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Investigation of the heterogeneity of protein adsorption on particle surfaces has attracted enormous research
attention owing to its great importance in fundamental studies and quality control. Herein we, for the first time,
report a new method for label-free analysis of the heterogeneity of protein adsorption on single nanoparticles,
based on particle collision events at the orifice of a nanopipette. The dwell time was strongly dependent on the
amount of protein adsorbed on polystyrene particles, which could be used to analyze the heterogeneity of
protein adsorption at the single particle level. This method presents a label-free, sensitive, reproducible and

easily-operated way to analyze adsorption behavior at the single particle level, which opens a new approach to
the study of the heterogeneity of physicochemical parameters at the surface of nanoparticles.

1. Introduction

Studying protein adsorption on the surface of particles, especially at
the level of a single particle, is of great importance in the fields of
nanomedicine [1,2], nanotoxicity [3], and bionic nanomaterials [4]. It
is helpful not only in the development of bio-inert drug carriers in the
field of biomedicine [5], but also in understanding the binding affinity
and stoichiometry between proteins and nanoparticles [6], which di-
rectly affect the fate of nanoparticles in vivo. Therefore, monitoring the
amount of protein adsorption is necessary for the development of ad-
vanced drug delivery systems and efficient analytical quantitative
methods since it is strongly related to performance. However, it is a
considerable challenge to analyze the amount of protein adsorbed on
particle surfaces, mainly due to the complex mechanisms and dynamic
nature of protein adsorption processes. Although some techniques (e.g.,
dynamic light scattering (DLS), transmission electron microscopy
(TEM), ultraviolet spectroscopy and fluorescence confocal spectroscopy
[7,8]) can provide useful information on protein adsorption, a number
of limitations remain. For instance: (1) the requirements of fluorescent
labels or drying treatments prohibit the revelation of the actual ad-
sorption state of particles dispersed in solution, and (2) the hetero-
geneity of the amount adsorbed at the individual particle level can
easily be masked by the overall signals provided by these methods.

Therefore, label-free analysis of protein adsorption on single particles is
still a critical unmet need, and has great potential for studying the
heterogeneity of the surface physicochemical parameters of individual
particles.

Nanopores, which provide nanoscale confinement for single entities,
have been developed as multifunctional platforms for the analysis of
single entities at various levels: single molecules [9,10], single particles
[11-13], and single cells [14,15]. The principal use of nanopores in
testing is usually to amplify the signal induced by the translocation of
single entities through the limitations of the structure. Compared with
other kinds of solid-state nanopores, glass nanopipettes have a broad
range of applications in single particle analysis due to their comparable
size, high rigidity and ease of fabrication [16-19]. For example, Long
et al. reported a pipette-based label-free method to monitor the immune
response of single alpha-fetal proteins (AFP) and the specific antibody
[20]. Li et al. demonstrated a novel detection method for microRNA
based on resistance-pulse sensing (RPS) single peptide nucleic acid
(PNA) modified Fe304-Au nanoparticles (Fe;04-Au-PNA) with nano-
pipettes [21]. Moreover, our group has proposed that the counting of
phospholipid vesicles could also be achieved using nanopipettes [22].

Unlike traditional RPS methods based on the translocation events of
single particles, our group has developed a new single particle detection
principle based on the collision events of the particle outside the orifice
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of a nanopipette [23]. Compared with existing methods for single
particle analysis, this method has a number of advantages, including
electrochemical activity independence, the fact that it is non-destruc-
tive and that it has a weak dependence on nanopipette geometry.

Herein, the heterogeneity of adsorbed proteins on single nano-
particles was investigated based on single particle collision events at the
orifice of a nanopipette. Firstly, different amounts of protein (i.e., BSA,
bovine serum albumin) were adsorbed on polystyrene (PS) particles by
mixing bare PS particles with a BSA solution for different periods of
time. It was found that the current drop percentage Al/I, was almost
constant for PS particles with different amounts of protein adsorbed,
indicating that the size of the particles was almost the same. However,
it was observed that the width of the current drop spike At increased
with the increased amount of protein adsorption, essentially demon-
strating that this method could be used to study the heterogeneity of
adsorbed protein on single nanoparticles.

