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ABSTRACT: Nanoparticles with desirable properties and functions have been actively developed for various bio-

medical research, such as in vivo and in vitro sensors, imaging agents and delivery vehicles of therapeutics. However, 

an effective method to deliver nanoparticles into the intracellular environment is a major challenge and critical to many 

biological studies. Current techniques, such as intracellular uptake, electroporation and microinjection, each have their 

own set of benefits and associated limitations (e.g., aggregation and endosomal degradation of nanoparticles, high cell 

mortality and low throughput). Here, the well-established microelectrophoresis technique is applied for the first time 

to deliver nanoparticles into target cells, which overcomes some of these delivery difficulties. Semiconductive quantum 

dots, with average hydrodynamic diameter of 24.4 nm, have been successfully ejected via small electrical currents (-0.2 

nA) through fine-tipped glass micropipettes as an example, into living human embryonic kidney cells (roughly 20 - 30 

µm in length). As proposed by previous studies, micropipettes were fabricated to have an average tip inner diameter of 

206 nm for ejection but less than 500 nm to minimize the cell membrane damage and cell distortion. In addition, deliv-

ered quantum dots were found to stay monodispersed within the cells for approximately one hour. We believe that 

microelectrophoresis technique may serve as a simple and general strategy for delivering a variety of nanoparticles 

intracellularly in various biological systems. 
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INTRODUCTION 
 

The noninvasive, intracellular delivery of exoge-

nous materials with high efficiency and specificity, has 

shown great promise in deciphering and even modulat-

ing the complex, spatiotemporal interplay of biomole-

cules within living cells.1-2 Viral vectors, proteins, pep-

tides, micelles, metabolites, membrane impermeable 

drugs, molecular probes and functionalized nanoparti-

cles are all potential cargo materials for intracellular 

delivery.1, 3 For example, fluorescent semiconductive 

quantum dots (QDs) with superior optical properties 

and surface groups permit real-time tracking of intra-

cellular molecules over time scales of milliseconds to 

hours, offering a capability to monitor intracellular 

events that cannot be accomplished via organic fluoro-

phores.2, 4-5 In addition, QDs functionalized with spe-

cific receptor ligands have revealed the complex inter-

nalization mechanisms of growth factor receptors in 

endosomes, which advances the understanding of 

wound healing and embryonic development studies.6-7 

With respect to gene therapy for treating severe inher-

ited diseases, remedial genetic information has suc-

cessfully passed through complex tissue and cellular 

barriers into target cells to replace the malfunctioning 

genes and proficiently expressed therapeutic mole-

cules capable of reversing the condition.1, 8 Overall, the 

successful and efficient intracellular delivery of a broad 

range of exogenous cargo materials into diverse cell 

types is a critical pre-requirement to endow their spe-

cific biomedical functions.1  
 

Current intracellular delivery strategies can be cat-

egorized into carrier-based and membrane-disruption-

based modalities.1 Carrier-based techniques utilize the 

endocytosis or membrane-fusion pathway to release 

the carrier’s payload into living cells.1, 3, 9 The unique 

strengths of carrier-based techniques are the cell-type-

specific uptake and subcellular-compartment-specific 

release, along with the appropriate spatiotemporal dy-

namics in response to stimuli, including alterations in 

pH, temperature, oxidation and light.1, 10 However, car-

rier systems are limited by feasible combinations of 

cargo materials and cell types.1 Cargo materials, with 

large variations in physiochemical properties (charge, 

size and functional groups), may not be efficiently pack-

aged with the carriers, or unpacked properly (only 

about 1 - 2 % endosomal escape), leading to insufficient 

intracellular discharge.1, 11 Additionally, target cells of-

ten do not offer appropriate receptors to embrace the 

carriers or endosomal escape pathways to effectively 

discharge the cargoes.1 

 

To alleviate the limitations of carrier-based strate-

gies, membrane-disruption approaches, such as elec-

troporation, microinjection and microelectrophoresis, 

have been widely studied and developed. In general, 

membrane-disruption approaches allow to physically 

introduce transient discontinuities in the plasma mem-

brane for the intracellular delivery of cargo materials.1, 

5, 12 The distinct advantages of these approaches are 

the high independence on the cargo properties or cell 

types as well as precisely controllable membrane-per-

turbing effects for instantaneous delivery.1 
 

Among membrane-disruption approaches, microe-

lectrophoresis technique uses small electrical currents 

to eject charged substances through fine-tipped glass 

micropipettes into target cells.13 Compared to mi-

croinjection and electroporation, which uses pressure 

and high-voltage electrical field impulse respectively,2, 

5, 12-13 microelectrophoresis performs intracellular de-

livery in a more controlled manner for three reasons. 

