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Abstract

The triumphant success of mRNA vaccines is a testimony to the important role drug delivery technologies have played in
protecting billions of people against SARS-CoV-2 (or the Corona Virus Disease 2019; COVID-19). Several lipid nanopar-
ticle (LNP) mRNA vaccines were developed and have been instrumental in preventing the disease by boosting the immune
system against the pathogen, SARS-CoV-2. These vaccines have been built on decades of scientific research in drug delivery
of mRNA, vaccines, and other biologicals. In this manuscript, several leading and emerging scientists in the field of drug
delivery share their perspective on the role of drug delivery technologies in developing safe and efficacious vaccines, in a
roundtable discussion. The authors also discussed their viewpoint on the current challenges, and the key research questions

that should drive this important area of research.
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Introduction

Since December 2019, the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) outbreak has threat-
ened the human population globally as the numbers of
confirmed cases, hospitalized patients, and related deaths
are continuously increasing. The World Health Organi-
zation (WHO) declared COVID-19 a pandemic on 12
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March 2020. There have been efforts to develop therapies
against COVID-19. However, prevention is a more effec-
tive paradigm in combating a global pandemic. Thus, this
fast-spreading pandemic and global urgency required the
development of potential vaccines at a breakneck pace.
Several vaccines were developed and given emergency use
approval by the United States Food and Drug Administra-
tion (US-FDA). Among these, were two highly novel types
of messenger RNA (mRNA) vaccines from Moderna on
the one hand and BioNTech/ Pfizer on the other. Unlike
conventional vaccines that deliver attenuated virus or viral
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components, these mRNA vaccines utilised the human
body’s own transcription machinery to in-situ synthe-
size the antigen by delivering an mRNA that specifically
encodes a non-pathogenic viral component (most often
the spike protein).

These new vaccines were made possible by the exten-
sive research over the last decades into mRNA-based
therapies and drug delivery technologies to efficiently
deliver mRNA into the body. Lipid nanoparticles (LNPs)
were found most successful drug delivery technology due
to their high efficacy and safety [1-3]. The emergency
approval of LNP encapsulated mRNA vaccines from Mod-
erna and BioNTech/Pfizer has brought the field of drug
delivery into the limelight as the mRNA vaccines are ena-
bled by the LNP carrier. These recent developments have
emphasized the importance of developing a drug delivery
system as a central part of the drug development process,
which has not been the case historically. The accelerated
advances into drug delivery technology as a result of the
historical FDA approval of the LNP encapsulated mRNA
vaccines for COVID-19 will enable the future develop-
ment of a broad spectrum of mRNA-based drugs ranging
from cancer vaccines to preventive and therapeutic gene
editing and gene expression.

Thousands of dedicated drug delivery scientists across
the globe are now working to develop safer and more effec-
tive vaccines against the new variants of SARS-CoV-2
and develop new carriers and drug delivery strategies for
future fights against new viral pathogens. In this manu-
script, a group of leading drug delivery scientists share
perspectives on drug delivery strategies that have helped
save lives and new strategies that are currently under
development, as well as challenges and future opportuni-
ties for managing future pandemics. They are also high-
lighting on-going research projects, as well as important
research questions related to drug delivery technologies
that involve LNPs, polymer nanoparticles, and micronee-
dle patches that should be the focus in the future. This
perspective reflects the opinions of some of the leading
drug delivery scientists, who are the pioneers in vaccine
delivery technology.

All authors agreed that drug delivery systems are key
to effective mRNA-based vaccines. These complex, large
molecules, mMRNAs, cannot penetrate into cells on their own and
are quickly degraded in biological fluids. The big breakthrough
that LNP technology has enabled is efficient mRNA delivery into
the cells and into the cytoplasm so that mRNA can be transcribed
by the ribosomes to produce the required protein. The combi-
nation of strengths between the nucleic acid and drug delivery
fields is the key for the development of safe and efficacious vac-
cines that can be administered to so many patients [1-3]. The
complementary approach of drug delivery and nanotechnology
has therefore been crucial for developing COVID-19 vaccines.
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Drug delivery technologies being developed
or have been developed for COVID-19
vaccine delivery

