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A B S T R A C T   

Recent advances have witnessed the research progress of synthetic preliminary forms of cell-like entities (pro
tocells) towards understanding the origin of life. Microscopy techniques have been instrumental to study pro
tocells both in structural characterization and biomimetic functions. Advanced microscopes equipped with 
different illumination sources (light or electron) and detectors, have provided a versatile platform to investigate 
the thermodynamic and kinetic behaviors of protocells across a range of scales. Understanding the functions and 
advantages of each technique is a prerequisite for researchers to obtain high quality microscopic images and 
extract in-depth structural information. To this end, we provide a brief overview of the applications of micro
scopic techniques in characterizing protocells, together with discussion of their advantages and drawbacks.   

1. Introduction 

The mimic of cellular functions within compartmentalized synthetic 
cell-like entities (protocells) is a fundamental route towards the under
standing of the origin of life [1], which is remaining one of the biggest 
questions in modern life science. Continuous efforts in synthetic proto
cells have led to progresses in the constructions of various compartment 
structures, such as fatty acid and lipid vesicles [2], polymersomes [3], 
proteinosomes [ [4]], colloidosomes [ [5]], coacervate microdroplets 
[6], as well as hybrid or hierarchical protocells e.g. membrane-coated 
coacervate microdroplets [7], protocells with organelles [8], and pro
totissues [9]. These synthetic protocells are capable of displaying 
emergent life-like behaviours and potentially contributing to the 
biomedical applications. From a structural characterization point of 
view, a combination of instrumental tools (e.g. optical microscopy, 
fluorescence microscopy, transmission electron microscopy, small angle 
X-ray scattering, dynamic light scattering and fluorescence spectros
copy) have been employed to obtain structural details in protocell 
research. 

Among these, microscopy techniques including light microscopy, 
electron microscopy and scanning probe microscopy play an essential 
role in researching the thermodynamic and kinetic properties (e.g., 
morphology, size, shape transition and movement). In this Review, we 
first provide a brief introduction to these techniques in characterizing 

protocells, with particular emphasis on how to choose suitable methods 
for a specific purpose. We start with a systematic view of light micros
copies and their recent applications with attempts beyond basic obser
vation of the protocell shape and motility. We then summarize recent 
research works using electron microscopy techniques in high-resolution 
imaging of synthetic cells. Following this, we present a summary of 
using scanning probe microscopies to study various physicochemical 
properties such as mechanical strength, elemental composition, and 
magnetic performance; especially, we show that structural details of 
protocells with atomic-level resolution can be obtained. Beyond these 
discussions, some advanced or newly developed techniques such as 
light-sheet microscopy, spinning disk confocal microscopy, and cryo
genic electron microscopy, which are currently barely explored in pro
tocell imaging, will be referred as well. We hope this Review will 
provide a sketch to these microscopy techniques and hopefully accel
erate the applications in researching protocell structures and their cell- 
like behaviours. 

2. Light microscopy 

In the past few centuries, microscopy techniques have been known as 
powerful research tools contributing to enormous ground-breaking 
discoveries. The invention of light microscopy (LM) has unfolded a 
new world in the microscale to untangle the complex mysteries of 
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biology ever since the 17th century when Antoni van Leeuwenhoek and 
English scientist Robert Hooke first reported observations [10,11]. Over 
the past three centuries, technological and manufacturing break
throughs have significantly advanced the developments of microscope 
designs featuring dramatically improved image quality with minimal 
aberration. However, the optical imaging resolution limit is determined 
by half the wavelength λ, the refractive index n of the medium, and the 
angle θ of the cone of focused light. In the research field of protocell, this 
effect is less profound since the size of protocells is mostly far above the 
resolution limit. 

The development of video microscope systems enables the in situ 
image recording, which is of particular importance to understand the 
dynamic behaviors in natural state without invasive sample fixing and 
staining. Besides, the instrumental expansions to combine the LMs with 
well-designed fluorescent apparatus made possible to reveal the detailed 
inner microstructures, which are pivotal in studying hieratical complex 
protocells. However, it is also worth mentioned that ordinary LMs are 
also restricted by several shortcomings. For example, it is challenging to 
image the sub-cell structures as limited by its inherent microscopic 
magnification and resolution, although there are some technological 
expansions developed to alleviate the problem. 

In this part, we will briefly introduce the LM techniques in three 
major categories based on the imaging mechanisms (i.e. the transmitted 
LMs, the reflected ones, and advanced techniques for protocell charac
terization). Application of these microscopy techniques in studying 
synthetic protocells with regards to their structures and functions will be 
discussed. 

2.1. Transmitted light microscopy 

Transmitted light microscopy (TLM) is associated for any type of 
microscopy where the light passes from the specimen to the opposite 
side of the lens. TLM measurements require the specimen to be thin and 
transparent for light transmission. There exist five major modes of TLM 
according to the imaging principles: bright field microscopy (BFM), dark 
field microscopy (DFM), polarized light microscopy (PLM), phase 
contrast microscopy (PCM), and differential interference contrast mi
croscopy (DICM). 

