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Abstract: We investigated the possibility of using submicron polymeric stomatocytes to
effectuate confined crystallization of inorganic compounds. These bowl-shaped polymeric
compartments facilitate confined crystallization while their glassy surfaces provide their
crystalline cargos with convenient shielding from the electron beam’s harsh effects during
transmission electron microscopy experiments. Stomatocytes host the growth of a single
nanocrystal per nano-cavity, and the electron diffraction experiments revealed that their glassy
membranes do not interfere with the diffraction patterns obtained from their crystalline cargos.
Therefore, we expect that the encapsulation and crystallization within these compartments
could be considered as a promising template (nano-vials) that hold and protect nanocrystals and

protein clusters from the direct radiation damage before data acquisition, while they are
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examined by modern crystallography methodologies such as serial femtosecond
crystallography.

1. Introduction

Crystallization is a vital tool for assembling regularly repeated entities of (in)organic
compounds or biological macromolecules or their complexes which are then characterized by
modern crystallography methodologies to eventually determine their 3D structure down to the
atomic scale.['] Nowadays, (macromolecular) crystallography has improved drastically, and
allows the collection of diffraction data from tiny crystals, [2! clusters and single particles.[3; 4, 5]
However, reducing the radiation damage during data acquisition for biological crystals is
challenging. Although cryo-cooling is usually used to flash-freeze the crystals so that they can
resist radiation damage for relatively longer exposure periods, local atomic rearrangements that
take place due to unavoidable radiation damage prevent most studies to proceed to a significant
level.[6] More importantly, the cryo-structure of a specific protein does not always represent its
real structure at equilibrium, because many degrees of freedom are suppressed at cryo-
temperatures.[”] More attention is currently drawn toward studying protein dynamics using time
resolved serial femtosecond crystallography (SFX) which is performed at room temperature in
order to detect all conformational changes a protein encounter to perform its function.8!
Confined crystallization or even simple encapsulation in compartments that do not interfere
with data acquisition could assist in providing these sensitive crystals or protein clusters with
the required shield against radiation that, in turn, increases significantly during room
temperature diffraction data collection.

Confined crystallization is a line of research that has emerged in two directions, one of which

aims to further understand the very early stages of nucleation and crystal growth at a size scale
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[2, 91 The other applied oriented research direction aims to crystallize confined uniformly
oriented inorganic and organic compounds with the required submicron particle size, crystal
habit and polymorphic form. [10] These studies were conducted by utilizing naturally existing
macromolecular cages (Ferritin),l11] and synthetic structures such as organic cages!!2]
mesoporous silica,[13] organized organic templates and surfaces (Langmuir monolayers),[14]
porous anodic alumina,[15] organic polymers,[16] nanoporous (block co-)polymers,[17] polymer
micro-gels,[18] and phospholipid vesicles (liposomes).[19]
For macromolecules, confined crystallization was explored in lipidic cubic phases, and porous
bioglass and was shown to affect the protein solubility and decrease the nucleation energy
barrier.[20] However, complete encapsulation and growth of protein crystals were only reported
using relatively larger liposomes (20-60 pm).[21] liposomes have minor control over crystal
morphology due to their flexible membrane that can be easily stretched by the encapsulated
nanocrystals. A synthetic alternative to liposomes is the polymeric vesicles widely known as
polymersomes that possess more stability and rigidity in their membranes.[22] So far,
polymersomes have been proved to be a versatile platform and were explored for several
medical applications.[23] They are assembled from amphiphilic block copolymers and can
undergo shape transformations to several morphologies such as discs, rods, tubes and bowl-
shaped stomatocytes.[24 251 The stomatocytes offer additional properties compared to the
ordinary spherical polymersomes by providing an extra compartment, a nanocavity, which is
connected to the outer environment via an adjustable opening.[25; 261

