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A B S T R A C T   

Liquid cell transmission electron microscopy is a powerful tool for visualizing nanoparticle (NP) assemblies in 
liquid environments with nanometer resolution. However, it remains a challenge to control the NP concentration 
in the high aspect ratio liquid enclosure where the diffusion of dispersed NPs is affected by the exposed surface of 
the liquid cell walls. Here, we introduce a semi-empirical model based on the 1D diffusion equation, to predict 
the NP loading time as they pass through the nanochannel into the imaging volume of the liquid cell. We show 
that loading of NPs into the imaging volume of the liquid cell may take several days if NPs are prone to attach to 
the surface of the mm-long nanochannel when using an industry-standard flat microchip. As a means to facilitate 
mass transport via diffusion, we tested a liquid cell incorporating a microchannel geometry resulting in a NP 
loading time in the order minutes that allowed us to observe the formation of a randomly oriented self-assembled 
monolayer in situ using scanning transmission electron microscopy.   

1. Introduction 

One of the grand challenges in soft matter science is to understand 
how dispersed nanoparticles (NP) self-assemble into larger superstruc-
tures that possess significant potential in application areas such as 
catalysis and photonics [1]. Direct visualization has been proposed as a 
tool to map the experimental phase behavior of NP dispersions for 
guiding the development of molecular simulations with improved pre-
dictive capability toward extended NP systems [2]. Liquid cell electron 
microscopy (LCEM) can visualize the structure and dynamics of colloidal 
NP assemblies from nanometer resolution [3] to the mesoscopic scale 
[4]. However, in order to fully utilize the impressive resolving power of 
LCEM [5], the sample must be thin, causing a degree of confinement 
different from that of a bulk sample. To this day, it remains a challenge 
to supply dispersed NPs into the confined liquid enclosure in situ and 
observe bulk-like phase behavior and subsequent self-assembly into 
superstructures such as colloidal crystals [6] or self-assembled mono-
layers (SAM) [7]. 

The common liquid enclosure employed in LCEM is a high-aspect 

ratio nanochannel constructed out of two opposing flat microchips, 
separated by a spacer layer of thickness typically in the range of 0.1 to a 
few µm. The microchip fabrication process utilizes chemical vapor 
deposition (CVD) and anisotropic etching steps [8] to create a rectan-
gular, 10–100 nm thin silicon nitride (SiNx) window at the center of the 
nanochannel. When the windows of the two microchips are aligned to 
overlap, the electron probe may pass through the sample and map the 
projected charge density in the imaging volume, in this case, that of NP 
dispersion. 

The three common strategies to load pre-synthesized NPs into liquid 
cell nanochannel are as follows: (1) In “direct loading” the NP solution is 
pipetted in the liquid cell before the cell is hermetically sealed and 
inserted into the microscope [9]. Direct loading is a suitable method if 
the self-assembly reaction is slow and there is sufficient time to start the 
observation before the system has reached equilibrium in the confined 
nanochannel. Furthermore, an external biasing method via heating [10], 
electrochemistry [11], or radiolysis [4] may be used to initiate the 
self-assembly reaction in the nanochannel. (2) Advanced liquid cell 
holders equipped with liquid-guiding architecture and pressure-driven 
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pumps [12–14] may flow the NPs into the liquid cell and supply the 
self-assembly reaction with a sufficient number of colloidal NPs. Even 
though most of the commercial holders have the flow capability, in the 
widely used bypass design [15], the flow rate is determined by the 
relative resistance between the nanochannel and the bypass channel 
that connects the outlet and inlet ports of the holder. For instance, when 
a 6 µm spacer thickness was used, a measurable and modeled flow of 
colloidal spheres through the imaging segment was reported [16]. 
Elsewhere, the loading of apoferritin-proteins into a nanochannel height 
of 200 nm failed and physical simulations of the flow pattern confirmed 
that convection at the center of the liquid cell was likely inefficient due 
to the geometry of the device [17]. This indicates a challenge for im-
aging dynamics of low-contrast materials where low liquid thickness is 
preferred for improved contrast and resolution [5]. Furthermore, small 
sample volumes may prohibit the use of extended flow times. (3) Finally, 
the diffusive motion of NPs may be harnessed for NP transport. In this 
case, the nanochannel needs to be connected to a reservoir of bulk liquid 
and the net movement of NPs across the concentration gradient takes 
place spontaneously. The latter approach has the advantage of being 
suitable for providing mass-transport conditions similar to unstirred 
bulk liquid. From an imaging point of view, the lack of convection may 
be beneficial for reducing the motion blur in the recorded data. As a 
downside, transport by diffusion is effective only at short distances 
because the loading time (τ) scales with the second power of the net 
mean displacement (<x>): 

