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ABSTRACT: Microinjection is a widely used technique for
introducing exogenous materials into cells. Many applications
of microinjection, such as gene editing and drug testing, rely
on the accurate control of the deposition volume. However,
the deposition volume in microinjection is presently calibrated
in an open medium without considering the cell inner
pressure effect, which we experimentally show in this paper
that it can induce an error as large as 30% between the actual
deposition volume and the set volume. In this work, the
relationship between the cell inner pressure and the
deposition volume was analytically modeled and experimen-
tally validated. On the basis of the developed model, the cell
inner pressure of a given cell type can be well estimated from
the injection pressure and the resulting deposition volume. The quantitated cell inner pressure is then used to reduce the error
between the set volume and the actual deposition volume. Experiments conducted on human bladder cancer cells (T24 and
RT4) showed that T24 cells have a higher inner pressure than RT4 cells (405 ± 45 Pa vs 341 ± 34 Pa), and after compensating
for the cell inner pressure, the error between the intended set volume and the actual deposition volume into a cell became less
than 3%.

■ INTRODUCTION

Microinjection is a widely used technique for introducing
exogenous materials into cells. It has been used for delivering
cDNAs,1 proteins,2 peptides,3 drugs,4 sperms,5 and particles6

into suspended (oocytes7 and embryos8,9) and adherent cells
(somatic cells10 and cultured cells11) for gene transfection,12

for clinical applications (e.g., in vitro fertilization),13−15 and for
studying cell−cell communications16 and intracellular trans-
port.17

The various applications of microinjection rely on the
capability of quantitatively controlling the deposition vol-
ume.18 For example, in gene transfection, the amount of
introduced genome-editing materials may result in opposite
outcomes as upregulation and downregulation of the target
gene.19 In drug screen using microinjection, the dose effect is
critical for evaluating the efficacy of a drug.20 In characterizing
cell−cell communications through introducing fluorophores,
deposition volume variations can also significantly impact
measurement results (Figure 1b).16,21

In a microinjection system (Figure 1a), deposition volume
control relies on hydraulic or pneumatic pumping. The

deposition volume in hydraulic pumping is estimated by
measuring the position of the oil−medium interface.5,22 In
comparison, pneumatic microinjection is more commonly used
for quantitative deposition volume control because the
deposition volume can be conveniently controlled by varying
the pneumatic pressure, pulse number, pulse length, and the
size of the microinjection opening.5,18,23 Presently, in the
standard practice of pneumatic microinjection, the deposition
volume is calibrated by depositing target materials into an open
medium [e.g., phosphate-buffered saline (PBS) into mineral oil
or vice versa] inside a Petri dish until a measurable volume is
reached (Figure 1c), during which values of parameters such as
micropipette’s tip size, pneumatic pressure, pulse width, and
number of pulses are determined. The negligence of the cell
inner pressure (osmotic pressure) in the calibration process
significantly affects the actual deposition volume inside a cell
because material deposition in microinjection is inherently a
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balance between the cell inner pressure and the injection
pressure at the tip of the microinjection pipette. For instance,
as discussed later in this paper, the actual deposition volume,
because of the negligence of the cell inner pressure effect, can
be 30% less than the intended set volume using the parameters
calibrated in an open medium. This error does not stem from
instrument limitations. Commercially available pneumatic
microinjection pumps (e.g., Digital Microinjector from Sutter
Instrument, PL1-100A from Harvard Apparatus, and PV820
from World Precision Instruments) all have pressure accuracy
better than 0.1%. For a typical microinjection pressure of 1
kPa, the error of pressure produced by these pumps is less than
1 Pa, which is negligible compared to typical cell inner pressure
values (a few hundreds of pascal).
This work aimed to investigate and compensate for the effect

of cell inner pressure on the deposition volume in micro-
injection. The relationship between the cell inner pressure and
the deposition volume was analytically modeled and
experimentally validated. For the two types of cells tested in
this work, the experimental results show that the human
bladder cancer cell T24 (stage III) has a higher inner pressure
than the human bladder cancer cell RT4 (stage I), 405 ± 45 Pa
versus 341 ± 34 Pa. Experimental results also show that after
compensating for the cell inner pressure, the error between the
intended set volume and the actual deposition volume into a
cell became less than 3%.

