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ABSTRACT: Solvated soft matter, both biological and synthetic, Electron beam irradiation ——3 _ poam plank
can now be imaged in liquids using liquid-cell transmission Visible vesicle [
electron microscopy (LCTEM). However, such systems are usually NiZt o Nizv Nz = Ni2*

. . . %NI o Ni2* _ .= Nij**
composed solely of organic molecules (low Z elements) producing ~ Ni** »* “ 4 N S = Niz+
low contrast in TEM, especially within thick liquid films. We aimed : I | B \ ) | = Niz
to visualize liposomes by LCTEM rather than requiring cryogenic N, =\ Q. \pe O = Ni2*
TEM (cryoTEM). This is achieved here by imaging in the Nz N Ni2+ Nz = N N

presence of aqueous metal salt solutions. The increase in scattering
cross-section by the cation gives a staining effect that develops in
situ, which could be captured by real space TEM and verified by in Adsorption of Ni* »  Desorption of Niz*
situ energy dispersive x-ray spectroscopy (EDS). We identified

beam-induced staining as a time-dependent process that enhances contrast to otherwise low contrast materials. We describe the
development of this imaging method and identify conditions leading to exceptionally low electron doses for morphology
visualization of unilamellar vesicles before beam-induced damage propagates.

Invisible vesicle Growth of stain
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Liquid—cell transmission electron microscopy (LCTEM) is lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

under development for the study of dynamics, growth (POPC) resist deformation upon Ni** binding even in the
kinetics, and reactivity of nanomaterials with the majority of presence of 100 mM NiCl, (Figure S2). Therefore, we reason
work focused on inorganic nanoparticles.'® However, that selective reversible staining of lipid membranes should be
LCTEM of soft materials is challenging because they are possible with Ni salts.
largely comprised of low-atomic number elements that To test our hypothesis, we performed LCTEM of POPC-
produce little contrast and are sensitive toward electron sLPS vesicles in the presence of aqueous NiCl, solution (see
beam induced radiation damage.””"" In addition, thick liquid Supporting Information, Sections SI-SV for sample prepara-
samples result in electron beam broadening and relatively high tion and experimental details). We recorded the LCTEM video
background signals that decrease image contrast and frames at various electron fluxes and NiCl, concentrations. In
resolution.'”'® In classical TEM, contrast produced by density the absence of Ni salt, vesicles are not visible for the first 60 s

. — 22 -1 . .
variation is enhanced by selective staining between the phases when using a flux of 0.15 e A™ 5™ (Figure 1B, Movie S1).

of the material.'*™*¢ In LCTEM, Piffoux et al. reported the Prczloznged exposure of ~20 min (cumulative dose of ~200
e"A™?) leads to the appearance of round structures having a

diameter commensurate with the size of the vesicles (~100
nm) whose centers feature spots of several tens of nm in size
that become increasingly dark and aggregates as exposure time
progresses (Figure S4A and Movie S2). By increasing the
electron flux to 0.4 e~ A~ 57, we immediately observe the
vesicles with distinct spots in the membrane indicating damage

electron beam induced reduction of chloroauric acid to Au
metal nanoparticles on extracellular vesicle membranes, which
enhances the image contrast."”

Here, we propose the use of a standard metal salt (NiCl,) as
a reversible in situ stain for lipopolysaccharides, a common
lipid and major constituent of Gram-negative bacterial cell
walls.'® We are motivated by our recent finding that Ni** ions
bind largely reversibly to the O-antigen of smooth lip-

opolysaccharides (sLPS, Figure 1, and Figure S1), presumably Received:  February 29, 2020
through complexation with their negatively charged carboxylic Revised: ~ May S, 2020
acid groups, with coverages of around 1 X 10" Ni** ions Published: May 26, 2020

adsorbed cm™ and a free binding constant of around —28 kJ
mol™" (Figure 1A)."” CryoTEM shows that vesicles formed
from a mix of O-antigen-containing sLPS and the zwitterionic
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Figure 1. (A) Schematic depiction of the molecular structure of POPC-sLPS and POPC-sLPS with Ni** complexation. (B) LCTEM frames of
POPC-sLPS vesicles without aqueous NiCl, solution acquired with an electron flux of 0.15 e” A7 s™". (C) LCTEM frames of POPC-sLPS vesicles