BFM is often used for the direct observation and video record of the 
size, morphology, positioning and dynamic information of the protocells 
in natural state. BFM is particularly useful for imaging samples that have 
intrinsic colour or texture, such as colloidosomes [12], which have 
cell-like functions such as selective permeable membrane, metabolism 
and gene expression [ [13–15]]. These inorganic nanoparticle-bounded 
water-filled microcompartments have been constructed as inorganic 
protocells using crosslinked silica nanoparticles with average diameter 
of around 200 μm. The rough surface texture of resultant colloidosomes 
was clearly observed via BFM (Fig. 1a) [ [16]]. Besides, the real colour 
imaging in BFM can also be used to differentiate protocell populations. 
In a binary community of synthetic protocells with artificial phagocy
tosis, multiple dye (carmine)-loaded silica colloidosomes (red objects) 
were selectively ingested by self-propelled magnetic Pickering emulsion 
droplets stabilized by amphiphilic colloidal iron oxide and fatty acid 
(black object) (Fig. 1b) [17]. 

DFM is a technique that relies on the transmitted scattered light but 

Fig. 1. (a,b) Bright field micrographs of colloidosomes. (a) Silica nanoparticle-bounded colloidosomes with rough surface texture. (b) The spontaneous capture of 
dye-loaded silica colloidosomes (red objects) into a magnetic Pickering emulsion droplet (black object). (c) Schematic illustration of DFM which collects the 
transmitted scattered light of specimen illuminated by a cone-shape beam. (d,e) DFM images of PCVs consisting of reconfigured coacervate microdroplets into 
membrane-bound vesicle-like structures in the presence of charged polyoxometalate. (d) PCVs vesicles with three-tiered micro-architecture consisting of a Ru4POM/ 
PTA/PDDA catalytic membrane-bound coacervate vesicles. (e) A single amino-clay/DNA membrane microcompartment containing a dense population of catalyti
cally active Ru4PCVs proto-organelles. (f) Mono-PLM image of FeM-clay colloidosomes in cyclohexane, indicating self-assembly and preferential localization of the 
organically modified FeM-clay at the water/oil interface. (g) Cross-PLM image of spherical PTA/PDDA membrane-bound coacervate vesicles where one can see 
strong birefringence across their surfaces. (h) PCM image of spherical PTA/PDDA membrane-bound coacervate vesicles. (i) Schematic illustration of DICM where the 
polarizer is directly installed in front of the condensing system, making the light linearly polarized. The light is then divided into two beams by the DIC prism, which 
will pass through the adjacent parts of the sample at different times, and merged by another prism, so the subtle differences of thickness in specimen can be converted 
into luminance difference. (j) DICM image of a typical giant unilamellar vesicle made of DOPC. 
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is distinct from BFM (Fig. 1c). In DFM, a cone-shape beam formed by 
blocking the center of a solid light is used to illuminate the specimen, 
and the scattered light is collected for imaging. Accordingly, the sample 
appears bright while the background being dark in the image. Using this 
method, DFM enhances the resolution to 4–200 nm which is 50 times 
higher than that of BFM [18]. In this regard, DFM becomes a favored 
tool for protocell imaging to detect subtle structures in sub-micro scale. 
For example, DFM was used to visualize polyoxometalate coacervate 
vesicles (PCVs) which evolves from coacervate microdroplets into 
membrane-bound vesicle-like structures in the presence of charged 
polyoxometalate. Notable light scattering from nanoclusters was 
observed under DFM. As shown in Fig. 1d, the vesicle membranes are 
clearly seen indicating the incorporation of phosphotungstate (PTA) and 
a Ru-based polyoxometalate catalyst (Ru4POM) into the polymer/
nucleotide membrane. The three-tiered micro-architecture consisting of 
a Ru4POM/PTA/poly (diallyldimethylammonium chloride) (PDDA) 
catalytic membrane, a PDDA/adenosine 5′-triphosphate (ATP) 
sub-membrane coacervate shell, and an expanded aqueous lumen rep
resents a synzyme protocell with catalase-like activity [19]. As clearly 
shown in DFM, the PCVs were encaged into an aminoclay/DNA syn
thetic microcapsule to form a multi-compartmentalized protocell 
exhibiting proto-organelle-mediated buoyancy (Fig. 1e). The outer 
membrane is relatively transparent due to the weak scattering of ami
noclay/DNA, and the internal dense population of catalytically active 
Ru4PCVs proto-organelles exhibits real colors. 

PLM based on polarized light are of particular use for specimen with 
anisotropic structures. This endows PLMs the capability to produce the 
best images with a minimum optical component in the objectives. The 
modes of PLMs include mono-polarized and cross-polarized mode ac
cording to the number of involved polarizers. In mono-PLM where only 
one polarizer is used, both the morphologies and birefringent areas of 
specimen are observed, while in cross-PLM where two orthogonal 
polarizers are used, only the birefringent information would be pre
sented. More specifically, the background under cross-PLM is dark, 
because there is no birefringence in the amorphous and isotropic part, 
and the light is blocked by the orthogonal polarizers. When the polarized 
light passes through the two polarization axes with a parallel direction, 
the birefringence parts will also appear dark, because no change of the 
vibration direction will occur, which makes the light unable to pass 
through. However, the four areas between the polarization axes appear 
bright as components along the vibration direction of the polarizer will 
form. Therefore, the whole image shows a unique black cross extinction 
phenomenon, which reflects the birefringence of the sample. Mono-PLM 
has been used in a recent work to study colloidosome protocells con
sisting of FeM-clay [20], which confirmed the aggregation of the 
organically modified clay at the water/oil emulsion interface and the 
birefringence phenomenon of resultant membrane (Fig. 1f). In another 
system of PTA/PDDA cross-linked membrane (coacervate vesicles) 
transformed from PDDA/ATP-enriched membrane-free coacervate 
droplets [21], cross-PLM was utilized to demonstrate the existence of 
PTA in the membrane, in which the image showed strong birefringence 
across the membrane surface regions (Fig. 1g). 