Herein, we show that these stomatocytes can serve as confined hosts for nanocrystals grown

by the simple batch crystallization method (Scheme 1). At this nanoscale, convective mixing



does not occur and thus growth in these compartments is expected to result in diffusion-limited

crystal growth, which is the effective route to grow perfect crystal.
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[27] The crystallinity of the resultant nanocrystals was confirmed by electron diffraction. The
amorphous nature of the polymeric compartments prevents background diffraction interference
with the diffraction pattern of the confined crystals. Although the encapsulated crystals were
not flash frozen or cryoprotected, they could resist the radiation damage caused by the electron
beam for a much longer time compared to the un-encapsulated crystals. This suggests the
possibility of using these glassy stomatocytes as nano-vials to encapsulate nanocrystals or
protein clusters during their characterization by crystallography methodologies with much less

radiation damage and thus more reliable structural information.[4> 28]

AmphiphilicBlock Polymersomes Stomatocytes Stomatocytes Confined
copolymer encapsulating cargo Crystallization

Scheme 1. The route followed to utilize polymeric vesicles for confined crystallization.
Polymersomes assembly, their shape transformation to stomatocytes, followed by cargo

encapsulation and crystallization.

2. Results

In order to prepare the stomatocytes, a solution of the amphiphilic block copolymer poly-
(ethylene glycol)-b-polystyrene (PEGu4-PS169) Wwas dissolved in organic solvent.
(tetrahydrofuran (THF) & 1,4 dioxane) set at several ratios to allow for facile vesicle formation

and to preserve integrity in case proteins were to be encapsulated.[29] The assembly of



polymersomes was stimulated by the controlled slow addition of water into this mixture that
was set to stir. After dialysis against water, reverse dialysis in 50% organic solvent and
subsequent quenching in water, the vesicular structures underwent an osmotic shock and

transformed to bowl-shaped polymeric stomatocytes.[30]
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Inorganic compounds that crystallize in different crystalline systems were chosen for the
confined crystallization experiments. We found that stomatocytes with inner compartments
exceeding 200 nm in diameter efficiently facilitated crystallization (Figure S1-S3).
Additionally, stomatocytes with openings < 40 nm in diameter encapsulated and entrapped the
supersaturated solutions of the tested compounds (Figure S4) (KDP, NaCl, NaClO3 and
(NH4),S0O4) which thereafter underwent batch crystallization when incubated at 4°C. This was
confirmed by their morphology, elemental analyses and diffractivity, investigated via dry
Transmission Electron Microscopy (dry-TEM), Energy Dispersive X-ray (EDX) mapping, and
Selected Area Electron Diffraction (SAED), respectively (Figurel-4). SAED and associated
indexing also revealed that the polymorphism was preserved for (NH4),SO, that can crystallize

in 2 polymorphic forms, (Figure 2).




Figure 1. NaCl crystals grown within the stomatocytes. As bright field dry-T'EM micrographs
show (a,b), the crystals grew easily inside the stomatocytes with inner compartments > 200nm
in diameter to their full capacity. The crystalline nature of the confined NaCl crystals is
confirmed using SAED for several crystals (c) and for individual crystals examined along
different zone-axes (d-g). The indexing of the ED patterns showed the observed dnyi-spacing
corresponding to the FCC crystal structure (space group Fm-3m and a= 5.6402 A; ICSD
PDF4: 05-0628)

WILEY-VCH
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Figure 2. (NH4),SO, crystals grown within the stomatocytes as shown by bright field dry-
TEM micrographs (a,b). The crystalline nature of the confined crystals was confirmed using
SAED for several (NH,),SO, crystals (c) and taken from different zone-axes for individual
(NH,),SO, crystals (d-f). The indexing of SAED patterns showed that (NH,),SO, phase
crystallizes in orthorhombic space group Pnam and a= 7. 762, b= 10. 612, and c= 5.979 A
(ICSD: 200905)

Although KDP and NaClO3 crystals were more sensitive to the electron beam, yet the EDX
mapping and SAED confirmed the crystalline content of the encapsulated crystals (Figures 3-4

& S5-S7).