< x>2 = 4Dτ (1)  

where D is the diffusivity of the NP given by the Stokes-Einstein equation 
[18]: 

D =
Kb T

4π η r
(2)  

where Kb is the Boltzmann constant, T is the temperature, η is the dy-
namic viscosity, and r is the radius of the NP. For a 25 nm NP in water, 
r=12.5 nm, T=293 K, Kb=1.38×10− 23 J K− 1, η=1×10− 3 Pa, and so 
DNP=2.57×10 - 11 m2 s− 1 will be obtained. 

Using Eqs. (1) and (2), we obtain τ=162 min for a 25 nm NP 
traversing a 1 mm 1D nanochannel in ideal conditions where NPs do not 
interact with the walls of the liquid cell. 

However, it is a common observation in LCEM that the free diffusive 
motion of NPs can be retarded by the walls of the liquid enclosure [9,19, 
20]. Elsewhere, NPs have been found immobilized at the liquid-solid 
interface [21,22]. In the latter case, to successfully load the NP disper-
sion through the nanochannel into the imaging volume, the active sur-
face of the nanochannel needs to be saturated in order to reach the 
concentration value of the bulk dispersion inside the liquid cell. 

To this end, we set to study the effect of attractive wall-NP interac-
tion on the loading time of 25 nm diameter, amino-functionalized silica 
NPs (SiONP). As a model system, the formation of a randomly packed, 
colloidal self-assembled monolayer (SAM) on the SiNx surface was 
employed. A semi-empirical model for diffusion-propelled mass trans-
port is proposed that can be used to predict the delay when initiating the 
reaction in the confined imaging volume. The model accounts for the NP 
D and concentration (c), nanochannel length (l), height (t), and experi-
mentally observed NP surface coverage (φ). Based on the findings, we 
argue that if the length of the nanochannel distance is made shorter, 
faster NP loading through the nanochannel can be achieved. Finally, to 
test this hypothesis, we use a nanofluidic design similar to [12] allowing 
in situ observation of colloidal self-assembly reaction via LCEM. 

2. Materials and methods 

2.1. Buffer and stock solutions 

Phosphate buffered saline (PBS) at pH=2 was prepared by mixing 

100 µl of NaH2PO4, 120 µl HCl, and 440 µl of NaCl stock solutions, each 
with a molarity of 1 M and diluting to the final volume of 10 mL. The pH 
was measured with a digital pH meter (UltraBASIC, Denver Instruments, 
US). The 1 M stock solutions of NaCl (CELLPURE®, Carl ROTH, Ger-
many) and NaH2PO4 were prepared by dissolving each salt in high- 
performance liquid chromatography (HPLC) -grade water (ROTI-
SOLV®, Carl ROTH, Germany). 1 M stock solution of HCl (AppliChem, 
Germany) was used as acquired. 

2.2. NP dispersion 

The SiONPs were synthesized as reported in [23]. Before use, the 
SiONP dispersion was diluted to a 1:5 vol ratio with PBS pH 2 and 
shaken resulting in a final silica concentration of 3.22 g l− 1. The average 
ζ-potential of 1:5 diluted SiONP amounted to 13 mV at a pH value of 2 
and ionic strength of 0.064 M. The measurement was repeated three 
times with a Malvern Zetasizer instrument (Malvern Panalytical Ltd, 
UK), and the average value was used. The density (ρSiONP) of the NPs 
from a different batch but synthesized in identical conditions was 
determined by ultracentrifugation and a value of 1630 kg m− 3 was ob-
tained [24]. 