The above microscopic techniques are based on their capabilities to 
absorb, scatter, or deflect the transmitted light. However, when the 
samples are overly thin and transparent, they do not absorb enough light 
and therefore it is difficult to observe them. To address this issue, extra 
optics that allows the phase shift of light are placed. The most common 
microscopy with phase shift is PCM, which is based on different 
refractive index and thickness of samples. PCM has a special objective 
that can translate the phase differences of transmitted light into visible 
amplitude or brightness changes, and display the structural information 
on a gray background. As shown in Fig. 1h, PCVs of PTA/PDDA 
membrane-bound coacervate vesicles can be noted as discrete spheres, 
showing three-tiered micro-architectures consisting of a PTA/PDDA 
membrane, a PDDA/ATP sub-membrane shell, and an aqueous-filled 
lumen (Fig. 1h) [21]. However, the complexity of PCM objective 

makes it difficult to increase the number of apertures, which limits the 
axial resolution. In addition, a notable halo will appear at the boundary 
where the refractive index varies significantly and the obscured outer 
edge of specimen occurs. 

DICM offers a new tool to address these problems by producing high 
contrast images without affecting the amplitude of illumination light. 
Normally, the gradients of optical path length are primarily responsible 
for introducing image contrast in DIC microscope; while PCM relies on 
the optical path length of specimen. In addition, polarized light is uti
lized in DICM for illumination, which is further split into two beams 
when firstly passing through the prism, then merged when passing the 
prism at the second time. In this case, halo is largely absent and the 
pronounced differences of refractive index between specimen and sur
roundings are favorable for generating excellent images in DICM 
(Fig. 1i). DICM can display the tiny difference of thickness and create the 
3-dimensional relief of imaged specimens due to the interference- 
derived contrast [22]. Therefore, quantitative DICM image analysis 
software has been developed for the measurement of giant vesicle (GV) 
lamellarity (the thickness of a membrane bilayer) in a rapid, noninvasive 
and reproducible way [23]. For example, DICM image of GVs made of 
DOPC (1,2-dioleoyl-3-sn-glycero phosphatidylcholine) with 
electro-formation method is shown in Fig. 1j. The thickness was ac
quired by averaging over the 128 images for noise reduction followed by 
the combination with equation calculation to obtain the lamellarity 
information. 

Overall, TLMs without phase contrast or DIC are usually sufficient to 
observe the general morphology of protocells. Nevertheless, PCM and 
DICM are necessary to achieve high-contrast bright field images with 
more details when it comes to protocells with thin surface membranes or 
multiple internal microstructures (such as organelles and multilayers) 
that possess a distinct refractive index. 

Fig. 2. (a) Scheme of FM. FM can easily gain an insight into the inner structure 
and tracking the dynamic behaviours of protocells with specified fluorescent 
dyes labeling. FM is widely used in biological systems, mainly because of its 
high sensitivity and high specificity. (b-d) FM images of w/o/w emulsion 
droplets consisting of caged multi-compartmentalized spheroids containing 
different proteinosomes dispersed in oil and incarcerated within a host pro
teinosome membrane (blue) (b), caged spheroid after removal of the encap
sulated oil (c), uncaged spheroid after removal of the outer proteinosome 
membrane (d). 

H. Wu and Y. Qiao                                                                                                                                                                                                                             



Polymer Testing 93 (2021) 106935

4

2.2. Reflected light microscopy 

Reflected light microscopies (RLMs) take use of reflected light for 
imaging and have no requirement of the specimen transparency which 
can significantly reduce the phototoxicity. The sub-groups of RLMs 
include: 1) LM in reflection mode, 2) PLM in reflection mode and 3) 
fluorescence microscopy (FM). The first two groups are similar to the 
corresponding type in TLMs except for using reflection light path. They 
are advantageous in characterizing opaque specimens, of which the 
microstructure cannot be imaged by TLMs [24]. Thus, one potential 
application of RLM may be found in study protocells with opaque 
membrane or structures susceptible to light damage. Besides, FM can be 
used to determine the localization and interaction of molecule species 
inside protocells. Intra- and intercellular processes like endocytosis and 
exocytosis can also be observed. 

FM has been widely applied in imaging protocells since they can 
provide more structural details that are not readily available in other 
traditional optical microscopies, such as higher resolution as well as the 
collection of images in multiple colour channels. FM is used in the 
characterization of protocells such as the integrity [25], distribution and 
location of internal chemical substances [26], the transport (transfer) 
and reaction (digestion) of specific substances [27]. Through the use of 
multiple fluorescence labeling either by genetically encoding fluores
cent proteins or by covalently binding to targeted molecules, different 
structures or populations can be identified simultaneously (Fig. 2a). For 
an instance, Mann and coauthors investigated the structure of the 
multi-compartmentalized spheroids (prototissues), which is a nested 
arrangement of water-filled bio-orthogonally reactive proteinosomes 

that were closely packed, dispersed in an encapsulated oil phase and 
housed within a bio-orthogonally non-reactive host proteinosome. The 
inner populations are azide-functionalized and alkyne-functionalized 
proteinosomes, while the host is non-bio-orthogonally crosslinked pro
teinosome, labeled with rhodamine isothiocyanate (RITC), fluorescein 
isothiocyanate (FITC) and Dylight 405 respectively (Fig. 2b) [9]. Af
terwards, the removing the outer membrane or the encapsulated oil 
either exhibited no change in structural integrity (Fig. 2c) or trigger a 
bio-orthogonal ligation (Fig. 2d). In addition, more investigations such 
as colocalization, detection of ion concentrations, endocytosis and 
exocytosis in protocell systems can be realized with fluorescence 
microscopy. 