Firstly, microelectrophoresis can limit the problematic 

diffusion of chemically and pharmacologically active 

substances from micropipettes, by simply applying a 

retaining current.13 This can reduce cell distortion and 

damage caused by the volume of solvent ejected via 

microinjection.13 Secondly, as most biological mem-

branes in vivo maintain resting membrane potential 

differences ranging from -30 to -180 mV,14 microelec-

trophoresis can readily locate target cells, without the 

guidance of a microscope for microinjection.15 Once 

the micropipette is pierced into the cytosol of target 

cell, it can conveniently monitor its intracellular electri-

cal activity in real-time.16 Thirdly, microelectrophoresis 

can minimize the physical damage to target cells by us-

ing small electrical currents rather than the high power 

impulses used in electroporation, which generate tem-

poral pores in the cell membrane for transportation but 

can lead to high cell mortality.2 
 

However, although microelectrophoresis technique 

has been established since circa 1900,12 no studies 

have been conducted on exploring the intracellular mi-

croelectrophoretic delivery of nanoparticles, despite 

the rapid development of utilizing nanomaterials in 

various intracellular biological research and medical 

applications.2 The main challenge confronting microe-

lectrophoretic delivery of nanoparticles is the possibil-

ity of nanoparticle aggregation in the tip of micropi-

pettes during ejection, which can cause tip blockage 

and failed delivery. The reasons are twofold. 
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Firstly, traditionally used silver/silver chloride 

(Ag/AgCl) electrodes in microelectrophoresis tech-

nique only conduct well (transform the flow of elec-

trons from the current source to a flow of ions in solu-

tion) to locate target cells and subsequently record 

their intracellular electrical activity with high signal to 

noise ratio and wide recording bandwidth (only for 

electrically excitable cells, i.e., neurons, muscle cells 

and some endocrine cells) in solutions that contain sub-

stantial Cl- ions, i.e., 2 - 4 M potassium chloride (KCl).17 

For example, conventional fluorescent dyes for intra-

cellular microelectrophoresis, such as biocytin and luci-

fer yellow are prepared in 2 M potassium acetate and 

0.5 - 1 M lithium chloride.16, 18 However, for nanoparti-

cles, this high concentration of KCl can significantly 

lower their repulsive energy barrier, i.e., zeta potential 

at their hydrodynamic diameters (Fig. S1), making the 

adhesion of particles irreversible.19 This leads to block-

ages in the tip of micropipettes during ejection and 

failed microelectrophoresis. Therefore, it is important 

to prepare optimal nanoparticle suspensions with a 

suitable KCl concentration to maintain the colloidal sta-

bility of nanoparticles for ejection and at the same time 

permit high-fidelity intracellular recording. 
 

Secondly, to impale cells with minimal damage, a 

rule of thumb is that the outer diameter (OD) near the 

tip of micropipettes should be 500 nm or less.13 How-

ever, the inner diameter (ID) near the tip must be large 

enough to allow the ejection of nanoparticles having 

comparable hydrodynamic diameters. Tips that are too 

small will impede the ejection and subsequently cause 

the aggregation of nanoparticles in the tips, leading to 

failed microelectrophoresis. Therefore, it is important 

to fabricate micropipettes with correct tip sizes. In par-

allel, the magnitude of ejecting current and duration 

must be tuned for optimal delivery. 
 

In this paper, we demonstrate for the first time the 

proof of concept that microelectrophoresis is an effec-

tive and reproducible method for the intracellular de-

livery of nanoparticles by addressing the above related 

technical issues. We establish an efficient method for 

the preparation of nanoparticle suspensions that bal-

ance the colloidal stability against the intracellular re-

cording quality. We describe the fabrication of micropi-

pettes with correct tip sizes and successful intracellular 

microelectrophoresis with appropriate ejecting current 

and duration. These results suggest the extensive po-

tential of microelectrophoresis technique as a simple 

and precise approach in the intracellular delivery of 

various nanoparticles in the future. 

 

RESULTS AND DISCUSSION 

 

Optimizing nanoparticle suspension for intracel-
lular delivery 

 

In this study, cadmium selenide/zinc sulfide 

(CdSe/ZnS) core-shell structured QDs (emission max-

ima of 655 nm) with amine-derivatized polyethylene 

glycol (PEG) surface functional group (Invitrogen, US), 

hereafter referred to as 655-QDs, were used to demon-

strate intracellular microelectrophoresis. 
 

Successful microelectrophoretic delivery and intra-

cellular recording require concentrated KCl solutions in 

micropipettes to attain sufficient conductivity, whereas 

the high KCl concentration can weaken the colloidal 

stability of nanoparticles. Thus, the colloidal stability of 

655-QDs was investigated in the presence of different 

KCl concentrations using zeta potential and particle size 

distribution measurements, to find the optimal prepa-

ration of 655-QDs suspensions for successful microe-

lectrophoresis and intracellular recording. 
 

Zetasizer Nano ZSP (Malvern Instruments, UK) with 

a 633 nm red laser was used to measure the zeta po-

tential of 655-QDs in aqueous media via laser Doppler 

electrophoresis.20 Particles with zeta potential more 

positive than 30 mV or more negative than -30 mV are 

generally considered to represent sufficient repulsion 

to maintain their colloidal stability.20 It is worth noting 

that sufficient conductivity of the suspending medium 

is required for reliable zeta potential measurements, so 

that the electrical field can be applied across the folded 

capillary cells without inducing electrode polarization 

and voltage irregularities.21 For zeta potential measure-

ments in 0 M KCl solution, the original 655-QDs suspen-

sion in 50 mM borate buffer from the supplier is pipet-

ted into 1.5 mL fresh ultrapure water, which leads to an 

extremely low borate concentration of 6.25e-5 M and 

thus a poor average conductivity of 1.9e-4 S/m (n = 6), 

which is close to the conductivity of ultrapure water, 

5.5e-6 S/m as specified by the vendor Merck Millipore. 

In addition, when ultrapure water is exposed in an air 

atmosphere upon dispensing, it immediately absorbs 

carbon dioxide (CO2) and forms carbonic acid, which 

can cause a decrease in the pH with susceptibility to 

temperature fluctuations.22 These factors can lead to 
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great variations in the measured zeta potential values 

of different 655-QDs samples in 0 M KCl. 
 

