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a b s t r a c t

Poly(N-isopropylacrylamide) (PNIPAM) microgels and PNIPAM colloidal shells attract continuous strong
interest due to their thermoresponsive behavior, as their size and properties can be tuned by tempera-
ture. The direct single particle observation and characterization of pure, unlabeled PNIPAM microgels
in their native aqueous environment relies on imaging techniques that operate either at interfaces or
in cryogenic conditions, thus limiting the observation of their dynamic nature. Liquid Cell (Scanning)
Transmission Electron Microscopy (LC-(S) TEM) imaging allows the characterization of materials and
dynamic processes such as nanoparticle growth, etching, and diffusion, at nanometric resolution in liq-
uids. Here we show that via a facile post-synthetic in situ polymer labelling step with high-contrast mar-
ker core–shell Au@SiO2 nanoparticles (NPs) it is possible to determine the full volume of PNIPAM
microgels in water. The labelling allowed for the successful characterization of the thermoresponsive
behavior of PNIPAM microgels and core shell silica@PNIPAM hybrid microgels, as well as the co-
nonsolvency of PNIPAM in aqueous alcoholic solutions. The interplay between electron beam irradiation
and PNIPAM systems in water resulted in irreversible shrinkage due to beam induced water radiolysis
products, which in turn also affected the thermoresponsive behavior of PNIPAM. The addition of 2-
propanol as radical scavenger improved PNIPAM stability in water under electron beam irradiation.
� 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Thermoresponsive microgels are of great interest because of
their widely reported rheological, biomedical, optical, catalytic
and chemical sensing applications [1–5]. These systems undergo
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an abrupt change in aqueous solubility when heated above a tem-
perature threshold, known as the lower critical solution tempera-
ture (LCST). Poly(N-isopropylacrylamide) (PNIPAM) was one of
the first reported thermoresponsive polymers and has since then
been the base for a vast number of thermoresponsive microgels.
[6] PNIPAM, and PNIPAM based microgels, exhibit a characteristic
LCST of around 32 �C in water which is easily tunable with the
incorporation of different comonomers. [7] Below this LCST, micro-
gels are soluble in water and are found in a swollen state. Upon
heating above the LCST the hydrogen bonds that are keeping the
polymer chains fully solvated, are disrupted and a well-defined
and reversible conformational transformation from well-solvated
coils to a globular state takes place [8]. PNIPAM microgels can be
functionalized not only by changing the chemistry of the polymer
but by forming more complex hybrid structures. These hybrid
structures range for instance from hollow microgels to core@shell
systems with nanoparticles (NPs) to complex multi-shelled micro-
gels. [3] These more complex hybrid PNIPAM particles systems
have a broad range of applications such as temperature tunable
depletants and drug delivery vessels that can release chemicals
upon temperature changes. [9] Moreover, PNIPAM shows an inter-
esting and still not fully understood co-nonsolvent behavior in
alcoholic aqueous solutions [10]. PNIPAM polymers are well-
solvated in pure water or alcohols (i.e. methanol, propanol) but
undergo a coil-to-globe transition for mixtures of both solvents.
[10,11].

Despite decades of advancements in the synthesis and applica-
tion of microgels, their complete characterization is still lacking. A
wide toolkit of characterization techniques has been developed
regarding many properties of the microgels, and thus PNIPAM as
well [12]. Scattering techniques have been exploited to study
microgels with nanometric resolving power, yielding radially aver-
aged properties of ensembles of particles. Dynamic Light Scattering
(DLS) in particular has been most often used to characterize the
temperature dependent hydrodynamic radius of microgels and
thus the themoresponsive behavior of PNIPAM microgels [13].
However, scattering measurements rely on models of the scatter-
ing units and these are only straightforward to obtain for spheri-
cally symmetric, and homogeneous systems and therefore
scattering techniques are limited in analyzing quantitatively the
thermoresponsive behavior of anisotropic, deformed, or otherwise
more complex microgels. Atomic Force Microscopy (AFM) mea-
surements, although constrained to particles on surfaces or
adsorbed to interfaces, have been able to follow themoresponsive
microgel behavior at the single particle level, as well as revealing
microgel internal features (i.e. the presence of humps on the sur-
face of the microgels even in their most collapsed state) [14]. Light
microscopy and light nanoscopy techniques have also been used to
image microgels [15,16]. Light nanoscopy or super-resolution tech-
niques such as stochastic optical reconstruction microscopy
(STORM) have shown great success in imaging single particles
and studying their internal structure with sub-diffraction resolu-
tions. [17] Even higher resolution in the direct imaging of single
microgels can be achieved with electron microscopy (EM), which
is of particular interest to study hybrid microgels in which the
microgel is a thin shell around a nanoparticle (not necessarily with
a trivial geometry). Cryo-EM (EM imaging of snap-frozen samples)
has been able to determine the thermoresponsive behavior of
core–shell polystyrene-PNIPAM particles [18,19]. However, Cryo-
EM in microgel characterization is often somewhat limited by
the unknown effects of the rapid cooling and blotting on polymer
conformations, as well as the difficult preparation of Cryo-EM
specimens.