Figure 3. Bright field dry-TEM micrographs for stomatocytes encapsulating KDP melting
6
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crystals (a,b). Dark field-STEM micrograph with EDX line-scan analysis (c) across these
crystals revealed their high content of the main elements: phosphorous (blue), oxygen (green)
and potassium (red). Although they could be considered as a poorly-diffracting crystals
compared to those of other compounds, SAED patterns indexing (d-e) and diffraction for an
individual crystal along its zone axis (f) revealed their tetragonal structure with space group I-
42d and a= 7.448 and c= 6.977 A (ICSD PDF4: 031-1030)

Figure 4. Bright-field (a,c) and dark-field (d) dry-TEM micrographs for stomatocytes
encapsulating NaClO5 . As shown in (b), the crystals were melting directly when exposed to
the electron beam. However, their SAED (e-f) showed their cubic structure with space group
P2,3 and a = 6.57 A (ICSD PDF4: 01-0908)
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in general much less than that of those grow in the remnant solution outside the stomatocytes,
which evaporated instantaneously upon exposure to the electron beam. Therefore, we
investigated in depth if the nanocavity of the stomatocytes would provide the encapsulated
nanocrystals with the adequate protection if they are directly examined by, for instance, in situ
serial crystallography. For that, a comparative inspection was performed to determine the effect
of electron beam exposure on encapsulated and exposed crystals. We found that the
encapsulated nanocrystals could withstand the radiation damage induced by high-dose electron
beam to relatively higher threshold compared to unprotected crystals of even 10xlarger sizes
when exposed to the same dose concentration (Figure 5). This confirms the shielding effect

7
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that these glassy compartments can provide for their (non) crystalline cargos.

Figure 5. Timeline for (NH4),SO, crystals under prolonged exposure to the electron beam of
TEM. The upper lane shows the shielding effect of the polymeric membrane of the
stomatocytes against the damage that the encapsulated crystal could encounter if it was
subjected directly to the electron beam. The lower lane shows the 10 times larger, but
unshielded crystal which could not withstand the radiation damage and evaporated
dramatically.

3. Discussion



The results show that the polymeric stomatocytes provide means to separate the
compartment assembly from cargo encapsulation. For crystallization, their opening allow for
the solution exchange, while nucleation and growth of nanocrystals take place within their
uniformly rounded inner compartments. The capability of these nanocapsules to host the
growth of nanocrystals is represented here by the growth of nanocrystals from the four
inorganic compounds used in this study The performed electron diffraction experiments for the
crystalline cargo have not shown any background diffraction caused by their compartments.
More importantly, the stomatocyte’s membrane provides the cargo with extra protection against
the damaging effect of the electron beam.

Separating the compartments self-assembly and shape transformation from their cargo

encapsulation provides a practical alternative to the complications that was encountered when

WILEY-VCH

attempts were made to encapsulate the compound to be crystallized in vesicles during their
self-assembly procedure. Although we could encapsulate protein [Hen Egg-White lysozyme
(HEWL)] and KDP inside PEG-PS polymersomes during their self-assembly (Figure S8), we
found that adding inorganic compounds that possess relatively high solubility values into the
aqueous phase led to polymer precipitation [as was the case with (NH,4),SO,4)] or the assembly
of structures extending from the nanoscopic up to macroscopic scale, hexagonally-packed
hollow hoops (HHHs), beads on a string and tubules [as was the case with NaCl and NaClO3]
(Figures S9 & S10). The resultant relatively large size scale of the structures was also observed
when higher salt concentrations were used in the dialysis (Figure S11). Although the formation
of these structures is understandable (Supplementary notel), and some of them induced the

growth of nanocrystals, they did not yield a mono-disperse high population of one crystalline



form with narrow size distribution.

Stomatocytes beat liposomes in the rigidity of their membrane, which provide them with a
good control over their cargo’s crystal morphology and final size. Another advantage of
stomatocytes is their inherent opening which acts as a valve that allow for entrapping the
encapsulated compounds and possible solution exchange that is necessary for crystal growth.
We observed that nanocrystals grow to sizes that would not have been possible if their growth
was only mediated by the initial solution volume entrapped in the stomatocytes. In our
experiments, we found that the diameter of the stomatocytes’ nanocavities has to be
preferentially around 200 nm to allow for the nucleation of small inorganic compounds. At this
size scale, our attempts to encapsulate HEWL was also successful (Figures S4 & S8),
however, we could not detect protein crystal growth even with HEWL labelled with a

compound that enhances nucleation and crystals characterization (visibility)
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[31, 32] (Figure S12). This might be attributed to the size restriction imposed by the
stomatocytes, which could have hindered the onset of HEWL nucleation. For (in-)organic
compounds, the critical size of the nuclei is in the order of tens of nanometers, but for
macromolecules, this extends to few hundreds of nanometers depending on their molecular
size.[2] Recent studies have shown that nucleation of 3D protein crystals is mediated by a two-
step (non-classical) nucleation mechanism in which protein entities first aggregate to form
metastable mesoscopic dense clusters containing amorphous solid particles before nuclei
appear.33] For HEWL crystallization, the 100-150nm clusters should undergo a sort of

