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Abstract

Colloidal processes such as nucleation, growth, ripening, and dissolution are fundamental to the
synthesis and application of engineered nanoparticles, as well as numerous natural systems. In
nanocolloids consisting of a dispersion of nanoparticles in solution, colloidal stability is influenced
by factors including particle surface facet and capping layer, and local temperature, chemistry, and
acidity. In this paper, we investigate colloidal stability through the real-time manipulation of
nanoparticles using in sifu liquid cell Scanning Transmission Electron Microscopy (STEM). In a
distribution of uniform iron oxide nanoparticles, we use the electron beam to precisely control the
local chemistry of the solution and observe the critical role that surface chemistry plays in
nanoparticle stability. By functionalizing the nanoparticle surfaces with charged amino acids and
peptides, stability can be tuned to promote dissolution, growth, or agglomeration, either
permanently or reversibly. STEM imaging is used to quantify kinetics of individual nanoparticles
subject to local variations in chemistry. These measurements of dissolution and growth rates of
iron oxide nanoparticles provide insights into nanoparticle stability relevant to synthesis and

functionalization for biomedical applications.
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Introduction

Nanoscale colloidal processes such as nucleation, growth, dissolution, and self-assembly
govern many environmental and biological systems.!>3 A diverse set of important technologies
also depend on the properties of colloidal nanoparticles, from catalysis*> and energy storage® to
medical applications.” For targeted applications of nanoparticles, it is critical to understand how
colloidal stability is determined by the dynamics of the solid-liquid interface. This is particularly
important at the interface of nanoparticles with complex biological systems, where safety and
efficacy of therapeutics depend on our understanding of these phenomena.!®!3 Iron oxide
nanoparticles (IONPs) are one prominent example, with a wide variety of biomedical imaging and
therapeutic applications.®® Iron oxides are prevalent in nature, generally non-toxic, and
inexpensive to synthesize.'*!7 These benefits, combined with their magnetic properties, make
IONPs a superb platform for many engineered biomedical applications. IONP stability depends on
their environment—inside biological cells interactions between nanoparticles and the cellular
solution affects their rotational dynamics and magnetic performance.!® Further, IONPs accumulate
in lysosomes, which break down foreign objects in part by dissolving them in their acidic
enzymatic environment.!22 While IONPs may be functionalized with various chemical species
for targeting or other functionality,?~23 this modification affects the nanoparticle surface chemistry
and charge, mediating interactions with ions or other species in solution, and affecting their
stability.?6-2°

The solid-liquid interface is often considered an electric double layer (EDL)—an inner
layer of strongly adsorbed solvent ions forms at the surface, while further away from the particle,
in the Stern and diffuse layers, loosely associated ions move under the influence of Columbic

forces and Brownian motion.’%32 To quantify surface charge, the zeta potential (C) is defined as
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the electric potential, relative to the bulk solution, at the slipping plane of the solid-liquid interface.
While convenient to measure experimentally by dynamic light scattering (DLS), £ does not directly
describe conditions within the EDL or the Stern layer where ion exchange, adsorption, and other
interfacial phenomena occur. Furthermore, the classical EDL model does not provide an analytical
description for spherical particles or in ionic liquids.?® The effect of surface charge on colloidal
stability depends on the solution—in high ion content solutions surface charge will cause
aggregation, while the same surface charge in DI water will be a stabilizing factor. Steric bulk of
surface molecules is another stabilizing mechanism important for biological applications or other
environments with high ionic and molecular content.”!0 Recent investigations of solid-liquid
interfaces have relied on a combination of molecular dynamic simulations,’*37 and experimental
observation with scanning probe techniques.>333® Understanding the interfacial kinetics behind
colloidal stability ultimately requires the development of techniques capable of direct, real-time
observation. In this work, we directly observe IONPs in situ, with liquid cell Scanning
Transmission Electron Microscopy (STEM), to quantify how surface chemistry and solution
conditions affect the colloidal stability of individual and ensembles of nanoparticles.