In this study we report the successful characterization in situ of
the thermoresponsive and co-nonsolvent behavior of PNIPAM
microgels in their native water environment with nanometric res-
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olution via liquid cell (scanning) transmission electron microscopy
(LC-(S) TEM). In LC-(S) TEM, a thin volume of liquid (up to a few
microns) is encapsulated and sealed, typically between two silicon
chips harboring two opposing silicon nitride windows (SixNy, 30–
50 nm thickness) for imaging. These samples are able to withstand
the high vacuum inside a TEM and can be imaged with conven-
tional TEM and (S) TEM techniques. LC samples are loaded in ded-
icated TEM holders, typically equipped with microfluidic, heating
and electrochemistry capabilities [20–22]. The main limitations
of LC-(S) TEM are the limits in resolution imposed by the liquid
layer thickness, as well as the beam-solvent and particles interac-
tions resulting in the formation of, amongst other chemical effects,
reactive radiolysis radicals [23,24]. Efforts to characterize the ther-
moresponsive behavior of PNIPAM microgels have been reported
via incorporation of nanoparticles in the polymeric matrix by
chemical synthesis and subsequent imaging in water, but for such
systems many concepts have not yet been explored such as
electron-beam-sample interactions, reversibility of the phase tran-
sition [25]. Our approach uses an in situ post-synthetic labelling
step of the PNIPAM microgels with high contrast marker particles,
core@shell Au@silica NPs, that allow for the low dose imaging of
even swollen microgels that would otherwise yield hardly detect-
able signals for doses that do not affect the thermoresponsive
behavior. Our methodology allows for the direct imaging of previ-
ously unlabelled PNIPAM microgels without the need for addi-
tional synthetic steps. In order to come up with a good strategy
for fully imaging the reversible thermoresponsive behavior of sin-
gle particles, we extensively studied the effects of LC-(S) TEM to
the imaging of PNIPAM microgels by evaluating electron beam
effects, by exploring the role of radical scavengers on PNIPAM sta-
bility under irradiation in water and by testing the behavior of var-
ious potential marker NPs. Therefore, as order of topics for this
work we will first discuss electron beam effects on PNIPAM micro-
gels in water and how they can be minimized, after which the best
strategy to image the microgels are explored. The knowledge
obtained was then applied to the characterization in situ of PNI-
PAM microgels and their behavior under changing temperatures
and solvent composition.
2. Results and discussion

2.1. PNIPAM microgels and characterization

In this study two microgel systems were studied. PNIPAM
microgels were synthesized via radical emulsion polymerization
in the presence of a cross-linker. Hybrid core–shell silica(SiO2)
@PNIPAM microgels, consisting of a SiO2 core and a thin PNIPAM
shell, were synthesized via radical emulsion polymerization of PNI-
PAM onto SiO2 cores whose surface had been modified with a
silane coupling agent that had a double bond and thus could be
chemically attached to PNIPAM chains.
2.1.1. Dynamic light scattering and conventional TEM
The PNIPAM microgels showed, as measured via Dynamic Light

Scattering (DLS), a hydrodynamic diameter at room temperature
(RT, 21 �C) of DRT = 650–670 nm, and a hydrodynamic diameter
at temperatures above the LCST of around D40�C = 350–400 nm
(Fig. 1A). Under our synthesis conditions, PNIPAM particles are
known to consist of a core–shell structure with a more dense core
with high a cross-linker density and a less dense corona [26–28].
This corona is mainly responsible for the thermoresponsive behav-
ior of such structures [29–31]. Therefore, a structure having a core
with a diameter corresponding to D40�C and a total size of core/-
corona diameter of DRT is expected. PNIPAM particles dried on a sil-



Fig. 1. Characterization of PNIPAM micorgels and SiO2@PNIPAM nanoparticles (NPs). A. Hydrodynamic radius as determined with Dynamic Light Scattering (DLS) of
PNIPAM microgels. The thermoresponsive behavior of PNIPAM is clearly visible as function of temperature, with the swollen size of DRT = 650–670 nm when the system
temperature is below the Lower Critical Solution Temperature (LCST) and D40�C = 350–400 nm when above the LCST. B. Scanning Transmission Electron Microscopy (STEM)
imaging of dry PNIPAMmicrogels. Scale bars: 5 lm. DDry = 350–400 nm. Scale bar: 500 nm. C. Cryo-Electron Microscopy (Cryo-EM) imaging of PNIPAMmicrogels snap-frozen
in water below the LCST. The measured size of the PNIPAM via Cryo-EM was DRT = 650–670 nm. Scale bar: 2 lm. D. Cryo-EM imaging of SiO2@PNIPAM NPs snap-frozen in
water below the LCST. The measured size of the SiO2@PNIPAM NPs was DRT = 480 � 20 nm. The size of the SiO2 cores was DCore = 260 � 10 nm and the thickness of the PNIPAM
shell in swollen state was approximately TPNIPAM = 100–120 nm. Scale bar: 1 lm. E. HAADF-STEM imaging of PNIPAM microgels dispersed in water. Spheres of around 400–
450 nm in diameter where observed with inter-particle spacings of 650–700 nm. Dashed lines highlight one of such spheres. The size of these spheres corresponded to that of
the unresponsive PNIPAM cores, and the inter-particle spacing corresponds to the total size of the microgels (core and corona). The observed particle size decreased in time
under electron beam illumination,as shown in F.. Scale bars: 1 lm.
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icon nitride window were imaged via (S) TEM and the size of the
dry, collapsed microgels was DDry = 350–400 nm (Fig. 1B).