■ EXPERIMENTAL SECTION
Microinjection System and Procedures. The microinjection

system used in this work consisted of a standard inverted microscope
(Nikon TE2000-S, Nikon Microscopes), a micromanipulator
(MX7600, Siskiyou, Inc.), a picoliter pump (Digital Microinjector,
Sutter Instrument USA), and a glass micropipette, which was laser-
pulled through heating a microfilament to have an outer radius of 250
nm and an inner radius of 150 nm and mounted on the
micromanipulator. A camera was connected to the microscope to
provide microscopy imaging and visual feedback. A host computer
runs our custom-built control software to control all the
aforementioned instruments. In experiments, the material to be
injected (PBS, mineral oil, dye, etc.) was first back-loaded into the
micropipette. The micromanipulator and the X−Y stage were
cooperatively controlled for positioning the micropipette along the
XYZ axes and positioning cells in the XY plane, respectively. The X−Y

stage has a travel range of 75 mm along both axes with a resolution of
0.01 μm and a repeatability of ±1 μm. The micromanipulator has a
travel range of 20 mm and a resolution of 0.1 μm along each axis. The
micromanipulator was controlled through the custom-built control
software to position the micropipette to penetrate the cell membrane,
and the pump was controlled to deposit the material loaded in the
micropipette into the cell using preset parameters (injection pressure,
pulse duration, and pulse number).

Image Processing and Deposition Volume Calculation. The
microinjection experiments were conducted, while images/videos
were recorded through a Nikon TE2000-S microscope under bright
field, using an objective lens of 20× magnification. Because the
droplets deposited into cells were largely spherical in shape, the
deposition volume was calculated based on the measured diameter of
the deposited droplet from the images using edge detection and
Hough transform with a subpixel quantification resolution of
approximately 0.1 μm. The limitation in imaging resolution for
quantifying the deposition volume was further discussed in the Results
and Discussions section. Image processing and volume calculation
were conducted in MATLAB. The code is available at https://github.
com/XianShawn/microinjection.

Cell Lines. Human bladder cancer cells, T24 and RT4, were
obtained from the America Type Culture Collection (ATCC,
Manassas, VA). Cells were cultured in ATCC-formulated McCoy’s
5A modified medium with 10% fetal bovine serum and 1% penicillin−
streptomycin at 37 °C and 5% CO2. Subculture was conducted before
the cells reached confluency. Before experiments, T24 and RT4 cells
were passaged and seeded at 2500 cells/cm2 in glass bottom Petri
dishes (P35G-1.5-14-C, MatTek Corporation, USA) for 12 h.

Fluorescent Dye. In dye injection experiments for validating
membrane sealing immediately after microinjection, the membrane-
impermeable 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) dye with
a concentration of 2 mM (Life Technologies, Burlington, CA) was
injected into single cells by using the microinjection system. HPTS
was chosen for validating membrane sealing because of its small
molecular size (molecular mass: 524.37 Da) and the membrane-
impermeable property. HPTS is highly water-soluble; therefore, it
does not cause micropipette clogging.

■ RESULTS AND DISCUSSION
In microinjection processes, the material deposition process
relies on the disturbance of force/pressure balancing at the tip
of the microinjection pipette. When a pneumatic pressure is
applied to push aqueous solution from the micropipette into a
cell, the injection force (Finj) is balanced by three forces,
including the capillary force (Fc), which arises from
intermolecular interactions between the liquid and the
surrounding solid surface of the micropipette, the wall-induced
force (Fw) due to the radium decrease near the tip of the
microinjection pipette, and the force resulting from the cell
inner pressure (Finner), as illustrated in Figure 2a. The flow
inside the microinjection pipette is assumed to be laminar (see
the Supporting Information), and the cell inner pressure is
considered to be constant during the microinjection process
because the deformable cell membrane with folded structures
helps maintain the cell inner pressure when the deposition
volume is small24,25 (<10% of the cell volume26).
The force balancing equation for the material inside the

injection pipette is

= + +F F F Finj c w inner (1)

where the injection force Finj = PinjπR
2 with R denoting the

inner radius of the micropipette and Pinj denoting the
microinjection pressure; capillary force Fc = T2πR cos α with
T denoting the surface tension between air and water (T =
72.86 mN/m at 20 °C27) and α denoting the contact angle at

Figure 1. (a) Schematic of a standard microinjection system. (b)
Microinjection of fluorescent dyes (exogenous material) into adherent
cells for quantifying cell−cell communications. (c) Deposition volume
calibration in an open medium in a Petri dish (e.g., PBS is deposited
into mineral oil) through applying multiple injection pressure pulses
and quantifying the volume of the deposited droplets. The example
shown here used an injection micropipette with an inner radius of 150
nm, an injection pressure of 1 kPa, and a pulse duration of 500 ms.
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the air−liquid interface (Figure 2a); Fw = π(R2 − R0
2)Pi with