2.3. Advanced techniques for protocell characterization 

In spite of wide applications of the above-discussed microscopy 
techniques, advanced imaging techniques capable of multidimensional 
imaging, excitation damage reduction, high-resolution imaging and 
multifunctional analysis are still required. Recently, specialized series of 
newly developed microscopy techniques have been proposed to uncover 
the structural details of protocells. 

In this section, we briefly introduce four kinds of techniques devel
oped to acquire multidimensional imaging with reduced excitation 
damage, namely confocal laser scanning microscopy (CLSM, high reso
lution and 3D imaging), multiphoton confocal microscopy (MPCM, 
excellent optical sectioning ability in 3D observation and minimal 
damage to specimen), spinning disk confocal microscopy (SDCM, 
improved acquisition speed and reduced excitation damage) and light 

Fig. 3. (a) Confocal laser scanning microscope (CLSM) overview and (b-e) CLSM images of multi-compartmentalized protocells. (b) Myristic acid/guanidinium 
micelle coacervate droplets doped with Nile Red. (c) GOx-containing FITC-labeled proteinosomes. (d) Host–guest protocells prepared by mixing the proteinosomes 
and coacervate droplets at a number density ratio of 1:12. (e) 3D CLSM image of a single host–guest protocell. Schematic drawing of (f) MPCM, (g) SDCM and 
(h) LSFM. 
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sheet fluorescence microscopy (LSFM, slight photobleaching, photo
toxicity and long-time 3D observation). 

It remains challenging for conventional fluorescence microscopy to 
image subtle or 3D structures of protocells. This can become even worse 
for thick or densely-stained specimens due to the strong light scattering 
from the non-focal planes. Using point-by-point illumination and spatial 
pinhole modulation, the technique of CLSM is able to eliminate the 
disturbing scattering and improve the optical resolution and visual 
contrast (Fig. 3a) [28]. Meanwhile, with the assistance of moving lens 
system, CLSM becomes feasible to achieve a controlled scanning of the 
investigated specimens so that a well-resolved 3D image can be effec
tively acquired. Furthermore, CLSM has been extensively used for 
studying both static [29] and dynamic [30] behaviours of protocell 
models such as the multi-compartmentalized host-guest protocells. A 
process of spontaneous phagocytosis of proteinosomes by coacervate 
droplets was monitored by CLSM [31]. Fig. 3b showed discrete droplets 
with a uniformly distributed red Nile Red fluorescence and diameters 
between 5 and 200 μm. GOx-containing FITC-labeled proteinosomes can 
also be visualized as a spherical, non-aggregated membrane-bounded 
microcompartments (Fig. 3c). After the capture of proteinosomes by 
coacervate droplets, green fluorescence proteinosome nested red coac
ervate droplets were observed (Fig. 3d). Furthermore, a high-resolution 
3D image captured by CLSM (Fig. 3e) provided an intuitive illustration 
of hierarchical structures of multi-compartmentalized protocells. How
ever, due to the point-by-point scanning mode, a fleeting light irradia
tion time of each point leads to the low quantum efficiency of the 
imaging sensor, therefore strong excitation energy was required in CLSM 
to achieve sufficient imaging speed, causing relatively serious photo
bleaching and phototoxicity. 

To avoid the phototoxicity, MPCM with near-infrared laser illumi
nation has been explored (Fig. 3f) [32,33]. Nowadays, two-photon 
technique stands as the mainstream [34] due to several main reasons. 
First, two photon lasers with longer wavelength and lower energy can 
better penetrate tissue to excite fluorophores. Second, the use of 
two-photon laser to excite fluorophores can largely avoid 
self-fluorescence from tissue components (e.g., proteins). Third, 
two-photon microscope only excites fluorophores in the right plane, 
which reduces unnecessary bleaching of fluorophores. Moreover, the 
two-photon excitation provides excellent optical sectioning mainly used 

for living cells and bio-tissues, which shows great potential in 
protocell-based tissue observation [9]. 

To achieve the dynamic imaging, spinning disk systems have been 
developed. In SDCM, image detection is restricted to a focal plane by an 
array of pinholes in a rapidly spinning disk (Fig. 3g). The pinholes also 
distribute laser excitation. Therefore, SDCM can realize a multi-point 
synchronous scanning to decrease the photobleaching and improve the 
acquisition speed. Furthermore, SDCMs are also capable of multidi
mensional image acquisition. All these merits lead to the widely adop
tion of SDCM in 3D imaging, fast dynamic imaging, long time series 
shooting and internal detail structure imaging [35–38]. For the appli
cation of SDCM in coacervate-based protocells, the quick engulfment of 
core coacervates (ATP/poly(allylamine hydrochloride)) into the outer 
coacervate phase (poly(3-sulfopropyl methacrylate)/PDDA) and resul
tant multi-phase coacervate droplets were clearly observed, which 
further demonstrates the fast and high-resolution imaging of SDCM and 
its potential applications on protocell characterization [39]. 

LSFM (also known as single plane illumination microscopy) exhibits 
superiority on fully enhanced abilities over large field visualization, low 
acquisition duration, high resolution, high imaging speed, low light 
damage and long-time observation, as well as excellent signal-to-noise 
ratio yielding. As shown in Fig. 3h, by illuminating with an ultra-thin 
single light plane generated by two intersected lasers, 3D imaging of 
relatively large specimens can be realized [40]. In this way, only light 
from the focal plane will be detected, and the out-of-focus light can be 
neglected. Furthermore, the orthogonal arrangement of objective and 
detector decouples the illumination and detection, thus enables intrinsic 
3D optical sectioning [41]. The application of LSFM ranges from the 
imaging of subcellular structures, rapid inter- and intracellular processes 
to the acquisition of long-term processes, as well as the visualization of 
complete specimen. 