2.1.2. Cryo-EM: PNIPAM microgels and Silica-PNIPAM core–shell
Particles

Cryo-EM is a powerful and well established method to image
snap-frozen thin liquid layers inside an electron microscope
[32,33]. Here we describe our cryo-EM measurements for our sys-
tem of PNIPAM microgels (Fig. 1B) and as well a system of core–
shell SiO2@PNIPAM hybrid microgels (Fig. 1D). The measured size
of the PNIPAM microgels in water below their LCST was DRT =
650–670 nm is in accordance with the DLS measurements. Cryo-
EMmeasurements of the SiO2@PNIPAM NPs yielded a swollen total
diameter for this system of DRT = 460–500 nm. The size of the SiO2

cores was DCore = 260 � 10 nm and therefore the thickness of the
PNIPAM shell was in the range of TPNIPAM = 100–120 nm. We report
that attempts to snap-freeze PNIPAM microgels whilst in their col-
lapsed state by starting from a dispersion at a temperature above
the LCST were not successful, and their sizes below the LCST were
observed.

2.1.3. LC-(S) TEM of PNIPAM microgels
LC-(S) TEM offers an excellent platform to study thin (up to a

few microns) liquid samples with nanometric resolution [34]. Fur-
thermore, the contents of these thin liquid layers can be precisely
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heated,[35] thus showing great potential to directly characterize
in situ the thermoresponsive behavior of PNIPAM microgels and
PNIPAM nanometric thin layers. However, LC-(S) TEM relies on
the irradiation of a sample with an 80–300 keV electron beam,
which can affect a sample directly and indirectly though the inter-
action of both the particles and solvent with beam-induced radiol-
ysis products [36,24]. Here we characterize such electron beam
induced effects on PNIPAM microgels in water and discuss the
underlying chemistry.

PNIPAM microgels in water were imaged by means of Bright
Field (BF) and High-Angle Annular Dark Field (HAADF) (S) TEM. A
small volume of the suspension was drop-casted onto a glow dis-
charged chip. Another glow discharged chip was placed on top of
the solution and the cell was closed to create the liquid cell envi-
ronment. Samples were loaded into a dedicated in situ liquid cell
TEM holder. Upon imaging, PNIPAM particles gradually decreased
in size while their contrast increased even at low electron doses
of 4—20 e�nm�2s�1 (Fig. 1E, F) which are already quite low as com-
pared to ’ordinary’ TEM imaging at these magnifications.The initial
size of the visible PNIPAM part of the PNIPAM microgels visible in
water corresponded to the previously defined D40�C (350–450 nm)
of this system. Furthermore, the distance between the centers of
the adjacent particles corresponded to values close to DRT (650–
700 nm), confirming that a corona with contrast so weak that it
did not give a detectable signal was present around the visible
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cores. This low contrast is consistent with the difficulties of detect-
ing the corona with other scattering techniques (e.g.light scatter-
ing). Contrast in transmission electron microscopy depends
critically on the elemental composition and density of a sample
and increases with increasing electron dose rates and signal inte-
gration times. The volume occupied by the corona of PNIPAM
microgels in water consists of a low volume fraction of polymer
(< 10 vol.%) and thus it consists mostly of water [27]. Therefore,
the generation of contrast for such structures in a swollen state
in water relies on the use of relatively intense beams and sensitive
detectors. However, our results show that PNIPAM microgels are
additionally sensitive to radiolysis damage and therefore more
intense beams are not a viable option, so that other strategies
needed to be assessed. Use of low electron dose rates has been
widely reported by our group and by others as critical to observe
dynamic systems and chemically sensitive organic and inorganic
particles [37–39]. Electron beam effects on the microgels during
LC-(S) TEM experiments are discussed in more detail later in this
article.

2.2. In situ characterization of thermoresponsive behavior of PNIPAM
microgels and layers on core–shell particles

We have shown that volumes of a sample with low polymer
volume fractions (<10 vol.%) are not easily resolvable in water
via LC-EM at present state-of-the-art electron dose rate conditions.
We therefore explored multiple strategies to generate contrast that
allows the determination of the entire volume of the microgels, in
particular two different approaches to achieve this end: altering
the contrast of the solvent and labeling of the microgels. Results
on dissolving Cu and U salts in the aqueous medium to increase
solvent contrast, as well as on decorating PNIPAM microgels with
a variety of Au (with a variety of capping ligands) and silicia based
NPs are detailed in the Supplementary Information. In summary,
electron beam irradiation resulted in the reduction of the metal
ions into particles and coatings, preferentially on the PNIPAM
microgels. Au NPs did not show efficient spontaneous attachment
to the microgels, however silica NPs did. Core–shell Au@SiO2 NPs
with diameters of 17(core)@39(shell) � 1@6 nm showed sponta-
neous attachment to PNIPAM microgels while still containing the
highly scattering Au NP, and allowed for the direct imaging of
the full size of the microgels in water. This labelling approach
could also be adopted for the preparation of Cryo-EM samples.
The ability to resolve the volume of the complete highly thermore-
sponsive PNIPAM coronas opens the door to directly observe PNI-
PAM’s characteristic temperature induced phase transitions. To
do so, microgel samples were prepared on liquid cell chips
equipped with heating MEMS technology which enables increasing
the temperature locally in the liquid cell volume (Variable Temper-
ature LC-(S) TEM, or VT LC-(S) TEM). This allowed the in situ heat-
ing of the liquid cell volume, thereby inducing the microgel size
transition when the LCST was crossed. Fig. 2A shows a swollen
microgel below the LCST and a collapsed microgel above the LCST.
Multiple thermoresponsive cycles where quantified by imaging at
20 �C and at 40 �C different areas of the liquid cell to avoid beam
induced artifacts (Fig. 2B). Spectacularly, a large number of parti-
cles could be imaged per temperature set above or below the tran-
sition temperature, at nanometer resolution. As expected, this
process was fully reversible.