2.3. Scanning transmission electron microscopy 

Scanning transmission electron microscopy (STEM) was done with a 
probe-corrected transmission electron microscope (ARM200CF, JEOL, 
Japan) at acceleration voltage (U) 200 keV and using annular dark-field 
detector detection mode (DF-STEM). The pixel size (s) and dwell time 
(τdwell) were set to 3.1 nm and 5 µs, respectively, corresponding to the 
nominal magnification of 60 k×. The inner and outer detector DF- 
collection angles (βin–βout) were set to βin–βout=68–280 mrad. The 
probe convergence angle amounted to 13.4 mrad for the used 20 µm 
condenser lens aperture (CLA). The selected spot size of 4C resulted in a 
probe current (Ip) of 81 pA and an electron dose (De) of 2.6 e− Å− 2 per 
frame. 

To collect a sequence of frames with a pre-determined amount and 
interval, the “STEM Averager”-script for Digital Micrograph software by 
Dave Mitchell (Release date 15.7.17) was used. Unnecessary electron 
irradiation of the sample was minimized by setting the beam to auto-
matically park on the silicon frame (outside the window) if the image 
acquisition was not in progress. 

The Ip was measured by directly imaging the probe with the camera 
(Ultrascan 1000XP, Gatan, Ca, USA) for which the conversion factor (9.9 
counts per e− ) was determined with the built-in picoamperometer of the 
fluorescent screen. The error of the beam current measurement had been 
earlier estimated to be ±10 %. [25] The total De was calculated using 
Eq. (3): 

De =
Ip ∗ τdwell

s2 ∗ e
(3)  

where e is the elemental charge. 

2.4. Scanning electron microscopy 

Scanning electron microscope (Quanta 250 FEG, Thermo Fischer, 
OR, USA) was operated at 20 keV, and in High Vacuum-mode. Images 
were captured at magnifications of 76–240 k×, at the working distance 
of 4–7 mm, τdwell=0.40–1 μs, and a CLA size of 30 μm resulting in Ip=0.1 
nA. 

2.5. Liquid cell stem 

LC-STEM experiments were performed using a liquid flow specimen 
holder that incorporated tubing for inducing a liquid flow at the tip of 
the holder (Ocean, DENSsolutions, Netherlands). The lateral size of the 
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microfluidic chip was 2 mm×2.6 mm and a spacer of 200 nm was used 
between the chips for defining the t of the nanochannel. The chips were 
plasma-cleaned for 5 min with a power of 50 W in Ar/O2-mixture (75 
%/25 %) in a chamber that was first evacuated to a vacuum of 70 mTorr 
(Solaris, GATAN, US). A detailed description for cleaning the specimen 
holder and microfluidic SiNx chips has been given in [23]. 

The nanofluidic design incorporating a microchannel similar to [12] 
was based on a patent [26] and microchips were custom-made (Nor-
cada, Canada) to meet the following specifications: dimensions of the 
silicon frame were 2 mm×2.6 mm×0.4 mm and one side was coated 
with a CVD-grown, 50 nm thick SiNx film. The window was fabricated 
via photolithography and wet etching to form an aperture on the vac-
uum side of the frame so that the final size of the window amounted to 
25 µm×400 µm. An additional etching step was performed to fabricate 
the 0.3 mm wide microchannel on the liquid-facing side of the microchip 
at a distance of 15 µm from the outer edge of the window. The sche-
matics of the device are given in the Supplementary Information. 

The “direct loading” of the SiONP-dispersion was accomplished by 
pipetting a 1.5 µl droplet of liquid on the bottom microchip and 
immediately sealing the liquid cell. 

To load the sample dispersion “in air”, the flow capability of the 
sample holder was used. The liquid cell was first assembled in a dry state 
and inserted in the microscope. After confirming intact windows and a 
clear field of view (FOV), the tubing of the holder was connected to an 
external syringe pump loaded with 100 µl of SiONP-dispersion. The 
liquid flow was sustained for 10 min with the flow speed of 10 µl min− 1. 

It should be noted that the delay between the plasma cleaning and 
loading of the SiONP solution may contribute to the affinity [27] be-
tween the SiNx surface, and SiONP, and hence the observed surface 
coverage. To minimize this effect, all loading experiments were con-
ducted within 30 min after plasma cleaning. 

2.6. Measurement of liquid thickness 

Electron energy-loss spectroscopy (EELS) was used to determine the 
presence of the liquid and measure its thickness. Log-ratio method [28] 
was used in cases where the total relative sample thickness was 
measured in t/λ, which amounted to less than 5. For details, see [25]. 