3. High-resolution imaging 

Due to the diffraction limit of light, it is challenging to visualize ul
trastructure with light microscopy. To realize high-resolution imaging, 
super resolution microscopy has been developed to overcome the 
diffraction limit of light and thus allow ultrastructure imaging. Super 
resolution techniques use a variety of methods to break the diffraction 

Fig. 4. Schematic drawings of (a) STED, (b) PALM, (c) SIM and (d) TIRFM. (e) TIRFM and TIRF-SIM images of living E. coli with artificial organelles.  
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limit of light: stimulated emission depletion technique (STED, based on 
stimulated emission quenching), photoactivated localization technique 
or stochastic optical reconstruction microscopy (PALM/STORM, based 
on single molecule imaging and localizing) and structured illumination 
microscopy (SIM, based on structured light illuminating). Besides, total 
internal reflection fluorescent microscopy (TIRFM, based on the 
evanescent wave generated on the other side of medium after total 
reflection of light) was also an effective way to achieve high-resolution 
imaging. 

STED breaks the light diffraction limit and realizes a resolution of 
~50 nm. Similar to CLSM, STED image is gained by an excitation laser 
beam with a pinhole to remove out-of-focus light (Fig. 4a). The resolu
tion enhancement relies on the concomitant illumination from a second 
laser [42]. The second laser with a red-shifted emission wavelength can 
quench peripheral excited fluorophores by stimulated emission deple
tion. Therefore, the resolution of the STED system can be improved by 
considering the fluorophore as an active element but not as a simple 
reporter during the acquisition process. 

Different with STED imaging, PALM/STORM image the sample by 
repeatedly exciting and capturing of a single or several fluorescent 
molecules (Fig. 4b) [43]. This process is repeated for thousands of times 
on different subsets of molecules to obtain the super-resolution image 
(resolution reaching 20–50 nm) [44,45]. Despite the high spatial reso
lution achieved by PALM/STORM, some disadvantages still exist, such 
as strong excitation light requirement for irradiation, which will result 
in serious photobleaching and phototoxicity. 

Furthermore, SIM can effectively utilize the emitted photons and 
greatly lower the requirements on fluorescent molecules. By 

superposing a well-defined grating, SIM can achieve the spatial structure 
regulating of excitation beam, which will excite the hybrid frequency of 
the grating and fluorescence density (Fig. 4c). The high-frequency in
formation of samples can be carried to a low-frequency band when 
changing the direction and phase of the grating. Therefore, the high- 
frequency signal can be extracted for super-resolution visualization 
[46]. During the past decade, SIM has been widely used in the researches 
of cell physiology, cell dynamics and protein co-localization. Besides, 
3d-SIM can obtain images at different longitudinal levels and recon
struct 3D images by gaining a series of tomographic images. 

TIRFM is also applicable for high-resolution imaging based on the 
high contrast obtained from the total internal reflection of fluorescence. 
The reflection process generates evanescent wave on the other side of 
reflecting plane, which can greatly reduce the background light noise 
(Fig. 4d). TIRFM is especially used for the single protein dynamics 
research on cell membrane [47], calcium detection [48], drug tracking 
[49] and subcellular structure imaging [50]. For example, the formation 
of proto-organelles by genetically encoded amphiphilic proteins was 
achieved in E. coli [51]. TIRFM was applied to visualize these resultant 
compartments and the results showed that the proto-organelles 
appeared as concentrated fluorescent spots of different size (Fig. 4e 
top). However, the TIRFM image remained too blurry, TIRF-SIM (com
bination of TIRFM and SIM) was then introduced for a further 
improvement of image resolution. In TIRF-SIM image, a few clearer and 
brighter fluorescent spots were observed (Fig. 4e down), revealing a 
ring-like substructure with an inner diameter of about 650 nm. 

Fig. 5. Schematic illustrations of (a) FLIM, (d) FRET, (g) FCS, (i) FRAP, respectively. (b,c) Fluorescence lifetime maps for oleate/PDDA/ATP microdroplets that 
contain kiton red (b) in the absence or (c) presence of NaCl. (e) Fluorescence microscopy image of a green/red superimposed image of coacervate microdroplets 
containing FAM-ssDNA and TAMRA-ssDNA with FRET phenomenon. (f) Fluorescence emission spectra recorded on dispersions of coacervate microdroplets con
taining FAM-ssDNA (I, green plot) or TAMRA-ssDNA (II, orange plot), or both with FRET phenomenon (I + II) (red plot). (h) FCS spectrum for dye diffusion co
efficient measuring. (j-l) FRAP of bulk coacervate phase containing TAM–HH–min. 
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4. Multifunctional analysis 

A majority of the above techniques relies on fluorescence, which has 
revolutionized microscopy imaging in biology. While the resultant im
ages offer merely visual information. In order to obtain further infor
mation beyond images, multiple functional analyzing systems are built 
such as fluorescence lifetime imaging microscopy (FLIM, monitoring the 
fluorescence lifetime), fluorescence resonance energy transfer (FRET, 
analyzing fluorophore interactions), fluorescence correlation spectros
copy (FCS, analyzing the fluorescence fluctuations) and fluorescence 
recovery after photobleaching (FRAP, measuring the fluorescence mo
lecular motion), and high content analysis (HCA, automated high- 
throughput microscopic imaging and big data quantitative analysis). 