The Zetasizer was also used to analyze the size dis-

tribution of 655-QDs in aqueous media via dynamic 

light scattering (DLS). DLS measures the time-depend-

ent fluctuation of scattered light intensity caused by 

the constant Brownian motion of particles, and reports 

their hydrodynamic diameters as the equivalent hydro-

dynamic diameters (𝑫𝑯) of spheres that have the same 

average diffusion coefficient.23 Note that in ultrapure 

water at pH 7, the thickness of the electrical double 

layer of all particles is considered to be about 1 µm (Fig. 

S1),24 making nanoscale particle size distribution meas-

urement in solution via DLS impossible. An established 

criterion for monodispersed nanoparticles is that their 

hydrodynamic diameters ( 𝑫𝑯 ) should be less than 

twice of their diameters in the dry state (𝑫𝑻) measured 

by transmission electron microscope (TEM).25 Fig. 1a 

shows the image of 655-QDs (dark dots) on the surface 

of a TEM grid. The average shape of 655-QDs is mod-

elled as a prolate ellipsoid with the major axis (𝒂𝑻) of 

9.7 ± 1.6 nm and the minor axis (𝒃𝑻) of 6.7 ± 0.8 nm (± 

1 standard deviation (SD), n = 82) rather than ideal 

spheres. Therefore, as per the criterion for nanoparti-

cle monodispersity in aqueous environment, monodis-

persed 655-QDs should theoretically have major hydro-

dynamic axes (𝒂𝑯) in the range of 8.1 nm - 22.6 nm and 

minor hydrodynamic axes (𝒃𝑯) in the range of 5.9 nm - 

15.0 nm, which are less than twice of their 𝒂𝑻 and 𝒃𝑻 

in the dry state. To compare with the results reported 

by DLS measurements, the following equation regard-

ing the diffusion properties of anisotropic particles in 

Brownian motion,26 was used to translate the ellipsoi-

dal dimensions (𝒂𝑯 and 𝒃𝑯) of 655-QDs to an equiva-

lent diameter (𝑫𝑯) of spheres having the same diffu-

sion coefficient: 
 

𝑫𝑯 = 2 ×  
(𝒂𝑯

2 − 𝒃𝑯
2)1 2⁄

ln (
𝒂𝑯 + (𝒂𝑯

2 − 𝒃𝑯
2)

1 2⁄

𝒃𝑯
)

 

 

 

In view of the range of 𝒂𝑯 and 𝒃𝑯 dimensions, mono-

dispersed 655-QDs are considered to have hydrody-

namic diameters 𝑫𝑯 over 13.2 nm and less than 35.0 

nm. 
 

Zeta potential measurements show that 655-QDs 

exhibit negative surface charge in ultrapure water, i.e., 

0 M KCl, leading to an average zeta potential of -29.9 

mV (Fig. 1b, upper panel, n = 3), which agrees with a 

previous report on the zeta potential of gold nanopar-

ticles that are also surface-functionalized with amine-

derivatized PEG.27 As the KCl concentration increases, 

the zeta potential (colloidal stability of 655-QDs) rap-

idly approaches zero due to the stronger electrostatic 

screening effect,19 which is accompanied by an irre-

versible aggregation of QDs as quantified by DLS meas-

urements. 
 

The fraction of light intensity scattered by monodis-

persed 655-QDs sharply decreases from 40.8 % in 0.01 

M KCl to 7.5 % in 0.1 M KCl (Fig 1b, bottom panel, n = 

3, no data on ultrapure water as noted before). Fig. 1c 

reveals the scattered light intensity of particles across 

a range of sizes in 0.01 M and 2 M KCl solutions. The 

dotted lines indicate the size range of monodispersed 

655-QDs from 13.2 to 35.0 nm. In 0.01 M KCl, 59.2 % of 

the scattered light comes from QDs aggregates or arte-

facts (e.g., dust). However, scattered light intensity is 

proportional to the sixth power of the particle radius 

and therefore the intensity-based size distribution is 

highly sensitive to very small numbers of aggregates or 

dust.28 Thus, the number of QDs aggregates is negligi-

ble compared to the total number of particles in the 

sample (determined using Mie theory),28 as shown in 

Fig. 1d. In 2 M KCl, QDs completely aggregate with a 

mean size around 1.5 µm due to the stronger electro-

static screening effect caused by the high electrolyte 

concentration.19 
 

Considering the zeta potential and size distribution 

of 655-QDs in different KCl solutions, 0.01 M is an effi-

cient KCl concentration for maintaining their colloidal 

stability. However, the zeta potential of -7.4 mV for 

655-QDs in 0.01 M KCl solution is still not sufficiently 

low. Thus, to further stabilize 655-QDs, the relationship 

between the pH of suspension and the zeta potential of 

655-QDs was investigated (Fig. 1e). The zeta potential 

in ultrapure water (i.e., 0 M KCl) was measured to be -

16.6 mV. Note that this value is different to the prior 

study of KCl effect (-29.9 mV in Fig. 1b, upper panel) 

due to low conductivity of the suspension and large un-

certainty of zeta potential measurements in ultrapure 

water as mentioned above. 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 20, 2020. ; https://doi.org/10.1101/2020.03.18.996173doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.18.996173