The laboratory of Prof. Langer (at Massachusetts Insti-
tute of Technology) has always done more basic research
rather than that aimed at specific products. It goes back
almost 50 years, and at the time, one of the challenges
that they began working on was how to encapsulate big
macromolecules, including nucleic acids, into nanoparti-
cles. The project aim was to develop systems to adminis-
ter angiogenesis inhibitors to rabbit eyes in collaboration
with Judah Folkman. In 1976, they published a paper in
the journal Nature showing that they could deliver almost
any size molecule, which could be a protein or enzyme,
an angiogenesis inhibitor, peptide, and nucleic acids, such
as DNA and/or RNA [4]. They have continued to do basic
work and they were one of the early labs, among others, to
prolong the lifetime of nanoparticles in the body by using
polyethylene glycol (PEG) [5-7]. They also published fun-
damental research on creating different lipid libraries for
LNPs [8, 9], and, finally, they have been working on new
manufacturing procedures for developing the nanoparticles
[10-12]. Nevertheless, they started several highly focused
companies for driving products out, such as Alnylam and
Moderna.

The current mRNA vaccine LNP delivery technology
stems from work done by the team of Prof. Cullis (University
of British Columbia) and colleagues at companies he co-
founded such as Inex and subsequently Acuitas Therapeutics.
They started with siRNA, small interfering RNA, which is
considerably smaller than mRNA but still a large molecule
with molecular weight 13—17 kDa [13-20]. By developing
and optimizing the ionizable cationic lipid components in
LNP, they successfully delivered siRNA to the liver and to
hepatocytes to silence a marker gene, clotting factor FVII,
very efficiently [13, 21]. This resulted in an LNP siRNA
drug called Onpattro to silence transthyretin in the liver to
treat the hereditary disease transthyretin-induced amyloido-
sis that was approved by the FDA in 2018 [22]. Starting in
2012, related ionizable cationic lipid LNP technology was
then optimized by Acuitas to deliver much larger mRNAs to
express a marker protein, luciferase, in the liver [23]. Then, in
collaboration with Drew Weissman at the University of Penn-
sylvania, they applied this technology for vaccine delivery.
This collaboration led to positive results for influenza [24]
and Zika [25] vaccines and demonstrated that this technol-
ogy can enable mRNA to be used as a highly potent vaccine
[26]. Shortly after, Acuitas started to work with BioNtech on
influenza vaccines. BioNtech was also working with Pfizer to
develop a flu vaccine. This combined expertise was translated
into developing the COVID-19 vaccine, which incorporates
an LNP developed by Acuitas, when the pandemic started.
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Beyond this long track of outstanding research on LNP
technologies, emerging leaders in the field have worked on
polymer-based RNA formulations, e.g. Prof. Merkel [27,
28]. Specifically, Prof. Merkel's team at Ludwig Maximil-
ian University has been focusing on developing polyca-
tions that are alternatives to polyethylenimine. Spermines
are short endogenous polyamines that effectively condense
DNA, particularly in sperm but also every other human cell.
They reported that spermines, due to their small molecular
weight, do not efficiently complex rigid, double-stranded
siRNA. In 2014, they showed that increasing the length and
thus the molecular weight of oligospermines improved the
condensation and delivery of RNA. Since then, they have
been employing different polymer chemistry approaches to
polymerize spermines and make them biodegradable [29].
The group has additionally focused on spray-drying RNA
nanoparticles for enhanced storage and transport conditions
and has developed dry powders for inhalation delivery [30].

A different and promising approach has been the one
pioneered by Prof. Prausnitz's team. He has developed
microneedles for vaccine delivery [31]. The merits of this
new technology have been demonstrated through many stud-
ies by his group at Georgia Institute of Technology as well
as others, with a recent interest in the delivery of COVID-19
vaccines [32, 33]. From a logistical point of view, deliver-
ing vaccines by microneedle patches is easy and does not
require the expertise of a healthcare professional in giving it
as an injection, could be transported without refrigeration or
at least reduced refrigeration, and does not generate sharps
waste. This, in turn, can enable quick and massive immuni-
zation which is beneficial in pandemic situations similar to
the COVID-19 scenario.

