SARS-CoV-2 vaccine candidate 

to move into phase-one clinical trials was mRNA-1273 developed by Moderna221, a mere 

65 days after the publication of the full viral genome by Chinese authorities in January 

202041. The  FDA approval of mRNA-based vaccines was closely followed by the EMA 

approval of ChAdOx1-S,  featuring a Chimpanzee adenoviral vector delivering DNA 

encoding for SARS-CoV-2 viral spike protein222. As previously detailed in chapter 1, the 

appeal of such nucleic acid-based vaccines also lies in their ability to produce strong and 

balanced humoral and cellular immune responses compared to subunit vaccines while 

avoiding the risks and difficulties associated with the production of live-attenuated, 

inactivated, and subunit vaccines20,45,56. Successful transfection of antigen-presenting cells 

with a NA vaccine allows them to synthesize the encoded antigenic protein endogenously 

and subsequently present it on MHC I, which entails a more efficient CD8+ mediated 

cellular immune response than more conventional vaccines38,56,66,223. 

     From a drug delivery point of view, the key advantage of nucleic acids as a drug cargo 

is the overall uniformity of their physicochemical characteristics, yet simultaneously, the 

vast diversity of their pharmacological effects. Nevertheless, their delivery remains 

challenging due to various physical constraints, stability issues, and toxicity of the delivery 

vehicles224. The instability of nucleic acids in the harsh biological environment, as well as 

their hydrophilic macromolecular nature, demands a protective biocompatible carrier for 

their delivery. Thus, the successful development of safe and effective prototype delivery 
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vehicles for such therapeutic moieties is becoming a necessity that can dramatically impact 

the treatment options for an unlimited number of disorders, as previously detailed in section 

1.3. The currently available delivery systems for clinically approved Covid-19 NA-based 

vaccines being either LNPs for mRNA or adenoviral vectors for DNA have both been 

reported to evoke allergic reactions in some individuals225–227. Viral vector-based carriers 

have also been reported to induce vector-specific antibodies following the initial dose, 

which could affect the efficiency of booster doses using the same vector228–230. Hence, the 

availability of viable alternatives for these established carriers can help address the 

aforementioned concerns when they arise.  

        Biopolymer-based carrier systems can present a promising alternative alongside the 

currently available lipid or viral-mediated nucleic acid delivery. Gelatin type A is the acidic 

denaturation product of collagen, a biopolymer of established and broad pharmaceutical 

applications. It is an amphiphilic protein, in which the charged portion is predominantly 

cationic, thus aiding in spontaneous electrostatic assembly upon mixing with anionic 

nucleic acids, while the hydrophobic portions of its structure aid in particle formation in 

aqueous media231. Being a denatured protein, gelatin possesses low antigenicity, thus 

rendering it suitable for repeated administration231–233. Yet given its low charge density, 

gelatin’s coacervates with NAs can be rather colloidally unstable. Previously, techniques 

utilizing gelatin for NA delivery relied on either the chemical modification of gelatin into 

a cationized semi-synthetic polymer, chemically cross-linking the gelatin-NA combination 

using dialdehydes, or a combination of both techniques 234,235. Such approaches result in 

covalently bound NA-protein cross-links which have been reported to pose translational 

and transcriptional errors in their host cell 236,237. Electrostatically assembled Gelatin-DNA 

coacervates, on the other hand, are more synonymous with the physiological NA- protein 

interaction taking place in various cellular processes238. Gelatin-DNA coacervates were 

previously reported to transform from a coacervate to an irreversible anisotropic nanogel 

phase when heated above gelatin’s helix-coil transition temperature, then cooled below that 

temperature239. Yet to the best of our knowledge that feature has not previously been used 

for establishing a NA nanocarrier.  

        In the current study, we aimed to prepare a gelatin-based system for NA delivery 

without opting for the cationization of gelatin, a two-step nanoprecipitation technique, or a 

final covalent cross-linking step. Instead, the assembly of a gelatin A-pDNA coacervate 

was attempted relying solely on the spontaneous electrostatic assembly of these two 

polyelectrolytes to form a liquid in liquid coacervate system. The resulting coacervate can 

then be physically cross-linked into a nanogel through thermal cycling above and below 

the helix coil transition temperature of gelatin. Thus we could for the first time harness a 

previously un-used feature of this gelatin-pDNA coacervate system to prepare a pDNA 

nanocarrier. In this context, pDNA can serve a double role in the formulation; both as 

therapeutic cargo as well as core component and stabilizer. The thermal stabilization of the 

coacervate core could allow its coating with strongly cationic peptides without discernible 

core disruption. Protamine sulfate was selected as a cationic coat given its nuclear-

translocating properties essential for efficient pDNA transfection240–242. Achieving a 

surface charge reversal from negative to positive upon protamine coating may permit 

further surface loading of the nanocarrier with mRNA. As an arginine-rich peptide, 
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protamine is also capable of aiding endosomal escape and successful cytoplasmic delivery 

of its mRNA cargo243–245. 

        In this chapter, the aim was to (i) assess the viability of thermal stabilization of pDNA-

gelatin coacervate as a viable physical stabilization technique to formulate a stable 

nanocarrier for pDNA, (ii) whether this nanocarrier can withstand a strongly cationic coat 

without disruption, and (iii) following surface loading of mRNA, the system’s capability 

of co-transfecting an immune cell line with the dual NA cargo simultaneously, in 

comparison to established transfection tools. To assess this dual-loaded core-shell system’s 

potential for delivery and expression of both NAs, the transfection efficiency of the system 

was measured in murine dendritic cell line DC 2.4.  

2.3. Methodology  

2.3.1. Materials 

 

       Gelatin GELITA® MedellaPro® <=100, porcine gelatin, 228g Bloom, pharmaceutical-

grade was purchased from GELITA® Deutschland GmbH, Eberbach, Germany. Protamine 

sulfate was purchased from Sigma-Aldrich, Darmstadt, Germany. Plasmid DNA encoding 

AmCyan fluorescent 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, Germany, 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. Branched polyethyleneimine (PEI), Mw~25000 as well as Choletsterol 

were purchased from Sigma-Aldrich Darmstadt, Germany. Lipofectin was purchased from 

Invitrogen, Thermo Fisher Scientific, Darmstadt, Germany. DLin-MC3-DMA was 

purchased from MedChemExpress (New Jersey, USA), DSPE-PEG 2000 and DPPC were 

a kind gift from Lipoid GmbH (Ludwigshafen, Germany). 

       Agarose research grade was purchased from Serva®, Heidelberg, Germany. Disodium 

dihydrate ethylenediamine tetra-acetic acid (EDTA-Na2) was purchased from Roth GmbH 

+ Co. KG, Karlsruhe, Germany.DNA Ladder 250-10000 bp was purchased from PEQLAB 

Biotech GmbH, Erlangen, Germany. Ethidium bromide 10 mg mL-1 was purchased from 

Sigma-Aldrich, Darmstadt, Germany. Live/dead fixable stain (568/583) was purchased 

from PromoCell GmbH, Heidelberg, Germany. Quant-iT ™ PicoGreen ™ dsDNA Assay 

Kit and RiboGreen™ RNA Assay-Kit, DNase I, DNase I buffer, 50 mM EDTA, RNase A, 

DNA loading dye (6x), and Ribolock were purchased from Thermo Fisher Scientific, 

Darmstadt, Germany. Bovine collagen type I solution, Purecol was purchased from 

CellSystems, Troisdorf, Germany.  
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       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), and  HEPES buffer solution(1M) were all purchased from Gibco, Thermo 

Fisher Scientific, Darmstadt, Germany. 

 β-mercaptoethanol 100X was purchased from Merck, Darmstadt, Germany 

 

2.3.2. Plasmid propagation, extraction, and quality assessment 

       Fluorescent reporter protein-encoding plasmid DNA (pAmCyan1) was used as a model 

pDNA molecule in the experiments throughout this chapter. pAmCyan1 was transformed 

into Subcloning Efficiency™ DH5α E. coli competent cells (Invitrogen, Thermo Fisher 

Scientific, Darmstadt, Germany). Briefly, 100 ng pAmCyan1 was gently mixed with 50 µL 

pre-thawed cell suspension. The mixture was then incubated on ice for 30 min, following 

which the cells were heat-shocked at 42˚C for 30 sec and immediately returned to the ice 

bath for 2 more minutes. Pre-warmed, antibiotic-free LB-Broth (950 µL) was then added 

to the transformed cells, which were then allowed to recover for 1hr at 37 ˚C while shaking 

at 225 RPM. Either 20 or 200 µL of this transformed cell suspension was then streaked on 

pre-warmed Kanamycin resistant selective LB Agar, and incubated overnight at 37 ˚C, 5% 

CO2. 

      Pre-cultures were set using single colonies that were transferred to selective 1mL LB-

Broth containing Kanamycin (50 µg/mL) and incubated for 1 h at 37, 225 RPM. The pre-

cultures showing the highest optical density were later transferred to 500 mL of the same 

medium and further incubated for 12 h at 37 ˚C, 5% CO2, shaking at 225 RPM. Following 

this cells were collected from 500 mL culture suspension via centrifugation at 300 g for 20 

min at 4 ˚C and pAmCyan1 was extracted from the pellet using EndoFree Plasmid Mega 

Kit (Qiagen, Hildesheim, Germany) according to the manufacturer's protocol.  

        The resulting plasmid was spectrophotometrically assessed for yield and purity using 

NanoDrop™ 2000 (Thermo Fisher Scientific, Darmstadt, Germany). Two restriction 

enzyme digests followed by agarose gel electrophoresis were applied to map the plasmid 

product and confirm its identity. Where 0.5 µg of pAmCyan1 was incubated with 25 U of 

either StuI or ApaI for 1hr at 37 ˚C, afterwards restriction enzyme(s) were inactivated by 

heating the reaction mixture at 80 ˚C for 10 min. Samples were then run on a 1.3% Agarose 

gel, at 90 mV for 90 mins and visualized under UV light (Fusion FX7 imaging system, 

Peqlab, Erlangen, Germany). 

2.3.3. Screening of gelatin-pDNA mass ratio to determine the optimal 

range for the coacervate formation 

       Gelatin Type A solutions of various concentrations (Table   2) were prepared in MQ 

water, by warming the dispersion at 55 ˚C. The resulting solutions were then mixed with 

100 µg/mL aqueous solution of pDNA (pAmCyan1), in a ratio of 1:1 (v/v) via vortexing. 

These mixtures with different gelatin: pDNA mass ratios were then transfected to a 96-well 

plate and spectrophotometrically screened for changes in Transmittance (T%) at 450 nm. 
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The different mixtures were also assessed for changes in their zeta-potential (mV) using 

Dynamic light scattering (DLS) (Nano-ZS, Malvern Instruments, Worcestershire, U.K.), in 

the presence of free pDNA as a control. Nano-ZS. utilized at 4 mW He−Ne laser at a 

wavelength of 633 nm. Detection conditions were set to a backscattering angle of 173° at 

25 °C, these settings were maintained throughout the study. Data were reported as intensity 

distribution (%) against particle size (nm). 

Table  2. Gelatin:pDNA mass ratios screened to determine optimal range for complex coacervate formation 

Gelatin : pDNA 

ratio[w/w] 

pDNA concentration [µg mL-

1] 

Gelatin concentration [mg 

mL-1] 

200:1 100 20 

100:1 100 10 

20:1 100 2 

2:1 100 0.2 

1:1 100 0.1 

 

2.3.4. Gelatin-pDNA coacervate based particle core (CoAc) assembly 

 

          Following the selection of the gelatin: pDNA mass ratios range of interest for a stable 

complex coacervate formation, gelatin–pDNA coacervates (CoAc) were electrostatically 

assembled as previously described in MQ water using gelatin type A solutions with 

different concentrations (10 mg mL−1, 7 mg mL−1, 5 mg mL−1, 3 mg mL−1, 1 mg mL−1, and 

0.1 mg mL−1) that were mixed with pAmCyan (100 µg mL−1) in a ratio of 1:1 v/v at 37 °C 

(Table 3). The corresponding gelatin:pDNA mass ratios are depicted in (Table 3) and the 

nomenclature of the different coacervates was denoted as CoAc#, where (#) is equivalent 

to the gelatin: pDNA mass ratio. Simultaneously, the optimum mixing temperature was 

also investigated by mixing 10 mg mL−1 gelatin solution with 100 µg·mL−1 pAmCyan1 

solution at 1:1 v/v, at 3 varying temperatures of 23°C,37°C, and 55 °C. The resulting CoAcs 

were then screened for particle size, particle size distribution, and zeta-potential using DLS 

(Nano-ZS, Malvern Instruments, Worcestershire, U.K.). 

 

Table 3. Nomenclature and composition of gelatin-pDNA complex coacervates assembled at varying mass 

ratios. 

Sample name 

Gelatin 

concentration 

[mg mL−1] 

pDNA 

concentration 

[µg·mL−1] 

Gelatin to 

pDNA Ratio 

[w/w] 

Protamine sulfate 

concentration 

[mg mL−1] 

Protamine sulfate to 

gelatin Ratio 

[w/w] 

CoAc100 10 100 100:1 – – 

CoAc70 7 100 70:1 – – 
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CoAc50 5 100 50:1 – – 

CoAc30 
* 3 100 30:1 – – 

CoAc20 2 100 20:1 – – 

CoAc1 0.1 100 1:1 – – 

TS-CoAc 

** 
3 100 30:1 – – 

P-CoAc*** 3 100 30:1 0.3 1:5 

P-TS-

CoAc**,*** 
3 100 30:1 0.3 1:5 

* CoAc30 was selected for further experiments, referred to as CoAc without a subsequent numerical 

value throughout the text; ** TS-CoAc is CoAc30 exposed to four heating-cooling cycles; *** “P-

’’ stands for protamine sulfate coating. 

 

2.3.5. Thermal stabilization of gelatin-pDNA coacervate system into 

anisotropic nanogel 

 

                The coacervate core with gelatin: pDNA mass ratio of  30:1 (CoAc30) was 

eventually selected as the thermal stabilization candidate of choice due to its acceptable 

size, PDI, and most importantly overall negative zeta-potential. CoAc30 would hence be 

simply referred to as CoAc throughout the text. To thermally stabilize CoAc, it was 

subjected to four alternating heating-cooling cycles at 55°C± 0.5 for 30 mins, then 0± 0.5 

for 5 mins. Throughout the text, CoAc that has been subjected to four complete heating-

cooling cycles are referred to as thermally-stabilized coacervates (TS-CoAc). 

2.3.6 Assessment of the validity of gelatin-pDNA CoAc assembly and 

thermal stabilization for varying plasmid sizes in nanometric 

dimensions using DLS 

 

      Three plasmids other than pAmCyan1 (4701 bp), namely pUC19, pCCL4, pCCR7 

which possess different sizes of 2686 bp,6380 bp, and 7240 bp, respectively were used as 

controls for TS-CoAc preparation instead of pAmCyan1. The experiment aimed to 

investigate the validity of the previously described CoAc assembly and stabilization 

procedure for plasmids of varying sizes. CoAc30 of the three aforementioned plasmids were 

prepared as previously described and subjected to four thermal cycles to produce the 

corresponding TS-CoAc. Both CoAc and TS-CoAc were then characterized using DLS for 

particle size and PDI. 
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2.3.7. Assessment of comparative colloidal stability of CoAc and TS-

CoAc in cell culture medium using Nanoparticle Tracking Analysis 

(NTA) 

 

       To assess the impact of physiologically relevant media on the colloidal stability of 

thermally stabilized vs non-stabilized CoAc and TS-CoAc prepared using pAmCyan1 were 

incubated with cell culture medium ( RPMI-1640) in a ratio of (1:10 v/v) at 37 °C for 4 h. 

At zero time and the 4h time-point samples were withdrawn and diluted 100 folds in MQ 

to quench any ion-induced colloidal destabilization of the system. These samples were then 

analyzed for particle count using NTA (NanoSight LM10, Malvern Instruments, 

Worcestershire, U.K.), the analysis span 3 videos, 30 seconds each, at a camera level of 14 

and a detection threshold set to 5. Data were analyzed using Nanosight 3.3 software.  

2.3.8. Assessment of thermal stabilization on gelatin-pDNA 

coacervate using circular dichroism (CD) 

 

      A Gelatin solution (3 mg mL−1) prepared by dissolving gelatin in MQ water at 55 °C 

was used to prepare CoAc with pAmCyna1, a portion of which was further used to prepare 

TS-CoAc. Either the original gelatin stock, CoAc, or TS-CoAc were placed in a 0.1-cm 

path-length quartz cell and brought to a temperature of 37 °C then analyzed using Jasco 

810 spectropolarimeter (Jasco, Tokyo, Japan). MQ water was used as blank. Measurements 

were obtained from the average of 15 measurement rounds per sample after normalization 

to MQ water. 