E 
 

The addition of alkali (NaOH) to the media results in 

a more negative charge for 655-QDs particles (de-

creased zeta potential). Conversely, the addition of acid 

(HCl) increases the zeta potential. The maximal zeta po-

tential (absolute value) of -32.5 mV is at around pH 9.81 

where the most stable state of 655-QDs exists. Alt-

hough a stable state of 655-QDs also exists at around 

Figure 1 | 655-QDs suspension preparation. a, TEM image of 655-QDs reveals an average shape of prolate ellipsoid with a major axis ( ) of 9.7 

± 1.6 nm and a minor axis ( ) of 6.7 ± 0.8 nm (± 1 SD with n = 82). Scale bar, 50 nm. b, the zeta potential of 655-QDs and the fractions of light 
intensity scattered by monodispersed 655-QDs as a function of KCl concentration. Error bars, ± 1 SD with n = 3. c, the size distribution by intensity 
and d, by number of 655-QDs in 0.01 M (pH 6.55), 2 M KCl (pH 5.21) and optimized suspensions (0.01 M KCl adjusted to pH 9.78). Error bars, ± 1 

SD with n = 3. The dot lines indicate the size range of monodispersed 655-QDs from 13.2 to 35.0 nm. e, the zeta potential of 655-QDs in ultrapure 
water and 0.01 M KCl solution with different pH values. Error bars, ± 1 SD with n = 3. Inserted with each step of the optimal preparation process 
of 655-QDs suspension for microelectrophoresis. f, the stability of 655-QDs zeta potential in optimized suspension. Error bars, ± 1 SD with n = 3. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 20, 2020. ; https://doi.org/10.1101/2020.03.18.996173doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.18.996173


F 
 

pH 3.79, a strong acid environment (pH4) is not rec-

ommended by the supplier, where their polymer coat-

ing can dissociate, exposing and dissolving the core-

shell structure. In addition, due to the high mobility of 

hydrogen ions (H+), a large amount of H+ in microelec-

trophoresis can result in lowering of the pH in the vicin-

ity of the tip of micropipettes.29 This localized change 

in pH has been proposed to excite the cell undergoing 

intracellular recording and interfere with the normal 

physiological state.30 On the contrary, 655-QDs do not 

degrade in a strong basic environment (pH9) as noted 

by the supplier. Furthermore, in comparison to the 

electrophoretic mobility of H+ (36.25 mcm/Vs in wa-

ter at 25.0 C), hydroxide ion (OH-) has a lower electro-

phoretic mobility (20.50 mcm/Vs in water at 25.0 C), 

resulting in less effect on the intracellular activity.31 
 

Fig. 1e reveals that pH adjustment can also buffer 

the negative effect of KCl on the stability of 655-QDs. 

With the same KCl concentration of 0.01 M in suspen-

sion, 655-QDs have a larger zeta potential (absolute 

value) at pH 3.78, 4.37 and 9.78 (zeta potential of -18.2 

mV), than that at pH 6.55 without any pH adjustment. 

Therefore, the optimal protocol for the preparation of 

655-QDs suspension for microelectrophoresis is to ini-

tially disperse QDs in ultrapure water and then add 2 M 

KCl to the suspension until a final concentration of 0.01 

M achieved. Finally, the pH should be adjusted to 9.78 

to further stabilize QDs. The green curve in Fig. 1c 

shows the size distribution of optimized 655-QDs sus-

pension, where 53.9 % of scattered light comes from 

monodispersed QDs that constitute 91.4 % of the total 

number of particles in the sample as Fig. 1d shows. 

 

For practical microelectrophoresis applications, 

preparation of fresh suspensions would be too time-

consuming. A stock suspension with good colloidal sta-

bility and ready for use would be highly beneficial. Fig. 

1f shows the shelf life of optimized 655-QDs suspen-

sions (0.01 M KCl at pH 9.78), which were aliquoted and 

stored in several 1.5 mL eppendorf tubes sealed with 

parafilm in a 4.0 °C refrigerator. The zeta potential val-

ues of QDs in these intact aliquots were measured on 

different days, which remained the same for at least 24 

days, indicative of this required long-term colloidal sta-

bility. 
 

The effect of KCl concentration on the quality of 
intracellular recording 

 

The KCl concentration of 0.01 M has been demon-

strated to be sufficient to maintain the colloidal stabil-

ity of 655-QDs. The next step is to test whether such a 

low electrolyte concentration, suitable for nanoparti-

cles in suspension, allows for the recording of intracel-

lular activity with high fidelity in real-time. Here, we 

compared the responses captured from visual neurons, 

binocular small target motion detector (BSTMD2), in 

the optic lobes of two dragonflies.32 One used micropi-

pettes filled with 2 M KCl (used in standard dragonfly 

electrophysiology), and the other filled with optimized 

655-QDs suspension (0.01 M KCl at pH 9.78). Micropi-

pettes were inserted with a working Ag/AgCl electrode 

from the blunt end and held by a micromanipulator to 

Figure 2 | The effect of KCl concentration on the quality of intracellular recording. a, schematic illustration of experiment setup for intracellular 

recording of dragonflies. A liquid crystal display (LCD) monitor was placed in front of the dragonfly for stimulating visual neurons by drifting small 
moving objects. The visual stimulus elicited voltage changes across the cell membranes of single lobula neurons, which were recorded in real-
time. b, the responses of two BSTMD2 cells in two separate dragonflies to the presentation of a drifting object, which were recorded with mi-

cropipettes filled with 2 M KCl solution and optimized 655-QDs suspension (0.01 M KCl at pH 9.78), respectively. 
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slowly approach target neurons (Fig. 2a). Aluminosili-

cate capillaries were used to fabricate micropipettes 

with program 1 using a horizontal micropipette puller 

(P-97; Sutter Instrument, US), resulting in extremely 

fine tips (ca. 100 nm tip ID, measured in previous stud-

ies of standard dragonfly electrophysiology)33 to im-

pale dragonfly neurons with negligible damage (Fig. 3a, 

upper panel, Table S1). Their resistances were meas-

ured by applying a small current, e.g., 1 nA, through the 

micropipette from the bridge amplifier to confirm that 

there was no blockage or breakage in the tips. A de-

crease in resistance implies breakage of the tip, 

whereas an increase indicates that the tip is blocked. 