The observed swollen and collapsed state of the PNIPAM mico-
gels approximately matched with that measured via DLS and Cryo-
EM (blue (RT) and red (40 �C) dashed lines). Interestingly, the mea-
sured size for the swollen state was slightly below the size mea-
sured by DLS and Cryo-EM, and the collapsed size was slightly
above that for DLS. This could be an indication of the mechanism
through which the Au@SiO2 attached to the PNIPAM corona, with
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a given depth in the attachment to the swollen corona but with a
hard limit when PNIPAM collapses and the SiO2 acted as a spacer
between the harder collapsed polymer shell and the high contrast
Au core. An image of a dry sample of hard spherical NPs sur-
rounded by Au@SiO2 marker NPs where their silica shell can be
seen acting as spacer between the high contrast cores and the ”la-
belled” particle can be found in SI Fig. S3. A heating cycle was clo-
sely followed by increasing and decreasing in gradual steps the
temperature of the cell around the LCST (Fig. 2C). The decrease in
size of the microgels did not happen exactly around the ex situ LCST
(shifted by about 2.5 �C to 30 �C). This shift could reflect changes in
the LCST arising from the decoration of the microgels,[40] and/or
errors emerging from in situ temperature control,[35,41] since
the equilibrium temperature of the liquid volume depends on
parameters such as sample thickness and/or flow speed. For com-
pleteness, we next evaluated the impact of electron beam irradia-
tion of the microgels on their thermoresponsiveness (Fig. 2D). If
cross-linking would be concurrently happening during our imag-
ing, then a decrease in the ability to change in size upon heating
would be expected. We found that 1 frame of very low dose elec-
tron beam (< 5 e�nm�2s�1) irradiation affects the thermorespon-
sive capacity of PNIPAM microgels even in the presence of 2-
propanol as radical scavenger. More precisely, the recovery of DRT

after heating above the LCST and imaging was hindered. A decrease
of 100–150 nm of the total swollen size was observed across all
samples after a single frame. This was independent on whether
particles were fist imaged before (swollen) or after (collapsed)
heating. If imaging was started at temperatures above the LCST
and then the system was cooled down, the real DRT of the microgel
system could not be recovered even after hours after electron irra-
diation, confirming the permanent nature of the electron beam
induced chemical changes in their polymeric structure. This fol-
lows also from our observations that a similar degree of shrinkage
was observed for all electron doses even in the presence of radical
scavengers reported in the previous sections.

We then extended the same procedure to SiO2@PNIPAM NPs
(Fig. 2E). The thin PNIPAM shell was indeed clearly observed from
the positions of the marker NPs with respect to the core surface.
Furthermore, above the LCST we also observed the reversible
shrinkage of the thin PNIPAM layers to thicknesses down to 50–
60 nm (Fig. 2F). Again the measured size for the most swollen state
was slightly lower than the size measured via Cryo-EM. In sum-
mary, we demonstrate that the thermoresponsive behavior of PNI-
PAM microgels and PNIPAM shell layers grafted onto hard core-
particles can be easily studied in the VT LC-(S) TEM set-up with
the use of high contrast marker NPs with nanometric resolution.
This possibility opens the door to directly characterize the temper-
ature evolution of PNIPAM systems (sub-100 nm microgels and
coatings) with thicknesses and geometries not measurable with
DLS or other conventional techniques [42]. It is worthwhile men-
tioning that although hysteresis of the thermoresponsive behavior
of PNIPAM has been reported in the literature, we do not detect it
in our measurements. Since our method images the microgels once
they reach a stable state at each temperature, as limited by
electron-beam induced radiolysis effects,[43] it is possible that
our system presents hysteresis effects we still cannot detect.

2.3. In situ characterization of PNIPAM co-nonsolvency in aqueous
alcoholic solvents

The microfluidic capabilities of dedicated liquid cell holders
allow changing in situ the solvent present in the liquid cell. We
exploited this to directly characterize solvent-induced phase tran-
sitions. All samples were prepared as described previously by load-
ing them with ultrapure water. Assembling the cell with alcoholic
solutions is difficult due to the fast evaporation rates of alcohols, as



Fig. 2. In situ characterization of the thermoresponsive behavior of PNIPAM microgels and core–shell with nanometric resolution A. BF-(S) TEM imaging of two
different PNIPAM micogels below (at 20 �C) and above (at 40 �C) the LCST. Scale bars: 400 nm. B. Measurements for the sizes of multiple microgels during multiple heating–
cooling cycles. For each temperature different regions were imaged to avoid beam induced artifacts. Dashed lines indicate the sizes measured via DLS for our system below
(blue) and above (red) the LCST. The blue horizontal bar indicates the size as measured via Cryo-EM. C. Detailed size evolution of PNIPAM microgels during a heating cycle.
Particle size started decreasing prior arriving to the LCST, potentially reflecting slight deviations between the expected and the real temperature of the liquid volume. D. Size
evolution of the a set of PNIPAM microgels over two heating–cooling cycles imaged at low electron dose rates (<5 e�nm�2s�1). The same microgels were imaged at each
temperature. The full size of the particles below the LCST could not be recovered and the thermoresponsive capacity was damped. E. BF-(S) TEM imaging of two different
SiO2@PNIPAM microgels below (at 20 �C) and above (at 40 �C) the LCST. Scale bars: 750 nm. F. Measurements for the sizes of multiple core–shell SiO2@PNIPAM NPs during
multiple heating–cooling cycles. For each temperature different regions were imaged to avoid beam induced artifacts. The blue and red horizontal bars indicate the swollen
size measured via Cryo-EM for our system below the LCST (blue) and the size of the bare SiO2 core measured via TEM. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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microliter droplets are dropcasted and the evaporation time can be
close to the cell assembly time. Therefore, loading the cells with
water and introducing the alcoholic solutions via microfluidics
was the most reliable method. To ensure that the local solvent
composition at the liquid cell windows was that of the intended
solvent, all solvent mixtures were premixed prior to flowing them
into the cell, and solvent flow was maintained for at least 30 min
prior to imaging. We characterized PNIPAM’s co-nonsolvency in
556
methanol/water mixtures (Fig. 3A). The co-nonsolvency effect is
the collapse of PNIPAM microgels in this mixture,[10,11] while in
pure methanol and water the microgel is in a swollen state. To
ensure that the local solvent composition at the liquid cell win-
dows was that of the intended solvent, all solvent mixtures were
premixed prior flowing them into the cell and solvent flow was
maintained for at least 30 min prior to imaging. A phase transition
from the regular swollen state in water was observed in a mixture