R0 denoting the inner radius of the micropipette tip; and the
force arising from the cell inner pressure Finner = PinnerπR0

2.
Substituting the expression of Finj, Fc, Fw, and Finner into the

force balancing equation eq 1, the injection pressure in the
balanced state is

α= +P P
T

R
2 cos

inj inner

2
For depositing materials into a cell, the injection force Finj

(or injection pressure Pinj) must be increased to disrupt force/
pressure balancing, namely,

> + +F F F Finj c w inner (3)

α> +P P
T

R
2 cos

inj inner (4)

When the above conditions are met, the aqueous solution
within the micropipette is deposited into the cell that has an
inner pressure of Pinner.
During the material deposition process, because the

injection pressure and the cell inner pressure are constant,
the flow rate of the liquid inside the micropipette accelerates
and then decelerates linearly until the flow rate decreases to
zero (Figure 2b). The deposition volume can be calculated as
the integral of the flow rate over time, namely,

∫ ∫= = ·V Q t v A td d
(5)

where Q is the flow rate, A is the cross-sectional area at the
micropipette tip, and v is the flow velocity. As shown in Figure
2b, the area of the blue triangle represents the deposition

volume, the maximal flow velocity is · ( )A t
F

m
dep , and the total

time duration is +( )2
F

F
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where t is the duration of the injection pressure (i.e., the width
of the injection pulse), deposition force Fdep = Finj − (Fc + Fw +
Finner) is the force during the acceleration process, resistive
force Fres = Fc + Fw + Finner is the force during the deceleration

process, and m = ρV0 is the total mass of the liquid inside the
micropipette with ρ denoting the density of the liquid and V0
representing the total volume of the liquid inside the
micropipette.
The ensuing analysis indicates that even the largest Fdep is

still significantly lower than the smallest Fres (i.e., Fdep ≪ Fres).
With R = 0.1 mm, the inner radius of 100 nm at the
micropipette tip (R0 = 100 nm, extreme case in the range of
100−1000 nm, leading to the smallest Fres), injection pressure
of 1 kPa (Pj = 1 kPa, extreme case in the range of 1−10 kPa,
leading to the smallest Fres), injection pulse of 10 ms (t = 10
ms, extreme case in the range of 10−500 ms, leading to the
largest Fdep), 1 μL water loaded into the micropipette (V0 = 1
μL and ρ = 1 g/cm3), the injection force Finj is 3 × 10−3 N, and
the resistive force Fres = Fc + Fw + Finner is also 3 × 10−3 N,
based on force balancing in eq 1. According to eq 6, for the
deposition volume in the scale of 0.1 pL (10−16 m3) from each
injection pulse, only a small disturbance of the force balancing
is required, namely, Fdep is very small and equals 3.3 × 10−5 N.
Even with extreme values, Fdep is only about 1.1% of Fres
(namely, Fdep ≪ Fres). Then, the deposition volume is
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Thus, the deposition volume linearly depends on the
injection pressure and the cell inner pressure.
To experimentally validate the relationship between the

inner pressure and the deposition volume shown in eq 7, we
microinjected mineral oil (M8410, Sigma-Aldrich, USA) into
hemispherical water droplets that were of different sizes and
have different inner pressures. The hemispherical water
hemispherical droplets were formed through depositing water
into a Petri dish full of oil. The larger density of water than oil
and the hydrophobic interface between oil and water result in
hemispherical water droplets of different sizes (10 pL, 50 pL,
100 pL, 500 pL, 1 nL, and 10 nL) immersed in oil. On the
basis of the Young−Laplace equation, the inner pressure
(Pinner) of the hemispherical water droplet is

=P
T

R
2

inner
droplet (8)

where T is the surface tension between mineral oil and water
(50 mN/m at 20 °C) and Rdroplet is the radius of the
hemispherical water droplet. With a set volume of 0.5 pL, oil
was then microinjected into the hemispherical water droplets
that were of different sizes, and the actual deposition volume of
oil was measured. The error bars in Figure 3b represent
standard deviation of five repeated measurements in
independent experiments. The measurement uncertainty of
the hemispherical water droplets’ radius was ∼0.2 μm because
of the resolution limitation of the imaging setup. The
experimentally measured results (Figure 3b) revealed a strong
correlation (correlation coefficient R > 0.95) with the model-
calculated values using eq 7. It can be seen that when the inner
pressure was zero (red arrow in Figure 3b), the set volume was
well deposited. However, as the inner pressure became higher,
the actually deposited volume further deviated from the set
volume, proving the importance of taking the inner pressure

Figure 2. (a) Pressure and force analysis of volume deposition in
microinjection. (b) During material deposition, the flow rate of the
liquid inside micropipette first increases until the end of the pressure
pulse and then decreases until zero.
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into account in order to achieve accurate deposition volumes
in microinjection.
Different types of cells possess different inner pressures.