FLIM is a technique to determine the excited state lifetimes of 
luminophores by means of fluorescence microscope. By monitoring the 
fluorescence lifetime, FLIM can provide concentration-independent in
formation on local microenvironment (Fig. 5a). Fluorescence lifetime is 
independent of fluorophore concentration, which makes FLIM less sus
ceptible to defects caused by non-uniform illumination, light path
length, scattered light, photobleaching or excitation intensity variations. 
FLIM has also been applied to analyze the physical environment of the 
fluorophore. For example, hybrid protocells consisting of coacervate 
microdroplets with fatty-acid membrane were constructed. Under high 
ionic strength, the oleate-coated polyelectrolyte/ribonucleotide droplets 
would appear internalized disassembly with retention of the oleate 
membrane [25]. FLIM was applied to evidence the internalized disas
sembly process and the results showed a remarkable reduction in the 
fluorescence lifetimes owing to the reduction in the viscosity of the 
compartmentalized medium (Fig. 5b and c). 

FRET is a distance-dependent nonradiative energy transfer interac
tion between two electronic excited states of fluorescent molecules, 
which is a useful tool for characterizing the molecule properties in 
protocells (Fig. 5d). A typical FRET example in protocell research is for 
the investigation of artificial form of predatory behavior in synthetic 
protocell communities (coacervates as predator and proteinosomes as 
prey) [52]. The encapsulated carboxyfluorescein (FAM) 
modified-ssDNA and carboxytetramethylrhodamin (TAMRA) 
modified-ssDNA payloads encountered and paired with FRET phenom
enon when the predation process happens. As shown by fluorescence 
image in Fig. 5e, weak green and red fluorescence in the filtered images 
(not shown in this paper), as well as a yellow image by overlaid red/
green channels can be seen. This was associated with FRET behaviour 

between double-strand hybridization of FAM-ssDNA and 
TAMRA-ssDNA. The FRET behaviour was further confirmed by the 
fluorescence spectra, indicating the 520 and 583 nm peaks were 
quenched and increased, respectively (Fig. 5f). 

FCS is developed based on a correlation analysis of temporal fluc
tuations of fluorescence intensity in samples (Fig. 5g), offering an access 
to the diffusion behaviour and concentration variation. In this way, 
important biochemical parameters such as the concentration and size of 
detected molecules as well as viscosity of the environment can be ob
tained. For example, FCS was applied to study a spontaneous micelle- 
vesicle transition and its dynamic process in a vesicle-based system 
containing oleic acid and 1-hexadecyl-3-methyl imidazolium chloride 
(Fig. 5h) [53]. The results revealed that the spontaneous micelle-vesicle 
transition was accompanied by changes in the velocity of diffusional 
motion, and higher diffusion coefficient was acquired in vesicle state. 
FCS is also applied to measure the binding interactions, dynamics of 
cellular structures and oligomerization and single molecule spectros
copy, suggesting the potential on tracking molecular dynamics in pro
tocell systems with FCS. 

FRAP is also a powerful tool for lateral diffusion measurement, 
measured by confocal microscopy. Photo bleaching and recovery are 
carried out by irreversibly quenching a specific area and monitoring the 
recovery of fluorescence intensity (Fig. 5i). Recently, FRAP was applied 
to investigate the diffusion of ribozyme and substrate in the interior of 
bulk coacervate phase [54]. The resultant images showed the significant 
slowdown of molecular diffusion for the ribozyme and substrate in 
coacervate phase, compared to the predicted diffusion coefficients of 
RNA in buffer (Fig. 5j-l). FRAP was also employed in studying the 
membrane fluidity and protein/lipid group mobility [55–57]. 

HCA is developed for the analysis of multicellular structure and 
protein localization, which integrates high throughput screening tech
nologies with advanced cellular imaging [58]. In HCA, the bright 
field/fluorescence microscopic acquisition, multiple-target molecule 
expression, temporal/spatial information, morphological information 
can be obtained simultaneously. Through high content image analysis 
software, the obtained data can be comprehensively analyzed to provide 
novel systems-level insight into complexed cell/protocell populations. 

Light microscopy has become a powerful tool in visualizing nano
scale structures after more than 300 years’ development. However, the 
resolution of most LM is still greatly restricted by the diffraction limit 
(half of the wavelength of incident light, > 200 nm), though SPMs and 
TIRFM have made some progresses. Thus, advanced techniques that can 

Fig. 6. (a) SEM micrograph of dried intact 
FeM-clay colloidosomes. (b) Cryo-SEM 
image of a frozen polymeric vesicle in ice. 
(c) TEM image of a two-tiered BSA-NH2/ 
PNIPAAm proteinosome comprising two 
entrapped smaller proteinosomes. (d) NS- 
TEM image of SDS and SDBS vesicles. (e) 
Cryo-TEM image of the lamellar Lα phase for 
the myristic acid/CsOH/H2O system at 
25 ◦C, showing the existence of size 
enlargement among the resultant vesicles. 
(f) FF-TEM image of faceted vesicles formed 
by perfluorononanoic acid.   
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enable higher-resolution imaging is highly desirable. 

5. Electron microscopy 

Electron microscopy (EM) uses electron beams as a probe to illumi
nate samples and achieve much higher spatial resolution than light 
microscopy, bringing resolution into the level of 2 nm. Generally, 
electron microscopies can be classified into scanning electron micro
scopy (SEM) and transmission electron microscopy (TEM), which pro
vide versatile methodologies for the characterization of micro-/nano- 
structures in 2D and 3D materials. 