 

2.3.9. Shell Deposition and mRNA Loading 

 

      To prepare protamine sulfate coated CoAc and TS-CoAc, CoAc30 or TS-CoAc30 

prepared using pAmCyan1 were introduced to one of two inlets of a microfluidic assembly 

meander chip, against protamine sulfate solution (0.3 mg mL−1) from the other inlet, at 2 

mL.min−1 total flow rate and in a ratio of 1:1 v/v. the obtained protamine coated coacervate 

or protamine coated thermally stabilized coacervate (P-TS-CoAc) were stored at 4°C and 

characterized using DLS for particle size and PDI over three weeks. Samples 

concentrations were (1550 µg mL−1) for non-coated particles and (925 µg. mL−1) for 

protamine coated particles. Particle size is given as an intensity-based z-average. 
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2.3.10. Morphological assessment of nanocarrier using Transmission 

Electron Microscopy (TEM) 

      Four variations of the prepared nanocarriers, namely CoAc, TS-CoAc, P-CoAc, and P-

TS-CoAc were morphologically assessed without staining using transmission electron 

microscopy (TEM). Briefly, 10 µL containing either 775 µg mL−1 of CoAc/TS-CoAc, or   

925 µg mL−1 of P-CoAC /P-TS-CoAc were dried overnight on a copper grid (S160-4, 

Plano GmbH, Wetzlar, Germany) in a desiccator, following which samples were visualized 

under an accelerating voltage of 200 kV using TEM (JEM 2011, JEOL, St Andrews, UK). 

The overall particle assembly procedure is depicted in (Figure 3). 

 

Figure 3. The summarized preparation procedure of gelatin-pDNA coacervate (CoAc), thermally stabilized 

gelatin-pDNA coacervate ( TS-CoAc), and protamine-coated thermally-stabilized gelatin-pDNA coacervate 

(P-TS-CoAc), with a depiction of the proposed mechanism of stabilization of CoAc into TS-CoAc thermally.P-

CoAc is prepared via direct mixing of CoAc and protamine sulfate into a microfluidic coating system without 

thermal stabilization of CoAc. 
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2.3.11. Assessment of entrapment efficiency (EE%), loading 

efficiency (LE%), and numeric molecular capacity per nanocarrier 

using PicoGreen and RiboGreen Assays 

 

           The thermally stabilized protamine coated core-shell particles (P-TS-CoAc) could 

be surface loaded surface-loaded with 1 µg mCherry per 170 µg of particles, mixed by 

simple pipetting to a final pDNA: mRNA mass ratio of 5:1 per particle. mRNA-loaded 

particles were allowed to stand for 15 minutes before further processing or application. The 

colloidal stability of this quaternary system, mRNA loaded P-TS-CoAc was followed using 

DLS throughout one week of storage at 4°C. Whereas the inherent instability of the P-CoAc 

did not allow for stable surface loading with mRNA.  

          Entrapment efficiency, loading efficiency, and the number of NA molecules per 

particle were determined for pDNA on P-TS-CoAc and P-CoAc, whereas for mRNA it was 

determined only for P-TS-CoAc due to the aforementioned instability of P-CoAc. This was 

performed by analyzing the mRNA or pDNA content of particle suspension supernatant 

obtained following 2h of ultracentrifugation at 58,000× g, 4 °C. Analysis was performed 

using PicoGreen and RiboGreen assays for pAmCyan1 and mCherry, respectively. Data 

were normalized to equivalent amounts of free pAmCyan or mCherry subjected to the same 

dilutions and ultracentrifugation conditions as the samples. Calibration curves were also 

established using pAmCyan1 for PicoGreen assay with a linearity range of (0.3-1000 

ng.mL-1), and mCherry for RiboGreen with a higher range of 1000-20 ng.mL-1, and a lower 

range of 50-1 ng.mL-1. 

 

        Using the method described by Zagato et al.246, the number of mCherry and pAmCyan 

molecules per particle could be determined by the knowledge of the EE% determined using 

PicoGreen and RiboGreen assays and particle concentration (particles.mL-1) in suspension 

determined using nanoparticle tracking analysis (NTA).  

 

 

2.3.12. Assessment of NA cargo shielding by P-TS-CoAc and P-CoAc 

using agarose gel electrophoresis 

         Dnase I and Rnase A were used as nuclease(s) challenge against P-TS-CoAc and P-

CoAc loaded mCherry and pAmCyan1, following which both NAs were released from the 

particle and subjected to gel migration assay to assess their integrity against equivalent 

masses of (1) intact mCherry and pAmCyan1 and (2) naked mCherry and pAmCyan1 

subjected to a similar digestion procedure as controls. Briefly, mRNA-loaded P-TS-CoAc 

or P-CoAc (NA load of 1.5 µg mRNA and 7.5 µg pDNA) were incubated with 0.008 

U.mL−1 Dnase I and 0.027 µg mL−1 Rnase A (both Sigma-Aldrich, Darmstadt, Germany) 

in Dnase I working buffer at 37 °C for 30 and 60 min. following this, 20 µL were sampled 

from all reaction mixtures and its nucleases’ content was quenched using 3 µL 50 mM 

EDTA for DNase I and 1 µL Ribolock for Rnase A (both Sigma-Aldrich, Darmstadt, 
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Germany), the nucleic acids were then released from P-TS-CoAc and P-CoAc via digestion 

with Trypsin (30 µL, 1.17 mg mL−1) for 30 min at 37 °C, followed by addition of high 

molecular weight Heparin (HMWH)(10 µL, 300 mg mL−1). Ethidium bromide (0.3 

µg·mL−1) (Sigma-Aldrich, Darmstadt, Germany) containing agarose gel (1.3% w/v) (Serva, 

Heidelberg, Germany) was used to run and visualize the samples in TBE buffer (1×) at 90 

mV for 90 min. followed by gel visualization under UV light (Fusion FX7 imaging system, 

Peqlab, Erlangen, Germany). 

 

         For further assessment of the difference in pDNA shielding effects between thermally 

stabilized and non-stabilized cores in a more challenging and physiologically relevant 

medium CoAc and TS-CoAc sample volumes equivalent to 3 µg pDNA were incubated 

with 10% FCS in HBSS for 3 h at 37 °C. Eventually, the serum nucleases’ activity was 

then quenched using EDTA (150 µL, 50 mM). pDNA cargo was released via subsequent 

treatment with Trypsin (30 µL, 1.17 mg mL−1) for 150 min at 37 °C, followed by HMWH 

(30 µL, 30 mg mL−1). Samples were run on a 0.7% w/v agarose gel for 60 min at 60 mV. 

Data were normalized to the equivalent amount of intact supercoiled pDNA as a control. 

 For both experiments, densitometric assessment of sample and control bands was 

performed using ImageJ-1.53k (National Institutes of Health, Bethesda, Maryland, USA) 

where sample bands were normalized to the corresponding intact controls. 

 

2.3.13. In-vitro biological assessment of cytotoxicity of P-TS-CoAc in 

murine dendritic cell line DC2.4 

 

       Using dead fixable stain 568/583 (PromoCell GmbH, Heidelberg, Germany), the 

cytotoxicities of three concentrations of P-TS-CoAc were assessed in murine dendritic cell 

line DC2.4, Against untreated cells and heat-killed cells as controls. The used particles were 

not surface loaded with mRNA to exclude the interference of the spectral data pertinent to 

mCherry expression with that of the dead fixable stain. The three investigated P-TS-CoAc 

concentrations were (340 µg mL−1, 170 µg mL−1, or 85 µg mL−1), and were equivalent to a 

pAMcyan1 cargo of 10, 5, and 2.5 µg respectively. In brief, DC2.4 (passages 10 to 12) 

were seeded in 24 well plates at a density of 50,000 cells per well, in a medium consisting 

of RPMI-1640 supplemented with FCS (10% v/v), HEPES (1%), NEAA (1%), β-

mercaptoethanol (0.0054%). After  48 h incubation at 5% CO2  and 37°C DC2.4 were 

approximately 80% confluent and were treated with either controls or samples. Cells were 

subjected to P-TS-CoAc treatment for 6 h at 5% CO2  and 37°C under shaking at 250 RPM, 

following which the samples were removed. Cells were then washed twice with HBSS, 

then detached using 100 µL of Trypsin-EDTA, followed by the addition of 900 µL 2% FCS 

in HBSS. The cell suspension was then centrifuged at 4 °C and 300× g for 5 min, the pellet 

was rewashed in 1 mL HBSS then re-suspended, stained with dead fixable stain 568/583 

(PromoCell GmbH, Heidelberg, Germany) according to the manufacturer’s protocol and 

fixed in paraformaldehyde (4% w/v). The heat-killed control was prepared from untreated 

cells following pellet collection and washing by heating at 70 °C for 20 mins.  



 - 45 - 

      Dead fixable stain 568/583 exclusively stains dead cells with cell membrane-

impermeable amine-reactive peptides, detectable on the PE-emission filter. The percentage 

of dead cells could be measured on a flow cytometer (BD LSRFortessaTM Cell Analyzer 

Biosciences, Heidelberg, Germany) on the PE channel. Data were processed using Flowjo 

version 10.6.1. Cell viability was calculated according to (Equation-1). 

 

 

 

 

 

2.3.14. In-vitro biological assessment of transfection performance of  

P-TS-CoAc and P-CoAc against established clinical, experimental, 

and commercial controls in murine dendritic cell line DC2.4 

 

           Transfection efficiencies of mCherry and pAmCyan1 co-loaded P-TS-CoAc and P-

CoAc were assessed in DC2.4 (passages 6 to 8). Cells were seeded in 24 well plates and 

allowed to reach approximately 80% confluency within 48h as previously described. 

Samples were either P-CoAc or P-TS-CoAc, at a concentration of 170 µg per well, 

equivalent to a dose of 1 µg mCherry and 5 µg pAmCyan. Untreated cells and cells treated 

with either naked mRNA or pDNA were used as negative controls.  

         Meanwhile, a range of positive controls was investigated against P-TS-CoAc and P-

CoAc for their co-transfectional capacity. These positive controls included commercial 

transfections reagent such as (1) JetMessenger and JetPrime for mRNA and pDNA, 

respectively, in the single transfection mode, in which each transfection reagent was used 

with its NA of specialization according to the manufacturer's protocols (2) JetM and JetP 

as double transfection tools in which both reagents were mixed with mRNA and pDNA 

doses equivalent to those present in P-TS-CoAc/P-CoAc simultaneously and used as a 

double transfection control. (3) Lipofectin was used as a double transfection control with 

equivalent NA doses to P-TS-CoAc and P-CoAc. As an experimental positive control (4) 

High MW branched polyethyleneimine (PEI) is a widely used polymer given its high 

transfection efficacy, despite its cytotoxicity. Thus, PEI-NPs were prepared using PEI: 

pDNA: mRNA mass ratio equivalent to the protamine sulfate: pDNA: mRNA mass ratio 

of 30:5:1 originally present in TS-CoAc. As a clinically relevant control, LNPs adapted 

from the current standard of mRNA/siRNA delivery were prepared. Briefly, an aqueous 

solution of mRNA and pDNA in a mass ratio of 1:5 (pH = 4) was mixed with an ethanolic 

solution of DLin-MC3-DMA, DPPC, Cholesterol, and DSPE-PEG2000, in molar ratios of 

50:10:38.5:1.5 and a final N/P ratio of 6 247. As an internal control, a protamine sulfate 

solution (0.3 mg mL−1) was used to formulate a protamine sulfate coacervate with pDNA, 

to which mRNA was added immediately before cell treatment, in the same pDNA: mRNA 

mass ratio used for either P-TS-CoAc or P-CoAc. All the aforementioned treatments and 

Cell viability (%)  

=  (
total cell number −  PE positive cell number

total cell number
) × 100 

(1) 



 - 46 - 

controls were incubated with the cells for 6 h at 5% CO2  and 37°C under shaking at 250 

RPM. Then samples were removed and replaced with fresh medium and cells were further 

incubated for 48 h. Cell harvesting was performed as previously described for the 

cytotoxicity assay with the exclusion of the dead staining step. Transfection efficiency was 

flow-cytometrically assessed (BD LSRFortessaTM Cell Analyzer Biosciences, Heidelberg, 

Germany), using the PE-Texas red channel for mCherry and AmCyan channel for 

pAmCyan1. Flowjo version 10.6.1 was used for data processing. 

 

2.3.15. Microscopical assessment of co-transfection using P-TS-

CoAc and P-CoAc Confocal Laser Scanning Microscopy (CLSM) 

        For visualization and comparison of the transfection patterns of  DC2.4 using P-TS-

CoAc and P-CoAc, cells were seeded in 8 well glass bottom µ-slide (Ibidi, Gräfelfing, 

Germany), that has been coated with 1 mg/mL bovine collagen type I solution, Purecol 

(CellSystems, Troisdorf, Germany), at 25,000 cells/well. Cells were further allowed 48h to 

reach 80% confluency. Cells were treated with either (1) mCherry loaded P-TS-CoAc, (2) 

mCherry loaded P-CoAc, (3) JetM-mCherry combination (4) JetP-pAmCyan1 

combination. The cell treatment procedure was performed as previously described. 48h 

following treatment and immediately before visualization, the cells were washed twice 

using HBSS and fixed for 5 min with 4% (v/v) paraformaldehyde (PFA; Electron 

Microscopy Sciences) in HBSS at room temperature. Cells were then mounted and stored 

at 4 °C for 30 mins before CLSM analysis (Leica TCS SP8, Leica Microsystems, 

Mannheim, Germany). Image acquisition was conducted on a Leica TCS SP8 confocal 

imaging microscope with a 25× water immersion objective (Fluotar VISIR 25×/0.95) at 

1024 × 1024 resolution. For AmCyan, fluorescence was detected between 495–550 nm 

(excited at 405 nm; 24% laser intensity), for mCherry, fluorescence was detected between 

683–784 nm (excited at 561 nm; 10% laser intensity), both using a HyD detector. Images 

were then processed with the Leica Application Suite (LAS) X software. 

 

2.3.16. Statistical Analysis 

 

         Graph Pad Prism 8 for Windows (Version 8.01, GraphPad Software Inc.) was used 

for data analysis. Data are presented as the mean of individual values (generally 3–9 

samples), and the standard deviation indicated by the error bars. (N) refers to the number 

of experiments, (n) refers to the number of samples per experiment. One-way ANOVA was 

performed for all test samples, and Tukey’s post hoc test was used to assess inter-group 

differences. 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). 

 

2.4. Results and Discussion 
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2.4.1. identity and quality of in-house propagated plasmid  

       Spectrophotometric assessment of in-house propagated pAmCyan1 showed a yield of 

2.6 mg as opposed to the expected 2.5 mg outcome of the Qiagen EndoFree Plasmid Mega 

Kit. The yielded pAmCyan1 also showed acceptable 260/280 and 260/230 ratios of 1.85 

and 2.15 respectively, (Table 4), indicative of the absence of contaminants’ content above 

the acceptable limits. Generally 260/230 ratios < 2.2 indicate the presence of unacceptably 

high phenol, glycogen, or carbohydrate contaminants which are common components used 

in extraction procedures. On the other hand, a 260/280 ratio < 1.8 may indicate protein or 

phenol contamination248. 

Table 4. Spectrophotometric assessment of pAmCyan1 product quality 

Yield (mg) 260/ 280 260/230 

2.62 1.85 2.15 

 

       Restriction enzyme mapping assay using StuI confirmed the identity of the pAmCyan1 

product where two bands of approximately 1600 and 3000 bp could be visualized on the 

gel which is in line with the expected StuI digestion products (Figure 4). 

2.4.2. determination of gelatin-

pDNA mass ratio coacervation 

range 

 

      Turbidimetric assessment of gelatin-

pAmCyan1 mixtures spanning a range of mass 

ratios from 0:1 up to 200:1 gelatin to pAmCyan1 

was carried out. The aim was to explore the 

useful mixing ratios range for gelatin-pDNA 

coacervate formation. Turbidimetric data 

showed a sharp increase in the light scattering of 

gelatin:pDNA ratios at 20:1 that plateaued up to 

200:1 (Figure 5-a). The Zeta-potential of 

coacervates approached neutrality between 20:1 

and 100:1, also another indication of coacervate 

formation (Figure 5-b). Gel migration assay showed 

that gelatin:pAmCyan1 coacervates assembled in MQ 

water could fully bind and prevent migration of the 

plasmid starting from as low as 20:1 Gelatin: 

pAmCyan1, and even partially retard pAmCyan1 

migration at a ratio of 1:1 (Figure 5-c). Based on this 

Figure 4. Electrophoretic migration assay 

of in-house propagated pAmCyan1 using 

restriction enzyme mapping for product 

identification (a)Agarose gel migration 

assay of ApaI and StuI digested pAmCyan1 

(b) expected digestion patterns of 

pAmCyan1 using ApaI and StuI 
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data the following gelatin:pAmCyan1 mass ratios 100:1, 70:1, 50:1, 30:1, and 1:1  were 

selected for further screening using DLS for their capacity to form coacervates with a size 

below 250 nm, a PDI< 0.2, and overall negative zeta-potential. 