A modern TEM is a powerful tool for characterizing structure and chemistry at the
nanoscale, with direct detectors and dynamic pulsed TEMs pushing temporal resolution to the
timescales necessary to study many chemical reactions.3*4° In situ techniques aim to simulate
relevant environmental conditions, e.g. liquids,*'~#** gasses,***® or external stimuli,>**’ inside the
TEM column. While in situ methodologies have been applied nearly as long as TEM,*® recent
development of specialized holders and instruments have made in sifu experiments more practical.
Liquid TEM in particular enables observation of nanoparticle growth and stability,*-2? oriented

attachment,3¢ and electrochemistry,>3-° providing unique insight into the nature of the solid-liquid
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interface. Imaging with TEM exposes the sample to high-energy electrons, which can initiate
secondary reactions or phase changes such as nucleation, growth, or dissolution.*! The
dependence of the stability of gold nanoparticles on pH and electron dose has been shown with in
situ TEM.>?> TEM irradiation of water decreases the solution pH as a function of electron flux
density.’%3¢ The acidic pH under electron irradiation can be used to induce nanoparticle

transformations in conditions analogous to other acidic aqueous conditions.

Experimental Methods

Magnetite (Fe;O4) IONP cores were synthesized by organic thermal decomposition of
iron(IIT) oleate in 1-octadecene and oleic acid.’”® A single batch of particles with low size
dispersity was selected for surface coating. As-synthesized oleic acid terminated IONPs were
transferred to aqueous phase by coating with a copolymer of poly(maleic anhydride-alt-1-
octadecene) and poly(ethylene glycol) (PMAO-PEG).>%% The exposed terminal end of PEG
included a maleimide functional group to provide a platform for further surface functionalization.
An arginine-rich cell penetrating peptide (CPP) and the amino acid L-cysteine were conjugated to
PEG coated IONPs through sulthydryl-malemide coupling at neutral pH. Conjugated IONPs were
purified by two cycles of centrifugation/filtration using a membrane filtration device (Millipore)
containing a 30 kDa molecular weight cutoff to remove excess polymer. The final suspension of
IONPs was diluted with deionized water to a concentration of 1 mgFe;O4 mL™!.

TEM experiments are performed on an FEI Titan 80-300™ STEM operated in scanning
mode, in which the focused and aberration corrected probe is rastered across the specimen.
Scattered electrons are collected on a Gatan High-Angle Annular Dark Field (HAADF) detector

to generate an image of the specimen with contrast approximately proportional to mass-
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thickness.®! Liquid cells are assembled in a Hummingbird liquid stage, with closed cell (no flow)
and chips with 50 nm thick SiN, windows. The inside SiN, window is treated with a 30 sec O,/Ar
plasma. Then 0.2 uL of the IONP solution is pipetted onto the (upside-down) upper chip and the
lower chip is placed on top. The entire cell is sealed in the holder which rotates during loading into
the microscope so that the upper chip is now on top. The solution and microscope vacuum cause
the window to bulge. Fluid thickness, determined with Electron Energy Loss Spectroscopy
(EELS), is 100-200 nm near the window edge where these experiments are performed (See
Supplementary Information). The STEM probe current is calibrated with a Faraday cup sample
holder; the electron flux density (e~ A2s!), sometimes referred to as “dose rate,” is calculated by
multiplying the current by the frame time, including flyback time.* For these experiments the
calibrated probe current is approximately 10 pA at the specimen plane, except when noted
otherwise, and electron flux density is controlled by increasing STEM magnification to scan the

probe over a smaller area.

Results

To understand the effect of surface chemistry on colloidal stability, IONPs with three
different surface coatings are prepared for in situ imaging. IONPs with hydrophobic capping
ligands synthesized in organic solvents are coated with an amphiphilic polymer to stabilize in
aqueous solutions.>”:92%0 Here we use a (PMAO-PEG) for aqueous phase transfer. First, methoxy
terminated, PEG coated (Methoxy-PEG) IONPs are studied to establish the behavior of uniform
IONPs in water under electron irradiation in the TEM. Second, particles functionalized with the
amino acid L-cysteine (L-Cys-PEG) and third, an arginine-rich cell-penetrating peptide (CPP-

PEG) are characterized to investigate the role of surface chemistry on interactions in solution.
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Average core diameter (dc) and lognormal size distribution (o) are fit to Vibrating Sample
Magnetometry (VSM) measurements,® and confirmed with TEM. Figure 1 is a representative
STEM image of the IONP cores. The zeta potential ({) and hydrodynamic size (dy) are measured
by Dynamic Light Scattering (DLS) for the three different surface coatings at room temperature
in DI water. These physio-chemical properties are summarized in Table 1.