Ostwald ripening in which small clusters dissolve to redeposit on larger pre-existing clusters,

it v mlh mrr el Aanti ~m cbmrte 1341 T Aarafarn Amemnmeti]lntim e mrmtncme vir4him thrca valaticrnalyr crmaa1l



veiialovvias il e auuil odito.m 7 AL UL L dpyyuiatiilis pyryte o vvidiiih it ol uiau vy ly ouidlt
stomatocytes will guarantee that they can be tested in their single molecular rather than
crystalline form.[5] As our investigations revealed, the stomatocytes which surround their cargos
with two layers of their polymeric membrane provide them with adequate shielding from
possible radiation damage during electron diffraction experiments, while no background
diffraction from these glassy compartments is expected to interfere with the obtained data from

the encapsulated cargos.
4. Conclusions and outlook

We show the capability of growing nanocrystals in confined nanoscale PEG-PS
stomatocytes. The main advantage of encapsulating nanocrystals in such compartments is the
protection they provide to their cargos during their characterization. The suggested approach
could provide a basis for a facile methodology in which a supersaturated solution of any
(macro-)molecule under study can be vigorously mixed with polymeric stomatocytes
suspended in small volume of adequate aqueous media to induce their encapsulation in the
stomatocytes nano-cavities. Afterwards, batch crystallization can be effectuated if the

suspension is incubated at a suitable temperature for nucleation and crystal growth. The
10
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resultant glassy nano-vials, containing (non-)crystalline cargos suspended in an aqueous
media, can be infused in a liquid jet injector for a serial femtosecond crystallography (SFC)
experimental setting that expedites “diffraction before destruction”.[35] We expect that these
stomatocytes could be appropriate hosting capsules for characterization of crystallized smaller
entities of peptides and organic compounds as well as molecular or cluster entities of larger

macromolecules.
5. Experimental Section

Materials: All reagents and chemicals were of reagent grade and used without further purification. Hen egg-



white lysozyme [HEWL] (cat. no. L6876) was purchased from Sigma-Aldrich and also used without further
purification. Fluorescent dye DY-632-01 NHS ester (C14H49N3014S3Na2; MW = 950.03 g mol-1, Dyomics)
was used to label HEWL as thoroughly described elsewhere.[32] Ultra-pure MilliQ water was obtained with
MilliQ QPOD purification system (18.2 MQ) and was used for the self-assembly of polymersomes and for the
dialysis experiments and for the preparation of all crystallization solutions. Spectra/Por® Dialysis Membrane
MWCO: 12-14,000 was used for dialysis of polymersomes and their shape transformation into stomatocytes.

Ultra-free-MC centrifugal filters 0.22 pm were purchased from Millipore.
Characterization techniques. NMR spectra were recorded to calculate the degree of polymerization of

the block co-polymer poly(ethylene glycol)s-b-polystyrene gy (PEG44-PSig0), NMR experiments were
performed on a Varian Inova 400 spectrometer with CDCl; as a solvent and TMS as internal standard. Gel
Permeation Chromatography (GPC) was performed on a Shimadzu Prominence GPC system equipped with a
PL gel 5 pm mixed D column (Polymer Laboratories) and differential refractive index and UV (254 nm)
detectors. THF was used as an eluent with a flow rate of 1 mL/min. Polystyrene standards in the range of 580 to
377,400 Da were used for calibration. Dynamic light scattering (DLS) analyses were performed on a Malvermn
Zetasizer Nano S equipped with a He-Ne (633 nm, 4 mW) laser and an Avalanche photodiode detector at an
angle of 170°. DLS data were processed on a Dispersion Technology Software (Malvern Instruments).