Figure 5. (a)Turbidemtric Analysis, T% represents the percentage of transmitted light, y-axis depicting 100-

T% represents % of scattered light (b)zeta-potential screening, and (c)gel retardation assay of gelatin-

pAmCyan1 coacervate candidates at different mass ratios.  

2.4.3. optimal conditions for assembly of Gelatin-pDNA complex 

coacervation based particle core (CoAc) 

      Based on the preliminary screening of coacervation mass ratios, pAmCyan (pDNA) and 

gelatin were assembled into coacervates via electrostatic interaction in Milli-Q purified 

water. The gelatin to pDNA (pAmCyan1) mass ratios in these coacervates were varied 

between the five aforementioned ratios of 100:1, 70:1, 50:1, 30:1, 20:1, and 1:1 w/w, and 

the results of their particle size, PDI, and zeta-potential are shown in (Figure 6). Gelatin to 

pDNA mass ratios of 30:1 (CoAc30) or 70:1 (CoAc70) formed significantly smaller 

coacervates possessing diameters of (170 nm and 151 nm, respectively) as well as smaller 

PDIs (0.17 and 0.21, respectively) in comparison to higher or lower mass ratios (Figure 6-

c, d). CoAc30 and CoAc70 also showed either slightly negative (-5.5 mV) or positive (1.8 

mV) zeta-potentials, respectively.  

 

        Meanwhile, CoAc50 showed a zeta-potential of almost zero (Figure 6-b). 

Interestingly, the intermediate-mass ratio of 50:1 (CoAc50) displayed the largest particle 

diameter (1772 nm) and a PDI of 0.52 (Figure 6-c, d) with a zeta-potential approaching 

zero. 

       The coacervation conditions (MQ water, pH=6.2, 37°C) that were used for gelatin type 

A (Bloom number 228) and pAmCyan1 (4.7 kbp) assembly, were provided the three 

coacervates with the smallest zeta-potentials at gelatin to pDNA mass ratios of 30:1, 50:1, 

and 70:1. Above and below these ratios, coacervates of higher zeta-potential were obtained. 

This could be resorted to the presence of a surplus of the positively charged gelatin or 

negatively charged pDNA in the coacervates, and hence the existence of repulsive forces 

between the similarly charged predominant polyion molecules. These repulsive forces 

within the coacervate lead to a reduction in its packing density of storage modulus, which 

also accounts for the observed increase in particle size and PDI CoAc1, CoAc20, and 

CoAc100 compared to CoAc30 and CoAc70.This data agrees with previous reports by Arfin 

et al. 249. CoAc30 and CoAc70, being slightly overcharged coacervates, despite not having 

lower packing densities and storage moduli, remain more kinetically stable by their higher 
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surface charge than perfect coacervates formed at the point of absolute charge 

neutralization (CoAc50). Such absolute or perfect coacervates, on the other hand, are more 

liable to aggregation and colloidal instability simply due to their near-neutral surfaces250. 

This accounts for the acceptable particle sizes and PDIs of CoAc30 and CoAc 70 compared 

to CoAc50. 

       Upon attempting to mix gelatin and pDNA at different temperatures, a pronounced 

impact of gelatin-pDNA mixing temperature on the particle size and the PDI of the product 

could be observed. CoAc100 assembled at 37°C showed a smaller particle diameter of 190 

nm and PDI of 0.26 compared to CoAc100 assembled at 55°C or 23°C (Figure 6-c,d). The 

observed impact of temperature on CoAc is relevant to the data previously presented by 

Burgress et al. 251. Given the helical conformation possessed by both gelatin and pDNA in 

aqueous media below 40°C with persistence lengths of 10 nm and 50 nm, respectively252,253, 

factors that can alter the proximity in persistence length values can also impact particle size 

and PDI. When two polyions undergo complexation, the smaller the persistence length, the 

higher the chain flexibility of the two polyions and hence the better interaction between 

them253. DNA’s persistence length has been reported to be inversely proportional to 

solution temperature254. We thus assume that pDNA would have a smaller persistence 

length at 37°C than it does at 23°C, increasing the proximity between the persistence 

lengths of gelatin and pDNA chains and thus the proximity of their interaction at 37°C  

compared to 23°C. This could explain why CoAc100 assembled at 37°C had a smaller size 

and PDI compared to that formed at 23°C. CoAc100 assembled at 55°C possessed 

significantly higher PDI and much larger particle size than those assembled at 37°C and  

23°C. At 55°C, which exceeds the helix-coil transition temperature of gelatin255, gelatin 

loses its helical structure displaying a random coil conformation, leading to what we 

assume to be a simultaneous loss of the helical synonymity of gelatin and pDNA. 

Eventually, a coacervate formed between gelatin’s random coil and pDNA’s helix at 55°C 

was much less compact than the coacervates formed between pDNA’s and gelatin’s helices 

at 37°C and 23°C. 

          In conclusion, the CoAc assembly conditions were optimized at a gelatin to pDNA 

mass ratio of 30:1 and a mixing temperature of 37°C, as these conditions gave rise to the 

smallest particle size and PDI, as well as a slightly negative zeta-potential. Hence, such 

assembly conditions were adopted for all subsequent experiments. Such conditions were 

also successfully applied to varying plasmid sizes and could formulate successful  CoAc 

and TS-CoAc with plasmids ranging in size from 2.6 to 7.2 Kbp (Figure 7). 
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 Figure 6. Assessing the impact of gelatin: pAmCyan (a) coacervate assembly at mass ratios (of 100, 70, 50, 

30, 20, and 1) on product’s (b) zeta-potential(mV) (N=2, n=2), (c) particle size (nm) (N=3, n=3)  and (d) 

PDI (N=3, n=3). Impact of assembly temperature (at 23, 37, and 55°C) was also assessed for (c) particle 

size (nm) (N=3, n=3)  and (d) PDI (N=3, n=3). Data presented as mean with error bars indicating SD. 

Statistical significance indicates that present between CoAc 70 and CoAc 30 and other CoAcs. **** p < 

0.0001; ns = not significant. 
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2.4.4. Impact of thermal stabilization of gelatin-pDNA coacervate 

system into anisotropic nanogel on its colloidal stability in cell 

culture medium 

 

          CoAc30 was thermally stabilized via four subsequent heating-cooling cycles to form 

TS-CoAc, which led to a significant enhancement in the system’s colloidal stability. 

Superior colloidal stability of TS-CoAc relative to CoAc could be demonstrated as a 

function of particle count (particle.mL-1) using NTA (Figure 8-a). Both TS-CoAc and 

CoAc were incubated for 4h incubation in RPMI-1640, and their particle count was 

analyzed at 0h and 4h using NTA. CoAc dropped by one order of magnitude from 4.76 

*1011 particles.mL-1 to 3.93 *1010 particles.mL-1. Meanwhile, TS-CoAc dropped by 3-fold 

only from 2.9 *1011 particles.mL-1 to 1.1 *1011 particles.mL-1 (Figure 8-b).  

        A reduction in the negative ellipticity of gelatin’s peak at 204 nm was observed in the 

circular dichroism data (Figure 9), this peak is indicative of gelatin’s random coil structure 
256. When measured at 37°C, The 204 nm peak intensity followed the rank order gelatin > 

CoAc > TS-CoAc. This may suggest that coacervation and thermal stabilization may have 

reduced the randomicity of the sample and promoted a more uniform arrangement of 

system components.  

    

 

Figure 7.  DLS assessment of (a) particle size and (b)  PDI of CoAc and TS-CoAc assembled using varying  pDNA 

sizes at gelatin to pDNA mass ratio of 30:1. 
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Figure 8. (a) Still images  from NTA videos of CoAc (top pannel) and TS-CoAc (bottom pannel) at 0h (left) and 

4h(right) of incubation with RPMI-1640 at 37 °C (b) Colloidal stability as a function of particle count 

(particles.mL−1) assessed using NTA for CoAc (blue columns) and TS-CoAc(orange columns) at 0h (solid 

columns) and 4h (dotted columns)of incubation in RPMI-1640 at 37 °C (N = 1, n = 3). 

Figure 9. Circular dichroism scans of gelatin, CoAc, and TS-CoAc in MQ water at 37 °C. 
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2.4.5. Confirmation of protamine sulfate shell deposition 

 

      We selected a microfluidic system to coat either CoAc or TS-CoAc with protamine 

sulfate, in protamine sulfate to gelatin mass ratio of 1:5, under laminar flow conditions. The 

selected meander chip setting allowed the deposition of a homogenous coat on the cores 

that was best observed in the case of protamine coated thermally stabilized coacervates (P-

TS-CoAc) rather than protamine coated non-thermally stabilized coacervates (P-CoAc) 

using TEM (Figure 10 ). This observation was initial proof of the necessity of thermal 

stabilization of the coacervate core for the successful assembly of the eventual core-shell 

system. 

Figure 10. Transmission electron microscopy of unstained (a) CoAc (b) TS-CoAc (c)P-CoAc, (d) P-TS-CoAc, 

black bar=200 nm, white bar= 500 nm 

       The enhancement in colloidal stability of the system following thermal treatment was 

further confirmed by the progressive increase in particle diameter and PDI of the 

protamine-coated, non-stabilized coacervates (P-CoAc) in MQ water starting as early as 3 
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days post coating. Whereas the thermally stabilized protamine coated coacervates (P-TS-

CoAc) resisted core disruption by the cationic protamine sulfate coat with no significant 

changes in particle diameter or PDI for 3 weeks (Figure 11-a, b). 

       A reduction in CoAc stability upon encountering a competing potent polycation like 

protamine sulfate could be expected in a liquid coacervate system, relying solely on 

electrostatic interactions to remain intact. In the absence of any chemical or physical 

stabilization techniques, protamine would simply displace the entity with lower charge 

density being gelatin from the CoAc, typically resulting in increased particle size and PDI 

as the heterogenous gelatin components are released from the nano-system (refer to Figure 

6-a for DLS peak(s) pattern of free gelatin). This explains the exclusive observation of 

particle disruption in the case of P-CoAc rather than P-TS-CoAc. 

 A zeta-potential reversal from -3.9 mV in the case of TS-CoAc to 8.2 mV in the case of P-

TS-CoAc, proved the successful deposition of protamine sulfate on the surface of TS-CoAc 

(Figure 11-c).  

       
Figure 11.  DLS assessment of the impact of thermal stabilization on the colloidal stability of CoAc (blue 

columns) and TS-CoAc (orange columns) following protamine sulfate coating. (a) particle size (nm) and (b) 

PDI of CoAc (blue columns) and TS-CoAc (orange columns) before, as prepared immediately after protamine 

sulfate coating, after 3 days and 3 weeks of storage (N = 3, n = 3). (c) Zeta-potential of TS-CoAc before 

(solid column) and after (patterned column) protamine sulfate coating (N = 3, n = 3). Values are represented 

as means with standard deviation depicted as error bars, ** p < 0.01, *** p < 0.001, ns = not significant. 

2.4.6. NA cargo shielding effect exerted by P-TS-CoAc and P-CoAc 

assessed using agarose gel electrophoresis 

 

       P-TS-CoAc and P-CoAc were both subjected to DNase I/RNase A challenge followed 

by Gel migration assay. Results demonstrated that P-TS-CoAc possessed a higher pDNA 

shielding effect compared to P-CoAc. Yet both P-CoAc and P-TS-CoAc showed 
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comparable shielding capacity of their cargo mRNA which was in both cases superior to 

free mRNA (Figure 12).  

        It is also worth mentioning that this experiment explored the potential release 

mechanisms of the different NA cargos from the reported nanocarrier. Where a 

combination of proteolytic digestion (represented by the trypsinization of the system) and 

polyanion exchange (performed using HMWT Heparin) could be proposed as release 

mechanisms of these NA cargos. 

 
Figure 12. (a) agarose gel electrophoresis migration assay of mCherry(lower bands’ row) and 

pAmCyan(upper bands’ row) either naked (grey-marked lanes), loaded on P-TS-CoAc (orange-marked 

lanes) or P-CoAc(blue-marked lanes), following either a 30 or 60 min incubation with DNase I/RNase A 

cocktail, (b) Densitometric analysis of NA bands at the 60 min incubation point of gel in (a)  

      To simulate an even more physiologically relevant release and challenging medium, we 

challenged the uncoated particle cores in 10% FSC for 3h (Figure 13). Here we observed 

enhanced protection of the pDNA observed as 31.9% of intact residual pDNA at the need 

of the incubation period in the case of TS-CoAc, compared to 17.4% in the case of CoAc 

particles. 

      Gelatin type A is the acidic denaturation product of collagen. Given its denatured 

structure, gelatin is minimally antigenic257, making it an excellent candidate for multi-

dosing within a vaccination context. Gelatin A is a weak cation of lower charge density 

than most cationic polymers and lipids typically used in transfection, which could be an 

advantage in terms of safety 258, but a disadvantage in terms of stability of its coacervates 

with nucleic acids. To the best of our knowledge, most techniques employing gelatin-based 
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nanocarriers for NA delivery were mainly stabilized via chemical cross-linking with or 

without gelatin cationization to form stable particles. The most commonly reported cross-

linkers, in this case, are symmetrical bifunctional aldehydes such as glutaraldehyde and 

glyoxal 235, and EDC (1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide 

hydrochloride)234. Yet, in a nucleic acid delivery scenario, and taking into consideration the 

abundant amine groups content of gelatin itself the cargo NA could easily become 

covalently bound to the carrier gelatin matrix. Generally, covalent protein-NA interactions 

are unfavorable as they may hinder NA cargo release from the nanocarrier, as well as 

present a safety concern where covalently bound DNA-protein could interfere with the 

fidelity of gene expression in their host cell by interacting with the translation and 

transcription mechanisms of the cell via their DNA domain236,259. 

       Given the aforementioned reasons, this study opted to explore an alternative physical 

stabilization technique when designing our nanocarrier to avoid chemical cross-linking. 

Gelatin-DNA coacervation relies mainly on easily reversible electrostatic assemblies, 

hydrophobic interactions, and hydrogen bonds between DNA and gelatin. These non-

covalent interactions are more synonymous with physiological interactions between 

nucleic acids and proteins in the cell237. Yet DNA-Gelatin coacervates have been reported 

to possess an intrinsic capability to irreversibly transform to an anisotropic nanogel phase 

when heated and then cooled above and below gelatin’s helix-coil transition, respectively 
238,239. This phenomenon has been reported by Rawat et al239 but was not previously used 

as a DNA nano-delivery system assembly technique.  

 

 
Figure 13. (a) serum stability assessment of pAmCyan1 cargo in coacervate and TS-CoAc following 3 h 

incubation in 10 % fatal calf serum (FCS) using agarose gel electrophoresis. (b) Densitometric analysis of 

pAmCyan1 bands released from CoAc(blue column) and TS-CoAc(orange column) normalized to band 
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intensity of the equivalent amount of free pAmCyan1 in TBE buffer; the pAmCyan1 cargo was released from 

CoAc or TS-CoAc using trypsin HMWT, following 3 h incubation with 10% FCS in HBSS. 

      We assume that when heated above its helix-coil transition temperature of 40°C, gelatin 

α-helices extend to assume predominantly random coil conformation, further extending 

across the matrix of the coacervate. By virtue of their relative lengths, a random coil can 

generally traverse and interact with more individual pDNA molecules along their length 

than a helix of equal molecular mass would. When suddenly cooled in their extended state 

while still in contact with pDNA, the immediate energy loss by the system is consumed in 

consolidating electrostatic and hydrogen bond interactions between pDNA and gelatin 

coils, rather than restoring the coils to their helix morphology. This physical method of 

cross-linking can be considered a safer option than most chemical cross-linkers commonly 

used for gelatin nanocarrier preparation, which could compromise the intrinsic 

biodegradability and biocompatibility of gelatin260,261.  

       Protamine sulfate was our coat of choice for this core-shell nanocarrier system given 

its reported advantages within a vaccination context. Where it had been widely employed 

by CureVac AG in their RNactive® technology as an NA vaccine delivery and 

adjuvantation tool244,245,262–264. Protamine possesses comparable membrane translocating 

properties to the established cell-penetrating peptide HIV-1 tat240. Protamine-DNA 

coacervates can also bind to nuclear pore complex associated transport proteins (importins), 

which we assumed would allow the nuclear translocation of the pDNA component in the 

CoAc. nuclear translocation of pDNA241,265. In addition, protamine’s safety and its 

established pharmaceutical application became our motivation to use it as a particle coating. 

2.4.7. Colloidal properties of P-TS-CoAc following mRNA surface 

loading 

 

      mRNA was surface loaded on P-TS-CoAc simply via pipetting, and DLS was used to 

assess whether this may have led to system disruption. Yet, mRNA-loaded P-TS-CoAc 

showed no significant changes difference in particle size and PDI from unloaded P-TS, 

CoAc for up to one week. This could be a first indication that the dual-loaded nanocarrier 

remains intact and can be taken up as a unit by target cells, and that no mRNA-protamine 

sulfate coacervate sub-populations are formed (Figure 14). 
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Figure 14. (a) Particle size distribution by intensity was measured using DLS before (red), 15 min 

after(green), and 7 days(blue) after the surface loading of P-TS-CoAc with mCherry. (b) Particle sizes (nm) 

and (c) PDI of P-TS-CoAc before, 15 minutes after, and 7 days after loading with mCherry. 