2. Experimental
2.1. Preparation of PS particles adsorbed with different amounts of BSA

A 1.0 mg/mL BSA (Sigma-Aldrich) standard solution was prepared
with HAc-NaAc buffer solution (pH 4.7), which was further diluted to
different concentrations. The corresponding ultraviolet absorption
spectra are shown in Fig. S3a and the absorbance-concentration stan-
dard curve is plotted in Fig. S3b, based on the absorbance (OD) of BSA
solution at 280 nm. The optimal conditions for BSA adsorption on the
PS particles are shown in Fig. S3c-e: the strongest adsorption was
achieved in a pH = 4.7, 0.3 mg/mL BSA solution at 30 °C, which are
the parameters selected for further experiments. To prepare PS particles
with adsorbed BSA (BSA-PS particles), 0.2 mL aqueous solution con-
taining PS particles with a diameter of 500 nm (2.5 wt%, Alfa Aesar)
was added into 1.3 mL BSA solution in a centrifuge tube, which was
placed in a 30 °C thermostatic oscillator. After constant temperature
oscillation (0.5 h, 1 h, 1.5 h, 2 h), the solution was centrifuged
(10000 rpm for 5 min) to remove the physically adsorbed BSA, and then
dispersed in 0.1 M HAc-NaAc (pH 5.5) buffer solution containing
100 mM KCl. The PS particles with different amounts of adsorbed BSA
were used immediately after preparation.

2.2. Characterization of PS particles and PS particles with adsorbed BSA

The morphology of the PS particles was characterized by a SU8020
scanning electron microscopy (HITACHI). TEM imaging of the bare PS
particles and BSA-PS particles was performed using a JEM-2010 mi-
croscope (JEOL). The zeta potentials of the bare PS particles and BSA-
PS particles were measured by a Zetasizer Nano ZS (Malvern
Instruments Ltd.).

2.3. Fabrication of nanopipettes

The glass nanopipettes were fabricated using a previously reported
protocol. Briefly, borosilicate glass capillaries (1.50 mm O.D. and
0.86 mm L.D., with filament, Sutter Instrument Co.) were first rinsed
with piranha solution (30% H,0,:98% H,SO, = 3:7) and then with
deionized water until neutral. The pretreated capillaries were then
further pulled using a P-2000 Laser puller (Sutter Instrument Co.,
Novato, CA) with the following settings:

heat = 330, filament = 5, velocity = 20, delay = 128, pull = 50

heat = 400, filament = 4, velocity = 15, delay = 130, pull = 175.

The tips of the fabricated nanopipettes were about 150 nm in dia-
meter and the tip geometries were characterized using a SU8020
scanning electron microscope.
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2.4. Experimental setup and data analysis

The fabricated nanopipette was filled with and immersed in a 0.1 M
HAc-NaAc buffer (pH 5.5) containing 100 mM KCl. One Ag/AgCl
electrode was placed in the nanopipette and another in the solution
outside the nanopipette (Fig. S1). Current-time curves were obtained by
applying a constant voltage between these two electrodes. An Ax-
opatch200B (Molecular Devices) was employed to filter data at 10 kHz,
and a Digidatal440A Series (Molecular Devices) was employed to re-
cord the signals at a 50 kHz sampling rate. PCLAMP 10 electro-
physiological software was used to collect and analyze the raw data. In
this experiment, the noise level of the ion current is about 5 pA. Current
changes obviously larger than the noise level were considered to be
collision signals.

2.5. Finite-element simulations

Finite-element simulations were carried out using COMSOL
Multiphysics 5.4 (Comsol, Inc.) on a high-performance workstation to
numerically solve the Poisson/Nernst-Planck/Navier-Stokes (PNP-NS)
partial differential equations. Simulation details are given in the
Supporting Information.

3. Results and discussion

The experimental setup is schematically illustrated in Fig. 1. When
BSA-PS particles approached the orifice of the nanopipette, an obvious
current transient was observed due to the ion current blockage. Spike
signals of different widths were observed owing to the different
amounts of adsorbed BSA on the PS particles. The SEM image (Fig. S2a)
shows that the average diameter of PS particles without any BSA ad-
sorbed is about 500 nm. The TEM image shows that the BSA-PS parti-
cles possessed better dispersion stability (Fig. S2b) as well as improved
hydrophilicity (Fig. S2c) compared with bare PS particles; these
changes are mainly attributed to BSA adsorption. Furthermore, the
current-voltage (I-V) curves of five individual glass nanopipettes pre-
pared in the same program are shown in Fig. S2e. The inner diameter of
the nanopipettes was calculated using the formula reported in the lit-
erature [24], the inner diameters of the fabricated nanopipettes were
calculated to be 157.8 nm, 157.6 nm, 154.9 nm, 160.8 nm and
156.9 nm, respectively. The average inner diameter of nanopipettes was
157.6 = 2.1 nm. The result of this calculation agreed with the result
obtained from a SEM image of the nanopipettes (Fig. S2d).