Previous works have measured the pH dependence of the zeta potential for IONPs
functionalized with, for example, chitosan** or peptide dendrimers.”> The pH behavior of
functionalized IONPs is typical of colloidal systems: { is negative and stabilized at basic pH, and
as pH is decreased ( passes through the isoelectric point before approaching a positive { at an
acidic pH. As the solution becomes more acidic, the zeta potential increases and positive ions,
including iron 2%/3*, are driven into the Stern layer. Increasing the local iron concentration
increases the stability of solid phases and may produce supersaturation, prompting growth of iron
oxide phases (see Supplemental Information).

Methoxy-PEG coated IONPs dissolve with time and dose when observed in a liquid cell in
the TEM, as shown in Figure 2a-c and Supplementary Movie 1. The dissolution is dependent on
the electron flux density, with particle size (diameter) decreasing with accumulated dose (Figure
2d). Increasing the magnification, and thus the flux density, increases the rate of dissolution from
0.02nms'at08e A2s't00.10nms'at6.6e A2s't00.19 nms'at24.8e A2s!. For
Methoxy-PEG coated Fe;O4, we do not observe a threshold dose below which particles are stable.
Even under relatively low dose conditions (< 1 e~ A2 s!) dissolution is apparent within several
minutes.

To observe the effect of the surface chemistry on stability, we next observe the PMAO-

PEG coated particle functionalized with the amino acid L-cysteine. L-cysteine is zwitterionic, with
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both positive and negative charge. L-Cys-PEG particles grow when electron flux density is greater
than 5 e A2s7!, as iron is driven from the iron oxide core into the surface coating. When the flux
density is reduced back to 1 e- A2s™!, by decreasing the magnification, the surface layer dissolves.
This reversible growth is shown in the time series in Figure 3, and in Supplementary Movie 2.
In the experiment, one particle was imaged at high magnification and irradiated with sufficient
electron flux to promote dissolution and recrystallization. Growth occurs in the polymer layer (not
visible) that extends an additional ~30 nm from the particle surface. Even after three cycles of
growth and dissolution, we still see a gap around the initial particle core indicating that the polymer
coating is still intact and strongly interacting with the particle surface, and the performance of the
polymer coating has not been permanently changed. However, the growth kinetics do change
between cycles: for the first cycle, the iron oxide interface moves at approximately 0.2 nm s,
while growth during second and third cycle increases to 0.4 nm s~!. This indicates that some iron
remains in the coating, increasing the rate of recrystallization on subsequent runs.

Imaging contrast in high-angle annular dark field (HAADF) STEM is proportional to
atomic number.!-%4 Tron thus scatters more strongly due to its significantly higher atomic number
than atoms in the polymer coating. Accumulation of iron at the particle surface appears as
increased contrast in the images. In this way we can quantify growth of the particle by integrating
the radial intensity of the HAADF detector, as shown in Figure 3. Post-mortem EDS and EELS
analyses also confirm the presence of iron in the surface growths (see Supplementary Information).

Unlike the reaction facilitated by L-Cys-PEG, growth of CPP-PEG functionalized IONPs
is not reversible. When these particles are imaged in the STEM liquid cell, at low doses (electron
flux density <l e~ A2s!') we do not observe any growth. At a flux density of 1.3 e~ A2s!, the

particles grow as iron diffuses out of primary particles, shown for an ensemble of IONPs in Figure



Nanoscale Page 8 of 24

5. No growth species, i.e. iron, are added to solution so the solid phases precipitate from previously
dissolved particles elsewhere in solution. In Figure 5, dissolving particles are circled. When the
CPP-PEG nparticles were left with the beam off for 20 min, they recrystallized, forming a
disordered hydrated iron oxide phase shown in Figure Sc. When the flux density is increased to
14.1 e A2s7!, these CPP-PEG particles dissolve. We expect IONPs in aqueous environments will
typically dissolve under a moderate electron flux of 10-100 e~ A2 s™!, regardless of the surface

coating.

