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Over evolutionary history cells have devel-
oped a range of features which are now con-
sidered essential for life, including replica-
tion, compartmentalization, metabolism, 
movement, communication and environ-
mental sensing and subsequent response. 
Recent technological developments have 
meant that these features have started to find 
their way into artificially constructed, non-
biological structures. These are commonly 
known as artificial cells, but are also referred 
to in the literature as protocells, minimal 
cells or synthetic cells. Usually constructed 
from the bottom up, artificial cells often 
hijack biological machinery (DNA, enzymes, 
protein pores) – either natural or engineered 
– to perform designated functions. Beyond 
simple scientific curiosity the major driving 
principle behind research in this area aims to 
address the following question: can we mimic 
and harness the power of biology to create 
new classes of smart micromachines that can 
be engineered for functional purposes?

Although the field is still in its relative 
infancy substantial inroads have been made 
toward this vision. What is already clear is 
that prospects for this technology are con-
siderable, ranging from environmental sens-
ing of toxins to medicinal contrast imaging. 
However, the greatest potential applications 
lie in the realm of therapeutics: for respon-
sive in vivo drug synthesis, engineered com-
munication with diseased cells, hosting genes 
for gene therapy, and delivery of therapeutic 
enzymes, peptides and transplant cells. The 
scenario can be envisaged in which an arti-

ficial cell monitors its surroundings, moves 
toward its target site and initiates on-site 
drug synthesis and subsequent secretion 
upon arrival. The introduction of such bio-
mimetic features will represent a step change 
in complexity from current drug delivery 
paradigms, and could prove a disruptive 
innovation for the therapeutic industry.

The most common chassis that define the 
boundaries of artificial cells are phospho-
lipid vesicles. The reasons for this stem from 
their similarity to biological membranes in 
their morphology (enclosed spherical bilayer 
shells), size regime (micron or submicron 
diameters) and chemistry (composed of cel-
lular lipids or their analogs). Crucially, the 
use of biological building blocks enhances 
biocompatibility and allows natural degrada-
tion pathways to be used. Furthermore, the 
rich phase behavior that lipids display – dif-
ferent phases possessing different degrees of 
order, viscosities and permeabilities – can be 
utilized for the introduction of responsive-
ness, as phase transitions can be induced 
by the external environment. Finally, using 
vesicles enables biological machinery to be 
embedded in the membrane, in particular 
transmembrane pores and receptors.

The well-established use of vesicles in 
therapeutics has seen them acting as cap-
sules for the delivery of drugs, both hydro-
phobic (embedded in the bilayer core) and 
hydrophilic (encapsulated in the inner vesicle 
volume) [1]. Importantly, vesicles have been 
shown to offer the potential to selectively tar-
get diseased cells [2]. In terms of generating 
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vesicle-based artificial cells with properties that may be 
useful in a drug-delivery context, there have been some 
striking recent achievements. The cells have acted as 
microreactors for the synthesis of small organic com-
pounds [3]. They have been functionalized to grow, 
replicate and move [4]. They have been shown to com-
municate with surrounding cells and to participate 
with their quorum-sensing mechanisms [5]. Within 
these cells DNA amplification [6] and in vitro protein 
synthesis has taken place, with continual protein pro-
duction due to the uptake of biochemical feed-stocks 
from the surrounding environment [7].

One of the key milestones has been the introduc-
tion of compartmentalization: the splitting of a vesi-
cle’s internal volume into discrete regions [8–10]. This 
enables modular multipart delivery systems to be con-
structed, with each compartment existing in distinct 
biochemical environments, and optimized to perform 
specific tasks in a manner analogous to eukaryotic 
organelles. Notably, chemical cross-talk between com-
partments has also been shown, demonstrating their 
use as a platform with which benchtop chemistry 
can be performed in the interior of vesicles [3]. These 
developments will help facilitate the incorporation of 
emergent features into vesicle-based artificial cells.

Importantly in a therapeutic context, compartmen-
talization allows spatial organization in artificial cells, 
offering the potential for dormant systems to be con-
structed where inactive drug precursors are isolated 
from one another and only activated when appropri-
ate stimuli are encountered. The resulting in vivo drug 
synthesis could prove to be an immensely useful strat-
egy to widen a pharmaceutical’s therapeutic window, 
and for smart cells to be administered prophylactically, 
lying dormant in the body only becoming activated in 
the event of future illness.