2.4.8. Assessment of entrapment efficiency (EE%), loading efficiency 

(LE%), and numeric molecular capacity per nanocarrier using 

PicoGreen and RiboGreen Assays 

 

       PicoGreen assay was performed on the supernatant of either CoAc or TS-CoAc particle 

suspension following 2h of ultracentrifugation at 58,000× g, 4 °C  to assess the systems’ 

entrapment efficiency and drug loading. Results shown in (Table 5) demonstrated that at a 

gelatin: pDNA mass ratio as low as 30:1, pDNA was fully incorporated into both CoAc 

and TS-CoAc. A similarly performed RiboGreen assay on P-TS-CoAc showed an mRNA 

EE% of 97.81%. The selected NA, namely mCherry and pAmCyan1 existed in a molar 

ratio of 1.74:1 mCherry to pAmCyan1. Calibration curves of PicoGreen and RiboGreen 

assays are provided in (Figure 15). 

The carrier could deliver approximately 1.884 *1012  mRNA molecules and 1.076 *1012  

pDNA molecules per 170 µg of particles (dose per well selected for subsequent transfection 

studies). Based on NTA-generated particle count, PicoGreen and RiboGreen generated 
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data, it was estimated that the carrier loaded approximately 5318 pDNA molecules and 

9312 mRNA molecules per P-TS-CoAc particle. 

Table 5. The entrapment efficiency (EE%) of pAmCyan by P-CoAc and P-TS-CoAc assessed using PicoGreen 

assay, EE% of mCherry by P-TS-CoAc assessed using RiboGreen (N=1, n=3). The average number of 

pAmCyan1 or mCherry molecules per 170 µg particles as the dose used per well in a 24 well-plate format 

and the numbers of pAmCyan1 or mCherry molecules per particle was calculated based on the used amount 

of NAs and the particle count obtained by NTA. 

 
*,** For the transfection reagents JetPrime and JetMessenger, the particle count was not 

available to calculate the number of NA molecules/NP. 

 

 pAmCyan 

 

mCherry 

Sample EE [%] molecule

s/dose 

molecule

s/NP 

EE [%] molecule

s/ 

dose 

molecul

es/NP 

CoAc 100.10±0.28% 1.076 

*1012 

5318 No colloidally stable coated P-CoAc 

for surface loading 

(P-)TS-CoAc 100.12± 0.39% 1.076*101

2 

5318 97.81±1.06 1.884*101

2 

9312 

jetPrime* 100.01±9*10-

5 % 

1.076*101

2 

- - - - 

JetMessenger

** 

- - - 100.66±20.94

% 

1.884*101

2 

- 
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Figure 15. (a) Picogreen assay calibration curve, pAmCyan1 concentration range from 31.5–1000 ng/mL (N 

= 3,n = 1) , Ribogreen assay calibration curves (b) high range with mCherry concentration range from 20–

1000 ng/mL (c) low range with mCherry concentration range from 1–50 ng/mL (N = 3,n = 1). 

2.4.9. Cytotoxicity of P-TS-CoAc in murine dendritic cell line DC2.4 

 

Murine dendritic cells (DC2.4) treated with 340,170 or 85 µg mL-1 P-TS-CoAc for 6h 

showed no statistically significant difference in viability from untreated cells with cell 

viabilities of 91.9%, 97.1%, and 97.7% respectively (Figure 16). A concentration of 170 

µg/ml was further selected for an extended viability assay, where cells are incubated with 

P-TS-CoAc for 24h, yet cells still showed a viability of 87.4% at the end of this assay, 

indicating excellent system tolerability. This data aligns with the established 

biocompatibility of the two major nanocarrier components being gelatin and protamine 

sulfate244,261. For subsequent transfection efficiency studies, 170 µg/mL was the 

concentration of choice. 
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Figure 16. Cytotoxicity assay of P-TS-CoAc in DC2.4 murine dendritic cell line using fixable dead stain 

(568/583) (a) % Cell viability following 6 h incubation of P-TS-CoAc (340,170 or 85 µg/mL) or 24h 

incubation of P-TS-CoAc (170 µg/mL) (N=3, n=3). Values are represented as mean with error bars 

representing standard deviation, *** p < 0.001, ns = not significant. (b) Fluorescence intensity (dead stain 

uptake) of cells following different treatments. 

2.4.10. Transfection performance of P-TS-CoAc and P-CoAc against 

established clinical, experimental, and commercial controls in 

murine dendritic cell line DC2.4 

 

         Following the application of mCherry (mRNA) surface loaded P-CoAc and P-TS-

CoAc prepared using pAmCyan1(pDNA) to DC2.4, both particle systems could 

successfully and simultaneously transfect DC2.4 with both mRNA and pDNA (Figure 17). 

This co-transfectional capacity surpassed all other dual-transfection control groups in both 

transfection efficiency and level of protein expression of both pAmCyan1 and mCherry. 

Out of all the selected controls, only JetM and LNPs could show a comparable mRNA 

transfection efficiency to P-TS-CoAc and P-CoAc in case of dual-transfection, yet no 

success whatsoever for pDNA transfection. 

       Upon application of both protamine sulfate-coated and mRNA surface loaded P-CoAc 

and P-TS-CoAc to DC2.4, both P-CoAc and P-TS-CoAc showed successful, simultaneous 

transfection of the cells with both mRNA (mCherry) and pDNA (pAmCyan). The 

transfection efficiency and level of protein expression of both pAmCyan and mCherry 

significantly surpassed all other test groups except for the JetM single transfection of 

mCherry transfection. Both P-TS-CoAc and P-CoAc showed no significant differences in 

either transfection efficiencies or protein expression levels expressed as MFI for both 
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mRNA and pDNA. Yet, P-TS-CoAc displayed slightly higher transfection efficiencies and 

MFI compared to P-CoAc. Where P-TS-CoAc displayed a transfection efficiency and MFIs 

of 61.4%±21.6 and 909±253 as opposed to 53.8%±22.3 and 794±180 with P-CoAc for 

mRNA. The difference, though statistically insignificant, could be resorted to the overall 

higher system stability in the case of P-TS-CoAc allowing better binding and stabilization 

of the surface-loaded mRNA. A detailed gating strategy is provided in (Figure 18). 

       Protamine sulfate-NA coacervate was used as an internal control showing highly 

variable transfection of both NA cargos (Figure 17-a). As representatives of potent, widely 

used commercial controls JetMessenger was used for mRNA and JetPrime for pDNA. Yet 

upon their application as co-transfection reagents, both JetM and JetP gave negligible 

transfection for the NA they were not optimized to deliver, and a reduction in the 

transfection efficiency of the NA for which they were optimized. In contrast to all the 

aforementioned controls, P-TS-CoAc and P-CoAc successfully co-transfected DC2.4 with 

pAmCyna1 and mCherry. 

 

         We assume that the unique co-transfectional ability of our system is due to 

protamine’s compound ability to both promote cytoplasmic delivery of mRNA, as well as 

nuclear translocation of pDNA. pDNA nuclear translocation can be achieved via four 

specialized nuclear localization signal-like sequences in protamine’s structure242,266. But 

also, a protamine coacervate was assembled at the same protamine:mRNA:pDNA mass 

ratios as P-TS-CoAc did not perform as well as the P-TS-CoAc system which could be 

largely resorted to a trojan horse-like effect exerted by gelatin-pDNA coacervate core. In 

that arrangement, a large fraction of the pDNA’s negative charges could be occluded inside 

the gel core, only the surface-displayed negative charge fraction would be interacting with 

the cationic protamine coat. In that case, a considerable fraction of protamine’s cationic 

groups are spared to participate in cell-surface interaction, endosomal escape, and nuclear 

membrane association. This nanocarrier configuration could thus be allowing its protamine 

content to function at an apparently higher NP ratio despite the lower actual protamine 

dose.   
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Figure 17.  Flow-cytometric assessment of (a) transfection efficiency and (b) level of ürotein expression 

expressed as Mean fluorescence intensity (MFI) of pAmCyan (green) and mCherry (red) loaded on P-CoAc 

and P-TS-CoAc, compared to single transfection with JetMessenger for mCherry or JetPrime for 

pAmCyan1or double transfection using both mCherry and pAmCyan1 with either JetMessenger, JetPrime, 

protamine sulfate coacervate in murine dendritic cell line DC2.4  (N=3, n=3), Lipofectin, PEI, LNP (N=1, 

n=3). Values are represented as means with standard deviation depicted as error bars, levels of significance 

indicated in comparison to untreated controls, ** p < 0.01, **** p < 0.0001, ns = not significant. 
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Figure 18. (a) Dot plots and gating of DC2.4 with different treatments (i) untreated, (ii) protamine 

coacervate, (iii) JetM-single transfection, (iv) JetP-single transfection, (v) JetM-dual transection, (vi) JetP-

dual transfection, (vii) Lipofectamine-dual transfection, (viii) PEI dual transfection, (ix) P- Co-Ac, and (x) 

P-TS-CoAc. (b) Histograms of DC2.4 with different traetements showing shift in flourscence intensity along 

the PE-Texas Red-A and AmCyan-A channel. (c) Quadrant gating of DC2.4 with different treatemnets (i) 

untreated cells, (ii) P-TS-CoAc, (iii) P-CoAc, (iv) JetM-single transfection, (v) JetP-single transfection, (vi) 

naked pAmCyan1 and mCherry, (vii) PEI-double transfection, (viii) Lipofectamine double transfection, (ix) 
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protamine coacervate-double transfection, (x) JetM-double transfection, (xi) JetP-double transfection, and 

(xii) LNPs-double transfection. 

2.4.11. Confocal Laser Scanning Microscopic assessment of co-

transfection using P-TS-CoAc and P-CoAc  

       Confocal Laser Scanning Microscopy of the selected highest performing treatments 

from flow-cytometric assessment showed that DC2.4 treated with P-TS-CoAc had visibly 

more consistent transfection patterns for both mCherry and pmCyan1A (Figure 19-b,f) 

than cells treated with the P-CoAc (Figure 19-c,g). This could be an indication of the 

enhanced colloidal stability of the system by thermal stabilization, which provided superior 

protection to the core-loaded pAmCyan1 and a more stable surface for mCherry loading, 

allowing P-TS-CoAc to stay intact longer during transfection and deliver its dual NA cargo 

as a unit to the target cells. Such a feature could be rather valuable within a vaccination 

context of antigen-adjuvant co-delivery. Cells treated with commercial transfection reagent 

displayed a strong expression of mCherry in the case of JetM (Figure 19-d) and a weaker 

yet more diffuse expression of AmCyan in the case of JetP (Figure 19-h).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Assessment of transfection efficiency and gene expression of mCherry (red fluorescent reporter) 

and pAmCyan (green fluorescent reporter) in DC2.4 after 6 h of treatment of samples or controls followed 

by 48 h incubation (a) confocal laser scan microscopy showing expression of mCherry (red) and 

AmCyan(green) in DC2.4 cells treated with (ii, vi) P-TS-CoAc, (iii, vii) P-CoAc, (iv) JetMessenger, (viii) 

JetPrime compared to (i,v) untreated cells, the white bar=39.64 µm. CLSM images are shown with 40% 

increased brightness from the original images (obtained with identical laser intensity settings for all 

samples).  

Double transfection Single transfection 
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2.5. Conclusion 

         This study demonstrated a novel NA nanocarrier design approach, in which gelatin, 

a biocompatible, pharmaceutically established biopolymer, was employed as a matrix 

former along with plasmid DNA. A straightforward and mild preparation technique, based 

on an intrinsic property of the complex coacervate of the two core components, gelatin, and 

pDNA, being their ability to form an irreversible anisotropic nanogel when heated together. 

The thermal stabilization of this gelatin-pDNA coacervate allowed its use as a core that can 

be stably coated with a stronger cationic peptide, namely protamine sulfate. We then 

surface-loaded mRNA on the protamine coat, while pDNA remained in the core. 

         Given the biocompatibility of its different components, the system was very well 

tolerated in the concentration range selected for transfection. Successful transfection of 

both mRNA and pDNA cargos was observed with comparable transfection efficiencies 

when used in a pDNA to mRNA mass ratio of 5:1. In contrast, clinical, experimental, and 

commercial transfection reagents, could not successfully co-transfect DC2.4 with mRNA 

and pDNA. I thus report a proto-type NA carrier with unique co-transfectional capabilities. 

A wide range of applications can be expanded on the concept, both in the areas of vaccine 

delivery, as well as protein replacement therapies. Using selected combinations of 

nucleotides, we think the interesting possibility of time-resolved gene expression could be 

achievable. Apart from clinical applications, this nanocarrier could serve as a research tool 

to study differences in expression kinetics between more than one NA species delivered on 

a single carrier in parallel. 
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3.1. Abstract 

 

        Co-delivery of different protein-encoding polynucleotide species with varying 

expression kinetics to achieve a temporally- resolved expression of their therapeutic 

proteins or peptides can become a prominent requirement in the upcoming years, as nucleic 

acid-based therapies expand in their application. The current study explores such a 

possibility by employing a biodegradable, biocompatible core-shell, nano-carrier co-loaded 

with pDNA at the core and mRNA on the shell. The system's core is based on a gelatin 

Type A-pDNA coacervate, thermally stabilized to form a stable gel, eligible for deposition 

of cationic coats. The coating is attempted with either protamine sulfate or a lipid mixture 

of Dlin-DMA-MC3, DSPC, Cholesterol, DMG-PEG2000. Both protamine and lipid-coated 

core-shell particles display acceptable particle size and PDI, and a zeta-potential reversal 

from -3.6 ±0.8 for uncoated particles to either 14.9 ±0.6 and 8.3 ±0.5 for lipid and protamine 

sulfate coated particles, respectively. Yet only the protamine coated nanocarriers 

successfully co-transfect murine dendritic cell line DC2.4 with mRNA(mCherry) and 

pDNA (pAmCyan1), at 84.3±5.8 and 42.2±1.2 transfection efficiencies, respectively. 

Meanwhile, the lipid-coated nanocarrier and LNPs of equivalent lipid content and NP ratio 

only transfect DC2.4 with mCherry at 88.7±9.9 and 99.9 ± 0.0 transfection efficiencies, 

respectively, following 36h of incubation with DC2.4.  

         A factorial assessment of the impact of varying thermal stabilization cycles number 

and gelatin: protamine sulfate mass ratio on nanocarriers' colloidal properties and 

transfection performance is performed. Both factors display a statistically significant 

impact on particle size, PDI, transfection efficiency, and level of protein expression from 

pDNA and mRNA, yet neither results in a dramatic improvement of protein expression 

levels for either mRNA or pDNA. 

         Transfection efficiency and levels of protein expression are assessed over 33h in 

DC2.4. The onset of expression occurred at 3h and 6h for mRNA and pDNA respectively. 

While mRNA expression peaked at 24h, followed by a slight decrease at 33h, pDNA 

expression continued to gradually increase between 24h and 33h. 

          The investigated nanocarriers in this study, capable of co-delivery of mRNA and 

pDNA can provide promising platforms to achieve multi-dosing or sustained expression of 

nucleic acid-based therapeutics with minimal administration frequencies which can be 

useful in both protein replacement and vaccination scenarios. 
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3.2. Introduction 

            Following the outbreak of the Covid-19 pandemic, the approval of mRNA-based 

vaccines and their mass administration with high efficiency56,63,267 and safety margin in the 

general population96,268–270, is currently helping accelerate the advancement of NA-based 

therapeutic moieties towards mainstream therapeutics271. Now it is expected that the 

application of such NA-based therapeutics would expand within the infectious diseases 
63,91,219,272–274and cancer vaccination245,275–278 milieu but also beyond to encompass more 

hereditary, chronic, and acute health concerns271,279,280. This pending shift in the clinical 

application may probably give rise to stronger demand for control over the expression 

kinetics of such nucleic acids to generate expression patterns synonymous with controlled-

release patterns that have been addressed for many conventional therapeutics.  

  

          To generate sustained or sequential expression patterns emulating depot or multi-

dosing drug delivery systems using NA-based therapies, several modifications will have to 

be considered. The required modifications may not be exclusive to the nucleic acid cargos’ 

structures, but will most probably extend to their delivery systems as well, given the now 

proven instrumental role of nanocarriers to the functionality of therapeutic 

NAs224,281,282.With regards to NA vaccines, nanocarriers capable of providing sustained 

antigen expression have been shown to augment and prolong the protective immunity 

rendered by the vaccine184. Also, as several initiatives now advance towards the co-delivery 

of immunomodulator encoding NA cocktails or combinations of NA encoded immuno-

modulators and antigens197,204,283, the kinetics and temporal resolution of expression of such 

immunomodulator combinations or the antigen-immunomodulator/adjuvant combination 

can prove to be detrimental to the efficacy and safety of such vaccines284.  