Three Transmission Electron Microscopes (TEM) were used in our experiments: 1. JEOL 1010 microscope
equipped with a CCD camera operating at an acceleration voltage of 55 kV. This microscope was used for
routine inspections. Additionally, the low voltage allowed the inspection of polymersomes and stomatocytes
containing sensitive crystals (KDP); 2. JEOL TEM 2100 operating at 200kV and equipped with two

11
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Gatan cameras: the high-quality Gatan 833 Orius. These cameras were used for the dry and cryo-inspection,
respectively. STEM detector with the Bruker EDS system element analysis was used for EDX mapping; and 3.
JEOL JEM-2100F field - emission gun TEM operating at an accelerating voltage of 200 kV and equipped with
an ultra-high resolution pole-piece that provides a point-resolution better than 0.19 nm. It is also equipped
with STEM control unit (Gatan), EDX detector (Oxford Instruments, SDD 80 mm2), CCD camera (14-bit Gatan
Orius SC600), and bright-field (BF) and HAADF detectors (JEOL). This microscope was used for EDX line-scan

and mapping, dark-field (HAADF) imaging and Selected Area Electron Diffraction (SAED).



ror dry-1EM, EDX and SAERD), sample specimens were prepared Dy placing a drop of the lUX diluted
solutions on a carbon-coated Cu grid (200 mesh, EM science) followed by air- drying. For Cryo-TEM, no
dilutions were performed and the sample was directly vitrified in the fully automated vitrification robot FEI
Vitrobot™ Mark IV. Processing and analysis of the TEM images was performed with ImageJ, a program
developed by the NIH and available as public domain software at http://rsbweb.nih.gov/ij/. SAED patterns
analysis were performed by means of Gatan Digital Micrograph software.

Experimental procedures.

a. Synthesis of the block-copolymer: Poly(ethylene glycol)-polystyrene block co-polymer was synthesized
by using atom-transfer radical polymerization (ATRP) as explained elsewhere.[36] SEC: Mn = 16.2 kg/mol and
P=1.03; NMR: DPn =160

b. Self-assembly of polymersomes and their shape transformation into stomatocytes:10 mg of PEG44-PS160
was dissolved in a mixture of THF and 1,4-dioxane (1 mL, 4:1 ratio) in a 5 ml capped vial equipped with a
magnetic stirrer and closed with a rubber septum. After the polymer completely dissolved, 1 mL of MilliQ
water was syringe-pumped into the organic phase at a rate of 1ml/hr. The solution which was set to stir until it
turned cloudy, revealing the formation of the polymersomes. The suspension was then transferred in a dialysis
bag (SpectroPor, molecular weight cut-off 12-14KDa) and dialyzed against water. The dialysis water was
replaced after 1, 12 and 24 hrs. Stomatocytes were obtained, which were used for the comparison with the larger
stomatocytes mentioned below.

c. Formation of stomatocytes out of disc-like polymersomes: 10 mg of PEG44-PS160 was dissolved in 1mL
of a mixture of organic solvent with a THF to dioxane ratio of 1:4. To this mixture, 1.5ml of MilliQ water was
syringe pumped at 1ml/hr. The cloudy suspension was afterwards transferred to a dialysis bag and dialyzed
against MilliQ water which was replenished after 1, 12 and 24 hrs. The obtained discs were treated by means of

reverse dialysis for 1 hrin equal portions of water and organic solvent with THF:dioxane at 1:4. The formed
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stomatocytes were quenched in water and concentrated back to their initial volume.

d. Crystallization within the premade stomatocytes: In order to induce the encapsulation of different cargo,
the stomatocytes were vigorously mixed with the respective supersaturated solution of every inorganic
compound [NaCl (36 g%), NaClO; (100 g%), (NH4),SO, (75 g%) and KH,PO, (25.3 g%) ] and the

crystallization solution of HEWL (10-50 mg/ml supersaturated with 0.5-1M NaCl) used in this study.