Fig. 2a shows the typical current-time traces obtained at a nano-
pipette under 0.6 V. While no obvious spike signal was observed in the
absence of PS particles, staircase-type current transients were obtained
in the presence of 1.5 pM PS particles, which is consistent with our
previous observation (Fig. S4b). By contrast, spike-type current tran-
sients were observed for the BSA-PS particles. This difference probably
stems from the surface charge differences between the two kinds of
particles. To be more specific, the adsorption of BSA reduced the sur-
face charge density of the PS particles. As a result, the electrophoretic
force was reduced, causing the particle to escape the orifice in the
collision events. The bias potential was kept at 0.6 V to ensure a sig-
nificant signal-to-noise ratio as well as to prevent the generation of
staircase signals under the higher bias. Valid spike-type signals larger
than 1 ms were included in the statistics in order to filter the influence
of environmental noise (< 1 ms) (Fig. S6) and the signal of the bare PS
particles (staircase) (Fig. S4). Two parameters, namely Al/I, (where Al
indicates the maximum decrease in current and I, refers to the baseline
current, see inset in Fig. 2b) and At (where At was measured as the peak
width, see inset in Fig. 2b) are of importance in understanding the
current transients. The fitting results in Fig. 2b show that no perceptible
difference in Al/I, was observed as the BSA adsorption time increased
from 0.5 h to 2 h, indicating the almost invariable size of the PS par-
ticles before and after BSA adsorption, which is consistent with the
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Fig. 1. (a) Schematic illustration of label-free analysis of adsorbed protein heterogeneity on individual particles with a nanopipette. (b) Typical current-time curve
and individual event for PS particles adsorbed with different amounts of BSA.

overall results from DLS (Fig. S7). However, significant differences in At time, suggesting that the amount of BSA adsorbed on single PS particles
are observed in the histogram (Fig. 2c). The results in Fig. 2d show that was strongly correlated with the mean values of At.
the mean values of At at 0.6 V gradually increased with the increase in Fig. 3a shows that when a 0.6 V bias is applied to the confined
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Fig. 2. (a) Typical current-time traces without (blue curve) and with 500 nm-diameter BSA-PS particles for different adsorption times (0.5, 1, 1.5 and 2 h) under a
0.6 V bias potential. (b) Log-normal function fitted results for /\I/I, according to the corresponding histogram distributions at 0.6 V for different BSA adsorption
times. The peak transient currents were mainly characterized by the peak height (AI) and peak width (Af) (inset). (¢) Log-normal function fitted results for At
according to the corresponding histogram distributions at 0.6 V for different BSA adsorption times. (d) The average dwell time (Atpean) of PS particles for different
BSA adsorption time (0.5, 1, 1.5 and 2 h).
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Fig. 3. (a) Schematic illustration of the driving forces on the BSA-PS particle at the orifice of nanopipette. (b) The zeta potential of bare PS particles and BSA-PS
particles with different adsorption time (0.5, 1, 1.5 and 2 h) in 0.1 M HAc-NaAc (pH 5.5) buffer solution containing 100 mM KCl. (c) Under different BSA adsorption
time, the number of BSA-PS particles within At,.., = SD range as a proportion of the total number. (d) The ratio of the number of BSA-PS particles outside the range

of Atmean * SD to the total number, for different adsorption time.

solution, two electrokinetic forces influence the movement of the ne-
gatively charged BSA-PS particles: the forces originating from the
electroosmotic flow (EOF) and electrophoresis (EP). While electro-
phoresis drives the particle to move towards the orifice, the electro-
osmotic force acts in the opposite direction. To investigate the major
factor in these events, a —0.6 V negative bias was applied in the pre-
sence of BSA-PS particles in order to invert the direction of EOF and EP.
Fig. S5 shows that no pulse signal was observed in the current-time
curves at —0.6 V, revealing that EP plays a dominant role in the col-
lision events. In order to further understand the influence of EOF and
EP on the ionic current, steady-state finite-element simulations were
conducted (Fig. S11), based on the solution of the PNP/NS equations.
When the nanoparticle arrives near the orifice of the nanopipette, it
blocks the ion flow and thus generates the current transient signals. It is
shown that no significant difference was observed with and without

consideration of EOF, providing additional evidence that the ionic
current is mainly affected by electrophoresis (Fig. S12). The magnitude
of the electrophoretic velocity (vgp) can be calculated using the
Helmholt-Smoluchowski equation.