  

           To date, several studies have already compared the expression kinetics of different 

NA species including plasmid DNA (pDNA), Self-amplifying mRNA (sa-mRNA), 

modified-base mRNA, and unmodified mRNA. Where Huysmans et al. demonstrated that 

following in-vivo skin electroporation in mice with equivalent masses of the 

aforementioned NA species, 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 1 and 5 µg 

of sa-mRNA. pDNA also demonstrated much lower immunogenicity compared to all the 

other mRNA species200. Leyman et al. have also demonstrated similar results in pigs201. 

These data indicate the potential value of pDNA in sustained-release scenarios where 

minimal 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 downregulation285,286. 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 a transient loading dose followed by lower delayed 

expression from pDNA as a maintenance dose, thus establishing a multi-dosing scenario 

through a single administration.  
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         mRNA is structurally less stable than pDNA, yet, when it successfully escapes the 

endo-lysosomal compartment and reaches the cytoplasm intact, mRNA can be rapidly 

translated in the cytoplasm287. As opposed to pDNA, which requires nuclear translocation, 

mRNA can give early onset and transient expression of the encoded protein/peptide, and 

also cell cycle independent transfection efficiency. Conversely, Plasmid DNA, despite its 

more challenging delivery288, possesses a longer half-life than mRNA. pDNA can also 

present more options for manipulation and control over the rate, duration, and cellular target 

of the encoded protein/peptide expression289,290.  For instance, promoter manipulation can 

alter pDNA expression kinetics291 Such temporal tuning of expression is much more 

difficult to achieve using mRNA as it requires discrete optimization of the tRNA frequency 

of each codon on the ORF 292, thus within a multi-dosing context, co-delivery mRNA and 

pDNA on a single nanocarrier can thus benefit from the rapid and transient expression 

pattern of mRNA, and the adjustable, delayed yet sustained expression of pDNA, creating 

temporally-resolved expression patterns for one or more transgenes.  

         Until now, only a very limited number of studies have been dedicated to the 

development of NA delivery systems capable of successful co-transfection with different 

species of protein-encoding NA polynucleotides such as mRNA and pDNA293–295. From 

such studies even fewer focus on the kinetics of expression of the different NA species 

from such systems. Carriers dedicated to mRNA delivery, most famously LNPs, may not 

be eligible for pDNA delivery, as they lack nuclear translocation capabilities and would 

hence produce a transfection pattern highly aberrant and reliant on the target cell cycle296. 

          In the current study, we tried to optimize our previously described system for the co-

delivery of pDNA and mRNA, we explore exchanging the protamine coat for a lipid-based 

coat featuring the lipid composition of Onpattro’s LNPs. Following an initial transfection 

scanning that demonstrates the superiority of protamine coated to the lipid-coated system, 

the impact of varying number of thermal stabilization cycles or coat to core mass ratio on 

particle properties and in-vitro transfection is assessed. Eventually, the capability of the 

protamine-coated system to temporally resolve the expression of fluorescent reporter 

proteins encoded by the co-loaded NA moieties. 

 

3.3. Methodology  

3.3.1.  Materials 

 

     Gelatin GELITA® MedellaPro® <=100, porcine gelatin, 228g Bloom, pharmaceutical-

grade was purchased from GELITA® Deutschland GmbH, Eberbach, Germany. Protamine 

sulfate was purchased from Sigma-Aldrich, Darmstadt, Germany. Plasmid DNA encoding 

AmCyan fluorescent 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, Germany, Qiagen 

EndoFree Plasmid Mega Kit was purchased from Qiagen, Hildesheim, Germany. 
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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. Choletsterol 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 

(Ludwigshafen, 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(1M) were all purchased from 

Gibco, Thermo Fisher Scientific, Darmstadt, Germany. β-mercaptoethanol 100X was 

purchased from Merck, Darmstadt, Germany 

 

 

3.3.2. Preparation of Protamine coated thermally stabilized gelatin-

pDNA coacervates (P-TS-CoAc) and Lipid coated gelatin-pDNA 

coacervates (L-TS-CoAc) 

    

         Gelatin-pDNA coacervate-based cores (CoAc)  were prepared as previously 

reported297. Briefly, 3 mg mL-1 gelatin type A was dissolved in MQ water at 55˚C. The 

gelatin 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 minutes followed by 

cooling at 0±0.5 ˚C for 5 minutes to form thermally-stabilized gelatin-pDNA coacervates 

(TS-CoAc) in the form of anisotropic nanogels. TS-CoAc were then coated with either 

protamine sulfate or 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 6).  

       

    For the protamine coating of TS-CoAc to produce (P-TS-CoAc), a protamine sulfate 

solution in MQ water was used, at 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. 

            

          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  0.3114:1 v/v via vortexing, and a 

final gelatin to lipid mass ratio of 0.69:1 w/w. For the preparation of LNP controls without 

TS-CoAc cores, an equivalent mass of the same lipid cocktail was used, yet was mixed 
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with pAmCyan1 and mCherry in sodium acetate buffer 10 mM, pH 4.2, directly via 

vortexing. For both L-TS-CoAc and LNP, the final NP ratio was 6, and before cell treatment 

particles were re-adjusted to physiological 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. 

 

 

 

Table 6. Composition and assembly conditions of mCherry and pAmCyan1 co-loaded lipid or protamine 

coated thermally stabilized gelatin-pAmCyan1 coacervates 

Sample name Lipid coated TS-CoAc (L-TS-

CoAc) 

 
Protamine coated 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) 

NP Ratio 

(excluding 

Gelatin Core) 

6 na** 

Assembly 

technique 

Vortex mixing  with lipids’ solution Coat deposition using 

microfluidic meander chip 

pDNA/mRNA 

w/w 

5:1 

Core-loaded NA 

Cargo  

pAmCyan1 

Surface-loaded 

NA Cargo 

mCherry 

*Molar ratios 

**Given the heterogeneous molecular weight range of the protamine sulfate component, 

the calculation of NP ratio was not applicable. 
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3.3.3. Assessment of particle size, particle size distribution, and zeta-

potential of different nanocarriers using Dynamic Light Scattering 

(DLS) 

 

             L-TS-CoAc, as well as different P-TS-CoAc, were assessed for particle 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 backscattering 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, pH6.1. 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. 

 

3.3.4. 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 candidate to be involved in 

the factorial assessment of nanocarrier performance. In brief, the transfection efficiency of 

P-TS-CoAc and L-TS-CoAc was assessed against LNPs in dendritic murine cell lines 

(DC2.4). Briefly, cells were initially seeded at a density of 50000 cell/well in 24 well plates 

and allowed 48h 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 then incubated with 

either L-TS-CoAc, P-TS-CoAc, or LNPs in (what? Buffer? Medium without or with FCS?) 

at concentrations equivalent to 5 µg pAmCyan1 and 1 µg mCherry per well, under shaking 

at 250 RPM and 37°C for 6h. Following which particle samples were removed, cells were 

washed twice with HBSS, fed with fresh full medium, and further incubated for 36h at 37°C 

and 5 % CO2. Either JetMessenger or JetPrime 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, 1µg mRNA).  Eventually, cells were detached using Trypsin/EDTA, 

washed twice in HBSS, fixed using 4% paraformaldehyde, and flowcytometrically 

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.  
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 3.3.5. Preparation of P-TS-CoAc for factorial assessment of the 

impact of varying the number of thermal stabilization cycles and 

gelatin:protamine mass ratio on particle properties 

 

            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, 

where CoAc were prepared as previously described and then subjected to either 4, 8, or 12 

heating-cooling cycles to obtain TS4-CoAc, TS8-CoAc, or TS12-CoAc, respectively. Each 

of the aforementioned TS-CoAcs (775 µg mL-1) was coated with protamine sulfate at 

concentrations of either 187.5,375 or 750 µg. mL-1 using the previously described 

microfluidic assembly at final gelatin to protamine ratio of 4:1,2:1 or 1:1, respectively 

(Table 7) 

 

 

        All samples were prepared as singlets with triplicate center point repetitions at 8 

thermal stabilization cycles and 2:1 gelatin: protamine (w/w), where the center point 

combined the intermediate levels of both test parameters. P-TS-CoAcs prepared under 

different conditions, and their nomenclature is detailed in (Table 8). 

 

Table 7. Design of experiment (DOE) for assessment of varying assembly conditions on colloidal properties 

and transfection performance of P-TS-CoAc  

Table 8. Preparation conditions and nomenclature of P-TS-CoAc series included in the DOE for factorial 

analysis of the impact of varying number of thermal stabilization cycles and gelatin to protamine ratio on the 

colloidal properties na d transfection performance of the nanosystem. 

Sample name* Gelatin: Protamine 

mass ratio (w/w) 

 Number of thermal stabilization 

cycles  

P4-TS8-CoAc**,*** 4:1  8 

P1-TS12-CoAc 1:1  12 

P4-TS4-CoAc 4:1  4 

P2-TS4-CoAc 2:1  4 

P4-TS12-CoAc 4:1  12 

  
            

variables Design levels 
 

High Intermediate Low 

Number of thermal stabilization 

cycles 

12 8 4 

Gelatin: protamine (w/w) 4:1 2:1 1:1 
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P1-TS4-CoAc 1:1  4 

P2-TS12-CoAc 2:1  12 

P2-TS8-CoAc 2:1  8 

P1-TS8-CoAc 1:1  8 

 

*Samples are listed in run order of the model 

**P#, (#) is equivalent to gelatin to protamine mass ratio 

*** TS#, (#) is equivalent to the number of thermal stabilization cycles 

 

3.3.6. Flow cytometric assessment of the transfection performance of 

P-TS-CoAc nanocarriers included in the factorial design  

 

           Further assessment of the impact of varying P-TS-CoAc preparation parameters on 

transfection efficiency and protein expression level following different P-TS-CoAc 

treatments was performed as previously described in section 3.3.5. using DC2.4, with a 

post-treatment incubation of 48h, following which cells were similarly detached and 

analyzed. 

 

3.3.7. Flow-cytometric assessment of the kinetics of expression of 

pDNA and mRNA following DC2.4 treatment with P4-TS4-CoAc 

 

             To assess the kinetics of mCherry and pAmCyan1 expression in DC2.4 following 

P-TS-CoAc treatment, P4-TS4-CoAc was selected based on its transfection performance in 

the factorial assessment. Cells were cultured as previously described and then treated with 

the P4-TS4-CoAc at t=0h ,and up to 6h. Five predetermined time points were selected for 

sample collection and assessment of transfection at 1h,3h,6h, and 24h,33h post particle 

treatment. As for sample collection at time points of 6h or less, the particle treatment was 

removed and cells detached and analyzed either at 1h, 3h, or 6h post initial treatment. 

Meanwhile, for samples remaining in culture past 6h, the particle treatment was removed, 

samples washed, further incubated in DC2.4 medium then harvested for analysis at 24 or 

33h. all samples were harvested and flowcytometrically analyzed as previously described. 

  

3.3.8. Statistical analysis of data 
 

           Graph Pad Prism 8 for Windows (Version 8.01, GraphPad 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 o per sample in a single experiment. For 
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longitudinal 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).  

 

           Design of experiment for factorial assessment of the impact of varying assembly 

conditions on P-TS-CoAc performance as well as analysis of the designs was performed 

using Minitab 20.1 (JMP, Buckinghamshire, UK). 

 

     

3.4. Results and Discussion  

3.4.1. Particle characteristics of protamine coated thermally 

stabilized gelatin-pDNA coacervates (P-TS-CoAc) and Lipid coated 

gelatin-pDNA coacervates (L-TS-CoAc) 
 

            DLS results provided first evidence for 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 comparison to the non-coated TS-CoAc (168±5.8 nm) (Figure 20-a). The  

PDI of both L-TS-CoAc and P-TS-CoAc was higher than TS-CoAc, yet this increase was 

statistically insignificant in the case L-TS-CoAc which when combined with the particle 

size results provides a further positive indication of the successful deposition of a lipid coat 

on TS-CoAc in L-TS-CoAc (Figure 20-b). For P-TS-CoAc the core-shell structure was 

previously confirmed using TEM297 (Figure 10-d). 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 (Figure 20-c) could also be a further indication of the successful 

cationic coat deposition for both nanocarriers. Both particle size distributions (Figure 20-

e), as well as zeta-potential (Figure 20-f), showed monophasic peaks for all particles in 

high-resolution measurement mode, further indicating a homogenous population of coated 

TS-CoAc. 
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Figure 20. Dynamic light scattering assessment of (a) particle size(nm) (b) PDI and (c)zeta-potential(mV) of 

either protamine sulfate coated( P-TS-CoAc), Lipid coated (L-TS-CoAc), and uncoated (TS-CoAc) thermally 

stabilized gelatin-pAmCyan1 coacervate. (e) Particle size distribution by the intensity of TS-CoAc, P-TS-

CoAc, and L-TS-CoAc. (f) Apparent zeta-potential distribution of TS-CoAc, P-TS-CoAc, and L-TS-CoAc. 
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3.4.2. In-vitro transfection performance of L-TS-CoAc, P-TS-CoAc, 

and LNPs in murine dendritic cell line (DC2.4) 
 

          In this experiment, the aim was to assess the comparative performance of a lipid coat 

compared to a protamine coat in the contest of the previously reported core-shell structure 

in Chapter. II. Where P-TS-CoAc had already displayed superior co-transfectional 

capacities of fluorescent reporters mCherry and pAmCyan1 compared to an equivalent 

mass of protamine alone, simply complexed with equivalent doses of the fluorescent 

reporters. That experiment indicated some degree of merit of the core-shell arrangement to 

the desired co-transfection. Hence, given the established superiority of ionizable lipid, 

helper lipid, cholesterol, and pegylated lipid combinations in siRNA and mRNA 

transfection, I aimed to further explore the capacity of a lipid-coated against a protamine-

coated system.  

 

 

          Results demonstrated that in terms of transfection efficiency, 36h following 

treatment application to DC2.4, JetM, JetP LNPs, L-TS-CoAc, and P-TS-CoAc could all 

achieve a statistically significant enhancement in % of cells expressing mCherry 

(%transfection efficiency) (Figure 21-b) as well as, the protein expression level (MFI) 

(Figure 21-c) compared to untreated control. While no statistically significant difference 

in mCherry transfection efficiency between P-TS-CoAc, L-TS-CoAc, and JetM could be 

observed, LNP demonstrated significantly higher transfection efficiency of mCherry 

compared 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. LNP demonstrated a statistically higher 

expression level of mCherry compared to JetM, L-TS-CoAc, and P-TS-CoAc.  

 

          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-CoAc298, and the ionizable101,104 and 

helper lipid122 components of L-TS-CoAc63, since endosomal escape is the rate-limiting 

step of mRNA expression299–301.  

 

        

           As for pAmCyan1 transfection efficiency, none of the treatments except for P-TS-

CoAc demonstrated any statistically significant improvement in pAmCyan1 transfection 

compared to untreated control. As for levels of pAmCyan1 expression, P-TS-CoAc was the 

only treatment that produced a statistically significant pAmCyan1 expression level 

compared to untreated control, with 3.4 fold increase in MFI, thus making P-TS-CoAc the 

only successful system for simultaneous transfection with mRNA and pDNA, highlighting 

the unique co-transfectional capacity of this nanosystem.  
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           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 302. In general, for LNPs, 

pDNA and mRNA transfection can be improved by using unsaturated helper lipids302, 

which have also been reported as more efficient for mRNA transfection123. Eventually, 

however,  DSPC was incorporated in all the commercial mRNA transfection systems, 

possibly due to outperforming unsaturated counterparts in this particular LNP 

formulations63. Both LNPs and L-TS-CoAc also lack any nuclear translocation sequences, 

which is not the case for protamine. Hence, P-TS-CoAc on the other hand was uniquely 

capable of the successful co-transfection with pDNA- alongside mRNA- mainly due to the 

nuclear translocation properties of protamine rendered by four nuclear translocation-like 

signals present in its structure possesses240,265. 

 

            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 

(Figure 21-a).  
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Figure 21. Flow-cytometric analysis of the impact of varying coat structure on the co-transfectional performnace 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 

pAmCyan1 (right). (b) Transfection efficiency of DC2.4 with either mCherry (red) or pAmCyan1 (green) 36h following 

treatement with different samples with equivalent doses of 5µg pAmCyan1 and 1µg mRNA, data is displayed as mean±SD 

(N=1,n=3), dotted line represents background signal of untreated control. (c) Mean flourescence intensity (MFI) of 

mCherry (red) or pAmCyan1 (green) by DC2.4 following treatement with different samples with equivalent doses of 5µg 

pAmCyan1 and 1µg mRNA, Data are displayed as mean±SD (N=1,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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3.4.3. Factorial assessment of the impact of varying P-TS-CoAc 

assembly conditions on colloidal properties of the nanosystem using 

DLS 
 

       Factorial assessment of the impact of varying the number of thermal stabilization 

cycles and gelatin to protamine mass ratio revealed that, for the different conditions tested, 

particles remained within an acceptable and narrow particle size and PDI range as can be 

observed in (Figure 22-a). The PDI values across all P-TS-CoAcs particles featuring the 

different number of heating cycles and gelatin: protamine mass ratios ranged between 

0.105-01.3, whereas particle size ranged between 200-224 nm. Overall varying both the 

number of heating cycles or gelatin to protamine mass ratio had more or less a negligible 

impact on the colloidal properties of the system.  