No sign has occurred during recording. Micropipette 

filled with 2 M KCl solution has tip resistance of 120 M 

on average and 335 M on average for optimized 655-

QDs suspension, respectively. 

 

When BSTMD2 is presented with a small drifting 

target, the cell responds by significantly increasing the 

frequency of action potential firing. Fig. 2b shows the 

raw responses (left panel) and an enlarged view of in-

dividual spike waveforms (right panel) from the two 

separate BSTMD2 cells presented with a small moving 

target. Spiking responses remained very similar for 

both electrolyte concentrations. In addition, the indi-

vidual action potential waveforms recorded by opti-

mized 655-QDs suspension filled electrodes show only 

minor increases in noise. The same recording proce-

dure was performed in several target-detecting neu-

rons in the dragonfly. The micropipettes filled with 0.01 

M KCl solution (suitable for 655-QDs suspension) had 

an average tip resistance of 300  85 M ( 1 SD, n = 

6). In these recordings, we observed a greater degree 

of variation in quality (i.e., noise and signal amplitude). 

However, in all cases, it was feasible to sort spikes that 

were sufficiently distinct from the resting potential 

without any issue in temporal responsiveness.  

 

As a conclusion, KCl concentration of 0.01 M in sus-

pensions is efficient to maintain the colloidal stability 

of 655-QDs and precisely locate target cells, following 

with high-fidelity intracellular recordings. 

 

Optimizing the tip size of micropipette for intra-
cellular delivery 

 

For a successful microelectrophoresis, the tip ID of 

the micropipette is required to be larger than the sum 

of hydrodynamic diameters of nanoparticles and other 

dissolved ions that pass through the tip for conductiv-

ity. The range of hydrodynamic diameter of monodis-

persed 655-QDs is 13.2 - 35.0 nm. The theoretical hy-

drated diameters of K+, Cl- and Na+ ions are 0.3, 0.4 and 

0.2 nm, respectively.34 Therefore, the tip ID of micropi-

pette should be over 50 nm to allow the ejection, but 

the tip OD should be less than 500 nm to avoid physical 

damage to target cells.13 
 

In this study, the IDs and ODs of aluminosilicate ca-

pillaries and the tip IDs and ODs of micropipettes fabri-

cated with pulling program 2 (Fig. 3a, bottom panel, Ta-

ble S1) using P-97 micropipette puller for microelectro-

phoresis were measured by an optical microscope (Fig. 

S2) and a scanning electron microscope (SEM) (Fig. 3b 

and c, and Fig. S3), respectively. Compared to typically 

used borosilicate glass, aluminosilicate glass provides 

Figure 3 | Micropipette fabrication. a, optical microscope image of two micropipettes fabricated with pulling program 1 for intracellular electro-
physiological recordings of dragonfly neurons (upper panel) and pulling program 2 for microelectrophoresis of 655-QDs (bottom panel), respec-

tively. Scale bar, 500 µm. b, high resolution SEM image of a micropipette for microelectrophoresis of 655-QDs (pulled with program 2 in Table 
S1) with a tip ID of 210.7 nm (front view). The orifice of micropipette is the black circle near the centre of the image. Scale bar, 250 nm. c, high 
resolution SEM image of another micropipette (pulled with program 2) with a tip OD of 212.2 nm (side view). Scale bar, 2.5 μm. 
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increased hardness, improved chemical durability and 

reduced electrical conductivity.35 The ratio of tip ID to 

tip OD in a borosilicate micropipette is consistent over 

its total taper length, whereas in aluminosilicate mi-

cropipettes, the ratio increases remarkably towards 

the tip,35 which allows extremely fine tips to be formed 

and satisfies the requirement for successful intracellu-

lar microelectrophoresis. 
 

The ID and OD of aluminosilicate capillaries were 

measured to be 0.52 mm and 0.99 mm on average for 

26 capillaries, with variations of ± 0.03 and ± 0.02 mm 

(± 1 SD), respectively, which are within the vendor’s 

specification of ± 0.05 mm. When pulling micropi-

pettes, capillaries with slightly different IDs and ODs 

will have different distances to the box heating fila-

ment and different volume of air enclosed in the inter-

nal channel, which can alter the glass temperature and 

result in variations in tip ID and OD of micropipettes.36 

In addition, this effect is enlarged due to the inherent 

fluctuations of heating temperature, air pressure and 

moisture, and capillary emplacement in the puller, 

though model P-97 is designed with good reproducibil-

ity. Moreover, the reliability of each puller is different 

and largely dependent on its fine settings. 
 