When a cell transports materials (e.g., water and ions) from its
extracellular environment through the cell membrane into the
cell, an osmotic pressure is created. In this work, we tested two
human bladder cancer cell lines (stage I: RT4 cells and stage
III: T24 cells). According to eq 7, the cell inner pressure Pinner
can be quantified through measuring the deposited volume V
with known injection pressure Pinj, pulse duration t, and
injection pipette geometries R and Ro. Figure 4a shows the
microinjection of mineral oil into individual cells. The volume
of the deposited mineral oil droplet was unambiguously
measured. Thus, the inner pressures of RT4 cells and T24 cells
were experimentally determined to be 341 ± 34 and 405 ± 45
Pa, respectively (n = 20 cells for each cell type) (Figure 4b).
Although variances of the cell inner pressure across cells within
each cell type exist, they are not significant compared to the
difference between the two cell types (P < 0.05). For both cell
types, the standard deviation is ∼10% of the average cell inner
pressure, indicating that the variance may cause ∼10%
difference in the deposition volume across the cells in the
same type of cell, according to the linear relationship between
the deposition volume and the cell inner pressure in eq 7. The
deposition volume error caused by the inner pressure variance
within the same cell type is discussed later in the paper.
In addition, we tested whether microinjection disrupts the

cell inner pressure. The membrane-impermeable fluorescent
dye (HPTS, ThermoFisher) was injected into both RT4 and
T24 cells (n = 20 cells for each cell type). After the
micropipette was retracted out of the cell, fluorescence imaging
was performed for 10 min, throughout which the deposited
dye was contained completely within the cell, and no dye/
signal was found outside the cell near the micropipette
penetration site (Figure S1). We also immersed RT4 and T24
cells in the membrane impermeable dye (trypan blue solution
0.4%, ThermoFisher), and no dye was observed within the

cells after microinjection. These results imply that micro-
injection with a sharp micropipette (outer radius of 250 nm)
does not disrupt the inner pressure because of the cell
membrane’s strong capability for rapid sealing.28

A set volume of 0.5, 0.75, and 1 pL mineral oil was targeted
for deposition into RT4 and T24 cells, without considering the
cell inner pressure. In experiments, all parameters including
Pinj, t, V0, R0, and R were precalibrated in an open medium
without considering the cell inner pressure, according to the
presently used standard microinjection volume calibration
procedures. Pinj = 1 kPa, V0 = 1 μL, R0 = 150 nm, and R = 250
nm were kept the same for all experiments. The pulse duration
t was set, according to the results of calibration in an open
medium, as 10.3 ms for 0.5 pL, 12.6 ms for 0.75 pL, and 14.5
ms for 1 pL. On the basis of eq 7, the deposition volume
linearly depends on the term Pinj − Pinner. When a higher
injection pressure Pinj is used, the effect from the cell inner
pressure Pinner on the deposition volume becomes smaller.
However, a higher injection pressure causes higher shear inside
the cell during material deposition, resulting in lower cell
viability after microinjection. Therefore, increasing Pinj should
not be set too high in practice, and an injection pressure in the
scale of 1 kPa is commonly used. The experimental results are
summarized in Figure 4c. Significant errors between the
deposition volume and the set volume were observed as 20.1%,
21.8%, and 22.0% for the set volume of 0.5, 0.75, and 1 pL,
respectively, for RT4 cells and 34.2%, 34.0%, and 34.8% for the
set volume of 0.5, 0.75, and 1 pL, respectively, for T24 cells.
The resulting deposition volume also showed significant
differences between the two types of cells (RT4 vs T24: 0.40
± 0.04 pL vs 0.32 ± 0.04 pL, 0.59 ± 0.06 pL vs 0.49 ± 0.04 pL,
0.78 ± 0.04 pL vs 0.66 ± 0.04 pL, P < 0.05, n = 12 cells for
each cell type and for each set volume).