These kinds of logistical advantages have motivated the
development of microneedle patches for annual influenza
vaccination campaigns and also for distributing measles and
rubella vaccines to remote locations. In this context, it is
important to highlight that the skin is a particularly immu-
nogenically active organ. Indeed, Prausnitz and others have
shown a number of times that intradermal vaccination leads
to a much better immune response than the classical intra-
muscular vaccination [34-36]. The simple explanation for
this is that the skin is the body’s first defense barrier against
outside pathogens, so it is well equipped with an innate and
an acquired immune mechanism to fight those exogenous
intruders. This is facilitated by the abundance of Langer-
hans cell in the epidermis and antigen-presenting dendritic
cells in the papillary dermis in addition to the presence of
multiple plexus systems in the dermal lymphatic system that
transports both the vaccine and the antigen-presenting cells
to the regional lymph nodes eliciting an immune response
[37].

Given that, a fraction of the vaccine dose delivered intra-
dermally by a microneedle patch can be equally immunogenic

or even better compared to a full dose given by an intramus-
cular or a subcutaneous route. This is known as dose-sparing
and has been evident in many preclinical and clinical studies
[38—40]. Reduced doses could be beneficial to immunization
programmes by making limited vaccine supplies available
to larger numbers of people, and potentially reducing the
costs of the vaccine and associated distribution and storage
logistics. Interestingly, a research group in The Netherlands
has recently published a study showing that an intradermal
fractional dose regimen (1/10 or 1/5 of the dose) of the Mod-
erna mRNA COVID-19 vaccine is well tolerated and safe,
and most importantly capable of inducing robust antibody
responses in vaccine recipients similar to a full dose given
by intramuscular injection (100 ug) [41]. These results are
very exciting as they imply that microneedle patches can be
a simple, versatile and painless way for COVID-19 vaccine
intradermal delivery. Further studies are needed to confirm
safety and efficacy.

In terms of ongoing research involving microneedle-
based delivery of COVID-19 vaccines, the group of Praus-
nitz has another project with collaborators at Emory Uni-
versity, where they are combining the use of microneedles
with electroporation for effective delivery of a DNA vaccine
[42]. Notably, DNA vaccines have difficulty being effective,
particularly in humans. An additional approach that has been
effective in many cases is the use of electroporation [43],
but the approach can be cumbersome as it involves an injec-
tion of the DNA and then application of skin electrodes and
a large electroporation device. Therefore, they have joined
forces with a collaborator to build a very simple electropora-
tor based on the piezoelectric element found in disposable
BBQ lighters coupled with a microneedle electrode array,
which could provide an inexpensive way to do mass vac-
cinations with electroporation-based DNA vaccines. This
was applied for a COVID DNA vaccine, and could be used
for mRNA vaccination as well.

Key design aspects of drug delivery systems
for COVID-19 vaccine

Langer and Cullis have significantly contributed to the devel-
opment of LNPs for encapsulation nucleic acid over more
than 50 years that resulted in mRNA COVID-19 vaccine.
The key motivation behind encapsulation of nucleic acids
into LNPs was to optimize their stability and avoid their
degradation. Optimization involved several design aspects.

Cullis first worked on optimizing the lipid composi-
tion. Back in the late 1990s, the only way of getting high
encapsulation efficiencies of a nucleic acid-based drug in
a lipid-based nanoparticle delivery system was to include
permanently positive charged lipids in the nanoparticle
formulation to associate with the negative charge on the
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interface of nucleic acids [44, 45]. However, these per-
manently positively charged lipids were found to be toxic.
This initiated the idea to use ionizable cationic lipids which
are lipids that have primary, secondary or tertiary amino
functional groups and will be protonated at acidic pH to
become positively charged. The team of Cullis achieved
encapsulation of nucleic acids at pH 4 during the prepara-
tion stage, where all these lipids are positively charged.
On increasing the pH of the dispersion to a neutral pH, the
encapsulated nucleic acids were retained inside the nano-
particles [46, 47].

They also discovered that the ionizable lipids play a role
in the ability to escape from the endosomes once they are
taken up into a cell [20]. Optimization has therefore taken
place to develop better ionizable lipids that not only allow
high encapsulation of nucleic acids but also facilitate the
escape from the endosome. And the hypothesis that contin-
ues to guide their efforts is that when nanoparticles are taken
up by endocytosis, the pH of the endosome decreases as the
endosome matures and the ionizable lipids will move from
being neutral to being positively charged. Positively charged
lipids will then interact with the negatively charged lipids of
the endosomes resulting in a membrane lytic event, allowing
the escape from the endosome. Ionizable cationic lipids have
therefore led to significant progress in terms of achieving
systems that are both relatively non-toxic, with high encap-
sulation efficiency, and efficient in delivering the encapsu-
lated material to the interiors of the target cells. Microfluidic
mixing technologies were also employed [48, 49].