Discussion

Iron oxides will dissolve in aqueous environments, facilitated by excess hydrogen irons:
Fe304+ 8HY-Fe*t + 2Fe** + 4H,0
In acidic solutions, Fe?" is the favored equilibrium product, as indicated by the Pourbaix
diagram (see Supplementary Information). If reductive species are present, represented below as
aqueous electrons, further reduction of iron is possible.
Fe’ ™ + eqoFe*
Fe* ™ + 2eqFe
Small perturbations of the local conditions, e.g. pH, caused even by relatively low doses of
electrons (<1 e"/A2s™") can induce dynamic and unexpected phase transformations. In situ
electron microscopy inherently involves interaction between high-energy electrons and the
sample.4>443036 The electron flux density and total dose are monitored and kept below damage
thresholds. But if electron-specimen interactions are not considered, beam damage can confuse

interpretation. This reinforces the importance of understanding, measuring, and reporting in situ

TEM conditions. An important consequence of electron-water interactions is the production of
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reactive species in solution, namely H" and aqueous electrons, as a function of dose.>%3¢ For

deionized water (H,0), the number of possible reactants is quite manageable:

ionization/
excitation

H0+e~ ——=e4,H",HO " ,HO,+,0H~ ,H30 " ,H;,H,0;

Equilibrium is quickly reached between these eight species and has been simulated for
conventional, parallel-illumination, TEM geometry.’® To convert from the calibrated TEM flux to
the energy deposited, the stopping power of the specimen is required.® These simulations predict
that this will have an overall effect of reducing the pH of water.>® For the electron fluxes used in
these experiments, water with initial pH 7.0 acidifies to between pH 5.1 at 0.8 e A2s! and pH
4.5 at 24.8 e A2s7!. If well calibrated, the electron beam can be an electrochemical stimulus to
study relevant oxidation-reduction systems.**>> Acidification caused by the reductive potential of
the electron dose in liquids is analogous to some reactive environmental and biological conditions.
With a properly formulated solution, this approach enables direct nanoscale observation of systems
of biological, environmental, and technological significance.

The behavior of IONPs in the STEM liquid cell depends on the surface coating. If we
presume an acidic pH in the TEM liquid cell, reduction and dissolution of IONPs is
thermodynamically favorable except when other species or surface coatings alter the solution
chemistry. Following dissolution of the primary particle, iron ions in solution may then bind
electrostatically or chemically with amino acid functional groups in the coating or recrystallize as
solid hydrous iron oxide depending on local chemistry and pH changes in solution.
Functionalization of the Fe;O,4 surface with L-cysteine gives reversible growth and dissolution
reactions, which is specific to the local changes in pH and can be controlled with the electron flux
density. Metal cations, here iron, interact with amino acids altering their protonation state and in

some cases forming complexes.?36667 In particular, oxidation of cysteine by iron, and formation
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of iron-cysteine complexes has been demonstrated, at least in the case of free thiol cysteine.6%6°
Reactivity of thioester cysteines in the coating is not necessarily the same, but we expect that iron-
cysteine bonds will still form. The cysteine groups on the functionalized IONP surface serve as
attachment sites for Fe?* or Fe3" ions in solution, potentially acting as nucleation sties for growth
of secondary iron phases. In the case of L-Cys-PEG coated Fe;O, in situ formation of such organo-
iron complexes is reversible, as shown in Figure 3. In contrast, the CPP-PEG coated sample
contains several arginine sites where iron can bind electrostatically or chemically. Increasing the
iron concentration stabilizes solid phases. With more active sites for iron to form complexes with
the organic molecules, the local iron concentration at these functional groups will be higher than

the L-cysteine sample.

Conclusions

In all cases, the behavior of individual nanoparticles and assemblies diverge from that of
bulk solution. The zeta potential in particular is not representative of behavior observed at the
relevant length scales. Some particles dissolve while others grow, even within the same sample.
The nanoparticle stability and reversibility of growth and dissolution reactions depend on the
surface functionalization and interactions with ions in solution—local phenomena that cannot be
captured in the distribution of { in the sample. While the zeta potential of the functionalized
nanoparticles is a primary indicator of colloidal stability, it does not account for local variations in
solution composition and pH as well as reactions between metal ions, peptides, or other species.
With observable behaviors at the nanoscale differing significantly from the overall sample
stability, it is clear that direct in situ methods at relevant length scales must be an integral part of

designing nanotechnologies that interface with biological and similarly complex systems.>38