with 1 mM aqueous NiCl, solution acquired with an electron flux of 0.2 e” A™> s
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Figure 2. Quantitative analysis of POPC-sLPS vesicles measured by LCTEM. (A) Snapshots of aligned and averaged filtered vesicle at various time
points. Images are cropped from Movie SS. (B) Radius and stain thickness, normalized intensity of POPC-sLPS vesicles with 1 mM aqueous NiCl,

solution acquired with an electron flux of 0.2 e~ A= 5"

and radius (~50 nm) of POPC-sLPS vesicles measured by cryoTEM.

as a function of time. Black dotted line represents the typical membrane thickness (~S nm)

by the electron beam (Figure S4C, Movie S3, and Movie $4).
In contrast to the nickel-free solutions, POPC-sLPS vesicles
are visible at electron fluxes as low as 0.2 e~ A= s™! when 1
mM NiCl, is present (Figure 1C and Movie S5, Movie S6,
Movie S7. We attribute the significant contrast to the
scattering cross section of Ni’* ions complexed with the
negatively charged carboxylic acid groups of POPC-sLPS.'”*°
The vesicle stain intensifies at about 60 s, after which the fully
stained image in the LCTEM is comparable to that in
cryoTEM (~100 nm in diameter). Higher NiCl, concen-
trations (10 and 100 mM) result in overstaining (Figure SS
and Movies S8—S11) and swelling that may be attributed to
Ni*" mediated beam-induced reactions or charge reversal of
the membranes from negative to highly positive that coincides
with high [Ni**] (Figure $6).>' The change in membrane stain
thickness, the apparent size of the vesicles, and relative contrast
during staining are quantified (for detailed information on
image analysis see Supporting Information Section X and XI,
Figures S7— $10)."" In contrast to the unstained vesicles
(Figure 1B), staining leads to gradual increases in thickness,

4293

radius, and contrast of the imaged objects until a constant size
is reached (Figure 2). Higher concentrations of NiCl, solution
(100 mM) lead to drastic growth in the stain size and affects
the image contrast (see Supporting Information Section XII,
Figure S11 and Figure S12).

To examine the dynamics of the stain buildup (Figure 3), we
estimated the amount of unbound, free Ni** in the aqueous
solution during the first few minutes of imaging (Figure 3A).
Here, the concentration of free Ni** ions in aqueous solution is
related to the change in mean background intensity, and thus
the change in mean free path of the electron at every frame
over a constant liquid thickness (see Supporting Information,
Section XIII). Our analysis shows ~70% of the free Ni** ions
present in the 1 mM NiCl, solution in the liquid cell is lost
during the first 200 s of irradiation (Figure 3B, Figure S13,
Movie S5), presumably to the vesicles. Following a 2 min beam
blank, the free Ni** ion abundance returns close to 100%, while
the image contrast is considerably less than what it was prior to
blanking the beam (Figure 3C). However, further irradiation
(i.e., second and third irradiation phase) does not initiate the
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Figure 3. Partial reversibility of stain. (A) Snapshots of POPC-sLPS vesicles with 1 mM NiCl, as a function of time and cumulative dose. Red strip
represents a time period of 120 s where the electron beam is turned off. (B) Free Ni** ion concentration (%) quantified from background intensity
as a function of irradiation time. Arrows indicate the shift in free Ni** ion concentration during the beam blank period of 120 s. (C) A snapshot in
the beginning of the 2nd phase of electron beam irradiation illustrates the decrease in relative contrast. (D) HAADF-STEM image and the
corresponding atomic percent of Ni in situ EDS map of a vesicle with 100 mM NiCl, solution. (E) Schematic illustration of partial reversible
interaction of Ni** ions with vesicles.
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Figure 4. (A) Visible number of POPC-sLPS vesicles with 1 mM NiCl, solution and (B) the average radius measured over time as a function of
cumulative electron dose for various acquisition conditions.