          Yet when examining the contour plot of particle size (Figure 22-a), despite the 

narrow range of particle size variation, particle size slightly increased at higher gelatin to 

protamine ratio, which can be resorted to the progressive decrease in the zeta-potential of 

the system with declining protamine content, and hence lower repulsive forces acting to 

minimize particles’ aggregation overtime. 

          P-TS-CoAc prepared under different conditions of number of stabilization cycles and 

protamine: gelatin ratios also predominantly showed good colloidal stability over 2 weeks 

of storage at 4˚C (Figure 22-b,c,d,e,f,g). Except for P2-TS12-CoAc (Figure 22-d,g), all 

the other particle systems showed little change in particle size and PDI during storage. Even 

the particles that displayed statistically significant changes in either size or PDI did so 

within a small numerical range and remained within acceptable size and PDI ranges.      
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3.4.4. Impact of varying nanosystem assembly conditions on its 

transfection performance  
 

             

 

 

 

Figure 22. Factorial assessment of impact of varying number of thermal stabilization cycles or gelatin: 

protamine mass ratio on particle size and PDI of P-TS-CoAc using DLS. (a) Contour  plot of impact of 

number thermal stabilization cycle( x-axis) and gelatin: protamine ratio (w/w) (y-axis) on PDI (left) and 

particle diameter (nm) (right) of P-TS-CoAc. (b-d) Fold increase in particle diameter of P-TS-CoAc 

compared to uncoated TS-CoAc at either 4 (b), 8 (c) or 12 (d) thermal stabilization cycles and varying 

gelatin:protamine (w/w) ratio (x-axis).(e-f) Fold increase in PDI of protamine coated TS-CoAc compared to 

uncoated TS-CoAc at either 4 (b), 8 (c) or 12 (d) thermal stabilization cycles and varying gelatin:protamine 

(w/w) ratio (x-axis), data is displayed as mean±SD (N=1,n=3), **** p < 0.0001; ** p < 0.01; * p < 0.05; 

ns = not significant. 
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 Factorial assessment of transfection performance of P-TS-CoAc prepared using a varying 

number of thermal stabilization cycles and gelatin to protamine mass ratios showed mostly 

higher transfection efficiency of mCherry at lower gelatin to protamine ratio as observed 

in the top left panel of (Figure 23-a). This could be expected since, at higher protamine 

concentration, particle uptake as well as endosomal escape, are expected to increase, given 

the enhanced interaction of the cationic particle component, protamine, with cellular and 

endosomal membranes, respectively. Whereas the impact of the number of thermal 

stabilization cycles is less pronounced on mRNA since it is surface-loaded.    

  

            While for pAmCyan1, the highest transfection efficiency could be achieved either 

at higher gelatin to protamine ratio and an intermediate number of thermal stabilization 

cycles or at a higher number of thermal stabilization cycles as well as lower gelatin to 

protamine ratio. A lower number of thermal stabilization cycles lead to lower pAmCyan 

transfection efficiency across the different gelatin to protamine ratios (Figure 23-a bottom 

left panel). These trends were also largely maintained for levels of AmCyan1 expression 

(Figure 23-a, bottom right panel). We hypothesize that the increase in the number of 

thermal stabilization cycles may be accompanied by an increase in the frequency of 

electrostatic and hydrogen bonding interaction points between gelatin and pDNA. This 

delays pDNA release from the core and its availability for nuclear translocation in 

conjunction with protamine. Simultaneously, the protamine content of the system is being 

continually depleted following cellular uptake via proteolytic digestion whether before or 

following the endosomal escape. Thus at a lower number of thermal stabilization cycles, 

the rapid pDNA release from the system still allows high transfection efficiency as it 

coincides with less protamine degradation time, and hence more abundant protamine for 

pDNA sequestration and nuclear translocation. Whereas at a higher number of thermal 

stabilization cycles, the delayed pDNA release may require to be coupled with higher 

protamine content in the particle, to allow enough residual protamine at that late time, for 

mediating pDNA transfection still. As for lower thermal stabilization cycle number, the 

reduced transfection efficiency across different gelatin to protamine mass ratios may be due 

to early pDNA release prior to endosomal escape.  

   

            Generally, the highest expression of levels of both mCherry and pAmCyan1 were 

observed at the highest number of thermal stabilization cycles and lowest gelatin to 

protamine ratio. This can largely be resorted to the higher NP ratio incurred by the higher 

protamine content for both NAs, as well as the superior shielding effect against nucleases 

in the case of the more stabilized pDNA.  P1-TS12-CoAc showed the highest levels of both 

transfection efficiency and protein expression for both mCherry and pAmCyan1 among all 

P-TS-CoAc. Yet, the range across which the particle performance was varied was rather 

narrow ranging from 98.5-99.5% for mCherry transfection efficiency, 82%-96% for 

pAmCyan transfection efficiency, as well as for MFI which ranged from 2550-2800 for 

mCherry expression and 580-660 for pAmCyan1 expression. Taking such ranges into 

account alongside the time and material consumption required for either P4-TS4-CoAc and 

P1-TS12-CoAc, we opted for P4-TS4-CoAc for subsequent experiments. 
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Figure 23. Factorial assessment of impact of varying number of thermal stabilization cycles or gelatin: 

protamine mass ratio on the co-transfectional performance of different P-TS-CoAc for 5µg pDNA (pAmCyan1) 

and 1µg mRNA(mCherry) in DC2.4. (a) contour  plot of impact of number thermal stabilization cycle( x-axis) 

and gelatin: protamine ratio (w/w) (y-axis) on mCherry transfection efficiency (top-left), mCherry MFI (top-

right) pAmCyan transfection efficiency (bottom left), AmCyan1 MFI (bottom right) (b) Shifts in flourescence 

intenstity of DC2.4 48h following treatment with commercial control JetM and JetP and with different P-TS-

CoAc samples on AmCyan channel for pAmCyan1 and PE-Texas red channel for mCherry treatment (right).  

 

 



 - 86 - 

3.4.5. Assessment of the kinetics of expression of pDNA and mRNA 

following DC2.4 treatment with P4-TS4-CoAc 
 

             Following the factorial assessment of the impact 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 33h (Figure 24-a).  P4-TS4-CoAc was selected for this experiment given its favorable 

assembly conditions as well as high pAmCyan1 and mCherry transfection efficiencies of 

90.1% and 99.7%, respectively in DC2.4 48h following original particle treatment (Figure 

21).  

 

            During the first 6h following P-TS-CoAc application, no statistically significant 

increase in transfection efficiency could be detected for either mCherry or pAmCyan1 

(Figure 24-b). Yet, in terms of protein expression levels, a time-resolved expression of the 

two nucleic acid cargos mCherry and pAmCyan1 could be observed in DC2.4 (Figure 24-

c). A detectable statistically significant increase in the level of mCherry expression could 

be detected as early as 3h after P-TS-CoAc application, while no such detectable expression 

could still yet be observed for pAmCyan1 at the same time point. The first discernible 

expression of AmCyan1 was yet to follow at 6h. This was hence the first detectable 

difference in expression kinetics of the co-delivered mRNA and pDNA observed as an 

earlier expression onset from mRNA and a later one from pDNA. 

 

              After 24h, 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 33h (Figure 24-b); a similar trend was observed for the total level 

of mCherry protein expression as indicated by the overall mean fluorescence intensity 

(MFI) (Figure 24-c). Conversely, pDNA expression was delayed and only reached 

approximately half the transfection efficiency of mRNA at 24h with 42.5±2.5%, and even 

continued to increase to 54.63±2.95 at 33h, indicating some both delayed and prolonged 

expression-time profile relative to its mRNA co-cargo.  
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Figure 24. Expression kinetics of mCherry (mRNA, 1µg) and pAmCyan1 (pDNA,5 µg) in DC.4  over 33h, 

following P4-TS4-CoAc application. (a) The shifts in fluorescence intensity of DC2.4 at 0,1,3,6,24, and 33h  

following P4-TS4-CoAc application on PE-Texas red channel for mCherry treatment (left) and AmCyan 

channel for pAmCyan1(right).   (b) % cells expressing fluorescent reporter protein from mCherry (red) and 

pAmcyan1(green) in DC2.4 over time up to 33h following P4-TS4-CoAc application (solid lines) compared to 

untreated control (dotted lines). (c) Level of mCherry or AmCyan expression mCherry (red) and 

pAmcyan1(green) in DC2.4 over time up to 33h following P4-TS4-CoAc application (solid lines) compared to 

untreated control (dotted lines). Shaded areas indicate time-points where a significant difference existed 

between P4-TS4-CoAc treatment and untreated controls, with levels of significance indicated with either red   

(*) for mCherry or green (*) for pAmCyan1. 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 (*). Data 

are displayed as mean±SD (N=1,n=3), and the dotted line represents the background MFI of untreated 

control. **** p < 0.0001; *** p < 0.001; ** p < 0.01, * p < 0.05;  ns = not significant. 

 

 

3.5. Conclusion 

                     

          The aim of this study was to investigate thermally stabilized gelatin-pDNA complex 

coacervate (TS-CoAc), as a suitable core structure for cationic coating and consequent 

surface loading with mRNA, as a co-transfectional tool for pDNA and mRNA. We could 

demonstrate the superiority of nuclear-translocating signal containing protamine coat 

which resulted in a unique co-transfection capacity for this system which remained 

unattainable by neither LNPs nor lipid-coated TS-CoAc. In contrast, LNPs or lipid-coated 

TS-CoAc co-loaded with mRNA and pDNA and featuring a lipid mixture comprising 

ionizable lipid Dlin-MC3-DMA, DSPC, DMG-PEG2000, and cholesterol could only cause 

mRNA transfection, whereas none was detected for pDNA. Protamine-coated TS-CoAc on 

the other hand displayed high pAmCyan1 and mCherry transfection efficiencies of 90.1% 

and 99.7%, respectively in DC2.4 48h following original particle treatment. 

             A factorial assessment of the impact of varying the two main assembly conditions 

of P-TS-CoAc, namely; the number of thermal stabilization cycles of the gelatin-pDNA 

core and the mass ratio between gelatin core content and protamine coat content revealed 

that neither factor could dramatically impact the transfection performance of the 

nanosystem.  

            The most interesting feature of the system remains to be its ability to instigate a 

different time course of protein expression from its dual nucleic acid cargos, where mRNA 

produces an early, strong, and transient expression, while pDNA produces 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 adjuvants, where time 

resolution between antigen and adjuvant expression can strongly affect vaccine safety and 

efficacy. 
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4.1 Abstract 

             As vaccination is undergoing a paradigm shift from conventional to nucleic acid 

(NA) based vaccines, a similar approach may be extended to adjuvantation strategies. 

Hence, the current study aims to investigate the possibility of delivering pDNA or mRNA 

encoding Chemokine Receptor 7 (CCR7) or Chemokine Ligand 4 (CCL4) using the 

previously described P-TS-CoAc nanocarrier system.  

          At first, mRNA encoding for either CCR7 (mCCR7) or CCl4 (mCCL4) was 

transcribed in-vitro from linearized plasmid templates of CCR7(pCCR7) and 

CCL4(pCCL4), respectively. Product quality and purity were investigated using agarose 

gel electrophoresis which demonstrated successful production of mCCL4, while mCCR7 

production was not feasible. In-vitro transfection of pCCR7 and mCCR7 in murine 

dendritic cell line DC2.4 was investigated using fluorescently labeled anti-CCR7 staining 

followed by flow cytometric analysis, where only DC2.4 electroporated with pCCR7 

showed successful CCR7 expression on DC2.4 at approximately 10% transfection 

efficiency 24h post-treatment, whereas DC2.4 treated with pCCR7 or mCCR7 delivered 

using either commercial controls or P-TS-CoAc failed to express any detectable CCR7 

expression. CCL4 In-vitro expression was investigated in DC2.4 as well as A549 cell lines. 

Flow-cytometric assessment of CCL4 content in the supernatant of cells electroporated 

with either pCCL4 or mCCL4 showed successful expression of CCL4 after 6h in DC2.4, 

while expression in A549 was negligible. DC2.4 treated with the NAs delivered using either 

commercial controls or P-TS-CoAc showed successful mCCL4 and pCCL4 expression 

with commercial transfection reagents at 3h and 22h post-treatment, respectively, whereas 

no discernible expression was achieved using either mCCR7 or pCCR7 loaded on P-TS-

CoAc.  

           To follow, chemotactic migration studies were performed using a combination of 

microfluidic and live-cell imaging techniques to assess the chemoattractive potential of 

pCCL4 and mCCL4 electroporated DC2.4 to untreated immature DC2.4, yet no 

chemoattractive effect could be detected using this setting. In conclusion, this study could 

be a stepping stone for the endogenous-adjuvantation concept where NA-encoded antigens 

and adjuvants can be co-delivered on a singular nanocarrier and possibly expressed in a 

time-resolved manner, but further optimization is still required for the nanocarrier to realize 

such application. 
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4.2. Introduction 

        The quest for effective co-delivery of antigens and adjuvants in the realm of 

vaccination is now gaining more momentum than ever303, where the COVID-19 Pandemic 

brought issues such as maximizing single vaccine dose safety, efficacy, and vaccine dose 

sparing to the center stage of public and scientific debate. For decades, adjuvantation has 

been an integral approach to achieving such objectives1. Three adjuvantation strategies are 

currently in focus;(i) the use of nanocarriers with immunostimulatory components such as 

MF59, AS03, AS04, and LNPs featuring ionizable or cationic lipids304,305, (ii) antigen-

adjuvant conjugation306, and (iii) co-delivery of NA-encoded immunomodulators204 in 

combination with NA-encoded antigens.  In this study, we investigate the capacity of a 

recently reported nanocarrier (P-TS-CoAc)297 for co-delivery of surface-loaded mRNA and 

core-loaded pDNA to deliver mRNA or pDNA encoded Chemokine Ligand 4 (CCL4/MIP-

1ß) or Chemokine receptor 7 (CCR7) (Figure 25).  

          Chemokine Ligand 4 (CCL4) also referred to as Macrophage Inflammatory Protein-

1ß (MIP-1ß), is a chemokine capable of mobilizing a range of innate and adaptive immune 

effector cells to inflammation sites, and hence we believe could be valuable adjuvant 

candidate307. Originally secreted by macrophages it can attract natural killer cells, 

monocytes, neutrophils, immature DCs (as part of the innate immune component), but also 

B and T lymophocytes308–310.  

          CCR7 is G-protein coupled receptor expressed mainly by mature and semi-mature 

DCs, naïve T-cells, and B-cells, as well as central memory T-cells. It plays a central role in 

mobilizing these key players in the adaptive immune response along the chemotactic 

gradient of CCR7’s two ligands CCL19 and CCL21 towards primary lymphatic organs311. 

This major role played by CCR7 in DC mobilization has been repeatedly confirmed by the 

inability of dermal  CCr7 knockout DCs to migrate from their original tissue to the draining 

lymph nodes following in-vivo mobilization induced by fluorescein isothiocyanate (FITC) 

skin staining312. Also, BMDCs of CCR7-deficient mice failed to migrate to the draining 

lymph nodes upon their intra-tracheal instillation or subcutaneous injection313,314. Upon 

being activated by CCL19, CCR7 expressed by licensed or semi-mature DCs can allow 

their full maturation by enhancing their cytokine production of IL-3, IL-6, and TNF, so that 

they reach T-cells in the lymph node fully ready for their activation 315. Another role for it, 

during the later stages of adaptive immune response in secondary lymphoid organs, is the 

ability of CCR7 to mediate the exchange of B-cells and CD4+ T-helper cells between the 

B and T-cell regions, thus promoting their interaction and hence resulting in more efficient 

humoral immunity316. 

          The hypothesis for adjuvant action in the case of CCL4 expressed either by or in the 

vicinity of antigen-expressing APCs, is that CCL4 can attract larger numbers of CD8+, 

CD4+ among other adaptive immune effectors ready to interact with the APCs and 

propagate a stronger adaptive immune response. For CCR7 on the other hand, its 

overexpression on antigen primed DCs can promote higher sensitivity to the chemotactic 
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gradients of its ligand and promote faster migration to lymphatic sites and the ensuing 

immuno-synapsing, thus again promoting potentially faster and stronger immune response. 