To measure the tip IDs and ODs with high accuracy, 

the fabricated micropipettes were fixed in two differ-

ent orientations on the SEM sample holder; either ver-

tically for tip IDs or horizontally for tip ODs measure-

ment (Fig. S3b and c). Thus, it was not possible to meas-

ure both the ID and the OD for the same micropipette 

tip. The average tip OD is 202 nm with a tolerance of ± 

35 nm (± 1 SD, n = 26). The average tip ID of micropi-

pettes is 206 nm with a larger tolerance of ± 46 nm (± 1 

SD, n = 26), which is partially caused by the observa-

tional error due to the inconsistency of pipette angle 

when manually fixing micropipettes onto the vertical 

SEM sample holder. These two averages are nearly 

identical, which validates the unique characteristics of 

aluminosilicate glass to enable the fabrication of ex-

tremely fine tips with greatly increased tip ID to OD ra-

tio of ~1.0 compared to ID/OD ratio of 0.5 for the capil-

laries. In summary, the range of tip IDs of micropipettes 

is suitable for the ejection of 655-QDs and the tip ODs 

avoid the physical damage to target cells simultane-

ously. 
 

Successful intracellular delivery of nanoparti-
cles into living cells via microelectrophoresis 

 

The diagram of microelectrophoresis experiment is 

shown in Fig. 4a. Human embryonic kidney (HEK293) 

cells at roughly 20 - 30 µm in length,37 were seeded at 

80,000 cells/well onto a chambered slide and cultured 

for one day prior to the microelectrophoresis of 655-

QDs to achieve a confluency of 80 %. The micropipette 

filled with optimized QDs suspension and inserted with 

the working Ag/AgCl electrode from the blunt end was 

held by a micromanipulator and slowly approached sin-

gle cells at the bottom of the well. A change in potential 

difference to around -38 mV indicated that the tip of 

micropipette was successfully pierced into the cyto-

plasm of HEK cells.37 Following, a small current of -0.2 

nA was applied to eject QDs into the cell for 3 minutes. 

Since the cell confluency is 80 %, the tip of micropi-

pettes will have a 20 percent chance of hitting the blank 

bottom surface of the culture slide where no cell is at-

tached. Thus, the resistance of micropipettes was fre-

quently measured to confirm that there was no block-

age or breakage in the tips. If any of the two signs oc-

curred, the micropipette was replaced. We didn’t ob-

serve any tip blockage sign during microelectrophore-

sis, which demonstrates an ideal monodispersity of op-

timized 655-QDs suspension and proper choice of tip ID 

for ejection. The resistance of several micropipettes 

pulled by program 2 varied from 50 MΩ to 80 MΩ due 

to the variation in their tip sizes and remained the same 

when removed out of the cells after delivery. Finally, 

the slide was placed in a stage top incubator and ob-

served under a confocal laser scanning microscope to 

confirm the successful intracellular delivery of QDs. 
 

Fig. 4b shows the overlay images of four HEK293 

cells delivered with 655-QDs via microelectrophoresis. 

QDs are present primarily in the cytosol and spread 

from the injection point to the whole cell. The amount 

of delivered QDs varies among cells, which results from 

the variation in tip ID of micropipettes. However, the 

calculation of the amount of delivered 655-QDs is not 

feasible due to the complicated determination and 

measurement of transport number in Faraday’s laws.12 

The movement of delivered 655-QDs was then moni-

tored for 2 hours (5 minutes/capture, Movie S1, Sup-

porting Information). Fig. 4c shows the normalized in-

tensity change of the fluorescence from delivered QDs 

in a living HEK cell in these 2 hours. The fluorescence 
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intensity of 655-QDs shows no measurable loss for ap-

proximately one hour but then gradually decreases, 

which might be caused by the exocytosis or fluores-

cence quenching due to slow aggregation in the cellular 

environment.38 The aggregation of 655-QDs can be 

caused by unsuitable pH values of subcellular compart-

ments, from 4.7 in lysosome to 8.0 in mitochondria,39 

and high intracellular ionic strength of K+ at 139 mM,40 

as shown in Fig. 1b and e. 
 

CONCLUSIONS 

 

In summary, we demonstrate for the first time that 

the well-established microelectrophoresis technique 

can deliver nanoparticles intracellularly, such as QDs 

used here, and permit high-quality intracellular record-

ings at the same time. This was achieved by overcom-

ing the following three critical challenges. Firstly, we 

prepared QDs suspensions with high colloidal stability 

to prevent aggregation and blockages in the tip of mi-

cropipettes during ejection. Secondly, we recorded the 

intracellular electrical activity of dragonfly neurons 

with high fidelity using micropipettes filled with opti-

mized QDs suspensions. Thirdly, we fabricated micropi-

pettes with tip sizes large enough to allow the ejection 

of QDs and as small as possible to avoid physical dam-

age to target HEK293 cells. 
 

This successful microelectrophoretic ejection of 

QDs lays the foundation for further studies and appli-

cations of microelectrophoresis technique for the intra-

cellular delivery of various nanoparticles, which have 

been used as intracellular sensors, deep tissue and tu-

mor imaging agents, and vectors for studying nanopar-

ticle-mediated drug delivery.41 Our approach over-

comes some of the limitations of current techniques, 

such as the endosomal degradation of nanoparticles in 

carrier-based strategy, high cell mortality and aggrega-

tion of nanoparticles in electroporation, and the cell lo-

cating difficulties in microinjection. In contrast, micro-

electrophoresis technique can easily locate the posi-

tion of target cells and precisely deliver monodispersed 

nanoparticles into target cells with negligible cell mem-

brane damage and cell distortion. Delivered nanoparti-

cles were found to stay monodispersed within the cells 

for approximately one hour. In addition, it can record 

Figure 4 | Microelectrophoresis of 655-QDs into living HEK293 cells. a, diagram of microelectrophoresis of 655-QDs into HEK cells and the posi-
tion of objective in confocal imaging. b, overlay images of HEK cells with microelectrophoretic-delivered 655-QDs. The red dots in the cytosol are 