growth of membrane stain as the background intensity remains shown that amino acids are prone to attack by *OH radicals
almost constant over the entire irradiation phase. As expected, leading to hydro§en abstraction at the a-C position to
prolonged exposure (i.e., at higher cumulative doses) leads to —COOH groups.”® *OH radicals induce oxidative degradation
beam-induced fusion and coalescence in the imaged structures of lipids (such as lipid peroxidation). This leads to the
(Figure S13A, Movie S6, Movie S7). The constant background formation of radical intermediates and radical anions on the
intensity in the second phase of irradiation suggests that organic molecules. In turn, this causes unbound free-Ni** to
diffusion of Ni** ions (i.e.,, adsorption and desorption) is not localize at the charged negative groups, leading to an increase
the only effect altering background intensity. It has been in the thickness of the stain with time in the membranes. By
reported that prolonged irradiation leads to the formation of blanking the beam, deexcitation of this dynamic process leads
gas bubbles and changes in local supersaturation, resulting to expulsion of excess Ni** ions.”****”>° The effects of beam-
from radiolysis reactions, which could alter the liquid thickness induced radiolysis and osmotic pressure are discussed further
and background intensity and thus influence any estimation of in the Supporting Information Sections XIII and

free-Ni** ion concentrations.”*> However, when using 100 XV]1.242527=30
mM NiCl, solutions, the rate of initial adsorption of free-Ni*" In situ energy dispersive X-ray spectroscopy (in situ EDS) at
ions is significantly faster as compared to when 1 mM NiCl, a controlled electron dose (see Supporting Information
solutions are used. Subsequent desorption leads to 40% Section SXIV) provides chemical evidence of the accumulation
recovery of free-Ni’* ions (Figure 3B and Figure S13, Movie of Ni** jons at vesicle membranes (Figure 3D), identifying Ni
S9, Movie S10, Movie S11). This difference in behavior of Ni** coverages of 7 + 3% and 14 + 4% at 10 and 100 mM NiCl,,
ions at 1 and 100 mM NiCl, shows that changes in the respectively (Figure S14), comparable to our earlier estimates
background intensity are predominantly aftected by the from second harmonic generation (Figure S16)."” Flowing
concentration of the NiCl,. buffer solution through the liquid-cell holder and around the
While the mechanism underlying the observed staining tip assembly leads to desorption of Ni** ions where the residual
processes needs to be elucidated, it is likely that solvent Ni** accounts for 5 + 2% and 9 + 5% at 10 and 100 mM NiCl,
radiolysis byproducts (predominately e”,, *OH) attack samples, respectively. On the basis of reversibility of free Ni**
organic functional groups in the liposomes.§4’25 It has been ion and residual Ni** ions on the vesicles, we conclude that the
4294 https://dx.doi.org/10.1021/acs.nanolett.0c00898
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Ni** stain is partially reversible (cartoon depiction of this
process in Figure 3E). Our experiments highlight the
importance of the Ni** concentration, the loss rate of those
ions from the solution to the vesicles, electron flux, and the
total cumulative dose as parameters to consider. Indeed, it is
likely that prolonged electron beam exposure leads to the
reduction of Ni** to Ni’, followed by nucleation, and partial
oxidation to form Ni/NiO nanoparticles.”**"*' ™% Never-
theless, X-ray photoelectron spectroscopy (XPS) analysis on
LCTEM chips pried open and dried after in situ imaging
reveals the dominant metal speciation to be Ni** on the
localized irradiated region (Figure S17). We observe no Ni’
where the cumulative electron doses remain less than ~200
e A%

To assess the minimum cumulative dose required for usable
image contrast, we imaged for a duration of 1 s at a given
electron flux and blanked the beam for up to 1 min, followed
by subsequent repeat measurements to sample up to ~8 e~
A7 We observe that a beam blank duration of 10 s combined
with a flux of 0.1 e” A7 s7' reveal >50 vesicles at their
cryoTEM derived radii (~S0 nm) at a cumulative dose of just
3e” A (Figure 4, Figure S18, Figure S19, and Movies S12—
S14). This low cumulative dose needed to image soft matter in
LCTEM provides clear evidence of the potential utility of the
Ni?* stain identified here. In contrast, beam blank durations of
1 min, even at twice the flux, require considerably larger
cumulative doses. We also identified that depending on the
imaging requirement, that is, static imaging (for a short period
of time) or dynamic imaging (for a long period of time), the
electron flux and concentration of NiCl, solutions can be
manipulated to minimize the total accumulated dose (see
Supporting Information Section SXII).