For thicker samples, where the detector counts under the zero-loss 
peak could not be determined, the liquid thickness was estimated by 
recording the energy distribution of transmitted electrons and deter-
mining the energy at the most probable energy loss as described by the 
theory by Landau [29]. For a numerical estimate where the contribution 
of the windows to the total thickness was omitted, Eq. (4) was numer-
ically solved for thickness corresponding to the measured most probable 
energy loss at the maximum of the plasmon peak. 

ΔEp =
NAe4Zρt

8πε2
0AE0β2

[

ln

(
NAe4Zρt

4πε2
0J2A

(
1 − β2)

)

− β2 + 0.198

]

(4) 

where Na is Avogadro’s number, the root mean squared atomic 

number of water Z =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3Z

2
H + 1

3Z
2
O

√

, e is the elemental charge, ε0 is the 
permittivity of the space, ρ is the density of water, E0 is the rest mass of 
an electron, E0 = m0c2, A is the average molar mass of water, A = 2

3MH +
1
3MO, and the relativistic factor, β = v

c, where c is the speed of light and v 

= c
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − 1(

E
E0
+1

)2

√
, where electron energy E=Ue. J is the mean ionization 

energy given by J=13.5 Z. 

2.7. Image analysis 

Image processing software (Fiji distribution of ImageJ-software (v. 
1.52i), National Institute of Health, USA) was used for image manipu-
lation, analysis, and drift correction of the recorded data. 

The surface coverage of SiONP (φSiONP) on the SiNx surface was 

determined from the SEM images by segmenting the area covered by 
SiONP from the bare SiNx background. In the first step, images were 
convoluted with the “Gaussian Blur”-function using a kernel diameter of 
4 pixels to suppress the noise. Next, pixels representing SiONPs on the 
sample were segmented by using the “Threshold”-function. The lower 
limit for the threshold was manually set to a histogram position of local 
minima, where the populations of background pixels and pixels repre-
senting SiONP overlap. The surface area of the SiONP-covered sample 
surface was obtained by the “Measure”-command. The φSiONP was 
calculated by dividing the segmented area by the total area of the image. 

The lateral drift present in the experimental data was removed as 
described in [23]. 

To improve the SNR in a sequence of images, a custom-made ImageJ 
script was used to average the indicated number of successive drift- 
corrected images in a stack. 

Background subtraction for the data shown in Fig. 3D was done to 
remove the artifacts caused by the small, nm-size particles residing on 
the surface of the window. The background image was created by 
averaging the first 10 consecutive frames of the dataset total of 90 im-
ages. The “Image Calculator”-function in ImageJ was used to subtract 
the background image from each individual frame. 

2.8. Modelling SiONP diffusion in liquid cell 

A mathematical equation-solving software (MATLAB, MathWorks, 
USA) was used to calculate and plot the theoretical values for the τ 
shown in Fig. 2. of the main text. The Matlab code is provided in the 
Supplementary Material. 

3. Results 

3.1. SAM formation on a flat microchip 

The impact of confinement on the loading of dispersed SiONPs 
through a liquid cell’s nanochannel was examined by comparing the 
SAM formation in bulk and under confinement. Here, two distinct 
loading strategies were employed to initiate the formation, and after 30 
min, the resulting SAMs were visually evaluated for NP coverage on the 
SiNx window surface using DF-STEM imaging. In the “direct loading” 
experiment, a 2 µl drop of SiONP dispersion was pipetted on the bottom 
microchip after which the liquid cell was sealed with the top microchip 
and then inserted in the microscope. A SAM had formed on the surface of 
the window covered with SiONPs. (Fig. 1A). When employing the “in 
air” loading method, the liquid cell was initially sealed without liquid 
and inserted in the microscope. A syringe pump connected to the tubing 
of the holder enabled to flow 100 µl SiONP-dispersion through the tip of 
the holder with a speed of 10 µl min− 1 resulting in a total flow time of 10 
min. The microscopy experiment lasted for 90 min, during which only a 
few SiONPs were spotted in the FOV, but the SAM formation similar to 
direct loading was not observed (Fig. 1B). 