655-QDs with arrows indicated. Scale bar, 10 µm. c, the fluorescence intensity changes of delivered 655-QDs in a HEK cell as a function of time. 
All data points are fitted to a dashed curve using the one-phase exponential decay function, 𝐼 = 𝐼0 − 9.4𝑒𝑥/14.3, with R^2 = 0.79, where 𝐼0 denotes 
the initial intensity. 
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the intracellular electrical activities of target cells at the 

same time, thus indicating pathological effects of the 

injected materials. 
 

However, microelectrophoresis can lead to plasma 

membrane discontinuities that are slightly inconsistent 

from cell to cell caused by the variations in tip sizes of 

micropipettes fabricated with the same pulling pro-

gram. The result may be either insufficient or excessive 

delivery that leads to cell damage. In addition, as mi-

croelectrophoresis is highly dependent on the mem-

brane perturbation, it is restricted to adherent cells. Fu-

ture studies should focus on minimizing the variation of 

the ID and OD of capillaries and improving the repro-

ducibility of pipette pullers to fabricate micropipettes 

with less tip size variations, which is critical to the re-

producibility of microelectrophoresis and cell mem-

brane damage. Furthermore, fluorescent dyes, such as 

propidium iodide, can be used to evaluate and confirm 

cell viability after microelectrophoresis to identify how 

much damage is caused to the cells. Moreover, it is 

worth studying the volume of nanoparticle suspension 

and its impact on the activity of the cells and intracel-

lular pH value in the future. 
 

EXPERIMENTAL SECTION 

 

The effect of KCl concentration and pH on the 
colloidal stability of nanoparticles 

 

To vary the concentration of KCl, the original 8 M 

655-QDs suspension in borate buffer (50 mM borate) 

from the supplier was pipetted into 1.5 mL fresh ul-

trapure water (Merck Millipore, US) of varying concen-

trations of KCl (Chem-supply, AU). To vary the pH of 

QDs suspensions, the original 655-QDs suspension was 

firstly pipetted into 1.5 mL fresh ultrapure water and 

then the suspension pH was adjusted by gradually add-

ing 0.1 M Hydrochloric Acid (HCl) or 0.1 M Sodium Hy-

droxide (NaOH) (Chem-supply, AU). For each sample, 

the suspension pH and temperature readings were rec-

orded until stable (change in pH value was less than ± 

0.05 unit within 1 minute). To demonstrate that the pH 

adjustment can buffer the negative effect of KCl on the 

stability of QDs, the original 655-QDs suspension was 

pipetted into fresh ultrapure water of 0.01 M KCl. Then 

the suspension pH was adjusted by gradually adding 

0.1 M HCl or 0.1 M NaOH to certain values. 
 

All operations were conducted in a clean fume cup-

board. The pH meter (Metrohm, CH) was calibrated by 

three standard pH buffers (VWR, US) at pH 4.00 ± 0.02, 

7.00 ± 0.02 and 9.22 ± 0.02 at 20.0 °C. The original 655-

QDs suspension was gently vortexed for 1 minute be-

fore the dilution. The concentration of 655-QDs was 

consistently 10 nM in each sample. KCl, HCl and NaOH 

solutions were centrifuged at 4000 revolutions per mi-

nute (rpm) for 1 minute before the addition to remove 

any large-size impurities that can affect measurement 

results. 
 

Zetasizer nano ZSP was used for the studies on the 

colloidal stability of 655-QDs and was capable of both 

hydrodynamic size analysis and zeta potential meas-

urements. Samples were pipetted into 1.5 mL Eppen-

dorf Flex-tubes respectively and sonicated (Soniclean, 

AU) from 4.0 C to 24.0 C without the use of external 

heat for 20 minutes to obtain a better dispersion. Then, 

the samples were pipetted by 1 mL syringes into clean 

folded capillary cells (DTS1070; Malvern Instruments, 

UK) for subsequent measurements in Zetasizer. 
 

In Zetasizer, Henry’s function was set at the value 

of 1.50.42 The dispersant was set to be water (Temper-

ature: 25.0 C; Viscosity: 0.8872 cP; Refractive Index: 

1.330; Dielectric constant: 78.5) and its viscosity was 

used as the viscosity of the sample. The refractive index 

and absorption of 655-QDs were set as 2.550 and 

0.010.43 The temperature equilibrium time was set as 

120 seconds at 25.0 C. The real-time temperature 

value was recorded when pH reading was carried out 

since the measurement temperature in Zetasizer can 

cause fluctuations of actual pH values during measure-

ment. But, the change of pH value of each sample is the 

same for the same temperature and has no influence 

on data interpretation. 
 