Afterwards, the resulted suspensions were kept at 4°C to assist the crystallization of the encapsulated solutions
and to avoid the precipitation of the stomatocytes.

e. Simultaneous polymersome assembly and inorganic compound encapsulation: Supersaturated solutions of
NaCl (36 g%), NaClO; (100 g%), (NH4),SO, (75 g%) and KH,PO, (25.3 g%) were prepared in water and used as
the aqueous medium (1 mL) to induce the self-assembly of 10 mg of PEG44-PS;¢, dissolved in a mixture of THF
and 1,4-dioxane (1 mL, 4:1 ratio) in a 5 ml capped vial equipped with a magnetic stirrer and closed with a
rubber septum. After the completion of syringe pumping at a flow rate of 1ml/hr, the suspension was dialyzed
against the respective undersaturated solution overnight [NaCl (18 g%), NaClO5 (50 g%), (NH4),SO,4 (37 g%)
and KH,PO, (13 g%)]. Dialysis also induced osmotic stress over the membrane since the vesicles or assemblies
were not quenched first to vitrify the membrane.

f. Simultaneous polymersome assembly and HEWL encapsulation: 1 mL of HEWL crystallization solution of
up to 50 mg/ml concentration supersaturated with 0.5-1M NaCl was used as the aqueous medium which was
syringe pumped into a 10 mg/mL PEG44-PS;¢, solution of THF and 1,4-dioxane (1 mL, 1:1 ratio)in a 5 ml
capped vial equipped with a magnetic stirrer and closed with a rubber septum. After the completion of syringe

pumping, the suspension was dialyzed against buffer which was replenished after 1, 12 and 24 hrs.
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TOC text

Polymeric stomatocytes are utilized as a promising template to effectuate confined
crystallization. These glassy stomatocytes facilitate the characterization of the encapsulated
compounds using different electron microscopy methodologies without causing any
background diffraction. More importantly, they provide their (crystalline) cargos with adequate
shield from the electron beam’s radiation damage .
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Title ((Submicron polymeric stomatocytes as promising templates for confined

crystallization and diffraction experiments))
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crystallization and diffraction experiments))
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Note S1: An explanation for the formation of nanoscopic up to macroscopic scale,
hexagonally-packed hollow hoops (HHHs), beads on a string and tubules when
simulatenous assembly and encapsulation of inorganic compounds was attempted:_

The ease of KDP crystal growth in this system may be attributed to the low concentration
needed for this compound to generate supersaturation’ However for the other inorganic
compunds with relatively high solubility values, different structures were obtained. This can
be explained as follow. Beside the encountered increase in the aqueous phase surface tension
that changed the interaction between the PS core and its surroundings, the crystallization
conditions caused two other related effects. First, it caused the salting out of the PEG
segments that in turn encountered an increase in their intramolecular association among their
chains. This eventually led to the contraction of PEG coils. Since SO, has a much stronger
salting out effect than that of CI" and ClO5" (Hofmeister series), the precipitation of PEG-PS
in (NH,),SO, is understandable. Secondly, incubating these structures at low temperature
increased the effective PS : PEG chain length. This, besides the salting out effect, decreased
the flexibility of the membranes by decreasing the stretching degree of their PS chains, which
favored the formation of cylindrical over spherical bilayered structures. For several block
copolymers, it was shown that the effective increase in the hydrophobic to hydrophilic ratio
stimulates the morphological transitions from spherical vesicles to large compound vesicles
and HHHs.>>

Supporting figures
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Figure S1. Cryo-TEM micrographs (a, b) of stomatocytes, assembled as explained in section d
of the experimental procedure) in the presence of NaClO5; solution. Only stomatocytes with
diameter > 200 nm have a very dark cargo, which is an indication of crystal growth.
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Figure S2. Dry-TEM micrographs of polymersomes prepared by using different organic
solvent proportions. Polymersomes (a) that directly transformed into large planar discs when
they were self-assembled in a solution containing 4:1 dioxane:THF organic mixture, resulted
in stomatocytes (b) with inner compartments of almost the same size (@ ~ 300nm) after
reverse dialysis. On the other hand, polymersomes prepared by using the conventional 4:1
THF:dioxane ratio at otherwise identical conditions are smaller (c) and after reverse dialysis
lead to the formation of stomatocytes with inner compartments of @ ~ 110 nm(d).