Fig. 3. In situ characterization of the co-nonsolvency in aqueous alcoholic solvents of PNIPAM microgels with nanometric resolution. A. Measured microgel sizes in
pure water, a methanol/water mixture (20% molar ratio of methanol) and in methanol. In the methanol/water solvent e articles underwent a phase transition to a collapsed
state comparable to that for heating in water above the LCST. Microgels were swollen in water and in methanol, and particle sizes measured in methanol were slightly larger
than in water.

A. Grau-Carbonell, F. Hagemans, M. Bransen et al. Journal of Colloid and Interface Science 635 (2023) 552–561
of 20% molar ratio of methanol comparable to that observed upon
heating above the LCST. When the solvent was replaced with just
methanol, we observed swollen microgels with slightly bigger par-
ticle sizes than that in water. This process was then reversed by
going back to the methanol/water mixture and then pure water,
for which similar size distributions were measured. These results
are in agreement with measurements of this phenomenon using
other techniques [10].
2.4. LC-(S) TEM imaging of PNIPAM: Radiolysis damage

We showed that the unobserved size of PNIPAM microgels in
water decreases under electron beam illumination. This decrease
in size was correlated with the intensity of the electron beam
(Fig. 4A), with higher electron beam dose rates resulting in a faster
shrinking. By performing ”post-mortem” analysis of the samples
after opening the liquid cell (Fig. 4B) we confirmed that the parti-
cles that resulted from electron irradiation in water showed after
drying a smaller diameter and an enhanced contrast corresponding
to higher density particles. We then confirmed that this high con-
trast portion of PNIPAM microgels in water corresponded to the
relatively thermally unresponsive cores. By means of in situ heating
LC-(S) TEM we checked that the observable size of the PNIPAM micro-
gels did not depend on whether the temperature of the system was
below or above the LCST (Fig. 4C). Furthermore, the shrinkage behav-
ior was reproducible and the same for all temperatures. The extent of
local beam-induced temperature changes in liquid cell experiments
has been recently debated in literature, although it appears to be lim-
ited to a few degrees after some minutes of continuous irradiation for
low electron dose rates [44,45]. As the beam effects that we observed
did not differ between absolute changes of temperature above tens of
degrees, we believe that electron beam damage in water on polymers
is not a result of, nor is dependant on, beam induced local temperature
changes.

In order to understand the reported shrinkage behavior of our
PNIPAM microgels, the chemical and physical processes that hap-
pen during (S) TEM imaging of a polymeric chain in water have
to be considered. The irradiation of water by a (S) TEM electron
beam is known to generate a number of radiolysis products
[36,24]. Of such species, two are of most interest in this study:
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hydroxyl radicals (OH�) and hydrogen radicals (H�). These radicals
react strongly with polymeric chains via hydrogen atom abstrac-
tion, which results in the transformation of the polymer chains into
macroradicals. Concurrently, the electron beam can also directly
generate polymer macroradicals. Such macroradicals can react
with each other forming cross-linked structures, in a process
named inter-molecular recombination (cross-linking between dif-
ferent polymeric chains) or intra-molecular recombination
(cross-linking between parts of the same polymeric chain), among
other reactions [47–49,46]. A schematic of the proposed mecha-
nism behind the shrinkage of PNIPAM microgels upon electron
beam illumination in a liquid cell can be seen in Fig. 4D.
Intramolecular cross-linking has been shown to reduce the radius
of gyration of a number of polymers (e.g. poly(vinyl alcohol),
poly(vinyl pyrrolidone) or poly(acrylic acid)) [47–49]. This process
would result in more condensed and cross-linked, smaller PNIPAM
particles.
2.5. Increasing microgel stability with radical scavengers

The impact of radiolysis products in LC-(S) TEM experiments
has been addressed with varying success by scavenging such spe-
cies. This is achieved by changing the chemical composition of the
liquid media introducing radical scavengers, i.e. molecules that
react with radicals more efficiently than the system of interest.
This results in a less harsh environment for the polymer, as the
main radiolytic species are partially removed from the system by
the scavengers. This strategy has been widely used in LC-EM stud-
ies, and can be readily adapted to our system. [24] Hydroxyl radi-
cals (OH.) and hydrogen radicals (H.) can be scavenged by the
presence of alcohols in solution, with isopropanol (ISO) being an
effective radical scavenger. Hydrated electrons (e�ðaqÞ) can also be
scavenged by adding acetones in solution. The reaction of such
scavengers with these relevant water radiolysis radicals results in
products with lower redox potential and therefore reduces the
harshness of the aqueous media to the PNIPAM microgels
(Fig. 5A) [50,51,24]. Poly(diethylene glycol methyl ether methacry-
late) (PDEGMA)-based block copolymers dispersed in aqueous
medium have been shown to survive higher electron dose rates