Figure 3. (a) Experimentally created water hemispherical droplets
that have different sizes, hence different inner pressures. The water
hemispherical droplets were formed inside a Petri dish full of oil. The
inner pressure Pinner within a water hemispherical droplet is the
pressure difference across the water−oil interface caused by surface
tension. Po is the pressure from the medium (i.e., surrounding oil),
which is the standard atmospheric pressure. The microinjection-
deposited oil droplet is significantly smaller than the hemispherical
water droplet (<5% in volume), although the schematic exaggerates
the size of the oil droplet for clarity. (b) Experimental results. In all
experiments, the set volume was the same (0.5 pL), the injection
pressure: 1 kPa, and the inner radius of the micropipette: 150 nm.
The red arrow points to the scenario when oil was microinjected into
a dish of water, mimicking the situation of zero inner pressure. In all
other cases, oil was microinjected into hemispherical water droplets of
varying sizes. For each size of a hemispherical water droplet (i.e., for
each inner pressure), five individual oil droplets were formed via
microinjection and measured. Error bar: standard deviations.

Figure 4. (a) Injection of mineral oil into RT4 and T24 cells. The
deposition volume was quantified by measuring the size of the
deposited mineral droplet inside the cell. (b) Experimentally
quantified inner pressure of RT4 and T24 cells, error bar: standard
deviation, n = 20, P < 0.05. (c) Deposition volume vs set volume,
without compensating for the cell inner pressure, mean ± standard
deviation, n = 15 cells for each set volume, P < 0.05. (d) Deposition
volume vs set volume, with the compensation of the cell inner
pressure, mean ± standard deviation, n = 15 cells for each set volume,
P > 0.05.
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Next, according to the linear relationship between the
deposition volume and the cell inner pressure in eq 7, we
compensated for the cell inner pressure for deposition volume
control via adding the estimated cell inner pressure as an offset
to the injection pressure Pinj. The compensated injection
pressure, Pinj + 341 Pa, was applied to the microinjection of
RT4 cells, and Pinj + 405 was applied to the microinjection of
T24 cells (Pinj= 1 kPa). After this pressure compensation (V0,
R0, and R values were unchanged, t was still set as 10.3 ms for
0.5 pL, 12.6 ms for 0.75 pL, and 14.5 ms for 1 pL), as
summarized in Figure 4d, the error between the mean
deposition volume and the set volume for all the three set
volumes (0.5, 0.75, and 1 pL) became less than 3% for RT4
cells and less than 2% for T24 cells. The resulting deposition
volume showed no significant difference between the two types
of cells (RT4 vs T24: 0.50 ± 0.04 pL vs 0.51 ± 0.05 pL, 0.75 ±
0.05 pL vs 0.75 ± 0.05 pL, 1.03 ± 0.08 pL vs 1.02 ± 0.09 pL, P
> 0.05, n = 15 cells for each cell type and for each set volume).
The remaining 3 and 2% errors between the mean deposition
volume and the set volume can be attributed to the error in the
quantitation of the deposition volume for the inner pressure
measurement, limited by the imaging resolution (0.2 μm). The
difference of deposition volume between RT4 and T24 cells
was no longer significant after compensating for the inner
pressure difference between two cell types using the mean
value (Table 1). The resulting deposition volume had an
approximately 10% variance, which can be attributed to the
10% variance in the cell inner pressure across the cells within
the same cell type. Despite the variance of the inner pressure
across the cells within the same cell type, using the mean inner
pressure of the cell type for compensating for the injection
pressure is an effective approach for reducing the error
between the set volume and the deposition volume for
individual cells.

■ CONCLUSIONS

In summary, many biology experiments based on micro-
injection rely on accurate deposition volume control in order
to quantify the dose effect. Our work, for the first time, proved
that the present standard microinjection volume calibration
approach can cause the actual deposition volume in a cell to be
30% less than the intended set volume using microinjection
parameters calibrated in an open medium without considering
the cell inner pressure. The guideline for significantly reducing
this error is, after determining the values of microinjection
parameters in an open medium, to add the cell inner pressure
to the calibrated injection pressure. Instead of trial and error
for tuning the deposition volume, applying the developed
model provides a quantitative value for compensating for the
deposition volume error. In addition, for different experimental
conditions (cell type, inner diameter of injection pipette, set
volume, etc.), a quantitative pressure offset value can be readily
set with the developed model after the cell inner pressure is
determined. The experimental results of this work revealed that

the use of the compensated injection pressure can effectively
reduce the 30% volume error to less than 3%. Equation 7
provides a practical and convenient approach for quantitatively
determining the inner pressure of a cell.
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