From the aforementioned roles of CCL4 and CCR7, it is evident in theory, that both 

candidates if co-delivered as NA-encoded formats with an NA-encoded antigen, on a single 

carrier that would allow the delayed expression of the adjuvant (from a core loaded pDNA) 

to the antigen (from a surface loaded mRNA), can promote and improve the quality of the 

resulting adaptive immune response. Hence, we opted to investigate the potential of 

delivery of NA-encoding CCR7 and CCL4 on P-TS-CoAc. 

 

4.3.  Methodology 

4.3.1. Materials 
       Gelatin GELITA® MedellaPro® <=100, 228g Bloom, porcine gelatin of 

pharmaceutical-grade was obtained from GELITA® (Deutschland GmbH, Eberbach, 

Germany). Protamine sulfate was obtained from Sigma-Aldrich (Darmstadt, Germany). 

DNA plasmids encoding for murine CCL4 (pCMV3-mCCL4-untagged) and CCR7 

(pCMV3-mCCR7-untagged) were purchased from Sino Biological Europe GmbH 

(Eschborn, Germany). DH5α E. coli competent cells of subcloning efficiency were 

obtained from Invitrogen, Thermo Fisher Scientific (Darmstadt, Germany). Qiagen 

EndoFree Plasmid Mega Kit was obtained from Qiagen (Hildesheim, Germany). 

CleanCap® mCherry mRNA was obtained from Tri-Link BioTechnologies LLC (CA, 

USA). Purified water was supplied by a Milli-Q water purification system (Merck, 

Figure 25. Graphic illustration of the modes of action of the selected adjuvant candidates Chemokine Ligand 4 (CCL4) 

and Chemokine Receptor 7 (CCR7), the NA-formats coding for them and their loading location on P-TS-CoAc. 
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Millipore) and will be referred to as MQ water.  Commercial transfection reagents 

JetMessenger (JetM) for mRNA and JetPrime (JetP) for pDNA were obtained from 

Polyplus-transfection® (Illkirch, France). HiScribe™ T7 Quick High Yield RNA Synthesis 

Kit, Vaccinia capping system, mRNA Cap 2'-O-methyltransferase system, E. coli poly (A) 

polymerase tailing system, Monarch® RNA Cleanup Kit (50 μg) were all purchased from 

New England Biolabs GmbH (Frankfurt am Main, Germany). Restriction enzymes XbaI, 

PdiI, KpnI, SmaI (10 U/ µL) as well as their working buffers were all purchased from 

Thermo Fisher Scientific ( Darmstadt, Germany). 

        Research-grade agarose was obtained from Serva® (Heidelberg, Germany). Disodium 

dihydrate ethylenediamine tetra-acetic acid (EDTA-Na2) was obtained from Roth GmbH + 

Co. KG (Karlsruhe, Germany). DNA Ladder 250-10000 bp was obtained from PEQLAB 

Biotech GmbH (Erlangen, Germany). 1kb DNA ladder was obtained from Promega GmbH 

(Walldorf, Germany).  Ethidium bromide 10 mg mL-1 was obtained from Sigma-Aldrich 

(Darmstadt, Germany). Bovine Serum Albumin (BSA), DNase I, DNase I buffer, 50 mM 

EDTA, DNA loading dye- SDS (6x), and Ribolock were obtained from Thermo Fisher 

Scientific (Darmstadt, Germany). Purecol (Bovine collagen type I solution, 3.1 mg/mL) 

was obtained from CellSystems (Troisdorf, Germany).  

 

        A549 cells (human lung carcinoma cell line, No. ACC 107) were supplied by DSMZ 

GmbH  (Braunschweig, Germany). Murine dendritic cell line DC2.4 was obtained from 

Millipore Corporation (California, USA). RMPI-1640, Fetal Calf Serum (FCS), non-

essential amino acids (NEAA,100X), Accutase, 10X MEM, 7.5% NaHCO3, and  HEPES 

buffer solution(1M) were all obtained from Gibco, Thermo Fisher Scientific (Darmstadt, 

Germany). β-mercaptoethanol 100X was purchased from Merck (Darmstadt, Germany). 

Recombinant Mouse CCL19 (MIP-3ß) was purchased from Tonbo Biosciences (San 

Diego, CA, USA). LEGENDplex™ Mouse CCL4 (MIP-1β) Capture Bead B5 (13X), 

LEGENDplex™ Mouse Proinflammatory Chemokine Detection Antibodies, 

LEGENDplex™ Mouse Proinflammatory Chemokine Standards, PE anti-mouse CD197 

(CCR7) Antibody, TruStain FcX™ PLUS (anti-mouse CD16/32) Antibody, and PE Rat 

IgG2a, κ Isotype Ctrl antibody were all purchased from Biolegend (San Diego, CA, USA). 

µ-Slide Chemotaxis were obtained from Ibidi GmbH (Gräfelfing,Germany). 

4.3.2. Plasmid propagation and extraction 
         pCMV3-mCCL4-untagged and pCMV3-mCCR7-untagged, briefly referred to as 

pCCL4 and pCCR7, respectively, as well as pUC19, were initially propagated in-house 

(Figure 26). Where 100 ng of each plasmid was transformed into Subcloning Efficiency™ 

DH5α E. coli competent cells by gentle mixing with 50 µL cell suspension. The mixture 

was left on ice for 30 min, after that the cells were heat-shocked at 42˚C for 30 sec then 

returned to the ice for 2 minutes. Antibiotic-free LB-Broth (950 µL), pre-warmed to 37 ˚C 

was used to dilute the transformed cells, and they were further incubated for 1hr at 37 ˚C, 

and 225 RPM shaking. The transformed cell suspension (20 µL) was streaked on 

Ampicillin containing LB Agar and further incubated at 37 ˚C, 5% CO2 for 16h. 
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        Discreet colonies were picked off the  LB Agar and used to set pre-cultures in 1mL 

Ampicillin containing (50 µg/mL) LB-Broth containing. These pre-cultures were incubated 

for 1 h at 37 ˚C, 225 RPM. The pre-cultures with the highest optical density were then used 

to inoculate 500 mL of the same medium followed by overnight incubation at 37 ˚C, 5% 

CO2, and shaking at 225 RPM. The plasmid containing bacteria was later collected from its 

suspension by centrifugation at 300 g for 20 min at 4 ˚C and pCCR7, pCCL4, or pUC19 

were extracted from its expressing bacteria using EndoFree Plasmid Mega Kit (Qiagen, 

Hildesheim, Germany) as per the manufacturer's instructions.  

 

Figure 26. In-house preparation scheme of pCCR7, pCCL4 showing pCCR7, pCCL4, and pUC19 

transformation in DH5α E. coli competent cells, propagation, and extraction  

4.3.3. pCCR7 and pCCL4 quality assessment 
 

UV-Spectrophotometry 
       The resulting plasmids were assessed spectrophotometrically for both yield and purity 

using NanoDrop™ 2000 (Thermo Fisher Scientific, Darmstadt, Germany). Briefly, 1 µL 

of pDNA solution in TE buffer was exposed to UV light at λ= 260 nm and 280 nm. All 

measurements were blanked to TE buffer. 

 Agarose gel-electrophoresis based Restriction-enzyme mapping 

          Three restriction enzyme digests followed by agarose gel electrophoresis were 

performed on either pCCL4 or pCCR7 to map the plasmid digestion patterns and hence 

confirm its identity. The first digest was a single cut to linearize either pCCL4 or pCCR7 

using XbaI to confirm the plasmid’s full-length integrity. Briefly, 0.5 µg of pDNA was 

incubated for 1hr at 37 ˚C  with 25 U XbaI, followed by XbaI inactivation via heating the 

reaction mixture at 80 ˚C for 10 min. The second digest aimed to confirm the integrity of 

the pCMV3-backbone of pCCL4 and pCCR7, hence 0.5 µg of pDNA was incubated for 

1hr at 37 ˚C  with 25 U PdiI, followed by restriction enzyme inactivation as previously 

described. The third digest aimed to confirm the identity of CCL4 and CCR7 gene inserts 

using double digestion of each 0.5 µg of pDNA using 25 U XbaI and 100 U KpnI, for 1hr 

at 37 ˚C, followed by restriction enzymes’ inactivation as previously described. All 

reactions were performed in 1x Tango buffer (Thermo Fisher Scientific, Darmstadt, 
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Germany). pUC19 was also linearized and checked using XbaI in a similar procedure as 

pCCR7 and pCCL4. 

         Restriction enzyme(s) digests were then combined with DNA loading dye (1x)  and 

run on a 1.3% Agarose gel, at 90 mV for 90 mins, against  250-10000 bp DNA Ladder, and 

later visualized under UV-light (Fusion FX7 imaging system, Peqlab, Erlangen, Germany). 

 

4.3.4. In-vitro transcription (IVT) of mCCL4 and mCCR7 
        mCCR7 and mCCL4 were in-vitro transcribed in-house with sequential capping and 

tailing steps as indicated in (Figure 27). 

pDNA template linearization 

         pCCL4 and pCCR7 were both linearized and used as templates for in-vitro 

transcription (IVT) of their respective mRNA open reading frame mCCL4ORF and 

mCCR7ORF, respectively. Briefly, 10 µg of either plasmid were linearized with 50 U XbaI,  

the digestion was inactivated by heating at 65˚ C for 20 minutes. 

IVT of  Open Reading Frame ( ORF) 
After linearization, the linearized pDNA template was used to produce the respective ORF 

of mRNA using HiScribe™ T7 Quick High Yield RNA Synthesis Kit, as per the 

manufacturer's instructions. In-vitro transcription reaction proceeded for 4h at 37˚C, 

followed by pDNA template digestion using 1 U DNase I (Thermo Fisher Scientific, 

Darmstadt, Germany) and incubation at 37˚ C.  

ORF Capping 

        A Cap 1 structure was added to the resulting mRNAORF, by incubating 50 µg 

mRNAORF with 5 µL of 10mM GTP, 5 µL 4mM S-adenosylmethionine, 50 U Vaccinia 

capping enzyme, 250 U mRNA Cap 2'-O-Methyltransferase for 60 min at 37˚C.  

ORF tailing 
         The capped mRNAORF was then tailed in a post-transcription polyadenylation 

procedure, where the capped mRNAORF was incubated with 50 U E.coli Poly(A) 

Polymerase and 10 µl 10mM Adenosine-5'-Triphosphate (ATP).  

mRNA product purification 

        The capped and tailed mRNAORF were eventually purified using Monarch® RNA 

Cleanup Kit (50 μg). Capped and tailed mRNAORF would now be referred to as mCCL4 

and mCCR7 throughout the text. 
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Figure 27. In-vitro transcription of mCCR7ORF and mCCL4ORF from their corresponding linearized plasmid 

templates, followed by their capping (Cap1 structure) and tailing (polyadenylation). 

4.3.5. Assessment of mRNA product quality 
        The quality of the resulting mCCL4 and mCCR7 capped and tailed final product was 

spectrophotometrically assessed using NanoDrop™ 2000 (Thermo Fisher Scientific, 

Darmstadt, Germany) for concentration and purity. Also, agarose gel electrophoresis was 

run for both mRNAORF on 2% agarose gel, at 90 mV for 90 minutes then the gel was 

visualized under UV light (Fusion FX7 imaging system, Peqlab, Erlangen, Germany). 

4.3.6. Preparation of (P-TS-CoAc) for delivery of either mCCL4 or 

pCCL4 
        P-TS-CoAc were prepared as recently reported297,  briefly,  gelatin A was 

electrostatically assembled with pCCR7, pCCL4, or pUC19, then thermally stabilized at 

55˚C to form TS-CoAc, the sizes of coacervate cores before and after thermal stabilization 

were assessed using DLS. This was followed by protamine sulfate coating at gelatin: 

protamine 5:1 (w/w) and surface loading with mRNA. P-TS-CoAc was prepared using 

either a pCCL4 or pCCR7 core and no surface loaded mRNA or a non-coding pUC19 core 

on which mCCL4 or mCCR7 was surface loaded as indicated in (Table 9).  
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Table 9. Composition of different P-TS-CoAc assembled using in-house prepared pCCL4, pCCR7, pUC19, 

mCCL4 or mCCR7 mRNA. 

 

*pUC19 was used as a non-coding core-forming plasmid for P-TS-CoAc intended for 

surface loading of mCCL4 and mCCR7 

 

4.3.7. In-vitro transfection efficiency and rate of in-house produced 

pCCR7, pCCL4, mCCR7, mCCL4 
 

Electroporation 

        To assess the functionality of the in-house produced nucleic acids either DC2.4 was 

used in the case of pCCR7 or DC2.4 and A549 were used for pCCL4 and mCCL4. Cells 

were initially seeded in 24-well plates at a density of 50000 cells/ well in a medium 

consisting of RPMI-1640 supplemented with FCS (10% v/v) only in case of A549, or the 

same medium further supplemented with HEPES (1%), NEAA (1%), β-mercaptoethanol 

(0.0054%) in case of DC2.4. After  48 h incubation at 5% CO2  and 37°C cells were 

approximately 80% confluent and ready for electroporation. Immediately before 

electroporation, cells were detached using 200 µL Accutase for 45 mins, then Accutase 

activity was quenched using 800 µL of the initial medium of cell growth according to cell 

type as previously described. Afterward,  the cell pellet was collected via centrifugation at 

300 g for 5 minutes and washed twice with HBSS. Following the final wash, cells were  

resuspended in 90 µL OptiMEM, then electroporated with a predetermined dose of either 

pCCL4 (5 µg), mCCL4(1 µg), pCCR7 (5 µg), or mCCR7(1 µg) at 200 mV for 25ms. 

Electoporated cells were afterward transferred to 500 µL of Pen-Strep containing A549 or 

DC2.4 culture medium and back into a 24-well plate to be further grown for 48h before 

analysis for CCL4 or CCR7 expression. 

 

In-vitro transfection of DC2.4 with NAs encoding for CCL4 or CCR7 using 

commercial transfection reagents or P-TS-CoAc 
           DC2.4 were seeded in 24-well plates at a density of 50000 cells/ well in a medium 

consisting of RPMI-1640 supplemented with FCS (10% v/v), HEPES (1%), NEAA (1%), 

Sample name pDNA cargo (core-

loaded) 

mRNA cargo(surface-

loaded) 

P-TS-CoAc pCCR7 pCCR7 _ 

P-TS-CoAc mCCR7 pUC19* mCCR7 

P-TS-CoAc pCCL4 pCCL4 _ 

P-TS-CoAc mCCL4 pUC19 mCCL4 
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β-mercaptoethanol (0.0054%). After  48 h incubation at 5% CO2  and 37°C cells were 

approximately 80% confluent and were treated. 

               In the case of pCCR7, its attempted transfection was performed using 5µg pCCR7 

loaded on P-TS-CoAcpCCR7 against P-TS-CoACpUC19 as a negative control, respectively, 

applied to DC2.4 for 6h, following which P-TS-CoAc was removed, and replaced by cell 

culture medium in which cells were further incubated for 18h. Afterward, cells were 

detached and analyzed for CCR7 expression. 

               As for mCCL4 and pCCL4 cells were treated either: (i) With JetMessenger 

complexed mCCL4 or JetPrime complexed pCCL4 at a dose of 2 µg NA/ well for 3h in 

OptiMEM. The cell culture supernatant of DC2.4 was collected either 3h or 22h post-

treatment and analyzed for CCL4 content to assess the time frame of CCL4 expression from 

either NAs in DC2.4.  (iii) With P-TS-CoAcpCCR7 or jetP-pCCL4 at a dose of 5 µg pCCL4/ 

well, or P-TS-CoACmCCL4 or jetM-mCCL4 at a dose of 1 µg/ well, and cell culture 

supernatant collected at 6h and 24 h pooled and assessed for CCL4 content to assess P-TS-

CoAc transfection efficiency. 

 

 AB-staining assay for murine CCR7 expression in DC2. 

         Following electroporation or P-TS-CoAc application, cells were further incubated for 

24h, then cells were detached using 200 µL Accutase for 45 min followed by the addition 

of 800 µL DC2.4 culture medium, cells were washed twice in HBSS. Following this Fc 

receptor blocking of the cells was performed by incubating cells with 50 µL 4µg/ mL 

TruStain FcX™ PLUS (anti-mouse CD16/32) Antibody, in 1% BSA in PBS. Cells were 

further incubated for 10 min on ice.  Cells were then incubated with either 1µg, 2µg, or 4 

PE labelled Anti-CCR7 or PE Rat IgG2a, κ Isotype Ctrl Antibody Per 1*106 cells and 

further incubated for 120 min at 37°C. Afterward, cells were washed twice in 1% BSA in 

PBS, resuspended in HBSS, and flow cytometerically assessed for CCR7 expression on the 

PE-Channel (BD LSRFortessaTM Cell Analyzer Biosciences, Heidelberg, Germany). 

 

Flow cytometric capture beads assay for murine CCL4 expression in DC2.4 

and A549 

CCL4 content in the cell culture supernatant was flow-cytometrically assessed using 

Legendplex murine CCL4 FACS capture beads (Biolegend, Amsterdam, The Netherlands). 