In SEM, a fine electron beam interacts with the surface of samples, 
which produces secondary electron (SE). The SE signal is detected by the 
detector and displayed on the screen of a cathode ray tube. SEM is 
initially used for the characterization of pollens, viruses, or cells, and 
gradually find their applications in many fields including protocells 
[59–61]. In the previous-mentioned Fe-clay colloidosome system, SEM 
was employed to investigate the morphology of inorganic protocells. 
SEM imaging of the dried or freeze-fractured colloidosomes (Fig. 6a) 
showed the structural robustness of individual microcapsules under 
vacuum, and a continuous clay membrane containing a hollow interior. 
The membrane of inorganic colloidosome was several micrometers in 
thickness with a rough surface (Fig. 6a inset) [20]. Furthermore, SEM 
can also be used for elemental analysis with the integration of electron 
energy spectrometer (EDS) [62]. 

However, SEM observation requires the samples to be pre-dried and 
completely desiccative. The dehydration process will distort the 
morphology of some samples especially soft organic materials. Besides, 
to obtain high resolution images, surface spray plating is usually 
employed to enhance the secondary electron yields which can increase 
the contrast of imaging. However, the deposition of metal layers can 
significantly change the surface information or even produce artifacts. 
This sample preparation process can cause significant structural distor
tion to protocell specimen, including vesicles, coacervate droplets, and 
proteinosomes. Therefore, cryogenic SEM (Cryo-SEM) was developed to 
characterize these hydrated and electron beam sensitive samples by 
using rapid freezing and freezing transfer systems. Cryo-SEM has been 
used for the observation of subtle structures in protocells. For example, 
Cryo-SEM was applied to visualize polymeric vesicle protocells con
sisting of amphiphilic block copolymer (poly (n-butyl methacrylate)94- 
block-poly-(N, N-dimethyl-amino ethyl methacrylate)) [63]. Cryo-SEM 
images can provide solid proof to confirm the embedding of manga
nese oxide particles inside the vesicular membranes (Fig. 6b). 

Advanced SEMs such as serial block face SEM (SBF-SEM) and auto
matic tape collection ultrathin microtome continuous section SEM 
(ATUM-ssSEM) are also developed. SBF-SEM has an ultramicrotome 
inside of the vacuum chamber which can remove the serial sections from 
the block face by sequential sectioning, and the backscattered electrons 
from the newly formed surface can be collected to generate SEM images 
[64]. In this manner, as each image stays in an exact registration, a serial 
section movie and large-scale 3D image set can be created. ATUM-ssSEM 
can offer high resolution imaging due to the ability of collecting hun
dreds to thousands of sections on a continuous tape [65]. 

Although SEM remains a powerful tool, it only provides information 
from sample surfaces which makes it difficult to access the interior 
structures of specimen. To address this issue, TEM an alternative tool to 
study the micro-/nano-structures imaging. In TEM, a focused beam of 
energetic electrons transmits through a thin specimen. Depending on 
electron-matter interaction, the electrons can be scattered, reflected or 
transmit through samples. The transmitted electron can generate pat
terns on a fluorescent screen of image-recording system. As shown in 
Fig. 6c, TEM imaging revealed both the surface and internal information 
of proteinsomes, which is made of bovine serum albumin (BSA-NH2)/ 
poly(N-isopropylacrylamide) (PNIPAAm) protocell membranes. The 
multi-compartmentalized protocell comprised two or three levels of 
organized and controlled guest proteinosomes, which are regarded as 

chemically and spatially integrated proto-organelles [66]. TEM was 
employed to directly demonstrate the multi-compartmentalized struc
ture. A collapsed but structurally intact nested microarchitecture with 
two entrapped proto-organelles can be clearly seen. 

Soft organic materials are usually composed of light atoms such as 
carbon, oxygen, nitrogen and hydrogen, which can only weakly interact 
with electrons. As a consequence, TEM imaging of these samples cannot 
provide enough contrast. To address this issue, technique of negative 
staining (NS) was developed and applied for TEM sample preparation. 
The main idea of NS-TEM is coating the surface of specimen with a thin 
layer of electron dense material (such as phosphotungstic acid and 
uranyl acetate) to provide high image contrast. This technique provides 
structural information such as shape and size. NS-TEM has been widely 
used for virus imaging for a long period time, and recently has been 
applied in characterizing protocell models especially vesicle-based sys
tems. As shown in Fig. 6d, the morphology of sodium dodecyl sulfate 
(SDS) and sodium dodecylbenzenesulfonate (SDBS) vesicles were clearly 
visualized [67]. However, it is also worth mentioning that the staining 
with heavy metal ions and the drying process during the negative 
staining process may bring severe artifacts. 

Cryogenic TEM (Cryo-TEM) was developed to study the structures of 
soft nanomaterials without using metal staining process. The Cryo-TEM 
sample is frozen and viewed in a very cold liquid refrigerant in order to 
preserve and protect it during observation. Liquid ethane is used in the 
freezing process to make it quick enough to prevent the frozen water 
from forming cubic ice. In this process, the samples can remain hydrated 
states, which is especially important to biological macromolecules (e.g., 
DNA and protein). To investigate the formation of bilayer structure in 
fatty acid/soap mixtures, Cryo-TEM was applied to demonstrate the 
difference between the microstructures of vesicles formed by soap and 
various fatty acid including decanoic acid, lauric acid, myristic acid, 
palmitic acid and stearic acid. Fig. 6e showed the vesicles formation in 
the myristic acid/CsOH/H2O system, indicating that some vesicles 
became larger, and only half of the vesicle edges can be observed [68]. 
In addition, Cryo-TEM also enables us to build a 3D image of complex 
proteins or nanomaterials at incredible resolution [69]. 