To gain insight into the obstructed SAM formation when under 
confinement, the sample shown in Fig. 1B was opened and rinsed in a 
bath of HPLC water and blotted dry with a piece of lint-free tissue. The 
top microchip was imaged with SEM (Fig. 1C). A clear boundary was 
observed between the edge and the center of the microchip (dashed 
line). High-magnification examination with SEM (black boxes) sug-
gested that the highlighted boundary was due to the formation of SAM 
that took place only in the vicinity of the microchip edge (Fig. 1D). 
Image analysis indicated φSiONP of 0.7. Lower coverage of SiONP was 
found when images were acquired at the center of the cell (Fig. 1E). The 
observation suggested hindered mass transport in the liquid cell leading 
to uneven distribution of SiONPs along the nanochannel. 

3.2. Modelling NP diffusion in a nanochannel 

To predict and control colloidal assembly in the nanochannel it is 
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essential to understand the time scale of diffusive transport that moves 
NPs toward the imaging volume. The mass transport via steady-state 
diffusion is described by Fick’s first law stating the flux (J) of particles 
depends on the D and the fixed concentration gradient in the system: 
[30] 

J = − D
∂c
∂x

(5) 

The presence of liquid enclosure walls was omitted in the first stage 
of calculations. A solution (Eq. (6)) to the diffusion equation was 
adapted from [30] and was used to model how steady-state diffusion 
drove the concentration gradient over time (τ) in a system where a point 
source of contamination, here SiONP, at a constant concentration (co), 
was located at a distance (l) from the point of reference, that is, the 
imaging volume of the liquid cell. 

c(l, τ)channel = co

(

1 − erf
(

l
̅̅̅̅̅̅̅̅
4Dτ

√
)

))

(6) 

It is reasonable to assume a constant bulk concentration as the vol-
ume of the confined liquid for a 0.2 µm spacer is in the order of 1–2 nl, 
while the volume of the bulk liquid is approximately 50 µl (including the 
tubing used to connect the syringe pump and the holder assembly). 

An approximation was made, where the cross-sectional concentra-
tion profile was assumed to be uniform in all the calculations. The 
analysis was constrained to a nanochannel of the width (w) 1 µm and 
height (h) 0.5 µm by projecting the unit volume concentration (NPs 
m− 3) to unit length concentration (NPs m− 1) by multiplying the original 
concentration by w and h of the channel. 

co = c ∗ w ∗ l (7)  

where c was obtained by calculating the number of SiONP in the unit 
volume based on the known mass concentration of the silica precursor 

(cSi) and density (ρSiONP) and volume (VSiONP) of the SiONP with radius 
(r) of 12.5 nm 

c =
cSi

VSiONP ρSiONP
=

cSi
4
3 πr3ρSiONP

(8) 

Thus, the used concentration describes the number of particles that 
reside in the channel per unit length instead of the typical unit volume. 
In Fig. 2A, Eq. (6) has been plotted for τ=10, 100, 1000, and 10,000 s. 

Next, the required number of NPs that needed to reach the window 
with dimensions (L=w=1 µm) to result in the experimentally found 
φSiONP=0.7 was calculated via 

Nwindow =
Awindow

ASiONP
∗ φSiONP =

w ∗ L
2πr2 ∗ 0.7 (9) 

To calculate the number of SiONPs that have reached the window of 
size 1 µm by 1 µm, located at l=x for a given τ, numerical integration was 
performed in equation-solving software (Matlab). 

Ntail =

∫∞

l=x

c(l, τ)channel dl (10) 

Now, it was assumed that all the particles immobilized on the surface 
of the window as soon as they passed its edge. The Matlab script was 
looped for τ (step time 10 s) until Ntail=Nwindow and resulted in τ=140 
min for full coverage of SiONP on the window. This is in reasonable 
agreement with the value τ=162 min obtained for the mean displace-
ment over a distance of 1 mm (Eq. (1)). 

In the next step, the model was expanded to account for the SiONPs’ 
tendency to adhere to the exposed SiNx surface as they pass through the 
nanochannel. The additional number of SiONP needed to saturate the 
walls was calculated based on the surface area of the channel (Achannel), 
the area of the NP (ASiONP), and the experimentally observed φSiONP 
(Fig. 1D). 