In conclusion, we have shown that vesicles formed from
lipopolysaccharides can be readily stained in situ with Ni** ions
in a partially reversible fashion. The staining is shown to
depend on the Ni** ion concentration, the electron dose
conditions, and the electron beam duty cycle when imaging
using a pulsed electron beam with beam blank intervals.
Moreover, we showed that low contrast soft materials can be
visualized well before beam-induced artifacts and damage
occur. Specifically, we determined that low metal salt
concentrations (<1 mM NiCl,) and low electron fluxes (i.e.,
0.1-0.2 e~ A7 s7") are sufficient for imaging vesicles out to
their cryoTEM-derived radius at cumulative doses of as little as
3 e”A™% We note that for LCTEM, contrast is a problem due
to a lack of control of liquid thickness. Staining approaches can
overcome these contrast problems that arise because of the low
doses required. More generally, our approach opens up the
possibility of LCTEM being a routine tool complementing
cryoTEM for characterizing soft matter. This could be
particularly interesting when capturing dynamics and in
addition for imaging systems solvated in organic solvents not
commonly employed in cryoTEM. Though prolonged staining
would perturb the dynamics of the system, periodic staining via
optimized partial reversible staining strategies could allow
dynamic processes to be observed using LCTEM. The
experiments reported here also open the possibility to
synthesize hard materials on the soft templated architec-
tures.**"*° More importantly, morphological characterization
of soft matter, with judicious choice of metal stain provides a
facile route to morphological characterization of solvated soft
matter.
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LCTEM data of POPC-sLPS vesicles acquired with an
electron flux of 0.15 e~ A~ 5! (AVI)
LCTEM movie shows the degradation of POPC-sLPS
by prolonged electron beam exposure of ~20 min. Data
acquired with an electron flux of 0.15 e~ A7 s™ (AVI)
LCTEM data of POPC-sLPS vesicles acquired with an
electron flux of 0.3 e~ A= s™! (AVI)
LCTEM data of POPC-sLPS vesicles acquired with an
electron flux of 0.4 e~ A7 s™! (AVI)
LCTEM data of POPC-sLPS vesicles with 1 mM
aqueous NiCl, solution acquired with an electron flux
of 0.2 e A2 s7!. 1st phase imaging. (AVI)
LCTEM data of POPC-sLPS vesicles with 1 mM
aqueous NiCl, solution acquired with an electron flux
of 0.2 = A7 s7". 2nd phase imaging after 120 s of beam
blank (AVI)
LCTEM data of POPC-sLPS vesicles with 1 mM
aqueous NiCl, solution acquired with an electron flux
of 0.2 e A7 s7!. 3rd phase imaging after 120 s beam
blank (AVI)
LCTEM data of POPC-sLPS vesicles with 10 mM
aqueous NiCl, solution acquired with an electron flux of
02 e A2 s (AVI)
LCTEM data of POPC-sLPS vesicles with 100 mM
aqueous NiCl, solution acquired with an electron flux of
0.2 e” A7 57" Ist phase imaging (AVI)
LCTEM data of POPC-sLPS vesicles with 100 mM
aqueous NiCl, solution acquired with an electron flux of
0.2 e~ A2 57", 2nd phase imaging after 120 s beam blank
(AVI)
LCTEM data of POPC-sLPS vesicles with 100 mM
aqueous NiCl, solution acquired with an electron flux of
0.2 = A2 57", 3rd phase imaging after 120 s beam blank
(AVI)
LCTEM data of POPC-sLPS vesicles with 1 mM
aqueous NiCl, solution acquired with an electron flux
of 0.1 e~ A™? s7! and time interval of 10 s (AVI)
LCTEM data of POPC-sLPS vesicles with 1 mM
aqueous NiCl2 solution acquired with an electron flux
of 0.2 ¢ A2 57! and time interval of 30 s (AVI)
LCTEM data of POPC-sLPS vesicles with 1 mM
aqueous NiCl, solution acquired with an electron flux
of 0.2 e~ A2 57! and time interval of 60 s (AVI)
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