Fig. 4. Characterization of electron beam effects on PNIPAMmicrogels in water. A. Decrease of measured PNIPAM size in time for a number of electron dose rates at 20 �C. Low
electron dose rates (4–20 e�nm�2s�1) resulted in slower shrinkage compared to a medium electron dose rate (314 e�nm�2s�1). B. Post-mortem LC-(S) TEM sample of an irradiated
area showing both irradiated and unirradiated, dried particles. Small, high-contrast particles correspond to the irradiated microgels. Big, low-contrast particles correspond to PNIPAM
microgels that diffused and dried on this region during the disassembly of the liquid cell. Scale bar: 700 nm. C. Decrease of measured PNIPAM size in time for an electron dose rate of
314 e�nm�2s�1 at higher temperatures (around and above the LCST). The initial observed size of the microgels did not change, confirming the unresponsive nature of the polymer dense
PNIPAM core. D. Interplay between chemistry of water radiolysis due to electron beam illumination and chemistry of polymers and water radicals [24,46].

Fig. 5. Increasing PNIPAM microgel stability under electron beam illumination in water with radical scavengers A. Chemistry describing the scavenging of H., OH., e�ðaqÞ
by isopropanol (ISO) and acetone. The resulting product of the reaction between the radicals and the scavengers have less reactive redox potentials. B. The addition of ISO
partially stabilized the shrinking of PNIPAM microgels after an initial shrinkage of around 20% of the particle size. A minimal concentration of 5 mM ISO was needed to
scavenge enough radicals for this effect to be substantial at a low electron dose of 28 e�nm�2s�1. This relative stability was maintained even at medium electron dose rates of
203 e�nm�2s�1. The addition of small amounts of acetone to scavenge hydrated electrons did not result in further stability improvements.
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in liquid phase EM experiments in the presence of isopropanol
[52].

We imaged PNIPAMmicrogels in the presence of various radical
scavengers to assess their impact on PNIPAM stability during liquid
phase EM experiments (Fig. 5B) as compared to pure water. PNI-
PAM stability in water under electron irradiation increased for con-
centrations of ISO above 2.5 mM for doses as high as 203
e�nm�2s�1. The presence of acetone (1–5 mM), scavenging e�ðaqÞ,
did not result in stability improvements. Although an initial
shrinkage phase of around 20% of the particle diameter still hap-
pened for all media, the shrinkage stopped and did not proceed
as was observed for PNIPAM colloids in pure water. Interestingly,
the ability to image PNIPAM colloids at higher electron dose rates
(> 500 e�nm�2s�1) resulted in the observation of an anisotropic
shrinkage/dissolution of the colloids, with higher shrinkage/disso-
lution rates in the direction perpendicular to the scanning direc-
tion of the electron beam and/or deformation of the particle
towards an ellipsoidal shape with the long axis in the scanning
direction (Supplementary Fig. S6). Similar anisotropic and/or
deformation of the particle towards an ellipsoidal shape with the
long axis in the scanning direction have been previously reported
for silica particles dispersed in water and water/ethanol/ammonia
mixtures in LC-EM experiments and it is interesting for future
studies to investigate if these electron beam-induced deformations
for totally different types of particles are related [53,39].
3. Conclusions

In this study we report the successful single particle character-
ization of thermally and co-nonsolvency induced phase transitions
of PNIPAM microgels and PNIPAM shells in situ in water via liquid
phase electron microsopy. We show that the ability to resolve a sol-
vated polymeric volume from its surrounding media in EM depends
critically on the polymer volume fraction, which makes imaging at
realistic, presently state-of-the-art dose impossible. We demonstrate
that this limitation can be overcome by labelling the PNIPAM struc-
tures via an in situ post-synthetical labelling step with high contrast
core–shell silica@Au NPs. Silica-based NPs spontaneously attach pre-
dominantly on the outside of PNIPAM corona’s, simplifying the label-
ling step. The ease to resolve these NPs even when immersed in
liquid allows us to image and measure the size of PNIPAM microgels
and shells at different temperatures and in different solvents with
nanometer resolution. Temperature and solvent composition were
controlled and changed in situ using microfluidics, in contrast with
measurements from other electron microscopy techniques such as
cryo-EM [18,19].