Extensive work was also done by the group of Langer to
develop lipid libraries to optimize the stability and encap-
sulation of DNA and RNA [8, 9], to manufacture LNPs via
microfluidics [10-12], as well as to develop targeted nano-
particles together with Alnylam. More recently, the COVID-
19 vaccine-related work was done by the Moderna scientists
who have created lipid libraries and found out which lipid
combination has the best properties in terms of efficacy,
safety, and shelf life [12, 50, 51].

Many authors have optimized nanoparticle coating with
PEG [5, 6, 52, 53]. PEG-lipids were found as an essential
component of the lipid delivery system. PEG is generally
regarded as safe and is used in a large number of therapeu-
tics to achieve long circulation times. This is a technology
that is well understood and used a lot for therapeutics [7].
However, there has been a discussion as to whether PEG is
causing the few instances of anaphylactic reactions that have
been observed with both the Moderna and the BioNTech/
Pfizer COVID-19 vaccines. So far, the answer is not yet
clear. There are current attempts to use PEG substitutes. The
approach by Cullis and others has been to use a PEG that
diffuses away from the surface of the LNP relatively rapidly.
Systems that are being used therapeutically contain shed-
dable PEG. An important question for the next generation
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of LNPs is whether optimization of fast-shedding PEG will
result in different outcomes.

Furthermore, Prausnitz regards one of the current needs
for COVID-19 pandemic as the requirement to make a lot
of vaccine doses and distribute them to billions of people
quickly using resources available in the relatively near
future. To meet these needs, he highlighted important
research questions that need to be addressed to design a
microneedle patch for mRNA LNPs delivery. This involves
developing a formulation that can withstand the conditions
of microneedle patch manufacturing including the drying
process. When these dried microneedles are inserted in the
skin, they should then be reconstituted in the interstitial flu-
ids with the LNPs, and the mRNA encapsulated within, still
intact. An additional constraint is that the drying method
has to be compatible with the microneedle patch fabrica-
tion. A fluffy, lyophilised powder that is normally pro-
duced by freeze-drying of the mRNA encapsulated LNPs
is not favorable in this case. This is because densely packed
microneedles with no air voids are needed for effective skin
insertions and hence delivery. Another challenge is the small
volume of microneedles, so research attempts are needed to
limit the ratio of excipients to active.

On the other hand, Merkel who is focusing on developing
polymer nanoparticles and nanocomplexes for RNA delivery
regards biocompatibility as a bottleneck in RNA delivery.
Indeed, polymer nanoparticles involve the use of positively-
charged polymers to pre-condense the nucleic acid, which
makes approval by the regulatory bodies difficult. For this
reason, at this point, using LNPs is advantageous for fast
development of vaccines as compared to the polymeric
materials that are currently under investigation. Neverthe-
less, the team of Merkel and others are currently attempt-
ing to develop advanced polymers for the aim of improving
the biocompatibility of polymeric nanoparticles. They hope
polymer nanoparticles might offer a significant advantage
over LNPs for pulmonary administration and in regard to
overall RNA loading.

Impact of vaccine delivery technologies
on the long-term efficacy and safety profiles
of current/future COVID-19 vaccines

Langer and Merkel have first highlighted the high efficacy
and the safety of the available LNP technology for vaccina-
tion against COVID-19 based on several studies and avail-
able clinical data. The lipid technology used is now estab-
lished and the composition of lipids integral to these profiles
is known, mainly ionisable lipids and PEG-lipids. There
was some concern about the anaphylactic reactions due to
antibodies against PEG. However, rare reactions have been
reported to COVID-19 vaccines. Nevertheless, for the future
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development of mRNA vaccines, researchers will initially
rely on approved formulations and then further optimize
them. Moreover, it will now be easier to conduct clinical
trials with a different mRNA vaccine formulated with LNPs
based on the current knowledge of the safety and efficacy of
this type of delivery system. For further optimization, Cullis
added that it is an important consideration to obtain a large
therapeutic index during early evaluation stages in animal
models. This is because the therapeutic index is expected to
decrease moving from small animal models to non-human
primates and to humans. Finally, Merkel pointed out that
since booster doses may be needed due to the high mutation
rate of the virus, there is a concern about using viral vectors
instead of lipid- or polymer-based delivery systems because
our immune system could recognize these viral vectors and
then neutralize them before they can have an effect. This is
less of a concern for the mRNA vaccines using LNPs.