Intracellular recording of dragonfly neuron 

 

Wild-caught dragonflies (Hemicordulia tau) were 

immobilized with a mixture of beeswax and gum rosin 

(solid form of resin) (1:1) on a plastic articulating stage 

as shown in Fig. 2a. To gain the access to the brain sur-

face, a small hole was dissected on the posterior sur-

face of the head capsule. A working Ag/AgCl electrode 

(782500; A-M Systems, US) was connected to an intra-

cellular bridge mode amplifier (BA-03X; npi electronic, 

DE) and a counter Ag/AgCl electrode was inserted into 

the head capsule surface to form a complete electrical 
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circuit. With a pipette holder (PPH-1P-BNC; ALA Scien-

tific Instruments, US) and a micromanipulator (MM-33; 

ALA Scientific Instruments, US), micropipettes (pulled 

with program 1, Table S1) were pierced into single lob-

ula neurons. Neurons were stimulated by drifting small 

moving visual features across a high refresh rate (165 

Hz) LCD monitor placed directly in front of the dragon-

fly. Data were digitized at 5 kHz with a 16-bit analog-to-

digital (A/D) converter and analyzed off-line with 

MATLAB. The visual stimulus elicited voltage changes 

across the cell membranes of neurons and the digitized 

data indicated the successful intracellular recording of 

neurons in real time. 

 

Micropipette fabrication for microelectrophoresis 
of nanoparticles 

 

A horizontal micropipette puller, model P-97 Flam-

ing/Brown (Sutter Instrument, US) and aluminosilicate 

glass capillaries (OD = 1.0 mm, ID = 0.53 mm, Length = 

100 mm) with filaments (Harvard Apparatus, US) were 

used in this study to fabricate micropipettes with cor-

rect tip sizes for microelectrophoresis of 655-QDs. 
 

Capillaries were carefully fixed onto a horizontal 

metal stage and imaged under an optical microscope 

(BX51; Olympus, JP) to measure their IDs and ODs (Fig. 

S2). The parameter settings of the pulling program 2 

are presented in Table S1 in the Supporting Infor-

mation. Fabricated micropipettes were carefully fixed 

onto carbon tape covered metal stages (Fig. S3) and 

coated with a 3 nm-thick platinum film for imaging un-

der a FEI Quanta 450 FEG environmental SEM to meas-

ure their tip IDs and ODs. 
 

Cell culture 

 

HEK293 cells were seeded at 80,000 cells/well onto 

slides (µ-Slide 8 well with chambered coverslip; ibidi; 

DE) and incubated at 37 °C in 5 % CO2 overnight in 300 

L Dulbecco’s modified Eagle’s media (DMEM) (Sigma-

Aldrich, US) supplemented with 2 mM L-glutamine 

(Sigma-Aldrich, US) and 10 % fetal bovine serum (Gibco, 

US). The next day, when the cells approached a conflu-

ency of 80 % on the slide, the media were replaced by 

pre-warmed 250 L Hank’s balanced salt solution 

(HBSS) supplemented with 25 mM 4-(2-hydroxyethyl)-

1-piperazineéthanesulfonic acid (HEPES, no phenol 

red) just prior to the microelectrophoresis. 

 

Microelectrophoresis of nanoparticles into living 
cells 

 

Nanoparticle suspension preparation 

 

Firstly, the original 655-QDs suspension was pipet-

ted into fresh ultrapure water inside a glass beaker 

(Corning Incorporated, US) with a magnetic stir bar ro-

tating continuously at approximately 200 rpm, result-

ing in a QDs concentration of 10 nM. Then, 2 M centri-

fuged KCl solution was gradually added into the diluted 

QDs suspension to a final KCl concentration of 0.01 M. 

Finally, 0.1 M centrifuged NaOH solution was gradually 

added into the suspension to reach a stable pH value at 

9.78. The optimized QDs suspension was aliquoted into 

several 1.5 mL Eppendorf Flex-tubes and sealed with 

parafilm and stored in a 4 C refrigerator. The colloidal 

stability of QDs as a function of time was investigated 

by measuring the zeta potential of one intact aliquot on 

the different days. 
 

Before microelectrophoresis, a stored 655-QDs sus-

pension aliquot was gently vortexed for 1 minute and 

sonicated from 4.0 C to 24 C without the use of ex-

ternal heat for 20 minutes to obtain a better dispersion. 

Then it was centrifuged at 3000 rpm for 40 seconds to 

remove any large-size impurities and aggregates to 

avoid tip blockage during ejection. Finally, the superna-

tant (around 1 mL) was pipetted by a 1 mL syringe and 

carefully backfilled into clean micropipettes via a flexi-

ble plastic syringe needle (Warner instruments, CT). 
 

Microelectrophoresis 

 

The diagram of experiment apparatus is shown in 

Fig. 4a. The cell culture slide was placed on a vibration-

proof table in a dark environment to avoid the photo-

bleaching of 655-QDs. The micropipette filled with 655-

QDs suspension and inserted with a Ag/AgCl working 

electrode from the blunt end was held by the pipette 

holder on the micromanipulator. The micropipette was 

slowly inserted into the cell culture medium via the mi-

cromanipulator. Another Ag/AgCl counter electrode 

was carefully placed into the medium. The two elec-

trodes were connected to the headstage of the intra-

cellular bridge mode amplifier formed a complete elec-

trical circuit. The tip was slowly pierced into single HEK 

cells when a potential difference was recorded. Then a 
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-0.2 nA current was applied to eject 655-QDs into HEK 

cells for 3 minutes. 
 

Confocal laser scanning microscope 

 

A confocal laser scanning microscope (FV3000; 

Olympus, JP) equipped with a stage top incubator (To-

kai Hit, JP) was used to obtain the overlay images (405 

nm excitation) of living HEK293 cells that were deliv-

ered with 655-QDs via microelectrophoresis and track 

the movement and fluorescence intensity changes of 

these QDs over time. 
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