It is also important to recognize that in addition to 
the incorporation of embedded natural or engineered 
proteins, there are other types of machinery that could 
be utilized, including DNA origami (defined 2D and 
3D DNA architectures) [11] as well as nanoparticles 
(quantum dots and polymeric capsules) [12,13].

In order to predict future directions and challenges 
of the field, it is instructive to consider the reasons 
for its recent emergence and rapid growth in the first 
place. It can be partly attributed to recent innovations 
relating to vesicle generation strategies [14]. These have 
largely been droplet-based methods, and often have 

microfluidic technologies at their core [15]. This enables 
fine control over vesicle morphology, content and size, 
and allows scale-up in generation throughput. Such 
technologies have for the first time made it possible to 
easily and reliably encapsulate a range of large, charged 
biological molecules within them – a prerequisite for 
the construction of artificial cells – and have enabled 
the construction of interconnected networks of hun-
dreds of cell-like units [16]. In addition, the commer-
cialization of in vitro biological components and the 
ever-decreasing cost of DNA synthesis and sequenc-
ing has also made it easier and cheaper to introduce 
biological elements into vesicles [17].

Further growth of the field and the realization of its 
wider potential will depend on effective synergies with 
related disciplines, in particular with top-down syn-
thetic biology, where engineering principles and classi-
cal molecular biology techniques are used to construct 
biological circuits and devices [18]. By incorporating 
these into vesicle-based artificial cells, increasingly 
sophisticated functionality can be achieved with many 
potential applications in medicine. In the simplest 
example, by coupling appropriate inducers and repres-
sors, synthesis of therapeutic proteins could be acti-
vated on-site in response to relevant stimuli [19]. More 
complex scenarios would involve oscillating circuits 
and logic gates that could lead to higher-order behav-
iors. Substantial investments are currently being made 
in synthetic biology technologies, and the integration 
of these with vesicle-based artificial cells could be par-
ticularly rewarding. In addition, engagement with the 
chemical biology, membrane-biophysics, nanotechnol-
ogy and pharmacology communities is needed for the 
fulfillment of the ambitions of the field of vesicle-based 
artificial cells.

Despite recent achievements, a clear-headed view 
of the challenges is needed. First, the cell-like features 
incorporated into vesicles have often been developed 
in isolation, with the cells mostly performing a single 
function – it will be necessary to combine many of 
these features together for functional use and where 
possible do so with a view to generating emergent 
behavior. Secondly, the types of chemicals that can be 
synthetized into vesicles have largely been restricted 
to biological biopolymers: RNA, DNA and proteins. 
Organic compounds are more difficult to synthesize 
due to their increased permeability to lipid membranes.

The third challenge relates to economic viability: 
although high-throughput microfluidic techniques 
offer greater potential for scale up, the cost of the start-
ing reagents is still too high for large-scale commer-
cial use. However, as demonstrated by the exponential 
yearly decrease in price of DNA synthesis and sequenc-
ing (the latter decreasing by a factor of 10,000 in the 
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past 6 years), this difficulty is likely to be resolved in 
the near future if the necessary investment is made.

Fourth, some of the downstream criteria for the use 
of artificial cells in medicine need to be proven: they 
should be small and robust enough to pass through 
capillaries; they need to be effectively cleared from cir-
culation after use; they should not be degraded by the 
immune response and they should not interfere with 
the regular functions of cells (except where explicitly 
designed to do so). The final hurdle that needs to be 
overcome is a societal one – to convince stakehold-
ers, including members of the public, that the ethical 
and safety concerns often associated with these tech-
nologies have been properly addressed by the scientific 
community [20].

The use of artificial cells in medicine is perhaps 
still decades away, but it is clear that the potential is 
already present. This is a rapidly developing field and 
one which, interestingly, has emerged in the same era 
as that of the maker movement where DIY culture has 
been extended into the realms of technology and pro-
totype development. As a result, synthetic biology and 

artificial cell clubs are emerging around the world in 
community-led Hackspaces. This means that, in the 
future, innovation in this field will not only occur in 
university laboratories but also the garages of budding 
bioentrepreneurs who will benefit from the deskilled 
technologies that are revolutionizing the life sciences.
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