10
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The stability of nanoparticles in aqueous solutions is of natural significance in biomedical
applications. Performance in Magnetic Particle Imaging, for example, is determined by the size,
size distribution, and phase of IONPs.®23->7 [n vivo behavior of nanoparticles is also highly
dependent on surface chemistry.!%23-62 Formulations that agglomerate in physiological pH will lose
their performance, while particles that dissolve too quickly are similarly unacceptable. Amino acid
surface modifications in particular have enormous promise for targeting or other functionality, but
may also have unexpected consequences for the behavior of the materials in vivo.”!%! However,
nanoparticle surface chemistry and functionalization provide a platform to control interactions
with solution, ions, and adjacent nanoparticles. For example, surface functionalization can be
optimized for in vivo circulation time, or to tune dissolution kinetics in biological
environments.?*%2 Further, behavior of peptide functionalized IONPs may model compounds in
natural and biological systems, for example, the interplay between proteins such as hemoglobin or
ferritin and iron oxidation, metabolism, and clearance.!*67-68.70 [ situ techniques enable direct
visualization of the solid-liquid interface to observe and quantify nanoscale kinetics, as we have
done here to measure IONP dissolution and growth rates. This template can be applied to evaluate
a wide variety of functional materials at critical length and time scales in relevant environments.
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Figure 1 Schematic of the nanoparticle coating. Monodisperse superparamagnetic iron oxide
nanoparticle cores with diameter, dc, are coated with PMAO-PEG increasing the hydrodynamic
size, dy. PEG terminated nanoparticles may be functionalized, L-cysteine shown, which changes
surface properties such as the zeta potential, C.

Table 1 Physio-chemical properties of the iron oxide nanoparticle samples. Core diameter (dc)
and log-normal size distribution, o, are fit to VSM data and confirmed with TEM (n = 5216
particles). Hydrodynamic diameter (dy) and zeta potential ({) are measured by DLS in DI water.
STEM stability summarizes the critical electron flux values that changed colloidal stability in

these experiments.

dc [nm] O log-normal dy [nm] | {[mV] | Liquid STEM Stability
Fe;0,@ 90 7 Stable <0.8 ¢~ A2s!
Methoxy-PEG Dissolves > 0.8 e~ A2s"!
Stable < 1.3 ¢~ A2s!
27.2 (VSM) | 0.05 (VSM) CF;Ii%,%@G 77 23 Growth> 13 ¢ A-2s!
Dissolves > 14.1 e~ A2s!
27.7 (TEM) | 0.06 (TEM) iy Stable< 1 o A2l
0@ 70 .40 Growth>52 ¢ A2s!
LS Re-dissolves > 1.8 e~ A2s!
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Figure 2 Magnetite nanoparticles terminated with PEG dissolve in water during electron

irradiation. This is dependent on total dose. (a)-(c) are movie frames (total electron dose noted)
throughout dissolution at 24.8 e"A2s7!, (d) plot showing decrease in average particle size versus
accumulated electron dose. The steady state pH is estimated for a thin film of water, starting at

pH 7 and subjected to the respective electron flux density, using published code.>¢
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Figure 3 Growth at the surface of L-cysteine functionalized nanoparticle is reversed by reducing
magnification and electron flux density. At higher flux density, here 5.2 e-’A2s"!, ions
accumulate at the particle surface forming an amorphous iron-rich phase. When the flux density

is reduced to 1.8 e~ A-2s! iron dissolves back into solution. See Supplemental Movie 2.
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the interface is measured to be 0.4 nm s~! for the growth, and -0.2 nm s~! for the dissolution.

Figure 4 The radially integrated HAADF intensity indicates the distribution of iron throughout

the experiment shown in figure 3 and Supplemental Movie 2. From this, the average velocity of
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Figure 5 For this ensemble of magnetite nanoparticles functionalized with poly-cationic peptide
(CPP-PEG) iron growth at the particle surface (b, and time series d) follows dissolution of the
primary Fe;O4 nanoparticles. Dissolving particles are circled in the time series. Dashed
rectangle* indicates integration window for (e). When the beam is removed, densification and

recrystallization as a disordered, mixed-valence, hydrated iron oxide phase occurs over

approximately 20 min (c).
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