Fig. 1. Two sample loading strategies were compared after 30 min to assess their efficiency in forming a colloidal self-assembled monolayer (SAM) in a liquid-cell 
scanning transmission electron microscopy (LC-STEM) experiment. Panel A) shows the resulting SAM when the “direct loading”-method was used to load func-
tionalized silica NP (SiONP) dispersion in the liquid cell. 30 consecutive frames were averaged resulting in an electron dose (De) of 79 e− Å− 2. In B) the resulting SAM 
is shown for the liquid cell assembled “in air” where the SiONP-dispersion was loaded in situ by using flow. Here, 20 consecutive frames were averaged resulting in 
De=53 e− Å− 2. In A) and B), the relative sample thicknesses (t/λ) amounted to 4.5 and 4.0, which corresponded to liquid thicknesses (t) of 660 nm and 570 nm, 
respectively. (C) The liquid cell from B) was examined with scanning electron microscopy (SEM) after the LC-STEM experiment. In (D) the SAM had formed on the 
area close to the edge of the microchip. E) Only a few particles were found when examining the center of the liquid cell. For (C–E), water was first flowed through the 
cell after which the microchips were rinsed in a bath of water and blotted dry before imaging in SEM. 

P. Kunnas et al.                                                                                                                                                                                                                                 



Ultramicroscopy 255 (2024) 113865

5

N(l)channel = 2 ∗
Achannel

ASiONP
∗ φSiONP = 2 ∗

l ∗ w
ASiONP

∗ 0.7 (11) 

To account for the additional time required to saturate the nano-
channel walls, it was assumed that the average flux of SiONPs was equal 
with and without wall adsorption for a given l. The rationale of this 
assumption is that according to Fick’s law, the net J is time-independent 
and depends only on D and the concentration gradient present in the 
system (Eq. (5)). 

The number of SiONPs (N(τn)) residing in the whole channel at a 
certain time point (τn) was calculated by numerical integration 

N(τn) =

∫∞

l=0

c(l, τn)channel dl (12) 

The flux (NP m− 1 s− 1) for a given channel length at τn was obtained 
by 

J =
N(τn) − N(τn− 1)

τn − τn− 1
(13) 

The average flux (Javg) for a given channel length was obtained by 
averaging J over all the time points. 

Finally, the additional time required to fill the nanochannel walls 
was obtained by 

t =
N(l)channel

Javg(l)
(14) 

For l=1 mm, a total time of 7084 min (4.9 days) was obtained until 
full coverage could be expected at the location of the window on the 
microchip (Fig. 2B). Such a timespan for a single experiment renders the 
approach unpractical for at least two foreseeable reasons: First, blocking 
an electron microscope for several days is not an ideal use of resources 
and secondly, extended exposure of the liquid sample may lead to un-
wanted beam-induced effects. 

3.3. Microchannel microchip 

To facilitate the loading of SiONPs to the imaging volume, a nano-
fluidic design similar to [12] was tested where a patented [26] micro-
channel concept effectively reduced the required l from 1000 µm down 
to 15 µm (Schematics given in Supplementary Information). The length 
of the nanochannel was dictated by the accuracy and precision of the 
fabrication process. We estimated that the relative location of the win-
dow and the microchannel edges can be reliably fabricated on a wafer 
scale at an accuracy of 5 µm. To minimize the risk of fabricating faulty 
devices where the etching patterns of the window and microchannel 
overlap, likely leading to compromised mechanical stability of the SiNx 
membrane, we chose the distance to be 15 µm. 

Based on the diffusion-propelled loading model presented above, we 
anticipated a loading time of τ=50 s for free Brownian motion, and τ=9 
min if adsorption on the wall was enabled (Fig. 2B). We also performed a 
sensitivity analysis on how the experimental variables, c, and t, affected 
the outcome of the calculated loading time when the wall adsorption 
was enabled. (See Supplementary Information). Interestingly, it was 
found that if the t was reduced from 0.5 to 0.1 µm, the expected diffusion 
time increased from 8 to 130 min, while increasing t to 1 µm resulted in a 
loading time of 3 min. 