In order to arrive at a labelling technique that worked, the
implications of using electron irradiation to image PNIPAM in
water were also explored experimentally. We show that PNIPAM
microgels shrink irreversibly upon electron beam illumination
and that this process is mediated via water radiolysis radicals.
Scavenging such species with isopropanol partially protects the
microgels but not completely, and some degree of shrinkage was
unavoidable, while in addition alcohols have a co-nonsolvency
effect on PNIPAM in water and thus modify the thermoresponsive
behavior. We found as well that PNIPAMmicrogels are a good sub-
strate for the reduction of metal ions into NPs and coatings. Elec-
tron beam induced incorporation of ligand-capped Au NPs onto
the microgels was observed for citrate and PEG (with and without
additional chemical functionalizations) capped Au NPs. Au NPs
capped with acid-functionalized PEG molecules formed branched
structures under electron beam illumination, both on the imaging
windows and onto the surface of the microgels. Electron beam
effects are thus the main limitation preventing our method to more
continuously follow PNIPAM’s thermoresponsive behavior. The
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incorporation to our methodology into state-of-the-art microscopy
developments aimed at reducing the number of electrons required
to acquire an EM image, such as the use of direct electron detectors
and sparse scanning methods, may overcome such constraints.
4. Methods

4.1. Materials

N-isopropylacrylamide (NIPAM, 99 %, Sigma–Aldrich), N,N’-
methylenebis- acrylamide (BIS, 99 %, Sigma–Aldrich), Ultrpure
water (milliQ grade, Millipore system), Potasium Persulfate (KPS,
99%, Sigma–Aldrich), Tetraethyl Orthosilicate (TEOS, 99%, Sigma–
Aldrich), 3-(Trimethoxysilyl) propyl meth- acrylate (TPM, 98%,
Merck) L-arginine (98%, Sigma–Aldrich), Potasium Hydroxide
(KOH, reagent grade, P98%, pellets, Sigma–Aldrich), Hydrogen
Tetrachloroaurate Trihydrate (HAuCl4 � 3H2O, P99.9%, Sigma–
Aldrich), Sodium Citrate Tribasic Dihydrate (P99.0%, Sigma–
Aldrich), Sodium Hydroxide (NaOH, P97.0%), a-Mercapto-x-
Mercapto Polyethylene Glycol (MW 5 kDa, H3CO-PEG-SH,Rapp
Polymere), a-Mercapto-x-Amino Polyethylene Glycol Hydrochlo-
ride (MW 5 kDa, HS-PEG-NH2�HCl, Rapp Polymere) and a-
Mercapto-x-Carboxy Polyethylene Glycol (MW 5 kDa, HS-PEG-
COOH, Rapp Polymere).

4.2. Synthesis of PNIPAM microgels and SiO2@PNIPAM NPs

PNIPAM microgels were synthesized by radical emulsion poly-
merization. 10 mg of NIPAM and 1.0 mg of BIS were dissolved in
710.0 g of water. This solution was then sealed and bubbled with
nitrogen to remove dissolved oxigen. Bubbling was then stopped
and the flask was placed in a oil bath at 70 �C. When the solution
reached 70 �C a solution of 10 mg of KPS in 10.0 mL of water
was quickly injected to start the radical polymerization process.
This reaction was left to continue at 70 �C for 4 h while stirring.
The final product was cleaned by letting the solution to cool down,
centrifugation and redispersion in water. SiO2@PNIPAM NPs were
synthesized via the same radical emulsion polymerization method
but in the presence of TPM coated Stöber silica [54].

4.3. Synthesis of amino acid catalyzed (AAC) silica NPs

AAC Silica particles (113 nm diameter, polydispersity: 3%, from
TEM imaging) were synthesized with a three step synthesis based
on previous literature [55]. All glass work was etched of residual
silica of former silica synthesis via a base bath (2–3 days in a sat-
urated solution of KOH in ethanol, rinsed with milliQ water). First,
28 nm cores were synthesized as follows: in a 500 mL 1-neck flask
182.5 mg (6 mM) L-arginine was dissolved in 169 mL milliQ water.
The mixture was heated to 70 �C and stirred slowly (200 rpm).
After 1 h, 11.2 mL (49 mmol) of TEOS was added slowly via the
wall. The reaction mixture was stirred for 1 day to complete the
synthesis. These cores were overgrown up to a diameter of
55 nm as follows: in a 500 mL 1-neck flask (base bath, KOH in etha-
nol) 183.5 mg (6 mM) L-arginine was dissolved in 169 mL milliQ
water. 19.3 mL of the dispersion of 28 nm silica particles was
added. The mixture was heated to 70 �C and stirred slowly
(200 rpm). After 1 h, 11.2 mL (49 mmol) of TEOS was added slowly
via the wall. The reaction mixture was stirred for 1 day to complete
the synthesis. These nanoparticles were overgrown up to the final
113 nm diameter as follows: in a 500 mL 1-neck flask (base bath,
KOH in ethanol) 182 mg (0.006 M) L-arginine was dissolved in
169 mL milliQ water. 19.3 mL of the dispersion of 55 nm silica par-
ticles was added. The mixture was heated to 70 �C and stirred
slowly (200 rpm). After 1 h, 11.2 mL (49 mmol) of TEOS was added
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slowly via the wall. The reaction mixture was stirred for 1 day to
complete the synthesis.
4.4. Synthesis of citrate stabilized and PEG-capped gold nanoparticles
(AuNPs)