Freeze-fracture TEM (FF-TEM) is one of the traditional methods 
based on initial cryofixation of the specimen. Unlike high-resolution EM 
imaging techniques, FF-TEM is mainly used in low- and medium- 
resolution structural studies, whilst it is advantageous in the extraordi
nary tolerance of different materials (solid, liquid, suspension, etc.) and 
experimental conditions (composition, temperature, pressure etc.) that 
may be an auxiliary in different researches. In a recent report, the ag
gregation and rheological behavior of vesicles formed by per
fluorononanoic acid/NaOH was investigated using FF-TEM, and the 
formation of spherical unilamellar vesicles was demonstrated (Fig. 6f) 
[70]. 

To sum up, electron microscopy can provide high-resolution imaging 
although complicated sample pretreatments and strict working condi
tions may be required. Since soft organic materials do not give enough 
image contrasts, extra sample preparation techniques such as negative 
staining and freeze-fracture technique are normally required, which can 
produce undesired artifacts to EM images. The emergence of cryo-TEM 
allows the EM imaging under hydrated state, which can relatively avoid 
sample damage or distortion. 

6. Scanning probe microscopy 

Compared with LM and EM, scanning probe microscopy (SPM) has 
the advantages such as adaptable working environment, low sample 
damage, real-time and high-resolution imaging, as well as 3D imaging. 
Scanning probe microscopies are instrumental for studying surfaces at 
the nanoscale level. SPMs form images of surfaces using a physical probe 
that touches the surface of a sample to scan the surface and collect data, 
typically obtained as a two-dimensional grid of data points and dis
played as a computer image. A variety of different probes and detection 
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modalities can be used to generate either a surface topological map or to 
detect and image electromagnetic, physical or molecular properties, and 
the resultant technologies correspond to atomic force microscope 
(AFM), magnetic force microscope (MFM) and electrostatic force mi
croscopy (EFM). 

AFM is a surface influential analysis technique and can be used to 
obtain high-resolution nanoscale images with specimen in air (conven
tional AFM) or liquid (electrochemical AFM) environments. The critical 
part of AFM is an atomic sharp tip of approximately 10–20 nm in 
diameter sitting at the end of a cantilever. The tip moves in response to 
tip-surface interactions, and this movement is recorded by focusing a 
laser beam with a photodiode. The atom at the apex of the tip ‘senses’ 
individual atoms on the underlying sample surface when it forms 
incipient chemical bonds with each atom. Because these interactions 
delicately alter the tip’s vibration frequency, the sample surface can be 
detected and mapped. Hence, the imaging can be realized by measuring 
the height changes of scanning points, and the detection of atoms on a 
variety of surfaces can also be achieved. For instance, proteinosome 
system was constructed by the interfacial assembly of BSA-NH2/PNI
PAAm nano-conjugates has ultrathin membrane of ca. 10 nm by AFM 
(Fig. 7a and b) [71]. Given that the theoretical extended length of 
nano-conjugate is around 9 nm, this result suggested that the membrane 
is composed of single layer of BSA-NH2/PNIPAAm nano-conjugate. 

AFM can also provide high lateral resolution and true 3D image of 
the sample surface, which becomes a powerful tool for the cross- 
sectional measurements. For example, AFM was previously applied to 
study a light-responsive multipodal polyelectrolyte-surfactant micro
architecture composed of trans-azobenzene trimethylammonium bro
mide (trans-azoTAB) and polyacrylic acid (PAA). AFM results revealed 
dynamic shaping and self-division under light irradiation. The UV- 
induced melting and self-division of azoTAB:PAA mesophases were 
studied by 3D AFM imaging, showing that the melting process was 
accompanied by a loss of surface texture (Fig. 7c and d) [72]. 

For magnetic samples, MFM with magnetic probes offers the best 
choice, which can detect the interaction and reconstruct the surface 
magnetic structure. For example, a group of magnetic PEGylated lipo
somes are prepared for drug release, and AFM as well as MFM were 
applied to reveal the ratio of magnetic liposomes [73]. By comparing the 
height information of liposomes by AFM tapping mode and the corre
sponding phase shift due to magnetic interactions by MFM, the collab
orative results (Fig. 7e and f) suggested that there is less than 30% of 
liposomes incorporating the magnetic nanoparticles. 

7. Conclusions and perspectives 

To date, protocells constructed from bottom-up approaches have 
exhibited great significance in exploring the origin of life and the con
struction of adaptive materials. In general, BFM is a good start for most 
protocell imaging since it is easy to access for most chemistry labs. DFM 
(or PCM) and PLM can be applied to acquire some fine details or bire
fringent phenomenon existing in samples. CLSM is excellent for out-of- 
focus light elimination and 3D image. For membrane imaging or de
tails within a few hundred nanometers of the coverslip in protocells, 
SRM and TIRFM can be a good option. When further high-resolution 
imaging is required, EM remains the first choice, in which Cryo-EM or 
FF-TEM may be preferred to avoid imaging artifacts. Finally, AFM is the 
only technique that can measure samples submerged in a liquid. This is 
especially useful for in-situ characterization of protocol behaviours. 

To conclude, the develop of advanced microscopy techniques by 
integrating computer-assisted soft tool or data analysis will greatly 
benefit the in-depth study of protocell, and thereby shedding light on the 
origin of life and the development of integrated constructs for diverse 
procedures in synthetic biology. 
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