Vep = ErE()gE/n

where ¢, is the relative permittivity of the solution, ¢, is the vacuum
permittivity of the solution, n is the viscosity of water, E is the mag-
nitude of the electric field at the nanopipette tip, and  is the zeta po-
tential of the particles. Based on the above equation, the influence of EP
on the particles is related to the electrical field applied to the solution as
well as the surface charge characteristics. Since BSA adsorption reduces
the surface charge of the PS particles, the particles decelerated, thus
causing a longer dwell time which can be observed in the current-time
curves. Compared with bare PS particles, the At;,c., of BSA-PS particles
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increased from 2.229 #+ 0.202 ms to 7.507 * 0.265 ms under the
same experimental conditions (Figs. S8 and S9). The reduction of the
driving force of EP also contributed to a reduction in the frequency of
collision events. Compared with bare PS particles, a significant reduc-
tion in the collision frequency of BSA-PS particles was observed under
the same experimental conditions (Fig. S10). The zeta potential of bare
PS particles and BSA-PS particles prepared with different BSA adsorp-
tion times is shown in Fig. 3b. A significant reduction in surface charge
was observed after the adsorption of BSA compared with bare PS par-
ticles. Moreover, the zeta potential of PS particles decreases gradually
with the increase in adsorption time. As a result, the speed at which
particles move in solution becomes slower with the increase in BSA
adsorption time, which is consistent with the statistical results for At in
Fig. 2c. Since the zeta potential data from the instrument and the value
of Atpean (Fig. 2d) given by the nonlinear curve fitting of the At sta-
tistical value are the average results of numerous single particles, these
parameters do not reflect the amount of protein adsorption on each
single particle in the solution, but only the average adsorption behavior
of PS particles in the solution. Therefore, the uniformity of protein
adsorption of PS particles prepared with different BSA adsorption times
can be analyzed using the ion current signals from single-particle col-
lisions. The duration of pulsed signals of 500 nm diameter PS particles
with different BSA adsorption time (0.5, 1, 1.5 and 2 h) were counted.
When the data distribution conforms to the Gaussian distribution, the
central tendency measurements can provide us with heterogeneity in-
formation about the physicochemical properties of the nanoparticles
[25]. As shown in Fig. S13, most of the BSA-PS particles in the statis-
tical totals are concentrated within the range of Atye., *= standard
deviation (SD), and there is little difference in the amount of protein
adsorption of BSA-PS particles within the At,c., * SD range. At the
same time, there are some extreme values in the total statistics. Al-
though the extreme values deviate from Atye., * SD, this can also
provide us with some important information about individual particles.
Therefore, the ratio of the number of BSA-PS particles outside the
Atmean = SD range to the total number of particles counted indirectly
reflects the heterogeneity of the amount of protein adsorbed on the PS
particles. As shown in Fig. 3c, the number of BSA-PS particles within
the Atpean * SD range as a proportion of the total number of particles
counted for increasing adsorption times was 29 * 2.5%, 39 * 3%,
38 + 6% and 32 * 5.5%, respectively. As shown in Fig. 3d, the
number of BSA-PS particles deviating from the range of At,ean += SD as
a proportion of the total number of particles counted under different
adsorption times, was 71 * 2.5%, 61 =+ 3%, 62 *= 6% and
68 + 5.5%, respectively. This provides us with heterogeneity in-
formation on the amount of adsorption on the BSA-PS particles for
different adsorption times. This adsorption heterogeneity is related to
the difference in particle size and the difference in surface chemistry of
single particles, which affect the adsorption behavior of the particles
[26]. Therefore, under the same conditions, information on the het-
erogeneity of physicochemical parameters at the surface of PS particles
of the same size can be obtained indirectly through the heterogeneity of
the BSA-PS particles.

4. Conclusion

In conclusion, we have demonstrated that single particle collision
events at the tip of nanopipettes can be used for in situ monitoring of
the heterogeneity of protein adsorption on single nanoparticles.
Compared with other analytical methods, which can only describe the
overall average adsorption behavior of nanoparticles, this method
opens up the new possibility of obtaining information on the amount
adsorbed on each single nanoparticle. More importantly, the method
does not require any labeling on either nanoparticles or proteins.
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