To evaluate the performance of microchannel liquid cell in imaging 
colloidal dynamics with LCEM, an experiment was conducted to test if 
the experimental loading time of SiONP had improved in the imaging 
volume. A microchannel microchip was placed on the bottom of the 
holder tip, and a regular microchip with a 0.2 µm spacer was placed on 
top. The cell was sealed, and the holder was inserted into the microscope 
and connected to a syringe pump loaded with SiONP dispersion (Fig. 3A- 
C). The experiment was initiated by starting the syringe pump and image 
acquisition simultaneously so that a single frame was recorded every 
20.16 s. By using the flow speed of 20 µl min− 1, a total of 60 µl of SiONP 
in PBS pH 2 was flowed through the system. The liquid appeared on the 
window 90 s after starting the flow and was sustained for another 90 s 
before the syringe pump was turned off. After approximately 15 min the 
liquid had appeared in the FOV, some aggregates were seen to move 
across the FOV, and the focus was slightly corrected to counteract the 
stage drift in the z-direction. The data acquisition was resumed until 100 
frames were acquired. Three snapshots from the experiment are shown 
in Fig. 3D where 30 frames have been averaged to improve the poor SNR 
in the images showing the appearance of SiONP in the FOV during the 
experiment (see the video in the Supplementary Material). The liquid 
thickness was too thick for determination using the EELS log-ratio 
method, and the most probable energy loss of the plasmon peak [29] 
was found to be at 205 eV corresponding to a liquid thickness of 1 µm. 

LCEM experiment was followed by a posterior analysis with SEM. 
The shape of the microchannel can be seen on the opposite spacer 
microchip (Fig. 3E) and was caused by the SiONPs that had adhered to 
the SiNx surface (Fig. 3F). SEM imaging of the area where the dataset 
shown in panel A was acquired revealed a rectangular-shaped region 
that had a lower coverage of SiONP compared to the surrounding area 
(Fig. 3G). The rectangular shape is the result of the scanning pattern of 
the STEM probe. 

4. Discussion 

To summarize, industry-standard flat microchips together with “in 
air” loading method were used to initiate a colloidal assembly reaction 
during a LCEM experiment in situ. Results indicated that the dispersed 
SiONPs adhered on the edges of the formed nanochannel but did not 
reach the imaging volume at the center of the liquid cell, albeit the liquid 
medium appeared in the FOV once the flow had been enabled. As a 
result, we were not able to observe the SAM formation in situ and sus-
pected that the reason for this was the poor mass-transport of SiONPs in 
the nanochannel: first, the high aspect ratio (h/l) of the liquid cell led to 
poor flow characteristics, as has been reported in [17]. Secondly, the 

Fig. 2. Modeling the concentration gradient (c) and resulting loading time (τ) 
for SiONP during an in situ LCEM experiment. To illustrate the gradual 
spreading of SiONP in the nanochannel of length (l), Eq. (6) was plotted in (A) 
for a range of diffusion time values. In (B) the τ was numerically solved for 
obtaining SiONP coverage (φSiONP) of 0.7 in a 500 nm thin nanochannel. In the 
first case, all the wall effects were excluded (No adsorption). In the second case, 
it was assumed that SiONPs saturate the walls of the liquid cell before reaching 
the imaging volume (Wall adsorption). Locations of the window in flat and 
microchannel microchip-based nanofluidic designs are indicated at l=1 mm and 
l=15 µm, respectively. The Matlab code is available in the Supplemen-
tary Material. 
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attractive interaction between the amino-functionalized SiONPs and O2 
plasma-treated membrane may have further slowed down the effective 
speed at which the SiONPs traversed through the nanochannel formed 
between the microchips. To provide a quantitative explanation for the 
results, a semi-empirical model based on the 1D diffusive motion was 
developed where the experimental parameters were SiONP diffusivity 
and concentration, nanochannel length, height, and experimentally 
observed surface coverage. For an industry-standard flat microchip (l=1 
mm) the model predicted a loading time of nearly five days and sup-
ported the idea that a shorter nanochannel could greatly facilitate the 
loading of SiONP in situ. 