(BD LSRFortessaTM Cell Analyzer Biosciences, Heidelberg, Germany) on the PE-channel. 

The calibration curve (Figure 32-a) was established using LEGENDplex™ Mouse 

Proinflammatory Chemokine Standards,  serially diluted  10000, 2500, 625,156.3,39.1,9.8, 

and 2.4 pg/mL CCL4. 

Chemotaxis assay 
          DC2.4 were suspended at a concentration of 1.5*106 c/mL in 300µL of 1.5 mg/mL 
collagen I, bovine (PureCol,CellSystems, Troisdorf, Germany), containing 0.75% 
NaHCO3, 0.16X DC2.4 medium (100 I.U./mL penicillin and 100 µg/mL streptomycin), 
0.6X MEM. The DC2.4 suspension was then seeded in the observation chamber of the µ-
chemotaxis slide (Ibidi GmbH, Gräfelfing, Germany), and the collagen matrix was allowed 
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to solidify at 37 ̊ C, 5% CO2 for 45 min.  Following which DC2.4 previously electroporated 
with 2 µg pCCL4, mCCL4 or nuclease-free water (NFW) as previously described were 
resuspended in DC2.4 medium containing Pen-strep at a density of 5*105 cells/mL and 
dispensed in reservoirs 2 and 3 as indicated in (Figure 33) Following which cells were 
maintained at 37 ̊ C, 5% CO2 for 24 hr and monitored using live-cell microscopy (Lionheart 
FX Automated Microscope, Agilent, CA, USA). Data were processed using the FastTrack 
tool from Ibidi, mainly for changes in vector and magnitude of cell movement represented 
by changes in their center of mass (CoM). 

Statistical analysis of data 

            Graph Pad Prism 8 for Windows (Version 8.01, GraphPad Software Inc.)  was used 

for data analysis. Data were presented as the mean of individual values (generally 3–9 

samples), and the standard deviation was indicated by the error bars. (N) refers to the 

number of experiments, (n) refers to the number of technical sample replicates per 

experiment. One-way ANOVA was performed for all test samples, and Tukey’s post hoc 

test was used to assess inter-group differences. 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). 

 

4.4.  Results and discussion 

4.4.1. Product quality of in-house propagated plasmids 

(pCCL4,pCCR7,pUC19) 

UV-Spectrophotometry 

           Spectrophotometric assessment of in-house propagated pCCR7 and pCCL4  (Table 

10) showed good yields of 2.53 and 2.45 mg in compliance with the expected 2.5 mg 

outcome of the Qiagen EndoFree Plasmid Mega Kit. Both pCCR7 and pCCL4  also 

displayed acceptable 260/280  ratios of 1.88 and 1.85, respectively (Table 10). The same 

was true for 260/230 ratios which were 2.27 for pCCR7 and 2.25 for pCCL4, thus indicating 

the absence of contaminants above the acceptable limits. The non-coding plasmid control, 

pUC19 showed a lower yield of 1.17 mg, yet had 260/280 and 260/230 ratios within the 

acceptable purity limits 

Table 10. Spectrophotometric assessment of pUC19, pCCL4, and pCCR7 

Plasmid 

name 

Function Selection 

antibiotic 

Yield 

(mg) 

260/280* 260/230** 

pUC19 Non-coding 

  

Ampicillin 1.17 1.88 2.16 

pCCL4 Coding for murine 

Chemokine Receptor 

Ligand 4 

Ampicillin 2.45 1.85 2.25 

pCCR7 Coding for murine 

Chemokine Receptor 7 

Ampicillin 2.53 1.88 2.27 
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*260/280 ratios lower than 1.8 may indicate the presence of protein, phenol, or other 

contaminants that absorb strongly at or near 280 nm. 

**Expected 260/230 values are commonly in the range of 2.0-2.2. If the ratio is appreciably 

lower than expected, it may indicate the presence of contaminants that absorb at 230 nm 

(EDTA, Carbohydrates, Phenols, etc.) 

 

Restriction-enzyme mapping of in-house propagated pCCL4, pCCR7, and 

pUC19  

             Restriction enzyme mapping assay (Figure 28 ) using XbaI confirmed the identity 

of the pUC19, with a band within the expected 2500-2700 bp range. As for pCCL4, the 

linearization product gave the expected band slightly above 6000 bp, the backbone check 

also conformed to expectations with two bands slightly above and below 4000 and 1800 

bp, respectively. Yet for the gene digest, it was hard to detect the expected band at 280 bp 

on this gel. Regarding pCCR7, all mapping reactions conformed to expectations, with the 

linearization reaction giving a band in the middle of the 6000-8000 bp range, the backbone 

digest conforming to expectation, and bands at approximately 4000 and 1800 bp, and a 

gene band at 1400 bp between 1000-1500 bp as expected. 

 

Figure 28. (a) Electrophoretic migration assay of in-house propagated pUC19,pCCl4 and pCCR7 using 

restriction enzyme mapping for product identification (b,c,d) expected digestion patterns of pUC19, pCCl4, 

and pCCR7, respectively, using the indicated restriction enzymes. 
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4.4.2. Product quality of in-vitro transcription (IVT) products 

(mCCL4 and mCCR7) 
          Spectrophotometric assessment (Table 11) confirmed the acceptable purity of the 

produced mCCL4 and mCCR7. Yet, agarose gel electrophoresis migration assay (Figure 

29) of mRNAORF data showed successful production of mCCL4ORF but not mCCR7ORF. 

Where a compliant band was observed for mCCL4ORF at 280 b, yet the resulting band for 

mCCR7ORF in-vitro transcription reaction product primarily stood at approximately 600 b, 

which is far from the expected 1400 b for mCCR7ORF, this could be resorted to the long 

gene and instability during the in-vitro transcription reaction. Both mCCL4ORF and 

mCCR7ORF showed detectable contamination with ds-RNA where the bands appeared at a 

base number double that of the mRNAORF band. 

 

Table 11. Spectrophotometric assessment of mCCL4 and mCCR7 

Sample name mCCL4 mCCR7 

Yield 116 µg 212 µg 

260/280 1.93 1.99 

260/230 2.22 2.27 
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Figure 29. Electrophoretic migration assay of in-vitro transcription product of (a) 

mCCR7ORF and (b) mCCL4ORF. 

 

4.4.3. Particle properties of TS-CoAc prepared using pCCL4, 

pCCR7 or pUC19 
           CoAc and TS-CoAc of pCCL4, pCCR7, and pUC19 showed acceptable size and 

PDI (Figure 30). 
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Figure 30. (a) particle size and (b) PDI of CoAc and TS-CoAc nanocarriers assembled using pUC19, pCCR7, 

and pCCL4. Data values are expressed as means± SD. (N=1,n=3) 

4.4.4. In-vitro transfection performance of pCCR7 in DC2.4 
 

             CCR7 expression was assessed exclusively in DC2.4 since this is one of the cell 

lines of its native expression. To assess the functionality of in-house prepared pCCR7 and 

mCCR7, as well as, establish appropriate separation between the primary anti-CCR7 

staining antibody and its isotype control (Table 12, Equation 2, Figure 31-a) DC2.4 were 

electroporated with either 5 µg pCCR7 or 1µg mCCR7 and assessed for receptor 

expression. The separation index (SI) between Anti-CCR7 and its isotype control was 

highest at 2 µg per 1*106 and hence this concentration was adopted for all downstream 

experiments. No expression could be achieved following DC2.4 electroporation with 1µg 

mCCR7 which was already expected from the gel-migration assay results, depicting a non-

compliant mCCR7ORF band, whereas 5µg pCCR7 produced a modest yet statistically 

significant transfection efficiency of 10.75% ±0.57 (Figure 31-b). P-TS-CoAcpCCR7 did not 

produce any discernible transfection compared to untreated control or non-coding 

nanocarrier control P-TS-CoAcpUC19 (Figure 31-c).  
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Table 12. Separation index (SI) of anti-CCR7 primary antibody against isotype control calculated using  

Equation 2.                                                                                 

 

 

 
Figure 31. Flow-cytometric assessment of CCR7 expression by DC2.4 24h following treatment with 5 µg 

pCCR7or 1µg mCCR7 (a)  TruStain FcX™ PLUS (anti-mouse CD16/32) Antibody(red) vs PE Rat IgG2a, κ 

Isotype Ctrl Antibody(grey) dose titration for separation index calculation. (b) CCR7 expression by DC2.4 

following electroporation with 5µg pCCR7 (blue) or 1µg mCCR7(red). (c) CCR7 expression by DC2.4 

following treatment with P-TS-CoAcpCCR7 (5µg pCCR7)(blue) or P-TS-CoAcpUC19 (5µg pUC19)(dark grey). 

Data values are expressed as means± SD, (N = 1, n = 3), **** p < 0.0001, ns = not significant. 
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4.4.5. In-vitro transfection efficiency of  CCL4 encoding NA in 

DC2.4 and A549 

 

            Initial assessment of CCL4 expression using electroporation with either nuclease-

free water (NFW), 1 µg mCCL4, or 5 µg pCCL4 (doses equivalent to those previously used 

in P-TS-CoAc for mCherry and pAmCyan1) showed exclusive success in DC2.4 murine 

dendritic cell line rather the human lung cell line A549 (Figure 32-b). In the case of A549, 

no statistically significant difference in CCL4 expression was observed between cells 

electroporated with NFW, 1 µg mCCL4, and 5 µg pCCL4, whereas in the case of DC2.4 a 

significantly higher expression could be observed between NFW electroporated cells and 

both 1µg mCCL4 and 5 µg pCCL4 electroporated cells. Interestingly CCL4 expression 

from 5 µg pCCL4 was only slightly and not significantly higher than 1 µg mCCL4. This 

NFW electroporated control excludes the expression of CCL4 to be an artifact of the 

electroporation process themselves and the data obtained from DC2.4 confirmed the 

functionality of the in-house produced mCCL4 and pCCL4. The successful expression in 

DC2.4 rather than A549 could be resorted to the species specificity of the used pCCL4 and 

mCCL4, but may also be because dendritic cells and macrophages are generally more prone 

to secrete such chemokine across species. The kinetics of the expression were assessed 

from equivalent mCCL4 and pCCL4 doses of 2 µg delivered to DC2.4 using JetM and JetP, 

respectively, and CCL4 expression from those samples analyzed following 3h and 22h of 

treatment without pooling (Figure 32-c). It was observed that mCCL4 caused a discernible, 

yet non-statistically significant expression of CCL4 as early as 3h, yet after 22h CCL4 

expressed from mCCL4 has declined to a level even lower than untreated cells, mCCL4 

may thus induce an initially high, yet transient expression of CCL4 as expected. pCCL4 on 

the other hand showed no discernible expression of CCL4 at 3h post electroporation, yet a 

significantly higher expression could be observed 22h following treatment. 

           The CCL4 expression following DC2.4 treatment with P-TS-CoAcmCCL4 

(equivalent to 1µg mCCL4) or P-TS-CoAcpCCL4 (equivalent to 5 µg pCCL4) compared 

to equivalent doses of mCCL4 and pCCL4 delivered using JetM and JetP, respectively. 

Transfection was assessed by pooling cell culture supernatant collected at 6h and 24h from 

individual wells (Figure 32-d) to assess overall expression at both time points, and then 

analyzed using the FACS capture beads as previously described. Data showed that only 

JetP-pCCL4 demonstrated successful CCL4 expression whereas all three other treatments 

showed no discernible difference from untreated cells. This could be correlated with the 

low levels of pAmCyan1 and mCherry expression in DC2.4 using P-TS-CoAc (Figure 17-
b). The proposed carrier system P-TS-CoAc could hence benefit from further optimization 

to maximize levels of protein expression. 
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Figure 32. Flow-cytometric assessment of in-vitro CCL4 expression (a) calibration curve of murine CCL4 

FACS capture beads assay. (b) CCL4 expression in A549and DC2.4 following electroporation with nuclease-

free water (NFW) (grey) 1µg of mCCL4(red) or 5 µg of pCCL4(blue), measurements were obtained by 

combining CCL4 content at 6h and 24h post-treatment from each well individually. (c) CCL4 expression by 

DC2.4 3h and 22h following treatment with 2 µg mCCL4 complexed with JetM (red)  or 2µg pCCL4 

complexed with JetP (blue)compared to untreated cells (grey) (d) CCL4 expression by DC2.4 treated with 

either 1µg of mCCL4 delivered using JetM (red square) or P-TS-CoAcmCCL4 (red diamond) or 5µg pCCL4 

delivered using JetP(blue square) or P-TS-CoAcpCCL4 (blue diamond), measurements were obtained by 

combining CCL4 content at 6h and 24h post-treatment from each well individually. Data values are expressed 

as means± SD, (N = 1, n = 3). **** p < 0.0001, *** p < 0.001, ns = not significant. 
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4.4.6.  Chemotaxis assay 
Chemotactic migration assay (Figure 33) showed no discernible difference in Center of 
mass (CoM) along the X-axis with a magnitude directed towards the right chamber for 
neither DC2.4 electroporated with mCCL4 nor pCCL4. Both populations appeared to have 
no discernible difference in chemotactic behavior from NFW electroporated cells (Figure 
33-c). DC2.4 have been reported to express CCR5 among other receptors that would render 
them responsive to CCL4 expression. Yet the most responsive cell types are CD8+ and 
CD4+ T cells, respectively, as well as neutrophils in the case of mice310. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. Chemotactic migration assay using µ-chemotaxis slides (a) general experimental layout 

reproduced from www.Ibidi.com (b)Sample descriptions (C) Center of mass displacement (CoM) of untreated 

DC2.4 in observation chamber in response to different treatments. 

http://www.ibidi.com/
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4.5. Conclusion 

It was possible to produce mRNA encoding for CCL4 rather than CCR7, as indicated by 

successful expression by DC2.4 following electroporation, yet both pCCR7 and pCCL4 

could produce successful transfection in DC2.4 following electroporation. The production 

and expression of mCRR7 on the other hand were not successful. As for mCCL4 and 

pCCL4 delivered using JetM and JetP to DC2.4 showed a time-resolved expression as 

expected, mCCL4 produced rapid transient expression while pCCL4 produced delayed and 

prolonged-expression. Such results when combined with the time-resolved expression 

observed from P-TS-CoAc in Chapter III, may be a step forward towards achieving time-

resolved expression of antigen and adjuvant. Yet despite the previous success of P-TS-

CoAc in co-delivery of fluorescent reporter pDNA and mRNA, the system needs further 

optimization to successfully deliver mCCL4 or pCCL4. Also, structural manipulation of 

pDNA and mRNA cargos to produce higher protein expression remains a viable option. If 

achieved this can allow future co-delivery of antigen and adjuvant encoding NAs which 

could become a useful adjuvantation approach. 
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Summary 

 

           In the current work, Chapter II demonstrated the design of a nanocarrier system 

capable of co-delivery and incurring successful co-transfection with pDNA and mRNA was 

feasible. The exploitation of the thermal-responsive property of spontaneously assembled 

Gelatin A- pDNA coacervates allowed the production of pDNA core-loaded nanogels (TS-

CoAc). Such TS-CoAc were also exclusively liable to coating with densely the charged 

cationic peptide protamine sulfate in comparison to non-stabilized core variety. The 

nanocarrier design with pDNA in the core yet a cationic shell allowed further surface 

loading of mRNA on the nanocarrier system resulting in an elaborate core-shell system that 

can load two distinct NA-moieties in two distinct locations on the carrier, pDNA in the 

core,mRNA at the surface. Protamine coated TS-CoAc demonstrated a unique co-

transfectional capacity of fluorescent reporter encoding mRNA and pDNA in dendritic 

murine cell lines (DC2.4), upon comparison to several well-established transfection 

controls (jetMessenger, JetPrime, Lipofectin, PEI) as well as, Onpattro’s LNPs and 

Onpattro’s lipid cocktail coated TS-CoAc.   

 

         In Chapter III, a factorial assessment of the impact of varying the number of thermal 

stabilization cycles as well as, gelatin: protamine mass ratio on the colloidal properties and 

the transfection performance of the nanocarrier was investigated. Yet the different 

variations of assembly conditions of the carrier seemed to have a very limited effect on the 

aforementioned factors. Another study exploring the kinetics of fluorescent reporter 

encoding mRNA and pDNA co-delivered by the nanocarrier to DC2.4 showed earlier 

expression onset of mRNA, a delayed yet more prolonged-expression from pDNA. 

 

         Eventually, the attempted in-house production of adjuvant encoding pDNA and 

mRNA was attempted for two adjuvant candidates namely CCL4 and CCR7. CCL4 showed 

more promising results in terms of feasibility of mRNA in-vitro transcription as well as, its 

in-vitro expression following electroporation into DC2.4 in comparison to CCR7. Yet so 

far optimizing the delivery of pDNA/mRNA encoding for CCL4 using P-TS-CoAc is still 

pending. 
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