On the other hand, the microneedle patch vaccination
approach can introduce additional safety during the vac-
cination itself by eliminating sharps waste, according to
Prausnitz, and an inhaled immunization would have the
same benefits, according to Merkel. For example, using
dissolvable microneedles will overcome risks of reuse and
needle-stick injuries as they will dissolve in the skin leav-
ing no sharps behind. In the longer term, it is not known
if the microneedles can make a vaccine safer but they can
certainly enable targeted vaccination in the skin with evi-
dences of stronger immune responses, broader protection,
and longevity of protection compared to intramuscular vac-
cination for instance [34-36].

Challenges and future opportunities
for managing the current outbreak
and future pandemics

To combat future pandemics, the researchers discussed sev-
eral challenges. Langer and Cullis pointed out that there is a
need to develop drug delivery systems that form stable for-
mulations with longer shelf life for effective distribution in
low-income and middle-income countries. Merkel’s approach
of spray-drying RNA nanoparticles could help overcome hur-
dles related to storage, transport, and roll-out. There is also
room to get a more effective immune response and a more
potent system via using self-amplifying mRNAs and better
LNP systems. This is important to reduce the costs of cur-
rent mRNA vaccines and make them affordable for develop-
ing countries. Cullis further suggested that each country or
region establishes their own local manufacturing site that can
adapt quickly in pandemic situations and develop millions
of doses for first responders or vulnerable people. Langer
has also highlighted that developing a single-step vaccina-
tion method as being a current need. Cullis added that the

next big challenge is to develop a vaccine for HIV. There has
been a tremendous amount of work being done with LNP
technology in an attempt to get an effective vaccine against
HIV [54, 55].

On the other hand, nanomedicine delivered the promise in
the case of the COVID-19 pandemic. According to Merkel,
we are more prepared with more safe and efficacious deliv-
ery systems in case of future pandemics. At a minimum, we
could use the formulations that have been successful in the
current pandemic.

Prausnitz has focused on the challenges to the wide-
spread use of microneedle patches and their impact. One is
the unfamiliarity with the new delivery technology which
inherently makes developing a new drug product expensive
and risky. Once there are more successful microneedle-
based products, those risks should decrease. Second is the
limited yet increasing clinical data. Several clinical trials
have been conducted with demonstrated efficacy and no
real safety concerns [56]. The concerns about the risk and
the risk profile will get reduced every time we learn more
about the human experience in clinical settings. Third is the
potential large-scale manufacturing uncertainty. Now, we
can certainly make microneedle patches in small quantities
for research purposes and early clinical trials, and manu-
facturing facilities for microneedle patches do exist, though
they are not producing millions of microneedle patches, pro-
viding a proof of principle of the feasible scalability. Lastly,
mass vaccination campaigns by microneedle patches can be
achieved by self-administration or administration by less
trained personnel, potentially under the supervision of doc-
tors and nurses. In an influenza vaccination clinical trial pub-
lished recently, self-administration of a microneedle patch
following brief audio-visual training was found success-
ful [57]. In the future, self-vaccination using microneedle
patches purchased from a local pharmacy or delivered by
mail could be possible too.

In conclusion, the development of the current mRNA
COVID-19 vaccines is the result of years of fundamental
research within the broad fields of nucleic acid therapies and
drug delivery. In this article, we define key design aspects
for a successful LNP formulation. We present a brief his-
torical overview on how LNP prototypes underwent several
optimization processes that include selecting the different
lipid libraries and surface PEGylation, as well as develop-
ing new manufacturing technologies for a better control over
the physicochemical parameters of these particles [49]. We
also share our perspective on other drug delivery strategies
that are currently under development. This includes several
polymer-based RNA formulations that are currently under
pre-clinical investigations aiming at optimizing RNA loading
and delivery, as well as developing inhalation powders for
enhanced stability during storage and transport [29, 30]. We
also discuss a promising drug delivery approach that relies
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on the use of microneedle patches for intradermal vaccina-
tion. The use of microneedles patches for vaccine delivery
offers several logistical merits that enable quick and massive
immunization, which is crucially needed in pandemic situa-
tions [31]. Finally, we have highlighted some key challenges
and research questions that need to be addressed to combat
future pandemics.
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