The prediction derived from the modeling was assessed by using a 
custom-made liquid cell in which a microchannel [12,26] had been 
etched on one of the microchips, effectively reducing the nanochannel 
length to l=15 µm. The microchannel liquid cell did enable observation 
of the SAM formation at 18 min after the liquid had appeared in the FOV. 
This was an improvement in comparison to the flat microchip and 
agreed with the proposed 1D diffusion model that predicted a retention 
time of 9 min. A possible reason that our diffusion model was found to be 
off by a factor of two is that it did not account for the effect of 
confinement on the diffusivity of SiONP. It has been reported that in 
nanochannels with heights less than 1 µm, a reduction of 30–70 % has 
been found in the diffusivity [31–33] and could explain the longer 
retention time in the nanochannel. Another likely reason for the 
disagreement was the experimental uncertainty related to t. The sensi-
tivity analysis indicated that when t was in the range of 0.1–1 µm, 
resulting loading times could vary between 131 and 3 min, respectively, 
that is, nearly two orders of magnitude. Yet, to avoid unnecessary 
electron irradiation during an LCEM experiment, the characteristic time 
scale needs to be defined so that the imaging can be started precisely as 
the NPs appear at the window. In practice, this can be challenging unless 
experimental parameters such as t can be controlled with high precision. 

Here, monolithic liquid cell architecture [34] may provide more precise 
nanochannel height and result in improved reproducibility in the 
experimental work. 

The posterior SEM analysis indicated that the electron beam locally 
reduced the coverage of the SiONPs, Fig. 3G. We hypothesize that the 
electron beam changed the surface properties of the window, thus 
resulting in the formation of a lower-density SAM. It is well established 
that electron beam effects can control colloidal assembly and in-
teractions during LCEM experiments [4]. A possible explanation for the 
reduced surface coverage observed here is the surface chemistry of the 
SiNx. The solvated electrons could have reduced silanol groups, which 
led to the weaker negative surface charge of the SiNx-membrane and 
hence reduced attractive electrostatic force with SiONPs carrying a 
positive charge. 

5. Conclusions 

We have proposed a semi-empirical model for diffusive mass trans-
port, that can be used to explain the delays related to the loading of NPs 
to the imaging volume of a liquid cell. The model accounts for the NP 
diffusivity and concentration, nanochannel length, height, and experi-
mentally observed surface coverage. Based on the findings, a common 
liquid-guiding nanofluidic design was tested where a factor of 70 shorter 
nanochannel facilitated diffusive mass transport in the liquid cell and 
allowed observation of colloidal self-assembly reaction in situ. The 
combination of the diffusion model with such microchannel architecture 
may open up new ways to control self-assembly reactions during a LCEM 
experiment and to study electron beam-induced effects in colloidal 
systems. In future work, the use of a more rigorous modeling tool for the 
diffusive mass transport, for example, employing 2D finite element 
analysis, could offer a more detailed view of the NP dynamics in the 
nanochannel. Furthermore, using suitable monolithic liquid cell 

Fig. 3. Directly observing the formation of SAM in a nanofluidic device with microchannel geometry architecture similar to [12,26]. (A) Photograph of the 
liquid-guiding microchannel microchip, with the microchannel aligned vertically and the 400 µm long and 25 µm wide window positioned in the middle. (B) shows a 
magnification of the liquid cell window. The distance between the edge of the window and the microchannel amounted to l=15 µm. (C) A photograph of the 
assembled nanofluidic device where a microchannel microchip is stacked under a flat microchip with 0.2 µm thick spacer. In (D), three frames from an LC-STEM in 
situ experiment are shown as recorded at different time points indicating the appearance of SiNOPs at approximately 18 min on the windows after the liquid had 
appeared in the FOV (Supplementary Material video). Images were acquired in DF-STEM mode using the same settings as in Fig. 1A, B), and here 30 frames were 
averaged in the post-processing step resulting in De=79 e− Å− 2. The EELS measurement indicated the plasmon peak at 205 eV, corresponding to a sample thickness of 
1 µm. (E) A posterior SEM image of the flat spacer microchip was acquired after opening and rinsing the liquid cell. Contrast variation is present along the area 
opposing the microchannel (dashed line) and faint bumps on the flat surface are due to the spacer layer. (F) A magnification of the nanochannel location. In (G) a 
further magnification of the window area shows the region irradiated during the in situ experiment shown in panel (D). 
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architecture with precise nanochannel height would enable a more ac-
curate comparison of results from computational and experimental 
methods. 
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