4.4.1. Synthesis of AuNPs
Citrate stabilized spherical AuNPs were synthesised using the

sodium citrate reduction method1,2: 100 mL water and 1.00 mL
of an aqueous solution containing 10.0 g/L HAuCl4� 3 H2O were
added to a 250 mL two-neck flask with stirring bar and reflux con-
denser. The flask was placed in an oil bath and heated until boiling.
Then, 3.0 mL of an aqueous solution containing 10.0 g/L sodium
citrate tribasic dihydrate was rapidly added under vigorous stirring
(1200 rpm) and the mixture was left refluxing and stirring for
15 min during which a colour change from yellow to dark blue
to pink and finally deep red was observed. Stirring was slowed
down to 400 rpm, the oil bath was removed and the mixture was
allowed to cool down to room temperature. The resulting AuNPs
had a mean diameter of 16.7 nm with a polydispersity of 1.1 nm
(6.3%) based on TEM imaging.
4.4.2. PEGylation of AuNPs
The AuNPs were functionalized by covalently binding thiolated

polyethylene glycol (PEG) ligands to the AuNP surface. To 10.0 mL
of the as synthesized AuNP dispersion 0.50 mL of an aqueous
10.0 g/L solution (2 mM) of one of the PEG ligands (H3CO-PEG-
SH, HS-PEG-NH2�HCl or HS-PEG-COOH) was added, followed by
0.25 mL of a 0.10 M aqueous NaOH solution. The ligand concentra-
tion corresponded to 50 PEG molecules per nm2 of gold surface.
The reaction was left to proceed for at least 1 h, but the solution
could be stored without further purification for P2 years. To con-
centrate the particles and remove unreacted ligands prior to fur-
ther use, the particles were washed using centrifugation (15000
RCF for 30 min in 5 mL Eppendorf centrifugation tubes) and redis-
persion of the sediment in 10.0 mL of water, followed by another
round of centrifugation and redispersion of the sediment in
0.50 mL of water.
4.4.3. Coating of Au core NPs with a SiO2 shell
A silica shell was grown around the AuNP seeds using a PVP-

mediated Stöber shell growth:[56,57] 720 lL of a 0.10 g/mL solu-
tion of PVP in water was added to 30 mL of the AuNPs and stirred
(300 rpm) for 24 h. The PVP-coated particles were collected by
means of centrifugation (15000 g, 20 min. in 5 mL Eppendorf
tubes), redispersed in 30 mL ethanol and added to a 40 mL glass
vial, and stirred at 1200 rpm. Then, 3.00 mL ammonium hydroxide
solution was added, followed by 50.0 lL of a freshly prepared 10%
vol. TEOS in ethanol. After 5 min, the stirring speed was reduced to
400 rpm and the mixture was left to react for 4 h. The resulting
AuNP@SiO2 particles had a total diameter of 39 nm with a polydis-
persity of 6 nm. The particle dispersion could be stored at room
temperature without further purification for at least 1 year prior
to use.
4.5. Cryo- Electron Microscopy (Cryo-EM)

Samples were prepared in cryo-EM dedicated grids with a
Thermo-Fischer Scientific Vitrobot. Blotting time was 1 s and snap
dipped in liquid ethane. Samples were kept in liquid nitrogen at all
times after preparation. Samples were loaded in a Gatan cryo
holder and images by a Thermo-Fisher Scientific Tecnai 20 trans-
mission electron microscope equipped with a field emission gun
operating at 200 kV.
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4.6. Liquid cell transmission electron microscopy

Liquid Cell Scanning EM samples were loaded in a dedicated liq-
uid cell holder (Protochips, Poseidon Select) equipped with flow
and in situ heating capabilities. The spacer size was of 500 or
1000 nm in all experiments with PNIPAM microgels and 150 nm for
all experiments with hybrid silica@PNIPAM microgels. To make sure
that the particles were in pure water, samples were subjected to a flow
of ultrapure water (1 ll/min) for at least 3 h. Frames were acquired at
1024x1024 pixels, 3 nm pixel size, 28 ls dwell time. All experiments
were repeated at least 3 times.

Sample preparation
The top and bottom silicon chips were glow discharged for

1 min to ensure the wettability of the chips. Then, 2 ll dilute dis-
persion of � 10 mg/L of the desired microgels in water was drop-
casted on the top chip and was allowed to dry almost completely.
When the sample was almost dry, the bottom chip was loaded on
the holder tip and 2 ll of water or a aqueous dispersion of NPs
were drop-casted on it and the sample was sealed with the top
chip (containing the microgels). Bottom chips with gold spacers
of 150 for SiO2@PNIPAM NPs and of 500 and 1000 nm for PNIPAM
microgels. This sample preparation procedure ensured high micro-
gel coverage of the liquid cell imaging window and as well a min-
imal liquid thickness.

Imaging
TEM and (S) TEM imaging were performed with a Thermo-

Fisher Scientific Talos F200X transmission electron microscope
equipped with a field emission gun operated at 200 kV. High angle
annular dark field (HAADF) STEM imaging was performed with
camera lengths of 120 mm for dry samples and from 120 to
220 mm for liquid samples, as depending on the liquid layer thick-
ness resulting from sample preparation different camera lengths
gave the best contrast. Beam currents were measured though the
fluorescent screen current in vacuum and are reported in the main
text.

The electron dose rate was calculated as follows: [58]

d ¼ Ie
eA

ð1Þ

Where d is the electron dose rate, Ie is the beam current, e is the ele-
mentary charge, and A is the total frame size determined by the
magnification.

4.7. Dynamic light scattering

Particle sizes were measured by a home build dynamic light
scattering (DLS) setup. A glass cuvette filled with a dispersion of
the particles was suspended in a toluene bath. The toluene bath
was thermostated using a Haake DC50 water bath. The sample
was illuminated with a 632.8 nm He laser (30 mW) and the scat-
tered light was collected by two optical fibers. Light was detected
with a single photon detector (PMT-120-OP, S/N: 14962). A digital
correlator (Flex01-12D) was used to cross-correlate the detected
signals from both both collected signals. The data was analyzed
using the cumulant method and particle diameter was calculated
using the Stokes–Einstein relation (which should be considered
an approximation for microgels, given the diffused nature of the
microgel surface).
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