Figure S3. Size distribution data as measured by using DLS for polymersomes prepared by
using different THF:dioxane organic solvent ratios. The green curve corresponds to
polymersomes prepared in THF:dioxane ratio of 1:4 (dy = 728 nm, PdI = 0.232) and the red
curve corresponds to those prepared in THF:dioxane ratio of 4:1 (di = 324 nm, PdI = 0.198).
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Figure S4. Dry Bright Field-STEM micrographs with the corresponding EDX mapping for
sulfur (S), carbon (C) and Nitrogen (N) of stomatocytes containing HEWL possessing tight
(set A) and wide (set B) openings. Only stomatocytes with small opening (set A) could entrap
the protein as indicated by the sulfur content in EDX mapping.
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Figure S5. (a) dry-TEM micrograph of an overview of stomatocytes encapsulating NaCl
crystals; (b) dry-TEM micrograph of an encapsulated NaCl Crystal; (c) SAED pattern for
encapsulated NaCl crystal and (d) its associated indexing which shows the observed hkl
reflections for cubic space group Fm-3m (a = 5.6402 A; ICSD PDF4: 05-0628); (e) DF-
STEM micrograph of two stomatocytes containing NaCl crystals, together with (f, g) EDX

elemental maps for Na (red) and Cl (cyan).
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Figure S6. DF-STEM micrographs for a) stomatocytes containing the melting KDP crystals,

together with EDX elemental maps for b) Phosphorus (red, P), c) Potassium, (green, K), d)
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Carbon (blue, C), e) C +P and f) C + K.
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Figure S7. DF-STEM micrograph with corresponding EDX mapping of sodium carbon
(purple), sodium (red) and chlorine (green) for stomatocytes containing melting NaClO,

crystals.
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Map data
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Figure S8. BF-STEM micrograph with corresponding EDX mapping of Sulfur (cyan),
Carbon (red) and Nitrogen (green) in polymersomes containing HEWL.
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Figure S9. The synchronous encapsulation of the target cargo during the assembly of
polymersomes through the solvent switch method. (a) For KDP, Cryo-TEM micrographs
showed polymersome assembly and the hexagonal outline of the tetragonal KDP inside.
Crystals could only be observed in polymersomes with diameter > 200nm. (b) For NaCl, some
polymersomes containing crystals could be detected as revealed by using bright field dry-TEM
(top insets); however, the presence of NaCl led predominantly to macroscopic continuous
structures in the form of beads on a string with no clear crystal growth pattern. (c-f) NaClOj; led
to distorted assembly of micron-sized highly permeable multilamellar open vesicles, inducing
the growth of crystals from mesoscopic to the macroscopic scale with no control over
morphology.
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Figure S10. Dry-TEM micrograph for hexagonally packed hollow hoops formed during the
attempts to simultaneously encapsulate NaClO5 during polymersome assembly.

pz7ssos e il it

Figure S11. Graphical representation of size distribution data as measured by using DLS for
polymersomes self-assembled in 4:1 THF:dioxane and water and then dialyzed in Milli Q
water (red: dy = 496.4nm, PdI = 0.192), 0.5 M sodium acetate solution (green: dgy = 900nm,
PdI = 0.028) or 1 M sodium chloride solution (blue: diy = 3252 nm, PdI = 0.225). Broad bands
implies the presence of aggregates
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Figure S12 (a) When the stomatocytes were set to encapsulate a crystallization solution of
HEWL, structures resembling crystals surrounded by thin transparent films were monitored
using dry-TEM. However, the surrounding film was evaporated within two seconds of
exposure (from a,; t0 apgyem), While these crystals did not. (b) SAED pattern obtained in cryo-
conditions for a HEWL crystal resulted in periodic diffraction spots, which in a couple of
seconds vanished, indicating the vulnerable nature of the protein crystals and the electron beam
radiation damage. (c¢) SAED for a cryo-cooled stomatocyte that appeared to be encapsulating
HEWL resulted in diffraction spots which revealed an amorphous content of the precipitant
(NaCl) solution. These spots did not vanish, which indicates that they were not originating
from a HEWL crystal. (d) EDX map of sulfur (displayed in cyan and overlapped with BF-
STEM micrograph) showed the coexistence of free submicron-sized crystals and stomatocytes
with these suspicious crystals. Dense sulfur was not detected from the stomatocytes. This
indicates that the crystals inside the stomatocytes were originating from the precipitant and not
HEWL.
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